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ABSTRACT
The involvement of macroautophagy/autophagy proteins in B-cell receptor (BCR) trafficking, although sus-
pected, is not well understood. We show that ATG5 (autophagy related 5) contributes to BCR polarization after
stimulation and internalization into LAMP1 (lysosomal-associated membrane protein 1)+ and major histocom-
patibility complex class II (MHC-II)+ compartments. BCR polarization is crucial in the context of immobilized
antigen processing. Moreover, antigen presentation to cognate T cells is decreased in the absence of ATG5
when the model antigen OVAL/ovalbumin is provided in an immobilized form in contrast to the normal
presentation of soluble OVAL. We further show that ATG5 is required for centrosome polarization and actin
nucleation in the immune synapse area. This event is accompanied by an increased interaction between
ATG16L1 (autophagy related 16-like 1 [S. cerevisiae]) and themicrotubule-organizing center-associated protein
PCM1 (pericentriolar material 1). In the human B cell line BJAB, PCM1 is required for BCR polarization after
stimulation. We thus propose that the ATG12 (autophagy related 12)–ATG5-ATG16L1 complex under BCR
stimulation allows its interaction with PCM1 and consequently facilitates centrosome relocalization to the
immune synapse, optimizing the presentation of particulate antigens.

Abbreviations: ACTB: actin beta; ACTR2/3: ARP2/3 actin-related protein 2/3; APC: antigen-presenting cells;
ATG: autophagy-related; BCR: B cell receptor; BECN1/Beclin 1: beclin 1, autophagy related; CDC42: cell division
cycle 42; Cr2: complement receptor 2; CSFE: carboxyfluorescein succinimidyl ester; DAPI: 4ʹ,6-diamidino-2-
phenylindole dihydrochloride; EEA1: early endosome antigen 1; ELISA: enzyme-linked immunosorbent assay;
FITC: fluorescein isothyocyanate; GC: germinal center; GJA1/CX3: gap junction protein, alpha 1; Ig: immunoglo-
bulin; LAMP1: lysosomal-associated membrane protein 1; LAP: LC3-associated phagocytosis; LM: littermate;
MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MAPK/ERK: mitogen activated protein kinase;
MHC-II: major histocompatibility complex class II; MIIC: MHC class II compartment; OVAL: ovalbumin; PBS:
phosphate-buffered saline; PCM1: pericentriolar material 1; PtdIns3K: phosphatidylinositol 3-kinase; PTPRC/
CD45RB/B220; Protein tyrosine phosphatase, receptor type, C; SYK: spleen tyrosine kinase; TBS: Tris-buffered
saline; TCR: T cell receptor; ULK1: unc-51 like kinase 1
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Introduction

Macroautophagy, hereafter called autophagy, is a catabolic process
targeting cytoplasmic content to lysosomes through the formation
of double-membrane autophagosomes. Autophagy plays multiple
roles in the immune system, regulating inflammation, participat-
ing in the degradation of microorganisms and modulating adap-
tive immunity through its impact on lymphocyte homeostasis and
activation [1,2]. Autophagy is a major actor in T lymphocyte
homeostasis and activation [3]. This process is also decisive in B
cell lineage, as it is involved in the survival of the B-1a subtype
[4,5], memory B cells [6,7] and plasma cells [8,9].

Most of the previously published work suggested no major
involvement of autophagy during the first steps of B cell activation.
In different settings, early IgG responses against model antigens or
generated after viral infection are not affected by ATG5 or ATG7

(autophagy related 7) deficiency [6]. Only T cell-independent
responses against pneumococcal antigens are altered at early
time points. Defects reported in this latter situation could be
directly related to decreased plasma cell survival [9]. Altogether,
these first studies suggest that autophagy-related proteins of the
core machinery play no major role in terminal B cell differentia-
tion, taking place in germinal centers (GC) [6,9].

Although autophagic activity is indeed required at later stages
of B cell life, i.e. for survival of long-lived cell as arememory B cells
and plasma cells, a recent study shows that a non-canonical form
of autophagy is necessary forGC formation [10], i.e. during early B
cell activation. Such a role for autophagy molecules is likely,
because after stimulation internalized BCR colocalizes with autop-
hagic compartments, or at least with vesicles containingmolecules
of the autophagy machinery [11,12]. This finding suggests that
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BCR endocytosis and trafficking could be regulated by ATG
proteins with consequences on B cell activation in particular con-
texts. It has first been observed that autophagy allows relocaliza-
tion of endocytosed BCR toward TLR9 (toll-like receptor 9)-
positive endosomes, thus enhancing BCR signaling in response
to nucleic acid-containing antigens. The study by Martinez-
Martin and colleagues suggests a role for autophagy-related pro-
teins in homeostasis during terminal B cell differentiation [10].We
addressed here the question of whether autophagy proteins play a
role in BCR endocytosis and trafficking and whether it affects B
cell activation through antigen presentation.

Results

BCR trafficking is disturbed in the absence of ATG5

We first aimed to followBCR trafficking in the absence of ATG5, a
protein of the core autophagy machinery involved in both cano-
nical autophagy and non-canonical forms linked to endocytosis. B
cells were purified from wild-type C57BL/6 mice and from 2
mouse models with cre-mediated, pro-B cell- and B cell-specific
Atg5 deletion, as previously described [13]. One model allows
conditional knockout (cKO) of Atg5 early during development
of B cells (‘pro-B cellAtg5 cKO’, where cre activity is under control
of theCd79a/Mb1 promoter [creAtg5f/-mice,Cd79a cre]) while in
the other Atg5 is deleted only in mature B cells (‘B cell Atg5 cKO’,
where cre activity is under control of the Cr2 (complement recep-
tor 2)/Cd21 promoter [creAtg5f/-mice, Cr2 cre]). B cells were also

purified from littermate (LM) mice, which are Cre-expressing
mice, heterozygous for Atg5 with one wild-type allele and one
deleted allele, obtained from the same breeding as the Cr2 cre or
Cd79a cre mice. Low amounts of ATG12–ATG5 conjugates and
MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)
processing in B cells from Cr2 cre and Cd79a cre mice indicated
efficient Atg5 genetic invalidation as described in our previous
study [13]. We then cross-linked the BCR with a polyclonal anti-
IgM antibody F(ab’)2 fragment linked to a fluorophore (Figure 1
(a) and S1 and video S1). In control (C57BL/6 and LM) B cells, as
described earlier by others [14], we observed by confocal micro-
scopy an increased concentration of internalized BCR at a single
pole of the cell, probably in response to the ‘capping’ of the
receptor triggered by a high avidity cross-linker [15]. In contrast,
no such clustering at one cellular polarity was observed in either
Cr2 cre or Cd79a cre Atg5-cKO B cells, although BCR molecules
were internalized. (Figure 1(a), S1 and video S2). Quantification of
this trafficking pattern revealed a highnumber of BCR spots inCr2
cre and Cd79a cre B cells in contrast to control B cells, reflecting
the absence of a unique cluster (Figure 1(b)).We also performed B
cell stimulation by beads covalently linkedwith anti-IgM antibody
F(ab’)2 fragment (anti-IgM beads), to mimic stimulation by a
particulate antigen. We observed a deficient BCR polarization at
the focal point contacting the bead in the absence of ATG5
(Figure 1(c)). Polarization indexes calculated after stimulation by
anti-IgM beads revealed that internalized BCR remains scattered
inATG5-deficient B cells, but not in control cells where it relocates
at one cellular polarity in contact with the beads (Figure 1(d)). To

Figure 1. ATG5 participates in BCR clustering and polarization. (a) Representative images obtained for the analysis of BCR localization after various times of
stimulation (T = 0; 15; 30; 60 min) with a soluble anti-mouse IgM in control (C57BL/6 and LM) or Atg5-cKO (Cd79a cre) B cells. Images taken with x63 objective on a
confocal setup. (b) Quantification of the amount of BCR spots detected after stimulation in control (C57BL/6 and LM) or Atg5-cKO (Cr2 cre and Cd79a cre) B cells, at
various time points after BCR engagement. Bars represent mean values per cell ±SEM; ****P < 0.0001 Student t test, N = 100 cells. (c) Representative images
obtained for the analysis of BCR localization after various stimulation times with beads conjugated to anti-mouse IgM (T = 15; 30; 60 min) in control (C57BL/6 and
LM) or Atg5-cKO (Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. (d) Polarization index of the BCR after stimulation in control (C57BL/6
and LM) or Atg5-deficient (Cr2 cre and Cd79a cre) B cells with beads conjugated with anti-mouse IgM. This index is the relative angle formed between the center of
mass of the cell and the extremes of the staining distribution. Bars represent mean values per individual experiment ±SEM; **P < 0.001, *P < 0.01 Mann-Whitney U
test. N = 5, no statistical difference between control mice (C57BL/6 and LM) were revealed. Scale bar: 2 µm.
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confirm the role of ATG5 in BCR relocalization we performed
RNA silencing by infecting the BJAB human lymphoblastoid cell
line with lentiviruses driving small hairpin (sh)RNA expression.
We first validated the silencing efficacy by immunoblot showing a
decreasedATG5 expression associatedwith a concomitant decline
in LC3-I conversion into LC3-II (Figure S2A and B). We then
stimulated ATG5-silenced B cells by anti-human IgM antibody
and compared BCR relocalization to control shRNA-expressing
cells. In control cells, as for mouse B cells, internalized BCR
concentrated at one pole of the cell (Figure S2C). ATG5 silencing
led to less intense BCR clustering and polarization. We verified
whether BCR polarization defects could be due to altered BCR
signaling, by stimulating purified control orAtg5-cKOB cells with
anti-IgM antibody.Atg5-cKOB cells exhibit no defect in proximal
BCR signaling (SYK [spleen-associated tyrosine kinase] phosphor-
ylation, Figure S3A and B) or downstream pathway (MAPK1/
ERK2-MAPK3/ERK1 [mitogen activated protein kinase 1-mito-
gen activated protein kinase 3] phosphorylation, Figure S3C and
D). Thus, BCR polarization impairment in the absence of ATG5 is
not linked to major signaling defects.

ATG5-dependent polarization is not linked to general
defects in surface receptor mobility, and relies on class III
phosphatidylinositol 3 kinase (Ptdins3K) activity

We aimed at understanding if mobility of another membrane-
associated molecule involved in B cell-related synapse forma-
tion was impacted by Atg5-cKO. We focused on MHC-II
molecules that form a cluster during crosstalk with T cells

[16]. We cross-linked MHC-II molecules at the B cell surface
(Figure S4A), which is known to induce their capping and
endocytosis in dendritic cells [17]. Atg5-cKO does not impact
MHC-II molecule clustering (Figure S4B). Thus, Atg5-cKO
does not lead to general defects in surface molecule relocaliza-
tion. We then investigated which known-autophagy induction
pathways are mandatory for BCR clustering. Interestingly, we
found that inhibiting PtdIns3K activity by wortmannin
decreased B cell basal autophagic activity (Figure 2(a) and
(b)). Moreover, wortmannin treatment recapitulated in wild-
type cells the BCR polarization defects observed in Atg5-cKO
B cells, reflected by increased polarization index and BCR-
positive spot numbers (Figure 2(c) and (d)). In contrast,
ULK1 (Unc51-like autophagy activating kinase 1) inhibition
by SBI-0206965 [18] had no effect, leading us first to conclude
that basal autophagy in B cells is mainly linked to the BECN1/
Beclin 1 (beclin 1, autophagy related)-PtdIns3K axis.
Moreover, BCR clustering necessitates ATG5 and is depen-
dent on the PtdIns3K pathway and not relying on ULK1
activation. This type of non-canonical activation is reminis-
cent of what is observed for LC3-associated phagocytosis
(LAP) which is BECN1-dependent and ULK1-independent.

Autophagy machinery is mobilized upon BCR stimulation

BCR relocalizes into putative autophagic compartments [11]
or into vesicles containing proteins of the autophagy machin-
ery [12]. We assessed in our settings if the stimulated BCR is
recruited to vesicles that contain the autophagy-related

Figure 2. BCR clustering depends on PtdIns3K activity. (a) Immunoblot showing LC3 expression in purified B cells isolated from C57BL/6 mice at steady state or after
treatment with the ULK1 inhibitor SBI-0206965, or wortmannin for 3 h. Lysosomal protease inhibitors pepstatin A and E64d were added (+) or not (-) for 4 additional
hours in the culture to monitor autophagic flux. ACTB staining was used as a loading control. (b) Histograms representing LC3-II:LC3-I staining intensity ratios in 4
independent experiments performed. Means are shown, and errors bars stand for SEM, **P < 0.01 Mann-Whitney U test, N = 4. (c) Representative images obtained
for the analysis of BCR localization before and after 60 min stimulation with a soluble anti-mouse IgM in B cells isolated from C57BL/6 or CD79a cre mice, after
treatment with the ULK1 inhibitor SBI-0206965, or wortmannin, for 3 h. Representative images taken with x100 objective are shown. (d) BCR polarization index and
spot numbers after stimulation in conditions described in (b). The polarization index is the relative angle formed between the center of mass of the cell and the
extremes of the staining distribution (Bars represent mean values per individual experiments ±SEM; ****P < 0.0001, **P < 0.01, *P < 0.05 Student test and Mann-
Whitney U test. N = 100 and N = 5 respectively. Scale bar: 2 µm.
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proteins LC3 and ATG16L1. We thus stimulated B cells as
described in the previous experiments and performed costain-
ing with anti-LC3 (Figure 3(a)) or anti-ATG16L1 antibodies
(Figure 3(c)). We observed a corecruitment of LC3 and
ATG16L1 together with the BCR into a polarized cluster in
control and LM B cells. Quantitative analyses show the pro-
gressive increase in LC3 (Figure 3(b)) and ATG16L1 (Figure 3
(d)) colocalization with the internalized BCR in control B
cells. In opposition, Atg5-cKO B cell from both Cr2 cre and
Cd79a cre mice show a low colocalization of autophagy pro-
teins ATG16L1 and LC3 with the internalized BCR. Thus, the
BCR is internalized and integrated into polarized clusters that
contain LC3 and ATG16L1 molecules, and this relocalization
is ATG5-dependent.

ATG5 is necessary for the relocalization of lysosomal
vesicles to the immune synapse

BCR polarization is necessary for the relocalization of lyso-
somes toward the immunological synapse and contributes to
the extraction of particulate antigens from antigen presenting
cells (APC)s. LAMP1 is also expressed in the MHC class II
compartment (MIIC) reflecting the acidic nature of these
vesicles, necessary for antigen processing. We thus evaluated

LAMP1+ vesicle trafficking after BCR stimulation with anti-
IgM beads. We first wanted to verify if lysosomal activity was
affected by ATG5 deficiency. The absence of difference in
LysoTracker-Deep Red staining intensity (Figure 4(a))
excludes global lysosomal defects in ATG5-deficient B cells.
We then performed LAMP1 staining after BCR cross-linking
at different time points. The absence of ATG5 correlates with
a reproducible decrease in BCR-LAMP1 colocalization after
soluble or particulate anti-IgM stimulation (Figure 4(b) and
(d) respectively, quantified in 4C and E). This shows that
LAMP1+ compartments were more dispersed in both Cr2
cre and Cd79a cre B cells, while they concentrated in the
BCR cluster area in control B cells. This shows that ATG5
deficiency compromises the relocalization and polarization of
LAMP1+ vesicles toward the polarized BCR cluster.

ATG5 plays a role in the relocalization of internalized BCR
to MHC-II containing vesicles

BCR clustering at the vicinity of LAMP1+ compartments is
necessary for immobilized antigen extraction and/or proces-
sing. Antigens captured by the BCR are known to relocate to
MIIC positive for LAMP1 expression. Peptides derived from
these antigens can then be processed and presented for help to

Figure 3. Autophagy-related proteins colocalize with the internalized BCR. (a) Representative images obtained for the analysis of BCR-LC3 colocalization after BCR
engagement with a soluble anti-IgM antibody at the indicated times (T = 0; 15; 30; 60 min) in control (C57BL/6 or Littermate) or ATG5-deficient B cells (Cr2 cre and
Cd79a cre). Images were taken with x63 objective on a confocal setup. (b) Quantification of BCR and LC3 colocalization in control or ATG5-deficient B cells at
indicated time points after BCR engagement (T = 0; 15; 30; 60 min). Colocalization was determined by considering the percentage of cells with a Pearson correlation
coefficient comprised between 0.5 and 1, in each independent experiment. Bars represent mean values ±SEM; *P < 0.05 Mann-Whitney U-test, N = 4. (c)
Representative images obtained for the analysis of BCR-ATG16L1 colocalization after various times of BCR engagement (T = 0; 15; 30; 60 min) in control (C57BL/6 or
LM) or ATG5-deficient (Cr2 cre and Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. (d) Quantification of BCR-ATG16L1 colocalization in
control or in ATG5-deficient B cells after BCR engagement at indicated time points (T = 0; 15; 30; 60 min). Colocalization was determined by considering the
percentage of cells presenting a Pearson correlation coefficient comprised between 0.5 and 1, in each independent experiment. Bars represent mean values ±SEM;
*P < 0.05 Mann-Whitney U test, (T = 0; 15; 30; 60 min). N = 4, concerning LC3-BCR colocalization, no statistical difference between control mice (C57BL/6 and LM)
were revealed. Scale bar: 2 µm.
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cognate CD4+ T cells. Previous work shows a potential role
for autophagy in the presentation of citrullinated epitopes
from exogenous antigens captured via the BCR [12]. We
therefore assessed BCR trafficking toward MHC-II-containing
compartments after B cell stimulation by anti-IgM. We
observed MHC-II molecule clustering together with the inter-
nalized BCR in control and LM B cells (Figure 5(a)). This
phenomenon is reminiscent of what happens during the for-
mation of the immune synapse between B cells and APCs
necessary for the acquisition of particulate antigens [19]. In
the latter study, Batista and colleagues suggest that the intense
BCR clustering induced by polyclonal anti-IgM antibodies
mimics B cell polarization occurring during their interaction
with APCs. In our settings, stimulation of control B cells by
soluble anti-IgM also leads to a polarized cluster containing
both BCR and MHC-II molecules (Figure 5(a)). After stimu-
lation with soluble anti-IgM, some colocalization of MHC-II
molecules with internalized BCR is detected in the absence of
ATG5 but remained lower than in control B cells (Figure 5(a)
and (b)). In contrast, stimulation with anti-IgM beads leads to
a very low BCR-MHC-II colocalization in our settings
(Figure 5(c) and (d)). Thus, ATG5 is involved in the coclus-
tering and polarization of internalized BCR and MHC class II

molecules that occurs during the formation of the immune
synapse. We then wanted to verify if BCR endocytosis
occurred efficiently without ATG5. Stimulation with anti-
IgM beads showed that control B cells focus EEA1 (early
endosome antigen 1)+ early endosomes that strongly coloca-
lize with the BCR, at the contact site with the beads
(Figure S5A and B). B cells isolated from Cd79a cre mice
also efficiently internalize the BCR when stimulated with an
immobilized antigen mimic, as shown by the positive EEA1
staining of internalized vesicles. This internalization is how-
ever not polarized. A significantly lower EEA1-BCR colocali-
zation compared with control B cells is only observed 30 min
after stimulation, maybe reflecting different internalization
kinetics. Under stimulation with a soluble antigen mimic
BCR-EEA1 colocalization is slightly lower in Atg5-cKO B
cells compared to controls, (Figure S5C and D). Endocytosis
is however still observable and BCR-EEA1 colocalization fol-
lows the same decreasing pattern from 15 to 60 min compared
with control B cells. Thus, ATG5 is not mandatory for BCR
endocytosis either with soluble or adsorbed antigen stimula-
tion. It appears however crucial for polarization of interna-
lized vesicles and their relocalization towards compartments
containing MHC-II molecules after stimulation with

Figure 4. ATG5 participates in the recruitment of LAMP1+ compartments to the immune synapse. (a) Evaluation of lysosomal load in spleen B cells (PTPRC/B220+ and
TCRB−) by LysoTracker Deep-Red staining from control (C57BL/6 and LM) and Cd79a cre mice, analyzed by flow cytometry. Representative histograms are shown for
each genotype. Summary of mean fluorescence intensities (MFI) obtained on 5 independent mice is shown in histograms. Error bars show SEM. N = 5. (b)
Representative images obtained for the analysis of BCR-LAMP1 colocalization after BCR engagement with a soluble anti-IgM antibody at indicated times (T = 0; 15;
30; 60 min) in control (C57BL/6 or Littermate) and ATG5-deficient (Cr2 cre and Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. (c)
Histogram representing quantification of BCR-LAMP1 colocalization in control (C57BL/6) or ATG5-deficient B cells at various time points after BCR engagement with a
soluble anti-IgM antibody (T = 15; 30; 60 min). The percentage of colocalization was determined by considering the percentage of cells presenting a Pearson
correlation coefficient between 0.5 and 1. Bars represent mean values ±SEM; *P < 0.05 Mann-Whitney U test. N = 3. (d) Representative images obtained for the
analysis of BCR-LAMP1 colocalization after various times of BCR engagement by anti-IgM beads (T = 15; 30; 60 min) in B cells from control (C57BL/6, LM) mice or
ATG5-deficient B cells (Cd79a cre). Representative cells from 4 independent experiments are shown. Images were taken with x63 objective on a confocal setup. (e)
Quantification of BCR-LAMP1 colocalization in control (C57BL/6 and LM) or ATG5-deficient (Cd79a cre) B cells after BCR engagement with a soluble anti-IgM antibody
at various time points (T = 15; 30; 60 min). The percentage of colocalization was determined by considering the percentage of cells presenting a Pearson correlation
coefficient between 0.5 and 1. Bars represent mean values ±SEM; *P < 0.05 Mann-Whitney U test. N = 4 (C57BL/6), 3 (LM), and 4 (Cd79a cre), no statistical difference
between control mice (C57BL/6 and LM) were revealed. Scale bar: 2 µm.
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immobilized antigen. We thus hypothesize that ATG5 is
necessary for optimal transport of immobilized antigens to
MIIC and for their processing.

ATG5 is involved in the presentation of particulate
antigens

Considering the dysfunctional BCR recruitment into LAMP1+

and MHC-II+ compartments in ATG5-deficient B cells, we
wanted to assess their presentation capacity regarding anti-
gens acquired after BCR internalization. We first stimulated
purified B cells with either a soluble or an adsorbed FITC
(fluorescein isothiocyanate)-conjugated anti-IgM. We then
collected cells to evaluate the fluorescence amount that reflect
the antigen uptake efficiency. As shown in Figure S6, no
difference in antigen uptake was observed between control
and ATG5-deficient B cells. These results are in accordance
with the detectable BCR endocytosis observed without ATG5,
after immobilized anti-IgM stimulation (Figure S5). ATG5
deficiency could impact on antigen processing and presenta-
tion. We thus produced anti-IgM F(ab’)2 fragment molecules
covalently linked with the model antigen ovalbumin (anti-
IgM–OVAL). Treatment with this compound allows antigen
acquisition after binding to the BCR and consecutive inter-
nalization. Cells were then cocultured with OT-II T cells
expressing a transgenic TCR (T cell receptor) specific to an
OVAL-derived epitope. We performed two types of stimula-
tions: one with anti-IgM–OVAL immobilized on a high-

adsorption-capacity plate and the other with the same con-
jugate provided in its soluble form. We could then mimic
both the acquisition of particulate and soluble antigens [20].
The measurement of OT-II cell proliferation showed that
control and LM B cells were equally competent at presenting
OVAL after BCR cross-linking in either its adsorbed or solu-
ble form (Figure 6(a) and (b)). ATG5-deficient B cells were
able to present antigens as efficiently as controls when anti-
(IgM–OVAL) was delivered in a soluble form. This shows that
T-B cell interaction occurs efficiently in the absence ATG5 as
previously suggested by the normal MHC-II clustering in
ATG5-deficient B cells (Figure S4). However, antigen presen-
tation by ATG5-deficient B cells was reproducibly lower than
control cells when the antigen was adsorbed to the plate
(Figure 6(a) and (b)). This means that under soluble anti-
IgM stimulation, the detectable BCR translocation to MHC-
II-containing vesicles described in previous experiments is
sufficient to process the antigen for presentation to T cells.
In contrast, ATG5 is required for the acquisition and/or
processing of the adsorbed antigen. This is consistent with
the very low BCR-MHC-II colocalization previously observed
in this context. We then assessed ATG5 requirement for in
vivo antigen presentation by immunizing control, Cr2 cre, or
Cd79a cre mice with 3-µm beads covalently conjugated with
OVAL. These beads cannot be endocytosed by B cells and
require antigen extraction from the particle and local proces-
sing. In consideration of the specific IgG production, we and
others showed that the immunization efficiency with a soluble

Figure 5. ATG5 is necessary for MHC class II molecule polarization during an interaction with particulate antigens. (a) Representative images for the analysis of BCR-
MHC-II colocalization after various time of BCR engagement by soluble anti-IgM antibodies (T = 0; 15; 30; 60 min) in control (C57BL/6 and LM) or ATG5-deficient (Cr2
cre or Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. (b) Quantification of BCR and MHC-II colocalization in control or ATG5-deficient B
cells, at the indicated time points after BCR engagement by a soluble anti-IgM antibody (T = 15; 30; 60 min). Colocalization was determined by considering the
percentage of cells presenting a Pearson correlation coefficient between 0.5 and 1. Bars represent mean values ±SEM; *P < 0.05 Mann-Whitney U test. N = 5. (c)
Representative images obtained for the analysis of BCR-MHC-II colocalization after BCR engagement by beads conjugated to anti-IgM antibodies, at various times
points, (T = 15; 30; 60 min) in control (C57BL/6 and LM) or ATG5-deficient (Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. N = 4 (d)
Quantification of BCR and MHC-II colocalization in control or ATG5-deficient B cells at the indicated time points after BCR engagement with anti-IgM beads (T = 15;
30; 60 min). Colocalization was determined by considering the percentage of cells presenting a Pearson correlation coefficient between 0.5 and 1. Bars represent
mean values ± SEM; **P < 0.01 Mann-Whitney U test. N = 4, no statistical difference between control mice (C57BL/6 and LM) were revealed. Scale bar: 2 µm.
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antigen was in the short term ATG5-independent [6,13]. We
thus confirmed the low impact of ATG5 deficiency on immu-
nization with a T-dependent soluble antigen such as OVAL
(Figure 6(c)). In contrast, when OVAL is delivered conjugated
to particles, mice with ATG5-deficient B cells produce lower
levels of anti-OVAL IgG and IgM compared to controls.
Altogether these results show that ATG5 is required for opti-
mal particulate antigen presentation but is dispensable for
soluble antigen processing.

ATG5 is involved in cytoskeleton mobilization towards
the immune synapse

We next aimed at understanding the underlying defects in cytos-
keleton mobilization that could explain the abnormal immune
synapse formation in the context of ATG5 deficiency. We stimu-
lated B cells with anti-IgM beads and measured in each cell the
distance from the center of the bead to the centrosome. In control
B cells, the centrosome is relocated at the proximity of the immune
synapse in control B cells (Figure 7(a), (b) and S7A), as previously
described. In contrast, ATG5-deficient B cells fail to relocate the
centrosome, which could explain the abnormal synapse formation
in these cells. Actin cytoskeletonhas also been shown toparticipate
in the formation of the immune synapse and in the recruitment of
the MIIC [21–23]. After stimulation, the actin network and BCR
molecules indeed concentrate at a focal point of the cell in control
B cells (Figure 7(c), (d) and S7B) contrary to ATG5-deficient B
cells as confirmed by the lower colocalization index. We thus
hypothesize that ATG5 participates in the focal recruitment of

MHC-II-containing vesicles at the synapse through mobilization
of the centrosome and the actin cytoskeleton.

Identifications of ATG partners necessary for synapse
formation

It has recently been shown that actin nucleation around
the centrosome is lost upon BCR activation which allows
its concentration at the synapse along with centrosome
relocalization. This mechanism is linked to the presence
of ACTR2 (ARP2 actin-related protein 2)-ACTR3 complex
at the centrosome. We therefore wanted to identify poten-
tial ATG protein partners and the dynamics of the related
complex upon activation. We performed ATG16L1 immu-
noprecipitation and identified its partners by a label-free
mass spectrometry approach (Spectral Count quantifica-
tion). We first identified ATG5 and to a lesser extent
ATG12 in the precipitated complex. Their absence in the
control precipitation demonstrates the specificity of the
process in the context of murine cells (Figure 8,
Table S1). We reproducibly identified the centrosome-
associated protein PCM1 in the complex, under steady-
state conditions. Interestingly, after stimulation, the inter-
action gained in intensity. We confirmed ATG16L1-PCM1
interaction and its increase after stimulation in the BJAB
human B cell line (Figure 8 and Table S1). To confirm
PCM1 involvement in BCR trafficking, we silenced its
expression in BJAB cells using sequences validated in the
article by Joachim et al [24]. PCM1 expression was

Figure 6. ATG5 is necessary for particulate antigen presentation to T cells. (a) Co/culture with control (C57BL/6 or LM) or Atg5-cKO B cells (Cr2 cre and Cd79a cre) and
CFSE-stained OT-II cells were performed. Proliferation was assessed by measuring the dilution of the fluorescent signal by flow cytometry after 3 days of culture. Cells
were gated on CFSE+ and TCRB+ cells and CD44 staining was performed to ensure that the decrease of CFSE staining correlated to the activation of OT-II cells. B cells
are stimulated either by plate-adsorbed antigen at different concentrations (Fab’2 anti-IgM-OVAL, 10, 5, 2.5 µg/mL; on the left) or by a soluble antigen (F(ab’)2 anti-
IgM-OVAL, 10 µg.mL−1; on the right). (b) Percentages of proliferating cells obtained on n = 11 independent experiments (11 C57BL/6, 11 LM, 9 Cr2 cre, 6 Cd79a cre)
with different conjugate concentrations (10, 5, 2.5 µg/ml for the adsorbed antigen mimic and 10 µg/mL for the soluble antigen mimic. Bars represent mean values
±SEM; **P < 0.01, *P < 0.05 paired Student t test. (c) Measurement at D15 of anti-OVAL IgM and IgG antibody titers by ELISA, in serum from animals immunized
either by soluble OVAL, or OVAL-conjugated with latex beads, in the presence of alum. Each point represents individual anti-OVAL antibody titer. Bars represent the
mean ± SEM. *P < 0.05 Mann-Whitney U test, no statistical difference between control mice (C57BL/6 and LM) were revealed. N = 2 to 5.

286 F. ARBOGAST ET AL.



reproducibly decreased compared with the control condi-
tion (Figure 9(a)). In PCM1-silenced BJAB cells, we found
an impaired BCR polarization (Figure 9(b)) reflected both
by index calculation (Figure 9(c)) and spot number quan-
tification (Figure 9(d)). Thus, we can conclude that, in a

similar way to ATG5, PCM1 contributes to BCR polariza-
tion. It is likely that some components of the autophagy
machinery, namely ATG5 and ATG16L1, cooperate with
centrosome-associated molecules like PCM1 to form the
immune synapse. This might allow centrosome

Figure 7. ATG5 is involved in cytoskeleton mobilization near the immune synapse. (a) Representative images obtained for the analysis of BCR and TUBA1B
localization after various times of BCR engagement by anti-IgM beads (T = 15; 30; 60 min) in control (C57BL/6 and LM) or ATG5-deficient (Cd79a cre) B cells. Images
taken with x63 objective on a confocal setup. (b) Quantification of centrosome relocalization in control (C57BL/6 and LM) or ATG5-deficient (Cr2 cre and Cd79a cre) B
cells, at various time points after BCR engagement (T = 15; 30; 60 min). The distance between the center of mass of the bead and the centrosome was calculated for
each cell, for which individual value is plotted. Bars represent mean values ±SEM; ****P < 0.0001, Mann-Whitney U test. N = 5 individual experiments. (c)
Representative images for the analysis of BCR and actin corecruitment, at indicated times following BCR engagement by anti-IgM antibody (T = 0; 15; 30; 60 min), in
control (C57BL/6 and (LM) or ATG5-deficient (Cd79a cre) B cells. Images were taken with x63 objective on a confocal setup. (d) Quantification of BCR and actin
network corecruitment in control (C57BL/6 and LM) or ATG5-deficient (Cr2 cre and Cd79a cre) B cells, at various time points after BCR engagement (T = 15; 30;
60 min). Percentages of cells with Pearson coefficient >0.5 in each independent experiment are plotted. Bars represent mean values ±SEM; **P < 0.01, Mann-Whitney
U test no statistical difference between control mice (C57BL/6 and LM) were revealed. N = 5. Scale bar: 2 µm.

Figure 8. ATG proteins recruit the centrosome-associated protein PCM1, after BCR engagement. ATG16L1 was immunoprecipitated by a label-free method. Partners
have been identified by spectrum number counting. The table shows the number of identified spectra for the indicated proteins on the left, in the following
conditions: control (CTRL) immunoprecipitation with beads only (IP), IP-ATG16L1, for 3 independent biological and experimental replicates. In each case, non-
stimulated (NS) or BCR-stimulated (S) conditions were evaluated. For each experiment, the ratio of spectra numbers between stimulated and non-stimulated
conditions is indicated.
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relocalization to the synapse, local actin nucleation, and
convergence with the antigen-processing machinery.

Discussion

In this work, we demonstrate that autophagy is integral to B cell
polarization after BCR engagement. In line with previous reports
[11,12], we confirm that the autophagy machinery is intimately
linked to BCR trafficking. Although not conclusive about the
precise nature of the vesicle, our work supports a role for the
autophagy machinery in BCR trafficking, as ATG16L1 and LC3
localize with the internalized BCR in an ATG5-dependent man-
ner. ATG5 is involved in several mechanisms distinct from cano-
nical autophagy. Noteworthy in this context, endocytic processes
in some settings such as LAP require part of the canonical autop-
hagy machinery. We found that ATG5-dependent BCR polariza-
tion relies on theBECN1-PtdIns3Kpathway and is independent of
ULK1-dependent signaling. These results are in line with ATG5
involvement in a non-canonical form of autophagy, as observed
for LAP. Electron microscopy observations as well as silencing
experiments of LAP-specific components could be helpful to
distinguish if autophagy per se regulates BCR trafficking or if
ATG5 role is rather linked to endocytic events involving LC3
and ATG16L1.

BCR internalization allows the transport of cognate antigens to
MIIC constituting an important step in B cell activation [25].
Antigens are then processed and loaded onto MHC-II molecules
to be potentially presented to cognate T cells that will provide help

for final B cell differentiation [26]. A role for autophagy in the
presentation of certain types of antigens acquired through BCR
engagement has been shown for citrullinated epitopes internalized
after BCR engagement [12]. It has been postulated that autophagy
allows the relocation of the antigen internalized together with the
BCR to peptidylarginine deaminase-containing compartments,
where peptide citrullination occurs. Pharmacological inhibition
of autophagy in B cells limits the presentation of citrullinated
epitopes. However, a small unexplained decrease in antigen pre-
sentation has also been observed for non-modified epitopes. It
thus seems that autophagy is important for the presentation of
certain types of antigens, possibly through themodulation of BCR
trafficking. This finding implies that in certain cases ATG5 would
be required in vivo for the presentation of antigens to T cells and
thus for GC formation. This is in opposition with reports pub-
lished earlier, usingmice with conditional deletion ofAtg5 orAtg7
in B cells [7,9]. In these settings autophagy plays no role in GC
formation, rendering unlikely a contribution of ATG in the pro-
cessing and presentation of antigens acquired via the BCR.
However, the first report indicates the use of T cell-dependent
soluble antigens, which could explain the absence of any effect on
GC formation related to antigen presentation. The second study
also indicates the use of soluble antigens and integrates experi-
mental infection by influenza virus reaching the same conclusion.
We could thus still argue that in both immunization protocols the
formation of an immune synapse is not necessary for the acquisi-
tion and processing of these types of antigens.

Some antigens cannot be internalized through pinocytosis or
cannot reach secondary lymphoid organs without transport by

Figure 9. PCM1 is required for B cell polarization after BCR engagement. (a) BJAB cells were transfected with control siRNA, or siRNA targeting PCM1. Transfected and
non-transfected BJAB cells were lysed. Top: PCM1 expression was assessed by immunoblot and loading control with ACTB staining was performed. Bottom: PCM1:
ACTB intensity ratios were calculated. Means are shown in corresponding histograms, with bars standing for SEM. **P < 0.01 Mann-Whitney U test, N = 4). (b)
Representative images obtained for the analysis of BCR localization stimulation by a soluble anti-human IgM at 60 min in non-transfected BJAB cells, or cells
transfected with control siRNA (siCtrl) or siRNA directed against PCM1 (siPCM1). Images taken with x100 objective. (c) Polarization index of the BCR staining after
stimulation in BJAB cells, or cells transfected with control siRNA (siCtrl) or siRNA directed against PCM1 (siPCM1). This index is the relative angle formed between the
center of mass of the cell and the extremes of the staining distribution (Bars represent mean values per individual experiments ±SEM; **P < 0,001, Mann-Whitney U
test. N = 4. (d) Quantification of the amount of BCR spots formed after stimulation in BJAB cells, or cells transfected with control siRNA (siCtrl) or siRNA directed
against PCM1 (siPCM1). Bars represent mean values per cell ±SEM; ****P < 0.0001 Student test. N = 100 cells. Scale bar: 2 µm.
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APC. It is proposed that in several humoral immune reactions a
significant part of antigens are presented in secondary lymphoid
organs as immobilized complexes at the surface of APCs [27]. In
that case, B cells have to engage an immune synapse with the APC
to efficiently process MHC class II-associated antigens. Antigen
recognition by the BCR triggers synapse formation associatedwith
lysosome and MHC-II molecule polarization at the cell-cell con-
tact area [19,28]. PolarizedB cells then release lysosomal content in
the intercellular space, which facilitates antigen degradation before
internalization and loading onto MHC class II molecules[28].
Alternatively, or complementary to this, the synapse formation
allows a sufficientmechanic force to untether the antigen from the
surface. Our results indicate that in the case of antigens covalently
linked with beads too large to be internalized, ATG5 deficiency in
B cells leads to a reduction of specific IgG production. In contrast,
immunization with soluble antigens leads a normal IgG response.
These results suggest an impairment of GC formation in response
to particulate antigens in the absence of ATG5. As mentioned
above, a role for non-canonical autophagy in B cell homeostasis
during GC formation has been demonstrated [10]. We propose a
role for ATG5-dependent trafficking pathways in GC formation
after particulate antigen stimulation through synapse formation
between B cells and APCs.

ATG5 activity contributing to the presentation of large
particulate antigens could be linked to its involvement in B
cell polarization necessary to efficiently process immobilized
antigens. As a matter of fact, the proximity of MHC-II-con-
taining vesicles with the contact site on the APC is thought to
contribute to the efficacy of immobilized antigen loading after
acquisition by the BCR. Although ATG5 is required for BCR
clustering together with MIIC and lysosomes at one pole of
the cell, stimulation with soluble antigens revealed efficient
BCR internalization and partial colocalization with MHC-II
molecules in ATG5-deficient B cells. BCR relocalization in
this context is efficient enough for antigen access to MIIC.
In contrast, there is little BCR-MHC-II colocalization when
stimulating with particulate antigens, while BCR is indeed
internalized. This confirms that BCR polarization is important
for immobilized antigen processing and shows a major role
for ATG5 in these settings. In the light of our results, this
function is not linked to particulate antigen uptake per se,
BCR endocytosis, lysosome exocytosis and/or optimization of
traction forces. We rather speculate that ATG5 allows recruit-
ment of the antigen processing machinery to BCR-containing
vesicles. ATG5 expression is in contrast not mandatory for
processing of soluble antigens that gain access to MIIC with-
out requirement for B cell polarization.

ATG5 implication in immobilized antigen processing can be
put in line with a report showing that partitioning defective 3
protein, a multidomain scaffolding protein required for the
spatial organization of several important signaling proteins
involved in B cell polarization, participates in the presentation
of immobilized antigens, contrary to the ones internalized by
pinocytosis [29]. Other proteins are involved in BCR polariza-
tion as reviewed in [27]. Among them, the small GTPase CDC42
(cell division cycle 42) allows the relocalization of lysosomes to
the immune synapse [28]. A recent article showed the major
importance of CDC42 in B cell biology [30]. Among the numer-
ous defects observed, CDC42-deficient B cells are unable to

present particulate antigens to T cells, which is linked to a
polarization impairment. Interestingly, CDC42 is also involved
in the polarization of osteoclasts [31]. As for B cells, lysosomal
secretion in osteoclasts occurs at one pole of the cell. In these
specialized bone-resorbing cells this pole is in contact with the
bone surface. Lysosomal secretion at this border requires the
autophagy proteins ATG5, ATG7, ATG4B (autophagy related
4B, cysteine peptidase), LC3 and RAB7 (RAB7, member RAS
oncogene family) [32]. It thus seems that, at least in osteoclasts,
polarization driven by CDC42 is linked to lysosomal exocytosis
mediated by autophagic proteins. GJA1/CX43 (gap junction
protein, alpha 1) also interacts with ATG16L1 at the plasma
membrane to modulate autophagy [33]. In B cells, GJA1 is
activated upon BCR stimulation and facilitates B cell spreading
[34]. It is thus tempting to speculate that autophagy proteins
such as ATG16L1 might be recruited via GJA1 to facilitate
lysosomal and/or MIIC trafficking to the immune synapse. As
we showed that antigens acquired through BCR internalization
gain access to early endosomes in the absence of ATG5 and are
endocytosed as efficiently as in normal cells, ATG5 might play a
role downstream of BCR internalization.We propose that ATG5
links BCR endocytosis and centrosome recruitment.

In line with this, we identified in PCM1 a potential ATG
protein partner in the context of B cell activation. A recent study
showed that PCM1 regulates the recruitment of members of the
GABARAP (gamma-aminobutyric acid receptor associated pro-
tein) family to form autophagosomes under starvation conditions
[24]. Thus, PCM1 could bridge centrosome components and
some parts of the autophagy machinery. Before this study,
PCM1 is already described as an LC3 interacting protein [35]
and is shown to allow actin nucleation around the centrosome
together with ACTR2/3 complex [36]. Of note, the ACTR2/3
complex has also been shown to interact with the centrosome
under B cell steady state. After activation, this interaction is lost
which allows actin nucleation at the synapse.We found that PCM1
loss in a human B cell line recapitulates BCR polarization defects
observed in the absence ofATG5.We thus propose that autophagy
proteins bridge the BCR internalization with actin nucleation
around the relocalized centrosome. Without ATG5, PCM1-
dependent centrosome relocalization is lost, leading to impaired
actin nucleation at the synapse, which compromises polarization.
It is also tempting to speculate about the role of autophagyproteins
implicating PCM1 in the degradation of proteins linked to the
localization of the centrosome. It has been shown during the
formation of the primary cilium that under starvation the protein
OFD1 (OFD1, centriole and centriolar satellite protein) is
degraded through autophagy allowing centrosome relocalization
to the plasma membrane and then the generation of the cilium
[35]. Interestingly LC3 in this context interacts with PCM1 and
OFD1. Such a movement of the centrosome in B cells, necessary
for synapse formation, could be dependent on autophagic degra-
dative mechanisms. An important issue would be to clarify how
the autophagy machinery regulates centrosome movements.
PCM1 interactome should be assessed in this context and new
studies are necessary to identify other partners involved in vesicle
trafficking at the later stages of synapse formation.

In summary, ATG5, and possibly other members of the autop-
hagy machinery, are involved in BCR trafficking and in the
recruitment of lysosomes and MIIC in polarized B cells. This
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phenomenon is integral to the acquisition and presentation of
particulate antigens. These findings suggest that autophagy pro-
teins are important factors controlling B cell terminal activation
steps, particularly those required for an efficient humoral immune
response against particulate antigens.

Materials and methods

Mice

Cr2 cre Atg5flox/- (Cr2 cre) and Cd79a cre Atg5flox/- (Cd79a cre)
mice have been described previously [13]. In the absence of ATG5,
and except for aminor decrease in peripheral B-cell subtypes, these
mice present a normal B-cell development. Controlmice consist of
wild type C57BL/6 mice and LMmice i.e. from the same breeding
as Cr2 cre or Cd79a cre which are Cre-expressing mice, hetero-
zygous for Atg5 with one wild-type allele and one deleted allele.
Results obtained with LM mice were pooled for analysis. Atg5
allele was identified in Cr2 cre and Cd79a cre transgenes as
described in [13].OT-IImice, expressing a transgenicTCR specific
for a peptide derived from OVAL loaded on MHC-II, were pur-
chased fromHarlan. All mice were bred andmaintained in accor-
dance with guidelines of the local Institutional Animal Care and
Use Committee (CREMEAS, authorization number AL/07/078/
02/13).

Cell culture and isolation

Spleen cells were collected from C57BL/6, LM, B6 Atg5flox/-

Cr2 cre and B6 Atg5flox/- Cd79a cre mice. B cells were purified
by negative selection using the Pan B cell isolation Kit
(Miltenyi Biotec, 130–095–813) according to the manufac-
turer’s instructions. Resulting T cell receptor beta chain
TCRB− and PTPRC/B220+ mouse B cell preparations were
>95% pure as controlled by flow cytometry. Splenic OT-II
cells were purified by negative selection using the Dynal T cell
Negative Isolation Kit (Dynal-Life Technologies, 114-13D)
according to the manufacturer’s instructions. Resulting
TCRB+ and PTPRC/B220− mouse T cell preparations were
>95% pure as determined by flow cytometry. We also used the
BJAB human Burkitt lymphoma cell line. All cultures were
performed at 37°C, 5% CO2 in RPMI 1640 medium (Lonza
BioWhittaker, 12–702) supplemented with 10% fetal calf
serum (FCS), 10 µg/mL gentamicin (Lonza BioWhittaker,
BE02-012E), 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH = 7.4 (Lonza BioWhittaker, CC-5024) and
0.05 mM β-mercaptoethanol (Gibco, 31350010).

ATG5 and PCM1 silencing in BJAB human B cell line

We used the pTRIP.CMV.GFP lentiviral vector for short hairpin
RNA (shRNA) stable expression. The constructions of pTRIP-
shATG5, and pTRIP-shCtrl were kindly provided by Prof.
Christian Münz (Institute of Experimental Immunology-
University of Zurich). Lentiviral particles were produced by tran-
sient 293T cell transfection with an encapsidation plasmid and a
vesicular stomatitis virus (VSV) envelope expression plasmid
together with the pTRIP vectors. Viruses were then used to trans-
duce 3.105 BJAB cells in the presence of polybrene (SigmaAldrich,

TR-1003). GFP-positive BJAB human B cells were sorted by flow
cytometry with a FACS Aria cell sorter (BD Biosciences, Franklin
Lakes, NJ, USA). Alternatively, BJAB cells were transfected using
the Amaxa 4D-Nucleofector kit (Lonza, V4XP-3024) following
supplier recommendations. siRNA were obtained from
Dharmacon Inc. using sequences previously described [24].

Flow cytometry

All antibodies used for flow cytometry analyses were purchased
from BD Biosciences: allophycocyanin-cyanine 7-labeled anti-
mouse TCRB (TRB in humans)/TCR-β (clone H57-597,
553171), allophycocyanin-labelled anti-mouse CD44 (clone IM7,
559250), or allophycocyanin-labelled anti-mouse PTPRC/B220/
CD45RB (clone RA3-6B2, 553092). Cells were incubated with
fluorochrome-conjugated antibodies and in the case of mouse
cell staining, rat anti-mouse FCGR3 and FCGR2B (CD16 and
CD32) monoclonal antibody (clone 2.4G2, 553142) was used to
block Fc receptors, for 15 min at 4°C in phosphate-buffered saline
(PBS; Lonza, 17-516F) pH 7.4 containing 2% (v:v) FCS. For pro-
liferation assays, cells were stained with carboxyfluorescein succi-
nimidyl ester (CFSE; Sigma-Aldrich, 51888) before stimulation.
For lysosome staining, cells were incubated with 50 nm
LysoTracker Deep Red (L12492, ThermoFischer) for 30 min at
37°C. Data were collected on a Gallios flow cytometer (Beckman
Coulter, Brea, CA, USA) and analyzed using FlowJo software
(Tree Star, Ashland, OR, USA).

Western immunobloting

The antibodies used for western immunoblotting are specific for
ACTB (Santa Cruz Biotechnology, clone C4, sc-47778), LC3
(MBL, clone 51–11, ref M115–3), ATG5 (Novus, NB-110–
53818), phospho-MAPK1/ERK2-MAPK3/ERK1, MAPK1/3,
phospho-SYK, SYK, PCM1, phospho-ULK1 and ULK1 (Cell
Signaling Technology, 9101, 9102, 2710, 2712, 5213, 6888, 8054,
respectively). In some conditions, lysosomal protease inhibitors
E64d and pepstatin A (Sigma-Aldrich, P5318 and E8640) were
added at 5 µg/mL each. When indicated, cells were treated with
goat anti-IgM F(ab’)2 fragment (5 µg/mL; Jackson
Immunoresearch, 115–006–020). To evaluate the autophagosomal
membrane load, whole cell proteins were extracted from cultured
cells using Laemmli buffer (125 mM Tris-HCl, pH 6.8, 2% [w:v]
sodium dodecyl sulfate, 10% [v:v] glycerol, 5% [v:v] β-mercap-
toethanol). Cell lysates were separated on 4–20% gradient gels
(Bio-Rad, 4561096) and then transferred onto a polyvinylidene
difluoride membrane. Membranes were blocked with PBS con-
taining 0.1% (v:v) Tween 20 (PBS-T; Sigma-Aldrich, P2287) and
3% (w:v) nonfat dry milk for 1 h and then incubated overnight at
4°C with 1 μg/mL anti-LC3 antibody in PBS-T containing 1% (w:
v) nonfat drymilk, or for 1 h at room temperature (RT) with 1 µg/
mL anti-ATG5 antibody in PBS-T containing 1% nonfat drymilk.
After washing with PBS-T, membranes were incubated for 30min
at RT with goat anti-mouse IgG antibody (Southern Biotech,
1030–05). Signal was generated using enhanced chemilumines-
cence detection reagents (Immobilon Western Millipore,
WBKLS0500).
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Pharmacological inhibition of autophagy

Sorted B cells (2.106 cells/mL) were treated with the PtdIns3K
inhibitor wortmannin (Sigma-Aldrich, W1628) or the ULK1
inhibitor SBI-0206965 (Sigma-Aldrich, SML1540) at 10 μM
and 300 nM, respectively, for 3 h at 37°C, 5% CO2. Pepstatin
A and E64d lysosomal inhibitors were added in some condi-
tions during the culture in doses described above.

Anti-IgM–OVAL conjugate generation

Anti-IgM F(ab’)2–OVAL conjugates (anti-IgM F[ab’]2–
OVAL) were obtained by coupling a goat anti-mouse IgM F
(ab’)2 with OVAL (Sigma-Aldrich, A5503) using the ‘Protein-
Protein Conjugation kit’ (Solulink, S-9010–1). Coupling is
performed according to the manufacturer’s protocol and led
to stable and covalent bis-arylhydrazone bonds between the
two molecules.

Antigen presentation assays

F(ab’)2 goat anti-mouse IgM (100 μL, 10 μg/mL), OVAL
(10 μg/mL) or anti-(IgM F[ab’2]–OVAL) (at variable concen-
trations) were adsorbed in wells of a MaxiSorp plate (Thermo
Scientific Nunc, 44–2404–21). For experiments with soluble
anti-(IgM F[ab’]2–OVAL), conjugates are directly added in
culture medium with B cells at a concentration of 10 μg/mL.
Purified B cells (100 μL, 106 cells/mL) are added and incu-
bated in RPMI medium for 4 h at 37°C. OT-II T cells pre-
viously stained with CFSE accordingly to the manufacturer’s
protocol are added in each well with anti-CD28 antibody
(5 μg/mL; clone, BD Bioscience, 37.51). OT-II cell activation
and proliferation are assessed 3 days later by flow cytometry.
Antigen uptake experiments were realized with a similar pro-
tocol using an anti-mouse IgM conjugated with FITC (10 μg/
mL; Jackson Immunoresearch, 115–096–020).

Anti-IgM–OVAL bead conjugation

3 μm latex NH2-beads (Polyscience, 17145–5) were activated
overnight with 8% (v:v) glutaraldehyde. Beads were washed
with PBS and incubated overnight with an OVAL solution.
Conjugation efficacy is evaluated by measuring the absor-
bance of OVAL solution at 280 nm before and after the
conjugation process. NH2-remaining groups are then blocked
by addition of ethanolamine (Sigma-Aldrich, E9508).

Immunization

Eight- to twelve-week-old mice were injected intraperitoneally
(i.p.) on days 0 and 10 and bled at day 15 after the first
immunization. Mice were injected with 5 µg soluble OVAL
or with an OVAL-bead suspension with equivalent protein
load (5 µg) in alum (Sigma-Aldrich, 202614).

Antibody detection by enzyme-linked immunosorbent
assays (ELISA)

IgG or IgM titers were measured in serum from immunized
mice. Measurement of anti-OVAL specific antibodies was per-
formed in 96-wells ELISA Maxisorp plates coated with OVAL
(10 µg/mL) in 50 mM sodium carbonate buffer, pH 9.6. Wells
were blocked with 0.1% (w:v) Tween 20 5% (w:v) nonfat milk in
PBS for 1 h at 37°C and incubated with diluted sera for 1 h at 37°
C. Horseradish peroxidase-conjugated anti-mouse isotype-spe-
cific antibodies (Jackson Immunoresearch, 115–035–020 and
115–035–003) were used for detection. Absorbance was mea-
sured at 450 nm after addition of tetramethylbenzidine (Sigma-
Aldrich, T0440) to the wells and reaction stop with 1 M HCl
(Sigma-Aldrich, 35328). Titers were determined as the last dilu-
tion corresponding to an absorbance equal or superior to 0.2.

Immunostaining

Lab-Tek chamber slides (Thermo Scientific Nunc, 154453) are
coated with a poly-L-Lysine solution (Sigma-Aldrich, P8920)
diluted in ultrapure water (Lonza, BE17-724F) 0.02% (v:v) to
enhance cellular adhesion. Spleen cells (500,000) are added in
each chamber before slide incubation at 37°C for 30 min. BCR is
then stimulated with an F(ab’)2 anti-IgM coupled to Alexa Fluor
647 (5 μg/mL; donkey anti-mouse polyclonal antibody; Jackson
Immunoresearch, 115–606–020). Cells are fixed in 2% (v:v)
paraformaldehyde in PBS and washed in Tris-buffered saline
(TBS; 50mMTris, 150 mMNaCl, pH 7.4) before incubation in a
permeabilization solution (0.05% [v:v] Triton X-100 (GE
Healthcare, 17–1315–01), 2% (w:v) bovine serum albumin
[BSA; Euromedex, 04–100–812-E] in TBS for 1 h at RT.
Primary anti-LAMP1 antibodies (2.5 μg/mL; rabbit anti-mouse
polyclonal antibody; Abcam, ab24170), anti-LC3 (1 μg/mL rab-
bit anti-mouse polyclonal antibody; MBL International
Corporation, NB100-2220), anti-ATG5 (2.5 μg/mL; rabbit anti-
mouse polyclonal antibody; Novus, NB110-53818), anti-
ATG16L1 (5 μg/mL; rabbit anti-mouse polyclonal antibody;
Novus, NB110-53818), biotinylated anti-I-A/I-E (2 μg/mL;
mouse anti-mouse; BD Bioscience, 553622), anti-EEA1 (1 μg/
mL; rabbit anti-mouse monoclonal antibody; Cell signaling
Technology, 3288), anti-TUBA1B coupled with an Alexa Fluor
dye (647) (1 μg/mL; rabbit anti-mouse monoclonal antibody;
Cell signaling Technology, 2125) and Texas-red phalloidin
(Sigma-Aldrich, T7471) are added in some conditions to cell
suspensions in 1% (w:v) BSA TBS buffer, overnight at 4°C.
Staining is finalized by adding secondary antibodies (2 μg/mL;
goat anti rabbit coupled with an Alexa Fluor dye [488 or 555];
Molecular Probes, A-11070 and A-21430, respectively) or strep-
tavidin (2 μg/mL; coupled with an Alexa Fluor dye [488 or 546],
Molecular Probes, S-11223 and S-11225, respectively). DAPI
(4',6-diamidino-2-phenylindole dihydrochloride) is used for
DNA staining (50 μg/mL; Molecular Probes, D1306) for
30 min at RT. Slides are then mounted in Dako fluorescence
mounting medium (Dako North America Inc., S3023) and
observed under a confocal microscope: Zeiss Axio Observer Z1
with Zeiss LSM 700, 780 or Yokogawa spinning disk confocal
heads with adapted settings (Yokogawa Spinning Disk, Zeiss).
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Quantification of spot numbers, polarization and
colocalization

Cell images were acquired using a 63x Plan Apochromat oil
immersion NA1.4 objective and using a 7x zoom or a 100x Plan
Apochromat oil immersion NA1.4 objective on a spinning disk
system. All pictures were acquired under the same conditions
(laser power and amplification gain). The focus was done at the
median plane. Cells and spots were segmented using ImageJ Auto
Threshold tools. This allowed individualizing cells and estimating
the number of spots per cell. We used ImageJ macro and java
languages to systemize this analysis.

Each cell was divided in 72 parts (each making an angle
of 5 degrees) centered on the geometrical center of the cell.
The sum of gray levels was done in each part for the
staining of interest giving a list of 72 values that were
then normalized by the sum of gray values in the whole
cell. List of each cell was then centered to have the max-
imum intensity in the part 37 (middle part). This process
was systematized in java language in ImageJ. Centered lists
of comparable cells corresponding to each condition could
then be added altogether. We obtained a graph for each
condition and could then fit these data to a Gaussian curve,
which indicates the extreme angles of staining distribution
and then a polarization index.

We used the colocalization finder plugin in ImageJ for
each cell. We determined the minimum and maximum gray
values of spots for each channel and used these extreme
values to calculate the Pearson coefficient. Cells with a
Pearson coefficient above 0.5 were considered as showing
colocalization.

BCR and actin corecruitment was quantified as follows: cells
were acquired using a 63x Plan Apochromat oil immersion objec-
tive and a 7x zoom on a fluorescencemicroscope (Axiovert 200M,
Zeiss Oberkochen, Germany). Pictures were acquired under the
same conditions (laser power and amplification gain). Each cell
was divided in 36 parts of 10 degrees centered on the geometrical
center of the cell. Like previously, the sum of gray levels was done
in each part for both actin and BCR staining. Then we determined
a Pearson coefficient for each cell and considered cells positive
when Pearson coefficient >0.5.

For experiments involving stimulation with beads, we specifi-
cally removed the fluorescent signal from the beads themselves in
order to avoid interference of these signals with quantifications.
To do so we segmented the beads in the bright field channel and
removed the signal from these masks in the fluorescent channels

MHC-II crosslinking

Sorted B cells, beforehand adsorbed on poly-L treated lab-
Tech chamber slides, were incubated with an anti-I-A I-E
antibody (2 μg/mL) for 20 min at 4°C in PBS. I-A I-E cross-
linking was achieved by the addition of a secondary antibody
(2 μg/mL; ThermoFisher, A21208) coupled with Alexa Fluor
488, diluted in pre-heated RPMI medium for 1 h at 37°C, 5%
CO2. Cells were fixed and stained by DAPI as previously
described and observed under a confocal microscope.

ATG16L1 coimmunoprecipitation and mass spectrometry
analysis

ATG16L1 endogenous protein was immunoprecipitated from
murine B cells and human BJAB cells using magnetic microparti-
cles (MACS purification system; Miltenyi Biotech, 130–092–947)
according to the manufacturer’s instructions and as previously
described [37]. Briefly, µMACS protein A/G microbeads were
coated with a monoclonal ATG16L1 antibody (NB110-53818,
Novus), whereas controls were designed as magnetic beads coated
with ProteinA/Gonly. Coimmunoprecipitation experimentswere
carried out in triplicates, on nonstimulated and stimulated cells.
Proteins were eluted out of the magnetic stand with the SDS-
loading buffer from the kit.

Samples were prepared for mass spectrometry analyses as
described in [38]. Briefly, proteins were precipitated with 0.1 M
ammonium acetate in methanol. After a reduction-alkylation step
(5 mM dithiothreitol, 10 mM Iodoacetamide), proteins were
digested overnight with 200 ng of modified sequencing-grade
trypsin (Promega, V5111) in 50 mM ammonium bicarbonate.
Resulting peptides were vacuumdried in a SpeedVac concentrator
and resuspended in water containing 0.1% (v:v) FA (solvent A)
before being injected on nanoLC-MS/MS (EASY-nanoLC-1000
coupled to a QExactive+mass spectrometer, Thermo Electron,
Waltham, MA, USA). Peptides were eluted from the C-18 analy-
tical column (75 μm ID x 15 cm, PepMap 100, Thermo) with a
5–40% acetonitrile gradient (solvent B) for 160 min. Data were
acquired under discovery mode and searched against the M.
musculus and H. sapiens taxonomies from the UniprotKB data-
base with a decoy strategy. Peptides were identified with the
Mascot algorithm (version 2.5, Matrix Science, London, UK) and
data were further imported in Proline 1.4 software (http://proline.
profiproteomics.fr/). Proteins were validated on Mascot pretty
rank equal to 1, and 1% false-discovery rate on both peptide
spectrum matches (PSM score) and protein sets (Protein Set
score). Proteins were considered as partners according to the
following rule: absence from the unstimulated and stimulated
controls and sorted by decreasing number of spectra.

Statistical analyses

All datawere analyzedwith Prism software (GraphPad, SanDiego,
CA) using two-tailed Student t tests when Gaussian distribution
could be assumed. When sample number was too small to ensure
about normality, the Mann Whitney U Test was performed. For
colocalization and corecruitment experiments, a two-tailed
Pearson correlation coefficient was calculated for each cell. We
defined effective colocalization or corecruitment as cells present-
ing a Pearson correlation coefficient superior to 0.5. Error bars
represent SEM.
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