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Abstract 
 

In secondary lymphoid organs, B cells acquire antigens that are tethered at the surface of 

neighboring cells. Engagement of the B cell receptor (BCR) with such immobilized antigens 

leads to the formation of an immune synapse and the subsequent polarization of B cells. This 

includes the repositioning of the centrosome towards the immune synapse as well as the 

recruitment and local secretion of lysosomes required for efficient antigen extraction, 

processing and presentation onto class II major histocompatibility complex (MHC-II) 

molecules to primed CD4
+
 T cells. Pioneer work performed in the lab has highlighted the first 

molecular players involved in this process. However, the precise mechanism governing 

centrosome polarization remains to be fully elucidated. The work performed during this thesis 

aimed at identifying new regulators supporting centrosome polarization in B lymphocytes 

upon BCR engagement with immobilized antigens. In addition, in view of the emerging role 

played by the tissue microenvironment in shaping B cell activation and functions we 

investigated whether extracellular Galectin-8 modulates the ability of B cells to polarize, 

extract and present immobilized antigens.  

We show here that, in resting lymphocytes, centrosome-associated Arp2/3 (actin related 

protein-2/3) locally nucleates F-actin, which is needed for centrosome tethering to the nucleus 

via the LINC (linker of nucleoskeleton and cytoskeleton) complex. Upon lymphocyte 

activation, Arp2/3 is partially depleted from the centrosome as a result of its HS1-dependent 

recruitment to the immune synapse. This leads to a reduction in F-actin nucleation at the 

centrosome and thereby allows its detachment from the nucleus and polarization to the 

synapse. In addition, we show that extracellular Galectin-8 favors lysosome recruitment and 

secretion at the immune synapse, hence providing B cells with an enhanced capacity to extract 

and present immobilized antigens.  

Our findings highlight unexpected mechanisms that tune B cell polarity in response to 

antigenic stimulation and raise exciting questions concerning the coordinated regulation of 

these mechanisms to provide B cells with the capacity to efficiently extract, process and 

present surface-tethered antigens. 
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Résumé 
 

Dans les organes lymphoïdes secondaires, les lymphocytes B acquièrent des antigènes 

immobilisés à la surface de cellules voisines. L’engagement du BCR (récepteur des cellules 

B) avec de tels antigènes induit la formation d’une synapse immunologique et la polarisation 

des lymphocytes B. Cette polarisation inclut le repositionnement du centrosome à la synapse 

immunologique ainsi que le recrutement et la sécrétion locale des lysosomes qui sont 

nécessaires à l’extraction, l’apprêtement et la présentation des antigènes sur les molécules du 

complexe majeur d’histocomptabilité de classe II (CMH-II) aux lymphocytes T CD4
+
 pré-

activés. Des travaux précurseurs menés dans le laboratoire ont permis de mettre en évidence 

les premiers acteurs moléculaires impliqués dans ce processus. Cependant, le mécanisme 

précis gouvernant la polarisation du centrosome demeure encore aujourd’hui inconnu. Le 

travail réalisé pendant cette thèse avait pour objectif d’identifier de nouveaux régulateurs 

contrôlant la polarisation du centrosome dans les lymphocytes B après engagement du BCR 

avec des antigènes immobilisés. De plus, au regard du rôle grandissant joué par le 

microenvironnement tissulaire dans l’activation des lymphocytes B ainsi que dans la 

modulation de leurs fonctions, nous avons étudié l’effet de la protéine extracellulaire 

Galectine-8 sur la régulation de la capacité des lymphocytes B à se polariser et à extraire et 

présenter des antigènes immobilisés.  

Le travail présenté dans ce manuscrit montre que la présence du complexe Arp2/3 au 

centrosome des lymphocytes B non activés permet la nucléation locale de filaments d’actine 

qui permettent, grâce à leur interaction avec le complexe LINC, de lier le centrosome au 

noyau. L’activation des lymphocytes B induit la déplétion partielle du complexe Arp2/3 du 

centrosome qui est recruté à la synapse immunologique par la protéine HS1. Ceci induit une 

diminution de la nucléation d’actine au centrosome entraînant la séparation entre le 

centrosome et le noyau et permettant la polarisation du centrosome vers la synapse. De plus, 

nous montrons que la présence de la protéine Galectine-8 dans le milieu extracellulaire 

favorise le recrutement et la sécrétion des lysosomes à la synapse immunologique, conférant 

aux lymphocytes B une meilleure capacité à extraire et présenter des antigènes immobilisés.  

Nos résultats mettent en évidence des mécanismes inattendus régulant la polarisation des 

lymphocytes B en réponse à une stimulation antigénique et soulèvent des questions 

intéressantes concernant la régulation coordonnée de ces mécanismes qui confèrent aux 

lymphocytes B la capacité d’extraire, d’apprêter et de présenter des antigènes immobilisés 

efficacement. 
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Figure 1. Ehlrlich’s side-chain theory. Drawings of the formation and effector functions of antibodies 

according to the side-chain theory. Reproduced from [Kaufmann, 2008]. 
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The Immune System 
 

1. From Metchnikoff and Ehlrlich … 

Following on pioneer discoveries made by Edward Jenner on smallpox vaccination in the 

late 1700’s, Louis Pasteur believed that vaccines might be used to efficiently prevent other 

diseases. He succeeded in the 1880’s when he showed that chickens vaccinated with a 

weakened form of the cholera bacteria could survive to a later exposure to virulent cholera 

bacteria. He then defined the term “immunity” to characterize this resistance to infections. 

Whereas Jenner, Pasteur and Koch’s discoveries had revolutionized the way physicians 

envisioned medicine, nobody was able to explain how and why immunity occurred. Elie 

Metchnikoff and Paul Ehrlich were the firsts to develop theories describing the putative 

mechanisms leading to an efficient immunity. 

 

In Italy, Metchnikoff studied immunity in the starfish larvae in which he pinned thrones 

from a Christmas tree. He observed the formation of pus and the recruitment of white blood 

cells at the site of inflammation leading him to hypothesize that those particular cells 

possessed the unique capacity to surround and kill microbes. Following advices of one of his 

friends, Metchnikoff named this process “phagocytosis”. 

 

At that time in Germany, Ehrlich developed his side-chain theory. Spending part of his 

career studying the ability of components of certain sera to neutralize the effect of toxins, he 

postulated that cells possess “side-chains” that are specifically recognized by toxins, “as a key 

in a lock”. He theorized that in response to side-chain binding by a toxin, cells produce more 

side-chains that can be released in the blood as “magic bullets” looking for the toxin (Figure 

1). 

 

Despite their opposing theories, Metchnikoff and Ehrlich shared the Nobel Prize of 

Physiology and Medicine in 1908 for their contribution to the understanding of Immunology. 

To date, the actual view of Immunology reconciles both theories that constitute the cellular 

and humoral branches of immunity. 
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Figure 2. Overview of hematopoiesis. HSC, hematopoietic stem cell; CMP, common myeloid progenitor; CLP, 

common lymphoid progenitor; MEP, megakaryocyte/erythroid progenitor; GMP, granulocyte-macrophage 

progenitor. Adapted from [Larsson and Karlsson, 2005]. 
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2. … to innate and adaptive immunity 

Since these early theories on immunity, increasing amounts of data had helped us to 

understand how the immune system works. In Mammalian, the immune system has evolved in 

such a way that it is formed of two branches: innate immunity and adaptive immunity, which 

are highly interconnected to efficiently fight pathogens. Cells from both the innate and 

adaptive immune systems are generated in the bone marrow by the differentiation of 

hematopoietic stem cells (HSCs) through a process called hematopoiesis (Figure 2). 

Interestingly, in mouse embryos, HSCs derive from endothelial cells of the dorsal aorta within 

the aorta-gonads-mesonephros (AGM) region [Robin et al., 2003]. 

 

Innate immunity represents the first line of defense within peripheral tissues. There, 

tissue-residing macrophages and/or dendritic cells patrol their environment in search for 

pathogens. Their capacity to internalize high amounts of extracellular fluid, by a process 

related to phagocytosis, provides to these cells a key role in the immune surveillance of 

peripheral tissues. The activation of cells from the innate immune system is triggered by the 

engagement of specific receptors, called pattern recognition receptors (PRRs), such as toll-

like receptors (TLRs) or NOD-like receptors (NLRs), which are either expressed at the 

plasma-membrane, within the cytosol or at the surface of intracellular vesicles. PRRs 

recognize two kinds of signals: first they detect molecules that derive from exogenous 

pathogens, such as bacteria or viruses, which are called pathogen-associated molecular 

patterns, or PAMPs. They also possess the ability to recognize endogenous signals such as 

DNA or ATP from damaged or dead cells that are named damage-associated molecular 

patterns (DAMPs). PRR-mediated activation of macrophages and dendritic cells results in the 

local clearance of pathogens or infected cells that are internalized (Figure 3①). Other cells, 

such as natural killer cells or granulocytes (eosinophils, basophiles and neutrophils) that also 

recognize PAMPs and DAMPs are locally recruited and activated and their mobilization 

participates locally to struggle against invaders. 

 

Once activated, dendritic cells that are professional antigen-presenting cells leave the 

periphery, travel through the lymph (Figure 3②) and reach secondary lymphoid organs, such 

as lymph nodes, where they present processed antigens to antigen-specific T lymphocytes 

(Figure 3③,④). This launches the adaptive immune response. In contrast to innate immunity 

that relies on the recognition of conserved patterns between microorganisms
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Figure 3. Overview of immune responses. Antigen-presenting cells (APCs) that have internalized pathogens 

and/or infected cells ① leave peripheral tissues and reach, via the lymph, secondary lymphoid organs such as 

the spleen and lymph nodes ②. There, depending on its origin, the antigen will be presented to either CD8
+
 T 

cells ③ or CD4
+
 T cells ④. While CD8

+
 T cell activation results in the cytotoxicity-mediated killing of target 

cells ⑤, CD4
+
 T cells provide help ⑥ to antigen-stimulated B cells ⑦. B cell activation induces the production 

and secretion of antigen-specific antibodies ⑧ that recirculate through the blood to fight against pathogen 

within peripheral tissues ⑨. 
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or common molecular signals, adaptive immune responses rely on the engagement of antigen-

specific receptors. In a simplistic view, antigens derived from intracellular pathogens are 

loaded onto class I major histocompatibility complex (MHC-I) molecules and presented to 

CD8
+
 T cells (Figure 3③). These cells, also called cytotoxic T cells, possess the unique 

capacity to travel back to the periphery to kill infected cells by the release of perforin and 

granzymes that induce apoptosis of the target cells (Figure 3⑤).  

 

Extracellular pathogens are internalized in endo-lysosomal compartments where they are 

processed and loaded onto class II MHC (MHC-II) molecules for further presentation to CD4
+
 

T cells (Figure 3④). The main effector function of these cells, often referred to as helper T 

cells, is to provide secondary signals to antigen-specific B cells (Figure 3⑥), which have 

already encountered their cognate antigen through their B cell antigen receptor (BCR) 

(Figure 3⑦). This B cell/T cell cooperation is strictly required for B cells to be fully 

activated and produce high affinity antibodies of the same specificity than the BCR they carry 

at their surface (Figure 3⑧) and generate B cell memory [Mitchison, 2004]. Secreted 

antibodies finally recirculate within the blood circulation and ‘‘neutralize’’ extracellular 

pathogens present within peripheral tissues (Figure 3⑨).  

 

Thus, B cells are considered as key players of the adaptive immune system and play a 

pivotal role in the outcome of immune responses. Therefore, identifying the mechanisms 

underlying B cell activation and functions is crucial for the better understanding of humoral 

immune responses. This represents the main goal of the work presented in this manuscript and 

therefore this Introduction will mostly be centered on B lymphocyte biology. 
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Figure 4. Schematics of B cell development. Hematopoietic stem cells (HSC) differentiate into common 

lymphoid progenitor (CLP), which will further generate pro-B cells (Pro) and then pre-B cells (Pre). Pre-B cells 

expressing a functional pre-BCR will further give rise to immature B cells (Imm.) expressing a mature BCR. 

There, autoreactive immature B cells are eliminated. Selected immature B cells differentiate into transitional 1 

and 2 B cells (T1 and T2) before becoming mature B cells that reside within either the spleen marginal zone 

(MZ) or spleen and lymph-node B cell follicles (Fol.). Adapted from [Nagasawa, 2006]. 
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B Lymphocytes are Antigen-Presenting Cells 
 

1. Generation of B cells 

In Mammalian, B cells mainly differentiate within the bone marrow from hematopoietic 

stem cells (HSCs) that are characterized by their ability to divide asymmetrically and to self-

renew. In particular, HSCs give rise to common lymphoid progenitors (CLPs) that possess the 

unique capacity to differentiate into either T or B lymphocytes. The up-regulation of the 

transcription factor PAX5, irreversibly engages CLPs towards the B cell lineage (B cell 

commitment) leading to the generation of pro-B cells that will further mature into pre-B cells. 

Then pre-B cells become immature B cells expressing a mature BCR at their surface. At that 

time, immature B cells exit the bone marrow and reach the spleen. There they complete their 

maturation process as they become transitional 1 and 2 B cells to finally develop into mature 

B cells residing within B cell follicles (follicular B cells) or the marginal zone (marginal zone 

B cells). At that stage, a pool of mature B cells egress from the spleen, gains access to the 

blood circulation and colonize lymph nodes [Nagasawa, 2006] (Figure 4).  

 

The BCR is a “Y”-shaped transmembrane receptor protein composed of a cell-surface 

immunoglobulin facing the extracellular environment. As all immunoglobulins (Igs), the BCR 

can be subdivided into two main regions: at the N-terminus, the variable region is formed of 

two paratopes involved in antigen binding, whereas the C-terminus part of the protein 

corresponds to the constant region and defines the isotype (IgM, IgD, IgA, IgE or IgGs) and 

function of Igs (Figure 5). For the BCR, the constant region, which is made of the µ or  

chain (IgM or IgD), is involved in anchoring the immunoglobulin at the cell surface and 

promotes its association with the Ig-Ig signaling module [Cambier et al., 1994, Reth and 

Wienands, 1997]. During the course of B cell differentiation, genes of the immunoglobulin 

loci undergo multiple rearrangements in order to generate a mature BCR. The heavy chain of 

the immunoglobulin locus (IgH) is composed of numerous coding sequences, divided in 

variable (V), diversity (D) and joining (J) segments that assemble in a unique combination at 

the pro-B cell stage. This rearranged VDJ segment then associates with the µ chain of the 

constant region (Cµ) of IgH to form the pre-BCR. At this stage, a first checkpoint leads to the 

selection of pre-B cells with functional pre-BCRs. Following allelic exclusion – a process by 

which only one allele of the IgH locus is expressed by the cell to ensure a unique antigen-

specificity of the BCR – pre-B cells rearrange V and J segments of the light chain 
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Figure 5. Structure and assembly of immunoglobulins. Immunoglobulins are composed of two light chains 

associated with two heavy chains. These chains are generated by an unique combination of rearranged coding 

sequences, divided in variable (V), diversity (D) and joining (J) segments through a process called V(D)J 

recombination. 
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immunoglobulin locus (IgL) to form a mature BCR with a unique variable region (reviewed 

in [Roth, 2014]) (Figure 5). Of note, at this stage, the BCR is tested for its ability to bind to 

self antigens and autoreactive B cells are eliminated.  

 

Because the BCR is composed of two paratopes, it can bind to two identical epitopes 

allowing the cross-linking of multiple BCRs that is required for efficient signal transduction 

[Metzger et al., 1992]. The strength of epitope binding to its specific paratope is called 

affinity. However, when several epitopes cross-link multiple BCRs, the strength of interaction 

is defined by the avidity that might overcome impaired BCR signaling in the case of antigen 

with too low affinity [Batista and Neuberger, 1998]. 

 

2. Antigen encounter by B cells 

Due to the antigenic specificity of each BCR, the probability for a given B cell to 

encounter its cognate antigen by patrolling the body is very low. In contrast, the follicles of 

secondary lymphoid organs (SLOs) where B cells reside provide the appropriate environment 

for them to encounter their specific antigens. Indeed, SLOs act as antigen reservoirs where 

antigens coming from the periphery accumulate; thus increasing the probability for a given B 

cell to encounter its cognate antigen. Efficient antigen sampling by B cells relies on their 

capacity to explore entire follicles within lymph nodes. This is achieved by a random-walking 

amoeboid mode of migration of CXCR5-expressing B cells that is constrained to the follicle 

by the local presence of the chemokine CXCL13 [Miller et al., 2002, Saez de Guinoa et al., 

2011, Lammermann and Sixt, 2009].  

 

The fate of antigens that are present within peripheral tissues is mainly dependent on their 

nature [Batista and Harwood, 2009]. First, within peripheral tissues antigens can be taken-up 

by tissue-patrolling dendritic cells that transport them towards lymph nodes. There, antigens 

can be transferred onto lymph node-resident dendritic cells or macrophages or directly 

presented to B cells [Qi et al., 2006] [Suzuki et al., 2009] [Gonzalez et al., 2010] (Figure 6a). 

In contrast, antigens may also reach draining lymph nodes passively, through the lymph or the 

blood circulation, where B cells encounter them by different means. Small antigens (smaller 

than 70 kDa) from afferent lymph vessels diffuse into the lymph node follicle where B cells 

acquire them in a soluble form [Pape et al., 2007] (Figure 6b). The mechanisms by which 

soluble antigens gain access to B cell follicles are not totally understood, but it has been 

proposed that their ingress is promoted by tiny pores [Batista and Harwood, 2009] and/or a
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Figure 6. Antigen encounter by B cells. Depending on their nature and origin, antigens follow different routes 

to be presented to B cells. Pathogen-derived antigens generated within antigen-presenting cells (APCs) are 

presented to B cells in areas close to high endothelial venules (a). Small soluble antigens reach B cell follicles by 

diffusion where they encounter antigen-specific B cells (b). In contrast, large/particulate antigens reaching the 

sub-capsular sinus of lymph nodes are trapped at the surface of specialized macrophages (SCS CD169
+
 

macrophages), translocated within B cell follicles and presented to antigen-specific B cells in their native form 

(unprocessed antigens) (c). Adapted from [Harwood and Batista, 2010]. 
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conduit network that directly connects the sub-capsular sinus (SCS) with B cell follicles 

[Roozendaal et al., 2009].  

 

On the contrary, large antigens (bigger than 70 kDa) have been shown to be trapped at the 

surface of specialized CD169
+
 macrophages located at the SCS floor site, which transfer them 

to follicular B cells [Carrasco and Batista, 2007, Junt et al., 2007] (Figure 6c). How antigens 

are transferred from the SCS floor plate to B cell follicles is unclear. Two routes have been 

suggested: first, prior to expose them in their native form at their cell surface, sub-capsular 

CD169
+
 macrophages that display a poor phagocytic capacity could internalize antigens and 

recycle them back to the cell surface. Alternatively, antigens that are immobilized at the 

surface of CD169
+
 macrophages could be directly translocated from the lumen of the SCS to 

B cell follicles through macrophage protrusions [Martinez-Pomares and Gordon, 2007].  

These antigens are referred to as particulate, immobilized or surface-tethered antigens and 

are, to date, considered as the main pathway of antigen encounter by B cells. Indeed, taking 

into account the complexity of the extracellular environment (constrained geometry, presence 

of matrix proteins and conjunctive network); it is unlikely that big particulate antigens freely 

“float” within tissues but instead are immobilized on cell surfaces. Therefore, surface-tethered 

antigens were used all along the work presented in this manuscript to stimulate B cells. 

 

Antigen encounter by B cells results in the formation of BCR-antigen complexes that 

initiate a complex signaling cascade downstream the BCR. These early events of B cell 

activation induce a drastic remodeling of the B-cell cytoskeleton leading to the internalization 

of BCR-antigen complexes into endo-lysosomal compartments for further presentation to 

primed CD4
+
 T cells. 

 

3. Early events of B cell activation 

In addition to its role during B cell development, BCR-mediated signaling plays a crucial 

role in the activation of B cells upon antigen encounter. BCR engagement with antigens 

initiates a cascade of signaling events that ultimately launches the transcription of genes 

required for B cell function [Baba and Kurosaki, 2011]. First, it triggers the activation of Lyn, 

a member of the Src-family kinases, which phosphorylates the immunoreceptor tyrosine-

based activation motifs (ITAM) present on the cytoplasmic tail of the Ig/Ig heterodimer. 

This in turn leads to the recruitment and phosphorylation of adaptor proteins, among which
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Figure 7. BCR-mediated signaling. BCR cross-linking by antigens (top) induces a signaling cascade that 

ultimately leads to BCR-antigen internalization, cytoskeletal rearrangements (middle) and activation of 

transcription factors (bottom) required for B cells to acquire their specific effector functions. Adapted from 

http://www.cellsignal.com/pathways/Lymphocyte.jsp 
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Syk, Btk and Vav [Reth and Wienands, 1997, Depoil et al., 2009], leading to the release of 

endoplasmic reticulum calcium stores and the generation of secondary messengers, mainly 

inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) [Tolar et al., 2008, Cambier et al., 

1994]. Then secondary messengers propagate BCR-mediated signaling that ultimately leads to 

the activation of transcription factors, such as Erk1/2, Akt and NF-B, which regulate the 

transcription of genes required for B cell functions and induce a drastic remodeling of the 

cytoskeleton [Yuseff et al., 2009]. In addition, Lyn and Syk have been described to recruit and 

activate the Cortactin-like protein HS1 to the BCR signalosome, which in turn regulates local 

actin dynamics [Uruno et al., 2003, Hao et al., 2004] (Figure 7). 

 

Local actin remodeling at the antigen-contact site participates in the internalization of 

BCR-antigen complexes into endo-lysosomal compartments for them to be processed, loaded 

onto MHC-II molecules and presented to primed CD4
+
 T cells. 

 

4. Antigen uptake and processing by B cells 

Although antigen internalization for presentation by B cells can involve Fc or complement 

receptors, as well as surface lectins [Cyster, 2010], the most efficient pathway remains the one 

mediated by the BCR [Lanzavecchia, 1990] as it not only allows antigen uptake but further 

triggers B cell activation. As mentioned above, B cells mainly encounter antigens that are 

immobilized at the surface of neighbouring cells [Carrasco and Batista, 2007, Junt et al., 

2007]. This results in the establishment of an immune synapse that corresponds to an adhesive 

structure allowing the tight interaction between antigen-specific B cells and antigen-

presenting cells [Batista et al., 2001] (see Section 3.3 for more details on the immune 

synapse). Establishment of the immune synapse has been shown to be strictly required for the 

uptake of BCR-antigen complexes where they are internalized through clathrin-mediated 

endocytosis [Lanzavecchia and Bove, 1985, Cherukuri et al., 2001, Stoddart et al., 2002, 

Stoddart et al., 2005]. Then, BCR-antigen complexes reach endo-lysosomal compartments 

where antigenic peptides are generated before being loaded onto MHC-II molecules for 

presentation to primed CD4
+
 T cells.  

 

Once internalized, BCR-antigen complexes reach MHC-II
+
 endo-lysosomes (Figure 8①, 

②), where antigens undergo limited proteolysis that preserves T-cell epitopes from excessive
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Figure 8. Antigen processing by B cells. BCR cross-linking by antigens induces the internalization of BCR-

antigen complexes within B cell–endosomes ①. Endolysosomes that are formed by the fusion ② of antigen-

containing endosomes with lysosomes that carry MHC-II molecules allow the efficient processing of antigens 

③. In the same compartment, Cathepsin S (Cat.S) cleaves the invariant chain (Ii) resulting in MHC-II–CLIP 

complex formation ④. Finally, H2-DM molecules promote the exchange between CLIP and antigenic peptides 

for them to be loaded onto MHC-II molecules ⑤. The catalysis of CLIP released by H2-DM is regulated by 

another non-classical MHC-II molecule, H2-DO. Peptide–MHC-II complexes are exported to the B-cell surface 

⑥. Of note antigenic peptides might also be generated within the synaptic space where they are directly loaded 

onto MHC-II molecules at the cell surface ⑦. Adapted from [Obino and Lennon-Dumenil, 2014]. 
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degradation [Delamarre et al., 2005] (Figure 8③). Interestingly, it has been shown that the 

arrival of BCR-antigen complexes into MHC-II
+
 endo-lysosomes was regulated by the 

activation of the cytoplasmic tyrosine kinase Syk and facilitated by the actin-based molecular 

motor Myosin IIA that interacts with the cytosolic tail of invariant chain (Ii) [Le Roux et al., 

2007, Vascotto et al., 2007]. Ii associates with MHC-II molecules during biogenesis in the 

endoplasmic reticulum, preventing the premature binding of endogenous peptides onto MHC-

II molecules [Bakke and Dobberstein, 1990, Lotteau et al., 1990, Roche and Cresswell, 1990, 

Roche and Cresswell, 1991]. Once in endo-lysosomes, Ii undergoes sequential proteolysis 

ultimately leading to the generation of the Ii CLIP fragment that occupies the MHC-II 

peptide-binding groove [Driessen et al., 1999, Riese et al., 1996, Villadangos et al., 1997] 

(Figure 8④). CLIP exchange with antigenic peptides is regulated by the non-classical MHC-

II molecules, H2-DM and H2-DO [Denzin and Cresswell, 1995, Denzin et al., 1997] (Figure 

8⑤). Of note, antigen processing and peptide loading onto MHC-II molecules can also 

directly take place at the B cell surface, where H2-DM molecules are equally found [Moss et 

al., 2007] (Figure 8⑦). Finally, peptide–MHC-II complexes are exported to the B cell 

surface for further presentation to primed CD4
+
 T cells (Figure 8⑥). This step, known as T-

cell/B-cell cooperation, is pivotal for the ultimate formation of germinal centers (GCs), 

production of high-affinity antibodies by B lymphocytes and generation of B cell memory 

[Mitchison, 2004]. 

 

5. Antigen presentation to CD4
+
 T cells and germinal center reaction 

Following antigen internalization and processing, a pool of B cells differentiates into 

short-lived plasmablasts producing antibodies with relative low affinity [Cunningham et al., 

2007]. Another pool migrates toward the T cell boundary and receives signals, mainly CD40 

ligand, from helper T cells that differentiate into follicular helper T cells. This T-cell/B-cell 

cooperation is required for B cells to be fully activated, proliferate, and form GCs [Mitchison, 

2004]. B cell migration is supported by the upregulation of the chemokine receptor CCR7 that 

senses the chemokines CCL19 and CCL21 produced by stromal cells in the T-cell zone [Reif 

et al., 2002, Okada et al., 2005]. Interestingly, while migrating towards the T cell-zone, B 

cells concentrate internalized antigens in their uropod [Carrasco and Batista, 2007]. This 

asymmetric distribution of antigens leads to their unequal inheritance among daughter B cells 

following cell division, providing them with different antigen presentation capacities [Thaunat 

et al., 2012]. Why such mechanism has been selected instead of providing to all the daughter
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Figure 9. Antigen presentation to CD4
+
 T cells and germinal center reaction. Following antigen 

internalization and processing, a pool of B cells receives secondary signals, mainly CD40 ligand, from helper T 

cells that are required for B cells to be fully activated and enter the germinal center reaction. There, while 

proliferating, antigen-activated B cells undergo i) affinity maturation through a process named somatic 

hypermutation (SHM) and ii) eventually immunoglobulin class switch recombination (CSR) leading to the 

generation of either plasma cells, which produce antigen-specific high-affinity antibodies of different classes, or 

memory B cells. Adapted from [De Silva and Klein, 2015]. 
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cells with the same antigen presentation capacities remains an open question. One could 

speculate that it may be more efficient to enter the germinal center reaction with a restricted 

number of B cells displaying a high antigen presentation capacity instead of a myriad of cells 

with low/intermediate presentation capacities. 

 

During the GC reaction, while proliferating, antigen-activated B cells undergo affinity 

maturation through a process named somatic hypermutation (SHM). This consists in the 

introduction of point-mutations within the V(D)J segment of immunoglobulin variable region 

leading to changes in the affinity of the BCR for its cognate antigen. Following their 

selection, B cells with a higher affinity for the antigen go through immunoglobulin class 

switch recombination (CSR) leading to the generation of different classes of high-affinity Igs 

[De Silva and Klein, 2015]. Following successive rounds of GC reactions, selected class-

switched B cells differentiate into either plasma cells, which produce antigen-specific high-

affinity antibodies, or memory B cells [Allen et al., 2007, MacLennan, 1994] (Figure 9). 

 

6. Modulation of B cell responses: a role for Galectins? 

Beyond B-cell intrinsic properties that define the way a B cell respond to antigen 

stimulation, B cell follicles contain a diversity of stromal cells and extracellular matrix 

components that might modulate the outcome of B lymphocyte responses. Although such 

clues have been poorly studied; during the last decade, glycan-binding proteins have emerged 

as key regulators of immune cell homeostasis and response to antigens [Rabinovich and 

Croci, 2012]. Among these proteins is the Galectin family that has the ability to cross-link 

cell-surface glycol proteins in the extracellular space upon secretion, thereby impacting a 

wide range of biological processes [Rabinovich and Toscano, 2009] (Figure 10). 

 

For instance, during B cell development, Galectin-1 supports the formation of an immune 

developmental synapse between pre-B cells and stromal cells [Gauthier et al., 2002], required 

for the proper differentiation of B cells [Rossi et al., 2006, Espeli et al., 2009]. It was also 

described that the lack of Galectin-3 in Schistosoma mansoni chronically infected mice 

promotes plasma cell formation [Oliveira et al., 2011], suggesting a role for this galectin in 

the negative regulation of B cell responses. In contrast, Galectin-1 and 8 were shown to bind 

to mature B cells and promote the differentiation of LPS-treated B cells into antibody-

secreting plasma cells in vitro [Tsai et al., 2008, Tsai et al., 2011]. On the same line, it has 

been shown that Galectin-1 expression was required to maintain antigen-specific antibody
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Figure 10. Mode of actions of Galectins. Functional interactions of galectins with cell-surface glycoconjugates 

and extracellular glycoconjugates can lead to cell adhesion and cell signaling. Interactions of galectins with 

intracellular ligands may also contribute to the regulation of intracellular pathways. Reproduced from 

[Cummings and Liu, 2009]. 
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titers as well as the number of plasma cells following mouse immunization [Anginot et al., 

2013]. Of note, while Galectin-1 expression increases during the course of B cell 

differentiation upon LPS stimulation, the expression of Galectin-8 decreases [Tsai et al., 

2011], suggesting an important role for Galectin-8 in the early steps of B cell activation. In 

addition, high concentration of Galectin-8 was reported to trigger antigen-independent 

proliferation of CD4
+
 T cells, whereas lower quantity of the protein provides costimulatory 

signals that synergize antigen-specific CD4
+
 T-cell responses [Cattaneo et al., 2011, Tribulatti 

et al., 2009]. 

 

Interestingly, Galectin-8 was also described to promote cell adhesion [Cueni and Detmar, 

2009] and migration of endothelial cells in vivo [Delgado et al., 2011]. Moreover, the 

presence of function-blocking autoantibodies against Galectin-8 in the sera of patients 

suffering from systemic lupus erythematosus correlates with acute lymphopenia [Massardo et 

al., 2009]. 

 

During the last decade, extracellular clues that are present within the lymphoid tissue 

microenvironment have emerged as key regulators of B cell activation and responses. 

However, the mechanisms underlying such regulation and how they affect the outcome of an 

immune response are poorly understood and shall now be addressed. More specifically, the 

data presented above suggest that Galectin-8 binding to glycosylated proteins might regulate 

B cell homeostasis and function. However, its involvement in antigen uptake, processing and 

presentation by B cells upon surface-tethered antigen stimulation remains to be determined. 

The second part of the results presented in this manuscript challenges these questions and 

highlights the first mechanism of action of Galectin-8 in tuning B cell responses upon 

immobilized antigen stimulation.  
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The Cytoskeleton in B Lymphocyte Functions 
 

The cell skeleton or cytoskeleton is a highly interconnected network that regulates most of 

cellular functions, cell shape and division. Whereas it has gained in complexity during 

evolution, the cytoskeleton is present in all organisms from basic prokaryotes to archaea and 

eukaryotes. In eukaryotic cells, the cytoskeleton is mainly composed of three structures: 

microfilaments made of actin, intermediate filaments and microtubules [Wickstead and Gull, 

2011]. Of note, it is now well-admitted that proteins belonging to the Septin family form the 

fourth component of the cytoskeleton (reviewed in [Mostowy and Cossart, 2012]). In the 

following sections, I will focus on both the actin and microtubule cytoskeletons and their role 

in shaping B cell functions that has been at the heart of the work presented in this manuscript. 

 

1. The actin cytoskeleton 

1.a. Assembly of actin filaments 

Actin is one of the most abundant proteins in eukaryotic cells and its concentration can 

reach up to 300 µM [Blanchoin et al., 2014]. Cytoplasmic actin monomers, or globular actin 

(G-actin), assemble in protofilaments. The association of two protofilaments in a right-handed 

helix forms an actin microfilament, referred to as filamentous actin or F-actin [Gardel et al., 

2008, Pollard and Cooper, 2009]. The intrinsic structure of F-actin given by the arrangement 

of the actin monomers that are oriented in the same direction provides to actin filaments a 

polar phenotype. Whereas actin polymerization might occurs at both extremities, the filament 

displays a fast-growing end, referred to as the barbed end, and a slow-growing end called the 

pointed end [Pollard and Cooper, 2009]. Elongation of actin filaments results from the 

addition of ATP-G-actin at the barbed end that is quickly hydrolyzed in ADP following its 

incorporation within the growing filament. In contrast, filament depolymerization occurs at 

the pointed end where ADP-G-actin is removed [Baum and Kunda, 2005]. The length of actin 

filaments is regulated by capping proteins that stop filament elongation as well as severing 

proteins (including ADF/Cofilin) that induce their depolymerization. 

 

Spontaneous F-actin assembly rarely occurs within cells and rather relies on the activity of 

specific proteins referred to as actin nucleators. Indeed, it has been shown that Profilin, a 

protein that binds G-actin with high affinity, prevents the spontaneous polymerization of F-

actin [Pollard et al., 2000]. Among the different type of actin nucleators described in the last
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Figure 11. Arp2/3- versus Formin-mediated actin nucleation. While the Arp2/3 complex induces the 

formation of branched actin networks, Formin activity results in the generation of actin bundles.  Adapted from 

[Le Clainche and Carlier, 2008]. 

 

 

 

 

                    

 

 

 

 

 

Figure 12. Structure and function of the Arp2/3 complex. Left. Cartoon representation of the subunit 

organization in the inactive Arp2/3 complex. Arp2, Arp3 and Arp complex-1 (ArpC1) through ArpC5 are shown 

(labelled as 1–5). Right. Cartoon diagram of Arp2/3 complex binding to the side of the mother filament and the 

pointed end of the daughter filament in the Y-branch. The two filaments are oriented at ~70° angle. Reproduced 

and modified from [Goley and Welch, 2006] 
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twenty years, proteins from the Formin family and the Actin-Related Protein-2/3 (Arp2/3) 

complex [Chesarone and Goode, 2009, Carlier et al., 2015] are the most studied in eukaryotic 

cells. Actin nucleation supported by either Formins or Arp2/3 results in the generation of 

different actin structures. Formins mainly stabilize already formed actin oligomers, hence 

promoting their elongation in bundles (not detailed in this manuscript). On the opposite, 

Arp2/3, which is structurally related to G-actin, binds to the side of an existing actin filament 

and promotes the polymerization of a new filament [Chesarone and Goode, 2009] (Figure 

11). 

 

1.b. Focus: the Arp2/3 complex 

In the mid-1990’s, MACHESKY and co-workers identified seven polypeptides that interact 

with the actin-binding protein Profilin and form a complex composed of one of each subunit 

[Machesky et al., 1994] (Figure 12). Interestingly, two of these subunits are structurally 

similar to G-actin and were named actin-related protein 2 and 3 (Arp2 and Arp3), 

respectively. This was at the origin of the name of the Arp2/3 complex. The other five 

subunits – termed ArpC1 to 5 (for Arp2/3 complex component 1-5) – act as scaffold proteins 

providing to the Arp2/3 complex the proper organization to support actin nucleation. Indeed, 

whereas ArpC2 and ArpC4 (and maybe other subunits) bind the side of an existing actin 

filament to anchor the complex, Arp2 and Arp3 form the first actin dimer promoting the 

nucleation of a new filament with a characteristic branch angle of ~70°. Thus, the Arp2/3 

complex caps the pointed end of the newly formed filament while its elongation occurs at the 

barbed end [Mullins et al., 1998, Amann and Pollard, 2001, Beltzner and Pollard, 2004, Egile 

et al., 2005].  

 

Activation of the Arp2/3 complex requires the action of nucleation promoting factors 

(NPFs) (reviewed in [Rotty et al., 2013]). NPFs are categorized into two classes depending on 

their mode of action. Whereas the mechanism leading to Arp2/3 activation by class II NPFs, 

which include Cortactin, is not well understood (not detailed in this manuscript); class I NPFs 

offer a more comprehensive view of their mode of action. Class I NPFs are composed by 

members of the Wiskott-Aldrich Syndrome protein (WASP, neural WASP and WASH) and 

suppressor of cyclic AMP repressor (SCAR, also known as WASP-family verpolin-

homologous protein (WAVE)) [Goley and Welch, 2006]. They all possess a WCA (or VCA) 

domain comprising a WASP-homology-2 domain (WH2 or W) that binds to G-actin as well



- 28 - 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Model for activation and recycling of the Arp2/3 complex. The Arp2/3 complex starts in an 

inactive, open conformation. 1) Binding of WCA domain promotes a conformational change that primes the 

complex for activation, which occurs upon binding of the WCA–actin–Arp2/3 assembly to the mother filament, 

preferentially near the barbed end. WCA domain presents an ATP–actin monomer to the complex and/or 

possibly to the barbed end of the mother filament. 2) ATP is hydrolyzed on Arp2 concomitant with or shortly 

after nucleation of the daughter filament. The WCA dissociates, although the trigger for this is unknown. 3) 

Phosphate is released from Arp2. Mother and daughter filaments elongate and age by ATP hydrolysis and 

phosphate release. 4) Phosphate release from Arp2 and filament ageing weaken the interactions between Arp2/3 

and the daughter and/or mother filament, 5) allowing branch disassembly and release of the Arp2/3 complex, 

presumably in an inactive, ADP-bound conformation. 6) Nucleotide exchange on Arp2 (and possibly on Arp3) 

occurs and the cycle begins again. Reproduced from [Goley and Welch, 2006] 
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as a central domain (C) and an acidic domain (A), both mediating the interaction with Arp2/3 

[Goley and Welch, 2006]. The precise mechanism enabling Arp2/3 activation by class I NPFs 

is still lacking. However a common model has emerged and is now well-accepted. Upon 

Arp2/3 binding by the acidic domain, the central region induces a conformational change in 

the Arp2/3 complex that brings Arp2 and Arp3 closer to each other, hence mimicking a dimer 

of G-actin (Figure 13). This dimer acts as a “root” to support the incorporation of new actin 

monomers that are presented by the coordinated action of the WH2 and central regions 

(Figure 13). This results in the net elongation of the new filament at the barbed end [Goley 

and Welch, 2006, Chesarone and Goode, 2009]. 

 

NPF-mediated activation of the Arp2/3 complex is a highly regulated process that is 

mainly controlled by the Rho family of small GTP-binding proteins that includes Rho, Rac 

and Cdc42 [Ridley and Hall, 1992, Nobes and Hall, 1995a, Nobes and Hall, 1995b, 

Raftopoulou and Hall, 2004, Pellegrin and Mellor, 2007, Heasman and Ridley, 2008]. For 

instance, the NPF WASP exists into two states: a close autoinhibitory state where its WCA 

domain is not accessible since it interacts with the GTPase-binding-domain (GBD) of the 

protein and an open active state, which is mediated by the binding of Rho-GTPases (mainly 

Rac or Cdc42) to the WASP GBD domain, thus releasing the WCA domain that might now be 

accessible to bind to Arp2/3 [Rotty et al., 2013]. Of note, not all NPFs contain a GBD domain 

(such as WAVE) and the mechanism presented above might not be applicable for them. Other 

models, such as the trans- regulation by interacting proteins, have been proposed to explain 

such other mechanisms [Lebensohn and Kirschner, 2009, Ismail et al., 2009] (not detailed in 

this manuscript).  

 

The complexity of such regulatory mechanisms as well as the increasing number of 

protagonists involved in these mechanisms highlight how it is crucial for the cell to tightly 

control in time and space the assembly of actin filaments. Further work is still needed to better 

understand the precise mechanisms allowing the fine regulation of Arp2/3 by NPFs. 

Interestingly, the local activation of specific NPFs at different subcellular localizations 

represents another level of regulation that allows building particular actin networks that serve 

specific cellular functions (reviewed in [Suetsugu, 2013]). 
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Figure 14. The actin cytoskeleton in cell locomotion. Cell migration is supported by the generation of 

membrane protrusions at the cell front resulting from actin polymerization at the leading edge. Concomitantly, 

Myosin II-mediated contractions at the rear of the cell allow back retraction resulting in the forward movement 

of the cell. Adapted from [Parsons et al., 2010]. 

 

 

 

 

Figure 15. The actin cytoskeleton in internalization processes. Large particles can be taken-up by 

phagocytosis, whereas fluid uptake occurs through macropinocytosis. Both processes are triggered by and rely 

on actin-mediated remodeling of the plasma membrane. Actin filaments might also play a role in the closure of 

endocytic vesicles. Adapted from [Kaksonen et al., 2006, Mayor and Pagano, 2007]. 
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1.c. Actin networks & key biological processes 

 Cell migration 

One of the most studied actin-dependent processes over the world is cell migration. 

Amoeboid cell migration relies on cycles of actin polymerization at the leading edge and 

contractility at the rear of the cell. At the cell front, polymerization of Arp2/3-mediated 

branched actin networks underneath the plasma membrane, referred to as the lamellipodium, 

promotes membrane protrusion leading to the net extension of the cell front. Just behind the 

lamellipodium, the lamellum is formed of actin bundles that extend throughout the cells and 

transmit the contractile forces, generated at the rear of the cell, required for cell movement. 

Force generation in migrating cells is ensured by the actin-based motor myosin II that 

associates with anti-parallel actin filaments [Burnette et al., 2011, Ennomani et al., 2016] 

(Figure 14). Thus the coordinated assembly of different actin networks within specific 

subcellular localizations provides to the cell with the machinery required for its movement.  

 

 Cell division 

Actin dynamics play also a key role during cell division where actin-dependent 

mechanisms occur throughout the progression of the cell cycle. In adherent cells, 

reorganization of the cortical actin network modifies cell shape and induces them adopting the 

roundish morphology characteristic of dividing cells. In addition, both Myosin II and F-actin 

have been shown to play crucial role in centrosome separation for the establishment of the 

mitotic spindle [Rosenblatt et al., 2004, Uzbekov et al., 2002]. The reorganization and 

stabilization of cortical F-actin, which increases the rigidity of the cell cortex, was also 

described to drive the correct positioning of the spindle [Kaji et al., 2008]. Another key role 

played by F-actin during cell division is its involvement in the formation of the contractile 

ring at the cleavage furrow required for the completion of cytokinesis (reviewed in [Heng and 

Koh, 2010]). 

 

 Internalization processes 

Internalization of extracellular fluid/particles represents an important path of entry within 

cells and particularly applies for cells of the immune system. Among these processes, 

endocytosis, phagocytosis and macropinocytosis are key entry routes. Of note, while 

endocytosis and phagocytosis are mediated by the engagement of specific receptors at the cell 

surface, macropinocytosis rather represents a non-specific entry route. Whereas actin was
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Figure 16. Organization of the microtubule cytoskeleton and intracellular trafficking. Microtubules are 

composed of  and -tubulin dimers and are assembled from -tubulin ring complexes (TuRC) present within 

the pericentriolar matrix that surrounds the centrioles. The centrosome serves as the main microtubule-

organizing center (MTOC) within animal cells. Microtubules are the support of directed trafficking where the 

Dynein motor moves towards the centrosome (microtubule minus ends) and Kinesins move towards the cell 

periphery (microtubule plus ends). 

 

 

 

 

 

. 
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thought to be dispensable for endocytosis in mammalian cells (what might be due to artefacts 

following clathrin overexpression), increasing evidences suggest that actin is involved in 

vesicles closure/scission (reviewed in [Smythe and Ayscough, 2006, Mooren et al., 2012]). In 

contrast, the role of the actin cytoskeleton in both phagocytosis and macropinocytosis is well 

described. First, actin remodeling underneath the plasma membrane leads to the formation of 

membrane protrusions that are pivotal for the initiation of the internalization process. During 

phagocytosis, following receptor binding, actin polymerization occurs within the protruding 

membrane enveloping the particle to be phagocytosed. In parallel, actin depolymerization at 

the base of the nascent phagosome allows its inward movement (reviewed in [Freeman and 

Grinstein, 2014]). During macropinocytosis, actin polymerization is sustained throughout the 

process of membrane extension until protrusions fold back and fuse with the plasma 

membrane leading to the formation of actin-coated macropinosomes (reviewed in [Lim and 

Gleeson, 2011]) (Figure 15). 

 

2. The microtubule cytoskeleton 

2.a. Assembly of microtubules 

Similar to actin microfilaments, microtubules (MTs) are assembled from protofilaments 

made of heterodimers of - and -tubulin. In its common form, a microtubule is composed of 

thirteen protofilaments forming a hollow tube. The intrinsic structure of MTs given by the 

head-to-tail assembly of - and -tubulin provides to MTs a polar phenotype with -tubulin 

oriented toward the minus-end and -tubulin toward the plus-end. Whereas MT elongation 

might occurs at both extremities, the rate of tubulin incorporation is sensibly higher at their 

plus-end. This might result from the fact that MT minus-ends are anchored to the 

microtubule-organizing center (MTOC) that promotes MT assembly from -tubulin rings (γ-

TuRC) [Moritz et al., 1995, Moritz et al., 2000]. MTs are also characterized by their dynamic 

instability that represents their high capacity to assemble and disassemble [Mitchison and 

Kirschner, 1984]. Indeed, the presence of GTP-bound tubulin polymers, referred to as the 

GTP cap, at the plus-end of MTs promotes fast polymerization. Conversely, the loss of this 

cap triggers their immediate depolymerization, since GDP-bound tubulin quickly dissociates 

[Erickson and O'Brien, 1992, Howard and Hyman, 2009] (Figure 16, inset). 
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Figure 17. Centriole and cartwheel architecture. The ultrastructure of a resin-embedded centriole and 

cartwheel within it purified from Chlamydomonas reinhardtii. c) Side view of the centriole with indicated 

proximal and distal ends. The arrow points to the ~100 nm high cartwheel. d) Cross-section of the proximal part 

of a C. reinhardtii centriole onto which a ninefold rotational symmetry was applied to highlight repeated 

features. The A-microtubule, B-microtubule and C-microtubule are indicated and the arrow points to the A–C 

linker. Reproduced from [Gonczy, 2012]. 
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2.b. Focus: the centrosome, the main microtubule-organizing center 

The centrosome is the main microtubule-organizing center within eukaryotic cells. It is 

composed of a pair of centrioles, generally oriented in a perpendicular manner, and 

surrounded by a network of proteins named the pericentriolar matrix (PCM) (Figure 16).  The 

centrioles are “ninefold-symmetrical barrels” usually composed of nine microtubule triplets 

and measure between 0.1–0.5 µm long and 0.1–0.2 µm in diameter [Preble et al., 2000, 

Marshall, 2001] (Figure 17). They are assembled from a specific structure, termed the 

cartwheel and enriched in Centrin, which acts as the central hub for the assembly of the 

microtubule triplets (reviewed in [Hirono, 2014] and [Dong, 2015]) (Figure 17). The PCM 

can be seen as an amorphous mass surrounding the centrioles that appeared in the earliest 

electron micrographs as densely stained material [Robbins et al., 1968]. It is composed of 

scaffold proteins thought to form the base of the PCM and effector proteins, including 

kinases, phosphatases and proteins of the -tubulin ring complex, which localize more at the 

periphery and are involved in microtubule organization (reviewed in [Woodruff et al., 2014]). 

Due to its protein content, the PCM can serve as signaling platform regulating organelle 

trafficking, protein degradation and mitotic spindle assembly [Woodruff et al., 2014]. 

 

Through its pivotal role in promoting MT nucleation, the centrosome has been described 

to affect a wide range of biological processes by impacting on the intracellular organization. 

For instance, the Golgi apparatus is most of the time associated with the centrosome and this 

association was described to regulate biological processes as different as directional cell 

migration or ciliogenesis [Hurtado et al., 2011]. In addition, the term centrosome was used to 

name this organelle because it is mainly found at the center of resting cells, often in close 

association with the nucleus [Burakov and Nadezhdina, 2013] to which it is tethered by the 

LINC (Linker of Nucleoskeleton and Cytoskeleton) complex [Tapley and Starr, 2013]. The 

core of this complex results from the interaction of KASH-domain proteins, such as Nesprins, 

and SUN-domain proteins, which are anchored to the outer and inner nuclear membrane, 

respectively [Kim et al., 2015]. Whereas Nesprins link the microtubule and actin cytoskeleton 

within the cytoplasm, SUN proteins bind to the nucleoskeleton. 
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2.c. Microtubules/Centrosome & key biological processes 

 Intracellular trafficking 

The network of MTs defines intracellular routes that support directed-trafficking of 

organelles and vesicles. These trafficking events rely on the activity of microtubule-based 

molecular motors, which are mainly defined by their direction of movement (Figure 16). 

Kinesins represent a large family of proteins (around 40 different kinesins have been 

described) that preferentially move towards the plus-end of MTs, hence bringing organelles or 

vesicles from the centrosome at the cell center towards the cell periphery. In contrast, the 

Dynein motor moves towards the minus-end of MTs, i.e. from the periphery to the cell center. 

Of note vesicle trafficking might also occur independently of MTs, and rather relies on actin 

nucleation at one side of the vesicle, e.g. phagosomes or endosomes [Zhang et al., 2002], by a 

process similar to actin rockets assembled by Listeria monocytogenes [Machesky, 1999]. 

 

 Cell division 

One important feature of cell division is the symmetric segregation of chromosomes 

within the two daughter cells. This is achieved through the assembly of a sophisticated 

microtubule-based machine called mitotic spindle. As a cell enters in mitosis, the centrosome 

duplicates, hence forming two MTOCs within the cell. Meanwhile, the rate of microtubule 

shrinkage greatly increases transforming the relatively stable interphase microtubules into two 

radial arrays of dynamic microtubules. Then microtubules elongate and depolymerize until 

they are captured by chromosome kinetochores, linking the chromosomes to one of the two 

centrosomes. This process has been theorized in the mid-1980’s by KIRSCHNER and 

MITCHISON, who named it the “search and capture” model [Kirschner and Mitchison, 1986]. 

Few years later, microtubule capture has been observed in live cells [Hayden et al., 1990, 

Rieder and Alexander, 1990]. To date, our knowledge on the mechanisms underlying spindle 

assembly and function has increased and explain how chromosome segregation is properly 

orchestrated to ensure the proper division of the cell (reviewed in [Heald and Khodjakov, 

2015]).   

 

 Ciliogenesis 

Cilia are membrane-bound sensory organelles made of dynamic microtubules. A large 

variety of cell types (but not lymphocytes) bear cilia at their cellular surface. Cilia sense 

changes in the extracellular environment and transmit the information within the cell
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Figure 18. In vivo coorganization of F-actin and microtubules. A) Fluorescence micrograph of part of a 3T3 

fibroblast with fluorescent labels showing the distinct organization of F-actin (cyan) and microtubules (red). 

Actin forms rigid stress fibers and dense networks underneath the plasma membrane (top), whereas microtubules 

grow toward the cell periphery and form a sparse network. B) Schematic showing how dynamic microtubules 

can encounter different F-actin architectures within a cell. Scale bar: 5 μm. Reproduced from [Preciado Lopez et 

al., 2014]. 
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[Christensen et al., 2007] for it to control biological processes ranging from organ 

development, cell differentiation and cell polarity [Goetz and Anderson, 2010, Badano et al., 

2006]. The base of a cilium corresponds to modified centrioles, termed basal bodies, anchored 

to the plasma membrane thanks to specialized structures at their distal part referred to as 

appendages (reviewed in [Kobayashi and Dynlacht, 2011]). Once basal bodies are anchored at 

the membrane, nine microtubule doublets linked by Dynein assemble and elongate to form the 

axoneme (reviewed in [Keeling et al., 2016]). Of note, axonemal extension might also occur 

at the surface of intracellular vesicles as observed in migrating neurons [Baudoin et al., 2012]. 

 

2.d. Crosstalk between microtubule and actin cytoskeletons 

As illustrated on Figure 18, in living cells microtubules and F-actin might be in close 

association within specific subcellular localizations where a real crosstalk between both 

cytoskeletal components occurs. Several proteins have been shown to crosslink F-actin and 

microtubules such as members of the Spectraplakin family. These proteins share the 

characteristic of both Spectrin and Plakin proteins that possess the ability to bind F-actin and 

microtubules, respectively [Roper et al., 2002, Suozzi et al., 2012, Huelsmann and Brown, 

2014](not discussed in this manuscript).  

 

Interestingly, members of the Formin family of actin nucleators have been described to 

regulate microtubule dynamics. For instance, overexpression of a constitutive active form of 

mDia2 that is unable to support actin nucleation induced the stabilization of microtubules 

marked by a decrease in their rates of elongation and depolymerization [Bartolini et al., 2008, 

DeWard and Alberts, 2008]. In addition, alignment of MTs to actin fibres has been reported in 

HeLa cells expressing a constitutively active form of mDia1 [Ishizaki et al., 2001]. Thus, 

through their dual role in regulating both the actin and microtubule cytoskeletons, Formins 

might influence the global organization of the cytoskeleton. 

 

Conversely, microtubules might also influence actin networks. In the late 1980’s, 

DANOWSKI brings evidences that microtubule polymerization counter-acts actin-based 

contractility [Danowski, 1989]. Indeed, treatment of different fibroblastic cell lines with 

inhibitors of MT assembly resulted in the increase of actin-mediated contractility [Danowski, 

1989]. Although the mechanism underlying such a regulation was not known at that time, one 

could imagine that MT-dependent regulation of cell contractility might occur through the
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modulation of Myosin II activity. Later, KRENDEL and co-workers showed that the activity of 

the guanine exchange factor GEF-H1, which activates RhoA thus promoting Formin and 

Myosin II activation, was regulated through its interaction with microtubules. Indeed, the 

availability of GEF-H1 within the cytoplasm to promote RhoA activation is directly linked to 

the amount of polymerized microtubules within the cells since GEF-H1 by interacting with 

microtubules is no longer able to activate RhoA [Krendel et al., 2002]. Upon microtubule 

depolymerization, GEF-H1 is released within the cytoplasm, hence promoting RhoA 

activation and the subsequent simulation of Myosin II-mediated contractility [Krendel et al., 

2002]. Thus, by controlling the local assembly/disassembly of microtubules, a cell might 

finely tune actin networks and cell contractility, hence highlighting the pivotal role of 

actin/microtubule crosstalk in the regulation of cellular processes. 

   

Of note, F-actin and components of the Arp2/3 complex have also been described to be in 

close association with the centrosome in different studies without any clear identified-function 

[Hubert et al., 2011, Vaughan and Dawe, 2011, Tang and Marshall, 2012]. Whether such 

association also serves specific co-regulatory mechanisms involved in the tuning of cellular 

processes remains to be determined. A specific focus on this F-actin/centrosome interaction 

has been made during my thesis and the first part of the results presented in this manuscript 

highlights a new mechanism of F-actin/centrosome cooperation in the regulation of B 

lymphocyte polarization.   

 

3. Role of the cytoskeleton in antigen uptake, processing and presentation by B cells 

As mentioned in the above sections, B cells must encounter, internalize and process 

antigens as well as migrate towards the T cell zone to exert their immune function. All these 

processes rely on their actin and microtubule cytoskeletons, which associate with cellular 

membranes to regulate all these events that need membrane deformation to occur. 

 

3.a. Antigen encounter and immune synapse formation 

As mentioned earlier, the engagement of BCRs with cell surface-tethered antigens induces 

the formation of an immune synapse that serves as a local platform to coordinate BCR-

mediated signaling and antigen uptake [Batista et al., 2001]. B cell synapse resembles the one 

originally described in T cells [Grakoui et al., 1999, Yuseff et al., 2009]. Its establishment 

represents a key step in the process of B cell activation [Carrasco et al., 2004, Fleire et al., 

2006] and is initiated as soon as immobilized antigens engage BCRs leading to their cross-
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Figure 19. Formation of the B cell immune synapse. BCR engagement with surface-tethered antigens induces 

the formation of BCR-antigen microclusters (a) that are required for the initiation of BCR-mediated signaling 

ultimately leading to cytoskeleton remodeling. Then through cycles of spreading (b) and contraction (c) 

microclusters coalesce within the center of the synapse and form the central supramolecular activation cluster 

(cSMAC). Whereas integrins concentrate within the peripheral SMAC (pSMAC), F-actin accumulates in the 

distal SMAC (dSMAC) (d). Adapted from [Kuokkanen et al., 2015]. 
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linking and the formation of BCR-microclusters (reviewed in [Harwood and Batista, 2010]) 

(Figure 19a). The actin cytoskeleton plays a key role in the formation of the B cell synapse as 

well as in antigen capture [Hartwig et al., 1995]. In particular, BCR stimulation initiates a 

rapid cofilin-dependent actin depolymerization at the antigen-contact site, allowing the local 

increase of BCR diffusion within the membrane [Freeman et al., 2011]. This is followed by 

polarized actin re-polymerization that promotes B cell spreading onto the antigen-carrying 

cell [Sumoza-Toledo et al., 2006] (Figure 19b). This process facilitates the formation of BCR 

microclusters that are required for sustained BCR signaling [Treanor et al., 2010]. 

Rearrangements of the actin cytoskeleton occur through the BCR-dependent activation of 

Syk, the small GTPases Cdc42 and Rac1/Rac2 and their GEF factors Dock8 and Vav1/Vav2, 

respectively [Le Roux et al., 2007, Arana et al., 2008, Randall et al., 2009, Burbage et al., 

2015]. In the case of Cdc42, this occurs through the activation of the actin nucleation 

promoting factor (NPF) WASP, which activates the Arp2/3 complex for polymerization of 

branched actin networks [Sharma et al., 2009]. Actin dynamics at the synapse are also critical 

for the attenuation of BCR signaling. Indeed, Abp1 (actin-binding protein 1) is needed for 

antigen internalization but further acts as a negative regulator of BCR signaling by activating 

inhibitory signaling molecules [Seeley-Fallen et al., 2014].  

 

At that stage, through a contraction phase mediated by Myosin II, BCR microclusters 

merge together in the center of the immune synapse and form the central supramolecular 

activation cluster (cSMAC) [Fleire et al., 2006] (Figure 19c). This implies that the actin 

cortex might associate to the membrane to allow its deformation. This physical interaction 

does not only define the cell shape but also regulates the tension of the plasma membrane, 

which has been linked to receptor signaling in various cell types [Masters et al., 2013]. Actin-

membrane association depends on different molecules including the Ezrin Radixin Moesin 

(ERM) family as well as the atypical class I Myosins. In resting B cells, the ERM network 

creates boundaries that restrict BCR diffusion. Compromising ERM proteins is sufficient to 

induce a robust intracellular signaling and a concomitant increase in BCR motility [Treanor et 

al., 2010]. Upon B cell activation, ERM proteins are transiently inactivated to increase BCR 

diffusion allowing the formation of the cSMAC. Then they are re-activated to further 

immobilized BCR microclusters at the center of the B cell synapse [Treanor et al., 2011]. The 

short-tailed Myosin IC and IG were also shown to be recruited to F-actin rich domains at the 

B cell synapse and to regulate cell spreading and antigen internalization [Sumoza-Toledo et 

al., 2006, Maravillas-Montero et al., 2011, Maravillas-Montero et al., 2014]. Cortical actin
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rearrangements also trigger the formation of a second concentric region called the peripheral 

SMAC (pSMAC) that contains adhesion molecules such as LFA-1 (lymphocyte function-

associated antigen 1, also known as αLβ2 integrin). The engagement of this integrin with its 

counter-receptor intercellular adhesion molecule 1 (ICAM-1, also known as CD54) promotes 

B cell adhesion to the antigen-carrying cell, facilitating the formation of the immune synapse 

and decreasing the antigen-affinity threshold required for BCR-mediated cell activation 

[Carrasco et al., 2004]. While the cSMAC and the pSMAC display low concentrations of 

polymerized actin, F-actin concentrates in a third concentric region called the distal SMAC 

(dSMAC) (Figure 19d). 

 

In vivo, B cell spreading onto antigen-presenting cells and immune synapse formation are 

coupled to an arrest phase in B cell migration, which is required for B cells to acquire 

immobilized antigens [Carrasco and Batista, 2007, Junt et al., 2007]. Thereby, the tight 

regulation of the interplay between cell motility and antigen internalization is critical for B 

cell function. It has been recently shown that recruitment to the immune synapse of the 

scaffold protein vinculin, which links integrins at the plasma membrane with the actin 

cytoskeleton [Humphries et al., 2007], regulates adhesion between the B cell and the antigen-

presenting cell [Saez de Guinoa et al., 2013]. Vinculin is recruited to the immune synapse in 

parallel to a phosphatidylinositol (4, 5)-bisphosphate (PIP2) wave and stabilizes LFA-1 cluster 

within the pSMAC. This process relies on the activity of the Myosin IIA motor, which is also 

required for CXCL13-mediated migration [Saez de Guinoa et al., 2011]. Vinculin and Myosin 

IIA are therefore critical for B lymphocytes to switch between random motility and antigen 

internalization. Thus, B cells possess the machinery required to integrate incoming 

information and adapt their response to maximize antigen acquisition by regulating the 

balance between cell migration and cell adhesion to antigen-presenting cells. This leads to the 

formation of either stable immune synapses characterized by a firm adhesion of the B cell to 

the antigen-presenting cell and very poor migratory capacities or of CXCL13- and LFA-1-

mediated kinapses where B cells establish successive short interactions with multiple antigen-

presenting cells, alternating between adhesion and motility phases. This resembles what have 

been described in T cells that form either synapses or kinapses depending on the affinity of 

the TCR for their cognate peptide-MHC complexes [Moreau et al., 2012]. Whether and how 

synapse versus kinapse formation impacts on the ability of B cells to extract, process and 

present immobilized antigens to primed CD4
+
 T cells remains an open question. 
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Microtubules are also essential regulators of BCR signaling as well as of the uptake of 

surface-tethered antigens by B cells. In particular, the dynamics of BCR-antigen complexes 

and their internalization at the immune synapse were shown to rely on the microtubule minus-

end molecular motor Dynein [Schnyder et al., 2011]. Impaired Dynein recruitment to the B 

cell synapse does not alter microcluster formation or actin-dependent cell spreading but 

compromises the centripetal movement of BCR microclusters as well as their internalization 

[Schnyder et al., 2011], suggesting that microcluster uptake might preferentially take place at 

the synapse center. 

 

3.b. Antigen processing and presentation 

Both vesicles containing internalized BCR-antigen complexes and MHC-II
+
 endo-

lysosomes undergo active intracellular transport in antigen-presenting cells to ultimately 

converge. Depolymerization of the actin cytoskeleton was shown to alter this convergence as 

well as Ii degradation [Barois et al., 1998, Brown and Song, 2001], highlighting the 

requirement of an intact actin cytoskeleton for antigen processing. Interestingly, actin 

depolymerization in B cells leads to excessive antigen degradation [Gondre-Lewis et al., 

2001], suggesting that actin filaments are needed for antigen transport to MHC-II-containing 

compartments rather than to terminal lysosomes. In agreement with a key role for the actin 

network in antigen processing, our laboratory has identified Myosin II as the first motor 

protein involved in this process [Vascotto et al., 2007]. By interacting with the cytosolic tail 

of Ii, this actin-based motor protein allows the convergence between MHC-II-containing 

endo-lysosomes and vesicles loaded with taken-up antigens [Vascotto et al., 2007]. Later, two 

atypical class I Myosins, Myosin IC and IE, were also implicated in MHC-II trafficking in B 

cells [Maravillas-Montero et al., 2011, Santos-Argumedo et al., 2013]. However, the precise 

mechanisms by which class I Myosins interact with MHC-II
+
 vesicles to regulate antigen 

processing remain to be determined.  

 

Once generated, MHC-II-peptide complexes are exported to the antigen-presenting cell 

surface for presentation to primed CD4
+
 T cells. In B cells both Kinesins and Dynein are used 

for the proper export of MHC-II-containing vesicles towards the cell surface, which traffic bi-

directionally along microtubules [Wubbolts et al., 1996, Wubbolts and Neefjes, 1999, 

Wubbolts et al., 1999]. How these motor proteins interact with each other to coordinate the 

transport of MHC-II-containing endo-lysosomes towards the cell surface and whether actin 

networks participate in this process are interesting questions to be addressed. 
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The findings presented above indicate that both the actin and microtubule cytoskeletons 

control the trafficking of antigens and MHC-II-containing vesicles, suggesting that both 

networks might functionally interact. Accordingly, there are growing evidences for the 

dynamics of these two types of filaments being tightly coupled in most cell types [Small et al., 

1999, Palazzo and Gundersen, 2002, Rodriguez et al., 2003, Etienne-Manneville, 2004a, 

Lasserre and Alcover, 2010, Schneider and Persson, 2015]. They further suggest that the use 

of common cytoskeleton elements at distinct subcellular locations might help coupling 

various cellular processes. How such coupling is used to coordinate in time and space the 

various events that are needed for B cell function remains to be precisely determined. 

 

Establishment of the immune synapse also gives the first cues of asymmetrical cell 

organization leading in fine to the polarization of B cell organelles towards the synaptic 

interface. This process is strictly required for B cells to extract, process and present surface-

tethered antigens to primed CD4
+
 T cells. 
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Figure 20. Establishment of cell polarity: asymmetric segregation of PAR proteins. Asymmetric localization 

of the Par proteins is required for the polarization of C. elegans embryos at the one-cell stage. In addition, 

polarized localization of Par proteins regulates asymmetric cell division of the embryo providing the daughter 

cells with different fates. Adapted from [Ahringer, 2003]. 
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B Lymphocyte Functions Rely on Cell Polarity 
 

1. Cell polarity: a simple definition 

Cell polarity is defined by the non-symmetric organization of a cell and regulates a broad 

range of biological processes such as cell division, cell fate and cell migration [Barnett et al., 

2012, Thaunat et al., 2012, Schmoranzer et al., 2009]
 
and allows the definition of polarity axis 

within cells and tissues. For instance, the asymmetric segregation of cellular components 

confers to epithelial cells a “top” and a “bottom”, called the apical and basal pole, 

respectively, which regulate the main functions of these cells (reviewed in [Lee and Streuli, 

2014]). Migrating cells also display a polarized phenotype with a front, or leading edge, and a 

rear, which thus defines a front-back polarity axis [Parsons et al., 2010]. Cell polarity also 

regulates cell division as the positioning of the mitotic spindle defines the axis of cell division 

and the asymmetric partitioning of proteins, mRNA and/or organelles providing different 

fates to the daughter cells.  

 

Establishment of cell polarity relies on the integration of polarity cues that mainly dictate 

the reorganization of the microtubule cytoskeleton, hence defining the cell polarity axis and 

the directionality of intracellular trafficking [Elric and Etienne-Manneville, 2014]. As the 

centrosome drives the nucleation and organization of MTs, this organelle was found to play 

an essential role in the polarization of a variety of cell types ranging from yeast to specialized 

cells in multicellular organisms [Yuseff et al., 2013].  

 

2. The hallmark of polarity: the PAR polarity complex 

One of the polarity proteins most studied over the world and in almost all animal models, 

from worms to mammalian cells, are members of the PAR (partitioning defective) polarity 

complex. These polarity proteins were discovered in the late 1980’s in the nematode 

Caenorhabditis elegans by genetic studies of embryos impaired for asymmetric cell division. 

Mutants lacking genes of the PAR polarity complex failed to establish an anterior-posterior 

polarity axis, preventing the proper positioning of the mitotic spindle and thus impairing 

embryo development [Kemphues et al., 1988]. Following on this early study, members of the 

PAR polarity complex were classified into two major groups based on their cellular 

localization: the anterior PAR complex composed of Par3, Par6 and aPKC and PAR proteins 

localized at the posterior pole such as Par1 and Par2 [Ahringer, 2003] (Figure 20).  
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Figure 21. Cdc42, the master regulator of cell polarity. Cdc42 regulates multiple signaling pathways leading 

to the polarization of cellular components as well as to the polarized secretion of proteins. Adapted from 

[Etienne-Manneville, 2004b]. 
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In C. elegans embryos, asymmetric segregation of the PAR proteins results in the 

polarized positioning of the mitotic spindle thus providing the daughter cells with different 

fate. Interestingly, beside its role in the regulation of the actin cytoskeleton, the small Rho 

GTPase Cdc42 has been described to activate the PAR polarity complex [Joberty et al., 2000], 

hence providing to Cdc42 a key role in the reorganization of both actin and microtubule 

cytoskeletons (Figure 21). Although the Cdc42-dependent activation of the PAR complex 

was first identified as a key factor for budding yeast polarization, its pivotal function in 

polarity establishment in all eukaryotes is now well admitted [Etienne-Manneville, 2004b, 

Macara, 2004, Jaffe and Hall, 2005].  

 

3. B cell polarization upon surface-tethered antigen stimulation 

Similarly to observations that were made in natural killer and cytotoxic T cells 

[Stinchcombe et al., 2011], upon BCR engagement, B cells rapidly polarize their centrosome 

towards the antigen-contact site. Concomitantly, MHC-II
+
/Lamp-1

+
 lysosomes are recruited 

to the immune synapse, where they cluster [Yuseff et al., 2011] (Figure 22). Interestingly, 

using MHC-II-expressing human melanoma cells, WUBBOLTS et al. had found that MHC-II
+
 

lysosomes traffic along microtubules to reach the plasma membrane [Wubbolts et al., 1996, 

Wubbolts et al., 1999]. Accordingly, we have shown that laser ablation of the centrosome 

following B cell stimulation with immobilized antigens prevents the polarized recruitment of 

lysosomes to the immune synapse [Yuseff et al., 2011]. There, lysosomes are locally secreted 

leading to the acidification of the extracellular synaptic space and promoting the release of 

proteases in this confined environment. Both synapse alkalinization and extracellular 

inhibition of proteases lead to a drastic decrease in the capacity of B cells to extract antigens, 

indicating that synapse acidification and protease secretion are required for efficient surface-

tethered antigen extraction [Yuseff et al., 2011]. Although the molecular mechanisms 

underlying B cell polarization upon BCR engagement with immobilized antigens are not fully 

understood, former lab-members have identified the conserved polarity machinery 

Cdc42/Par3/aPKC-ζ as required for B cell polarization [Yuseff et al., 2013]. Indeed, BCR 

engagement with surface-tethered antigens leads to the Cdc42-dependent activation of aPKC-

 that localizes at the surface of Lamp-1
+
 lysosomes. Both Cdc42 and aPKC- inhibition 

impairs centrosome polarization and lysosome recruitment at the immune synapse, thus 

preventing B cells to efficiently extract and present immobilized antigens to primed CD4
+
 T 

cells. In addition, they have shown that the polarity protein Par3 together with the
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Figure 22. B cell polarization upon immobilized antigen stimulation. Upon BCR engagement with 

immobilized antigens, the coordinated action of the Par polarity complex and Dynein induces centrosome 

repositioning towards the antigen-contact site. Centrosome polarization in turn dictates the recruitment and local 

secretion of lysosomes within the synaptic cleft, which is required for the efficient extraction and processing of 

immobilized antigens. Adapted from [Yuseff et al., 2013].  

Non-polarized Polarized 
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microtubule-based motor Dynein accumulate at the antigen-contact site and act in concert to 

promote centrosome polarization and docking at the immune synapse [Reversat et al., 2015, 

Yuseff et al., 2011] (Figure 22).  

 

Thus, B cell polarization in response to BCR engagement with immobilized antigens 

emerges as pivotal in the initiation of B cell responses and is required for the efficient 

extraction and presentation of surface-tethered antigens. How is precisely regulated 

centrosome polarization in B cells upon surface-tethered antigen stimulation remained an 

open question and represents the main goal of my work. 

 

4. Cell polarity and lymphocyte functions 

As mentioned above, the establishment of cell polarity often relies on the repositioning of 

the centrosome at a specific location within cells. This in turn imposes the reorganization of 

both the actin and microtubule cytoskeleton, thus defining new routes within polarized cells 

that support directed trafficking events. Such a feature is used by all polarized cells in order to 

maintain their polarized phenotype and/or achieve their specific effector functions.  

 

In lymphocytes, centrosome re-orientation to one cell pole was shown to be required for 

cell migration [Schmoranzer et al., 2009], asymmetric division [Barnett et al., 2012, Thaunat 

et al., 2012, Chang et al., 2007] and immune synapse formation [Stinchcombe and Griffiths, 

2014]. While Cdc42, Par3 and aPKC- localize at their leading edge, Scribble and Dlg1, two 

other well-described polarity proteins, accumulate at the rear of migrating T cells when 

searching for their cognate peptide [Ludford-Menting et al., 2005]. It has been shown that T 

cell migration in response to a chemokine gradient leads to Cdc42 activation at the cell front, 

hence promoting local actin remodeling that support directed cell migration (reviewed in 

[Rougerie and Delon, 2012]). In addition, aPKC- and Par6 have also been described to play 

a crucial role in the polarization of T cells in response to chemokine stimulation [Real et al., 

2007]. 

 

The formation of the immune synapse between T cells and antigen-presenting cells 

represents another key polarization event regulating T cell functions. The immune synapse 

refers to the zone of tight interactions that forms once a T cell encounters its cognate antigen 

loaded on MHC molecules at the surface of APCs [Grakoui et al., 1999]. It is viewed as a 
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signaling platform where both exocytotic and endocytotic events needed for lymphocytes to 

perform their specific effector functions, take place [Harwood and Batista, 2011].  

 

The engagement of the T cell receptor (TCR) with such peptide-MHC complexes triggers 

the reorganization of the actin cytoskeleton leading to the spreading of the T cell onto the 

APC. This is followed by the rapid repositioning of the centrosome towards the newly 

establish immune synapse where the polarity protein Par3 accumulates [Ludford-Menting et 

al., 2005]. Of note, both microtubules and actin structures have been shown to regulate 

centrosome polarization. Indeed, inhibition of Dynein activity impairs centrosome 

translocation to the synapse [Combs et al., 2006] and Formin-dependent actin nucleation is 

required for its proper polarization [Gomez et al., 2007]. In CD4
+
 T cells, centrosome 

polarization has been described to rely on the polarity protein aPKC and regulates cytokine 

secretion [Bertrand et al., 2010, Tourret et al., 2010]. Similarly, in CD8
+
 T cells, centrosome 

polarization and docking at the immune synapse allows sustained TCR signaling [Martin-

Cofreces et al., 2008] and regulates the local release of cytotoxic granules [Stinchcombe et al., 

2006, Stinchcombe and Griffiths, 2007, Angus and Griffiths, 2013].  

 

Thus cell polarization in response to antigenic stimulation emerges as a pivotal feature 

regulating the effector functions of lymphocytes and thus impacting on the outcome of 

immune responses. Many features in the mechanisms underlying T and B lymphocyte 

polarization are similar. However, some cell-specific particularities deserve to be highlighted 

and are mentioned in the Discussion of this manuscript.  
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Thesis Objectives 
 

Since the 2000’s, the concept that B cells encounter their cognate antigen in an 

immobilized form has emerged and is now well accepted. Therefore, the lab and others have 

focused their work in understanding the key steps leading to B cell activation by such cell-

surface tethered antigens. Whereas others have been particularly interested in the formation of 

the B cell synapse as well as in BCR dynamics and its signaling, the lab has focused its 

studies in understanding the fundamental cell biological events enabling B cells to extract, 

process and present cell surface-tethered antigens.  

 

Before my arrival, my colleagues have found that upon BCR engagement with 

immobilized antigens, B cells rapidly repositioned their centrosome towards the immune 

synapse. Centrosome repositioning was shown to be required for the proper recruitment and 

local secretion of lysosomes within the synaptic cleft providing the adequate environment 

(pH, presence of hydrolases and MHC-II molecules) to B cells to efficiently extract, process 

and present antigens to primed CD4
+
 T cells. They have shown that B cell polarization relies 

on the coordinated action of the conserved polarity axis Cdc42/aPKC-/Par3 and the 

microtubule-dependent motor Dynein, which acts at the immune synapse as a polarity cue 

defining the axis of polarity. However, not much was known about the basic molecular 

mechanisms regulating centrosome polarization and thus this aspect of centrosome 

repositioning remained to be fully elucidated. In addition, the increasing pieces of data 

suggesting that tissue microenvironment might regulate various steps of B cell differentiation, 

activation and functions prompted us to investigate whether such cues would modulate the 

ability of B cells to polarize in response to immobilized antigen stimulation. 

 

Therefore, the main goals of my work were (1) to identify and decipher new molecular 

mechanisms regulating B cell polarization with a special emphasis given to mechanisms 

controlling centrosome repositioning and (2) to study whether extracellular Galectin-8 

modulates B cell polarization and activation upon BCR engagement with immobilized 

antigens. 
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Figure 23. B cell stimulation modifies the centrosome proteome. (a) Left. Representative images of non-

polarized (BCR-ligand
-
) and polarized (BCR-ligand

+
) B cells. B cells were incubated for 60 min with beads 

coated with either BCR ligands or with proteins that do not engage the BCR, fixed and the centrosome was 

stained (-Tubulin). White circles indicate bead position. Scale bar, 3 µm. Middle. Schematics depicting 

centrosome polarity index measurement. Right. Quantification of centrosome polarity index. Data are pooled 

from 3 independent experiments with n=80 and 85 cells for BCR-ligand
-
 and BCR-ligand

+
, respectively. 

Unpaired Student’s t-test was used to determine statistical significance. (b) SILAC-based mass spectrometry 

workflow used to identify proteins differentially associated with the centrosome of B cells stimulated with either 

BCR-ligand
-
 or BCR-ligand

+
 beads. (c) Western blots highlighting centrosome-containing fractions after 

centrosome isolation on discontinuous sucrose gradient. Immunoblots are representative of 3 independent 

experiments. (d) Volcano plot showing the 835 proteins considered for further analysis (light red) among the 

total of the 1600 quantified proteins. Horizontal red line represents the threshold for statistical significance 

(adjusted p-value≤0.05). Vertical red lines represent the biological threshold used to select proteins (-10% and 

+10% of protein fold change). 
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Actin Nucleation at the Centrosome Controls Lymphocyte Polarity 
 

B lymphocyte polarization and especially centrosome repositioning towards the immune 

synapse is a key step in the initiation of B cell activation. However, little is known regarding 

the molecular mechanisms regulating this process. We therefore hypothesized that variations 

in the composition of centrosome-associated proteins between polarized and non-polarized B 

cells might reveal valuable candidates to be involved in this process. Centrosome polarization 

in these cells can be triggered by engaging their BCR with surface-tethered ligands (anti-BCR 

antibodies, BCR-ligand
+
) coated on latex beads [Yuseff et al., 2011, Reversat et al., 2015], 

giving access to a simplified model for the calculation of centrosome polarity indexes (Figure 

23a). 

 

1. Analysis of centrosomal proteome of activated and non-activated B cells 

To identify proteins differentially associated with the centrosome of polarized and non-

polarized B cells, a stable isotope labelling by amino acids in cell culture- (SILAC-) based 

quantitative proteomic approach was developed [Hoedt et al., 2014]. For this, B cells were 

grown in cultures containing lysine labelled with light or heavy carbon isotopes and incubated 

for 60 min with BCR-ligand
+
 or with beads coated with a protein that does not engage the 

BCR (BCR-ligand
-
), respectively (Figure 23b). Cells were lysed, centrosomes were isolated 

by sequential centrifugations on sucrose gradients and the 3 main -Tubulin-containing 

fractions were pooled for each sample (Figure 23c). Resulting pools were mixed 1:1 to be 

separated by SDS-PAGE followed by reverse-phase liquid chromatography and analyzed by 

high-resolution mass spectrometry (LC-MS/MS) (Figure 23b). This led to the identification 

of 2743 proteins with a false discovery rate (FDR) of 1%. The relative quantification of the 

1600 proteins (among the 2743) for which at least 3 peptides were recovered was then 

performed by computing peptide SILAC ratios between both conditions. Strikingly, among 

the 1600 quantified proteins, we found that 835 proteins were differentially associated with 

the centrosome of activated B cells (absolute fold change ≥10% and adjusted p-value of 

quantification ≤ 0.05, Figure 23d, light red).  

 

We conclude that BCR engagement induces multiple changes in the centrosome proteome 

providing potential candidates involved in the regulation of centrosome polarization. 
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Figure 24. Reduced Arp2/3 subunits in centrosome preparations from activated B cells. (a) Protein fold 

change (%) for each of the 45 proteins belonging to the “Centrosome / Microtubule” sub-group (top) and the 43 

belonging to the “Actin” one (bottom). (b) The total amount of Arp2 in B cells under resting conditions or 

stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads for indicated time was assessed by immunoblot. 

Vinculin was used as loading control. Western blots shown are representative of 3 independent experiments. (c) 

Centrosomes purified from B cells stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads for 60 min were 

assessed by immunoblot for their associated amounts of Arp2. -Tubulin was used as loading control. Bottom 

panel shows the relative quantification of 3 independent experiments. Red line corresponds to the quantification 

of the blot presented above. 
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2. Reduced Arp2/3 subunits in centrosome preparations of activated lymphocytes 

To identify key networks, Genome Ontology (GO) term enrichment was performed on the 

835 proteins differentially associated with the centrosome of activated B cells. As expected, 

this analysis highlighted components of the microtubule-organizing center (enrichment factor: 

1.9, p-value = 3.56x10
-05

) and the cytoskeleton (enrichment factor: 1.8, p-value = 2.65x10
-11

) 

as two major groups of proteins enriched in centrosome preparations. More surprisingly, 

zooming on proteins belonging to the GO Term “Cytoskeleton” showed that while 

microtubule-related components were either increased or decreased in polarized cells, the 

majority of actin cytoskeleton components were reduced (69.8%, Figure 24a). Noticeably, 

this particularly applied to 3 subunits of the branched actin nucleating complex Arp2/3 [Rotty 

et al., 2013] (10% and 12% decrease, Figure 24a, red). To confirm the reduced amounts of 

Arp2/3 at the centrosome of activated lymphocytes, immunoblot analysis of centrosomes 

purified from non-activated and activated B cells were performed. Whereas no reduction in 

the total amount of Arp2 was observed in cells between both conditions (Figure 24b), we 

observed an even more pronounced reduction of the Arp2/3 subunit Arp2 in centrosome 

preparations isolated from activated lymphocytes (Figure 24c).   

 

Altogether, these data suggest that B cell activation induces a significant reduction in the 

pool of centrosomal Arp2/3. Although the presence of this complex at the centrosome has 

been described in the past [Hubert et al., 2011], whether it regulates centrosome function 

remains unclear. We therefore focused our analysis on exploring the putative role of Arp2/3 

reduction at the centrosome of activated lymphocytes in the polarization of this organelle. 
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Figure 25. Reduced centrosomal Arp2/3 in activated lymphocytes. (a) Representative images of B cells 

under resting conditions or stimulated with BCR-ligand
+
 beads for indicated time, fixed and co-stained for Arp2 

(white arrow: cortical pool; *: centrosomal pool) and the centrosome (-Tubulin). White circles indicate bead 

position. Dashed grey squares indicate the centrosomal region magnified below each image. Dashed circles on 

bottom panel highlight the centrosomal area used for quantification. Scale bar, top: 3 µm; bottom: 1 µm. (b) 

Schematics depicting the pipeline used to quantify centrosome-associated Arp2. (c) Quantification of 

centrosome-associated Arp2 from cells shown in (a). Data are pooled from 3 independent experiments with 

n=67, 62, 64, 72, 61 and 69 cells from left to right. (d) Quantification of the total Arp2 fluorescence intensity in 

B cells under resting conditions or stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads for indicated time. 

Data are pooled from 3 independent experiments and were normalized with respect to the mean fluorescence 

intensity of resting cells in each replicate. n=67, 71, 64, 68, 72 and 69 cells from left to right. 
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3. Lymphocyte activation decreases the amounts of Arp2/3 at the centrosome 

We next asked whether reduction of Arp2/3 at the centrosome was equally observed in 

intact lymphocytes. Immunofluorescence analysis revealed the presence of two pools of 

Arp2/3 in resting B cells: a cortical pool (Figure 25a, white arrow) and a cytosolic pool that 

surrounded the centrosome (Figure 25a, white star).  

 

To accurately quantify this centrosome-associated pool of Arp2/3, we computed the radial 

distribution of cytoplasmic Arp2 fluorescence intensity from the centrosome of resting 

lymphocytes and, based on this result, we defined a “centrosomal area” (Figure 25b). The 

amount of Arp2/3 in this centrosomal area was then quantified at different time points after 

BCR engagement. In agreement with our proteomic and immunoblot data, we found that this 

centrosome-associated pool of Arp2/3 gradually decreased in time upon lymphocyte 

stimulation with BCR-ligand
+
 beads (Figure 25a, c). Of note, no reduction in the total amount 

of Arp2/3 was found (Figure 25d).  

 

We conclude from these data that the amount of Arp2/3 associated with the centrosome is 

decreased upon BCR engagement.  
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Figure 26. Reduced centrosomal F-Actin in activated lymphocytes. (a) Representative images of B cells 

under resting conditions or stimulated with BCR-ligand
+
 beads for indicated time, fixed and co-stained for F-

actin (Phalloidin) and the centrosome (-Tubulin). White circles indicate bead position. Dashed grey squares 

indicate the centrosomal region magnified below each image. Dashed circles on bottom panel highlight the 

centrosomal area used for quantification. Scale bar, top: 3 µm; bottom: 1 µm. (b) Representative images of 

resting B cells expressing the F-actin probe Utrophin-RFP, fixed and stained for Arp2 and an anti-RFP 

(Utrophin). The merge image shows the co-localization of F-actin (Utrophin) and Arp2 at the centrosome. 

Images are representative of 2 independent experiments. Scale bar, 3 µm. (c) Quantification of centrosome-

associated F-actin from cells shown in (a). Data are pooled from 3 independent experiments with n=54, 63, 64, 

62, 59 and 64 cells from left to right. (d) Quantification of the total F-actin fluorescence intensity in B cells 

under resting conditions or stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads for indicated time. Data are 

pooled from 3 independent experiments and were normalized with respect to the mean fluorescence intensity of 

resting cells in each replicate. n=60, 59, 64, 66, 59 and 64 cells from left to right. 
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4. Lymphocyte activation decreases the amounts of F-actin at the centrosome 

Arp2/3 being a well-characterized complex involved in the nucleation of branched actin 

networks, we asked whether its decreased association with the centrosome of activated B cells 

reflected different levels of F-actin at the centrosome of these cells.  

 

In resting B lymphocytes, we observed the presence of a pool of F-actin in close vicinity 

of the centrosome, which co-localized with Arp2/3 (Figure 26a, b). In contrast, in 

lymphocytes incubated for 30 min with BCR-ligand
+
 beads, F-actin was observed as patches 

dispersed in the cytosol rather than gathered around the centrosome (Figure 26a). After 60 

min of stimulation, the centrosome polarized to the cell-bead interface and was therefore 

found in proximity of the cortical F-actin pool (Figure 26a). Nonetheless, the pool of 

centrosome-associated F-actin, whose quantification was performed as for Arp2/3 

fluorescence intensity, was decreased in these cells (Figure 26c). Of note, no reduction in the 

total amount of F-actin in cells was observed (Figure 26d).  

 

Altogether, these results show that resting B cells display a pool of Arp2/3 and F-actin at 

their centrosome that decreases upon BCR engagement with immobilized antigens while this 

organelle polarizes to the immune synapse. 
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Figure 27. Reduced F-actin nucleation by centrosomes of activated B lymphocytes. (a) Representative 

images of actin asters nucleated from isolated centrosomes (white arrow). Scale bar, 8 µm. (b) Actin nucleation 

efficiency was calculated as the ratio of the number of actin asters divided by the number of -Tubulin spots. 

>200 actin asters and >450 -Tubulin spots per condition pooled from 4 independent experiments. (c) Sequential 

images of F-actin assembly by centrosomes isolated from B cells stimulated with indicated beads. Scale bar, 5 

µm. (d) Quantification of F-actin nucleation activity. (n=14 and 12 actin asters per condition. Data are 

representative of 4 independent experiments). (e) Centrosomes isolated from B cells stimulated for 60 min with 

indicated beads were assessed for their ability to nucleate microtubules in vitro. Scale bar, 16 µm. (f) 

Quantification of Arp2 fluorescence intensity associated with purified centrosomes. n=100 and 190 centrosomes 

per condition pooled from 2 independent experiments. 
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5. Lymphocyte activation decreases the ability of centrosomes to nucleate F-actin 

It has been recently shown that centrosomes possess an intrinsic actin-nucleating activity 

in various cell types including T lymphocytes [Farina et al., 2016]. We therefore investigated 

whether the distinct amounts of centrosome-associated F-actin observed in resting and BCR-

stimulated B lymphocytes reflected different actin nucleation capacities. 

 

For this, centrosomes purified from resting and activated B lymphocytes were compared 

for their ability to nucleate actin filaments in vitro. Strikingly, we observed that both 

centrosome preparations assembled actin asters from -Tubulin spots (Figure 27a), indicating 

that B lymphocyte centrosomes also possess an intrinsic actin nucleation capacity.  

 

In agreement with our hypothesis, actin nucleation by centrosomes purified from BCR-

stimulated cells was strongly diminished as compared to centrosomes purified from resting 

lymphocytes. Indeed, both the number of actin asters and the actin fluorescence intensity at 

the aster center were significantly decreased when using centrosomes from activated cells 

(Figure 27a-d). Importantly, centrosome integrity was not affected in preparations from 

activated lymphocytes as shown by their ability to nucleate microtubules (Figure 27e). 

Consistent with these results and with our proteomic and immunofluorescence data, the 

amount of Arp2/3 associated with centrosomes purified from BCR-stimulated lymphocytes 

was also found to be strongly decreased as compared to centrosomes of resting B cells 

(Figure 27f).  

 

We conclude from these data that centrosomes possess an intrinsic capacity to nucleate F-

actin that is down-regulated upon BCR engagement with immobilized antigens. 
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Figure 28. Centrosomes nucleate F-Actin in an Arp2/3-dependent manner. (a) Quantification of actin 

nucleation activity of centrosomes purified from resting lymphocytes in presence of CK666 or DMSO. n=12 and 

22 actin asters, respectively from 2 independent experiments. (b) Representative images of resting B cells treated 

with DMSO or CK666 for 60 min, fixed and co-stained for F-actin (Phalloidin) and the centrosome (-Tubulin). 

Dashed grey squares indicate the region magnified on the right panel. Dashed circles on the right panel highlight 

the centrosomal area used for quantification. Scale bar, left: 3 µm; right: 1 µm. (c) Western blot analysis of the 

efficiency of Arp2 and Arp3 silencing. Vinculin was used as loading control. Immunoblot presented is 

representative of 2 independent experiments. (d) Quantification of centrosome-associated F-actin in control, 

Arp2- and Arp3-silenced B cells stimulated with indicated beads for 60 min. Data are pooled from 2 independent 

experiments with n=44, 45, 45, 46, 46 and 42 cells from left to right. (e) Representative images of B cells pre-

treated with DMSO, CK666  or Smifh2 for 30 min prior to be stimulated with BCR-ligand
+
 beads for 60 min, 

fixed and stained for F-actin (Phalloidin) and the centrosome (-Tubulin). White circles indicate bead position. 

Scale bar, 3 µm. (f) Quantification of centrosome-associated F-actin from cells shown in (e). Data are pooled 

from 3 independent experiments with n=82, 81, 68, 62, 76 and 69 cells from left to right. 
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6. Centrosomes nucleate F-actin in an Arp2/3-dependent manner 

The involvement of the Arp2/3 complex in F-actin nucleation by centrosomes purified 

from resting lymphocytes was confirmed by using the CK666 Arp2/3 inhibitor [Nolen et al., 

2009], which significantly reduced F-actin assembly (Figure 28a).  

 

On the same line, treatment of resting B cells with CK666 decreased the amount of 

centrosome-associated F-actin to the levels observed in BCR-stimulated lymphocytes (Figure 

28b). Equivalent results were obtained when silencing Arp2/3 with two different siRNA 

(Figure 28c, d). Smifh2-mediated inhibition of Formin proteins, the other family of actin 

nucleators, did not decrease F-actin nucleation at the centrosome, indicating that it most likely 

did not play a direct role in this process. Interestingly, Formin inhibition even increased the 

amount of F-actin at the centrosome (Figure 28e, f), what might result from the recently 

reported competition between Arp2/3 and Formins [Burke et al., 2014].  

 

We conclude that lymphocyte centrosomes nucleate F-actin in an Arp2/3-dependent 

fashion and that this property of centrosomes is down regulated upon lymphocyte activation 

as a result of Arp2/3 local depletion. 



- 76 - 

 

 

Figure 29. Depletion of Arp2/3 from the centrosome results from its HS1-dependent recruitment at the 

immune synapse. (a) Western blot showing the phosphorylation of HS1 during the course of B cell stimulation. 

Representative of 2 independent experiments. (b) Representative images of B cells stimulated with indicated 

beads for 15 min, fixed and co-stained for total HS1 (top) or phosphorylated HS1 (bottom) and the centrosome 

(-Tubulin). Dashed white circles indicate bead position. Scale bar, 3 µm. Images are representative of 2 

independent experiments. (c) Representative images of B cells stimulated with indicated beads for 60 min, fixed 

and co-stained for Arp2 and the centrosome (-Tubulin). Dashed white circles indicate bead position. Scale bar, 

3 µm. Representative of 3 independent experiments. (d, e) Quantification of synapse-associated Arp2 (d) and F-

actin (e). (d) n=71, 64, 68, 72 and 69 cells and (e) n=55, 60, 66, 59 and 57 cells from left to right, pooled from 3  
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7. Depletion of centrosome-associated Arp2/3 results from its HS1-dependent 

recruitment to the immune synapse 

We next searched for the molecular mechanisms responsible for this partial depletion of 

Arp2/3 from the centrosome of BCR-stimulated lymphocytes. It was shown that the Cortactin 

homolog Hematopoietic Lineage Cell-Specific Protein (HS1), which is predominantly 

expressed in hematopoietic cells [Gomez et al., 2006], recruits Arp2/3 to the BCR 

signalosome upon antigenic stimulation [Hao et al., 2004]. Consistently, we observed that 

BCR engagement with BCR-ligand
+
 beads induced HS1 phosphorylation and accumulation at 

the cell-bead interface (Figure 29a, b). 

 

We therefore hypothesized that phospho-HS1-dependent recruitment of Arp2/3 at the 

immune synapse might lead to its partial depletion from the centrosome and thereby to a local 

decrease in F-actin nucleation. Consistent with this hypothesis, we found that the gradual 

decrease in the pool of centrosome-associated Arp2/3 and F-actin was concomitant to the 

accumulation of both proteins at the cell-bead interface (Figure 29c-e). This was also 

observed for F-actin in time-lapse imaging experiments: upon BCR stimulation, F-actin 

gradually decreased at the centrosome but progressively increased at the synapse (not shown). 

Noticeably, both the decrease of Arp2/3 and F-actin at the centrosome and their increase at 

the synapse were severely impaired when silencing HS1 (Figure 29f-h). No reduction in the 

total amount of F-actin was observed between control and HS1-silenced lymphocytes (Figure 

29i).  

 

Hence, HS1-dependent recruitment of Arp2/3 at the cell-bead interface is associated with 

its partial depletion from the centrosome, thus decreasing the actin nucleation capacity of this 

organelle. 

 

 

 

 

independent experiments. (f, g) Quantification of Arp2 (f) and F-actin (g) associated with the synapse (left) and 

the centrosome (right) in control and HS1-silenced B cells stimulated for 60 min with indicated beads. Data are 

pooled from 2 (f) and 3 (g) independent experiments with (f) Synapse: n=51, 46 and 53 cells; Centrosome: n=51, 

52 and 47 cells and (g) Synapse: n=72, 74 and 66 cells; Centrosome: n=73, 72 and 67 cells from left to right. (h) 

Immunoblot analysis of the efficiency of HS1 silencing. Vinculin was used as loading control. The blot 

presented is representative of at least 4 independent experiments. (i) Quantification of the total F-actin 

fluorescence intensity in control and HS1-silenced B cells stimulated with indicated beads for 60 min. Pooled 

from 3 independent experiments and normalized with respect to the mean fluorescence intensity of control cells 

stimulated with BCR-ligand
-
 beads in each replicate. n=72, 75 and 66 cells from left to right. 
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Figure 30. Centrosomal Arp2/3 and F-actin impair centrosome polarization. (a-c) Quantification of centrosome polarity index of 

control and HS1-silenced (a), control, Arp2- and Arp3-silenced (b) or DMSO and  CK666-treated (c) B cells stimulated with indicated 

beads for 60 min. (a) n=77, 71 and 75 cells; (b) n=43, 46, 47 and 43 cells and (c) n=103, 80 and 87 cells from left to right, pooled from 

2 (b) and 3 (a, c) independent experiments. (d) Representative images of control and HS1-silenced B cells treated with DMSO or 

CK666, stimulated with BCR-ligand
+
 beads for 60 min, fixed and co-stained for F-actin (Phalloidin) and the centrosome (-Tubulin). 

Scale bar, left: 3 µm; right: 0.9 µm. (e) Quantification of centrosome polarity index of control and HS1-silenced B cells treated or not 

with CK666. n=77, 69, 72 and 75 cells from left to right, pooled from 3 independent experiments. (f) Immunoblot analysis of the 

efficiency of HS1 and HS1 plus Arp2 silencing. Vinculin was used as loading control. Representative of 3 independent experiments. (g) 

Quantification of centrosome polarity index of control, HS1- and HS1 plus Arp2-silenced B cells stimulated for 60 min with indicated 

beads. Data are pooled from 3 independent experiments with n=64 cells per condition. (h, i) Quantification of centrosome-associated F-

actin from (h) cells shown in (d) and (i) control, HS1- and HS1 plus Arp2-silenced B cells stimulated for 60 min with indicated beads. 

(h) n=41, 47, 38 and 45 cells and (i) n=58, 65, 65 and 63 cells from left to right, pooled from 2 and 3 independent experiments, 

respectively. (j) Quantification of synapse-associated F-actin from cells shown in (d). n=41, 47, 38 and 45 cells from left to right, 

pooled from 2 independent experiments. (k) Correlation analysis of centrosome-associated F-actin and the bead-centrosome distance 

(n=185 cells). Spearman correlation test, P<0,0001. 



- 79 - 

 

8. Regulation of centrosome polarization by centrosomal F-actin nucleation 

 

8.a. Maintaining high levels of centrosomal F-actin prevents centrosome polarization 

We next used HS1-silenced lymphocytes that maintained high levels of centrosomal 

Arp2/3 and F-actin upon BCR stimulation to investigate whether Arp2/3 and F-actin depletion 

from the centrosome regulates the ability of this organelle to polarize to the immune synapse. 

  

We found that most HS1 knock down B cells did not reposition their centrosome at the 

cell-bead interface (Figure 30a). However, because these cells displayed not only more 

Arp2/3 and F-actin at the centrosome but also less Arp2/3 and F-actin at the synapse as 

compared to control cells, we could not exclude that impaired centrosome polarization 

resulted from decreased Arp2/3 and F-actin at the synapse. To address this question, we 

investigated the effect of Arp2/3 inhibition on centrosome polarity. We found that both 

Arp2/3 silencing and inhibition with CK666 had no impact on centrosome polarization to the 

synapse (Figure 30b, c) and, even more importantly, rescued the non-polarized phenotype of 

HS1-silenced activated lymphocytes (Figure 30d-g). Of note, Arp2/3 inhibition in these cells 

reduced the centrosomal pool of F-actin (Figure 30h-i) but had no significant effect on the 

amounts of synapse-associated F-actin (Figure 30j).  

 

These results suggest that the centrosomal pool of Arp2/3 and F-actin prevents 

centrosome polarization while its synaptic counterpart is not required for this process. In 

support of this conclusion, a significant correlation was found between the levels of 

centrosomal F-actin and the distance between this organelle and the bead geometrical center 

(Figure 30k).  

 

Hence, HS1-dependent recruitment of Arp2/3 at the synapse partially depletes this 

complex from the centrosome, leading to a local reduction in F-actin that is needed for 

centrosome polarization to the synapse. 
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Figure 31. WASH promotes F-actin nucleation at the centrosome. (a) Representative images of resting B 

cells stained for WASH, F-actin (Phalloidin) and the centrosome (-Tubulin). Images are representative of 2 

independent experiments. (b) Immunoblot analysis of the efficiency of WASH silencing. Vinculin was used as 

loading control. Representative of 2 independent experiments. (c) Quantification of centrosomal F-actin of 

control and WASH-silenced B cells, stimulated with indicated beads for 60 min. Data are pooled from 2 

independent experiments with n=36, 46, 41 and 50 cells from left to right. (d) Schematics depicting the construct 

used to over-activate the Arp2/3 complex at the centrosome (bottom). (e) Representative images of control and 

eGFP-Centrin1-VCA-expressing B cells, stimulated with indicated beads for 60 min, fixed and co-stained for F-

actin (Phalloidin) and the centrosome (GFP). White circles indicate bead position. Dashed grey squares indicate 

the region magnified on the right. Dashed circles on magnifications highlight the centrosomal area used for 

quantification. Scale bar, 3 µm. (f, g) Quantification of centrosomal F-actin (f) and centrosome polarity index (g) 

of cells shown in (e). (f) n=74, 66, 68 and 64 cells and (g) n=75, 71 and 64 cells from left to right, pooled from 3 

independent experiments. (h) Quantification of centrosome polarity index of control and WASH-silenced B 

cells, stimulated with indicated beads for 60 min. Data are pooled from 2 independent experiments with n=37, 46 

and 50 cells from left to right. (i) Quantification of centrosome polarity index of control and eGFP-Centrin1-

VCA-expressing B cells, treated or not with CK666 and stimulated with indicated beads for 60 min. n=41, 39, 42 

and 42 cells from left to right, pooled from 2 independent experiments. 
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8.b. WASH-dependent F-actin nucleation at the centrosome prevents its polarization 

WASH, an actin nucleation promoting factor (NPF) that activates Arp2/3 through its VCA 

(Verprolin homology or WH2-Connector-Acidic) domain, was shown to associate with the 

centrosome [Monfregola et al., 2010]. We thus asked whether WASH was responsible for 

Arp2/3 activation at the centrosome of B cells.  

 

In resting lymphocytes, we observed WASH as discrete punctuated structures mainly 

gathered around the centrosome (Figure 31a). In addition, WASH silencing in resting cells 

decreased the amount of F-actin at the centrosome to the levels observed in activated cells 

(Figure 31b, c), indicating that it participates to local Arp2/3 activation.  

 

We next reasoned that targeting the WASH VCA domain to the centrosome would result 

in the exacerbation of local Arp2/3 activity and F-actin nucleation, giving us the opportunity 

to directly assess whether actin nucleation by Arp2/3 at the centrosome prevents the 

polarization of this organelle to the immune synapse. We therefore developed a chimeric 

protein composed of the VCA domain of WASH fused to the centrosomal protein Centrin1 

tagged with an enhanced Green Fluorescent Protein (eGFP) (Figure 31d). Accordingly, 

expression of this eGFP-Centrin1-VCA fusion protein strongly increased the amount of F-

actin at the centrosome (Figure 31e, f). More importantly, expression of the eGFP-Centrin1-

VCA fusion protein compromised the ability of the centrosome to polarize to the immune 

synapse (Figure 31g). As observed for Arp2/3 inhibition or silencing, WASH silencing had 

no impact on centrosome polarity (Figure 31h). Consistently, centrosome polarization in 

eGFP-Centrin1-VCA-expressing cells was rescued by inhibiting Arp2/3 activity (Figure 31i).  

 

Together these data strongly support a model where F-actin nucleation at the centrosome 

prevents its translocation to the synapse and must therefore be down regulated upon 

lymphocyte activation.  
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Figure 32. Increased centrosome-nucleus distance upon centrosome polarization. (a-f) The shorter distance in three 

dimensions between the centrosome and the edge of the nucleus was measured in: (a) B cells stimulated with either BCR-

ligand
-
 or BCR-ligand

+
 beads for 60 min; (b) resting B cells treated with DMSO or CK666 for 60 min; (c) control, Arp2- 

and Arp3-silenced resting B cells; (d) control and WASH-silenced resting B cells; (e) control and HS1-silenced B cells, 

treated with either DMSO or CK666 and stimulated with indicated beads for 60 min and (f) control, HS1- and HS1 plus 

Arp2-silenced B cells stimulated for 60 min with indicated beads. Data are pooled from 2 (c, d, e) and 3 (a, b, f) 

independent experiments with (a) n=90 cells per condition; (b) n=93 and 78 cells for DMSO and CK666, respectively; (c) 

n=43, 35 and 31 cells from left to right; (d) n=37 and 42 cells for siCtrl and siWASH; (e) n=56, 53, 52 and 54 cells and (f) 

n=64, 63, 61 and 64 cells from left to right. (g) Representative images of B cells over-expressing the eGFP-Centrin1 

protein or the eGFP-Centrin1-VCA fusion protein treated or not with CK666, stimulated with indicated beads for 60 min, 

fixed and co-stained for F-actin (Phalloidin), the centrosome (GFP) and the nucleus (DAPI). Dashed circles indicate bead 

position. Scale bar, 3 µm. (h) Quantification of the distance between the centrosome and the nucleus edge from cells shown 

in (g). Data are pooled from 2 independent experiments with n=41, 39, 42 and 43 cells from left to right. 
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9. Centrosomal F-actin tethers the centrosome to the nucleus via the LINC complex 

 

9.a. Increased centrosome-nucleus distance upon centrosome polarization 

We next searched for the cellular basis of the negative impact of Arp2/3-dependent actin 

nucleation at the centrosome on its ability to polarize. Based on recent work indicating that F-

actin controls centrosome positioning by inducing the retrograde transport of the nucleus in 

polarized fibroblasts [Luxton et al., 2010], we postulated that actin nucleation at the 

centrosome might regulate its physical interaction with the nucleus [Burakov and Nadezhdina, 

2013]. To test this hypothesis, we measured the shorter distance in three dimensions between 

both organelles in lymphocytes that exhibited different levels of centrosomal F-actin.  

 

We found that reduction of centrosomal F-actin upon BCR engagement not only 

stimulated centrosome polarization but was also accompanied by an increase in the distance 

between the nucleus edge and this organelle (Figure 32a). Strikingly, such increase was 

equally observed when inhibiting or depleting Arp2/3 in non-stimulated cells (Figure 32b, c), 

indicating that the mere reduction of centrosomal F-actin is sufficient to induce its physical 

separation from the nucleus. Similarly, the distance between the centrosome and the nucleus 

edge of resting WASH-silenced cells, whose centrosomes have low levels of centrosomal F-

actin, was also increased (Figure 32d).  

 

In contrast, in activated HS1-silenced lymphocytes that maintained high levels of F-actin 

at their centrosome, the centrosome-nucleus distance was as short as in non-stimulated cells 

(Figure 32e, f). This result equally applied to lymphocytes expressing the eGFP-Centrin1-

VCA construct, which displayed increased centrosomal actin and impaired centrosome 

polarization (Figure 32g, h). However, centrosome-nucleus separation was rescued in these 

cells by reducing centrosomal F-actin with CK666 or by silencing Arp2/3 (Figure 32e-h). 

  

These results strongly suggest that the pool of F-actin at the centrosome maintains it in 

close proximity to the nucleus and must therefore be depleted for these two organelles to 

physically separate.  
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Figure 33. F-Actin-mediated centrosome-nucleus tethering relies on the LINC complex. (a, b) 

Quantification of the distance between the nucleus edge and the centrosome (a) and the amount of centrosome-

associated F-actin (b) in resting B cells over-expressing or not the LINC-DN construct. Data are pooled from 3 

independent experiments with (a) n=64 cells per condition and (b) n=69 and 64 cells from left to right. (c) 

Immunoblot analysis of the efficiency of HS1 silencing in cells over-expressing or not the LINC-DN construct. 

Vinculin was used as loading control. The blot presented is representative of 2 independent experiments. (d-f) 

Quantification of centrosome-nucleus distance (d), centrosome polarity index (e) and centrosomal F-actin (f) of 

control and HS1-silenced B cells, over-expressing or not the LINC-DN construct and stimulated for 60 min with 

indicated beads. Data are pooled from 2 independent experiments with (d) n=41, 44, 41 and 45 cells; (e) n=41, 

40, 42 and 42 cells and (f) n=40, 37, 43 and 41 cells from left to right, respectively. 
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9.b. F-actin-mediated centrosome tethering to the nucleus relies on the LINC complex 

Important molecules involved in the physical association of the centrosome to the nucleus 

are components of the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex. This 

complex includes Nesprin proteins that bind both the MT and actin cytoskeleton networks. 

We therefore investigated whether detachment of the centrosome from the nucleus as a result 

of LINC complex disruption might rescue centrosome polarity.  

 

Over-expression of a dominant-negative mutant of Nesprin-2 that does not bind F-actin 

[Luxton et al., 2010] was sufficient to increase the distance between the centrosome and the 

nucleus edge in resting cells without affecting the amounts of centrosome-associated F-actin 

(Figure 33a, b).  

 

More importantly, expression of this dominant-negative version of the LINC complex 

rescued both centrosome separation from the nucleus (Figure 33c, d) and centrosome 

polarization (Figure 33e) in HS1-silenced activated lymphocytes despite their high levels of 

centrosomal F-actin (Figure 33f). Hence, the need to deplete F-actin at the centrosome to 

detach it from the nucleus and allow its polarization to the immune synapse can be bypassed 

by disrupting the LINC complex.  

 

These results strongly suggest that F-actin nucleation at the centrosome is required for its 

physical association to the nucleus by the LINC complex. Altogether, these data further 

provide a putative mechanism for the need to deplete centrosomal Arp2/3 and F-actin in order 

to allow centrosome translocation to the immune synapse. 
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Figure 34. Model of F-actin-mediated regulation of centrosome polarization. 



- 87 - 

 

10. Conclusion 

We here found that the centrosomes of resting B cells nucleate F-actin in a WASH- and 

Arp2/3-dependent manner (Figure 34a). The engagement of the BCR with immobilized 

antigens induces the accumulation of the Cortactin-like protein HS1 at the immune synapse 

(Figure 34b), which recruits Arp2/3, promoting the local enrichment of F-actin (Figure 34c). 

Of note, although inhibition of Arp2/3 does not impair centrosome polarization, its activity is 

nonetheless required for B lymphocytes to process and present BCR-internalized antigens to 

T-lymphocytes (see Figure 41 of the Discussion, page 114), suggesting a function for this 

complex at the B cell synapse. Recruitment of Arp2/3 at the synapse would in turn lead to its 

partial depletion from the centrosome, thereby reducing the pool of centrosome-nucleated F-

actin (Figure 34d). The centrosome would then be free to physically separate from the 

nucleus and move towards the immune synapse (Figure 34e). Importantly, we found that an 

intact LINC complex is required for centrosomal F-actin to maintain centrosome attachment 

to the nucleus (Figure 34a). Interestingly, although the molecular players that allow 

interaction between the LINC complex and the nucleoskeleton were described, the one that 

link this complex to the centrosome remained unclear [Burakov and Nadezhdina, 2013]. Our 

results suggesting that F-actin nucleation at the centrosome might be a key player in this 

process therefore brings an interesting new piece to this puzzle. 

 

Taken together the results presented above highlight an unexpected role for Arp2/3-

mediated F-actin nucleation by the centrosome in the control of centrosome polarization in 

response to immobilized antigen stimulation. Whether such a mechanism regulates 

centrosome positioning in other polarization processes as well as in other cellular systems 

would be an interesting field of future investigations. 

 

 

 

This work has been published in Nature Communications in March 2016
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Figure 35. Galectin-8 is upregulated in lymphoid tissues upon inflammation. (a) Quantitative RT-PCR 

analysis of Galectin-8 (Lgals8) mRNA levels in bone marrow (BM), kidney, lymph nodes (LN), spleen and liver 

of wild-type mice. Values were normalized with respect to the BM value for each mouse. Bars represent the 

mean±S.E.M. of 3 mice. (b) Left. Representative picture of hematoxylin-eosin staining of LN cryosection. 

Right. Representative image of -galactosidase staining of LN cryosection from mouse bearing a LacZ 

expression cassette at the Galectin-8 locus. Arrowheads on the inset highlight -galactosidase staining within the 

sub-capsular sinus area. (c) Quantitative RT-PCR analysis of Galectin-8 (Lgals8) mRNA levels in spleen and 

lymph nodes (LN) of wild-type mice 6 h following i.v. injection of PBS (vehicle control) or 50 µg LPS. Values 

were normalized with respect to the PBS condition for each organ. Bars represent the mean±S.E.M..  
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Galectin-8 Promotes Efficient Antigen Processing and Presentation 

by B Lymphocytes 
 

As discussed throughout this manuscript, the acquisition of polarity is pivotal for B cells 

to achieve their effector functions. In this second part of my thesis, I explored whether 

extracellular cues present within the lymphoid tissue microenvironment are involved in the 

regulation of B cell responsiveness upon immobilized antigen stimulation. A special focus 

was made on the role of the glycan-binding protein Galectin-8 in the regulation of centrosome 

and lysosome polarization towards the immune synapse. 

 

1. Galectin-8 is upregulated in lymphoid tissues upon inflammation 

We first sought to determine whether Galectin-8 was expressed in lymphoid tissues at 

steady state. We found that Lgals8 mRNA was expressed in spleen and lymph nodes (Figure 

35a) and accumulates within the sub-capsular sinus area (Figure 35b), which has been 

described to be the site of dynamic cell-cell interactions between B cells and specialized 

macrophages carrying immobilized antigens at their surface [Carrasco and Batista, 2007, Junt 

et al., 2007]. Strikingly, upon LPS-induced systemic inflammation, Galectin-8 expression was 

up-regulated in lymph nodes (Figure 35c). Of note, this increase was less important in the 

spleen. 

 

The presence of Galectin-8 in lymphoid tissues and its up-regulation upon inflammation 

prompted us to assess whether Galectin-8 acts as an extracellular co-signal that modulates 

BCR-dependent cell polarization and could thus have an impact on the antigen extraction and 

processing capacity of B cells. 
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Figure 36. Galectin-8 enhances lysosome recruitment to the immune synapse. (a) Representative images of 

B cells stimulated for 60 min with indicated beads and stained for lysosomes (Lamp-1). Insets show a zoom of 

Lamp-1
+
 rings. (b) Quantification of the percentage of cells displaying Lamp-1

+
 rings upon stimulation with 

indicated beads for 60 min. (c) Quantification of the percentage of cells having repositioned their centrosome 

towards the bead-contact site upon stimulation with indicated beads for 60 min. Data are representative of at 

least 2 independent experiments. 
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2. Galectin-8 enhances BCR-mediated recruitment of lysosomes to the synapse 

Upon BCR engagement with immobilized antigens, the recruitment and local secretion of 

lysosomes at the immune synapse enable B cells to efficiently extract and present antigens 

[Yuseff et al., 2011]. We thus asked whether extracellular Galectin-8 might potentiate 

lysosome polarization, thus enhancing antigen extraction. B cell polarization was studied by 

incubating these cells for different time with BCR-ligand
+
 beads coated or not with Galectin-8 

and both centrosome and lysosome polarization was monitored by immunofluorescence. 

 

As mentioned in the Introduction of this manuscript, BCR engagement with surface-

tethered antigens induces the recruitment and local secretion of Lamp-1
+
 lysosomes within the 

synaptic interface [Yuseff et al., 2011]. This leads to the appearance of a characteristic Lamp-

1
+
 ring at the antigen-contact site reflecting the local fusion of lysosomes, a process that relies 

on BCR signaling [Yuseff et al., 2011]. Strikingly, when B cells were incubated with BCR-

ligand
+
 beads coated with Galectin-8 (BCR-ligand

+
-Gal8 beads), the presence of Lamp-1

+
 

rings around the beads was increased, suggesting that Galectin-8 promotes the recruitment 

and secretion of lysosomes at the synaptic interface (Figure 36a, b). Importantly, the effect of 

Galectin-8 on lysosome polarization was not observed when BCR-ligand
+
-Gal8 beads were 

pre-incubated with lactose, a saccharide which binds Galectin sugar binding domains, thereby 

blocking their biological activity (Figure 36b). However, no major differences in the 

polarization of the centrosome were observed upon stimulation with BCR-ligand
+
 beads 

containing or not Galectin-8 (Figure 36c). Of note, lysosome recruitment and clustering was 

not observed in B cells stimulated with BCR-ligand
-
 coated or not with Galectin-8 beads, 

suggesting that Galectin-8 does not trigger B cell polarization independently of BCR 

engagement (Figure 36a, b).  

 

These results suggest that Galectin-8 is an extracellular cue that cooperates with BCR 

signaling to promote lysosome polarization at the B cell synapse. 
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Figure 37. Galectin-8 promotes efficient antigen extraction and presentation. (a) Left. B cells were 

incubated 90 min with indicated beads plus Cypher5E and the appearance of Cypher5E fluorescence signal on 

beads was monitored as a read-out of lysosome secretion within the synaptic interface. Insets show a zoom of 

Cypher5E
+
 beads. Scale bar, 12 µm. n= 132 and 123 bead/cell conjugates per condition. Right. Quantification of 

the percentage of cells harboring acidic synapses (only beads displaying a Cypher5E fluorescence intensity 

superior at 10% of the background fluorescence intensity were considered as acidic synapses). (b) Left. B cells 

were incubated with BCR-ligand
+
 beads plus the model antigen OVA in the presence or not of Galectin-8 for 

indicated time and the amounts of OVA remaining on beads were assessed as a read-out of B cell antigen 

extraction capacity. Scale bar, 3µm. Right. Quantification of the amounts of OVA remaining on beads from cells 

shown in the left panel. (c) B cells were incubated with indicated beads plus the model antigen Lack for 3 h, 

fixed and co-cultured for 16 h with a Lack-specific T cell hybridoma and the amounts of IL-2 within culture 

supernatants were assessed by ELISA. (d) Presentation of the Lack peptide control for cells used in (c). (e) Lack 

antigen presentation as described in (c) in presence or not of lactose to inhibit Galectin-8 activity. Data are 

representative of at least 2 independent experiments. 
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3. Galectin-8 promotes efficient antigen extraction and presentation  

We next investigated whether the enhanced recruitment of lysosomes to the synapse 

observed in the presence of Galectin-8 translated into a rapid acidification of the synaptic 

interface, thereby promoting more efficient antigen extraction. Synapse acidification was 

quantified by using Cypher5E, a dye whose fluorescence increases at acidic pH [Adie et al., 

2002, Yuseff et al., 2011]. Beads coated with Cypher5E-coupled BCR ligand ± Galectin-8 

were incubated with B cells for 90 min and the appearance of a fluorescence signal on the 

bead was quantified. Remarkably, a higher number of BCR-ligand
+
-Gal8 beads showed high 

levels of fluorescence compared to control beads, strongly suggesting that Galectin-8 

promotes a faster secretion of lysosomes at the B cell synapse (Figure 37a).  

 

We next assessed the capacity of B cells to extract antigens in the presence of Galectin-8 

by monitoring the disappearance of ovalbumin (OVA) from beads, as previously described 

[Yuseff et al., 2011]. Strikingly, the amount of OVA extracted from beads at early time points 

was significantly higher when Galectin-8 was present (Figure 37b). Of note, after 120 min 

the total amount of OVA extracted reached a plateau and was equal in both conditions, 

suggesting that, in agreement with the ability of Galectin-8 to trigger rapid lysosome secretion 

at the synapse, it prompts cells to extract antigens at a faster rate. Similar results were 

obtained when monitoring the ability of primary spleen B cells to extract antigens (not 

shown). 

 

We next sought to determine the impact Galectin-8 has on the ability of cells to process 

and present immobilized antigens. For this, B cells were incubated with BCR-ligand
+
 beads 

coated with the LACK antigen from Leishmania major plus Galectin-8 or not. Their ability to 

present LACK-derived MHC-II-peptide complexes to a specific T cell hybridoma was then 

measured by monitoring interleukin-2 (IL-2) secretion, as previously described [Yuseff et al., 

2011]. Consistent with the results shown above, antigen presentation was significantly higher 

in the presence of Galectin-8 (Figure 37c). Noticeably, peptide presentation showed no major 

differences indicating that Galectin-8 does not affect cell surface levels of MHC-II or co-

stimulatory molecules and does not influence B cell/T cell interactions (Figure 37d). In the 

presence of lactose, the effect of Galectin-8 was blocked and the levels of antigen presentation 

were comparable to the ones shown by controls where Galectin-8 is absent (Figure 37e). 

Similar results were obtained when assessing the ability of primary spleen B cells to present 

antigens in presence of extracellular Galectin-8 (not shown). 
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Figure 38. Galectin-8 favors B cell synapse formation in vivo. IA-GFP-expressing MD4 (BCR
MD4

) or WT (BCR
WT

) B cells 

were adoptively transferred within wild-type recipient mice prior to be immunized with indicated microspheres by footpad 

injection. 30 or 90 min post-immunization, mice were anesthetized and the popliteal lymph node draining the site of injection 

was prepared for two-photon imaging. (a) Representative images of migrating B cells within the sub-capsular region of lymph 

nodes. Cells were then tracked and the length of their migratory paths (b) as well as their mean velocity (c) was assessed. (d) 

Mean cell velocity of MD4 B cells migrating within the sub-capsular area upon immunization with beads coated with non-

relevant antigen (BSA) or Galectin-8 alone. Data are pooled from at least 3 independent experiments with at least 70 cells and 4 

mice per condition.    
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Collectively, these results show that extracellular Galectin-8 cooperates with BCR 

signaling to enhance the capacity of B cells to extract and present antigens. 

 

4. Galectin-8 favors B cell responses in vivo 

We next sought to determine the impact of extracellular Galectin-8 on B cell responses in 

vivo and thus analyzed how this lectin, presented together with antigen affected both B cell 

motility and antigen recognition within the sub-capsular sinus region of lymph nodes. For this 

purpose, we first generated mice with antigen-specific B cells expressing a fluorescent tag by 

crossing the MD4 mouse model, whose B cells express a transgenic BCR specific for the hen 

egg lysozyme (HEL) protein, with mice bearing a green fluorescent protein (GFP) fused to the 

IA chain of the MHC-II molecules (IAβ-GFP). This allowed us to distinguish and track 

antigen-specific B cells within lymph nodes when adoptively transferred into wild type (WT) 

recipient mice.  

 

We then immunized those mice by injecting into their footpad 0.2 µm red fluorescent 

microspheres coated with HEL in combination or not with Galectin-8. Intravital imaging 

(movie duration: 30 min) of the lymph node draining the site of injection using two-photon 

microscopy was then performed 30 or 90 min post-immunization (p.i.). Tracking of IAβ-GFP
+
 

B cells within the sub-capsular sinus area showed that B cells displayed shorter trajectories 

when microspheres containing both HEL and Galectin-8 were presented compared to B cells 

that encountered HEL-coated microspheres (Figure 38a, b), suggesting that under these 

conditions B cells were no longer in the antigen "searching" phase. Accordingly, B cells 

showed reduced mean velocity after antigen administration (Figure 38c), as previously 

described [Carrasco and Batista, 2007]. This effect was even more drastic when Galectin-8 

was also present suggesting that, in addition to promote antigen extraction and presentation in 

vitro, Galectin-8 favors the formation of the B cell immune synapse in vivo. Importantly, 

consistent with our in vitro data, no effect on B cell behavior was observed after 

administrating microspheres coated with non-specific antigen (BSA) or Galectin-8 alone 

(Figure 38d). Interestingly, higher mean velocity values were observed in B cells 90 min 

after antigen injection compared to earlier time points (Figure 38c). Increased motility was 

more noticeable when Galectin-8 was also present on microspheres and most likely reflect the 

pool of B cells that have already acquired antigens and are migrating towards the T cell 

boundary.  
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Figure 39. Galectin-8 enhances antigen presentation in vivo. CD45.2

+
 swHEL B cells and OT-II CD4

+
 T cells 

were adoptively transferred into CD45.1
+
 wild-type recipient mice and 8 days post-immunization by footpad 

injection of indicated microspheres, draining popliteal lymph nodes were recovered. Lymph node-cell 

suspensions were then analyzed by flow cytometry to monitor the emergence of antigen-specific germinal center 

B cells (swHEL GC B cells, gated on CD45.2
+
, B220

+
, HEL

+
, GL7

+
, FAS

+
) (a) as well as antigen-specific 

follicular helper T cells (OT-II Tfh cells, gated on CD45.2
+
, CD4

+
, CXCR5

+
, PD-1

+
) (b). 4 mice per group, 1 

experiment. 
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We conclude from these data that Galectin-8 acts as an extracellular cue promoting the 

arrest phase of B cells, which is known to be required for B cells to extract and present 

antigen [Carrasco and Batista, 2007]. Given that extracellular Galectin-8 also promotes 

antigen extraction and presentation in vitro, one could envision that in vivo Galectin-8 favors 

these processes by promoting B cell arrest upon antigen encounter. 

 

5. Galectin-8 enhances antigen presentation in vivo 

We next asked whether Galectin-8 promotes antigen presentation in vivo. Antigen 

presentation to T lymphocytes induces the formation of germinal center (GC) characterized 

by the emergence of GC B cells and follicular helper T cells (Tfh). We thus assessed whether 

the enhanced capacity of B cells to form immune synapses in presence of extracellular 

Galectin-8 also reflected a higher capacity to present antigen to CD4
+
 T cells in such 

conditions. For this purpose, swHEL B cells, whose cells are able to class switch and enter the 

GC reaction upon HEL stimulation, and OT-II CD4
+
 T cells that recognized OVA peptide 

loaded on MCH-II molecules, were co-adoptively transferred into WT recipients. Mice were 

then immunized with microspheres coated with HEL/OVA plus Galectin-8 or not and 8 days 

post-immunization, the generation of GC B cells as well as Tfh cells was assessed. Strikingly, 

both GC B cells and Tfh generation were enhanced in the presence of Galectin-8 compared to 

mice having received only HEL/OVA microspheres (Figure 39a, b). As previously, neither 

non-specific antigen nor Galectin-8 alone was able to induce the generation of GC B and Tfh 

cells (Figure 39a, b), suggesting that extracellular Galectin-8 potentiates BCR stimulation. 

 

We conclude from these data that Galectin-8 cooperates with BCR signaling to favor the 

presentation of antigens to helper T cells and favors the formation of germinal centers in vivo.  
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6. Conclusion 

We here showed that extracellular Galectin-8 potentiates the effect of BCR signaling 

induced by BCR engagement with immobilized antigens, thereby resulting in the faster 

recruitment and secretion of lysosomes at the immune synapse. This in turn provides to B 

cells an enhanced capacity to extract and present immobilized antigens. The recent generation 

in the lab of a mouse strain knock-out for Galectin-8 will now allow us to assess whether the 

lack of extracellular Galectin-8 impairs immune responses.    

 

Overall, our results highlight a new level in the regulation of B cell functions, whereby 

extracellular cues present within the tissue microenvironment tune the responsiveness of 

lymphocytes upon encounter of surface-tethered antigens. 

 

 

 

This work is on-going and will soon be submitted for publication in a peer-reviewed journal
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Since the first observation of centrosome polarization toward target cells in cytotoxic T 

cells [Kupfer and Dennert, 1984] and the description of the main features of the T cell 

immune synapse [Grakoui et al., 1999], numerous studies have focused their interests in 

understanding how these particular processes regulate the functions of T lymphocytes. Even 

through pioneer work carried out by Facundo BATISTA in the early 2000’s have highlighted 

the establishment of an immune synapse upon B cell stimulation with surface-tethered 

antigens [Batista et al., 2001], the basic cell biological events controlling B cell functions 

were for a long time under-studied. To date, we and others have equilibrated the balance since 

the formation of the B cell immune synapse and the polarization of the centrosome and 

lysosomes appear to be crucial in the initiation of adaptive immune responses [Yuseff et al., 

2011, Reversat et al., 2015, Obino et al., 2016]. 

 

In that context, the main goal of this work was to identify and decipher new molecular 

mechanisms involved in the regulation of B lymphocyte polarization and functions with a 

special emphasis given to both extracellular cues and cell intrinsic properties. In the last part 

of this manuscript, the main findings of my work will be first summarized. Then the results 

presented will be discussed around three axes that I would like to highlight: 1) the ability of 

the centrosome to nucleate Arp2/3-dependent F-actin, 2) the molecular mechanism(s) 

underlying lymphocyte polarization and 3) the emergence of the concept that the immune 

synapse might be assimilated to an adhesive structure. 

 

About F-actin, Cell Polarity and B Lymphocyte Functions 

Centrosome repositioning towards the immune synapse represents a key step of B cell 

activation. Indeed, this early event redefines the intracellular routes within B lymphocytes, 

which support the directed transport and local secretion of lysosomes within the synaptic 

interface [Yuseff et al., 2011]. Hence, centrosome translocation towards the immune synapse 

is strictly required for B cells to acquire their antigen extraction, processing and presentation 

capacities [Yuseff et al., 2011]. Therefore, understanding the mechanisms underlying 

centrosome polarization upon B cell stimulation with surface-tethered antigens represents a 

crucial accomplishment. In addition, whether and how extracellular cues present within the 

lymphoid microenvironment might contribute/help in tuning B cell functions represents an 

interesting field of investigations. These questions have been challenged during my PhD. We 

first hypothesized that B cell activation might modify the centrosome proteome. 
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Consequently, the identification of such changes might reveal valuable candidates involved in 

the regulation of centrosome polarization. 

 

The main findings of this work rely on the identification of an F-actin-dependent 

mechanism regulating centrosome polarization in B lymphocytes. By using multiple 

approaches, including quantitative mass spectrometry and immunofluorescence, we show that 

in addition to its well-known cortical localization, Arp2/3 also associates with the centrosome 

of resting B lymphocytes. This allows the centrosome to assemble a network of F-actin that 

tethers the centrosome to the nucleus via the LINC complex. Upon B cell stimulation with 

surface-tethered antigens, Arp2/3 is recruited to the immune synapse thanks to the local 

activation of the Cortactin-like protein HS1. This in turn induces the depletion of Arp2/3 from 

the centrosome, hence decreasing its ability to assemble F-actin. Thus, the centrosome 

detaches from the nucleus and is free to polarize towards the immune synapse. 

 

In a second time, we investigated whether the presence within the lymphoid environment 

of Galectin-8, a protein involved in immune cell homeostasis and responses [Rabinovich and 

Toscano, 2009], regulates B cell polarization and functions. We first show that Galectin-8 

expression increases within lymphoid tissues upon inflammation, strongly suggesting an 

immunomodulatory function for this protein in this particular context. Accordingly, our 

results demonstrate that the arrest phase of B cells, which is observed upon antigen encounter 

by B cells and strictly required for these cells to acquire antigens [Carrasco and Batista, 

2007], is potentiated in presence of extracellular Galectin-8 in vivo. This correlates with an 

enhanced capacity of B cells to extract and present antigens to CD4
+
 T cells when the antigen 

is presented to B cells together with Galectin-8. The increased capacity of B cells to extract 

and present antigens in presence of extracellular Galectin-8 results from the enhanced 

recruitment and secretion of lysosomes within the synaptic space. 

 

Taken together those findings highlight 1) a new cell intrinsic mechanism that regulates 

the ability of the centrosome to polarize in response to external stimuli (e.g. surface-tethered 

antigens) and 2) the involvement of extracellular cues present within the environment of B 

cells in tuning the capacity of these cells to respond to such stimulation. These two new 

mechanisms have important implications in our understanding of the basic cell biology events 

regulating B cell functions and raise new concepts that may have a major impact in cell 

biology as they might control cell polarization in many different cellular systems. 
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 A New Function for the Centrosome 
 

1. The centrosome: from MTOC to ATOC 

Since the mid-1960’s, the idea that microtubules (MTs) were not randomly arranged 

within cells has emerged. Even if the structure supporting MT nucleation has been initially 

named  differently – such as MT initiating sites (Porter 1966) or MT generators (Wolfe 1972) 

(reviewed in [Brinkley, 1985]) – the concept that the centrosome was the main microtubule-

organizing center (MTOC) is now well accepted. Therefore most of the studies carried out in 

this field have focused their work in understanding the basics of centrosome functions based 

on this picture (reviewed in [Bornens, 2012]).  

 

In contrast, although the actin cytoskeleton and the Arp2/3 complex have been described 

to be in close association with the centrosome in different studies [Hubert et al., 2011, 

Vaughan and Dawe, 2011, Tang and Marshall, 2012], they have been most of the time 

considered as “sticky” contaminants and little efforts have been made to understand such 

association. However, taking into account the crosstalk that exist between both the 

microtubule and actin cytoskeletons as well as the growing evidences suggesting that they are 

tightly coupled [Rodriguez et al., 2003], it was unlikely that centrosome-associated F-actin 

and Arp2/3 did not serve specific cellular processes. Following on this reasoning, these 

observations pushed the labs of Manuel THÉRY and Laurent BLANCHOIN to investigate 

whether the centrosome was intrinsically able to assemble actin filaments. This pioneer work 

has led to the recent discovery of a new function for the centrosome that is, in addition to its 

well-known capacity to induce MT polymerization, the support of Arp2/3-dependent F-actin 

nucleation in different cellular systems, including T lymphocytes [Farina et al., 2016] (Figure 

40a). Following on this study, we found in collaboration with their groups that B lymphocyte 

centrosomes also assemble actin filaments in an Arp2/3-dependent manner. 

 

Hence, in addition to its function as MTOC, the centrosome might also be seen as an 

actin-organizing center, or ATOC, providing for the first time an explanation for the recurrent 

but unexplained observation of F-actin and Arp2/3 at the centrosome. In addition, this finding 

opens new fields of investigations and raises new questions: How are (co-)regulated these two 

functions of the centrosome? In which cellular processes centrosomal F-actin is involved?...  
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Figure 40. Microtubules or F-actin: the centrosome must choose... (a) The assembly of both microtubules 

and actin filaments from isolated centrosomes. Scale bars, 10 μm. Reproduced from [Farina et al., 2016]. (b) 

Quantification of microtubule nucleation activity of centrosomes purified from B cells stimulated with indicated 

beads for 60 min. n=59 and 62 tubulin asters respectively. Data are representative of 3 independent experiments. 

(c) Quantification of centrosome-associated F-actin (left) and microtubule fluorescence intensity (right) from 

cells stimulated for 60 min with indicated beads. (d) Representative images of B cells treated with DMSO or 

CK666, fixed and stained for microtubules (-tubulin) and F-actin (Phalloidin). Scale bar, 3 µm. (e) 

Quantification of centrosome-associated F-actin (left) and microtubule fluorescence intensity (right) of cells 

treated with DMSO, CK666 or Smifh2 for 60 min. (f) Correlation analysis between the amounts of centrosomal 

F-actin and the fluorescence intensity of microtubule staining from cells quantified in (e). Spearman correlation 

analysis, p-value<0.0001.-tubulin fluorescence intensity was normalized with respect to the mean fluorescence 

intensity of cells stimulated with BCR-ligand
-
 beads in each replicate. Data were pooled from 2 independent 

experiments. 
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2. Microtubules or F-actin: the centrosome must choose… 

The identification of this dual property of centrosomes in nucleating both MTs and F-actin 

raises an additional question: How centrosomes deal with these two functions? To investigate 

this question we first assessed the ability of centrosomes purified from either non-activated or 

activated B cells to assemble MTs in vitro. We observed that centrosome preparations from 

BCR-stimulated lymphocytes, which we have shown are less efficient in nucleating actin 

filaments than their control counterparts, possess a greater capacity to nucleate MTs (Figure 

40b). Interestingly, similar observations have been made by the group of M. THÉRY. 

Treatment of centrosomes that have co-assembled actin filaments and MTs with actin-

depolymerizing drugs results in the increase in MT nucleation in vitro.  

 

This has been also observed in intact cells displaying various amounts of centrosomal F-

actin, e.g. between non-activated and activated B cells, wherein I quantified the fluorescence 

intensity of MTs. Strikingly, activated B cells, whose cells have lower levels of centrosome-

associated F-actin, showed increased amounts of MTs compared to non-activated 

lymphocytes (Figure 40c). One could speculate that such increase in MT nucleation upon B 

cell stimulation is likely to contribute to centrosome polarization. Similarly, Arp2/3 inhibition 

with CK666, which decreases the amounts of centrosomal F-actin in resting B cells, promotes 

the nucleation of MTs (Figure 40d, e). Conversely, promoting F-actin nucleation at the 

centrosome using the Formin inhibitor Smifh2 decreases the ability of centrosomes to 

assemble microtubules (Figure 40d). 

 

These data strongly suggest that the amount of centrosomal F-actin regulates the ability of 

centrosomes to nucleate MTs. In line with this hypothesis, we found a significant anti-

correlation between the level of F-actin associated with centrosomes and their capacity to 

assemble MTs (Figure 40f). However, how centrosomal F-actin regulates MT polymerization 

by centrosomes remains to be determined. Different hypotheses may be envisioned: first, the 

steric hindrance resulting from the F-actin cage around the centrosome might negatively 

impact on the ability of centrosomes to nucleate MTs. Second, the presence of the Arp2/3 

complex at the centrosome may compete with other factors that are required to enhance MT 

assembly. This represents an exciting field of investigations that is currently under study in 

collaboration between our two groups. 
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3. Centrosome-nucleus interaction: implications for cell polarity 

The idea that the actin cytoskeleton links the centrosome to the nucleus was initially 

proposed in the eighties based on observations showing that nucleus purification or cell 

enucleation required the addition of F-actin depolymerizing drugs [Maro and Bornens, 1980, 

Karsenti et al., 1984]. However, the precise nature and origin of this actin network remained 

unclear. Different F-actin structures have been reported in association with the centrosome 

and/or the nucleus. This includes “actin clouds” that position centrosomes and mitotic 

spindles [Kwon et al., 2015] and resemble the F-actin structures we observed at the 

centrosome of B lymphocytes. In addition, the nucleus of migrating fibroblasts associates to a 

“perinuclear actin cap” [Kim et al., 2014] or to “linear actin arrays” referred to as TAN lines, 

which regulate nucleus retrograde transport and centrosome polarity through the LINC 

complex [Luxton et al., 2010, Kutscheidt et al., 2014]. Although we did not observe TAN 

lines in B lymphocytes, what might be due to their non-adherent properties, whether and how 

Arp2/3-dependent F-actin nucleation at the centrosome contributes to the formation and/or 

function of these actin structures will be an important point to investigate in the future.  

 

Consistently with previous findings [Burakov and Nadezhdina, 2013], our results strongly 

suggest that F-actin nucleation at the centrosome of B lymphocytes tethers the centrosome to 

the nuclear envelop via the LINC complex, thus determining its position at the cell center. 

Upon stimulation, this capacity of centrosomes to nucleate F-actin must decrease for this 

organelle to detach from the nucleus and acquire a polarized localization. Of note, we do not 

exclude that actin depletion at the centrosome may control additional processes required for 

efficient centrosome polarization than centrosome-nucleus attachment. In particular, reduction 

of F-actin nucleation at the centrosome might induce local changes to favor its MT-dependent 

translocation to the synapse. For example, it may facilitate Dynein recruitment and/or local 

centrosome docking at the immune synapse. Consistent with these hypotheses, we and others 

have shown that Dynein is indeed required for centrosome reorientation to the synapse in both 

B and T lymphocytes [Reversat et al., 2015, Liu et al., 2013, Yi et al., 2013, Combs et al., 

2006]. Further work is needed to unravel the role played by centrosome-nucleated F-actin in 

the biology of resting lymphocytes as well as to fully understand how depletion of this F-actin 

pool facilitates centrosome polarity.  
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In conclusion, our results highlight an unexpected role for the regulation of centrosome-

associated F-actin in the control of cell polarization. Whether and how this novel regulatory 

mechanism applies to additional biological systems that rely on cell polarity is an open 

question. This would be of particular interest in the context of cilium biogenesis that involves 

signaling pathways also used in immune synapse formation by lymphocytes [Finetti et al., 

2009, de la Roche et al., 2013]. 

 

4. Centrosome-nucleus interaction: a role for microtubules? 

Beyond the role of centrosomal F-actin in promoting the tethering of the centrosome to 

the nuclear envelop, several studies suggest a role for the microtubule network in this process 

(reviewed in [Burakov and Nadezhdina, 2013]). Indeed, similarly to observations made in 

mice during neurogenesis and neural migration [Zhang et al., 2009], the opposite direction of 

movement of Dynein and Kinesins has been proposed to regulate nuclear positioning relative 

to the centrosome. While Kinesin activity moves the nucleus away from the centrosome, 

Dynein, which might be anchored at the nuclear envelop by the LINC complex, exerts pulling 

forces on microtubules bringing the centrosome in close vicinity of the nucleus. This process 

has been referred to as the “Magnet” model and has been opposed to the “Velcro” model 

wherein centrosome-nucleus interaction is mediated by other cytoskeleton components, most 

likely F-actin since Cytochalasin D treatment is required to obtain centrosome preparations 

devoid of nucleus [Maro and Bornens, 1980]. 

 

Our findings strongly support the latter model since centrosome tethering to the nuclear 

envelop in B cells is mediated by centrosomal F-actin. Indeed, both centrosomal F-actin 

inhibition and expression of a dominant-negative mutant of the LINC complex that does not 

bind F-actin induce the separation of the centrosome from the nucleus, which is highlighted 

by the increased distance between both organelles. Although it is unlikely that microtubules 

and Dynein play a major role in centrosome-nucleus attachment in B cells, their contribution 

to this process shall now be precisely determined. For instance, this might be assessed by 

monitoring centrosome positioning within cells upon chemical inhibition of Dynein activity or 

depolymerization of microtubules.  



- 112 - 

 



- 113 - 

 

Mechanisms of Lymphocyte Polarization 
 

Since the 2000’s, lot of efforts have been made to describe and understand the basic cell 

biological events regulating the ability of B lymphocytes to acquire, process and present 

antigens. The discovery that, similarly to T cells, B lymphocytes form an immune synapse 

upon BCR engagement with immobilized antigens represented the first piece of data in this 

puzzle [Batista et al., 2001]. The immune synapse is seen as a signaling platform where both 

exocytotic and endocytotic events take place (reviewed in [Yuseff et al., 2009, Obino and 

Lennon-Dumenil, 2014, Delon, 2000]). The general organization of both B and T cell 

synapses is similar, with the formation of concentric supramolecular activation clusters 

(SMACs) supporting BCR- and TCR-mediated signaling required for the proper activation of 

those cells [Alarcon et al., 2011, Grakoui et al., 1999, Batista et al., 2001]. Of note, the 

modulation of ERM protein activity is required to promote both B and T cell spreading onto 

APCs [Faure et al., 2004, Treanor et al., 2011]. 

 

Another important set of data bringing forward our understanding of B cell functions has 

been made by the description of B cell polarization triggered by surface-tethered antigen 

stimulation by our group [Yuseff et al., 2011, Reversat et al., 2015]. B cell polarization 

mainly relies on the repositioning of the centrosome towards the newly established immune 

synapse that dictates the local recruitment of lysosomes and their subsequent secretion to 

promote antigen extraction and processing [Yuseff et al., 2011]. We have highlighted the 

conserved polarity machinery Cdc42/Par3/aPKC- as the main complex regulating 

centrosome repositioning, as well as the microtubule minus-end motor protein Dynein 

[Reversat et al., 2015]. While Cdc42 is required to promote centrosome repositioning, Par3 

and aPKC- play a major role in docking the centrosome at the immune synapse. In addition, 

we have shown that Dynein recruitment at the immune synapse relies on Par3, regulates BCR 

microcluster coalescence required for B cell activation and its inhibition impairs centrosome 

polarization [Reversat et al., 2015]. 

 

1. How is B cell polarization coordinated? 

The results presented in this manuscript bring new data into this picture. Indeed, we found 

that upon BCR engagement with immobilized antigens, the Cortactin-like protein HS1 is 

phosphorylated and accumulates at the immune synapse. This in turn induces the local 
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recruitment of the Arp2/3 complex, thereby depleting it from the centrosome and decreasing 

the ability of this organelle to nucleate F-actin. Consequently, the centrosome detaches from 

the nucleus and polarizes toward the immune synapse. However, the identification of this new 

mechanism regulating centrosome polarization raises new questions. In particular, how the 

Cdc42/Par3/aPKC- polarity axis and Dynein activity impact on/cooperate with this new 

molecular mechanism to efficiently support centrosome polarization remains to be 

determined.  As speculations, we can envision that both pathways are activated downstream 

of the BCR upon immobilized antigen stimulation and act in parallel to efficiently drive 

centrosome polarization. While Cdc42/Par3/aPKC- will allow the local recruitment of 

Dynein, thus promoting BCR microcluster merging at the synapse center and providing the 

forces required to pull the centrosome forward, HS1-dependent depletion of Arp2/3 from the 

centrosome will free it from the nucleus to allow its movement. Thus, the polarity cue made 

by the PAR polarity complex together with the HS1-mediated recruitment of Arp2/3 at the 

immune synapse might ensure the proper polarization of the centrosome, thereby defining 

new intracellular routes that are the support of directed lysosome trafficking for them to be 

recruited and secreted within the synaptic interface. In addition, whereas Arp2/3 recruitment 

to the immune synapse is dispensable for centrosome polarization, its local activity is 

nonetheless required for B cells to fulfill their functions, since Arp2/3 inhibition impairs the 

antigen presentation capacity of B cells (Figure 41). 

 

 

 

 

Figure 41. Arp2/3 activity is required for efficient antigen presentation by B cells. Left. Antigen 

presentation assay with control (DMSO) and CK666-treated B cells stimulated with indicated beads plus the 

Lack antigen. Bar graphs show the mean ± s.e.m. of triplicates. Right. Peptide control for cells used in the 

antigen presentation assay. Graph shows the mean of duplicates. Data are representative of 2 independent 

experiments. 
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Therefore, it would be of interest to define the precise role of Arp2/3 at the immune 

synapse as well as the interconnections that might exist between the two axes in order to 

complete our view of B cell polarization. For instance, HS1 phosphorylation relies on both 

Syk and Lyn kinases that are activated downstream the BCR [Hao et al., 2004, Brunati et al., 

2005], but whether its accumulation at the immune synapse and subsequent Arp2/3 

recruitment only relies on these two kinases or involved the Cdc42/Par3/aPKC- polarity axis 

remains to be determined.  

 

Interestingly, similarly to their key role in B cells [Arana et al., 2008, Yuseff et al., 2011, 

Reversat et al., 2015], the Rho GTPases Rac and Cdc42 as well as the polarity protein aPKC-

 play crucial functions in regulating T cell adhesion, polarization and migration (reviewed in 

[Rougerie and Delon, 2012]). For instance, aPKC- has been shown to be activated at the T 

cell immune synapse and regulate the polarization of the secretory machinery [Bertrand et al., 

2010]. This is similar to what we have described in B cells [Yuseff et al., 2011]. Together 

these data highlight the similar mechanisms used by B and T cells to spread and form immune 

synapses that represent the first step of asymmetric cell organization leading in fine to the 

drastic reorganization of the actin and microtubule cytoskeletons as well as the polarization of 

organelles, and especially the centrosome, towards the antigen-contact site (reviewed in 

[Martin-Cofreces et al., 2014, Kumar et al., 2014, Obino and Lennon-Dumenil, 2014]).  

 

2. Mechanisms of centrosome positioning 

The precise molecular machinery involved in centrosome polarization towards the 

immune synapse is not totally elucidated. Although increasing piece of data highlights a key 

role for Dynein and microtubule-mediated forces in the regulation of centrosome positioning, 

how precisely this process occurs remains to be determined. In the early eighties, BAJER and 

coworkers brought the first “evidence that elongating microtubules can exert a pushing force 

in living cells” [Bajer et al., 1982]. Later, microtubule-mediated pushing and pulling forces in 

association with motor proteins have been involved in chromosome, mitotic spindle and 

nuclear positioning (reviewed in [Dogterom et al., 2005]). This is mediated by the generation 

of asymmetric forces supported by the combined capacities of microtubules to contact 

specific cellular locations, regulate their differential polymerization/depolymerization rates at 

the level of individual filaments as well as to be assembled in an asymmetric fashion 

[Burakov et al., 2003, Daga et al., 2006]. 
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Interestingly, when immobilized on substrates, Dynein has been shown to generate pulling 

forces that are exerted on shrinking MT plus-ends, thus regulating centrosome positioning. 

Indeed, whereas balanced pulling forces have been involved in centrosome centering, 

induction of symmetry breaking by locally depolymerizing MTs promotes centrosome 

displacement and off-centering [Laan et al., 2012, Burakov et al., 2003]. This was also 

supported by a computational study predicting that forces generated by a strong Dynein 

activity (and weak Myosin contractility) pull centrosome inward and are required to balance 

MT plus-end pushing forces that tend to move the centrosome outward, thus resulting in the 

positioning of the centrosome at the cell center [Zhu et al., 2010].  

 

In T lymphocytes, centrosome polarization relies on the concerted action of both the MT-

dependent motor protein Dynein and the actin-based motor protein Myosin II. Dynein 

localizes at the center of the immune synapse together with TCR microclusters and its local 

activity induces microtubule end-on capture-shrinkage, thus pulling the centrosome forward 

[Yi et al., 2013, Liu et al., 2013]. Conversely, Myosin II localizes at the back of T cells, 

mainly behind the moving centrosome, and potentiates centrosome repositioning through 

cycles of contraction [Liu et al., 2013]. The coordinated action of both Dynein and Myosin II 

results in the biphasic polarization of the centrosome towards the T cell synapse, which 

includes first its directed movement and second its stable docking at the synapse [Yi et al., 

2013] (Figure 42).  

 

In B cells, whereas Dynein recruitment at the immune synapse and its involvement in 

centrosome polarization have been shown [Schnyder et al., 2011, Reversat et al., 2015], it is 

unlikely that Myosin II plays a similar role in these cells than in T lymphocytes. Indeed, 

unpublished but recurrent observations from the lab highlight the dispensable role of Myosin 

II in centrosome polarization towards the B cell synapse. Neither its chemical inhibition with 

Blebbistatin nor its siRNA-mediated silencing impaired centrosome repositioning towards the 

antigen-contact site. This might result from the major contribution played by Myosin II at the 

B cell synapse in generating contractile forces required for antigen internalization [Natkanski 

et al., 2013] (Figure 42). However, how Dynein is locally anchored and whether the motor 

protein induces imbalanced forces upon BCR engagement with surface-tethered antigens that 

promotes centrosome polarization is an interesting question that shall now be addressed. 
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Figure 42. Mechanisms of centrosome positioning in T and B lymphocytes. In T cells, Dynein at the immune 

synapse pulls on microtubules to promote the forward movement of the centrosome, which is potentiated by 

Myosin II-dependent contractions at the cell rear. Conversely, both Dynein and Myosin II localize at the B cell 

synapse where they promote centrosome repositioning and antigen internalization, respectively. 

 

 

 

Nevertheless, centrosome polarization in B and T cells shares common features. For 

instance, GOMEZ and colleagues have shown that Arp2/3 was not required for centrosome 

repositioning in T cells that rather relies on Formin activity [Gomez et al., 2007]. In the same 

line, data presented in this manuscript highlight the dispensable role of Arp2/3 in centrosome 

polarization towards the B cell immune synapse, which was prevented by chemical inhibition 

of Formins. Interestingly, in T cells, Formin activity has been associated with the regulation 

of centrosome repositioning by promoting post-translational modification of microtubules. 

Indeed, the authors showed that Formin-dependent detyrosination of MTs breaks the 

symmetry of the microtubule network, thus promoting pushing forces that induce centrosome 

movement [Andres-Delgado et al., 2013, Andres-Delgado et al., 2012].  

 

Whether Formin-dependent polarization of the centrosome in B cells relies on the actin 

nucleation capacity of Formin proteins or is rather supported by MT-mediated pushing forces 

induced by MT detyrosination remains to be addressed.  
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3. Mechanisms of vesicle secretion 

Another important aspect in the regulation of B and T cell functions relies on the directed 

trafficking of vesicles. In B cells, we have shown that BCR engagement with immobilized 

antigens induces the recruitment and local secretion of lysosomes within the synaptic cleft, 

which is required for the efficient extraction, processing and presentation of antigens to 

primed CD4
+
 T cells [Yuseff et al., 2011]. Similarly, recruitment and secretion of lysosomes 

and secretory granules at the T cell synapse promote cell-specific functions [Stinchcombe et 

al., 2006, Lettau et al., 2015].  

 

A common theme in vesicle trafficking and secretion is the involvement of proteins from 

the SNARE family. These proteins, located at the surface of both vesicle (vSNARE) and 

acceptor or target compartment (tSNARE), form a complex that promotes the docking and the 

subsequent fusion of vesicles with their specific acceptor compartments (reviewed in 

[Bombardier and Munson, 2015]). Of note, the vSNARE protein Vamp-7, initially involved in 

vesicle exocytosis in neurons (reviewed in [Chaineau et al., 2009]), has been associated with 

the membrane of secretory lysosomes in NK cells and described to play a critical role in the 

release of granzyme B by these cells [Casey et al., 2007, Marcet-Palacios et al., 2008]. In T 

cells, Vamp-7 regulates the trafficking and recruitment of vesicles containing the scaffold 

protein Lat to the immune synapse and is required for the proper TCR-dependent signaling 

and activation of T cells [Larghi et al., 2013]. Interestingly, we found that this vSNARE 

protein plays also a crucial role in the regulation of lysosome secretion at the B cell synapse. 

Indeed, while lysosome polarization was not affected, Vamp-7 silencing prevents their 

secretion at the B cell synapse, hence abrogating the ability of B cells to extract and present 

immobilized antigens to primed CD4
+
 T cells (unpublished data from M.-I. YUSEFF and J. 

DIAZ).  

 

Together these observations highlight a determinant function for the vSNARE protein 

Vamp-7 in the regulation of vesicle trafficking in leukocytes. Whether these Vamp-7-

mediated trafficking events are regulated by the same machinery in both B and T cells 

remains to be elucidated. 
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4. Cell polarity: the driving ‘‘force’’ of B lymphocyte functions? 

Once antigens are extracted and internalized for them to be processed, B cells migrate 

toward the B-cell/T-cell boundary in order to present MHC-II-peptide complexes to primed 

CD4
+
 T cells. While migrating towards the T-cell zone, B cells concentrate internalized 

antigens in their uropod [Carrasco and Batista, 2007], suggesting that they reverse the 

polarized phenotype acquired upon BCR engagement with immobilized antigens. This 

polarized concentration of antigens leads to their asymmetrical distribution among daughter B 

cells following cell division, providing them with differential antigen presentation capacities 

[Thaunat et al., 2012]. Noticeably, the contact between B cells and T cells also results in the 

establishment of an immune synapse, where both cells harbor polarized phenotypes [Duchez 

et al., 2011]. 

 

Interestingly, asymmetrical polarized division of B cells was also observed during the GC 

reaction and shown to regulate the survival of daughter cells through the unequal inheritance 

of Bcl-6, IL-21 receptor, and the polarity protein aPKC-ζ [Barnett et al., 2012]. Thus, cell 

polarity is likely to play an essential role in shaping B cell responses to surface-tethered 

antigens at their various activation stages. Whether the initial polarity adopted by B cells upon 

BCR engagement with immobilized antigens drives the overall cell polarity that B cells 

maintain throughout asymmetric cell division as well as GC reaction remains to be 

determined.  

 

5. Toward the identification of new mechanisms regulating B cell polarity 

The identification of proteins differentially associated with the centrosome between non-

activated and activated B lymphocytes has given to us the unique opportunity to identify 

additional mechanisms involved in the regulation of B cell polarization. To this end, I 

developed a medium-throughput screening based on cell imaging and siRNA-mediated 

silencing of individual proteins. Among the proteins we identified as differentially associated 

with the centrosome of activated cells, we selected 187 of them that were described to 

regulate the cytoskeleton, vesicle or protein trafficking as well as motor proteins (Figure 

43a). We completed this list with 45 proteins coming from the actin and microtubule 

literature, which were not identified by our mass spectrometry analysis. Following the 

silencing of each of these 232 proteins, cells were stimulated with BCR-ligand
+
 beads and the 

polarization of the centrosome and lysosomes have been assessed (Figure 43b, c).  
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We first used control cells to perform a correlation analysis between centrosome and 

lysosome polarization. As expected, polarization of both the centrosome and lysosomes 

displayed a strong correlation in most of the cells (~85%, Figure 43d). Intriguingly, while we 

thought that centrosome repositioning towards the immune synapse was strictly required for 

lysosome recruitment and secretion, we found more cells for which lysosomes, but not the 

centrosome, were polarized towards the immune synapse (~12% versus ~3% of cells having 

polarized their centrosome and not their lysosomes, Figure 43d). These observations suggest 

that centrosome and lysosome polarization does not occur in a sequential manner but rather 

results from the concomitant repositioning of both compartments towards the immune 

synapse. 

 

 

 

 

 

Figure 43. Medium-throughput screening to uncover new mechanisms of B cell polarization. (a) Functional 

classification (Uniprot database) of the proteins differentially associated with the centrosome between non-

activated and activated B cells. Functional groups included in the screen are shown in red. (b) Representative 

images of B cells stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads for 90 min, fixed, stained for the 

bead, the centrosome and lysosomes and acquired using the XPress automatized microscope. (c) Schematics 

depicting the calculation of centrosome (left) and lysosome (right) polarity indexes. (d) Correlation analysis 

between centrosome and lysosome polarity indexes of control cells (siCtrl). Data were pooled from 3 

independent experiments. n > 1000 cells. 
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Among the 232 tested proteins, we found 9 hits whose silencing affects the polarization of 

both the centrosome and lysosomes, 6 affecting only lysosome polarization and 14 affecting 

only centrosome polarization. The latter comprised 4 components (Snf8 or Vps22, Vps24 or 

Chmp3, Vps2 or Chmp2b and Ist1) of the endosomal sorting complexes required for transport 

(ESCRT) machinery involved in the formation of intralumenal vesicles within multi-vesicular 

bodies (MVBs) (reviewed in [Henne et al., 2013, Woodman, 2016]), viral particle budding or 

plasma membrane repair (reviewed in [Olmos and Carlton, 2016]). We therefore focused our 

study in understanding the role of Chmp2b (Charged multi-vesicular body protein 2b) as 

potential regulator of B cell polarization (Figure 44a, red dot), since this protein belongs to 

the core of the ESCRT-III complex. As mentioned above, while we thought that centrosome 

polarization was required for the recruitment of lysosomes to the immune synapse, impaired 

centrosome but not lysosome polarization was confirmed by immunofluorescence in primary 

spleen B cells lacking Chmp2b expression (Figure 44b). Two hypotheses might explain this 

apparent discrepancy. First, laser ablation was used to assess whether centrosome 

repositioning to the immune synapse was required to support local lysosome recruitment. This 

approach might be too harsh for the cells and might induce side-effects, such as MT 

depolymerization, leading to the observed phenotype. Second, the ESCRT-III complex might 

act as a “linker” between the lysosomal compartment and the centrosome/MTs thus 

connecting both structures. The breaking of such link by silencing one subunit of the 

complex, which has been shown to inhibit the function of the whole complex, might result in 

the removal of the apparent centrosome dependency observed during lysosome polarization. 

Having access to the dynamics of lysosome polarization in that context (e.g. by time-lapse 

imaging) might highlight valuable information regarding the way lysosome trafficking occurs 

in the absence of Chmp2b.  
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Figure 44. Impaired centrosome but not lysosome polarization in B lymphocytes lacking Chmp2b. (a) 

Normalized median centrosome (left) and lysosome (right) polarity indexes of each of the 232 proteins assessed. 

Data were pooled from 3 independent experiments and normalized with respect to control condition (siCtrl=1) 

by plate and by replicate. Horizontal dashed line represents the threshold for statistical significance (p-value ≤ 

0.05). Vertical dashed lines represent the biological threshold used to select candidates (± 1 standard deviation). 

Red dots highlight polarity indexes of cells lacking Chmp2b expression. (b) Centrosome (left) and lysosome 

(right) polarity indexes of control (+/+) or Chmp2b-KO (-/-) spleen B cells. Data were pooled from 3 mice. (c, d) 

Antigen extraction (c) and presentation (d) assays of control and Chmp2b-silenced B cells. Data were pooled 

from 2 independent experiments. 
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Despite their ability to polarize lysosomes, B cells lacking Chmp2b displayed a reduced 

capacity to extract and present immobilized antigens (Figure 44c, d). Interestingly, an 

unexpected function for the ESCRT machinery has been reported as regulator of centrosome 

integrity. Indeed, the absence of the ESCRT-III complex results in the generation of multiple 

and/or fragmented centrosomes in interphase cells [Morita et al., 2010]. It is likely that 

centrosome integrity is a pre-requisite for its repositioning and may thus impact on its ability 

to polarize. In addition, in Drosophila melanogaster, the lack of ESCRT components has been 

described to induce the loss of apical-basal polarity and result in the mislocalization of aPKC 

[Lobert and Stenmark, 2011]. Knowing the crucial role of aPKC- in the regulation of 

centrosome repositioning to the B cell immune synapse, it would be of special interest to 

assess whether Chmp2b deficiency affects aPKC- localization and/or activation in B cells.  

 

How lysosome polarization can be achieved in the absence of centrosome repositioning 

represents another interesting point that remains to be elucidated. One could envision that the 

lack of ESCRT components might disrupt the proper interaction between microtubules and 

lysosomes. Indeed, in the hypothesis where ESCRT components regulate the interaction 

between lysosomes and Dynein (or adaptor proteins), the lack of the complex will prevent 

vesicle loading with Dynein thus giving the opportunity to Kinesins to bind to lysosomes. 

This would results in the transport of lysosomes from the cell center towards the periphery, 

thus bypassing the need to polarize the centrosome to orient vesicle trafficking.  

 

Finally, why B cells lacking Chmp2b are not able to efficiently extract and present 

antigens? Two non–exclusive hypotheses might be envisioned. First, knowing the key role 

played by the ESCRT machinery in membrane remodeling, the observed decrease in antigen 

extraction might result from a default in lysosome secretion at the immune synapse. Second, it 

might also results from the well-described abnormal phenotype of the endo-lysosomal 

compartment in the absence of the ESCRT machinery. Indeed, yeast lacking Vps (Vacuolar 

protein sorting) components and especially Vps2, the Chmp2 homologous in yeast, harbors 

exaggerated endosome-like compartments referred to as Class E compartments [Raymond et 

al., 1992] (and reviewed in [Coonrod and Stevens, 2010]). Interestingly such compartments 

have also been identified in mammalian cells [Doyotte et al., 2005]. In the latter study, 

silencing of tumour susceptibility gene 101 (TGS101), another member of the ESCRT 

machinery, impairs protein sorting to MVBs as well as their proper transport towards 

lysosomes. This might be a possible explanation for the defect in antigen extraction and 
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presentation we observed in B cells lacking Chmp2b expression and would need to be 

addressed. In line with this hypothesis, preliminary electron microscopy observations suggest 

that Chmp2b KO spleen B cells display an abnormal endo-lysosomal compartment (not 

shown). One could envision studying the whole endo-lysosomal compartment in WT and 

Chmp2b-deficient B cells, for instance by assessing the number/percentage of intracellular 

vesicles harboring specific markers of early and late endosomes, mature lysosomes or 

recycling endosomes (Rab5, Rab7 and EEA1, Lamp-1 or Rab11, respectively), the lysosomal 

pH as well as the capacity of those lysosomes to be secreted at the immune synapse upon 

surface-tethered antigen stimulation. 

 

The role of Chmp2b in the regulation of B cell polarity and functions is currently under 

study in the lab and might reveal unexpected new mechanisms controlling such processes.
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The Immune Synapse: “Just” an Adhesive Structure? 
 

1. Competition for the Arp2/3 complex 

Our observations that the decrease of centrosomal F-actin upon B cell stimulation 

correlates with the concomitant increased of F-actin at the immune synapse suggest that the 

centrosome and the immune synapse compete for the Arp2/3 complex. Although we cannot 

formally exclude that there is a direct exchange between centrosomal and synaptic Arp2/3, we 

think that this is unlikely in view of data showing that most Arp2/3 resides in the cytosol 

[Higgs et al., 1999]. We therefore propose that both the centrosome and the synapse are rather 

competing for the cytosolic pool of Arp2/3 highlighting the existence of an effective 

competition between distinct subcellular locations for this actin nucleating complex (Figure 

45). As a result of this competition, cells would respond to extracellular stimuli by favoring 

one biological process over another, what might provide a simple mechanism for cells to 

coordinate their functions in time and space. One could speculate that increasing the amounts 

of Arp2/3 available within the cytosol might be therefore sufficient to release this apparent 

competition. Even though we tempted to assess this particular point, the overexpression of 

components of the Arp2/3 complex in B cells resulted in the loss of Arp2/3 subcellular 

localizations and the generation of aberrant cytoplasmic F-actin structures, which had not 

allow us monitoring the impact of Arp2/3 recruitment at the immune synapse on its 

centrosomal counter-part in this particular context. 

 

 

 

 

Figure 45. Proposed model for the competition of Arp2/3 by distinct subcellular localizations. Under 

resting conditions, Arp2/3 is mainly recruited to the centrosome and controls centrosome positioning. Upon B 

cell activation, Arp2/3 is recruited to the immune synapse where it regulates effector functions. It is unlikely that 

a direct exchange between the centrosome and the synapse occurs. We propose that the two subcellular 

localizations are rather competing for the cytosolic pool of Arp2/3. 
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In addition, the existence of a competition for cytosolic Arp2/3 implies that the pool of 

centrosome-associated Arp2/3 might be minor in adherent cells as compared to lymphocytes, 

given that they use the Arp2/3 complex to form adhesive structures such as lamellipodia. 

Interestingly, it has been shown that immune synapses share many features with lamellipodia 

[Sims et al., 2007] (Figure 46). Indeed, the radial symmetry of the immune synapse can be 

seen as a “folded” lamellipodium thus preventing cell motion. In contrast, it has been shown 

that immune synapse symmetry breaking induces T cell migration [Sims et al., 2007]. Based 

on these observations, we can speculate that the competition between the centrosome and the 

immune synapse for Arp2/3 might also apply to the centrosome and the lamellipodium of 

migrating cells. Whether the centrosome of migrating cells is able to assemble actin networks 

and how the regulation of this centrosomal F-actin might be influenced by actin dynamics 

within the lamellipodium remain interesting questions that shall now be addressed.  

 

 

 

 

 

Figure 46. Structural organization of the lamellipodium and the immune synapse. The immune synapse 

might be seen as a “folded” lamellipodium where symmetric actin polymerization at the leading edge promotes 

cell spreading and actomyosin contractility at the rear/center allows antigen internalization. 
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Taking into account the similarities between the immune synapse and the lamellipodium, 

immune synapses might be viewed as particular adhesive structures that support specific 

cellular functions. In other words, as the lamellipodium promotes cell migration by 

orchestrating cytoskeleton dynamics and cell contractility; the immune synapse might act as a 

platform connecting intracellular trafficking with extracellular stimuli to ensure the proper 

function of the cell. This might imply that cells have the capacity to divert cellular 

machineries to adapt their responses to their needs. To which extend such regulatory 

mechanism is conserved in different biological processes that require centrosome polarization 

and different cellular systems represent very exciting fields of future investigations. 

   

2. Modulation of cell adhesion to tune B lymphocyte functions 

Based on the concept described above – wherein the immune synapse is assimilated to an 

adhesive structure – an intimate communication shall exist between the immune synapse and 

B cell function. Accordingly, modulation of cell adhesion shall impact on B lymphocyte 

functions. In line with this hypothesis, the engagement of the integrin LFA-1 with its counter-

receptor ICAM-1 has been shown to enhance BCR-dependent cell spreading onto lipid-

bilayers, thus promoting the establishment of the immune synapse and decreasing the 

threshold of B cell activation [Carrasco et al., 2004]. Another piece of data arguing in this 

direction is brought by our work on the role of extracellular Galectin-8 in the modulation of B 

cell functions. Indeed, Galectin-8 has been described to promote or inhibit adhesion in a wide 

range of cell types. Several studies converge to highlight a dual role for this sugar-binding 

protein in modulating cell adhesion. While surface-immobilized Galectin-8 promotes cell 

spreading, its addition in solution tempts to decrease adhesion mainly by counter-acting the 

effect of integrins [Zick et al., 2004]. The pro-adhesive properties of Galectin-8 are mediated 

by its ability to bind glycosylated surface proteins, since truncation of one of its carbohydrate 

recognition domains (CRD, involved in sugar binding) or addition within the milieu of -

lactose (a well-described competing sugar) drastically reduces cell adhesion [Levy et al., 

2001, Diskin et al., 2009].  Of note, upon interaction with integrins, Galectin-8 potentiates the 

integrin-mediated signaling cascade that ultimately induces the remodeling of the actin 

cytoskeleton to enhance cell adhesion [Levy et al., 2003, Carcamo et al., 2006]. Preliminary 

results obtained in the lab show that surface-immobilized Galectin-8 also favors the spreading 

of B cells, even independently of BCR engagement (Figure 47). These data suggest that 
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Galectin-8 might promote the formation of the immune synapse upon BCR engagement with 

immobilized antigens, thus enhancing B cell functions.  

 

 

 

Figure 47. Galectin-8 enhances B cell spreading. B cells were plated on poly-L-lysine- or Galectin-8-coated 

surfaces for indicated time, fixed and stained for F-actin (Phalloidin). 

 

 

In agreement with this hypothesis, we here show that the presence of Galectin-8 in the 

extracellular space, e.g. coated at the surface of beads, promotes the arrest phase of B cells 

upon antigen encounter in vivo, a process shown to be required for immune synapse formation 

and antigen internalization by B cells [Carrasco and Batista, 2007]. The presence of Galectin-

8 in the B cell microenvironment also enhances the secretion of lysosomes at the immune 

synapse induced by the engagement of the BCR with surface-tethered antigens. Consequently 

to this increase in lysosomal secretion, B cells extract and present peptide-MHC-II complexes 

to primed CD4
+
 T cells more efficiently. However, the precise mechanism involved in this 

process remains to be determined. One could envision that by modulating B cell adhesion, 

extracellular Galectin-8 potentiates the formation of the immune synapse, hence providing B 

cells with a better capacity to polarize, extract and present peptide-MHC-II complexes to 

primed CD4
+
 T cells. Indeed, the enhanced adherent properties of B cells in presence of 

extracellular Galectin-8 would imply that the recruitment of Arp2/3 at the immune synapse 

might be more important in this particular context, since this actin nucleation complex support 

cell spreading. This might result in an exaggerated subcellular competition for Arp2/3 leading 

to the strong decrease of this complex from the centrosome. 
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3. The integrin LFA-1: a putative receptor for Galectin-8? 

As mentioned above, numerous studies have highlighted the key role of integrins in 

supporting Galectin-8-mediated cell adhesion. Interestingly, Galectin-8 has been shown to 

interact with the integrin Lymphocyte Function-Associated Antigen-1 (LFA-1) [Vicuna et al., 

2013], a well-characterized integrin involved in cell adhesion and immune synapse formation 

in T cells (reviewed in [Springer and Dustin, 2012]). Whether Galectin-8 promotes B cell 

functions by interacting with LFA-1 remains to be addressed but this would provide a putative 

mechanism of action. In line with this hypothesis, we have identified both subunits (L and 

2) of LFA-1 as Galectin-8-interacting proteins in a GST-Pull down experiment. Of note, this 

experiment has also highlighted that the BCR itself might interact with Galectin-8, providing 

another possible mechanism to explain the observed effect of Galectin-8 on B cell functions. 

The use of LFA-1 blocking antibodies or LFA-1 silencing in B cells might be useful tools to 

precisely determine whether Galectin-8 acts through this integrin to promote B cell functions. 

  

The interaction between extracellular Galectin-8 and a B cell surface protein, providing B 

cells with a better capacity to extract and present antigens, implies that Galectin-8 is present 

within this particular environment. As shown in Figure 35b (Results section), Galectin-8 is 

expressed within the sub-capsular sinus (SCS) area of lymph nodes, where B cells acquire 

antigens immobilized at the surface of CD169
+
 SCS macrophages [Carrasco and Batista, 

2007, Junt et al., 2007]. Whether and how Galectin-8 is immobilized at the surface of those 

cells to promote B cell spreading and support immune synapse formation remain open 

questions. Interestingly, it has been reported that in addition to its ability to bind integrins, 

Galectin-8 interacts with the transmembrane glycoprotein Podoplanin (PDPN, also known as 

gp38, T1α) [Cueni and Detmar, 2009]. Preliminary data I obtained suggest that both the RAW 

macrophage mouse cell line and primary CD169
+
 SCS macrophages express Podoplanin 

(Figure 48), giving a potential mechanism for such immobilization of Galectin-8 at the cell 

surface of antigen-carrying cells. In order to test this hypothesis, one could envision first to 

add soluble Galectin-8 in the culture medium of PDPN-expressing macrophages and monitor 

whether Galectin-8 is immobilized at the surface of these cells. Obviously, other experiments 

would be required to demonstrate the specificity of the Galectin-8/PDPN interaction. For 

instance, we could use similar assays but with macrophages lacking PDPN expression, this 

would result in the loss of Galectin-8 immobilization at their cell surface. This simple setting 

might be complemented with particulate antigens tethered at the surface of those macrophages 
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and B cells to assess whether PDPN-mediated immobilization of Galectin-8 at the surface of 

macrophages is sufficient to recapitulate the effect of Galectin-8 on B cell functions we 

observed when this protein is immobilized at the surface of beads.  

 

The identification of one extracellular protein promoting B cell functions raises new 

questions and especially does Galectin-8 act alone or in concert with other extracellular and/or 

matrix proteins present within the lymphoid tissue microenvironment to modulate cell 

adhesion and tune B cell functions? 

 

 

 

 

 

 

 

 

Figure 48. Putative interactants of Galectin-8. (a) RAW macrophages were stimulated or not with 1 µg/ml 

LPS for 16 h before assessing their surface levels of Podoplanin. (b) Surface levels of Podoplanin expressed by 

sub-capsular macrophages (defined as CD11b
+
, F4/80

-
, CD169

+
) in lymph node-cell suspension. 
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4. Role of Galectins in modulating lymphocyte functions 

Beyond Galectin-8, other members of the Galectin family have been described to 

modulate lymphocyte functions. For instance, stromal-cell-derived Galectin-9 secreted in the 

extracellular milieu possesses anti-proliferative properties on B and T cells resulting in the 

decrease of immunoglobulin (Ig) secretion [Ungerer et al., 2014]. Conversely, upon antigenic 

challenge, the up-regulation of the transcription factor B lymphocyte-induced maturation 

protein-1 (Blimp-1) promotes the production and secretion of Galectin-1 by B cells that binds 

glycosylated proteins at their surface and promotes Ig production [Tsai et al., 2008, Zuniga et 

al., 2001]. This might result from the enhanced phosphorylation of Syk, Btk and PI3K, key 

players of the signaling cascade downstream the BCR, as well as from the pro-proliferative 

effects observed for extracellular Galectin-1 on B cells [Tsai et al., 2014]. On the same line, 

Galectin-1 produced by B cells upon activation is required for their differentiation into plasma 

cells and has been described to support cell survival and thus required to maintain Ag-specific 

Ig titers [Anginot et al., 2013]. Of note, Galectin-1 has also been involved in the modulation 

of B cell responses since it induces T cell apoptosis, thus negatively impacting on B cell/T 

cell cooperation [Zuniga et al., 2001]. 

 

In T cells, the formation of Galectin lattices within the extracellular space has been 

described to mainly possess inhibitory properties on cell proliferation and/or activation by 

preventing ligand-independent TCR activation or by modulating the strength of TCR 

signaling (reviewed in [Seminario and Bunnell, 2008, Grigorian et al., 2009]).  In line with 

these observations, Galectin-8 has been shown to negatively regulate T cell activation by 

counter-acting LFA-1 function and inducing T cell apoptosis [Vicuna et al., 2013]. 

Conversely, some studies report a positive effect of this Galectin in promoting regulatory T 

cell differentiation by impacting on IL-2 and TGF- signaling [Sampson et al., 2016], 

providing co-stimulatory signals required for the proper antigen-mediated activation of T cells 

or inducing their antigen-independent proliferation [Schroeder et al., 2016]. Altogether these 

observations highlight a key role for Galectins in the regulation of both B and T cell 

functions. 

 

However, some work is still needed to better understand how Galectins, and more 

generally extracellular proteins, regulate lymphocyte responsiveness to antigenic stimulation 

and how they act (sequentially, protein renewal, neo-secretion…?) to ensure the proper 
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coordination of the different cell types they act on. The large spectrum of effects induced by 

these proteins necessarily implies that their action must be tightly regulated in time and space. 

How such spatio-temporal regulation is orchestrated remains to be discovered and represents 

an interesting field for future investigations that might shed light on unexpected coordinated 

processes in the modulation of lymphocyte functions. 
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Concluding Remarks and Perspectives 
 

Over the two last decades, the idea that B cells encounter their cognate antigens in an 

immobilized form, e.g. at the surface of CD169
+
 SCS macrophages, has emerged and is now 

well-accepted. In contrast to what has been described for soluble antigens, engagement of 

BCRs with surface-tethered antigens results in the establishment of close cell-cell interactions 

at the site of antigen contact. This leads to the formation of what is now known as the B cell 

immune synapse that might be viewed as a particular adhesive structure supporting specific 

cellular functions. The formation of the immune synapse at the antigen-contact site results in 

the asymmetric organization of B cells that ultimately induces B cell polarization. This 

process relies on the repositioning of the centrosome towards the immune synapse and the 

subsequent recruitment and secretion of lysosomes within the synaptic cleft. B cell 

polarization is strictly required for these cells to extract, process and present antigenic 

peptides loaded onto MHC-II molecules to primed CD4
+
 T cells. Although the first molecular 

players regulating B cell polarization have been identified by former members of the lab, the 

precise mechanism governing centrosome repositioning towards the immune synapse 

remained to be elucidated. We here highlight an unexpected role for the pool of centrosome-

associated F-actin in regulating the ability of the centrosome to polarize in B cells. This work 

represents the first description of such mechanism whereby F-actin nucleation at the 

centrosome, regulated by the availability of the Arp2/3 complex, determines the capacity of 

the centrosome to polarize in response to external stimuli.  

 

In addition, the increasing pieces of data suggesting that tissue microenvironment might 

regulate various steps of B cell differentiation, activation and functions prompted us to 

investigate whether such cues could modulate the ability of B cells to polarize in response to 

immobilized antigen stimulation. In that context, we found that the presence of the glycan-

binding protein Galectin-8 in the extracellular space enhanced lysosome secretion at the 

immune synapse, thus providing B cells with an enhanced capacity to extract and present 

immobilized antigens to primed CD4
+
 T cells. These data describe for the first time the 

involvement of such extracellular cues in the modulation of B cell polarization and 

subsequently in tuning B cell functions. They further suggest that by modulating B cell 

adhesion/spreading onto antigen-presenting cells, proteins present within the lymphoid 

microenvironment might allow B cell tuning their responses to extracellular stimuli.  
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Taken together, these findings highlight the complex mechanisms used by a cell to 

efficiently respond to stimuli. First, the identification of the centrosome as being both an 

actin- and microtubule-organizing center highlights once again the pivotal role played by the 

crosstalk between both the actin and microtubule cytoskeletons in regulating cellular 

functions. Indeed, our data suggesting that actin and microtubule nucleation at the centrosome 

are co-regulated illustrate how a cell is able to finely tune precise cellular functions supported 

by the same structure/organelle to promote specific function. Second, the concept that the 

immune synapse might be seen as an adhesive structure that support specific cellular 

functions has important implications in our understanding of lymphocyte responses. Indeed, 

beyond its function in orienting cell polarization and responses, the immune synapse might 

play key roles in sensing lymphoid microenvironment allowing cells to adapt their adhesive 

properties to finely regulate their specific effector functions. Third, the existence of an 

effective competition for the cytosolic pool of Arp2/3 between distinct subcellular 

localizations to ensure the proper effector functions of a cell opens new roads for future 

investigations. This might have a major impact in cell biology since centrosome-associated F-

actin might control cell polarization in many different cellular systems that rely on 

centrosome repositioning to achieve their specific cellular functions. 

 

This work brings new pieces in the puzzle of the basic cell biological events governing B 

cell polarization but further studied are still needed to fully understand the exact mechanisms 

regulating this process. It would be of particular interest to better define how the different 

mechanisms described in this manuscript – i.e. the role of the PAR polarity complex and 

Dynein, the HS1-dependent recruitment of Arp2/3 at the immune synapse as well as the effect 

of extracellular cues – cooperate to ensure that B cells respond at the good time, at the right 

place and in the appropriate manner to antigenic stimulation. The study of such mechanisms 

in in vivo models would also represent another level of investigations that should highlight 

unexpected (and perhaps under-estimated) relationships between B cell responsiveness and 

functions and neighboring cells, such as stromal or other immune cells, present within the 

tissue microenvironment. 

 

In addition, the preliminary results obtained from the medium throughput screening I 

performed during my thesis suggest that the mechanisms regulating B cell polarization is not 

as simple as we have thought but rather might result from complex interconnections between 
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different pathways. Additional work is here also required to fully understand the 

interdependencies that govern organelle repositioning in B cells. 

 

How is organelle polarization tightly coordinated in time and space in B cells? How B 

cells integrate the various incoming signals, such as antigen recognition and extracellular 

cues, to self-reorganize and adapt their response? What is the impact of B cell polarity on the 

humoral immune response in animals and Humans? The answers to these questions represent 

the next challenges to be addressed… 
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Cells and Cell Culture. The mouse IgG
+
 B lymphoma cell line IIA1.6 (derived from the A20 

cell line [ATCC #: TIB-208]) and the LMR7.5 T cell hybridoma that recognizes I-Ad-

Lack156–173 complexes (from and described in [Malherbe et al., 2000]) were cultured as 

previously reported [Yuseff et al., 2011] in CLICK medium (RPMI 1640 – GlutaMaxTM-I 

supplemented with 10% fetal calf serum, 1% penicillin–streptomycin, 0.1% β-

mercaptoethanol, and 2% sodium pyruvate). All cell culture products were purchased from 

GIBCO/Life Technologies. All experiments were conducted in 50% CLICK / 50% RPMI 

1640 – GlutaMaxTM-I.  

 

siRNA. Protein silencing was achieved using the Neon transfection system (Invitrogen, Life 

Technologies). Briefly, B cells were washed in PBS, resuspended in Buffer R at a density of 

50x10
6
 cells/ml and pre-designed ON-TARGETplus SMARTpool Non-targeting (siCtrl), 

HS1-, Arp2-, Arp3- or WASH-targeting siRNA (Dharmacon, GE Healthcare) were added at a 

final concentration of 200 nM. Cells were then electroporated (1300 Volts, 2 pulses, 20 

ms/pulse) using 10 µl tips and incubated in CLICK medium for 60 to 72 h. Silencing 

efficiency was analysed by Western blot as described below. 

 

Plasmids. The eGFP-Centrin1 and Utrophin-RFP plasmids were obtained from M. Bornens 

and M. Piel, respectively (Institut Curie, Paris, France). The eGFP-Centrin1-VCA plasmid 

was obtained by sub-cloning in frame the VCA domain of WASH at the C-terminus of the 

eGFP-Centrin1 construct. Briefly, the Centrin1 cDNA deleted from its stop codon was 

amplified from the eGFP-Centrin1 plasmid using the following primers: Forward: 5’-

ctaggtaccatggcttccggcttcaaga-3’ and Reverse:  5’-gcaggatccgtaa 

aggctggtcttcttcat-3’ (which include KpnI and BamHI restriction sites (underlined), 

respectively). The WASH VCA cDNA was amplified from a previously home-made (A. 

Gautreau) WASH plasmid by using the primers: Forward: 5’-ttaggatccTCCGGACTCAGA 

TCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACcagggagcccctaagga-3’ (which includes 

BamHI restriction site (underlined) and the sequence for a peptide linker (upper-case)) and 

Reverse: 5’-gattctagaTCAggactcccagtcctcct-3’ (which includes XbaI restriction 

site (underlined) and a stop codon (upper-case)). Both fragments were then sub-cloned in 

frame within the original vector using KpnI and XbaI restriction enzymes. BamHI restriction 

enzyme was used to orient the two fragments. The resulting eGFP-Centrin1-VCA plasmid 

was sequenced to ensure sequence integrity. The LINC-DN (Nesprin-2 SRKASH) plasmid 



- 140 - 

 

was obtained from E.R. Gomes and described in [Luxton et al., 2010]. Plasmid expression 

was achieved by electroporating 2x10
6
 B lymphoma cells with 1 or 3 µg of plasmid using the 

Amaxa Cell Line Nucleofactor Kit R (T-016 program, Lonza). Cells were incubated in 

CLICK medium for 16 to 20 h before analysis. 

 

Reagents. The Lack antigen was produced and purified by the Recombinant Protein platform 

(UMR144, Institut Curie, Paris, France) and Lack peptide (aa 156-173) was synthetized by 

PolyPeptide Group. Cytochalasin D and Nocodazole used from centrosome purification were 

from Sigma Aldrich. For inhibition of Arp2/3 and Formin activity, cells were pre-treated with 

25 µM CK666 or Smifh2 (Tocris Bioscience) for 30 min prior to be stimulated for indicated 

time in presence of the drug, respectively. Recombinant Galectin-8 was purchased from 

Sigma Aldrich. 

 

Antibodies. The following primary antibodies were used for immunofluorescence: rabbit 

anti--Tubulin (Abcam, #Ab11317, 1/2000), FITC-conjugated mouse anti--Tubulin (Abcam, 

#Ab64503, 1/100), rabbit anti-Arp2 (Abcam, #Ab47654, 1/200), rabbit anti-HS1 and rabbit 

anti-phospho-HS1 (both from Cell Signaling Technologies, #4557S and #8714P, respectively, 

1/50), rabbit anti-WASH (home-made as previously described [Derivery et al., 2009], 1/250), 

human anti-GFP and anti-RFP (Recombinant antibodies platform, Institut Curie, Paris, 

France, 1/200). The following secondary antibodies were used: AlexaFluor488-, 

AlexaFluor568-, Cy3-, Cy5- and AlexaFluor647-conjugated F(ab′)2 donkey anti-rabbit 

(Jackson ImmunoResearch, 1/300) and AlexaFluor488- and  Cy3- conjugated donkey anti-

human (Life Technologies and Jackson ImmunoResearch, respectively, 1/200). F-actin was 

stained using AlexaFluor546- or AlexaFluor647-conjugated Phalloidin (Life Technologies, 

#A22283 and # A22287, respectively, 1/100). Nuclei were stained using 4′,6-Diamidino-2-

phenyindole (DAPI, Sigma Aldrich, 1/5000).  

For Western blotting, the following antibodies were used: mouse anti--Tubulin (Sigma 

Aldrich, #T6557-.2ML, 1/500), rabbit anti-HS1, phospho-HS1 and phospho-Erk (Cell 

Signaling Technologies, #4557S, #8714P and #4377S, respectively, 1/1000), rabbit anti-Arp2 

(Abcam, #Ab47654, 1/200), rabbit anti-WASH (home-made as previously described 

[Derivery et al., 2009], 1/250), mouse anti-Arp3 and anti-vinculin (Sigma Aldrich, #A5979-

200UL , 1/200 and #V9264-200UL, 1/1000, respectively), followed by horseradish 

peroxidase (HRP)-conjugated donkey anti-mouse or rabbit (Jackson ImmunoResearch, 

1/5000). 
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Preparation of BCR-ligand-coated beads. 4×10
7
 3 μm latex NH2-beads (Polyscience) were 

activated with 8% glutaraldehyde (Sigma Aldrich) for 2 h at room temperature. Beads were 

washed with phosphate-buffered saline (PBS) and incubated overnight at 4ºC with different 

ligands: 100 μg.ml-1 of either F(ab′)2 goat anti-mouse IgG (BCR-ligand
+
 beads) or F(ab')2 

goat anti-mouse IgM (BCR-ligand
-
 beads) (MP Biomedical) in combination or not with 100 

µg/ml of either ovalbumin (OVA), the Leishmania major antigen Lack and/or rGalectin-8. 

 

B cell stimulation and immunofluorescences. Cells were plated on poly-L-lysine–coated 

slides and stimulated with indicated beads at a 1:2 ratio (cell:beads) for different time at 37°C 

and fixed in 4% paraformaldehyde for 12 min at room temperature. For -Tubulin staining, 

cells were further incubated with ice-cold 100% methanol for 2 min. Fixed cells were 

incubated 45-60 min with primary antibodies and 30 min with secondary antibodies in PBS-

BSA-Saponin (1x/0.2%/0.05%).  

 

Lysosome secretion. B cells were incubated with Cypher5E-BCR-ligand±Galectin-8-coated 

beads for 90 min and live cells imaging was performed. Cypher5E fluorescence signal was 

then measured and synapses displaying Cypher5E fluorescence intensity 10% higher than 

background value were considered that positive for lysosome secretion and acidification.   

 

Lamp-1
+
-rings and Antigen extraction. B cells were incubated with OVA±BCR-

ligand±Galectin-8-coated beads for indicated time, fixed and stained for OVA and the 

lysosomes (Lamp-1). The amounts of OVA remaining on beads were quantified and 

normalized with respect to the initial OVA fluorescence intensity (t=0 min).  Lamp-1
+
-rings 

were manually counted. 

 

Antigen presentation. B cells were incubated with Lack±BCR-ligand±Galectin-8-coated 

beads for 3 to 5 h or with peptide control for 1 h. Cells were washed with PBS, fixed in ice-

cold PBS/0.01% glutaraldehyde for 1 min and quenched with PBS/100 µM glycine. B cells 

were then incubated with Lack specific T-cell hybridoma in a 1:1 ratio for 24 h. Supernatants 

were collected and IL-2 cytokine production was assessed using BD optEIA Mouse IL-2 

ELISA set following manufacturer’s instructions (BD Biosciences). 
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Time-lapse imaging. 1×10
5
 B lymphoma cells co-expressing the centrosomal marker eGFP-

Centrin1 and the F-actin probe Utrophin-RFP were seeded in 35 mm FD35 Fluorodish (World 

precision instruments, Inc). Cells were either treated with DMSO or CK666 (25 µM) or 

stimulated with either BCR-ligand
-
 or BCR-ligand

+
 beads and recorded at 37˚C, 5% CO2 

using an inverted spinning disk confocal microscope (Roper/Nikon) equipped with a 60x (1.4 

NA) oil immersion objective and a CoolSNAP HQ2 camera. The images were acquired every 

5 min and with z-stack of 1 µm. For the analysis, Fiji (ImageJ) software was used to 

reconstruct the 3D movies, correct bleaching (exponential fit correction) and analyze the 

amount of F-actin associated with the centrosome and the synapse focal plane.  

 

Stable isotope labelling by amino acids in cell culture (SILAC). IIA1.6 cells were 

maintained in L-lysine-depleted SILAC RPMI 1640 (Thermo Scientific, Life Technologies) 

supplemented with 10% dialyzed FBS and 0.1 mg/ml heavy [
13

C6] or light [
12

C6] L-lysine 

(Thermo Scientific, Life Technologies). Every 3–4 days, cells were split and media replaced 

with the corresponding light or heavy labelling medium. After six to seven cell divisions, cells 

achieved ≥96% incorporation of amino acid isotopes. 

 

Centrosome purification. Centrosomes were purified as previously described [Gogendeau et 

al., 2015] with slight modifications. Briefly, following stimulation with indicated beads for 60 

min, cells were incubated on ice with 200 nM Nocodazole and 1 µg/ml Cytochalasin D for 90 

min. Cells were washed and lysed in TicTac buffer (16 mM Pipes, 10 mM Hepes pH 7.5, 50 

mM KCl, 1.2 mM EGTA, 5 mM MgCl2, 0.1% Triton X-100 and 0.1% β-mercaptoethanol) 

for 15 min. Centrosomes were isolated by sequential centrifugations at (1) 10.000 g for 30 

min at 4°C on top of a 60% w/v sucrose cushion and (2) 40.000 g for 60 min at 4°C on top of 

a discontinuous sucrose gradient (40%-50%-70%, w/w). Finally, 10 fractions of 0.5 ml were 

recovered from the bottom of the tube and centrosome-containing fractions were identified by 

Western blot. 

 

Proteomics. Proteins were separated by SDS-PAGE, and digested in-gel with rLys-C 

(recombinant endoproteinase, Promega). Peptides were extracted from gels and analyzed on a 

LTQ-Orbitrap XLTM mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), 

essentially as described [Burgo et al., 2013]. Data were acquired using the Xcalibur software 

(version 2.0.7) and the resulting spectra where then analyzed via the MascotTM Software 

created with Proteome Discoverer (version 1.2, Thermo Scientific) using the SwissProt Mus 
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Musculus database. The resulting Mascot result files were further processed using myProMS 

[Poullet et al., 2007], allowing a maximum false discovery rate (FDR) of 1%. For SILAC-

based protein quantification, peptides XICs (Extracted Ion Chromatograms) were retrieved 

from Proteome Discoverer
TM

. Scale normalization was applied to compensate for mixing 

errors of the different SILAC cultures as described [Yang et al., 2002]. Protein ratios were 

computed as the geometrical mean of related peptides. To estimate ratio significance, a t test 

was performed with a Benjamini–Hochberg FDR control threshold set to 0.05. All quantified 

proteins have at least 3 peptides quantified (all peptides selected).  

 

GO term enrichment analysis. Protein analysis by genome ontology (GO) term enrichment 

was computed based on annotation only and did not take into account the relative abundance 

of the 835 proteins in resting and activated lymphocytes. The frequency of each GO was 

computed in the mus musculus proteome (defined as the background, Slim Ontology file 

including all 21 283 mouse proteins) and compared to the set. GO enrichment factors were 

computed with the GO::TermFinder [Boyle et al., 2004] through myProMS.  

 

In vitro nucleation assays. In vitro nucleation assays were performed according to [Farina et 

al., 2016]. In brief, centrosomes isolated in TicTac buffer were incubated for 20 min on 

surface of a polydimethylsiloxane open chamber. The excess of centrosomes was washed with 

TicTac buffer supplemented with 1% BSA (TicTac-BSA). Microtubule and actin nucleation 

was induced by diluting tubulin dimers (labelled with ATTO-565, 30 µM final [Farina et al., 

2016]) or actin monomers (labelled with Alexa-568, 1µM final [MacLean-Fletcher and 

Pollard, 1980, Isambert et al., 1995, Egile et al., 1999]) in TicTac buffer supplemented with 1 

mM GTP, 2.7 mM ATP, 10 mM DTT, 20 μg/ml catalase, 3 mg/ml glucose, 100 μg/ml 

glucose oxidase and 0.25% w/v methylcellulose. In addition, a threefold molar equivalent of 

profilin to actin was added in the reaction mixture [Fedorov et al., 1994]. Time-lapse 

observations were performed by using a Total Internal Reflection Fluorescence (TIRF) 

microscope (Roper Scientific) equipped by an iLasPulsed system and an Evolve camera using 

a 60x 1.49 N.A. objective lens. For quantification of the actin nucleation activity by 

centrosomes, F-actin fluorescence intensity was integrated over a 2 µm diameter circle around 

the centrosome and normalized with respect to initial intensity. -Tubulin staining, needed for 

the efficiency calculation, was performed at the end of the movie recording under the 

microscope without prior fixation. Primary and secondary antibodies, diluted in TicTac-BSA 

buffer, were incubated for 60 min and 30 min, respectively. Arp2/3 complex inhibition 
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experiments were performed by adding 200 µM CK666 in reaction mixture. DMSO was used 

as control. Immunofluorescence staining of isolated centrosomes was performed by 

incubating centrosomes, seeded on a clean surface, with primary and secondary antibodies for 

60 min and 30 min, respectively. 

 

Western blotting. B cells were lysed at 4ºC in RIPA buffer (Thermo Scientific) 

supplemented with 1x Protease Inhibitor Cocktail (Roche) and 1x Halt Phosphatase Inhibitor 

Cocktail (Thermo Scientific). Supernatants were collected and loaded onto mini-PROTEAN 

TGX SDS–PAGE gels and transferred onto PVDF membranes (Trans-Blot Turbo Transfer). 

Membranes were blocked in 5% non-fat dry milk resuspended in 1xTBS–0.05% Tween-20 

and incubated over-night at 4°C with primary antibodies followed by 60 min incubation with 

secondary antibodies. Western blots were developed with Clarity Western ECL substrate, and 

chemiluminescence was detected using the ChemiDoc imager (all from BioRad). 

 

Quantitative RT-PCR. RNA extraction was performed from 30 mg of tissues or 10x10
6
 cells 

using Nucleospin RNA kit II according to manufacturer’s instructions (Macherey Nagel). 

Reverse transcription was performed with 2 µg RNA using the SuperScript® VILO™ cDNA 

Synthesis Kit according to manufacturer’s instructions (Invitrogen). Galectin-8 (primer: 

Mm01332239-m1 Lgals8, Life Technologies) mRNA levels were assessed using TaqMan 

Gene Expression Master Mix according to manufacturer’s recommendations (Applied 

Biosystems). For LPS-induced systemic inflammation, mice received one retro-orbital 

injection of 50 µg LPS 6 hrs prior to RNA extraction. 

 

Antigen presentation in vivo. HEL-specific B cells and OVA-specific CD4
+
 T cells were 

purified from spleens of CD45.2
+
 swHEL and OT-II transgenic mice using negative B cell 

and CD4
+
 T cell isolation kits according to manufacturer’s instructions, respectively (Miltenyi 

Biotec). 2x10
6
 swHEL B cells and 0.5x10

6
 OT-II CD4+ T cells were adoptively transferred 

by retro-orbital injection into CD45.1
+
 wild-type recipient and mice were then immunized by 

footpad injection of indicated microspheres. 8 days later mice were sacrificed and the 

popliteal lymph nodes draining the site of immunization were harvested and treated with 

collagenase IV for 30 min at 37°C to obtain a single cell suspension. Cells were then labeled 

and the number of HEL-specific germinal center B cells and OVA-specific follicular helper T 

cells was assessed by flow cytometry (FACS Verse, BD).   
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Two-photon microscopy and cell tracking. One to three million IA-GFP-expressing MD4 

(BCR
MD4

) or WT (BCR
WT

) B cells was adoptively transferred into wild-type recipient mice 

prior to be immunized with indicated red fluorescent-microspheres by footpad injection. 30 or 

90 min post-immunization, mice were anesthetized and the popliteal lymph node draining the 

site of injection was prepared for two-photon imaging. The two-photon laser-scanning 

microscopy (TPLSM) setup used was a LSM510 Meta (Zeiss) coupled to a Maitai DeepSee 

femtosecond laser (690–1020 nm) (Spectra-Physics). The excitation wavelength was 900 nm. 

For analysis of cell migration, every 30 s during 30 min, six consecutive 230 × 230 μm
2
 

images, with 6 μm z spacing with a 40× (Zeiss) objective were taken. Images were average-

projected with Image J software and automatic tracking of individual cells was performed 

with Imaris software. Individual tracks were manually checked and corrected when required. 

 

Immunofluorescence acquisition, processing and analysis. All z-stack images (0.5 µm 

spacing) were acquired on an inverted spinning disk confocal microscope (Roper/Nikon) with 

a 60x/1.4 numerical aperture (NA) oil immersion objective. Image processing was performed 

with Fiji (Image J) software [Schindelin et al., 2012]. Single cell images shown in the figures 

were cropped from large fields, rotated and their contrast and brightness manually adjusted. 

Images shown are the average z-projection of 3 planes around the centrosome.  

Centrosome Polarity Index was computed as described in Fig. 23a. Briefly, z-stacks were 

projected (SUM slice) and images were automatically threshold (Default) on the green 

channel to obtain the center of mass of the cell (CellCM). Then, the position of the centrosome 

and the bead geometrical center (BeadGC) were manually selected. The position of the 

centrosome was then projected (Centproj) on the vector defined by the CellCM-BeadGC axis. 

The centrosome polarity index was calculated by dividing the distance between the CellCM 

and the Centproj by the distance between the CellCM and the BeadGC. The index ranges from −1 

(anti-polarized) to 1 (fully polarized). 

Centrosome- and synapse-associated Arp2 and F-actin were quantified as shown in Fig. 

25b. Briefly, after manual selection of the centrosome, background subtraction (rolling ball 

50px) on the z-projection (AVG) of the 3 planes around the centrosome was performed. We 

then computed the radial distribution of cytoplasmic Arp2 and F-actin fluorescence intensities 

from the centrosome of resting cells. The drop in fluorescence intensities (at 0.8 µm from the 

centrosome) was used as a threshold to define the radius of the centrosomal area that was 

further used to assess the amount of Arp2 and F-actin associated with the centrosome. The 

synaptic area was manually defined by positioning a fixed area at the cell-bead interface.  
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The distance between the centrosome and the nucleus was measured in three dimensions. 

For this, the nucleus was automatically threshold in 3D (Otsu) and the corresponding 3D-

distance map was computed (Image 3D suite plugin). The 3D position of the centrosome was 

then manually selected on the cell stack and the shorter distance to the nucleus edge was 

measured on the 3D-distance map. 

 

Statistics. All graphs and statistical analysis were performed with GraphPad Prism 5 

(GraphPad Software). No statistical method was used to predetermine sample size. 

Kolmogorov–Smirnov test was used to assess normality of all data sets. Mann-Whitney test 

was used to determine statistical significance excepted when mentioned. Boxes in box plots 

extend from the 25
th

 to 75
th

 percentile, with a line at the median and whiskers extend from the 

10
th

 to the 90
th

 percentile. Bar graphs show the mean ± s.e.m.. 
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Actin nucleation at the centrosome controls
lymphocyte polarity
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Cell polarity is required for the functional specialization of many cell types including

lymphocytes. A hallmark of cell polarity is the reorientation of the centrosome that allows

repositioning of organelles and vesicles in an asymmetric fashion. The mechanisms

underlying centrosome polarization are not fully understood. Here we found that in resting

lymphocytes, centrosome-associated Arp2/3 locally nucleates F-actin, which is needed for

centrosome tethering to the nucleus via the LINC complex. Upon lymphocyte activation,

Arp2/3 is partially depleted from the centrosome as a result of its recruitment to the immune

synapse. This leads to a reduction in F-actin nucleation at the centrosome and thereby

allows its detachment from the nucleus and polarization to the synapse. Therefore,

F-actin nucleation at the centrosome—regulated by the availability of the Arp2/3

complex—determines its capacity to polarize in response to external stimuli.
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C
ell polarity regulates a broad range of biological processes
such as cell division, cell fate and cell migration1–3. It relies
on the organization of the microtubule cytoskeleton,

which defines the axis of cell division, as well as the directionality
of intracellular trafficking4. As the centrosome drives the
nucleation and organization of microtubules, this organelle was
found to play an essential role in the polarization of a variety of
cell types ranging from yeast to specialized cells in multicellular
organisms5. In lymphocytes, centrosome reorientation to one
cell pole was shown to be required for cell migration6, asymmetric
division1,2,7 and immune synapse formation8.

The term immune synapse refers to the zone of tight interaction
that forms between lymphocytes and antigen-presenting cells
towards which the centrosome polarizes9. It is viewed as a
signalling platform where both exocytotic and endocytotic events
needed for lymphocytes to perform their specific effector function
take place10. These include the secretion of granules in both
cytotoxic lymphocytes and natural killer cells11, of cytokine-loaded
vesicles in helper T cells12,13 and of hydrolase-containing
lysosomes in B cells5,14. Hence, centrosome polarization emerges
as pivotal in the regulation of immunity, stressing the need to
unravel the underlying molecular mechanisms. In that regard, PKC
and Cdc42 signalling molecules as well as the microtubule minus-
end motor Dynein were shown to regulate centrosome
repositioning at the synapse of both B and T lymphocytes14–20.
Regarding the actin cytoskeleton, Arp2/3-dependent nucleation of
F-actin was shown to be dispensable for centrosome polarization in
T lymphocytes, which rather requires the activity of Formins21.
In general, whether and how centrosome-intrinsic components
regulate its ability to polarize remains unexplored.

In this study, we show that Arp2/3-dependent F-actin
nucleation at the centrosome of resting lymphocytes links this
organelle to the nucleus. Clearance of centrosomal Arp2/3 upon
lymphocyte activation promotes centrosome–nucleus separation
and subsequent centrosome polarization to the immune synapse.
F-actin nucleation at the centrosome therefore determines the
ability of this organelle to polarize to one cell pole.

Results
Lymphocyte activation modifies the centrosome proteome. We
aimed at investigating the role of centrosome-associated proteins
in cell polarity by using B lymphocytes as a model. Centrosome
polarization in these cells can be triggered by engaging their
membrane antigen receptor—the B-cell antigen receptor
(BCR)—with surface-tethered ligands coated on latex beads
(Fig. 1a), planar surfaces or cells14,17,22. We hypothesized that
changes in the composition of centrosome-associated proteins
between non-polarized and polarized cells might reveal valuable
candidates to be involved in this process. A stable isotope
labelling by amino acids in cell culture (SILAC)23-based
quantitative proteomic approach was therefore developed to
identify proteins differentially associated with the centrosome
of non-polarized and polarized B cells. For this, B cells were
grown in cultures containing lysine labelled with light or heavy
carbon isotopes and incubated for 60 min with BCR-ligandþ or
BCR-ligand� beads, respectively (Fig. 1b). Cells were lysed,
centrosomes were isolated on sucrose gradient and the three main
g-tubulin-containing fractions were pooled for each sample
(Fig. 1c). Resulting pools were mixed 1:1 to be separated by
SDS–polyacrylamide gel electrophoresis (SDS–PAGE) followed
by reverse-phase liquid chromatography and analysed by
high-resolution mass spectrometry (LC–MS/MS) (Fig. 1b). This
led to the quantification of 1,600 proteins (false discovery
rate (FDR) of 1%, number of peptides used Z3; Fig. 1d)
among which 835 were differentially associated with the

centrosome of activated lymphocytes (absolute fold change
Z10% and adjusted P value of quantification r0.05; Fig. 1d,
light red). To identify key networks, genome ontology (GO)
term enrichment was performed on these 835 proteins.
As expected, this analysis highlighted components of the
microtubule-organizing centre (enrichment factor: 1.9;
P value¼ 3.56� 10� 05) and the cytoskeleton (enrichment factor:
1.8; P value¼ 2.65� 10� 11) as two major groups of proteins
enriched in centrosome preparations (Supplementary Table 1).
More surprisingly, zooming on proteins belonging to the GO term
‘Cytoskeleton’ showed that while microtubule-related components
were either increased or decreased in polarized cells, the majority
of actin cytoskeleton components were reduced (69.8%; Fig. 1e and
Supplementary Table 2). Noticeably, this particularly applied to
three subunits of the branched actin-nucleating complex
Arp2/3 (ref. 24; 10 and 12% decrease; Fig. 1e, red; and
Supplementary Tables 3–5). Immunoblot analysis showed an
even more pronounced reduction of the Arp2/3 subunit Arp2 in
centrosomal fractions from activated lymphocytes (Supplementary
Fig. 1a). No reduction in the total amount of Arp2 was observed
between both conditions (Supplementary Fig. 1b). We conclude
that BCR engagement induces multiple changes in the centrosome
proteome including a significant reduction in the pool of
associated Arp2/3. Although the presence of this complex at the
centrosome had been described in the past25, whether it regulates
centrosome function remains unclear. We therefore focused
our analysis on exploring the putative role of Arp2/3 reduction
at the centrosome of activated lymphocytes in the polarization of
this organelle.

Reduced centrosomal Arp2/3 in activated lymphocytes. We
next asked whether reduction of Arp2/3 at the centrosome was
equally observed in intact lymphocytes. Immunofluorescence
analysis revealed the presence of two pools of Arp2/3 in resting B
cells: a cortical pool (Fig. 2a, white arrow) and a cytosolic pool
that surrounded the centrosome (Fig. 2a, white star). To
accurately quantify this centrosome-associated pool of Arp2/3, we
computed a radial line scan of Arp2 fluorescence intensity from
the centrosome of resting lymphocytes and, based on this result,
we defined a ‘centrosomal area’ (Fig. 2b). The amount of Arp2/3
in this centrosomal area was then quantified at different time
points after BCR engagement. In agreement with our proteomic
and immunoblot data, we found that this centrosome-associated
pool of Arp2/3 gradually decreased in time upon lymphocyte
stimulation with BCR-ligandþ beads (Fig. 2a,c). No reduction in
the total amount of Arp2/3 was found (Supplementary Fig. 2a).
Similarly, in resting B lymphocytes, we observed the presence of a
pool of F-actin in close vicinity of the centrosome (Fig. 2d), which
co-localized with Arp2/3 (Supplementary Fig. 2b). In contrast, in
lymphocytes incubated for 30 min with BCR-ligandþ beads,
F-actin was observed as patches dispersed in the cytosol rather
than gathered around the centrosome (Fig. 2d). After 60 min of
stimulation, the centrosome polarized to the cell–bead interface
and was therefore found in proximity to the cortical F-actin pool.
Nonetheless, the pool of centrosome-associated F-actin was
decreased in these cells (Fig. 2b,d,e). No reduction in the total
amount of F-actin was observed (Supplementary Fig. 2c). Of note,
because methanol fixation required for g-tubulin staining is not
compatible with phalloidin labelling, the centrosome was stained
with antibodies directed against a-tubulin, and images were
processed (fluorescence intensity threshold) to visualize the
centrosome but not the microtubules (Supplementary Fig. 2d).
Altogether these results show that resting B cells display a pool of
Arp2/3 and F-actin at their centrosome that decreases while this
organelle polarizes to the immune synapse.
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Figure 1 | Lymphocyte stimulation modifies the centrosome-associated proteome. (a) Left: representative images of non-polarized (BCR-ligand� ) and

polarized (BCR-ligandþ ) B cells. B cells were incubated for 60 min with beads coated with either BCR ligands or with proteins that do not engage the BCR,

fixed and the centrosome was stained (g-tubulin). White circles indicate bead position. Scale bar, 3 mm. Middle: schematics depicting centrosome polarity

index measurement. Right: quantification of centrosome polarity index. Data are pooled from three independent experiments with n¼80 and 85 cells for

BCR-ligand� and BCR-ligandþ , respectively. Unpaired Student’s t-test was used to determine statistical significance. (b) SILAC-based MS workflow used

to identify proteins differentially associated with the centrosome of B cells stimulated with either BCR-ligand� or BCR-ligandþ beads. (c) Western blots

highlighting centrosome-containing fractions after centrosome isolation on discontinuous sucrose gradient. Immunoblots are representative of three

independent experiments. (d) Volcano plot showing the 835 proteins considered for further analysis (light red) among the total of the 1,600 quantified

proteins. Horizontal red line represents the threshold for statistical significance (adjusted P value r0.05). Vertical red lines represent the biological

threshold used to select proteins (� 10% and þ 10% of protein fold change). (e) Protein fold change (%) for each of the 45 proteins belonging to the

‘centrosome/microtubule’ subgroup (top) and the 43 belonging to the ‘actin’ one (bottom).
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Reduced F-actin nucleation at activated lymphocyte centrosomes.
Having recently shown that centrosomes possess an intrinsic
actin-nucleating activity in various cell types including
T lymphocytes26, we investigated whether the distinct amounts
of centrosome-associated F-actin observed in resting and BCR-
stimulated B lymphocytes reflected different actin nucleation
capacities. For this, centrosomes purified from resting and
activated B lymphocytes were compared for their ability to
nucleate actin filaments in vitro. Strikingly, we observed that both
centrosome preparations assembled actin asters from g-tubulin
spots (Fig. 3a), indicating that centrosomes possess an intrinsic
actin nucleation capacity. In agreement with our hypothesis, actin

nucleation by centrosomes purified from BCR-stimulated cells
was strongly diminished as compared with centrosomes purified
from resting lymphocytes. Indeed, both the number of actin
asters and the actin fluorescence intensity at the aster centre were
significantly decreased when using centrosomes from activated
cells (Fig. 3b–d and Supplementary Movie 1). Importantly,
centrosome integrity was not affected in preparations from
activated lymphocytes, as shown by their ability to nucleate
microtubules (Supplementary Fig. 3a). Consistent with these
results and with our proteomic and immunofluorescence data,
the amount of Arp2/3 associated with centrosomes purified from
BCR-stimulated lymphocytes was also found to be strongly
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Figure 2 | Decreased association of Arp2/3 and F-actin with centrosomes of BCR-stimulated lymphocytes. (a,d) Representative images of B cells under

resting conditions or stimulated with BCR-ligandþ beads for indicated time, fixed and co-stained for Arp2 (white arrow: cortical pool; *: centrosomal pool)

(a) or F-actin (phalloidin) (d) and the centrosome (a-tubulin). White circles indicate bead position. Dashed grey squares indicate the centrosomal region

magnified below each image. Dashed circles on bottom panel highlight the centrosomal area used for quantification. Scale bars, top: 3mm; bottom: 1mm.

(b) Schematics depicting the pipeline used to quantify centrosome-associated Arp2 and F-actin. (c,e) Quantification of centrosome-associated Arp2

(c) and F-actin (e) from cells shown in a and d, respectively. Data are pooled from three independent experiments with (c) n¼ 67, 62, 64, 72, 61 and 69

cells, and (e) n¼ 54, 63, 64, 62, 59 and 64 cells from left to right, respectively. fluo. int., fluorescence intensity. cent, centrosome. Rest., Resting.
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Figure 3 | F-actin nucleation by centrosomes is downregulated upon BCR stimulation. (a) Representative images of actin asters nucleated from isolated

centrosomes (white arrow). Scale bar, 8mm. (b) Actin nucleation efficiency was calculated as the ratio of the number of actin asters divided by the number

of g-tubulin spots (4200 actin asters and 4450 g-tubulin spots per condition pooled from four independent experiments). (c) Sequential images of

F-actin assembly by centrosomes isolated from B cells stimulated with indicated beads. Scale bar, 5 mm. (d) Quantification of F-actin nucleation activity

(n¼ 14 and 12 actin asters per condition; data are representative of four independent experiments) (e) Quantification of Arp2 fluorescence (fluo.) intensity

associated with purified centrosomes (n¼ 100 and 190 centrosomes per condition pooled from two independent experiments). (f) Quantification of actin

nucleation activity of centrosomes purified from resting lymphocytes in the presence of CK666 or dimethylsulfoxide (DMSO; n¼ 12 and 22 actin asters,

respectively; data are representative of two independent experiments). (g) Representative images of resting B cells treated with DMSO or CK666 for
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Dashed circles on the right panel highlight the centrosomal area used for quantification. Scale bars, left: 3 mm; right: 1mm. (h) Quantification of centrosome-
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(between t� 5 min and t0 min). Scale bar, 3 mm. Right: quantification of centrosome-associated F-actin over time. Centrosomal F-actin mean fluorescence
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the mean±s.e.m. of n¼8 and 10 cells for DMSO and CK666, respectively. P values determined by Mann–Whitney test.
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decreased as compared with centrosomes of resting B cells
(Fig. 3e).

The involvement of the Arp2/3 complex in F-actin nucleation
by centrosomes purified from resting lymphocytes was confirmed
by using the CK666 Arp2/3 inhibitor27, which significantly
reduced F-actin assembly (Fig. 3f). On the same line, treatment
of resting B cells with CK666 decreased the amount of
centrosome-associated F-actin to the levels observed in
BCR-stimulated lymphocytes (Fig. 3g,h). Equivalent results were
obtained when silencing Arp2/3 with two different siRNA
(Supplementary Fig. 3b,c) or when using the Utrophin-red
fluorescent protein (RFP) probe to label F-actin in live-imaging
experiments: addition of CK666 resulted in decreased
centrosomal F-actin in non-activated lymphocytes (Fig. 3i and
Supplementary Movie 2). Interestingly, a significant reduction in
the fraction of centrosome-associated Arp2/3 was also observed
in CK666-treated resting B cells (Supplementary Fig. 3d),
suggesting that Arp2/3 activity is required for its localization at
the centrosome and/or that the presence of branched actin at the
centrosome might help locally maintaining the complex. Of note,
formin inhibition did not decrease F-actin nucleation at the
centrosome, indicating that it most likely did not play a direct role
in this process. Interestingly, formin inhibition even increased the
amount of F-actin at the centrosome, what might result from the
recently reported competition between Arp2/3 and formins28

(Supplementary Fig. 3e,f). We conclude that lymphocyte
centrosomes nucleate F-actin in an Arp2/3-dependent manner
and that this property of centrosomes is downregulated upon
lymphocyte activation as a result of Arp2/3 local depletion.

Arp2/3 recruitment to the immune synapse. We next searched
for the molecular mechanisms responsible for this partial
depletion of Arp2/3 from the centrosome of BCR-stimulated
lymphocytes. It was shown that the Cortactin homologue
haematopoietic lineage cell-specific protein (HS1), which is
predominantly expressed in haematopoietic cells29, recruits
Arp2/3 to the BCR signalosome upon antigenic stimulation30.
Consistently, we observed that BCR engagement with BCR-
ligandþ beads induced HS1 phosphorylation and accumulation
at the cell–bead interface (Fig. 4a,b). We therefore hypothesized
that phospho-HS1-dependent recruitment of Arp2/3 at
the immune synapse might lead to its partial depletion from
the centrosome and thereby to a local decrease in F-actin
nucleation. Consistent with this hypothesis, we found that the
gradual decrease in the pool of centrosome-associated Arp2/3 and
F-actin was concomitant to the accumulation of both proteins at
the cell–bead interface (Fig. 4c–e and Supplementary Fig. 4a).
This was also observed for F-actin in time-lapse imaging
experiments: upon BCR stimulation, F-actin gradually decreased
at the centrosome but progressively increased at the synapse
(Fig. 4f and Supplementary Movie 3 and 4). Noticeably, both the
decrease of Arp2/3 and F-actin at the centrosome and their
increase at the synapse were severely impaired when silencing
HS1 (Fig. 4g,h and Supplementary Fig. 4b). No reduction in
centrosome-associated F-actin, nor in the total amount of F-actin
was observed between control and HS1-silenced lymphocytes
(Supplementary Fig. 4c,d). Hence, HS1-dependent recruitment of
Arp2/3 at the cell–bead interface is associated with its partial
depletion from the centrosome, thus decreasing the actin
nucleation capacity of this organelle.

Centrosomal Arp2/3 and actin impair centrosome polarization.
HS1-silenced lymphocytes that maintained high levels of
centrosomal Arp2/3 and F-actin upon BCR stimulation were next
used to investigate whether Arp2/3 and F-actin depletion from the

centrosome regulates the ability of this organelle to polarize to the
immune synapse. We found that most HS1 knockdown B cells did
not reposition their centrosome at the cell–bead interface (Fig. 5a).
However, because these cells displayed not only more Arp2/3 and
F-actin at the centrosome but also less Arp2/3 and F-actin at the
synapse as compared with control cells, we could not exclude that
impaired centrosome polarization resulted from decreased Arp2/3
and F-actin at the synapse. To address this question, we
investigated the effect of Arp2/3 inhibition on centrosome polarity.
We found that both Arp2/3 silencing and inhibition with CK666
had no impact on centrosome polarization to the synapse (Fig. 5b
and Supplementary Fig. 5a) and, even more importantly,
rescued the non-polarized phenotype of HS1-silenced activated
lymphocytes (Fig. 5c and Supplementary Fig. 5b,c). Of note,
Arp2/3 inhibition in these cells reduced the centrosomal pool of
F-actin (Fig. 5d–f) but had no significant effect on the amounts
of synapse-associated F-actin (Supplementary Fig. 5d). CK666
treatment had no impact on BCR signalling (Supplementary
Fig. 5e,f). These results suggest that the centrosomal pool of Arp2/3
and F-actin prevents centrosome polarization while its synaptic
counterpart is not required for this process. In support of this
conclusion, a significant correlation was found between the levels
of centrosomal F-actin and the distance between this organelle and
the bead geometrical centre (Fig. 5g). Hence, HS1-dependent
recruitment of Arp2/3 at the synapse partially depletes this
complex from the centrosome, leading to a local reduction in
F-actin that is needed for centrosome polarization to the synapse.

We next sought for a strategy to directly assess whether actin
nucleation by Arp2/3 at the centrosome prevents the polarization
of this organelle to the immune synapse. Interestingly, WASH, an
actin nucleation-promoting factor that activates Arp2/3 through
its VCA (verprolin homology or WH2-connector-acidic) domain,
was shown to associate to the centrosome31. In agreement, in
resting lymphocytes, we observed WASH as discrete punctuated
structures mainly gathered around the centrosome
(Supplementary Fig. 5g). In addition, in resting cells, WASH
silencing decreased the amount of F-actin at the centrosome to
the levels observed in activated cells (Supplementary Fig. 5h–j),
indicating that it participates to local Arp2/3 activation. We
therefore reasoned that targeting the WASH VCA domain to the
centrosome would result in the exacerbation of local Arp2/3
activity and F-actin nucleation. Accordingly, expression of the
eGFP–Centrin1–VCA fusion protein strongly increased the
amount of F-actin at the centrosome (Fig. 5h,i). More
importantly, expression of the eGFP–Centrin1–VCA fusion
protein compromised the ability of the centrosome to polarize
to the immune synapse (Fig. 5j). As observed for Arp2/3
inhibition or silencing, WASH silencing had no impact on
centrosome polarity (Supplementary Fig. 5k). Consistently,
centrosome polarization in eGFP–Centrin1–VCA-expressing
cells was rescued by inhibiting Arp2/3 activity (Fig. 5k). These
data strongly support a model where F-actin nucleation at the
centrosome prevents its translocation to the synapse and must
therefore be downregulated upon lymphocyte activation.

Centrosomal F-actin tethers the centrosome to the nucleus. We
next searched for the cellular basis of the negative impact of
Arp2/3-dependent actin nucleation at the centrosome on its
ability to polarize. In view of a recent work indicating that
F-actin controls centrosome positioning by inducing the
retrograde transport of the nucleus in polarized fibroblasts32, we
postulated that actin nucleation at the centrosome might regulate
its physical interaction with the nucleus33. To test this hypothesis,
we measured the distance between both organelles in
lymphocytes that exhibited different levels of centrosomal
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Figure 4 | Depletion of Arp2/3 from the centrosome results from its HS1-dependent recruitment at the immune synapse. (a) Western blot showing the

phosphorylation of HS1 during the course of B-cell stimulation. Representative of two independent experiments. (b) Representative images of B cells stimulated

with indicated beads for 15 min, fixed and co-stained for total HS1 (top) or phosphorylated HS1 (bottom) and the centrosome (a-tubulin). Dashed white circles

indicate bead position. Scale bar, 3mm. Images are representative of two independent experiments. (c) Representative images of B cells stimulated with indicated

beads for 60 min, fixed and co-stained for Arp2 and the centrosome (a-tubulin). Dashed white circles indicate bead position. Scale bar, 3mm. Representative of

three independent experiments. (d,e) Quantification of synapse-associated Arp2 (d) and F-actin (e). (d) n¼ 71, 64, 68, 72 and 69 cells and (e) n¼ 55, 60, 66, 59

and 57 cells from left to right, pooled from three independent experiments. (f) Left: sequential images of B cells co-transfected with the centrosomal marker

eGFP–Centrin1 and the F-actin probe Utrophin-RFP stimulated with BCR-ligandþ beads and imaged by time-lapse spinning disk microscopy. White arrows

indicate F-actin clearance from the centrosome (bottom) and its concomitant accumulation at the immune synapse (top) during the course of B-cell stimulation.

Dashed white circles indicate bead position. Scale bar, 3mm. Right: quantification of synapse- (blue) and centrosome- (red) associated F-actin of B cells stimulated

with indicated beads. F-actin mean fluorescence intensity (MFI) was normalized with respect to initial intensity (t� 5 min) for each cell. Data are pooled from two

independent experiments and graph shows the mean±s.e.m. of n¼ 7 cells per condition. (g,h) Quantification of Arp2 (g) and F-actin (h) associated with the

synapse (left) and the centrosome (right) in control and HS1-silenced B cells stimulated for 60 min with indicated beads. Data are pooled from two (g) and three

(h) independent experiments with (g) synapse: n¼ 51, 46 and 53 cells; centrosome: n¼ 51, 52 and 47 cells; and (h) synapse: n¼ 72, 74 and 66 cells; centrosome:

n¼ 73, 72 and 67 cells from left to right. P values determined by Mann–Whitney test. fluo. int., fluorescence intensity. syn, synapse.
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F-actin. We found that reduction of centrosomal F-actin upon
BCR engagement not only stimulated centrosome polarization
but was also accompanied by an increase in the distance between
the nucleus and this organelle (Fig. 6a). Strikingly, such increase
was equally observed when depleting or inhibiting Arp2/3 in
non-stimulated cells (Fig. 6b,c), indicating that the mere
reduction of centrosomal F-actin is sufficient to induce its
physical separation from the nucleus. Similarly, the distance
between the centrosome and the nucleus of resting WASH-
silenced cells, whose centrosome has low levels of centrosomal
F-actin, was also increased (Supplementary Fig. 6a). In contrast,
in activated HS1-silenced lymphocytes that maintained high
levels of F-actin at their centrosome, the centrosome–nucleus
distance was as short as in non-stimulated cells (Fig. 6d).
This result equally applied to lymphocytes expressing the eGFP–
Centrin1–VCA construct, which displayed increased centrosomal
F-actin and impaired centrosome polarization (Fig. 6e,f).
However, centrosome–nucleus separation was rescued in these
cells by reducing centrosomal F-actin with CK666 or by silencing
Arp2/3 (Fig. 6d–f and Supplementary Fig. 6b). These results
strongly suggest that the pool of F-actin at the centrosome
maintains it in close proximity to the nucleus and must therefore
be depleted for these two organelles to physically separate.
Important molecules involved in the physical association of the
centrosome to the nucleus are components of the linker of
nucleoskeleton and cytoskeleton (LINC) complex. This complex
includes Nesprin proteins that bind both the microtubule and
actin cytoskeleton networks. We therefore investigated whether
detachment of the centrosome from the nucleus as a result of
LINC complex disruption might rescue centrosome polarity.
Over-expression of a dominant-negative mutant of Nesprin-2
that does not bind F-actin32 was sufficient to increase the distance
between the centrosome and the nucleus in resting cells without
affecting the amounts of centrosome-associated F-actin (Fig. 6g
and Supplementary Fig. 6c). More importantly, expression of this
dominant-negative version of the LINC complex rescued both
centrosome polarization and centrosome separation from the
nucleus in HS1-silenced activated lymphocytes despite their high
levels of centrosomal F-actin (Fig. 6h,i and Supplementary
Fig. 6d,e). Hence, the need to deplete F-actin at the centrosome
to detach it from the nucleus and allow its polarization to the
immune synapse can be bypassed by disrupting the LINC
complex. These results strongly suggest that F-actin nucleation at
the centrosome is required for its physical association to the
nucleus by the LINC complex. Altogether, these data further
provide a putative mechanism for the need to deplete
centrosomal Arp2/3 and F-actin to allow centrosome
translocation to the immune synapse.

Discussion
We here found that BCR engagement with immobilized antigens
induces the accumulation of the Cortactin-like protein HS1 at the
immune synapse, which recruits Arp2/3, promoting the local
enrichment of F-actin. Of note, although inhibition of Arp2/3
does not impair centrosome polarization, its activity is
nonetheless required for B lymphocytes to process and present
BCR-internalized antigens to T lymphocytes (Supplementary
Fig. 6f), suggesting a function for this complex at the B-cell
synapse. Recruitment of Arp2/3 at the synapse leads to its partial
depletion from the centrosome, thereby reducing the pool of
centrosome-nucleated F-actin. The centrosome would then be
free to physically separate from the nucleus and move towards the
immune synapse. Importantly, we found that an intact LINC
complex is required for centrosomal F-actin to maintain
centrosome attachment to the nucleus. Interestingly, although
the molecular players that allow interaction between the LINC
complex and the nucleoskeleton were described, the one that link
this complex to the centrosome remained unclear33. Our results
suggesting that F-actin nucleation at the centrosome might be a
key player in this process therefore brings an interesting new
piece to this puzzle.

Our findings strongly suggest that F-actin nucleation at the
centrosome must decrease for this organelle to acquire a polarized
localization. This might result, at least in part, from the role of
centrosomal F-actin in retaining the centrosome in vicinity of the
nucleus33. The idea that the actin cytoskeleton links the
centrosome to the nucleus was initially proposed in the eighties
based on observations showing that nucleus purification or cell
enucleation required the addition of F-actin-depolymerizing
drugs34,35. However, the precise nature and origin of this actin
network remain unclear. Different F-actin structures had been
reported in association to the centrosome and/or the nucleus.
This includes ‘actin clouds’ that position centrosomes and mitotic
spindles36 and resemble the F-actin structures we observed at the
centrosome of B lymphocytes. In addition, the nucleus of
migrating fibroblasts associates to a ‘perinuclear actin cap’37 or
to ‘linear actin arrays’ referred to as TAN lines, which regulate
nucleus retrograde transport and centrosome polarity through the
LINC complex32,38. Although we did not observe TAN lines in
B lymphocytes, what might be due to their non-adherent
properties, whether and how Arp2/3-dependent F-actin
nucleation at the centrosome contributes to the formation
and/or function of these actin structures will be an important
point to investigate in the future.

Of note, we do not exclude that actin depletion at the
centrosome may control additional processes required for
efficient centrosome polarization than centrosome–nucleus

Figure 5 | Downregulation of centrosomal Arp2/3-dependent F-actin nucleation is required for centrosome polarization to the immune synapse.

(a–c) Quantification of centrosome polarity index of control and HS1-silenced (a), CK666-treated (b) or HS1-silenced and CK666-treated (c) B cells

stimulated with indicated beads for 60 min. (a) n¼ 77, 71 and 75 cells; (b) n¼ 103, 80 and 87 cells and (c) n¼ 77, 69, 72 and 75 cells from left to right,

pooled from three independent experiments. (d) Representative images of control and HS1-silenced B cells treated with dimethylsulfoxide (DMSO) or

CK666, stimulated with BCR-ligandþ beads for 60 min, fixed and co-stained for F-actin (phalloidin) and the centrosome (a-tubulin). Scale bars, left: 3mm;

right: 0.9mm. (e) Quantification of centrosome-associated F-actin from cells shown in d (n¼41, 47, 38 and 45 cells from left to right, pooled from two

independent experiments). (f) Quantification of centrosomal F-actin of control, HS1- and HS1 plus Arp2-silenced B cells stimulated for 60 min with

indicated beads (n¼ 58, 65, 65 and 63 cells from left to right, pooled from three independent experiments). (g) Correlation analysis of centrosome-

associated F-actin and the bead–centrosome distance (n¼ 185 cells). Spearman correlation test, Po0,0001. (h) Left: schematics depicting the construct

used to over-activate the Arp2/3 complex at the centrosome (bottom). Right: representative images of control and eGFP–Centrin1–VCA-expressing B cells,

stimulated with indicated beads for 60 min, fixed and co-stained for F-actin (phalloidin) and the centrosome (GFP). Scale bar, 3 mm. (d,h) White circles

indicate bead position. Dashed grey squares indicate the region magnified on the right. Dashed circles on magnifications highlight the centrosomal area

used for quantification. (i,j) Quantification of centrosomal F-actin (i) and centrosome polarity index (j) of cells shown in h. (i) n¼ 74, 66, 68 and 64 cells

and (j) n¼ 75, 71 and 64 cells from left to right, pooled from three independent experiments. (k) Quantification of centrosome polarity index of control and

eGFP–Centrin1–VCA-expressing B cells, treated or not with CK666 and stimulated with indicated beads for 60 min (n¼41, 39, 42 and 42 cells from left to

right, pooled from two independent experiments). P values determined by Mann–Whitney test. Cent-VCA, eGFP-centrin1-VCA.
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attachment. In particular, reduction of F-actin nucleation at the
centrosome might induce local changes to favour its microtubule-
dependent translocation to the synapse. For example, it may
facilitate Dynein recruitment and/or local centrosome docking at
the immune synapse. Consistent with these hypotheses, we
and others have shown that Dynein is indeed required for
centrosome reorientation to the synapse in both B and
T lymphocytes15,17,19,20. Further work is needed to unravel the

role played by centrosome-nucleated F-actin in the biology of
resting lymphocytes, as well as to fully understand how depletion
of this F-actin pool facilitates centrosome polarity.

Our data suggest that the centrosome and the immune synapse
compete for Arp2/3. Although we cannot formally exclude that
there is a direct exchange between centrosomal and synaptic
Arp2/3, we think that this is unlikely in view of data showing that
most Arp2/3 resides in the cytosol39. We therefore propose that
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both the centrosome and the synapse are rather competing for the
cytosolic pool of Arp2/3.

Anyhow, our data strongly suggest that there is an effective
competition between distinct subcellular locations for this
actin-nucleating complex. As a result of this competition, cells
would respond to extracellular stimuli by favouring one biological

process over another, what might provide a simple mechanism
for cells to coordinate them in time and space. In addition, the
existence of a competition for cytosolic Arp2/3 implies that
the pool of centrosome-associated Arp2/3 might be minor in
adherent cells as compared with lymphocytes, given that they use
this complex to form adhesive structures such as lamellipodia.
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Figure 6 | Centrosomal Arp2/3-mediated F-actin nucleation links the centrosome to the nucleus through the LINC complex. (a–d) The shorter distance

in three dimensions between the centrosome and the edge of the nucleus was measured in: (a) B cells stimulated with either BCR-ligand� or BCR-ligandþ

beads for 60 min; (b) resting B cells treated with dimethylsulfoxide (DMSO) or CK666 for 60 min; (c) control, Arp2- and Arp3-silenced resting B cells; and

(d) control and HS1-silenced B cells, treated with either DMSO or CK666, and stimulated with indicated beads for 60 min. Data are pooled from two (c,d)

and three (a,b) independent experiments with (a) n¼ 90 cells per condition; (b) n¼93 and 78 cells for DMSO and CK666, respectively; (c) n¼43, 35 and

31 cells; and (d) n¼ 56, 53, 52 and 54 cells from left to right. (e) Representative images of B cells over-expressing the eGFP–Centrin1 protein or the

eGFP–Centrin1–VCA fusion protein treated or not with CK666, stimulated with indicated beads for 60 min, fixed and co-stained for F-actin (phalloidin), the

centrosome (GFP) and the nucleus (DAPI). Dashed circles indicate bead position. Scale bar, 3 mm. (f) Quantification of the distance between the

centrosome and the nucleus edge from cells shown in e. Data are pooled from two independent experiments with n¼41, 39, 42 and 43 cells from left to

right. (g) Quantification of the distance between the nucleus edge and the centrosome in resting B cells over-expressing or not the LINC-DN construct.

Data are pooled from three independent experiments with n¼64 cells per condition. (h,i) Quantification of centrosome polarity index (h) and centrosome–

nucleus distance (i) of control and HS1-silenced B cells, over-expressing or not the LINC-DN construct and stimulated for 60 min with indicated beads.

Data are pooled from two independent experiments with (h) n¼41, 40, 42 and 42 cells and (i) n¼41, 44, 41 and 45 cells from left to right. P values

determined by Mann–Whitney test. DAPI, 40,6-diamidino-2-phenyindole.
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Interestingly, it has been shown that immune synapses share
many features with lamellipodia40, suggesting that the
competition between the centrosome and the immune synapse
for Arp2/3 might also apply to the centrosome and the
lamellipodium of migrating cells.

In conclusion, our results highlight an unexpected role for the
regulation of centrosome-associated F-actin in the control of
lymphocyte polarization. Whether and how this novel regulatory
mechanism applies to additional biological systems that rely on
cell polarity is an open question. This would be of particular
interest in the context of cilium biogenesis that involves signalling
pathways also used in immune synapse formation by
lymphocytes41,42.

Methods
Cells and cell culture. The mouse IgGþ B-lymphoma cell line IIA1.6 (derived
from the A20 cell line (American Type Culture Collection #: TIB-208)) and the
LMR7.5 T-cell hybridoma that recognizes I-Ad-Lack156–173 complexes (from
and described in ref. 43) were cultured as reported14 in CLICK medium
(RPMI 1640—GlutaMax-I supplemented with 10% fetal calf serum, 1% penicillin–
streptomycin, 0.1% b-mercaptoethanol and 2% sodium pyruvate). All cell culture
products were purchased from GIBCO/Life Technologies. All experiments were
conducted in 50% CLICK/50% RPMI 1640—GlutaMax-I.

siRNA. Protein silencing was achieved using the Neon transfection system
(Invitrogen, Life Technologies). Briefly, B cells were washed in phosphate-buffered
saline (PBS), resuspended in Buffer R at a density of 50� 106 cells per ml and
ON-TARGETplus SMARTpool Non-targeting (siCtrl), HS1- (siRNA#1: 50-GGG
CAUGAUGUAUCGGUUU-30 ; siRNA#2: 50-CCAAGGAGAGGGAAGCGAU-30 ;
siRNA#3: 50-UGGAAGAGCCAGUGUACGA-30 ; and siRNA#4: 50-GUAAAGAU
GAGCCGAGAAG-30), Arp2- (siRNA#1: 50-UGGUGUAACUGUUCGAUAA-30;
siRNA#2: 50-GUUCUUUACUAAUGACGAA-30 ; siRNA#3: 50-GAUCAGUGC
UUCUCGACAA-30; and siRNA#4: 50-CAUCGAGGUUGGAACGAGA), Arp3-
(siRNA#1: 50-GAAGAGAGCUAAGACGAUU-30 ; siRNA#2: 50-AAGCAGUGAA
GGAACGCUA-30; siRNA#3: 50-GCUGACGGGUACAGUAAUA; siRNA#4: 50-G
AGUCAACGCCAUCUCAAA) or WASH- (siRNA#1: 50-ACAGCAACACGGC
GGAAUA-30 ; siRNA#2: 50-GAGGAGAAAUUGUUCGAUG-30 ; siRNA#3: 50-GC
ACAUUCAGGAACGUUUA-30 ; and siRNA#4: 50-GAAUACGGCUCCAUCUU
UA-30) targeting siRNA (Dharmacon, GE Healthcare) were added at a final
concentration of 200 nM. Cells were then electroporated (1,300 V, 2 pulses, 20 ms
per pulse) using 10-ml tips, and incubated in CLICK medium for 60–72 h. Silencing
efficiency was analysed by western blot as described below.

Plasmids. The eGFP–Centrin1 and Utrophin-RFP plasmids were obtained
from M. Bornens and M. Piel, respectively (Institut Curie, Paris, France).
The eGFP–Centrin1–VCA plasmid was obtained by sub-cloning in frame the
VCA domain of WASH at the C terminus of the eGFP–Centrin1 construct.
Briefly, the Centrin1 cDNA deleted from its stop codon was amplified from
the eGFP–Centrin1 plasmid using the following primers: forward:
50-ctaggtaccatggcttccggcttcaaga-30 and reverse: 50-gcaggatccgtaaaggctggtcttcttcat-30

(which include KpnI and BamHI restriction sites (underlined), respectively). The
WASH VCA cDNA was amplified from a previously home-made (A. Gautreau)
WASH plasmid by using the primers: forward: 50-ttaggatccTCCGGACTCAGAT
CTCGAGCTCAAGCTTCGAATTCTGCAGTCGACcagggagcccctaagga-30 (which
includes BamHI restriction site (underlined) and the sequence for a peptide linker
(upper case)) and reverse: 50-gattctagaTCAggactcccagtcctcct-30 (which includes
XbaI restriction site (underlined) and a stop codon (upper case)). Both fragments
were then sub-cloned in frame within the original vector using KpnI and XbaI
restriction enzymes. BamHI restriction enzyme was used to orient the two frag-
ments. The resulting eGFP–Centrin1–VCA plasmid was sequenced to ensure
sequence integrity. The LINC-DN (Nesprin-2 SRKASH) plasmid was obtained
from E.R. Gomes and described in ref. 32. Plasmid expression was achieved by
electroporating 2� 106 B-lymphoma cells, with 1 or 3 mg of plasmid using the
Amaxa Cell Line Nucleofactor Kit R (T-016 programme, Lonza). Cells were
incubated in CLICK medium for 16–20 h before analysis.

Reagents. The Lack antigen was produced and purified by the ‘Recombinant
Protein’ platform (UMR144, Institut Curie, Paris, France), and Lack peptide
(aa 156–173) was synthetized by PolyPeptide Group. Cytochalasin D and noco-
dazole used from centrosome purification were from Sigma Aldrich. For inhibition
of Arp2/3 activity, cells were pretreated with 25 mM CK666 (Tocris Bioscience) for
30 min before being stimulated for indicated time in presence of the drug.

Antibodies. The following primary antibodies were used for immunofluorescence:
rabbit anti-g-tubulin (Abcam, #Ab11317, 1/2000); fluorescein isothiocyanate

(FITC)-conjugated mouse anti-a-tubulin (Abcam, #Ab64503, 1/100); rabbit
anti-Arp2 (Abcam, #Ab47654, 1/200); rabbit anti-HS1 and rabbit anti-phospho-
HS1 (both from Cell Signalling Technologies, #4557S and #8714P, respectively,
1/50); rabbit anti-WASH (home-made as previously described44, 1/250); and
human anti-green fluorescent protein (GFP) and anti-red fluorescent protein (RFP)
(Recombinant Antibodies Platform, Institut Curie, Paris, France, 1/200). The
following secondary antibodies were used: AlexaFluor488-, AlexaFluor568-, Cy3-,
Cy5- and AlexaFluor647-conjugated F(ab0)2 donkey anti-rabbit (Jackson
ImmunoResearch, 1/300); and AlexaFluor488- and Cy3- conjugated donkey anti-
human (Life Technologies and Jackson ImmunoResearch, respectively, 1/200).
F-actin was stained using AlexaFluor546- or AlexaFluor647-conjugated phalloidin
(Life Technologies, #A22283 and #A22287, respectively, 1/100). Nuclei were
stained using 40 ,6-diamidino-2-phenyindole (DAPI, Sigma Aldrich, 1/5,000).

For western blotting, the following antibodies were used: mouse anti-g-tubulin
(Sigma Aldrich, #T6557-.2ML, 1/500); rabbit anti-HS1, phospho-HS1 and
phospho-Erk (Cell Signaling Technologies, #4557S, #8714P and #4377S,
respectively, 1/1,000); rabbit anti-Arp2 (Abcam, #Ab47654, 1/200); rabbit
anti-WASH (home-made as previously described44, 1/250); and mouse anti-Arp3
and anti-vinculin (Sigma Aldrich, #A5979-200UL, 1/200, and #V9264-200UL,
1/1,000, respectively), followed by horseradish peroxidase-conjugated donkey
anti-mouse or rabbit (Jackson ImmunoResearch, 1/5,000).

Preparation of BCR-ligand-coated beads. In all, 4� 107 3-mm latex NH2-beads
(Polyscience) were activated with 8% glutaraldehyde (Sigma Aldrich) for 2 h at room
temperature. Beads were washed with PBS 1x and incubated overnight at 4 �C with
different ligands: 100mg ml� 1 of either F(ab0)2 goat anti-mouse IgG (BCR-ligandþ

beads) or F(ab0)2 goat anti-mouse IgM (BCR-ligand� beads; MP Biomedical) in
combination or not with 100mg ml� 1 of the Leishmania major antigen Lack.

B-cell stimulation and immunofluorescences. Cells were plated on poly-L-lysine-
coated slides and stimulated with indicated beads at a 1:2 ratio (cell:beads) for
different time at 37 �C and fixed in 4% paraformaldehyde for 12 min at room
temperature. For g-tubulin staining, cells were further incubated with ice-cold 100%
methanol for 2 min and quenched for 10 min with PBS/100 mM glycine. Fixed cells
were incubated 45–60 min with primary antibodies and 30 min with secondary
antibodies in PBS–BSA–Saponin (1x/0.2%/0.05%).

Time-lapse imaging. A total of 1� 105 B-lymphoma cells co-expressing the
centrosomal marker eGFP–Centrin1 and the F-actin probe Utrophin-RFP were
seeded in 35-mm FD35 Fluorodish (World Precision Instruments, Inc). Cells were
either treated with dimethylsulfoxide (DMSO) or CK666 (25 mM) or stimulated
with either BCR-ligand� or BCR-ligandþ beads and recorded at 37 �C, 5% CO2

using an inverted spinning disk confocal microscope (Roper/Nikon) equipped with
a � 60 (1.4 numerical aperture (NA)) oil immersion objective and a CoolSNAP
HQ2 camera. The images were acquired every 5 min with z-stack of 1 mm. For the
analysis, Fiji (ImageJ) software was used to reconstruct the three-dimensional (3D)
movies, correct bleaching (exponential fit correction) and analyse the amount of
F-actin associated with the centrosome and the synapse focal plane.

Stable isotope labelling by amino acids in cell culture. IIA1.6 cells were
maintained in L-lysine-depleted SILAC RPMI 1640 (Thermo Scientific, Life
Technologies) supplemented with 10% dialysed FBS and 0.1 mg ml� 1 heavy [13C6]
or light [12C6] L-lysine (Thermo Scientific, Life Technologies). Every 3–4 days, cells
were split and media replaced with the corresponding light- or heavy-labelling
medium. After six to seven cell divisions, cells achieved Z96% incorporation of
amino-acid isotopes.

Centrosome purification. Centrosomes were purified as previously described45 with
slight modifications. Briefly, following stimulation with indicated beads for 60 min,
cells were incubated on ice with 200 nM nocodazole and 1mg ml� 1 cytochalasin D
for 90 min. Cells were washed and lysed in TicTac buffer (16 mM PIPES, 10 mM
HEPES (pH 7.5), 50 mM KCl, 1.2 mM EGTA, 5 mM MgCl2, 0.1% Triton X-100 and
0.1% b-mercaptoethanol) for 15 min. Centrosomes were isolated by sequential
centrifugations at (1) 10,000g for 30 min at 4 �C on top of a 60% w/v sucrose
cushion and (2) 40,000g for 60 min at 4 �C on top of a discontinuous sucrose
gradient (40–50–70%, w/w). Finally, 10 fractions of 0.5 ml were recovered from
the bottom of the tube, and centrosome-containing fractions were identified by
western blot.

Proteomics. Sample preparation. Proteins from centrosome preparations were
separated on 10% SDS–PAGE gels (Invitrogen) and stained with colloidal blue
staining (LabSafe GEL BlueTM GBiosciences). Gel slices were excised (20 fractions)
and proteins were reduced with 10 mM dithiothreitol before alkylation with 55 mM
iodoacetamide. After washing and shrinking of the gel fractions with 100% MeCN,
in-gel digestion was performed using recombinant endoproteinase rLys-C (Pro-
mega) overnight in 25 mM NH4HCO3 at 30 �C.

MS analysis. Peptides were extracted and analysed by nano-LC–MS/MS using
an Ultimate 3000 system (Dionex S.A.) coupled to a LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific), as described46. Samples were loaded on a
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C18 pre-column (300 mm inner diameter� 5 mm; Dionex) at 20 ml min� 1 in 5%
MeCN and 0.1% TFA. After 3 min of desalting, the pre-column was switched on
the C18 column (75 mm inner diameter� 15 or 50 cm, packed with C18 PepMap,
3 mm, 100 Å; LC Packings) equilibrated in solvent A (5% CH3CN and 0.1%
HCOOH). Bound peptides were eluted using a 97-min linear gradient (from 5 to
30% (v/v)) of solvent B (80% CH3CN and 0.085% HCOOH) at a 150-nl min� 1

flow rate and oven temperature of 40 �C. Data-dependent acquisition was
performed on the LTQ-Orbitrap mass spectrometer in the positive-ion mode.
Survey MS scans were acquired in the Orbitrap on the 480–1,200 m/z range with
the resolution set to a value of 60,000. Each scan was recalibrated in real time by
co-injecting an internal standard from ambient air into the C-trap (lock mass
option). The five most intense ions per survey scan were selected for collision-
induced dissociation (CID) fragmentation and the resulting fragments were
analysed in the linear trap (LTQ). Target ions already selected for MS/MS were
dynamically excluded for 180 s.

Data analysis. Data were acquired using the Xcalibur software (v2.0.7) and the
resulting spectra were analysed via the Mascot Software (v2.3) with Proteome
Discoverer (v1.2, Thermo Scientific) using the SwissProt Mus musculus database.
Carbamidomethylation of cysteine, oxidation of methionine, N-terminal acetylation
and heavy 13C6-lysine (Lys6) were set as variable modifications. We set specificity of
trypsin digestion and allowed two missed cleavage sites and mass tolerances in MS,
and MS/MS were set to 2 p.p.m. and 0.8 Da, respectively. The resulting Mascot result
files were further processed using myProMS47 (v3.0), allowing a maximum FDR of
1% by automatically filtering the Mascot score at the peptide level.

Protein quantification. For SILAC-based protein quantification, peptides XICs
(extracted ion chromatograms) were retrieved from Proteome Discoverer. Scale
normalization computed using the ‘package limma’ from R was applied to
compensate for mixing errors of the different SILAC cultures as described48.
Protein ratios were computed as the geometrical mean of related peptides. To
estimate ratio significance, a t-test was performed with a Benjamini–Hochberg
FDR control threshold set to 0.05. All quantified proteins have at least three
peptides quantified (all peptides selected). Peptide intensity ratio outliers were
removed when their value was too far from the median observed in the peptide
intensity ratio set for a given protein. Protein quantification ratio outliers were not
computed when the identified peptide number was too different between the two
channels. Proteins displaying a minimal absolute fold change Z10% that reaches
statistical significance (adjusted P value of quantification r0.05) were considered
as differentially associated with the centrosome of activated lymphocytes. This led
to the selection of 835 proteins.

GO term enrichment analysis. Protein analysis by GO term enrichment was
computed based on annotation only and did not take into account the relative
abundance of the 835 proteins in resting and activated lymphocytes. The frequency of
each GO was computed in the Mus musculus proteome (defined as the background,
Slim Ontology file including all 21,283 mouse proteins) and compared with the set.
We reported only the GO terms with the frequency statistically enriched in our
protein set compared with the background. GO enrichment factors were computed
with the GO::TermFinder49 through myProMS. Briefly, to determine whether any
GO term annotates a specified list of proteins at a frequency greater than the one
expected by chance, GO::TermFinder calculates a P value using a hyper-geometric
distribution. For multiple testing corrections, FDR was controlled and set to 1%
(Benjamini–Hochberg). A P value was associated to each GO term individually. The
FDR corresponds to the cutoff applied to the list of all the GO terms.

In vitro nucleation assays. In vitro nucleation assays were performed according to
Farina et al.26. In brief, centrosomes isolated in TicTac buffer were incubated for
20 min on surface of a polydimethylsiloxane open chamber. The excess of
centrosomes was washed with TicTac buffer supplemented with 1% BSA
(TicTac-BSA). Microtubule and actin nucleation was induced by diluting tubulin
dimers (labelled with ATTO-565, 30 mM final26) or actin monomers (labelled with
Alexa-568, 1 mM final50–52) in TicTac buffer supplemented with 1 mM GTP,
2.7 mM ATP, 10 mM dithiothreitol, 20 mg ml� 1 catalase, 3 mg ml� 1 glucose,
100mg ml� 1 glucose oxidase and 0.25% w/v methylcellulose. In addition, a
threefold molar equivalent of profilin to actin was added in the reaction mixture53.
Time-lapse observations were performed by using a total internal reflection
fluorescence microscope (Roper Scientific) equipped by an iLasPulsed system and
an Evolve camera (EMCCD 512� 512, pixel¼ 16 mm) using a � 60 1.49 NA
objective lens. For quantification of the actin nucleation activity by centrosomes,
F-actin fluorescence intensity was integrated over a 2-mm-diameter circle around
the centrosome and normalized with respect to initial intensity. g-Tubulin staining,
needed for the efficiency calculation, was performed at the end of the movie
recording under the microscope without prior fixation. Primary and secondary
antibodies, diluted in TicTac-BSA buffer, were incubated for 60 and 30 min,
respectively. Arp2/3 complex inhibition experiments were performed by adding
200mM CK666 in reaction mixture. dimethylsulfoxide was used as control.
Immunofluorescence staining of isolated centrosomes was performed by
incubating centrosomes, seeded on a clean surface, with primary and secondary
antibodies for 60 and 30 min, respectively.

Western blotting. B cells were lysed at 4 �C in RIPA buffer (Thermo Scientific)
supplemented with 1� protease inhibitor cocktail (Roche) and 1� Halt

phosphatase inhibitor cocktail (Thermo Scientific). Supernatants were collected
and loaded onto mini-PROTEAN TGX SDS–PAGE gels and transferred onto
polyvinylidene fluoride membrane (Trans-Blot Turbo Transfer). Membranes were
blocked in 5% non-fat dry milk resuspended in 1� TBS–0.05% Tween-20 and
incubated overnight at 4 �C, with primary antibodies followed by 60 min
incubation with secondary antibodies. Western blots were developed with Clarity
Western ECL substrate, and chemiluminescence was detected using the ChemiDoc
imager (all from BioRad). Full scans of unprocessed western blots are available in
Supplementary Fig. 7.

Calcium measurement. A total of 1� 106 B cells were loaded with 1 mM Fluo-4
AM and Fura Red AM (Life Technologies) for 15 min at 37 �C in RPMI 1640 and
resuspended in CLICK medium. The fluorescence of Fluo-4 and Fura Red were
analysed using a BD Accuri C6 flow cytometer (BD Biosciences). After 120-s
recording to assess basal Ca2þ levels, BCR-ligand at a final concentration of
10 mg ml� 1 was added to the cell suspension and the Ca2þ levels were measured
for 300 s. Finally, the ratio Fluo-4/Fura Red and the geometric mean over time were
calculated using FlowJo software (v10, BD Biosciences).

Antigen presentation. B cells were incubated with Lack±BCR-ligand-coated
beads for 5 h or with peptide control for 1 h. Cells were washed with PBS, fixed in
ice-cold PBS/0.01% glutaraldehyde for 1 min and quenched with PBS/100 mM
glycine. B cells were then incubated with Lack-specific T-cell hybridoma in a 1:1
ratio for 24 h. Supernatants were collected and interleukin-2 cytokine production
was assessed using BD optEIA Mouse IL-2 ELISA set following the manufacturer’s
instructions (BD Biosciences).

Immunofluorescence acquisition and analysis. All z-stack images (0.5-mm
spacing) were acquired on an inverted spinning disk confocal microscope (Roper/
Nikon) with a � 60/1.4 NA oil immersion objective. Image processing was per-
formed with Fiji (ImageJ) software54. Because methanol fixation required for
g-tubulin staining is not compatible with phalloidin labelling, the centrosome was
stained with antibodies directed against a-tubulin, and a threshold was applied to
visualize the centrosome but not the microtubules as described in Supplementary
Fig. 2d. Single-cell images shown in the figures were cropped from large fields,
rotated and their contrast and brightness manually adjusted. Images shown are the
average z-projection of three planes around the centrosome.

Centrosome polarity index was computed as described in Fig. 1a. Briefly,
z-stacks were projected (SUM slice) and images were automatically threshold
(Default) on the green channel to obtain the centre of mass of the cell (CellCM).
Then, the position of the centrosome and the bead geometrical centre (BeadGC)
were manually selected. The position of the centrosome was then projected
(Centproj) on the vector defined by the CellCM–BeadGC axis. The centrosome
polarity index was calculated by dividing the distance between the CellCM and the
Centproj by the distance between the CellCM and the BeadGC. The index ranges from
� 1 (anti-polarized) to 1 (fully polarized).

Centrosome- and synapse-associated Arp2 and F-actin were quantified as
shown in Fig. 2b and Supplementary Fig. 4a, respectively. Briefly, after manual
selection of the centrosome, background subtraction (rolling ball 50 px) on the
z-projection (AVG) of the three planes around the centrosome was performed. We
then computed the radial distribution of cytoplasmic Arp2 and F-actin
fluorescence intensities from the centrosome of resting cells. The drop in
fluorescence intensities (at 0.8 mm from the centrosome) was used as a threshold to
define the radius of the centrosomal area that was further used to assess the amount
of Arp2 and F-actin associated with the centrosome. The synaptic area was
manually defined by positioning a fixed area at the cell–bead interface.

The distance between the centrosome and the nucleus was measured in three
dimensions. For this, the nucleus was automatically threshold in 3D (Otsu) and the
corresponding 3D-distance map was computed (Image 3D suite plugin). The 3D
position of the centrosome was then manually selected on the cell stack and the
shorter distance to the nucleus edge was measured on the 3D-distance map.

Statistics. All graphs and statistical analysis were performed with GraphPad
Prism 5 (GraphPad Software). No statistical method was used to predetermine
sample size. Kolmogorov–Smirnov test was used to assess normality of all data sets.
Mann–Whitney test was used to determine statistical significance excepted when
mentioned. Boxes in box plots extend from the 25th to 75th percentile, with a line
at the median and whiskers extend from the 10th to the 90th percentile. Bar graphs
show the mean±s.e.m.
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ABSTRACT B-cell receptor (BCR) engagement with surface-tethered antigens leads to the 
formation of an immune synapse, which facilitates antigen uptake for presentation to T-lym-
phocytes. Antigen internalization and processing rely on the early dynein-dependent trans-
port of BCR–antigen microclusters to the synapse center, as well as on the later polarization 
of the microtubule-organizing center (MTOC). MTOC repositioning allows the release of pro-
teases and the delivery of MHC class II molecules at the synapse. Whether and how these 
events are coordinated have not been addressed. Here we show that the ancestral polarity 
protein Par3 promotes BCR–antigen microcluster gathering, as well as MTOC polarization 
and lysosome exocytosis, at the synapse by facilitating local dynein recruitment. Par3 is also 
required for antigen presentation to T-lymphocytes. Par3 therefore emerges as a key mole-
cule in the coupling of the early and late events needed for efficient extraction and process-
ing of immobilized antigen by B-cells.

INTRODUCTION
In lymph nodes, B-lymphocytes are activated through the engage-
ment of their B-cell receptor (BCR) with antigens (Ags) tethered at 
the surface of neighboring cells (Batista and Harwood, 2009). BCR 

engagement leads to extraction and processing of these immo-
bilized antigens for presentation onto major histocompatibility 
complex (MHC) class II molecules to primed CD4+ T-cells (Mitchison, 
2004). This process, referred to as T-B cooperation, is required for 
germinal center formation and production of high-affinity antibod-
ies by B-lymphocytes.

Both efficient BCR signaling and extraction of surface-tethered 
antigens rely on the formation of an immune synapse that is remi-
niscent of the one described in T-lymphocytes (Kupfer et al., 1987; 
Grakoui et al., 1999). It includes a peripheral region, the pSMAC, 
into which coreceptors such as LFA-1 accumulate, and a central re-
gion, the cSMAC, toward which BCRs, organized into clusters con-
taining signaling molecules (termed microclusters), are actively 
transported (Carrasco et al., 2004; Harwood and Batista, 2008; 
Tolar et al., 2009). Directed transport of microclusters to the cSMAC 
allows local gathering of BCR–antigen complexes and promotes 
their internalization (Fleire et al., 2006, Schnyder et al., 2011). For-
mation of signaling BCR microclusters relies on the local remodel-
ing of the actin cytoskeleton by the small GTPase Rac2 and the 
ERM protein ezrin (Brezski and Monroe, 2007; Arana et al., 2008; 
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synapse center. However, whereas these Par3-GFP dots ultimately 
concentrated at the level of the cSMAC, actin had a more peripheral 
distribution (Figure 1B). Of importance, no directional Par3-GFP 
movement (nor that of actin) was observed when B-cells were plated 
on slides noncoated with Ag (Figure 1B and Supplemental Figure 
S1), highlighting the specificity of this phenomenon. We conclude 
that Par3 is recruited at the B-cell synapse, undergoes centripetal 
movement, and concentrates at the level of the cSMAC.

Par3 is required for BCR-Ag microcluster gathering at the 
center of the immune synapse
The centripetal transport of BCR-Ag microclusters was shown to be 
essential for Ag gathering at the synapse center and uptake for pre-
sentation onto MHC class II molecules (Treanor et al., 2010). Using 
planar lipid bilayers, we observed that BCR-Ag microclusters tran-
siently overlapped with Par3-GFP–containing punctuated structures 
during centripetal transport (see arrows in Figure 2A and Supple-
mental Video S2). This result suggests that Par3 might be involved 
in the dynamics of these signaling structures. To address this ques-
tion, we silenced Par3 expression using two Par3-specific short hair-
pin RNAs (shRNAs; Supplemental Figure S2A). Although Par3-si-
lenced cells exhibited similar numbers of BCR-Ag microclusters as 
control cells, these microclusters often failed to gather at the cS-
MAC in the absence of the polarity protein, instead remaining dis-
persed at the cell periphery (Figure 2, B and C, and Supplemental 
Video S3). This was quantified by measuring the growth of microclu-
sters during centripetal transport: whereas microcluster size in-
creased in control B-cells as a result of their coalescence at the syn-
apse center, this was not observed in Par3-silenced B-cells (Figure 
2D). Of interest, a slight reduction in the phosphorylation of Erk and 
p38 was detected in Par3-silenced cells, suggesting that the mito-
gen-activated protein (MAP) kinase pathway requires microcluster 
centripetal transport for efficient activation (Supplemental Figure 
S2B). In addition, no significant difference in the mobility of single 
BCR molecules was observed between control and Par3-silenced 
resting B-lymphocytes (Supplemental Figure S3, A and B), suggest-
ing that Par3 specifically regulates BCR dynamics upon engage-
ment with immobilized antigens. We conclude that Par3 interacts 
with BCR-Ag microclusters and is required for their transport toward 
the center of the immune synapse.

Par3 regulates dynein dynamics at the B-cell synapse
The centripetal transport of BCR-Ag microclusters was shown to rely 
on dynein (Schnyder et al., 2011). Of interest, this molecular motor 
was also described as interacting and partially colocalizing with Par3 
in migrating fibroblasts (Schmoranzer et al., 2009). We therefore 
hypothesized that Par3 regulates BCR microcluster transport by 
facilitating dynein recruitment at the B-cell synapse. To test this 
hypothesis, we investigated the localization of dynein IC74 (2C–red 
fluorescent protein [RFP]) in control and Par3-silenced B-cells. Spin-
ning-disk microscopy analysis showed that dynein enrichment at the 
synapse was decreased in Par3-knockdown B-cells (Figure 3, A and 
B). In addition, analysis of the dynamics of the motor protein by 
TIRFM showed that the duration of single dynein trajectories was 
significantly reduced in Par3-silenced cells as compared with their 
control counterpart (Figures 3, C and D, and Supplemental Video 
S4), indicating that the time of presence of dynein at the immune 
synapse is decreased in the absence of the polarity protein. Of inter-
est, this particularly concerned the dynein structures that localized 
at the synapse center (Figure 3E). Accordingly, transient colocaliza-
tion events of Par3-GFP and dynein IC74 (2C-RFP) were observed in 
cotransfected B-cells (Figure 3F and Supplemental Video S5). Par3 

Treanor et al., 2010). In addition, the directed movement of signal-
ing BCR microclusters to the cSMAC requires their association with 
the microtubule motor protein dynein, which promotes antigen 
gathering, extraction, and presentation (Schnyder et al., 2011).

Additional evidence for the involvement of the microtubule cyto-
skeleton in synapse organization and function is provided by our 
work demonstrating that the polarization of the microtubule- 
organizing center (MTOC) to the B-cell synapse allows the local se-
cretion of lysosomal hydrolases that promote efficient antigen ex-
traction (Yuseff et al., 2011). Two other recent studies support the 
idea that B-cell polarity regulates B-lymphocyte function at several 
stages of activation. Indeed, it was shown that while migrating to-
ward the T-cell zone, activated B-cells undergo asymmetric divi-
sions, allowing segregation of the taken-up antigen to be presented 
to T-lymphocytes in one daughter cell only (Thaunat et al., 2012). 
Asymmetric B-cell divisions were also described in germinal centers, 
where they might regulate the unequal inheritance of fate-associated 
molecules such as Bcl-6 by daughter cells (Barnett et al., 2012). Con-
trol of cell polarity therefore emerges as a key mechanism  involved 
in the regulation of B-lymphocyte responses.

In epithelial cells, establishment of cell polarity is driven by three 
conserved protein complexes: Scribble, Crumbs, and the partition-
ing-defective (Par) complex (Mellman and Nelson, 2008). Among 
the three, the Par polarity complex has the broadest function, con-
trolling apicobasal polarity, asymmetric cell division, and directed 
cell migration. It is composed of three subunits—Par6, Par3, and 
atypical protein kinase Cζ (aPKCζ)—and is often activated down-
stream of the small GTPase Cdc42 (Iden and Collard, 2008). The 
mechanisms by which Par regulates cell polarity involve the redirec-
tion of both the actin and microtubule cytoskeletons toward pre-
cisely labeled intracellular locations. We demonstrated that MTOC 
and lysosome polarization induced upon BCR engagement with 
surface-tethered Ag relies on both Cdc42 and aPKCζ (Yuseff et al., 
2011). Of interest, it was highlighted that Par3 interacts with dynein 
in migrating fibroblasts (Schmoranzer et al. 2009). This has been 
shown to allow MTOC polarization in T-lymphocytes (Quann et al. 
2009; Yi et al. 2013). Furthermore, Par3 transcription was shown to 
be under the control of Pax5, the master regulator of the B-cell lin-
eage (Schebesta et al., 2007). However, whether this ancestrally 
conserved polarity protein plays a role in B-lymphocyte function re-
mains an open question.

Here we investigate the role of Par3 in formation and function of 
the B-cell synapse. We show that by facilitating the local recruitment 
of dynein, Par3 couples the early and late events required for pre-
sentation of immobilized Ag to T-lymphocytes: 1) the gathering of 
BCR-Ag microclusters at the synapse center and 2) the local exocy-
tosis of lysosomes that delivers proteases and MHC class II mole-
cules for Ag processing to take place.

RESULTS
BCR engagement with surface-tethered antigens triggers 
Par3 recruitment to the center of the immune synapse
To investigate whether Par3 is recruited at the B-cell synapse, we 
plated mouse B-lymphoma cells expressing Par3–green fluorescent 
protein (GFP) and LifeAct-CherryFP onto glass slides coated or not 
with specific BCR ligands and recorded them for 30 min by total in-
terference reflection fluorescence time-lapse microscopy (TIRFM). 
As expected, we observed a flow of actin starting at the synapse 
periphery and moving toward its center, leading to lamellipodial ex-
tension and progressive contraction (Figure 1, A and B, and Supple-
mental Video S1). Of interest, Par3-GFP formed punctuated struc-
tures that, similar to actin, moved in a unidirectional manner to the 
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2011). We observed that Par3 and dynein were both enriched at the 
cell–bead interface and exclusively when beads were coated with 
specific BCR ligands (Figures 4, A–C). Partial colocalization of the 
two proteins was also observed (Figure 4A). Of importance, dynein 
polarization to Ag-coated beads was significantly reduced in Par3-
silenced B-lymphocytes (Figure 4, D and E), whereas dynein inhibi-
tion did not alter Par3-GFP polarization (Supplemental Figure S4A). 
These results indicate that, as observed on planar surfaces, Par3 
promotes the recruitment of dynein to the synapse that forms at the 
B-cell–bead interface.

Calculation of the MTOC polarity index showed that it was sig-
nificantly reduced in Par3-silenced B-cells (Figure 5, A and B), indi-
cating that Par3 is required for MTOC polarization in B-cells. Polar-
ization was not observed in B-cells stimulated with beads coated 
with proteins that do not engage the BCR. Of importance, MTOC 
polarity was rescued by exogenously expressing human Par3-GFP in 
mouse B-cells silenced for the endogenous protein (McCaffrey and 
Macara, 2009), indicating that defective polarity in these cells did 
not result from shRNA off-targets (Supplemental Figure S4B). Dy-
nein inhibition with ciliobrevin A also significantly impaired MTOC 
recruitment to the cell–bead interface (Supplemental Figure S5A). 
We conclude that Par3 and dynein are required for MTOC polariza-
tion to the B-cell synapse.

silencing had no effect on the endogenous expression levels of 
the dynein IC74 subunit (Supplemental Figure S3C). Thus, Par3 
 facilitates dynein enrichment at the center of the B-cell synapse, 
suggesting that Par3 might promote BCR-Ag microcluster centrip-
etal transport by locally recruiting the motor protein.

Par3 and dynein regulate MTOC polarization to the 
B-cell synapse
Acquisition of surface-tethered Ag relies on 1) the early gathering of 
BCR-Ag microclusters at the cSMAC and 2) the later polarization of 
the MTOC and lysosomes at the immune synapse, which provide 
both the proteolytic enzymes and MHC class II molecules required 
for Ag extraction and processing (Yuseff et al., 2011). Of interest, 
both Par3 and dynein are involved in MTOC polarization in a variety 
of cellular systems (Gérard et al., 2007; Schmoranzer et al., 2009). 
We therefore hypothesized that in addition to BCR-Ag microcluster 
gathering, Par3 and dynein might promote MTOC and lysosome 
polarization, thereby coupling the early and late events required for 
efficient Ag presentation.

To assess the role of Par3 and dynein in MTOC polarization to 
the B-cell synapse, we incubated B-lymphoma cells with 3-μm latex 
beads coated or not with BCR ligands, a system that is better suited 
than planar surfaces to study global cell polarity events (Yuseff et al., 

FIGURE 1: Par3 polarizes at the immune synapse. (A) Time-lapse imaging by TIRFM of B-cells expressing LifeAct-
CherryFP and Par3-GFP, plated on glass slides coated with BCR ligand; bottom, kymographs of a line scan across the 
immune synapse (yellow dashed lines in top image). Scale bar, 3 μm. (B) Average of the integrated radial line scan (see 
Materials and Methods) normalized by the size of the cell and the fluorescence intensity (normalized fluorescence 
intensity [NFI]) measured for 65 and 34 cells plated on specific (+) and unspecific (–) BCR ligand, respectively, at 
t = 30 min after cell plating (at least two independent experiments). Shadow indicates the interval of confidence (±SEM). 
Bottom, ratio of the NFI averages (top) measured with and without antigen.
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Par3-silenced B-cells (Supplemental Figure S6A). In contrast, cell 
spreading measured on Ag-coated slides (Supplemental Figure 
S6B) or beads (Figures 6, A and B) remained unaffected. Similarly, 
the number of beads in contact with the control or silenced cells was 
not significantly different (Figure 6C). Lysosome exocytosis at the 
synapse was next assessed by measuring local acidification using 
beads coated with BCR ligands coupled to Cypher5E dye, which 
fluoresces at acidic pH (Milasta et al., 2005; Yuseff at al., 2011). This 
experiment showed that synapse acidification was impaired in Par3-
knockdown B-cells (Figure 6, D and E). In agreement with our previ-
ous findings (Yuseff et al., 2011), no significant Cypher5E signal was 
observed in intracellular compartments, suggesting either that the 

Par3 and dynein regulate lysosome secretion at the 
B-cell synapse
Similar results were obtained when monitoring lysosome polariza-
tion to the cell–bead interface: both Par3 silencing and dynein inhi-
bition significantly impaired lysosome recruitment to the synapse 
(Figure 5, A and C, and Supplemental Figure S5B). Analysis of dy-
nein distribution in activated B-cells by structured-illumination mi-
croscopy (SIM) showed no major colocalization between the LAMP-1 
lysosomal marker and the molecular motor, suggesting that the ma-
jority of the synaptic dynein pool was recruited independently of 
these vesicles (Figure 5D and Supplemental Video S6). The local 
density of lysosomes monitored by TIRFM was also reduced in 

FIGURE 2: Par3 regulates BCR microcluster movement and gathering at the immune synapse. (A) TIRFM simultaneous 
images of Par3-GFP (green) and BCR clusters (red) of a cell (dashed circle) plated on supported lipid bilayer (scale bar, 
3 μm); right, line scan integrated intensity signal of the two channels (as described in Material and Methods). (B) TIRFM 
images of control and Par3-silenced B-cells plated onto lipid bilayers containing ICAM-1 and specific (+) or nonspecific (–) 
fluorescent BCR ligand (see Materials and Methods). Scale bar, 3 μm. (C) Percentage of cells presenting BCR microclusters 
gathered at the center of the immune synapse after 30 min (qualitative comparison between images like the one 
displayed in B at t = 0 and 30 min). (D) Growth of BCR microclusters in time, shown as the fold increase of the size 
compared with time 0 (sizes are computed as described in Materials and Methods) in control and Par3-A– silenced B-cells 
(bold curves represent mean ± SEM for 45 samples for shCtrl and 60 samples for shPar3; three independent experiments).
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fraction of taken-up Ag was not abundant 
enough to be detected or that Ag was inter-
nalized in early endosomal compartments 
whose pH is not compatible with Cypher5E 
fluorescence emission. Accordingly, Par3 si-
lencing also reduced the extraction of im-
mobilized Ag, as monitored by labeling the 
amount of ovalbumin remaining on beads in 
contact with B-cells (Figure 6F). Hence Par3 
silencing impairs lysosome recruitment and 
secretion at the B-cell synapse as well as lo-
cal Ag extraction.

Taken together, our results strongly sug-
gest that Par3 regulates MTOC/lysosome 
recruitment at the synapse by locally re-
cruiting dynein. To formally demonstrate 
this point, we assessed whether MTOC/
lysosome polarity in Par3-silenced B-cells 
was rescued by expression of a Par3–yel-
low fluorescent protein (YFP) construct that 
lacks the N-terminal domain (Par3 Cter-
YFP) responsible for its interaction with the 
motor protein (Schmoranzer et al., 2009). 
Unfortunately, we found that this construct 
was mislocalized when transfected in B-
cells, accumulating in their nucleus (Sup-
plemental Figure S6C). Nevertheless, our 
data indicate that Par3 promotes the polar-
ization of dynein to the B-cell synapse, 
which in turn is required for MTOC/lyso-
some local recruitment. We therefore con-
clude that Par3 promotes MTOC/lysosome 
polarization at least in part by facilitating 
dynein recruitment at the immune synapse, 
even though we cannot exclude that Par3-
silenced B-cells might have additional de-
fects that also contribute to their defective 
polarity phenotype.

Par3 is required for the processing 
and presentation of surface-tethered 
antigens to T-cells
Having shown that Par3 promotes both 
BCR-Ag microcluster gathering at the cen-
ter of the synapse and the local secretion of 
lysosomes, we next investigated whether 
Par3 is required for presentation of surface-
tethered Ag onto MHC class II molecules to 
CD4+ T-lymphocytes. For this, we incubated 
B-cells with beads coated or not with spe-
cific BCR ligands plus the LACK antigen 
from Leishmania major, as previously de-
scribed (Yuseff et al., 2011). After 4 h, B-cells 

FIGURE 3: Par3 regulates dynein dynamics at the B-cell synapse. (A) B-cells expressing 
dynein-IC-RFP were plated on anti-IgG–coated coverslips and imaged 15 min to 1 h after 
stimulation by spinning-disk microscopy. The three images show three sections of a cell (bottom 
xy and two sagittal ones). (B) Method used to quantify dynein accumulation at the synapse: the 
ratio between fluorescence density of the signal (total fluorescence/volume) in the synapse to the 
fluorescence density in the cytoplasm was computed; a uniform distribution would give a ratio 
of 1. The measured fluorescence ratio is higher in shCtrl than in shPar3-A cells (shCtrl, n = 27; 
shPar3, n = 18; p = 0.016, Mann–Whitney test; three independent experiments), indicating 
Par3-dependent accumulation of dynein at the synapse. (C) The same pool of cells observed in 
B were previously observed in TIRFM, and the dynein puncta visible on each frame (left) were 
tracked with single-particle tracking (only puncta above background levels were considered); 
overlap of trajectories is color coded according to their duration. (D) Median duration of the 
trajectory computed in the same cell shows that in the control (shCtrl, n = 27) cells, dynein 
remains at the synapse significantly longer than in silenced ones (shPar3-A, n = 18; p = 0.0028, 
Mann–Whitney test); trajectories <2 s were discarded from statistics). (E) Average of the 
duration, with error bars (SEM), plotted along the normalized distance from the center of the 
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FIGURE 4: Par3 controls centrosome docking by recruiting dynein to the immune synapse. (A) Immunofluorescence 
staining of Par3-GFP (anti-GFP) and dynein (biotinylated anti–dynein-IC74) in B-cells previously incubated with anti-IgG–
coated (+) or anti-IgM–coated (–, negative control) beads for 1 h. Scale bars, 3 μm. (B) The automated method used to 
quantify the degree of polarization of a cell: briefly, 1) the cell is imaged in three dimensions on different signals; 2) its 
center of mass and the center of mass of the signal of interest are obtained by suitable threshold methods; 3) the 
positions of the different centers of mass are computed relative to the center of the cell; and 4) the polarity index (PI) is 
obtained as described by the appropriate formula (see Materials and Methods). (C) Double polarity indexes were 
obtained for each condition (each black circle corresponds to a cell). Colored plot were obtained (using the dscatter.m 
Matlab routine; Eilers et al. 2004) from single-cell results (color code uses the Jet LUT: low density, blue; high density, red). 
The polarity index is measured at t = 15min (without [–] BCR ligand, n = 88; with [+] BCR ligand, n = 76) and t = 60 min 
(without [–] BCR ligand, n = 95; with [+] BCR ligand, n = 95; three independent experiments) after incubation (however, 
because we do not control the precise time at which cells interact with beads, this contact time might be slightly 
overestimated). (D) Control (shControl) and Par3-silenced (shPar3-B) B-cells were treated as described in A and stained 
for α-tubulin (red) and dynein-IC74 (green). Scale bars, 3 μm. (E) Dynein polarity indexes were obtained as described in 
Materials and Methods using single-cell analysis (respectively, n = 80, 83, 67, and 123; three independent experiments). 
Control stimulated cells (shControl, +) present increased polarity indexes compared with Par3 silenced and nonstimulated 
cells (p(shControl-ligand) < 0.0001, p(shPar3+ligand) < 0.0001; Mann–Whitney test against shControl+ligand).
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BCR cell surface levels at the steady state or the internalization of 
the BCR upon engagement (Supplemental Figure S7, A and B). 
These results indicate that impaired antigen processing did not re-
sult from altered BCR endocytic trafficking. Of importance, Par3 si-
lencing had no effect on peptide presentation (Figure 6H), indicat-
ing that it does not affect surface expression levels of MHC class II 
or costimulatory molecules involved in B-cell–T-cell interactions. 
Equivalent results were obtained in purified mouse spleen B-cells 

were fixed and cultured in the presence of a T-cell hybridoma that 
recognizes the LACK peptide (amino acids 156–173) presented 
onto I-Ad MHC class II molecules, and their activation was measured 
by monitoring the secretion of interleukin-2 (IL-2). T-cell activation 
was observed only when using beads coated with BCR ligands, 
demonstrating that Ag must interact with the BCR to be efficiently 
presented to T-cells (Figure 6G). Ag presentation to T lymphocytes was 
compromised in Par3-silenced B-cells. Par3 silencing did not affect 

FIGURE 5: MTOC and lysosome polarization at the immune synapse relies on Par3. (A) Control (shControl) and 
Par3-silenced (shPar3-B) B-lymphoma cells were incubated with anti-IgG–coated beads (dotted circles) for 1 h and 
stained for γ-tubulin (red) and LAMP-1 (green) to label the MTOC and lysosomes, respectively. Scale bars, 3 μm. 
(B, C) Quantification of MTOC and lysosome polarization index, measured as described in Figure 4B in control 
(red circles) and Par3-silenced cells (blue circles, two different constructs) with and without specific antigen 
(empty and full dots, respectively). Quantification was performed using a single-cell analysis, according to 
Materials and Methods (n = 110, 103, 26, 81, 57, and 47, respectively; at least three independent experiments; for 
MTOC, p(shControl-BCR) < 0.0001, p(shPar3A+BCR) < 0.0001, and p(shPar3B+BCR) = 0.0005; for lysosomes, 
p(shControl-BCR) < 0.0001, p(shPar3A+BCR) = 0.0002, and p(shPar3B+BCR) = 0.0046; Mann–Whitney test against the 
control condition shControl+ligand). (D) SIM images showing a B-cell incubated with an anti-IgG–coated bead for 1 h 
and stained for γ-tubulin (blue), LAMP-1 (green), and dynein-IC74 (red); left, 3D view of the cell; middle, a planar section; 
right, zoom of the synapse, showing no colocalization between dynein-IC and LAMP-1 compartments.
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FIGURE 6: Par3-dependent lysosome recruitment and secretion at the immune synapse is required for antigen 
presentation to CD4+ T-cells. (A) Spreading of shCtrl and shPar3 cells on antigen-coated beads observed by scanning 
electron microscopy (scale bar, 5 μm). (B) Percentage of fully covered/partially covered/uncovered Ag-coated beads at 
30 and 60 min (data pooled from three independent experiments; n = 275, 302, 426, and 420, respectively; chi-squared 
test, p(30min) = 0.13 and p(60min) = 0.23). (C) Percentage of cells in contact with no, one, two, or more Ag-coated 
beads showing no significant difference in shCtrl and shPar3 cells (data pooled from three independent experiments; 
two-way analysis of variance test, p = 0.37). (D) Representative images of an anti–IgG-Cypher5 bead associated to 
control (shCtrl) cell and Par3- silenced (shPar3-A) cells. The numbers indicate the increase in MFI of the bead above 
background. (E) Percentage of beads associated to anti–IgG-Cypher5 beads that showed a Cypher5 MFI of >10% above 
background (p = 0.015, Fisher's exact test) in control (shControl, n = 130) and silenced cells (shPar3, n = 87; pooled from 
more than three independent experiments). (F) Normalized antigen extraction measured by immunofluorescence 
(n(shCtrl) = 104, n(shPar3) = 95, pooled from three independent experiments). Antigen extraction in shPar3 cell is 70% 
weaker than in control cells (paired t test, p = 0.022). (G) Ag presentation assay with control and shPar3-silenced B-cells. 
Mean amounts of IL-2 ± SD were obtained by pooling triplicates from at least two independent experiments 
(p(shPar3A+Lack+ligand) < 0.0001, p(shPar3B+Lack+ligand) < 0.0001; one way analysis of variance [ANOVA] followed 
by Dunnett's multiple comparison test against control condition shControl+Lack+ligand; obvious significances are not 
shown). (H) Peptide control for B-cells used in the antigen presentation experiment (average value and SD computed on 
at least two independent experiments). (I) Ag presentation assay with control and siRNA Par3-silenced, spleen-derived 
primary B-cells. Mean amounts of IL-2 ± SD were obtained as average of triplicates from at least two independent 
experiments (p(siPar3A+Lack+ligand) < 0.0001, p(siPar3B+Lack+ligand) < 0.0001; two-way ANOVA, followed by 
Bonferroni post test, against control condition siControl+Lack+ligand; obvious significances are not shown). (J) Peptide 
control for primary B-cells used in the antigen presentation experiment (average value and SD computed on three 
independent experiments).
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FIGURE 7: Model depicting the role of Par3 and dynein in extraction and processing of surface-tethered Ag by B-cells.
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silenced for Par3 using two different siRNAs (Figure 6, I and J, and 
Supplemental Figure S7C). In addition, no difference was detected 
in the presentation of soluble Ag acquired by pinocytosis, even at 
higher concentrations (Supplemental Figure S7D). We conclude that 
the polarity protein Par3 is specifically required for the processing 
and presentation of surface-tethered antigens by promoting 
synapse formation and polarization of lysosomal trafficking.

DISCUSSION
B-cells rely on cell polarity to acquire their Ag-presentation function; 
however, the cellular mechanisms behind the establishment and 
maintenance of B-cell polarization during synapse formation remain 
incompletely resolved. In this study, we provided the first evidence 
for the implication of the ancestral polarity protein Par3 in the polar-
ization of B-cells during synapse formation. Our results suggest that 
the localization of Par3 to the site of BCR-antigen interaction acts as 
a landmark of polarity that guides the further recruitment of mole-
cules required for B-cell synapse organization and function. Indeed, 
we show that Par3 facilitates the recruitment of dynein to the B-cell 
synapse, which 1) allows the transport of BCR-Ag microclusters to 
the synapse center, where endocytosis takes place, and 2) drives 
MTOC polarization and local lysosome secretion. Although we do 
not formally demonstrate, as shown in fibroblasts, that the interac-
tion between dynein and Par3 is direct in B-lymphocytes, impaired 
dynein recruitment at the synapse of Par3-silenced B-cells provides 
a simple explanation for defective BCR microcluster centripetal 
transport and MTOC/lysosome polarization in these cells. We pro-
pose that by coordinating these two events, Par3 and dynein cou-
ple the early and late events required for Ag processing and presen-
tation to T-lymphocytes (see model in Figure 7).

We observed that Par3 controls the early onset of MAP kinase 
signaling, consistent with impaired microcluster gathering at the cen-
ter of the synapse in Par3-silenced cells. These cells also show a slight 
increment in ERK phosphorylation at later time points. However, this 
was not sufficient to overcome their defective polarization pheno-
type, indicating that perturbations in early signaling events affect 
later cytoskeleton dynamics. We found that the gathering of Par3 
occurs concomitantly to an actin flow directed toward the center of 
the B-cell synapse. These observations were obtained by transfect-
ing Par3-GFP in B-lymphocytes. Indeed, we could not visualize 
endogenous Par3, most likely due to low expression levels of the 
protein in B-cells, as well as to the poor quality of the antibodies 
for immunofluorescence staining. However, we verified that Ag 
presentation is not impaired upon Par3-GFP expression in B-cells, 
indicating that the fusion protein does not alter B-cell function 

(Supplemental Figure S7D). Of interest, it has been found that segre-
gation of polarity proteins is promoted by an actomyosin flow during 
the establishment of the anteroposterior axis in Caenorhabditis 
elegans embryos (Goehring et al., 2011). It is tempting to speculate 
that the actomyosin contractions induced upon BCR engagement 
(Vascotto et al., 2007) generate a positive feedback loop that rein-
forces Par3 recruitment and downstream events of B-cell polariza-
tion. Accordingly, myosin II has recently been shown to be involved 
in MTOC reorientation to the T-cell synapse (Liu et al., 2013). In this 
model, MTOC polarization results from the concerted forces of myo-
sin II, which localizes at the rear of activated T-cells and exerts push-
ing forces on the microtubule network, and dynein, which is recruited 
at the T-cell front and pulls on microtubules. In addition, in these cells, 
MTOC polarization was shown to require the local production of dia-
cylglycerol (DAG), which recruits and activates PKCs (Quann et al., 
2009). Of interest, DAG is converted by DAG kinase to phosphatidic 
acid, which interacts with the PDZ domain of Par3 (Yu et Harris, 2012). 
Whether DAG plays a role in Par3-dependent MTOC polarization in 
B-cells or whether Par3 is involved in DAG-induced MTOC polariza-
tion in T-cells needs to be investigated. Indeed, although several po-
larity proteins, including Par3, were shown to be enriched at the T-cell 
synapse (Ludford-Menting et al., 2005), their role in local dynein re-
cruitment and MTOC polarization was not addressed.

We showed that aPKCζ is associated with the lysosomes that 
polarize to the B-cell synapse (Yuseff et al., 2011). We observed that 
aPKCζ was not required for MTOC per se but instead stabilized its 
polarization, as well as the local secretion of lysosomes. It can be 
envisioned that BCR engagement induces 1) polarization of Par3, 
which allows dynein recruitment at the B-cell synapse and provides 
the driving force to gather microclusters at the cSMAC, and 2) phos-
phorylation of aPKCζ (Yuseff et al., 2011), which stabilizes polarity by 
facilitating the docking of the MTOC and the secretion of lysosomes, 
possibly through its ability to interact with Par3. In this context, the 
concerted action of aPKCζ and Par3 would create a stable platform 
for efficient extraction and processing of surface-tethered Ag 
through coordinated events of exocytosis and endocytosis. Indeed, 
the lysosomes that are recruited in an MTOC-dependent manner at 
the B-cell synapse not only provide the extracellular proteases to 
facilitate Ag extraction, but also further help to recruit the MHC class 
II molecules to be loaded with antigenic peptides (Yuseff et al., 
2011). Formation of MHC class II–peptide complexes might occur at 
the cell surface (Moss et al., 2007), as well as in endocytic vesicles 
that would form upon lysosome secretion, as described at the T-cell 
synapse (Angus et al., 2013) and during compensatory endocytosis 
in secretory neurons (Gundelfinger et al., 2003). In agreement with 
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temperature. Beads were washed with phosphate-buffered saline 
(PBS) and incubated overnight at 4ºC with different ligands: 
100 μg/ml of either F(ab′)2 goat anti-mouse immunoglobulin G (IgG) 
or F(ab’)2 goat anti-mouse IgM (MP Biomedical, Santa Ana, CA).

Preparation of Ag-coated surfaces
Fluorodishes (MatTek, Ashland, MA) were coated overnight with 
10 μg/ml of either F(ab′)2 goat anti-mouse IgG or F(ab′)2 goat anti-
mouse-IgM (MP Biomedicals) and 0.5 μg/ml rat anti-mouse CD45R/
B220 (eBioscience, San Diego, CA) diluted in cold PBS.

Preparation of planar lipid bilayers
Planar lipid bilayers were prepared following Carrasco et al. (2004), 
with minor modifications. Biotinylated (Fab′)2 anti-IgG or IgM was 
added to the lipid bilayer (20 μg/ml), and cells were monitored upon 
contact with bilayers. The fluidity of the lipid bilayers was tested by 
fluorescence recovery after photo bleaching close to each cell of 
interest. For single-molecule experiments in steady state, bilayers 
contained biotinylated anti-B220 (40 ng/ml) to favor cell adhesion. 
Cells were previously incubated with monovalent Fab anti-IgG 
Alexa Fluor 555 at 1 nM and deposited in the lipid chamber.

DNA constructs
LifeAct-CherryFP was a kind gift from P. Chavrier (Institut Curie, 
Paris, France). The Par3-GFP construct and shRNA-Par3 were kindly 
provided by Ira Mellman (Genentech, South San Francisco, CA) and 
Ian Macara (University of Virginia, Charlottesville, VA), respectively. 
Mouse Par3-YFP and Par3-Cter-YFP were previously characterized 
(Schmoranzer et al., 2009). The dynein-IC74-2C-RFP construct was a 
kind gift from F. Saudou (Institut Curie, Orsay, France) and previously 
characterized (Ha et al., 2008).

Cell transfection
We electroporated 2.5 × 106 IIA1.6 B-lymphoma cells using Nucleo-
fector R T16 (Lonza, Gaithersburg, MD) in the presence of 4 μg of 
plasmid DNA. Par3-GFP–transfected cells were cultured for 12–24 h 
before functional analysis. Transfection with shPar3 or shControl 
plasmids was done as previously described (Yuseff et al., 2011). B-
cells infected with shPar3 or shControl lentiviruses were selected in 
puromycin and transfected after 96 h with cathepsin D–monomeric 
RFP (mRFP), centrin-GFP, LifeAct-CherryFP, or dynein-IC-RFP and 
analyzed within 24 h.

We electroporated 4 × 106 CpG-treated primary B-cells using 
Mouse B Cell Nucleofector Kit (Lonza) in the presence of 100 nM 
of AllStars Negative Control siRNA (1027280; Quiagen, Hilden, 
Germany) for siControl or FlexiTube siRNA Mm_Pard3_4 and Mm_
Pard3_2 (SI01369508 and SI01369494; Qiagen) for siPar3-A 
and siPar3-B, respectively. B-cells were resuspended in CpG- 
free prewarmed medium, and presentation experiments were 
performed 48 to 72 h after RNA interference transfection. Par3 
levels were analyzed by Western blot as described later.

Lentiviral production and cell infection
The shRNAs used to silence Par3 in the IIA1.6 B-lymphoma 
cells were purified from MISSION shRNA Bacterial Glycerol 
Stocks (Sigma-Aldrich): shPar3-A TRCN0000094400, shPar3-B 
TRCN0000094401, and SHC002 as control (where not indicated in 
the figure legends, the data from shPar3-A and shPar3-B were 
pooled). Lentiviruses were produced by transfection in a 1:2.5:3 
ratio of the envelope (pMD2G), the packaging (pPAX-2), and 
shRNA-encoding plasmids in 293T cells with Gene juice (Merck 
Millipore). Supernatants were harvested 72 h after transfection and 

impaired lysosome secretion (as measured by synapse acidification), 
we found that antigen extraction is reduced in Par3-silenced B-cells 
but not completely abrogated, suggesting that the mechanical 
component of antigen extraction (Natkanski et al., 2013) persists.

The sustained polarized phenotype induced during synapse for-
mation could also control later stages of B-cell activation. Indeed, 
prolonged synaptic interactions between T-cells and Ag-presenting 
cells were shown to coordinate asymmetric T-cell division by guiding 
the segregation of ancestral polarity proteins, aPKCζ and Scribble, 
thereby giving rise to different T-cell progeny with effector or mem-
ory fates (Chang et al., 2007). Asymmetric cell divisions were further 
described in B-cells within germinal centers, where unequal inheri-
tance of fate-associated molecules such as Bcl-6 and aPKC by daugh-
ter cells was observed (Barnett et al., 2012). Another recent study 
showed that the asymmetric distribution of antigen within B-cells is 
conserved throughout cell division, giving rise to daughter cells with 
unequal Ag loads and consequently providing them with differential ca-
pacities for antigen presentation (Thaunat et al., 2012). Whether the 
generation of these asymmetric populations is influenced by initial 
polarity cues established during synapse formation upon Ag encoun-
ter remains to be elucidated. Future experiments aimed at analyzing 
the effect of polarity proteins at different stages of B-cell activation, 
such as Ag encounter, migration, or asymmetric cell division, should 
help to shed light on these important questions.

MATERIALS AND METHODS
Cells
The mouse lymphoma cell line IIA1.6 (Lankar et al., 2002) and the 
LMR7.5 Lack T-cell hybridoma, which recognizes I-Ad-LACK156–173 
complexes, were cultured as reported previously (Vascotto et al., 
2007) in CLICK medium (RPMI 1640, 10% fetal calf serum, 1% 
 penicillin–streptomycin, 0.1% β-mercaptoethanol, and 2% sodium 
pyruvate). HEK 293T cells were cultured for lentiviral production in 
DMEM/Glutamax-5% fetal bovine serum, 1 mM sodium pyruvate, 
MEM nonessential amino acids, and penicillin–streptomycin. All cell 
culture products were purchased from GIBCO/Life Technologies, 
Paisley, UK. Primary B-cells were extracted from the spleen of 
BALB/c mice by negative selection as previously described 
(Vascotto et al., 2007) and activated for 24 h with 1 μM CpG (ODN 
1826; Invivogen, Shatin, Hong Kong) in B-cell culture medium 
supplemented with nonessential amino acids.

Antibodies and reagents
We used rat anti-mouse LAMP-1 (BD Bioscience, San Jose, CA), anti–
α-tubulin (clone YL1/2; Serotec, Oxford, UK), mouse anti–α-actin 
(clone C4; Merck Millipore, Darmstadt, Germany), biotinylated mouse 
anti–dynein-IC74 (clone 74.1; Santa Cruz Biotechnology, Dallas, TX), 
rabbit anti–γ-tubulin (kindly provided by Michel Bornens, Institut Curie, 
Paris, France), rabbit anti-GFP (Ozyme, Montigny le Bretonneux, 
France); rabbit anti-Par3 (Merck Millipore), and rabbit anti-dynein 
(Santa Cruz Biotechnology). We used the following secondary anti-
bodies (Jackson ImmunoResearch, West Grove, PA): F(ab′)2 goat anti-
mouse, F(ab′)2 donkey anti–rabbit-Cy3, F(ab′)2 goat anti–rabbit-Alexa 
Fluor 488, F(ab′)2 donkey anti–rat-Cy5, streptavidin–Alexa Fluor 488, 
streptavidin-Cy3, and streptavidin–Alexa Fluor 647. Ciliobrevin A 
(HPI-4; Sigma-Aldrich, St. Louis, MO) and CypHer5E (Amersham 
Bioscience, Little Chalfont, UK) were used according to manufactur-
ers’ instructions. Ovalbumin was purchased from Sigma-Aldrich.

Preparation of Ag-coated beads
We activated 4 × 107 3-μm latex NH2-beads (Polyscience, 
Eppelheim, Germany) with 8% glutaraldehyde for 2 h at room 
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ultracentrifuged at 100,000 × g for 90 min at 4°C. Pellets were re-
suspended in 2% bovine serum albumin (BSA)/PBS and frozen at 
−80°C for later use. IIA1.6 B-cells were infected (multiplicity of in-
fection 20) with spin centrifugation with Polybrene (5 μg/ml). After 
24 h, puromycin selection (5 μg/ml) was performed, and cells were 
assayed after 72–120 h. Par3 levels were analyzed by Western blot 
as described.

Western blotting
B-cells were lysed at 4ºC in buffer containing 0.5% NP-40, 50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM dithiothreitol, Protease Inhibi-
tor Cocktail (Roche, Basel, Switzerland), and Phosphatase Inhibitor 
Cocktail 2 (Sigma-Aldrich). Supernatants were collected and loaded 
onto NuPAGE SDS–PAGE gels (Invitrogen, Life Technologies) and 
transferred onto polyvinylidene fluoride membrane. Membranes 
were blocked in 5% nonfat dry milk and PBS–0.05% Tween-20 and 
incubated with antibodies against Par3 (1:1000; Millipore), pERK 
(1:1000; Cell Signaling, Danvers, MA), actin (1:5000; Millipore), or α-
tubulin (1:5000; Serotec) as protein loading control, followed, respec-
tively, by anti-rabbit (2X), -mouse, or -rat horseradish peroxidase–con-
jugated antibodies (Jackson ImmunoResearch). Western blots were 
developed with ECL reagents (Amersham), and chemiluminescence 
was detected with the LAS-3000 image analysis system (FujiFilm).

Rescue of Par3-silenced cells
Rescue of polarity in Par3-silenced cells was shown by measuring 
the polarity index of the MTOC in control (shCtrl) and silenced cells 
(shPar3) transfected 24 h after infection with either GFP- or Par3GFP-
expressing plasmid. The images were taken with a spinning-disk 
microscope. To properly compare differently transfected cells, the 
analysis was restricted to cells presenting a GFP signal between 20 
and 100% above the background.

Ag presentation assay
This was done as previously described (Yuseff et al., 2011). Briefly, 
after incubation of B-cells with Lack-coated beads containing or not 
BCR ligands for 4 h, cells were washed, and the B-cell line was fixed 
in ice-cold PBS/0.01% glutaraldehyde for 1 min and quenched with 
PBS/100 μM glycine. B-cells were incubated with Lack T-cell hybrid-
oma overnight (ratio B-cell:T-cell, 2:1). Supernatants from each con-
dition were collected, and IL-2 cytokine production assays were 
performed (BD Bioscience).

Activation of B-cells and immunofluorescence analysis
Cells were plated on poly-l-lysine–coated glass coverslips and acti-
vated with Ag-coated beads at a 1:1 ratio for different time points at 
37°C and then fixed in 4% paraformaldehyde for 10 min at room 
temperature. Fixed cells were incubated with antibodies in PBS/0.2% 
BSA/0.05% saponin. Immunofluorescence images were acquired on 
a confocal microscope (LSM510 inverted laser scanning confocal 
[Carl Zeiss Micro-Imaging] and inverted spinning disk confocal 
[Roper/Nikon]) with a 60×/1.4 numerical aperture (NA) oil immersion 
objective.

BCR internalization assay
Control and Par3-silenced cells were washed with PBS and resus-
pended in 50% CLICK/50% RPMI-1640 at a density of 106 cells/ml. 
Cells were incubated with 10 μg/ml F(ab′)2 goat anti-mouse IgG pre-
mixed to 20 μg/ml F(ab′)2 donkey anti-goat IgG for 30 min at 4°C. 
Cells were washed twice with cold CLICK/RPMI to remove the ex-
cess ligand and incubated or not (negative control) at 37°C for the 
indicated time. Internalization was stopped by incubating the cells 

on ice and adding cold PBS plus 5% BSA. To detect receptors re-
maining on the cell surface, cells were stained for 30 min on ice with 
donkey–anti-goat IgG Alexa Fluor 488 and washed with PBS plus 
5% BSA. Flow cytometry was performed on an AccuriC6 flow cytom-
eter (BD Biosciences), and data were analyzed with Flowjo software. 
The percentage of BCR on the cell surface was calculated as (MFI at 
37°C)/(MFI at 4°C) × 100, where MFI is mean fluorescence intensity.

Antigen extraction assay
Ovalbumin (OVA) and F(ab′)2 anti-mouse IgM or anti-mouse IgG 
fragments were coupled to NH2 beads in equal concentrations. 
Cells incubated in a 1:1 ratio with Ag-coated beads were plated on 
poly-l-lysine slides at 37°C, fixed, and stained for OVA with a poly-
clonal antibody. The amount of OVA present on the beads was cal-
culated by establishing a fixed area around beads in contact with 
cells and measuring fluorescence on three-dimensional (3D) projec-
tions obtained from the sum of each plane (ImageJ). The percent-
age of antigen extracted was estimated by the percentage of fluo-
rescence intensity lost by the beads after 1 h.

Membrane-spreading assay
The IgG+ B-lymphoma cells were incubated with Ag-coated beads 
for different time points at 37°C on poly-l slides. At the end of each 
time point, warm medium was quickly replaced by ice-cold 
PBS/0.2% BSA, and cells were left on ice, where the staining with 
the first antibody (anti-goat IgG coupled to Cy5) and membrane 
staining with WGA-Alexa Fluor 488 (Invitrogen) were performed. 
After 1 h, cells were washed on ice with cold PBS/0.2% BSA and 
fixed with 4% paraformaldehyde for 10 min on ice. Cells were per-
meabilized with PBS/0.2% BSA/0.05% saponin for 20 min at room 
temperature before staining with the second antibody (anti-goat IgG 
coupled to Cy3). Membrane spreading around the Ag-coated bead 
was determined qualitatively by estimating the number of beads 
nonprotected, partially protected, or completely protected from the 
first antibody staining under nonpermeabilized conditions.

Time-lapse imaging
Time-lapse confocal microscopy and live-imaging images were 
done of B-cells plated on poly-l-lysine–coated glass dishes (Fluoro-
dish) for CypHer5E and Par3-GFP experiments. Images were ac-
quired at 37ºC/4.5% CO2 on an inverted spinning disk confocal mi-
croscope (Eclipse Ti; Roper/Nikon) with a 60×/1.4 NA oil immersion 
objective with MetaMorph software.

TIRFM
TIRFM was performed on a Nikon Eclipse Ti inverted microscope 
equipped with a 100×/1.49 NA oil immersion objective and a 
Quantem512SC Roper electron-multiplying charge-coupled device 
(EMCCD) camera mounted on Dual-View system at 37ºC/4.5% CO2. 
Acquisition was made using MetaMorph. For analysis of Par3-GFP, 
LifeAct-CherryFP, and cathepsin D–mRFP polarization at the 
synapse, B-cells were plated onto Ag-coated glass-bottom dishes 
(Fluorodish), and images were acquired every 5 or 10 s for 30 min 
with an exposure time of 100 ms.

For dynein-IC74-RFP analysis, B-cells were plated with the same 
technique for 15 min before imaging, and frames were acquired by 
streaming at 10 Hz for 1 min.

SIM imaging 
Acquisitions were performed in 3D SIM mode with an n-SIM Nikon 
microscope before image reconstruction using NIS-Elements soft-
ware based on Gustafsson et al. (2008). The system was equipped 
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software to get the average residence time distribution along the 
radius of the cells.

Single-molecule tracking. Cells were plated on planar lipid bilayers 
and filmed on the TIRF setup. Movies of 30 s at 20 Hz were taken, 
and single-particle tracking was performed with an adapted version 
of the multiple target tracking program MTT (Serge et al., 2008). 
The pointing accuracy was measured on fluorophore attached to 
the coverslip as 40 nm. Trajectories <5 frames were discarded from 
statistics. Diffusion coefficients (D) were measured from a linear fit of 
the mean square displacement MSD(t) = 4Dt on the number of 
points that minimizes the error in the coefficient, taking into account 
the pointing accuracy, according to Michalet (2010). Only diffusion 
coefficients with a relative SE of 33% were considered in the analysis. 
Particles were considered immobile when D < 0.01 μm2/s.

Polarity analysis. Three-dimensional stacks acquired with a 
spinning-disk microscope were quantified with a custom-made 
Matlab program. Briefly, the images were binarized in the GFP 
channel using the maximal entropy method on the whole 3D stack 
to obtain the geometrical center of mass of the cell. 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, z) of the cellular components (dynein, lysosomes). 
Cross-correlation with a previously acquired image of the bead was 
used to position the bead in three 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 bead to center of mass:. The index 
ranges between −1 (antipolarized) and 1 (fully polarized, object on 
the bead). Analogously the index for another fluorescence channel 
(such as dynein or lysosomes) was computed as above, replacing 
the position (M) of the MTOC with the one (F) of the center of mass 
of the signal in the specific channel.

Cathepsin D–mRFP recruitment analysis. B-cells were plated onto 
Ag-coated cover slides 15 min before TIRFM imaging, and frames 
were acquired by streaming at 20 Hz in stacks of 600 images. Image 
segmentation and single-particle tracking were done with 
Multidimensional Image Analysis software (Racine et al., 2007) as 
previously described (Desnos et al., 2007). The diffusion coefficient 
Dxy was calculated by fitting the mean square displacement MSD(t) = 
4Dxyt extracted from each trajectory on the first 10 time points.

Statistical tests
Statistical analysis was performed with Prism (GraphPad Software) or 
Matlab (MathWorks). The p values were computed using different 
tests as indicated in the figure legends; *0.01 < p < 0.05, **0.001 < 
p < 0.01, ***p < 0.001; ns, nonsignificant.

with an APO TIRF 100×/1.49 NA oil immersion objective and an 
EMCCD DU-897 Andor camera.

Scanning electron microscopy
For scanning electron microscopy, cells preincubated with 
Ag-coated beads were loaded on a polylysine-coated coverslip and 
fixed with 2% glutaraldehyde in phosphate buffer at room tempera-
ture for 1 h. Samples were vacuum dried and dehydrated by critical-
point drying with CO2. The specimens were mounted on metallic 
supports with carbon tape and ion sputtered with cathodic gold. 
Analysis of samples was performed on a Cambridge S 260 micro-
scope at pressure of 10−7 torr.

Image deconvolution
Images were acquired with a wide-field Eclipse NiU Upright Micro-
scope (Nikon) equipped for image deconvolution. Acquisition was 
performed using a 100× Plan Apo VC 1.4 oil objective and a highly 
sensitive cooled interlined CCD camera (CoolSnap HQ2; Roper). 
The deconvolution code we used is described in Sibarita (2005).

Image analysis
Analysis of Par3-GFP/Lifeact-mCherry TIRFM movies. TIRF im-
ages of Par3-GFP and LifeAct-CherryFP were quantified with a 
custom-made Matlab program applied to the dual-view TIRF im-
ages: at each time point, the cell was identified by Otsu threshold 
on the actin channel. A kymograph was built for each channel 
starting from this mask and computing the average fluorescence 
intensity in concentric rings of width 1 pixel obtained by eroding 
the mask progressively.

Radial line scan. The density of the BCR clusters and Par3 
(Figure 7A) was quantified on TIRF images convolved with a 
Gaussian filter to reduce background salt-pepper noise; the average 
intensity over the radius was computed using the radial line scan 
plug-in of Fiji over the radius of the cell and averaging over 10 
frames the three different time points (t = 0, 15, 30 min). The plotted 
lines were normalized over the total intensity on each channel.

Cluster dynamics. TIRF multipositioning time-lapse movies of anti-
BCR–labeled supported lipid bilayers were quantified as follows: for 
each movie, an automatic threshold (triangle method) was applied 
and the particles statistics extracted using Fiji-based macro (particles 
<3 square pixels were discarded). For each cell at each time point, 
the average area of top 10% brightest clusters was computed. The 
fold increase was computed with respect to the first time point.

Dynein recruitment analysis in three dimensions. Dynein recruit-
ment was estimated using a custom-made ImageJ routine. In both 
control and shPar3 cells, first the fluorescence signal density 
(obtained as the integrated signal divided by the volume in voxels 
of the region of interest) was computed for the cytoplasm and the 
synapse (ρcytoplasm and ρsynapse, respectively). The synapse was 
considered as three planes starting from the bottom plane. Dynein 
enrichment was defined as the ratio between fluorescence signal 
densities, ρsynapse/ρcytoplasm (1 = no enrichment).

Single-particle tracking. For the dynein tracking, cells transfected 
with dynein IC74-RFP plasmid were plated on IgG-coated coverslips 
and observed on a TIRF setup. Movies of 3 min were taken at 10 Hz. 
After a global background subtraction, dynein spots were tracked 
using Trackmate plug-in on Fiji (Schindelin et al., 2012), and 
trajectories were further elaborated with custom-made Matlab 
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Abstract

The activation of B lymphocytes in response to external stimuli represents a key step in
the adaptive immune response, which is required for the production of high-affinity
antibodies and for the generation of long-term memory. Because the dysregulation
of B lymphocyte responses can lead to diverse pathological situations, B cells are con-
sidered today as valuable therapeutic targets for immunomodulation, in particular in the
context of autoimmune reactions. Here, we review the fundamental molecular and cell
biological mechanisms that enable B cells to efficiently sense, acquire, and respond to
extracellular antigens. A special emphasis is given to cell polarity, which was shown to
be critical for the regulation of antigen acquisition, processing, and presentation by
B lymphocytes. How cell polarity coordinates the various steps of B lymphocyte activa-
tion and might impact the humoral immune response is further discussed.
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1. INTRODUCTION

In the lymph nodes, B cells acquire antigens that are tethered at the

surface of neighboring cells such as migrating or follicular dendritic cells

or subcapsular sinus (SCS) macrophages (Carrasco & Batista, 2007; Junt

et al., 2007; Qi, Egen, Huang, & Germain, 2006; Suzuki, Grigorova,

Phan, Kelly, & Cyster, 2009). The recognition by B cells of such

immobilized antigens through the engagement of their B-cell antigen recep-

tors (BCRs) results in the establishment of an immune synapse (Batista,

Iber, & Neuberger, 2001), which is a key step in the process of B-cell acti-

vation (Carrasco, Fleire, Cameron, Dustin, & Batista, 2004; Fleire et al.,

2006). Antigen recognition is then followed by a rapid polarization of

B cells where both the microtubule-organizing center (MTOC) and lyso-

somes are repositioned at the immune synapse (Yuseff et al., 2011). Lysosome

recruitment and secretion at the synaptic interface promote antigen extraction

and processing for further presentation to primed CD4+ T cells (Yuseff et al.,

2011). Upon activation, while a pool of B cells differentiates into short-lived

plasmablasts producing antibodies with relative low affinity (Cunningham

et al., 2007), another pool receives signals from T follicular helper cells. This

cell-cell contact — known as T-cell/B-cell cooperation — is required for

B cells to be fully activated, proliferate, and form germinal centers (GCs)

(Mitchison, 2004). Here, B cells undergo affinity maturation and class

switch recombination leading to their differentiation into either plasma cells,

which produce high-affinity antibodies, or memory B cells (Allen, Okada, &

Cyster, 2007;MacLennan, 1994). Thus, the outcome of the adaptive immune

response relies on the ability of B cells to polarize upon antigen stimulation.

In this chapter, a special emphasis is given to the crucial role for the spatio-

temporal coordination of the membrane-trafficking and polarization

events that are required for B cells to efficiently extract, process, and present

antigens (Yuseff, Pierobon, Reversat, & Lennon-Duménil, 2013; Yuseff

et al., 2011).

2. B-CELL ACTIVATION IN SECONDARY LYMPHOID
ORGANS

2.1. Antigen encounter by B cells
Due to the antigenic specificity of each BCR, the probability for a given

B cell to encounter its cognate antigen by patrolling the body is very
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low. In contrast, the follicles of secondary lymphoid organs where B cells

reside provide the appropriate environment for them to encounter their spe-

cific antigens. Antigens that are present in the peripheral tissues are collected

within lymph nodes, which form an “antigen reservoir” for cognate B cells.

The fate of antigens in the lymph nodes is mainly dependent on their nature

(Batista & Harwood, 2009). Small antigens from afferent lymph vessels dif-

fuse into the lymph node follicle where B cells acquire them in a soluble

form (Pape, Catron, Itano, & Jenkins, 2007). The mechanisms by which sol-

uble antigens gain access to B-cell follicles are not totally understood, but it

has been proposed that their ingress is promoted by tiny pores (Batista &

Harwood, 2009) and/or a conduit network that directly connects the

subcapsular sinus (SCS) with B-cell follicles (Roozendaal et al., 2009). In

contrast, large antigens (greater than 70 kDa) remain trapped at the SCS

floor site where CD169+ macrophages have been shown to capture and

transfer them (Carrasco & Batista, 2007; Junt et al., 2007) to follicular

B cells. How antigens are transferred from the SCS to B-cell follicles is

unclear. Two routes have been suggested: First, the subcapsular CD169+

macrophages that display a poor phagocytic capacity could recycle antigens

and expose them in their native form at the cell surface. Second, antigens

that are immobilized at the surface of CD169+ macrophages could be trans-

located from the SCS to B-cell follicles through macrophage protrusions

(Martinez-Pomares & Gordon, 2007). In all cases, antigens are presented

to cognate B cells and the engagement of the BCR with such surface-

tethered antigens triggers the establishment of an immune synapse between

the antigen-carrying cell and the B cell.

2.2. The establishment of the immune synapse
The immune synapse formed by B cells after the engagement of their BCR

with cell-surface-bound antigens resembles the one originally described in

the T cells (Grakoui, 1999; Yuseff, Lankar, & Lennon-Duménil, 2009). The

BCR is composed of a cell-surface immunoglobulin associated to a signaling

module that comprises the Iga–Igb dimer. This dimer contains

immunoreceptor tyrosine-based activation motifs that are rapidly phosphor-

ylated by Src family kinases upon antigen recognition (Cambier, Pleiman, &

Clark, 1994; Reth & Wienands, 1997). This initiates a cascade of signaling

events involving cytosolic molecules such as Syk, Lyn, and Vav (Depoil

et al., 2009; Tolar, Sohn, & Pierce, 2008) and calcium flux that ultimately

launches the transcription of genes required for B-cell function (Baba &
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Kurosaki, 2011) (Fig. 2.1A). Concomitantly, drastic modifications of the

B-cell actin cytoskeleton take place. First, BCR stimulation initiates a rapid

cofilin-dependent actin cytoskeleton depolymerization at the antigen-

contact site, allowing the local increase of BCR diffusion within the mem-

brane (Freeman et al., 2011). This is followed by polarized actin

repolymerization that promotes B-cell spreading onto the antigen-carrying

cell. This process facilitates the formation of BCR microclusters that are

required for sustained BCR signaling (Treanor et al., 2010). Then, BCR

microclusters merge together in the center of the synapse to form the central

supramolecular activation cluster (cSMAC) through a contraction phase

mediated by myosin II (Fleire et al., 2006), which requires the coordinated

action of the ezrin, radixin, and moesin proteins (Treanor, Depoil,

Bruckbauer, & Batista, 2011) and the microtubule minus-end molecular

motor dynein (Schnyder et al., 2011). Cortical actin rearrangements also

trigger the formation of a second concentric region called the peripheral

SMAC (pSMAC) that contains adhesion molecules such as LFA-1

Figure 2.1 B cells form an immune synapse upon BCR engagement with immobilized
antigens. (A) The engagement of the BCR with cell surface-tethered antigens leads to
signaling events that trigger profound actin cytoskeleton remodeling: The B cell spreads
on the antigen-presenting cell and the reorganization of its membrane at the antigen-
contact site forms an immune synapse. (B) The immune synapse is a highly organized
platform that includes three concentric areas: At the synapse center, antigen–BCR
microclusters concentrateand formthecentral supramolecularactivationclusterorcSMAC
①. This is surrounded by the peripheral SMAC where adhesion molecules such as
LFA-1 localize② and the distal SMAC where polymerized actin accumulates③.
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(lymphocyte function-associated antigen 1, also known as aLb2 integrin).

The engagement of this integrin with its counterreceptor intercellular adhe-

sion molecule 1 (also known as CD54) promotes B-cell adhesion to the

antigen-presenting cell, facilitating the formation of the immune synapse

and decreasing the antigen-affinity threshold required for BCR-mediated

B-cell activation (Carrasco et al., 2004). Whereas the cSMAC and the

pSMAC display very low concentration of polymerized actin, actin concen-

trates in a third concentric region called the distal SMAC (dSMAC)

(Fig. 2.1B). Thus, reorganization of the actin cytoskeleton upon BCR

engagement with surface-tethered antigen is a crucial stage in the early

events of B-cell responses. In addition, the establishment of the immune

synapse gives the first cues of asymmetrical cell organization leading in fine

to the polarization of B-cell organelles towards the synaptic interface.

3. B-CELL POLARITY AND ANTIGEN PROCESSING
AND PRESENTATION

3.1. B-cell polarization upon particulate antigen
stimulation

Similarly to observations that were made in natural killer and cytotoxic

T cells (Stinchcombe et al., 2011), upon BCR engagement, B cells rapidly

polarize their MTOC towards the antigen-contact site. Concomitantly,

MHC class II+/Lamp-1+ lysosomes are recruited to the immune synapse,

where they cluster (Yuseff et al., 2011) (Fig. 2.2A). Interestingly, using

MHC class II-expressing human melanoma cells, Wubbolts et al. had found

that MHC class II+ lysosomes traffic along microtubules to reach the plasma

membrane (Wubbolts et al., 1996, 1999). Accordingly, we have shown that

laser ablation of the MTOC following B-cell stimulation prevents polarized

recruitment of lysosomes at the immune synapse (Yuseff et al., 2011).

Although the molecular mechanisms underlying B-cell polarization upon

BCR engagement with surface-tethered antigens are not fully understood,

we identified the conserved polarity machinery cell division control protein

42 (Cdc42) and the atypical protein kinase C zeta-type (aPKC-z) (Yuseff
et al., 2013) as required for B-cell polarization. Silencing of either Cdc42

or aPKC-z impairsMTOC and lysosome relocation at the synaptic interface,

giving rise to a drastic decrease in antigen extraction, processing, and presen-

tation (Yuseff et al., 2011).

B-cell polarization is not restricted to theMTOC and lysosomes. Indeed,

we have found that upon BCR engagement with surface-tethered antigens,

B cells polarize their Golgi apparatus and reorient their nucleus so that a
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nucleus invagination faces the immune synapse (unplublished data and

Fig. 2.2A). Interestingly, it has been recently described that during B-cell

development, nuclear positioning of genes undergoes global changes that

orchestrates B-cell fate (Lin et al., 2012). Taken together, it is tempting

to speculate that antigenic stimulation leads to a global B-cell reorganization

through the acquisition of polarity. In this context, BCR engagement with

Figure 2.2 B cells polarize upon antigen stimulation. (A) Antigen stimulation initiates
morphological changes within B cells. The microtubule-organizing center (MTOC)
together with the Golgi apparatus reposition at the immune synapse①. Concomitantly,
lysosomes that were dispersed at the cell periphery cluster around the MTOC and are
recruited at the antigen-contact site where they are secreted ②, resulting in synapse
acidification (light pink) and the local release of proteases. (B) Synapse acidification
and protease release promote efficient antigen extraction within the synaptic space
leading to antigen internalization in B cell–endosomes ①. Endolysosomes that are
formed by the fusion ② of antigen-containing endosomes with lysosomes that carry
MHC class II molecules allow the efficient processing of antigens ③. In the same com-
partment, cathepsin S cleaves the invariant chain (Ii) ④ resulting in MHC class II–CLIP
complex formation. Finally, H2-DMmolecules promote the exchange between CLIP and
antigenic peptides for them to be loaded ontoMHC class II molecules⑤. The catalysis of
CLIP released by H2-DM is regulated by another nonclassical MHC II molecule, H2-DO.
Peptide–MHC class II complexes are exported to the B-cell surface ⑥. It is important to
note that antigenic peptides might also be generated within the synaptic space
where they are directly loaded onto MHC class II molecules at the cell surface ⑦.
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surface-tethered antigens might coordinate (1) the polarization of the

MTOC at the immune synapse to guide lysosome recruitment at the syn-

aptic interface, (2) the repositioning of the Golgi apparatus in close proxim-

ity of the synapse to facilitate the export of neosynthetized proteins, and (3)

the remodeling of chromatin to allow the transcription of genes required for

B-cell function. How these events are coordinated in time and space remains

to be determined. Is B-cell polarization established in a sequential manner?

Does BCR stimulation initiate a “program” of global morphological

changes that leads to the independent polarization of organelles? As discussed

in the preceding text, we have shown that lysosome clustering at the

immune synapse relies on the repositioning of the MTOC (Yuseff et al.,

2011), providing the first clue on the interdependence of the polarization

events observed upon BCR engagement.

3.2. Antigen extraction from antigen-presenting cell
membranes

The immune synapse that forms at the interface between antigen-carrying

cells and B lymphocytes corresponds to a dynamic structure where both

endocytic and exocytic events take place. In T cells, it has been shown that

effector molecules such as cytokines and lytic granules are secreted through

the immune synapse towards target cells (Poo, Conrad, & Janeway, 1988;

Stinchcombe et al., 2011). Exocytosis at the T-cell synapse occurs in specific

domains that display very low levels of polymerized actin (Stinchcombe,

Majorovits, Bossi, Fuller, & Griffiths, 2006), facilitating the local secretion

of molecules (Chemin et al., 2012).

In B cells, upon BCR engagement with immobilized antigens,

lysosomes are recruited at the immune synapse where they are locally

secreted, thereby leading to the acidification of the extracellular synaptic

space and the release of proteases in this confined environment (Yuseff

et al., 2011) (Fig. 2.2A). Both synapse alkalinization and extracellular inhi-

bition of proteases lead to a drastic decrease in the capacity of B cells to

extract antigens, indicating that synapse acidification and protease secretion

are required for efficient extraction of immobilized antigens (Yuseff et al.,

2011). Whether exocytic events at the B-cell synapse specifically take place

in areas displaying low concentration of polymerized actin has not been

addressed so far.

The integration of mechanics into this biological process has recently

been proposed by showing that B cells use myosin IIA-mediated pulling

forces to discriminate between membrane-bound antigens displaying
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different affinities for the BCR (Natkanski et al., 2013). Using flexible and

fluid plasma membrane sheets that display mechanical properties close to

those of dendritic cells, they have shown that upon BCR engagement, myo-

sin II pulls on the presenting membrane leading to its invagination and sub-

sequent antigen internalization into clathrin-coated pits. The lifetime of

membrane invaginations and the probability of antigen internalization

depend on the strength of antigen–BCR interactions. Using antigens with

different affinities for the BCR, they further showed that myosin IIA activity

impairs the internalization of relatively low-affinity antigens by disrupting

antigen–BCR bonds. Myosin IIA activity is therefore critical for B cells

to discriminate antigen affinities and later develop productive antibody

responses (Natkanski et al., 2013). This work further raises the question

of whether myosin II-dependent mechanical forces are generally required

for endocytosis of immobilized molecules, what might be frequent

in vivo. Interestingly, it has been reported that during epithelial morphogen-

esis in the Drosophila embryo, myosin IIA is asymmetrically distributed

within cells where it concentrates at anterior–posterior boundaries of cells.

Polarized actomyosin contractility in the ventrolateral region of the epithe-

lium destabilizes the adherens junctions by promoting local clathrin-

dependent endocytosis of E-cadherin and defines the axis of cell division

(Levayer, Pelissier-Monier, & Lecuit, 2011). However, the mechanism(s)

underlying myosin IIA asymmetrical distribution within cells and its anchor-

age at the plasma membrane remain elusive.

Taken together, these studies suggest that bothproteases that are exocytosed

into the synaptic space and myosin IIA-mediated pulling forces help in inter-

nalizing antigens at the B-cell synapse. Whether mechanical forces exerted by

myosin IIA contractility are sufficient to break pieces of the presenting mem-

brane leading to their internalization together with antigens remains to be pre-

cisely determined. In addition, the role of lysosomal lipases that are secreted at

the immune synapse and might help in acquiring membrane-bound antigens

should be investigated.We propose that the requirement for extracellular pro-

teolysis and/or mechanical forces to internalize antigens into B cells might

depend on their biochemical and physical properties.

3.3. Processing of antigen–BCR complexes
Antigenic peptides are generated from extracted antigens and loaded onto

MHC class II molecules for presentation to primed CD4+ T cells

(Fig. 2.2B). This step — known as T-cell/B-cell cooperation — is pivotal

for the ultimate formation of GCs and production of high-affinity antibodies

by B lymphocytes (Mitchison, 2004).
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BCR-dependent activation of the cytoplasmic tyrosine kinase Syk is

required for actin cytoskeleton reorganization and efficient antigen–BCR

trafficking to MHC class II+ endolysosomes (Le Roux et al., 2007)

(Fig. 2.2B ① and ②). There, antigens undergo limited proteolysis in order

to preserve T-cell epitopes from excessive degradation (Delamarre, Pack,

Chang, Mellman, & Trombetta, 2005) (Fig. 2.2B③). Interestingly, in addi-

tion to its role in the uptake of immobilized antigens, myosin IIA was also

shown to facilitate the arrival of antigen–BCR complexes into MHC class

II+ endolysosomes through its interaction with the cytosolic tail of invariant

chain (Ii) (Vascotto et al., 2007). Ii associates toMHC class II molecules dur-

ing biogenesis in the endoplasmic reticulum, preventing the premature

binding of endogenous peptides onto MHC class II molecules (Bakke &

Dobberstein, 1990; Lotteau et al., 1990; Roche & Cresswell, 1990,

1991). Once in endolysosome, Ii undergoes sequential proteolysis by

aspartic and cysteine proteases including cathepsin S and the intramembrane

endoprotease SPPL2a. This ultimately leads to the generation of the Ii CLIP

fragment that occupies the MHC class II peptide-binding groove (Driessen

et al., 1999; Riese et al., 1996; Villadangos, Riese, Peters, Chapman, &

Ploegh, 1997) (Fig. 2.2B ④). Noticeably, SPPL2a knockout mice display

a defect in B-cell development due to intracellular accumulation of Ii,

suggesting that the last step of Ii cleavage is a checkpoint during B-cell dif-

ferentiation (Beisner et al., 2013; Schneppenheim et al., 2013). CLIP

exchange with antigenic peptides is catalyzed by the nonclassical MHC class

II molecule, H2-DM (Denzin & Cresswell, 1995) (Fig. 2.2B ⑤). B cells

express an additional nonclassical MHC class II molecule, H2-DO, which

was shown to downregulate the catalysis of CLIP released by H2-DM

(Denzin, 1997). Accordingly, H2-DO knockout B cells were found to

exhibit increased amount of MHC class II–peptide complexes and compete

wild-type B cells for the entry to GCs (Draghi & Denzin, 2010). Finally,

peptide–MHC class II complexes are exported to the B-cell surface for fur-

ther presentation to primed CD4+ T cells (Fig. 2.2B⑥). Remarkably, anti-

gen processing and peptide loading onto MHC class II molecules can also

directly take place at the B-cell surface, where H2-DM molecules are

equally found (Moss, Tree, & Watts, 2007) (Fig. 2.2B ⑦).

3.4. Antigen presentation to helper T cells
Following antigen internalization and processing, B cells migrate towards the

T-cell boundary, where they establish contacts with cognate T cells (Pereira,

Kelly, & Cyster, 2010). B-cell migration is supported by the upregulation

of CCR7 (CC chemokine receptor 7) that senses CCL19 and CCL21
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(CC chemokine ligands 19 and 21) produced by stromal cells in the T-cell

zone (Reif et al., 2002).While migrating towards the T-cell zone, B cells con-

centrate internalized antigens in their uropod (Carrasco & Batista, 2007),

suggesting that they maintain the polarized phenotype acquired upon BCR

engagement with immobilized antigens. This polarized concentration of anti-

gens leads to their asymmetrical distribution among daughter B cells following

cell division, providing them with differential antigen presentation capacities

(Thaunat et al., 2012). Noticeably, the contact between B cells and T cells also

results in the establishment of an immune synapse, where both cells harbor

polarized phenotypes (Duchez, Rodrigues, Bertrand, & Valitutti, 2011). At

the synapse, bidirectional exchanges take place, ultimately leading to the for-

mation of GCs where B cells undergo affinity maturation and class switch

recombination and differentiate into either plasma cells producing high-

affinity antibodies or long-lived memory B cells (Allen et al., 2007;

MacLennan, 1994). Interestingly, asymmetrical polarized division of B cells

was also observed during the GC reaction and shown to regulate the survival

of daughter cells through the unequal inheritance of Bcl-6, IL-21 receptor,

and the polarity protein aPKC-z (Barnett et al., 2011). Thus, cell polarity

is likely to play an essential role in shaping B-cell responses to surface-tethered

antigens at their various activation stages. Whether the initial B-cell polarity

established upon BCR engagement with immobilized antigens impacts

on asymmetrical cell division and formation of the immune synapse with

T cells shall now be investigated.

4. EXTRACELLULAR CUES THAT TUNE B-CELL POLARITY
AND ACTIVATION

4.1. Chemokines involved in follicle patrolling by B cells
It is clear that the microenvironment of lymphoid tissues plays a key role in

(1) modulating the ability of B cells to respond to antigens, (2) driving B-cell

differentiation and fate, and (3) tuning the overall outcome of the adaptive

immune response. Whereas numerous studies have focused their interest in

understanding how the lymphoid microenvironment impacts B-cell hom-

ing within lymph nodes or the GC reaction, only few data are available on

how it modifies the ability of B cells to initially respond to surface-bound

antigens. Efficient antigen sampling by B cells relies on their capability to

explore entire follicles within lymph nodes. This is achieved in response

to the chemokine CXCL13 that induces CXCR5-expressing B cells to con-

tinuously migrate by random walking (Miller, Wei, Parker, & Cahalan,

2002; Sáez de Guinoa, Barrio, Mellado, & Carrasco, 2011). B-cell spreading
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onto antigen-presenting cells and immune synapse establishment are coupled

to an arrest phase in B-cell migration during which B cells acquire antigens

(Carrasco & Batista, 2007; Junt et al., 2007). Thereby, the tight regulation

of the interplay between cell motility and antigen internalization is critical

for B-cell function. It has been recently shown that recruitment to the

immune synapse of the scaffold protein vinculin, which links integrins at

the plasma membrane with the actin cytoskeleton (Humphries et al.,

2007), regulates adhesion between the B cell and the antigen-presenting cell

(Saez de Guinoa, Barrio, & Carrasco, 2013). Vinculin is recruited to the

immune synapse, in parallel to a phosphatidylinositol (4,5)-bisphosphate

(PIP2) wave, and stabilizes LFA-1 cluster within the pSMAC. This process

relies on the activity of the myosin IIA motor, which is also required for

CXCL13-mediated migration (Sáez de Guinoa et al., 2011). Vinculin and

myosin IIA are therefore critical for B lymphocytes to switch between random

motility and antigen internalization. Thus, B cells possess the machinery

required to (1) integrate incoming information and (2) adapt their response

tomaximize antigen acquisition by regulating the balance between cell migra-

tion and cell adhesion to antigen-presenting cells. This leads to the formation

either of a stable immune synapse characterized by a firm adhesion of the B cell

to the antigen-presenting cell and very poor migratory capacities or of

CXCL13- and LFA-1-mediated kinapses where B cells establish successive

short interactions with multiple antigen-presenting cells, alternating between

adhesion andmotility phases. Interestingly, this resembles the intermittent sea-

rch strategy displayed by dendritic cells where the coupling between antigen

processing and cell motility by myosin II was proposed to enable dendritic

cells to efficiently patrol peripheral tissues in search for antigens (Faure-

andré et al., 2008; Heuzé et al., 2013). Myosin II activity therefore emerges

as pivotal for many steps of B-cell activation: (1) It stabilizes vinculin by pro-

moting LFA-1-mediated B-cell spreading onto the antigen-presenting cell

and might thereby decrease B-cell velocity, (2) it provides a mechanical force

to “test” for discrimination of antigen affinity, and (3) it ensures the proper

trafficking of antigen–BCR complexes intoMHC class II+ lysosomes for anti-

gen processing. Whether myosin II regulates B-cell polarity and whether

B-cell polarity contributes to the switch between antigen uptake and cell

migration remain to be addressed.

4.2. Galectins and B-cell function
Beyond chemokines, B-cell follicles contain a diversity of stromal cells and

extracellular matrix components that might modulate the outcome of

61Cell Polarity in Antigen Presentation by B Cells



B lymphocyte responses. Such cues have been poorly studied. During the

last decade, glycan-binding proteins have emerged as key regulators of

immune cell homeostasis and response to antigens (Rabinovich & Croci,

2012). Among these proteins is the galectin family (Rabinovich &

Toscano, 2009) that has the ability to cross-link cell-surface glycol proteins

in the extracellular space upon secretion, thereby impacting a wide range of

biological processes. For instance, it was described that the lack of galectin-3

in Schistosoma mansoni chronically infected mice promotes plasma cell forma-

tion (Oliveira et al., 2011), suggesting a role for this galectin in negative reg-

ulation of B-cell responses. In contrast, galectin-1 and galectin-8 were

shown to bind to mature B cells and promote the differentiation of LPS-

treated B cells into antibody-secreting plasma cells in vitro (Tsai et al.,

2008, 2011). It is interesting to note that while galectin-1 expression

increases during the course of B-cell differentiation upon LPS stimulation,

the expression of galectin-8 decreases (Tsai et al., 2011), suggesting an impor-

tant role for galectin-8 in the early steps of B-cell activation. In addition, high

concentrationof galectin-8was reported to trigger antigen-independent pro-

liferation of CD4+ T cells, whereas lower quantity of the protein provides

costimulatory signals that synergize antigen-specific CD4+ T-cell responses

(Cattaneo, Tribulatti, & Campetella, 2011; Tribulatti, Cattaneo, Hellman,

Mucci, & Campetella, 2009). Interestingly, galectin-8 was also described

to promote cell adhesion (Cueni&Detmar, 2009) andmigration of endothe-

lial cells in vivo (Delgado et al., 2011). Moreover, the presence of function-

blocking autoantibodies against galectin-8 in the sera of patients suffering

from systemic lupus erythematosus correlates with acute lymphopenia

(Massardo et al., 2009), suggesting that galectin-8 binding to glycosylated

proteins might regulate B-cell homeostasis and function. Whether galectins

or other glycan-binding proteins that are present within the lymphoid envi-

ronment modulate specific steps of B-cell activation such as BCR signaling,

B-cell adhesion, polarity, or migration remains to be explored.

5. CONCLUDING REMARKS

Although the signaling and genetic processes that enable

B lymphocytes to form GCs and differentiate into long-lived plasma cells

have been extensively studied in the past, the fundamental cell biological

events that drive B-cell activation in response to antigen stimulation have

recently started to be unraveled. Here, we have reviewed the fundamental

molecular and cell biological mechanisms involved in B-cell function and
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further highlighted how the acquisition of cell polarity critically regulates the

various stages of B-cell responses to surface-tethered antigens. How B-cell

polarity is controlled by extracellular cues in the context of lymphoid organs

and whether the modulation of B-cell polarity can be used to tune humoral

immune responses in pathological situations shall now be investigated.
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Innate control of actin nucleation determines two
distinct migration behaviours in dendritic cells
Pablo Vargas1,2,9, Paolo Maiuri2,8, Marine Bretou1,8, Pablo J. Sáez1, Paolo Pierobon1, Mathieu Maurin1,
Mélanie Chabaud1, Danielle Lankar1, Dorian Obino1, Emmanuel Terriac2, Matthew Raab2, Hawa-Racine Thiam2,
Thomas Brocker3, Susan M. Kitchen-Goosen4, Arthur S. Alberts4, Praveen Sunareni5, Sheng Xia5, Rong Li5,
Raphael Voituriez6,7, Matthieu Piel2,8,9 and Ana-Maria Lennon-Duménil1,8,9

Dendritic cell (DC) migration in peripheral tissues serves two main functions: antigen sampling by immature DCs, and
chemokine-guided migration towards lymphatic vessels (LVs) on maturation. These migratory events determine the efficiency of
the adaptive immune response. Their regulation by the core cell locomotion machinery has not been determined. Here, we show
that the migration of immature DCs depends on two main actin pools: a RhoA–mDia1-dependent actin pool located at their rear,
which facilitates forward locomotion; and a Cdc42–Arp2/3-dependent actin pool present at their front, which limits migration but
promotes antigen capture. Following TLR4–MyD88-induced maturation, Arp2/3-dependent actin enrichment at the cell front is
markedly reduced. Consequently, mature DCs switch to a faster and more persistent mDia1-dependent locomotion mode that
facilitates chemotactic migration to LVs and lymph nodes. Thus, the differential use of actin-nucleating machineries optimizes the
migration of immature and mature DCs according to their specific function.

The activation of T lymphocytes depends on the capacity of dendritic
cells (DCs) to internalize antigens at the site of infection and transport
them to lymph nodes (LNs) as processed major histocompatibility
complex–peptide complexes1. Sampling of peripheral tissues by
immature DCs relies on their intrinsic antigen internalization capacity
that includes both phagocytosis and macropinocytosis2–4. Tissue
patrolling might also involve active DC locomotion as immature
DCs have been shown to be motile in peripheral locations such
as the mouse ear and gut5,6. On sensing of microbial stimuli, DCs
acquire a mature phenotype that is associated with the Cdc42-
dependent downregulation of macropinocytosis and the upregulation
of co-stimulatory molecules for productive interaction with T
lymphocytes2,3,7. Mature DCs also upregulate the chemokine receptor
CCR7 at their surface8, which allows them to respond to gradients
of CCL21 secreted by the lymphatic endothelium, inducing their
directional migration towards lymphatic vessels (LVs) and LNs (refs 9,
10). Extracellularmolecules from the endothelium such as podoplanin
were also shown to influence mature DC locomotion in vivo11.
However, whether and how the core migration machinery of DCs is
modified on innate sensing and impacts on their immune function
remains unknown.

The mechanisms that enable cell migration have been extensively
studied in adhesive cells moving on flat two-dimensional (2D)
surfaces. In most cases, they involve cycles of cell front extension
mediated by Arp2/3-dependent nucleation of branched filamentous
actin, followed by cell rear retraction12. However, 2D migration
rarely applies to immune cells, which mainly migrate in complex
3D environments in vivo. Although 3D environments are diverse in
terms of molecular composition and geometry, they share a common
property that does not apply to flat surfaces: cell confinement.
Noticeably, DC locomotion was shown to be independent of integrin-
mediated adhesion in 3D and 2D confined environments as well
as in vivo13–15, stressing the need to use experimental systems
exhibiting the proper geometry to tackle the mechanisms underlying
DC migration.

We used confining devices to investigate how sensing of microbial
components regulates the intrinsic migratory capacity of DCs. We
found that maturation of DCs in response to Toll-like receptor (TLR)
4–MyD88 signalling increases their migration speed and persistence
by regulating actin-nucleation machineries. We further show that this
cell-intrinsic change in DC motility is required for them to efficiently
follow chemotactic gradients and reach LNs in vivo. We propose

1Inserm U932, Institut Curie, 12 rue Lhomond, 75005 Paris, France. 2CNRS UMR144, Institut Curie, 12 rue Lhomond, 75005 Paris, France. 3Institute for
Immunology, Ludwig-Maximilian University of Munich, 80336 Munich, Germany. 4Van Andel Research Institute, 333 Bostwick Avenue N.E., Grand Rapids,
Michigan 49503, USA. 5Johns Hopkins University School of Medicine, 855 N. Wolfe Street, Baltimore, Maryland 21205, USA. 6CNRS UMR 7600, Université Pierre et
Marie Curie, 4 Place Jussieu, 75005 Paris, France. 7CNRS FRE 3231, Université Pierre et Marie Curie, 4 Place Jussieu, 75005 Paris, France. 8These authors
contributed equally to this work.
9Correspondence should be addressed to P.V., M.P. or A.-M.L.-D. (e-mail: pablo.vargas@curie.fr or mpiel@curie.fr or amlennon@curie.fr)
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Figure 1 LPS activation induces fast and persistent DC migration.
(a–c) Analysis of BMDCs migrating in 4 µm × 5 µm fibronectin-coated micro-
channels. Cells were imaged between 6 and 16h after LPS treatment
(100ngml−1 for 30min). (a) Mean instantaneous cell speed. Each dot
represents the mean of one experiment (n=29 experiments, >40 cells in
each experiment). (b) Kymograph representative of an iDC and an LPS-DC
migrating in micro-channels. (c) Analysis of CCR7KO DC migration in micro-
channels (n=150, 99, 145 and 151 cells for iDC, LPS-DC, iCCR7KO and
LPS CCR7KO respectively). One representative experiment out of two is

shown. (d–g) Analysis of DC migration under agarose. (d) Cell tracks of DCs
migrating under agarose. Cells were imaged for 200min. The starting point
of each trajectory was translated to the origin of the plot. One representative
experiment out of three is shown. (e,f) Mean instantaneous speed and path
persistence of data depicted in d (n=63 and 76 cells for iDC and LPS-DC
respectively). (g) Mean square displacement (MSD) obtained from the data
depicted in d. The Mann–Whitney test was applied for statistical analysis.
In the box plots of c,e,f the bars include 90% of the points, the centre
corresponds to the median and the box contains 75% of the data.

that regulation of the core cell migration machinery helps adapt the
migratory behaviour of immature and mature DCs to their distinct
functional requirements: environment sampling and antigen uptake
for immature DCs and efficient migration to lymphoid organs for
mature DCs.

RESULTS
Innate sensing induces fast and persistent DC migration
We asked whether innate sensing triggers cell-intrinsic changes in
DC motility. To address this question, we compared the migration of
immature DCs (iDCs) and LPS-treated mature DCs (LPS-DCs) in
1D confined micro-channels15–17. DCs pulsed with LPS for 30min
showed a significant increase in their migration speed after 6 h
(Fig. 1a,b). This transient LPS treatment was sufficient to induce
full DC maturation (Supplementary Fig. 1a,b). The increment
in DC velocity was also observed in CCR7 knockout (KO) and
pertussis toxin-treated cells (Fig. 1c and Supplementary Fig. 1c,d),
excluding a role of G protein-coupled chemokine receptors. In
contrast, both the LPS receptor TLR4 and its adaptor MyD88
(ref. 18) were needed for DC speed increment (Supplementary
Fig. 1e,f). Hence, sensing of LPS triggers a TLR4–MyD88-dependent

signalling cascade that promotes fast DC motility in 1D
confined environments.

The trajectories of LPS-DCs were more continuous than those
of iDCs, suggesting a more persistent locomotion mode (Fig. 1b).
To measure cell migration persistence, we used the previously
described ‘under-agarose motility assay’19, in which DCs are confined
but freely move in two dimensions. LPS-DCs exhibited more
directed trajectories as compared with iDCs (Fig. 1d). Accordingly,
both their migration speed and path persistence were increased
(Fig. 1e,f). As a consequence of that, LPS-DCs were more efficient
in space exploration, as illustrated by their increased mean square
displacement (Fig. 1g). Thus, TLR4 engagement triggers a cell-
intrinsic response that results in mature DCs moving over larger
distances as compared with their immature counterparts.

Innate sensing modifies actin dynamics in migrating DCs
We next investigated whether the impact of innate sensing on DC
locomotion was associated with changes in their actin cytoskeleton.
We have previously shown that iDCs alternate fast and slow
motility phases when migrating in micro-channels15. Analysis of
F-actin dynamics using DCs derived from LifeAct–GFP transgenic
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Figure 2 LPS activation of DCs modifies the dynamics of their actin
cytoskeleton. (a–d) LifeAct–GFP imaging of BMDCs migrating in 8 µm× 5 µm
fibronectin-coated micro-channels. (a) Sequential images of LifeAct–GFP DCs
acquired on an epifluorescence microscope every 1min with a ×20 objective.
(b) LifeAct–GFP density maps. Scale bars, 2.5 µm. The signal recorded at
each time point was integrated into a single image for single migrating cells
(see Supplementary Fig. 2). The mean intensity obtained for each cell was
then averaged into a single density map (n=31 and 27 cells for iDC and
LPS-DC respectively). One representative experiment out of four is shown.

(c) Correlation between the LifeAct–GFP front/back ratio and instantaneous
speed values from DCs migrating in micro-channels. Values were obtained
from data shown in b. The inset shows the mean fraction of time spent by
DCs with LifeAct–GFP concentrated at their front (first third of the cell). The
Mann–Whitney test was applied for statistical analysis. Graphic shows mean
and error bars correspond to s.e.m. (d) LifeAct–GFP DCs migrating in micro-
channels and time lapsed on a spinning-disc microscope (×100). Middle (M)
and cortical (C) planes were imaged. The red arrows on the zoomed image
show actin cables formed at the rear of LPS-DC.

mice highlighted that iDCs concentrated F-actin at the cell front,
particularly during phases of slow motion (Fig. 2a, upper panel). In
contrast, the predominant F-actin pool of LPS-DCs was localized
at the cell back. This pool of F-actin was also observed during
phases of fast locomotion in iDCs (Fig. 2a, lower panel). These
results were confirmed by quantifying the mean behaviour of the
entire DC population using LifeAct–GFP density maps (Fig. 2b and
Supplementary Fig. 2). Dynamic analysis showed that the presence of
F-actin at the cell front inversely correlated with cell speed in both
types of DC (Fig. 2c). However, iDCs spent significantly more time
with actin at their front (Fig. 2c, inset). Noticeably, the predominant
F-actin pool observed at the front of iDCs was mainly observed in
ruffles and around macropinosomes20 (Fig. 2d and Supplementary
Videos 1 and 2). In contrast, the main F-actin structure present at the
back of LPS-DCs localized at the cell cortex and included numerous
actin cables (arrows in Fig. 2d and Supplementary Videos 1 and 3).

Such cables were also occasionally observed in iDCs, in agreement
with these cells exhibiting both slow and fast migration phases. These
data highlight the existence of twomain pools of F-actin inDCs: one at
the cell front associated with slow motility, which is mainly observed
in iDCs, and one at the cell back that correlates with fast migration.

F-actin at the front of iDCs depends on Arp2/3, limits migration
but promotes antigen uptake
We next searched for the actin nucleators involved in the generation
of these different actin pools. Branched actin nucleated by the Arp2/3
complex is known to promote migration by driving protrusion at the
leading edge21–23. Arp2/3 has also been associated with membranes
ruffling during macropinocytosis24. We therefore reasoned that
Arp2/3 was needed for F-actin accumulation at the front of iDCs.
Inhibiting Arp2/3 with CK666 (ref. 25) decreased the fraction of time
iDCs spent with F-actin concentrated at their front (Fig. 3a,b). The
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Figure 3 Arp2/3-dependent actin at the front of iDCs limits migration
but promotes antigen uptake. (a) Mean LifeAct–GFP distribution in iDCs
migrating in micro-channels and treated with the Arp2/3 inhibitor CK666
(25 µM) or silenced for Arpc4 (n= 27, 42, 28 and 26 cells for iDC,
iDC CK666, iDC Ctrl and iArpc4KD respectively). Scale bars, 2.5 µm.
One representative experiment out of three is shown. Internal controls are
systematically used. (b) Dynamic analysis of the fraction of time spent
by cells with LifeAct–GFP at their front obtained from data in a. Graphic
shows mean and error bars correspond to s.e.m. (c) Correlation between
the LifeAct–GFP front/back ratio and instantaneous speed values from DCs
migrating in micro-channels obtained from data shown in a. (d) Mean
instantaneous speed of WT or tamoxifen-induced Arpc2KO DCs migrating in
micro-channels (n=308, 255, 284 and 209 cells for iWT, LPS WT, iArpc2KO

and LPS Arpc2KO respectively). One representative experiment out of three
is shown. (e) Spinning-disc images (×100) of Arpc2 WT (TomatoFP+) or KO
(GFP+) iDCs migrating in micro-channels. (f) Cortical LifeAct–GFP signal of
control or CK666-treated iDCs migrating in micro-channels. (g) Quantification
of fluorescent ovalbumin uptake in iDCs derived from WT and tamoxifen-
induced Arpc2KO DCs migrating in micro-channels (n=36 and 37 cells for
Arpc2WT and Arpc2KO respectively). One representative experiment out of
two is shown. (h) Immunofluorescence analysis of Arp2 in iDCs migrating
in micro-channels analysed using a spinning-disc microscope (×100). The
overlay shows LifeAct–GFP (green), Arp2 immunoreactivity (red) and DAPI
staining (blue).The Mann–Whitney test was applied for all statistical analyses.
In the box plots of d and g the bars include 90% of the points, the centre
corresponds to the median and the box contains 75% of the data.

same result was observed when using siRNA targeting Arpc4, one
of the actin-binding subunits of the Arp2/3 complex26 (Fig. 3a,b and
Supplementary Fig. 3a). Strikingly, high-resolution imaging showed
that CK666 treatment led to the accumulation of cortical actin
filaments at the rear of iDCs (Fig. 3f), which were organized in a
similar structure to the one observed in LPS-DCs. None of these
treatments significantly affected LifeAct–GFP distribution in LPS-
DCs, showing that F-actin concentrates at their back independently
of Arp2/3 (Supplementary Fig. 3b,c). Changes in F-actin distribution
were not due to DC maturation induced by Arp2/3 inhibition
(Supplementary Fig. 3d). Hence, Arp2/3 is required to maintain the
pool of F-actin at the front of iDCs but is dispensable for F-actin
enrichment at the rear of LPS-DCs.

Strikingly, Arp2/3 inhibition in iDCs not only decreased the
accumulation of F-actin at their front but also increased their speed
(Fig. 3c and Supplementary Fig. 3e). Although unexpected, this result

is consistent with LPS-DCs lacking Arp2/3-dependent actin at the
cell front and migrating faster than iDCs. A similar increase in cell
velocity was observed in conditional Arpc2KO iDCs, which migrated
as fast as LPS-DCs (Fig. 3d and Supplementary Fig. 3f). The speed
of Arpc2KO DCs was also significantly increased in under-agarose
migration assays (Supplementary Fig. 3g). This was independent of
DC maturation (Supplementary Fig. 3h). Thus, unlike protrusion-
based locomotion21–23, the Arp2/3-dependent pool of F-actin present
at the front of iDCs limits their migration.

Noticeably, the front of Arpc2KO iDCs contained small vesicles
instead of large macropinosomes (Fig. 3e and Supplementary Fig. 3i),
indicating that Arp2/3-dependent F-actin might be rather required
for antigen macropinocytosis than for iDC locomotion. Accordingly,
the amount of extracellular fluid enclosed in these vesicles was
diminished when Arp2/3 was inhibited or knocked out (Fig. 3g
and Supplementary Fig. 3j). Antigen uptake was also decreased
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of the fraction of time spent by cells with LifeAct–GFP at their front obtained
from data shown in a (n= 21, 22 and 31 for iCtrl, LPS Ctrl and LPS
mDia1KD respectively). Graphic shows mean and error bars correspond to
s.e.m. (c) Quantification of fluorescent ovalbumin uptake in DCs derived
from WT and mDia1KO mice or treated with Smifh2 (25 µM) while migrating
in micro-channels (n=33, 36, 38, 45, 23 and 28 cells for WT, LPS DC,
imDia1KO, LPS mDia1KO, LPS Ctrl and LPS Smifh2 respectively). One
representative experiment out of two is shown. NS, not significant. (d) Mean

instantaneous speed of control and mDia1KO DCs migrating in micro-
channels (n=272, 218, 192 and 310 cells for iWT, LPS WT, imDia1KO
and LPS mDia1KO respectively). One representative experiment out of three
is shown. (e–g) Analysis of DC migration under agarose. (e) Cell tracks of WT
and mDia1KO LPS-DCs. Cells were imaged for 200min. The starting point
of each trajectory was translated to the origin of the plot. n=129 and 69
cells for LPS mDia1WT and LPS mDia1KO respectively. One representative
experiment out of three is shown. (f) Mean instantaneous speed obtained
from data shown in d. (g) Mean square displacement (MSD) quantified
from the data depicted in e. The Mann–Whitney test was applied for all
statistical analyses. In the box plots of c,d and f the bars include 90% of the
points, the centre corresponds to the median and the box contains 75% of
the data.
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in LPS-DCs, consistent with less actin accumulating at their front
(Supplementary Fig. 3k). Immunofluorescence analysis showed that
Arp2/3 was indeed enriched around macropinosomes at the front of
iDCs (Fig. 3h). Density maps obtained from fixed cells highlighted
that Arp2/3 exhibited a similar distribution in iDCs and LPS-
DCs (Supplementary Fig. 3l). This observation suggests that the
accumulation of F-actin at the back of LPS-DCs does not result
from changes in Arp2/3 distribution. Together, our data indicate that
antigen uptake—but not DC migration—requires Arp2/3.

mDia1-dependent actin nucleation at the cell rear controls fast
DC migration
Arp2/3 inhibition or silencing had no major impact on actin
distribution and migration of LPS-DCs, suggesting that the actin
cables observed at their back result from alternative nucleating
factors.We therefore investigated the possible involvement of formins,
which nucleate non-branched actin filaments27–29. The broad formin
inhibitor Smifh2 (ref. 30) induced the redistribution of actin from
the back to the front of both iDCs and LPS-DCs (Fig. 4a and
Supplementary Fig. 4a). This indicates that formin activity maintains
F-actin at the DC rear. Among the 15 members of the formin family,
mDia1 is known to be required for T-cell31,32 and DC (ref. 33)
migration from peripheral tissues to LNs. In addition, mDia1 is
the main formin involved in nucleation of the bulk actin cortex34.
Accordingly, analysis by immunofluorescence of mDia1 intracellular
distribution showed that it was present all along the cortex in LPS-
DCs (Supplementary Fig. 4b). AsmDia1 staining required cell fixation
with methanol, which did not preserve the predominant F-actin
structure observed at the back of LPS-DCs, we could not observe
whether mDia1 localized to it. Nonetheless, density maps showed
that mDia1 localization followed F-actin distribution: whereas mDia1
was enriched at the front of iDCs, it increased at the back of LPS-
DCs (Supplementary Fig. 4c). We therefore evaluated the specific
contribution of mDia1 to LifeAct–GFP dynamics in migrating DCs.
The pool of F-actin present at the rear of LPS-DCs was significantly
reduced when silencing mDia1 (Fig. 4a and Supplementary Fig. 4d).
In addition, the time spent by mDia1-silenced cells with F-actin
concentrated at their front and their front/back F-actin ratio were
increased (Fig. 4b). The effect of mDia1 was comparable to the one
of Smifh2, suggesting that it is indeed the main formin involved. Of
note, macropinocytosis was restored to levels comparable to the ones
of iDCs in bothmDia1KO and Smifh2-treated LPS-DCs, in agreement
with F-actin accumulating at their front (Fig. 4c).

Knocking out the mDia1 gene35 or inhibiting formins with Smifh2
reduced the migration speed and persistence of both iDCs and LPS-
DCs (Fig. 4d and Supplementary Fig. 4e,f). However, the impact
of mDia1 deficiency on cell speed was stronger in LPS-DCs. This
result suggests that mDia1 is needed for fast DC migration and
has therefore a greater impact on the speed of LPS-DCs, which
predominantly migrate fast, than on iDCs, which alternate between
fast and slow motility phases. Accordingly, we found that the highest
speed reached by iDCs and LPS-DCs was significantly diminished in
the absence of mDia1 (Supplementary Fig. 4g). In addition, under-
agarose migration assays showed that mDia1-deficient LPS-DCs were
slower and less efficient in space exploration as compared with wild-
type cells (Fig. 4e–g). The migration defect of mDia1KO DCs was not

due to impaired maturation (Supplementary Fig. 4h). Hence, unlike
Arp2/3, mDia1 controls the maintenance of F-actin at the back of
fast-moving DCs and is required for their persistent locomotion. Of
note, inhibition of Arp2/3 in mDia1KO DCs had no effect on their
migratory phenotype (Supplementary Fig. 4i). Thus, iDCs exhibit an
mDia1-dependent F-actin pool at their rear needed for fast migration
and an Arp2/3-dependent F-actin pool at their front that limits
locomotion but is required for antigen uptake. In contrast, LPS-DCs
predominantly exhibit mDia1-dependent F-actin at their back and
therefore migrate faster and more persistently but do not efficiently
take up extracellular material.

Actin nucleation at the front and back of DCs respectively relies
on Cdc42 and RhoA
Our data show that inhibiting or knocking out Arp2/3 in iDCs is
sufficient to recapitulate the phenotype of mature LPS-DCs in terms
of migration and macropinocytosis, suggesting that LPS-induced DC
maturation leads to the downregulation of Arp2/3 expression or
activity. However, no change in the expression levels of Arp2/3 was
observed on LPS treatment of DCs (Supplementary Figs 5a,b and 8a),
implying that its actin-nucleation activity might rather be diminished
in mature DCs. Downregulation of the small GTPase Cdc42, which
activates Arp2/3 through the nucleation-promoting factor WASP
(ref. 36), was shown to be responsible for reduced macropinocytosis
in LPS-DCs (ref. 2). We therefore reasoned that down-modulation
of Cdc42 activity might lead to reduced Arp2/3 activation and fast
migration in mature DCs. To address this question, we used DCs
generated from conditional Cdc42KO mice37 or the Cdc42 inhibitor
ML141. Cdc42KO and ML141-treated iDCs exhibited the same
phenotype as Arp2/3-deficient DCs: they migrated as fast as LPS-DCs
and spent less time with F-actin concentrated at their front (Fig. 5a–c
and Supplementary Fig. 5c). As observed when inhibiting Arp2/3,
inhibition of Cdc42 activity markedly decreased macropinocytosis
in iDCs (Fig. 5d). No major effect of Cdc42 deficiency/inhibition
was observed on F-actin distribution and migration of LPS-DCs
(Fig. 5b,c). In sharp contrast, RhoAKO or RhoA-inhibited DCs
exhibited a phenotype similar to the one of mDia1KO cells: their
speed was decreased and, when treated with LPS, they accumulated
F-actin at their front and internalized extracellular material by
macropinocytosis (Fig. 5e–h). DC maturation was unaffected by both
Cdc42 and RhoA deficiencies (Supplementary Fig. 5d). Therefore,
downregulation of Cdc42 activity in mature LPS-DCs leads to
decreased Arp2/3-mediated actin nucleation andmacropinocytosis at
their front. As a result of this, they adopt a fast migratory phenotype
that relies on RhoA–mDia1-dependent actin nucleation.

mDia1 is required for chemotactic migration of mature DCs
In vivo, DCs increase their persistence when attracted to CCL21
gradients10 on LVs.We therefore asked whether themDia1-dependent
migration increment observed in LPS-DCs affected their chemotactic
migration (Supplementary Fig. 6a). Using collagen gels13, we found
that LPS-DCs but not iDCs—which do not express CCR7—migrated
towards theCCL21 source (Supplementary Fig. 6b and Supplementary
Video 4). Both, control and mDia1KO LPS-DCs expressed similar
levels of surface CCR7 (Supplementary Fig. 6c) and sensed the
direction of the gradient with similar efficiencies as shown by
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Figure 5 Cdc42 and RhoA respectively control the migration of iDCs and
LPS-DCs. (a) Mean instantaneous speed of Cdc42WT and KO DCs migrating
in micro-channels (n= 111, 33, 129 and 110 cells for iWT, LPS WT,
iCdc42KO and LPS Cdc42KO respectively). One representative experiment
out of two is shown. NS, not significant. (b) Mean LifeAct–GFP distribution
in DCs treated with the Cdc42 inhibitor ML141 (50 µM) (n=25, 32, 33 and
33 cells for iDC, iDC ML141, LPS-DC and LPS-DC ML141 respectively).
One representative experiment out of two is shown. Scale bars, 2.5 µm.
(c) Dynamic analysis of the fraction of time spent by cells with LifeAct–GFP
at their front obtained from data in b. Graphic shows mean and error bars
correspond to s.e.m. (d) Quantification of fluorescent ovalbumin uptake in
iDCs treated with ML141 (50 µM) while migrating in micro-channels (n=15
and 29 cells for iDC and iDC ML141 respectively). One representative
experiment out of two is shown. (e) Mean instantaneous speed of WT and
RhoAKO DCs migrating in micro-channels (n=86, 102, 45 and 109 cells for

iWT, LPS-DC, iRhoAKO and LPS RhoAKO respectively). One representative
experiment out of two is shown. NS, not significant. (f) Mean LifeAct–GFP
distribution in DCs migrating in micro-channels and treated with the RhoA
inhibitor C3 convertase (1 µgml−1) (n=42, 97, 34 and 59 cells for iDC, iDC
C3, LPS-DC and LPS-DC C3 respectively). One representative experiment
out of two is shown. Scale bars, 2.5 µm. (g) Dynamic analysis of the
fraction of time spent by cells with LifeAct–GFP at their front obtained
from data shown in f. Graphic shows mean and error bars correspond to
s.e.m. (h) Quantification of fluorescent ovalbumin uptake in iDCs treated
with C3 convertase (1 µgml−1) while migrating in micro-channels (n=23
and 28 cells for LPS-DC and LPS-DC C3 respectively). One representative
experiment out of two is shown. The Mann–Whitney test was applied for all
statistical analyses. In the box plots of a,d,e and h the bars include 90% of
the points, the centre corresponds to the median and the box contains 75%
of the data.

the distribution of their trajectories (Fig. 6a,b and Supplementary
Video 5). However, individual cell tracks were shorter in mDia1KO
LPS-DCs (Fig. 6b). Further analysis highlighted that wild-type LPS-
DCs increased both their speed and persistence while approaching
the chemokine source (Fig. 6c,d and Supplementary Fig. 6b). No such
increase was observed in the absence of chemokine (Fig. 6e). This
process referred to as orthotaxis has been proposed as a mechanism
by which chemokine gradients increase the efficiency of directional
migration38. Strikingly, orthotaxis was impaired in mDia1KO LPS-
DCs (Fig. 6c,d and Supplementary Fig. 7a–c). Hence, mDia1 not
only increases the speed of LPS-DCs but is further required for their
chemotacticmigration, suggesting that the increment ofDCmigration
induced on LPS sensing impacts chemokine-driven locomotion.

We found that Arp2/3 inhibition had no impact on directionality,
speed or persistence of LPS-DCs migrating in CCL21 gradients

(Fig. 6f,g), consistent with our result showing that LPS-DCs are
insensitive to Arp2/3 inhibition in terms of F-actin distribution and
migration speed. We conclude that mDia1 but not Arp2/3 controls
the chemotactic movement of LPS-DCs in collagen gels. Surprisingly,
none of them affected directionality, suggesting that alternative
mechanisms might account for the regulation of cell orientation along
CCL21 gradients.

mDia1 is required for arrival of LPS-DCs to lymphatic vessels
and lymph nodes
So far, we have shown that mDia1 plays a key role in the
TLR4–MyD88-dependent transition from slow to fast and persistent
DC locomotion and is required for their chemotaxis in vitro. To
evaluate whether this equally applies in tissues, we analysed the
migration of LPS-DCs towards LVs in explanted ear epidermal
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Figure 6 mDia1 is required for the chemotactic response of mature DCs.
(a–g) Chemotactic response of LPS-DCs embedded in a collagen gel
containing a CCL21 gradient. Frequency (Freq.) was calculated in 500
random tracks because of oversampling. One representative experiment out
of three is shown. (a) Directionality of trajectories during the chemotactic
response or in the absence of chemokines (No chem.) of mDia1WT and
mDia1KO LPS-DCs. (b) One hundred random tracks of LPS-DCs undergoing
chemotaxis. (c) Mean speed of LPS-DCs represented as a function of

the distance to the CCL21 source. (d) Frequency of movement of LPS-
DCs in the direction of the gradient represented as a function of the
distance to the CCL21 source. (e) Speed of LPS-DCs in the absence of
CCL21. (f) Directionality of trajectories of LPS-DCs treated or not with
CK666 (25 µM) during chemotactic response as in a. (g) Mean speed of
CK666-treated LPS-DCs represented as a function of the distance to the
CCL21 source. Trend lines with 95% confidence interval are shown in
c,d,e and g.

sheets39 (Supplementary Fig. 7d). mDia1KO mature DCs exhibited
decreased motility as compared with wild-type LPS-DCs when
moving in the same tissue (Fig. 7a,b). Consequently, their ability
to explore the space was reduced as depicted by their diminished
mean square displacement (Fig. 7c). Analysis of cell tracks showed
that control LPS-DCs exhibited a persistent random walk migration
mode biased towards LVs whereas mDia1KO cells followed an
isotropic diffusive pattern of locomotion (Fig. 7c and Supplementary
Fig. 7e). As observed in collagen gels, wild-type LPS-DCs increased
their speed and directionality while approaching LVs (Fig. 7d,e). In
contrast, mDia1KO LPS-DCs migrated randomly, did not exhibit any
significant directional bias towards LVs (Fig. 7b–e) and barely reached

these vessels (Fig. 7f). Migration of Arpc2KO LPS-DCs to LVs was
not altered (Fig. 7g), in agreement with these cells exhibiting wild-
type migratory and chemotactic phenotypes in vitro. Hence, mDia1
is required for orthotaxis of mature DCs in vivo.

The absence of mDia1 had a stronger impact on DC migration in
the skin than in collagen gels, suggesting that a persistent randomwalk
is particularly critical for DC migration along chemokine gradients
in the complex geometry of tissues. Consistent with these results, we
found that the arrival of mDia1KO LPS-DCs to LNs on transfer into
the footpad of wild-type recipients was also significantly decreased33

(Fig. 7h and Supplementary Fig. 7f). We conclude that mature DCs
must harbour an mDia1-dependent fast and persistent migration
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Figure 7mDia1 is required for migration of mature DCs to LVs and LNs in vivo.
(a–f) Migration of LPS-DCs in mouse ear explants (n=50 and 59 cells for
LPS mDia1WT and LPS mDia1KO respectively). Pool of three independent
experiments. (a) Cell tracks from mDia1WT (red) or mDia1KO (green) LPS-
DCs migrating in the proximity of LVs (stained with LYVE-1; blue) in a mouse
epidermal ear sheet. Scale bar, 50 µm. (b) Fifteen randomly selected tracks
of mDia1WT and mDia1KO LPS-DCs migrating in an epidermal ear sheet as
shown in a. (c) Mean square displacement (MSD) of mDia1WT and mDia1KO
LPS-DCs migrating in an epidermal ear sheet. The MSD curve of mDia1KO
cells is fitted with a simple linear expression, reflecting the isotropic random
walk-like behaviour of this population. Instead, the MSD curve of mDia1WT
cells showed a first nonlinear increase followed by a linear dependency, as
expected for biased persistent random walk and is fitted with Fürth’s formula.

(d) Mean instantaneous speed of LPS-DCs represented as a function of the
distance to the closest LV. Error bars correspond to s.d. (e) Frequency of
cell movements in the direction of the closest LV. Statistical analysis was
performed comparing values with respect to random migration from data
shown in d. Student’s t-test and Pearson’s χ2 test were applied in d and
e, respectively. NS, not significant. (f,g) Fraction of DCs that reach LVs
plotted as a function of time. Error bars correspond to s.e.m. (h) In vivo
migration of LPS-DCs to LNs. The number of mDia1WT and mDia1KO DCs
that arrive at popliteal LNs after injection in the footpad was analysed by
fluorescence-activated cell sorting after 16 h (n=9mice per condition pooled
from three independent experiments). The Mann–Whitney test was applied
for statistical analysis in h. Graphic shows mean and error bars correspond
to s.e.m.

mode to follow chemotactic CCL21 gradients in peripheral tissues and
reach LNs in vivo.

DISCUSSION
We here show that sensing of the microbial compound LPS increases
the migration speed and persistence of DCs, a process required
for efficient chemotaxis to LVs and homing to LNs. This relies on
cell-intrinsic changes in F-actin distribution that result from the
differential use of actin-nucleating machineries in immature and
mature DCs. Thus, regulation of the core locomotion machinery on
activation of the LPS–TLR4–MyD88 axis helps tune the migratory
behaviour of immature and mature DCs according to their distinct
functional requirements: environment sampling and antigen uptake

for immatureDCs and fastmigration to LNs formatureDCs.Whether
other microbial or inflammatory stimuli equally affect actin dynamics
and chemotaxis of DCs shall now be addressed.

We found that Arp2/3 nucleates branched actin at the front of
iDCs, which harbour a speed-fluctuating behaviour15. This F-actin
pool compromised cell migration but promoted antigen capture
by macropinocytosis. In mature LPS-DCs, which exhibited a poor
macropinocytic capacity but migrated faster and more persistently
than iDCs, F-actin was predominantly observed at the cell rear and
relied on mDia1 and RhoA activities. Consistently, the levels of
phosphorylated myosin II light chain, which are regulated by RhoA,
were increased in LPS-DCs as compared with iDCs (Supplementary
Figs 7g and 8b). These data suggest that mDia1-dependent actin
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nucleation is used in both LPS-DCs and iDCs for locomotion, whereas
Arp2/3-dependent actin nucleation is used by iDCs to integrate
antigen uptake to cell migration. On LPS sensing, actin nucleation
at the front by Arp2/3 is strongly reduced, allowing mature DCs to
adopt a fast and directional migration mode. Strikingly, Cdc42, whose
activity was shown to be downregulated after treatment of DCs with
LPS (ref. 2), limited iDC migration but promoted macropinocytosis,
as did Arp2/3. This result strongly suggests that Cdc42 inactivation is
responsible for the loss of Arp2/3 activity in LPS-DCs.

Surprisingly, the presence of an Arp2/3-dependent F-actin pool at
the front of iDCs reduced their motility. This result was unexpected
given that Arp2/3 is described as promoting forward locomotion by
generating protrusions at the cell front21–23, showing that the branched
actin network plays different roles in cell migration based on the
environment geometry and the cell type. On 2D surfaces, cells exert
forces parallel to the substratumowing to the presence of Arp2/3 at the
cell front. In contrast, in confined environments, motility results from
pushing forces exerted perpendicularly to the substratum40. Our data
suggest that these forces are generated by formins and not by Arp2/3,
consistent with findings made in HL-60 cells migrating in micro-
channels41. Arp2/3 at the front of iDCs might impair migration by
promoting the formation of macropinosomes, as suggested by results
highlighting that migration and macropinocytosis are antagonistic
in Dictyostelium and iDCs (refs 20,42). In iDCs, this antagonism
results from the recruitment of myosin II to macropinosomes, which
disrupts the back-to-front gradient of the motor protein and leads to
speed reduction20. The present study therefore suggests that myosin II
recruitment to the front of iDCs might rely on local Arp2/3 activity.
Whether the presence of both mDia1 and Arp2/3 at the front of iDCs
is needed to generate anti-polar actin filaments to which myosin II
could bind should be explored.

We found that mature LPS-DCs must adopt an mDia1-dependent
fast and persistent migrationmode to efficiently migrate along CCL21
gradients. Of note, although Arp2/3 did not regulate chemotaxis of
mature DCs, we cannot exclude that Arp2/3-dependent protrusion
at the cell front is required for chemotaxis of iDCs. Remarkably,
the impact of mDia1 deficiency on chemotaxis was more severe
in epidermal ear sheets than in collagen gels. This was not due to
impaired Clec2 expression in mDia1-deficient DCs (Supplementary
Fig. 6b), a surface lectin that binds to podoplanin present on
endothelial cells and is required for DC recruitment to LVs (ref. 11).
This difference might rather result from the complex architecture of
tissues thatmay locallymodify the linearity of CCL21 gradients so that
matureDCsmust harbour a persistent randomwalk locomotionmode
to not ‘get distracted’ andmaintain their directionality. In that context,
the presence of F-actin at the front of mDia1KODCs could favour the
sensing of such local gradientmodifications, reducing their directional
memory. Future experiments aimed at analysing the requirement for
mDia1 inDCsmigrating in irregular chemokine gradients ex vivo shall
help address this hypothesis. �

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Cells. Mouse bone marrow-derived dendritic cells (BMDCs) were obtained by
culturing bonemarrowprecursors for 10–12 days in IMDMmediumcontaining FCS
(10%), glutamine (20mM), penicillin–streptomycin (100Uml−1), 2-ME (50 µM)
and further supplemented with granulocyte-macrophage colony-stimulating factor
(50 ngml−1)-containing supernatant obtained from transfected J558 cells, as
previously described15. iDCs were obtained by gentle recovery of semi-adherent
cells from culture dishes. Mature DCs were obtained by treating iDCs with LPS
(100 ngml−1) for 30min and washing 3 times with complete medium. LPS-DC
migration was recorded between 6 and 16 h post LPS treatment.

BMDCs and mice. LifeAct–GFP and CCR7KO BMDCs were originated from
precursors purified from LifeAct–GFP and CCR7KO mice, and were a gift from
M. Sixt (IST, Austria)43,44. mDia1KO BMDCs were obtained from precursors
purified from mDia1KO mice that were generated in A.S.A.’s laboratory (Van
Andel Institute)35. MyD88KO BMDCs were generated from precursors purified
from MyD88KO mice (B6.129-MyD88 tm1∗) and obtained from CDTA. Arpc2KO
BMDCs were differentiated from precursors obtained from conditional tamoxifen-
inducible Arpc2KO mice that were generated as follows: ARPC2FRT/LoxP mice
were crossed to FLPeR mice to generate ARPC2 Loxp/+ animals in which
the LacZ and neomycin genes had been deleted. ARPC2 Loxp/+ mice were
crossed to EsrCre mice to generate ARPC2Loxp/+ EsrCre mice. These animals
were crossed to Rosa26-targeted mice containing membrane-targeted tdTomato
and membrane-targeted EGFP (mT/mG) reporter genes (Jackson Laboratory) to
generate ARPC2Loxp/Loxp CreER mTmG mice. In these animals, tamoxifen-
inducible Cre expression triggers both the depletion of Arpc2 and the exchange
between tdTomato and GFP reporters, allowing the identification of recombined
cells as GFP-positive45. This system was used to deplete Arpc2 in vitro from BMDC
cultures by adding tamoxifen to bone marrow cultures from day 2–8. BMDCs KO
for Cdc42 and RhoAKO were generated from mice obtained from T.B’s laboratory.
Cdc42KO animals were produced as previously described37. RhoAKO mice were
generated following the same procedure as Cdc42KO mice. All animals are on a
C57BL/B6 background and the corresponding breeding controls were systematically
used. The experiments were performed on 6–8-week-old male or female mice. For
animal care, we strictly followed the European and French National Regulation for
the Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes (Directive 2010/63; French Decree 2013-118). The present experiments,
which used mouse strains exhibiting non-harmful phenotypes, did not require a
project authorization and benefited from guidance of the Animal Welfare Body,
Research Centre, Institut Curie.

Antibodies and reagents. The following antibodies were used for
immunofluorescence (IF) and immunoblot (western blot, WB) experiments:
anti-Arpc2 (Millipore, 07-227, WB 1:500), -Arpc4 (Abcam, ab110770, WB 1:500),
-Arp2 (Abcam, ab47654, IF 1:50), -Arp3 (Sigma, A5979, WB 1:500), -mDia1 (BD,
610849, IF 1:50, WB 1:200), -GFP (Sigma, GSN149, IF 1:100) and -tubulin (Serotec,
MCA77G, WB 1:2,000). For FACS analysis anti-CD11c (HL3, 1:200), -CD86 (GL1,
1:200) and -CD40 (HM40-3, 1:200) were used (BD Biosciences). CCR7 expression
was analysed by sequential incubation of DCs with mouse CCL19-Fc (eBioscience,
1:200) and a secondary anti-Fc antibody (Life Technologies, 1:400). To image
DCs in micro-channels, we used Ovalbumin AlexaFluor-647 (0.4mgml−1), and
Hoechst 33342 (200 ngml−1) (Life Technologies). Pertussis toxin, CK666, Smifh2
and ML141 were obtained from Tocris Bioscience. Cell permeant C3 transferase
was obtained from Cytoskeleton. BMDCs were activated using LPS from Salmonella
enterica serotype typhimurium (Sigma).

Preparation of micro-channels. Micro-channels were prepared as described
previously15,17. Briefly, polydimethylsiloxane (PDMS) (GE Silicones) was used. Their
surface was coated with 10 µgml−1 bovine plasma fibronectin (Sigma) for 1 h and
then washed 3 times with PBS before introduction of cells in complete medium.

Velocity measurements in micro-channels. Migrating cells were imaged for 16 h
on an epifluorescence video-microscope Nikon TiE microscope equipped with a
cooled CCD (charge-coupled device) camera (HQ2, Photometrics) with a ×10
objective. A frequency of acquisition of 1 image per 2min of transmission phase was
used. Kymographs of the migrating cells were generated by subtracting from each
frame the mean projection of the whole movie, generating clear objects in a dark
background that were analysed using a custom program as described previously15.

Under-agarose assay. Under-agarose migration was performed as described
previously19. Briefly, a glass Petri dish was filled with 2ml of 1.2% warm ultrapure
agarose (Gibco) prepared in phenol red-free HBSS (Gibco). After polymerization at
37 ◦C a small hole was introduced at the centre of the agarose in which Hoechst
33342-stained DCs were loaded similarly to micro-channels experiments. DCs

migrating between the agarose and the glass were imaged at ×10 for several hours,
tracked following their nucleus and analysed using custom software.

siRNAsilencing inBMDCs.BMDCswere transfectedwith siRNA specific forArpc4
or mDia1 using the Amaxa mouse Dendritic Cell Nucleofector Kit (Lonza). Briefly,
2× 106 BMDCs collected at day 7 of differentiation were transfected in 100 µl of
Amaxa solution containing 10 µM of siRNA (all-star control or target specific).
Nucleofected cells were further cultured for 48–72 h in BMDC medium. To test
for specific depletion, 4 different siRNAs were tested in a first approach. Two of
them were chosen on the basis of their capacity to deplete the corresponding target.
LifeAct–GFP localization was evaluated for both siRNAs, but only the one with the
highest depletion was chosen to show the data in the article. For mDia1 the siRNAs
were obtained from Qiagen (Cat. no. GS13367, Product no. 1027416) and siRNA
SI02686390 and SI02666706 were chosen. For Arpc4 the siRNAs were also obtained
from Qiagen (Cat. no. GS68089, Product no. 1027416) and siRNA SI05382601 and
SI00904141 were chosen.

qPCR. RNA extraction was performed using NucleoSpin RNA (Macherey-
Nagel), according to the manufacturer’s protocol. cDNA was obtained with
the SuperScriptVILO cDNA synthesis kit (Life technologies), according to the
manufacturer’s protocol, starting from 1 µg of RNA. Quantitative PCR experiments
were done with the Lightcycler 480 (Roche) using the Taqman Gene expression
assay (Applied Biosystem) with the following primers: Mm01184552_m1 for Arpc4,
Mm00492170_m1 for mDia1 and Mm99999915_g1 for GAPDH as a control.

Tamoxifen-induced depletion of Arpc2 gene.At day 4 of culture, bonemarrow cells
were seeded at 0.5× 106 cellsml−1 in BMDC medium containing 1 µM tamoxifen
(Sigma). This procedure was repeated at day 7 and cells were further cultured until
day 10–11. The cells that had successfully recombined were identified as GFP-
positive (∼50% of the cell). To evaluate the efficiency ofArpc2 gene depletion, GFP+
cells were isolated by FACS sorting and analysed for the expression of Arpc2 by
immunoblot. About 75% gene depletion was usually obtained.

Macropinocytosis in migrating DCs. LifeAct–GFP DCs were incubated for 30min
in 200 ngml−1 Hoechst 33342, washed and resuspended in BMDC medium
containing 0.4mg of ovalbumin (OVA) coupled to Alexa-647 (OVA–647). DCs were
loaded inmicro-channels and their nucleus, actin cytoskeleton andmacropinosomes
were simultaneously imaged on aNikon TiE video-microscope with a×20 objective.
The LifeAct–GFP signal was used to generate a mask for each cell. This mask
was used to measure the amount of OVA–647 located at the front of the nucleus
with a custom ImageJ program to determine the amount of macropinocytosed
material. The size and number of macropinosomes were evaluated by imaging cells
at their central plane at ×100 magnification on an inverted spinning-disc confocal
Roper/Nikon microscope.

LifeAct–GFP imaging and density maps. BMDCs generated from LifeAct–GFP
knock-in mice were loaded in micro-channels and imaged for 6 h at 20× using an
epifluorescence Nikon TiE video-microscope equipped with a cooled CCD camera
(HQ2, Photometrics). On movie reconstruction, individual cells migrating in the
channels were cropped using the ImageJ software. To map the LifeAct–GFP signal,
the images obtained for each individual cell were aligned in a single column. Cell size
normalization was applied to each time point according to the mean cell size and
background subtraction. To obtain the mean behaviour of the cell, every time point
was projected on average. The mean behaviour of the population was next obtained
by projecting the mean signal of every individual cell (Supplementary Fig. 2). This
procedure was performed using an ImageJ-compatible custom macro.

Immunofluorescence in micro-channels. Migrating BMDCs were allowed to
migrate in micro-channels for 16 h. Cells were fixed with 4% paraformaldehyde
(PFA) for 30min at room temperature and blocked with PBS–2% BSA for 1 h.
After blocking, the PDMS was carefully separated from the coverslip that formed
the bottom part of the channel and on which most cells remained attached.
Cells were next permeabilized with PBS containing 0.2% BSA and 0.05% saponin
for 10min and stained by sequential incubations with primary and secondary
antibodies diluted in the permeabilization buffer. Slides were mounted using DAPI
Fluoromount-G (SouthernBiotech) and visualized on an inverted spinning-disc
confocal Roper/Nikon microscope with a 100× 1.4 NA oil immersion objective.
In the case of Arp2 and mDia1 immunostaining, after PFA fixation cells were
incubated with cold methanol for 30 s and then permeabilized using 0.02% Triton
X-100 for 2min before staining. To map Arp2 and mDia1 together with LifeAct–
GFP signal DCs were stained with an anti-GFP antibody. Unfortunately, methanol
fixation disrupted the actin patch observed in live LPS-DCs. To map Arp2 and
mDia1 localization cells were imaged at ×20 using an epifluorescence Nikon TiE
video-microscope and overlapped as described.
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Immunoblotting. DCs were lysed for 2min in a buffer containing 100mM Tris,
150mM NaCl, 0.5% NP-40 and a protease inhibitor cocktail tablet (Roche). Fifty
micrograms of soluble extracts were loaded onto a 4–20%TGXgradient gel (BioRad)
and transferred onto a Trans-Blot Turbo PVDF/Nitrocellulose membrane (BioRad).
The membrane was blocked, incubated sequentially with the appropriate antibodies
and revealed using the SuperSignal West Dura substrate (Thermo Scientific).
Membranes were cut accordingly to the molecular weight of the protein of interest.
This allowed us to evaluate different labelling in the same run. As consequence, full
membranes were in most cases only fragments (Supplementary Fig. 8).

Migration in collagen gels. Collagen experiments were performed as described
previously46. DCs were mixed at 4 ◦C with 1.6% bovine collagen type I (Advanced
BioMatrix) at basic pH. Forty microlitres of the mix was deposited on a 35mm glass
-bottom dish and the drop was homogenized while covered with a 12mm glass slide.
The sample was incubated at 37 ◦C for 20min to allow collagen polymerization. To
generate the CCL21 gradient, 2ml of BMDC medium containing 200 ngml−1 of
CCL21 was added to the plate. Cells were imaged (phase contrast) at a frequency
of 1 image per 2min using a ×10 objective overnight. Contiguous positions were
stitched using the FIJI plugin Grid/collection stitching47 and images were processed
to extract cell tracks. The mean image of the movie was subtracted from every time
point and white objects in a dark background were detected. Resulting movies were
processed using the FIJI plugin FilterMean (Intensity 3) and cells were tracked using
custom software48.

Migration in ear explants. Migration of DCs was performed as recently
described, but modified to work with classic multi-position epifluorescence inverted
microscopes39. Briefly, the epidermal sheet of isolated mice ears was removed,
exposing the dermal part located just under the skin. After isolation, the dermal
side was incubated sequentially with rat-anti Lyve1 (R&D) and anti-rat Alexa647
(Life technologies) for 1 h at 4 ◦C. CFSE (Life technologies) or CMTMR (Life
technologies)-coloured LPS-DCs were added on top of the exposed dermal side
of the skin for 1 h. Loosely attached cells were washed off and ears mounted on a
PDMS block that kept the tissue flat. The block was inverted on top of a glass plate
and immobilized to allow long-lasting cell recording on an epifluorescence Nikon
TiE video-microscope equipped with a cooled CCD camera (HQ2, Photometrics).
Tracks of migratory cells were obtained using the FIJI plugin MTrackJ.

Tracking analysis of ears DC migration. To analyse cell trajectories, custom C++
routines coupled with R (ref. 49) were developed48. The mean square displacement
(MSD) was computed and fitted as previously described50. The squared distance
between every two points of a cell track separated by a specific time lag was averaged
over the entire population of trajectories. MSDs are ultimately plotted as a function
of increasing time lag. The path persistence of a trajectory was defined as the
ratio between the length of the cell path and the diameter of the theoretical disc
containing the entire trajectory. It tends to 1 for very persistent tracks and to 0 for
cells continuously changing their direction.

DCs homing to LNs. BMDCs generated from mDia1WT and KO mice were
concentrated at 10× 106 cellsml−1 in serum-free media and labelled for 10min
at 37 ◦C with either 2.5 µM CFSE (Invitrogen) or 2.5 µM CMTMR (Invitrogen)
before stopping the reaction with complete medium. We stimulated BMDCs with
100 ngml−1 LPS for 30min at 37 ◦C, washed them twice and mixed them in equal
numbers. Then, 20 µl of the mixed cell suspension containing 2×106 cells of each
genotype was injected into the footpad of recipient C57BL/6 mice and 16 h later
popliteal lymph nodes were collected, dissected and digested by incubating with
1mgml−1 collagenase D (Roche) for 30min. To rule out any dye-specific effects, in
each experiment cells from both genotypes were labelled by exchanging dies. For
each genotype we calculated the homing index as the ratio of CFSELN/CMTMRLN

to CFSEInput/CMTMRInput to determine relative migratory capacity (LN:
lymph node).

Statistics and reproducibility.Most of the experiments shown in figures correspond
to representative experiments in which n cells were analysed as indicated in the
legends. Migration experiments typically contained 40–100 cells per condition. An
internal control (iDCs compared with LPS-DCs) was included in each migration
experiment. Each experiment validated based on this internal control was repeated
two or three times and conclusions were made only when results were reproduced in
each individual experiment. Immunofluorescence experiments were systematically
quantified using unbiased methods applied to data obtained from at least two
independent experiments. In general, statistical comparison of internal samples was
carried out using the non-parametric Mann–Whitney test except in collagen assays
where the number of cells was extremely high (more than 2,000 tracks). In that
case tracks were randomly selected and analysed with the appropriate statistical test
(see figure legends). No statistical method was used to predetermine sample size.
The experiments were not randomized and the investigators were not blinded to
allocation during experiments and outcome assessment.
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Corrigendum: Innate control of actin nucleation 
determines two distinct migration behaviours in 
dendritic cells
Pablo Vargas, Paolo Maiuri, Marine Bretou, Pablo J. Sáez, Paolo Pierobon, Mathieu Maurin, Mélanie Chabaud, 
Danielle Lankar, Dorian Obino, Emmanuel Terriac, Matthew Raab, Hawa-Racine Thiam, Thomas Brocker,  
Susan M. Kitchen-Goosen, Arthur S. Alberts, Praveen Sunareni, Sheng Xia, Rong Li, Raphael Voituriez,  
Matthieu Piel and Ana-Maria Lennon-Duménil

Nat. Cell Biol. 18, 43–53 (2015); published online 7 December 2015; corrected online 23 December 2015

In the version of this Article originally published, references 42 and 43 were incorrect. They have been replaced with the following single reference:

42. Veltman, D. M. et al. PIP₃-dependent macropinocytosis is incompatible with chemotaxis. J. Cell Biol. 204, 497–505 (2014).

References 44–51 have been renumbered accordingly. These changes have been made in all online versions of the Article.
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Supplementary Figure 1 DC migration becomes faster and more persistent 
upon LPS treatment.  a-b, Analysis by flow cytometry of surface expression 
of the DC activation marker CD86 and the chemokine receptor CCR7. 
iDCs were incubated for different times with LPS (100 ng/ml), washed 
and cultured overnight. 30 min was found to be the minimal time to get 
the highest level of activation and CCR7 expression. 1 representative 
experiment out of 3 is shown. c, Mean instantaneous speed of migrating 
DCs in the presence of Pertussis toxin (Ptx, 200 mg/ml) in fibronectin- (c) 
or fibronectin plus CCL21- (d) coated micro-channels (n= 80, 94 and 91 
for iDC, LPS-DC and LPS-DC Ptx respectively). 1 representative experiment 
out of 2 is shown. d, Ptx does not affect the LPS-induced increment in DC 
speed (c) but decreases the velocity of LPS-DCs migrating in the presence 

of CCL21 (d) (positive control for the activity of Ptx, n=92 and 100 for 
CCL21 and CCL21 Ptx respectively). 1 representative experiment out of 2 
is shown. e, Mean instantaneous speed of WT and TLR4KO DCs migrating 
in micro-channels (n=150, 150, 152 and 122 for iDC, LPS-DC, iTLR4KO 
and LPS-TLR4KO cells respectively). 1 representative experiment out of 
2 is shown. f, Mean instantaneous speed of control and Myd88KO DCs 
migrating in micro-channels (n=81, 74, 67 and 102 for iDC, LPS-DC, 
iMyd88KO and LPS-Myd88KO respectively). 1 representative experiment 
out of 3 is shown. The Mann-Whitney test was applied for statistical 
analyses in c-f. In the box plots of panels c-f the bars include 90% of the 
points, the center corresponds to the median and the box contains 75% of 
the data.

© 2016 Macmillan Publishers Limited. All rights reserved. 
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Supplementary Figure 2 Quantification of LifeAct-GFP dynamics in 
migrating DCs. a-b, Method used to quantify LifeAct-GFP localization in 
migrating DCs. Sequential images of LifeAct-GFP DCs were acquired on an 
epifluorescence microscope every 1min at 20x. Scale bar: 10µm. a, The 
LifeAct-GFP signal recorded at each time-point was integrated into a single 
image for all migrating cells. Cell alignment and cell size normalization 
were applied to generate the LifeAct-GFP density maps. Scale bar: 5 µm. 
b, Mean intensities obtained for each cell were averaged into a single 

LifeAct-GFP density map, assigning equivalent weight to each cell. Scale 
bar: 2.5 µm. c-d, Analysis of the LifeAct-GFP front/back ratio in iDCs and 
LPS-DCs migrating in micro-channels. The front was defined as the first 
third of the cell. Scale bar: 2.5 µm. Results obtained by analyzing the data 
showed in Fig. 2a-c (n=31 and 27 cells for iDC and LPS-DC respectively). 
1 representative experiment out of 4 is shown. Graphic shows mean and 
error bars correspond to S.E.M. The Mann-Whitney test was applied for all 
statistical analysis.
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Supplementary Figure 3 Arp2/3 decreases the migration of iDCs but enhances 
their antigen uptake capacity. a, Immunoblot blot analysis of Arpc4 expression 
in BMDCs nucleofected with Arpc4-specific siRNA. b, c, LifeAct-GFP 
density maps obtained from iDC or LPS-DC silenced (b) or inhibited (c) for 
Arp2/3. LPS-DCs were treated with the Arp2/3 inhibitor CK666 (25 mM) or 
silenced for Arpc4. Scale bar: 2.5 µm. 1 representative experiment out of 
2 is shown. d, Analysis by flow cytometry of surface expression of the DC 
activation marker CD86. iDCs were incubated 30 min with LPS (100 ng/
ml), washed and cultured overnight. 1 experiment out of 4 is shown. e, Mean 
instantaneous speed of DCs migrating in micro-channels and treated or not 
with CK666 as in c (n=244, 192, 231 and 230 for iDC, iDC-CK666, LPS-DC 
and LPS-DC CK666 respectively). 1 representative experiment out of 3 is 
shown. f, Immunoblot analysis of Arpc2 and tubulin expression in tamoxifen-
treated DCs. TomatoFP+ (Arpc2WT) and conditional GFP+ (Arpc2KO) iDCs 
were sorted from 10-days- DC cultures in which tamoxifen was added during 
the last 8 days. g, Analysis of the migration of Arpc2WT and KO iDCs under 
an agarose gel. Cells were imaged during 200 min and their cell speed 

was quantified after tracking. The analysis was performed on cells that had 
migrated >100 mm (n= 80 and 163 for Arpc2 WT and Arpc2 KO respectively). 
1 representative experiment out of 2 is shown. h, Analysis by flow cytometry 
of surface expression of the DC activation marker CD86 performed as in d. 
i, Quantification of the size (left) and number (right) of vesicles present at 
the front of Arpc2WT and KO DCs migrating in micro-channels filled with 
fluorescent ovalbumin (n=36 and 37 for Arpc2WT and Arpc2 KO respectively). 
Graphics show mean and error bars correspond to S.E.M. j, Macropinocytic 
capacity of migrating DCs treated with the Arp2/3 inhibitor CK666 (n=62 and 
41 for iDC and iDC CK666 respectively). 1 representative experiment out of 3 
is shown. k, Macropinocytic capacity of iDCs and LPS-DCs (n=39 and 33 for 
iDC and LPS-DC respectively). 1 representative experiment out of 2 is shown. 
l, Density maps obtained from LifeAct-GFP DCs fixed while migrating in micro-
channels and stained for Arp2 and GFP. Scale bar: 2.5 µm. In the box plots of 
panels e, g, j and k the bars include 90% of the points, the center corresponds 
to the median and the box contains 75% of the data. The Mann-Whitney test 
was applied for all statistical analyses.
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Supplementary Figure 4 Actin distribution at the back of DCs relies on the 
Formin mDia1 and is required for fast and persistent migration. a, LifeAct-
GFP density maps of iDCs migrating in the presence or absence of the formin 
inhibitor Smifh2 (25 µM). 1 representative experiment out of 3 is shown. 
Scale bar: 2.5 µm. b, Immunofluorescence analysis of mDia1 expression in 
LPS-DCs migrating in micro-channels analyzed by spinning disk microscope 
(100x). Scale bar: 5 µm. c, Density maps obtained from LifeAct-GFP DC 
fixed while migrating in micro-channels and stained for mDia1 and GFP (2 
independent experiments). Scale bar: 2.5 µm. d, Quantitative PCR analysis 
of mDia1 expression in DCs nucleofected with mDia1-specific siRNA. 
Graphic shows mean and error bars correspond to S.E.M. e, Immunoblot 
analysis of mDia1 and tubulin expression in immature mDia1WT and KO 
DCs. 1 representative experiment out of 3 is shown. f, Mean instantaneous 
speed of LPS-DCs migrating in micro-channels and treated with different 

doses of Smifh2 (n=125, 154, 134 and 141 for iDC, LPS-DC, LPS-DC 
12 µM and LPS-DC 25 µM respectively). 1 representative experiment out 
of 3 is shown. g, 10% of the highest instantaneous speed values of DCs 
migrating in micro-channels (n=210, 238, 233 and 179 for iWT, LPS-WT, 
imDia1KO and LPS-mDia1KO respectively). 1 representative experiment 
out of 5 is shown. h, Analysis by flow cytometry of surface expression of the 
DC activation marker CD86. iDCs were incubated 30 min with LPS (100 ng/
ml), washed and cultured overnight. 1 experiment out of 4 is shown. i, Mean 
instantaneous speed of mDia1WT and KO migrating in micro-channels and 
treated with CK666 (25 mM) (n=119, 107, 52 and 111 for iWT, iWT CK, 
imDia1KO and imDia1KO CK respectively). 1 representative experiment out 
of 2 is shown. In the box plots of panels f, g and i the bars include 90% of 
the points, the center corresponds to the median and the box contains 75% 
of the data. The Mann-Whitney test was applied for all statistical analyses.
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Supplementary Figure 5 Regulation of DC Arp2/3- and mDia1-dependent 
actin nucleation by Cdc42 and RhoA. a, b. iDCs were treated with LPS for 
30 min, washed and further cultured at 37°C during 16h. a. Immunoblot 
analysis was performed as described in the supplementary experimental 
procedures. b. Normalized intensity obtained from data showed in panel 
a. Graphics show mean individual values. c, Mean instantaneous speed of 
iDCs migrating in micro-channels and treated with different doses of ML141 

(n=164, 163, 142, 143 and 39 for iDC, iDC 12 µM, iDC 25 µM, iDC 50 
µM and iDC 100 µM respectively). 1 experiment out of 3 is shown. In the 
box plot the bars include 90% of the points, the center corresponds to the 
median and the box contains 75% of the data. The Mann-Whitney test was 
applied for statistical analysis. d, Analysis by flow cytometry of surface 
expression of the DC activation marker CD86. iDCs were incubated 30 min 
with LPS (100 ng/ml), washed and cultured overnight.
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Supplementary Figure 6 Analysis of chemokine gradient sensing by iDCs and 
LPS-DCs. a, Collagen gels were bathed with a solution containing fluorescent 
ovalbumin (OVA), to evaluate protein penetration in the gel. Gradient 
steepness was evaluated by measuring the changes in fluorescence intensity 
according to the protein source using an epifluorescence microscope. Areas 
closer to the protein source (red) reached a plateau faster than distal areas 
(blue). After 200 min the gradient was considered as stable at any distance 
from the source. All the images showed in the paper correspond to analysis 

between 200 min and 600 min after addition of the chemokine. b, CCR7 
and Clec-2 surface staining using flow cytometry was performed in DCs 
treated with LPS (100ng/ml) for 30 min and further cultured overnight.  
Geometric mean of fluorescence in the CCR7 positive population is depicted. 
c, Trajectories of iDCs (upper panel) and LPS-DCs (lower panel) along the 
CCL21 gradient formed in collagen gels. Directionality of segments of cell 
trajectories is shown in different colors: from red (toward the source) to blue 
(against it).
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Supplementary Figure 7 Analysis of chemokine gradient sensing by 
mDia1KO LPS-DCs. a, Trajectories of WT (upper panel) and mDia1KO LPS-
DCs (lower panel) along the CCL21 gradient formed in collagen gels. Speed 
of segments of cell trajectories is shown in different colors: from red (fast) 
to blue (slow). b, frequency of movement in the direction of the gradient in 
the 500 µm closer to the CCL21 source compared to random migration in 
absence of chemokines. Values are compared to equivalent position in the 
absence of chemokines. Analysis performed in 500 random tracks due to 
oversampling. c, Mean speed of DCs in the 500 mm closer to the CCL21 
source. Analysis performed in 500 random tracks due to oversampling. Error 
bars correspond to S.D. Student’s t-Test was applied for statistical analysis 

in b. Chi-squared Test was applied for statistical analysis in c. d, Ear explant 
stained with the anti-Lyve-1 marker to highlight LVs. The area enclosed 
in the yellow square corresponds to the zone analyzed when monitoring 
DC migration to LVs. Scale bar 250 µm. e, Scheme of different types of 
trajectories representing the behavior of mDia1WT and KO LPS-DCs in the 
ear explants. f. mDia1WT and KO LPS-DCs were stained with CMTRM or 
CFSE and co-injected in the footpad of WT recipient mice. Their presence in 
the popliteal lymph node 16 h later was analyzed by flow cytometry. Example 
representative of 3 experiments is shown. g, pMLC levels on DCs activated 
30 min with LPS and cultured during the indicated time. The pMLC signal 
was normalized to tubulin levels.
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Supplementary Figure 8 Unprocessed full scans of key blots. a, Full scans 
of immunoblots showed in supplementary figure 5a. The whole membrane 
was divided in two based on the 100 kDa molecular weight marker (left 
panel). Each blot was sequentially incubated with the indicated primary 
antibody and the corresponding HRP-conjugated secondary antibody (central 
panel). For loading controls, the membrane containing the 50 kDa band 

was incubated sequentially with an anti-tubulin antibody and revealed with 
the corresponding HRP-conjugated secondary antibody (right panel). b, 
Full scans of immunoblots showed in supplementary figure 7g. Blots were 
obtained as described in a, except that the gel was cut based on the 37 kDa 
molecular weight marker, allowing detection of phospho-MLC and tubulin in 
the same run.
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Supplementary Video Legends

Supplementary video 1: Distinct LifeAct-GFP dynamics in iDCs and LPS-DCs
LifeAct-GFP-expressing DCs migrating in 8 µm x 5µm fibronectin-coated micro-channels and time-lapsed on a spinning disk microscope (20x) at a frequency 
of 1 image/2min. Scale bar 5 µm. 

Supplementary video 2: F-actin is enriched in ruffles at the front of iDCs 
LifeAct-GFP-expressing iDCs migrating in 8 µm x 5µm fibronectin-coated micro-channels and time-lapsed on a spinning disk microscope (100x) at a 
frequency of 1 image/400ms. The cortex of a representative cell is shown. Scale bar 5 µm.

Supplementary video 3: F-actin is enriched at the rear of LPS-DCs
LifeAct-GFP-expressing LPS-DCs migrating in 8 µm x 5µm fibronectin-coated micro-channels and time-lapsed on a spinning disk microscope (100x) at a 
frequency of 1 image/400ms. The cortex of a representative cell is shown. Scale bar 5 µm.

Supplementary video 4: LPS-DCs but not iDCs respond to CCL21 gradients
iDCs and LPS-DC migrating along a CCL21 gradient in a collagen gel. The frequency of acquisition was 1 image/2 min (10x) on a video-microscope. The 
source of CCL21 is at the right of the movie. Scale bar 50 µm.

Supplementary video 5: Chemotaxis of wild-type and mDia1KO LPS-DCs in vitro
mDia1 wild-type and KO LPS-DCs migrating along a CCL21 gradient in a collagen gel. 1 image/2min (10x) was acquired on a video-microscope. The source 
of CCL21 is at the right of the movie. Scale bar 50 µm.

Supplementary video 6: Chemotaxis of wild-type and mDia1KO LPS-DCs in vivo
mDia1 wild-type (red) and KO (green) LPS-DCs migrating in an ear explant. 1 image/2min (20x) was acquired on a on a video-microscope. Scale bar 50 µm.
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Abstract 

In secondary lymphoid organs, B cells acquire antigens that are tethered at the surface of neighboring cells. 

Engagement of the B cell receptor (BCR) with such immobilized antigens leads to the formation of an immune 

synapse and the subsequent polarization of B cells. This includes the repositioning of the centrosome towards the 

immune synapse as well as the recruitment and local secretion of lysosomes required for efficient antigen extraction, 

processing and presentation onto class II major histocompatibility complex (MHC-II) molecules to primed CD4+ T 

cells. Pioneer work performed in the lab has highlighted the first molecular players involved in this process. 

However, the precise mechanism governing centrosome polarization remains to be fully elucidated. The work 

performed during this thesis aimed at identifying new regulators supporting centrosome polarization in B 

lymphocytes upon BCR engagement with immobilized antigens. In addition, in view of the emerging role played by 

the tissue microenvironment in shaping B cell activation and functions we investigated whether extracellular 

Galectin-8 modulates the ability of B cells to polarize, extract and present immobilized antigens.  

We show here that, in resting lymphocytes, centrosome-associated Arp2/3 (actin related protein-2/3) locally 

nucleates F-actin, which is needed for centrosome tethering to the nucleus via the LINC (linker of nucleoskeleton 

and cytoskeleton) complex. Upon lymphocyte activation, Arp2/3 is partially depleted from the centrosome as a result 

of its HS1-dependent recruitment to the immune synapse. This leads to a reduction in F-actin nucleation at the 

centrosome and thereby allows its detachment from the nucleus and polarization to the synapse. In addition, we show 

that extracellular Galectin-8 favors lysosome recruitment and secretion at the immune synapse, hence providing B 

cells with an enhanced capacity to extract and present immobilized antigens.  

Our findings highlight unexpected mechanisms that tune B cell polarity in response to antigenic stimulation and 

raise exciting questions concerning the coordinated regulation of these mechanisms to provide B cells with the 

capacity to efficiently extract, process and present surface-tethered antigens. 

 

 

Résumé 

Dans les organes lymphoïdes secondaires, les lymphocytes B acquièrent des antigènes immobilisés à la surface 

de cellules voisines. L’engagement du BCR (récepteur des cellules B) avec de tels antigènes induit la formation 

d’une synapse immunologique et la polarisation des lymphocytes B. Cette polarisation inclut le repositionnement du 

centrosome à la synapse immunologique ainsi que le recrutement et la sécrétion locale des lysosomes qui sont 

nécessaires à l’extraction, l’apprêtement et la présentation des antigènes sur les molécules du complexe majeur 

d’histocomptabilité de classe II (CMH-II) aux lymphocytes T CD4+ pré-activés. Des travaux précurseurs menés dans 

le laboratoire ont permis de mettre en évidence les premiers acteurs moléculaires impliqués dans ce processus. 

Cependant, le mécanisme précis gouvernant la polarisation du centrosome demeure encore aujourd’hui inconnu. Le 

travail réalisé pendant cette thèse avait pour objectif d’identifier de nouveaux régulateurs contrôlant la polarisation 

du centrosome dans les lymphocytes B après engagement du BCR avec des antigènes immobilisés. De plus, au 

regard du rôle grandissant joué par le microenvironnement tissulaire dans l’activation des lymphocytes B ainsi que 

dans la modulation de leurs fonctions, nous avons étudié l’effet de la protéine extracellulaire Galectine-8 sur la 

régulation de la capacité des lymphocytes B à se polariser et à extraire et présenter des antigènes immobilisés.  

Le travail présenté dans ce manuscrit montre que la présence du complexe Arp2/3 au centrosome des 

lymphocytes B non activés permet la nucléation locale de filaments d’actine qui permettent, grâce à leur interaction 

avec le complexe LINC, de lier le centrosome au noyau. L’activation des lymphocytes B induit la déplétion partielle 

du complexe Arp2/3 du centrosome qui est recruté à la synapse immunologique par la protéine HS1. Ceci induit une 

diminution de la nucléation d’actine au centrosome entraînant la séparation entre le centrosome et le noyau et 

permettant la polarisation du centrosome vers la synapse. De plus, nous montrons que la présence de la protéine 

Galectine-8 dans le milieu extracellulaire favorise le recrutement et la sécrétion des lysosomes à la synapse 

immunologique, conférant aux lymphocytes B une meilleure capacité à extraire et présenter des antigènes 

immobilisés.  

Nos résultats mettent en évidence des mécanismes inattendus régulant la polarisation des lymphocytes B en 

réponse à une stimulation antigénique et soulèvent des questions intéressantes concernant la régulation coordonnée 

de ces mécanismes qui confèrent aux lymphocytes B la capacité d’extraire, d’apprêter et de présenter des antigènes 

immobilisés efficacement. 

 

 


