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Cell polarity regulators are ubiquitous, evolutionary conserved multifunctional proteins.

They contain a variety of proteineprotein interaction domains endowing them the ca-

pacity to interact with cytoskeleton structures, membrane components and multiple reg-

ulatory proteins. In this way, they act in complexes and are pivotal for cell growth and

differentiation, tissue formation, stability and turnover, cell migration, wound healing, and

others. Hence some of these proteins are tumor suppressors.

These cellular processes rely on the establishment of cell polarity characterized by the

asymmetric localization of proteins, RNAs, membrane domains, or organelles that together

condition cell shape and function. Whether apparently stable, as in epithelia or neurons, or

very dynamic, as in immune cells, cell polarity is an active process. It involves cytoskeleton

reorganization and targeted intracellular traffic, and results in cellular events such as

protein synthesis, secretion and assembly taking place at defined cell poles. Multiple po-

larity regulators orchestrate these processes.

Immune cells are particularly versatile in rapidly polarizing and assuming different

shapes, so to swiftly adopt specialized behaviors and functions. Polarity regulators act in

various ways in different immune cell types and at their distinct differentiation states.

Here we review how cell polarity regulators control different processes and functions along

T lymphocyte physiology, including cell migration through different tissues, immunolog-

ical synapse formation and effector functions.
Cell polarity is an evolutionary conserved process found in

most organisms, from yeast to mammals. It is the ability of

cells to be morphologically, structurally and functionally

organized along defined polarity axes. It is characterized by
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the asymmetric distribution of cellular proteins, membranes,

organelles and processes within the cell, endowing it with

functionally distinct subcellular domains. It is crucial during

embryogenesis, and for maintenance of tissue architecture
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Fig. 1 Cell polarity regulators involved in immune cell functions. Schematic representation of structures of cell polarity

regulators described to be involved in immune cells. Protein interaction domain representations are depicted on the right, and

the known interacting protein partners are shown below each domain. Each protein's molecular mass in kDa is depicted below

its name. Members of the different polarity complexes, Scribble, Par-APKC and Crumbs are grouped over the same color

background. APC is shown as interacting with both Scribble and Par/aPKC polarity complexes.
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and homeostasis, wound healing, immune responses, etc.

Epithelial cells and neurons are well known examples of

polarized cells, but other cells may undergo permanent or

transient polarized states, as some secretory cells and im-

mune cells. Cell polarity is an active process triggered and

maintained by extracellular cues conveyed by neighboring

cells and/or the surrounding microenvironment. Even stably

polarized tissues, like the epithelium, need to maintain po-

larization cues to control the transition between mesen-

chymal to epithelial states and back. Extracellular cell polarity

cues are translated into a tightly regulated cascade of events

that, if altered, may lead to pathological states, including

developmental abnormalities or tumorigenesis [1,2].

Cell polarity regulators are crucial to orchestrate these

intracellular cascades. They are multifunctional proteins dis-

playing a variety of proteineprotein interaction domains

granting them the capacity to interact with multiple effector

regulatory proteins. Some of them have enzymatic activity as

protein Ser/Thr kinases (Fig. 1). Protein complexes containing

several polarity regulators and the associated effector proteins

(polarity complexes) are functional units controlling different

forms of cell polarity that are the result of intricate inter-

actomes [3]. Three evolutionary conserved polarity complexes
have been extensively studied in various cell types, biological

processes and organisms. These include the Scribble, Par and

Crumbs complexes that interplay to efficiently control cell po-

larity. The PDZ-rich scaffold protein Scribble interacts with the

MAGUK family member Dlg1 and the cortical cytoskeleton

proteins Lethal giant larvae (Lgl1 and 2) [4]. Moreover, Adeno-

matous Polyposis Coli (APC) associates with the Scribble com-

plex viaDlg1 in a Par6 and aPKC-dependentmanner [5]. The Par

complex is formed by the PDZ domain-containing adaptors

Par3 and Par6, and atypical protein kinase C (aPKC). As aPKC,

Par1 is a Ser/Thr kinase, but with different interaction domains.

Finally, the Crumbs complex contains the transmembrane

protein Crb3, the PDZ-containing scaffold PATJ and the multi-

domain protein Pals1. In this way, polarity regulators orches-

trate complex cellular processes such as the organization of the

different cytoskeleton networks, protein stability, intracellular

vesicle traffic and targeting, gene transcription, etc. They are

pivotal for cell growth and differentiation, tissue formation,

stability and turnover, cell migration, and others. Polarity

complexes can facilitate either stable polarized states leading

to specialized functional areas in tissues and organs, or

adaptable polarization occurring, for instance, during wound

healing or immune cell responses.

https://doi.org/10.1016/j.bj.2021.10.002
https://doi.org/10.1016/j.bj.2021.10.002


Fig. 2 Cell polarity complexes involved in T cell migration. Simplified scheme of a migrating T cell exhibiting a front-rear

polarity. T cell polarization starts with the stimulation of chemokine receptors that triggers in turn the activation of adhesion

proteins as LFA-1 integrin and actin and microtubule cytoskeleton remodeling, leading to morphological changes. Polarity

regulators localizing at the leading edge scaffold various signaling molecules, including the small GTPases Rac1 and Cdc42,

ensuring actin and microtubule cytoskeleton balance and the formation of a leading lamellipodium. At the cell rear, a

protrusion called uropod forms and concentrates ERM proteins, linking membrane components with the cortical actin

cytoskeleton, and adhesions molecules such as CD44, ICAM-1,2,3 that interact with ERMs and integrins, such as LFA-1. RhoA

signaling is key to maintain these subcellular organization, while myosin-IIA facilitates contraction of this region thus

supporting T cell migration.
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Among the hallmarks of cell polarity, centrosome posi-

tioning and the subsequent microtubule network reorganiza-

tion are crucial to coordinate cell organization, intracellular

transport and cell signaling. They determine cellular features

as distinct as the axis of cell division and directionality of

migration, and eventually the efficiency of immune cell re-

sponses. Polarity complexes are central for centrosome posi-

tioning, likely acting as coordinators of extracellular and

intracellular cues [6]. Interestingly, even during similar cellular

processes, different cells position their centrosome at different

locations. For instance, migrating astrocytes have their

centromere between the nucleus and the front edge, whereas

immune cells, as dendritic cells and lymphocytes, position it

between the nucleus and the rear end [7e9]. Migration on
different substrates conditions front versus back centrosome

position, which thus appears conditioned by extracellular cues

[10]. Moreover, T cells encountering an antigen presenting cell

switch centrosome position from the back to the front, there-

fore setting the bases for a new process [11].

Immune cells are mostly versatile and have to rapidly pass

from resting to activated states in order to mount immune

responses. They migrate between blood, lymphatics,

lymphoid organs and other tissues to patrol and execute their

functions. Several polarity complexes have been described in

immune cells that play key regulatory roles in lymphocyte

migration and lymphocyte response to antigen (Fig. 1). We

review here how several common polarity regulators orches-

trate these two different processes crucial for lymphocyte

https://doi.org/10.1016/j.bj.2021.10.002
https://doi.org/10.1016/j.bj.2021.10.002
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function. Polarity regulators are also involved in asymmetric

cell division during lymphocyte development or differentia-

tion [12e14], but these processes are out of the scope of this

review.
Polarization in immune cells

In order to accomplish their specific functions, immune cells

undergo cell polarization at different stages of their life cycle.

Three main examples of this polarization are migration,

immunological synapse formation and asymmetric cell

division.

Immune cells are part of and move between different tis-

sues and organs, including blood, lymph, lymphoid organs,

dermis, intestinal epithelia and lamina propria. They also

infiltrate many other organs under physiological and patho-

logical conditions. Immune cells migrate between different

sites in response to environmental signals, including chemo-

kines, inflammatory mediators or microbial components. In

order to migrate, immune cells change shape and polarize

redistributing various intracellular components, such as the

actin-myosin and microtubule cytoskeleton, and membra-

nous compartments as the Golgi, endosomes, lysosomes and

mitochondria. Landmarks of immune cell migration are the

extension of a leading lamellipodium at the front and the

retraction of the cell rear [8,9,15]. Although following some

general rules, different immune cells (i.e. dendritic cells, T and

B lymphocytes and neutrophils) may utilize different motility

regulatory mechanisms and exert different responses to

environmental cues.

In lymphoid organs, T and B lymphocytes encounter

antigen-presenting cells and polarize towards them, forming

a cellecell communication platform termed the immunolog-

ical synapse. Although in a different manner than in

migrating cells, T and B lymphocytes reorganize intracellular

organelles and structural components towards antigen-

presenting cells, including the actin and microtubule cyto-

skeletons together with the centrosome, the Golgi, endo-

lysosomal compartments and mitochondria. Lymphocyte

polarization within immunological synapses occurs as a

reversible transition from the migrating polarized lympho-

cyte, and it is controlled by a fine balance between antigen

receptor signaling, adhesion receptor interactions and che-

mokine receptor signaling. In this setting, polarization regu-

lates T cell activation, leading to proliferation and cytokines

production, and to effector functions, as polarized secretion of

cytokines, vesicles and cytotoxic granules [16e19]. Cell po-

larization in B cell immunological synapses is important for

antigen capture, processing and presentation to T cells [20].

Lymphocyte activation may also lead to cell division,

which in turn may occur asymmetrically, mediating different

cell polarization features and leading to different immune cell

fate [13,21].

These three types of polarization involve similar intracel-

lular structures, but the result is different. They are therefore

differently regulated. The balance between polarity regulatory

molecules and response to extracellular and intracellular cues

may account for these differences.
Cell polarization during immune cell migration.
Involvement of polarity regulators

Immune cell polarization during migration involves the dy-

namic reorganization of cytoskeleton networks and the

specialized distribution of signaling proteins and adhesion

molecules. The specific relocalization of the latter at the

plasma membrane is also of key importance for the ability of

cells to rapidly adapt their adhesiveness and modulate their

migration features to navigate within tissues of different

stiffness, scan antigen presenting cell surface or transmigrate

blood vessel endothelial barriers [22] (Fig. 2).

Active actin polymerization generates a lamellipodium at

the leading edge, which determines directionality, while

myosin concentrated at the back mediates contraction of the

cell rear. Front growth and rear contraction ensure together cell

progression [23]. Microtubules also reorganize as the centro-

some positions between the nucleus and the rear, and ensures

localization of organelles (e.g. Golgi, endosomes, lysosomes,

mitochondria) and therefore intracellular relocalization of

membrane, proteins, lipids and energy. The way organelle

positioning influences cell migration is poorly known. The

Golgi secretory system may provide lipids and proteins neces-

sary for migration [24], while recycling endosomes and lyso-

somes may provide membrane, adhesion receptors and

signaling molecules to cell areas needing to expand [25,26].

Perturbing microtubules with drugs, does not prevent motility

but alters directionality and sustained migration in T cells [27],

suggesting a crosstalk between chemokine receptors trans-

ducing environmental cues, microtubule orientation and actin-

dependent lamellipodium extension. A tight balance of acti-

vation of different Rho family GTPases is responsible of trans-

ducing signals to actin and microtubule networks that control

directionality versus stop in T cells [15,28e30]. Moreover, coor-

dinated activation of actin nucleation machineries at the front

and the back of dendritic cells controls theirmigratory behavior

during immature and mature stages [31].

The cell rear in migrating lymphocytes and neutrophils

appears as a particular protrusive structure, the uropod,

which is enriched in adhesion receptors (e.g. ICAM-1-3, CD44,

CD43, P-selectin ligand) and proteins of the ezrin, radixin,

moesin (ERM) family, which connect adhesion receptors and

signaling molecules with the cortical actin network

[15,32e37]. The integrin LFA-1 also concentrates at the uropod

[38]. Several functions have been assigned to the uropod,

including signaling for retraction of the cell rear via myosin-II

and Rho GTPases [15], cellecell interaction for recruitment at

points of extravasation [32,34], and passive cell steering under

flow [39].

Polarity regulators are good candidates to finely regulate

the topographic organization of proteins, cytoskeleton in-

teractions, adhesion and vesicle traffic, because of their ability

to interact with multiple effector proteins [3,19]. For instance,

in astrocytes or 3T3 fibroblasts undergoing polarized migra-

tion during wound healing, Scribble, APC, Dlg1, Par6 and

aPKCs, together with the Cdc42 GTPase, ensure the interplay

between three cytoskeletal networks (i.e. actin, microtubules

and intermediate filaments), cell adhesion and intracellular

vesicle traffic [40e42].

https://doi.org/10.1016/j.bj.2021.10.002
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Fig. 3 Localization of the cell polarity regulator APC in migrating T cells. Immunofluorescence of a primary human CD8 T cell

migrating on a VCAM-1þchemokine-adhesive substrate, with a distinguishable polarized shape. Contrary to other polarity

regulators, APC (puncta in cyan) does not preferentially localizes at a pole of the cells, but rather distributes all along the entire

microtubule network (filaments in red), from the centrosome to both the leading edge and the uropod. Inset shows a zoom of

the framed region. Arrow shows the direction of migration.
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The Scribble polarity complex proteins, Scribble, Dlg and

Lgl, are central in polarized cell migration via their action on

actin cytoskeleton remodeling, vesicle trafficking, and several

signaling pathways, as MAPK and PI3KeAkt pathways [43]. In

activated, polarized murine and human T cells, Scribble and

Dlg were shown to concentrate within and below the uropod,

close to other uropod markers, as ezrin or CD44 that display a

more cortical distribution [44]. In contrast, Lgl, a thirdmember

of the Scribble complex, or members of other polarity com-

plexes as Crumb3, Par3 or aPKCz displayed a much larger

distribution in the cytoplasm. Therefore, cell polarity regula-

tors distribute in a distinct and asymmetrical manner in

polarized cells displaying uropods. Interestingly, Scribble

silencing inhibited uropod formation, as well as the relocali-

zation of Dlg and the uropod markers ezrin and CD44, sup-

porting the function of these proteins in T cell polarization.

Finally, Scribble silencing inhibited spontaneous T cell

migration [44]. However, no data were reported on the role of

Scribble complex proteins on polarization or migration in

response to chemokines.

The polarity complex formed by Par3, Par6 and aPKC pro-

tein families was shown to be involved in T cell polarization

and migration in response to chemokines [45]. In T lympho-

cytes, aPKCi and aPKCz associate with Par6 and are required

for a fully polarized T cell phenotype. Indeed, overexpression

of aPKCz, aPKCi and Par6mutants inhibited T cell polarization,

as assessed by the formation of an actin-rich leading edge and

a uropod. Overexpression of aPKCz kinase dead mutants

impaired T cell ability to scan dendritic cells, reduced migra-

tion speed and persistence. Consistently with other studies,

aPKCz and aPKCi did not get asymmetrically relocalized
during T cell polarization and remained localized all over the

cytoplasm [44,45]. An activation pathway linking chemokine

receptors with Par-aPKCz-mediated polarization has been

described. It involves the activation of the Rap1 GTPase, which

in turn activates the Cdc42 GTPase. Cdc42 activation is

necessary to phosphorylate and activate aPKCz, a mechanism

that depends on Par components. Tiam1, a guanine nucleotide

exchange factor (GEF) that activates the Rac GTPase, interacts

with Rap1, Par3 and aPKCz, connecting them with Rac-

induced actin dynamics that drives the formation of the

front lamellipodium and T cell polarization. Interestingly, the

same study reports the relocalization of aPKCz to the front

edge, suggesting that different extracellular cues may condi-

tion aPKCz localization during T cell migration [27], in contrast

with other reports [44,45]. Furthermore, Rap1 mediates

chemokine-induced integrin activation [46]. Therefore, Rap1

concomitantly drives inside-out signaling to integrins and T

cell polarization.

The APC polarity regulator acts at the crossroads of the

Scribble-Dlg and Par-aPKC polarity complexes and involves

Cdc42 during directed cell migration of astrocytes. Together

with Dlg1, APC is implicated in capturing the microtubule

'plus' ends at the leading edge of the migrating cell [5,47,48].

We have recently unveiled that APC is involved in T cell

migration by controlling both integrin-mediated cell adhe-

sion and cytoskeleton organization necessary for T cell

migration in constraint environments [49]. In migrating T

cells, APC displays a broad intracellular distribution mostly

associated with microtubules (Fig. 3), suggesting a general

rather than a local action during T cell polarization and

migration.

https://doi.org/10.1016/j.bj.2021.10.002
https://doi.org/10.1016/j.bj.2021.10.002


Fig. 4 Cell polarity complexes polarity at the T cell immunological synapse. Simplified scheme of an immunological synapse

between a T cell (in green) and an antigen-presenting cell (in orange). The formation of an immunological synapse starts with

the TCR engagement by its cognate antigen displayed on the surface of an antigen-presenting cell. The TCR and CD28 signal

transduction drives cytoskeleton reorganization, characterized by the close polarization of the centrosome to the cell contact

and the spreading and retraction of a lamellipodium type membrane extension involving active actin polymerization. The

various polarity regulators and partner molecules involved are depicted.
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Cell polarization upon antigen receptor
engagement in T and B lymphocytes

When encountering antigen-presenting cells, polarized

migrating T lymphocytes slow down their migration and

eventually stop in a Rac- and integrin-dependent manner

[28,50]. Deceleration of migration depends on TCR signal

strength and TCR-antigen affinity [51]. High affinity ligands

induce strong morphological changes, including relocaliza-

tion of the centrosome from the back to the front of the cell,

close to the contact with the antigen presenting cells, together

with the associated organelles, i.e. Golgi, endosomes and lytic

granules [52e54], resorption of the uropod structure and

transfer of some of its components to the contact site,

including ERMs and ICAMs [55,56]. Finally, the contact site

becomes an organized subcellular domain termed the

immunological synapse, whereby TCR, co-signaling receptors,

adhesion and signaling molecules, and cytoskeletal networks

reorganize in a symmetrical manner forming supramolecular

activation clusters [57e59]. Synapse structure depends on the

interacting antigen presenting cell, appearing multifocal
when dendritic cells are engaged [60]. More resolutive micro-

scopy techniques allowed to appreciate smaller molecular

structures, as dynamic signaling microclusters containing

TCR and signaling molecules [61,62], surrounded by adhesion

rings and actin cytoskeleton foci [63,64]. Immunological syn-

apses control of T cell activation and effector functions

allowing the efficient communication between the T cell and

the antigen presenting cell [17]. Immunological synapse shape

and symmetry is ensured by the crosstalk of TCR signal and

actin and microtubule cytoskeleton networks [65,66]. Low af-

finity TCR ligands do not stabilize synapse symmetry and T

cells keep an exploratory behavior, termed kinapse, observed

in vitro and in vivo, compatible with T cells cumulating low

intensity signaling over time [67,68].

TCR signaling triggers and maintains T cell polarity at the

immunological synapse, as assessed by centrosome polari-

zation toward the antigen presenting cell. Several molecules

were shown to be involved, including TCRz through its

tyrosine-based activationmotifs (ITAMs), the tyrosine kinases

Lck, which phosphorylates TCRz ITAMs and ZAP70, which is

recruited to TCRz phosphorylated ITAMs [69e71]. In addition,

some membrane lipids, as phosphoinositides locally

https://doi.org/10.1016/j.bj.2021.10.002
https://doi.org/10.1016/j.bj.2021.10.002
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increased by the balanced activation of PIP kinases and

phosphatases, and diacyl glycerol (DAG), regulated by phos-

pholipase C and DAG kinase were shown to be involved

[72e75]. Interestingly, the actin nucleating formins

diaphanous-1 and Formin-like-1 control TCR-induced

centrosome polarization, suggesting a crosstalk between

actin dynamics and microtubule polarization [76]. The

microtubule-guided motor dynein is involved in centrosome

polarization in T cell immunological synapse, suggesting

some mechanical wiring pulling microtubules to facilitate

centrosome polarization [77]. The scaffold protein ADAP and

diacyl glycerol are likely anchoring molecules for dynein at

the synapse [74,78].

Several polarity regulators are involved in T cell immuno-

logical synapses (Fig. 4). Thus, Scribble and Dlg were found to

transiently accumulate at the immunological synapse early

after its formation, then to be excluded. Scribble knockdown

prevents CD3 and PKCq clustering to anti-CD3þCD28 stimu-

latory beads [44]. Dlg1 was shown to interact with the TCR

signaling machinery via the tyrosine kinase Lck and is

involved in actin polymerization, NFAT transcription factor

activation and cytokine production, driving T cell activation

via p38 MAP kinase [79e82]. Dlg1 is more recruited to the

immunological synapse in regulatory T cells (Tregs) and fa-

cilitates suppressive function of in vitro-induced Tregs [83,84].

We have shown that Dlg1, through its ERM-mediated inter-

action with the cortical actin cytoskeleton, ensures the fine

microtubule architecture at the immunological synapse,

conditioning the dynamics of signaling microclusters and

dually regulating early and late T cell activation events [66].

Several mouse Dlg1 KO models were described but in vivo

phenotypes were not consistent. Effects on the generation of

memory T cells, as well as hyperproliferative response in

lymph nodes were reported [85e87].

The APC polarity regulator interacts with Dlg1 and prefer-

entially localizes at the microtubule tips at the periphery of

the immunological synapse [88,89]. Its silencing in CD4 T cells

impaired microtubule network organization, centrosome po-

larization and microcluster dynamics at the immunological

synapse [88], similarly to Dlg1 and ezrin silencing [66], and

compromised nuclear translocation and activity of the NFAT

transcription factor and IL2 gene expression [88]. Moreover,

ApcMin/þ mutant mice displayed impaired differentiation,

cytokine production and anti-inflammatory function of in-

testinal Tregs [88]. In CTLs, Apc regulates actin and microtu-

bule cytoskeleton remodeling at the immunological synapse,

controlling synapse morphology and stability and lytic

granule dynamics, including targeting and fusion at the syn-

apse. Ultimately, Apc tunes cytotoxic T cell activity, leading to

tumor cell killing [89]. Hence, APC, Dlg1 and ERMs may form a

molecular complex ensuring the crosstalk between actin and

microtubule cytoskelon at the immunological synapse,

driving the localization and dynamics of TCR and signaling

components as well as the delivery of lytic granules, eventu-

ally controlling signaling and effector functions [19].

The aPKCz polarity regulatorwas shown to be activated (i.e.

phosphorylated at a Thr regulatory site) at the immunological

synapse and to control centrosome polarization to the syn-

apse and T cell polarized secretion of interferon (IFN)g and

CD40L towards antigen presenting dendritic cells. This is a
crucial event for T helper cell effector function [90]. Interest-

ingly, lytic granule delivery to target cells at the cytotoxic T

cell immunological synapse was much less sensitive to aPKCz

inhibition than helper cytokine polarization to the immuno-

logical synapse, indicating differential regulation of these two

key polarized processes in T cells [91].

Par1b (EMK/MARK2) is one of the four mammalian homo-

logs (Par1a-d) of the Par1 polarity regulator, an evolutionary

conserved SereThr kinase implicated in microtubule dy-

namics via the phosphorylation of microtubule associated

proteins (MAPs) [92]. Par1b is phosphorylated on Ser and Thr

upon TCR engagement, resulting in 14-3-3 protein binding and

the relocalization to the site of contact with the antigen pre-

senting cell, and from the membrane to the cytosol, concen-

trating Par1b at the cytosol close to the contact site. Par1b

phosphorylation needed active Src kinases and was mediated

by aPKCz (on Thr598) and by PKCq (on Ser400), with no influ-

ence of conventional PKCs. A dominant negative form of Par1

inhibits TCR-induced centrosome polarization to the immu-

nological synapse [93]. Therefore, Par1b, PKCz and PKCq

cooperate to control microtubule polarization at the immu-

nological synapse. Moreover, Par1 phosphorylates Par3 and

induces its binding to 14-3-3 proteins, thus inhibiting the as-

sembly of a Par3/Par6/aPKC complex in Drosophila epithelia

[94]. Therefore, Par1b phosphorylation of Par3 might control

Par3 localization at the immunological synapse area [93].

Further evidence for the importance of Par1b in T cells comes

from in vivo mouse KO models, showing a negative regulatory

role in immune cells and a key function in lymphocyte ho-

meostasis [95]. It is worth mentioning that other PKCs (e.g.

PKCε and PKCh), although not classified as polarity regulators,

have been implicated in the recruitment of the centrosome at

the immunological synapse [96].

Scribble was reported to be the center of a signaling com-

plex coordinated by the surface protein Crtam (Class I-MHC-

restricted T-cell associated molecule), an immunoglobulin

family and PDZ-containing protein upregulated on a CD4þ T

cell subset. This protein complex is involved in a late phase of

T cell polarity and effector functions selectively regulating

IFNg and IL22 cytokine production [97].

Cell polarity is also crucial for B lymphocyte functions in

response to antigen. In lymph nodes, B cells recognize anti-

gens tethered to the surface of antigen presenting cells (e.g.

follicular dendritic cells or subcapsular sinus macrophages).

As part of their B cell antigen receptor complex (BCR), cell

surface immunoglobulins interact with antigens and trigger

transduction of activating signals to B cells. BCR-induced

signaling induces B cell polarization and the formation of an

immunological synapse with some similarities with T cell

immunological synapses, including actin cytoskeleton-

mediated cell spreading and contraction, polarization of the

centrosome and clustering of antigen receptors, signaling

molecules and integrin adhesion receptors [98e102]. B cell

spreading and contraction, and centrosome and lysosome

polarization enable antigen capture and internalization, thus

facilitating antigen processing and presentation to T cells.

Antigen quality may increase this process thus selecting B

cells expressing higher affinity immunoglobulins for a more

efficient antigen presentation. The GTPase Cdc42 and the

aPKCz are key for these processes [20,101,103].
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Conclusion and remaining questions

Several polarity regulators are involved in both lymphocyte

migration and antigen-induced responses. The fact that the

same molecules act in both processes with different cellular

issues is interesting. It is tempting to speculate that polarity

regulators may scaffold molecular players from different

signaling pathways to build cell polarity in different manners.

However, whichmolecular players and how they interact with

polarity regulators remains poorly understood. Rho family

GTPases and their activators and inhibitors (GEFs and GAPs,

respectively) are likely involved, since their function can be

modulated (e.g. through phosphorylation) by antigen, che-

mokine or integrin-mediated signals. Polarity regulators likely

help to keep the balance between Rho, Rac and Cdc42 activ-

ities to modulate local actomyosin and microtubule cyto-

skeleton dynamics capable to induce cell shape changes and

directional spreading and retraction leading to polarization

features.

However, polarity regulators have numerous

proteineprotein interaction domains leading to the assembly

of large protein interactomes [3], suggesting amuchwider and

subtlemode of action that remains to be elucidated.Moreover,

we do not know whether and how functions of polarity reg-

ulators overlap and how they interplay within polarity com-

plexes. For instance, different partners of a polarity complex

do not always overlap in time and space [44]. Does it mean

that polarity complex partners may differentially interact

during certain cellular processes or at different time?

Finally, the importance of polarity regulators in lympho-

cyte differentiation, activation and effector functions remains

to be disentangled, including the involvement of polarity

regulators in different T cell subsets. For instance, APC and

Dlg1 seem particularly involved in Treg differentiation and

regulatory function and more subtly involved in CTL differ-

entiation and cytotoxicity.
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