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Recent evidence implicates the actin cytoskeleton in the
control of receptor signaling. This may be of particular
importance in the context of immune receptors, such as the
B cell receptor, where dysregulated signaling can result in
autoimmunity and malignancy. Here, we discuss the role
of the actin cytoskeleton in controlling receptor compart-
mentalization, dynamics, and clustering as a means to
regulate receptor signaling through controlling the interac-
tions with protein partners. We propose that the actin cy-
toskeleton is a point of integration for receptor cross talk
through modulation of protein dynamics and clustering.
We discuss the implication of this cross talk via the cyto-
skeleton for both ligand-induced and low-level constitutive
(tonic) signaling necessary for immune cell survival.

Introduction
Adaptive immunity is a highly differentiated biological system
composed of B and T lymphocytes that play a critical role in the
fight against infections and malignancies. Appropriate function
of the immune system critically depends on the fine-tuned con-
trol of signals from cell-surface receptors and their activation
threshold governing downstream cellular events such as cell dif-
ferentiation. The signaling threshold is vital for ensuring efficient
cell activation, but only when required, such as upon pathogen
invasion. Diminished lymphocyte activation leads to a variety of
immune deficiencies, whereas a lowered activation threshold can
lead to autoimmune disorders and cancerogenesis, emphasizing
the importance of refined mechanisms ensuring correct threshold
for cell activation (Tsubata, 1999; Hermiston et al., 2003).
Emerging evidence implicates the actin cytoskeleton as
a key regulator of cell signaling. The cellular cytoskeleton is a
continuously remodeled dynamic network that provides force
and support to cellular structures and also serves as tracks for
vesicle and organelle movement. The actin cortex underlies the
plasma membrane, where it has been traditionally thought to
mainly act as support to the membrane. However, the cortical
actin cytoskeleton is in intimate interaction with both lipid and
protein components of the plasma membrane. Indeed, cortical
actin participates in various cellular events occurring proximal
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to the membrane, such as endocytosis, focal adhesions, and
regulation of membrane protein diffusion and organization (Le
Clainche and Carlier, 2008; Mooren et al., 2012; Trimble and
Grinstein, 2015). The multifunctional and dynamic quality of
actin impart it with characteristics that make it a potent mecha-
nism for controlling and/or tuning receptor signaling; this may
be particularly important for receptors that need to be tightly
regulated, such as immune receptors. Indeed, mutations in genes
that encode actin regulatory proteins are associated with human
immunodeficiencies, such as Wiskott-Aldrich syndrome, under-
scoring the importance of the actin cytoskeleton in immune cell
activation (Derry et al., 1994; Machesky and Insall, 1998).

In this review, we concentrate on recent studies examining
the role of the actin cytoskeleton in controlling receptor trigger-
ing and cell signaling. We focus on the role of the cytoskeleton in
regulating receptor compartmentalization, dynamics, and cluster-
ing. These parameters play a key role in defining the function of
a protein, because they may facilitate or inhibit interactions with
protein partners and thus regulate the cellular outcome of recep-
tor engagement. We propose that actin serves as a critical point
of integration of receptor signaling such that changes in the cyto-
skeleton induced by one signal can readily influence the function
of other receptors. We frame this discussion largely in terms of
the B cell receptor (BCR), for which recent studies have high-
lighted a striking role for actin in constraining BCR signaling. We
discuss the implication of receptor cross talk with the cytoskel-
eton not only in the context of the low-level constitutive (tonic)
signal necessary for B cell survival, but also as a mechanism to
influence the threshold of activation. We posit that modulation
of the actin cytoskeleton is a general mechanism for integrating
cross talk between different signaling pathways. Understanding
the mechanisms how the cytoskeleton can control protein—protein
interactions to consequently regulate cell signaling may have
broad implications for understanding human health and disease.

Actin cortex and other submembranous
cytoskeletal structures

As this review is focused on the role of the actin cytoskele-
ton in controlling receptor signaling, it is prudent to briefly in-
troduce some of the key structures of the cytoskeleton and the
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Figure 1. General principles of the regulation of submembranous actin structures by various actin-binding proteins. Carefully regulated balance of fila-

ment polymerization, depolymerization, bundling, and capping together with contractility and regulated connections to the plasma membrane lead to dif-
ferent properties of actin-based structures, such as actin cortex, lamellipodia, and filopodia. Classical examples of actin-binding proteins that convey these
activities are illustrated. The actin cortex is a relatively stable mesh-like network of interconnected and contractile filaments that are physically linked with
the membrane and aligned under it in a juxtaposed manner. At the leading edge of the cell, lamellipodia are highly dynamic structures where branched
filaments are aligned perpendicular to the membrane and push it forward. Filopodia, also found in the leading edge, are finger-ike structures, where long
and straight filaments are bundled together to protrude the membrane outward.

mechanisms that regulate these structures, although this is by
no means meant to be a comprehensive review of the cytoskel-
eton; for this, we refer the reader to several excellent reviews
(Bezanilla et al., 2015; Carlier et al., 2015; Case and Waterman,
2015; De La Cruz and Gardel, 2015). What we aim to highlight,
and hope the reader will consider throughout this review, is that
different actin-based structures may differentially modulate the
steady-state organization and dynamics of membrane proteins,
and although few of the studies discussed herein specifically
define the actin features in relation to their data, we believe that
this in an important consideration that may have significant im-
plications for both the interpretation of data and the functional
implications of the findings.

The actin cytoskeleton broadly refers to actin-based cy-
toskeletal structures, encompassing a variety of functionally
distinct structures of different actin organization and regulated
by different actin regulatory proteins (Fig. 1). The actin cortex
is composed of a dense mesh-like array of F-actin estimated to
be between 50 nm and 2 um in thickness tangent to the plasma
membrane and anchored to the cell membrane through interac-
tion with both membrane proteins and lipids (Bray and White,
1988; Charras et al., 2006). This structure provides the core
“skeleton” of the cell, functioning to define cell shape and pro-
vide resistance to mechanical stress. Lamellipodia refers to the
sheet-like protrusive structure composed of branched F-actin
and primarily involved in cell locomotion (Small et al., 2002).
The finger-like protrusions known as filopodia consist of long,
straight, bundled F-actin and are thought to function as explor-
atory fingers for the cell (Mattila and Lappalainen, 2008). To
fulfill these various functions in a multitude of cellular events,
both the dynamics and structural properties of the actin cyto-
skeleton must be tightly regulated. This is achieved by a pleth-
ora of actin-binding proteins that orchestrate different aspects
of actin dynamics in a highly spatiotemporally controlled man-
ner. Many actin-binding proteins are recruited to and activated,
or inactivated, at the cell membrane, regulating the formation
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of these submembranous cytoskeletal structures (Saarikangas
et al., 2010). Each of these structures involves a distinct bal-
ance of actin polymerization, depolymerization, and filament
capping and bundling and share several factors conveying these
properties (Fig. 1). All actin-based structures require actin nu-
cleation and polymerization that converts monomeric actin into
F-actin. Two main actin nucleators are the Arp2/3 complex,
which forms branched actin networks, and the formin family
proteins that induce formation of long and straight filaments.
The sheet-like lamellipodia is considered chiefly nucleated by
the Arp2/3 complex (Welch et al., 1997), whereas the activity of
formins is involved in inducing linear F-actin in filopodia (Peng
et al., 2003). Although all actin-based structures in cells require
a set of actin-regulatory factors, the balance of the activity of
these regulatory factors varies in different actin-based struc-
tures. Actin depolymerization by the cofilin family of proteins,
for example, is important in lamellipodia, where filaments un-
dergo highly dynamic treadmilling (Bugyi and Carlier, 2010),
whereas cross-linking of filaments by actin-bundling proteins,
such as fascin, is critical to provide the required stability to filo-
podia (Kureishy et al., 2002).

The actin cortex is the least studied of these submembra-
nous actin structures, although it is present in virtually every cell.
De novo formation of the F-actin network under the membrane of
expanded blebs has been used as a model system for actin cortex
generation (Charras et al., 2006). The cortex seems to be gener-
ated by cooperation of two actin nucleator machineries: Arp2/3
complex and the formin mDial. The balance of these two nu-
cleators, together with filament cross-linkers and the molecular
motor myosin II, which provides contractility, contributes to the
relatively stable but still rapidly adjustable cortical meshwork of
F-actin (Fritzsche et al., 2013; Bovellan et al., 2014). The flexi-
bility of mature cortex is illustrated by the existence of both short
and long filaments with differential dynamic behavior, as demon-
strated by single-particle tracking (Gowrishankar et al., 2012)
and photobleaching studies (Fritzsche et al., 2013).



@ ERM proteins A

Ezrin-Radixin-Moesin (ERM) proteins are a family of highly con-
served proteins that provide a regulated linkage between integral
plasma membrane proteins and the actin cytoskeleton. They bind
to membrane proteins and also directly to plasma membrane phos-
phoinositides via a FERM (four-point-one, ezrin, radixin, moesin)
domain, and to F-actin via their C-terminal domain. Phosphoryla-
tion induces conformational opening of ERM proteins to expose
the binding sites for both membranous target and actin leading
to functional activation. In addition to playing a role in membrane
cortex stability, ERM proteins are involved in regulation of signaling
downstream of several membrane receptors, including G protein
Qoupled receptors and cAMP signaling (Neisch and Fehon, 2011). )

4 Protein 4.1-ankyrin-spectrin network N

Protein 4.1 binds membrane proteins or domains via its FERM
domain and a second membrane protein-binding domain in the
C terminus. Eukaryotic 4.1 proteins also bind spectrin-actin, as
does ankyrin, another transmembrane protein and spectrin-actin
cross-linker. Together these proteins form intricate networks under-
neath the plasma membrane, often in conjunction with yet another
component, adducin. In red blood cells, where the function of this
network is best understood, loss of 4.1 proteins severely comprom-
ises membrane skeleton stability and inhibits the expression of

binding partners at the membrane. In addition, protein 4.1-spec-
trin-ankyrin network plays a role in polarization of epithelial cells as
well as in neurite outgrowth and contributes to the diffusion bar-
rier of the axon initial segment in neurons (Baines, 2010). The vast
amount of binding partners of 4.1 proteins make them multitasking
hubs for protein and phospholipid interactions, but the redundancy
between the 4.1 family members, possible parallel functions with
ankyrins, and simply the breadth of interactions complicate the
mechanistic understanding of the functions of this network (Baines
et al, 2014). However, the intertwined 4.1 protein, ankyrin and
spectrin networks are well positioned to generate diffusion barriers

KWIthln the plasma membrane. Y,

é Septins )

Proteins of the septin family form filamentous net-
works underneath the plasma membrane, are able
to connect to both actin and microtubule cytoskel-
etons and also appear able to directly bind anionic
membrane lipids. Septins create highly selective and
specialized diffusion barriers for membrane proteins.
They can regulate cortical integrity and cell shape,
although this is reported to occur mostly in reactive
rather than proactive manner to restore and retract
cell cortex (Gilden et al., 2012; Bridges and Gladfelter,

\ 2015). )

4 Filamins )

Filamins are a family of actin cross-linking proteins
that regulate cytoskeleton-membrane interface via
interactions with cytoplasmic tails of several recept-
ors. Filamins bind, for instance, integrin beta-chains,
G-protein-coupled receptors, and FcyR1 regulating
their surface expression, as well as coordinate intra-
cellular signaling (Stossel et al, 2001; Zhou et al, 2010;
Lin et al, 2001; Beekman et al 2008). To what extent
filamins affect the organization and diffusion of re-
ceptors within the cell membrane is not well under-

\stood. Y,

e Myosin 1 )

Myosins are actin-based motor proteins. While class
2 myosins are well known for generating cortical ten-
sion/contractility, class 1 myosins are distinguished by
their direct lipid-binding ability. They generate mem-
brane-cortex attachment and membrane tension as
well as play a role in endo- and exocytosis, where
its motor function generates membrane-deforming
forces (McConnel & Tyska, 2010). Thus, myosin 1
is well positioned also to regulate the diffusion and
organization of cellular receptors but specific experi-

\ments addressing this are lacking. Y,

Figure 2. Examples of proteins connecting the plasma membrane to the actin cytoskeleton. (top left) ERM proteins (Neisch and Fehon, 2011). (bottom left)
Protein 4.1-ankyrin-spectrin network (Baines, 2010; Baines et al., 2014). (top right) Septins (Gilden et al., 2012; Bridges and Gladfelter, 2015). (middle
right) Filamins (Lin et al., 2001; Stossel et al., 2001; Beekman et al., 2008; Zhou et al., 2010). (bottom right) Myosin 1 (McConnell and Tyska, 2010).

The F-actin network of the cortex is involved in various
cellular events at the plasma membrane. Cortex remodeling is
required upon endo- and exocytosis, for instance, and it serves
as the origin or building material for other actin structures like
lamellipodia and filopodia. Located right beneath the plasma
membrane, the actin cortex also physically connects to it by
various membrane—cytoskeleton linker proteins (Fig. 2). It is
hardly surprising that such a dense filamentous mesh close to
and intimately connected with the plasma membrane can affect
the behavior and function of membrane proteins. Interestingly,
already the ancient bacterial actin homolog MreB is able to or-
ganize bacterial cell membrane and membrane protein diffusion
(Strahl et al., 2014), underlining the significance of the cortical
cytoskeleton in the regulation of membrane protein function. It
should also be kept in mind that the actin cytoskeleton further
works together with the microtubule cytoskeleton as well as
various intermediate filaments. Whereas microtubules provide
polarity and intracellular organelle organization, for instance,
the cytoplasmic intermediate filaments are considered critical
for cell resistance against mechanical stress (Huber et al., 2015).

In the immune system, the critical role of the actin cy-
toskeleton is demonstrated by various human pathologies
and mouse models. For example, the causal gene product for
Wiskott-Aldrich syndrome, an X-linked recessive disease

characterized by immune dysfunction and recurrent infections
as well as predisposition to develop lymphomas and leukemias,
is Wiskott-Aldrich syndrome protein, WASP, an immune cell-
specific activator of the Arp2/3 complex (Derry et al., 1994).
The same syndrome is also caused by mutations in WASP-
interacting protein, WIP (Lanzi et al., 2012), which forms a
complex with and stabilizes WASP (de la Fuente et al., 2007).
A recent study in T cells demonstrated that WASP-dependent
Arp2/3 activation is required for actin polymerization foci local-
ized at sites of T cell receptor (TCR) signaling and promotion of
PLCy activation and subsequent calcium signaling. However, T
cell immunological synapse is able to form upon inhibition of
Arp2/3 activity by the inhibitor CK666, suggesting that formin-
based actin polymerization plays the major structural role (Ku-
mari et al., 2015). Moreover, Rho family GTPases including
Cdc42 and Rac, which are considered master regulators of the
actin cytoskeleton capable of activating multiple cytoskeletal
regulators (Heasman and Ridley, 2008), play an important role
in B cell activation. B cell-specific deletion of Cdc42 was re-
cently shown to lead to a dramatic impairment in the genera-
tion of antibody producing plasma cells (Burbage et al., 2015).
In addition, inactivation of Racl and Rac2 in a mouse model
leads to a complete lack of B cells, possibly because of defi-
cient BCR signaling during development, as has been shown in
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mature B cells (Walmsley et al., 2003; Brezski and Monroe,
2007; Arana et al., 2008). Notably, impaired activity of G-
nucleotide exchange factors such as Vav and DOCKS8, which
regulate the activity of RhoGTPases, has profound effects on
B cell activity and the humoral immune response, through
defective formation of the immunological synapse (Doody et
al., 2001; Weber et al., 2008; Randall et al., 2009). Although
it is currently not well understood how much of these disease
phenotypes are caused by abnormalities in the actin cortex or
membrane protein functions, a recent study has shown that in
B cells, absence of the actin regulatory protein, WIP, affects
signaling capabilities, likely because of altered organization
and dynamics of BCR and the coreceptor CD19 (Keppler et al.,
2015), providing strong genetic evidence that the actin cyto-
skeleton plays a key role in receptor signaling. Here, we discuss
means by which the actin cytoskeleton can regulate membrane
receptor signaling thresholds and integration of different sig-
nals through controlling molecular organization and dynamics
of cell surface proteins.

Constitutive dynamic molecular assemblies
in the plasma membrane
The plasma membrane is densely packed with each of the thou-
sands of surface proteins represented by up to hundreds of thou-
sands of molecules. For example, mature B cells express two
isoforms of the BCR, with between 20,000 and 150,000 mole-
cules of IgM and 250,000 and 300,000 molecules of IgD (Mattila
et al., 2013). How these thousands of molecules are organized
within the membrane is an important question for understand-
ing the mechanism of receptor triggering and the initiation of
signaling. Although plasma membrane proteins were once con-
sidered to be largely randomly distributed on the surface of cells
(Singer and Nicolson, 1972), research over the last 40 years has
consistently demonstrated that the plasma membrane is com-
partmentalized. Indeed, using a variety of experimental tech-
niques to probe the topography of membrane proteins, research
has uncovered a smorgasbord of protein organizations: some
proteins appear to be monomers; some are dimers, trimers, or
higher-order oligomers; and some are found as discrete clusters
of tens of molecules of different molecular species, which have
been variably called “nanoclusters” or “protein islands.” Such
varied organization has been noted not only for different pro-
teins but also for proteins of the same molecular type, including
the BCR, and this can be rather confusing for the uninitiated.
Further complicating the matter, many cell surface proteins un-
dergo clustering upon activation, and these structures also need
to be named; in the case of immune cells, the term “microclus-
tering” has become common nomenclature. What is emerging
is a dynamic view of the plasma membrane, where cell surface
proteins are likely found on a continuum from single proteins
to clusters of a few to tens of molecules. In the following para-
graphs, we discuss some of the work that has led to this modi-
fied view of the plasma membrane, potential mechanisms that
regulate these dynamic assemblies, and importantly, the func-
tional significance for intercellular communication.
Researchers at the interface between immunology and
biophysics made many of these important observations of the
nonrandom distribution of cell surface proteins in lymphocytes.
Early studies used flow cytometry—based Forster resonance en-
ergy transfer (FRET) experiments, which are sensitive to inter-
molecular distances less than 10 nm, the reasoning being that if
plasma membrane proteins are homogeneously distributed, then
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the likelihood of two proteins being within such close proximity
would be highly unlikely and FRET would not occur. Instead,
FRET experiments revealed homo- and heteroassociations of
numerous membrane proteins including major histocompat-
ability complex (MHC) class I and IT (Chakrabarti et al., 1992;
Matko et al., 1994; Szoll6si et al., 1996), epidermal growth fac-
tor receptor (Gadella and Jovin, 1995), interleukin-2 receptor o-
subunit and ICAM-1 (Szo6llosi et al., 1987; Burton et al., 1990),
and MHC class I and II, CD20, and tetraspanins (Szollési et
al., 1996). Although these studies established that, in contrast to
the fluid mosaic model, many plasma membrane proteins were
nonrandomly distributed, they could not provide spatial infor-
mation about protein distribution or the number of molecules
that are closely associated. To address this, researchers turned to
transmission EM (TEM), which revealed nanometer-scale “is-
lands” of proteins including MHC class I (Damjanovich et al.,
1995), MHC class II (Jenei et al., 1997), and the interleukin-2
receptor a-subunit and transferrin receptor (Vereb et al., 2000).
Interestingly, these studies also revealed higher hierarchical
level receptor clustering in which these protein “islands” orga-
nized into “island groups” with mean sizes between 400 and
800 nm, raising the question of whether there was functional
significance to the codistribution of these proteins. Wilson et al.
also used TEM to visualize the distribution of several cell sur-
face proteins in B cells, mast cells, and fibroblasts using a tech-
nique to generate plasma membrane sheets, which exposes the
inner surface of the plasma membrane for immunostaining. By
counting gold particles they found that approximately one-third
of particles marking FceR1 are distributed as singlets and the
rest are found in clusters of two or three particles and occasion-
ally up to nine particles (Wilson et al., 2000). In contrast to the
observation of the codistribution of other proteins mentioned
previously (Damjanovich et al., 1995; Jenei et al., 1997; Vereb
et al., 2000), Wilson et al. (2001) found that linker for activation
of T cells (LAT), found primarily in clusters of <20 molecules,
was segregated from FceR1. Using this technique of plasma
membrane sheets, but instead labeling membrane proteins via
biotinylation of sulfhydryl or carboxyl groups, Lillemeier et al.
provided evidence that the nonrandom distribution of cell sur-
face proteins is not specific to only some classes of proteins but
rather all membrane-associated proteins are clustered in cho-
lesterol-rich islands in a sea of protein-free and cholesterol-low
membrane (Lillemeier et al., 2006). Although these EM stud-
ies further support the model of the compartmentalization of
membrane proteins, they may be underestimating the density of
these domains because of extensive sample processing and po-
tential loss of antibody epitopes, illustrated by often very sparse
immunogold decoration of the sample.

Because these constitutive assemblies are smaller than the
diffraction-limited resolution of confocal and epifluorescence
microscopy, defined as half the wavelength of light (A/2) or
~250 nm, it has been difficult to resolve these structures using
light microscopy, which would allow for less sample process-
ing than TEM studies. Recently, super-resolution imaging tech-
niques including near-field scanning optical microscopy (Betzig
et al., 1986), stochastic optical reconstruction microscopy (STO
RM; Rust et al., 2006), photo-activated localization microscopy
(PALM; Betzig et al., 2006), and BLINK microscopy (Stein-
hauer et al., 2008) have been applied to the study of receptor
organization on the nanoscale. For example, MHC class I, visu-
alized by near-field scanning optical microscopy, was found in
islets with radii of ~70-600 nm and contained on the order of



IgD IgM

25-125 molecules each (Hwang et al., 1998). Nanoclusters of
the lectin DC-SIGN were ~80 nm in diameter and contained a
mean of 12 molecules but in some cases upward of 65 molecules
(Itano et al., 2012). Using STORM, we found that both [gM and
IgD BCR are found in clusters with a mean radius of ~60-80
nm and estimated to contain between 20 and 120 molecules per
cluster (Mattila et al., 2013). IgD was found more often in nano-
clusters and these clusters had significantly higher mean density
of molecules (Fig. 3). This is quite consistent with a recent two-
color STORM study of IgM and IgD, which also suggested that
these proteins are not found coclustered but instead are local-
ized on separate nanoclusters (Maity et al., 2015). It is perhaps
also not surprising that previous FRET studies found IgM to be
largely monomeric on the surface of resting B cells (Tolar et
al., 2005), given the much lower proportion of IgM in clusters
compared with IgD (38% compared with 70%, respectively;
Mattila et al., 2013) Moreover, based on the mean radius of a
nanocluster seen in our STORM data, one can appreciate that if
a cluster has a low density of receptors, then it is likely that they
will be >10 nm apart (the maximum intermolecular distance for
FRET measurements) while clearly still having a nonrandom or
compartmentalized distribution (Fig. 3). We also found that a
key regulator of BCR signaling, the positive coreceptor CD19,
also exists in nanoclusters, and the proportion of molecules in
clusters and density of clusters was within the range of IgM and
IgD (Mattila et al., 2013). It is important to note that it is not
only transmembrane proteins that display a nonrandom distri-
bution; proteins bound to the outer or inner leaflet of the plasma
membrane exhibit constitutive clustering on the nanoscale. For
example, the Ras family of small G proteins, which are bound
to the inner leaflet of the plasma membrane, are found in nano-
clusters containing approximately seven proteins and radii of
roughly 9 nm, notably smaller than the nanoclusters discussed
above. Approximately 30% of K-ras is organized in clusters,
and the remaining 70% is found as monomers (Plowman et al.,
2005). Interestingly, these authors report that this ratio of mono-
mer to cluster is independent of expression level, suggesting
a mechanism that actively regulates the extent of clustering.
More recently, Gaus and colleagues report that the nature of the
membrane anchor impacts protein clustering, such that proteins
anchored to the inner leaflet of the plasma membrane exhibit

IgM monomer
small nanocluster

Figure 3. Model of the nanoscale organi-
zation of IgM and IgD at the B cell surface.
Schematic diagram illustrating IgM (blue) and
IgD (red) nanoclusters at the surface of B cells
based on superresolution STORM analysis
reported in Mattila et al. (2013). A heferoge-
neity of clusters is present from monomers to
small clusters of varying size and number of
molecules. Dashed circles on the right show
zoomed-in view of nanoclusters in box out-
lined. Based on a mean cluster size with radius
of ~70 nm and considering the surface area
of the cell and the number of BCR at the cell
surface, we calculated a theoretical estimate
of receptor density within nanoclusters and de-
pict an average IgM cluster and a high-density
IgD cluster, as IgD was found to be significantly
more densely packed than IgM nanoclusters.
Inset box on left depicts a model of the actin
cytoskeleton (green) in relation to nanoclusters
based on electron tomography data from Mo-
rone et al. (2006). Diagram is to scale.

high density
gD nanocluster

significantly different clustering parameters than proteins an-
chored to the outer leaflet (Magenau et al., 2015).

Collectively, these data firmly establish the nonrandom
distribution of cell surface proteins as a general phenomenon. Of
note, proteins are found as monomers to clusters ranging from
a few molecules to tens of molecules, which are typically called
either protein islands or nanoclusters. However, caution should
be taken in assigning absolutes to the number and proportion of
molecules within these constitutive assemblies as calculations
based on super-resolution localizations and protein density may
be subject to inaccuracies. For example, a recent two-color
PALM study suggests that LAT is predominantly found in very
small nanoclusters (two to three molecules) and that previous
studies noting larger LAT clusters (Lillemeier et al., 2010) may
have overestimated LAT cluster sizes because of differences in
data analysis and statistical techniques (Sherman et al., 2011).
It is, however, also likely that the range of nanocluster size and
density reflects the dynamic nature of these assemblies, in-
stead of a view where these entities are static. The biophysi-
cal mechanisms that regulate the size and temporal lifetimes
of these assemblies largely have yet to be elucidated. Gheber
and Edidin (1999) proposed that these dynamic assemblies are
dependent on diffusional barriers and the trafficking of proteins
to the cell surface in vesicles. Thus, the population of clusters
might be heterogeneous in size and concentration at any given
time because clusters are born at different moments of exocytic
vesicle fusion, after which their size increases, but concentra-
tion decreases over time. Using both mathematical modeling
and experimental testing, they provide evidence that clusters are
born by the delivery of vesicles to the plasma membrane and
that the size and lifetime of these assemblies are dependent on
diffusional barriers mediated by the actin cytoskeleton. Stabiliz-
ing the actin cytoskeleton increases the lifetime of clusters and
conversely depolymerizing the actin network increases the size
of clusters as molecules diffuse away, ultimately decreasing the
lifetime of clusters (Lavi et al., 2007, 2012).

The formation of nanoclusters via vesicle delivery to the
plasma membrane may not be the only mechanism of forma-
tion, as mathematical modeling supported by experimental data
suggests that even transient protein—actin interactions coupled
with actin dynamics/treadmilling and myosin contractility can
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lead to protein nanoclustering, even for glycophosphatidyli-
nositol (GPI)-anchored proteins, which are themselves not di-
rectly linked to actin (Goswami et al., 2008; Gowrishankar et
al., 2012). These nanoclusters of GPI-anchored proteins should
not be mistaken for ‘raft domains’ described by Suzuki et al.,
in which various GPI-anchored proteins are largely mobile
and form transient homodimers based on ectodomain protein—
protein interactions (Suzuki et al., 2012). However, the assem-
bly of greater raft domains, or “nanoclusters” of rafts, likely in-
volves actin filaments (Goswami et al., 2008; Gowrishankar et
al., 2012; Suzuki et al., 2012). A role for the actin cytoskeleton
in the formation and/or maintenance of nanoclusters is consis-
tent with data showing actin staining associated with protein
islands in T cells visualized by TEM and a dramatic reduction
in the density of islands upon actin disruption (Lillemeier et
al., 2006). In contrast, our data suggest that the organization of
both the BCR and CD19 is not altered upon disruption of the
actin cytoskeleton (Mattila et al., 2013), although it should be
noted that the length of drug treatment in these two studies dif-
fered dramatically; Lillemeier and colleagues treated cells with
actin inhibitors for 150 min, whereas we used an acute treat-
ment (5 min), and thus it could be that the remaining cortical
actin network is sufficient for maintenance of BCR and CD19
nanoclusters. Interestingly, the size of many receptor nanoclus-
ters is consistent with actin-defined compartments (~50-200
nm) revealed by electron tomography (Morone et al., 2006) and
super-resolution imaging showing the mean “hole” in the actin
mesh is <100 nm (Brown et al., 2012), suggesting that the actin
meshwork may indeed limit the size of these clusters.

Another mechanism for nanoclusters of plasma mem-
brane proteins are protein—protein and protein—lipid interac-
tions. This has been shown for the adaptor protein LAT, which
exhibits constitutive nanoscale clustering that is dependent on
two juxtamembrane cysteine residues as well as four distal
tyrosines, indicative of a role for palmitoylation and protein—
lipid interactions, and protein—protein interactions, respectively
(Sherman et al., 2011). In the case of BCR, Reth and colleagues
have shown that the size of IgD complexes isolated biochemi-
cally was dependent on class-specific amino acids in the trans-
membrane region (Schamel and Reth, 2000), suggesting that
protein—protein interactions might be particularly important for
IgD-BCR nanoclusters. We found that CD19 nanoclusters were
dependent on the tetraspanin CD81 (Mattila et al., 2013). Tet-
raspanins are a large family of small transmembrane proteins
that form homo- and multimers that further interact in cis with
a multitude of membrane proteins. So-called tetraspanin-en-
riched microdomains within the plasma membrane laterally
organize the membrane and strongly influence organization of
their interaction partners, including immune receptors and in-
tegrins (Charrin et al., 2014). Interestingly, the role of CD81 in
CD19 nanoclustering does not appear to be holding the clusters
together, as deficiency of CD81 did not lead to loss of nanoclus-
ters, but rather in organizing CD19 within the clusters, as defi-
ciency of CD81 led to an 80% increase in the density of CD19
within nanoclusters (Mattila et al., 2013). A recent study using
dual-color stimulated emission depletion microscopy to gain su-
per-resolution imaging of various tetraspanin-enriched micro-
domain structures in membrane sheets of B cells and dendritic
cells found that tetraspanins CD37, CD53, CD81, and CDS82
formed individual nanoclusters (<120 nm) that showed little
overlap with each other (Zuidscherwoude et al., 2015). This is
surprising considering earlier studies of tetraspanin—tetraspanin
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heterophilic interactions (Yaiez-Mo et al., 2009); however, spe-
cific cell types and tetraspanins might differ in this respect.

Tetraspanin-enriched microdomains are one example of
membrane-organizing microdomains, but lipids themselves are
also capable of provoking membrane order. Lipid raft mem-
brane domains were first characterized by Simons and Ikonen
(1997) and suggested to promote compartmentalization of
membrane proteins for membrane trafficking or serve as sig-
naling platforms. Initial studies on these sphingolipid and cho-
lesterol-rich assemblies relied on biochemical methods using
detergent extraction that led to notable controversy in the field.
However, technological advances have now provided ample ev-
idence of the existence of separated lipid domains that function
in the organization of membrane proteins (Lingwood and Si-
mons, 2010). Recent work combining super-resolution imaging
and fluorescence lifetime measurements of membrane dyes that
report lipid packing indeed implicates lipid microdomains in
the nonrandom distribution of proteins (Owen et al., 2012).

An often overlooked mechanism for membrane protein
organization may be the interaction of these glycosylated cell
surface proteins with members of the secreted family of lec-
tins, called galectins, which can bind and cross-link cell surface
proteins, creating glycan-based domains (Brewer et al., 2002).
Indeed, the galectin lattice has been implicated in the compart-
mentalization of cell surface proteins (Pace et al., 1999; Chen
et al., 2007) and the regulation of epidermal growth factor re-
ceptor diffusion (Lajoie et al., 2009), providing compelling ev-
idence for a possible role for these proteins in the nonrandom
organization of cell surface proteins. Interestingly, galectins
may also influence the nanoscale clustering of proteins through
domains other than the carbohydrate recognition domain, as
has been suggested for H-ras and K-ras (Belanis et al., 2008;
Shalom-Feuerstein et al., 2008). It may also be that interactions
with the extracellular matrix influence domain formation. In
support of this, truncation of the carbohydrate recognition do-
main of the transmembrane lectin DC-SIGN altered the forma-
tion and stability of constitutive DC-SIGN microdomains (Liu
et al., 2012). Taking these observations together, it is likely that
a single mechanism does not control the nanoscale organization
of proteins, but rather a combination of these mechanisms is at
work either in isolation or in combination, depending on the
specific protein, resulting in the variety of protein islands of
different size and density observed at the surface of cells.

A compelling question is whether there is functional sig-
nificance for the constitutive nanoscale clustering of cell sur-
face proteins. One of the earliest proposals for the function of
constitutive clustering was that the clustering of MHC class
I and class II, which present pathogen-derived peptides to T
cells, would facilitate antigen presentation. To test this, MHC
class I cluster size was altered and the functional effect of this
alteration examined. By incubating cells with exogenous p-2
microglobulin, a constituent of MHC class I, the small clus-
ters of MHC class I could be dispersed and a corresponding re-
duction in T cell responses was observed (Bodnar et al., 2003).
In contrast, stabilizing the actin-based membrane skeleton re-
sulted in larger than normal clusters and enhanced T cell re-
sponses (Kwik et al., 2003; Fooksman et al., 2006). Thus, the
size and stability of constitutive nanoclustering may modulate
intercellular communication. In the case of MHC, this clus-
tering may serve as a mechanism to enhance TCR recognition
of rare peptide-MHC complexes. Conversely, the constitutive
nanoscale clustering of K-Ras and H-Ras proteins is proposed



to act as a functional platform for signaling as abrogation of
nanoclustering inhibits signal transduction (Tian et al., 2007).
Another possibility is that the nanoscale compartmentalization
of the plasma membrane serves to segregate functional units of
signaling complexes. This notion is consistent with TEM data
showing TCR and FceR1 islands are segregated from the adap-
tor protein LAT (Wilson et al., 2001; Lillemeier et al., 2010) in
the steady state, although recent two-color PALM data of TCR
and LAT challenge the view that these molecular species are
present in separate nanodomains (Sherman et al., 2011). Con-
versely, it has been suggested that the coclustering of IL2R and
ICAM-1 may help to promote the directed delivery of cytokines
to target cells (Burton et al., 1990).

In the case of the BCR, an interesting question is why the
proportion and density of IgM in constitutive clusters is less than
IgD. Do differences in the clustering state of the receptor regulate
its properties, such as mechanism of triggering or requirements
for ligand valency? Indeed, a mutant of IgD unable to induce
BiFC and thus presumably monomeric was found to be more
active (Yang and Reth, 2010). Moreover, monovalent engage-
ment readily activated IgG1-BCRs expressed on memory B cells
(Avalos et al., 2014), and this isotype has an enhanced capacity
to oligomerize/cluster upon ligand engagement (Liu et al., 2010).
Although the enhanced response of memory B cells is no doubt
linked to increased affinity of these BCRs, it may also be that the
nanoscale organization (Avalos et al., 2014) of this isotype alters
triggering properties leading to enhanced sensitivity. Interest-
ingly, a recent study suggests that memory T cells have increased
antigen sensitivity through increased number and size of TCR
oligomers at the cell surface (Kumar et al., 2011). Because TCRs
do not undergo somatic hypermutation leading to increased af-
finity, as BCRs do, the increased prevalence of oligomeric TCRs
may be reflective of a process of avidity maturation, as suggested
by the authors. Intriguingly, altered nanoscale organization of
the adhesion molecule LFA-1 and the lectin DC-SIGN has been
noted in the differentiation of monocytes to dendritic cells, and
these changes in receptor organization have important functional
consequences for ligand binding (Cambi et al., 2004, 2006). It
will be interesting to determine the mechanisms for these differ-
entiation-specific organizations and whether these alterations are
mediated by changes in the actin cytoskeleton.

The actin cytoskeleton regulates

receptor mobility

Extensive research in membrane protein biology has demon-
strated that many cell surface proteins exhibit restricted diffu-
sion on both the micrometer scale over milliseconds as well
as nanometer and microsecond scales (Kusumi et al., 2012).
Consequently, it was proposed in the membrane-skeleton fence
model that transmembrane proteins protrude into the cytoplasm
and collide with the underlying cortical actin cytoskeleton
(membrane skeleton) resulting in temporary confinement of
membrane proteins (Kusumi et al., 2005). Confined diffusion is
observed not only for transmembrane proteins that protrude into
the cytoplasm but also for lipids and GPI-anchored proteins,
which are only linked to the outer layer of the plasma membrane,
and thus, the anchored transmembrane protein picket model was
proposed; in this model, transmembrane proteins are anchored
to and aligned along the membrane skeleton, effectively acting
as rows of pickets to the free diffusion of GPI-anchored proteins
and lipids (Kusumi et al., 2005, 2012). Molecules within these
membrane compartments delineated by fences and pickets

undergo short-term confined diffusion and long-term “hop” dif-
fusion between compartments. (Fujiwara et al., 2002; Suzuki et
al., 2005). Many studies have provided evidence that support
the model that the actin cytoskeleton defines diffusion barri-
ers for membrane proteins and lipids by disrupting the actin
cytoskeleton either genetically or pharmacologically (Sheetz
et al., 1980; Haggie et al., 2004; Charrier et al., 2006; Lenne
et al., 2006; Wheeler et al., 2007). The first study to directly
visualize the actin cytoskeleton and an immune receptor simul-
taneously, in this case FceR, demonstrated that actin filaments
defined micron-sized domains that confine receptors (Andrews
et al., 2008). We took a similar approach to examine the role of
the actin cytoskeleton on BCR mobility. Using dual-view total
internal reflection fluorescence microscopy and single-particle
tracking, we provided evidence that the actin cytoskeleton de-
fines diffusion barriers for the BCR (Treanor et al., 2010). In-
terestingly, the diffusion of the two BCR isotypes expressed by
mature naive B cells, IgM and IgD, showed a high degree of
restricted diffusion with ~50% of IgM and almost 90% of IgD
nearly immobile. This observation is in striking contrast to the
nearly entirely mobile state reported for FceR (Andrews et al.,
2008). It should be noted that because of the low labeling den-
sity required for single-particle tracking experiments, it is not
possible to verify if the tracked molecules were BCR monomers
or organized in nanoclusters on the cell surface. It is tempting to
speculate that perhaps protein dynamics reflect the state of clus-
tering to some extent (at least on this macroscopic timescale).
Indeed, the proportion of IgM-BCR versus IgD-BCR found
in clusters (Mattila et al., 2013) is similar to the proportion of
very slow diffusing BCRs for these two isotypes (Treanor et
al., 2010). Consistent with this notion, GPI-AP nanoclusters are
less mobile than GPI-AP monomers (Goswami et al., 2008).
Interestingly, the diffusion of both IgM and IgD increased upon
treatment with actin depolymerizing agents, although not to the
same extent, suggesting additional mechanisms may regulate
BCR diffusion, particularly in the case of IgD.

An intriguing question is whether membrane protein
diffusion dynamics are spatially modulated within the cell
depending on the local actin architecture. For example, mem-
brane protein diffusion may be different in the relatively stable
cross-linked and membrane-linked network of actin filaments
within the cortex, compared with the highly dynamic organiza-
tion of actin within lamellipodia, which is undergoing contin-
uous remodeling. In our study, we primarily focused on BCR
movement within the cortex and only rather crudely defined ac-
tin-rich versus actin-poor regions within this area. We did, how-
ever, observe linear BCR diffusion at the cell periphery within
actin-rich filopodia (Treanor et al., 2010), suggesting that in-
deed, membrane protein diffusion may be regulated by different
F-actin—based structures. The mechanism for this linear diffu-
sion of BCR within filopodia has yet to be investigated, as well
as how this might modulate BCR triggering within these ex-
ploratory fingers. Linear diffusion of a population of CD36 has
also been reported, although in this case it was within “troughs”
radiating from the perinuclear region and aligned along micro-
tubules where actin was locally displaced from the membrane
(Jagaman et al., 2011). Indeed, the actin cytoskeleton does not
work in isolation from other cytoskeletal networks, and thus,
the proximity and connections between the actin network and
the plasma membrane are critical with regard to the effect on
membrane proteins. In mammalian cells, various linkers mod-
ulate the connection between the plasma membrane and the
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cytoskeleton. These linkers include ezrin-radixin-moesin
(ERM) proteins, 4.1 protein, ankyrin, spectrin, septin, filamin,
and myosin 1, which we have highlighted in Fig. 2. In B cells, we
found that not only actin, but also the ERM family protein ezrin
defined barriers to BCR diffusion. The binding of ERM proteins
to both membranous targets and actin is regulated by phosphor-
ylation (Bretscher et al., 2002), thus providing a mechanism to
modify membrane protein diffusion in highly dynamic manner.
Indeed, in B cells, ezrin underwent dynamic reorganization,
which appeared to allow BCR to transition from immobile to
mobile states, acting as a kind of “gate” to plasma membrane
compartments (Treanor et al., 2010). Interestingly, in these
studies we noted that the ERM network is much more dynamic
than actin reorganization in the cortex, suggesting that indeed,
the ERM proteins may be a key mechanism to rapidly regulate
membrane protein diffusion. Because both TCR and BCR stim-
ulation induce a transient dephosphorylation of ERM proteins
(Delon et al., 2001; Faure et al., 2004; Gupta et al., 2006; Ilani
et al., 2007), these proteins may provide a more general mech-
anism to tune receptor diffusion in response to ligand binding.
In contrast to BCR, the mobility of the key coreceptor
CD19 was less affected by disruption of the actin cytoskeleton in
naive unstimulated B cells, despite showing highly limited mo-
bility (Mattila et al., 2013). These observations were supported
by simultaneous visualization of the actin cytoskeleton and
single-particle tracking experiments, which showed that CD19
diffusion was independent of the density of actin. Instead, immo-
bilization of CD19 was largely mediated by the tetraspanin CD81;
CD19 diffusion was markedly increased in CD81-deficient B
cells. Interestingly, deficiency of CD81 rendered CD19 mobility
more sensitive to disruption of the actin cytoskeleton, suggesting
some degree of cross talk between protein—protein mechanisms
controlling receptor movement and the underlying actin cytoskel-
eton. Similar to CD81, other tetraspanins, like CD151 and CDS82
for instance, have been found to regulate the diffusion of their in-
teracting proteins, such as a6 integrins and EGF receptor, respec-
tively (Danglot et al., 2010; Yang et al., 2012). Thus, tetraspanin
microdomains within the plasma membrane may play an import-
ant role in regulating diffusion of several membrane proteins.
Only a few studies report on the dynamics of tetraspanins them-
selves. A relatively slow half-life of 10-15 s was demonstrated
for the bulk of CD63 and CD82 in photobleaching studies (Hoorn
et al., 2012). A more detailed study of CD9 tetraspanin by single
particle tracking revealed high mobility for the majority of CD9
molecules, whereas a minority appeared confined in CD?9 tetrasp-
anin microdomains. Interestingly CD9 tetraspanin microdomains
were very stable in both position and shape over an imaging pe-
riod of 10 min and resistant to latrunculin B treatment (Espenel
et al., 2008), in line with our data on tetraspanin-dependent but
largely actin-independent mobility of CD19 (Mattila et al., 2013).

Actin controls signaling

The BCR presents an interesting model for the role of actin in
regulating signaling, with differential requirements for actin
depolymerization and polymerization spatially and temporally
modulated. Given the potential role for actin in organizing re-
ceptor nanoclusters and membrane protein diffusion, and the
importance of these parameters in signaling, it is likely that the
findings on the role of actin in regulating BCR signaling may be
broadly relevant to many cell surface receptors. We found that the
cytoskeleton plays a critical role in controlling BCR signaling
and that treatment with agents disrupting actin organization was
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sufficient to induce BCR signaling in the absence of any ligand
(Treanor et al., 2010; Mattila et al., 2013). We hypothesized that
by restricting the diffusion of BCR, the cytoskeleton regulates
collaboration with the activatory coreceptor CD19; disruption of
the diffusion barrier defined by the actin cytoskeleton increases
BCR (BCR nanocluster) diffusion and thus increases the likeli-
hood that the BCR will encounter the coreceptor CD19 (Treanor
and Batista, 2010; Treanor, 2012). This idea is consistent with the
“collision coupling” or “mobile receptor’ hypothesis (Jans, 1992;
Jans and Pavo, 1995), which postulated that lateral diffusion of
membrane proteins was required to facilitate protein-protein in-
teractions necessary for signal transduction. In support of this
hypothesis, we found that the spontaneous BCR signal triggered
by disruption of the cytoskeleton is dependent on CD19 (Mattila
et al., 2013). These data suggest that release of BCR nanoclus-
ters allows for either BCR collisions that activate CD19 or direct
BCR access to CD19 that then facilitates signaling through the
BCR (Fig. 4). The coming together of nanoclusters of BCR and
CD19 is reminiscent of the concatenation of protein islands of
TCR and the coreceptor LAT (Lillemeier et al., 2010; Sherman
etal., 2011). Thus, it seems likely that by restricting the diffusion
of the BCR, the cytoskeleton is capable of regulating the interac-
tions between the BCR and CD19. Although our data suggest an
“opening up” of the actin cytoskeleton is necessary to facilitate
protein—protein collisions, actin-void structures such as troughs
aligned along microtubules can create channels for the linear dif-
fusion of CD36 that promotes receptor interaction and clustering
(Jagaman et al., 2011).

If the actin cytoskeleton restricts the interaction between
BCR and CD19 by limiting BCR mobility, then alteration of
the actin cytoskeleton must be a critical step in the initiation
of BCR signaling in response to ligand. Indeed, several lines
of evidence support an opening up of the actin network upon
BCR stimulation. Hao and colleagues have shown that BCR
stimulation is accompanied by rapid depolymerization of the
actin cytoskeleton (Hao and August, 2005). Moreover, ERM
proteins are rapidly dephosphorylated upon BCR stimulation,
which would lead to a conformational folding of the protein
and release of the membrane—actin connection, allowing for
increased mobility of BCR (Gupta et al., 2006; Treanor et al.,
2011). We also found that BCR stimulation was accompanied
by a transient increase in the overall mobility of the BCR (Tre-
anor et al., 2011), supporting the idea that signaling induced
alteration in actin modifies BCR diffusion dynamics, thus cre-
ating a positive feedback loop whereby the increased BCR mo-
bility increases the likelihood of interaction between BCR and
CD19 (Mattila et al., 2013), further amplifying BCR signaling.
In line with this, B cells deficient in key cytoskeleton regulators
such as Cdc42 and WIP result in altered cytoskeleton and de-
fective BCR signaling. Alteration of the actin cytoskeleton and
release from diffusional barriers may not only be important for
BCR signaling; indeed, the first study to demonstrate a func-
tional outcome from release of a receptor from actin-defined
confinement showed that alterations in the actin cytoskeleton
induced by phorbol ester increases the mobility of LFA-1 and
consequently LFA-1 inside-out signaling (Kucik et al., 1996).
Moreover, destabilization of actin was reported to increase the
diffusion of serotoninl A receptor, and this increased diffusion
was strongly correlated with the efficiency of ligand-mediated
signaling (Ganguly et al., 2008). Collectively, these data indicate
that depolymerization of the actin cytoskeleton and release
of receptors from diffusional barriers is an important step in



the initiation of signaling. Interestingly, a recent study has
demonstrated that actin-defined confinement regions sequester
the transmembrane chemokine CX;CL1 from the membrane
metalloprotease ADAMI10 and disruption of the cytoskeleton
increases association and consequently cleavage and release
of soluble chemokine (Wong et al., 2014). Thus, actin-defined
membrane compartmentalization may be a general mechanism
for regulating a variety of cellular processes.

Although alteration of actin and release of receptor dif-
fusion boundaries is important for BCR signaling, it has also
been shown that the actin cytoskeleton plays an important
role in morphological changes that accompany B cell activa-
tion (Kuokkanen et al., 2015). Upon encountering ligand, the
B cell rapidly spreads out over the ligand-containing mem-
brane and then slowly contracts back (Fleire et al., 2006). Al-
though this response clearly requires actin polymerization, it
is not necessarily in contradiction to the depolymerization of
actin discussed above. In fact, it is likely that the redistribution
and polymerization of actin at the periphery of the cell during
cell spreading further facilitates the breakdown of the cortical
actin meshwork, which was immobilizing BCR nanoclusters.
The polymerization of actin occurs not only at the lamellipodia
but also at BCR microclusters (Treanor et al., 2011), the mi-
cron-scale signaling active clusters that, according to our STO
RM data, are multiple nanoclusters of BCR and CD19 brought
together (Fig. 4; Mattila et al., 2013). The formation and integ-
rity of BCR and TCR microclusters is dependent on the actin
cytoskeleton as pretreatment of cells with actin depolymerizing
agents abrogates microcluster formation (Campi et al., 2005;
Fleire et al., 2006; Varma et al., 2006) and treatment after mi-
crocluster formation results in the breakup of microclusters and
loss of both ligand and signaling proximal kinase from within
clusters (Treanor et al., 2011). The ERM-mediated linkage of
the actin-cytoskeleton was also important for maintaining BCR
microcluster integrity and downstream signaling (Treanor et
al., 2011). In contrast, the large central accumulation of TCRs

Figure 4. BCR nanoclusters are brought to-
gether to form signaling BCR microclusters. (A)
Enface view of the cell—cell contact showing
nanoclusters of BCR and CD19 are brought
together to form signaling microclusters. Some
microclusters contain only IgM, some contain
only IgD, and some contain both IgM and IgD
as shown in Depoil et al. (2008). Note that
not all BCRs form microclusters; monomers
and nanoclusters of BCR not in microclusters
are shown as semitransparent. (B) Side view
of cell-cell contact showing actin and ERM
proteins are reorganized to form a fence
around BCR microclusters as shown in Treanor
et al. (2011). These signaling microclusters
lead to localized reorganization of actin that
will release unengaged monomers/nanoclus-
ters of BCR from the actin-defined diffusion
barrier providing a positive feedback loop
to amplify BCR signaling.

signalling microcluster
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known as the central supramolecular activation cluster is not
affected by disruption of F-actin, likely because these TCRs are
on the surface of extracellular microvesicles that bud from the
center of the immunological synapse (Choudhuri et al., 2014).
Clearly, the actin cytoskeleton has multifaceted roles in
regulating BCR signaling; these roles are spatially and tempo-
rally modulated to both permit interaction of receptor nano-
clusters as well as support the interaction and thus sustained
signaling. This is not to imply that actin is the only player; no
doubt additional mechanisms are important for the formation
and maintenance of signaling BCR microclusters. It has been
suggested that ligand engagement by the BCR induces a con-
formational change in the Fc portion to reveal an interface in the
Cp4 domain that promotes BCR clustering (Tolar et al., 2009). In
addition, we recently found that the tetraspanin molecule CDS81,
which governs the mobility and the molecular organization of
CD19 within the membrane as discussed above, also functions
as an amplifier of BCR signaling by facilitating the collaboration
of CD19 with the BCR (Mattila et al., 2013). In B cells deficient
in CD81, B cell spreading and the number of microclusters are
reduced. The molecular mechanism by which CDS81 facilitates
BCR activation is not clear, but it might involve supporting the
optimal conformation or membrane localization of CD19.

Actin dynamics as a mechanism of
integrating receptor cross talk

Clearly, the actin cytoskeleton plays a critical role in controlling
and regulating receptor signaling. This raises the question of
whether alterations in the actin cytoskeleton induced through
one receptor signaling pathway alter diffusion dynamics of an-
other receptor, thus facilitating the interaction between func-
tional protein partners. Does the actin cytoskeleton provide a
mechanism for mediating cross talk between cell surface recep-
tors and thus the integration of various environmental stimuli?
In support of this idea, a recent study has shown that in Toll-like
receptor (TLR)-activated B cells, cofilin-mediated increase in
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Figure 5. Actin dynamics as a mechanism of integrating receptor cross talk. We propose that the actin cytoskeleton provides a mechanism to integrate
environmental stimuli through modification of receptor organization and dynamics and, consequently, protein—protein interactions regulating receptor sig-
naling. In the context of B cells, alterations in the actin cytoskeleton induced through non-BCR-signaling pathways are able to tune BCR activation through
increased BCR diffusion dynamics and thus the probability that the BCR will encounter CD19. Changes in actin dynamics could be induced, for example,
through innate immune receptors such as TLRs, as recently shown by Freeman et al. (2015), or through other environmental stimuli such as cytokines
and chemokines. A recent study showed that BAFFR signaling leads to phosphorylation of Iga/p subunits and subsequent activation of the kinase Syk
(Schweighoffer et al., 2013); perhaps this is caused by BAFFR-induced changes in the cytoskeleton and increased interaction between BCR and CD19.
This integration of environmental stimuli via actin dynamics could result in priming of BCR and increased BCR sensitivity for ligand. It could also offer
perspective on tonic BCR signaling as periodic spatiotfemporal changes in the cytoskeleton could modulate BCR-CD19 inferactions and initiate localized

ligand-independent signaling.

actin turnover leads to faster BCR diffusion as well as stronger
cell activation by suboptimal BCR stimulation (Freeman et al.,
2015). In the in vivo context, infection detected via innate im-
mune receptors would modulate actin regulation of BCR-CD19
interactions resulting in “priming” of BCR and increased BCR
sensitivity for ligand (Fig. 5). Moreover, in the in vivo context,
cells are not static but rather constantly migrating within lym-
phoid tissue in response to chemokine signaling, and thus, the
actin cytoskeleton is undergoing constant dynamic remodeling.
How this effects receptor diffusion within the various F-actin—
based structures is a key question. For example, extension of
lamellipodia in a migrating cell could either lead to release of
receptors from constrains formed by F-actin or induce rapid lin-
ear motion with rearward actin flow for receptors that remain
bound to actin. How these altered diffusion dynamics impact on
receptor signaling is an important area to investigate.

Release of receptors from cytoskeletal constraints caused
by altered actin dynamics or organization could offer a novel
perspective on BCR tonic signaling necessary for B cell sur-
vival (Lam et al., 1997). The mechanism for this low-level li-
gand-independent constitutive signal, which critically depends
on cell surface expression of BCR, is not well understood.
We speculate that periodic spatiotemporal changes in the cy-
toskeleton, caused for example by cell migration, interactions
with other cells, or integration of other environmental stimuli,
could modulate BCR-CD19 collisions and initiation of local-
ized “tonic” BCR signaling. Indeed, in the study by Freeman
et al. (2015), activation of B cells with TLR ligands and the
resultant alteration in actin dynamics led to increased BCR
diffusion and increased basal levels of phosphorylated ERK
and Akt, likely corresponding to tonic signaling. In addition to
BCR, tonic signaling also depends on B cell activating factor
(BAFF), a cytokine of the TNF family, which binds to BAFF
receptor (BAFFR) on B cells. A recent study showed that BAF
FR signaling leads to phosphorylation of BCR Iga/p subunits
and subsequent activation of the kinase Syk (Schweighoffer et
al., 2013). Interestingly, a recent study has shown that Syk is
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important for actin cytoskeleton reorganization and simply inhib-
iting this kinase is sufficient to alter actin organization and mobil-
ity of FcyR in macrophages (Jaumouill€ et al., 2014). A role for
Syk in actin dynamics is supported by our observations that Syk-
deficient B cells have altered F-actin organization (Treanor et al.,
2010). Moreover, B cells deficient in other signaling molecules
known to be involved in actin organization, including PLCy2 and
Vav, show decreased BCR diffusion (Treanor et al., 2010) con-
sistent with the idea that altered actin dynamics modulates re-
ceptor mobility. Thus, the important collaboration between BCR
and BAFFR in supporting B cell survival may be caused by BAF
FR-induced changes in the cytoskeleton leading to the activation
of the BCR-CD19 arm of signaling. In the in vivo context, it is
unlikely that receptors work in isolation, but rather collaborate to
integrate the multitude of environmental signals. Interestingly, in
B cells, CD19 appears to act as a hub for PI3K signaling and con-
sequently, defects in CD19 signaling in WIP-deficient B cells as a
consequence of altered CD19 organization and dynamics results
in PI3K activation defects by BCR, CD40, BAFFR, and CXCRS5
(Keppler et al., 2015). The actin cytoskeleton could provide a
mechanism to integrate these signals through modification of
receptor organization and dynamics and, consequently, protein—
protein interactions regulating receptor signaling. In further sup-
port of this idea, a recent study suggested that remodeling of the
cytoskeleton initiated by costimulatory signals can regulate TCR
signaling (Tan et al., 2014). Furthermore, an overactive pheno-
type in dendritic cells with disrupted integrin—actin linkage was
recently demonstrated (Morrison et al., 2014). Whether these
phenotypes correlate with increased receptor diffusion and al-
tered intermolecular interactions remains to be shown.

Conclusion and perspectives

A new view of the plasma membrane is emerging, one in which
membrane proteins are organized in constitutive dynamic mo-
lecular assemblies, regulated by a combination of protein—
protein and protein-lipid interactions and interactions with the
underlying actin cytoskeleton. The mobility of many of these



membrane constituents is restricted by the actin cytoskeleton,
and this may play a key role in controlling receptor signaling
through limiting the interactions with functional protein part-
ners. This role of the cytoskeleton of regulating protein—protein
interactions and thus signaling might also provide an explana-
tion for ligand-independent receptor signaling, such as tonic
BCR signaling, which is absolutely required for B cell survival
but mechanistically enigmatic. However, many questions re-
main with respect to how this critical cytoskeletal regulation
of receptors is achieved and how cells maintain optimal signal
thresholds for various continually changing conditions. Envi-
ronmental stimuli in the in vivo context may modulate the actin
cytoskeleton and thus tune the threshold of receptor activation,
either by increasing actin dynamics and reorganization or by
stabilizing the cortical actin cytoskeleton. Future research will
need to identify how the milieu of environmental stimuli influ-
ences the cytoskeleton and consequently BCR triggering. Such
knowledge may help in our understanding of autoimmune dis-
ease and B cell malignancies as well as inform effective vacci-
nation strategies. Furthermore, this information may also prove
vital for understanding cytoskeletal regulation of signaling and
cross talk of various signal pathways in several other cell types.
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