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Editorial on the Research Topic

Cytoskeletal Regulation of Immune Response

Perhaps the most characteristic property of both the adaptive and innate arms of our immune system
is the ability to patrol basically the entire organism in search for potentially dangerous intruders,
and respond once they are found. This response requires the activation of a complex machinery
of intracellular pathways, the release of chemicals and proteins that act as chemoattractants to
activate the migration of other cells of the immune system and finally, the coordination of a
multicellular response that will lead to the destruction of the intruder. Immune cell mobility,
immune cell activation and destruction of the intruder requires a precise spatiotemporal
dynamics of the cells’ cytoskeleton. For this, the cell’s cytoskeleton must rearrange in a
highly regulated fashion. Thus it is not surprising that these cells have developed an
intricate network of cytoskeletal regulatory proteins which sometimes are exclusively
expressed by cells of the immune system.

The cytoskeleton plays a versatile role in immune cells. A testament to this multifunctionality of
cytoskeleton is that immune cells harboring mutations in cytoskeletal regulatory proteins often have
compromised overall immune response. These defects exist even when the cells are challenged with
potent activation signals ex vivo, suggesting that the function of the cytoskeleton is much more than
just supporting migration to reach the intruder antigen, since a number of crucial immunoreceptor
signaling functions are dependent on cytoskeletal organization and dynamics. However, the precise
mechanistic roles that cytoskeleton plays in immune cell signaling, especially given that it is the same
unit network that would perform all of the functions, remains a mystery.

In this special issue on the cytoskeleton in immune responses we have attempted to explore the
reciprocal relationship between cytoskeleton, cellular signaling, and activation. In this issue there are
original, opinion, and review articles that deepen our knowledge on the molecular regulation of the
cytoskeleton as well as of cellular responses regulated by the cytoskeleton, with a goal to gain insights
into the cytoskeleton—intracellular signaling machinery interconnection. These articles address this
topic at diverse locations (membrane, nucleus, cytosolic organelles) and scales (molecular, organelle,
cellular).

Immunopathies resulting from defects in cytoskeletal regulating proteins such as ArpC, HEM, WASP,
WIP, and WDRI serve as natural perturbations to study the regulation of the cytoskeleton. The review
article by Dupré et al. describes how primary immunodeficiencies lead to distinct defects in immune cell
function pointing to functional specializations of the cytoskeleton. Role of the actin microfilament NPF
Wasp in antigen receptor signaling has been further elaborated in a review by Ngoenkam et al.. An article
by Li et al. describes the role of WASP in regulating B cell actin architecture by forming actin-rich “pods”
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and cell spreading cells. Defects in WDRI, a regulator of cofilin
activity, results in immunodeficiency. A report by Bolger-Munro
et al. highlights the role of WDR-1 in actin remodeling and B cell
responses.

This special issue covers cytoskeleton regulation and signaling
in different lymphocyte types. The review by Ben-Shmuel et al.
discusses NK cell cytoskeleton regulation and function, and
dissects the role of individual cytoskeletal elements actin,
microtubule, and NM-II in it. T cells require adhesion
molecules such as integrin for activation, although their
precise roles in signaling are not well understood. In a paper
by Cassioli et al., the role of the integrin LFA1 at the T cell
immunological synapse is explored using expression rescue
experiments. The T cell line Jurkat E6.1 cells, which lack
LFA1l, showed restoration of architecture, signaling and
activation when LFA1 was expressed at an adequate level.

Mechanical regulation of immune cell activation has gained
popularity, since recent studies support the idea that the
mechanical context of molecular interactions can influence the
signaling output. In a report by Escolano et al., the authors find
that altering the mechanical context of macrophage activation has
profound effects on inflammasome signaling. Being a “novel”
field the readouts (nature and magnitude of individual forces
exerted at the molecular and cellular level) are still limited. A
report from Wohl and Sherman uses spectral analysis to quantify
ATP-dependent mechanical vibrations of plasma membranes
during T cell activation. Further quantitative tools to analyze
mechanics in immune cells are discussed by Fritzsche in an
opinion article and by Garlick et al. focusing on cutting edge
super resolution techniques and on interdisciplinary approaches
to extract maximum spatiotemporal signaling information from
cells. Along the same theme of using the experimental system to
better extract information from cells, a paper by Lee et al.
describes a method for the analysis of cell migration as a
marker for T cell proliferation potential. In their review article,
Record et al. discuss molecular mediators of mechanical force
transduction in immune cells and emphasize a need for
understanding actin dynamics in not just the cytoplasm of the
cell as has been conventionally done, but also in the nucleus of
the cell.

Regulation of the cytoskeleton in immune cells also involves
uncharacterized and sometimes unconventional players. The
precise mechanistic roles of these effectors are not completely

Editorial: Immune Cell Activation and Cytoskeleton

clear. In the issue we publish articles that shed light on a few of
these crucial players as regulators of subcellular localization and
dynamics of filamentous actin. A review by Martin-Cofreces et al.
discusses the role of the CCT chaperonin in the remodeling and
positioning of the centrosome, and consequently in the dynamics
of the immunological synapse. Similarly, a paper by Ibafiez-Vega
et al. analyses the role of the proteasome adaptor protein ECM 29
in proteosome localization and actin remodeling at the B cell
immunological synapse. Another intriguing molecular player
characterized here is Glial Matural Factor gamma
(GMFgamma). A study by Deretic et al. uncovers a role of
GMFgamma in cell spreading and actin remodeling and
regtrograde flow at immunological synapse. Finally, a review
by Kim et al. consolidates the knowledge about the role of
transgelin in filamentous actin stabilization, and, consequently,
in the stabilization of cellular microarchitectures such as
microvilli.

Together, the issue covers a broad spectrum of articles on the
cytoskeletal regulation in immune cells. In the future, we look
forward to learn about additional players, novel mechanism on
microscale architectures, emergent shape and its connection to
cell functions.
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The Role of the Cytoskeleton in
Regulating the Natural Killer Cell
Immune Response in Health and
Disease: From Signaling Dynamics to
Function

Aviad Ben-Shmuel, Batel Sabag, Guy Biber and Mira Barda-Saad*

Laboratory of Molecular and Applied Immunology, The Mina and Everard Goodman Faculty of Life Sciences, Bar-llan
University, Ramat Gan, Israel

Natural killer (NK) cells are innate lymphoid cells, which play key roles in elimination
of virally infected and malignant cells. The balance between activating and inhibitory
signals derived from NK surface receptors govern the NK cell immune response. The
cytoskeleton facilitates most NK cell effector functions, such as motility, infiltration,
conjugation with target cells, immunological synapse assembly, and cytotoxicity. Though
many studies have characterized signaling pathways that promote actin reorganization
in immune cells, it is not completely clear how particular cytoskeletal architectures at
the immunological synapse promote effector functions, and how cytoskeletal dynamics
impact downstream signaling pathways and activation. Moreover, pioneering studies
employing advanced imaging techniques have only begun to uncover the architectural
complexity dictating the NK cell activation threshold; it is becoming clear that a distinct
organization of the cytoskeleton and signaling receptors at the NK immunological
synapse plays a decisive role in activation and tolerance. Here, we review the roles of the
actin cytoskeleton in NK cells. We focus on how actin dynamics impact cytolytic granule
secretion, NK cell motility, and NK cell infiltration through tissues into inflammatory sites.
We will also describe the additional cytoskeletal components, non-muscle Myosin Il and
microtubules that play pivotal roles in NK cell activity. Furthermore, special emphasis
will be placed on the role of the cytoskeleton in assembly of immunological synapses,
and how mutations or downregulation of cytoskeletal accessory proteins impact NK cell
function in health and disease.

Keywords: natural killer cells, actin, signaling, cytoskeleton, immune response

INTRODUCTION

Natural killer (NK) cells are innate lymphoid cells (ILCs) that constitute a major cellular component
of the immune response. They play a pivotal role in eliminating cancerous and virally transformed
cells, and may also participate in auto-immune diseases (Vivier et al., 2008). NK cells carry out
their effector functions by directly killing target cells and by secreting modulatory cytokines. The
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The Cytoskeleton in NK-Cell Function

cytotoxic pathway involves the release of Iytic granules containing
perforin and granzyme-B, or engagement of death receptors
expressed on the surface of NK cells such as Fas ligand (FasL) and
TNF-related apoptosis-inducing ligand (TRAIL) with cognate
ligands expressed on target cells (Zamai et al., 1998; Dustin
and Long, 2010). NK cells secrete IFN-y, TNF-a, and GM-CSF
to mediate their cytokine-based effector functions. Cytokines
secreted by NK cells recruit and activate additional immune cells
such as T-cells, B-cells, macrophages, and dendritic cells (Takeda,
1993; Martin-Fontecha et al., 2004; Walzer et al., 2005; Roetynck
et al., 2006), and facilitate elimination of virally transformed
target cells and cancer cells (Imai et al., 2000; Lee et al., 2007). In
addition to their important roles in the innate immune response,
NK cells have also been associated with adaptive immune
responses, such as delivering more robust effector functions and
proliferation in response to secondary Cytomegalovirus infection
(Vivier et al., 2011).

The major mediator of NK cell effector activity is the
cytoskeleton. Understanding the molecular regulation of the
cytoskeleton in NK cells is critical, since NK cell effector functions
are fundamentally linked with the cytoskeletal machinery. NK
cells must circulate through blood and lymphatic vessels, traverse
into tissues, recognize and eliminate relevant targets while
sparing healthy cells, and recruit additional immune cells to
relevant sites. Actin, which is the main component of the NK
cytoskeleton, undergoes polymerization and depolymerization,
from monomeric globular sub-units (G-actin) to ordered
filaments (F-actin) and vice-versa during NK cell migration and
conjugation with susceptible targets (Carpén et al., 1983). F-actin
polymerization in NK cells is a dynamic event that is governed
by activating or inhibitory signals delivered from cell surface
receptors. Reorganization of the actin cytoskeleton is dependent
on the activity of nucleating factors (NFs), which are responsible
for direct actin nucleation. The central NFs include the Arp2/3
complex and formins. The activities of NFs are regulated by
nucleation promoting factors (NPFs), such as members of the
Wiskott-Aldrich Syndrome protein (WASp) family of proteins.
Actin de-polymerizing factors, such as Coronin 14, also play a
direct regulatory role in NK cell cytotoxicity (Mace and Orange,
2014), as described below.

Another cytoskeletal component, non-muscle Myosin II
(NM-II), the major isoform found in lymphocytes, regulates
several functions of T-cells and NK cells. Myosin II utilizes
ATP hydrolysis to generate contractile forces on actin filaments
(Vicente-Manzanares et al., 2009). In T-cells, NM-II regulates
motility (Jacobelli et al, 2004) and may regulate T-cell IS
formation and stabilization (Kumari et al., 2012), however, this
role remains uncertain (Jacobelli et al., 2004). While the role of
Myosin in NK cell IS formation and stability remains an open
question, research has revealed its importance in the cytotoxic
activity of NK cells through forces exerted on lytic granules
(Andzelm et al, 2007) and through regulation of cytoskeletal
architecture to expedite degranulation (Carisey et al., 2018).

In addition to actin and Myosin, microtubule filaments
play critical roles in NK cell and cytotoxic T cell (CTL)
effector function. Microtubules are composed of alpha and beta
tubulin heterodimers, and similarly to actin, undergo dynamic

assembly and disassembly, which is regulated by a wide range
of microtubule associated proteins (MAPS) (Akhmanova and
Steinmetz, 2015). Microtubules facilitate the delivery of Iytic
granules to the synaptic cleft between NK cells and target cells,
either directly through the centrosome or through microtubule
associated motor proteins (Chen et al., 2006; Stinchcombe et al.,
2006). Though studies explored microtubule-organizing center
(MTOC) polarization in T-cells and possible roles the MTOC
may play in maintaining IS stability (Kloc et al., 2014), it remains
unclear if similar factors influence MTOC polarization in NK
cells, and what other roles microtubule dynamics might serve at
the NKIS aside from cargo delivery to the synaptic cleft.

It is well established that activating or inhibitory pathways
differentially impact cytoskeletal rearrangement at the NKIS, yet
the reciprocal role of cytoskeletal dynamics on NK signaling and
maintenance of the activation threshold remains incompletely
understood. Studies have, for example, suggested reciprocity in
actin signaling in the context of integrin adhesion molecules.
The integrin lymphocyte function-associated antigen 1 (LFA-1)
induces “outside-in” signaling to promote actin polymerization
during NK cell adhesion to target cells, and this actin
polymerization subsequently increases LFA-1 mediated adhesion
(Hoffmann et al., 2011). F-actin exerts physical forces on LFA-
1 at the T-cell IS, ultimately influencing LFA-1 conformation
during immunological synapse formation (Comrie et al., 2015a).
F-actin dynamics may also exert forces on intracellular signaling
molecules to impact NK cell output (Matalon et al, 2018).
Thus, instead of merely acting as a static scaffold, the
cytoskeleton may potentially possess a signaling role in NK cells
via mechanotransduction. Moreover, an additional important
question is how different cytoskeletal architecture at the NKIS
influences signaling intensity and effector function. As we will
discuss below, emerging super resolution imaging techniques are
beginning to address this question, and demonstrate how distinct
cytoskeletal arrangements influence receptor signaling and NK
cell activation, with possible implications for NK cell priming and
peripheral tolerance.

Due to the critical roles of the cytoskeleton in lymphocyte
function, defects in cytoskeletal components may be detrimental
to immune responses (described in detail below). Inhibition of
actin polymerization has been shown to cause major defects in
NK cell effector functions (Katz et al., 1982; Orange et al., 2002),
and various immune deficiencies and diseases are attributed to
defects of the cytoskeleton in immune cells (Matalon et al.,
2013). Disorders affecting actin assembly in NK cells such
as deficiencies in dedicator of cytokinesis 8 (DOCK-8), or in
WASp, severely hamper NK cell responses (Orange et al., 2002;
Mizesko et al, 2013). Myosin mutations have been shown
to cause defects in NK cell activity in May-Hegglin anomaly
patients (Sanborn et al,, 2009). Furthermore, mutations that
interfere with MTOC polarization to the IS also cause NK cell
immunodeficiency in Hermansky-Pudlak syndrome subset 2
(HPS2) patients (Fontana et al., 2006).

In this review, we highlight the importance of the major
cytoskeletal components for NK cell function. We emphasize
how each cytoskeletal unit impacts different effector functions,
and how together, they integrate to affect NK cell output.
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Furthermore, we address how cytoskeletal dynamics impact the
architecture of the NKIS, and how they might also be involved
in directly regulating signaling and tuning of the NK cell
activation threshold. Finally, we discuss how dysregulation of the
cytoskeleton results in primary immune deficiencies.

ACTIN CYTOSKELETON - A KEY SIGNAL
TRANSDUCER AND REGULATOR OF NK
ACTIVATION

NK Signaling Cascades Leading to
Cytoskeletal Recruitment and

Reorganization

Natural killer cells express a large variety of germline-
encoded receptors that regulate the immune response (Lanier,
1998). Importantly, cooperative signaling through ligation of
activating receptor pairs (co-activation) appears necessary to fully
stimulate NK cell activity (Bryceson et al, 2006; Kim et al,
2010). Signaling pathways in NK cells operate downstream of
immunoreceptor tyrosine-based activation motifs (ITAMs) -
and ITAM-independent motifs expressed on adaptor accessory
molecules (Vély and Vivier, 2005). Ultimately both ITAM
dependent and independent pathways initiate signaling cascades
which affect actin polymerization and rearrangement, and
converge into a cascade involving mitogen-activated protein
kinases (MAPK), which are responsible for eliciting NK cell
effector functions (Watzl and Long, 2010) (Figure 1).

The ITAM Pathway

The ITAM dependent pathway propagates downstream
to activating receptors such as the activating killer-cell
immunoglobulin-like receptor (KIR2DS), CD16, and the
natural cytotoxicity receptors [NCRs- NCR1 (NKp46), NCR2
(NKp44) and NCR3 (NKp30) (Moretta et al., 2002)], which are
associated with adaptor proteins such as CD3g, FceRly, and
DAP12 (Lanier, 2003).

The SH2 domain containing leukocyte protein of the 76 kDa
(SLP-76) adaptor protein promotes actin reorganization by
facilitating interactions between VAV1, which is a guanine
nucleotide exchange factor (GEF) for the Rho protein family,
and the non-catalytic adaptor region of tyrosine kinase adaptor
protein 1 (Nck) (Barda-saad et al., 2010; Pauker and Barda-
Saad, 2011). Since VAV proteins serve as GEFs for the Rho
GTPases Racl and Rho family GTPase Cdc42, which are
critical for actin reorganization (Tapon, 1997), impairment
of their activity has critical effects on NK effector function
(Billadeau et al., 1998; Cella et al, 2004; Graham et al.,
2006). During ITAM dependent signaling in NK cells, linker
for activation of T cells (LAT) (Jevremovic et al, 1999;
Matalon et al., 2016) and SLP-76 (Binstadt et al., 1998) couple
upstream signaling events to downstream signaling proteins
and complexes, which induce actin rearrangement. LAT was
also shown to be a critical factor in NK cell activation by
facilitating Phospholipase C-gamma (PLCy) recruitment to the
cell membrane (Jevremovic et al., 1999).

An additional signaling molecule that mediates actin
reorganization at the NKIS is phosphatidylinositol 3-kinase
(PI3K) (Cella et al., 2004). PI3K catalyzes production of
phosphatidyl-inositol-3, 4,5-trisphosphate (PIP3), which is
important for the recruitment of PH domain-containing
proteins such as PLCy and VAV1 (Han, 1998) to the
immunological synapse. In NK cells, PI3K induces actin
reorganization via STKs p2l-activated kinase 1 (PAK1)
(Papakonstanti and Stournaras, 2002).

ITAM Independent Pathways

In contrast to ITAM dependent cascades, NKG2D signaling is
independent of LAT (Billadeau et al., 2003). The NKG2D receptor
is associated with the DAP10 adaptor, which expresses a YINM
motif (Upshaw et al., 2006). DAP10 can directly bind PI3K and
the Grb2 adaptor. Grb2 recruits VAV1, initiating downstream
actin re-organization. SLP-76 phosphorylation plays a crucial role
in NK cell intracellular calcium level elevation, and activation
in the context of NKG2D and 2B4 signaling. This activation
causes a substantial increase in the phosphorylation of VAV1,
leading to actin rearrangement (Kim and Long, 2012). Additional
receptors that do not operate through ITAM motifs contain
immunoreceptor tyrosine base switch motifs (ITSM) on their
cytoplasmic tails, such as the receptor, 2B4 (Sidorenko and Clark,
2003). These signaling lymphocytic activation molecule (SLAM)
family receptors can bind adaptors such as SLAM-associated
protein (SAP) (Sayos et al., 1998) and Ewing’s sarcoma-associated
transcript-2 (EAT-2) (Eissmann and Watzl, 2006) (in humans).
SAP can activate NK cells by recruiting the Protein Tyrosine
Kinase (PTK), Fyn (Latour et al, 2003). Fyn subsequently
phosphorylates and activates VAV1, or phosphorylates and
inactivates the SH2 domain-containing inositol 5" phosphatase-1
(SHIP-1) (Eissmann et al., 2005; Dong et al., 2012). EAT and SAP
provide synergistic effects for 2B4 activation, as double SAP/EAT-
2 deficient mice displayed greater 2B4 mediated inhibition than
those deficient in one of the adaptors alone (Dong et al., 2012);
these activities include phosphorylation and activation of LAT,
VAV1, PLCyl, and Grb-2 (Watzl et al., 2000; Chen et al., 2004),
which are involved in actin polymerization and rearrangement.

Integrin Signaling

LFA-1 engagement with its cognate ligand, intercellular adhesion
molecule 1 (ICAM-1) results in tyrosine phosphorylation of
VAV1, which increases when both LFA-1 and the 2B4 are
engaged with their ligands (Riteau et al, 2003). Additional
cascades downstream to LFA-1 engagement in NK cells include
tyrosine phosphorylation of T cell antigen receptor (TCR) ¢-
chain, Syk, paxillin, and PLC-y1/2 (March and Long, 2011),
leading to the actin dependent process of granule polarization
to the NKIS. Paxillin phosphorylation by proline-rich tyrosine
kinase-2 (Pyk2) in NK cells was also shown downstream to
Bl integrins (Gismondi et al, 1997). Furthermore, following
engagement of LFA-1 with ICAM-1, the focal adhesion (FA)
protein talin localizes to sites of LFA-1 engagement. Talin recruits
Arp2/3, and binds phosphatidylinositol 4-phosphate 5-kinase
(PIPKI). This leads to a local increase in phosphatidylinositol-4,
5-bisphosphate PIP(2), recruiting WASp, which facilitates actin
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polymerization through Arp2/3 (Mace et al., 2010). Zhang et al.
(2015) additionally elucidated the signaling pathways leading
to actin rearrangement downstream to the DNAX accessory
molecule-1 (DNAM-1) receptor, which contains a tyrosine and
asparagine based ITT-like motif. In this pathway, triggering
of DNAM-1 leads to phosphorylation of the ITT motif by
a Src family kinase, recruitment of the adaptor Grb2, and
activation of VAV1 and PLCy-1, leading to actin rearrangement
(Zhang et al., 2015).

WASp and WIP Mediated Regulation of
NK Cell Cytoskeletal Dynamics and

Function

Nucleating factors, such as Arp2/3 and formins, directly
affect actin polymerization, and nucleation-promoting factors
such as WASp and the WASp-family verprolin-homologous
protein (WAVE) bind and regulate actin nucleating factors
through verprolin, central, acidic (VCA) domains (Chereau
et al., 2005). The central NPF families include WASp, WAVE,
SCAR homolog (WASH), the WASp homolog associated with
actin, membranes and microtubules (WHAMM), and the
junction-mediating and -regulatory protein (JMY). The Arp2/3
complex promotes cross-linking of actin filaments, and thereby
promotes formation of an actin meshwork at the leading
edge of cells (Mullins et al, 1998). This activity by Arp2/3
drives cell motility and spreading at the NKIS (Butler and
Cooper, 2009). Recent super resolution microscopy experiments
(described in the following sections) also revealed that Arp2/3
branching activity at localized actin structures (actin puncta)
at the NKIS mediated actin remodeling, which facilitates
cytotoxicity (Carisey et al., 2018). Formins aid in the creation
of a subset actin filaments that are not barbed and have
specific functions- such as the creation of stress fibers and
endosome trafficking, as well as formation of filopodia and
micro-spikes at the edge of the expanding cell membrane
(Gasman et al., 2003; Wallar and Alberts, 2003). Formins
play various roles in T-cell synapse architecture and dynamics
(Eisenmann et al., 2007; Gomez et al., 2007; Murugesan et al.,
2016), however in NK cells, the function of formins has
not been as extensively explored. It does appear, however,
that formin family members such as hDial facilitate NK cell
adhesion, chemotaxis, and chemokine-induced signaling (Butler
and Cooper, 2009), in addition to promoting microtubule
dependent movement and polarization of cytolytic granules
(Butler and Cooper, 2009).

WASp

WASp contains several domains that dictate its function and
regulation: WASp homolog (WH1) domain, a basic region (B),
GTPase binding (GBD) domain, poly proline region, and a VCA
domain (Thrasher and Burns, 2010). Under basal conditions, the
WASp VCA domain lies in close proximity to the GBD domain,
inhibiting binding of Arp 2/3 (Kim et al., 2000). Binding of GTP-
Cdc42 to the WASp GBD domain releases WASp from auto
inhibition, and enables binding of Arp2/3 to the VCA domain
and initiation of actin nucleation (Abdul-Manan et al., 1999).

Phosphorylation of tyrosine 291 (Tyr 291) in the GBD domain
was also shown to augment WASp activity (Cory et al., 2002).

Upon NK cell activation, WASp forms a multi-protein
complex with WASp-interacting protein (WIP), actin, and
Myosin, and these associations are abrogated during NK cell
inhibition (Krzewski et al., 2006). Moreover, NK cell stimulation
(either through CD16 or through chemokine receptors and
B; and P, integrin families) leads to WASp phosphorylation,
strongly suggesting that these mechanisms are required for
WASp dependent NK cell cytotoxicity (Orange et al., 2003;
Gismondi et al.,, 2004; Andzelm et al., 2007; Stabile et al.,
2010). In murine NK cells, engagement of LFA-1 with ICAM-
1 results in WASp recruitment to the site of contact, activation
of Arp2/3, and actin polymerization at the LFA-1 contact site
(Mace et al., 2010).

WASp impacts multiple facets of NK cell activity which
depend on cytoskeletal turnover, such as migration, IS formation,
and cytotoxicity. An absence of WASp in NK cells disrupts
formation of the typical cytotoxic NKIS due to a significant
decrease in actin accumulation (Orange et al., 2002), and also
leads to a reduction in lytic granule polarization and NK
cytotoxicity (Orange et al., 2002; Huang et al, 2005). NK
cells also require the function of integrins and other adhesion
molecules to create conjugates with target cells and stabilize
the NKIS (Davis, 2009). Studies employing NK cells with
WASp mutations that lead to a low yet detectable level of
WASp, and WASp mutations that completely abrogate WASp
expression demonstrate a decrease in the ability of NK cells
to form conjugates and hence to initiate targeted cytotoxicity;
these findings suggest a possible regulatory role for WASp in
cytoskeleton organization which may affect adhesion molecules
on the NK cell membrane (Gismondi et al., 2004). A reciprocal
regulatory mechanism may exist between WASp and actin
turnover, because treatment of NK cells with cytochalasin D,
an actin polymerization inhibitor, results in decreased WASp,
F-actin, and perforin accumulation at the activating NKIS
(Boztug et al., 2008). These results suggest a positive feedback
mechanism in which WASp-dependent actin polymerization is
responsible for further accumulation of WASp at the NKIS. In
T cells, WASp plays a role in formation of dense actin centers,
or “actin foci,” which enhance downstream signaling. It would
be informative to study whether WASp functions similarly in
NK cells to promote formation of actin foci at the NKIS, as
dense actin puncta are observed during NK cell activation and
degranulation (Carisey et al., 2018), and nanoscale organization
of NK cell receptors are also dependent on local cytoskeletal
dynamics (Pageon et al., 2013b).

Impaired WASp activity also negatively impacts NK cell
motility. NK cells from WAS and XLT patients demonstrate
impaired ICAM-1, VCAM-1, and endothelial cell mediated
migration (Stabile et al., 2010). The defective chemokine induced
migration of these cells is correlated with reduced expression of
the activated form of the B, integrin subunit, and the decreased
adhesion to ICAM-1 and VCAM-1. Thus WASp signaling
pathways are essential for NK cell LFA-1-mediated migration
in response to chemokine receptor-induced inside-out signaling
(Stabile et al., 2010).
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Defects in cytotoxicity, cytokine secretion, and migration in
WASp knockout NK cells may also be due in part to upregulation
of NK cell checkpoint markers, which might down modulate the
NK cell response, such as LAG-3 and KLRG1 (Kritikou et al.,
2016). It appears, however, that IL-2 uptake by NK cells bypasses
defects in WASp expression (Gismondi et al., 2004), suggesting
alternative mechanisms which compensate for WASp function,
probably through WAVE-2 actin reorganization (Orange et al.,
2011). Nonetheless, WASp function is critical for NK cell effector
activity, and its loss in NK cells was also recently shown to
promote tumor growth in vivo (Catucci et al., 2014).

WIP

WIP functions as a WASp stabilizing protein, and prevents
WASp degradation in immune cells (de la Fuente et al., 2007;
Noy et al., 2012; Pauker et al., 2012; Reicher et al., 2012; Fried
et al, 2014b). Mutations in the WASp WH1 domain, which
mediates its interaction with WIP, are associated with several
phenotypes in WAS patients (Imai et al., 2003). As mentioned
above, NK cell activation induces formation of a multi protein
complex consisting of WASp, WIP, actin, and Myosin (Krzewski
et al.,, 2006) which facilitates actin reorganization and NK cell
effector function. WIP is crucial for formation of this complex,
as it recruits NM-IIA and actin to the complex, and disruption
of its expression abrogates complex formation. WIP also has
its own distinct role in NK cell cytotoxicity; WIP knockdown
results in a significant reduction of cytotoxicity, while WIP
overexpression enhances NK cell activity (Krzewski et al., 2006).
The role of WIP in NK cell cytotoxicity is suggested to result
from WIP colocalization with lytic granules in both resting and
activated NK cells, a process that was shown to be independent
of WASp (Krzewski et al, 2008; Fried et al., 2014a). WIP
knockdown inhibits the observed granule polarization upon
NK cell activation, suggesting that co-localized WIP and lytic
granules are polarized to the NKIS in a WIP-dependent fashion.
In contrast to WASp deficiency, knockdown of WIP does not
disrupt NK cell conjugation to their targets, thereby indicating
that WASp and WIP have distinct functions in the control of NK
cell cytotoxicity.

Additional Factors Mediate Cytoskeletal
Reorganization at the NKIS

Other cytoskeletal regulators have been described in the context
of NK cell activity, albeit not extensively. WAVE is a WASp
family protein that also regulates cytoskeletal re-arrangement
(Miki et al., 1998). The WAVE2 isoform is the most abundant
isoform in hematopoietic cells (Suetsugu et al., 1999). The
VCA region of WAVE2 is implicated in binding Arp2/3 and
actin monomers, subsequently leading to induction of actin
polymerization (Takenawa and Suetsugu, 2007). Experiments in
T-cells demonstrated an important role for WAVE2 in actin
re-organization and adhesion; WAVE2 was shown to migrate
to the IS, and WAVE2 gene silencing leads to a decrease in
actin polymerization, decreased lamellopodia formation during
T-cell spreading, and reduction in the ability of T-cells to form
conjugates with targets (Nolz et al, 2006, 2007, 2008; Sims
et al., 2007; Reicher et al., 2012; Pauker et al., 2014). In NK

cells, WAVE2 activity has not been extensively studied. WAVE2
can compensate for WASp deficiency, as IL-2 administration
bypasses WASp inactivity (either in WAS patients or in WASp
deficient and inhibited NK cells) by activating WAVE2, thereby
restoring actin polymerization at the NK cell IS and restoring
NK cell cytotoxic activity (Orange et al.,, 2011). This suggests
a bypass mechanism(s) in NK cells, operating through IL-2 to
ensure actin assembly.

The DOCK GEFs, DOCK2, DOCKS8, and RAS guanyl-
releasing protein 1 (RASGRP1), are also cytoskeletal regulating
proteins, which were shown to play roles in NK cell actin
rearrangement. DOCK2 functions as a GEF for the Rho family
protein Rac (Brugnera et al., 2002). DOCK2 deficient NK cells
lose cytotoxic capacity against target cells due to impaired actin
polymerization and subsequent lytic synapse formation (Sakai
et al.,, 2013). DOCKS functions as a GEF for Rac and CDC42
(Harada et al., 2012). In NK cells, DOCKS interacts with talin
and WASp, and DOCKS deficiency also results in impaired NK
cell cytolytic function and adhesion due to impaired F-actin
accumulation at the NKIS (Ham et al., 2013; Mizesko et al.,
2013). RASGRP1 serves as a GEF for Ras GTPase, thereby
promoting lymphocyte activation and differentiation (Roose and
Weiss, 2000; Stone et al., 2000). Recent studies in a young patient
with RASGRP1 deficiency demonstrated impaired immune cell
functions in T, B, and NK cells (Salzer et al., 2016). The patient’s
NK cells produced normal amounts of the effector granzyme
B and perforin proteins, but demonstrated impaired cytotoxic
ability due to defective IS formation. This defective IS was
characterized by poor F-actin accumulation, MTOC polarization,
and recruitment of lytic granules at the MTOC.

Additional cytoskeletal regulatory proteins such as WASH,
hematopoietic lineage cell-specific protein 1 (HS1), and IQ
domain-containing GTPase-activating protein 1 (IQGAP1) were
identified to play roles in NK cell effector activity by regulating
lytic granule dynamics, IS assembly, trans endothelial migration
(Butler et al., 2008; Kanwar and Wilkins, 2011; Mukherjee et al.,
2015; Huang et al, 2016; Abel et al., 2018). Further study is
required to better understand how these proteins operate in the
context of NK cell effector activity.

Coronin 1A

In addition to factors promoting actin polymerization, actin de-
polymerizing proteins are also critical for actin rearrangement, as
actin assembly and disassembly are the two opposing processes
that drive actin dynamics at the NKIS. Moreover, since lytic
granules must traverse a dense actin network at the NKIS in order
to reach their destination, a regulated mechanism must exist
to promote localized actin disassembly. As mentioned above,
Coronin 1A, a hematopoietic regulator of actin, which promotes
actin disassembly (Kueh et al., 2008), plays a critical role in
NK cell cytotoxicity. Coronin 1A associates with Arp2/3 and
inhibits its function, while stimulating Cofilin activity, thereby
promoting actin filament de-polymerization (Humphries et al.,
2002; Kueh et al., 2008). Specifically, Coronin 1A was shown
to localize at the NKIS and reconstruct the actin meshwork
to permit lytic granule release (Mace and Orange, 2014). Cells
lacking Coronin 1A display impaired lytic granule release and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 609532


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ben-Shmuel et al.

The Cytoskeleton in NK-Cell Function

thus cytotoxic deficiencies due to their inability to induce target
cell death (Mace and Orange, 2014). The presence of an actin de-
polymerizing factor such as Coronin 1A at the activating NKIS,
where significant actin recruitment and assembly takes place,
highlights the complex and dynamic nature of actin regulation
that ensures NK cell effector functions. This mechanism may
also safeguard against potential bystander cell cytotoxicity by
limiting the space of lytic granule delivery at the synaptic cleft.
Coronin 1A and other actin de-polymerizing factors may also
play an opposing role at inhibitory NK cell synapses where
actin assembly and dynamics differ greatly. It is possible that
the mode of regulation at the inhibitory NKIS involves not only
simply blocking activating signals of actin nucleation, but also
deconstructing the existing actin architecture in order to ensure
target cell survival.

THE ACTIN CYTOSKELETON AND NK
CELL FUNCTION

NK Cell Motility and Infiltration

Natural killer cells must retain high motility to navigate through
the circulatory system and tissues and reach areas of infection
(Timonen, 1997). NK cells are exceedingly motile, an important
characteristic that facilitates movement through lymphoid organs
and their ability to patrol peripheral tissues and organs for
immuno-surveillance (Garrod et al., 2007). Migrating leukocytes
change morphologically during migration as a result of actin
dynamics as well as contraction of acto-Myosin-associated arcs
[curved bundles of actin filaments with a periodicity of Myosin
and alpha-actinin (Tojkander et al., 2012)], creating a leading
edge rich in F-actin known as the lamellipodium, and a trailing
edge poor in F-actin and rich in adhesion molecules known as
the uropod (Vicente-Manzanares and Sanchez-Madrid, 2004).
Several studies demonstrate the impaired motility of NK cells
when cytoskeletal integrity is compromised. This is especially
evident in NK cells deficient in WASp and other critical
cytoskeletal regulators such as RASGRP1 and DOCK?2 as will
be described in more detail in the next sections. Artificial down
modulation of actin dynamics through inhibition of Arp2/3 or
hDial, abrogates NK cell chemotaxis (Butler and Cooper, 2009)
and recent studies examining pathological conditions such as
aging and cancer additionally show that NK cells from aged
mice contain lower levels of B-actin, reducing their migration to
draining lymph nodes during viral infection (Duan et al., 2017).
In a further example, down modulation of F-actin polarization
in NK cells by colon tumors serves to inhibit NK cell migration
(Wangetal., 2016). NK cells must also attach to blood vessels and
cross endothelial barriers to reach target tissues. Attachment of
the NK cells to endothelial cells occurs through NK cell adhesion
molecules such as the integrins LFA-1 and very late antigen-4
(VLA-4), which bind to endothelial markers such as ICAM-1
and VCAM-1, respectively (Allavena, 1991; Fogler et al., 1996).
To effectively infiltrate tissues, cellular actin reorganization must
occur to generate proper forces to “squeeze” the cell through the
narrow spaces of the endothelium (Worthylake and Burridge,
2001; Limmermann et al., 2008). Blocking F-actin reorganization

induced by the chemokines CX3CL1 and CCL26 prevents NK
cells from undergoing the morphological changes required for
proper tissue extravasation (El-Shazly et al., 2013). Accordingly,
HS1 deficiency in NK cells also down regulates their capacity for
trans-endothelial migration (Mukherjee et al., 2015).

Few studies examined the role of Myosin motor function in
NK motility. It is possible that the balance between activating
and inhibitory signaling in NK cells regulates Myosin activity to
promote a stop signal, i.e., inducing NKIS formation instead of
NK cell migration, as is the case for F-actin (Culley et al., 2009).
Further studies could show the distribution of Myosin in NK cells
and whether, in analogy to migrating T-cells, it is situated in the
uropod of motile cells, and could elucidate how NK cell activation
and IS formation influence Myosin placement and activity.

Organization of Signaling Receptors at
the Activating NKIS

The creation of the NKIS requires intimate contact between
the NK cell and its target. Large scale rearrangement of the
actin cytoskeleton at the NKIS serves multiple purposes (Vyas
et al., 2001) (Figure 2), namely (a) adhesion between the NK
cell and the target cell to ensure the longevity and stability
of the contact, (b) assembly of signaling complexes, and (c)
controlled killing of the target cell (Vyas et al., 2002b). The NKIS
shares some characteristics with the T-cell IS, though it is also
characterized by its own distinct features, and performs several
functions to properly integrate signals that identify transformed
or virally infected cells (Figure 3). These include receptor-
ligand recognition, creation of signaling clusters for signal
enhancement, co-stimulation by co-stimulatory ligands, directed
cytotoxicity, cell to cell protein transfer, signal termination, and in
the case of inhibitory synapses that promote tolerance, inhibition
of activation (Orange, 2008).

The T-cell IS contains areas with distinct protein compositions
and actin dynamics, termed supramolecular activation clusters
(SMACs). The SMACs roughly correspond to areas of distinct
actin reorganization that are observed in migrating cells; the
outermost peripheral “ring” known as the distal SMAC (dSMAC)
and the more inner ring called the peripheral SMAC (pSMAC)
may be analogous to the lamellipodium and the lamellum,
respectively (Dustin et al., 2010). Thus, the dSMAC is rich
in Arp2/3 and cofilin, leading to cycles of protrusion and
retraction (Sims et al., 2007), and tropoMyosin localizes in the
PSMAC where actoMyosin networks provide contractile forces
and adhesion molecules mediate attachment to the substrate
(Ponti et al., 2004; Sims et al., 2007). The central SMAC (cSMAC)
can be divided into two areas: the endo-cSMAC where TCR and
CD28 signaling persist, and the exo-cSMAC, which is an actin-
depleted zone containing TCR-rich extracellular vesicles that bud
from the plasma membrane, and where the signaling region
terminates (Choudhuri et al., 2014; Dustin, 2014). Initially, the
immature activating T-cell IS contains vital signaling molecules
such as the TCR in the peripheral SMAC (pSMAC) and adhesion
molecules in the cSMAC of the synapse; during IS maturation,
the dominant signaling molecules (ie., TCR-MHC peptide
interactions) migrate toward the center of the synapse, and
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FIGURE 1 | NK Cell signaling pathways leading to cytoskeletal rearrangement.

the adhesion molecules (LFA-1-ICAM-1 interactions) localize in
the pSMAC, while the CD45 membrane tyrosine phosphatase
localizes in the distal SMAC (dSMAC) (Monks et al., 1998;
Johnson et al., 2000). Ligation of TCR with MHC:peptide
complexes induces formation of TCR micro-clusters which
ultimately initiate a protein tyrosine kinase cascade resulting in
T-cell activation (Dustin, 2014). Proper assembly of the IS, and
subsequent signaling cascade initiation are thus highly dependent
on actin reorganization (Barda-Saad et al., 2005; Yi et al., 2012;
Hammer et al., 2019). The T-cell IS is characterized by rapid actin
turnover at the dSMAC driven by WAVE2 and Arp2/3 activity,
arcs of contracting actin filaments and Myosin at the pSMAC,
which are generated by formin activity at the outer edge of the
IS, and an actin poor cSMAC (Murugesan et al., 2016; Hammer
et al., 2019). Additional structures at the T-cell IS include actin
foci at the dSMAC and pSMAC generated via WASp and Arp2/3,
which were shown to activate T-cells through the PLCy pathway
(Kumari et al., 2015).

The activating NKIS involves the accumulation of F-actin at
the cell-cell junction, eliciting morphological changes in the NK
cell and creating a radially symmetric and stable contact site
(Orange et al., 2002; Wulfing et al., 2003; Culley et al., 2009)
that is composed of the pPSMAC and the ¢SMAC. Collectively,
the formation of the activating NKIS consists of two major
steps: (1) rapid accumulation of F-actin and integrins in the
PSMAC, and (2) slow polarization of the cytolytic proteins, e.g.,
perforin and other key signaling molecules (Davis et al., 1999).
The NK cell activating synapse initiates formation of a dense
ring of actin, LFA-1, and talin-1 around the cSMAC (Vyas et al.,
2001). This primary actin-induced spreading response is very
sensitive to the balance between activating and inhibitory ligands;
inhibitory ligands were shown to inhibit the spreading response
even if it was already initiated under activating conditions (Culley
et al., 2009; Abeyweera et al., 2011). Accumulation of signaling
molecules at the NKIS was shown to enhance NK signaling
(Varma et al., 2006; Giurisato et al., 2007). F-actin polymerization
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FIGURE 2 | Function of the NK cell cytoskeleton during activation.

is thought to play an important role in this signaling cluster
assembly. In particular, LFA-1, MAC-1 and CD2 function as
adhesion molecules in NK cells, and were shown to depend on
actin polymerization for polarization and clustering at the IS
(Orange et al., 2003). In addition, the 2B4 receptor is expressed
on NK cells and plays a role in generating cytotoxicity and
cytokine production (Nakajima et al., 1999), and it was shown
that its recruitment and phosphorylation are dependent on actin
dynamics (Watzl and Long, 2003). Accordingly, considering the
vast and versatile function of actin in the formation and function
of the IS, accumulation of F-actin at the IS decreases in the
presence of actin inhibitors or in the absence of crucial actin
regulators such as WASp, leading to a decrease in adhesion
necessary for conjugate formation and cytotoxicity (Orange et al.,
2002; Wulfing et al., 2003).

The mechanisms by which NKIS architecture influences NK
cell signaling (both activation and inhibition) are complex given
the large array of activating and inhibitory receptors and co-
receptors. Elucidation of the organization of signaling molecules
at the NKIS was facilitated through utilization of advanced
and super resolution microscopy experiments. Oszmiana et al.
(2016) demonstrated that the activating receptor KIR2DS1 and
the DAP12 signaling adaptor associate during receptor ligation,
generating large receptor clusters. These large clusters favor
phosphorylation of ZAP-70 and NK cell activation (Oszmiana
et al, 2016). Thus, it appears that the size of signaling
clusters affects signal strength and sways NK cells toward either
activation or inhibition. It is possible that these mechanisms
occur to overcome large intervals between ligands on target
cells, because activation of NK cells decreases with increased
spacing of ligands for CD16 (Delcassian et al., 2013). NKG2D
was also previously shown to organize into microclusters at
the activating NKIS, and this organization depends on actin
remodeling (Abeyweera et al., 2011). Furthermore, recent studies
also elucidated the organization of the NKG2D receptor on

the surface of NK cells following stimulation of its ligands,
MHC class I polypeptide-related sequence A (MICA) or UL16
binding protein 1 (ULBP1) (Balint et al., 2018). ULBP1, and
not MICA, induces large complexes of NKG2D and the IL-2/15
receptor subunits, demonstrating the ability of different ligands
to differentially activate NK cells. The different organization of
NKG2D in response to its ligands could potentially be due to its
different affinities for ULBP1 and MICA, however, this remains
unclear. In addition, NKp46 appears to cluster during NK cell
stimulation (Hadad et al., 2015), and CD16 also forms clusters
upon NK cell stimulation that are eliminated during inhibition
of actin cytoskeletal reorganization (Liu et al., 2012). It is still
incompletely understood how distinct cytoskeletal structures
mediate the different organizations of NK cell receptors in
response to different ligands. As discussed in the following
sections, multiple studies implemented advanced microscopic
techniques that delineated novel cytoskeletal structures at the
NKIS; these structures proved indispensable for proper NK cell
activity. Therefore, the arrangement of receptors may be linked
to the observed cytoskeletal organization at different synapses. It
is possible that distinct actin architectures at the NKIS enhance
or reduce signaling propagation by influencing organization of
particular receptors.

Cytotoxicity
Myosin
NM-II is a motor protein, which belongs to a class of
molecular motor proteins that transduce cellular free-
energy into motion. There are three members of non-muscle
Myosin II family: Myosin IIA, Myosin IIB, and Myosin IIC
(Maravillas-Montero and Santos-Argumedo, 2012).

The  dominant  Myosin  isoform  present  in
hematopoietic cells is non-muscle Myosin IIA (NM-IIA)
(Maravillas-Montero and Santos-Argumedo, 2012). NM-IIA is a
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hexamer that contains two heavy chains with globular “heads”
in the N terminus that bind actin filaments and mediate ATPase
activity, which drives contractile forces along actin filaments.
The two regulatory light chains (RLC) and two essential lights
chains (ELC) regulate Myosin function and structural stability,
respectively (Vicente-Manzanares et al., 2009).

Several studies examined the activation induced role and
regulation of Myosin at the NKIS. As mentioned above, activation
of NK cells induces formation of a multiprotein complex
comprised of Myosin with WIP, WASp, and actin (Krzewski
et al,, 2006). In the same study, inhibitory signals abrogated
the recruitment of Myosin and actin to WIP/WASp. Myosin
recruitment to this complex, and subsequent recruitment to the
NKIS, was shown to depend on WIP. When this multiprotein
complex was disrupted, NK cytotoxic potential was greatly
decreased. It was suggested that Myosin motor function may
aid in recruiting WASp and WIP to the NKIS, where further
actin polymerization and branching occur. It is also possible

that Myosin can be recruited through the WIP/WASp complex
by actin to the NKIS, and associates at the interface with Iytic
granules for directed granule secretion. This would also explain
the loss of cytotoxicity upon abrogation of the complex.
Andzelm et al. (2007) demonstrated that while Myosin is
crucial for the exocytosis of lytic granules at the NKIS, it is
dispensable for NK/target cell conjugation and NKIS formation.
In terms of NKIS maturation in this study, only CD2, perforin,
and actin accumulation were assessed. It would be interesting to
examine, in a similar fashion, if important downstream signaling
molecules crucial for activation are impacted as a result of NM-
ITA inhibition. It is possible that though conjugation is seemingly
unaffected, reduction in NK cell cytotoxicity is also a result
of impaired signaling resulting from NM-IIA ATPase activity.
Further studies evaluating the role of NM-IIA dynamics on
NK cell signaling will need to be conducted to answer these
questions. The mechanism by which NM-IIA facilitates NK cell
cytotoxicity was subsequently shown by Sanborn et al. (2009),
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who demonstrated that NM-IIA physically associates with lytic
granules and augments granule association with actin filaments
at the IS; this process ultimately expedites granule release at
the synaptic cleft. Mechanistically, the Myosin IIA tailpiece is
constitutively phosphorylated in NK cells on Serine 1943 (S1943);
this phosphorylation is critical for Myosin association with
Iytic granules and NK cell cytotoxicity (Sanborn et al., 2011).
The kinase that phosphorylates S1943 may be casein kinase II
(Dulyaninova et al., 2005), though this is yet to be resolved in
NK cells (Sanborn et al.,, 2011). In addition to these findings,
NM-IIA was shown to recruit Ras-related protein Rab-27A and
Protein unc-13 homolog D (munc13-4) to lytic granules upon
NK cell stimulation (Wood et al., 2009). Rab-27A regulates
vesicle trafficking, and munc13-4 regulates fusion of granules
with the plasma membrane (Ménasché et al., 2000; Feldmann
et al, 2003). Inhibition of NM-IIA abrogates Rab-27A and
muncl3-4 recruitment to lytic vesicles, down-modulating NK
cell cytotoxicity (Wood et al, 2009). In agreement with the
importance of NM-IIA in granule exocytosis, silencing of its co-
chaperone UNC-45A in NK cells severely impairs degranulation
by impacting acto-Myosin contraction (lizuka et al., 2015).
Moreover, in NK cells, contractile forces exerted by NM-IIA are
critical for local nano-scale actin dynamics at the NKIS. These
local events of actin reorganization define the overall synaptic
architecture that is critical for NK cell cytotoxicity (Carisey et al.,
2018). Nevertheless, the molecular steps that precede NM-IIA
association to lytic granules and their directed delivery through
the synaptic cleft are not completely understood. The overall
signaling regulation of these processes have yet to be understood
in context of both NK cell activation and inhibition.

NM-IIA was shown to play a critical role in T-cell motility.
NM-IIA heavy chain (NMMHC-IIA) localizes in the Uropod
of motile T-cells and is recruited to the interface of T-cell/APC
synapses (Jacobelli et al., 2004). Inhibition of NM-IIA with
blebbistatin arrests T-cell polarity and migration, and induces
cell rounding. Additionally in T-cells, engagement of the TCR
induces phosphorylation of NMMHC-IIA on threonine 1939,
which reduces NM-IIA contractile activity, thereby potentially
inducing a T-cell stop signal for locomotion (Jacobelli et al,
2004). Thus, NM-IIA may play an important role in inducing
signals to transition lymphocytes from synapse formation to
movement. This role of NM-IIA is perhaps mediated through
LFA-1, as interactions between NMMHC-ITA and LFA-1 were
shown to facilitate LFA-1 dissociation during T-cell migration
(Morin et al., 2008). It would be interesting to examine whether
and how NM-IIA performs similar roles in NK cells, which
depend on a multitude of signaling inputs from various surface
receptors. It may be possible that localized co-activating signals
in NK cells are required to regulate Myosin activity in order to
promote NK cell synapse formation, however, additional work is
required to elucidate these mechanisms.

Microtubules

The microtubule cytoskeleton is another significant component
of NK cell function. Microtubule filaments are assembled
via heterodimers of «f tubulin. Microtubule polymerization
is driven by hydrolysis of GTP bound to the aff tubulin

dimer (Akhmanova and Steinmetz, 2015). The origin of
microtubule polymerization is the MTOC, which consists of
the centrosome and pericentriolar material (PCM) (Kloc et al.,
2014). Hence, microtubule filaments can extend from the
MTOC and disassemble in response to stimuli and regulatory
proteins. Microtubule plus-end-tracking proteins (TIPs) can
associate with growing microtubule ends and increase the
polymerization rate (Schuyler and Pellman, 2001). These include
microtubule polymerases such as the XMAP215 family and
microtubule end binding proteins (EBs) such as EB1 (Zanic
et al, 2013), as well as cytoplasmic linker protein (CLIP)-
associated proteins (CLASPs) (Galjart, 2005). Furthermore,
molecular motor proteins such as Dynein can associate with
microtubules and stabilize them (Hendricks et al., 2012). Other
proteins destabilize microtubules and enhance microtubule
depolymerization by removing terminal tubulin caps. These
include, for example, the microtubule depolymerases such as
those of the Kinesin family (Kinesin-13, 8, and 14) (Desai et al.,
1999; Sproul et al., 2005; Gardner et al., 2011).

In the context of immune cell function, there has been great
interest in understanding the molecular mechanisms governing
microtubule, and specifically MTOC, orientation toward the
IS during T-cell/NK cell interactions with targets, and the
possible function of the MTOC in IS stability. Furthermore,
the process of lytic granule convergence onto the MTOC,
which ensures directed cytotoxicity while preventing bystander
cell killing is an ongoing field of investigation. Microtubules
were shown to possess several diverse functions in T-cells. The
most well-studied function of MTOC polarization in cytotoxic
T-cells (CTLs) and NK cells is release of cytotoxic granules
(Stinchcombe et al., 2006; Topham and Hewitt, 2009). Inhibition
of MTOC polarization in NK cells disrupts cytotoxic capacity
(Chen et al., 2007). Prior to MTOC polarization to the NKIS,
Iytic granules converge onto the MTOC via activity of Dynein
motor proteins (Mentlik et al., 2010). One of the proteins that
facilitates lytic granule convergence through Dynein in NK cells
is the Hook-related protein 3 (HkRP3), which binds Dynein
and mediates association between DOCKS and the microtubule
network (Ham et al., 2015). In addition, the small GTP binding
protein, ADP-ribosylation factor-like 8b (Arl8b), binds Kinesin
family member 5B (KIF5B), SifA, and Kinesin-interacting protein
(SKIP), facilitating movement of the MTOC to the NKIS
(Tuli et al., 2013). Another recently identified Kinesin motor
protein that is important for NK cell cytotoxicity toward fungal
pathogens is Eg5-Kinesin, which was shown to facilitate Dynein-
mediated lytic granule convergence to the MTOC (Ogbomo et al,,
2018). Recently, vasodilator-stimulated phosphoprotein (VASP),
which is an actin regulatory protein belonging to the Ena/VASP
family, was shown to play an important role in lytic granule
convergence to the MTOC through actin filament assembly
(Wilton and Billadeau, 2018). This mechanism of lytic granule
convergence was recently shown to be of critical importance
in NK cell biology, ensuring targeted cell lysis and preventing
bystander cell death (Hsu et al., 2016). An additional member
of the Ena/VASP actin regulators, EVL, was also recently shown
to be recruited to the cytotoxic NKIS, where it is involved
in maintaining adhesion between NK cells and targets, and in
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facilitating NK cell synapse maturation (Wilton et al., 2019). Lack
of EVL in NK cells resulted in decreased actin generation at the
NKIS and reduced NK cell killing. EVL operates downstream to
the NKG2D-Grb2-VAV1 axis, where it recruits WASp and VASP
to induce F-actin accumulation at the NKIS and facilitate effector
functions (Wilton et al., 2019).

Different signaling pathways lead to lytic granule convergence
and microtubule reorientation to the NKIS, but not to
degranulation. For example, signaling from integrin molecules,
such as B2 integrins, is sufficient to promote granule polarization
to the NKIS (Barber et al, 2004). Zhang et al. (2014)
additionally defined this signaling pathway by decoupling
additional receptors, and demonstrated that it involves activation
of integrin linked kinase (ILK), Pyk2, paxillin, Rho guanine
nucleotide exchange factor 7 (RhoGEF7), Cdc42, and Par6. These
results extend earlier descriptions of Pyk2 in the NK cytolytic
response (Sancho et al., 2000). Additional defined signaling
pathways required for polarization of the MTOC were described
downstream to the CD28 receptor, and include activation of
PI3K which leads to phosphorylation of extracellular signal-
regulated kinase 2 (ERK2) (Chen et al, 2006). It should be
noted, that this CD28 dependent signaling cascade (CD28-PI3K-
ERK2) was described in the YTS cell line, and not other NK
cell lines or primary cells. In addition to CD28, crosslinking
of the activating NK cell receptors NKG2D, NKp30, NKp46,
NKG2C/CD94, or 2B4 leads to phosphorylation of either ERK2
or c-Jun N-terminal kinase 1 (JNK1), and polarization of the
MTOC with cytolytic granules (Chen et al.,, 2007). Additional
signaling molecules linked by PI3K signaling, downstream to
NKG2D, include the Crk-like adaptor protein, CrkL, and Ras
family GTPase Rapl, which were shown to be important for
MTOC polarization and cytotoxicity (Segovis et al., 2009). In
contrast to the process of MTOC reorientation, the convergence
of lytic granules to the MTOC depends on early upstream Src
kinase signaling (James et al., 2013).

MTOC polarization to the NKIS is thus intimately associated
with and dependent on cytoskeletal reorganization (Orange
et al,, 2002, 2003; Graham et al, 2006; Butler and Cooper,
2009). Therefore mediatory molecules are probably involved
in cytoskeletal and microtubule dynamics. One of the proteins
identified, which links these two networks, is Cdc42-interacting
protein-4 (CIP4), which associates with Cdc42 and WASp
(Banerjee et al., 2007). CIP4 links the actin and microtubule
cytoskeletons in activated NK cells, facilitating MTOC
polarization and NK cell cytotoxicity. It is possible that
additional mediating molecules such as CIP4 function to merge
these two cytoskeletal networks, and it would be interesting
to investigate how these are differentially regulated under
inhibitory and activating conditions. Moreover, it is possible that
decoupling of the actin and microtubule cytoskeletons promotes
NK tolerance. It is interesting to speculate that abrogation
of MTOC association with the actin cytoskeleton may also
lead to dysfunction in primary immunodeficiency and other
chronic diseases.

Interestingly, additional functions mediated by microtubule
dynamics have been suggested in T-cells. For example, TCR
micro clusters were shown to localize at the IS on microtubules

through Myosin II and Dynein motors (Hashimoto-tane et al.,
2011). Disruption of MTOC polarization to the T-cell IS through
Dynein inhibition reduced phosphorylation of ZAP70, LAT,
and VAV1, and caused the creation of a malformed T-cell IS
characterized by low accumulation of CD3 in the center of the
synapse, and low accumulation of LFA-1 at its periphery (Martin-
Cofreces et al., 2008). Furthermore, inhibition of the microtubule
end binding protein EB1 abrogated LAT/PLCy-1 complex
association and subsequent TCR activation signaling (Martin-
Cofreces et al., 2012). This raises the question of whether the
MTOC has an additional function as a scaffold to deliver further
signaling molecules to the IS, thereby enabling correct signaling
cascades, and whether microtubule dynamics, similar to F-actin
flow, also play a role in regulating activation signaling. Just as
F-actin retrograde flow was seen to impact and sustain correct
PLCy-1 activity in T-cells (Babich et al., 2012), microtubule
dynamics may also play a role in influencing sustained T-cell
signaling, rather than functioning solely as a signaling scaffold
and delivering vesicles to the IS. The microtubule cytoskeleton
is thus of great importance in controlled NK cell effector
function, however, the molecular mechanisms in NK cells that
induce MTOC polarity and positioning at the IS have not been
extensively explored. It is possible that such signaling circuits
are dysregulated during different chronic pathological conditions
(i.e., chronic infection and cancer), enabling escape from NK cell
immune surveillance.

NK Cell-Mediated Killing

After firm adhesion and sufficient activating signaling, the next
phase of NK cell function involves reorientation of the MTOC
toward the IS, and subsequent release of lytic granules for
target cell killing. The actin cytoskeleton plays multiple roles
in this cytotoxic phase. As described, the first step in NK cell
cytotoxicity requires cytolytic granule convergence onto the
MTOC before MTOC polarization to the NKIS (Mentlik et al.,
2010). This process is crucial for prevention of bystander cell
killing (Hsu et al, 2016). The MTOC subsequently polarizes
to the NKIS, and it was shown that F-actin polymerization is
vital for this process (Orange et al.,, 2002; Butler and Cooper,
2009). Following MTOC polarization and anchoring at the IS,
lytic granules move rapidly across the dense F-actin network at
the cell membrane prior to degranulation; in order to ensure
persistent degranulation, the actin meshwork must remain
intact (Mace et al., 2012). Lytic granules associate with Myosin
ITA, and this association is believed to coordinate with the
F-actin cytoskeleton for lytic granule delivery to the IS, and
to provide physical forces to “squeeze” granules through the
actin meshwork. Abrogation of NM-IIA activity using inhibitors
or site directed mutations reduces the ability of lytic granules
to bind to F-actin, and impedes granule entry into the actin
meshwork at the IS (Andzelm et al., 2007; Sanborn et al., 2009).
Due to the accumulation of a dense actin network at the IS
prior to degranulation, the mechanism that enables escape of
the lytic granule content of the NK cell is difficult to resolve.
Advanced microscopic techniques from the Davis and Orange
groups elucidated the mechanisms of lytic granule secretion
across the actin boundary: lytic granules traverse the dense actin
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network at the IS until reaching, and docking at specific areas
with low actin density, from where they can be released toward
the target cell (Brown et al., 2011; Rak et al., 2011). Disrupting
NK cell actin dynamics immediately prior to degranulation
inhibited granule release (Rak et al., 2011). In addition to lytic
granule secretion, a different Myosin independent mechanism
was shown to enable cytokine secretion at the NKIS, and this
was similarly dependent on formation of local actin pores at the
NKIS (Brown et al., 2012). As mentioned earlier, one mediator
of actin clearance at the NKIS is CoroninlA, which is essential
for generating precisely targeted actin clearances by promoting
localized actin depolymerization (Mace and Orange, 2014).
Therefore, meticulous regulation of localized actin disassembly
enables precise delivery of granules across the synaptic cleft. This
mechanism most probably ensures selective delivery to target
cells while avoiding lytic granule spillage that can affect bystander
tissue. It is not yet known how CoroninlA is regulated during
stimulation of NK cells, and how its activity is coupled directly
with granule exocytosis. It is possible that generation of actin
clearances occur in a stochastic fashion, followed by random
movement of granules across the actin network until they reach
low actin areas. It would be interesting to resolve the mechanisms
and mediators of CoroninlA recruitment to the IS, and how
localized actin deconstruction harmonizes with the additional
actin architectures present at the IS. For example, Carisey et al.
(2018) recently described additional actin structures that are
critical for NK cell cytotoxicity. Local actin dynamic puncta
are generated via Arp2/3 and NM-IIA activity at the NKIS,
and these structures are required for lytic granule exocytosis
(Carisey et al., 2018). It is possible that localized actin dynamics
promote additional forces for delivery of granules, or provide
additional motion that resonates along the synaptic actin sheet
that enhances the possibility of lytic granule arrival to areas of
low actin content. Further experiments could elucidate how these
structures are regulated by different early upstream signaling
complexes and NPFs, and in the context of different NK cell
receptor ligations.

THE CYTOSKELETON IN NK
CELL-RELATED PATHOLOGIES

Due to the important and variegated roles the cytoskeleton plays
in NK cell function, it is not surprising that various immune-
related diseases result from cytoskeletal mis-regulation in NK
cells (Lagrue et al,, 2013; Ham and Billadeau, 2014) (Table 1).
Two of the most well characterized immunodeficiencies are
WAS/X-linked thrombocytopenia (XLT). WAS is an X-linked
immunodeficiency characterized by mutations that have varying
effects on WASp expression. Different phenotypes are caused
by a complete or partial absence of WASp expression in
affected patients (Derry et al., 1994). WAS patients with
complete WASp depletion suffer from reduced platelet count,
complications in blood clotting, eczema, recurrent infections
and cancer (Sullivan et al., 1994). A less severe form of WAS
known as XLT occurs due partial WASp expression resulting
mainly in microthrombocytopenia (Imai et al., 2004). It was

demonstrated that NK cells from healthy donors express high
levels of WASp, while NK cells from WAS patients express no
detectable levels (Orange et al., 2002). Given the importance of
WASpP in actin regulation, it is not surprising that mutations
in the protein or its degradation have severe impacts. As
mentioned earlier, the cytoskeleton plays a paramount role in
leukocyte migration, as the actin machinery propels the cell
and changes its morphology in order to navigate through blood
and tissue (Vicente-Manzanares and Sanchez-Madrid, 2004).
WASp deficiency in NK cells severely damages their migratory
capabilities (Stabile et al., 2010). Both WAS and XLT NK cells
exposed to the migration-inducing cytokines CXCL12/SDF-1 or
CX3CL1/fractalkine and placed on adhesion molecule (ICAM-
1/VCAM-1) coated filters show low cellular migration compared
to wild-type NK cells (Stabile et al., 2010). NK cells from WASp-
deficient mice exhibit defects in tumor suppression (Catucci et al.,
2014), and a significantly reduced cytotoxic potential relative to
healthy NK cells (Orange et al., 2002). This is predominantly
due to lower actin accumulation at the NKIS that impacts
synaptic clustering of activating receptors (Orange et al., 2002;
Gismondi et al., 2004). As mentioned earlier, it was suggested -
that bypassing WASp deficiency in NK cells might be enabled via
IL-2 administration, leading to actin reorganization via WAVE2
(Orange et al., 2011).

WASp-interacting protein deficiency leads to a reduction
in NK cell functional output (Noy et al,, 2012). WIP helps
to protect WASp from ubiquitin-mediated degradation (Fried
et al., 2014b), but also has additional functions in NK cells.
As described earlier, following NK activation, WIP mediates
assembly of a protein complex comprising WASp, actin, and NM-
ITA (Krzewski et al., 2006). In addition, WIP was also found to
be essential for granule-mediated exocytosis in NK cells, since it
associates with lytic granules in NK cells, and its depletion from
NK cells causes a failure in lytic granule polarization (Krzewski
et al., 2008). A female patient bearing a mutation containing a
stop codon in the WIPFI gene, which encodes WIP, displayed
recurrent infections, eczema, thrombocytopenia, defective T cell
proliferation and chemotaxis, and impaired NK cell effector
function (Lanzi et al., 2012).

Another disease impacting F-actin organization at the NKIS
is DOCKS deficiency. As described earlier, DOCK8 belongs
to the superfamily of DOCK180 GEFs for the Rho protein
family (such as Cdc42) (Coté and Vuori, 2002; Sinai et al,
2010; Stabile et al., 2010). NK cells from patients with DOCKS8
deficiency are not able to form a mature IS due to reduced
F-actin accumulation. This results in a decrease in cytotoxicity
that cannot be bypassed by IL-2 administration, and could
explain why patients with DOCKS deficiency are susceptible to
sino-pulmonary and cutaneous viral infections (Zhang et al,
2009; Mizesko et al., 2013). Hence, unlike WASp deficient NK
cells, whose function might be recovered through IL-2 mediated
activation of WAVE2, DOCKS8 seems to be indispensable for
proper actin accumulation at the NKIS. Additional work is
expected to unravel the molecular mechanisms connecting
DOCKS to the activating or inhibiting NKIS. Similarly to DOCKS8
deficiency, inherited DOCK2 mutations in five patients with
recurrent bacterial and viral infections and lymphopenia were
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TABLE 1 | Diseases affecting the NK cell cytoskeletal machinery.

Disease

Defect in protein

Phenotype

Wiskott-Aldrich Syndrome
(WAS)/X-linked thrombocytopenia (XLT)

WASP-interacting protein (WIP)
deficiency

Dedicator of cytokinesis 8 (DOCKS)
deficiency

Dedicator of cytokinesis 2 (DOCK2)
deficiency

RAS guanyl-releasing protein 1
(RASGRP1) deficiency

Chediak—Higashi syndrome

Coronin 1A deficiency

Hermansky—Pudlak syndrome type 2

Myosin lIA mutations (May-Hegglin
anomaly, Sebastian syndrome,
Fechtner syndrome, and Epstein
syndrome)

Griscelli syndrome type |l

Familial Hemophagocytic
Lymphohistiocytosis Types 2-5

Partial or no expression of WASp

No expression of WIP

No expression of DOCK8

No expression of DOCK2

No expression of RASGRP1

Mutations in the regulator of lysosomal trafficking, LYST

No expression of Coronin 1A

Mutations in the B3A subunit of the AP-3 adaptor protein

MYH9 gene mutation

Mutation in RAB27A

Mutations in perforin 1 (FHL type 2), Munc13-4 (FHL type
3), syntaxin 11 (FHL type 4), and Munc18-2 (FHL type 5)

Patients display low blood platelet count, deficiency in blood clotting, recurrent infections and
eczema. NK cells exhibit deficiency in migration, and low accumulation of F-actin at the NKIS
resulting in diminished NK cell activation and cytotoxicity.

Patient displayed recurrent infections, eczema, thrombocytopenia, and defective T cell proliferation
and chemotaxis. NK cells demonstrated defective effector function.

Patients display immunodeficiency characterized by sino-pulmonary and cutaneous viral infections.
NK cells are impaired in IS formation due to reduction in F-actin accumulation, leading to inhibited
cytolytic function.

Patients display immunodeficiency characterized by recurrent infections, lymphopenia, and
thrombocytopenia. NK cells are impaired in effector functions such as degranulation and cytokine
secretion due to abrogated F-actin polymerization.

Patient displayed primary immunodeficiency disorder, characterized by recurring infections, and
ultimately, development of low-grade Epstein—Barr virus (EBV)-associated B cell lymphoma. NK cells
are deficient in F-actin accumulation, lytic granule convergence to the MTOC, and degranulation.
Patients display dysregulated immune function, albinism, predisposition to bleeding, and hyper
inflammation. NK cells with LYST mutations contain enlarged lytic granules that cannot penetrate
the actin mesh at the NKIS, impairing degranulation.

Patients display immunodeficiency characterized by recurrent viral infections and lymphopenia. NK
cells demonstrate abrogated deconstruction of F-actin at the IS, impeding lytic granule secretion
and thus, cytotoxicity.

Patients display albinism, recurrent infections, susceptibility to bleeding, and hemophagocytic
lymphohistiocytosis. NK cells are defective in degranulation due to formation of enlarged lytic
granules.

Patients present macrothrombocytopenia, leukocyte inclusion bodies, low platelet count and
recurrent bleeding. Patients also display hearing loss, nephropathy, and cataracts. NK cells are
characterized by impaired cytotoxicity.

Patients display hypopigmentation, immunodeficiency, and hemophagocytic lymphohistiocytosis.
NK cells display impaired cytotoxicity due to docking failure of granules at the plasma membrane.
Patients display immune dysregulation characterized by hyper inflammation, fever, enlarged spleen
and liver, and hemophagocytosis. NK cell degranulation and/or cytotoxicity is severely impaired.

19

‘e 18 [enwiys-usg

UOROUN [[8D-3N Ul UOJOIBNSOIAD 8UL


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ben-Shmuel et al.

The Cytoskeleton in NK-Cell Function

shown to impact T/B cell and NK cell responses (Dobbs et al.,
2015). NK cells in these patients show reduced migration and
actin polymerization, as well as impaired degranulation.

A role for RASGRP1 was also demonstrated in an NK cell
immunodeficiency (Salzer et al., 2016). As mentioned earlier,
RASGRPI acts as a GEF for Ras, thereby activating the Ras
pathway and the MAPK cascade (Downward et al., 1990;
Roose and Weiss, 2000; Stone et al., 2000). A patient with
RASGRP1 deficiency displayed a primary immunodeficiency
disorder, characterized by recurring infections, and ultimately
developed low-grade Epstein-Barr virus (EBV)-associated B cell
lymphoma (Salzer et al., 2016). NK cells from patients with
RASGRP1 deficiency do not form a mature NKIS, and their IS is
characterized by decreased actin accumulation and polarization
of the MTOC, and accordingly, a lower capacity for cytotoxicity
toward target cells (Salzer et al., 2016). These phenotypes might
arise due to the importance of the MAPK pathway in NK cell
actin rearrangement (Vély and Vivier, 2005). Interestingly the
same study reported association of RASGRP1 with Dynein light
chain DYNLLI. Imaging NK cells from this patient revealed
defective granule motility, and because Dynein is important
for convergence of lytic granules onto the MTOC, this may
account for an additional factor inducing lower NK cell-mediated
cytotoxicity (Mentlik et al., 20105 Salzer et al., 2016).

Highlighting another aspect of cytoskeletal regulation, the
inability to properly clear the actin meshwork at the NKIS
for granule secretion in NK cells was recently described in
Chediak-Higashi syndrome (Gil-Krzewska et al., 2017). This
disease is caused by mutations in the regulator of lysosomal
trafficking, LYST (Nagle et al., 1996), and is characterized by
hyper inflammation and impaired functionality of CD8 T and
NK cells (Introne et al., 1999; Karim et al., 2002; Lozano et al.,
2014). NK cells with impaired LYST function contain enlarged
granules, and thus, the NKIS effectively acts as a barrier for
exocytosis. Use of the actin inhibitors latrunculin A or swinholide
A increases the permeability of the actin mesh and restores
secretion from these NK cells (Gil-Krzewska et al., 2017). This
study further illustrates that actin disassembly is also critical in
maintaining proper cytolytic function. In addition to Chediak-
Higashi syndrome, Hermansky-Pudlak syndrome type 2 also
causes formation of enlarged granules, induced by mutations in
the B3A subunit of AP-3 (Dell’Angelica et al., 1999). AP-3 is an
adaptor protein that interacts with the clathrin scaffold protein,
facilitating sorting of proteins to lysosomes (Dell’Angelica et al.,
1997). NK cells from patients with Hermansky-Pudlak syndrome
type 2 also show disrupted effector functions (Fontana et al.,
2006). It is possible that this disorder also disrupts secretion of
enlarged lytic granules at the NKIS, but additional studies are
required to verify this mechanism.

Mutations in the heavy chain of Myosin IIA also lead to a
variety of diseases such as May-Hegglin anomaly, Sebastian
syndrome, Fechtner syndrome, and Epstein syndrome,
characterized by macrothrombocytopenia with leukocyte
inclusions (Seri et al., 2003). As discussed, NM-IIA is important
for delivery of cytolytic granules through the NKIS (Andzelm
et al., 2007). Several mutations that alter normative NM-IIA
conformation impact its regulation of cytotoxicity in NK cells.

For example, a mutation in May-Hegglin anomaly patients
with a C-terminal truncation of MYH9 at position 1933 causes
a reduction in NK cell cytotoxicity (Sanborn et al, 2009).
Furthermore, Sanborn et al. (2011) mapped various mutations
in NM-IIA which cause similar phenotypes of reduced NK cell
cytotoxicity. For example, a S96L mutation in the head region
and T1155I mutation in the S2 region result in a decrease in
NK cell killing. A truncation of the protein at residue 1942,
which is located on the tailpiece, also causes a reduction in NK
cell killing (Sanborn et al., 2011). Interestingly, the same study
showed that phosphorylation of the NM-IIA tailpiece at S1943
is critical for Myosin function at the NKIS; hence, mutations in
this regulatory area may account for the phenotypes observed
(Sanborn et al., 2011). It is also possible that additional activity
of Myosin at the NKIS influences the dysfunction of NK cell
cytotoxicity. As mentioned previously, NM-IIA forms a complex
with actin, WIP, and WASp during NK cell activation (Krzewski
et al,, 2006), and it is present in the pPSMAC with actin filaments
in acto-Myosin arcs. Therefore, NM-IIA may also drive IS
formation and stability which are restricted in NM-IIA-related
diseases (Hammer and Burkhardt, 2013).

Other diseases that impact lytic granule and cytoskeletal
cross-talk in NK cells include Griscelli syndrome type II and
Familial Hemophagocytic Lymphohistiocytosis (FHL) Types 2-
5 (Ham and Billadeau, 2014). Griscelli syndrome type II is
caused by mutation in RAB27A, a member of the small GTPase
family (Ménasché et al., 2000). RAB27A was shown to play a
role in cytoskeletal dependent lytic granule movement in the
plasma membrane and cytosol of NK cells (Liu et al., 2010),
possibly through a complex with the motor protein Kinesin-1
and synaptotagmin-like protein 3 (Kurowska et al., 2012). NK
cells from Griscelli syndrome type II patients display impaired
cytotoxicity due to docking failure at the plasma membrane
(Wood et al., 2009). FHL Type 3 is caused by mutations in
Muncl3-4 (Feldmann et al., 2003), which is involved in vesicle
priming. Mutations in Munc13-4 that abrogate its association
to RAB27A inhibit degranulation in cytotoxic T-cells (Elstak
et al., 2011), and NK cells deficient in Mucn13-4 are inhibited in
granule secretion (Wood et al., 2009). Importantly, recruitment
of Rab27a and Munc13-4 to lytic granules is Myosin-dependent
(Wood et al., 2009), further emphasizing the role of cytoskeletal
compartments in effector NK cell responses. Additional FHL
diseases are caused by different mutations. FHL type 2 is
caused by mutations in the perforin 1 gene (Stepp et al., 1999),
abrogating the ability of NK cells to lyse target cells (Marcenaro
et al., 2006). FHL type 4 is caused by mutations in syntaxin
11 (Bryceson et al., 2007), inhibiting the ability of NK cells to
degranulate. Finally, FHL 5 is caused by mutations in Munc18-2,
which also severely impairs NK cell exocytosis (Cote et al., 2009).

Due to the great importance of NK cells in innate immunity, it
is not surprising that various conditions result from functional
NK cell deficiency (FNKD) syndromes that may arise from
defects in the NK cytoskeleton, such as Herpesvirus infection,
multiple infections, presence of intracellular bacteria, and
Human Papillomavirus (HPV) (Orange, 2013). The protective
effect of NK cell immune surveillance on cancer in humans
has been documented (Imai et al., 2000; Ishigami et al., 2000;
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Villegas et al., 2002), and this is especially evident in the outcome
of patients who were administered NK cells from donors that
have the advantage of having graft versus leukemia activity
in the recipient without causing graft versus host disease
(Hsu et al., 2005). It is not known whether tumor growth is
increased on the background of FNKD syndromes that involve
the NK cytoskeleton. Future studies could reveal if functional
dysregulation of NK cell cytoskeletal activity may promote other
diseases or malignancies, and thus prompt development of
therapies to bolster NK activity.

NK CELL INHIBITORY SIGNALING AND
CYTOSKELETAL DYNAMICS AT THE
NKIS

Inhibition of NK cells does not occur independently on its
own, that is, without input from additional activating receptors
on the NK cell surface. Co-engagement of inhibitory receptors
with activation receptors prevents NK cell activation; therefore,
suppression of NK cell activity by inhibitory receptors can be
thought of as co-inhibition (Long et al., 2013). Photo stimulation
of the inhibitory killer-cell immunoglobulin-like receptor (KIR)
KIR2DL2 during ongoing NK cell activation is not sufficient
to prevent calcium flux, however, it induces rapid formation
of inhibitory microclusters that prevent formation of activating
clusters and promote retraction of the NK cell (Abeyweera
et al.,, 2011). Therefore, inhibitory receptor signaling prevents
activation of NK cells from manifesting in the first place.
Inhibitory NK cell signaling involves dephosphorylation and/or
degradation of upstream signaling proteins and dismantling
of activating signaling complexes (Long, 2008; Peterson and
Long, 2008; Watzl and Long, 2010). Accordingly, NK cell
inhibition has substantial effects on actin polymerization and
rearrangement. NK cells express inhibitory receptors that contain
immunoreceptor tyrosine based inhibition motifs (ITIMs) in
their cytoplasmic tails that bind to several Human Leukocyte
Antigen (HLA) isoforms. The best defined of these receptors in
humans are KIRs and NKG2A/CD9%4 (Wagtmann et al., 1995;
Moretta et al., 2002). Engagement of inhibitory receptors with
their cognate ligands results in phosphorylation of the ITIM
motifs, and it has been suggested that the phosphorylation
is carried out by the Src family kinases (Long, 2008).
Phosphorylation on ITIMs prompts recruitment of SHIP-1 or
SH2-domain-containing protein tyrosine phosphatase (SHP-1/2)
(Long, 1999; Ravetch, 2000; Purdy and Campbell, 2009), which
induce de-phosphorylation of downstream signaling molecules
important for NK activation (Long, 2008).

Killer-cell immunoglobulin-like receptor receptors may not
require actin reorganization for their recruitment to the NKIS
(Davis et al, 1999). Work by Stebbins et al. (2003) using a
SHP-1 trapping mutant that is catalytically inactive but capable
of binding phosphorylated substrates detected VAV1 as the
first verified SHP-1 substrate in NK cells. The same study
also demonstrated that the process occurs independently of
actin rearrangement, as dephosphorylation of VAV1 occurred
in the presence of actin inhibitors (Stebbins et al, 2003).

VAV1 activity may also be regulated by the E3 ubiquitin ligase
c-Cbl. Cooperative activation of the activating NKG2D and 2B4
receptors is necessary to circumvent inhibition of VAV1 by
c-Cbl (Kim et al., 2010). An additional inhibitory mechanism
independent of VAV1 was suggested to operate through the Crk
adaptor protein, which is involved in cytoskeletal remodeling
(Antoku and Mayer, 2009). Crk is phosphorylated and associates
with c-Abl upon clustering of inhibitory receptors (Peterson
and Long, 2008). We previously demonstrated that PLCy-1/2
and LAT are also dephosphorylated and inactivated by SHP-1
during NK cell inhibition, and that ubiquitination of LAT by
c-Cbl and Cbl-b serves as an additional mechanism to ensure
tolerance, by sequestering remaining phosphorylated LAT from
the NKIS (Matalon et al., 2016). Therefore, it appears that NK
cell inhibition involves multiple modules. These include, on the
one hand, blocking substantial F-actin reorganization at the IS
through dephosphorylation of VAV1 and phosphorylation of
Crk, and on the other hand, inhibiting formation of activating
signaling complexes such as PLCy and LAT to possibly prevent
formation of secondary messengers (i.e., IP3 and DAG), early
activation, and calcium flux.

The Inhibitory NKIS

The inhibitory NKIS is characterized by disorganized molecular
segregation, instability, and short lifetime. These inhibitory
characteristics prevent NK cell activation and effector outcome,
serving as a key checkpoint in regulating cytotoxicity and
maintaining tolerance (Davis et al., 1999).

Due to the activity of VAV1 in actin polymerization
and rearrangement through the Rac pathway, it is expected
that its inactivation would hamper various actin-dependent
processes. F-actin accumulation and density are much greater
in synapses of NK cells that are exposed to susceptible
activating targets, than on targets that induce an inhibitory
NKIS (Banerjee and Orange, 2010). As mentioned -earlier,
actin accumulation and lipid raft recruitment to the NKIS
were shown to be disrupted upon NKG2A/CD94 receptor-
mediated inhibition, when SHP-1 is recruited to the NKIS
and VAV1 phosphorylation levels are decreased (Masilamani
et al, 2006). Accumulation of 2B4 and NKG2D activating
receptors is actin dependent, and this clustering is also
abrogated during KIR receptor-HLA binding (Watzl and Long,
2003). Inhibition via KIR2DL2 additionally inhibits activating
receptor clustering, and reduces NK cell spreading via SHP1/2
activity (Abeyweera et al, 2011). Thus, NK cells developed
mechanisms to first avoid reactivity by differential regulation of
cytoskeletal dynamics. Due to the dependence of NK activation
on accumulated actin, which recruits signaling clusters to the
NKIS, regulation of actin assembly at the NKIS ensures tolerance.
It is not clear whether VAV-1 dephosphorylation through
SHP-1 and phosphorylation of Crk are the sole mechanisms
for regulating actin dynamics at the NKIS, and what other
factors, if any, sequester F-actin mediated activation at the
NKIS to prevent normal synapse formation and activation.
For example, Kopcow et al. (2005) showed that decidual
NK cells (dNKs) do polarize actin toward their synapse;
however, the synapse remains inert as the MTOC does
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not polarize (Kopcow et al., 2005). Hence, additional inhibitory
mechanisms that regulate cytotoxicity through maintenance of
the cytoskeleton, possibly linking cytoskeletal reorganization
with MTOC polarization, should be investigated. It is tempting
to speculate that molecules such as CIP4, which link the
microtubule and actin cytoskeletons, may be regulated or
expressed differently in decidual NK cell subtypes.

The inhibitory IS favors accumulation of inhibitory KIRs
into subdomains coined supra-molecular inhibition clusters
(SMICs) (Davis et al., 1999). Phosphorylated KIR receptors form
microclusters with the tyrosine kinase, Lck, during NK cell
inhibition (Treanor et al., 2006). The SMIC of the inhibiting
NKIS contains a different composition of signaling molecules,
including phosphatases such as SHP-1 (Vyas et al, 2002a)
and SHP-2 (Purdy and Campbell, 2009). The accumulation of
inhibiting signaling molecules in the SMIC disrupts the stability
of the IS, leading to detachment from the target cell, and favoring
migration (Burshtyn et al., 2000; Masilamani et al., 2006). The
inhibitory NKIS differs from the activating NKIS, as it is not
radially symmetrical, and not stable. A similar “make and break”
synapse has been characterized in T-cells, and coined the kinapse.
Similarly to the kinapse, the inhibitory NKIS is characterized by
smaller size and much lower NK:target cell conjugation times
(Burshtyn et al., 2000; Sims et al., 2007; Culley et al., 2009).

Unlike activating synapses, the accumulation of KIRs does
not cause extensive accumulation and rearrangement of actin
(McCann et al., 2003). The recruitment of KIRs to the NKIS
and their phosphorylation appears to be actin independent
and occurs upstream to actin rearrangement; however, this
issue is not yet resolved (Faure et al., 2003). An observable
mesh of cortical actin seems unchanged at inhibitory synapses
relative to activating synapses, yet these synapses seem to lack
a dense peripheral actin ring (Brown et al., 2011). Fassett et al.
(2001) showed that actin polymerization is crucial for lipid
raft polarization in inhibitory NK cell synapses. In addition,
using the inhibitor of actin polymerization, cytochalasin D,
Standeven et al. (2004) demonstrated that actin dynamics may
be important in early KIR2DLI recruitment to the inhibitory
NKIS. In NK cells engaged with multiple targets, KIR2DL1
was also shown to relocate between different synapses (Pageon
et al., 2013a), and coalescence of KIRs into micro-clusters
was shown to depend on cytoskeletal dynamics (Pageon et al.,
2013b). Moreover, during NK cell inhibition, large KIR2DLI
clusters seem to favor the phosphorylation and activation of
SHP-1 (Oszmiana et al., 2016). In this study, the localization
of the activating KIR, KIR2DS1 in signaling clusters depended
on the lysine 233 residue in the transmembrane sequence; yet,
it is not clear if cluster size of the inhibitory and activating
KIRs was also influenced by different cytoskeletal reorganization
modes. Interestingly, a recent study from the Davis group
investigated how KIR variation impacts organization on the
cell membrane (Kennedy et al., 2019). NK cells were divided
into groups with either low or high surface expression of
KIRs. Higher receptor abundance correlated with increased
cluster size, yet with more receptors observed outside clusters.
On the other hand, cells expressing low surface abundance
of KIRs appear to dominantly coalesce into clusters and to

favor increased phosphorylation of Crk. Interestingly, it appears
that since SHP-1 activity is favored at large KIR clusters, its
activity may promote dephosphorylation of Crk and prime
NK cells that express more inhibitory receptors on the cell
membrane (Kennedy et al., 2019). Thus, the organization of
inhibitory signaling molecules on the NK cell surface has
critical ramifications for the basal NK cell activation state. How
and why different KIR genotypes are expressed at different
concentrations and coalesce differently into signaling clusters
remains to be determined. The role of the cytoskeleton in
mediating this organization is an additional intriguing area of
study. As discussed in the following sections, it is possible
that cytoskeleton-mediated reorganization of receptors on the
NK cell membrane during development may dictate their
activation threshold.

THE EFFECT OF THE TARGET CELL
CYTOSKELETON ON NK CELL
FUNCTION

In addition to the vast importance of cytoskeletal rearrangement
on NK cell function, it is becoming increasingly evident that the
cytoskeletal architecture on target cells can greatly influence NK
cell effector efficacy. T-cells and B-cells are usually activated to
a greater degree when confronted with stiffer in vitro substrates
(as shown using coated slides with varying rigidities) and target
cells which display stiffer properties (stiffer cortical actin and
more actin stress fiber assembly) (Huse, 2017; Saitakis et al., 2017;
Shaheen et al., 2017; Ben-Shmuel et al., 2019). Moreover, it is
clear that constraining target cell co-stimulating ligands (such as
ICAM-1) by the target cell cytoskeleton, induces higher T-cell
activation (Comrie et al., 2015b; Comrie and Burkhardt, 2016).
This may be due to counter force provided by the constrained
ligand to receptors on T-lymphocytes. Therefore, strategies that
target immune cell cytoskeletal machinery must also take into
consideration the possible effects on the integrity of the target cell
cytoskeleton, which impact lymphocyte activation.

In the case of NK cells, it was previously demonstrated that
similar mechanisms operate on target cells to modulate the
NK cell responses. Gross et al. (2010) showed that impairing
cytoskeletal integrity by treating target cells with Latrunculin
A (which disrupts microfilament organization by binding to
monomeric G-actin) leads to inhibition of NK cell LFA-1
mediated conjugation and polarization of lytic granules to the
NKIS; these effects were caused by higher mobility of ICAM-
1/2 on target cells due to compromised association with the
cytoskeleton. Furthermore, actin polymerization was shown to
be crucial for MHC class I recruitment in dendritic cell (DCs)
targets during their interaction with NK cells, resulting in KIR
engagement and inhibition of NK cells. Inhibition of actin in DCs
results in increased IFNY secretion (Barreira da Silva et al., 2011).

Recently, work by Al Absi et al. (2018) demonstrated that
cytoskeletal remodeling in tumor targets can have drastic
ramifications on NK cell cancer surveillance. In this work,
breast adenocarcinoma cells were shown to initiate an “actin-
response” to NK cell conjugation. This response is characterized
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by substantial amounts of actin accumulation by the cancer cell at
the NKIS. Actin accumulation significantly protected the cancer
cell from NK-mediated cytotoxicity. One possible explanation for
escape from cell death is generation of a physical barrier that is
not permissive for lytic granules. Moreover, the actin response
in this study correlated with the epithelial to mesenchymal
transition of the breast cancer cells, and interestingly, it induced
the coalescence of HLA ligands and PD-L1 at the NKIS, possibly
shedding some light on an additional mechanism of escape
from NK cell surveillance, through clustering of inhibitory
checkpoint ligands.

In addition to this mechanism in cancer cells, previous work
demonstrated that alterations of cytoskeletal architecture through
viral infection can also down modulate NK cell effector function.
Stanton et al. (2014) showed that target cells infected with the
HCMYV pUL135 strain have dramatically altered cytoskeletal
morphology, characterized by cell rounding, loss of focal
adhesions, loss of actin stress fibers, loss of cell projections, and
an increase in cortical actin. These features severely inhibited NK
cell killing of target cells, specifically due to impaired conjugation
and IS formation. It is tempting to speculate that these changes
in target cell morphology decrease the mechanical characteristics
of the target cell, which were shown to significantly impact the
potentiation of cytotoxic T-cells (Basu et al., 2016).

A question that can be raised is how can NK cell effector
function be modulated through targeting actin dynamics? In
the study by Al Absi et al. (2018), targeting actin nucleation
factors such as N-WASp or Cdc42 in target cells restored NK cell
mediated cytotoxicity by inhibiting the cancer cell actin response.
We also previously showed that the centripetal flow of actin at
the inhibitory NKIS may affect the enzymatic activity of SHP-
1 (Matalon et al., 2018). Interestingly, NK cells stimulated on
stiff substrates are characterized by extremely reduced centripetal
flow, which may constrain SHP-1 activity, inducing chronic
NK cell activation (Matalon et al.,, 2018). Targeting NPFs to
modulate inhibitory checkpoint signaling may therefore provide
an additional strategy to modify NK cell activity. Furthermore,
work by the Davis group examined the effect of the drug
Lenalidomide on NK cell effector function against multiple
myeloma. Lenalidomide enhanced NK cell effector function by
reducing the periodicity of the actin mesh at the NKIS, facilitating
Iytic granule and cytokine secretion (Lagrue et al., 2015). In
addition to this study, Lagrue et al. (2015) showed that treating
B-cells with the monoclonal antibody Rituximab, which binds
CD20, results in recruitment of ICAM-1, moesin [a member of
the ERM family of proteins that links the cortical cytoskeleton
to the plasma membrane (Tsukita and Yonemura, 1999)], and
CD45 to the CD20 cap (Rudnicka et al., 2013). Rituximab also
induced MTOC polarization in B-cells. The polarization events
induced by rituximab treatment significantly increased NK cell
mediated ADCC. It is also possible that accumulation of adhesion
molecules, ERM proteins, and cytoskeletal components at the
membrane of target cells treated with rituximab provides a firm
substrate that more efficiently activates cytotoxic lymphocytes.
These data support findings that the cell tension of target cells
significantly potentiates cytotoxic T-cell activity (Basu et al,
2016). Therefore, development of treatments that can also

modulate the physical properties of target cells at the interface
with cytotoxic lymphocytes may be interesting to pursue.

THE ROAD AHEAD - UNLOCKING THE
RECIPROCAL ROLE OF THE
ACTO-MYOSIN MACHINERY ON
LYMPHOCYTE SIGNALING

There are several studies that raise the exciting possibility of acto-
Myosin dynamics directly influencing signaling in lymphocytes,
possibly through processes of mechanotransduction (Huse,
2017; Ben-Shmuel et al., 2019). Work from the Burkhardt lab
showed correlations between centripetal actin flow and levels of
tyrosine phosphorylation profiles of critical cytoplasmic signaling
molecules. A study by Babich et al. (2012) demonstrated that
actin retrograde flow sustains T-cell signaling through PLCyl,
leading to T-cell calcium flux and activation. Interestingly, the
same study demonstrated that ZAP-70 kinase phosphorylation
remained intact despite perturbations in actin retrograde flow,
demonstrating a selectivity that may be orchestrated by actin
remodeling. Furthermore, SLP-76 seems to be uncoupled from
actin dynamics, moving centrally at a faster velocity than the
observed ARF in the lamellum and cell body, raising the
possibility of differential regulation of signaling molecules and
clusters by the cytoskeleton. This may indicate that centralization
of SLP-76 relies on additional factors, possibly other cytoskeletal
components such as the microtubule network. Another work
by Jankowska et al. (2018) conducted in T-cells showed that
after LFA-1 and VLA-4 integrins engage with cognate ligands,
there is a dampening of actin retrograde flow associated with
abrogation of tyrosine phosphorylation downstream to TCR
engagement. Hence it is evident that there exists a complex
regulatory mechanism controlled through actin movement, in
addition to the roles of the cytoskeleton in assembly of signaling
complexes. An interesting possibility raised by the results of
Jankowska et al. (2018) is the induction of inhibitory tyrosine
phosphatase activity by cytoskeletal dynamics and substrate
mechanics. For example, we previously showed that F-actin
dynamics at the inhibitory NKIS may regulate the enzymatic
activity of SHP-1 (Matalon et al., 2018). Reduced F-actin
dynamics may promote SHP-1 binding to the cytoskeleton
and release it from auto-inhibition. Thus, by controlling
the phosphorylation and activation profile of key signaling
molecules through phosphatase function, the cytoskeleton could
potentially facilitate rapid differentiation between activating
and inhibiting target cells. Local actin reorganization at an
activating synapse may sequester SHP-1 pools, enabling their
simultaneous assembly and activity at inhibitory synapses.
Another possibility is that specific pools of SHP-1 that are
recruited independently of cytoskeletal rearrangement to ITIM
domains decrease cytoskeletal turnover at inhibitory synapses,
subsequently promoting the association of additional SHP-1
molecules to the cytoskeleton. Such a mechanism may promote
assembly of SHP-1: substrate complexes in a positive feedback
process promoting inhibition.
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Not much is known regarding how cytoskeletal assembly can
influence NK cell signaling intermediates, beyond cytoskeletal
function at the NKIS. As discussed earlier, the assortment of
signaling receptors at the NKIS is instrumental in determining
NK cell activity. One outcome of cytoskeletal regulation of surface
receptors on NK cells may be tuning of NK cell responses
in the context of education. NK cell education refers to the
process wherein NK cells are quantitatively primed by MHC-
I molecules during development and acquire the capacity to
elicit effector function. Guia et al. (2011) demonstrated that the
distribution of NK cell activating/inhibitory receptors confined
by the actin meshwork controls NK cell education. NK cell
education is believed to be primarily regulated by NK cell
exposure to inhibiting ligands, and depends on the strength
and number of NK cell inhibiting receptors and target cell
ligands (Orr and Lanier, 2010). Guia et al. (2011) showed that
activating and inhibitory receptors are confined together by the
actin cytoskeleton in hyporesponsive NK cells. Thus, the actin
cytoskeleton may abrogate activating signaling by organizing
activating receptors in the vicinity of inhibitory receptors. In
responsive NK cells, on the other hand, activating receptors
localize in nanodomains, thereby promoting favorable signaling,
whereas inhibiting receptors are confined in the actin meshwork.
Interestingly, Guia et al. (2011) found no significant differences
in the NK transcriptional program between educated and non-
educated cells. Thus, it remains unclear how ITIM bearing
receptors mediate the formation of this intricate architecture
through cytoskeletal regulation. Inhibition of the cytoskeleton
in this study diminished the confinement of NKp46 in hypo-
responsive NK cells; therefore, actin regulatory proteins may
differentially orchestrate receptor architecture, and these cues
might derive from ITIM signaling intermediaries such as SHP-
1/2. As mentioned earlier, higher expression and clustering
of KIR molecules favor the activation of SHP-1 which may
dephosphorylate and activate Crk (Kennedy et al., 2019). It is
interesting to consider that SHP-1-based signaling, which was
shown to regulate NK cell education (Viant et al., 2014), could
therefore mediate organization of receptors on educated cells
through effects on cytoskeletal regulators such as Crk.

It would also be interesting to explore whether other elements
that are involved in cytoskeletal regulation differ between the
subsets of educated and uneducated NK cells. For example,
moesin and a-actinin-1 control ICAM mobility in dendritic cells
and their expression increases in mature DCs (Comrie et al.,
2015b). It is possible that changes in the expression levels of
moesin and a-actinin-1 occur in NK cells throughout their
development, controlling NK cell education. This is in line
with studies that demonstrated effects of integrins on NK cell
education (Enqvist et al., 2015). Specifically, Enqvist et al. (2015)
showed that educated NK cells displayed higher concentrations
of DNAM-1 and LFA-1 in its high affinity conformation. This
implies that the actin network, and perhaps actin dynamics, tune
NK cell education by controlling integrin activity. Furthermore,
Thomas et al. (2013) showed that inside-out signaling to LFA-1
occurs only in educated NK cells, preserving their cytotoxicity,
as opposed to uneducated NK cells that lack proficient inside-out
signaling to LFA-1 integrin.

Additional evidence for cytoskeletal regulation of NK cell
education was recently shown by Staaf et al. (2018), who
demonstrated that the activating NKp46 receptor is more
diffuse and the inhibitory LY49A receptor is more confined to
microdomains at the surface of educated NK cells. Furthermore,
disrupting actin dynamics hampers NKp46 mediated calcium
flux in NK cells (Staaf et al., 2018). NKp46 dynamism, mediated
by cytoskeletal reorganization, may therefore enhance the
probability of engagement with ligands and increase the response
of NK cells. Still, it is unclear how education through MHC-I
orchestrates these processes. Once again, it is possible that ITIM-
dependent signaling primes NK cells through SHP-1 activation of
cytoskeletal regulators. This is also evident in studies conducted
in T-cells, in which SHP-1 was shown to promote adhesion
by dephosphorylation of CrkiII (Azoulay-Alfaguter et al., 2017).
These are all exciting concepts, as they may open a path to
re-sensitization of NK cells through cytoskeletal manipulation.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The cytoskeletal machinery has been established as an
indispensable element of NK cell function. NK cells rely on
efficient actin and microtubule dynamics, as well as Myosin
motor activity for most effector functions. Abnormalities
affecting actin turnover, Myosin motor function, and MTOC
polarization cause severe impairments in NK cell cytotoxicity
and migration, and thereby lead to various pathologies such as
primary immune deficiencies.

Multiple ground breaking studies utilizing advanced super
resolution microscopy resolved many questions regarding
the spatio-temporal organization of the cytoskeleton during
NK cell activation and inhibition, and how these different
actin morphologies facilitate specific effector functions.
These studies also emphasize the importance of receptor and
accessory/adhesion molecule architecture on the surface of NK
cells, and how it influences the activation threshold and possibly
the education state. Furthermore, classic biochemical analyses
and assays using specific cytoskeletal inhibitors, or evaluation
of NK cells from patients with primary immunodeficiencies
enhanced our knowledge regarding key signaling components
regulating the cytoskeleton in NK cells.

Important issues still require investigation. Most of the
signaling pathways leading to actin reorganization that were
described for T and B cells occur downstream to a single
dominant receptor. NK signaling pathways are more complex
due to the different constellations of activating or inhibiting
receptor co-ligation, and the interplay between surface co-
receptors that dictates NK cell stimulation. Much more
study is needed to understand how NK cell signaling is
tuned downstream to different receptor combinations (both
activating and inhibitory), and how these influence cytoskeletal
reorganization and receptor organization. In addition, we still
know little regarding how different cytoskeletal regulators,
namely NFs and NPFs play a role in shaping the architecture of
the NKIS and the nano-scale organization of surface receptors.
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Genetic modulation of such factors in NK cell lines and primary
NK cells may reveal their roles in coordinating the organization
of receptors on the NK cell surface and influencing their
activation states.

In recent years, it was shown that NK cells belong to
a larger family of ILCs that have unique tissue distribution
and function. NK cell heterogeneity is staggering, and it
will be a future challenge to uncover how the cytoskeleton
shapes the receptor organization and activity of distinct NK
cell subtypes during homeostasis and pathology. Since many
tissue-resident NK cells display a less cytotoxic phenotype,
it is likely that their cytoskeleton is regulated differently
and might arrange the architecture of surface receptors in
a unique manner. Furthermore, it will be interesting to
examine NK cytoskeletal dysfunction in diseases such as chronic
viral infection.

Finally, most studies in immune cells have focused on
how signaling proteins impact actin-based mechanisms, and
the consequent effect of the actin meshwork on immune cell
function. Only recently has the reciprocal integration and effect
of the cytoskeletal machinery on signaling cascades begun to be
investigated, specifically in the context of mechanotransduction.
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Mechanobiology is a critical frontier in the biomedical sciences. Across many of its fields a new
perspective is emerging to perceive the immune response as a single multi-scale super-organism
continuously interacting and interpreting the biochemical and biomechanical micro-environment.
Large numbers of immune cells communicate through a combination of chemical and mechanical
signals to organise and orchestrate their behaviour and function against an immunological threat.
However, disease often circumvents and even exploits mechanobiological features of this defence
machinery, highlighting the need to better understand the intimate coupling between biology
and mechanics.

Mechanical force underpins the immune response at the multi-scale (Fritzsche, 2020). While
almost all physical forces relevant to immune cell biology are practically restricted to the sub-
cellular level such as electrostatics (e.g., receptor ligand binding) and thermodynamics (e.g.,
molecule diffusion), biomechanics takes on a special importance as mechanical force influences
many functional features and behavior of immune cells over multiple scales in space and time
(Dumont and Prakash, 2014; Egan et al., 2015). Mechanics contributes to the dynamics of single
molecules, cells, tissues, and entire organisms (Blanchard and Adams, 2011; Chen and Zhu, 2013).
The effects on the biology result from contributions of mechanics that are combination of those
generated locally and those that influence from a distance. Importantly, both mechanical force and
mechanical properties differ at distinct spatio-temporal frequencies such as constant and oscillatory
forces, tension, or elasticity and viscosity (see Figure 1), respectively. For example, living cells can
be elastic, viscous, or visco-elastic depending on the spatial and temporal measurement frequency
(see Figure 1A). Adequate quantification promises thus a deeper understanding of the multi-scale
spatio-temporal coupling of biology and mechanics and its control over the immune response
(Fritzsche, 2020).

Central to the immune defense against an invading threat is a well-orchestrated sequence of
events carried out by specialized cells of the multi-scale super-organism of the immune system
(Chaplin, 2010). The Success of the process relies on the quality of the spatiotemporal organization
of the cellular responses in the tissue micro-environment of the host organism for instance against
cancer or an invading pathogenic threat (Swartz and Lund, 2012). Cytotoxic immune cells circulate
through tissue, track soluble cytokines and chemokines, respond to antigens, and kill diverse
immuno-targets (Andersen et al., 2006; Grivennikov et al., 2010). Among many of these events,
they involve a combination of biological and mechanical spheres of influence, as immune cells
continuously interact and interpret the physical surroundings (Colin-York et al., 2016; Schwarz,
2017). This environment is also mechanically diverse over scales of space and time. It is comprised
of different types of molecules, cells, and tissues (Needleman and Dogic, 2017). Mechanical
aspects of the tissue environment are known to influence both the function and behavior of cells
(Schwarz, 2017; Colin-York and Fritzsche, 2018). The complex multi-scale nature of mechanical
force may have evolutionary been the reason for immune cells to develop the ability to adjust their

Frontiers in Cell and Developmental Biology | www.frontiersin.org 33

February 2021 | Volume 9 | Article 612539


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.612539
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.612539&domain=pdf&date_stamp=2021-02-25
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:marco.fritzsche@kennedy.ox.ac.uk
https://doi.org/10.3389/fcell.2021.612539
https://www.frontiersin.org/articles/10.3389/fcell.2021.612539/full

Fritzsche

What Is the Right Mechanical Readout?

tension

Tensile stress 0 = F'/A

Tensile strain € = Al/l

= Al

h h

Normal force

stiffness

Axial stiffness k= E A/l

(E: elastic modulus)

FIGURE 1 | (A) Schematic of the T cell (left) and Target cell (right) interplay. (B) Explanation of the mechanical metric tension with tensile stress o in units of N/m? and
tensile strain & being dimenionless, and shear with shear stress ¢ in N/m?, as well as the elasticity with Youngst modulus E, which equals the ratio of stress over strain.
The stiffness of a material is given by EA/I. (C) Cells are elastic, viscous, or visco-elastic.

elastic

viscous

visco-elastic

N

»
Time

shear
Shear stress 7= F/A
E=o/e
A

F

Tangential force

o= Fe

own biomechanics to their physiological needs in response
to the ever-changing physical world. Strikingly, when cells
loose mechanosensation, the immune response is hampered to
robustly and/or reliably achieve its protective function, which has
been demonstrated for example during cell-cell interactions such
as activation and cytotoxicity (Huse, 2017; Kumari et al., 2019),
as well as during cellular interactions with the tumor micro-
environment (Mohammadi and Sahai, 2018; Majedi et al., 2020).
Consequently, this gives a special significance to mechanobiology
of being important for the understanding of the functioning of
the immune response as a whole in health and disease.

One of the most illustrative and visually impressive examples
for the impact of mechanobiology is the activation of T cells and
antigen presenting cells (APCs) (Chen and Zhu, 2013; Harrison
et al,, 2019). Micron-scale ruffles protruding from the T cell
initiate contact and binding between T cell receptors (TCRs) and
the APC’s peptide-loaded major hist-compatibility complexes
(pMHCs) (Fritz-Laylin et al.,, 2017; Fritzsche et al., 2017). In
the event of recognition and binding of pMHCs by a TCR,
the T cell rearranges, assisted by its cytoskeleton, the totality
of its metabolism, inner organelles, membrane, and its surface
receptors and ligands (English and Voeltz, 2013; Maciver et al.,
2013; Carlton et al., 2020). Strikingly, physical symmetry plays
a major factor in these re-arrangements, possibly because of
the need to balance and direct mechanical force between the
T cell and the APC (Sims et al., 2007; Dustin, 2009; Arsenio

etal,, 2015). Calcium release in response to TCR-pMHC binding
leads to the depolymerisation of microtubules, which in turn
facilitates the rearrangement of organelles such as the nucleus
and endoplasmic reticulum to the center of the T-cell body
volume (Joseph et al., 2014; Ilan-Ber and Ilan, 2019). Cytoskeletal
ruffles depolymerise and actin-rich lamellum and lamellipodium
polymerise at the contact between both cells. The lamellipodium
constantly propels freshly forming TCR clusters to the center of
the contact (Fritzsche et al.,, 2017), whose function is thought
to amplify the pMHC binding and recognition (Harrison et al.,
2019). At the interface between the T cell and the APC, the
immunological synapse (IS) takes shape involving a complex
spatio-temporal orchestration of receptors, positive and negative
co-stimulatory co-receptors, and integrins (Dustin, 2009). They
contribute in concert to the force balance between the T cell and
the APC. As antigens are processed at the IS, the T cell ensures
a mechanically stable and flat contact interface in the form of a
ramified actin network (Fritzsche et al., 2017). Visual inspection
suggested, that this network is shaped under mechanical tension
and held stable over time through the actively polymerising actin-
rich lamellipodium and its shear force producing actin retrograde
flow (Colin-York et al., 2019b). These interfacial processes are
further supported by mechanically active protrusions (Tamzalit
et al,, 2019). On one side of IS, the T cell constantly assembles
and disassembles short-lived actin foci facilitating and perhaps
ensuring localized contact between both cells (Kumari et al.,
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2019, 2020). On the other side of the interaction, the APC
forms mechano-transducing podosomes in the outer periphery
of the IS (Malinova et al., 2016), which may serve to monitor
the mechanical stiffness at the contact interface. The mechanical
properties of the cytoskeletal actin architectures and protrusions
are also time-dependent with distinct viscosities depending on
the observation frequency, because they and their crosslinkers
are constantly turning over (Fritzsche et al.,, 2016; Gat et al.,
2020). Loss of symmetry at the IS, and thus loss of mechanical
force balance at the contact, has been demonstrated to influence
instability and success of immune cell activation (Sims et al.,
2007; Lee et al., 2017). These outlined processes are further
underpinned by dynamic molecular changes in the nanoscale
organization and turnover of actin filaments in the actin cortex
and lamellipodium as a function of the antigen affinity (Billadeau
etal., 2007; Colin-York et al., 2019b; Wahl et al., 2019), suggesting
mechanical feedback on multiple length- and time-scales. Over
the years, a multitude of measurements in the study of immune
cell activation reported the importance of different mechanical
metrics such as stiffness, tension, shear, and structural integrity,
highlighting the diversity of current mechanical quantifications
(Figure 1B) (Egan et al., 2015).

Together, having uncovered the presence of a variety of
length- and time-scale dependent mechanical force regimes
and properties during immune cell activation (Pageon et al.,
2018), and moreover, knowing that T cells and APCs integrate
a variety of mechanical readouts (Jain et al, 2019), leads to
the question what mechanical measurements are necessary
and sufficient to understand the mechanobiology of the
immune response? More specifically, how do these mechanical
signatures couple and feed into biology over space and time,
and are thus integrated into cellular function and behavior
(Harris et al., 2018)? To add further complexity to this
picture, the T cell-APC interplay is usually not insulated
but maintains processes of continuous communication
and interpretation of the surrounding biochemical and
biomechanical micro-environment. Consequently, without
understanding comprehensively the dynamic relationship of
these processes, it is challenging to determine the biological
significance of mechanobiology in health and disease.

Hence, a grand challenge for the understanding of
mechanbiology is the determination of the right mechanical
readout. Ideally, from the theoretical physics point of view,
one aims for a full quantitative parametrisation of the desired
biological phenomena, which ultimately comes down to
identification and determination of a well-defined control
parameter (Bechhoefer, 2005). The determinant at which
biomechanics regulates behavior and/or function of the
immunological process of interest. The prospect of knowing
the one (or the many) mechanical control parameter(s) against
all other system parameters is of particular importance in the
context of stability of the biological function (Bechhoefer, 2005;
McEvoy, 2018). For example the stability of IS formation could
be regulated through changes in mechanical feedback between
the T cell and the APC (Harrison et al., 2019). Stability of such a
biological feature is mathematically determined by the so-called
eigenmodes of its stability matrix, which grow or shrink when
the control parameter for example mechanical feedback changes

(Bechhoefer, 2005). Crucially, while experimentally, changes in
different mechanical parameters could be observed throughout
a biological process (Dumont and Prakash, 2014; Egan et al,,
2015), only the determination of the biological control parameter
aids to the understanding of the biological mechanisms and
concepts being at play (McEvoy, 2018). In other words, one
may observe quantitative changes in mechanical metrics such as
stiffness and/or tension but in practice misinterpret the observed
phenomena, let it be for example mechanical feedback during
IS formation, if the control parameter feedback has not been
correctly identified and parameterized.

FUTURE PERSPECTIVE

How to then find the right mechanical readout? The answer
to this question is not trivial and practically challenging for
many biological systems due to the numerous molecular players
involved, the number and complexity of their interactions, but
probably mostly due to a broad lack of quantitative technology
with the right sensitivity (Polacheck and Chen, 2016; Roca-
Cusachs et al., 2017).

Over the last 10 years, recent advances in quantitative
technology have enabled the spatio-temporal sensitivity
demanded by the immune response drawing a promising
perspective for the future. These new methodologies will enable
a complete quantitative characterization of biological processes
to the best of the experimentalists abilities allowing the full
parameterization of theoretical physics descriptions (McEvoy,
2018). For this, a variety of different technologies are needed to
quantify correlatively or co-incidentally the mechanical setting
with the sensitivity demanded by the biology of interest. We and
others have spent significant efforts in evolving the sensitivity
of traction force microscopy, probably the most widely applied
force quantification methodology, which offers the simultaneous
quantification of mechanical force production and the dynamics
of cells (Colin-York and Fritzsche, 2018; Colin-York et al,,
2019a; Stubb et al., 2020; Vorselen et al., 2020). More recent
efforts of combining different types of quantitative simultaneous
measurements hold the promise to achieve a more complete
understanding of how biomechanics feeds into immune cell
physiology of the immune response (Skamrahl et al, 2019;
Hobson et al., 2020; Moreno-Flores, 2020; Nelsen et al., 2020).
Quantifying the mechanical settings of the immune response in
full utilizing methodologies with the right sensitivity may thus
be the route to enable broad recognition of mechanobiology in
health and disease.
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Immune cells process a myriad of biochemical signals but their function and behavior
are also determined by mechanical cues. Macrophages are no exception to this.
Being present in all types of tissues, macrophages are exposed to environments of
varying stiffness, which can be further altered under pathological conditions. While
it is becoming increasingly clear that macrophages are mechanosensitive, it remains
poorly understood how mechanical cues modulate their inflammatory response. Here
we report that substrate stiffness influences the expression of pro-inflammatory genes
and the formation of the NLRP3 infammasome, leading to changes in the secreted
protein levels of the cytokines IL-1f and IL-6. Using polyacrylamide hydrogels of
tunable elastic moduli between 0.2 and 33.1 kPa, we found that bone marrow-derived
macrophages adopted a less spread and rounder morphology on compliant compared
to stiff substrates. Upon LPS priming, the expression levels of the gene encoding
for TNF-a were higher on more compliant hydrogels. When additionally stimulating
macrophages with the ionophore nigericin, we observed an enhanced formation of
the NLRP3 inflammasome, increased levels of cell death, and higher secreted protein
levels of IL-18 and IL-6 on compliant substrates. The upregulation of inflammasome
formation on compliant substrates was not primarily attributed to the decreased
cell spreading, since spatially confining cells on micropatterns led to a reduction of
inflammasome-positive cells compared to well-spread cells. Finally, interfering with
actomyosin contractility diminished the differences in inflammasome formation between
compliant and stiff substrates. In summary, we show that substrate stiffness modulates
the pro-inflammatory response of macrophages, that the NLRP3 inflammasome is one
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of the components affected by macrophage mechanosensing, and a role for actomyosin
contractility in this mechanosensory response. Thus, our results contribute to a better
understanding of how microenvironment stiffness affects macrophage behavior, which
might be relevant in diseases where tissue stiffness is altered and might potentially
provide a basis for new strategies to modulate inflammatory responses.

Keywords: innate immunity, macrophages, mechanosensing, substrate stiffness, NLRP3 inflammasome, ASC,

actomyosin contractility

INTRODUCTION

Macrophages are innate immune cells responsible for engulfing
microbes and cell debris and orchestrating inflammatory
responses to maintain tissue homeostasis. While patrolling within
different organs and tissues, macrophages are exposed not only
to multiple biochemical signals but also to mechanical cues,
including tissue stiffness. For instance, microglia residing in the
human brain are exposed to shear moduli of a few hundred
Pa (Sack et al., 2008; Christ et al., 2010; Elkin et al., 2010),
alveolar macrophages in the lung to a Young’s modulus of 2 kPa
(Booth et al., 2012), macrophages within dermal tissue to shear
moduli of 7-100 kPa (Wang et al., 2017) and bone osteoclasts
face a Young’s moduli in the GPa range (Mirzaali et al., 2016).
Moreover, pathological disorders such as tumors (Emon et al,,
2018) or tissue fibrosis (Wells, 2013) can also promote changes
in the stiffness range these and other immune cells encounter.

It is becoming increasingly clear that macrophages respond
to mechanical cues (McWhorter et al, 2013; Moshayedi
et al, 2014; Ip and Medzhitov, 2015; Jain and Vogel, 2018;
Li et al, 2018), but although considerable efforts have
been made to understand how microenvironment stiffness
influences macrophage phenotype and function, the data
are inconclusive. Some studies suggest that stiffer substrates
upregulate macrophage pro-inflammatory responses and
polarize them towards an M1 phenotype (Blakney et al., 2012;
Previtera and Sengupta, 2015; Okamoto et al., 2018; Hsich
et al., 2019; Sridharan et al., 2019), while others show that
more compliant materials enhance their pro-inflammatory
behavior (Adlerz et al., 2015; Scheraga et al., 2016; Gruber
et al., 2018). Parameters such as the stiffness range, the adhesive
ligand, the activation stimulus and the specific cell type used
vary across the different studies and all these factors could
influence the results. It is clear that further research is required
to dissect how substrate stiffness modulates the behavior of
macrophages and how this impacts on their ability to induce
inflammatory responses.

Inflammasomes are one of the key elements required for
the processing and release of the major pro-inflammatory
cytokines IL-1p and IL-18 (Martinon et al., 2002; Dinarello, 2011;
Kaplanski, 2018). They are multimeric complexes comprised
by a characteristic pattern-recognition receptor (PRR) that
acts as sensor protein, the adaptor protein apoptotic speck-
like protein containing a caspase recruitment domain (ASC)
and the effector pro-caspase-1. Different PRRs can assemble
different inflammasomes in response to a variety of exogenous
and endogenous danger signals (Malik and Kanneganti,
2017). Among them, the nucleotide oligomerization domain

(NOD)-like receptor (NLR) family member NLRP3 reacts
to several substances such as the K' ionophore nigericin,
extracellular adenosine triphosphate (ATP) or monosodium
urate crystals (MSU) (Mariathasan et al., 2006; Martinon et al.,
2006). For the NLRP3 inflammasome to become canonically
active, two steps are required. First, a priming signal is necessary
to activate the transcription factor NFkB. Several danger
molecules containing pathogen-associated molecular patterns
(PAMPs) and endogenous damage-associated molecular patterns
(DAMPs) engage with specific PRRs (Takeuchi and Akira, 2010).
These respond by activating downstream signaling pathways
that trigger the activation of NFkB and its translocation into
the nucleus, where it promotes the transcription and translation
of cytokines such as TNF-a, IL-6, pro-IL-18 and pro-IL-18
(Dorrington and Fraser, 2019), and the synthesis of other
inflammation-related proteins, including NLRP3 (Bauernfeind
et al.,, 2009). After priming, a second danger stimulus triggers
the oligomerization of NLRP3 and the recruitment of ASC
and pro-caspase-1 to form an inflammasome (Agostini et al.,
2004). Finally, this causes the activation of caspase-1, enzyme
that cleaves pro-IL-1B and pro-IL-18 into their biologically
active forms (Agostini et al., 2004) and simultaneously promotes
pyroptotic cell death via cleavage and maturation of the pore-
forming protein gasdermin D (GSDMD) (Liu et al, 2016).
The induced pyroptosis enhances the secretion of cytokines
and facilitates the release of intracellular danger molecules to
potentiate the response of neighboring cells (Evavold et al., 2018).

Although extensive research has been done to understand
which biochemical signals modulate inflammasome activation
(Swanson et al., 2019), little is known about how mechanical
cues could influence its formation. Recent work indicates that
biophysical signals could also modulate inflammasomes (Ip and
Medzhitov, 2015; Maruyama et al., 2018) and, importantly, it has
been shown that mechanotransducers such as the cytoskeleton
components F-actin and microtubules may play an important
role as regulators of inflammasome assembly (Man et al., 2014;
Burger et al., 2016; Magupalli et al., 2020). Despite that, whether
substrate stiffness has an impact on macrophage inflammasome
formation remains unknown.

Here, we use polyacrylamide hydrogels of varying elastic
moduli to investigate how substrate stiffness modulates the
pro-inflammatory response of macrophages and influences
the activation of the NLRP3 inflammasome. Bone marrow-
derived macrophages cultured on substrates with a Youngs
modulus of 0.2 kPa adopted a radically different morphology
from macrophages grown on 33.1 kPa polyacrylamide gels,
exhibiting lower spreading area and higher circularity, with less
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extended processes but numerous ruffles and folds displayed
on the cell surface. Despite not notably affecting most of
their pro-inflammatory gene expression patterns, upon LPS
priming and nigericin stimulation the more compliant hydrogels
enhanced NLRP3 inflammasome assembly, pyroptosis onset
and secretion of the cytokines IL-1f and IL-6. Limiting
cell spreading through a micropatterning approach revealed
that reduced cell area alone could not explain the enhanced
inflammasome activation observed on lower substrate stiffness.
In contrast, inhibiting myosin activity diminished the differences
in inflammasome formation induced by varying substrate
compliance. Together, these findings reveal the influence of
substrate stiffness on the formation of the NLRP3 inflammasome
and on its downstream effects and suggest a role of actomyosin
contractility in mediating the integration of mechanical cues into
the macrophage inflammatory machinery.

RESULTS

Substrate Stiffness Modifies
Macrophage Morphology

To investigate the effect of substrate stiffness on macrophages, we
cultured murine bone marrow-derived macrophages (BMDMs)
on flat polyacrylamide hydrogels of different rigidity but
comparable adhesive RGD coating. We started testing three
different stiffnesses with a mean Youngs moduli of 0.2, 14.3,
and 33.1 kPa (Figure 1A). These stiffnesses encompass the
different elastic moduli values found in the bone marrow, from
0.1 kPa in the central part and more vascularized areas to a
range of 30-100 kPa near the bone surface (Ivanovska et al.,
2017). After culturing BMDMs on the gels for 14-18 h, they
were well adhered to the material in all conditions and their
viability was above 85% (Figures 1B, 3E). In line with previously
reported observations (Blakney et al., 2012; Patel et al., 2012;
Adlerz et al., 2015; Hsieh et al., 2019; Sridharan et al., 2019; Xing
et al., 2020), imaging F-actin revealed that while macrophages
on more compliant polyacrylamide remained rounder and less
spread, cells on stiffer substrates displayed a significantly larger
area, longer processes and higher actin density in some clusters
(Figures 1D-F). When quantifying their morphological features,
we also determined that, compared to the most compliant
gel (0.2 kPa), macrophages on the stiffest substrate (33.1 kPa)
had a 229% higher mean spreading area, a 202% bigger mean
perimeter and 57% lower mean circularity (Figures 1D-F).
Therefore, the stiffer the substrate, the higher the spreading area
and perimeter, and the lower the cell circularity. Out of the
different hydrogel stiffnesses, for the remainder of the study we
decided to use the most compliant (0.2 kPa) and the stiffest
(33.1 kPa) materials because they were the most distant from
each other and they consistently and substantially influenced
macrophage morphology. To better observe whether the cells
adopted different morphological features, we also acquired
images of the macrophages on the hydrogels using scanning
electron microscopy. Cells on 0.2 kPa gels had considerably more
membrane ruffles and folds than cells on 33.1 kPa substrates,

where the increased spreading was associated with a smoother
plasma membrane (Figure 1C).

Substrate Stiffness Influences
Pro-Inflammatory Behavior of
Macrophages

To study their pro-inflammatory response, we primed the
BMDMs with lipopolysaccharide (LPS), a molecule present in the
wall of gram-negative bacteria. LPS activates toll-like receptors
(TLRs) present in the macrophage cell membrane and triggers
downstream signaling cascades that promote the transcription
of pro-inflammatory genes. We first assessed whether the
morphological differences caused by varying substrate stiffness
persisted after macrophage priming. After treatment with LPS
for 4.5 h, we observed similar relative differences between the
compliant and stiff conditions as in the non-primed macrophages
(Figures 2A-D). Nevertheless, when compared to unstimulated,
LPS-primed cells became larger on both substrates. On 0.2
kPa gels, LPS-treated macrophages had an 83% larger area, an
85% longer perimeter and a 40% lower circularity compared
to untreated controls. On 33.1 kPa stiff substrates, they were
only 38% more spread, had an 8% longer perimeter but similar
circularity. The LPS-induced increase in spreading area and
perimeter and the decrease in circularity were more notable in the
cells cultured on the compliant than on the stiffer substrate. As
previously reported (Jain and Vogel, 2018), LPS tends to promote
cell spreading and, since macrophages were already well spread
on the stiff gels before their priming, it seems logical that we
detected more pronounced changes in the 0.2 kPa gels.

Next, we investigated whether substrate stiffness influences
the expression levels of several pro-inflammatory genes after
LPS priming via quantitative RT-PCR. In absence of LPS, the
expression of the analyzed pro-inflammatory genes (Tnf-a, II6,
Il1b, Nos2, Tir2, Tir4, Cxcl2, and Cxcl9) was minimal except
for Tlr4 and there were no differences between macrophages
cultured on 0.2 kPa and 33.1 kPa hydrogels (Figure 2E and
Supplementary Figure S1). As expected, after LPS priming most
of the gene expression levels were significantly increased and,
interestingly, when comparing the two stiffnesses we detected
a significantly higher expression higher expression of Tnf-u
on the more compliant gels. Despite not being statistically
significant, also the genes encoding for the cytokines Il6 and
Il1b were following a similar trend, and the receptor TIr2 and
the chemokine Cxcl2 were also upregulated on more compliant
substrates. No differences in the expression of Nos2, Tlr4, and
Cxcl9 were detected.

While substrate stiffness did not strongly alter pro-
inflammatory gene expression, we decided to assess whether
it influenced the synthesis and release of the cytokines IL-6
and IL-1B. Priming with LPS alone is sufficient to induce
the production and secretion of IL-6, so we quantified its
concentration after 4.5 h of treatment. When macrophages
were cultured on compliant gels, we detected on average an
11% higher concentration of secreted IL-6 in the supernatant
(Figures 3A,C,D). To secrete IL-18, macrophages need to be not
only primed with LPS but also provided with a second stimulus
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FIGURE 1 | Substrate stiffness affects the morphology of macrophages. (A) Young’s moduli of the three different polyacrylamide 2D hydrogels used as cell substrate
obtained by AFM. The mean + SD was 0.18 + 0.04 kPa for the compliant, 14.32 + 4.54 kPa for the intermediate, and 33.07 + 4.55 kPa for the stiff gel.

(B) Representative confocal microscopy images of fluorescent BMDMs cultured on the different gels for 14-18 h. Nuclei shown in blue (DAPI) and F-actin in magenta
(phalloidin-TRITC). Enlarged examples of cells of each condition are displayed in the insets. Scale bars, 50 wm. (C) Scanning electron micrographs of BMDMs on the
compliant and stiff gels cultured as in (B). Scale bars on top, 50 um, and bottom, 20 um. (D-F) Quantification of the cell area (D), perimeter (E), and circularity (F)
from images taken under the same conditions as (B). In all plots, each dot represents a cell and the black bars indicate mean + SEM. The number of analyzed cells
was 1117 for compliant, 771 for intermediate and 629 for stiff; data were obtained from 3 independent experiments done with cells from three different mice.
Statistical analysis was performed using a Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis to obtain the multiple comparison p-values. ****p < 0.0001.
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that triggers the final maturation and release of the cytokine. In
this study, we employed nigericin: a potent Kt efflux inducer
that triggers the formation of the NLRP3 inflammasome. This
large multiprotein complex mediates the final processing of
IL-1B, which is then secreted outside the cell (Martinon et al.,
2002; Agostini et al., 2004). Following the same trend as with
IL-6, we found that after 1.5 h nigericin stimulation macrophages
on 0.2 kPa hydrogels consistently secreted higher amounts of
IL-1B, representing a mean 44% increase over macrophages on
33.1 kPa hydrogels (Figures 3B-D).

Since nigericin treatment also triggered the onset of pyroptotic
cell death, we expected that the higher IL-1p release would be
associated with increased cell death. For this reason, we also
assessed cell viability by measuring LDH release (Figures 3C,E
and Supplementary Figure S2). Before macrophage priming
and activation, we did not find a significant difference between
both stiffnesses. After 90 min of incubation with nigericin,
however, we detected that macrophage viability was significantly
lower when stimulated while being cultured on the 0.2 kPa

polyacrylamide, indicating that pyroptosis was increased on the
compliant gels (Figures 3C,E). While this difference was also
detectable after 60 min and 6 h of initiating the nigericin
treatment (Supplementary Figure S2), we kept using the 90 min
timepoint for the rest of the study because at this point the
macrophage pyroptotic response was robust enough but still
submaximal. Collectively, these data show that substrate stiffness
influences pro-inflammatory cytokine secretion and suggest that
the upstream signaling events leading to cytokine maturation and
release may become enhanced when macrophages are cultured on
a more compliant substrate.

According to this hypothesis, we tested whether substrate
stiffness influenced the formation of the NLRP3 inflammasome,
which is the corresponding inflammasome activated by
the nigericin-induced K* efflux. We imaged macrophage
inflammasomes by immunostaining for the linker protein
ASC after the same stimulation treatment. ASC is the protein
linking NLRP3 and pro-caspasel, three proteins that, upon K*
efflux, cluster together forming a 1-pm structure that can be
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done with different animals. Statistical analysis was performed using a Mann-Whitney test. ****p < 0.0001. (E) Relative gene expression levels of pro-inflammatory
genes in non-treated macrophages and in cells primed with 100 ng/ml of LPS for 6 h. Normalized data are presented as heatmaps (see Supplementary Figure S1

easily identified in fluorescence images (Figure 3F). Cells that
have an assembled inflammasome and triggered the onset of
pyroptosis tend to progressively reduce their cell area, which
we could especially distinguish on the better spread cells on
stiff gels (Supplementary Figure S3). Besides ASC-positive
specks, we also observed some decreased levels of F-actin,
indicating the impairment of the actin cytoskeleton caused by
the activation of the pyroptotic machinery. By determining the
ratio of ASC-positive specks to cell number after 90 min of
nigericin stimulation, we found that macrophages on 0.2 kPa
gels displayed 4 times more ASC specks than macrophages on
33.1 kPa (Figure 3G). This strongly indicates that the assembly
of the NLRP3 inflammasome is upregulated in cells on more
compliant substrates. Altogether, our data show that more
compliant substrates enhance the assembly of macrophage

NLRP3 inflammasomes, the secretion of the pro-inflammatory
cytokines IL-1p and IL-6 and the release of the pyroptotic marker
LDH, suggesting that substrate stiffness may modulate the
formation of the inflammasome and the downstream activation
of the pyroptotic machinery.

Inhibiting Myosin but Not Limiting Cell
Spreading Suppresses Stiffness-Induced

Differences in Inflammasome Formation

We first hypothesized that the distinct cell spreading we
had observed on compliant and stiff gels could serve as a
mechanosensory element directly involved in modulating the
inflammatory response of macrophages. To test if spreading
alone affects inflammasome formation, we analyzed as above
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FIGURE 3 | Macrophage pro-inflammatory response is upregulated by more compliant substrates. (A,B) Quantification of the protein levels of the cytokines IL-6 (A)

and IL-1B (B) secreted by macrophages on compliant and stiff polyacrylamide hydrogels via ELISA. BMDMs were cultured for 14-18 h on the hydrogels, primed with

100 ng/ml LPS for 4.5 h and stimulated with 10 wM nigericin for 1.5 h. IL-6 supernatants were collected after LPS priming, for IL-1p after nigericin treatment. Results
(Continued)
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FIGURE 3 | Continued

of one representative experiment are shown (mean + SEM), each dot represents one replicate. All experiments were independently repeated three times using cells
from three different mice and with similar results. (C) Scheme of the experimental treatment applied in (A=G). (D) Heatmap of the IL-6 and IL-1p cytokine
quantification performed as described in (A,B). Each square represents an independent experiment. Statistical analysis was performed using a 1D linear mixed model
and p-values were determined by a likelihood ratio test. ***p < 0.001. (E) Assessment of cell viability after macrophage priming and stimulation. Cell viability was
determined by LDH assay for untreated control BMDMs cultured on gels and for macrophages treated as described in (A,B). Mean + SEM are shown and each dot
represents a replicate obtained from three independent experiments. Statistical analysis was performed using a 1D linear mixed model and p-values were determined
by a likelihood ratio test. ***p < 0.001. (F) Representative confocal microscopy images of fluorescent ASC specks as a measure of inflammasome formation.
BMDMs cultured on the different gels for 14-18 h, primed and stimulated as in (A,B). Nuclei shown in blue, F-actin in magenta and the inflammasome linker protein
ASC in yellow. Gray arrowheads indicate ASC specks, markers of inflammasome assembly. Insets display higher magnification examples of cells on each stiffness.
Scale bars, 50 um. (G) Quantification of the ratio of ASC specks to cell number. Mean + SEM are shown and each dot indicates one of the different replicates
obtained from three independent experiments. The total number of cells analyzed was 4327 (compliant hydrogels) and 5030 (stiff hydrogels). Statistical analysis was

performed using a 1D linear mixed model and p-values were determined by a likelihood ratio test. ns, not significant, **p < 0.01, **p < 0.001, ***p < 0.0001.

ASC specks, this time limiting the macrophage spreading area.
Therefore, we cultured BMDMs on fibronectin-coated round
islands with a diameter of 20 wm micropatterned on a glass
substrate (Figure 4A). The adhesion area of each island was
314 wm?, resembling the mean spreading area of macrophages
on compliant hydrogels (Figure 1D). Confined macrophages
were compared to unconfined cells cultured on the same glass
substrate functionalized with non-micropatterned fibronectin
(Figure 4A). Surprisingly, after nigericin stimulation confined
macrophages had on average significantly less ASC specks than
macrophages grown in an unconfined area (Figure 4B). Limiting
cell spreading under these conditions did not recapitulate what
we had observed on the compliant hydrogels since it did
not enhance inflammasome formation but actually reduced it.
Therefore, cell spreading alone does not seem to be the element
positively modulating the increased response of macrophages on
softer substrates.

Given that the conformation of the F-actin cytoskeleton in
BMDMs is also altered by substrate stiffness and actomyosin is
involved in mechanosensing (Elosegui-Artola et al., 2018), we
decided to investigate whether actomyosin contractility could
play a role as a mechanotransducer in the context of macrophage
pro-inflammatory activation. To this end, we primed and
stimulated macrophages under the effect of blebbistatin, a non-
muscle myosin II inhibitor, and Y-27632, which blocks the
activity of ROCK1 and ROCK2 (Figures 4C,D). Compared to
the DMSO control, cells incubated with 10 WM blebbistatin did
not show notable changes in their morphology (Figure 4C and
Supplementary Figure S4), as also noted in Jain and Vogel
(2018). Nevertheless, when using 10 WM Y-27632, macrophages
qualitatively appeared thinner and formed some elongated
processes, a change that could be especially perceived when
imaging the cells treated with nigericin on stiff substrates. After
quantifying inflammasome formation we first observed that
when growing macrophages on 0.2 kPa gels, both blebbistatin and
Y-27632 reduced the ratio of ASC specks (Figure 4E). On the
other side, when cultured on 33.1 kPa substrates there were no
differences to the DMSO control. When comparing the data of
the two substrate stiffnesses under the effect of the each inhibitor,
it was particularly interesting to note that blebbistatin greatly
diminished the differences between the compliant and stiff gels.
In contrast, inhibiting ROCK did not seem to balance out the
differences induced by culturing macrophages on substrates of
different stiffness. These data indicate that inhibiting actomyosin

contractility with blebbistatin had a significant impact on
the enhanced ability of macrophages to assemble the NLRP3
inflammasome on more compliant substrates, decreasing the
inflammasome formation rate and equalizing it to the one on
stiffer gels. Altogether, these results suggest that actomyosin
contractility may be an element involved in the integration of
substrate stiffness as a modulatory parameter of macrophage
inflammasome formation.

DISCUSSION

It is becoming increasingly clear that macrophages respond to
mechanical cues and that biophysical stimuli such as interstitial
fluid flow (Li et al., 2018), hyperosmotic shocks (Ip and
Medzhitov, 2015) or the modification of cell shape (McWhorter
etal., 2013) can have an impact on their phenotype and function.
In the present study, we explored the mechanosensitive response
of macrophages by exposing BMDMs to substrate stiffness in
the range of 0.2 to 33.1 kPa. Our results indicate that more
compliant substrates increase the sensitivity of BMDMs to
pro-inflammatory stimuli, enhancing inflammasome formation,
pyroptosis onset and cytokine release, and that this might be
mediated through actomyosin contractility.

The culture of macrophages on substrates of varying stiffness
affected several morphological parameters including spreading
area, circularity and membrane topography. This is in line
with what most previous studies have shown in several stiffness
ranges and different macrophage cell types, including murine
BMDMs (Hsich et al., 2019), RAW 264.7 murine cells (Blakney
etal,, 2012; Patel et al., 2012), THP-1-differentiated macrophages
(Sridharan et al., 2019; Xing et al., 2020) and human monocyte-
derived macrophages (Adlerz et al, 2015). We report that
BMDMs on 0.2 kPa polyacrylamide substrates upregulated
their pro-inflammatory response when compared to the 33.1
kPa hydrogels. Despite not observing major changes in the
expression of pro-inflammatory genes, upon LPS priming and
nigericin stimulation we detected higher secretion levels of IL-
6 and IL-1B on the most compliant hydrogels. Several studies
using polyacrylamide gels within a similar stiffness range also
reported an enhanced secretion of pro-inflammatory cytokines
on more compliant substrates. For instance, Scheraga et al.
(2016) cultured BMDMs on fibronectin-coated polyacrylamide
gels with a Young’s modulus between 1 and 25 kPa. Upon LPS

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 639815


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Escolano et al. Stiffness Modulates Macrophage NLRP3 Inflammasome

A B I 60 A
§ *okk
g 50+ .
£
3
[
i 1
0]
(]
2 o
2 30
(%]
g L]
w
O 20
W) °
<
k]
Y ® o 10
20 pm const. Unconst. b=
-4
0
20 um Unconst.
o D
0.2 kPa 33.1 kPa ) ,
Inhib 1h LPS4.5h Nig1.5h
o —
ASC specks
O
(%) E
=
[a] 70 = ksk ok
ns
e ] sk sk k
X
e 60 *
g i KKKk ns
£ °
3 50 - e
[= °
= =
S o) 1 °
5 S
-_g 3 40 + o ° ns
2 e ] ° ns ns
o ~ ° ° o
(] () (]
O 304 [e ]| °
o
("] | °
8 °
< 20 o :
Y= o
[5) J
N L] .. °
™ (] o 0%
0 S 10 : 1
~ I | o |
5! o ] o
> .

DMSO Blebb. Y-27632 DMSO Blebb.Y-27632

0.2 kPa 33.1kPa

FIGURE 4 | Inhibiting myosin but not limiting cell spreading diminishes the differences induced by stiffness on inflammasome formation. (A) Representative confocal
microscopy images of inflammasome formation under cell confinement. BMDMs were cultured on fibronectin-coated circular islands micropatterned on a glass
substrate with a diameter of 20 wm. Unconfined cells were grown on fibronectin-coated glass coverslips growing in an unconfined manner. After 14-18 h of culture,
they were primed with 100 ng/ml LPS for 4.5 h and stimulated with 10 wM nigericin for 1.5 h. Nuclei shown in blue, F-actin in magenta and ASC in yellow. Scale bar,
20 pwm. (B) Quantification of the ratio of ASC specks to cell number. Mean + SEM are shown and each dot indicates an independent experiment done with BMDMs
from different mice. The total number of cells analyzed was 1560 for the 20 wm confined and 1524 for the unconfined adhesion area. Statistical analysis was
performed using a 1D linear mixed model and p-values were determined by a likelihood ratio test. ****p < 0.0001. (C) Representative confocal microscopy images
of inflammasome formation under actomyosin inhibition. BMDMs cultured on hydrogels for 14-18 h were pretreated with either 1:1700 DMSO as a control, 10 uM
blebbistatin or 10 uM Y-27632 for 1 h. Keeping the respective inhibitor molecules, cells were then primed with 100 ng/ml LPS for 4.5 h and stimulated with 10 pM
nigericin for 1.5 h. Nuclei shown in blue, F-actin in magenta and ASC in yellow. Scale bar, 20 pm. (D) Scheme of the experimental treatment applied in (C,E). (E)
Quantification of the ratio of ASC specks to cell number. Mean + SEM are shown and each dot indicates one of the different replicates obtained from three
independent experiments. The total number of cells analyzed was, for compliant gels, 4673 (DMSO), 3528 (blebbistatin) and 5182 (Y-27632); and for stiff gels, 4859
(DMSO0), 5447 (blebbistatin), and 5214 (Y-27632). Statistical analysis was performed using a one-way ANOVA followed by Bonferroni’s post hoc analysis to obtain
the multiple comparison p-values. ns, not significant, “p < 0.05, **p < 0.001, ***p < 0.0001.
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priming, they detected higher concentrations of IL-1p on their
most compliant gels and, interestingly, they detected higher levels
of the anti-inflammatory cytokine IL-10 on the stiffer material.
Using the same type of gels, cells, and stimulus, Gruber et al.
(2018) reported that BMDMs released higher amounts of the pro-
inflammatory cytokine TNF-a on 1 kPa substrates than on 20
and 150 kPa hydrogels. In this case, though, the concentration of
IL-10 was higher on the compliant substrates. In line with that,
Patel et al. (2012) cultured RAW 264.7 macrophages on poly-
D-lysine (PDL)-coated polyacrylamide gels between 1 and 150
kPa and quantified that the lower the stiffness, the higher the
secretion of the TNF-a upon LPS challenge. Additionally, some
recent reports point out that higher stiffness could promote a shift
from M1 to M2-like phenotype. Carnicer-Lombarte et al. (2019)
tested the influence of different PDL-coated polyacrylamide gels
in the phenotype of BMDMs, detecting higher levels of M1-like
genes on 1 kPa gels and higher levels of M2-like genes on 50
kPa materials. And recently, Xing et al. (2020) described that
when THP-1 macrophages were cultured on collagen-coated PAA
hydrogels between 6 and 16 kPa, the stiffer substrates promote
higher expression of M2 markers.

In contrast, there are other reports stating that stiffer
microenvironments are the ones upregulating macrophage pro-
inflammatory behavior (Blakney et al., 2012; Previtera and
Sengupta, 2015; Okamoto et al., 2018; Hsieh et al, 2019;
Sridharan et al., 2019). For example, Previtera and Sengupta
(2015) exposed BMDMs to polyacrylamide gels ranging from
0.3 to 230 kPa and after LPS treatment they detected higher
concentrations of secreted IL-18, TNF-a and NO on stiffer
substrates. This discrepancy in the response of macrophages
across different studies might be caused by the choice of different
cell lines, adhesion protein, its coating density or the type of
stimulatory challenge. In the present study we should note that
we collected the samples to quantify IL-6 only after 4.5 h of
LPS priming and, unlike all the mentioned studies, we induced
the release of IL-1B with the ionophore nigericin. Moreover, it
is important to consider the possibility that macrophages might
not react to substrates of varying stiffness in a monotonous
manner. Sridharan et al. (2019) observed that in THP-1-derived
macrophages the influence of material stiffness on phagocytosis
and several M1 genes and cytokines followed a biphasic response.
The data obtained by Gruber et al. (2018) in RAW 264.7 cells
reported a similar behavior in LPS-induced TNF-a secretion.
The biphasic response to substrate mechanics has already been
described in other cell types such as fibroblasts (Wang et al.,
2019) and, therefore, the existence of a non-linear relationship
between substrate stiffness and macrophage behavior should not
be discarded until more data is collected.

The inflammasome represents one of the main signaling
hubs activated in macrophages upon inflammatory stimuli.
Despite the fact that most of the described inflammasome
regulators consist of biochemical signals (Swanson et al., 2019),
recent studies suggest that mechanical cues could also be
modulating its formation. For example, cycling stretch has
been shown to downregulate the release of IL-1p by inhibiting
NLRP3 inflammasome formation (Maruyama et al., 2018) and
hyperosmotic shocks have been described to trigger the reverse

effect (Ip and Medzhitov, 2015). Here, we provide evidence
for the first time that microenvironment stiffness can also
influence the activation of the NLRP3 inflammasome. In order
to test whether the higher IL-1B secretion we observed on
more compliant gels was accompanied by an upregulation of
inflammasome assembly, we quantified the presence of ASC
specks as a proxy of inflammasome activation. Our results
showed that, upon LPS priming and nigericin stimulation,
the most compliant substrates led to increased inflammasome
formation. This suggests that substrate stiffness plays a role
in regulating the assembly of the NLRP3 inflammasome and
indirectly influences the activity of pyroptotic effectors such as
caspase-1 and gasdermin D, which would explain the higher
amounts of released LDH we also detected in the supernatant. All
these effects could be caused by a decrease in the inflammasome
activation threshold or by higher formation rates, but more
detailed time-dependent data is necessary to understand the
specific dynamics behind this process.

Based on the severe differences in cell shape and membrane
topography induced by the compliant and stiff gels, we first tried
to assess whether there was a relationship between macrophage
spreading and inflaimmasome assembly. Larger cell spreading
could indirectly cause an increase in membrane curvature
and tension which mechanosensory elements like caveolae and
mechanically gated ion channels could detect (Le Roux et al,
2019). Here, we firstly hypothesized that the lower spreading
BMDMs adopted on more compliant substrates might have
enhanced the formation of the NLRP3 inflammasome. We found
that, however, limiting cell spreading on a stiff substrate did not
enhance inflammasome formation but rather reduced it. Despite
the difference that this experiment was not directly performed
using stiff polyacrylamide gels but stiff glass substrates, these
imply that reducing cell spreading alone may not recapitulate
the downstream inflammatory effects we observed on gels of
different stiffness. Previous research done by Jain and Vogel
(2018) showed that spatial confinement of BMDMs on a glass
surface downregulated the expression of pro-inflammatory genes
116, Cxcl9, I11b and Nos2 and the subsequent secretion of TNEF-
a, IL-6 and IL-12 via the indirect modulation of chromatin
compaction. Our data support the idea that cell confinement
reduces the response of macrophages to pro-inflammatory
stimuli and suggests that the NLRP3 inflammasome could be an
additional signaling component affected by it.

Actomyosin contractility has been described as one of the
key elements of the stiffness mechanotransduction machinery
(Elosegui-Artola et al., 2018) and as necessary for macrophages
to exert traction forces on their substrates (Hind et al,
2015). Here we tested whether interfering with it would have
any effect on the activation of the NLRP3 inflammasome in
BMDMs exposed to different material stiffness. The inhibition of
myosin II's motor activity with blebbistatin during macrophage
priming and stimulation strongly decreased the amount of
inflammasome-activated cells on the compliant hydrogels and
slightly increased it on the stiff ones, reducing the original
differences between both stiffnesses. Inhibiting ROCK1 and
ROCK2 with Y-27632 also downregulated the formation of
inflammasomes on compliant gels but in a less substantial
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manner than blocking myosin II activity alone. We should note
that while blebbistatin specifically inhibits the motor activity
of myosin II, pharmacologically blocking ROCK1/2 with Y-
27632 not only inhibits the phosphorylation of myosin but
also promotes F-actin destabilization (Maekawa et al., 1999;
Horvath et al., 2020), possibly contributing to the different
results obtained with these two molecules. Moreover, as shown
in Hind et al. (2016), the generation of traction forces in M1
macrophages depends on myosin II activity but not on upstream
ROCK activation. As they propose, perhaps other myosin II
regulatory proteins such as MLCK contribute to promote actin
contractility, explaining why we did not observe an effect of
the same magnitude as when directly inhibiting myosin II. We
speculate that there might be an optimal level of actomyosin
contractility at which inflammasome formation is promoted
and that macrophages on more compliant substrates might be
closer to it, leading to an increase in inflammasome assembly.
Overall, our results suggest that actomyosin contractility may
play an important role in the integration of mechanical signals
into the NLRP3 inflammasome regulatory pathways, but further
studies are required to determine the exact sequence of events
needed to couple them.

Recent papers also propose the idea that the actin cytoskeleton
may be involved directly in the control of inflammasome
activation. Man et al. (2014) showed that, upon exposing
macrophages to Salmonella, actin polymerization is necessary
for NLRC4 inflammasome formation, pyroptosis onset and IL-
1B release, and Burger et al. (2016) determined that F-actin
interacts with NLRP3 and ASC and negatively regulates
the activity of the NLRP3 inflammasome. Moreover, other
cytoskeletal components have also been described as regulators of
inflammasome activation. dos Santos et al. (2015) detected that
the intermediate filament vimentin interacts with NLRP3 and
regulates inflammasome formation and Magupalli et al. (2020)
showed that NLRP3 and pyrin inflammasomes are assembled
at the centrosomes with the requirement of HDAC6-dependent
microtubule transport. Since it has been reported that the actin
cytoskeleton can cross-talk with microtubules to guide and
redirect their growth (Lopez et al., 2014), we could speculate
that perhaps certain levels of actomyosin contractility could be
required to enable a correct organization of microtubules, which
would then facilitate inflammasome formation. The importance
the cytoskeleton may have as an additional inflammasome
regulator has just begun to be uncovered and what the
exact link between mechanical cues, cytoskeleton activity and
inflammasome formation is remains an open question to be
addressed in the future.

The study of immune mechanosensing offers the possibility
to provide a better insight of pathologies that trigger changes
in the mechanical properties of affected tissues. For instance,
the downregulation of the pro-inflammatory response of
macrophages on substrates with higher stiffness could be relevant
in the context of cancer. Tumor-associated macrophages (TAMs)
are one of the key immune cell types present in the tumor
microenvironment. TAMs with an M2-like phenotype infiltrated
within cancerous tissues secrete cytokines that downregulate
the immune response against neoplastic cells and they tend

to favor tumor growth (Zhou, 2020). Compared to their
healthy tissue counterparts, primary tumors are often associated
with higher tissue stiffness (Nia et al., 2020). For example,
in murine breast cancer the elastic modulus increases from
an average of 0.17 kPa in a normal mammary gland to
4 kPa in mammary tumors (Paszek et al, 2005). And in
human brain tumors the elastic modulus can increase from
a few hundred Pa in non-cancerous tissue up to 13.5 kPa
in advanced glioblastomas (Miroshnikova et al.,, 2016). Thus,
in synergy with biochemical signals, the increased stiffness of
malignant tissues may promote downregulation of an M1-like
pro-inflammatory response of TAMs and induce the polarization
towards an M2-like phenotype, promoting cancer progression.
Additional knowledge on how microenvironment stiffness
governs macrophage phenotype and function could, thus,
help identifying novel therapeutic targets. Moreover, a deeper
understanding of macrophage mechanobiology would also be
beneficial for the development of better immunomodulatory
treatments and the design of superior biomaterials to be used in
implantable medical devices (Lacour et al., 2016).

MATERIALS AND METHODS

Preparation of Polyacrylamide Hydrogels
(PAA Gels)

Gels were produced on aminosilanized glass coverslips. Briefly,
13 mm round glass coverslips were washed with 0.1 M
NaOH for 15 min, washed with ethanol and water and dried.
They were incubated for 20 min in a solution of 0.1% (v/v)
allyltrichlorosilane and 0.1% (v/v) triethylamine diluted in
chloroform, washed and dried. Finally, they were covered with
0.5% glutaraldehyde for 30 min, washed and dried. To obtain
hydrogels with a range of different stiffness, acrylamide (AA)
and N,N’-methylenebisacrylamide (BisA) were pre-mixed in
different proportions. For compliant gels we used 5% AA and
0.07% BisA; for intermediate 12% AA and 0.2% BisA; and for
stiff 18% AA and 0.4% BisA (all v/v and dissolved in PBS).
Tetramethylethylenediamine (TEMED) was added to the pre-
mixes to a final concentration of 0.3% (v/v). The mixture was
degassed for 10 min. We used custom-made methylsulfone
acrylate (MS) monomers as a thiol-reactive compound for
functionalization with adhesion molecules, as recently described
in Farrukh et al., 2016. The MS monomers are incorporated
to the AA/BisA mix and after the gels are polymerized they
can react with the thiol group present at the Cys residue
of the employed adhesion peptide. This strategy enables the
uncoupling of polyacrylamide stiffness from adhesion ligand
density, ensuring a comparable density of peptides between
different hydrogels. MS monomers were dissolved at 32 mg/ml
in dimethylformamide (DMF). To initiate the polymerization,
a final mixture 1:8 (v/v) of MS monomers and the AA/BisA
pre-mixes was prepared and ammonium persulfate (APS) was
added to a final concentration of 0.1% (w/v). 9.3 ul of the
solution were placed between a glass coverslip and a flexible
hydrophobic polyester sheet to gel for 30 min. Polymerized
hydrogels were peeled off, immersed in water in a 24-well plate
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to swell for a minimum of 1 h, washed, UV-sterilized for 30 min
and washed again. Hydrogels were functionalized with 0.5 mg/ml
of cRGD-Phe-Cys (Pepnet #PCI-3686-PI) diluted in ddH,O at
room temperature overnight. They were finally washed and then
stored in water at 4°C for a maximum of 14 days until they were
used for either mechanical characterization or cell culture. All
chemicals mentioned were from Sigma-Aldrich unless specified.

Mechanical Characterization of PAA
Hydrogels by Atomic Force Microscopy
(AFM)

Hydrogels bound to the glass coverslips were mounted on a
35 mm dish using vacuum grease and covered with PBS at
room temperature. The characterization was performed with a
Nanowizard 4 (JPK Instruments) using cantilevers (arrow T1,
Nanoworld) equipped with 5 pm diameter polystyrene beads
(microParticles GmbH) and calibrated with the thermal noise
method. Gels were probed in liquid with an indentation speed
of 5 wm/s and a relative force setpoint ranging from 0.6 to 8
nN to achieve comparable indentation depths of approximately 2
pwm. The obtained force-distance curves were analyzed using the
JPK data processing software. Parts of the curves corresponding
to the first 2 pm of indentation depth were fitted using the
Hertz/Sneddon model for a spherical indenter and Poisson ratio
of 0.5 was assumed (Hertz, 1881; Sneddon, 1965).

Macrophage Cell Culture, Stimulation,
and Inhibitors

Primary bone marrow-derived macrophages (BMDMs) were
produced by cultivating bone marrow harvested from C57BL/6]
young mice (Janvier Labs; ethics approval number DD24.1-
5131/396/9, Landesdirektion Sachsen) in BMDM medium
consisting of high glucose DMEM + GlutaMAX (Thermo
Fisher Scientific), 10% heat-inactivated FBS (v/v; Thermo
Fisher Scientific), 1% penicillin-streptomycin (v/v; Thermo
Fisher Scientific) and 20% 1929 conditioned media (v/v) on
Corning™ not TC-treated petri dishes (Sigma-Aldrich) for
6 days. Differentiated BMDMs were detached, seeded on
hydrogels within a 24-well plate format at the concentration
specified for each experimental approach and cultured for
14-18 h. For LPS priming, cells were challenged with 100
ng/ml ultrapure LPS from Escherichia coli (InvivoGen) for
4.5 h for most of the experiments and for 6 h for the gene
expression experiments. For nigericin stimulation, BMDMs were
treated with 10 wM nigericin (InvivoGen) for 1.5 h. For
inhibitor experiments, 0.06% DMSO (v/v; Sigma-Aldrich), 10
WM blebbistatin (Sigma-Adlrich #B0560) or 10 uM Y-27632
(Sigma-Aldrich #Y0503) were used. BMDMs were pre-treated
with the inhibitors for 1 h, and the inhibitors were kept in the
medium during the subsequent priming with LPS priming and
stimulation with nigericin.

Fluorescence Confocal Microscopy and

Image Analysis
Cells were cultured at a density of approximately 50000
cells/em? (10° in a 24-well plate). They were fixed with 4%

paraformaldehyde (v/v; Thermo Fisher Scientific) for 12 min and
permeabilized with 0.2% Triton™ X-100 (v/v; Sigma-Aldrich)
for 10 min. Blocking was done with 10% goat serum (v/v; Jackson
ImmunoResearch), 0.1% bovine serum albumin (w/v; Sigma-
Aldrich) for 1 h. To visualize ASC specks, samples were incubated
with anti-ASC antibody (1:400; pAb AL177, AdipoGen #AG-
25B-0006) overnight at 4°C and Alexa Fluor 488 anti-rabbit
(1:400; Thermo Fisher Scientific #A-11034) for 1 h at room
temperature. Nuclei and F-actin were stained with DAPI (1:2000;
Sigma-Aldrich #32670) and phalloidin-TRITC (1:800; Sigma-
Aldrich #P1951), respectively, for 1 h. All washes were done with
PBS. Samples were mounted by inverting them over a #1.5 glass
coverslip with a PBS drop to avoid excessive drying.

Cells were imaged using an LSM700 inverted confocal
microscope and a 20x/0.8 objective (Zeiss), acquiring z-stacks
with 0.89 wm steps in each position of interest. Image analysis
was done using the software Image J/Fiji (Schindelin et al,
2012; Schneider et al., 2012) and Ilastik (Berg et al., 2019). Cell
nuclei and cell body were automatically segmented based on the
intensity signal of the DNA and the F-actin labeling, respectively,
and morphological parameters were extracted. Circularity was
calculated as 4m Per?nZiaterZ' The ratio of specks to cell number
was determined semi-automatically. Briefly, ASC specks were
quantified manually, considering only mature, clearly formed
single specks, with an approx. diameter of 1 pm. Since pyroptosis
causes the release of cytoplasmic material out of the cell, both
intra- and extracellular specks were included in the analysis.
Macrophages with more than one mature speck were highly
rare, counted as single-specked and included into the analysis.
The number of cells per image was obtained by automatically
segmenting their nuclei.

Scanning Electron Microscopy (SEM)

Samples were fixed in 1 % glutaraldehyde in 100 mM phosphate
buffer for at least 2 hours at room temperature and then
washed in buffer (2x) and in water (4x). Samples were postfixed
in 1% osmium tetroxide in water, washed several times in
water, dehydrated in ascending ethanol concentrations (30, 50,
70, 90, 96% ethanol, 3x 100% ethanol on molecular sieve),
and critical-point-dried using the Leica CPD300 drier (Leica
Microsystems). Samples were mounted on 12 mm aluminum
stubs, sputtered with gold (60 mA, 60 sec), and analyzed with a
Jeol JSM 7500F cold field emission scanning electron microscope
(Jeol Germany GmbH; acceleration voltage: 5 kV, emission:
10 pA, working distance: 8 mm, detector: lower secondary
electron detector).

Gene Expression Analysis Using

Quantitative Real-Time PCR (qQRT-PCR)

Total RNA was extracted from 1.2 x 10° BMDMs grown
on compliant/stiff gels using the RNeasy Mini Kit (Qiagen
#74104). For this, 6 wells with 2 x 10° cells each were
pooled for every experimental condition. For each stiffness,
6 wells were primed with lipopolysaccharide, while 6 wells
received no treatment. Reverse transcription of 1 pg RNA
was performed with iScript™ Advanced ¢DNA Synthesis Kit
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(Bio-Rad #1725037), using a combination of oligo(dT) and
random hexamer primers. qRT-PCR was performed at 56°C
using GoTaq qPCR Mastermix (Promega #6002) on a Stratagene
cycler Mx3005P system. Several primers of pro-inflammatory
genes were used (Supplementary Table S1). Samples were run
in duplicates and expression levels were normalized to the
geometric mean of P-actin, Gapdh, and 18S rRNA controls.
Relative expression values were calculated as 2(-2ACT) (relative
to geometric mean of housekeeping genes and plastic controls).
Fold-changes can be found in Supplementary Figure S1. For
heatmaps, relative expression values were normalized to values
between 0 and 100% for each gene. Heatmaps were generated
in R (R Core Team, 2020).

Cytokine Quantification Assays

Bone marrow-derived macrophages were cultured at a density
of approximately 100000 cells/cm? (2-10° in a 24-well plate).
Supernatants from cell cultures were collected and dead cells
removed by centrifugation. The amounts of IL-6 and IL-1B
were determined using the IL-6 Mouse Uncoated ELISA Kit
(Thermo Fisher Scientific #88-7064-88) and the IL-1f Mouse
Uncoated ELISA Kit (Thermo Fisher Scientific #88-7013-88),
respectively, according to the manufacturer’s instructions. Final
absorbance was measured with a TECAN Infinite Pro plate
reader, subtracting the 570 nm values from the 450 nm.

Cell Viability Assay

Bone marrow-derived macrophages were also seeded at density of
approximately 100000 cells/cm? (2-10° in a 24-well plate). Lactate
dehydrogenase (LDH) activity in supernatants was measured
using the LDH-Glo™ Cytotoxicity assay (Promega #]2380)
according to the manufacturer’s instructions. Luminescence
was recorded with a GloMax'™ 96 microplate luminometer
(Promega). Total amount of cells was inferred by lysing cells with
Triton™ X-100 at the end of the experiments and comparing the
values to the ones of an included standard curve.

Cell Micropatterning

Micropatterned glass slides were purchased from 4Dcell. The
glass slides consisted of different areas with adhesion disks
of a specific diameter ranging from 10 to 100 pm and non-
adherent surface was passivated with PEG. The micropatterned
surface was functionalized using 0.1 mg/ml fibronectin and
cells were seeded at a density of approximately 10400 cells/cm?
(10° in a 6-well plate). Cells were incubated overnight and
the next day unattached cells were washed out before the start
of the experiment.

Statistical Analysis

Statistical tests are indicated in each plot. Linear mixed model
analysis was performed using R (R Core Team, 2020) and the
rest of statistical analysis was performed using GraphPad Prism
6 (GraphPad Software). All data are presented as mean = SEM
unless specified. In all cases, p values < 0.05 were considered
statistically significant (ns, not significant; *p < 0.05; **p < 0.01;
¥ < 0.001; ¥ p < 0.0001).
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Transgelin-2, a small actin-binding protein, is the only transgelin family member
expressed in immune cells. In T and B lymphocytes, transgelin-2 is constitutively
expressed, but in antigen-presenting cells, it is significantly upregulated upon
lipopolysaccharide stimulation. Transgelin-2 acts as a molecular staple to stabilize
the actin cytoskeleton, and it competes with cofilin to bind filamentous (F)-actin.
This action may enable immune synapse stabilization during T-cell interaction with
cognate antigen-presenting cells. Furthermore, transgelin-2 blocks Arp2/3 complex-
nucleated actin branching, which is presumably related to small filopodia formation,
enhanced phagocytic function, and antigen presentation. Overall, transgelin-2 is an
essential part of the molecular armament required for host defense against neoplasms
and infectious diseases. However, transgelin-2 acts as a double-edged sword, as its
expression is also essential for a wide range of tumor development, including drug
resistance and metastasis. Thus, targeting transgelin-2 can also have a therapeutic
advantage for cancer treatment; selectively suppressing transgelin-2 expression may
prevent multidrug resistance in cancer chemotherapy. Here, we review newly discovered
molecular characteristics of transgelin-2 and discuss clinical applications for cancer
and immunotherapy.
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INTRODUCTION

Transgelin-2 is an actin-binding protein that is encoded by the TAGLN2 gene in humans and the
Tagln2 gene in mice. It is one of the three transgelin isoforms with transgelin-1 (also known as
SM22a) and transgelin-3 (NP25) (Camoretti-Mercado et al., 1998). These proteins were first named
“transgelins” because of their transformation-sensitive and shape-sensitive properties (Shapland
etal., 1993). However, the functional and physiologic significance of these proteins has not yet been
fully elucidated. Transgelin-2 is the only transgelin family member expressed in immune cells (Na
et al,, 2015). It plays pivotal roles in mediating various immune responses, including stabilizing
the immune synapse between T cells and antigen-presenting cells (APCs) and potentiating
phagocytosis in activated macrophages (Na and Jun, 2015; Na et al., 2015; Kim et al., 2017). These
roles are afforded by the distinct biochemical properties of transgelin-2 (Shapland et al., 1993; Fu
et al., 2000; Li et al., 2008; Na and Jun, 2015; Na et al., 2015; Kim et al., 2017, Kim H.-R. et al.,
2018). Immune cells expressing high levels of transgelin-2 have dynamic membrane structures that
facilitate the immune surveillance of the entire body for sensing pathologic insults. Conversely,
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these molecular characteristics of transgelin-2 in cancer cells
may aid tumor metastasis or tissue invasion. In agreement
with this, transgelin-2 is considered a potential oncogenic
factor in various cancer types (Meng et al., 2017). Therefore,
transgelin-2 can be an excellent molecular target in both immune
cells and cancer cells. Upregulation of transgelin-2 by cell-
permeable recombinant protein in immune cells, downregulation
by microRNA approaches in cancer cells may simultaneously
improve immunity and defeat cancer cells.

Transgelin-2 and Transgelin Family
Members

Transgelins are members of the calponin family of proteins
comprising an N-terminal single calponin homology (CH)
domain and a C-terminal short calponin repeated (CR) region
(Pearlstone et al., 1987; Kranewitter et al., 2001; Gimona et al.,
2002). All family members contain an actin-binding motif (ABM)
and have an actin-bundling function under certain circumstances
(Figure 1; Jo et al., 2018). The ABM includes two positively
charged amino acid residues, KK (153/154) and KR (159/160),
that are involved in actin binding. Mutation or deletion of these
amino acids significantly reduces actin binding (Fu et al., 20005
Na et al., 2015; Kim H.-R. et al., 2018). The CH domain has been
identified in a variety of proteins, ranging from actin-binding
proteins to signaling molecules, and is predicted to function as an
autonomous actin-binding region (Castresana and Saraste, 1995).
Transgelin interacts with actin stress fibers and podosomes in
smooth muscle cells via the CH domain (Gimona et al., 2003;
Matsui et al., 2018). However, in vitro, the single CH domain
is not sufficient for actin binding (Gimona and Mital, 1998; Fu
etal., 2000), suggesting that both the CH domain and ABM or CR
region together are necessary for the control of actin dynamics in
cells. Proteins containing a single CH domain include calponin,
IQGAP, Vav, and transgelin, and they display a high degree of
sequence similarity with each other (Figure 1; Gimona and Mital,
1998). Interestingly, both Vavl and IQGAPI are key cytoskeletal-
regulatory proteins in T-cell immunity (Ritter et al., 2013). The
three transgelin isoforms preserve approximately 60% homology
in the CH domain (Li et al., 2008).

Biochemical Properties of Transgelin-2

Transgelin was first characterized as a transformation- and
shape-sensitive actin gelling protein. Electron microscopic (EM)
analysis revealed that the addition of transgelin to filamentous
(F)-actin converts the formation from a loose, random
distribution into a tangled, cross-linked meshwork (Figure 2A;
Shapland et al., 1993). Transgelin also has a modest effect on actin
bundling and localizes at stress fiber bundles and podosomes
in various cell types, including smooth muscle cells and
neuronal cells (Mori et al., 2004; Thompson et al., 2012; Matsui
et al., 2018). Since its identification, however, the biochemical
characteristics of transgelin in regulating the actin cytoskeleton
have not been fully elucidated. Additionally, whether transgelin
directly binds actin has remained controversial (Morgan and
Gangopadhyay, 2001). It was reported that transgelin causes
actin to precipitate at low-ionic states and that it co-localizes

with F-actin in cultured smooth muscle cells (Fu et al., 2000).
However, another group documented that transgelin fails to bind
F-actin in co-sedimentation assays and does not co-localize with
actin in transfected fibroblasts (Gimona and Mital, 1998).

Recently, we corroborated that recombinant transgelin-
2 binds to F-actin and weakly cross-links F-actin in
bundles (Na et al, 2015). The binding of transgelin-2 to
actin monomers in F-actin was saturated at a 1:1 ratio
(Byax = 0915 £ 0.102 mol/mol), with a K; of 7.39 pM
(Na et al., 2015). Although it has been generally accepted that
transgelin is a cross-linking protein, its bundling activity was
observed only at higher concentrations (16-24 wM) than the
well-known actin-bundling protein a-actinin (~1 wM). The
optimal ratio of actin to general actin-bundling proteins, such as
fimbrin, fascin, filamin, and a-actinin, ranges from 1:0.05 to 1:0.5
(Glenney et al., 1981; Stokes and DeRosier, 1991; Van der Flier
and Sonnenberg, 2001; Gordén-Alonso et al., 2012). However,
the exceptionally higher concentrations of transgelin-2 needed
to cross-link F-actin imply that this protein may have more
functions in addition to F-actin cross-linking (Na et al., 2015).

For instance, transgelin-2 can instead regulate actin turnover
dynamics. Interestingly, we found that transgelin-2 blocks
spontaneous actin depolymerization and cofilin-mediated
depolymerization (Na et al, 2015). This suggested that
transgelin-2 binds to the sides of actin filaments and may
actas an “insulator” that blocks the binding of other side-binding
proteins, in particular the actin-disassembly protein cofilin
(Figure 2A). Indeed, we found that transgelin-2 competes with
cofilin for binding to F-actin (Na et al., 2015). The inability of a
mutant with no ABM to block F-actin depolymerization suggests
that transgelin-2 function is associated with its actin binding
(Na et al., 2015). Based on the three-dimensional structure
determined by single-particle image analysis (Egelman, 2000),
we found that reconstructed F-actin combined with trangelin-2
revealed a higher density of transgelin-2 on actin subdomain
(SD)1 and SD3 (Kim H.-R. et al, 2018), demonstrating its
binding on SD1 and SD3 in actin. Interestingly, negatively
charged aspartate or glutamate in the C-terminal’s protrusion of
transgelin-2 and the positively charged lysine in the N-terminal
showed the possibility of ionic interaction between two
transgelin-2 molecules in close distance (Figure 2A; Kim H.-R.
et al., 2018), suggesting that transgelin-2 acts as a molecular
“stapler” and mediates F-actin stabilization. This property of
transgelin-2 contrasts with cofilin, which induces bending and
twisting of actin filaments, leading to severing (McCullough et al.,
2011). Interestingly, however, we observed that these two actin-
binding proteins localize to different places during immune
synapse formation (Na et al, 2015). Transgelin-2 is mainly
localized at the bottom region of the distal-supramolecular
activation cluster (d-SMAC) of the immune synapse where T
cells directly contact APCs. By contrast, cofilin is enriched in
the upper region of d-SMAC during immune synapse formation
(Figure 2B; Na et al, 2015). Because these two molecules
have opposite functions in vitro, these findings suggest that
transgelin-2 may not compete with cofilin in vivo, but instead
these proteins cooperate to maintain a stable centripetal actin
flow in the immune synapse.
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FIGURE 1 | Structure of transgelin-2 and comparison with other single calponin homology domain proteins.

Under physiologic concentrations of salt, transgelin-2
prevents secondary nucleation mediated by the Arp2/3 complex
(Kim H.-R. et al,, 2018). The binding sites (SD1 and SD3) of
transgelin-2 in actin also overlaps with the Arp2/3 actin-binding
site (Ge et al,, 2014), thereby generating fewer actin-branched
junctions in the presence of transgelin-2 (Figure 2A; Kim
H.-R. et al,, 2018). Further, it is also possible that transgelin-2
can cross-bridge actin filaments by binding SD1 and 3 on
neighboring actin molecules. This action of transgelin-2 is
similar to the epithelial protein lost in neoplasm (EPLIN), which
inhibits F-actin depolymerization and cross-links filaments in
bundles (Maul et al., 2003). Neither transgelin-2 nor EPLIN
affects actin polymerization or elongation at the barbed end, but
they block branched actin nucleation via the Arp2/3 complex
(Maul et al., 2003; Kim H.-R. et al., 2018). Why do cells require
transgelin-2 or EPLIN in addition to general Arp2/3 inhibitors?
Although no enough data are accumulated, proteins that both
inhibit Arp2/3 complex binding and crosslink actin may provide
a coordinated mechanism for constructing bundled linear actin
filaments. The molecular characteristics of transgelin-2 imply
that this protein is essential to induce small filopodia formation
and membrane ruffling (Figure 2B). In support of this idea, we
found that overexpression of transgelin-2 generated spike-like
filopodia at the leading edge of the lamellipodia in COS-7 cells
(Kim H.-R. et al., 2018).

Fu et al. (2000) reported that transgelin co-precipitates
actin under low-ionic conditions. Surprisingly, we observed
that all three transgelin isoforms directly nucleate G-actin
polymerization in low-ionic conditions, where actin
polymerization usually is suppressed (Figure 2A; Kim H.-
R. et al, 2018). Although a previous report demonstrated that
the CH domain is unnecessary for F-actin binding (Gimona
and Mital, 1998), we observed that this domain, together with
the actin-binding loop, is required to mechanically link two
adjacent G-actins, thereby mediating multimeric interactions
(Kim H.-R. et al, 2018). The binding of transgelin-2 to
G-actin was saturated at a 2.5:1 ratio under low-salt conditions

(Bimax = 2.8817 £ 0.072028 mol/mol) with a K4 of 0.921 pM
(Kim H.-R. et al., 2018). This ratio is much higher than the
1:1 ratio of transgelin-2 binding to F-actin (Na et al, 2015).
In this context, we hypothesized that the transgelin-2-mediated
actin polymers (F-T/actin) might act as actin seeds to generate
multiple actin filaments at the site where dynamic spatiotemporal
actin rearrangement is required (Figure 2A).

Notably, only a few proteins can polymerize G-actin under
low-salt conditions. These proteins contain nebulin fragments,
myosin S-1, or a vinculin tail region (Chaussepied and Kasprzak,
1989; Valentin-Ranc et al., 1991; Shih, 1993; Wen et al., 2009).
However, there is no evidence that these fragments are directly
involved in actin polymerization in living cells. Therefore,
it is unlikely that the fragments of some large proteins are
physiologically functional in vivo. However, some proteins have
actions in vitro. For instance, LL-37, which is an antimicrobial
peptide secreted from macrophages and neutrophils, induces
G-actin polymerization in vitro (Sol et al., 2012) and enhances
macrophage phagocytosis (Wan et al, 2014). Moreover, like
transgelin-2, this peptide induces actin bundling and affects actin
structure (Sol et al., 2012). We identified that transgelin-2 is
significantly upregulated in macrophages upon stimulation with
lipopolysaccharide (LPS) and potentiates the phagocytic function
(Figure 2B; Kim et al, 2017). Salmonella invasion protein
A (SipA) is another example of in vitro evidence of G-actin
polymerization under low-salt conditions (Zhou, 1999; Galkin
etal., 2002; Higashide et al., 2002; Lilic et al., 2003). Interestingly,
this protein triggers large-scale membrane protrusions and ruffles
at the site of Salmonella entry (McGhie et al., 2001; Le Clainche
and Drubin, 2004). Because G-actin polymerization does not
naturally occur under low-salt conditions, it is hard to predict the
in vivo physiology. However, these results suggest that proteins
that drive G-actin polymerization in low-salt conditions may
induce membrane ruffling as well as small filopodia formation
(McGhie et al., 2001; Le Clainche and Drubin, 2004; Kim H.-
R. et al, 2018). The biochemical properties of transgelin-2 and
its subcellular localization in various biological situations are
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FIGURE 2 | Biochemical properties cellular localization of transgelin-2. (A) Biochemical properties of transgelin-2. Transgelin-2 directly binds to F-actin and stabilizes
its structure (i) (Kim H.-R. et al., 2018). Transgelin-2 cross-links actin in bundles (i) (Na et al., 2015; Kim H.-R. et al., 2018). It also acts as a side-binding protein and
stabilizes F-actin (ji). This property is important to protect F-actin from cofilin-mediated depolymerization (i) and to compete with Arp2/3 complex-mediated actin
branching (iv) (Kim H.-R. et al., 2018). Transgelin-2 also can polymerize G-actin in low-ionic conditions, in which actin polymerization is prohibited (Kim H.-R. et al.,
2018). (B) Localization of transgelin-2 in immune cells. Transgelin-2 is localized at the membrane-protrusive regions of T cells during antigen-recognition on
antigen-presenting cells (APCs) (i). It also is located at the distal-supramolecular activation cluster (d-SMAC) area in mature immune synapse (ii). In professional
phagocytes, this protein is enriched at the phagocytic cup or phagocytic synapse (jii). In dynamically moving cells, transgelin-2 localizes at the filopodial tips and
podosomes (iv).
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summarized in Figure 2 (Shapland et al., 1993; Fu et al., 2000;
Li et al., 2008; Na and Jun, 2015; Na et al., 2015; Kim et al., 2017,
Kim H.-R. et al., 2018).

Transgelin-2 Is Essential for Inmune

Functions

In contrast to transgelin-1 and transgelin-3, which are mainly
expressed in smooth muscle cells and the brain, respectively
(Camoretti-Mercado et al, 1998; Mori et al, 2004; Depaz
and Wilce, 2006), transgelin-2 is the only transgelin member
expressed in immune cells, including T and B cells and
macrophages (Na et al., 2015, 2016; Kim et al,, 2017). In T and
B cells, basal expression of transgelin-2 is constitutively high, but
its expression is significantly altered in B cells by external stimuli
such as anti-Ig and LPS (Francés et al., 2006; Na et al., 2015, 2016).
In both bone marrow-derived and peritoneal macrophages,
transgelin-2 is generally very low but significantly upregulated
upon stimulation with the bacterial endotoxin LPS, suggesting
that transgelin-2 expression is triggered by external inflammatory
signals and plays a role in activated macrophages, involving
in the actions of these cells to protect against infectious and
neoplastic diseases. Transgelin-2 expression is controlled by the
NF-kB pathway via toll-like receptor-4 (TLR4) in macrophages
(Kim et al., 2017). Interestingly, transgelin-2 is the only transgelin
member that contains an NF-kB consensus motif, which is
located at the —174 to —179 region of the coding sequence.

After the initial recognition of antigen/MHC on APCs, T cells
polarize many elongated microvilli or filopodia toward APCs
to scan their surface antigen ligands. Transgelin-2 is localized
in the protrusive region of polarized T cells and builds many
small protrusions in this region (Figure 2B; Kim H.-R. et al,
2018). This phenotype was also achieved by the transfection of
wild-type Tagln2 cDNA in COS-7 cells (Kim H.-R. et al., 2018).
However, knockout of Tagln2 reduces protrusive structures on
the surface of T cells (Kim H.-R. et al., 2018), suggesting that
transgelin-2 is important for the formation of filopodia-like small
membrane protrusions.

Immune  synapse formation requires the tight
regulation of actin rearrangement by many actin-
polymerizing/depolymerizing proteins (Dustin and Cooper,
2000; Dustin, 2008a; Piragyte and Jun, 2012; Fritzsche et al,
2017). Interestingly, after the maturation of the immune
synapse, transgelin-2 predominantly localizes to the d-SMAC
and increases the duration of the immune synapse formation
by maintaining F-actin contents and activating lymphocyte
function-associated antigen (LFA)-1 after T-cell receptor
stimulation (Na et al, 2015). Tagan’/ = T cells display
attenuated cytokine production and cytotoxic effector function
to kill antigen-bearing target cells (Na et al., 2015). In addition
to its direct interaction with F-actin, transgelin-2 is physically
connected with LFA-1, a 2-integrin expressed in lymphocytes,
by which transgelin-2 regulates LFA-1 avidity. This achieves
via activation of Rapl, a key regulator of LFA-1-dependent
adhesion and migration of T cells, therefore increasing T-cell
adhesion to cognate target cells (Na et al., 2015; Jeon et al,
2018). Interestingly, transgelin-2 also contributes to boosting

APC functions for T-cell expansion (Na et al., 2016). Although
Tagln2=/~ B cells show normal development and activation,
they are defective in supporting T-cell activation in terms of
cytokine expression and proliferation (Na et al, 2016). In B
cells, the activity of transgelin-2 is correlated with increased
B-to-T-cell conjugation, suggesting that transgelin-2 in B cells
enhances the adhesion of B cells to cognate T cells. These results
strongly suggest that transgelin-2 is an essential actin regulator
that facilitates the proper function of both T and B cells.

Although transgelin-2 is constitutively expressed in B cells,
it is upregulated in B-2 cells by mitogenic stimuli such as IgM
or bacterial endotoxin LPS (Francés et al., 2006), suggesting
that transgelin-2 expression is regulated under inflammatory
conditions. Accordingly, a clinical report demonstrated that
transgelin-2 is upregulated in B cells in the lymph nodes and
kidneys of patients with systemic lupus erythematosus (Kiso
et al., 2017), a prototypical autoimmune disease associated with
polyclonal B-cell hyper reactivity (Mok and Lau, 2003; Dorner
et al., 2011). The presence of an NF-kB consensus motif at
the 5’'-promoter region of the Tagln2 gene further corroborates
that inflammatory signals control transgelin-2 expression. In
this context, the action of transgelin-2 may be more important
in professional APCs, such as macrophages and DCs (Kim
et al, 2017), than in T cells. Because phagocytosis requires
dramatic actin rearrangement at the phagocytic synapse, cells
that professionally phagocytose pathogens or cell debris may
have a demand for proteins such as transgelin-2 (Na et al,
2016; Kim et al, 2017) and fascin (Yoshihiko et al., 2011;
Van Audenhove et al., 2015). Indeed, transgelin-2 knockout in
macrophages remarkably reduces the phagocytic activity of IgM-
and IgG-coated sheep red blood cells and bacteria (Kim et al,,
2017). Furthermore, Tagln2~/~ mice show higher mortality after
bacterial infection than their wild-type littermates, revealing that
transgelin-2 is essentially required for host defense. Bacterial
infection is a leading cause of sepsis, which raises morbidity and
mortality (Cohen, 2002). Thus, optimized control of phagocytosis
is one of the most critical initial steps that can block the early
dissemination of pathogenic bacteria (Andrews and Sullivan,
2003). Thus, the development of cell-permeable peptides with
transgelin-2 functions have potential clinical value to treat sepsis
induced by bacterial infection. Verified functions of transgelin-2
in immune cells are summarized in Table 1.

Transgelin-2 (Tagln2~/~)-knockout in T cells or macrophages
reduces the motility of these cells (Na et al., 2015; Kim et al,,
2017). The function of transgelin-2 is presumably due to its
biochemical properties to induce small filopodia-like membrane
protrusions at the leading edge of migrating cells and to increase
dynamic actin-rich membrane ruffles in phagocytic cells (Kim
et al, 2017, Kim H.-R. et al., 2018). Moreover, both Tagln2=/~
T cells and macrophages showed a remarkable decrease in
F-actin content (Na et al, 2015; Kim et al., 2017, Kim H.-
R. et al, 2018), indicating that although transgelin-2 is not
directly involved in spontaneous actin polymerization in vitro,
it is indirectly involved in actin polymerization in vivo (Na
et al,, 2015). The increased F-actin content can be caused by
inhibiting the decomposition of polymerized F-actin, rather
than increasing actin polymerization directly by transgelin-2

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 606149


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Kim et al.

Transgelin-2 in Immunity and Cancer

TABLE 1 | Known and putative functions of transgelin-2 in immune and cancer cells.

System Cell types Expression Functions or results References
Immune system Helper T cells Constitutive Immunological synapse; T-cell activation Na et al., 2015
Cytotoxic T cells Constitutive Adhesion to target cells; Increased tumor cell Na and Jun, 2015; Jeon et al., 2018
killing
B cells Constitutive/Inducible*  Immunological synapse; T-cell activation Francés et al., 2006; Na et al., 2015, 2016
Macrophages Inducible” Increased phagocytic function; Reduced Kim et al., 2017
mortality against bacterial infection
Cancer Colorectal cancer Upregulated** Tumorigenesis Ali et al., 2010; Zhang et al., 2010;
Yoshino et al., 2011
Cervical cancer Upregulated Tumorigenesis Yakabe et al., 2016
Lung cancer Upregulated Tumorigenesis Moriya et al., 2012
Gastric cancer Upregulated Tumorigenesis Xu et al., 2014
Hepatic cancer Upregulated Tumorigenesis Huang et al., 2006
Renal cancer Upregulated Tumorigenesis Kawakami et al., 2012
Pancreatic cancer Upregulated Tumorigenesis Linetal., 2013
Bladder cancer Upregulated Tumorigenesis Yoshino et al., 2011
Prostate cancer Upregulated Tumorigenesis Jie et al., 2009
Esophageal cancer Upregulated Tumorigenesis Du et al., 2016
Oral cancer Upregulated Tumorigenesis Kawahara et al., 2016
Head and neck SCC Upregulated Tumorigenesis Nohata et al., 2011a,b
Meningiomas Upregulated Tumorigenesis Sharma et al., 2015
Lymphoma and leukemia Upregulated Tumorigenesis Gez et al., 2007
Breast cancer Upregulated Paclitaxel resistant MCF-7/PTX cells Zheng et al., 2015
Choriocarcinoma Upregulated Methotrexate-resistant JAR/MTX cells Chen et al., 2004
Breast cancer Downregulated Highly metastatic MDA-MB-231HM cells Xu et al., 2010
Cervical cancer Downregulated Metastatic tissues Yoshida et al., 2013
Endometrial cancer Downregulated Metastatic tissues Yoshida et al., 2013
Hepatic cancer Phosphorylation Tumorigenesis Leung et al., 2011

*Induced by LPS via NF-kB pathway.
*“*Upregulated by TGF-B-Smad4-dependent pathway.

(Na and Jun, 2015; Na et al.,, 2015; Kim H.-R. et al., 2018).
Interestingly, some leukemia and lymphoid tumor cells, such as
MEC1 (B-cell chronic lymphocytic leukemia) and Raji (B-cell
Burkitt’s lymphoma), express high levels of transgelin-2 (Gez
et al., 2007). Unlike metastatic spread of other cancers, because
lymphoma dissemination generally conserved physiological
behavior reflecting basic rules of lymphocyte homing, it will be
worth investigating whether lymphomas with high transgelin-2
has increased tissue-specific dissemination.

DCs also undergo remarkable cytoskeletal rearrangement
during antigen presentation to their cognate T cells via immune
synapse formation (Dustin, 2008b, 2014; Fisher et al., 2008).
Following antigen capture, DCs mature and present antigens
to the surface of T cells, triggering T-cell expansion. This step
generates large T-cell pools, which aid in antibody generation
from B cells, traffic to sites of infection to release cytokines, or
directly kill infected or neoplastic cells. In this regard, the action
of transgelin-2 in DCs may critically affect immune responses.
In contrast to inflammatory conditions, because the tumor
microenvironment provides an immunosuppressive condition,
the expression of transgelin-2 in DCs in a tumor area or tumor
draining lymph nodes may be reduced. Therefore, although
careful approach is certainly needed, the application of cell-
permeable transgelin-2 peptide in DCs obtained from cancer

patients may be an alternative method to boost DC function to
enhance T cells and humoral immunity.

Transgelin-2 Is an Oncogenic Factor in

Cancer Cells
Previously, transgelin (transgelin-1 or SM22a) was considered
to act as a tumor suppressor (Assinder et al., 2009). Because its
expression is lost in breast, colon, and prostate cancers (Shields
et al., 2002; Wulfkuhle et al., 2002; Yang et al., 2007), it was
suggested that the loss of transgelin accounts in part for the
development of cancer (Assinder et al, 2009). Interestingly,
the downregulation of transgelin-1 disrupted the normal actin
organization that leads to changes in the motile behavior
of REF52 fibroblasts (Thompson et al., 2012). Additionally,
transgelin-1 depletion led to the spontaneous formation of
podosomes in cells with a concomitant increase in invasive
cellular activity (Thompson et al., 2012).

In contrast to the transgelin-1, in many studies, transgelin-
2 expression was proposed as a potential cancer biomarker
(Zhang et al., 2010; Dvorakova et al., 2014; Meng et al.,, 2017;
Yin et al., 2019). Transcriptional and translational upregulation
of transgelin-2 has been described for many cancers, including
colorectal, gastric, pancreatic, esophageal, prostate, lung, hepatic,
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renal, bladder, and oral cancers (Yang et al., 2007; Huang et al,,
2008; Rho et al,, 2009; Zhang et al., 2010; Leung et al.,, 2011;
Yoshino et al., 2011; Kawakami et al., 2012; Lin et al., 2013;
Kawahara et al., 2016), in addition to meningiomas, head and
neck squamous cell carcinoma (SCC), lymphoma, and leukemia
(Gez et al,, 2007; Nohata et al., 2011b; Sharma et al., 2015).
Together, these data suggest that the upregulation of transgelin-
2 is associated with tumorigenesis and cancer development.
Transgelin-2 upregulation in tumor tissue is correlated with
clinical stage, tumor size, and neural invasion (Jin et al., 2016).
Putative roles of transgelin-2 in various cancers are summarized
in Table 1.

Several studies have demonstrated that transgelin-2
expression in cancer cells is also associated with increased
drug resistance (Yoshida et al., 2013; Cai et al., 2014b; Zheng
et al,, 2015). Multidrug resistance is one of the primary causes
for failure in cancer therapy, but the mechanism is not yet clearly
verified. Therefore, transgelin-2 is also a primary therapeutic
target for which inhibition may restore the sensitivity of drug-
resistant cancers (Nohata et al., 2011a,b; Kawakami et al., 2012;
Moriya et al., 2012; Yoshida et al., 2013; Cai et al., 2014a,b; Xiao
etal., 2014; Du et al., 2016). However, the precise mechanisms for
the involvement of transgelin-2 in cancer development largely
remain to be elucidated.

Upregulation of transgelin-2 expression is associated with
metastasis and invasion of various cancer cells, including lung,
bladder, colorectal, esophageal, and gastric cancers (Huang et al.,
2008; Zhang et al, 2010; Chen et al., 2015; Du et al, 2016;
Jin et al, 2016). However, a few reports demonstrated that
transgelin-2 instead inhibits the motility of cancer cells, such
as hepatocarcinoma cells, by suppressing actin polymerization
(Leung et al., 2011; Yoshida et al., 2013; Yang et al, 2019).
Indeed, transgelin-2 is downregulated in metastatic tumors
compared with primary cancers (Yoshida et al., 2013), suggesting
that transgelin-2 is a suppressor of metastasis. Consistently,
the downregulation of transgelin-2 promoted the metastasis of
breast cancer cells by activating reactive oxygen species and the
NF-kB signaling pathway (Yang et al., 2019). Although more
research should be done, these contradictory results suggest
that different cancer cells may express distinct molecules that
can be connected to trangelin-2, which is a possible reason for
apparently opposed roles for the protein in the particular context
of each tumor. For instance, it will be important to consider
the levels of other actin-binding or -regulatory proteins, such
as cofilin, plastin family of actin-bundling proteins, and ERM
(ezrin/radixin/moesin) proteins (Wang et al., 2007; Shinomiya,
2012; Stevenson et al., 2012; Clucas and Valderrama, 2014). In
fact, many cancer cells express distinct proteins related with actin
cytoskeletons (Olson and Sahai, 2009). From a similar point of
view, several reports demonstrated that, in contrast to the known
action as a tumor suppressor, transgelin-1 promotes motility in
normal cells, and stable overexpression of transgelin-1 leads to
increased invasiveness and lung metastasis in a mouse model
(Wu et al., 2014; Zhou et al., 2016).

The expression of transgelin-2 in cancer cells is different from
that of immune cells, in which NF-kB pathway is dominant
(Kim et al, 2017). Instead, its expression is regulated by

transforming growth factor (TGF)-f in A549 cancer cells and by
epidermal growth factor receptor/KRAS-ERK signaling pathways
in pancreatic ductal adenocarcinoma (PDAC) (Keshamouni et al.,
2006; Yu et al., 2008; Dhiraj and Lowenfels, 2013; Sun et al,,
2018). Because transgelin-2 is necessary for both immune cells
and cancer cells to exert their optimal functions, the different
expression mechanisms of transgelin-2 in immune cells and
cancer cells suggest that these cells express transgelin-2 as a
strategy for their survival, migration, and invasion. However,
it also suggests that this small actin-binding protein may be a
molecular target for cancer treatment by boosting the immune
response via overexpression of transgelin-2 and suppressing
tumor growth or metastasis through its inhibition.

Although it has not yet been importantly recognized,
transgelin-2 is expressed not only in the cytoplasm but also in
the nucleus (Na et al., 2015). However, little is known about the
function of transgelin-2 in the nucleus. The emerging roles of
actin and actin-binding proteins in the nucleus have become a
new frontier in cell biology (Percipalle and Vartiainen, 2019).
Actin-based functions may contribute to genome stability and
integrity through the interactions of actin cytoskeletons with
various nuclear components (Visa and Percipalle, 2010; Weston
et al., 2012; Falahzadeh et al., 2015). Thus, an exciting future
challenge is to understand whether this transgelin-2-mediated
actin regulation in the nucleus controls cancer development and
metastasis. One example is investigating how the transgelin-2-
actin network regulates nuclear architecture for the expression
and silencing of genes required for cancer cell growth.

Transgelin-2, a Double-Edged Sword:

Application for Cancer Treatment
Transgelin-2 is an essential actin-binding protein for both
immune function and cancer cell malignancy (Jo et al., 2018;
Yin et al, 2019). In immune cells, transgelin-2 stabilizes
actin structure and also is physically associated with LFA-1.
This interaction enhances the inside-out signaling of LFA-1,
thereby improving the adhesion of T cells and stabilizing the
immune synapse (Na et al., 2015). Overexpression of transgelin-
2 in cytotoxic CD8T T cells increases adhesion to ICAM-1-
positive E0771 breast cancer cells, but not ICAM-1-negative
B16/F10 melanoma cells, suggesting the therapeutic potential of
transgelin-2 in T-cell immunotherapy (Jeon et al., 2018).

A recent study reported a new function of transgelin-
2 in the pathogenesis of asthma, revealing transgelin-2 as
a therapeutic target for asthmatic pulmonary resistance (Yin
et al, 2018). Transgelin-2 is involved in the relaxation of
the myosin cytoskeleton of the airway smooth muscle cells
(ASMCs). Authors demonstrated that transgelin-2 can trigger an
intracellular signaling pathway leading to the dephosphorylation
of myosin light chain and relaxation of the myosin cytoskeleton
(Yin et al,, 2018). Interestingly, TSG12, a specific agonist of
trasngelin-2, could reduce pulmonary resistance in asthma (Yin
et al,, 2018). Their works are particularly interesting because the
TSG12 can be applied to the activation of transgelin-2 function
in immune cells, as it may also control the adhesion of T cells
to the target cancer cells, thereby potentiating antitumor activity.
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However, since the signaling pathways triggered by transgelin-2
in T cells are likely to be different from ASMCs (Na et al., 2015;
Yin et al., 2018), further careful approach will be needed.

Because the expression of transgelin-2 is significantly
upregulated in macrophages (Kim et al., 2017), we speculate that
transgelin-2 function may be more important for professional
APC-based cancer immunotherapy. Although the upregulation
of transgelin-2 in cytotoxic T cells potentiates their cytotoxic
activity, it does not increase the number of T-cell pools that
selectively recognize cancer antigens. However, the potentiation
of APC function can trigger the clonal expansion of T cells.
Therefore, it will be interesting to develop strategies to increase
the expression of transgelin-2 in professional APCs. In our
previous work, we found that, in macrophages, transgelin-
2 is only minimally expressed by stimulation with interferon
(IEN)-y, but it is dramatically induced by LPS (Kim et al,
2017). Although LPS is a potent adjuvant, it is too toxic to
be safely applied in human vaccines. However, an exogenously
transduced transgelin-2 peptide may enhance APC functions to
increase cognate T-cell adhesion, followed by T-cell activation
and clonal expansion. It will be interesting to test whether
previously developed protein transduction domain (PTD)-tagged
transgelin-2 protein (TG2P), which is easier and faster to
transduce into primary cells (Jeon et al.,, 2018), may potentiate
cancer immunotherapy based on DCs. It also will be of
interest to investigate whether any substances can selectively
induce transgelin-2 similarly to LPS-treated macrophages. Taken
together, current results strongly suggest that transgelin-2
is an interesting and promising target molecule by which
immunity can be upregulated in response to infectious and
neoplastic diseases.

Because transgelin-2 expression contributes to cancer
development, resistance, and metastasis (Yin et al., 2019),
transgelin-2 is a potential target protein for anticancer therapy.
Along this line, there are reports that salvianolic acid A (SAA),
a natural compound extracted from Salvia miltiorrhiza, reverses
the paclitaxel resistance and migration and invasion abilities of
MCEF-7 breast cancer cells by inactivating transgelin-2 (Cai et al.,
2014b; Zheng et al., 2015). Additionally, transgelin-2 (Tagln2)
is a direct molecular target of the potential tumor suppressor
microRNAs miR-1 and miR-133a/b (Nohata et al.,, 2011a,b;
Yoshino et al., 2011; Kawakami et al., 2012; Moriya et al., 2012;
Du et al., 2016). Although it is still unclear, phosphorylation of
transgelin-2 is also related to the cellular motility and oncogenic
transformation of cells (Leung et al., 2011; Sun et al, 2018).
Transgelin-2 has potential phosphorylation sites at Serine (S)11,
S83, S94, S145, S155, S163, and S185 (Leung et al.,, 2011). It
has been shown that KRAS mutation in pancreatic ductal
adenocarcinoma (PDAC) induces transgelin-2 expression via
ERK activation (Sun et al., 2018). Interestingly, ERK2 interacts
with transgelin-2 and subsequently phosphorylates the S145
residue of transgelin-2, which plays important roles in cell
proliferation and tumorigenesis of PDAC (Sun et al,, 2018).
Transgelin-2 is also known to be phosphorylated at S83 and
$163 residues via PFTK1, a cdc2-related serine/threonine protein
kinase that has been shown to confer cell migratory properties
in hepatocellular carcinoma (HCC) (Leungetal,2011).
Interestingly, phosphorylation at S$83 and S163 by PFTKI1

inhibits physical interaction of transgelin-2 to actin, which
results in enhanced HCC cell motility (Leung et al., 2011). Thus,
inhibition of transgelin-2 phosphorylation could be a potentially
effective strategy for cancer treatment. Although more aggressive
studies are needed, if transgelin-2 in the nucleus controls
cancer cell growth, exogenous treatment of cancer cells with
cell-permeable transgelin-2, instead of reducing its expression by
miRNAs, may help treat some cancers.

CONCLUDING REMARKS

Although transgelin-2 is constitutively expressed in lymphocytes
(Na et al, 2015), its expression is significantly upregulated
under inflammatory conditions such as bacterial infection (Na
et al,, 2016; Kim et al., 2017). This upregulation suggests that
the activity of transgelin-2 in immune cells is essential during
host defense against infectious agents or neoplastic disease.
However, because tumor microenvironments are typically
immunosuppressive due to the dominant populations of
malignant cells, stroma, and regulatory T cells, immunologically
suppressed effector cells in the tumor microenvironment
may express low levels of transgelin-2. Thus, an exogenous
supplement of cell-permeable transgelin-2 in immune effector
cells such as cytotoxic T cells and DCs may enhance their
anticancer activities. Interestingly, however, transgelin-2 is also
crucial for the induction of malignancy, metastasis, and invasion
of cancer cells (Meng et al., 2017). In contrast to transgelin-
2 expression in immune cells, its expression in cancer cells
is upregulated by hypoxia (Kim LG. et al, 2018) or TGF-B
(Yu etal., 2008), i.e., conditions that suppress immune activity.
Thus, to some extent, shifting the tumor microenvironment from
immunosuppressive to inflammatory may provide a therapeutic
advantage for transgelin-2-associated cancer treatment (Qu et al.,
2018). Compared with transgelin-1, however, because transgelin-
2 is dominantly restricted to cancer cells (Dvorakova et al,
2014), the strategy that selectively targets transgelin-2, instead
of targeting the cytoskeleton itself, may diminish the potentially
toxic side effects of cytoskeletal-directed cancer therapeutics
(Trendowski, 2014). In the future, new strategies or methods that
selectively control the expression or suppression of transgelin-2
in immune cells and cancer cells may help treat transgelin-2-
associated cancers.
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and Lance C. Kam™

' Department of Biomedical Engineering, Columbia University, New York, NY, United States, ? Department of Medical
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Expansion of an initial population of T cells is essential for cellular immunotherapy. In
Chronic Lymphocytic Leukemia (CLL), expansion is often complicated by lack of T cell
proliferation, as these cells frequently show signs of exhaustion. This report seeks to
identify specific biomarkers or measures of cell function that capture the proliferative
potential of a starting population of cells. Mixed CD4+4/CD8+ T cells from healthy
donors and individuals previously treated for CLL were characterized on the basis of
proliferative potential and in vitro cellular functions. Single-factor analysis found little
correlation between the number of populations doublings reached during expansion
and either Rai stage (a clinical measure of CLL spread) or PD-1 expression. However,
inclusion of in vitro IL-2 secretion and the propensity of cells to align onto micropatterned
features of activating proteins as factors identified three distinct groups of donors.
Notably, these group assignments provided an elegant separation of donors with
regards to proliferative potential. Furthermore, these groups exhibited different motility
characteristics, suggesting a mechanism that underlies changes in proliferative potential.
This study describes a new set of functional readouts that augment surface marker
panels to better predict expansion outcomes and clinical prognosis.

Keywords: T cell, Leukemia, machine learning, immunotherapy, cell migration

INTRODUCTION

T cells have emerged as a compelling agent in the treatment of diseases ranging from cancer to
autoimmunity. However, clinical use of T cells as a therapy relies on the production of cells of
sufficient quantity and quality from a small starting population; the inability of an individuals
cells to carry out this expansion would make a cellular approach inappropriate for both therapy
and participation in clinical trials (Frey, 2015). This poses a particular challenge as disease state
often dampens immune function and response including expansion. As a key example, T cells from
individuals with Chronic Lymphocytic Leukemia (CLL) show defects in expansion and subsequent
function (Wherry, 2011; Tonino et al., 2012; Riches et al., 2013; Palma et al., 2017; McLane et al,,
2019), which resembles exhaustion and is associated with lower remission of CLL than Acute
Lymphoblastic Leukemia through autologous CAR-T cell therapy (Maude et al., 2014; Porter et al.,
2015). CLL is also associated with higher levels of key exhaustion markers such as PD-1, TIM-3,
LAG-3, CTLA-4, TIGIT, and CD160 (Wherry, 2011; Long et al., 2015; McClanahan et al., 2015;
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Wherry and Kurachi, 2015), as well as deficits in cell function
such as migration and formation of immune synapse structures
(Ramsay et al., 2008, 2012, 2013). However, a clear understanding
of how biomarkers are associated with cellular function, disease
progression, and potential treatment remains elusive. Using
a machine learning approach, this report seeks to develop a
framework for combining molecular biomarkers, measures of cell
function, and other inputs to characterize T cells from individuals
with CLL, ultimately in an effort to improve production of cells
for cellular immunotherapy.

MATERIALS AND METHODS

Cell Culture

Mixed CD41/CD8™ populations of primary human T cells were
isolated from peripheral blood lymphocyte fractions (Leukopaks,
New York Blood Center) by negative selection (Rosette-Sep kit,
Stem Cell Technology) and density centrifugation (Ficoll-Paque
PLUS, GE). Mixed CD47/CD8" T cells from individuals who
were previously treated for CLL were purified using identical
selection techniques. Clinical biomarkers were collected over
the course of treatment. In particular, Rai stage, a standardized
measure of CLL spread, was determined during patient care
from blood tests (cell counts) and physical exams (tissue
enlargement). For all experiments, cells were cultured in RPMI
1640 supplemented with 10% fetal bovine serum, 10 mM HEPES,
2 mM L-glutamine, 50 U/mL penicillin, 50 pg/mL streptomycin,
and 50 uM B-mercaptoethanol (Sigma or Life Technologies,
unless otherwise noted). T cell populations were analyzed for
PD-1 expression by flow cytometry using a-PD-1 (PE-Cy7, clone
EH12.2H7, Biolegend).

Design and Fabrication of Microscopy

Chambers

Conical-well, open-bottom wells were used to improve the
efficiency of microscopy-based cell function analysis. Individual
wells had a cylindrical well geometry of 5 mm in internal diameter
and 4.5 mm depth, but with a 45° conical bottom ending with a
1-mm diameter opening at the bottom of the structure. Multiple
wells in a 2 x 4 rectangular array were arranged into chambers
following the layout and center-to-center distance of standard 96-
well plates. Chambers were fabricated out of polypropylene by
injection molding (Protolabs). For use in microscopy, chambers
were affixed onto test surfaces using transfer tape (3 M) that was
laser cut to provide correct overall dimensions and provide holes
for the I-mm openings.

Surface Micropatterning

Micropatterned surfaces were created by microcontact printing
(20, 21). Briefly, glass coverslips were patterned with 2-pum
diameter circular features of activating proteins, spaced in square
arrays at a center-to-center distance of 15 pm. Microcontact
printing was carried out by coating topographically defined,
polydimethylsiloxane stamps with a mixture of a-CD3 (clone
OKTS3, Bio X Cell) and a-CD28 (clone 9.3, Bio X Cell) antibodies.

The strength of TCR/CD3 activating signal was modulated by
changing the amount of «-CD3 in the stamping solutions,
which contained a-CD28 at 15 pg/ml, a-CD3 at a specified
concentration (5, 3, 1.5, or 1 pg/ml), and an inert antibody
(chicken a-goat IgG, Life Technologies) for a total concentration
to 20 pwg/ml. The strength of a-CD3 signal was expressed
as percent of antibody solution associated with OKT3 (e.g.,
15 pg/ml a-CD28 + 3 pg/ml a-CD3 + 2 pg/ml a-gt was denoted
as 15% OKT3). A microscopy chamber was then adhered onto the
coverslips, aligning the wells with the patterned regions. Finally,
open areas of the coverslip were coated with 2 pg/ml of ICAM-1
(ICAM-1/Fc chimera protein, R&D Systems).

Expansion

Assays of cell expansion were carried out as previously described
(O’Connor et al, 2012; Dang et al, 2018). Briefly, mixed
CD4"/CD8™ populations of 1 x 10° T cells were stimulated with
Human T-Activator CD3/CD28 Dynabeads (ThermoFisher) at a
bead to cell ratio of 3:1 on day 0 of an expansion process. On
day 3 and every second day after that, the number of T cells was
counted, and additional media added to reduce cell concentration
to 5 x 10° cells/ml. Proliferative capacity was quantified as the
maximum number of doublings achieved over the expansion,
after which cell number decreased; the expansion process was
terminated at that point.

Microscopy-Based Assays of Cell

Function

Cell alignment, motility, and IL-2 secretion assays were carried
out by seeding 1 x 10* T cells in a 50 ul volume into prepared
microscopy chambers attached to micropatterned coverslips
or other experimental surface. Cell culture was carried out
under standard conditions (37°C, humidified environment, 5%
CO; environment).

Cell alignment and IL-2 secretion were measured 6 h after
seeding. IL-2 secretion was measured using a surface capture
method (Shen et al., 2008; Bashour et al., 2014). Briefly, cells
were incubated with a bi-reactive antibody, which binds to the
T cell surface and presents a site for IL-2 capture. Secreted
IL-2 is captured over the course of the 6 h incubation, and
then detected using an APC-labeled a-IL2 antibody. Cells were
fixed with 4% paraformaldehyde. Amplification of the IL-2 signal
was provided by incubation with a tertiary, biotinylated a-APC
antibody followed by streptavidin-AF647. Interference reflection
microscopy provided an outline of each cell, which was used to
determine the fraction of cells that had aligned with an activating
pattern. Fluorescence imaging allowed cell-by-cell measurement
of surface-captured IL-2, which was collected for cells aligned
to the patterns.

Cell motion was recorded by live-cell microscopy in the
first hour after seeding using a stage top incubator (Tokai).
Images were collected at 30 s intervals over the 60 min
observation period. Only T cells with fully formed lamellipodia
were considered for motility analysis. Velocity was defined as
average velocity before cells stopped on an activation feature.
A stop was defined as a cessation of overall motion for longer
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than 3 min, thus not including encounters where cells crossed a
feature without halting. For a subset of experiments, T cells were
stained with a-PD1 BB515 (clone EH12.1, Becton Dickinson)
prior to seeding.

Statistics and Analysis

Analysis of donor cells was carried out in the R and MATLAB
software environments. To identify the smallest set of factors
that can account for the majority of variance in the donor data
set (Supplementary Table 1), Factor Analysis of Mixed Data
(FAMD) was carried out using the “FactoMineR” and “factoextra”
libraries in R. Sex and IgVH were treated as categorical
factors. Rai stage, represented by the integer associated with
the analysis (0-4) was rank transformed and then treated as a
numerical factor, noting that increasing Rai stage corresponds
to greater CLL spread. Missing data was imputed by Multiple
Imputation by Chained Equations (MICE) using the “mice”
library in R. Numerical data was normalized (mean = 0, standard
deviation = 1) prior to analysis by FAMD. Once variables to
be included for clustering were identified, data was analyzed by
k-medoids using the “cluster” library in R. Resampling analysis
was carried out using the R “boot” library. MATLAB was used to
reconcile cluster assignments between runs.

Quantitative comparisons between multiple conditions
were carried out using two-tailed ANOVA methods. When
validated by ANOVA (a0 = 0.05), comparison of data between
multiple conditions was carried out using Tukey’s honest
significance test methods. As specified in the figure captions,
data were alternatively analyzed using Kruskal-Wallis test
by ranks (o = 0.05). These tests, including permutation
analysis when specified, were carried out using the MATLAB
software environment.

Study Approval

All experiments were performed in accordance with protocols
approved by either the Dana-Farber Cancer Institute or
Columbia University. Clinical information was provided
from patient records from the Dana-Farber Cancer Institute.
Informed consent was obtained for each patient on an ongoing
research protocol approved by the Dana-Farber Cancer Institute
Institutional Review Board (no. 99-224).

RESULTS

CLL T Cells Show Reduced Proliferative
Capacity

As a measure of cell suitability for production, we compared
ex vivo expansion of T cells from individuals being treated for
CLL to those from healthy counterparts. Mixed CD4"/CD8*
populations of T cells were activated using Dynabeads (a-CD3
+ a-CD28) then expanded in media supplemented with serum
but without additional cytokines. Cells from healthy donors
entered a phase of rapid growth, after which expansion decreased
and cells came to rest (Figure 1A). Cells from CLL patients
was often less robust, manifested as a shorter period of

rapid growth and/or slower rate of doubling; three examples
illustrating strong (similar to healthy donors), moderate, and
minimal growth are shown in Figure 1A. Toward a systematic
understanding of this variability, we examined a larger set of
donors (Supplementary Table 1) seeking to identify parameters
that can be associated with different degrees of expansion. This
report uses the maximum number of doublings reached during
growth, illustrated in each profile of Figure 1A by an open
symbol, as an indicative measure of proliferative potential during
expansion. We first examined Rai stage, a clinical designation
based on disease progression (Apelgren et al, 2006). Cells
from healthy donors exhibited 5.5 &+ 0.4 (mean £ SD, n = 5)
doublings. Cells from CLL patients showed a wider range, with
no dependence on Rai stage (P < 0.72, permutation on Kruskal-
Wallis test). We next considered the percentage of cells in the
starting population expressing the checkpoint inhibitor PD-
1 (Arasanz et al, 2017). An overall negative correlation was
observed between maximum doublings and PD-1 expression
(Figure 1C), but with a dip in doublings for intermediate
values of PD-1 expression. Analysis of maximum doublings
as a function of sex and IgVH mutation status showed no
significant effect of the individual parameters (P < 0.43 and
P < 0.29, respectively, two-tailed ¢-test). Recognizing that cellular
functions are central to disease progression, we next turned to
more complex measures of cell state.

Cell Sensitivity to Micropatterned,
Activating Signals Is Dependent on PD-1

Expression

CLL impacts cellular-level functions of T cells, including motility,
migration, and activation (Ramsay et al,, 2013; Dupre et al,
2015). In this section, we seek to characterize such functions
under well-defined conditions, potentially leading to a new
quantifier that can be used to determine cell state. These
assays typically require observation of live cells, and have been
complicated by both the limited number of cells available
from diagnostic samples and large, unobservable dead volumes
associated with microscopy systems. To address the microscopy-
associated limitation, we introduced the use of conical wells to
collect cells into a small region of observation. The chambers
are based on 96-well plates, with each well concentrating cells
that would settle onto the 5-mm diameter bottom surface to a
1-mm diameter observation area (Figure 2A). By concentrating
cells onto the observation area, the number of cells needed
for an experiment was reduced by a factor of 20, facilitating
experiments with smaller diagnostic samples and/or testing of
more parameters from a single sample. Here, these chambers
were used in conjunction with a second experimental system,
protein-micropatterned surfaces for measuring response of living
cells (Figure 2A). Microcontact printing (Mayya et al.,, 1950,
2018; Chen et al., 1997; Shen et al., 2008; Bashour et al., 2014;
Kumari et al., 2015) was used to create arrays of 2-pm diameter,
circular features containing antibodies to CD3 and CD28 which
provide activation and costimulatory signals, respectively. The
intervening regions were coated with ICAM-1. This approach
was used previously (Shen et al., 2008) to investigate sensitivity
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for that donor. The symbols in (C) correspond to Rai stage indicated in (B).
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FIGURE 1| T cells from CLL patients show deficits in expansion. (A) Timecourse of expansion for cells from three individuals, including a control condition of cells
from a healthy donor, a CLL patient with cells showing moderate deficit in expansion (D57), and one with minimal proliferative potential (D2). The maximum number
of doublings reached over an experiment (indicated by the open symbols) was used as a single, characteristic measure of expansion. (B) Maximum doublings for
cells as a function of Rai stage (not including healthy donors) were compared by permutation analysis applied to Kruskal Wallis test, indicating no significant
difference (P < 0.72; 1 x 108 permutation samples). Data are mean =+ SD The donors included in (A) are indicated in this figure. (C) Maximum doublings as a
function of percentage of cells that were PD-1+. Data are presented as means, and when included, error bars indicate standard deviations over technical replicates
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FIGURE 2 | Measurement of cell function from limited samples. (A) Microcontact printing was used to pattern isolated features containing activating antibodies to
CD3 and CD28, allowing microscopy-based analysis of cell function. These micropatterned surfaces were attached under custom-made, open-bottomed conical
chambers, which provide a 20-fold improvement in cell utilization. Cell-substrate contact areas were determined by interference reflection microscopy (gray), which
allowed determination of alignment with activating features of a-CD3 + a-CD28 (red). (B) Alignment of T cells to the activating features was dependent on both the
concentration of a-CD3 antibody (OKT3) and PD-1 expression. Data are mean + SD from 3 to 14 donors for each condition. An OKT3 concentration of 15% was
selected as a standard condition for subsequent experiments. (C) Maximum doublings as a function of Pattern Alignment. Data are means, and when included error
bars indicate standard deviations over technical replicates for that donor. The symbols in (C) correspond to Rai stage as indicated in Figure 1B.

Pattern Alignment (%)

of T cells to localized CD3 activation, assayed by measuring
the percentage of cells that stopped on and aligned with the
features as a function of a-CD3 concentration. Repeating that
approach here, primary human T cells from healthy donors
aligned with micropatterned features of OKT3 (a-CD3) and
9.3 (a-CD28) as shown in Figure 2A. The amount of CD3
activating signal was controlled by specifying the concentration
of OKTS3 in the printing solution, as detailed in section “Materials
and Methods.” The percentage of cells that aligned with the
patterns increased as OKT3 concentration increased. Cells from
CLL donors similarly showed increasing alignment with higher
concentrations of a-CD3, but also exhibited a dependency
on PD-1 expression (Figure 2B). For this analysis, cells with
PD-1 expression levels within the 95% confidence interval of
healthy donors were designated as “PD-1 low,” while those
above this confidence interval were notated as “PD-1 high.” At
each OKT3 concentration, cells from the “low” group showed
lower alignment with features than the corresponding cells from
healthy donors. Surprisingly, this deficit in cell response was lost
for cells from the “high” PD-1 group, illustrating the complex

relationship between maximum doublings and PD-1 expression
suggested in Figure 1C. Notably, these experiments were made
practical by the improvement in cell utilization provided by
the conical chamber system. Subsequent experiments, facing
similar limitations in cell availability, were carried out at
an OKT3 concentration of 15% (see section “Materials and
Methods”), corresponding to the greatest difference between
cells of the healthy and PD-1 low donors. Cell proliferative
potential is plotted as a function of pattern alignment at
this standardized concentration of 15% OKT3 in Figure 2C.
While lower levels of alignment were associated with decreased
proliferative potential, the number of doublings reached by
cells exhibiting higher alignment varied across the range of
observed values; the distribution of maximum doublings for
alignment above 60% was not statistically different than those
below this cutoff (P < 0.61, permutation of Kruskal-Wallis test,
1 x 10° random permutations). Finally, IL-2 secretion by cells
adherent to these micropatterned surfaces was measured using
a previously described surface capture method (Shen et al,
2008; Bashour et al., 2014). Like pattern alignment and other
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biomarkers, no clear correlation between maximum doublings
and IL-2 secretion alone was observed. Given these results, we
next pursued a multi-factor approach toward characterizing cell
proliferative potential.

Clustering Analysis Reveals Three
Groups of Donors

In this section, an unsupervised clustering approach was
used to identify patterns in biomarker expression within the
populations of T cells isolated from CLL donors. Factors for
this analysis included pattern alignment, IL-2 secretion, Rai
stage, PD-1 expression, age at time of diagnosis, sex, and
IgVH mutation status. Before clustering, Factor Analysis of
Mixed Data (FAMD, Figure 3A) was used to identify which
factors have the largest impact of explaining data variance.
Dimensions 1 and 2 together comprised over 50% of data
variability (37.3 and 19.4%, respectively, Figure 3A). As such,
we examined the contributions of the seven input factors to
combined Diml + Dim2. Pattern alignment, IL-2 secretion,
and PD-1 expression each contributed over 14.3%, a cutoff
representing equal contributions from all factors (Figure 3B),
and were thus identified as the factors to be used in k-medoids

clustering analysis. A cluster number of three was selected using
the elbow method (Supplementary Figure 1), leading to group
assignments shown in Figure 3C. Most strikingly, the groups
stratify maximum doublings (Figure 3D): Group 2 is significantly
lower than Group 1 (P < 0.05), while Group 3 is lower than
both Healthy and Group 1 cells (P < 0.05 and P < 0.005,
respectively). These assignments thus provide a single parameter
that describes cell expansion potential without the complex
relationships observed for individual factors (Figures 1B,C, 2C).
These group assignments also provided insight into the three
factors that were used in clustering—PD-1, pattern alignment,
and IL-2 secretion (Figure 3E). Intriguingly, clustering provided
more distinct stratification of pattern alignment than max
doublings (four comparisons that were significant at a = 0.05,
compared to three), but alignment showed a different order
of response with Group 2 being higher than the others.
A similarly altered order was observed for PD-1 expression.
Finally, IL-2 secretion showed an ordering that was similar
to max doublings, suggesting a connection between doublings
and cytokine secretion, but fewer comparisons were significant
ata =0.05.

It is noted that the clustering and data imputation algorithms
used here incorporate randomization. Consequently, the stability
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of these analyses was tested through two types of resampling.
The first is bootstrapping, in which 500 data sets were generated
by random selection with replacement and then analyzed using
the methods applied to the original data set. The frequency at
which each donor was assigned to a given Group is listed in
Supplementary Table 2, showing that the groups reported in our
full data set (Supplementary Table 1) are stable; only one donor
(D59) was assigned to a group different from the bootstrapped
data. Data were then analyzed by subsampling, in which 500 data
sets representing 90% of the original were generated by random
sampling without replacement. As shown in Supplementary
Table 1, these assignments followed the original analysis,
indicating that those conclusions are not sensitive to the number
of individual donors. Finally, bootstrapping was conducted on
percentage of variance explained by Diml + Dim2 in the
FAMD analysis. Analysis of 500 bootstrap sets determined
a 95% confidence interval of 53.3-71.0%, placing it above
the 50% criteria.

Cell Motility Varies Between Groups and

PD-1 Expression

A notable result presented above is that pattern alignment
is a major contributor to Diml + Dim2 (Figure 3B), and
is also stratified by the cluster assignments (Figure 3E). To

understand the cellular processes underlying pattern alignment,
we examined the motion of cells following contact with a
micropatterned surface (Supplementary Movie 1), collecting
three complementary measures of cell motion from these
trajectories. The first was motility speed, which reflects
exploration of the ICAM-1-presenting surfaces. No significant
variation in speed was observed across CLL and healthy donors
(Figure 4A). The next two measures focused on cells as they
encountered and came to a stop (defined as a halt in long-
range movement for at least 3 min) on activating features of
a-CD3 + a-CD28; these cells represent the ones that aligned
with the pattern. The number of features a cell encountered
before stopping provides insight into the sensitivity of cells
to activation. Cells from Group 1 moved over more features
than cells from Group 2, Group 3, and also healthy donors
(Figure 4B) suggesting lower sensitivity to activation. As a
complementary readout, the time from the beginning of the
trajectory to stopping on an o-CD3 + «-CD28 feature was
also measured. Cells in Group 3 showed the longest trajectory
duration (Figure 4C). These results collectively suggest that
proliferative potential is associated with different patterns of
cell motility and sensitivity to activation. Specifically, longer
periods of motion before coming to a stop are associated with
lower maximum doublings, as illustrated for D76. However, this
relationship is complex, since Group 1 showed lower sensitivity
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to activation with regards to the number of features crossed
before stopping. Finally, cell motility was compared as a function
of PD-1 expression by labeling cells for PD-1 prior to use
in migration assays. Separating cells in this manner revealed
that PD-1— cells from D66 (Group 1) moved faster than
their PD-1 + counterparts (Figure 4E), and also cells from
healthy donors, regardless of PD-1 expression (P < 0.005). The
number of features experienced before stopping for cells from
D66 was greater than for healthy donors, regardless of PD-
1 expression (P < 0.05), in keeping with Figure 4B. These
differences are further reflected in a longer time to stop for
PD-1+ cells from D66 compared to their PD-1— counterparts
(Figure 4F). A similar increase in migration speed for PD-1—
cells vs. PD-1+ counterparts was observed for D57 (Group 2),
but these differences were not significant compared to healthy
donors. No effect of PD-1 expression on migration was observed
for D76 (Group 3).

DISCUSSION

Cancer, like many afflictions, is multifaceted and diverse
requiring specification of treatment course around the disease
state and individual. This extends into surprising facets of the
tools used for therapy. For example, we recently demonstrated
that replacing the mechanically stiff plastic beads that are
routinely used to activate T cells with a softer material can
enhance subsequent expansion, providing more cells from an
initial starting population and rescuing production of cells from
individuals with CLL (Dang et al, 2018). Intriguingly, the
stiffness of the material that produced optimal growth of cells
varied between CLL donors. Through this study, we seek a
framework for describing and understanding the differences in
proliferative potential observed between CLL patients.

Initial attempts to use single factors such as Rai stage (as
T cell expansion capabilities decrease with disease progression;
Bonyhadi et al., 2005) and PD-1 expression (which is elevated
in exhausted T cells; McLane et al., 2019) to capture variability
in cell proliferation had modest success (Figures 1B,C). As
such, we expanded the set of parameters to include measures
of cell function, specifically cytokine secretion and the ability
to align with micropatterned features on an activated surface.
Individually, these measures provided limited new insight.
We subsequently turned to multi-factor machine learning
approaches, which have had success in classification of various
tumor models (Gorris et al., 1950; Zucchetto et al., 2011;
Chen and Mellman, 2017; Gonnord et al., 2019). Unsupervised
clustering based on PD-1, alignment, and IL-2 provided a
compelling approach for categorizing cells from CLL patients
into three groups, which differed with respect to proliferative
potential, an independent factor that was not included in
the analysis but is important to cell production. Designing
future studies around this clustering approach may provide
a streamlined method for understanding cell exhaustion and
developing tools for improving cell expansion.

Pattern alignment emerged as a key factor describing T
cell response. In FAMD analysis, alignment contributed to

Diml + Dim2 to an extent almost equal to PD-1 expression
(Figure 3B). Moreover, of the six potential pairwise comparisons
possible between Groups and Healthy donors, four of these were
statistically significant for pattern alignment. By comparison,
PD-1 and IL-2 secretion showed fewer significant comparisons,
suggesting that alignment provides the greatest stratification
between groups. However, pattern alignment is a complex
process, involving adhesion to a micropatterned surface, motion
across that surface, interaction with multiple activating features,
and finally (in the window of our assay) cessation of motility.
Most prominently, cells from Group 1 passed over more
features before stopping than the other groups and healthy
donors (Figure 4B). Compared to uniformly coated surfaces,
these micropatterned features more accurately capture the
physiological process of T cells encountering and even competing
for a limited number of conjugate cells (Mayya et al, 1950,
2018). As described in the Results section, a simple interpretation
of this is that passing over multiple patterns reflects the
sensitivity of cells to activation, or the need to integrate multiple
encounters before cessation of motion, which is associated
with TCR-induced actin polymerization, through proteins such
as Wiskott-Aldrich syndrome protein (WASP), overcoming
polarization of cytoskeletal dynamics and tension (Kumari et al.,
2020). However, another interpretation is that moving over
multiple features can reflect persistence of cell motion, with
a stop being more likely to happen at the same phase of
motion as a change of direction. Maiuri et al. (2012) elegantly
demonstrated that persistence and cell speed are correlated,
developing a model in which actin flow maintains polarization
(Maiuri et al., 2015). Correspondingly, the increase in features
passed over by cells in Group 1 is associated with faster
motion, but only for PD-1— cells (D66, Figure 4D). PD-1
expression, even in the absence of ligand on the underlying
surface, reduced cell speed while not affecting the number
of features passed over, suggesting a further complexity in
how processes are balanced in cell migration. Intriguingly,
Group 1 showed lower pattern alignment than healthy donors
(potentially reflecting increased motion persistence) but strong
proliferative potential. Perhaps counterintuitively, it is possible
that modulating cell alignment by increasing migration speed
could lead to improved cell activation and production for
immunotherapy. A clearer understanding of how cytoskeletal
polarization and dynamics interact is needed to more fully
realize this potential.
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Lymphocytes rearrange their shape, membrane receptors and organelles during
cognate contacts with antigen-presenting cells (APCs). Activation of T cells by APCs
through pMHC-TCR/CD3 interaction (peptide-major histocompatibility complex-T cell
receptor/CD3 complexes) involves different steps that lead to the reorganization of
the cytoskeleton and organelles and, eventually, activation of nuclear factors allowing
transcription and ultimately, replication and cell division. Both the positioning of the
lymphocyte centrosome in close proximity to the APC and the nucleation of a dense
microtubule network beneath the plasma membrane from the centrosome support the
T cell’s intracellular polarity. Signaling from the TCR is facilitated by this traffic, which
constitutes an important pathway for regulation of T cell activation. The coordinated
enrichment upon T cell stimulation of the chaperonin CCT (chaperonin-containing tailless
complex polypeptide 1; also termed TRIC) and tubulins at the centrosome area support
polarized tubulin polymerization and T cell activation. The proteasome is also enriched
in the centrosome of activated T cells, providing a mechanism to balance local protein
synthesis and degradation. CCT assists the folding of proteins coming from de novo
synthesis, therefore favoring mRNA translation. The functional role of this chaperonin in
regulating cytoskeletal composition and dynamics at the immune synapse is discussed.

Keywords: CCT, chaperonin, immune synapse, tubulin, actin, cryocorrelative microscopy, microtubule

INTRODUCTION

Synaptic contacts involve cell-cell communication structures determined by the polarization
of organelles and specific cell components allowing the interchange of information, such as
neurotransmitters, cytokines and genetic information, based on cytoskeleton rails (Martin-Cofreces
etal., 2014). The immune synapse (IS) is a transient, dynamic cell-to-cell communication structure
that forms at the interface of T cells and antigen-presenting cells (APCs). It represents a signaling
hub, facilitating the sensing of extracellular cues to enable both T cell activation and differentiation
and APC reprogramming/reorganization (Martin-Cofreces et al., 2014; Mastrogiovanni et al.,
2020). On the T cell side, the changes to the cytoskeleton in response to T cell receptor
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(TCR) activation have been studied in the context of intracellular
reorganization and, more recently, propagation of intracellular
signals. An unresolved question is how the actin and tubulin
cytoskeletons coordinate to rearrange both spatially and
temporally. These two cytoskeletons are inter-connected through
proteins that are able to physically link them, as well as by
signaling proteins that control their dynamics, such as members
of the protein kinase C (PKC) family, phospholipase C and
formins such as INF2 (Quann et al, 2011; Andres-Delgado
et al., 2012; Kumari et al., 2015; Murugesan et al., 2016).
The interdependence of tubulin and actin dynamics and the
occupancy of specific regions in the cell have been described
in diverse contexts, mainly in highly differentiated cells such as
neurons and immune cells that form synapses (Martin-Cofreces
et al., 2014; Coles and Bradke, 2015).

The actin-tubulin interconnection seems to be prior to
the formation of their respective filaments, initiating at their
folding upon de novo synthesis. Present in all eukaryotes,
the cytosolic group II chaperonin CCT is an oligomer of
about 1 MDa composed of eight different subunits (CCT1-
8) that organize into a barrel-like structure formed by two
back-to-back rings (Skjeerven et al, 2015), with an already
defined arrangement (CCT1-4-2-5-7-8-6-3, with CCT2 and
CCTE6 establishing homotypic, inter-ring interactions; Figure 1;
Leitner et al., 2012; Kalisman et al., 2013; Chagoyen et al,
2014). However, during the oligomerization process, CCT
microcomplexes can be observed (Sergeeva et al., 2019). The
rings operate sequentially to assist in the folding of different
clients (e.g., tubulin and actin monomers) upon their synthesis
at the ribosome (Willison, 2018). CCT accumulates at the
centrosomes of activated T cells (Martin-Cofreces et al., 2020),
together with other complex oligomers such as the proteasome
(Martin-Cofreces et al., 2020), also found in B cells (Ibanez-
Vega et al,, 2019). The proteasome is involved in degradation
of ubiquitinated and unfolded proteins at the centrosomes of
different cell types, which has been linked to the control of
centrosome function (Freed et al., 1999; Vora and Phillips, 2016).

CHAPERONE ACTIVITIES OF CCT:
FOLDING AND OTHERS

Actin and tubulin are major clients of CCT, which is considered to
have co-evolved with these two components of the cytoskeleton,
facilitating their current structural and molecular mechanisms.
Native actin and tubulin are absolutely essential for cells, which
makes the CCT oligomer an indispensable complex for cell
viability (Liu et al,, 2005). Many studies performed in yeast
involving genetic deletion of individual subunits have shown
growth defects and a loss of viability. Cells presented aberrant
morphology and abnormally large sizes (Willison, 2018). The
different CCT subunits can exert independent functions in
cells (Vallin and Grantham, 2019); thus, the effects observed
after simultaneous knockdown of several subunits probably
correspond to the holoenzyme activity, whereas differences
detected upon silencing of single subunits may be attributed to
that particular component.

Studies on the CCT interactome are allowing the discovery
of not only potential clients for CCT (either for complete or
intermediate folding), but also regulatory proteins or proteins
that are controlled by CCT (Dekker et al, 2008; Yam et al,
2008). The functions of obligate clients are linked to CCT
folding activity: if the chaperonin fails to properly assist the
folding of these substrates, loss of function effects could occur.
Consequently, an excess of substrate may provoke an excess of
unfolded forms of other substrates, (i.e., competition with other
substrates), leading to toxicity through protein aggregation. Actin
and tubulin connect CCT to any process that depends on the
function of microtubules and actin filaments (Sternlicht et al.,
1993). Since actin and tubulin are major clients for CCT, probably
due to their abundance and affinity (Willison, 2018), their
expression likely regulates the quantity of CCT available for other
substrates, thus linking this process to normal cell metabolism
and cell cycle progression. Other CCT client proteins include
members of the WD40 family, which contain tandem copies of
a 40-amino acid repeat (WD40 motif), several of which form
a p-propeller structural domain. The cell cycle regulators Cdhl
and Cdc20 belong to this family of proteins and are also folded
by CCT (Camasses et al., 2003). The two proteins play critical
roles as adaptors for the anaphase promoting complex/cyclosome
(APC/C), a ubiquitin ligase regulating cell cycle progression
(Camasses et al., 2003). CCT may also impact cell biology through
the folding of another WD40 protein, mLST8 (a subunit of mTOR
complexes 1 and 2; Cuellar et al., 2019), which in turn regulates
protein synthesis through the ribosomes and therefore, the flux
of CCT clients. mTOR is activated by TCR stimulation and CD28
co-stimulation, increasing the eukaryotic translation initiation
factor 4E (eIF4E) binding proteins (4E-BP1, 2, and 3) and the
p70 ribosomal S6 kinase (S6K) activity. S6K phosphorylates
the S6 ribosomal subunit to initiate protein synthesis (Myers
et al., 2019). S6K also phosphorylates CCT2 subunit, providing
a link between mRNA translation and folding (Abe et al., 2009).
Another WD40 protein is GB, a component of the GB-Gy
signaling heterodimer complex. Here, CCT not only plays a role
in the folding of Gp, but also in the stabilization of the GB-Gy
complex (Plimpton et al., 2015).

REGULATION OF THE ACTIN
CYTOSKELETON BY CCT

Despite our understanding of how a multitude of
extracellular stimuli trigger pathways that lead to actin
polymerization/depolymerization, and the detailed molecular
mechanism of local actin nucleation (Pollard, 2019), some
challenges remain to be addressed. There is a need to learn about
the mechanisms that control newly assembled F-actin into higher
order structures such as stress fibers, filopodia, and other bundles
including short filaments near membrane-resident receptors.
Indeed, additional work on the regulatory and functional
mechanisms of F-actin disassembly is required to explain its
rapid pace in cells.

A pending question about actin dynamics regards the
maintenance of monomer availability in cells. Newly synthesized
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FIGURE 1 | CCT in the reorganization of actin and tubulin at the immune synapse. TCR activation promotes protein synthesis. The chaperone CCT accumulates in
activated centrosomes, which then can act as folding centers for newly synthesized proteins. The new polypeptides are assisted in their folding by CCT, whose
major obligate substrates are actin and tubulin. Actin is directly sorted into its native form, whereas tubulin needs the assistance of different tubulin-binding
co-factors (TBCs) to form stable ap-heterodimers. The newly formed building blocks are then ready to be incorporated into their respective filaments, F-actin and
microtubules. CCT may localize to pre-existing actin filaments, where it can help in the folding of mRNAs that would then be bound to these filaments, creating local
gradients of protein concentration. Organelles and cell components are not depicted to scale. Inset, CCT organization and ATP consumption.
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actin requires CCT to adopt its native structure; a transient
90% silencing of CCT by siRNA only slightly affected actin
synthesis, but reduced the amount of native actin and therefore
cellular motility (Grantham et al., 2006). There is limited
evidence of the regulation of actin filament homeostasis by
synthesis and degradation of monomers, although such a process
(involving specific degradation and isoform replacement of
conventional actin through the proteasome) has been described
in Chlamydomonas during stress adaptation (Onishi et al.,
2018). The degradation of y-actin by N-terminal arginylation
upon removal of the N-terminal methionine depends on its
ubiquitination and proteasome processing, and relies on slow
translation and exposure of a Lys residue. Arginylated p-actin is
more stable than the unmodified protein (Zhang et al., 2010).
These modifications may heavily impact the ability of cells to
expand their lamella at the front edge and migrate (Kashina,
2006). The majority of actin in lymphocytes corresponds to the

p isoform (about 80%), whereas the remaining 20% is y-actin,
providing a mechanism to regulate actin availability through the
proteasome. The role of the proteasome has been tested in T
and B cells using different inhibitors during the establishment of
synaptic contacts. The use of both MG132 and epoxomycin in
activated B cells has shown effects on actin remodeling around
the centrosome, which would prevent centrosome detachment
from the nucleus and translocation to the synapse (Ibafiez-Vega
et al, 2019). All these inhibitors also showed effects on the
tubulin cytoskeleton (Didier et al, 2008; Poruchynsky et al.,
2008; Meregalli et al,, 2014). In T cells, the highly selective
proteasome inhibitor bortezomib increased tubulin dynamics
at the centrosome area near the IS (Martin-Cofreces et al.,
2020), while its effect on the actin cytoskeleton is not yet
reported. Additional studies are needed in order to understand
whether these outcomes are a direct consequence of the lack of
proteasome activity on specific substrates, or rather the result of a
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broad inhibition of other cell components with similar selectivity,
such as calpains and cathepsin B. On the other hand, B-actin
synthesis increased in centrosomes upon TCR activation, but a
40% reduction of CCT levels did not impact the total B-actin
levels in T cells (as observed in other cell systems with increased
reduction of the oligomer; Grantham et al., 2006). CCT reduction
neither prevents the extension of the actin lamella nor adhesion
to the APC, and phosphorylation of the myosin light chain is
conserved (Martin-Cofreces et al., 2020).

The CCT complex co-sediments with F-actin in in vitro assays,
where the initial rate of actin polymerization at the plus-ends is
reduced, although F-actin formation is not prevented (Grantham
et al, 2002). Indeed, although CCT does not assist gelsolin
folding, it binds to its Ca’'-activated form (Svanstrom and
Grantham, 2016), which may control F-actin elongation through
its severing and capping activity. The in vivo consequences of
these interactions are under study. With regard to individual
subunits, a reduced level of the CCT5 subunit narrows the cell
shape and reduces the area of adhesion to substrate (Brackley and
Grantham, 2010). Isolated CCT subunits are found near F-actin
bundles (Brackley and Grantham, 2010), and over-expression of
CCT4 induces cellular protrusions and filopodia (Spiess et al.,
2015), which may reflect the individual roles of these proteins in
the cell. Whether these individual CCT subunits or the oligomer
play such a role in the IS deserves future experimentation.

An interesting feature of actin mRNA translation is that
the zip code region at the 3'UTR of B-actin mRNA regulates
its localization at the leading edge in migrating cells, in a
serum-dependent manner (Kislauskis et al., 1997). Research
performed on the contribution of newly synthesized B-actin to
actin dynamics has suggested that it is unlikely that the calculated
6.5% of this de novo actin will significantly contribute to the rate
of global actin polymerization at the cell front edge (Shestakova
et al., 2001). However, this process performed in a restricted
volume would increase the limiting monomer concentration,
establishing a major location for actin polymerization. The
delocalization of f-actin mRNA alters the sites and rate of
cell protrusion (Shestakova et al, 2001). In this regard, the
requirement of F-actin to localize its own mRNA to the front
edge may also be considered a local mechanism of control by
de novo synthesis (Sundell and Singer, 1991) in which CCT
would take part. The cytoskeletal organization at the IS can be
compared to that of the front-edge during migration (Figure 1).
The interaction of tubulin and vimentin mRNAs with F-actin
has also been described (Singer et al., 1989). Conceivably, this
mechanism regulating the half-life of these messengers and the
timing of their translation would constitute another regulatory
step between the cytoskeletons.

The above model would be further supported if de novo-
synthesized G-actin had a different effect on the polymerization
rate of F-actin compared to the G-actin already present, either
by its own molecular structure or by its affinity for nucleation
complexes. G-actin may be subjected to post-translational
modifications (PTMs) such as S-nitrosylation of P-actin on
Cys374, which may change actin’s molecular structure and
properties (Garcia-Ortiz et al., 2017). This oxidation is relevant
to regulate the ability of actin to polymerize and depolymerize at

the IS, based on its interaction with profilin (Garcia-Ortiz et al.,
2017). Although actin modifications have not been extensively
studied in the context of synapses, more than 140 PTMs have
been described in eukaryotic actin sequences. Some of them
are quantitative and reversible, whereas others are infrequent
and affect a minority of the actin pool. Specifically, N-terminal
acetylation, arginylation and novel oxidation, phosphorylation,
ubiquitination, and SUMOylation sites have been identified
in recent years, some of them by global proteomics analyses
(Varland et al., 2019). All these modifications may impact the
native structure and stability of the protein, and constitute a
growing field of research to be developed in the future.

TUBULIN REGULATION BY CCT

Tubulin molecules are the building blocks of the structure that
controls cell shape and dynamics, and can originate from a
large number of genes and isotypes. These diverse gene products
organize into heterodimers such as af-tubulin (which forms
microtubules) and y-tubulin, which is found in specific structures
such as the centrioles within centrosomes and in y-TURC
complexes, used as seeds to initiate microtubule polymerization
at the pericentrosomal matrix and Golgi apparatus (Bettencourt-
Dias and Glover, 2007; Martin-Cofreces and Sanchez-Madrid,
2018). There are other tubulins including ¢-, ¢- and 3-tubulin,
which are less studied and present only in some eukaryotes.
Mutations in tubulin genes cause multiple human cortical
malformations (tubulinopathies) that include microcephaly,
lissencephaly, dysmorphic basal ganglia and polymicrogyria
(Bahi-Buisson et al., 2014). Synthesis and folding of the
heterodimers is a precise and complex process that requires
the action of the prefoldin complex, a cochaperone that binds
to the nascent polypeptide and transfers it to CCT to be
folded (Llorca et al., 2000). The folded protein later depends on
cooperation of different tubulin binding co-factors (TBCs) that
specifically bind to a- or B-tubulin, helping in the formation
of ap-heterodimers and their incorporation into microtubules
(Lopez-Fanarraga et al., 2001).

Tubulin synthesis is regulated by the cell cycle, increasing
during the S phase to facilitate organization of the mitotic
spindle. It is also self-regulated by its own quantity in the cells,
thereby maintaining a constant pool of available heterodimers
for microtubule dynamics (Baker, 1993; Brackley and Grantham,
2009; Willison, 2018). The effects of different inhibitors of
protein synthesis and the proteasome have been studied in
diverse cell systems. During IS formation, active tubulin synthesis
is driven by TCR activation, providing increased availability
of soluble heterodimers for polymerization at the centrosome.
This local increase in tubulin concentration would burst
microtubule polymerization from the centrosome, facilitating
the radial array formed at the immune synapse (Figure 1). The
inhibition of protein synthesis in T cells through the chemical
inhibitor cycloheximide prevented tubulin dynamics during T
cell activation, as did a 40% reduction in CCT levels by siRNA
(Martin-Cofreces et al., 2020). At this level of expression, total
cellular quantities of actin and tubulin were unaffected, whereas
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a 90% reduction in CCT showed diminished levels of tubulin
(Grantham et al., 2006). Despite the great increase in soluble
heterodimers, polymerization from the centrosome was strongly
decreased, both in terms of the number of new microtubules and
the rate of incorporation. In contrast, treatment with the highly
selective proteasome inhibitor bortezomib increased the rate
of polymerization from the translocated centrosome, reducing
soluble cytosolic heterodimers. The use of other proteasome
inhibitors, such as MG132 and epoxomycin during IS formation
has focused on the study of F-actin at the centrosome area,
showing an inhibition of the centrosome’s translocation to the
IS in B cells (Ibafiez-Vega et al., 2019). MG115, PS-341 and
epoxomycin treatments in HelLa cells increased the amount
of proteins such as y-tubulin, dynactin, ninein and PCM-1 at
the centrosomes, generating an enlargement of this organelle.
Epoxomycin prevented the radial array of microtubules in
interphase U20S cells after nocodazole treatment without
preventing centriole conformation, as observed through electron
microscopy (Didier et al, 2008). In contrast, bortezomib
treatment increases microtubule dynamics (Poruchynsky et al.,
2008; Meregalli et al., 2014). These apparently contradictory
results warrant further research to understand the role of the
proteasome on cytoskeleton dynamics at the centrosome.

An intriguing fact is that the centrosome of T cells with
reduced levels of CCT was not as distant from the IS as should be
expected, as observed by soft-X-ray cryocorrelative microscopy,
with a spatial resolution of about 50 nm (Martin-Cofreces et al.,
2020). A recent report describes that kinesin-4 KIF21B limited
the growth of microtubules shortly after TCR activation, allowing
translocation of the centrosome (Hooikaas et al., 2020), which
may correlate to no specific defects in centrosome translocation
to the IS in T cells with diminished microtubule growth due
to cycloheximide treatment or reduced CCT levels. Instead, it
might be the result of different doses and timing of the different
treatments, leading to diverse responses or a lack of effect. In
this regard, the internal ultrastructure of the centrosome at the
IS is affected by a reduction in CCT levels. The centrioles show
a different orientation inside the centrosome with respect to
the IS plane once the TCR is activated, which is prevented by
CCT knockdown (Martin-Cofreces et al., 2020). The orientation
of the centrioles seems to allow the oriented polymerization
of microtubules toward the IS, even if the centrosome is not
close to it. This piece of evidence may imply further biological
consequences than the actual position of the centrosome in the
cell, and warrants future research on how this orientation is
regulated, and whether the centrioles can act as a sensor for “up
and down” positioning in cells.

Additionally, a specific equilibrium between tubulin synthesis
and degradation may also be required to allow correct
microtubule dynamics, which might be dependent on the
incorporation of building blocks into the polymer and the
PTMs observed in tubulin (Figure 2). The de-tyrosination of
tubulin at its C-terminus (A 1-tubulin) has been observed during
IS formation, with increased localization at the centrosome
(Andres-Delgado et al., 2010). This PTM is also observed in
soluble heterodimers upon TCR activation, concomitant with
increases in A2-tubulin (a variant that lacks the C-terminal

tyrosine and glutamic residues; Martin-Cofreces et al., 2020),
which has been proposed to be a form of tubulin targeted for
degradation (Paturle-Lafanechere et al., 1994). Reduced protein
synthesis either by cycloheximide treatment or CCT knockdown
prevents not only the incorporation of heterodimers into
microtubules, but also the aforementioned PTMs, accompanied
by increasing microtubule acetylation (Martin-Cofreces et al.,
2020). Deacetylation of microtubules driven by HDAC6 is
observed shortly after TCR activation, indicating a transient
increase in dynamic microtubules during T cell reorganization
(Serrador et al., 2004). Over-expression of HDAC6 prevents
centrosome translocation (Serrador et al., 2004), and its
knockdown decreases the distance of the centrosome to the
IS (Nunez-Andrade et al., 2016), which would correspond to
a sustained increased acetylation, as observed in T cells with
reduced CCT levels (Martin-Cofreces et al., 2020). Indeed,
knock-down of Aurora A, a Serine/threonine kinase that
promotes microtubule growing from the polarized centrosome
in synaptic T cells, does not affect centrosome polarization,
but alters microtubule growing at the IS (Blas-Rus et al,
2017). Aurora A promotes microtubule polymerization from
the centrosome (Terada et al., 2003). CCT depletion or CEP55
knock-down decrease Aurora A at the protein level and
prevents ciliary disassembly; in absence of Aurora A, cilia are
longer with increased acetylated microtubules (Zhang et al,
2021). Also, Aurora A phosphorylates and activates HDAC6
to allow ciliary dissasembly (Pugacheva et al., 2007). A similar
mechanism can be acting at the IS as the cilia and the IS
share components and features (Cassioli and Baldari, 2019).
Deacetylation of microtubules may be required to disassemble
the initial microtubular network and to allow the microtubule-
organizing activity of the centrosome. Those results support that
defects in microtubule growth show a lesser effect on centrosome
translocation than an excess of polymerization during IS
formation (Hooikaas et al., 2020). The lack of microtubule
polymerization in T cells with reduced CCT levels might prevent
tubulin clearance by the proteasome, which would be mainly
loaded with A2-tubulin (Figure 2). The decrease in Al-tubulin
allows rapid depolymerization at plus ends of microtubules by
action of kinesin 13, which binds preferentially to tyrosinated
tubulin (Peris et al., 2009). This would be observed as a reduced
polymerization rate in TIRFm assays in terms of the number
of microtubules and polymerization speed at the IS. Together,
these events may result in an accumulation of unmodified tubulin
heterodimers, as indeed has been observed (Martin-Cofreces
et al,, 2020). The lack of tubulin dynamics induces defects in the
structure of the IS, including mitochondrial disorganization and
failures in cell respiration. These effects may also be supported by
decreased mTOR activity (Cuellar et al., 2019).

IS THERE ANY CCT CONNECTION
DRIVING THE SYNCHRONIZATION OF
CYTOSKELETON DYNAMICS?

It is remarkable to notice that actin dynamics, which are more
readily observed upon TCR activation (from ms to s) than tubulin
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FIGURE 2 | Tubulin synthesis and degradation at the centrosome of activated T cells. Newly synthesized a- and B-tubulin are assisted in their folding by the
chaperone CCT, forming heterodimers that can be incorporated into nascent microtubules with the assistance of different tubulin-binding co-factors (TBCs). The
incorporated heterodimers can then be post-translationally modified by carboxypeptidases that delete the C-terminal tyrosine (A 1-tubulin) and the glutamic acid
(A2-tubulin). These modifications take place in the microtubules. The depolymerized, post-translationally modified heterodimers can be then proteolyzed by the
proteasome upon depolymerization. The rapid synthesis and degradation of tubulins enable availability of fresh heterodimers for polymerization. If the CCT
chaperonin and proteasome localize asymmetrically inside the centrosome, they can act in different orientations (i.e., the nuclear and immune synapse sides),

dynamics (from s to min), are less dependent on the de novo
synthesis of its constituent G-actin. This effect has been observed
in different cell types (Grantham et al., 2006; Willison, 2018;
Martin-Cofreces et al., 2020) and is dependent on the amount
of functional CCT available. During in vitro translation assays
with rabbit reticulocyte lysates, CCT was required for folding
of actin into its native form (Garcia-Ortiz et al., 2017; Willison,
2018). However, once folded, actin seems to be more stable than
tubulin, which requires a much more complex folding process
and cooperation between multiple co-factors to polymerize and
depolymerize (Lopez-Fanarraga et al., 2001; Kortazar et al., 2007).
Even if small changes in CCT do not result in changes in the
amount of actin or tubulin in resting cells, CCT’s boost of tubulin
polymerization may be extremely important for the cytoskeletal
reorganization needed during the dramatic structural changes
that occur in processes such as mitosis, leading edge extension
in migrating cells, or IS formation. The differing requirements
for tubulin and actin synthesis to increase the critical or limiting
concentration may determine in these scenarios the timing of
local polymerization for each filament type.

CONCLUDING REMARKS

An attractive hypothesis is that during T cell activation
the centrosome may arrange the CCT chaperonin and the
proteasome asymmetrically, in coordination with the change
in reciprocal orientation of the centrioles, thereby allowing
major depolymerization and degradation of tubulin on the
“nucleus side” and synthesis and polymerization on the “IS
side” (Figure 2). Such a hypothesis would explain how the
proteasome is unequally distributed/divided between the mother
and daughter cells during asymmetric division of CD8 + T
cells to generate memory T cells; the correct localization of
the centrosome seems to be required for this process (Chang
et al., 2011; Martin-Cofreces et al., 2014). The use of inhibitors
in these experiments is challenging, since their effect is global
and they would be expected to act firstly at sites where the
actin or tubulin cytoskeletons respond rapidly to TCR activation,
such as the microvilli or the lamella at contact sites with the
APC (Figure 1), acting only secondarily at the centrosome.
Imaging methods allowing single-particle localization combined
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with CRISP/Cas technology to substitute CCT subunits in
cells may help to study these events. The increase in spatial
resolution provided by emergent microscopy technologies, such
as cryocorrelative microscopy and subsequent cryoelectron
tomography and subtomogram averaging will allow localizing
this kind of complexes, thus helping to better understand the
biological processes described above.
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The Wdr1-LIMK-Cofilin Axis Controls
B Cell Antigen Receptor-Induced
Actin Remodeling and Signaling at
the Immune Synapse

Madison Bolger-Munro*', Kate Choi, Faith Cheung, Yi Tian Liu, May Dang-Lawson,
Nikola Deretic, Connor Keane and Michael R. Gold*

Department of Microbiology & Immunology and Life Sciences Institute, University of British Columbia, Vancouver, BC, Canada

When B cells encounter membrane-bound antigens, the formation and coalescence
of B cell antigen receptor (BCR) microclusters amplifies BCR signaling. The ability
of B cells to probe the surface of antigen-presenting cells (APCs) and respond to
APC-bound antigens requires remodeling of the actin cytoskeleton. Initial BCR signaling
stimulates actin-related protein (Arp) 2/3 complex-dependent actin polymerization, which
drives B cell spreading as well as the centripetal movement and coalescence of BCR
microclusters at the B cell-APC synapse. Sustained actin polymerization depends
on concomitant actin filament depolymerization, which enables the recycling of actin
monomers and Arp2/3 complexes. Cofilin-mediated severing of actin filaments is a
rate-limiting step in the morphological changes that occur during immune synapse
formation. Hence, regulators of cofilin activity such as WD repeat-containing protein
1 (Wdr1), LIM domain kinase (LIMK), and coactosin-like 1 (Cotl1) may also be
essential for actin-dependent processes in B cells. Wdr1 enhances cofilin-mediated
actin disassembly. Conversely, Cotl1 competes with cofilin for binding to actin and LIMK
phosphorylates cofilin and prevents it from binding to actin filaments. We now show
that Wdr1 and LIMK have distinct roles in BCR-induced assembly of the peripheral actin
structures that drive B cell spreading, and that cofilin, Wdr1, and LIMK all contribute to
the actin-dependent amplification of BCR signaling at the immune synapse. Depleting
Cotl1 had no effect on these processes. Thus, the Wdr1-LIMK-cofilin axis is critical for
BCR-induced actin remodeling and for B cell responses to APC-bound antigens.

Keywords: B cell, actin, immune synapse, cell spreading, cofilin, WDR1 (AIP1), LIM domain kinase, B cell receptor
(BCR)

INTRODUCTION

Signaling by the B cell antigen receptor (BCR) initiates the B cell activation process. Activated B
cells provide protective immunity by producing antibodies, secreting cytokines, and presenting
antigens (Ags) to T cells, but can also contribute to autoimmunity (Conley et al., 2009; Shen
and Fillatreau, 2015; Cashman et al., 2019; Cyster and Allen, 2019; Meffre and O’Connor, 2019).
Within lymphoid organs, Ag-presenting cells (APCs) such as follicular dendritic cells, dendritic
cells, and subcapsular sinus macrophages increase the efficiency of B cell activation by capturing
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Ags and concentrating them on their surface (Batista and
Harwood, 2009; Cyster, 2010; Heesters et al., 2016). The
interaction of B cells with Ags that are mobile within a
membrane initiates the reorganization of B-cell membrane
proteins into an immune synapse, thereby enhancing both the
signal transduction and Ag internalization functions of the BCR
(Harwood and Batista, 2011; Song et al, 2014; Kuokkanen
et al, 2015). Ag-bound BCRs rapidly form microclusters,
which nucleate protein complexes that activate the signaling
pathways controlled by phospholipase C, phosphoinositide
3-kinase, and the Ras, Rac, Cdc42, and Rapl GTPases
(Treanor et al., 2009; Packard and Cambier, 2013; Abraham
et al, 2016). The centripetal movement and coalescence of
BCR microclusters further amplifies microcluster-based BCR
signaling, increasing the probability that the magnitude of BCR
signaling exceeds the threshold for B cell activation (Bolger-
Munro et al,, 2019). Ultimately, BCR-Ag microclusters coalesce
into a central supramolecular activation cluster (cSMAC) (Fleire
et al,, 2006). ¢cSMAC formation may enhance BCR-mediated
Ag internalization, which is required for B cells to present
Ags to T cells and elicit second signals for B cell activation
(Yuseff et al., 2013; Nowosad et al., 2016). Hence, elucidating the
mechanisms that drive immune synapse formation is critical for
understanding how APC-bound Ags activate B cells.

Dynamic remodeling of the actin cytoskeleton is required
for immune synapse formation (Harwood and Batista, 2011;
Song et al., 2014). We identified a critical role for actin-related
protein 2/3 (Arp2/3) complex-nucleated actin polymerization in
multiple aspects of this process (Bolger-Munro et al., 2019). The
Arp2/3 complex binds to existing actin filaments and nucleates
the formation of new filaments that grow at a 70° angle to
the mother filament (Goley and Welch, 2006). This branched
actin assembly creates a dendritic actin network that can exert
outward force on the plasma membrane and drive the formation
of broad lamellipodial protrusions (Mogilner and Oster, 1996).
When B cells contact Ag-bearing surfaces, BCR-induced actin
polymerization at the cell periphery allows B cells to extend
membrane protrusions in order to scan more of the surface
and encounter more Ag (Bolger-Munro et al, 2019). When
Ags are mobile within a membrane, the B cell then retracts
these membrane protrusions (Fleire et al., 2006), with BCR
microclusters undergoing centripetal movement and coalescing
into a ¢SMAC. We showed that these processes are driven by
Arp2/3 complex-dependent actin retrograde flow (i.e., away from
the cell periphery and toward the center of the cell-cell contact
site) within the peripheral actin network (Bolger-Munro et al.,
2019). Actin retrograde flow is a consequence of the elastic

Abbreviations: ADF, actin-depolymerizing factor; Ag, antigen; APC, antigen-
presenting cell; Arp2/3, actin-related protein 2/3; BCR, B cell antigen receptor;
BSA, bovine serum albumin; cSMAC, central supramolecular activation cluster;
Cotll, coactosin-like 1; F-actin, filamentous actin; FCS, fetal calf serum; HEL,
hen egg lysozyme; Ig, immunoglobulin; ITAM, immunoreceptor tyrosine-based
activation motif; LIMK, LIM domain kinase; LIMKi3, LIMK inhibitor 3;
mHBS, modified HEPES-buffered saline; pCD79, phosphorylated CD79; PFA,
paraformaldehyde; ROCK, Rho-associated protein kinase; STED, stimulated
emission depletion; TIRE total internal reflection fluorescence; TLR, Toll-like
receptor; Wdrl, WD repeat-containing protein 1.

resistance of the cell membrane exerting an opposing inward
force when actin polymerization at the cell membrane exerts
outwards forces (Ponti et al., 2004). When the Arp2/3 complex
is inhibited or depleted, the retraction of membrane protrusions
is impaired, the centripetal movement of BCR microclusters
is greatly reduced, and ¢cSMAC formation is inhibited (Bolger-
Munro et al, 2019). Importantly, this results in decreased
microcluster-based BCR signaling and impaired B cell activation
in response to APC-bound Ags (Bolger-Munro et al., 2019).
Consistent with these findings, human mutations in the ArpclB
component of the Arp2/3 complex, or in activators of the Arp2/3
complex such as Wiskott-Aldrich Syndrome protein (WASp) and
the Hem1 component of the WAVE regulatory complex, result in
B cell dysfunction (Kahr et al., 2017; Kuijpers et al., 2017; Brigida
et al.,, 2018; Candotti, 2018; Volpi et al., 2019; Cook et al., 2020;
Sprenkeler et al., 2020).

Actin network assembly that is nucleated by the Arp2/3
complex occurs concurrently with the actions of actin
disassembly factors such as cofilin, destrin (also known as
actin-depolymerizing factor [ADF]), and gelsolin, which bind to
and sever actin filaments (Ono, 2003; Bernstein and Bamburg,
2010; Shishkin et al., 2016). Released filament segments undergo
depolymerization and the resulting actin monomers can be
loaded with ATP and used for new actin polymerization (Kadzik
et al., 2020). Actin network disassembly also releases Arp2/3
complexes from branch points, allowing them to be recycled
and initiate the formation of new branches. In lamellipodia, the
actions of the Arp2/3 complex and cofilin are tightly coupled
but spatially separated (Carlier et al., 1997; Svitkina and Borisy,
1999). Cofilin severs older portions of actin filaments, which are
further from the cell membrane, and in which the ATP bound
to constituent actin monomers has been hydrolyzed to ADP
(Pollard and Borisy, 2003; Bernstein and Bamburg, 2010). At
the same time, Arp2/3 complex-dependent actin polymerization
occurs primarily at the plasma membrane where membrane-
bound activators of the Arp2/3 complex, such as WASp and
WAVE, bind ATP-loaded actin monomers and deliver them
directly to the Arp2/3 complex (Bieling et al., 2018; Mullins et al.,
2018). This balanced actin polymerization and depolymerization
is termed treadmilling (Carlier and Shekhar, 2017).

In addition to fueling actin polymerization, actin severing is
essential for the remodeling of actin networks. Cofilin is a major
actin-severing protein in murine splenic B cells (Freeman et al.,
2011). We have previously shown that cofilin-mediated actin
severing is required for B cell spreading as well as APC-induced
microcluster formation and BCR signaling (Freeman et al., 2011).
This suggests that proteins that regulate cofilin-mediated actin
severing may also be important regulators of actin dynamics and
immune synapse formation in B cells.

Cofilin activity is regulated by phosphorylation on serine 3
(S3), which prevents cofilin from binding to actin filaments
(Bravo-Cordero et al., 2013). Dephosphorylation of cofilin on
S3 causes a conformational change that allows cofilin to bind
actin filaments and carry out its severing activity. The major
phosphatases that dephosphorylate cofilin belong to the Slingshot
(SSH) family (Niwa et al., 2002; Kanellos and Frame, 2016),
although other widely expressed phosphatases such as PP1 and
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PP2A may also perform this function (Ambach et al., 2000;
Ohashi, 2015). LIM domain kinase (LIMK) 1 and 2 are widely-
expressed kinases that phosphorylate cofilin on S3 (Ohashi,
2015). The LIMKs are activated via phosphorylation by Rho-
associated protein kinase (ROCK), a downstream target of the
Rho GTPase, or by p2l-activated kinase (PAK), an effector of
the Rac and Cdc42 GTPases (Scott and Olson, 2007; Prunier
etal., 2017). The Rho-ROCK-LIMK pathway modulates immune
synapse formation and function in T cells (Thauland et al,
2017). Inhibiting cofilin activity by expressing constitutively
active ROCK, or by depleting cofilin with siRNA, results in
smaller immune synapses (i.e., less spreading on the APC surface)
and decreased TCR-induced Ca?* flux. Conversely, inhibiting
the activity of ROCK or LIMK, which increases the amount of
active cofilin, results in larger immune synapses, and increased
Ca** flux. The role of LIMK in BCR-induced actin remodeling
and B cell responses to APCs has not been investigated.

In addition to proteins that regulate the phosphorylation of
cofilin on S3, a number of other proteins modulate cofilin-
mediated actin severing. In this study we examined the role of
WD repeat-containing protein 1 (Wdrl; also known as actin-
interacting protein 1 [Aip1]) and coactosin-like protein 1 (Cotl1)
in B cell spreading and responses to APCs. Wdrl binds to
cofilin-decorated actin filaments and increases the rate of cofilin-
mediated actin severing (Rodal et al., 1999; Nadkarni and Brieher,
2014; Chen et al., 2015; Nomura et al., 2016; Ono, 2018). In
vitro, actin filaments are stabilized when they are saturated
with cofilin. However, Wdrl optimizes the spacing of cofilin
on actin filaments so that it is favorable for severing, which
occurs when strain builds up at the boundaries between cofilin-
decorated and bare regions (Elam et al., 2013; Gressin et al.,
2015; Tanaka et al., 2018). Wdrl creates cofilin-bare regions
of actin filaments by competing with cofilin for binding to
polymerized actin (Nadkarni and Bricher, 2014; Chen et al,
2015) or by inducing a conformational change in the actin
binding site of cofilin that reduces its affinity for actin filaments
(Aggeli et al,, 2014). In addition, Wdrl-cofilin interactions at
the boundary between cofilin-decorated and cofilin-bare regions
of the filament promote severing at that site (Hayakawa et al,,
2019). In yeast and in mammalian cell extracts the absence of
Wdrl results in reduced actin filament turnover, accumulation
of actin filaments, and depletion of the actin monomer pool
(Okreglak and Drubin, 2010; Nadkarni and Brieher, 2014).
Importantly, loss-of-function mutations in human Wdrl are
associated with an immunodeficiency syndrome characterized by
defective motility of myeloid cells, aberrant T cell activation, and
impaired B cell development (Pfajfer et al., 2018).

Cotll is a member of the cofilin/ADF superfamily (Shishkin
et al, 2016) that is structurally homologous to cofilin and
binds actin filaments with high affinity (Provost et al., 2001). In
vitro, Cotll competes with cofilin for binding to actin filaments.
However, in contrast to Wdrl it stabilizes actin filaments and
attenuates cofilin-mediated severing (Provost et al., 2001; Kim
et al, 2014). In T cells, Cotll is recruited to the immune
synapse where it promotes the formation of lamellipodial
protrusions (Kim et al., 2014) but its function in B cells has not
been studied.

Because cofilin initiates actin remodeling and fuels
Arp2/3 complex-nucleated actin polymerization, we tested
the hypothesis that the Wdrl-LIMK-cofilin axis and Cotll
regulate B cell spreading, APC-induced BCR signaling, and
c¢SMAC formation at the immune synapse.

MATERIALS AND METHODS

B Cells

The A20 murine IgGT B cell line was obtained from ATCC
(#T1B-208). A20 D1.3 B cells, which express a transfected
hen egg lysozyme (HEL)-specific BCR, were from F. Batista
(Ragon Institute, Cambridge, MA) (Batista and Neuberger,
1998). Both cell lines were confirmed to be mycoplasma-negative
and were cultured in RPMI-1640 supplemented with 5% heat-
inactivated fetal calf serum (FCS), 2mM glutamine, 1 mM
pyruvate, 50 LM 2-mercaptoethanol, 50 U/mL penicillin, and
50 pg/mL streptomycin. A20 and A20 D1.3 B cells (2 x 10°)
were transiently transfected with 2 pg siRNA using AMAXA
Cell Line Nucleofector Kit V (Lonza, #VCA-1003) or the Ingenio
Electroporation Kit (Mirus, #MIR 50118). The siRNAs used
were control non-targeting siRNA (ON-TARGETplus Non-
Targeting Pool, Dharmacon, #D-00810-01-05), cofilin-1 siRNA
(Dharmacon, #L-058638-01-0005), Wdrl siRNA (SMARTpool
ON-TARGETplus, Dharmacon, #L-047667-01-005), and Cotll
siRNA (ON-TARGETplus, Dharmacon, #L-042151-01-005).
Transfected A20 and A20 D1.3 B cells were cultured for 48h
before being used for experiments. siRNA-mediated decreases
in protein levels were assessed by immunoblotting (see below).
Murine primary B cells were isolated from the spleens of 8-
—12-week old C57BL/6] mice (Jackson Laboratories, #000664)
or MD4 mice (Jackson Laboratories, #002595) of either sex using
a negative selection B cell isolation kit (Stemcell Technologies,
#19854A). Animal protocols were approved by the University of
British Columbia Animal Care Committee. Where indicated, ex
vivo primary B cells, A20 B cells, or A20 D1.3 B cells were pre-
treated for 1 h with the LIMK inhibitor, LIMKi3 (Tocris, #4745)
(Ross-Macdonald et al., 2008; Scott et al., 2010), or with an equal
volume of DMSO.

Analysis of Cell Surface BCR Levels and
Filamentous Actin Content by Flow
Cytometry

A20 or A20 D1.3 B cells that had been transfected with siRNA,
or treated with either DMSO or LIMKi3, were fixed with 4%
paraformaldehyde (PFA) in PBS for 10 min at room temperature
and then resuspended in ice-cold FACS buffer (PBS, 2% FCS,
0.02% NaN3). Fc receptors were blocked by adding 25 pg/mL
of the 2.4G2 anti-mouse CD16/CD32 monoclonal antibody for
5min on ice. To assess cell surface BCR levels, the cells were
stained on ice for 30 min with goat anti-mouse IgG-Alexa Fluor
647 (Invitrogen, #A21236, 1:200) or with rat anti-mouse IgM-
FITC (eBiosciences, #11-5890-85, 1:200) to detect the D1.3
BCR. Intracellular filamentous actin (F-actin) was detected by
permeabilizing the PFA-fixed cells with 0.2% Triton X-100
for 5min on ice and then staining with rhodamine-phalloidin
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(Invitrogen, #R415, 1:100) for 30 min on ice. Flow cytometry
was performed using an LSRII-561 cytometer (Becton Dickinson
Biosciences) and data were analyzed using FlowJo software
(Treestar Inc.), gating on single intact cells using forward and
side scatter.

BCR Signaling in Response to Soluble
Anti-lg

B cells were resuspended to 2 x 107 cells/mL in modified HEPES-
suffered saline (mHBS; 25 mM HEPES, pH 7.2, 125mM NaCl,
5mM KCl, ImM CaCl,, 1 mM Na;HPOy,, 1 mg/mL glucose,
2mM glutamine, 1 mM pyruvate, 50 WM 2-mercaptoethanol).
The cells (3 x 10° in 150 L) were then stimulated with
20 pg/mL goat anti-mouse IgG (Jackson ImmunoResearch, #115-
005-008) or goat anti-mouse IgM (Jackson ImmunoResearch,
##115-005-020) for the indicated times at 37°C. Reactions were
stopped by adding cold PBS with 1 mM Na3zVOy. The cells
were then pelleted for 5min at 640 RCF at 4°C and lysed
in RIPA buffer (30 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1%
Igepal (Sigma-Aldrich), 0.5% sodium deoxycholate, 0.1% SDS,
2mM EDTA) with protease and phosphatase inhibitors (1 mM
phenylmethylsulfonyl fluoride, 10pg/mL leupeptin, 1pg/mL
aprotinin, 1pg/mL pepstatin A, 10 pug/mL soybean trypsin
inhibitor, 25 mM B-glycerophosphate, 1 mM NazMoOy4, 1 mM
Na3zVOy). Protein concentrations were determined using the
bicinchoninic acid assay (Thermo Fisher, #23225). Cell extracts
were analyzed by immunoblotting.

Immunoblotting

Cell extracts were separated on 12% SDS-PAGE gels and
transferred to nitrocellulose membranes, which were blocked
with 5% milk powder in Tris-buffered saline (10mM Tris-
HCI, pH 8, 150 mM NaCl). The membranes were incubated
overnight at 4°C with mouse anti-Wdrl (Santa Cruz, #sc-
393159; 1:500), sheep anti-Cotll (R&D Systems, #AF7865;
1:500), rabbit anti-CD79a (1:5,000) (Gold et al., 1991),
or the following rabbit antibodies from Cell Signaling
Technologies: phosphorylated CD79a (pCD79a; #5173; 1:1,000),
phosphorylated Erk (pERK; #9101; 1:1,000), Erk (#9102,
1:1,000), phosphorylated cofilin (p-cofilin; #3313; 1:1,000), or
cofilin (#3318; 1:1,000). Immunoreactive bands were visualized
using horseradish peroxidase-conjugated goat anti-rabbit IgG
(Bio-Rad, #170-6515; 1:3,000), mouse Igk-binding protein
(Santa Cruz, #sc-516102, 1:2,000), or donkey anti-sheep IgG
(R&D Systems, #HAF016, 1:1,000), followed by ECL detection
(Azure Biosystems, #AC2010). All antibodies were diluted in
Tris-buffered saline. Blots were quantified and imaged using a
Li-Cor C-DiGit imaging system.

Ca?* Flux Assays

A20 or A20 D1.3 B cells that had been transfected with siRNA,
or treated with DMSO or LIMKi3, were washed twice with
Hanks’ Balanced Salt Solution (HBSS) containing 10 mM HEPES
and resuspended to 107 per mL before adding 2 uM Fura Red
(Invitrogen, #F3021), 1 uM Fluo-4 (Invitrogen, #F14201), and
0.02% Pluronic F-127 (Invitrogen, #P3000MP). The cells were
then incubated for 30 min at room temperature protected from

light, washed with HBSS/10 mM HEPES/2% FCS, resuspended
to 107/mL, and incubated for an additional 20 min protected
from light. Flow cytometry was performed using an LSRII-561
cytometer (Becton Dickinson Biosciences). For each sample, 1-
3 x 10° cells were pelleted and resuspended in 0.5 mL mHBS,
with paired samples having similar number of cells. Samples
were analyzed for 1 min to establish baseline values before adding
either goat anti-mouse IgG (Jackson ImmunoResearch, #115-
005-008, 20 g/mL) for A20 B cells or goat anti-mouse IgM
(Jackson ImmunoResearch, #115-005-020, 20 pg/mL) for A20
D1.3 B cells, and then analyzing the cells for an additional
5min. Ionomycin (1 wM; Invitrogen, # 124222) was added to
saturate the Ca’"-sensing dyes and the cells were analyzed for
an additional 1 min. Data were analyzed using FlowJo software
(Treestar Inc.), gating on single intact cells using forward and
side scatter.

Cell Area, Actin Organization, and Actin
Dynamics in B Cells Spreading on

Immobilized Anti-lg
Glass coverslips were coated with 2.5 jLg/cm? goat anti-mouse
IgG (Jackson ImmunoResearch, #115-005-008) and then blocked
with 2% bovine serum albumin (BSA) in PBS, as described
previously (Lin et al.,, 2008). A20 B cells were resuspended in
mHBS, or in mHBS + 2% FCS (imaging medium) before adding
7.5 x 10% cells (in 100 pL) to each coverslip. At the indicated
times, the cells were fixed with 4% PFA for 10min and then
permeabilized with 0.2% Triton X-100 in PBS for 5 min at room
temperature. F-actin was visualized by staining with rhodamine-
conjugated phalloidin (Thermo Fisher, #R415, 1:400 in PBS 4 2%
BSA) for 30 min at room temperature. Coverslips were mounted
onto slides using ProLong Diamond anti-fade reagent (Thermo
Fisher, #P36965). Images of the B cell-coverslip interface were
captured using a laser scanning confocal microscope (Leica
Microsystems TCS SP5) with a 60X NA 1.4 oil objective lens. The
cell area, as well as the percent of the cell area that was depleted of
F-actin, was quantified from thresholded binary images using Fiji
software (Schindelin et al., 2012). The outer face of the peripheral
actin ring was used to define the cell edge and compute the total
cell area. The inner face of the peripheral actin ring was used to
delimit the central actin-depleted region of the cell and calculate
its area.

For live-cell imaging at 37°C, A20 B cells were transfected with
a plasmid encoding F-tractin-GFP (Johnson and Schell, 2009),
or co-transfected with F-tractin-GFP and siRNAs, 48 h before
being used for experiments. Cells (5 x 10* in 100 WL imaging
medium) were added to anti-IgG-coated coverslips and the cell-
coverslip contact site was imaged by total internal reflection
fluorescence (TIRF) microscopy. Images were acquired every 1s
for 10 min using an Olympus IX81 inverted microscope equipped
with a 150X NA 1.45 TIRF objective, a high performance electron
multiplier charge-coupled device camera (Photometrics Evolve),
and real-time data acquisition software (Metamorph). Fiji
software was used to quantify cell area and generate kymographs.

Stimulated emission depletion (STED) microscopy was
performed as described previously (Wang et al, 2018). A20
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B cells (5 x 10* in 100 pL imaging medium) were allowed
to spread on anti-IgG-coated coverslips before being fixed and
permeabilized, as above, and then stained with Alexa Fluor 532-
conjugated-phalloidin (Thermo Fisher, #A22282). STED images
were acquired using a Leica TCS SP8 laser scanning STED system
with a 592 nm depletion laser, a CX PL APO 100X NA 1.40 oil
objective, and a Leica HyD high sensitivity detector. Huygens
software (Scientific Volume Imaging, Hilversum, Netherlands)
was used for image deconvolution.

APC-Induced cSMAC Formation and BCR
Signaling

B cell-APC interactions were analyzed as described previously
(Wang et al., 2018; Bolger-Munro et al., 2019). Ag-bearing APCs
were generated by transiently transfecting COS-7 cells (ATCC,
#CRL-1651) with a plasmid encoding the mHEL-HaloTag Ag.
The mHEL-HaloTag protein contains the complete HEL protein
in its extracellular domain, the transmembrane and cytosolic
domains of the H-2K® protein, and the HaloTag protein fused
to the C-terminus of the H-2K® cytosolic domain (Wang et al.,
2018). mHEL-HaloTag-transfected COS-7 cells (2.2 x 104 cells
per coverslip) were plated on glass coverslips (Thermo Fisher
#12-545-100) that had been coated with 5pg/mL fibronectin
(Sigma-Aldrich, #F4759). After culturing the cells overnight, the
coverslips were washed with PBS and the mHEL-HaloTag protein
was labeled with the Janelia Fluor 549 HaloTag ligand (Promega,
#GA1110, 1:20,000 dilution in 0.2mL imaging medium) for
15min at 37°C. After washing the coverslips, siRNA-transfected
or inhibitor-treated B cells (5 x 10° in 100 wL imaging medium)
were added to the COS-7 APCs for 3-30min at 37°C. The
cells were then fixed with 4% PFA for 10 min, permeabilized
with 0.1% Triton X-100 in PBS for 3 min, and blocked with
2% BSA in PBS for 30 min, all at room temperature. The cells
were stained for 1 h at room temperature with an antibody that
recognizes pCD79 (Cell Signaling Technologies, #5173, 1:200
in PBS + 2% FCS), washed, and then incubated for 30 min at
room temperature with Alexa Fluor 647-conjugated goat anti-
rabbit IgG secondary antibody (Thermo Fisher, #A21244, 1:400
in PBS + 2% FCS) plus Alexa Fluor 488-conjugated phalloidin
(Thermo Fisher, #A12379, 1:400). Coverslips were mounted onto
slides and the B cell-APC interface was imaged by spinning disk
confocal microscopy. For each B cell, custom Fiji macros® were
used to quantify the total amount of pCD79 fluorescence and
mHEL-HaloTag fluorescence present in clusters at the B cell-
APC interface, as well as the Ag fluorescence intensity for each
microcluster on an individual B cell. A cell was deemed to have
formed a cSMAC when >90% of the clustered Ag fluorescence
had been gathered into one or two large clusters at the center of
the synapse, as defined previously (Bolger-Munro et al., 2019).

Statistical Analysis

Two-tailed paired t-tests were used to compare mean values
for matched sets of samples. The Mann-Whitney U test was
used to compare ranked values in samples with many cells and
high variability (e.g., dot plots for immunofluorescence signaling

Uhttps://github.com/mbolgermunro/FIJImacros/blob/master/ APC_analyser_
MBM.ijm

data). Robust Regression and Outlier Removal (ROUT) was
implemented in GraphPad Prism, with Q set to 1%, in order to
remove outliers (Motulsky and Brown, 2006).

RESULTS

Targeting Cofilin and Its Regulators

To investigate the role of the Wdrl-LIMK-cofilin axis in BCR-
induced actin reorganization, we used four different approaches
to modulate either the actin-binding capability of cofilin or the
ability of cofilin to promote filament severing (Figure 1A). We
used siRNA to deplete either cofilin-1, the non-muscle isoform
of cofilin, or its positive co-factor Wdrl. Cotll, which may
limit cofilin-mediated severing, was also depleted using siRNA.
Immunoblotting showed that transfecting A20 B-lymphoma
cells with these siRNAs routinely resulted in >90% reduction
in the levels of the corresponding proteins, compared to cells
transfected with a control non-targeting siRNA (Figure 1B). To
increase the amount of “active” cofilin that is capable of binding
to actin filaments, we used LIMKi3, a pharmacological inhibitor
of LIMK, the kinase that phosphorylates cofilin on S3. Treating
either A20 B cells or murine splenic B cells with LIMKi3 resulted
in decreased phosphorylation of cofilin on S3 (Figures 1C,D). In
control B cells, the inactive S3-phosphorylated form of cofilin (p-
cofilin) was present at high levels in resting cells but decreased
transiently after stimulation with soluble anti-Ig antibodies that
cluster the BCR, as reported previously (Freeman et al.,, 2011,
2015). In LIMKi3-treated B cells, p-cofilin levels were lower
than in control cells both before and after anti-Ig stimulation.
Thus, inhibition of LIMK by LIMKi3 increased the amount of
dephosphorylated active cofilin in the cells.

Surprisingly, depleting Wdrl in A20 B cells also resulted
in cofilin activation, as indicated by a substantial reduction in
the amount of inactive S3-phosphorylated cofilin (Figure 1E).
Similar observations have been reported in developing zebrafish
neutrophils, where Wdrl depletion results in constitutive
activation of cofilin but an accumulation of actin filaments that
is likely due to reduced actin severing by cofilin when Wdrl
is absent (Bowes et al., 2019). Indeed, we show below that
depleting Wdrl largely phenocopied the effects of depleting
cofilin, presumably because Wdrl optimizes cofilin-mediated
filament severing.

Finally, consistent with cofilin having a major role in severing
actin filaments in B cells, flow cytometry analysis showed that the
amount of F-actin per cell in cofilin siRNA-transfected A20 B cells
was 121.5 &+ 4.8% of that in control siRNA-transfected cells (N
= 3 independent experiments, p = 0.046), even though the cells
were the same size (Supplementary Table 1). Similar results were
obtained using A20 D1.3 B cells, which express a HEL-specific
transgenic BCR. Targeting the cofilin regulators Wdrl and LIMK
did not have statistically significant effects on total F-actin levels
(Supplementary Table 1).

The Wdr1-LIMK-Cofilin Axis Controls B

Cell Spreading on Immobilized Anti-lg

When B cells are added to anti-Ig-coated coverslips, BCR
signaling initiates remodeling of the actin cytoskeleton. Arp2/3
complex-nucleated actin polymerization at the periphery exerts
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FIGURE 1 | Loss-of-function approaches for modulating cofilin activation and cofilin-mediated actin severing. (A) To complement siRNA-mediated depletion of cofilin,
cofilin activation was enhanced by inhibiting LIMK, which phosphorylates cofilin on S3. The ability of cofilin to sever actin filaments was modulated by depleting either
Wdr1 or Cotl1. (B) A20 B cells were transfected with control non-targeting siRNA, cofilin siRNA, Wdr1 siRNA, or Cotl1 siRNA. Cell extracts were analyzed by
immunoblotting. Loading controls were actin or the endogenous Ig light (L) chain of the A20 B cells. Representative blots are shown. (C-E) In C, A20 B cells were
pre-treated with DMSO or 50 pM LIMKI3 for 1 h before being stimulated with 20 pg/mL anti-IgG for the indicated times. In (D), primary murine B cells were pre-treated
with DMSO or 1 uM LIMKI3 for 1 h before being stimulated with 20 wg/mL anti-IgM. In (E), A20 B cells that had been transfected with control siRNA or Wdr1 siRNA
were stimulated with 20 wg/mL anti-IgG. Representative p-cofilin and total cofilin immunoblots are shown (left panels). The p-cofilin/total cofilin ratios were normalized
to the ratio in unstimulated (0 min) control cells (=1.0). The means 4+ SEM from three independent experiments are graphed for each time point (right panels).

outward force on the cell membrane that drives the formation  site, resulting in a distinct peripheral ring of branched F-
of broad lamellipodia-like protrusions. At the same time, F-  actin. In addition to mimicking the initial stages of B cell-
actin is depleted from the center of the cell-substrate contract ~ APC interactions, this system provides a robust discovery
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FIGURE 2 | The Wdr1-cofilin-LIMK axis regulates B-cell spreading on immobilized anti-lg. A20 B cells were transfected with control (Ctrl) siRNA or cofilin siRNA
(A-C), transfected with control (Ctrl) siRNA or Wdr1 siRNA (D-F), or pre-treated with DMSO or 50 uM LIMKI3 for 1 h (G-I). The cells were then allowed to spread on
anti-lgG-coated coverslips for the indicated times before being stained with rhodamine-phalloidin and imaged by confocal microscopy. Representative images are
shown (A,D,G). Scale bars: 10 um. In (B,E,H) the cell area was quantified using the actin staining to define the cell edge. Each dot in the beeswarm plots represents
one cell and the median (blue line) and interquartile ranges (black box) for >30 cells are shown for each time point. Representative data from one of three (B), four (E),
or six (H) independent experiments are shown. p-values were determined using the Mann-Whitney U test. In (C,Fl) the percent of the total cell area at the substrate
contact site that was cleared of F-actin after 30 min was quantified by using the actin staining to define both the outer cell edge and the inner face of the peripheral
actin ring that surrounds the central actin-depleted region of the cell (see Supplementary Figure 1 for examples). For each experiment, the median percent actin
clearance was determined for each treatment group. Representative experiments are shown in Supplementary Figure 1. The bar graphs show the means + SEM
for these median values from three (C), four (F), or six (l) independent experiments, each of which is represented by a dot. p-values were determined using a
two-tailed paired t-test.

platform for identifying proteins that regulate BCR-induced = when A20 B cells were added to anti-IgG-coated coverslips
actin remodeling. (Figures 2A-C). The cofilin siRNA-transfected cells had

We found that siRNA-mediated depletion of cofilin greatly  significantly smaller substrate contact areas at the 10, 15, and
impaired BCR-induced cell spreading and actin remodeling  30min time points than cells that were transfected with a
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control non-targeting siRNA (Figures 2A,B). BCR-induced
actin reorganization was also dramatically altered. After 15
and 30min of contact with the anti-IgG-coated coverslips,
control A20 B cells developed a dense F-actin ring at the
periphery of the substrate contact site while the central region
of the contact site was relatively devoid of F-actin structures
(Figure 2A; see also Figure 3A). Many of the cofilin siRNA-
transfected A20 B cells did not effectively clear F-actin from
the central region of the contact site. To quantify this, we
calculated the percent of the total cell area that was depleted
of actin filaments after 30 min of spreading. Single-cell analysis
from one representative experiment showed that virtually all
control siRNA-transfected A20 B cells cleared actin from at
least 20% of the total cell-substrate contact area (median =
32%; Supplementary Figures 1A,B). In contrast, the cofilin
siRNA-transfected cells from the same experiment had a bimodal
distribution in which some cells cleared actin from >20% of
the contact area but the majority of the cells exhibited reduced
actin clearance and a substantial fraction did not clear actin
from the center of the contact site (median = 9% of contact area
cleared of actin; Supplementary Figures 1A,B). It is possible
that the siRNA-mediated depletion of cofilin may have been
incomplete in some of the cells that exhibited normal actin
clearance. Nevertheless, comparing the median percent actin
clearance from three experiments showed that transfection with
cofilin siRNA resulted in a highly reproducible reduction in actin
clearance (Figure 2C).

A20 B cells that had been transfected with Wdrl siRNA
also exhibited a significantly impaired spreading response at
10, 15, and 30 min after addition to anti-IgG-coated coverslips,
and this was associated with reduced actin clearance at the
center of the contact site (Figures 2D-F; see also Figure 3B).
Single-cell analysis from one representative experiment
showed that almost all control siRNA-transfected A20 B
cells cleared actin from more than 20% of the total contact
area (median = 43%; Supplementary Figures 1C,D) whereas
Wdrl siRNA-transfected cells exhibited a bimodal distribution
with a substantially lower median percent actin clearance
(median 10%; Supplementary Figures 1C,D), similar to
cofilin siRNA-transfected cells. Nevertheless, the median
percent actin clearance was consistently and significantly
reduced in four experiments comparing control siRNA-
and Wdrl siRNA-transfected A20 B cells (Figure 2F).
Because siRNA transfection does not result in complete
protein depletion in all cells, we could be underestimating
the effect of complete loss of Wdrl. Thus, depleting either
cofilin or Wdrl results in decreased cell spreading, reduced
actin clearance, and increased thickness of the peripheral
actin ring. These findings are consistent with the idea that
cofilin-mediated actin severing is essential for the BCR-
induced actin reorganization that drives cell spreading and
that Wdrl is required for the cofilin-mediated severing of
actin filaments.

Based on these findings we hypothesized that enhancing
cofilin activity by inhibiting its negative regulator, LIMK,
would increase B cell spreading. Surprisingly, pre-treating A20
B cells with LIMKi3 significantly reduced B cell spreading

on anti-IgG-coated coverslips (Figures 2G,H). However, in
striking contrast to depleting either cofilin or Wdrl depletion,
LIMKi3-treated B cells exhibited a thinner peripheral actin
ring (Figure 2G; see also Figure 3C), which corresponded with
a greater percent of the cell area being cleared of actin
(Figures 2G,I and Supplementary Figures 1E,F). This could be
a consequence of increased cofilin-mediated actin severing at the
inner face of the peripheral actin ring. These results indicate
that LIMK activity regulates BCR-induced actin remodeling
and that cofilin activity must be precisely regulated in order
to maximize the branched actin polymerization that drives B
cell spreading.

Because Cotll competes with cofilin for binding to F-actin,
we hypothesized that depleting Cotll would result in increased
cofilin-mediated actin severing and reproduce the effect of
inhibiting LIMK. However, we found that substantial depletion
of Cotll (Figure 1B) had no effect on the ability of A20 B cells
to spread on immobilized anti-IgG (Supplementary Figure 2).
Thus, Cotll is not an essential, non-redundant regulator of BCR-
induced actin remodeling, at least in A20 B cells.

To gain further insights into how targeting the Wdrl-
LIMK-cofilin axis impairs BCR-induced cell spreading we used
STED super-resolution microscopy to visualize changes in actin
network architecture. When control A20 B cells were added
to anti-IgG-coated coverslips, protrusions containing branched
actin networks was first observed at 5 min, concomitant with the
appearance of a central actin-depleted region (Figures 3A-C).
By 10 min, the cells had assembled a thick peripheral ring of
branched actin. As well, linear actin filaments formed into arc-
like structures that were parallel to the inner face of peripheral
actin ring and surrounded the actin-depleted region at the
center of the contact site. Actin arcs, which are often associated
with myosin, have been observed at T- and B-cell immune
synapses (Murugesan et al., 2016; Bolger-Munro et al., 2019).
When cofilin was depleted, the A20 B cells were unable to
clear actin from the center of the contact site. Instead, many
of these cells accumulated concentric actin arc-like structures
and rings at the center of the contact site (Figure 3A). Wdrl-
depleted A20 B cells also exhibited defective actin clearance
at the center of the contact site, although some of these cells
did not organize actin into concentric arc-like structures at
the center of the contact site as extensively as the cofilin-
depleted A20 B cells (Figure 3B). Conversely, A20 B cells treated
with the LIMK inhibitor exhibited larger actin-depleted central
regions and much thinner peripheral rings of branched actin
than control cells (Figure 3C). Interestingly, depleting cofilin
or Wdrl, as well as increasing cofilin activity by inhibiting
LIMK, delayed the ability of A20 B cells to initiate actin
reorganization and form a peripheral ring of branched actin
(Figures 3A-C). Control cells formed a distinct peripheral actin
ring surrounding an actin-depleted central region within 5-
10 min of being added to anti-IgG-coated coverslips. In contrast,
when the Wdr1-LIMK-cofilin axis was perturbed, the peripheral
actin structures were disorganized at the earlier time points and
a distinct peripheral ring of branched actin did not develop
until the 15 or 30 min time points. This altered peripheral actin
architecture was associated with decreased cell spreading. Thus,
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FIGURE 3 | The Wdr1-LIMK-cofilin network shapes actin network architecture in B cells spreading on immobilized anti-IgG. A20 B cells were (A) transfected with
control (Ctrl) siRNA or cofilin siRNA, (B) transfected with control (Ctrl) sSRNA or Wdr1 siRNA, or (C) pre-treated with DMSO or 50 pM LIMKi3 for 1 h. The cells were
then allowed to spread on anti-lgG-coated coverslips for the indicated times before being fixed, stained for F-actin, and imaged by STED microscopy. Representative
images are shown. Scale bars: 5 um.

properly regulated cofilin activity is important for establishing Finally, we ruled out the possibility that the impaired anti-
the peripheral branched actin structures that drive B cell  IgG-induced spreading caused by targeting Wdrl, cofilin, or
spreading on rigid substrates. LIMK was due to reductions in BCR cell surface levels or BCR
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signaling, as opposed to specific effects on actin remodeling.
Flow cytometry showed that targeting Wdrl, cofilin, or LIMK
did not have a significant effect on the amount of IgG-BCRs
on the surface of A20 B cells and did not alter the size
of the cells (Supplementary Table 1). We also analyzed BCR
signaling in response to soluble anti-Ig antibodies, which is
much less dependent on actin dynamics and organization than
BCR signaling in response to APC-bound Ags that induce
immune synapse formation (Bolger-Munro et al, 2019). An
essential initial event in BCR signaling is phosphorylation of
the immunoreceptor tyrosine-based activation motifs (ITAM:s)
in the CD79a/CD79b subunit of the BCR by the Lyn and Syk
tyrosine kinases (Packard and Cambier, 2013). This enables
the formation of signaling complexes that lead to downstream
signaling reactions including ERK activation and increases in
cytoplasmic Ca®*. In A20 B cells, we found that depleting
cofilin, depleting Wdrl, or treating the cells with LIMKi3
had no effect on the ability of soluble anti-Ig antibodies
to stimulate the phosphorylation of CD79a/CD79b or ERK
(Supplementary Figure 3). Similarly, depleting either cofilin or
Wdrl in A20 B cells or in the HEL-specific A20 D1.3 B
cells did not alter Ca** responses to soluble anti-Ig antibodies
(Supplementary Figure 4).

The Wdr1-LIMK-Cofilin Axis Regulates

Actin Dynamics in B Cells

To visualize how cofilin, Wdrl, and LIMK modulate BCR-
induced actin remodeling in real time, A20 B cells were
transfected with F-tractin-GFP, a fluorescent fusion protein that
binds dynamically to F-actin. The cells were either co-transfected
with cofilin or Wdrl siRNAs, or treated with LIMKi3, prior to
being added to anti-IgG-coated coverslips and imaged by TIRF
microscopy. We found that cofilin depletion, Wdrl depletion,
and LIMK inhibition all resulted in reduced spreading, as
shown in Figure 2, and that this was accompanied by impaired
peripheral actin dynamics (Figure 4). Arp2/3 complex-nucleated
branch actin polymerization at the plasma membrane exerts
outward forces that are opposed by the elastic resistance of the
plasma membrane. This results in actin retrograde flow toward
the center of the cell, which can be visualized by kymograph
analysis. This actin retrograde flow was evident in control A20
B cells spreading on anti-IgG-coated coverslips (Figures 4A,B
and Supplementary Movies 1, 4), as we have shown previously
(Bolger-Munro et al., 2019). However, when cofilin or Wdr1 were
depleted (Figure 4A and Supplementary Movies 2, 3), and when
LIMK was inhibited (Figure 4B and Supplementary Movie 5),
the peripheral actin network was relatively static and the
retrograde actin flow was substantially reduced compared to
control cells. To quantify this, we used the kymographs to
calculate the centripetal velocity (Ax/At) for multiple actin
tracks. This analysis showed that targeting cofilin, Wdrl, or
LIMK reduced the median velocity of the actin retrograde flow by
50, 67, and 89%, respectively (Figures 4C,D). Thus, interfering
with the Wdrl-LIMK-cofilin regulatory network inhibits the
peripheral actin dynamics that occur when B cells spread on
anti-Ig-coated coverslips.

APC-Induced cSMAC Formation and CD79
Phosphorylation Is Regulated by the

Wdr1-LIMK-Cofilin Axis

When B cells interact with Ag-bearing APCs, Arp2/3 complex-
dependent actin dynamics drives the centripetal movement
and coalescence of BCR-Ag microclusters, which amplifies
microcluster-based BCR signaling and leads to cSSMAC formation
(Bolger-Munro et al., 2019). This Arp2/3 complex-dependent
amplification of microcluster-associated CD79 phosphorylation
is most evident during the first 10 min after adding B cells to
APCs. Importantly, a combination of wash-in and wash-out
experiments with the Arp2/3 complex inhibitor CK-666 showed
that ablating this BCR signal amplification during the initial
stages of B cell-APC interaction impaired subsequent B cell
activation responses. Because cofilin-mediated actin disassembly
may support Arp2/3 complex-nucleated actin polymerization
by recycling actin monomers and Arp2/3 complexes, we asked
whether the Wdrl-LIMK-cofilin axis regulates B cell responses
to APC-bound Ags.

To study Ag-specific B cell-APC interactions, A20 D1.3 B
cells with a HEL-specific BCR were added to COS-7 APCs
expressing the fluorescently-labeled mHEL-HaloTag Ag on their
surface. The mHEL-HaloTag Ag is a transmembrane protein that
contains the complete HEL protein in its extracellular domain.
After 3-30min of B cell-APC interaction, the cells were fixed
and stained with an antibody that recognizes the phosphorylated
CD79a/CD79b ITAMs in the cytoplasmic domains of the
BCR signaling subunit. Ag-induced phosphorylation of the
CD79a/CD79b ITAMs is an essential early event in BCR
signaling. Imaging the B cell-APC interface allowed us to
visualize BCR-Ag microclusters, monitor their coalescence into a
c¢SMAGC, and quantify the amount of pCD79 and mHEL-HaloTag
Ag fluorescence that was present in microclusters.

We focused first on Wdrl because its role in B-cell immune
synapse formation and APC-induced BCR signaling has not
been investigated. When control siRNA-expressing A20 D1.3
B cells were added to mHEL-HaloTag-expressing APCs, BCR-
Ag microclusters formed rapidly at the B cell-APC contact site
and co-localized with pCD79 clusters (Figure 5A). By 30 min,
nearly all of the cells had coalesced BCR-Ag microclusters into
a ¢SMAC (Figure 5B), which we define as >90% of the Ag
fluorescence being contained in 1-2 large clusters at the center of
the synapse. For this analysis, we quantified the Ag fluorescence
intensity that was associated with each discrete cluster on an
individual B cell and then expressed it as a percent of the
total Ag fluorescence intensity for all clusters on that cell. The
distribution of total Ag fluorescence intensity into individual
clusters is shown for multiple cells in Supplementary Figure 5.
When Wdrl was depleted using siRNA, BCR-Ag microclusters
formed at the B cell-APC contact site (Figure 5A). However, the
percent of cells that formed a ¢SMAC was consistently lower
than in control cells (Figure 5B and Supplementary Figure 5A),
even though the Wdrl-depleted cells gathered more Ag into
clusters at some time points (Figure 5C). In Figure 5A, the
Wdrl siRNA-transfected cell shown for the 15min time point
exemplifies a cell that did not form a c¢SMAC. The Ag
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FIGURE 4 | The Wdr1-LIMK-cofilin network is important for BCR-induced actin dynamics. A20 B cells were co-transfected with F-tractin-GFP cDNA and either
control (Ctrl) siRNA, cofilin siRNA, or Wdr1 siRNA (A), or transfected with F-tractin-GFP cDNA and then pre-treated with DMSO or 50 wM LIMKI3 for 1 h (B). The cells
were then added to anti-lgG-coated coverslips and imaged by TIRF microscopy at 1's intervals for 10 min. The top panels are the final frames, i.e., 10 min time point,
from Movie 1 (control siRNA), Movie 2 (cofilin sSiRNA), Movie 3 (Wdr1 siRNA), Movie 4 (DMSO-treated), and Movie 5 (LIMKi3-treated). The middle panels are
kymographs along the yellow lines in the top panels. Static F-actin structures appear as vertical lines. In the bottom panels, the cell edge in each frame, as defined by
F-actin staining, was overlaid as a temporally-coded time series. Scale bars: 5 um. (C,D) The centripetal velocity (Ax/At) was calculated for individual actin tracks on
kymographs. Each dot on the graphs is an individual actin track. For each condition the velocity was determined for 13-26 actin tracks from 5 to 10 cells. The median
and interquartile ranges are shown. The Mann-Whitney U test was used to calculate p-values.

fluorescence associated with this cell is distributed among  was gathered into clusters (Figure 5C), the decreased levels of
multiple discrete clusters. pCD79 at the B cell-APC interface were not due to impaired

Importantly, the initial microcluster-based BCR signaling at ~ formation of BCR-Ag microclusters. Indeed, calculating the
the immune synapse was significantly reduced when Wdrl was  ratio of clustered pCD79 divided by clustered Ag for each
depleted. The amount of clustered pCD79 at the contact site with B cell revealed that the BCR signaling output per unit of
the APC was significantly lower in the Wdrl siRNA-transfected ~ Ag that was gathered into clusters (i.e., signal amplification)
A20 D1.3 B cells than in the control siRNA-transfected cells  was significantly reduced at the 3, 5, and 10 min time points
at the 3, 5, and 10min time points (Figure5D). Because = when Wdrl was depleted (Figure 5E). Thus, for membrane-
Wdrl depletion did not decrease the total amount of Ag that  bound Ags, Wdrl contributes to mechanisms that amplify CD79
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FIGURE 5 | Wdr1 is important for cSMAC formation and BCR signaling at the immune synapse. A20 D1.3 B cells that had been transfected with control (Ctrl) SIRNA
or Wdr1 siRNA were added to mHEL-HaloTag-expressing COS-7 APCs. The cells were then fixed at the indicated times and the B cell-APC interface was imaged by
spinning disk microscopy. (A) Representative images. Scale bars: 5 um. (B) For each time point, the percent of cells that had formed a cSMAC, defined as >90% of
the total Ag fluorescence intensity being contained in 1-2 clusters, is graphed. Each symbol on the graph represents an independent experiment. Paired t-tests were
used to calculate p-values. (C,D) The total fluorescence intensity of the mHEL-HaloTag Ag (C) or pCD79 (D) that was present in clusters at the B cell-APC contact
site was quantified for each cell. Each dot is one cell. n >25 cells per condition. The median (blue line) and interquartile ranges (black box) are shown. (E) For each B
cell represented in (C,D), the total fluorescence intensity of clustered pCD79 was divided by the total fluorescence intensity of clustered Ag. The ratio is graphed. The
median (blue line) and interquartile ranges (black box) are shown. The data in (C-E) are from the same experiment, which is representative of four independent
experiments. The Mann-Whitney U test was used to calculate p-values for (C-E).

phosphorylation. This is in contrast to B cell responses to soluble  impaired cSMAC formation and APC-induced BCR signaling.
BCR ligands, where depleting Wdrl had no effect on anti-Ig-  Cofilin-depleted cells rapidly formed BCR-Ag microclusters
induced CD79 phosphorylation, Erk phosphorylation, or Ca?*  (Figure 6A) but the percent of cells that formed a cSMAC
flux (Supplementary Figures 3, 4). after 30 min was reduced compared to control cells (Figure 6B

Because Wdrl optimizes the actin-severing capabilities and Supplementary Figure 5B), as was the case when Wdrl
of cofilin, we then asked whether depleting cofilin also  was depleted. Depleting cofilin appeared to alter the kinetics
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FIGURE 6 | Cofilin is important for cSMAC formation and BCR signaling at the immune synapse. A20 D1.3 B cells that had been transfected with control (Ctrl) sSIRNA
or cofilin siRNA were added to mHEL-HaloTag-expressing COS-7 APCs. The cells were then fixed at the indicated times and the B cell-APC interface was imaged by
spinning disk microscopy. (A) Representative images. Scale bars: 5 um. (B) For each time point, the percent of cells that had formed a cSMAC is graphed. Each
symbol represents an independent experiment. Paired t-tests were used to calculate p-values. (C,D) The total fluorescence intensity of the mHEL-HaloTag Ag (C) or
pCD79 (D) that was present in clusters at the B cell-APC contact site was quantified for each cell. Each dot is one cell. n >30 cells per condition. The median (blue
line) and interquartile ranges (black box) are shown. (E) For each B cell represented in (C,D), the total fluorescence intensity of clustered pCD79 was divided by the
total fluorescence intensity of clustered Ag. The median (blue line) and interquartile ranges (black box) are shown. The data in (C-E) are from the same experiment,
which is representative of three independent experiments. The Mann-Whitney U test was used to calculate p-values for (C-E).

of BCR-induced Ag clustering. Compared to control siRNA-
transfected cells, the amount of Ag that was gathered into
clusters was higher in the cofilin-depleted cells after 5min
but significantly lower at 10, 15, and 30min (Figure 6C).
Importantly, the cofilin-depleted cells had decreased amounts of
clustered pCD79 at the B cell-APC interface at the 3, 10, 15,
and 30 min time points (Figure 6D). The amount of clustered

pCD79 at the 5 min time point was greater in the cofilin-depleted
cells than in the control cells, which may reflect the increased
amount of Ag that was gathered into BCR-Ag microclusters
at that time point. Nevertheless, BCR signal amplification, the
amount of clustered pCD79 per unit of Ag that was gathered
into BCR-Ag microclusters per cell was significantly reduced
at the 3, 5, and 10min time points in the cofilin-depleted
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cells and trended lower at the 15 and 30min time points
(Figure 6E). Thus, at early time points (3 min and 5min), the
loss of cofilin strongly decreases BCR signaling amplification
without decreasing Ag gathering. At the later time points
(10, 15, and 30 min), both reduced Ag gathering and reduced
BCR signal amplification appear to contribute to the decreased
pCD79 levels at the B cell-APC interface in the cofilin siRNA-
transfected cells. In contrast, depleting cofilin had no effect on the
ability of soluble anti-Ig to stimulate CD79 phosphorylation, Erk
phosphorylation, or Ca?" flux (Supplementary Figures 3, 4).
Thus, cofilin and Wdrl enhance BCR signaling in response to
membrane-bound Ags but are not essential for BCR signaling in
response to soluble ligands that are uniformly distributed in the
surrounding medium.

In T cells, Cotll is recruited to the immune synapse where
it enhances the formation of lamellipodia that spread across the
surface of the APC (Kim et al., 2014). However, we found that
depleting Cotll did not affect APC-induced c¢SMAC formation
or BCR signal amplification at the immune synapse (data
not shown).

As a gain-of-function approach for enhancing the actions
of cofilin, we treated B cells with LIMKi3 in order to reduce
the ability of LIMK to phosphorylate and inactivate cofilin.
When A20 D1.3 B cells were treated with LIMKi3, BCR-Ag
microclusters formed throughout the contact site but cSMAC
formation was slightly reduced compared to control cells
(Figures 7A,B and Supplementary Figure 5C). Moreover, the
gathering of Ag into clusters was significantly reduced at the 5, 10,
and 15 min time points in the LIMKi3-treated cells (Figure 7C).
Importantly, the amount of clustered pCD79 present at the B
cell-APC interface was significantly lower at all time points when
LIMK was inhibited (Figure 7D). This reflects a combination of
reduced BCR signal amplification at the 3, 5, and 30 min time
points (Figure 7E) and the reduced Ag gathering that occurs at
5, 10, and 15 min (Figure 7C). Similar trends were observed in
primary B cells from MD4 mice, which express a transgenic HEL-
specific BCR (Supplementary Figure 6). LIMKi3 treatment of ex
vivo MD4 B cells resulted in reduced Ag gathering at the 10, 15,
and 30 min time points, substantially reduced pCD79 levels at 3
and 30 min, and reduced BCR signaling per unit of gathered Ag
at the 3, 15, and 30 min time points. Thus, LIMKi3 treatment
modulates both Ag gathering and BCR signaling amplification,
resulting in decreased BCR signaling at the immune synapse at
several time points. As for cofilin and Wdrl, targeting LIMK
did not impair BCR signaling in response to soluble anti-Ig
antibodies (Supplementary Figure 3). Overall, we found that
targeting cofilin, Wdrl, or LIMK all resulted in decreased BCR
signaling in response to APC-bound Ags. Although the exact
time course of the APC-induced CD79 phosphorylation varied
from experiment-to-experiment, both total pCD79 levels and the
signal amplification parameter (clustered pCD79/clustered Ag)
were routinely decreased at multiple time points over the first
30 min of B cell-APC encounter. We have previously shown that
the magnitude of BCR signaling during the first 30 min of B
cell-APC interaction determines whether the B cell activation
program is initiated (Bolger-Munro et al., 2019).

DISCUSSION

Cellular processes that depend on actin remodeling require
cofilin to disassemble existing actin networks and to support new
actin polymerization. Actin filament severing by cofilin generates
new barbed ends at which filament elongation can occur.
Moreover, the disassembly of severed filament segments releases
actin monomers, Arp2/3 complexes, and other actin-binding
proteins, which can then be used for new actin assembly. The
ability of cofilin to bind and sever actin filaments is controlled
by a network of proteins that includes Wdr1, LIMK, and Cotl1.
This regulatory network can presumably integrate input from
multiple signaling pathways, enabling dynamic spatiotemporal
regulation of cofilin activity. We have shown that cofilin, Wdrl,
and LIMK are all essential for BCR-induced actin remodeling and
cell spreading, as well as immune synapse formation and APC-
induced BCR signaling. Because actin dynamics are strongly
influenced by mechanical forces, it is important to point out
that we analyzed actin-dependent B cell processes on both a
rigid substrate coated with immobilized anti-Ig antibodies and
on APCs expressing Ags that are mobile within the plasma
membrane. However, B cells extend lamellipodial protrusions on
both these surfaces (Bolger-Munro et al., 2019), and a common
feature of lamellipodia is actin treadmilling and retrograde flow
that is dependent on the concerted actions of the Arp2/3 complex
and cofilin.

The Wdr1-LIMK-Cofilin Axis Regulates
BCR-Induced Actin Remodeling and
Spreading

The radial spreading of B cells on immobilized anti-Ig antibodies
is driven by Arp2/3 complex-nucleated actin polymerization and
the resulting assembly of dendritic actin networks at the cell
periphery (Bolger-Munro et al., 2019). We had previously shown
that the ability of B cells to spread on immobilized anti-Ig is
severely impaired when cofilin is depleted in the A20 B cell line
(Wang et al,, 2017). Using STED super-resolution microscopy,
we have extended these findings to show that cofilin-depleted
B cells form a much thicker peripheral ring of branched actin
than control cells and are unable to clear actin from the center
of the contact site. A similar disruption of actin organization is
observed when cofilin is depleted in developing neurons (Flynn
et al,, 2012). Developing neurons adopt a similar morphology as
a spreading B cell, with a dense actin network at the periphery
and an actin-depleted region at the center of the substrate contact
site. Cofilin deficiency in these cells leads to “congestion of
the intracellular space” as well as impaired neurite outgrowth.
Similarly, localized inactivation of cofilin in the lamellipodia of
neuronal cells results in expansion of the peripheral actin ring,
which results from decreased filament disassembly (Vitriol et al.,
2013). Thus, cofilin-mediated actin disassembly appears to be
an essential prerequisite for the actin remodeling that drives
membrane protrusion and cell spreading. Consistent with this
idea, using jasplakinolide to stabilize actin filaments prevents B
cell spreading (Freeman et al., 2011).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

9

April 2021 | Volume 9 | Article 649433


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Bolger-Munro et al. Wdr1-LIMK-Cofilin Axis Function in B Cells

A

| DMSO I LIMKi3 |
| Antigen [FPCD797] Merge | Antigen |FPCD7OT] Merge |

)

3 min

15 min

& | DMSO | LIMKi3
p=0.15 o
100+ o = < < < =
Q1% p=0013 . <~ 8.0 PR {00001 P00 psp000T pro242
= 80 ‘ 82 °
8 p=0546 * -;-,L _I_ o * 6.0 . i
®© ) : s M
< 60 A A [] g $ ¢ ; > i * ¢4
| Zo40l . o3, i 2
5 40 = K
8 ’ 5 § 204
%5 20 .i_ o c ] f‘;," o 3 ¥
5 - 2 g ] * s 3
S0 — % © 00— —
10 15 30 o 3 5 10 15 30
Time (min) Time (min)
D E
o | DMSO | LIMK . | DMSO | LIMKi3
<
E 10.0 1 p=0.0003 p<0.0001 p<0.0001 p=0.008 p<0.0001 O 5  p<0.0001 p<0.0001 p=0.681 p=0.878 p<0.0001
O o N Q
m< 804 . B 44
oz [ 3
= § : : z 2 5 - K
< 60 : H it o = 8 - . B 2
o 9 $ . : BN » B : . o ° .
N5 404 2 - E {3 H ¢ O 21 : ¢ ¢ 3 ]
0 15 § e 4 . L { $
O © & t s Md o
28 20] * é@ ? 3 11 * # B ﬁ;’
° £ 2 .
o 5% 4 S [0 H < s
§Cool=EY ¥ TSP e
? 3 5 10 15 30 ) 3 5 10 1 30
(&) Time (min) Time (min)

FIGURE 7 | Inhibiting LIMK in A20 D1.3 B cells impairs cSMAC formation and BCR signaling at the immune synapse. A20 D1.3 B cells were pre-treated for 1 h with
DMSO or 50 M LIMKI3 before being added to mHEL-HaloTag-expressing COS-7 APCs. The cells were then fixed at the indicated times and the B cell-APC interface
was imaged by spinning disk microscopy. (A) Representative images. Scale bars: 5 um. (B) For each time point, the percent of cells that had formed a cSMAC is
graphed. Each symbol represents an independent experiment. Paired t-tests were used to calculate p-values. (C,D) The total fluorescence intensity of the
mHEL-HaloTag Ag (C) or pCD79 (D) that was present in clusters at the B cell-APC contact site was quantified for each cell. Each dot is one cell. n > 67 cells per
condition. The median (blue line) and interquartile ranges (black box) are shown. (E) For each B cell represented in (C,D), the total fluorescence intensity of clustered
pCD79 was divided by the total fluorescence intensity of clustered Ag. The median (blue line) and interquartile ranges (black box) are shown. The data in (C-E) are
from the same experiment, which is representative of three independent experiments. The Mann-Whitney U test was used to calculate p-values for (C-E).

Wdrl optimizes the spacing of cofilin molecules on actin ~ mutants and twinstar mutants exhibit an accumulation of actin
filaments such that filament severing is favored (Elam et al., 2013; ~ filaments and an increase in actin network stability. Consistent
Gressin et al., 2015; Tanaka et al., 2018). Hence, depleting Wdrl ~ with this, we found that Wdrl-depleted B cells exhibited a
reduces cofilin-mediated actin severing and often phenocopies  similarly impaired spreading phenotype as cofilin-depleted B
cofilin depletion. In Drosophila, depleting either the Wdrl  cells, with an expanded peripheral ring of branched actin,
homolog flare or the cofilin homolog twinstar results in similar ~ reduced actin clearance at the center of the substrate contact
phenotypes (Ren et al, 2007; Chu et al, 2012). Both flare  site, and impaired peripheral actin dynamics. Wdrl depletion
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in B cells also resulted in an increase in the amount of non-
phosphorylated (activated) cofilin that is capable of binding
actin filaments. In the absence of Wdrl, the saturation of
actin filaments with cofilin would stabilize the filaments and
prevent actin network remodeling. Indeed, depleting Wdrl
in the neutrophils of developing zebrafish, which also causes
cofilin dephosphorylation, results in an accumulation of actin
filaments (Bowes et al., 2019). A reduction in cofilin-mediated
actin network disassembly may also limit the recycling of
Arp2/3 complexes and actin monomers that supports new actin
polymerization. In yeast, disrupting the gene encoding the Wdrl
homolog Aipl reduces the concentration of actin monomers
in cells (Okreglak and Drubin, 2010). Moreover, biochemical
studies revealed a role for Wdrl/Aipl in converting cofilin-
generated actin oligomers into monomers (Okreglak and Drubin,
2010). Thus, Wdrl may enhance the actions of cofilin in multiple
ways to support actin treadmilling.

In contrast to the impaired spreading of Wdrl-depleted
A20 B cells that we observed, peripheral blood B cells from
patients with mutations that ablate Wdrl expression exhibit
enhanced spreading on immobilized anti-Ig (Pfajfer et al., 2018).
However, this experiment was done in conjunction with CpG
DNA stimulation of the B cells. CpG DNA is a ligand for
Toll-like receptor (TLR) 9 and we have previously shown that
TLRY signaling increases actin turnover dynamics in B cells
and impacts the activity of multiple actin-regulatory proteins,
including cofilin (Freeman et al., 2015). Whether TLR-induced
“dynamization” of the actin cytoskeleton requires Wdrl is
not known.

We found that B cell spreading was also impaired when we
used the LIMK inhibitor to increase the amount of activated
cofilin. In contrast to cofilin depletion and Wdrl depletion, the
reduced spreading in LIMKi3-treated cells was associated with
a thinner peripheral actin ring. This may reflect an increased
rate of cofilin- and Wdrl-dependent actin filament severing
at the inner face of the actin ring, which exceeds the rate of
actin polymerization at the plasma membrane. A peripheral
branched actin network with reduced thickness may generate
less outward force to drive membrane protrusion. Alternatively,
dynamic spatiotemporal regulation of cofilin activity by LIMK
may be essential for sustaining membrane protrusion. In Jurkat
T cells, depleting either LIMK or cofilin inhibits SDF-1-
induced chemotaxis, suggesting that rapidly turning cofilin on
and off is important for directional cell movement (Nishita
et al,, 2004). LIMK-deficient Jurkat cells exhibit “immature
protrusion events,” suggesting that transient suppression of
cofilin activity by LIMK enables sustained assembly of actin-
based membrane protrusions. This may also be critical for
B cell spreading.

B cell spreading may require complex spatial and temporal
control of LIMK-mediated inhibition of cofilin. Upon contacting
anti-Ig- or Ag-coated surfaces, BCR-induced activation of cofilin
initiates remodeling of the submembrane actin cytoskeleton.
Although the mechanism by which BCR signaling increases
the amount of active, non-phosphorylated cofilin is not fully
understood, it could include transient inhibition of LIMK.
As the B cell spreads, localized activation of LIMK could

suppress cofilin activity in nascent lamellipodia so that peripheral
actin polymerization can generate stable membrane protrusions.
Subsequently, LIMK could tune the level of cofilin activity
in order to balance actin network disassembly at the inner
face of the peripheral actin ring with actin polymerization
at the cell membrane. This actin treadmilling would allow
the B cell to continually extend membrane protrusions across
the Ag-coated surface. The ability to image the subcellular
localization of activated LIMK in real time could provide
important insights into the regulation of peripheral actin
dynamics. LIMK activity is controlled by the RhoA GTPase
and its downstream effector ROCK (Prunier et al.,, 2017). The
BCR activates RhoA (Saci and Carpenter, 2005) but the role
of RhoA and ROCK in regulating B cell actin dynamics is not
fully understood.

The Wdr1-LIMK-Cofilin Axis Regulates
cSMAC Formation and BCR Signaling at

the Immune Synapse

When B cells encounter Ags that are mobile within a membrane,
Arp2/3 complex-dependent actin retrograde flow drives the
centripetal movement of BCR-Ag microclusters that form
at the periphery of B cell-APC contact site (Bolger-Munro
et al., 2019). This, together with the progressive coalescence of
BCR microclusters, amplifies microcluster-based BCR signaling
and promotes ¢cSMAC formation. Arp2/3 complex-dependent
peripheral actin dynamics is strongly dependent on concomitant
actin disassembly (Carlier et al, 1997; Svitkina and Borisy,
1999). Actin retrograde flow requires the disassembly of aged
actin filaments by actin disassembly factors such as cofilin and
destrin/ADF (Hotulainen et al., 2005; Delorme et al., 2007; Flynn
et al., 2012). Moreover, the inactivation of cofilin decreases
the speed of actin retrograde flow (Ohashi et al., 2011; Flynn
et al, 2012; Vitriol et al, 2013). We found that depleting
cofilin or Wdrl in B cells substantially reduced the velocity
of actin retrograde flow and that this was associated with
reduced or delayed cSMAC formation as well as decreased
BCR signaling and signal amplification in response to APC-
bound Ags. Although LIMK inhibition results in increased
cofilin activity, we showed that this also blocked actin retrograde
flow, reduced ¢SMAC formation, and decreased BCR signal
amplification. Hence, B cell responses to APC-bound Ags require
an optimal level of cofilin activity and are impaired by both
deficient and excessive cofilin activity.

This is the first report, to our knowledge, that Wdrl is
important for B cell responses to APC- or membrane-bound Ags.
We had previously shown that cofilin-mediated actin severing
is important for APC-induced microcluster formation and BCR
signaling (Freeman et al, 2011). In that study, we used the
phosphomimetic S3D mutant form of cofilin, as well as cell-
permeable peptides containing the actin-binding domains of
cofilin, both of which competitively inhibit the binding of cofilin
to actin filaments and prevent severing (Eibert et al., 2004; Elam
et al., 2017; Tanaka et al, 2018). However, these approaches
may also interfere with the actin-binding and severing activities
of destrin/ADF, which is highly related to cofilin in both
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its actin-binding domain structure and actin-severing function
(Lappalainen et al., 1998; Hotulainen et al., 2005). Both the non-
muscle cofilin-1 isoform and destrin are co-expressed in most
cell types (Lappalainen et al., 1998). We have shown here that
selectively depleting cofilin-1 impairs B cell responses to APC-
bound Ags. The contribution of destrin/ADE, and other actin-
severing proteins such as gelsolin, to these responses remains to
be determined.

Consistent with their cooperative mode of action, depleting
either cofilin or Wdrl had similar effects on B cell responses
to APCs. An unexpected finding was that both cofilin depletion
and Wdrl depletion resulted in increased gathering of Ag
into clusters at 5min after the initiation of B cell-APC
contact. Actin structures help maintain the integrity of BCR
microclusters (Treanor et al., 2011). A reduction in cofilin-
mediated disassembly of these actin structures may increase
the stability of nascent microclusters and thereby increase the
amount of Ag that is gathered into small microclusters during
the first 5min of B cell-APC interactions. Despite the increased
Ag clustering, cSMAC formation was delayed in cofilin-depleted
B cells and the percent of cells that formed a ¢cSMAC after
15-30 min was consistently lower when cofilin or Wdrl was
depleted. This could be due in part to reduced actin retrograde
flow, which would decrease the centripetal movement of BCR-
Ag microclusters that form at periphery of the B cell-APC
contact site. As well, cortical actin structures that act as diffusion
barriers for membrane proteins would be turned over (i.e.,
disassembled) at a reduced rate in cells that have been depleted
of cofilin or Wdrl. The increased lifetime of these actin-based
diffusion barriers would limit BCR microcluster mobility within
the membrane, resulting in decreased microcluster coalescence
and cSMAC formation.

Although the mechanisms are not fully understood, actin
retrograde flow amplifies Ag receptor signaling at the T- and
B-cell immune synapses (Basu and Huse, 2017; Bolger-Munro
et al,, 2019). The actin-driven centripetal movement of BCR-
Ag microclusters promotes their coalescence into larger clusters
(Bolger-Munro et al.,, 2019) where BCR signaling is enhanced
(Liu et al,, 2010, 2011; Ketchum et al,, 2014). BCR clustering
is an essential early amplification event in BCR signaling
that is directly related to BCR signaling output (Liu et al,
2010). Recruitment of the Syk tyrosine kinase to Ag-bound
BCRs enables Syk-dependent phosphorylation of the CD79
ITAMs via BCR-BCR collisions, allowing those BCRs to recruit
Syk and further activate downstream BCR signaling pathways.
Microcluster growth leads to further increases in BCR signaling
(Liuetal., 2010, 2011; Ketchum et al., 2014). As the microclusters
grow in area, a greater number of BCRs in the interior of the
cluster may be shielded from inhibitory CD22-SHP1 complexes
(Gasparrini et al., 2016). CD22 is a transmembrane protein that
limits BCR signaling by recruiting the SHP1, a phosphatase that
can terminate BCR signaling by dephosphorylating the CD79
ITAMs. Actin retrograde flow may also amplify BCR signaling
by exerting force on the cytoplasmic domains of BCRs that are
bound to APC-associated Ags. The BCR is a mechanosensitive
receptor and increased mechanical tension on the BCR results in
enhanced recruitment of Syk and other signaling components to

the BCR (Wan et al., 2013, 2015; Liu et al., 2014; Shaheen et al.,
2019).

We showed that depleting either cofilin or Wdrl significantly
reduced the velocity of the actin retrograde flow and that this
correlated with a reduction in BCR signal amplification. When
either cofilin or Wdrl was depleted the amount of signaling
generated per unit of Ag gathered into BCR-Ag microclusters
was significantly reduced during the first 10 min of B cell-APC
interaction. A similar decrease in BCR signal amplification is
observed when Arp2/3 complex activity is inhibited (Bolger-
Munro et al, 2019). This suggests that cofilin and the
Arp2/3 complex work in concert to support actin-dependent
processes that amplify microcluster-based BCR signaling. The
reduced signal amplification in Wdrl- and cofilin-depleted cells
contributed to significant decreases in the total amount of pCD79
present in BCR microclusters during the first 10-30 min of
B cell-APC interaction. We have previously shown that such
decreases in initial APC-induced BCR signaling are associated
with impaired B cell activation (Bolger-Munro et al., 2019).

LIMK is a key negative regulator of cofilin that phosphorylates
cofilin on S3 and prevents cofilin from binding to actin filaments.
LIMK inhibitors have been widely used to investigate the
effects of increased cofilin activity. In T cells, inhibiting or
depleting LIMK, or its upstream activator ROCK, results in
a larger immune synapse area and increased APC-induced
Ca’" signaling (Thauland et al., 2017). Thus, in T cells, LIMK
normally limits T cell spreading on the APC surface. This
suggests that increased cofilin activity enhances T cell immune
synapse formation and APC-induced TCR signaling. In contrast,
we found that inhibiting LIMK activated cofilin in B cells but
reduced B cell spreading and impaired B cell responses to APC-
bound Ags. When LIMK was inhibited, the ability of A20 B
cells to gather Ags into clusters at the B cell-APC interface was
reduced, as was ¢cSMAC formation. Importantly, at early time
points after adding B cells to APCs, both pCD79 levels and BCR
signal amplification were significantly lower in LIMKi3-treated
A20 B cells and primary B cells than in control cells. The reduced
c¢SMAC formation and BCR signal amplification in LIMKi3-
treated B cells may be due to the substantially impaired actin
retrograde flow in these cells, which could be a consequence of
the thinner peripheral actin network that results from excessive
cofilin activity. Although LIMK has multiple substrates (Prunier
et al, 2017), the similar alterations in actin-dependent B cell
responses caused by inhibiting LIMK, depleting cofilin, and
depleting Wdr1 suggest that LIMK-mediated regulation of cofilin
is essential for the dynamic actin remodeling that optimizes B
cell responses to APCs. Importantly, these data show that both
reduced and excessive cofilin activity inhibit actin retrograde flow
and impair BCR microcluster centralization and signaling at the
immune synapse.

Perspectives

Immune synapse formation allows lymphocytes to establish a
polarized contact site with an APC. At this synapse, the actin-
dependent centripetal movement and progressive clustering of
antigen receptors amplifies their signaling and allows small
amounts of APC-bound Ag to trigger lymphocyte activation.
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In contrast, B cell activation by soluble Ags that are uniformly
distributed in the surrounding medium does not involve the
formation of polarized structures and is much less dependent
on actin reorganization. Consistent with this idea, we found
that actin remodeling driven by the Wdrl-cofilin-LIMK axis
amplifies BCR signaling in response to membrane-bound Ags
but that it is not essential for responses to soluble BCR ligands.
Similarly, the Arp2/3 complex (Bolger-Munro et al, 2019)
and the Rac/Cdc42 activator DOCKS8 (Randall et al., 2009;
Sun et al, 2018), both of which are essential for immune
synapse formation, are important for B cells to respond to
membrane-bound Ags but dispensable for responses to soluble
Ags. Together, these findings support the idea that the actin-
dependent movement and spatial reorganization of BCRs at the
immune synapse has a unique and critical role in APC-induced
B cell activation.

Ag presentation by APCs is an important mode of B cell
activation in vivo, especially for large Ags that cannot freely
diffuse into the B-cell follicles within lymphoid organs (Batista
and Harwood, 2009; Cyster, 2010; Heesters et al.,, 2016). In
particular, the ability of subcapsular macrophages to capture
bacteria and viruses, and then present them to follicular B
cells, is important for the generation of protective antibodies
that prevent recurring infections (Junt et al., 2007; Gaya et al,,
2015; Moran et al,, 2019). The actin-dependent amplification of
BCR signaling in response to APC-bound Ags may reduce the
amount of Ag required to exceed the threshold for triggering
B cell activation. Indeed, the increased actin dynamics in B
cells that have been exposed to TLR ligands renders B cells
more sensitive to small amounts of Ag (Freeman et al., 2015).
Conversely, mutations that result in impaired or aberrant actin
dynamics may ablate the actin-dependent amplification of BCR
signaling at the immune synapse and render B cells unable
to respond to low-affinity Ags or Ags that are present at
low density on the APC surface. The in vitro activation of
naive murine B cells by APC-bound Ags is reduced when the
Arp2/3 complex is inhibited, and this is associated with reduced
BCR signaling during the first 5min of B cell-APC interaction
(Bolger-Munro et al., 2019). In vivo, B cell-specific deletion
of WASp in mice impairs antibody responses to low amounts
of Ag (Westerberg et al., 2005). Patients with loss-of-function
mutations in WASp or DOCKS exhibit poor vaccine responses
although this may be due in large part to the impaired B cell
development and maturation (Biggs et al., 2017; Candotti, 2018).
Nevertheless, immune disorders linked to mutations in actin-
regulatory proteins are commonly associated with recurring
infections (Tur-Gracia and Martinez-Quiles, 2021). Because the
actions of the Arp2/3 complex and cofilin are intertwined, cofilin
and its network of regulators may also control the threshold
for APC-dependent B cell activation in vivo, impacting the
ability to mount antibody responses to pathogens and vaccines.
Testing this hypothesis may require the generation of mice
with hypomorphic alleles of these actin regulators such that B
cell development and maturation are not impaired. Both mice
and humans with hypomorphic alleles of the Wdrl gene have
been described but their B cell responses to immunization or
vaccine challenge have not been investigated (Kile et al., 2007;

Seppanen, 2018). LIMK inhibitors have been used in mouse
models of disease (Prunier et al., 2017). This approach could be
used to test the idea that LIMK tunes the threshold for B cell
activation in vivo.

The magnitude of BCR signaling determines whether Ag
encounter results in B cell activation or immunological tolerance
(Cashman et al., 2019; Meffre and O’Connor, 2019; Tan et al.,
2019). Autoimmunity can result from excessive BCR signaling
or from impaired BCR signaling that fails to eliminate self-
reactive B cells. During B cell development, immature B cells
are exposed to many self-Ags in the bone marrow. If the
binding of the self-Ag to the BCR elicits strong signaling,
these self-reactive B cells undergo apoptosis and are deleted.
Reduced BCR signaling could impair the ability to delete self-
reactive B cells. These B cells could then enter the circulation,
and under certain conditions, become activated by self-Ags
in peripheral tissues, leading to autoimmunity. Although it
is not known whether immune synapse formation plays a
role in the deletion of B cells that bind cell-associated Ags
in the bone marrow, plasma membrane proteins are strong
inducers of B cell clonal deletion (Hartley et al., 1991; Ait-
Azzouzene et al., 2005; Nemazee, 2017). Mutations that ablate the
actin-dependent amplification of APC-induced BCR signaling
could lead to a failure of this central tolerance mechanism.
Patients with Wdrl loss-of-function mutations have increased
numbers of immature transitional B cells in the periphery,
which could be self-reactive B cells that escaped negative
selection in the bone marrow (Pfajfer et al, 2018). Indeed,
many of the immunodeficiency syndromes that are due to
mutations in actin-regulatory proteins are accompanied by
autoimmunity and the production of self-reactive antibodies
(Sprenkeler et al., 2020). These immune dysregulation syndromes
have been termed actinopathies (Sprenkeler et al., 2020). Further
work is needed to test the hypothesis that actin-dependent
amplification of BCR signaling at the immune synapse tunes
the threshold for the deletion of self-reactive B cells in the
bone marrow.
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The formation of an immune synapse (IS) enables B cells to capture membrane-
tethered antigens, where cortical actin cytoskeleton remodeling regulates cell spreading
and depletion of F-actin at the centrosome promotes the recruitment of lysosomes
to facilitate antigen extraction. How B cells regulate both pools of actin, remains
poorly understood. We report here that decreased F-actin at the centrosome and IS
relies on the distribution of the proteasome, regulated by Ecm?29. Silencing Ecm29
decreases the proteasome pool associated to the centrosome of B cells and shifts
its accumulation to the cell cortex and IS. Accordingly, Ecm29-silenced B cells display
increased F-actin at the centrosome, impaired centrosome and lysosome repositioning
to the IS and defective antigen extraction and presentation. Ecm29-silenced B cells,
which accumulate higher levels of proteasome at the cell cortex, display decreased
actin retrograde flow in lamellipodia and enhanced spreading responses. Our findings
support a model where B the asymmetric distribution of the proteasome, mediated by
Ecm?29, coordinates actin dynamics at the centrosome and the IS, promoting lysosome
recruitment and cell spreading.

Keywords: proteasome, actin cytoskeleton, Ecm29, immune synapse, lysosomes, microtubules, B cell

INTRODUCTION

The interaction of the B cell receptor (BCR) with membrane-tethered antigens (mAg) initiates
the formation of an immune synapse (IS), characterized by rapid cortical actin cytoskeleton
rearrangements and the formation of BCR-microclusters containing signaling molecules that elicit
B cell activation (Yuseff et al., 2013; Kwak et al., 2019). In resting conditions, the lateral diffusion
of the BCR is restricted by the cortical actin network, which becomes disassembled upon antigen
engagement, enabling BCR lateral diffusion and subsequent clustering to promote downstream
signaling (Mattila et al., 2016; Tolar, 2017; Freeman et al., 2018). During this phase, B cells exert
a rapid spreading response by forming lamellipodia to expand the contact area with the antigen-
presenting surface, thereby increasing the number of BCRs coupled to mAg (Fleire et al., 2006).
Cell expansion is followed by a contraction phase, which serves to gather BCR microclusters
at the center of the B cell synapse, which also relies on dynein-microtubule mediated transport
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Proteasome Controls Actin Remodeling

(Harwood and Batista, 2010; Wang and Hammer, 2020). Actin
retrograde flow at the synaptic interface can also promote the
gathering of signaling molecules to the center of the synapse,
as observed in T lymphocytes where coalescence of PLCyl
molecules, which enables sustained T cell signaling, relies on
the inward flow of actin (Babich et al., 2012). Whether a
similar mechanism contributes to the coalescence of signaling
microclusters at the IS of B cells, remained to be proven (Wang
and Hammer, 2020). In addition to dynamic changes exerted
at the cell cortex, IS formation also involves the mobilization
of the centrosome together with lysosomes toward the Ag-
contact site, where secretion of their content into the synaptic
space facilitates antigen extraction from stiffer surfaces (Bellaiche
et al., 2011; Ritter et al., 2015; del Valle Batalla et al., 2018).
Exocytic events that occur at the synaptic membrane also rely
on cortical actin cytoskeleton remodeling, where local actin
depletion at the synaptic membrane is required for secretion of
Iytic granules in NK and cytotoxic T cells (Ritter et al., 2015;
Gil-Krzewska et al., 2017).

Mobilization of the centrosome to the IS of T lymphocytes
relies on dynein (Martin-Cofreces et al., 2008) where microtubule
shrinkage, at the synaptic region, has been proposed to act
as the pulling force needed for centrosome repositioning (Yi
et al., 2013). In addition to the role of microtubules, studies
in B cells, revealed that translocation of the centrosome from
the perinuclear region to the IS requires the depletion of the
actin pool surrounding the centrosome. This step is critical to
allow its uncoupling from the nucleus, thereby promoting the
establishment of a polarized phenotype (Obino et al., 2016).
Thus, the capacity of B cells to organize an IS and execute
their antigen-presenting function is strongly dependent on
actin remodeling both at the cortical and perinuclear regions.
How B cells orchestrate actin dynamics at both these levels
remains to be resolved.

The ubiquitin-proteasome system (UPS) has emerged as a
critical regulator of cell signaling, polarization, cell division, and
migration by selective proteolysis of ubiquitin-tagged proteins
(Coux, 2002; Schaefer et al., 2012; Collins and Goldberg, 2017).
This system comprises ubiquitin ligases that targets proteins
for degradation by covalently conjugating them with ubiquitin,
enabling recognition by the proteasome to drive their proteolysis
(Collins and Goldberg, 2017). The proteasome is responsible
for the degradation of most cytosolic proteins in mammalian
cells. This protein complex is formed by the 20S core particle
(CP) and the 19S regulatory particle (RP), that caps the 20S CP
on one (26S proteasome) or both ends (30S proteasome) in an
ATP-dependent manner and can dissociate reversibly (Collins
and Goldberg, 2017). Proteasome assembly, activity, localization,
and half-life is regulated by transcriptional and post-translational
modifications of proteasomal subunits (Dahlmann, 2016; Collins
and Goldberg, 2017; Dikic, 2017).

Among proteasome regulators, a 200 kDa protein, termed
Ecm?29, first characterized in yeast, binds the proteasome to
motor proteins and vesicles, suggesting that it could play
a role in the intracellular localization of the proteasome.
Ecm29 has been shown to couple the proteasome to the
Endoplasmic Reticulum (ER), microtubules, and centrosome

(Gorbea et al,, 2010), however, the mechanisms by which Ecm29
recruits the proteasome to specific cellular compartments are
not fully understood. In neurons, Ecm29 controls proteasome
localization and mobilization across the axon by modulating its
association with microtubules, where its activity and localization
influences neuronal development and synaptic signaling (Otero
et al., 2014; Hsu et al., 2015; Pinto et al., 2016; Lee et al., 2020).

In lymphocytes, proteasome activity and localization also
play a crucial role in their function. Indeed, the inhibition
of proteasome activity leads to defective actin remodeling and
reduced ERK signaling, impairing efficient B and T lymphocyte
activation (Schmidt et al., 2018; Ibafiez-Vega et al,, 2019a).
Moreover, during asymmetric T cell division, the unequal
segregation of the proteasome between the two daughter cells
enables the selective degradation of the transcriptional factor
Tbet, which ultimately leads to the acquisition of different
phenotypes (Dennis et al., 2012). Thus, the localization of the
proteasome is regulated in lymphocytes during asymmetric cell
division, where control of cell polarity is critical. Analogously,
in neurons, where cell polarity is also crucial, the localization of
the proteasome targets the degradation of ubiquitylated proteins,
required for axon development (Otero et al., 2014; Hsu et al,,
2015) and presynaptic differentiation (Pinto et al., 2016; Liu et al.,
2019). Here, a polarized phenotype is achieved by the selective
degradation of polarity proteins, such as PAR-2, PAR-3, PAR-6
(Laumonnerie and Solecki, 2018), and actin polymerizing factors,
such as VASP by the UPS (Boyer et al., 2020).

Interestingly, upon activation, B cells upregulate the
ubiquitylation of proteins, including BCR downstream signaling
molecules, polarity proteins, and actin polymerizing factors
(Satpathy et al., 2015), highlighting a role for the UPS in
regulating actin dynamics and B cell activation. We have
previously shown that B cells contain an active proteasome
pool at the centrosome, which is required for efficient actin
clearance at this level, which enables centrosome repositioning
to the immune synapse (Ibanez-Vega et al., 2019a). However, the
underlying mechanisms of proteasome localization remain to be
addressed in lymphocytes.

In this study, we explored whether Ecm29 controls the
localization of the proteasome in B cells during the formation
of an immune synapse and how this specific localization
coordinates actin remodeling responses between the synaptic
interface and the centrosome. Our results show that Ecm29
mediates the association of the proteasome with the microtubule
network and regulates the distribution of proteasome pools
at the centrosome and the immune synapse of B cells. As
a consequence of Ecm29 silencing, B cells redistribute the
proteasome to the synaptic membrane, which results in defective
actin dynamics at this level, evidenced by slower actin retrograde
flow at lamellipodia formed at the synaptic membrane and
increased spreading responses. Ecm29-silenced B cells also
displayed deficient actin depolymerization at the centrosome,
which impair centrosome and lysosome repositioning at the
immune synapse, resulting in reduced antigen extraction and
presentation. Overall, our results contribute to the understanding
of how B lymphocytes efficiently coordinate actin dynamics at
the centrosome and the synaptic interface by controlling the
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localization of the proteasome. We propose that the distribution
of the proteasome depends on Ecm?29, which enables: (1)
the accumulation of the proteasome at the centrosome, used
to promote actin depolymerization required for centrosome
re-positioning and lysosome recruitment at the IS and (2)
the recruitment of proteasome to the synaptic membrane,
promoting actin depolymerization at this level to enhance cell
spreading and signaling.

Thus, Ecm29 emerges as a key regulator of proteasome
distribution used to orchestrate key synaptic functions to
facilitate antigen extraction and activation of B cells.

RESULTS

Ecm29 Regulates the Localization of the

Proteasome in B Cells

Intracellular compartmentalization of proteasome activity
controls actin cytoskeleton remodeling in B cells during immune
synapse formation (Ibanez-Vega et al, 2019a). We sought
for potential regulators involved in proteasome distribution
and focused on the molecule Ecm29, a proteasome adaptor, and
scaffold protein, which binds to the 26S proteasome and links it to
motor proteins, vesicles, centrosome, and microtubules (Gorbea
et al., 2010). To this end, we first analyzed the localization of
Ecm?29 in B cells activated with antigens immobilized on 3 pM
beads, which triggers the formation of an IS and compared
them with non-activated B cells (Yuseft et al., 2013; Ibafiez-Vega
et al, 2019a). We found that upon activation with antigen-
coated beads, Ecm29 progressively accumulated at the synaptic
interface, which was quantified as the fluorescence ratio between
the bead and the whole cell (Figures 1A,B), similarly to the
proteasome (Ibafiez-Vega et al., 2019a). To further characterize
the distribution of Ecm29 at the synaptic membrane, we
activated B cells on antigen-coated coverslips and labeled Ecm29
together with microtubules (a-tubulin) and the centrosome,
labeled with centrin-GFP, which was validated as a centrosome
marker (Supplementary Figure 1B). We found that Ecm29
was distributed in a central and peripheral pool, associated
with the centrosome and cortical microtubules, respectively
(Figure 1C). The accumulation of Ecm29 at the centrosome
of B cells was verified by immunoblot of centrosome-rich
fractions, where we found that Ecm29 cofractionated with
y-tubulin, a centrosome marker (Supplementary Figure 1A).
Imaging analysis also revealed that Ecm29 colocalized with
microtubules, displaying a Pearson’s mean coefficient over
0.67 in resting and activating conditions (Figures 1C,D).
Importantly, colocalization was significatively higher compared
to measurements performed after rotating a channel in 90°, used
as a negative control (Pearson’s mean coeflicient values of 0.27
and 0.18 for resting and activating conditions, respectively).
Also, we found a minor colocalization with the Golgi apparatus
(Supplementary Figure 1C). Association of Ecm29 with the
microtubule network is supported by our observations showing
that treatment with Nocodazole, a microtubule destabilizing
drug, changed the distribution of Ecm29 and proteasome
(19S), which both displayed a more cortical localization and

loss their pericentral localization under these conditions
(Supplementary Figures 1D,E). Indeed, the association of
Ecm29 with microtubules was previously described in neurons,
where it was shown to mediate proteasome retrograde transport
and axon development (Otero et al, 2014; Hsu et al., 2015).
Interestingly, we found that upon activation, Ecm29 slightly
reduced its colocalization with microtubules and accumulated at
the cell periphery (Figures 1C-E), suggesting that Ecm29 also
changes its distribution in response to BCR stimulation.

Next, we evaluated whether Ecm29 regulates the localization
of the proteasome in B lymphocytes. For this purpose, we
reduced the expression of Ecm29 in B cells by siRNA
(Supplementary Figures 2A,B) and evaluated the distribution
of the 26S proteasome in resting and activated B cells by
immunofluorescence staining using an antibody that recognizes
the 19S regulatory particle (RP). Upon Ecm29 silencing, we
observed a reduction in the amount of proteasome at the
centrosome of B cells under resting conditions, but not in
activating conditions (Figures 2A,C). Moreover, upon activation
both control and Ecm?29-silenced B cells mobilized their
proteasome away from the centrosome, suggesting that this
event does not rely on Ecm29. Thus, Ecm29 is responsible
for retaining the proteasome at the perinuclear region but is
not required for its mobilization toward the cortex. Indeed,
proteasome depletion from the centrosome of Ecm29-silenced B
cells was confirmed by the detection of 19S RP by immunoblot
in centrosome-rich fractions obtained from control and Ecm29-
silenced cells. Quantification of the 19S RP, normalized by
y-tubulin levels, indicated there was a reduction in the amount
of the proteasome at the centrosome of Ecm29-silenced B
cells (Supplementary Figures 2E,F). Furthermore, quantification
of proteasome activity in centrosome-rich fractions by using
a fluorescent peptide as a substrate revealed a reduction
in 50% of proteasome activity (Supplementary Figure 2G),
which correlated with the decreased proteasome mass. When
Ecm29-silenced cells were activated with antigen-coated beads,
we observed enhanced accumulation of the proteasome at
the antigen-bead contact site compare to control cells (blue
area in line-scan) (Figures 2A,B). This result prompted us
to further explore the distribution of the proteasome at the
synaptic membrane of Ecm29-silenced B cells. To this end, we
activated B cells by seeding them onto antigen-coated coverslips
and labeled the 19S RP to visualize the proteasome as well
as microtubules (o-tubulin), and the centrosome (Centrin-
GFP). We found that the 19S RP significantly changed its
distribution at the IS of Ecm29-silenced cells, exhibiting a more
dispersed pattern, instead of colocalizing with microtubules
(Figures 2D,E), suggesting that Ecm29 mediates the association
of the proteasome with microtubules, analogously to what has
been described in neurons (Hsu et al., 2015). Despite being more
dispersed, the proteasome displayed slightly higher levels at the
center of IS in Ecm29-silenced B cells (Figures 2D,F), suggesting
that Ecm29 could be controlling proteasome distribution to the
IS center, and potentially have an impact on the local degradation
of protein targets within this region.

To characterize the dynamic recruitment of the proteasome
at the IS in control versus Ecm29-silenced cells, we labeled
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FIGURE 1 | Ecm29 co-localizes with microtubules and the centrosome and is recruited to the IS of B cells: (A) Scheme depicting activation of B cells with
antigen-coated beads and representative Airyscan images of B cells activated for different time points (0, 30, and 60 min), labeled for actin (phalloidin) and Ecm29.
Dashed white circles represent the bead. (B) Quantification scheme and quantification of Ecm?29 recruitment at the immune synapse (Bead) after different time points
of activation. N = 4. Cells > 54. (C) Scheme depicting activation of B cells onto antigen-coated coverslips. Representative Airyscan images of centrin-GFP
expressing B cells in resting (O min) and activating (60 min) conditions, labeled for Ecm?29 (magenta), microtubules (a-tubulin, cyan). White arrows indicate the
centrosome. Magnifications of centrosome areas (9 pwm?2) are shown. 90°channel rotation control is shown for both time points (Means: 0,27 and 0,18 for 0 and

60 min of activation, respectively). (D,E) Quantification of the colocalization of Ecm29 with microtubules and its accumulation at the IS center (see scheme) from
experiment shown in C. N = 2. Cells > 61. ***p < 0.0001. Kruskal-Wallis test with Dunn’s test, and Mann-Whitney test was performed for all statistical analyses.
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the proteasome in live cells by using a specific fluorescent
probe that binds to the catalytic 5 subunit (Bsc2118-FL-
Bodipy). We used this probe at 5 nM in our assays, previously
described not to significantly inhibit proteasome activity
(Mlynarczuk-Bialy et al., 2014). Additionally, we verified that

this dose did not generate an accumulation of ubiquitylated
proteins (Supplementary Figure 3A), suggesting no significant
effects over proteasome activity. Using this approach, we
confirmed that the proteasome co-distributed with microtubules,
displaying a central and peripheral localization at the synaptic
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FIGURE 2 | Ecm29 regulates proteasome localization at the centrosome and microtubules: (A) Top: Schematic representation of B cells activated with
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centrosome area, respectively. (B,C) Scheme and quantification of proteasome enrichment at the centrosome and the bead in (A), respectively. N = 4. Cells > 97.
(D) Schematic representation of B cells activated onto antigen-coated coverslips. Representative confocal images of centrin-GFP expressing control and
Ecm29-silenced B cells after 60 min of activation, labeled for 19S[S4] and a-tubulin. The fluorescence intensity distributions of a-tubulin (blue) and S4(19S) (red)
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proteasome recruitment at the IS center, respectively. N = 2. Cells > 53 and >48, respectively. o < 0.05. **p < 0.01. **p < 0.001. Kruskal-Wallis test with Dunn’s
test, and Mann-Whitney test was performed for all statistical analyses. Mean with SEM bars are shown. Scale bar = 10 pm.

membrane (Supplementary Figure 3B), with limited diffusion
rates (median: 0.074 wm?/s) (Supplementary Figures 3C,D),
comparable to those described in neurons (Otero et al., 2014).
Using live cell imaging and Bsc2118-FL-Bodipy labeling, we also
verified that in Ecm29-silenced cells, the 20S proteasome became
more enriched at the IS than control counterparts, which was
evidenced by a higher number and duration of proteasome tracks
(Supplementary Figures 4A,C,E). When measuring proteasome
diffusion rates, we observed that these were slightly higher in
Ecm29-silenced cells without affecting their overall displacement
at the IS (Supplementary Figures 4A,B,D). Altogether, these

results suggest that Ecm29 regulates the recruitment of the 20S
proteasome to the IS, controlling its diffusion rate, most likely in
a microtubule-dependent manner.

Ecm?29 has been shown to negatively regulate the proteasome
by inhibiting its ATPase activity, which is crucial to unfold and
translocate target proteins into the catalytic core for degradation
(De La Mota-Peynado et al, 2013). To determine whether
Ecm29 silencing affected the activity of the proteasome, we
measured the amount of ubiquitylated proteins and proteasome
subunits in Ecm29-silenced and control B cells. Quantification
by immunoblot of proteasome subunits: S4 for the regulatory
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particle (19S), a-p for the catalytic core (20S), and LMP7
for the induced catalytic core (immune proteasome), showed
no differences between control and Ecm29-silenced cells
(Supplementary Figures 2C,D). These results indicate that in B
cells, Ecm29 regulates the localization of the proteasome without
significantly affecting its total mass or activity.

Ecm29 Regulates Actin Remodeling at
the Synaptic Membrane and B Cell

Spreading Responses

Having shown that Ecm29 regulates the distribution of the
proteasome in B cells and considering that proteasome activity
is crucial for actin remodeling at the centrosome and IS of
B cells (Ibafiez-Vega et al, 2019a), we sought to determine
whether actin levels at these two regions were affected by Ecm29
depletion. To this end, we seeded control and Ecm29-silenced
B cells onto antigen-coated coverslips and imaged them by
confocal microscopy, measuring the spreading area, delimited
by actin labeling. Unexpectedly and contrary to the effect
of inhibiting proteasome activity (Ibafiez-Vega et al., 2019a),
we found that, after 30 and 60 min of activation, Ecm29-
silenced cells displayed an increased spreading area, which was
at least two-fold higher than control cells (Figures 3A,B). We
next characterized actin dynamics at the synaptic interface of
these cells by performing live imaging using TIRFM. For this
purpose, control and Ecm29-silenced B cells expressing the
actin fluorescent reporter LifeAct-mCherry were activated onto
antigen-coated coverslips. Similar to our observations in fixed
cells, Ecm29-silenced cells displayed an increased spreading
response during activation, which was also approximately two-
fold higher than control cells (Figures 3C,D). Under these
conditions, we noticed that the spreading rate was also higher
in Ecm29-silenced B cells (Figure 3D). Interestingly, these cells
underwent continuous spreading, which was not followed by a
stationary phase, generally observed in control cells after 10 min
of activation, where spreading starts to slow down (Figure 3D).
This observation suggests that Ecm29-silenced B cells sustain an
uncontrolled spreading response without reaching a stationary
phase or further contraction, as was previously shown by B cells
interacting with membrane-tethered antigens (Fleire et al., 2006).

In T lymphocytes, immune synapse stability has been
associated with forming symmetric synapse (Kumari et al., 2020).
Given that Ecm29-silenced B cells displayed an uncontrolled
spreading response, we investigated whether this was due to
perturbed immune synapse stability. To this end, we quantified
the IS symmetry during the spreading response in control and
Ecm29-silenced B cells, measured as the aspect ratio of the
spreading area. We found that the symmetry of the synapse in
Ecm29-silenced cells was highly sustained compared to control
cells (Figure 3E), suggesting that Ecm29 silencing enhances
immune synapse stability in B cells.

Ecm29-silenced B cells also exhibited smaller lamellipodia,
which could result from defects in actin polymerization, required
to generate actin retrograde flow (Wang and Hammer, 2020).
Thus, we sought to determine whether actin polymerization at
lamellipodia, measured as the velocity of actin-retrograde flow,

was also affected. For this purpose, we seeded LifeAct-mCherry
expressing control and Ecm29-silenced B cells for 30 min in
antigen-coated coverslips before performing live-cell imaging.
We observed that the length of lamellipodia was significantly
reduced in Ecm29-silenced B cells, which also showed a reduction
in the velocity of actin-retrograde flow, compared to control
cells (Figures 4A,B). Altogether these results highlight a role
for Ecm29 in forming lamellipodia at the IS of B cells, and
suggests that the proteasome close to the IS membrane could
be regulating actin polymerization, probably, by the degradation
of actin polymerizing factors, as was previously suggested (Hao
etal., 2013; Ibafez-Vega et al., 2019a).

To further evaluate the impact of Ecm29 on actin
polymerization at the IS, we seeded actin-GFP-expressing B
cells, silenced or not for Ecm29, onto antigen-coated coverslips
for 30 min and performed a Fluorescence Recovery After
Photobleaching (FRAP) assay using TIRFM. This assay allowed
us to quantify actin turnover at the synaptic interface, as an
indirect measurement of actin polymerization, previously
reported in B cells (Pauls et al., 2020). Indeed, Ecm29-silenced
cells showed a reduction in fluorescence recovery velocity,
expressed as the rate constant (k) (Figures 4C-E), suggesting
that actin polymerization at the synapse is reduced under these
conditions. To determine whether reduced actin polymerization
at the IS in Ecm29-silenced cells translated into less F-actin
accumulation at the synaptic interface, we activated B cells
with antigen-coated beads and measured its accumulation
at the antigen contact site. As expected, after different time
points of activation, we observed reduced F-actin levels at the
antigen contact site (bead) in Ecm29-silenced cells compared to
control cells (Figures 4F,G). Considering that Ecm29-silenced
cells accumulate more proteasome at the IS, this highlights its
negative correlation with F-actin accumulation at the IS.

To further explore a functional link between proteasome and
actin polymerization at the IS, we co-labeled F-actin (LifeAct-
mCherry) and the 20S proteasome (5 nM Bsc2118-FL-Bodipy)
in live cells activated on antigen-coated coverslips for 30 min
and analyzed the synaptic interface by TIRFM. We found that
structures labeled for the proteasome negatively correlated
with F-actin fluorescence (Supplementary Figures 5A-EI).
This negative correlation was dependent on proteasome
activity because pre-treatment with 5 pM MG-132 or high
concentrations of Bsc2118-FL-Bodipy (100 nM), which inhibits
proteasome activity, abolished this negative correlation. On the
other hand, the silencing of Ecm29, did not affect this negative
correlation (Supplementary Figures 5G-I). Altogether, these
results suggest that the proteasome at the synaptic interface is
associated with F-actin depletion, with functional repercussions
in actin turnover and lamellipodia formation.

To determine how the proteasome negatively regulates actin
accumulation at the IS of B cells, we evaluated whether the levels
of actin polymerizing factors, which are targets of proteasome
degradation (Schaefer et al., 2012), changed in Ecm29-silenced
cells. The levels of actin polymerizing factors, Arp2, WASp, and
HS1, which have been shown to play a role in B cells (Bolger-
Munro et al., 2019; Roper et al., 2019) were quantified in control
and Ecm29-silenced B cells, by immunoblot. We found reduced
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levels of HS1 in Ecm29-silenced cells, whereas Arp2 or WASp
remained unchanged (Figures 4H,I). Considering that HSI is
localized at the synaptic interface and the centrosome in B cells
(Obino et al., 2016), our results suggest that, HS1 could be the
main target of proteasome degradation at the synaptic interface
during B cell activation, however, further studies are required
to confirm this.

Ecm29 Silencing Enhances BCR
Clustering and Signaling

Having shown that Ecm29 regulates actin polymerization at
the IS, we next explored the role of Ecm29 in BCR signaling.
F-actin depolymerization facilitates BCR diffusion at the IS,
promoting receptor clustering, and signaling (Freeman et al.,
2015; Tolar, 2017). Given that Ecm29 silencing reduced actin
accumulation and turnover at the synapse, we evaluated whether
the distribution of the BCR was affected under these conditions.
Our results show that Ecm29-silenced cells displayed enhanced
BCR accumulation at the center of the IS, especially after 30 min

of activation, shown by the higher mean fluorescence (MFI) this
region (the first quartile) (Figures 5A,B). This also translated into
higher BCR downstream signaling where Erk phosphorylation
levels, were higher in Ecm29-silenced cells compared to controls
(Figure 5C). Thus, enhanced BCR clustering and signaling could
result from unstable actin structures at the IS, increasing BCR
mobility, as previously described (ref , Tolar, 2017). These
observations suggest that the reduced actin polymerization at
the IS in Ecm29-silenced B cells results in enhanced B cell
activation. Considering that actin cytoskeleton remodeling is
also important at the centrosome for antigen extraction and
presentation (Obino et al., 2016; Ibafiez-Vega et al., 2019a), we
next evaluated whether Ecm29 silencing could affect centrosome
repositioning upon BCR activation.

Ecm29 Regulates Centrosome
Positioning at the IS

A hallmark of the B cell IS is the repositioning of the centrosome
to the synaptic interface, which orchestrates the recruitment
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of lysosomes to the IS, where they undergo local secretion to
facilitate antigen extraction (Bellaiche et al., 2011). Centrosome
repositioning to the synaptic interface requires depolymerization
of perinuclear actin that maintains the centrosome linked to
the nucleus (Obino et al, 2016). We previously described
that proteasome activity is crucial for actin depletion at the
centrosome to enable centrosome repositioning (Ibafez-Vega
et al, 2019a). Thus, we asked whether silencing Ecm29 in
B cells had a similar effect, given that it results in the
mislocalization of the proteasome. For this purpose, we activated
control and Ecm29-silenced B cells expressing Centrin-GFP
on antigen-coated coverslips and measured the recruitment of
the centrosome to the synapse after different time points of
activation. As previously described, we found that the centrosome
reached the proximity of the antigen-coated surface in control
conditions, which we detected at the first and second Z-axis
section of the fluorescence distribution graph (Figures 6A,B).
Conversely, in Ecm29-silenced cells, the centrosome was not
recruited to the IS, where the mean fluorescence of Centrin-GFP

remained between the third and sixth Z fraction of the
fluorescence distribution graph (Figures 6A,C). Next, we
quantified the amount of actin at the centrosome in control
and Ecm29-silenced cells. Our imaging analysis showed that
Ecm29-silenced B cells exhibit defective actin clearance at the
centrosome after 30 min of activation (Figures 6D,E), which
most likely results from a decrease in proteasome activity
associated with the centrosome of these cells (Figures 2A,C
and Supplementary Figure 2). However, after later time points
of activation (60 min), Ecm29-silenced B cells were able to
deplete centrosome-associated actin to the levels of control cells,
suggesting that complementary mechanisms involved in actin
depletion could be taking place after longer periods of activation.

To confirm our results, we measured the distance between the
centrosome and the nucleus in control and Ecm29 silenced B
cells activated with antigen-coated beads. As expected, in Ecm29-
silenced cells the centrosome remained opposed to the nucleus,
confirming their deficiency to translocate their centrosome to the
synaptic membrane (Supplementary Figures 6A-C).
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Ecm?29 Silencing Impairs Antigen

Extraction and Presentation in B Cells

Defective centrosome repositioning to the IS impairs the
recruitment and local secretion of lysosomes at the synaptic
membrane, which can facilitate the extraction and processing of
immobilized antigens (Bellaiche et al., 2011; Ibafez-Vega et al,
2019a). Therefore, we investigated the functional consequences
of Ecm29 silencing on antigen extraction and presentation by B
cells. To this end, we performed an antigen presentation assay
using control or Ecm29-silenced B cells (Figures 7A,B). Our
results show that B cells silenced for Ecm29 display defective
antigen presentation and reduced cell surface expression of
MHC-II, as evidenced by lower levels of loaded peptide
presentation by Ecm29-silenced cells to T cells (Figure 7B).
The defects in antigen presentation could result from impaired
antigen extraction and possibly MHC-II trafficking to the cell
membrane. To evaluate this possibility, we activated control
or Ecm29 silenced B cells with OVA-antigen-coated beads
for different time points and measured the amount of OVA
fluorescence remaining on the beads as an indicator of antigen
extraction. We found that Ecm29 silenced cells showed higher
OVA-antigen levels on beads after activation compared to
control cells, confirming that Ecm29-silenced B cells could
not efficiently extract antigen (Figures 7C,D). Considering that
antigen extraction relies on lysosome recruitment and secretion
(Bellaiche et al., 2011), we also followed the distribution of
lysosomes labeled for Lampl in activated B cells and noticed

that Ecm29 displayed delayed recruitment of lysosomes to
the IS (Figures 7D,E). Overall, these results suggest that
lysosome trafficking to the IS depends on Ecm29, which
promotes centrosome repositioning by depolymerizing actin
within this region.

In summary, we put forward a novel mechanism involved in
regulating the B cell immune synapse, where Ecm-29 dependent
proteasome distribution orchestrates actin remodeling at the
synaptic interface and the centrosome, thereby controlling key
cellular functions such as lysosome trafficking and antigen
extraction and presentation.

DISCUSSION

A functional immune synapse relies on actin remodeling at the
synaptic membrane and the centrosome: The former promotes
BCR clustering and downstream signaling (Freeman et al., 2015;
Tolar, 2017; Spillane and Tolar, 2018), and the latter enables
centrosome repositioning to the IS together with lysosomes,
which, upon secretion, facilitate antigen extraction (Bellaiche
et al, 2011; Obino et al., 2016; Ibafiez-Vega et al., 2019a).
Our work reveals that the localization of the proteasome at
the synaptic interface and centrosome relies on Ecm29, which
in turn regulates actin remodeling in both compartments; and,
therefore, plays a pivotal role in immune synapse formation,
antigen extraction, and presentation (Figure 8).
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FIGURE 6 | Centrosome polarization and perinuclear actin clearance rely on Ecm29: (A) Representative X/Z confocal images of centrin-GFP expressing control
(siCTL) and Ecm29-silenced (siECM29) B cells activated on antigen-coated coverslips for different time points, stained for F-actin, phalloidin are shown. White
arrows indicate the centrosome. The white dashed line represents the position of the coverslip. (B,C) Quantification of centrosome fluorescence intensity along the Z
dimension from the coverslip to the upper cell limit of control and Ecm29 silenced B cells, respectively. The green rectangle represents the synaptic Z area (between
1 and 2 Z-fraction), and the maximum value of the curve represents the localization of the centrosome in the Z dimension. N = 2. Cells > 19. (D) Representative
Ayriscan images of centrin-GFP expressing control and Ecm29-silenced B cells activated on antigen-coated coverslips for different time points, labeled for F-actin,
phalloidin. Magnifications of the centrosome (9 wm?) and the fluorescence intensity distribution of centrin-GFP (green) and phalloidin (red) across the cell (dashed
white lines) are shown. White rectangles represent the X/Y position for images in Z. (E) Quantification of actin at the centrosome in D. N = 2. Cells > 45. *p < 0.05.
Kruskal-Wallis test with Dunn’s test, and Mann-Whitney test was performed for all statistical analyses. was performed for all statistical analyses. Mean with SEM

A role of Ecm29 in regulating the localization of the
proteasome has been previously reported in neurons (Otero et al.,
2014; Lee et al., 2020), but has remained relatively unexplored
in lymphocytes. The underlying mechanisms by which Ecm29
regulates the intracellular localization of the proteasome include:
(1) promoting the interaction of the proteasome with motor
proteins, such as kinesins and dyneins, which directly anchors the
proteasome to microtubules, and is responsible for proteasome
retrograde and anterograde movement (Hsu et al, 2015) (2)
mediating the association of the proteasome to vesicles and
favors its fast movement by hitch-hiking (Otero et al., 2014)

and (3) promoting the association of the proteasome with
Rab11 + recycling vesicles and organelles, such as Endoplasmic
Reticulum and the centrosome (Gorbea et al., 2004, 2010).
Our work suggests that Ecm29 mediates the association of the
proteasome to microtubules and the centrosome in B cells;
however, the molecular mechanisms involved in mobilizing the
proteasome remain to be explored.

Interestingly, Ecm29 has also been described to act as a
proteasome inhibitor and quality control protein, where its
association to the proteasome inhibits the ATPase activity of the
regulatory particle and stabilizes its interaction with the catalytic
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core (Lehmann et al.,, 2010; De La Mota-Peynado et al., 2013;
Haratake et al., 2016). However, we found that Ecm29 silencing
did not affect overall levels of proteasome activity, measured as
the accumulation of ubiquitylated proteins, which suggest that
in B cells, Ecm29 regulates proteasome localization rather its
activity. Despite of this, further analysis of how Ecm29 affects
specific proteasome functions, such as degradation rate, ATPase
activity, or specific protease activity, are needed to completely
discard whether or not Ecm29 affects proteasome activity.

B cells silenced for Ecm29 displayed lower levels of
proteasome at the centrosome, which correlated to increased
F-actin at this level, suggesting that centrosome-associated
proteasome could act as a negative regulator of actin
polymerization within this region. This observation is
consistent with our previous findings, where inhibition of
proteasome activity also induced an accumulation of F-actin
at the centrosome and defective actin clearance upon B cell
activation, disabling centrosome repositioning to the synapse
(Obino et al., 2016; Ibafiez-Vega et al,, 2019a). Accordingly,
our results show that decreasing the proteasome at the
centrosome, by silencing Ecm29, also leads to defective
centrosome repositioning at the IS. As anticipated, defective
centrosome polarization in Ecm29 silenced B cells correlated

with poor lysosome recruitment to the IS and impaired antigen
extraction and presentation. Thus, our results show that the
proteasome pool associated to the centrosome regulates local
proteostasis at this level, which is in the same line with previous
observations suggesting that the centrosome acts as a platform
for local UPS-mediated degradation (Vora and Phillips, 2016).
Noticeably, at later time-points of activation, Ecm29-silenced
B cells displayed reduced actin levels at the centrosome, which
were comparable to control cells, suggesting other mechanisms
might regulate actin at this stage. Such mechanisms could involve
the local activation of actin-severing proteins, such as cofilin,
which was previously associated to actin depletion in B cells
(Freeman et al., 2015, 2018).

A striking observation reported here is that upon activation,
Ecm29-silenced cells accumulated higher proteasome levels at
the cortical and synaptic regions. Thus, it is tempting to
speculate that Ecm29 favors the centrosomal localization of the
proteasome, excluding it from the cell cortex and the IS. The
molecular mechanisms underlying the cortical localization of
the proteasome are not understood in lymphocytes. However,
in neurons, adaptor proteins, such as GPM6A/B, were shown
to mediate the interaction of the proteasome with the plasma
membrane (Ramachandran and Margolis, 2017). Thus, it would
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be interesting to address whether the mechanisms involved
in the localization of cortical proteasome in neurons are
shared by lymphocytes.

In addition to enhanced proteasome levels at the IS, Ecm29
silenced cells displayed reduced actin turnover and slower
actin-retrograde flow at the synaptic interface, suggesting that
actin polymerization at the IS was reduced within this zone.
These observations are consistent with the general view of
the proteasome as a negative regulator of actin polymerization
(Schaefer et al., 2012; Hsu et al., 2015), where actin nucleating
factors are selectively downregulated by the UPS (de la Fuente
et al., 2007), thereby turning down actin polymerization. This
idea is further supported by our observations, where we found
that HS1 was decreased upon Ecm29 silencing, indicating that
this protein could be targeted for proteasome degradation.
Indeed, HS1 has five ubiquitin sites (K34, K60, K123, K192, and
K239) (Hornbeck et al., 2012). In B cells, BCR activation triggers
HS1 phosphorylation by Syk, and its subsequent recruitment to
the IS, being crucial in the promotion of actin assembly at the
IS (Hao et al., 2004; Obino et al., 2016). Thus, it is possible that
silencing Ecm29, which results in increased levels of proteasome
at the IS and enhanced HS1 degradation, could be responsible
for poor actin accumulation at the synaptic interface, upon BCR
activation. On the other hand, Ecm29 silencing did not alter
WASp levels, which could be a consequence of its interaction
with WASp interacting protein (WIP), which protects WASp
from degradation and is also recruited to the IS of B cells
(Keppler et al., 2018). Alternatively, the exacerbated spreading
response and defective antigen extraction observed in Ecm29-
silenced B cells, could also result from impaired Myosin II

activity. Myosin II promotes contractile forces, which restrict cell
spreading (Wakatsuki et al., 2003) and was also shown to exert
pulling forces at the synaptic membrane of B lymphocytes to
promote antigen extraction (Natkanski et al., 2013).

The actin cytoskeleton plays a critical role in BCR signaling by
restricting its lateral diffusion and association with co-receptors
(Tolar, 2017). Indeed, B cells treated with drugs that disrupt
actin organization induce BCR signaling in the absence of ligand
(Batista et al., 2010). Additionally, proteins belonging to the
Ezrin-Radixin-Moesin Family (ERM family), which link the actin
cytoskeleton to the plasma membrane, negatively regulate BCR
lateral diffusion (Treanor et al., 2009; Liu et al., 2013; Tolar, 2017)
and can be degraded by the proteasome (Grune et al., 2002).
Interestingly, it has been reported that upon BCR activation, an
early ubiquitylation response affects BCR downstream kinases,
signaling components, such as LAT2, RAC1, CDC42, VAV1,
and Ezrin (Satpathy et al., 2015). Thus, in addition to actin
polymerizing factors, the proteasome at the IS could degrade
proteins involved in BCR activation, as well as other factors
that couple actin to the cell cortex, such as ezrin, and control
membrane tension (Schaefer et al., 2012; Kelkar et al., 2020).
Consequently, the larger spreading area displayed by Ecm29
silenced B cells, which accumulate more proteasome at the
synaptic membrane, could result from a relaxed cortex or
enhanced BCR signaling. Thus, the timely recruitment of the
proteasome to the immune synapse is crucial to determine where
and which proteins would be degraded.

Interestingly, microtubules drive the spreading response
in fibroblasts, where the rapid growth of microtubules
toward the cell borders is essential for isotropic spreading
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(Tvorogova et al., 2018). In our study, we found that Ecm29-
silenced B cells displayed a highly symmetric IS, which resembles
an isotropic spreading response. Thus, it is tempting to speculate
that the increased spreading response and the slow actin-
retrograde flow in Ecm29-silenced B could allow microtubule
growth toward the cell margins, which would lead to a sustained
spreading and reduced actin-retrograde flow. Indeed, an
analogous negative correlation between the actin cytoskeleton
and microtubules was previously described at the centrosome,
where the reduction of polymerized actin at the centrosome
triggered an increased microtubule growth (Inoue et al., 2019).
The role of the proteasome selectively degrading molecules that
tune the microtubule-actin crosstalk at the synaptic membrane
shall provide insights on how antigen extraction and processing
are regulated at the B cell synapse.

In conclusion, our work reveals that the distribution of the
proteasome, mediated by Ecm29, controls the formation of the
IS by regulating actin dynamics at the centrosome and synaptic
membrane. These new findings contribute to understanding how
B lymphocytes efficiently manage to orchestrate complex actin
cytoskeleton remodeling at these two levels and control the
establishment of a polarized phenotype during IS formation.

MATERIALS AND METHODS

Cell Lines and Culture

The mouse lymphoma cell line ITA1.6, which is a FcyR-defective
B cell line with the phenotype of quiescent mature B-cells
(Lankar et al., 2002) and the LMR7.5 Lack T-cell hybridoma,
which recognizes I-Ad-LACKjs6—173 complexes, were cultured
as previously described (Vascotto et al., 2007) in CLICK medium
(RPMI 1640, 10% fetal bovine serum, 100 U/mL penicillin-
streptomycin, 0.1% B-mercaptoethanol, and 2% sodium pyruvate.
For proteasome inhibition, 5 x 10° B cells/mL were incubated
with 5 WM MG-132 for 1 h at 37°C before functional analysis.

Antibodies and Reagents

We used rat anti-mouse LAMP1 (BD Bioscience, #553792,
1:200), rabbit anti-mouse o-Tubulin (Abcam, ab#6160, 1:200),
rabbit anti-acetyl-a-Tubulin (Lys40; cell signaling, #5335, 1:200),
rabbit anti-mouse y-Tubulin (Abcam, #Ab11317, 1:1000),
rabbit anti-mouse S4/19S RP (Abcam, #Ab223765, 1:100),
rabbit anti-mouse af}/20S proteasome (Abcam, #Ab22673,
1:200), anti-mouse Ecm29 (Abcam, #Ab28666, 1:100), mouse
anti-mouse Ubiquitin P4D1 (Santa Cruz, #Sc-8017, 1:1000),
anti-mouse anti-actin (cloneC4, ImmunO, #691001), rabbit
anti-mouse Arp2 (Cellsignal, #5614, 1:500), goat anti-mouse
IgGFab? (Jackson ImmunoResearch), rabbit anti-OVA (Sigma-
Aldrich, #C6534, 1:500). For secondary antibodies: donkey
anti-rabbit IgG-Alexa488 (LifeTech, 1:200), goat anti-rabbit
IgG-Alexa546 (ThermoScientific, 1:200), Donkey anti-rat
IgG-Alexa546 (ThermoScientific, 1:200), Donkey anti-rat-
Alexa647 (ThermoScientific, 1:200), Phalloidin-Alexa-647 (Life
Technology, #22287, 1:200), DAPI (Abcam). Ovalbumin and
Nocodazole were purchased from Sigma-Aldrich, MG-132,
and Epoxomicin were purchased from Merk (Millipore).

Bsc2118-FL-Bodipy was kindly provided by Ulrike Kuckelkorn
(Mlynarczuk-Bialy et al., 2014).

Cell Transfection

LifeAct-mCherry and aTubulin-mCherry plasmids were kindly
provided by Ana Maria Lennon. For Ecm29, a silencing siRNA
kit was purchased from Qiagen (1027416) and used as the
combination of four different siRNA at 2.5 nM each one. As
a control, we used a scrambled siRNA (Qiagen) at 10 nM.
Nucleofector R T16 (Lonza, Gaithersburg, MD, United States)
was used to electroporate 5 x 10° ITA1.6 B Lymphoma cells with
2 pg of plasmid DNA. After transfection, cells were cultured for
16 hrs before functional analysis.

Preparation of Ag-Coated Beads and
AG-Coated Coverslips

Antigen-coated beads were prepared as previously described
(Bellaiche et al., 2011). Briefly, ~2 x 107 3-um latex NH,-
beads (Polyscience, Eppelheim, Germany) were activated with
8% glutaraldehyde for four h at room temperature. Beads were
washed with phosphate-buffered saline (PBS) and incubated
overnight at 4°C with different ligands: using 100 jg/mL of either
F(ab’)2 goat anti-mouse immunoglobulin G (IgG), referred to
as BCR-Ligand™ or F(ab’)2 goat anti-mouse IgM, referred to as
BCR-Ligand™ (MP Biomedical, Santa Ana, CA, United States).
For antigen extraction assays, beads were coated with BCR-
Ligand® or BCR-ligands™ plus OVA 100 jLg/mL. For antigen
presentation assays, beads were coated with BCR* or BCR™
ligands plus 100 pg/mL Lack protein. Antigen coverslips used
to analyze the synaptic interface were coated with BCR-Ligand™*
overnight at 4°C in PBS.

Activation of B Cells With Ag-Coated

Beads or Coverslips

Cells were plated on poly-L-Lysine-coated glass coverslips and
activated with Ag-coated beads (1:1 ratio) for different time
points in a cell culture incubator (37°C/5% CO,) and then fixed
in 4% paraformaldehyde (PFA) for 10 min at room temperature
as previously described (Bellaiche et al., 2011). Fixed cells were
incubated with antibodies in PBS-0.2% BSA-0.05% Saponin. In
order to measure cell spreading, the B cell line was plated onto
B220/anti-IgG, or anti-IgM coated glass coverslips, respectively,
for different time points at 37°C in a cell culture incubator as
previously described (Reversat et al., 2015).

Antigen Presentation Assay

Ag presentation assays were performed as previously described
(Bellaiche et al, 2011). Briefly, IIA 1.6 (I-A9) B cells were
incubated with either Lack-BCR-Ligand* or BCR-Ligand™
coated beads or different Lack peptide concentrations
(Lackise—173) for 1 h. Then Cells were washed with PBS, fixed
in ice-cold PBS/0.01% glutaraldehyde for 1 min, and quenched
with PBS/100 mM glycine. B cells were then incubated with
Lack-specific LMR 7.5 T Cells in a 1:1 ratio for 4 h. Supernatants
were collected, and interleukin-2 cytokine production was
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measured using BD optiEA Mouse IL-2 ELISA set following the
manufacturer’s instructions (BD Biosciences).

Ag Extraction Assay

For antigen extraction assays, B cells incubated in a 1:1 ratio
with BCR ligandT-OVA-coated beads were plated on poly-Lys
cover-slides at 37°C, fixed and stained for OVA. The amount
of OVA remaining on the beads was calculated by establishing
a fixed area around beads in contact with cells and measuring
fluorescence on three-dimensional (3D) projections obtained
from the sum of each plane (Details in “Image Analysis” section).
The percentage of antigen extracted was estimated by the
percentage of fluorescence intensity lost by the beads after 1 h.

Centrosome Isolation

Centrosome from B cells was isolated as previously described
(Obino et al., 2016) with slight modifications. Briefly, B cells
in resting conditions (CLICK-2% EBS) at 37°C/5%CO;, were
treated with adding 2 WM cytochalasin D (Merck Millipore) and
0.2 wM Nocodazole (Merck Millipore). Cells were washed in
TBS (10 mM Tris-HCI 15 mM NaCl pH 7.5), then in 0.1X TBS
supplemented with 8% sucrose and lysed in lysis buffer (ImM
HEPES. 0.5% NP-40, 0.5 mM MgCl,, 0.1% p-mercaptoethanol
pH 7.2) supplemented with protease inhibitors for 15 min.
Centrosomes were isolated from post-nuclear-supernatants by
consecutive centrifugations at (1) 10,000 g for 30 min at
4°C on top of a 60% w/v sucrose cushion in gradient buffer
(10 mM PIPES, 0.1% Triton X-100, 0.1% P-mercaptoethanol
pH 7.2) and (2) 40,000 g for 60 min at 4°C on top of a
discontinuous sucrose gradient (40-50-70% w/w). Finally, 12
fractions were recovered from the top to the bottom of the
tube, and centrosome-containing fractions were detected by
immunoblot y-tubulin labeling.

Proteasome Activity

Protein extracts obtained from B cells were quantified and
loaded onto black MaxiSorp 96 well plate (Nunc, Denmark)
with proteasome substrate III fluorogenic (Calbiochem, Merck
Millipore) diluted in Assay buffer (50 mM Tris-HCI pH: 7.2,
0.05 mM EDTA, 1 mM DTT). The plate was incubated for 1 h
at 37°C, and then fluorescence was measured at 360/420 nm. All
measurements were performed in triplicate.

Cell Imaging

For epifluorescence imaging, all Z-stack images were obtained
with 0.5 microns between slices. Images were acquired in
an epifluorescence microscope (Nikon Ti2Eclipse) with an
X60/1.25NA and X100/1.3NA oil immersion objectives for bead
and spreading assays, respectively. For confocal microscopy,
images were acquired in a Nikon Ti2Eclipse inverted microscope
with 60X/1.45NA oil immersion for bead and spreading assays,
with a Z-stack of 0.5 microns. For Total internal reflection
fluorescence microscopy (TIRFM), images were acquired in
Nikon Ti2Eclipse inverted microscope with a 100x/1.50 NA oil
immersion lens and an iXON Ultra EMCCD camera at 37°C.
B-cells expressing LifeAct-mCherry were plated on Ag-coated

glass chambers (Nunc™ Lab-Tek™ 1I). Images were acquired
for 30 min at 15 s per frame for spreading assay and for
1 min at 0.75 s per frame for lysosome, proteasome, and actin
retrograde flow tracking. For Ayriscan acquisition, images were
obtained in the Zeiss LSM880 Airyscan Confocal microscope
with a 63X/1.4NA oil immersion lens, with a Z-stack of 0.2 pwm.
The images were processed using Zeiss Black Zen software and
analyzed with FIJL

Fluorescence Recovery After

Photobleaching in TIRFM (FRAP-TIRFM)
ITIA1.6 cells were transfected with Actin-GFP together with
scramble siRNA (siCTL) or ECM29-targeting siRNA (siECM29),
and then allowed to spread onto antigen-coated coverslips for
30-40 min at 37°C in HEPES supplemented CLICK. Cells
were then mounted on a stage-top incubator, and one central
region was manually selected for photobleaching using a 405 nm
laser (70% intensity, 100 ms, ND Stimulation unit), concurrent
with Nikon TIRFM imaging. GFP signal intensity within the
bleached zone was normalized to intensity values from an
unbleached control region in the same cell. The curves were also
y-transformed to (0,0) at t = 0 (bleaching event) so that individual
recovery curves begin at the intensity minimum. Each recovery
curve group was then fit to the following equation, with the
constraint that Yo = 0: Y = Y + (plateau-Y)*(1-e~¥**). The rate
constant (k) was derived by non-linear regression analysis using
GraphPad Prism software.

Image Analysis

Image processing and analysis were performed with FIJI (Image])
software (Schindelin et al., 2012), as we previously described
(Ibafez-Vega et al., 2019b). The centrosome was labeled with
Centrin-GFP or a-Tubulin and determined by the brightest point
where microtubules converged. Single-cell images shown in the
figures were cropped from a larger field. Image brightness and
contrast were manually adjusted. Centrosome polarity index
was determined as previously described (Bellaiche et al., 2011).
Briefly, we manually selected the location of the centrosome
(Cent) and delimited the cell and bead borders to obtain the
center of mass of both CMC (Cell mass center) and BMC (Bead
mass center), respectively. The position of the centrosome was
projected (CentProj) on the vector defined by the CMC-BMC
axis. The centrosome polarity index was calculated by dividing
the distance between the CMC and CentProj and the distance
between CMC-BMC. The index ranges from -1 (anti-polarized)
and +1 (fully polarized).

Proteasome recruitment to the IS in bead assays was quantified
by dividing the fluorescence at the bead by the whole cell’s
fluorescence and then multiplying it by a factor of 100. For
spreading assays, we manually delimited the border of the
cell using a phalloidin label as a template (CellTemp); then,
an ellipse was automatically determined (CenterTemp) at the
center of CellTemp, which had a third of the CellTemp
area. Next, the center’s recruitment was calculated by dividing
the fluorescence normalized by its area from CenterTemp
and CellTemp, subtracting 1. Therefore, positive values mean
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that the fluorescence is enriched at the center, and negative
values, the opposite.

For actin quantification at the centrosome, we traced a circle
with a Ipum radius with its center as the centrosome. The
fluorescence at the centrosome (FCent) and its Area (ACent)
were measured. The corresponding ratio gives the fluorescence
density index (DCent = FCent/ACent). This value is divided
by the density of the fluorescence of the entire cell (DCell).
Values above 1 indicate an accumulation of the label at the
centrosome compared to the whole cell. Whereas values below
1 indicate that there is a depletion at the centrosome compared
to the whole cell.

For lysosome and proteasome tracking, we used the
Trackmate plugin from FIJI (Schindelin et al., 2012), considering
each spot with areas of 1 wm? and manually thresholded by
the quality index.

The  proteasome  (Bsc2118-FL-Bodipy)  fluorescence
correlation with F-actin (LifeAct-mCherry) fluorescence of
B cells seeded for 30 min in antigen-coated coverslips was
automatically measured by a FIJI macros function. Briefly, the
proteasome label was automatically detected by Analyze particle,
and the proteasome and F-actin fluorescence were measured
in each proteasome-spot (1 pm diameter circle). Next, each
fluorescence signal was normalized by the total cell fluorescence
in each frame to normalize fluorescence variation by LifeAct
expression or Bsc2118-FL-Bodipy dosage. Then, the proteasome
fluorescence and the related LifeAct fluorescence were arranged
into discrete groups and graphed.

The spreading area of LifeAct-mCherry expressing B cells
activated onto antigen-coated coverslips recorded by TIRFM was
assessed by FIJI. Briefly, images were thresholded and binarized
to detect cell boundaries automatically, and then cell areas were
detected in each frame by Analyze particle plugin (FIJI). The
spreading velocity was calculated by linear regression of area per
time data. The asymmetry of the immune synapse was measured
by the aspect ratio of each spreading area per frame, as previously
described (Kumari et al., 2020).

Quantification of actin retrograde flow was performed as
previously described (Jankowska and Burkhardt, 2017). Briefly,
TIRFM recorded LifeAct-mCherry expressing B cells after 30 min
of activation onto antigen-coated coverslips, were analyzed
by FIJI, by reslicing two different lamellipodia structures per
each cell, and manually drawing an angle at the edge of the
lamellipodium. Each angle was transformed in microns per
second, by converting the angle to radians (Rad-angle) and
applying the following formula: V(jum/s) = tan(Rad_angle).

Quantification of BCR clustering at the IS center was
performed by using an adaptation of the clock scan analysis
plugin for Fiji (Dobretsov et al, 2017) implemented in a
personalized macro with machine learning correction with the
advanced Weka segmentation tool (Arganda-Carreras et al.,
2017). Data obtained from the images was then curated and
filtered using Rstudio. Briefly, outliers were eliminated using the
IQR correction and the distribution of fluorescence (MFI) was
divided into four quartiles, considering the distance from the
center of mass of each cell to their correspondent periphery. Data
was assessed for its normality using the Shapiro-Wilk test and

multiple comparison tests were performed using ANOVA and
post hoc tests (Tukey).

Statistical Analysis

Statistical analysis was performed with Prism (GraphPad
Software) and RStudio. The p-values were calculated using
different tests, as indicated in figure legends.
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Supplementary Figure 1 | Ecm29 cofractionates with the centrosome in B cells.
(A) Representative immunoblot of centrosome fractions isolated from B cells in
resting conditions, where y-tubulin (centrosome) and Ecm29 were detected.

(B) Representative confocal images of B cells in resting conditions, showing
Centrin-GFP, y-tubulin, and Golgi, and co-localization analysis. (C) Representative
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confocal images of B cells in resting or activating conditions, showing Golgi,
Centrin, and Ecm29, and line-scan analysis of each label across the cell.

(D) Representative images of B cells in resting or activating conditions (60 min of
activation) with antigen-coated beads, pretreated with DMSO as a control, 30 pM
Nocodazole (NocZ) for 30 min. For activated B cells, drug treatment was
performed after 30 min of activation. S4(19S RP), a-Tubulin, F-actin, and merge
are shown. (F) Representative images of resting B cells or activated on
antigen-coated coverslips (60 min of activation) pretreated with DMSO as a
control, 30 wM Nocodazole (NocZ) for 30 min. For activated B cells, drug
treatment was performed after 30 min of activation. Two sets of staining are
shown: (1) S4(19S RP), a-Tubulin, F-actin, merge, and (2) Ecm29, a-Tubulin,
F-actin, and merge, are shown. Scale Bar = 10 um.

Supplementary Figure 2 | Ecm29 silencing does not affect levels of ubiquitylated
proteins, but reduces proteasome levels at the centrosome in resting B cells. (A)
Representative immunobilot of protein extracts obtained from resting B cells
transfected with scrambled siRNA (siCTL) and Ecm29 targeted siRNA (SIECM29).
Ecm?29 and BCR are shown. (B) Quantification Ecm29 levels in (A). N = 7.

(C) Representative immunoblot of control and Ecm?29-silenced B cells in resting
conditions, stained for Ubiquitin, Ecm29, S4 (19S), ap (20S), LMP7, and actin.

(D) Quantification of protein levels in (C). N > 3. (E) Representative immunoblot of
centrosome isolated fractions isolated from control and Ecm29-silenced B cells.
S4 (19S) and y-Tubulin are shown. Red rectangle indicates the centrosome-rich
fractions. (F,G) Quantification of S4 (19S) protein levels (N = 3) and proteasome
activity (N = 2) in centrosome-rich fractions in (E), respectively. **p < 0.01.
Mann-Whitney test was performed for all statistical analyses. Mean with

SEM bars are shown.

Supplementary Figure 3 | Live tracking of the proteasome shows it colocalizes
with microtubules and is distributed across the IS. (A) Immunoblot of B cells
treated with increasing concentrations of the specific proteasome probe
(Bsc2118-FL-Bodipy) for 2 h, ubiquitin and actin labeling are shown. F.C., Fold of
Change respect to the control (O nM of Bsc2118-FL-Bodipy). (B) TIRFM
Time-lapse and kymograph of a-Tubulin-mCherry (grayscale) expressing B cells
probed with 5 nM Bsc2118-FL-Bodipy (Red). Black arrowheads indicate
proteasome positive spots. Below: Table summarizing the colocalization of the
proteasome (Bsc2118-FL-Bodipy) and a-Tubulin-mCherry. Overlap coefficient, k1,
k2, Manders 1, and Manders 2, are shown. (C) Time-lapse images obtained by
TIRFM of B cells labeled for proteasome (grayscale). The accumulation of
proteasome tracks (right) is shown. The coldest colors represent the fastest
tracks —Kymograph (below). Black arrowheads indicate proteasome positive
spots at center and periphery. (D) Histogram of proteasome diffusion coefficient
measured in (C). N = 2, Cells > 30. Scale Bar = 10 um.
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T lymphocyte migration is an essential step to mounting an efficient immune response.
The rapid and random moatility of these cells which favors their sentinel role is conditioned
by chemokines as well as by the physical environment. Morphological changes,
underlaid by dynamic actin cytoskeleton remodeling, are observed throughout migration
but especially when the cell modifies its trajectory. However, the signaling cascade
regulating the directional changes remains largely unknown. Using dynamic cell imaging,
we investigated in this paper the signaling pathways involved in T cell directionality.
We monitored cyclic adenosine 3'-5" monosphosphate (CAMP) variation concomitantly
with actomyosin distribution upon T lymphocyte migration and highlighted the fact that
spontaneous bursts in CAMP starting from the leading edge, are sufficient to promote
actomyosin redistribution triggering trajectory modification. Although cAMP is commonly
considered as an immunosuppressive factor, our results suggest that, when transient, it
rather favors the exploratory behavior of T cells.

Keywords: lymphocyte, migration, cAMP, actomyosin, chemokine

INTRODUCTION

Fast and random motility of T lymphocytes is a prerequisite to perform efficient immune
surveillance, as these cells need to scan the widest possible area in a short time within secondary
lymphoid organs (Krummel et al., 2016). This motility is conditioned by the chemical (mainly
chemokines) and physical (structural constraints) parameters specifically found in these confined
environments. Even in the absence of physical obstacles, random migration is observed (see
(Real et al., 2004) for instance), suggesting the existence of cell-intrinsic factors regulating the
cell directionality.

T cells stimulated by chemokines lose their round shape within a few minutes, to acquire a clear
polarized shape with a front, the lamellipodium, and a rear, the uropod. This asymmetry, required
for their migration, is achieved by a rapid modification of their cytoskeleton (Moreau et al., 2018).
In fact, chemokine stimulation triggers a rapid increase in polymerized actin (Real et al., 2007),
especially branched actin which accumulates at the cell front giving the lamellipodium some highly
dynamic properties adapted to the research strategy of T lymphocytes. Conversely, stable actin and
actomyosin allow to maintain the structural shape of the cell body and to promote its contractility
(Dupré et al., 2015; Chugh and Paluch, 2018). During T cell migration, continuous remodeling of
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the cytoskeleton, such as the actin network, has to take place,
especially each time cells modify their trajectory. Indeed, in this
case, the cell slows down and its lamellipodium retracts, leading
to the transient loss of cell asymmetry before being reestablished
along another axis. Calcium has been clearly identified as the
stop signal leading to lamellipodium retraction and migration
inhibition when T cells encounter an antigen-presenting cell
(Donnadieu et al, 1994; Dong et al, 2017). However, the
signaling pathway involved in shape changes of chemokine-
stimulated T cells during trajectory changes, remains unclear.

The role of cAMP upon migration remains confused
depending on the cell types or the experimental conditions. In T
lymphocytes, a negative effect of cAMP pathway has been known
for a long time and is supported by different studies showing
that agents inducing large increases in cAMP levels, such as
forskolin, inhibitors of phosphodiesterases or prostaglandin E2,
promote cell rounding and migration inhibition (Valitutti et al.,
1993; Oppenheimer-Marks et al., 1994; Layseca-Espinosa et al.,
2003; Dong et al., 2006). Interestingly, in other cell types, cAMP
seems to play a more complex role in cell migration through
its compartmentalization. In fibroblasts or epithelial cells, an
increase of cAMP-activated protein kinase (PKA) activity at the
leading edge has been reported to promote cell migration (Howe
etal., 2005; Lim et al., 2008; McKenzie et al., 2020). Conversely, in
neutrophils, local increases in cAMP promote uropod retraction
through the regulation of the non-muscle myosin II by PKA
(Liuetal., 2010). The development of powerful biosensors makes
it possible to measure cAMP (Klarenbeek et al., 2011) at the
subcellular level even in small cells such as lymphocytes and with
a good temporal resolution, and therefore to revisit the role of
cAMP in T cell migration.

Using dynamic cell imaging, we here investigate the signaling
pathways involved in trajectory control during T cell migration.
We demonstrate that transient spontaneous increases in
intracellular cAMP are sufficient to drive T cell actomyosin
reorganization, leading to paths modifications.

MATERIALS AND METHODS

Cells

CEM T cells were cultured in RPMI 1640, supplemented
with 10% FCS, 2 mM L-Glutamine, 50 U/ml penicillin and
50 pg/ml streptomycin. When specified, cells were transfected by
nucleofection (Amaxa Nucleofactor, Lonza) with 5 g DNA for
5 millions of cells using the C-016 program. The cells were used
the day after nucleofection.

Reagents

CXCLI12 (recombinant human SDF1-a) was purchased from
Peprotech (300-28A) and VCAM-1 (CD106 Fc chimera protein)
from R&D Systems (862-VC-100). Calcium measurements
were performed with Fura-2/AM (Molecular Probes, F1225).
DMACM-caged 8-Br-cAMP was purchased from Biolog (D044).
Nucleus labeling was performed with Hoechst (Molecular Probes,
H1399). F-actin detection was performed by expressing the
LifeAct-mCherry construct (gift from Dr. A. Benmerah). Myosin

ITA was followed by expressing tagged form of Myosin Heavy
Chain 9 (MyH9-GFP, gift from PJ Saez). Stable actin detection
was performed with SiRActin (TebuBio, SC001) or with mRFP-
Utrophin-CH (Addgene #64358).

Live Imaging Acquisition

For migration experiments, glass coverslips were coated with
1 pg/ml CXCL12 and 1 pg/ml VCAM-1 overnight at 4°C.
After rinsing, coverslips were kept in mammalian saline buffer
(140 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,
20 mM HEPES, and 11 mM glucose) supplemented with 5% FCS.
Cells were deposited on coverslips just before image acquisition
started. Live imaging experiments were performed at 37°C with
a wide-field Nikon TE2000, equipped with a CMOS camera
(ORCA-flash4.0 LT, Hamamatsu). Images were acquired every
10 s with Metafluor software.

Actin, Myosin, and Nucleus

For total polymerized actin detection, cells were transfected with
LifeAct-mCherry construct. For stable actin detection, cells were
transfected with Utrophin-CH-RFP. For non-muscle Myosin ITA
detection, cells were transfected with MyH9-GFP construct. For
stable actin labeling, cells were incubated for 1 h with 250 nM
SiRActin in complete medium at 37°C. After rinsing, cells were
deposited on coated coverslips. Nucleus labeling was performed
with 4 min incubation, using 2 pg/ml Hoechst. Distribution of
compounds was followed by 650 nm Excitation/700 nm Emission
for SiRActin, 560 nm Excitation/645 nm Emission for LifeAct-
mCherry, 485 nm Excitation/525 nm Emission for MyH9-GFP
and 360 nm Excitation/440 nm Emission for Hoechst.

cAMP Measurements

For cAMP measurements, cells were transfected with the most
sensitive version of TEpacVV [H187 (Klarenbeek et al., 2015)].
TEpacVV was a gift from Dr. K. Jalink (Netherlands Cancer
Institute). Experiments were performed 24 h after transfection,
as previously described (Conche et al., 2009). Briefly, when
cAMP increases, the probe undergoes a conformational change
that allows a decrease of energy transfer between a turquoise
molecule (Excitation 436 nm, Emission 470 nm) and two Venus
molecules (Excitation 500 nm, Emission 535 nm) (Klarenbeek
et al,, 2011); the energy transfer can be measured as a change
in FRET (Excitation 436 nm, Emission 535 nm). Three images
were acquired every 10 s: visible, Turquoise channel and FRET
channel. The ratio R = Turquoise/FRET, which gives an estimate
of cAMP concentration, was calculated with MetaFluor (Roper
Scientific) after background subtraction. An increase of this ratio
corresponds to an increase in cAMP concentration.

Calcium Measurements

For calcium experiments, cells were loaded with 500 nM Fura-
2/AM for 20 min at 37°C. Excitation was performed alternatively
at 350 and 380 nm and emission recorded at 510 nm. The ratio
(Exc 350, Em510/Exc380, Em510) was calculated with MetaFluor
(Roper Scientific) after background subtraction. For combined
cAMP and Ca measurements, TEpacVV-transfected cells were
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loaded only with 200 nM Fura-2/AM in order to minimize the
crosstalk between the four fluorescence signals.

Image Analysis

Cell Roundness

This parameter was quantified with Image] software and
corresponds to: % It is equal to 1 for a round cell
and < 1 for a polarized one.

Front/Back Ratios

With Metamorph software, a 6-9 pixels wide scanline along the
cell axis was drawn. The front/back ratio was then calculated
by dividing the intensity at the front edge to the one measured
at the back one.

Angles

Angle measurements were performed with Image] by drawing
lines along the polarization axes observed between two
consecutive lamellipodia formation.

Pearson Coefficient

In cells transfected with MyH9-GFP and labeled with SiRActin,
Pearson Coefficient was measured on Fiji (ImageJ software,
version 1.51 u) by using a macro containing the Coloc2
plugin. This coefficient measures the degree of overlap between
two stainings and was used to quantify the degree of
colocalization between MyH9-GFP and SiRActin staining.
A Pearson Coefficient value of 0 means that there is no
colocalization between the two stainings. By contrast, a Pearson
Coeflicient value of 1 means that there is a perfect colocalization
between MyH9-GFP and SiRActin.

Kymographs
Kymographs have been performed with Metamorph software by
drawing a line as wide as the cell along the migration axis.

Cross-Correlation

Cross-correlation was used to study the correlation between
cAMP variations and cell shape (roundness). The Pearson
correlation coefficient (p) between two time courses was
computed as a function of time lag (1):

Slx@) —x)x (yiF1—7)]
JEEh -2 x S iFy-7)

with x and y variables and x and y variable means.

’

p(v) =

Local Leading Edge Release of cAMP

CEM were incubated with 20 pM DMACM-caged 8-Br-cAMP
for 3 h at 37°C. SiRActin (250 nM) was added to the medium
during the last hour. Cells were rinsed and deposited on VCAM-
1/CXCL12 coated coverslips for 30 min at 37°C. The experiment
was performed by using an iMIC TILL Photonics microscope
equipped with two cameras EMCCD (ANDOR Technology) and
60x objective (numerical aperture: 1.49) + 1.5 zoom. Images were
acquired every 5 s. After four image acquisitions, the release of

DMACM-caged 8-Br-cAMP was performed with a 405 nm laser
(Toptica iBAEM 110 mV, 1 ms illumination, 100% power) by
adjusting a 7 pm diameter region at the level of the leading edge
of a migrating cell. For control experiments, a similar protocol
was followed except that the cells were incubated with DMSO
instead of caged-cAMP for the same duration.

Traction Force Microscopy
Traction force microscopy experiments were performed with the
help of Cell Biomechanics facility of Cochin Institute.

Hydrogel Preparation

Hydrogels (~700Pa) were prepared with acrylamide (3%, Sigma
#A4058), bis-acrylamide (0.3%, Sigma #M1533-25), streptavidin-
acrylamide (Invitrogen, S21379) and Flash Red 0.2 pm
fluorescent beads (Bangs Laboratories, FSFR002). Streptavidin-
acrylamide was used at 1/100,000 molecular ratio to acrylamide as
previously described (Saitakis et al., 2017). After activation with
TEMED and ammonium persulfate, 11 pl of the polymerization
mix was added on a non-functionalized 12 mm diameter
coverslip. A functionalized glass coverslip coated with silane
(Sigma, 17-1330-01) was placed on top. Polymerization was
performed at room temperature for 30 min.

Mechanical Properties of the Polyacrylamide Gels
Gels were unmolded by removing the non-functionalized
coverslip. We then checked whether the bead distribution on the
top surface was suitable for traction forces measurement (~2000
beads per 512 x 512 pixels field). The Young Modulus was
then calculated according to (Gross and Kress, 2017). In brief,
tungsten carbide spheres with known radius (0.4 and 0.6 mm)
and density (15,630 g/l) were deposited on the hydrogel surface.
We then measured the gel deformation induced by the bead by
acquiring z-images of the fluorescent beads embedded in the gel,
focusing on the bottom and the top of the gel with an indentation
of 0.2 pwm. By using Image], we measured the gel height and
the collapse distance of the sphere. The Young Modulus was
calculated by using a R code based on (Gross and Kress, 2017)
(available on demand).

Functionalization of Hydrogel Surface

We used the specific biotin-streptavidin binding and anti-
Fc/Fc binding to form a sandwich of macromolecules for
the functionalization of polyacrylamide gels. All gel surfaces
were incubated with 10 pg/ml of a goat anti-human IgG
Fc biotinylated antibody (Abcam: ab97223) in PBS-BSA 0.2%
overnight at 4°C. Gels were then incubated with 10 pg/ml
recombinant human VCAM-1/CD106 Fc chimera in PBS-BSA
0.2% for 2 h at 37°C. We were not able to experimentally
assess the VCAM-1 surface density, but theoretically calculated
the density of streptavidin molecules on the gel. For this we
used the three assumptions enunciated in Saitakis et al. (2017).
In brief, (1) the volume of the hydrated gel (with culture
medium) that we were able to calculate with the thickness
and the coverslip diameter, is approximately 40% bigger than
the initial volume of the polymerization mix (Hynd et al,
2007). (2) All the streptavidin-acrylamide molecules within the
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polymerization mix polymerized within the gel. (3) Biotinylated
anti-Fc antibody can access the first 10 nm of the gel (10 nm
is the approximated size of the streptavidin molecule) due to
their own size and the size of the pore reported in the literature
(Trappmann et al., 2012). We then calculated that the theoretical
surface density of streptavidin-acrylamide is 25 molecules/im?.

Traction Force Measurements

Traction force microscopy experiments were performed with
20x objective (numerical aperture 0.75) and 1.5 zoom. CXCL12-
stimulated (100 ng/ml) cells were deposited on a VCAM-1-coated
gel for 30 min at 37°C. Transmitted light and corresponding
fluorescent images of beads and actin were acquired every 10 s
using the MetaMorph software.

Force Image Analysis

We first aligned images of the fluorescent beads to correct the
drift by using the Image] plugin Stack Reg. The forces were
calculated by the method described in Martiel et al. (2015).
Basically, the displacement field was calculated by Particle Image
Velocimetry (PIV) plugin implemented in Image]. The PIV
was performed through an iterative process. For each iteration,
the displacement was calculated by the normalized correlation
coeflicient algorithm, so that an individual interrogation window
was compared with a larger searching window. Each subsequent
iteration took into account the displacement field measured
previously. The resulting final grid size for the displacement
field was 5.04 pm X 5.04 wm with more than six beads
per interrogation window on average. With the displacement
field obtained by PIV analysis, the traction force field was
reconstructed by the Fourier transform traction cytometry
(FTTC) method (Martiel et al., 2015) with FTTC Image] plugin.
The regularization parameter was set at 8 x 10~ 1! for all traction
force reconstructions.

After this calculation, the forces along the cell body were
isolated. The cell length was normalized by establishing that
the cell front corresponds to 0% and the back to 100%.
When specified (Figures 1C, 2D,E), the forces along the cell
axis were pooled.

Statistics

The statistical tests used for sample comparison are specified in
the figure legends. In the figures, ns: not significant. They were
performed with GraphPad software or RStudio.

RESULTS

Remodeling of Actin Cytoskeleton in
Chemokine-Stimulated T Lymphocytes

Upon chemokine stimulation, T cells lose their symmetrical
shape and become polarized. This modification can be visualized
by depositing CEM T cells, a lymphoblastic cell line which
expresses CXCR4, the receptor of the CXCL12 chemokine (C-
X-C motif chemokine 12 or stromal cell derived factor 1), on
a glass coverslip coated with the integrin VCAM-1 (vascular
cell adhesion molecule 1) and CXCL12. In these conditions,

cells randomly migrate at a speed of 6.19 £ 0.03 pm/min
(N = 80 cells) (illustrated in Supplementary Movie 1). In order
to follow in real time and at the subcellular level cytoskeleton
reorganization, T cells were transfected with mCherry-tagged
LifeAct, a peptide able to bind to F-Actin. As shown in Figure 1A,
polymerized actin is observed mainly at the front of the cell
which corresponds to newly polymerized actin, as previously
described (Real et al., 2007). In order to distinguish this pool
from stable actin which constitutes the main pool of F-actin
in unstimulated cells, SiRActin [a fluorescent cell-permeable
F-Actin binding compound (Milroy et al., 2012; Lukinavicius
et al, 2014)] was used. Resting cells were incubated for 1 h
with SiRActin, rinsed and then stimulated so that the newly
polymerized actin was not labeled. In these conditions, we clearly
observed that, contrary to total polymerized actin, the stable actin
network was restricted to the back of the cell behind the nucleus
(Figure 1A and Supplementary Movie 2). The distribution of the
two actin networks was quantified by drawing a scanline along
the antero-posterior axis of the cell and then by measuring the
ratio of intensities between the front and the back as shown in the
example presented in Figure 1A. A ratio superior to 1 indicates
an accumulation at the cell front. A statistical difference was
measured between the localization of these two actin networks:
total polymerized actin accumulates at the cell front while stable
actin mainly accumulates at the back (Figure 1B). We next
wondered whether the polarization of actin networks could be
correlated with a mechanical asymmetry during T cell migration.
To answer this question, we used the dynamic Traction Force
Microscopy technique (Nerger et al, 2017) which allows the
forces developed by the cells upon migration on polyacrylamide
(PAA) gels to be measured. T lymphocytes are fast-moving
cells, therefore they are expected to develop low forces on their
substrate. For this reason, we used soft PAA gels of about 700 Pa
and measured how T cells were able to displace fluorescent beads
embedded within the PAA gel while they migrate. As quantified
in Figure 1C and illustrated in Supplementary Figures 1A,C
and T cells clearly imprint centripetal forces with a maximum
intensity at the back of the cells and minimal intensity at the
front, as previously observed in neutrophils (Jannat et al., 2011).
The intensity of the forces we measured was very low, i.e., 100
times smaller than what was measured in neutrophils on gels
with comparable stiffness (Jannat et al., 2011). We can therefore
conclude that, during migration, T lymphocytes adhere mainly,
but poorly, where stable actin accumulates.

Actomyosin Relocalization Upon

Trajectory Modification

The asymmetrical distribution of SiRActin remains stable upon
migration. We thus investigated its behavior when cells retract
their lamellipodium. This step is specifically required when cells
round up and eventually change their direction. The example
presented in Supplementary Figures 2A,B (kymograph and
corresponding thumbnails) summarizes the different steps: upon
migration, stable actin remains accumulated at the back of the
cell (step 1) and (step 3); the retraction of the lamellipodium
is accompanied by the relocalization of stable actin at the front
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networks. Mean + SE (N = 31). The values obtained were statistically different (paired t-test, ***o < 0.0001, N = 32 cells). (C) The subcellular distribution of forces
was measured in CXCL12-stimulated T cells upon migration on approximately 700 Pa gels coated with VCAM-1. The magnitude of these forces was significantly
higher at the back of the cells compared to the front. The values of the forces expressed in picoNewton correspond to the mean of forces + SE measured in 14
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where it rapidly accumulates (step 2) and (step 4). If the cell
changes its direction (step 2), the stable actin will migrate
entirely to this point which will constitute the new back of the
migrating cell, as shown on the kymograph (Supplementary
Figure 2A, red arrow). Conversely, if the cells round up (step
4) (yellow arrow), the stable actin will progressively redistribute
homogeneously all around the cell membrane (step 5). The
complete series of images is displayed in Supplementary Movie
3. The distribution of the stable actin is quantified on a series
of cells during these different steps (Figure 2A): while, as
previously shown in Figure 1B, it is clearly accumulated at the
back upon migration (R = 0.35 & 0.01, N = 85 events from 60
different cells), a transient accumulation at the front is observed
during lamellipodium retraction (R = 1.89 + 0.13, N = 53
events from 28 different cells) before it disperses around the
membrane (R = 0.98 & 0.04, N = 19 events from 16 different
cells) when the cell rounds up. A similar relocalization of stable
actin was observed when, having developed two lamellipodia,
a cell retracts one of them (Supplementary Figure 2C). To

confirm the results we obtained with SiRActin, we used another
marker of stable actin, Utrophin-CH (Melak et al., 2017). In
this case, a relocalization of stable actin network similar to the
one detected with SiRActin is also observed upon lamellipodium
retraction (Supplementary Figures 3A,B). Interestingly, non-
muscle myosin-ITA [the main myosin isoform in T lymphocytes
(Jacobelli et al., 2004)] displays a distribution similar to that
of SiRActin as attested by Myosin Heavy Chain 9 (MyH9)
localization upon migration, retraction and in round cells
(Figure 2B). Indeed, MyH9 clearly accumulates at the cell back
upon migration (R = 0.58 £ 0.03, N = 77 events from 42
different cells), relocalizes to the cell front during lamellipodium
retraction (R = 2.09 £ 0.13, N = 69 events from 36 different
cells) while it distributes uniformly when the cell rounds up
(R = 1.02 £ 0.06, N = 20 events from 17 different cells). In
these three configurations, a colocalization is observed between
SiRActin and MyH9 distributions as shown in the example
presented in Supplementary Figure 2B and Supplementary
Movie 4. The strong correlation between the two markers is
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attested by Pearson Coefficient (PC) > 0.7 (PC = 0.70 £ 0.02,
N = 39 events from 24 migratory cells; PC = 0.71 £ 0.03,
N = 32 events from 21 cells retracting their lamellipodium;
PC = 0.74 £+ 0.05, N = 7 events from 7 cells rounding
up) (Figure 2C). This result suggests that the stable actin
network detected by SiRActin mainly corresponds to actomyosin.
Lamellipodium retractions were associated with a modification of
the cell shape: the cell rounds up before it eventually elongates
in another direction. We therefore measured simultaneously
over time, the relocalization of SiRActin to the lamellipodium
(measurement of the front/back ratio along the cell axis) together
with the cell roundness and quantified the delay between the two
events. We observed that the accumulation of actin at the front
starts at 8.7 &= 4.0 s (N = 38 cells) before the cells begin to round
up, suggesting that the relocalization of the stable actin might
drive the retraction of the lamellipodium. Finally, we examined
whether the relocalization of stable actin was accompanied by
a redistribution of the forces developed by the cells. As shown
in Figure 2D and illustrated in Supplementary Figures 1B,C,
once again the distribution of high intensity forces is similar
to that of stable actin: upon retraction, contrary to migratory
conditions, centripetal forces at the level of the lamellipodium,
reached intensities similar to those observed at the back of the
cell. The intensities at the cell front were statistically higher
than those observed in migrating cells, while no differences were
observed at the back (Figure 2E). Once the cells have rounded,
forces can no longer be measured (Supplementary Figure 1D).

cAMP Variations Upon Trajectory

Modification

We next wondered what the signaling pathway which triggers
changes of direction and the simultaneous redistribution of the
stable actin might be. Calcium has recently been associated
with pausing upon confinement-induced T cell migration (Dong
etal,, 2017). Although, in our conditions, calcium (Ca) transients
could sometimes be observed upon migration, they were neither
systematic (Supplementary Figure 4A), nor associated with
change of direction (Supplementary Figure 4B). We therefore
focused on cAMP which has also been described as playing a
role during migration (Howe, 2004). We used the very sensitive
FRET biosensor, TEpacVV (Klarenbeek et al., 2011, 2015) to
follow intracellular cAMP levels. As shown in the example
presented in Figure 3A and Supplementary Movie 5, cAMP
levels remained low upon migration, except at very specific
moments when the cell stopped and eventually changed its
direction. This can be visualized on the associated kymograph by
the red zones corresponding to high cAMP levels. By zooming
in on a change of direction (Figure 3A, white dotted rectangle),
it appears that the cAMP increase starts at the cell front before
invading the whole cell (Figure 3B). By combining cAMP and
Ca measurements, we were able to demonstrate that no Ca
variations could be detected in cells presenting some cAMP
transients upon change of direction (Supplementary Figure 4C).
The cellular heterogeneity in cAMP ratio was quantified by
drawing scanlines along the antero-posterior axis of migrating
cells. The front to back ratios were compared in cells which

migrate, retract their lamellipodia or round up. While this ratio
is equal to 1.00 = 0.02 (N = 32 cells) upon migration, it increases
up to 1.30 £ 0.03 (N = 32 cells) when the cells retract their
lamellipodium before decreasing back to 1.00 £ 0.04 (N = 8 cells)
once the cells have rounded up, meaning that lamellipodium
retraction is associated with a local increase of cAMP at the cell
front (Figure 3C). In our experimental conditions, some cells
failed to migrate and went on repetitive elongation/retraction
cycles (Figures 3D-F). Interestingly, these cells displayed cAMP
oscillations (see Supplementary Figure 5A for two examples)
with a very similar period from cell to cell (211.8 + 11.7 s,
N =29 cells, Supplementary Figure 5B) and which is very regular
for a given cell (Supplementary Figure 5C). These oscillations
were associated with morphological changes corresponding to
elongation/retraction cycles during which the level of cAMP
starts to rise in the lamellipodium before invading the whole
cell when it rounds up (Figure 3D and zoom in Figure 3E).
The complete series of images is displayed in Supplementary
Movie 6. In these cells, the antero-posterior ratio of cAMP
was 1.05 & 0.03 (N = 35 cells) upon elongation, increased to
1.38 £ 0.05 (N = 35 cells) upon retraction, before decreasing
to 0.99 £ 0.03 (N = 32 cells) in round cells (Figure 3F). These
values were very similar to those measured in migrating cells
(Figure 3C). In order to quantify the coupling between cAMP
level and the shape of the cells, the roundness was measured
simultaneously with cAMP as in the example presented in
Figure 4A (left panel). Clearly, the two parameters oscillate at the
same frequency. However, an offset of 50 s is necessary in this
example to synchronize cAMP levels and roundness (Figure 4A,
right panel). A cross-correlation analysis was performed for a
series of cells (see methods for details) and reveals that the
most significant positive correlation between the two parameters
(0.36 £ 0.05, N = 17 cells) is obtained with a 40-50 s temporal
offset (Figure 4B). In other words, this result shows that cells start
to round up 40 to 50 s after cAMP begins to rise.

In order to measure to what extent this event triggers a
modification of cell trajectory, we measured the angle formed
between the polarization axes observed between two consecutive
lamellipodia separated by cAMP-induced lamellipodium
retraction. As displayed on Figure 3G, the cells preferentially
repolarize with an angle between 90° and 180° (Mean of
108.4 £ 4.7; N = 111 repolarization events from 37 cells) showing
that cAMP transients favor directional changes.

Control of Stable Actin Relocalization by
cAMP

To address the direct link between cAMP increase and
stable actin recruitment, the two parameters were monitored
simultaneously. As shown in the example presented in Figure 5A
and in Supplementary Movie 7, a local increase of cAMP can
first be observed in the lamellipodium which is followed by a
recruitment of stable actin at this position. This observation has
been quantified over time by measuring the front/back ratio for
cAMP along a scanline together with the stable actin recruitment
(Figure 5A, right panel) and the time lag was measured (gray
arrow). The delay between the two events was 40.5 + 3.6 s (N = 39
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FIGURE 2 | Stable actin relocalization. (A) The front to back ratio of SiRActin intensities were measured by drawing a scanline along the cell axis of cells upon
migration, while the lamellipodium retracted and once the cell had rounded up. Values correspond to the mean + SE of 85 events from 60 different cells (migration),
53 events from 28 different cells (lamellipodium retraction) and 19 rounding events from 16 different cells (after retraction). Statistical analysis was performed through
a one way ANOVA test with a Tukey post-test. ***p < 0.0001. (B) The front to back ratio of MyH9-GFP intensities were measured by drawing a scanline along the
cell axis of cells upon migration, while the lamellipodium retracted and once the cell had rounded up. Values correspond to the mean + SE of 77 events from 42
different cells (migration), 69 events from 36 different cells (lamellipodium retraction) and 20 rounding events from 17 different cells (after retraction). Statistical
analysis was performed through a one way ANOVA test with a Tukey post-test. “***p < 0.0001, *p < 0.05. (C) In cells transfected with MyH9-GFP and labeled with
SiRActin, Pearson coefficient was measured upon migration, while the lamellipodium retracted and once the cell had rounded up. Values correspond to the

mean + SE of 39 events from 24 different cells (migration), 32 events from 21 different cells (lamellipodium retraction) and seven rounding events from seven different
cells (after retraction). Statistical analysis was performed through a one way ANOVA test with a Tukey post-test. ns: not significant. (D) Subcellular distribution of
forces was measured in CXCL12-stimulated T lymphocytes upon lamellipodium retraction on approximately 700 Pa gels coated with VCAM-1. The values of the
forces expressed in picoNewton correspond to the mean of forces + SE measured in eight different cells retracting their lamellipodium. (E) Comparison of the values
of the forces measured in 14 migrating cells (black) or in eight cells retracting their lamellipodium (red) at their front (0%) or their back (90-100%). *p < 0.05
Kruskal-Wallis test.

retraction events from 21 different cells, Figure 5B). This result  certainty the causal link between the two events, we artificially
indicates that the local increase in cAMP appears first, followed  generated a local increase in cAMP in the lamellipodium by using
by the recruitment of stable actin. In order to establish with a caged form of the nucleotide (DMACM-caged 8-Br-cAMP).
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FIGURE 3 | cAMP variations upon migration. (A) Example of a TEpacVV-transfected T cell migrating on a CXCL12/VCAM-1-coated coverslip. The corresponding
kymograph was established along the antero-posterior axis of the cell. The x axis corresponds to the average cAMP level along the cell while the y axis corresponds
to time. cAMP levels were coded in false colors. The complete series of images is shown in Supplementary Movie 5. Horizontal scale bar = 10 um, vertical scale
bar = 1 min. (B) Zoom of the zone corresponding to the white rectangle in the kymograph presented in (A) illustrating that the increase of cAMP starts from the front
before invading the whole cell. (C) Ratios of cAMP level from the front to the back of the cell were measured by drawing scanlines along antero-posterior axis in
migrating cells, cells retracting their lamellipodium or after they rounded up. Values correspond to the mean + SE of 32 events (migration), 36 events (retraction), 8
values (round cells after retraction) from 11 different cells. Statistical analysis was performed through a one way ANOVA test with a Tukey post-test. **p < 0.0001.
(D) Example of cAMP variations measured in a TEpacVV-transfected T cell displaying elongation/retraction cycles on a CXCL12/VCAM-1-coated coverslip. During
recording, the cell presents 5 such cycles as displayed on the kymograph. The complete series of images is displayed in Supplementary Movie 6. Horizontal scale
bar = 10 um, vertical scale bar = 1 min. (E) Zoom of the zone corresponding to the white rectangle in the kymograph presented in (D) illustrating that the increase of
cAMP starts at the front before invading the whole cell. (F) Ratios of front to back cAMP levels measured in cells displaying elongation/retraction cycles. Values
correspond to the mean + SE of 35 values (elongation), 35 values (lamellipodium retraction) and 32 values (round cells after retraction) from 9 different cells.
Statistical analysis was performed through a one way ANOVA test with a Tukey post-test. ***p < 0.0001.(G) Polar distribution of repolarization angles. Values
correspond to the angle formed between polarization axes observed between two consecutive lamellipodia separated by cAMP-induced lamellipodium retraction.
Width of sectors = 10°. Values correspond to 111 measurements performed on 37 different cells.
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FIGURE 4 | cAMP variations and cell roundness. (A) Example of cAMP variations measured simultaneously with the cell roundness for the cell presented in
Figure 3D. The shift of CAMP curve by 50 s allowed us to synchronize it with the cell roundness curve. (B) Cross-correlation between cAMP and cell roundness.
A negative offset means cAMP increase precedes the cell rounding. Values correspond to the mean + SE of cross-correlation coefficients measured on 17 cells
displaying cAMP oscillations.

Unfortunately, this compound is weakly fluorescent and the
release of a coumarin analog in addition to 8-Br-cAMP upon
DMACM-caged 8-Br-cAMP uncaging, prevents us to measure
simultaneously with our FRET biosensor, the rise in cAMP
we trigger in these conditions. However, we can expect that
the use of this compound allowed us to generate a transient
rise in cAMP after illumination at 405 nm as we observed
in a previous study (Conche et al,, 2009) and to analyze its
consequences on the distribution of stable actin, together with
cell roundness. Ilumination of the leading edge on a 7 pm
diameter region induces the recruitment of SiRActin and a
lamellipodium retraction when cells have been incubated with
caged 8-Br-cAMP (Figure 5C and Supplementary Movie 8),
but not in control conditions (Supplementary Movie 9). The
frequency of retraction upon laser illumination was significantly
higher in cells which had been loaded with caged-cAMP
compared to control cells (Figure 5D). The retraction events
observed in control cells probably correspond to illumination-
induced or spontaneous retraction events. After cAMP-induced
retraction, cells remain round or form a new lamellipodium
in another direction (Supplementary Movie 8). As shown in
Figure 5E, the accumulation of stable actin starts 35.2 £ 5.5 s
(N = 23 cells) after cAMP release, while the lamellipodium
begins to retract after 48.8 £+ 6.5 s (N = 21 cells). This
result demonstrates that a local increase in cAMP is sufficient
to induce the recruitment of stable actin and the subsequent
retraction of the lamellipodium. Interestingly, by generating
an artificial increase in cAMP, the delays measured between

the three steps (increase in cAMP/relocalization of stable
actin/retraction of the lamellipodium) were very similar to those
measured in chemokine-stimulated cells (Figure 5F), suggesting
the involvement of a similar sequence of events in the two
configurations and pointing out to cAMP as the upstream
initial trigger of the whole sequence of cytoskeletal-driven
morphological alterations responsible for directional changes in
T cell migration.

DISCUSSION

T cell migration conditions an efficient immune response. The
rapid and random displacement of these cells constitutes an
important property for an optimization strategy for foreign
antigen detection. Although anatomical constraints might
impose T cell trajectory, we focus here on the influence of
the chemical environment, i.e., chemokine, on T cell migration.
We demonstrate that cell intrinsic factors are sufficient to
promote random migration upon chemokine stimulation. Our
results highlight a three step time sequence of signaling events,
summarized in Figure 5F. Altogether, our results demonstrate
that during T cell migration, a pool of actin corresponding to
actomyosin displays an asymmetrical distribution. Surprisingly,
this pool is mobile and sets the cell polarity: while it is restricted
to the back of the cell upon migration, it is recruited at the
lamellipodium upon cell rounding. We have shown that this
redistribution is triggered by a rise in cAMP which starts at
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AKX

the cell front before invading the whole cell. Interestingly, We may wonder what triggers cAMP bursts observed
the cAMP-induced lamellipodium retraction is followed by the during T «cell migration. The cells displaying repetitive
repolarization of the cells in another direction with a mean elongation/retraction cycles as observed in some of our
angle of about 110° and therefore promotes the exploratory experiments might be a good model to address this issue.
behavior of the cells. cAMP oscillations indicate that cells are able to synthetize and
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degrade cAMP at high frequency (2.5 min). Surprisingly, the
oscillation period is very similar from cell to cell, which suggests a
universal cell-intrinsic cross-talk between adenylate cyclases and
phosphodiesterases, the enzymes which, respectively, synthetize
and degrade cAMP. One interesting possibility would be that
cell deformation by itself, i.e., membrane stretching, could be the
driving force of cAMP bursts. Indeed, the increase in membrane
tension generated during migration (Pontes et al., 2017), might
drive a cAMP increase, as suggested in other systems (Alenghat
et al.,, 2009; McKenzie et al., 2020). In this context, the cAMP-
induced recruitment of actomyosin would reduce this stretch by
retracting the lamellipodium, and therefore inhibit the synthesis
of cAMP. In parallel, cAMP increase via protein kinase A, one of
the main targets of cAMP (Torres-Quesada et al., 2017), could
activate phosphodiesterases (Gancedo, 2013) [such as PDE4
highly expressed in T cells (Sheth et al., 1997)] thus accelerating
the cCAMP decrease.

The link between cAMP and local recruitment of stable actin
is another puzzling observation. As summarized in Figure 5F, a
40-50 s delay is necessary for stable actin to increase at the front
after cCAMP rise, suggesting that the link between the two events
involves a multi-step signaling cascade which might involve PKA.
Furthermore, upon lamellipodium retraction, we have observed a
restricted zone of stable actin accumulation although the cAMP
increase finally invades the whole cell. This suggests that a signal
is generated very locally after cAMP increases. An interesting
possibility would be the involvement of A Kinase anchoring
proteins (AKAP), a family of proteins which would be able to
convert the diffusible signal brought by cAMP into spatially
restricted PKA activity (Dema et al., 2015).

Finally, the local recruitment of actomyosin at the
lamellipodium results in its retraction within few seconds.
Upon neutrophil migration, local increases in cAMP observed
at the back of the cell have been reported to induce uropod
retraction due to the regulation of non-muscle myosin IIA
activity by PKA (Liu et al, 2010). Therefore, while cAMP
promotes cell migration in neutrophils, it promotes exploratory
behavior in T cells. Indeed, the local increase in cAMP is observed
at the T cell front and promotes lamellipodium retraction (and
then a change of trajectory) rather than at neutrophil back to
promote uropod retraction (and therefore favoring migration).
Furthermore, in T cells, retraction is due to cAMP-induced
actomyosin relocalization rather than an increase in actomyosin
activity as observed in neutrophils.

cAMP is generally considered as a messenger which dampens
immune responses (Mosenden and Tasken, 2011). However,
this statement must be qualified according to the characteristics
of the cAMP increase. Indeed, for T cell activation, although
high and sustained cAMP rises have been reported to inhibit
TCR signaling such as calcium increase, Ick activation or IL2
production (Henney and Lichtenstein, 1971; Tamir et al., 1996;
Vang et al, 2001; Hermann-Kleiter et al., 2006; Daher et al,,
2019), we have previously shown that T cell adhesion to antigen-
presenting cells triggers a transient increase in cAMP which
lowers the antigen detection threshold and therefore favors T cell
responses (Conche et al., 2009). Concerning migration, similarly,
high and sustained cAMP rises triggered by pharmacological

drugs, PGE2 or B-adrenergic receptors stimulation, are known
to inhibit T cell motility (Valitutti et al., 1993; Oppenheimer-
Marks et al., 1994; Layseca-Espinosa et al.,, 2003; Dong et al.,
2006). However, our present study highlights on the contrary that
transient bursts in cAMP, by remodeling the actin cytoskeleton,
might favor the exploratory behavior of T cells, a crucial step
to mounting an efficient immune response. It might therefore
be important to revisit the immunosuppressive effect of cAMP.
Indeed, spatiotemporal and intensity control of cAMP signal is
crucial for T cell properties: although sustained rise of cAMP
may be inhibitory, transient increase of this messenger may,
conversely, favor T cell responses.
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Signal transduction regulates the proper function of T cells in an immune response.
Upon binding to its specific ligand associated with major histocompatibility complex
(MHC) molecules on an antigen presenting cell, the T cell receptor (TCR) initiates
intracellular signaling that leads to extensive actin polymerization. Wiskott-Aldrich
syndrome protein (WASp) is one of the actin nucleation factors that is recruited to
TCR microclusters, where it is activated and regulates actin network formation. Here
we highlight the research that has focused on WASp-deficient T cells from both human
and mice in TCR-mediated signal transduction. We discuss the role of WASp in proximal
TCR signaling as well as in the Ras/Rac-MAPK (mitogen-activated protein kinase), PKC
(protein kinase C) and Ca?*-mediated signaling pathways.
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INTRODUCTION

Wiskott-Aldrich syndrome (WAS) is a severe X-linked primary immunodeficiency caused by the
mutations of the WAS gene on the X-chromosome. WAS is characterized by thrombocytopenia,
eczema, increased susceptibility to infection and increased risk to develop autoimmune disease
(Gallego et al., 1997; Bosticardo et al., 2009; Massaad et al., 2013). The WAS gene encodes the
Wiskott-Aldrich syndrome protein (WASp), which is of the actin nucleation-promoting factor
family. WASp is a cytosolic protein comprising 502 amino acids lacking intrinsic catalytic activity.
Instead, WASp acts as scaffold protein that transduces a wide range of signals from cell surface
receptors to mediate dynamic changes in the actin cytoskeleton in response to external stimuli (Sun
et al., 2019). WASp is expressed exclusively in the hematopoietic cell lineages including T cells, B
cells, natural killer (NK) cells, dendritic cells, macrophages, and platelets (Matalon et al., 2013). T
cells isolated from WAS patient have a defect in actin reorganization in response to TCR-mediated
stimulation (Gallego et al., 1997; Matalon et al., 2013). Furthermore, WASp has an essential role in
signal transduction and effector functions of T cells.

Wiskott-Aldrich syndrome protein belongs to the WASp family of proteins consisting of WASp,
neuronal (N)-WASp, and WAVE 1-3 and WASp and SCAR homolog (WASH) (Linardopoulou
et al,, 2007). Although, WASp and N-WASp share more than 50% sequence homology as well as
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having similar protein binding partners and basic functions, these
two proteins are not entirely redundant (Fried et al., 2014). In
contrast to WASp, N-WASp is widely expressed in multiple
tissues (Miki et al., 1996).

In this article, we review recent findings of WASp in TCR-
mediated signal transduction. Since the adaptor protein non-
catalytic region of tyrosine kinase (Nck) binds to WASp, we
discuss the mechanisms of Nck-mediated WASp recruitment to
the TCR whereby it may regulate the actin machinery and signal
transduction in close proximity to the TCR.

WASp STRUCTURE AND ITS CHANGE
DURING T CELL ACTIVATION

From the N- to the C-terminus, WASp contains a WASp
homology 1 (WHI) domain (also known as EVHI, for
ENA/VASP homology), a basic (B) domain, a GTPase-binding
domain (GBD), a proline-rich domain (PRD), and a verprolin
homology (V), cofilin (C) homology, and acidic region (A) (VCA
domain) at the C-terminus (Zhang et al., 2009; Figure 1A). These
distinct domains are required to mediate downstream signaling
by binding to different cytoskeleton-regulating protein partners.
More than 20 protein binding partners have been reported
(Thrasher and Burns, 2010). Although, the structures of the
WASp family members vary, the VCA domain is particularly
conserved. The VCA domain interacts with actin and Arp2/3,
whereas the PRD domain binds to various SH3 domain-
containing proteins.

The first N-terminal WH1 domain is a binding site for a
proline repeat motif present in the WASp interacting protein
(WIP) (Volkman et al., 2002). WASp is constitutively associated
with WIP. WIP regulates WASp activity and promotes WASp
stability in resting T cell by protecting WASp from degradation
by calpain and proteasome. It is also critical for localizing
WASp to areas of actin polymerization (Chou et al., 2006;
de la Fuente et al, 2007). In addition, the WH1 domain
may act as a binding site for the Src family kinase Fyn
and Lck in T cells (Sato et al,, 2011; Matalon et al., 2013).
Following the WH1 domain, the B domain is involved in
the regulation of the WASp conformation, as it can bind the
phosphoinositide PIP2 (phosphatidylinositol-4,5-bisphosphate)
and acts in couple with the small GTPase Cdc42 to release
of WASp from its auto-inhibited conformation toward the
active conformation (Higgs and Pollard, 2000; Thrasher and
Burns, 2010). The GBD domain can interact in cis with
the C-terminal VCA domain, thereby inducing the closed
autoinhibitory conformation (Figure 1B; Kim et al, 2000).
Upon activation, the VCA domain is released from GBD as
a consequence of the binding of GTP-bound Cdc42 to the
WASp GBD. The PRD serves as the docking site for multiple
protein binding partners that contain an SH3 domain such as
Src and Tec family tyrosine kinases (Bunnell et al., 1996; Torres
and Rosen, 2006) and the adaptor protein Nck (Rivera et al,
2004; Barda-Saad et al., 2005). Finally, after TCR engagement
and the recruitment of GTP-bound Cdc42 to the WASp GBD,
the released VCA region can interact with both monomeric

actin (through the V region) and with the actin-related protein
complex Arp2/3 (through the CA region) that work together
to stimulate nucleation of branched actin filaments (Figure 1B;
Symons et al., 1996; Miki and Takenawa, 1998; Blanchoin et al,,
2000; Krause et al., 2000).

In resting T cells, WASp is mainly present in an autoinhibited
conformation in the cytoplasm, in which the VCA domain
interacts with a hydrophobic patch located within the GBD
(Figure 1B). Upon TCR-mediated signaling, the kinase Zeta-
associated protein of 70 kDa (ZAP-70) is recruited to the TCR and
activated. Subsequently, it phosphorylates the adaptor protein
Src homology 2 (SH2) domain-containing leukocyte protein
of 76 kDa (SLP-76) that has a binding site for Nck and the
guanine nucleotide exchange factor Vav-1. Nck is constitutively
associated with WASp via the C-terminal SH3 domain of Nck
binding to the PRD of WASp (Rivero-Lezcano et al., 1995;
Paensuwan et al., 2015). Thus, Nck acts as a bridge to recruit
WASp to the SLP-76 signaling complex. In association with
SLP-76, Vav-1 mediates the exchange of GDP- to GTP-bound
Cdc42, Rho family GTPases. GTP-bound Cdc42 then interacts
with the WASp GBD, thereby releasing WASp from its auto-
inhibited conformation, allowing VCA to bind to the Arp2/3
complex. Once bound to the VCA domain, Arp2/3 promotes
the branching of the actin polymerization and rearrangement at
the T cell-APC contact site (Zeng et al., 2003; Matalon et al.,
2013). In addition, tyrosine 291 within WASp GBD can be
phosphorylated by the Src family kinases Fyn and Lck (Badour
et al., 2004; Torres and Rosen, 2006), which interact with
the WASp WHI1 domain (Sato et al, 2011). Phosphorylation
of tyrosine 291 is essential for WASp activation (Cory et al,
2002; Badour et al., 2004). Thus, besides the recruitment of
Cdc42 to WASp, WASp activation can be indicated by tyrosine
291 phosphorylation. Interestingly, phosphorylation of Y291
within WASp GBD domain also mediates WASp degradation
by calpain and proteasome proteolysis (Watanabe et al., 2013;
Sun et al., 2019).

INITIATION AND FOLLOWING
PATHWAYS OF TCR SIGNALING

Following TCR engagement by its ligand peptide-MHC (pMHC),
the TCR and its signaling molecules rapidly form microclusters
where signaling is amplified and sustained (Seminario and
Bunnell, 2008; Choudhuri and Dustin, 2010). The TCR is
composed of the pMHC-binding TCRap heterodimer non-
covalently associated with the non-variable signal transduction
subunits CD3ey, CD3e8, and CD3c¢g (Kane et al, 2000;
Alarcéon et al., 2003). The TCRa and TCRP chains have
short cytoplasmic tails with no intrinsic capacity to mediate
signal transduction. In contrast, the CD3 molecules serve as
signal transducers by transferring information of TCR pMHC-
binding to initiate signaling transduction (Hayes et al., 2003;
Schamel et al., 2019). Each of the CD3 signaling subunits has
cytoplasmic immunoreceptor tyrosine-based activation motifs
(ITAMs) (Reth, 1989), one present in CD3g, CD33, and CD3y
and three in CD3¢. In addition, CD3e has a proline-rich sequence
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FIGURE 1 | Functional domains in WASp and WASp activation. (A) WASp contains various domains, which can bind proteins involved in TCR-mediated actin
cytoskeleton remodeling and signal transduction. (B) WASp is in a closed auto-inhibited conformation in resting state due to its intracellular interaction between GBD
and VCA domains. Upon TCR engagement, it mediates the binding of GTP-Cdc42 to the GBD domain, thereby releasing the VCA domain from GBD domain and
changing the WASp structure into an opened conformation. In addition, WASp tyrosine 291 within GBD can be phosphorylated by the Src family kinases Fyn and
Lck. Recruitment of GTP-Cdc42 to GBD and phosphorylation of WASp tyrosine 291 within GBD result in WASp activation. Subsequently, Arp2/3 and monomeric
actin can bind the VCA domain, which induces a new actin branch. This figure was modified from Matalon et al. (2013). Wiskott-Aldrich syndrome protein—-dynamic
regulation of actin homeostasis: from activation through function and signal termination in T lymphocytes. Immunol. Rev. 256(1), 10-29; with a permission from John

(PRS) (Gil et al., 2002) and the receptor kinase (RK) motif (Hartl
et al., 2020), which are required to regulate TCR activation. We
will describe these two significant motifs in the next section.

T cell receptor engagement results in phosphorylation
on tyrosine residues within the ITAMs, creating pairs of
phosphotyrosines, which serve as docking sites for proteins
containing SH2 domains such as ZAP-70. Following the binding
of ZAP-70 to ITAMs, ZAP-70 phosphorylates LAT (linker for

activation of T cells). Phosphorylated LAT recruits various
enzymes and adaptor proteins to form multi-protein signaling
complexes (Zhang et al., 1998). Recently, the formins mDial
and mDia3 play a crucial role in F-actin polymerization,
which facilitate LAT phosphorylation by ZAP-70 (Thumkeo
et al., 2020). Phosphorylated LAT can bind to phospholipase
Cyl (PLCyl), phosphoinositide 3-kinase (PI3K), growth factor
receptor-bound protein 2 (Grb2) and GRB2-related adaptor
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downstream of Shc (Gads). Gads serves as a bridge to recruit
SLP-76 to phospho-LAT, where SLP-76 is phosphorylated by
ZAP-70. As described above, WASp is recruited to SLP-76
through Nck, where WASp can associate and activate Arp2/3
to promote actin filament formation (Wunderlich et al., 1999;
Barda-Saad et al., 2005).

After the signaling complexes have formed, they are required
to activate four pathways: Ras/Rac-mitogen-activated protein
kinase (MAPK), protein kinase C (PKC), nuclear factor of
kB (NF-kB) and Ca’*-mediated signaling pathways, such as
the nuclear factor of activated T cells (NFAT) pathway. The
Ras pathway activates the extracellular receptor-activated kinase
(Erk), a member of the MAP kinase family. The activated Erk
translocates to the nucleus and phosphorylates its substrate
Elkl. Phospho-Elkl then stimulates the transcription of c-Fos,
a component of the transcription factor the activation protein 1
(AP-1). In parallel with the Ras pathway, Rac is activated by Vav-
1, thereby generating Rac-GTP. The active Rac-GTP activates
another MAP kinase called c-Jun N-terminal kinase (Jnk). Once
activation, Jnk then phosphorylates c-Jun, the second component
of AP-1 (Smith-Garvin et al., 2009; Conley et al., 2016).

PLCy1 bound to phospho-LAT is phosphorylated by ZAP-
70 and the Tec family kinase Itk. Phosphorylated PLCyl
catalyzes the hydrolysis of the plasma membrane phospholipid
PIP2 generating two breakdown products, membrane-bound
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3)
(Rhee and Bae, 1997; Braiman et al., 2006). DAG leads to the
activation of PKC6, which then mediates the activation and
nuclear translocation of NF-kB. IP3 stimulates the increase in
intracellular Ca?*, which subsequently activates the transcription
factor NFAT to translocate to the nucleus. In the nucleus, the
transcription factors AP-1, NF-kB and NFAT bind to promotors
of specific genes (Smith-Garvin et al., 2009). In the next section,
we discuss WASp’s function in proximal TCR signaling.

WASp’s Role in Proximal TCR Signaling
Assembly of WASp to SLP-76 signalosome upon TCR
engagement is a key step for WASp to mediate the branching
of the actin cytoskeleton polymerization (Wunderlich et al,
1999; Barda-Saad et al., 2005). Furthermore, two more pathways
of WASp recruitment to distinct cellular compartments in the
vicinity of TCR-CD3 have been reported and are the points to be
discussed in this section.

Ligand-binding to the TCR leads to the stabilization of the
active conformation of the TCR (Gil et al, 2002; Minguet
et al., 2007; Lee et al., 2015), in which the PRS, the RK motif
and the ITAMs become exposed (Swamy et al., 2016; Hartl
et al.,, 2020). In the active conformation the CD3e PRS binds
to the N-terminal SH3 domain of Nck, thus recruiting Nck to
the TCR (Gil et al,, 2002). Our recent work has suggested a
role of actin polymerization in controlling Nck recruitment to
CD3e PRS (Wipa et al., 2020), although the exact mechanism
remains enigmatic. At the same time Lck is recruited to the
RK motif and the ITAMs can be phosphorylated (Hartl et al,
2020). Phosphorylation of CD3¢ at the second ITAM tyrosine
stabilizes the Nck-CD3e interaction, since the SH2 domain of
Nck can bind to the phospho-tyrosine (Paensuwan et al., 2016).

This leaves the C-terminal SH3 domain of Nck free to interact
with WASp. It has been found that WASp is constitutively
associated with both Nck isoforms, Nckl and Nck2, and both
isoforms can associate with CD3e (Gil et al., 2002). Indeed,
we found that WASp can be recruited to the TCR upon TCR
stimulation (Paensuwan et al., 2015; Figure 2), and this might
be mediated by Nck. Thus, it was postulated that the direct
recruitment of WASp to TCR-CD3 may also bring the effector
molecules to TCR-CD3 that are essential for controlling the
actin reorganization and signal transduction (Ngoenkam et al.,
2018; Figure 2). Among these, GTP-Cdc42 has been found to
be recruited to the T cell: APC contact site, where TCR, WASp
and Vav-1 are accumulated (Cannon et al., 2001; Yokosuka and
Saito, 2010). Localization of these proteins at the T cell:APC
contact site supports the hypothesis of molecular machinery
driven the actin polymerization at TCR. Further, recruitment of
WASp to the TCR was relied on both the CD3 conformational
change and partial CD3e tyrosine phosphorylation (Paensuwan
et al., 2015). This finding is coincident with the pattern of Nck
recruitment to CD3¢ following TCR triggering. This strengthens
the possibility of Nck to mediate the recruitment of WASp to
CD3e. Further work is needed to assess the relative contributions
of TCR-recruited WASp in regulating T cell activation. This
finding may reveal the additional function of WASp besides its
role in regulating actin polymerization such as controlling signal
transduction in close proximity to the TCR.

Since WASp also binds to Lck (Matalon et al, 2013)
recruitment of WASp to the TCR might help in phosphorylating
the TCR. However, in WASp-deficient T cells phosphorylation of
CD3g and ZAP-70 and total tyrosine proteins was undisturbed
(Zhang et al., 1999), arguing against an important role of
WASp in CD3 phosphorylation. It has been found in resting
T cells that WASp is complexed with WIP (Ramesh et al,
1997), which directly interacts with the adaptor protein CrkL
[CT10 regulator of kinase (Crk)-like] to form a CrkL-WIP-WASP
complex. Following TCR ligation, CrkL, WIP and WASP were
co-precipitated with ZAP-70 (Sasahara et al., 2002). Thus, a
CrkL-WIP-WASP complex is recruited to ZAP-70 in response
to TCR engagement to generate a ZAP-70-CrkL-WIP-WASp
complex (Sasahara et al., 2002). Recruitment of this complex
to the IS is mediated by the association of the CrkL SH2
domain to a phospho-tyrosine within interdomain B region of
ZAP-70 (Chan et al,, 1992). PKC6 then phosphorylates WIP
thereby releasing WASp from WIP-mediated inhibition and then
WASp is activated by membrane bound Cdc42 resulting in actin
polymerization (Sasahara et al., 2002). Thus, besides via a SLP-
76/Nck and a TCR/Nck complex, an alternative pathway of
WASp recruitment to the IS is mediated by ZAP-70.

WASp’s Role in the Ras/Rac-MAPK
Pathway

In mammalian cells, there are three major members of MAPKs
including Erk (Schaeffer and Weber, 1999), the p38 (Han and
Ulevitch, 1999), and Jnk (Davis, 2000). Erk can be activated by
Ras, while p38 and Jnk are activated by Rho family GTPases,
including Rac and Cdc42 (Rincon et al., 2001). The nuclear target
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FIGURE 2 | The role of WASp in signal transduction in T cells. TCR ligation with pMHC triggers signal transduction within the cytoplasm of T cells. Once
phosphorylated by ZAP-70, phospho-LAT recruits proteins to form the LAT/SLP-76 signalosome containing Nck and Vav. Vav activates the Rho GTPase Cdc42,
which in turn interacts with WASp. This complex is recruited to the signalosome via Nck. In association with GTP-Cdc42, WASp is released from the auto-inhibited
conformation and then initiates the ARP2/3-dependent F-actin polymerization. In Ras/Rac-MAPK pathway, WASp is essential for the translocation of
phospho-Erk1/2 into the nucleus. Once in the nucleus, phospho-Erk1/2 phosphorylates Elk1, which then causes c-fos expression, a component of transcription

factor AP-1. WASp was not required for the activation of Jnk, a kinase causing c-jun expression that is the second component of AP-1. In the PKC pathway, WASp
contributes to PKC# activation in response to low doses of antigen. Activated PKC# is required for activation of transcription factor NF-kB and its nuclear
translocation. For Ca®*-mediated signaling, WASp is indispensable for intracellular Ca?* mobilization, which is essential for NFAT translocation to the nucleus. In the
squared box, two alternative pathways of WASp recruitment to TCR are shown. Firstly, WASp is constitutively associated with Nck and Nck-WASp is recruited to the
TCR upon TCR ligation. Secondly, preformed CrkL-WIP-WASp is recruited to ZAP-70 following T cell activation. We propose that these two recent identified pools of
WASp play a role in controlling actin polymerization and may contribute to the nuclear translocation of phospho-Erk1/2, PKC6-mediated NF-kB activation and Ca?+

influx.

of these three MAP kinase members is the activation of the
transcription factor AP-1.

T cells isolated from both WAS patient and WASp deficient
(—/—) mice were unable to secrete IL-2 in response to TCR
stimulation (Molina et al., 1993; Zhang et al., 1999; Cannon
and Burkhardt, 2004). This impairment was not associated
with TCR-proximal signaling since tyrosine phosphorylation
of CD3;, ZAP-70, and total cellular protein detected in
TCR-stimulated WAS™/~ murine T cells were similar to
those observed in the wild-type counterparts (Zhang et al,
1999). The IL-2 promotor is activated by the transcription
factors NFAT, AP-1 and NF-kB. The activity of AP-1 and
expression of c-Fos, but not c-Jun were markedly impaired
in T cells from WASp~/~ mice upon TCR stimulation
(Cianferoni et al, 2005). Interestingly, upstream signaling
proteins of AP-1 including Jnk, c-Jun, and Erk were normally
phosphorylated. These results are consistent with previous
studies showing that murine WAS™/~ T cells exhibited normal
phosphorylation of Erk and Jnk (Zhang et al., 1999). However,
translocation of phosphorylated Erk into the nucleus and

phosphorylation of its nuclear substrate, Elkl were impaired.
This phosphorylated nuclear Elk is responsible for activation
of c-Fos, a component of the transcription factor AP-1
(Cianferoni et al., 2005). Thus, WASp is essential only for
nuclear translocation of phospho-Erk, Elkl phosphorylation and
expression of c-Fos.

WASp’s Role in PKC-Mediated Signaling

T cells express different PKC isoforms, including PKC-q, §, €,
M, 0, and ¢ (Brezar et al,, 2015). PKCO is the most studied
isoform and is the first PKC family member that is recruited
to the IS (Arendt et al., 2002). PKCO plays a key role in a
range of signaling cascades that ultimately leads to activation
of downstream transcription factors NF-kB, NFAT, and AP-1
(Baier-Bitterlich et al., 1996; Sun et al., 2000; Pfeifthofer et al.,
2003 Berg-Brown et al., 2004; Hayashi and Altman, 2007). In
addition, PKCH has been postulated to be involved TCR-induced
actin polymerization through a process possibly mediated by
WIP (Sasahara et al., 2002; Krzewski et al., 2006).
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Once a ZAP-70-CrkL-WIP-WASp complex is formed at IS,
PKCO phosphorylates on WIP. This allows WASp to disengage
from the WIP-WASp complex and to proceed its activation and
function. As reported, PKCH activation is dependent on Lck,
Vav-1, ZAP-70, and SLP-76 (Sasahara et al., 2002). Thus, it has
been proposed that the ZAP-70-CrkL-WIP pathway and PKCO
are the key players upstream of WASp activation (Sasahara et al.,
2002). In keeping with this hypothesis, it was found that WASp-
deficient T cells in response to antigen-specific APCs showed
normal PKCO polarization to the IS and stimulation of these
cells with low doses of antigen caused diminished polarization
of PKCO (Cannon and Burkhardt, 2004), whereas activation with
all peptide doses impaired IL-2 production in these cells. Thus,
WASp is suggested to be the protein that can lower the threshold
for organizing PKC6 at the IS. In addition, the roles of WASp
on IS formation is proposed to be independent of its role in IL-2
production (Cannon and Burkhardt, 2004).

The data of WASp function in activation of NF-kB is scarce.
However, it has been found that nuclear translocation and activity
of NF-kB were normal in T cells from WASp~/~ mice, whereas
NFAT dephosphorylation and nuclear localization, nuclear AP-
1 binding activity, and expression of c-Fos were all impaired
(Cianferoni et al., 2005). Moreover, in the T helper 1 (Thl)-
skewed cells, mutation of the VCA domain that is required for
Arp2/3-dependent F-actin polymerization did not affect NF-kB-
p65 nuclear translocation (Sadhukhan et al., 2014). Together,
WASp is required for PKCHO activation in response to low
doses of antigen, but WASp is not required NF-kB activation
in T cells.

WASp’s Role in Ca?t-Mediated Signaling
Pathways

T cell receptor engagement triggers the mobilization of Ca’™,
which is required for T cell activation, gene expression,
motility, synapse formation, cytotoxicity, development, and
differentiation (Feske, 2007). Once entered into the cells,
Ca?* activates calcineurin resulting in nuclear translocation of
NFAT (Gwack et al., 2007). Peripheral lymphocytes exclusively
express NFAT-1, NFAT-2, and NFAT-4 (Amasaki et al,
1998). T cells from WAS patients and WASp-deficient mice
show defects in IL-2 production upon TCR-induced T cell
activation. This was associated with a partial reduction in
intracellular Ca>* mobilization compared with wild-type cells,
while phosphorylation of CD3g, ZAP-70, and Erk was normal
(Zhang et al., 1999; Badour et al., 2004; Cannon and Burkhardt,
2004). WASp is required for the assembly of the IS structure,
which is essential for optimal sustained calcium signaling
(Calvez et al., 2011).

Consistent with mouse WASp-deficient T cells, CD4" and
CD8" T cells from WAS patients secrete low levels of IL-2 as
well as IFN-y, and TNF-a in response to stimulation with anti-
CD3 and anti-CD28 antibody (Trifari et al., 2006). Defective
cytokine production is associated with the reduction of nuclear
translocation of NFAT-1 in CD4" T cells, while a NFAT-1
and NFAT-2 reduction was observed in CD8*" T cells (Trifari
et al.,, 2006). Previous reports show that the WH1 domain of

WASp plays an important role in TCR-induced NFAT-mediated
transcription (Silvin et al., 2001). It has been proposed that
WASp WHI1 possibly binds WIP to initiate transcriptional NFAT
activation. In addition, mutation of WASp WH2 domain (also
known as the verprolin domain), which is essential for Arp2/3-
mediated actin polymerization, did not inhibit NFAT activation.
Thus, it is suggested that WASp is indispensable for NFAT
activation in a manner that is independent of its function in
Arp2/3-induced actin polymerization (Silvin et al., 2001). WASp
may indirectly regulate TCR-mediated NFAT activation through
binding with adaptor protein Nck, which subsequently binds the
Pak serine/threonine kinase to promote TCR-mediated NFAT
activation (Yablonski et al., 1998).

CONCLUSION REMARKS

Since WASp has been identified, accumulating pieces of evidence
reveal the role of WASp as a nucleation-promoting factor
that transform signals from cell surface receptors to actin
cytoskeleton rearrangement. Intense research has uncovered
the functional domains of WASp as well as its interacting
partners, most of which are involved in controlling actin-filament
formation. Previous model of WASp recruitment to IS following
TCR ligation is relied on SLP-76/Nck complex. However, two
alternative pathways of WASp recruitment to IS were identified
which are mediated by TCR-Nck and ZAP-70-CrkL-WIP. These
findings reveal different WASp pool existing in T cells and which
pool contributing to regulate actin polymerization is still opened
for investigation. The essential role of WASp in actin-dependent
T cell activation has been continually reported. However, little is
known about WASp in TCR-mediated signal transduction and
T cell activation. WASp-deficient cells show normal in TCR-
proximal signaling such as phosphorylation of CD3g and ZAP-
70. However, they show a defect in nuclear translocation of
phospho-Erk and decreased intracellular Ca?>* mobilization, the
exact cause of which is not known. Diminishing these signaling
events results in an impairment of AP-1 and NFAT activation
and reduced of cytokine production. WASp is not involved
translocation of Jnk and NF-kB. Interestingly, independent roles
of WASp in NFAT activation and actin polymerization have been
proposed. Thus, understanding of the role played by WASp in
TCR signaling is one of the recent scientific interests to improve
the knowledge of etiology of WASp and the treatment of WAS.

AUTHOR CONTRIBUTIONS

JN collected the data and drafted the manuscript. PW and PP
helped in retrieving the data. WS and SP supervised and edited
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

SP has received research grants from the Thailand Science
Research and Innovations (TSRI, grant no. BRG6180010) and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 674572


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ngoenkam et al.

WASp in T Cell Signaling

National Science, Research and Innovation Fund (NSRE

grant nos. R2564B011, R2564B012, and R2565B001).
JN received research grants from Naresuan University
(no. R2559B064), and the Thailand Research Fund
REFERENCES

Alarcén, B., Gil, D., Delgado, P., and Schamel, W. W. (2003). Initiation of TCR
signaling: regulation within CD3 dimers. Immunol. Rev. 191, 38-46. doi: 10.
1034/j.1600-065x.2003.00017.x

Amasaki, Y., Masuda, E. S., Imamura, R., Arai, K., and Arai, N. (1998). Distinct
NFAT family proteins are involved in the nuclear NFAT-DNA binding
complexes from human thymocyte subsets. J. Immmunol. 160, 2324-2333.

Arendt, C. W., Albrecht, B., Soos, T. J., and Littman, D. R. (2002). Protein kinase
C-theta: signalling from the center of the T-cell synapse. Curr. Opin. Immunol.
14, 323-330. doi: 10.1016/50952-7915(02)00346- 1

Badour, K., Zhang, J., Shi, F., Leng, Y., Collins, M., and Siminovitch, K. A. (2004).
Fyn and PTP-PEST-mediated regulation of Wiskott-Aldrich syndrome protein
(WASp) tyrosine phosphorylation is required for coupling T cell antigen
receptor engagement to WASp effector function and T cell activation. J. Exp.
Med. 199, 99-112. doi: 10.1084/jem.20030976

Baier-Bitterlich, G., Uberall, F., Bauer, B., Fresser, F., Wachter, H., Grunicke,
H., et al. (1996). Protein kinase C-theta isoenzyme selective stimulation of
the transcription factor complex AP-1 in T lymphocytes. Mol. Cell. Biol. 16,
1842-1850. doi: 10.1128/mcb.16.4.1842

Barda-Saad, M., Braiman, A., Titerence, R.,, Bunnell, S. C, Barr, V. A,, and
Samelson, L. E. (2005). Dynamic molecular interactions linking the T cell
antigen receptor to the actin cytoskeleton. Nat. Immunol. 6, 80-89. doi: 10.1038/
nill43

Berg-Brown, N. N., Gronski, M. A, Jones, R. G., Elford, A. R., Deenick, E. K.,
Odermatt, B., et al. (2004). PKCtheta signals activation versus tolerance in vivo.
J. Exp. Med. 199, 743-752. doi: 10.1084/jem.20031022

Blanchoin, L., Amann, K. J., Higgs, H. N., Marchand, J. B., Kaiser, D. A., and
Pollard, T. D. (2000). Direct observation of dendritic actin filament networks
nucleated by Arp2/3 complex and WASP/Scar proteins. Nature 404, 1007-1011.
doi: 10.1038/35010008

Bosticardo, M., Marangoni, F., Aiuti, A., Villa, A, and Roncarolo, M. G.
(2009). Recent advances in understanding the pathophysiology of Wiskott-
Aldrich syndrome. Blood 113, 6288-6295. doi: 10.1182/blood-2008-12-11
5253

Braiman, A., Barda—Saad, M., Sommers, C. L., and Samelson, L. E. (2006).
Recruitment and activation of PLC gamma 1 in T cells: a new insight into old
domains. EMBO J. 25, 774-784. doi: 10.1038/sj.emboj.7600978

Brezar, V., Tu, W. J., and Seddiki, N. (2015). PKC-Theta in regulatory and effector
T-cell functions. Front. Immunol. 13:530. doi: 10.3389/fimmu.2015.00530

Bunnell, S. C, Henry, P. A,, Kolluri, R,, Kirchhausen, T., Rickles, R. J., and Berg,
L. J. (1996). Identification of Itk/Tsk Src homology 3 domain ligands. J. Biol.
Chem. 271, 25646-25656. doi: 10.1074/jbc.271.41.25646

Calvez, R., Lafouresse, F., De Meester, J., Galy, A., Valitutti, S., and Dupré,
L. (2011). The Wiskott-Aldrich syndrome protein permits assembly of a
focused immunological synapse enabling sustained T-cell receptor signalling.
Haematologica 96, 1415-1423. doi: 10.3324/haematol.2011.040204

Cannon, J. L., and Burkhardt, J. K. (2004). Differential roles for Wiskott-
Aldrich syndrome protein in immune synapse formation and IL-2 production.
J. Immunol. 173, 1658-1662. doi: 10.4049/jimmunol.173.3.1658

Cannon, J. L., Labno, C. M., Bosco, G., Seth, A., McGavin, M. H. K., Siminovitch,
K. A, et al. (2001). WASP recruitment to the T cel:APC contact site occurs
independently of Cdc42 activation. Immunity 15, 249-259. doi: 10.1016/S1074-
7613(01)00178-9

Chan, A. C., Iwashima, M., Turck, C. W., and Weiss, A. (1992). ZAP- 70: a 70
kd protein-tyrosine kinase that associates with the TCR zeta chain. Cell 71,
649-662. doi: 10.1016/0092-8674(92)90598-7

Chou, H. C,, Anton, I. M., Holt, M. R,, Curcio, C., Lanzardo, S., Worth, A,, et al.
(2006). WIP regulates the stability and localization of WASP to podosomes in
migrating dendritic cells. Curr. Biol. 16, 2337-2344. doi: 10.1016/j.cub.2006.
10.037

(TRG5880030). This study was also supported by the
German Research Foundation (DFG) through BIOSS—EXC294
and CIBSS—EXC 2189 to WS, SFB854 (B19 to WS) and
SEFB1381 (A9 to WS).

Choudhuri, K., and Dustin, M. L. (2010). Signalling microdomains in T cells. FEBS.
Lett. 584, 4823-4831. doi: 10.1016/j.febslet.2010.10.015

Cianferoni, A., Massaad, M., Feske, S., de la Fuente, M. A., Gallego, L., Ramesh,
N., et al. (2005). Defective nuclear translocation of nuclear factor of activated
T cells and extracellular signal-regulated kinase underlies deficient IL-2 gene
expression in Wiskott-Aldrich syndrome. J. Allergy Clin. Immunol. 116, 1364
1371. doi: 10.1016/j.jaci.2005.09.006

Conley, J. M., Gallagher, M. P., and Berg, L. J. (2016). T cells and gene regulation:
the switching on and turning up of genes after T cell receptor stimulation in
CD8 T cells. Front. Immunol. 7:76. doi: 10.3389/fimmu.2016.00076

Cory, G. O., Garg, R., Cramer, R,, and Ridley, A. J. (2002). Phosphorylation of
tyrosine 291 enhances the ability of WASp to stimulate actin polymerization
and filopodium formation. Wiskott-Aldrich Syndrome protein. J. Biol. Chem.
277, 45115-45121. doi: 10.1074/jbc.M203346200

Davis, R. J. (2000). Signal transduction by the JNK group of MAP kinases. Cell 103,
239-252. doi: 10.1016/s0092-8674(00)00116- 1

de la Fuente, M. A, Sasahara, Y., Calamito, M., Antdn, I. M., Elkhal, A., Gallego,
M. D,, et al. (2007). WIP is a chaperone for Wiskott-Aldrich syndrome protein
(WASP). Proc. Natl. Acad. Sci. U. S. A. 104, 926-931. doi: 10.1073/pnas.
0610275104

Feske, S. (2007). Calcium signalling in lymphocyte activation and disease. Nat. Rev.
Immunol. 7, 690-702. doi: 10.1038/nri2152

Fried, S., Matalon, O., Noy, E., and Barda-Saad, M. (2014). WIP: more than
a WASp-interacting protein. J. Leukoc. Biol. 96, 713-727. doi: 10.1189/jlb.
2RU0314-162R

Gallego, M. D., Santamaria, M., Pena, J., and Molina, I. J. (1997). Defective actin
reorganization and polymerization of Wiskott-Aldrich T cells in response to
CD3-mediated stimulation. Blood 90, 3089-3097.

Gil, D., Schamel, W. W., Montoya, M., Sinchez-Madrid, F., and Alarcén, B. (2002).
Recruitment of Nck by CD3 epsilon reveals a ligand-induced conformational
change essential for T cell receptor signaling and synapse formation. Cell 109,
901-912. doi: 10.1016/50092-8674(02)00799-7

Gwack, Y., Feske, S., Srikanth, S., Hogan, P. G., and Rao, A. (2007). Signalling to
transcription: store-operated Ca2+ entry and NFAT activation in lymphocytes.
Cell Calcium 42, 145-156. doi: 10.1016/j.ceca.2007.03.007

Han, J., and Ulevitch, R. J. (1999). Emerging targets for anti-inflammatory therapy.
Nat. Cell Biol. 1, E39-E40. doi: 10.1038/10032

Hartl, F. A., Beck-Garcia, E., Woessner, N. M., Flachsmann, L. J., Cérdenas,
R. M. V., Brandl, S. M, et al. (2020). Noncanonical binding of Lck to CD3¢
promotes TCR signaling and CAR function. Nat. Immunol. 21, 902-913. doi:
10.1038/s41590-020-0732-3

Hayashi, K., and Altman, A. (2007). Protein kinase C theta (PKCtheta): a key player
in T cell life and death. Pharmacol. Res. 55, 537-544. doi: 10.1016/j.phrs.2007.
04.009

Hayes, S. M., Shores, E. W., and Love, P. E. (2003). An architectural perspective
on signalling by the pre-, alphabeta and gammadelta T cell receptors. Immunol.
Rev. 191, 28-37. doi: 10.1034/j.1600-065x.2003.00011.x

Higgs, H. N., and Pollard, T. D. (2000). Activation by Cdc42 and PIP(2) of Wiskott-
Aldrich syndrome protein (WASp) stimulates actin nucleation by Arp2/3
complex. J. Cell. Biol. 150, 1311-1320. doi: 10.1083/jcb.150.6.1311

Kane, L. P, Lin, J., and Weiss, A. (2000). Signal transduction by the TCR
for antigen. Curr. Opin. Immunol. 12, 242-249. doi: 10.1016/50952-7915(00)
00083-2

Kim, A. S., Kakalis, L. T., Abdul-Manan, N., Liu, G. A., and Rosen, M. K. (2000).
Autoinhibition and activation mechanisms of the Wiskott-Aldrich syndrome
protein. Nature 404, 151-158. doi: 10.1038/35004513

Krause, M., Sechi, A. S., Konradt, M., Monner, D., Gertler, F. B.,, and
Wehland, J. (2000). Fyn-binding protein (Fyb)/SLP-76-associated protein
(SLAP), Ena/vasodilator-stimulated phosphoprotein (VASP) proteins and the
Arp2/3 complex link T cell receptor (TCR) signalling to the actin cytoskeleton.
J. Cell. Biol. 149, 181-194. doi: 10.1083/jcb.149.1.181

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 674572


https://doi.org/10.1034/j.1600-065x.2003.00017.x
https://doi.org/10.1034/j.1600-065x.2003.00017.x
https://doi.org/10.1016/s0952-7915(02)00346-1
https://doi.org/10.1084/jem.20030976
https://doi.org/10.1128/mcb.16.4.1842
https://doi.org/10.1038/ni1143
https://doi.org/10.1038/ni1143
https://doi.org/10.1084/jem.20031022
https://doi.org/10.1038/35010008
https://doi.org/10.1182/blood-2008-12-115253
https://doi.org/10.1182/blood-2008-12-115253
https://doi.org/10.1038/sj.emboj.7600978
https://doi.org/10.3389/fimmu.2015.00530
https://doi.org/10.1074/jbc.271.41.25646
https://doi.org/10.3324/haematol.2011.040204
https://doi.org/10.4049/jimmunol.173.3.1658
https://doi.org/10.1016/S1074-7613(01)00178-9
https://doi.org/10.1016/S1074-7613(01)00178-9
https://doi.org/10.1016/0092-8674(92)90598-7
https://doi.org/10.1016/j.cub.2006.10.037
https://doi.org/10.1016/j.cub.2006.10.037
https://doi.org/10.1016/j.febslet.2010.10.015
https://doi.org/10.1016/j.jaci.2005.09.006
https://doi.org/10.3389/fimmu.2016.00076
https://doi.org/10.1074/jbc.M203346200
https://doi.org/10.1016/s0092-8674(00)00116-1
https://doi.org/10.1073/pnas.0610275104
https://doi.org/10.1073/pnas.0610275104
https://doi.org/10.1038/nri2152
https://doi.org/10.1189/jlb.2RU0314-162R
https://doi.org/10.1189/jlb.2RU0314-162R
https://doi.org/10.1016/s0092-8674(02)00799-7
https://doi.org/10.1016/j.ceca.2007.03.007
https://doi.org/10.1038/10032
https://doi.org/10.1038/s41590-020-0732-3
https://doi.org/10.1038/s41590-020-0732-3
https://doi.org/10.1016/j.phrs.2007.04.009
https://doi.org/10.1016/j.phrs.2007.04.009
https://doi.org/10.1034/j.1600-065x.2003.00011.x
https://doi.org/10.1083/jcb.150.6.1311
https://doi.org/10.1016/s0952-7915(00)00083-2
https://doi.org/10.1016/s0952-7915(00)00083-2
https://doi.org/10.1038/35004513
https://doi.org/10.1083/jcb.149.1.181
https://www.frontiersin.org/journals/cell-and-developmental-biolo