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In the context of development, tissue homeostasis, immune surveillance, and pathological
conditions such as cancer metastasis and inflammation, migrating amoeboid cells
commonly form protrusions called blebs. For these spherical protrusions to inflate, the
force for pushing the membrane forward depends on actomyosin contraction rather than
active actin assembly. Accordingly, blebs exhibit distinct dynamics and regulation. In this
review, we first examine the mechanisms that control the inflation of blebs and bias their
formation in the direction of the cell’s leading edge and present current views concerning
the role blebs play in promoting cell locomotion. While certain motile amoeboid cells
exclusively form blebs, others form blebs as well as other protrusion types. We describe
factors in the environment and cell-intrinsic activities that determine the proportion of the
different forms of protrusions cells produce.
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INTRODUCTION

Cell migration is a key process in development, immune response, and tissue homeostasis. This
process is tightly regulated, and defective migration can result in clinical consequences such as cancer
metastasis and chronic inflammation. Cells migrate as single cells or as a group, and these types of
cellular movement can be further subdivided based on the precise mechanisms that facilitate the
movement. Here, we focus on cells such as immune cells, metastatic cancer cells, and germ cells that
migrate as single cells, physically independent of one another (Friedl andWolf, 2003; Raz, 2004; Hind
et al., 2016; Grimaldi and Raz, 2019). Based on morphology and protrusion types, the migration of
single cells can be subcategorized into mesenchymal and amoeboid. Mesenchymal migration is
characterized by thin, sheet-like protrusions called lamellipodia at the front of the cell (Abercrombie
et al., 1970; Rottner and Schaks, 2019). In lamellipodia, arrays of branched actin filaments push the
plasma membrane, thereby contributing to the translocation of the cell in a specific direction. By
contrast, amoeboid (ἀμoιβή (Greek) = transformation, change) migration is characterized by rapid
changes in cell morphology (Lämmermann and Sixt, 2009; Fritz-Laylin et al., 2018). Amoeboid cells
are globular, exhibit a high degree of deformability, and form different protrusion types during their
migration.

A distinct protrusion type generated by amoeboid-motile cells are spherical membrane bulges
termed blebs. These protrusions are devoid of F-actin within the protrusion itself and depend on
non-muscle myosin II-mediated (hereafter referred to as myosin) contractility that generates
hydrostatic pressure (Charras and Paluch, 2008; Paluch and Raz, 2013). However, motile
amoeboid cells can also form protrusions that are powered by active actin assembly, such as
pseudopodia observed in leukocytes and Dictyostelium discoideum (Lämmermann and Sixt, 2009).
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Thus, classifying cell motility based on cell and protrusion
morphology does not necessarily represent the underlying
mechanism of protrusion formation. Therefore, we refer to
protrusions powered by active actin assembly as
polymerization-driven protrusions (Figure 1A) and protrusions
whose extension depends on actomyosin contractility-generated
hydrostatic pressure as blebs (Figure 1B). While polymerization-
driven protrusions have been well described in cell motility, blebs
are less understood. Blebs were originally considered hallmarks of
apoptosis and necrosis (Laster and Mackenzie, 1996) and were
later recognized as a common protrusion type formed by
migrating cells, especially in three-dimensional (3D)
environments (Charras and Paluch, 2008; Fackler and Grosse,
2008; Paluch and Raz, 2013).

Here, we review the current literature on bleb-driven motility.
Specifically, we describe the generation of blebs, the mechanisms
that direct these protrusions to the leading edge of migrating cells,
and the factors that promote their formation, as distinct from
polymerization-driven protrusions. Finally, we discuss the
possible roles of blebs in migration.

FORMATION AND REGULATION OF BLEBS

Blebbing activity can be divided into three stages: initiation,
growth, and retraction (Charras and Paluch, 2008). Bleb
initiation occurs as the plasma membrane starts separating
from the underlying actin cortex, whereas during the growth
phase, the flow of actin-free cytoplasm leads to further
detachment of a larger membrane area from the cortex
(Cunningham, 1995). The growth of blebs occurs rapidly on
the timescale of tens of seconds (Charras et al., 2008). For

example, in Dictyostelium, the leading edge of the cell
advances at speeds of up to about 2.5 μm/s in the case of
blebs, while polymerization-driven protrusions advance at
speeds lower than 1 μm/s (Zatulovskiy et al., 2014). Bleb
growth was found to depend on the unfolding of membrane
invaginations, which increase the apparent membrane area and
allow for inflation of the bleb (Goudarzi et al., 2017). As
actomyosin contractility is required for bleb formation,
inhibiting myosin function interferes with bleb generation
(Yoshida and Inouye, 2001; Blaser et al., 2006; Goudarzi et al.,
2012). Key activators of myosin contractility are RhoA, the
downstream effector Rho-kinase (ROCK), and myosin light-
chain kinase (MLCK) (Ridley, 2001). Accordingly, in the
context of bleb-based motility, RhoA/ROCK signaling has
been shown to drive the formation of the protrusions, while
Rho GTPases belonging to the Rac subfamily facilitate actin
assembly at the base of the bleb and also drive the extension
of polymerization-driven protrusions (Sanz-Moreno et al., 2008;
Ridley, 2015).

By measurements of the number and size of blebs in
experimentally manipulated cells, bleb formation was found to
depend on hydrostatic pressure. For example, it was observed that
the volume of an individual bleb decreased when multiple
consecutive blebs formed or when the pressure difference
between the inside and the outside of a cell was reduced by
electroporation (Tinevez et al., 2009; Maugis et al., 2010).

Similarly, the role of hydrostatic pressure and cytosolic flows
in bleb inflation is in agreement with the finding that blebbing
cells maintain their volume, as bleb inflation at the cell front
results in a concomitant retraction of the cell back (Charras et al.,
2005; Goudarzi et al., 2017, Goudarzi et al., 2019). Towards the
end of bleb expansion, the actomyosin cortex reforms underneath

FIGURE 1 | Protrusion formation mechanisms. (A) Arrays of polymerizing actin filaments pushing against the plasmamembrane generate force to drive membrane
protrusion forward. (B) Actomyosin contraction generates hydrostatic pressure that powers the inflation of a spherical membrane bleb.
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the plasma membrane, and its contraction can drive the
retraction of the bleb or the formation of a consecutive bleb
(reviewed in (Charras and Paluch, 2008; Ikenouchi and Aoki,
2021)). In some cases, cells form a large leading edge bleb that
does not undergo retraction during migration (Liu et al., 2015;
Logue et al., 2015; Ruprecht et al., 2015). This phenomenon has
been termed “leader” or “stable” bleb-based migration (hereafter
referred to as “stable bleb migration”).

An especially interesting and important issue is the
mechanisms that dictate the position at which the blebs form.
In general, blebs are more likely to initiate at points where the
degree of interaction between the cortex and the membrane is
lower. Experimentally, this parameter can be modulated in
several ways. First, blebs can be induced by locally disrupting
the actin cortex (Figure 2A), such as in experiments by using laser
ablation (Sedzinski et al., 2011; Goudarzi et al., 2012) or treatment
with drugs that lead to actin depolymerization (Paluch et al.,
2005; Sedzinski et al., 2011).

Second, the actomyosin cortex is typically connected to the
plasma membrane by specific linker molecules, such as members
of the ERM (ezrin, radixin, and moesin) family (Fehon et al.,
2010). These molecules can inhibit the initiation and inflation of
blebs because they suppress the initial detachment and further
separation of the membrane from the underlying cortex
(Figure 2B). Indeed, overexpression of ezrin results in reduced
bleb formation, and, conversely, impairing ezrin activity leads to
an increase in blebbing (Charras et al., 2006; Olguin-Olguin et al.,

2021). Likewise, blebbing can be increased by interfering with the
activity of ERM molecules and by altering the composition of
lipids they bind on the plasma membrane (Dumstrei et al., 2004;
Diz-Muñoz et al., 2010). Additional membrane linkers that
control the formation of blebs are annexin and talin (Wang
et al., 2008; Goudarzi et al., 2012; Tsujioka et al., 2012).

Third, the position of bleb initiation was suggested to be
dictated by local contractility and an elevation in local
pressure, which leads to initiation and inflation of the bleb
(Figure 2C) (Charras et al., 2009). This proposed mechanism
relies on the assumption that the hydrostatic pressure does not
equilibrate instantaneously throughout the cytosol, such that a
local elevation of pressure can be maintained for sufficient time.
For this to be possible, the cytoplasm should possess poroelastic
properties that reduce the speed with which pressure differences
equilibrate within the cell (Charras et al., 2009). This model is
supported by observations in melanoma M2 cells, where
preventing the formation of blebs in one region of the cell did
not affect the formation of blebs at other locations (Charras et al.,
2005). Yet, for these poroelastic effects to be relevant for
preventing fast pressure equilibration, the pore size needs to
be sufficiently small, a factor that could markedly differ among
different cell types (Mitchison et al., 2008). Indeed, in
L929 fibroblasts and Entamoeba histolytica, the inflation of a
bleb reduces the formation of subsequent blebs globally,
indicating rapid equilibration of intracellular pressure (Tinevez
et al., 2009; Maugis et al., 2010). A recently suggested mechanism

FIGURE 2 | Factors controlling the position of bleb formation. (A) Global hydrostatic pressure induces bleb formation at locations where the actin cortex is
disrupted. (B) Preferential initiation of blebs at locations with reduced levels of membrane linker molecules. (C) Locally increased contractility could induce bleb formation
at these loci if poroelastic properties of the cytosol prevent rapid pressure equilibration. (D) Depending on membrane curvature, the force resulting from membrane
tension is either directed inward in the case of positive membrane curvature (left) or outward for negative membrane curvature (right). Therefore, membrane
delamination occurs more readily at locations of negative membrane curvature.
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for promoting blebbing is an increase in fluidization of cytosol
within the forming protrusion, as compared with the more
viscous properties of the cell body (Aoki et al., 2021).

Last, other studies have indicated that the position at which
blebs are initiated is influenced by the local curvature of the
plasma membrane, as regions of higher negative curvature were
found to harbor more blebs (Figure 2D) (Maugis et al., 2010;
Tyson et al., 2014). This is likely because the force resulting from
membrane tension is directed inward in regions with positive
curvature, whereas in regions of negative curvature, the force is
directed outward (Tyson et al., 2014; Collier et al., 2017).
Consistently, blebs are readily formed at the flanks of
protrusions, regions that exhibit high negative curvature
(Tyson et al., 2014). Based on this model, structures such as
filopodia or actin microspikes could also favor bleb formation due
to the high negative curvature they induce. Accordingly, studies
in Dictyostelium and zebrafish primordial germ cells (hereafter,
PGCs) showed that sites containing microspikes and filopodia
exhibit increased blebbing activity (Zatulovskiy et al., 2014;
Meyen et al., 2015).

BIASING BLEB FORMATION TO THE
LEADING EDGE

To effectively migrate, motile cells need to bias the formation of
protrusions to the leading edge and retract at the opposite aspect
of the cell. Below, we present the mechanisms that orient the
formation of blebs to the leading edge and suppress their
formation at the back.

Because the sites at which blebs form are often devoid of
membrane linker molecules, motile cells may bias bleb formation
to the leading edge by accumulating linker molecules at the rear
(Collier et al., 2017; Olguin-Olguin et al., 2021). Indeed, elevated
levels of the protein ezrin were observed at the rear of different
bleb-driven motile cell types such as Walker 256 carcinosarcoma
cells (hereafter, Walker cells) (Rossy et al., 2007), melanoma cells
(Lorentzen et al., 2011), zebrafish PGCs (Olguin-Olguin et al.,
2021), and zebrafish mesodermal progenitors (Ruprecht et al.,
2015). Similarly, the linker protein talin has been found to
accumulate at the rear of bleb-motile Dictyostelium cells
(Collier et al., 2017). Other proteins reported to be localized to
the back of bleb-driven zebrafish PGCs are the plasma
membrane-endoplasmic reticulum connector extended
synaptotagmin-like 2a and Septin9a, which could inhibit the
separation of the membrane from the cell body and reinforce
the actin cortex (Olguin-Olguin et al., 2021).

To enable directional locomotion, the molecules listed above
need to be translocated toward the rear of the cell. A possible
mechanism for translocating the bleb-inhibiting linker molecules
to the cell back is actin retrograde flow. Actin retrograde flow
occurs when polymerizing actin pushes against the front of the
cell and, simultaneously, myosin contracts, which causes the actin
filaments to flow towards the rear (Mitchison and Kirschner,
1988; Henson et al., 1999; Pollard et al., 2000; Babich et al., 2012).
In zebrafish PGCs, actin retrograde flow was found to be
prevented by inhibiting myosin contractility or actin

polymerization, which, in turn, abrogated the polar
distribution of membrane linker molecules (Grimaldi et al.,
2020; Olguin-Olguin et al., 2021). Conversely, a strong
increase in contractility results in robust polarization and the
formation of a stable-bleb front devoid of linker molecules
(Ruprecht et al., 2015; Olguin-Olguin et al., 2021).

Other studies have further suggested that leading-edge blebs
may be oriented by polarized actomyosin contractility since
especially high levels of myosin have been observed at the
leading edge of migrating cells (Gutjahr et al., 2005; Blaser
et al., 2006; Rossy et al., 2007; Grimaldi et al., 2020;
Gabbireddy et al., 2021). Consistently, MLCK, activated MLC,
and RhoA have been detected at the leading edge of migrating
zebrafish PGCs (Blaser et al., 2006; Kardash et al., 2010). This
distribution of myosin and its activity could result in breaks in the
actin cortex preferentially at this region of the cell, thereby
favoring the formation of blebs at the front (Paluch et al.,
2005; Paluch and Raz, 2013).

Furthermore, polarized contractile activity could also result in
an unequal distribution of intracellular pressure, favoring the
inflation of blebs in the migrating cell at the region where
contractility is elevated (Charras et al., 2005). However, certain
migratory cell types that form blebs exhibit rearward localization
of the contractile machinery, suggesting that local pressure
elevation is not always essential for driving leading-edge bleb
formation. For instance, Amoeba proteus, melanoma cells, and
stable bleb-forming cells show increased myosin levels and
activity at the back (Stockem et al., 1982; Pinner and Sahai,
2008; Liu et al., 2015; Ruprecht et al., 2015).

Increased contractility was also reported to cause the rearward
movement of E-cadherin, indicating that this cell-cell adhesion
molecule is also advected by actin retrograde flow (Kardash et al.,
2010). Notably, one study showed that the engagement of
E-cadherin with actin can contribute to polarizing bleb
formation (Grimaldi et al., 2020). Here, E-cadherin molecules
that engage with E-cadherin molecules of neighboring cells and
actin within the cell itself may generate friction that inhibits actin
retrograde flow. The organization and interactions among these
structural proteins contribute to focusing actomyosin
contractility and, therefore, the formation of blebs to the cell
front (Grimaldi et al., 2020). Together, these findings show that
different strategies can act in directing bleb formation to the
leading edge.

Another interesting aspect of their polarization is how bleb-
motile cells specify the front-back axis in response to guidance
cues. In the case of zebrafish PGCs, migration is guided by the
chemokine Cxcl12a, such that the cells polarize, form blebs
toward the high end of the gradient, and migrate in the same
direction (Doitsidou et al., 2002; Boldajipour et al., 2008; Olguin-
Olguin et al., 2021). Similarly, Dictyostelium cells polarize, form
blebs, and migrate in the direction of the source of a
chemoattractant, cyclic AMP in this case (Heid et al., 2005;
Langridge and Kay, 2006; Yoshida and Soldati, 2006). Such
extracellular guidance cues activate their cognate receptors,
G-protein coupled receptors (GPCRs), Cxcr4b, and cyclic
AMP receptors in the examples presented above (Insall et al.,
1994; Doitsidou et al., 2002). The ligand-bound receptors set off
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signaling cascades, which orient the protrusions the cells produce.
Accordingly, directional migration is impaired in the absence of
these receptors or when the relevant signaling pathways are
inhibited (Sun and Devreotes, 1991; Doitsidou et al., 2002).

The precise molecular mechanisms that transform the
activation of guidance receptors into blebbing at specific
locations around the cell perimeter are not fully understood.
In the case of GPCRs, receptor activation is associated with an
elevation in the level of intracellular calcium that could, in turn,
promote contractility at specific locations (Somlyo and Somlyo,
2003; Dhyani et al., 2020). Indeed, the increase in intracellular
calcium is correlated with blebbing, and high calcium levels were
observed in forming blebs (Blaser et al., 2006; Srivastava et al.,
2020; Aoki et al., 2021). Consistently, knocking down Cxcr4b in
zebrafish PGCs results in reduced calcium levels at the cell front.
Conversely, an experimental increase in calcium levels at specific
locations promotes the formation of blebs at those sites (Blaser
et al., 2006). Another relevant signaling cascade activated by
GPCRs is the Phosphoinositide 3-kinase (PI3K) pathway.
Activation of guidance receptors results in activation of PI3K,
which catalyzes the conversion of phosphatidylinositol (4,5)-
bisphosphate (PIP2) to phosphatidylinositol
3,4,5 trisphosphate (PIP3) (Hemmings and Restuccia, 2012).
Accordingly, higher levels of PIP3 are found at the cell front
of neutrophils and Dictyostelium, where it is linked to increased
actin polymerization and protrusion formation (Devreotes and
Horwitz, 2015). In the context of blebbing, a reduction in the level
of PIP3 was shown to reduce dynamic cell shape changes and
protrusion formation (Dumstrei et al., 2004), and conversely,
reduced levels of PIP2 are associated with increased blebbing
(Zatulovskiy et al., 2014; Zhao et al., 2014; Bharadwaj et al., 2017).
Since membrane linkers are activated by PIP2 binding (Fehon
et al., 2010), the reduction in the level of this phospholipid could
result in enhanced blebbing.

Importantly, cell polarization does not necessarily rely on
external guidance cues, and protrusion formation at the front
can be directed by cell-intrinsic self-guidance mechanisms
[reviewed in (Wong and Gilmour, 2021)]. For example, in the
absence of a chemoattractant, zebrafish PGCs, Dictyostelium, and
cells using stable blebs can also polarize and migrate in random
directions, indicating that bleb-based motility per se does not
strictly require external guidance cues (Blaser et al., 2006; Yoshida
and Soldati, 2006; Liu et al., 2015; Ruprecht et al., 2015; Olguin-
Olguin et al., 2021).

A recent study described the sequence of the intrinsic
polarization cascade in zebrafish PGCs and how it can be
biased by external cues (Olguin-Olguin et al., 2021). In this
case, the first sign of polarization was found to be Rac1-driven
enrichment of F-actin at the future leading edge of cells (Olguin-
Olguin et al., 2021). This event was followed by the formation of
blebs at this location and rearward actin retrograde flow that
mediated the transport of linker molecules (e.g., ezrin) to the cell
back (Olguin-Olguin et al., 2021). Indeed, using a photo-
inducible version of Rac1, the position of the future leading
edge could be experimentally directed (Olguin-Olguin et al.,
2021). According to these findings, actin accumulation at the
developing cell front provides a platform for myosin motors that

induce contractility-dependent actin retrograde flow, which
drives bleb-inhibiting proteins to the rear, thereby defining the
front-back axis of the cell (Figure 3A). Here, the stochastic
elevation of actin polymerization would initiate a polarization
cascade in which the front and the back of the cell antagonize each
other, thereby stabilizing the cell’s front-back axis. In this case, it
was suggested that the sole function of the external guidance cue
is to bias actin polymerization in the direction of the Cxcl12a
chemokine source, thereby directing the migrating cell, which
expresses the cognate receptor Cxcr4b, up the attractant gradient.

In motile cells migrating with stable blebs, fluctuations in
cortical contractility were suggested to induce front-back
polarization (Liu et al., 2015; Ruprecht et al., 2015). In this
case, experimentally stimulating contractility dictated the
position of the future rear, and the increase in cortical
contractility initially resulted in a flow of actin and myosin
toward the contractile region (Ruprecht et al., 2015).
Polarization, then, was maintained by continuous retrograde
actin flow, resulting in a cortical density gradient that
increased in the direction of the rear (Figure 3B) (Liu et al.,
2015; Ruprecht et al., 2015). Preservation of this actin retrograde
flow requires constant rates of actin polymerization,
depolymerization at the back of the cell, and diffusion of free
actin and myosin toward the front (Liu et al., 2015; Ruprecht
et al., 2015). Indeed, actin depolymerizing proteins ADF and
cofilin-1 are found at the back of stable blebs and are required for
sustaining retrograde actin flow (Ullo and Logue, 2021). This
mode of polarization does not require external factors and can be
initiated by intrinsic fluctuations in contractility.

The establishment of the cortical density gradient in stable
bleb migration is correlated with the high rates of retrograde actin
flow observed in these cells. Specifically, in such cells, retrograde
actin flow speeds of 15.8 μm/min in central parts of the cell and
up to 150 μm/min at the cell front were measured (Liu et al., 2015;
Ruprecht et al., 2015). In comparison, intermittently blebbing
zebrafish PGCs show retrograde actin flow speeds of up to
1.7 μm/min (Grimaldi et al., 2020). The very high speed of the
retrograde flow in stable bleb migrating cells could account for
the observation that actin and myosin are found primarily at the
back of the cells, in contrast with the presence of actin andmyosin
at the front of intermittently blebbing cells. The significance of
retrograde flow speeds for the differences between stable bleb-
forming and intermittently blebbing cells in controlling the
subcellular localization of actin was demonstrated in zebrafish
PGCs, where an experimental enhancement of retrograde flow
speed to about 7 μm/min resulted in increased accumulation of
actin at the rear (Kardash et al., 2010; Grimaldi et al., 2020).

In summary, the distribution of membrane-cortex linkers,
actin polymerization, and contractility were shown to direct
bleb formation to the leading edge in guided and non-guided
cells.

FACTORS PROMOTING BLEB FORMATION

Certain cell types primarily produce blebs during their migration
(e.g., zebrafish PGCs (Blaser et al., 2006), Fundulus heteroclitus
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deep cells (Fink and Trinkaus, 1988), and certain tumor cells
(Sahai and Marshall, 2003). Interestingly, amoeboid-motile cells
such as Dictyostelium (Yoshida and Soldati, 2006; Zatulovskiy
et al., 2014), zebrafish prechordal plate progenitors (Diz-Muñoz
et al., 2010), and late blastulae Fundulus deep cells (Trinkaus,
1973) form both blebs and polymerization-driven protrusions. In
these cases, certain environmental conditions and changes in
intracellular activities facilitate shifts from one protrusion
formation mode to another. In the following subsections, we
present factors that influence the proportion of blebs versus
polymerization-driven protrusions (summarized in Figure 4).

The factors we discuss in the subsections below are relevant for
pathological conditions as well. A key feature characterizing
neoplastic diseases is activation of cell invasion and metastasis,
processes where bleb formation is observed. Certain cancer cell
lines (e.g., M2 melanoma cells, Walker cells, human fibrosarcoma
HT1080 cells, and MDA-MB-231 breast cancer cells) were shown
to form blebs (Cunningham et al., 1992; Keller and Bebie, 1996;
Friedl and Wolf, 2003), and under confinement cells such as
Walker cells, A375 melanoma cells, A549 human lung cancer
cells, and U2OS human osteosarcoma cells display stable bleb

migration (Bergert et al., 2015; Logue et al., 2015). The ability to
switch between protrusion types is thought to increase the
plasticity of metastatic cancer cells by allowing them to adapt
to features in the environment (Friedl, 2004; Friedl and Wolf,
2010; Paňková et al., 2010; Sanz-Moreno and Marshall, 2010;
Taddei et al., 2013).

Actomyosin Contractility and Actin
Polymerization
High actomyosin contractility and increased cortical tension are
the hallmarks of motile cells producing blebs (Langridge and Kay,
2006; Yoshida and Soldati, 2006; Bergert et al., 2012; Zatulovskiy
et al., 2014). Indeed, migrating cells can be directed to generate
more blebs by increasing contractility. For example, zebrafish
mesodermal progenitor cells that primarily display
polymerization-driven protrusions form more blebs upon
myosin activation (Ruprecht et al., 2015). Similarly, expression
of a constitutively active form of ROCK in Walker cells reduces
the formation of polymerization-driven protrusions with a
concomitant increase in blebbing activity (Bergert et al., 2012).

FIGURE 3 | Models for directing bleb formation to the front of migrating cells. (A) Actin polymerization at the future leading edge provides a platform for the
recruitment of myosin motors. Actomyosin polymerization and contraction result in actin retrograde flow, advecting membrane linker molecules toward the opposite
aspect of the cell, thus defining the rear. Accumulation of membrane linker molecules at the rear prevents blebbing at this aspect of the cell. Increased actomyosin
contractility at the front could introduce cortical breaks, which, in addition to the reduced levels of membrane linkers, could favor the formation of blebs at the
leading edge. The polarized contractile activity could also result in local pressure elevation, favoring bleb formation if the hydrostatic pressure does not rapidly equilibrate
throughout the cytosol. (B) Local fluctuations in contractility can cause the flow of actin and myosin toward the contractile region, thus dictating the position of the future
rear. High retrograde flow speeds of polymerized actin from the front maintain polarization by establishing a cortical density gradient in the direction of the rear, thus
favoring positioning of the bleb at the opposing side. Likewise, membrane linkers accumulate at the rear, potentially further inhibiting bleb formation at this aspect of the
cell.
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Conversely, Dictyostelium and leukocytes develop predominantly
polymerization-driven protrusions when myosin function is
inhibited (Langridge and Kay, 2006; Yoshida and Soldati,
2006; Lämmermann et al., 2008; Jacobelli et al., 2009). Thus,
in the context of amoeboid migration, the level of contractility is a
major factor that dictates the protrusion type cells produce, with
the stable bleb phenomenon representing an extreme case of high
level of myosin activation (Liu et al., 2015; Ruprecht et al., 2015).
In support of this, as mentioned above, non-manipulated
migrating zebrafish PGCs form intermittent blebs, but the
expression of constitutively active RhoA protein results in the
formation of a large stable bleb (Kardash et al., 2010; Grimaldi
et al., 2020; Olguin-Olguin et al., 2021). Consistently, lowering
contractility in cells forming stable blebs leads to intermittent
protrusion formation (Ruprecht et al., 2015).

Similar to non-transformed cells, bleb-based motility of cancer
cells within 3D environments was shown to require Rho/ROCK
signaling (Sahai and Marshall, 2003). Moreover, increased
contractility promotes the invasiveness of mouse embryonic
fibroblasts and Chinese hamster ovary (CHO) cells (Gadea
et al., 2007; Tournaviti et al., 2007). Since factors associated
with bleb formation, particularly those involved in regulating
contractility, show elevated activity in cancer cells, they constitute
attractive targets for inhibiting metastasis.

Experimental evidence suggests that factors promoting actin
polymerization-driven protrusion and those driving blebs act
antagonistically. For example, impairing the activity of Arp2/
3 reduces actin polymerization and increases blebbing in Walker
cells (Bergert et al., 2012), in melanoma cells (Logue et al., 2018),
in Dictyostelium (Langridge and Kay, 2006; Zatulovskiy et al.,
2014), as well as in embryonic Caenorhabditis elegans cells
(Severson et al., 2002; Roh-Johnson and Goldstein, 2009).
Conversely, loss of function of coronin and profilins that are
important for actin assembly and stabilization leads to a
reduction in blebbing in Dictyostelium (Zatulovskiy et al.,
2014). The same effect can be achieved by stimulating actin
polymerization via jasplakinolide treatment in cultured cell
lines (Laser-Azogui et al., 2014). Similarly, upon increasing
Rac1 activity, Walker cells show a reduction of blebs and a
concomitant increase in polymerization-driven protrusions,
presumably stemming from alterations in cortex composition
and cortical tension (Bergert et al., 2012).

Confinement
Generally, blebs are associated with the movement of cells within
3D environments. For example, zebrafish PGCs (Blaser et al.,
2006), other cell types that migrate within early embryos (Fink
and Trinkaus, 1988; Diz-Muñoz et al., 2010), and tumor cells

FIGURE 4 | Factors determining the degree of bleb formation in migrating cells. While mesenchymal motility is associated with high levels of substrate adhesion
(upper left), polymerization-driven amoeboid motility occurs at lower levels of substrate adhesion (upper right). As the contractility level increases, amoeboid-motile cells
form more blebs than polymerization-driven protrusions (bottom left). Cells displaying non-persistent bleb-based motility can switch to stable bleb migration at very high
contractility levels (bottom right). Confinement can also promote blebbing activity.
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form blebs as they migrate within 3D matrices (Sahai and
Marshall, 2003; Wolf et al., 2003). Interestingly, when
Dictyostelium cells undergo transition to multicellular
development, they show an increase in bleb formation
(Zatulovskiy et al., 2014). These observations led to the
hypothesis that confined environments could promote the
formation of blebs.

Indeed, experimentally confining Dictyostelium cells using
agarose gel overlays (Zatulovskiy et al., 2014) or microfluidic
confinement chambers (Ibo et al., 2016) leads to an increase in
blebbing. Similarly, the mechanical load exerted by uniaxial
compression is sufficient to induce blebbing in Dictyostelium
(Srivastava et al., 2017), and the extent of mechanical load
positively scales with the number of observed blebs relative to
polymerization-driven protrusions (Srivastava et al., 2020). This
phenomenon was also observed in multicellular organisms, such
as in the case of zebrafish mesodermal progenitor cells that show
an increased size of blebs upon confinement (Ruprecht et al.,
2015). Additionally, the rigidity of the confining substrate scales
with the number of blebs formed in Dictyostelium cells, where
increasing the mechanical resistance of confining agarose
overlays increases the number of blebs (Zatulovskiy et al.,
2014). The effect of confinement on protrusion types was also
observed in several types of mammalian cells in which
confinement increases the formation of blebs (Liu et al., 2015).

Mechanistically, confinement was shown to be sensed, for
instance, by the stretch-operated Piezo channels and deformation
of the nucleus (Lomakin et al., 2020; Srivastava et al., 2020;
Venturini et al., 2020). The actual response to confinement is
considered to reflect an increase in actomyosin contractility, as
observed in confined zebrafish mesodermal progenitor cells and
Dictyostelium cells, which show an elevated cortical accumulation
of myosin under these conditions (Ruprecht et al., 2015;
Srivastava et al., 2020). The functional importance of
enhanced contractility for migration of blebbing cells under
confined conditions was demonstrated in Dictyostelium, where
inhibiting contractility led to reduced protrusion formation and
lower migration speed (Zatulovskiy et al., 2014).

Adhesion
Adhesion is an additional important parameter that influences
the type of protrusions cells form. Migrating cells need to
transmit forces to their surroundings, which allows them to
advance forward. A hallmark of mesenchymal migration is
tight adhesion to extracellular matrix components via
structures called focal adhesions that contain transmembrane
integrin molecules. In this case, following the adhesion of the
protrusion to the ECM, the cells pull themselves forward
(Ananthakrishnan and Ehrlicher, 2007). However, cells have
also been shown to migrate without integrins and, thus,
without specific interactions with the substratum
(Lämmermann et al., 2008; Paluch et al., 2015). In general,
amoeboid migration occurs under low adhesion conditions,
and zebrafish mesodermal progenitor cells that migrate using
polymerization-driven protrusions lose their ability to migrate on
adhesive 2D substrates when induced to form blebs (Ruprecht

et al., 2015). The inability to migrate on 2D substrates was also
reported for blebbing Walker cells (Bergert et al., 2012).

In addition to these observations, reduced cell adhesion or
reduced formation of focal adhesions have been shown to be
instructive regarding the switch from mesenchymal to amoeboid
motility (Liu et al., 2015), and disrupting focal adhesion
formation was reported to result in an increase in blebbing
(Logue et al., 2018). Consistently, blebbing of Walker cells is
inhibited by confining them under adhesive substrate (Bergert
et al., 2012). Thus, low adhesion is a common feature of amoeboid
migration.

THE ROLE OF BLEBS IN MIGRATION

In the case of mesenchymal cell migration, cells utilize retrograde
flow of actin in the lamellipodia coupled with focal adhesions to
generate traction against the substrate (Case and Waterman,
2015; Elosegui-Artola et al., 2018). In contrast, although blebs
are common and, in some cases, the only type of protrusions
migrating amoeboid cells form, their actual contribution to
locomotion is not fully understood. Several models have been
formulated to explain how amoeboid motile cells could generate
traction in an adhesion-independent manner [reviewed in
(Paluch et al., 2015)]. For instance, amoeboid cells could
connect to their environment by exerting lateral pushing
forces that, coupled with the extension of protrusions at the
leading edge, could result in cell body translocation (Charras and
Paluch, 2008; Renkawitz and Sixt, 2010; Paluch and Raz, 2013). In
addition, it has been proposed that retrograde flow provides
friction via nonspecific interactions with the substrate
(Hawkins et al., 2011; Ruprecht et al., 2015). Such friction
could be generated by any cell-surface molecule that directly
or indirectly interacts with actin filaments undergoing retrograde
flow (Paluch et al., 2015). However, both motility via lateral
pushing and nonspecific friction do not necessarily require
expansion of blebs for movement. Therefore, an interesting
open question is whether blebs contribute to amoeboid
motility or whether they represent an epiphenomenon of the
increased contractility required for this type of migration.

Related to this question, a mathematical model investigating
the significance of protrusion types suggested that blebs could be
beneficial in specific extracellular environments (Tozluoğlu et al.,
2013). This work demonstrated that both polymerization-driven
protrusions and blebs could promote locomotion in continuous
confined environments (modeling cells squeezed between planar
sheets). Importantly, this study suggests that in discontinuous
confining environments (analogous to a collagen mesh), bleb-
based migration is more effective in generating traction and
translocation of the cell forward due to more effective
intercalation into gaps (Tozluoğlu et al., 2013). Indeed, it was
shown that migrating Schwann cells form lateral blebs, which
could assist migration by intercalating within protrusions of
adjacent cells (Cattin et al., 2015). While this would be an
interesting use of blebs in cell motility, direct experimental
support for this mechanism is still lacking.
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In addition to the mechanistic involvement of blebs in
locomotion, blebs could also contribute to controlling
migration precision. Motile zebrafish mesendodermal
progenitor cells display phases in which they primarily form
blebs and phases in which polymerization-driven protrusions are
predominant (Diz-Muñoz et al., 2016). Modulating the time that
cells spend in either of these phases was shown to influence
migration precision (Diz-Muñoz et al., 2016). Furthermore, stable
bleb migration was suggested to allow fast extrusion of cells from
contractile embryonic regions (Ruprecht et al., 2015).

Last, while mesenchymal migration allows specific
interactions of cells with other cells or substrates, allowing
processes such as haptotaxis (directional migration upward an
adhesion gradient) and eventual formation of stable connections,
blebs were suggested to be preferred when long-lasting
interactions are less important, as is the case in chemotaxis
(Charras and Sahai, 2014). Indeed, certain cells specialized for
chemotaxis produce blebs when exposed to chemoattractants
(Blaser et al., 2006; Langridge and Kay, 2006), and in
Dictyostelium, the steepness of the chemoattractant gradient
was shown to increase bleb formation (Ibo et al., 2016).

Taken together, cells form different types of protrusions based
on external cues, as well as the expression of migration-relevant
components within them. The advantages of migrating by
employing blebs or polymerization-driven protrusions are
most likely specific to the environment within which the cells
are located. Determining the significance of protrusion types for
migration in vivo would require detailed quantitative analysis of
motility parameters of cell types that can form blebs and
polymerization-driven protrusions. Accordingly, it should be
determined whether these protrusion types provide an
advantage in specific contexts.

CONCLUSION

Blebs are considered to be a major type of protrusion in the
context of amoeboid cell migration. Multiple mechanisms
regulate the formation of blebs and experimental data points

at components and activities that bias the formation of blebs to
the leading edge of the migrating cell. Whereas the polar
distribution of membrane-cortex linkers has been shown to
control the position of bleb formation, the significance of the
subcellular localization of myosin motors and the relevance of
specific signaling pathways are not as well defined.

Although blebs are a prevalent protrusion type in migrating
cells, and the mechanisms promoting their formation have been
to a large extent explored, determining their precise mechanistic
functions in promoting cell motility in 3D environments are not
as clear. In particular, it is not known whether blebs are strictly
required for migration under specific conditions and if they
provide an advantage over other protrusion strategies in these
contexts. Given the ability of cells to dynamically modify the types
of protrusions they produce, it is possible that blebs and
polymerization-driven protrusions represent extremes within a
spectrum. Accordingly, the precise features of protrusions and
their abundance are influenced by environmental conditions and
can be controlled by the extent of actin polymerization and
actomyosin contraction.
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