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Abstract

Cell motility is required for diverse biological processes including development, homing of
immune cells, wound healing, and cancer cell invasion. Motile neutrophils exhibit a polarized
morphology characterized by the formation of leading edge pseudopods and a highly contractile
cell rear known as the uropod. Although it is known that perturbing uropod formation impairs
neutrophil migration, the role of the uropod in cell polarization and motility remains incompletely
understood. Here we discuss cell intrinsic mechanisms that regulate neutrophil polarization and
motility with a focus on the uropod, and examine how relationships among regulatory mechanisms
change when cells change their direction of migration.

Introduction

Eukaryotic cell motility is observed in many cell types throughout biology, ranging from
single celled organisms such as Dictyostelium discoideum and other amoeba, to cells in
multicellular eukaryotes including fibroblasts, germ cells, and immune cells. Historic
designations have characterized two major forms of eukaryotic cell motility: amoeboid and
mesenchymal migration. Amoeboid migration has been defined by low adhesion,
independence from proteolytic degradation of the extracellular matrix (ECM), and a rounded
cell morphology with a highly contractile rear uropod (Lammermann and Sixt, 2009).
Amoeboid migration is classically used to define the migration of Dictyostelium or primary
cells of the innate immune response, including neutrophils, that display highly rapid
migration (Friedl and Wolf, 2010). Fibroblasts and other mesenchymal cells, on the other
hand, generally migrate in an adhesion and proteolysis dependent manner, and typically
exhibit the more elongated cell tail found in fibroblasts without the formation of a rearward
uropod (Carragher et al., 2006, Sahai and Marshall, 2003, Sanz-Moreno et al., 2008). Here,
we discuss neutrophil polarization and migration with a focus on the mechanisms that
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regulate neutrophil polarization, particularly the role of the uropod. For the purposes of this
review we define the uropod as the rearward part of the cell that includes a distinctive
trailing protrusion or knob-like structure, referred to as the “uropod knob” (Figure 1).

Neutrophils are key mediators of host defense responses and an effective immune response
depends on their ability to rapidly migrate through tissues to reach sites of infection and
tissue damage. As the first wave of immune cells to arrive during an immune response,
neutrophils in particular must be able to efficiently move to sites of inflammation
(Nourshargh et al., 2010). A defining characteristic of neutrophil motility, as compared to
mesenchymal migration, is the generation of a cell intrinsic polarization that generates a
persistent and defined leading edge pseudopod with an opposing rear uropod (Figure 1A).
This self-organizing neutrophil polarization does not require an exogenous gradient of
chemoattractant since it occurs even in uniform concentrations of chemoattractant. It has
been previously suggested that some cells break symmetry and become polarized in the
absence of a gradient of chemoattractant by first forming the cell rear through actomyosin
activity (Cramer, 2010). This polarization is stable, as neutrophils rarely reverse polarity
when changing directions /n vitro or within tissues, even in response to changing external
cues. Neutrophils instead make U-turns to change directions while maintaining a polarized
front and rear (Gerisch and Keller, 1981). How neutrophils maintain this polarity, and in
particular the role of the uropod, still remains an enigma. We will discuss the
communication between leading and trailing edge signals that mediate the maintenance of
polarization, and how neutrophil polarization changes as neutrophils switch directions or,
more rarely, when they reverse their polarity. We will also discuss the unique features of
signaling at the uropod and of neutrophil force asymmetry.

rear signaling and the maintenance of polarity

Efficient neutrophil matility requires close coordination between processes at the leading
and trailing edge of the cell. Although the presence of a distinct leading edge pseudopod and
a rear uropod are key features of neutrophil polarized migration, it is not entirely clear what
occurs first and which is the “leader” during neutrophil migration. Moreover, there remain
gaps in understanding how the leading and trailing edges of neutrophils are coordinated to
allow for persistent neutrophil polarization even in the absence of chemokine gradients. This
regulation likely involves both positive and negative feedback mechanisms that govern the
highly efficient migration of neutrophils. There has been substantial interest in the idea that
the self-organizing polarity of neutrophils is mediated by positive feedback loops at the
leading edge and signaling that is inhibitory to protrusion at the rear of the cell. Some
models have been proposed to explain this regulation, including Local Excitation and Global
Inhibition (LEGI), that have been reviewed elsewhere (Devreotes and Horwitz, 2015). In this
section we discuss studies that focus on how Rho GTPase signaling is coordinated between
the front and rear of motile neutrophils.

edge

Pseudopods are the most common leading edge protrusion during neutrophil migration. In
neutrophils migrating /n vivo, actin stability is polarized, with dynamic F-actin concentrated
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in leading edge pseudopods and stable F-actin concentrated at the rear, where there is high
actomyosin contractility (Yoo et al., 2010). During chemotactic migration, Rac activation at
the leading edge induces actin polymerization and pseudopod formation (Charest and Firtel,
2007, Lam and Huttenlocher, 2013). This actin polymerization drives protrusions at the
leading edge of neutrophils and contributes to forward migration even when the uropod is
compromised (Houk et al., 2012, Lammermann et al., 2008). Following the recognition of
chemoattractants, effectors such as PIP3, a product of PI3K, are concentrated at the leading
edge of migrating neutrophils and act through positive feedback with Rac to polarize
dynamic actin at the leading edge and induce protrusions and motility (Hirsch et al., 2000,
Sasaki et al., 2000, Yoo et al., 2010) (Figure 2A). Localized Rac activation using
photoactivation at the leading edge is sufficient to drive neutrophil migration /in vivo (Yoo et
al., 2010). Although Rac at the leading edge is both essential and sufficient for pseudopod
formation, substantial evidence implicates Cdc42 as a key player in steering cells during
chemotaxis. In recent work, locally excitable networks of leading edge Cdc42 signaling have
been implicated in steering cells during chemotaxis, while Rac mediates the more robust
generation of actin dynamics at the cell front (Yang et al., 2016).

Rho GTPase signaling and front-rear polarity

Rho GTPase activity is commonly thought to be restricted to one pole of migrating
neutrophils with Cdc42 and Rac in the pseudopod and RhoA toward the uropod (Meili and
Firtel, 2003). The combined activity of these GTPases controls actin dynamics throughout
the cell. In response to chemoattractant, a steep gradient of Cdc42 at the leading edge is
formed at the same time as an opposing gradient of RhoA signaling forms toward the cell’s
rear (Yang et al., 2016) (Figure 2A), suggesting that front and rear polarity are formed
simultaneously. Cdc42 inhibits Rho activity at the leading edge, and likely contributes to the
maintenance of polarized RhoA signaling at the uropod. Many models have suggested
distinct signaling pathways that lead to the segregation of “frontness” and “backness”
signaling nodes within the neutrophil, but the interactions between signaling molecules
localized to the leading and trailing edges that maintain neutrophil polarity even under
uniform concentrations of attractant remain unclear (Meili and Firtel, 2003, Xu et al., 2003).

Many signaling molecules that localize to the uropod help drive neutrophil polarization and
chemotaxis at least in part through RhoA and myosin Il activity (Pestonjamasp et al., 2006,
Van Keymeulen et al., 2006, Yang et al., 2016). While PIP3z accumulation at the leading edge
helps to drive cell protrusion, kinases that generate another phosphinostitide, P1(4,5)P,
localize to the rear of the cell and drive rear retraction during neutrophil migration (Lacalle
etal., 2007, Lokuta et al., 2007). Phosphatidylinositol phosphate kinase type Iy
(PIPKI1y661) localizes to the uropod of neutrophils and is important for detachment of the
trailing edge during directed migration (Lokuta et al., 2007). Key RhoA regulators including
guanine nucleotide exchange factors or GEFs also localize to the uropod. One RhoA GEF,
PDZRhoGEF (PRG), localizes to the rear of polarized cells and acts in a positive feedback
loop with RhoA, ROCK, and myosin |1 to stabilize neutrophil polarity and restrict
contractility to the rear of the cell (Wong et al., 2007). This localization is dependent on
myosin Il and locally activates RhoA to create a stable uropod and allow for contraction and
de-adhesion, two major components of uropod function (Wong et al., 2007). In addition to
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RhoA and myosin Il signaling that limits membrane protrusion at the rear, another recent
study suggests that the ERM protein moesin (discussed below) plays an essential role in
neutrophil polarization by inhibiting Rac signaling and protrusion at the cell rear (Liu et al.,
2015a) (Figure 2A).

In addition to signaling in the uropod, both positive and negative signaling at the leading
edge helps to promote polarized neutrophil migration. The interaction of PIP3 and actin is
part of a positive feedback loop that stabilizes PIP3 accumulation at the leading edge and
requires PI3K, Rac and Cdc42, and interacting proteins such as Hem-1, a member of the
WAVE complex that regulates actin polymerization (Srinivasan et al., 2003, Weiner et al.,
2002, Weiner et al., 2006). The establishment of polarized actin polymerization is not solely
mediated by PI3K and Rho GTPase activity at the leading edge, as other proteins that play
an important role at the leading edge, such as Homer3, a Ga.i2- binding protein, have also
been identified (Wu et al., 2015). Rac and Cdc42 play divergent roles in regulating polarity
following stimulation. Rac activity can regulate the accumulation of PIP3 at leading edge of
polarized cells and the development of a polarized morphology in neutrophils (Srinivasan et
al., 2003). Cdc42 activity is not required for PIP3 accumulation at the leading edge of cells,
but rather stabilizes a single leading edge in the direction of a gradient (Srinivasan et al.,
2003, Yang et al., 2016). In addition to their roles in establishing and maintaining the
neutrophil pseudopod, Rac and Cdc42 regulate polarized RhoA activity in the uropod. Rac is
necessary for both the formation of a leading edge and for tail retraction during chemotaxis
(Gardiner et al., 2002). Cells deficient in Rac have impaired detachment of the cell rear
during migration due to a decrease in RhoA activity and inhibited myosin light chain
phosphorylation (Pestonjamasp et al., 2006). Cdc42 also mediates the effect of PIP3 on
RhoA activation and Rho-dependent actomyosin contraction leading to stable polarity and
the formation of a single pseudopod (Van Keymeulen et al., 2006). In addition to its effect
on RhoA downstream of PIP3 accumulation, Cdc42 also mediates myosin contraction at the
trailing edge by controlling the redistribution of WASp, which controls clustering of integrin
CD11b in the neutrophil uropod (described in more detail below) (Kumar et al., 2012,
Szczur et al., 2009). This redistribution of CD11b by WASp through Cdc42 is important for
myosin contraction through ROCK and the phosphorylation of myosin light chain leading to
a stable uropod (Kumar et al., 2012, Szczur et al., 2009). It is important to note that it is not
just positive signaling that functions at the leading edge but also negative signaling. For
example, the activation of myosin phosphatase at the leading edge helps to confine moesin’s
inhibitory activity to the uropod (Liu et al., 2015a).

Cell intrinsic polarity and neutrophil reverse migration

Neutrophils rapidly polarize and migrate to sites of tissue damage by responding to complex
gradients of chemoattractants. Neutrophils change their direction in response to the
movement of a chemoattractant gradient in two ways: by maintaining their polarity and
making a U-turn or by reversing their polarity and moving in the opposite direction
(Albrecht and Petty, 1998, Gerisch and Keller, 1981, Ramsey, 1972, Zigmond et al., 1981)
(Figure 2B). It is particularly intriguing that neutrophils generally maintain polarity and turn
even when changing directions in response to new or competing attractants rather than
reversing their polarity. Maintenance of neutrophil polarity is also observed during
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neutrophil migration /n vivo in response to tissue damage in zebrafish larvae. In zebrafish,
neutrophils are rapidly recruited to a wound and subsequently the majority of neutrophils
reverse their migration away from the wound as they leave the site of tissue damage
(Mathias, 2006). Although some neutrophils will pause at the wound and reverse polarity,
many neutrophils maintain polarity with a sustained uropod and make a U-turn away from
the wound (unpublished observations). How neutrophils maintain polarity remains unclear
and likely involves the coordinated positive and negative feedback mechanisms between the
leading and trailing edges of the cell discussed above. It has also been shown that fast
moving cells, such as neutrophils, are able to sustain polarity longer using a positive
feedback loop between actin flow and the asymmetric distribution of signaling components
(Maiuri et al., 2015).

To probe the role of polarity in neutrophil directional motility, many groups have challenged
neutrophils with point sources of chemoattractant at different angles from the direction of
polarized migration. The most extreme case occurs when the chemoattractant is moved from
directly in front of a polarized migrating neutrophil to directly behind the cell’s uropod. In
response to a change in the location of the chemoattractant gradient, some neutrophils will
temporarily lose polarity and become rounded. Following this rounding, the neutrophils may
reverse polarity by producing a new pseudopod in the location of the previous uropod and
create a uropod in the location of the former pseudopod (Albrecht and Petty, 1998, Dehghani
Zadeh et al., 2003, Gerisch and Keller, 1981, Ramsey, 1972) (Figure 2B, top). This response
usually occurs when the chemotactic gradient has moved 180°, from directly in front of a
polarized cell to directly behind the cell (Figure 2) (Dehghani Zadeh et al., 2003, Gerisch
and Keller, 1981, Ramsey, 1972); however, this response was also seen when neutrophils
were exposed to increasingly lower uniform fields of chemoattractant,(Albrecht and Petty,
1998). In response to smaller movements in the chemoattractant gradient and occasionally in
response to the gradient moving 180°, neutrophils will change their direction of movement
by making a U-turn. This involves a series of smaller turns in which neutrophils form a new
pseudopod at the side of the leading edge while maintaining their uropod (Gerisch and
Keller, 1981, Hamza et al., 2014, Zigmond et al., 1981) (Figure 2B, bottom). This
mechanism for reversing neutrophil motility has been observed in a variety of platforms
including experiments in which a micropipette producing a gradient of chemoattractant is
moved, as in the experiments discussed above. U-turn behavior has also been seen in vitroin
microfluidic devices used to study 1D neutrophil migration to a source of fMLP (Hamza et
al., 2014). We have also seen the turning of neutrophils in our /n vivo system during the
reverse migration of neutrophils from a wound in zebrafish (Mathias et al., 2006, Tauzin et
al., 2014).

Several mechanisms have been proposed to explain the ability of neutrophils to maintain
polarity and make a U-turn in response to a change in the gradient. The feedback loops
discussed above involving GTPases and phosphoinositides, responsible for stabilizing
polarity at the leading and trailing edges of the cell, likely have a role in maintaining this
polarity (Xu et al., 2003). Furthermore, Rac activation in the uropod of migrating neutrophils
fails to induce protrusions, indicating the uropod is resistant to leading-edge signaling
pathways (Yoo et al., 2010). Moreover, it has been suggested that membrane tension
generated by leading edge protrusion plays a role in maintaining polarity by acting as a long-
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range inhibitor of actin assembly and Rac activation in the uropod (Houk et al., 2012). A
recent study in fact suggests that membrane tension works in conjunction with a mechano-
sensory feedback loop involving phospholipase D2 (PLD2) and mTORC?2 to control actin
protrusions and maintain polarity (Diz-Munoz et al., 2016). In some cases, subsets of
neutrophils experiencing the same change in the gradient will respond in both ways, with
some cells reversing their polarity while other cells make large U-turns (Dehghani Zadeh et
al., 2003, Gerisch and Keller, 1981). This might be partially explained by a model developed
by Prentice-Mott et al. that describes the changes in intracellular signaling gradients in a
model of directional memory that is driven at least in part by the rear of the cell via moesin
and ROCK (Prentice-Mott et al., 2016).

Signaling and the neutrophil uropod

Myosin Il

The classic uropod is characterized by high actomyosin contractility and low adhesion
(Figure 1). Indeed, the high contractility generated in the uropod of neutrophils are likely
important for efficient neutrophil migration by both providing a rearward squeezing that
promotes forward protrusion and by inducing sufficient tension to release adhesive contacts
of the uropod from the underlying substratum. Key signaling components that regulate
contractility at the uropod, as discussed above, include the rearward concentration of myosin
I1, actomyosin bundles, and active Rho (Heasman et al., 2010, Sanchez-Madrid and
Serrador, 2009). Other uropod components, discussed in more detail below, include
signaling molecules such as PIPKIs (Lacalle et al., 2007, Lokuta et al., 2007) and Proline
serine threonine phosphatase interacting protein 1 (PSTPIP1) (Cooper et al., 2008),
cytoskeletal proteins of the ezrin/radixin/moesin family (Serrador et al., 1997, Serrador et
al., 2002, Yonemura et al., 1998), flotillins (Ludwig et al., 2010) and specific adhesion
receptors such as P-selectin glycoprotein ligand-1 (PSGL-1), CD44, ICAMs, LFA-1, and
integrins (for a full review of uropod components see Sanchez-Madrid and Serrador, 2009)
(Figure 1B). Microtubules also orient toward the uropod in neutrophils (Eddy et al., 2002)
and can be stabilized by CD11b integrin in the uropod (Kumar et al., 2012). Below we
discuss the function of some of the key uropod components.

Myosin 11 helps maintain uropod polarity (Smith et al., 2007, Uchida et al., 2003) and
inhibition of RhoA, Rho-associated protein kinase (ROCK), or myosin Il activity leads to
impaired uropod formation, rear release, and reduced migration. The impaired retraction
caused by myosin Il inhibitors is not seen on poorly adhesive substrates supporting the idea
that one important role myaosin Il plays in the rear of the cell is to break adhesions with the
underlying matrix (Eddy et al., 2000). This myosin Il contraction requires myosin Il to be
activated by the Ca2*- dependent myosin light chain kinase (MLCK) (Eddy et al., 2000).
The integrin CD11b, also known as a. integrin, plays a role in maintaining neutrophil
polarity by modulating myosin light chain mediated contractility (Kumar et al., 2012).
During polarization, CD11b redistributes to the uropod in a manner dependent on Cdc42. At
the uropod, it suppresses protrusions by modulating the MLC pathway in a ROCK
dependent process and by stabilizing polarity (Szczur et al., 2009). In addition to playing a
role in breaking cellular adhesions at the uropod, myosin Il activity affects migration speed
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and directionality (Cavnar et al., 2011, Eddy et al., 2000, Pestonjamasp et al., 2006,
Yoshinaga-Ohara et al., 2002). Defects in neutrophil motility caused by inhibition of ROCK
or myosin Il are, therefore, at least in part, caused by defects in uropod retraction and induce
an elongated morphology (Eddy et al., 2000), further supporting a central role for uropod
signaling in the maintenance of neutrophil migration. The absence of polarized myosin Il
has also been shown to lead to chemotaxis defects in neutrophils downstream of the
mammalian target of rapamycin complex 2 (MTORC2). Depletion of mTORC?2 reduces both
actin polymerization at the leading edge and myosin Il regulation at the rear resulting in
impaired rear retraction in a RhoA/cAMP-dependent pathway (Liu et al., 2010).

Adhesion and neutrophil migration

Uropod detachment is required for efficient neutrophil motility. However, engagement of
adhesion is needed for cell stopping (Saez de Guinoa et al., 2013) as well as extravasation
(Hyun et al., 2012). The adhesion state of the uropod must therefore be tightly regulated to
maintain low adhesion at the cell rear, facilitating neutrophil migration. Several adhesion
molecules are localized to the uropod, including PSGL-1, LFA-1 (integrin a By), and
intercellular adhesion molecules (ICAMSs). This localization is often used as a marker for
uropod identification (Sanchez-Madrid and Serrador, 2009), and is thought to be important
for neutrophil adhesion during transmigration across the endothelium. Neutrophils and other
immune cells like lymphocytes also rely on uropod adhesion when they recruit and activate
each other. Uropod adhesion thus also plays a role in mediating cell-cell interactions (del
Pozo et al., 1997, Saez de Guinoa et al., 2013).

Several pathways regulate adhesion at the uropod during motility. Many adhesion receptors
at the uropod have ligands that are expressed only in specific contexts or cell types. For
example, uropod attachment and elongation is a crucial step prior to extravasation in
leukocytes, and is dependent upon ICAM1 engagement on endothelial cells by LFA-1 on
leukocytes (Hyun et al., 2012). During migration, however, leukocytes expressing LFA-1
maintain high affinity LFA-1, mediated by integrin inside-out signaling, at the mid-cell and
leading edge, but a low affinity LFA-1 at the uropod (Smith et al., 2005). These findings
suggest that integrin engagement is important for adhesion and extravasation, but a low
affinity form of LFA-1 at the rear of the cell is necessary for efficient migration. Indeed, it
was shown that an adaptor protein, SHARPIN, directly interacts with LFA-1 at the uropod of
motile T cells, maintaining inactive LFA-1 and inhibiting the expression of LFA-1 activation
epitopes (Pouwels et al., 2013). Alteration of SHARPIN leads to defects in proper LFA-1
control and impaired uropod detachment (Morin et al., 2008, Pouwels et al., 2013, Smith et
al., 2003).

Other mechanisms also regulate the adhesion state of the neutrophil uropod to facilitate
detachment and motility. For example, junctional adhesion molecule A (JAM-A) regulates
integrin internalization and recycling and is found in intracellular vesicles co-localized with
B1 and B2 integrins. This internalization is crucial for proper neutrophil migration by
reducing integrin surface expression at the rear, as neutrophils deficient in JAM-A have
impaired uropod retraction, likely due to a defect in integrin internalization (Cera et al.,
2009).
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There is substantial evidence to support the idea that amoeboid motility is different in 2 and
3 dimensional spaces (2D and 3D). In fact, neutrophil migration can occur in three
dimensional spaces, like interstitial tissues /n vivo, in the absence of integrin-mediated
adhesion (Lammermann et al., 2008). This is in contrast to neutrophil adhesion and
migration along endothelial surfaces (a type of 2D /n vivo migration), where integrin-
mediated adhesion is generally required. It has also been shown that neutrophils can migrate
in 3D without talin, a key regulator of integrin activation. Studies have shown that /n vivo
talin is not required for neutrophil motility (Lammermann et al., 2013); however in 3D /n
vitro gels, neutrophil directed migration to a gradient of chemoattractant was impaired in
talin-deficient neutrophil-like cells (Yamahashi et al., 2015). Interestingly, in a more recent
study, Toyjanova et al. showed that spatial confinement of neutrophils is sufficient to cause a
switch to integrin-independent motility (Toyjanova et al., 2015), It has also been shown that
in similar confined environments mesenchymal cancer cells are capable of adopting a fast
moving amoeboid-like mode of migration (Liu et al., 2015b). This finding might provide
insight into the mesenchymal to amoeboid transition seen in some migrating cancer cells
(Friedl and Wolf, 2003), and raises interesting questions about the role of a uropod-like rear
in the more rapid migration of cancer cells.

ERM proteins

Chemoattractant induced cell signaling promotes rapid polarization of key components to
the uropod, including RhoA regulatory proteins and the ezrin/radixin/moesin (ERM) family
of proteins. For example, the adaptor protein HS1-associated protein X-1 (Hax1) and
integrin associated protein filamin A are both necessary for RhoA activation, uropod
formation, and efficient neutrophil migration (Cavnar et al., 2011, Sun et al., 2013). An early
step in uropod formation is the localization of ERM family proteins in the knob-like uropod
structure (Martinelli et al., 2013, Sanchez-Madrid and Serrador, 2009). The ERM family of
proteins links the actin cytoskeleton to membrane receptors and transduces signals involved
in cytoskeletal remodeling and cell motility (Ivetic and Ridley, 2004, Yoshinaga-Ohara et al.,
2002). ERM family proteins are also known to act both upstream and downstream of Rho
family GTPases in a positive feedback loop (lvetic and Ridley, 2004). Myosin Il activity is
essential for the localization of ERM proteins to the uropod, where ERM proteins in turn
regulate Rho activity providing a positive feedback loop that sustains uropod formation.
ERM proteins are necessary for efficient migration, and interact with flotillins to form lipid
raft clusters at the uropod (Chen et al., 2013, Serrador et al., 1997, Tomas et al., 2002).
Accordingly, uropod formation and myosin 1l activity are impaired in neutrophils from
flotillin 1 knockout mice (Ludwig et al., 2010). Constitutively active ERM proteins are
sufficient to trigger uropod formation, likely, at least in part, through feedback signaling
with RhoA and ROCK. Accordingly, the uropod does not form when dominant negative
ERM proteins are expressed in T cells (Martinelli et al., 2013). The similarities between T
cell and neutrophil uropods suggest ERM proteins may play a similar role in neutrophil
polarization. In neutrophils, ERM proteins bind to ICAM-3 and PSGL-1 in the uropod
following stimulation (Alonso-Lebrero et al., 2000). It is also known that ERM proteins
interact with F-actin and that this interaction is dependent on RhoA (Matsui et al., 1998,
Nakamura et al., 1999). It is, therefore, likely that the ERM proteins link signaling from
adhesion receptors to the cytoskeleton, in a Rho-dependent manner, leading to efficient
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polarization of the actin network. As discussed above, a recent study highlights a key role
for moesin in limiting membrane protrusions at the uropod, helping maintain neutrophil
polarization during motility (Liu et al., 2015a). Thus, the localization and regulation of
uropod-associated proteins, like ERM proteins, represents a key feature of the rapid motility
of neutrophils and other amoeboid cells.

Microtubules

In contrast to mesenchymal cells where microtubules orient toward the leading edge,
microtubules orient toward the uropod in neutrophils and can be stabilized by CD11b
integrin in the uropod (Eddy et al., 2002, Kumar et al., 2012). This microtubule organization
is maintained during neutrophil motility and does not depend on adhesion (Eddy et al.,
2002). Interestingly, disruption of the microtubule network with a chemical inhibitor induces
neutrophil polarization and random migration both /n vitro (Niggli, 2003) and /in vivo (Yoo
et al., 2010) but reduces chemotaxis to the chemoattractant f-Met-Leu-Phe (Xu et al., 2005)
supporting an essential role for the microtubule network in directed migration. Microtubules
interact with the actin cytoskeleton to regulate polarized migration. Inhibition of F-actin
prevents the reorientation of microtubules following polarization and disruption of
microtubules leads to reduced levels of F-actin in the pseudopods of migrating neutrophils
(Eddy et al., 2002, Xu et al., 2005). The establishment of polarity and migration in
neutrophils following microtubule disruption is likely due to the activation of Rho- and
actomyosin-dependent contractility in the neutrophil uropod (Niggli, 2003, Xu et al., 2005).
We postulate that this increase in Rho activation is due to the activation of Rho GEF-H1, a
microtubule regulated GEF. Interestingly, the rapid motility appears to be driven largely by
rearward contractility, and occurs in the absence of PIP3 concentration at the leading edge,
which is required for the generation of directed pseudopods (Xu et al., 2005, Yoo et al.,
2010). The lack of PIP3 would also explain the reduced chemotaxis seen in these cells (Xu
et al., 2005). Thus, microtubule disassembly alters polarized signaling likely because of
effects on specific targets that regulate the actin cytoskeleton at the front and rear of
migrating neutrophils.

Neutrophil polarization: force centers at the neutrophil uropod

In contrast to mesenchymal cells, the uropod is the primary site for force generation in
motile neutrophils. Mesenchymal cells generate traction stresses against their underlying
substratum through integrin-ligand interactions that connect intracellular cytoskeletal
networks to the extracellular matrix. Traction forces were originally measured in
mesenchymal cells such as fibroblasts and endothelial cells (Lo et al., 2000, Reinhart-King
et al., 2005). These traction forces were found to be relatively large, on the order of
kilopascals, and located along the leading edge of migrating cells. In addition, macrophages,
another type of leukocyte, can migrate in a mesenchymal mode (Van Goethem et al., 2010)
and have traction forces at the leading edge of the cell (Hind et al., 2015). These findings led
to the forward towing explanation of migration. This model suggests that cells possess
transient towing units under their leading edge that adhere to the substratum and transmit
strong traction forces, pulling the cell forward (Munevar et al., 2001). In contrast to this
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mode of migration, which generally applies to two dimensional mesenchymal migration,
neutrophils migrate using a significantly different pattern of traction asymmetry.

The first study on traction force generation by neutrophils found that migrating neutrophils
consistently generate traction stresses in the rear of the cell relative to the direction of
migration (Smith et al., 2007). This pattern of traction stresses was observed with
neutrophils in a uniform field of the neutrophil chemoattractant f-Met-Leu-Phe (fMLP)
during chemokinesis and in response to a point source of fMLP during chemotaxis, although
rearward traction forces were significantly higher in chemotaxing neutrophils. Furthermore,
it was determined that force generation in the uropod preceded a turn during neutrophil
migration, indicating that the location of the force center is partially responsible for
influencing the direction of neutrophil migration (Smith et al., 2007). This pattern of uropod
force generation was subsequently confirmed by a number of groups looking at force
generation in primary neutrophils and neutrophil-like cell lines (Bastounis et al., 2014,
Jannat et al., 2011, Oakes et al., 2009). Interestingly, this same force generation pattern was
also found in migrating Dictyostelium (Bastounis et al., 2014, Lombardi et al., 2007). The
forces generated by neutrophils were found to be significantly smaller than those generated
by mesenchymal cells (Reinhart-King et al., 2005, Smith et al., 2007), in agreement with the
theory that force generation is inversely correlated with migration speed (Beningo et al.,
2001). The orientation and magnitude of traction stresses in neutrophils suggests that
neutrophils migrate using a fundamentally different mode than mesenchymal cells. Rather
than pulling themselves forward as the forward towing model describes, neutrophils use a
rearward squeezing mode of migration in which the cell uses strong forces at the rear to
push the contents of the cell forward, much like squeezing toothpaste out of a tube, and
simultaneously detaches the uropod from the underlying substratum (Smith et al., 2007).
Similar to neutrophil migration in two dimensions, neutrophils under confinement display
traction forces at the rear of the cell and the magnitude of traction stresses is higher on stiffer
substrates. While blockade of both 1 and B integrins did not cause a change in cell speed
or force generation, it did cause a change in the pattern of force distribution, indicating that
while not necessary for migration, integrins are important for the organization of forces in
confined spaces (Toyjanova et al., 2015).

Many of the studies on force generation have found that the magnitude of force generation
and the involvement of specific signaling molecules are dependent on the stiffness of the
underlying matrix. It has been shown that neutrophils spread more, migrate more slowly but
persistently, and generate larger and more organized forces on stiff matrices compared to
soft matrices (Jannat et al., 2011, Jannat et al., 2010, Oakes et al., 2009). The correlation
between chemotactic prowess and force asymmetry and magnitude indicates that force
generation in neutrophils is critical for efficient motility (Jannat et al., 2010). It has been
suggested that PI3K might also play a role in sensing changes in matrix stiffness during
neutrophil chemotaxis. Oakes et al. found that while neutrophils spread more and had a
lower velocity on stiffer gels than softer gels, neutrophils treated with a PI3K inhibitor
spread and migrated equally well on both stiff and soft matrices. This result suggests that
PI3K plays a mechanosensing role during neutrophil migration (Oakes et al., 2009). PI3K
has been shown to regulate neutrophil motility by regulating the antereoposterior
polarization of F-actin dynamics both /in vitroand in vivo (Martin et al., 2015, Wang et al.,
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2002, Yoo et al., 2010) and PIP3, a product of PI3K, has been shown to mediate RhoA
activity at the uropod of migrating neutrophils (Van Keymeulen et al., 2006). It is, therefore,
possible that in addition to sensing matrix stiffness, PI3K plays an indirect role in force
generation by mediating RhoA activity and myosin Il contraction at the rear of the cell. In
support of this hypothesis, it has been shown that PI3K activity is important for force
generation in other immune cells (Hind et al., 2015). In neutrophils, reports have shown that
myosin I contraction through the RhoA kinase ROCK is partially responsible for force
generation (Jannat et al., 2011). Neutrophils incubated with the Y27632 ROCK inhibitor
showed significantly reduced force generation and lost their asymmetric pattern of force
generation. These cells had limited motility, further indicating that the asymmetrically
distributed forces at the uropod are necessary for efficient neutrophil migration (Jannat et al.,
2011). However, neutrophils are capable of migrating in the absence of a functional force-
generating uropod. For example, the leading edge can remain migratory following cleavage
from the cell body (Houk et al., 2012) and neutrophils are able to migrate following the loss
of their uropods during incomplete extravasation (Hyun et al., 2012). Furthermore,
leukocytes in 3D environments do not require contraction through myosin 1l for forward
migration of the cells’ leading edge; instead, myosin Il is necessary for deforming the
nucleus to allow for migration through the 3D matrix (Lammermann et al., 2008). These
results indicate that a second force generating mechanism, such as actin polymerization, at
the leading edge of the cell also contributes to neutrophil migration; however, the findings
also illustrate the importance of a contractile uropod for optimal neutrophil migration. The
localization of traction forces to the neutrophil uropod highlights the importance of the
uropod in driving neutrophil migration. Furthermore, it has also been shown that the force
center moves prior fo a neutrophil turn suggesting the uropod force center is partially
responsible for the direction of migration during a turn (Smith et al., 2007). Thus, the
correlation between force magnitude and chemotactic index and the observation that the
force center moves prior to a turn indicates that the uropod can also play a role in the
directionality of migration.

Conclusions

Neutrophil migration is crucial for a proper immune response. This migration requires the
coordination of many signaling pathways at the front and rear of the cell that lead to
neutrophil polarization and motility. There has been substantial focus on how the leading
edge regulates polarized neutrophil migration. We have discussed how the neutrophil uropod
has emerged as a crucial structure for proper neutrophil motility that can also be the driving
center for neutrophil polarization and migration. This is supported by several lines of
evidence. Inhibition of uropod formation significantly impairs neutrophil migration. It has
also been shown recently that Rho signaling polarizes at the rear at the same time as Cdc42
activity localizes to the front, indicating the rear and front of the cell are formed
simultaneously. Furthermore, the maintenance of polarity during neutrophil turning and
reverse migration suggests that the uropod is a stable structure and that turning may be a
more efficient method than polarity reversal for changing direction in highly motile cells. It
is also possible that the uropod drives the turning behavior as turns can be predicted by
localized force changes in the uropod. In addition to its role in neutrophil motility, the
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neutrophil uropod has also been implicated in cellular communication through adhesion
interactions (Cera et al., 2009) and secreting trails of chemokine to direct the recruitment of
other immune cells (Lim et al., 2015). The uropod remains an enigma in neutrophil
migration and more needs to be done to understand how it drives intrinsic polarity and
motility of amoeboid cells. It is interesting to speculate that the uropod may be a defining
feature of the amoeboid motility of other cells such as cancer cells where a uropod-like
structure has been seen and could represent a novel therapeutic target.
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Figure 1.
Schematic of Neutrophil Uropod. (A) Side and top view of a neutrophil in a zebrafish larva

shows polarized morphology of a migrating neutrophil. (B) Organization and makeup of the
uropod. Molecular components of the uropod including Rho, ROCK, and myosin Il maintain
contractility and generate force at the rear. Other signaling proteins, such as adhesion
molecules, flotillins, ERM proteins, and microtubules, are localized to the uropod and
contribute to neutrophil polarization and migration. The neutrophil uropod functions by
providing high contractility and breaking of adhesions at the rear.
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Figure 2.
Neutrophil front and rear signaling influence each other and may contribute to neutrophil

turning. (A) Neutrophil polarization is initially established by steep opposing gradients of
RhoA and Cdc42 signaling. A positive feedback loop involving PIP3, Rac, and actin
operates at the leading edge of the cell where Cdc42 activity inhibits RhoA. At the uropod of
the cell RhoA inhibits Rac, stabilizing neutrophil polarity. These signaling patterns
contribute to the asymmetric generation of force at the trailing edge of the cell. (B)
Neutrophils respond to changes in the direction of chemoattractant gradient in two ways. In
response to a 180° change, neutrophils oft en become round and then reverse their polarity
(top). In response to smaller changes in the gradient and in most /77 vivo situations,
neutrophils instead make a U-turn by forming a new pseudopod on the side facing the new
gradient (bottom).
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