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Phagocytosis is defined as a cellular uptake pathway for
particles of greater than 0.5 um in diameter. Particle
clearance by phagocytosis is of critical importance for tissue
health and homeostasis. The ultimate goal of anti-pathogen
phagocytosis is to destroy engulfed bacteria or fungi and to
stimulate cell-cell signaling that mount an efficient immune
defense. In contrast, clearance phagocytosis of apoptotic cells
and cell debris is anti-inflammatory. High capacity clearance
phagocytosis pathways are available to professional
phagocytes of the immune system and the retina.
Additionally, a low capacity, so-called bystander phagocytic
pathway is available to most other cell types. Different
phagocytic pathways are stimulated by particle ligation of
distinct surface receptors but all forms of phagocytosis
require F-actin recruitment beneath tethered particles and
F-actin re-arrangement promoting engulfment, which are
controlled by Rho family GTPases. The specificity of Rho
GTPase activity during the different forms of phagocytosis by
mammalian cells is the subject of this review.

Introduction

Phagocytosis is a cellular clearance process that processes
solid particles of usually at least 0.5 wm in diameter. Phagocy-
tosis is initiated when cells employ a specific receptor protein
to recognize and bind particles. Phagocytic targets usually have
complex topology. Receptor choice is determined by the avail-
ability of active but idle surface receptors of the phagocytic
cell, by recognition patterns, often referred to as “eat me” sig-
nals,’ exposed on phagocytic particles (defined as particles that
trigger their own engulfment by phagocytic pathways, e.g.
pathogens), and by availability of appropriate levels of opso-
nins, soluble multi-domain proteins that bridge particle and
phagocytic cell by binding to both particle “eat-me” signals
and phagocyte receptors. Subsequent engulfment of surface-
tethered particles may employ additional cell surface proteins
and relies on a complex of cytosolic proteins recruited beneath
bound particles, the specificity of which depends on the nature
of recognition/binding receptors.

Differences in phagocytic processes depending
on the phagocytic particle
There are 2 principle types of phagocytosis:
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1. Anti-pathogen phagocytosis serves the dual purpose of
removing and degrading disease-causing microbes and,
through complex cytokine and chemokine secretion, recruit-
ing activities of numerous immune cells to mount an effec-
tive inflammatory defense. This form of phagocytosis is
often referred to as “inflammatory phagocytosis” but this
term does not reflect the fact that cells may mount ant-
inflammatory responses following pathogen uptake, e.g., in
persistent infections. We shall therefore use the term anti-
pathogen phagocytosis. Anti-pathogen phagocytosis is most
commonly performed by professional phagocytes of the
myeloid lineage, such as immature dendritic cells (DCs) and
macrophages but also by tissue-resident immune cells. Sev-
eral microorganisms have evolved mechanisms to block the
recognition and engulfment by immune cells, therefore
evade the attack from innate immune system (for a detailed
review see ref. 2).

2. Phagocytosis of apoptotic cells or cell debris, also known as

clearance phagocytosis or efferocytosis,” is non-inflamma-
tory or anti-inflammatory and non-immunogenic.* There
are numerous developmental events that involve pruning
large numbers of cells by induction of apoptosis. Following
an inflammatory reaction, activated immune cells also die
by apoptosis. In such instance, immune cells engulfing apo-
ptotic cells switch their cytokine secretion program from
a pro-inflammatory to an anti-inflammatory repertoire.’
The same cell type, e.g. macrophages and DCs, may thus
phagocytose via both anti-pathogen and apoptotic debris
phagocytosis pathways. Furthermore, billions of cells
commit to die by apoptosis every day during normal tissue
turnover silently and without activating either pro- or anti-
inflammatory pathways. Finally, there are specialized
tissue renewal pathways that involve release of apoptotic
cell-like particles from non-apoptotic cells and subsequent
clearance phagocytosis. These include the consumption of
residual cytoplasm during spermatogenesis by Sertoli cells
and the diurnal phagocytosis of spent, shed photoreceptor
outer segment tips by retinal pigment epithelial (RPE) cells
in the eye. Swift and complete clearance phagocytosis is
essential to prevent unwarranted inflammation auto-
immune responses. Incomplete or delayed clearance of apo-
ptotic cells therefore contributes to autoimmune diseases
such as rheumatoid arthritis and systemic lupus erythemato-
sus.® Failure of efficient clearance of photoreceptor outer
segment tips causes blindness,” while phagocytic deficiency
of Sertoli cells blocks spermatogenesis and may result in
sterility.®

Small GTPases 89



Universal dependence of all forms of phagocytosis
on dynamic F-actin

Although the 2 types of phagocytosis, anti-pathogen and apo-
ptotic cell clearance phagocytosis, process different particles and
have different systemic consequences, their mechanisms share
many molecular characteristics. In general, phagocytosis is a step-
wise process in which particles are first recognized and tethered
to the cell surface, followed by internalization and formation of
an intracellular membrane enclosed organelle, a phagosome. The
initial contact between the target particle and phagocytes is cru-
cial for determining which receptors will be involved in engulf-
ment, how that information will be processed, and whether or
not to trigger a pro-inflammatory or anti-inflammatory response.

All forms of phagocytosis have in common that F-actin is
recruited beneath surface bound particles into defined 3-dimen-
sional structures and that these F-actin structures must then
resolve to allow membrane extension resulting in particle inter-
nalization. Local shape changes of the plasma membrane to wrap
around the phagocytic target are guided by receptor-target inter-
actions and often mediated by opsonins, soluble multi-domain
proteins that bridge target particle and phagocytes receptor pro-
teins. The structure formed from a network of branched F-actin
beneath bound particles during engulfment by most forms of
phagocytosis has been termed a phagocytic cup.” F-actin poly-
merization is crucial for phagocytic cup formation, and F-actin
depolymerizing drugs, cytochalasins and latrunculin, block
engulfment via all types of phagocytosis.'®'" The closure of the
phagocytic cup, which involves fusion of protruded membranes
and disassembly of F-actin, leads to particle internalization and
phagosome formation. Phagosomes mature through series of
fusion and trafficking events to phagolysosomes and then
lysosomes.

The extensive F-actin re-organization required for all forms of
phagocytosis is controlled by the Rho GTPase family. Rho
GTPases form the branch of the Ras small GTPase superfamily
that is responsible for F-actin regulation in all cell types. Rho
GTPases share a highly conserved GTPase domain, and possess
short, divergent N- and C-termini (for a review focusing on pro-
tein domain structure and sequence comparison of Rho GTPases,
please see ref. 12). An insertion region (CAAX box) at the C-
terminus of Rho GTPases may be modified by cells post-transla-
tionally to form specific lipid esters, which can target Rho
GTPases to membranes of different subcellular compartments
(for a review specifically of Rho GTPase lipid modification,
please see ref. 13). Their innate GTPase activity allows them in
principle to switch autonomously between an inactive, GDP-
bound state and an active, GTP-bound state. However, acti-
vation of Rho GTPases in cells, like that of other GTPases,
is subject to control by large numbers of regulatory proteins
of 3 functionally distinct categories: guanine nucleotide
exchange factors (GEFs) promote GTP load; GDP dissocia-
tion inhibitors (RhoGDIs) sequester and stabilize cytosolic
GDP-bound Rho GTPases % and GTPase activation pro-
teins (GAPs) accelerate GTP hydrolysis (for a recent review
focusing on these 3 classes of GTPase regulators, please see

ref. 15).
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The human genome contains 22 genes encoding 25 human
Rho GTPase proteins.'”> Among them, the specific roles of
RhoA, Racl, and Cdc42 in shaping and regulating the dynamics
of F-actin are best understood.'® They are ubiquitously
expressed, prototypical Rho GTPase family members and activa-
tion of each of them promotes characteristic and distinct F-actin
cytoskeletal morphology.'® Activation of RhoA (or its isoforms
RhoB and RhoC) stimulates acto-myosin contraction and F-actin
stabilization and is required for the formation of stress fibers.
Activation of Racl (or its isoforms Rac2, Rac3, and RhoG) pro-
motes assembly of branched F-actin networks and is required for
the formation of lamellipodia. Activation of Cdc42 promotes
formation of short actin filaments and is required for formation
of filopodia. These Rho family GTPases induce distinct effects
on F-actin by non-covalently and transiently interacting with dif-
ferent cytosolic downstream effector proteins. These effectors are
allosteric switches that function to engage further regulatory pro-
teins that in turn directly interact with G- or F-actin (reviewed in
ref.'”). Here, we will discuss the regulation, activities, and effec-
tors of Rho GTPases in phagocytosis pathways by mammalian
cells.

Rho GTPase Activity During Anti-Pathogen
Phagocytosis

Anti-pathogen phagocytosis is performed by professional
phagocytes of the immune system. Macrophages especially co-
express numerous surface receptor proteins whose recognition of
pathogen patterns or specific motifs induces pathogen binding
and engulfment, which requires extensive F-actin dynamics.
Here, we will discuss phagocytosis via 3 different macrophage
phagocytic receptors, for which Rho GTPase involvement in
anti-pathogen phagocytosis has been investigated extensively.

Phagocytosis mediated by Fc receptors

Single span transmembrane proteins recognizing the constant
Fc domain of immunoglobulins (Igs) form the Fc receptor (FcR)
family. In mammals, there is one specific FcR for IgA, IgE, and
IgM each, a common receptor for both IgA and IgM, and there
are 4 FcyR receprors for IgG."® The cytosolic tyrosine kinase Syk
plays a key role in downstream signaling pathways of FcRs that
are otherwise complex and diverse.'? Interaction with Igs is suffi-
cient to stimulate both binding and engulfment of Ig-opsonized
particles.

Because professional phagocytes of the immune system co-
express a variety of phagocytic receptors connected to different or
overlapping signaling and engulfment pathways, crosstalk
between phagocytic pathways is common. Studying molecular
pathways downstream of individual phagocytic receptors has
long relied on cell culture experiments in which individual
phagocytic receptors are exogenously expressed in cell types, espe-
cially fibroblasts, which lack endogenous professional and anti-
pathogen phagocytic capacity. Using this approach, Caron and
Hall in a classic set of experiments found that antibody crosslink-
ing of cell-surface FcyRIIA in Swiss 3T3 fibroblasts is sufficient
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to induce formation of Cdc42-dependent filopodia and Racl-
dependent membrane ruffles.'® Challenge with IgG-opsonized
particles of these FcyRIIA-expressing cells recruited all 3
GTPases, RhoA, Racl, and Cdc42, into F-actin phagocytic cups.
Blocking the activity of Cdc42 or Racl by expression of domi-
nant-negative mutant forms prevented formation of filopodia or
membrane ruffles even when FcyRIIA was engaged by bound
particles. Such inhibition of either Racl or Cdc42 also resulted
in failure of the cells to take up IgG-opsonized red blood cells
(IgG-RBCs) by FcyRIIA-transfected Cos fibroblasts.'® A similar
result was obtained during phagocytosis via endogenous FceRI
by basophil leukemia mast cells in culture. Uptake of IgE-coated
zymosan particles was inhibited by expression of either Racl or
Cdc42 dominant-negative mutant proteins.”’ In these experi-
ments, F-actin assembled at least to some extent beneath bound
particles but phagocytic cups did not close to permit internaliza-
tion. More recently, Hoppe and Swanson observed microscopi-
cally in live cells the interaction of Rho GTPases with the p21
GTPase-binding domain of PAKI, which is a known down-
stream effector of Racl, Rac2, and Cdc42.%! Using fluorescence
resonance energy transfer (FRET) imaging, these investigators
tracked activation and localization of both total and active Rho
GTPases in real time during FcyR-mediated phagocytosis in
RAW 264.7 macrophages. Their results confirmed the relocaliza-
tion of Racl and Cdc42 to phagocytic particles and showed that
Rac2 was also recruited. Active Cdc42 completely colocalized
with F-actin in phagocytic cups to promote pseudopods forma-
tion during membrane extension. Racl also participated in the
initial step of pseudopod formation, probably to promote local
contractile activity. Additionally, active Racl and Rac2 associated
with nascent phagosomes immediately before their closure possi-
bly to regulate reactive oxygen species production and/or phago-
some pH.”> An RNAI screen suggested that Rac2 may be more
relevant to FcR-dependent phagocytosis by J774 macrophages
than Racl.” The same study also suggested that yet another Rho
GTPase family member of the Rac subfamily, RhoG, may con-
tribute to FcR-mediated phagocytosis. Depletion of RhoG abol-
ished F-actin recruitment to phagocytic cups, thereby
attenuating the phagocytic capacity of J774 macrophages. RhoG
has been linked to the activation of Racl through its interaction
with the scaffolding protein ELMO, together with which
Rac-GEF DOCK-180 regulates Racl activation during cell
migration* and apoprotic cell phagocytosis (discussed below).”®
However, the signaling pathway from RhoG to Racl has not yet
been reported to contribute to FcR-mediated phagocytosis.

The role of RhoA in FcR-dependent phagocytosis may be dis-
tinct from the roles of Racl and Cdc42. Hackam and Grinstein
in 1997 reported a requirement for RhoA in FcyRIIA-dependent
phagocytosis of J774 macrophages or transfected Cos fibroblasts
by imaging cells challenged with IgG-opsonized latex beads after
microinjection of the RhoA inhibiting bacterial toxin C3 trans-
ferase. Their experiments showed dramatic effects of RhoA
inhibition on both total uptake as well as numbers of acidified
bead-containing phagosomes suggesting that both particle bind-
ing and engulfment was affected. Yet, they also reported dramatic
overall reduction in F-actin in microinjected cells. In contrast,
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Caron and Hall studying the same FcR and model cell types did
not find decreased phagocytosis of IgG-RBC upon RhoA inacti-
vation and in their experiments the cellular F-actin cytoskeleton
was largely preserved.'® Later on, Olazabal and colleagues
showed that inhibition of key RhoA downstream effectors, Rho
kinases (ROCKs), with the pharmacological agent Y-27632 did
not affect F-actin recruitment or FcyR-dependent IgG-RBC
phagocytosis by J744 macrophages.”® In contrast, Hall and col-
leagues observed decreased IgG-RBC phagocytosis after intro-
ducing TAT-C3 bone marrow-derived
macrophages (BMMs) under experimental conditions that main-
tained largely normal F-actin recruitment.”” Thus, all evidence

transferase  into

indicates that RhoA has no role in phagocytic cup formation and
it remains controversial whether or not RhoA contributes to a
late stage of FcR dependent phagocytosis. Altogether, RhoA,
Racl, Rac2 and Cdc42 differ in precise localization and time of
activation at phagocytic cups suggesting that they play different
and specific roles in regulating progression of FcyR-dependent
phagocytosis (Fig. 1A).

Upstream pathways of Rho GTPases during FcR-dependent
particle engulfment have been the focus of numerous investiga-
tions. Inactive Rho GTPases are distributed in the cytosol in
association with Rho-GDIs.*® Activation and function of Rho
GTPases requires dissociation from Rho-GDI and re-association
with the plasma membrane. This cycle of cytosol-membrane
relocalization of Rho GTPases remains poorly understood and
has yet to be studied specifically during phagocytosis. In brief,
cells may allosterically regulate Rho-GDI affinity for Rho
GTPases. For instance, Rho-GDI phosphorylation by Src-family
kinases decreases its affinity for RhoA, Racl, and Cdc42.”
Moreover, anionic membrane phospholipids such as PI(3,4,5)P5
compete with the negatively charged N-terminus of Rho-GDI
for binding to the polybasic C-terminus of Rac1.>®?! Thus, alter-
ing abundance of specific membrane lipids may facilitate Racl
release from Rho-GDI, promoting in turn its membrane inser-
tion and activation. Interestingly, some pathogens, e.g., select
Yersinia strains, secrete proteins with Rho-GDI function to block
activation of Racl, causing phagocytic deficiency in infected
macrophages.”>

The link between surface FcyR and Racl activation was first
thought to be the Rac-GEF, Vav, as microinjection of a mutant,
non-functional SH2-domain of Vav proposed to act as domi-
nant-negative mutant decreased IgG-opsonized RBCs uptake in
J774 macrophages. This reduction in phagocytic capacity was
accompanied by decrease of Racl activation during phagocyto-
sis.>®> However, genetic depletion of all 3 Vav genes had no effect
on FcyR-mediated phagocytosis of IgG-RBCs by BMMs.”” This
suggests that the SH2-domain mutant of Vav may interact with
and affect functions of proteins other than Vavs that are required
for phagocytosis. Testing a different Rac-GEF, Lee and col-
leagues found that the adaptor protein CrkII and the Rac-GEF
DOCK-180 both reside in a complex with Fc receptors during
phagocytosis.>* Either overexpression of a dominant-negative
mutant of CrkIl or siRNA-mediated silencing of CrkII or
DOCK-180 was sufficient to decrease phagocytosis of IgG-
opsonized beads. This decrease of phagocytosis is probably
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Figure 1. Distinct roles and recruitment of Rho GTPases to phagocytic particles at different steps during
anti-pathogen phagocytosis via Fc receptors or aMB2 integrin/CR3 and during clearance phagocytosis
mediated by av integrins and TAM receptors. The time course and distribution of Rho GTPases activation
during phagocytosis differs depending on phagocyte receptors as illustrated for FcR-dependent phagocy-
tosis (A), aMB2-mediated phagocytosis (B), and clearance phagocytosis (C). (B) Note phagocytic particle
capture in aMB2-mediated phagocytosis involves F-actin-rich membrane ruffles that require Rap1-talin
signaling, which is also responsible for «MB2 activation. There are no published studies indicating a role
for Rho GTPases in this process. (A-C) Rho GTPases that contribute to the different forms of phagocytosis
but with yet unknown localization or specific role are also indicated. Note that most cytoplasmic proteins
also involved in phagocytic signaling but not directly implicated in RhoGTPase activity have been omitted

ever, the Rac-GAP, ARH25-GAP,
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ative regulator of FcR-dependent
. 40

phagocytosis.

Phagocytosis mediated by
dectin-1

The single span transmembrane
protein dectin-1 is involved in innate
immunity against fungal infection.*!

caused by a failure of cells to recruit Racl to the phagocytic site
when either protein is absent.

The molecular links of FcRs and Cdc42 remain under investi-
gation. The work by Patel and colleagues suggests that activation
of Cdc42 downstream of FcyR during phagocytosis s
independent of Vav.>® However, overexpression of Vav induced
Cdc42-dependent filopodia formation.”” A very large number of
candidate GEFs for Cdc42, often co-expressed and only some of
them specific for Cdc42,% continue to make it difficult to pin-
point GEFs required for Cdc42-dependent phagocytosis.

Notably, the RhoA GEF p115-Rho-GEF (but not RhoA) has
been detected in a complex with ligand-bound FcyR in RAW
264.7 macrophages.”” Moreover, expression of a dominant-nega-
tive mutant form of p115 or siRNA-mediated silencing decreased
phagocytosis of IgG-opsonized beads by these cells. Like with
Rho-GDI function, pathogenic bacteria may interfere with p115
Rho-GEF function to attenuate their FcyR-dependent phagocy-
tosis and destruction by macrophages.”® Tt is however not yet
clear whether this attenuation is specifically dependent on p115
Rho-GEF as bacteria also reduce function of another DH-PH
domain containing RhoGEF, Dbl, decreasing Cdc42 activity.*®

Little is known to date about Rho GTPase inactivation fol-
lowing their contributions to FcR-dependent phagocytosis.
Immediately following phagocytic cup formation, Cdc42 activity
must decrease to allow phagocytic cup closure: persistent activa-
tion of Cdc42 by a constitutively active mutant form of Cdc42
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Recognition by its extracellular C-

type lectin-like domain of cell wall
components, such as B-1,3-glucans stimulates internalization
and degradation of fungal pathogens accompanied by activation
of pro-inflammatory pathways.** Of note, we are discussing only
dectin-1 here but other pattern recognition receptors are also
important in phagocytic processes. For instance, the related dec-
tin-2 also plays important roles in pro-inflammatory phagocyto-
sis of fungal particles.” However, we will focus on dectin-1 here
as the molecular pathways regulating F-actin in response to dec-
tin-2 engagement has not yet been reported. Its F-actin phago-
cytic cup formation is morphologically similar to phagocytic cup
formation in FcR-mediated phagocytosis. In a subset of macro-
phages, dectin-1-mediated phagocytosis activates the tyrosine
kinase Syk that is also downstream of FcRs although this activa-
tion is not required for engulfment.** Upon dectin-1 ligation, F-
actin structures protrude from the phagocyte and promote tight
wrapping of plasma membrane around the bound particle involv-
ing activation of Racl and Cdc42, but not RhoA. %% However,
unlike in FcR-dependent phagocytosis, Racl and Cdc42 activity
may not be strictly required for dectin-1-mediated phagocytosis:
Toxin B treatment of macrophages reduced but did not abrogate
their uptake of zymosan particles made from the insoluble frac-
tion of yeast cell walls, but completely blocked uptake of IgG-
RBCs.*® This reduced requirement for Rho GTPases in internali-
zation could be a specific characteristic of dectin-1-dependent
phagocytosis or it could be due to the smaller size of individual
zymosan particles as compared to IgG-RBCs. It is well
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established that the F-actin and membrane dynamics and thus
requirement for Rho GTPase activity during phagocytosis can
vary merely depending on particle size.>”*” Whether increasing
zymosan particle size renders Racl and Cdc42 activities essential
for phagocytosis via dectin-1 remains to be directly tested
experimentally.

There are no reports to date on upstream regulators linking
dectin-1 to Rho GTPases. Dectin-1 shares signaling motifs in its
cytosolic domain with FcRs.*® As a result, the downstream sig-
naling events during dectin-1-dependent particle uptake are
highly similar to FcR signaling *° and may thus involve the same
or equivalent GDIs, GEFs, and GAPs.

Phagocytosis mediated by the complement receptor aM[32
integrin/CR3/CD11b-CD18

The integrin heterodimer composed of the single-span trans-
membrane integrin subunits aM (CD11b) and B2 (CD18) is a
pattern recognition receptor that can bind to a variety of surface
epitopes exposed by pathogenic bacteria to induce a pro-inflam-
matory form of phagocytosis. As aMB2 also binds to particles
opsonized by the processed, soluble complement component
C3bi, it is also called complement receptor, CR3. Unlike Fc fam-
ily receptors and dectin-1, aMP2 is not constitutively active.
Like other integrin family receptors aMP2 is regulated by
“inside-out” signals. Activation prior to challenge with comple-
ment-opsonized particles is required for aMB2-mediated phago-
cytosis. In cell culture models of phagocytosis, ®MB2 may be
activated by inflammatory mediators such as lipopolysaccharide
4 and manipulation of intracellular signaling pathways with
phorbol esters *° or of the small GTPase Rap-1°° (not a Rho
family GTPase), which regulates the integrin-binding protein
talin via intermediates RGS14 °' and/or RIAM.>*??

The two forms of anti-pathogen phagocytosis discussed above
and non-inflammatory clearance phagocytosis (to be discussed
below) share the general F-actin-dependent steps that lead to parti-
cle internalization: dramatic F-actin stabilized plasma membrane
extensions reach out from the plasma membrane to first form a
bona fide phagocytic cup, which then matures to first completely
surround the tethered particle and to eventually fuse, which com-
pletes engulfment. This mechanism is best known as the “zipper
model” for phagocytosis.”® The engulfment process induced by
engagement of particles or their opsonins with the complement
receptor M2 integrin/CR3 is different: Surface-tethering of par-
ticles induce an invagination in the phagocyte plasma membrane
into which the particle sinks, drawn by F-actin cytoskeletal
forces.”>*® Although Patel and Harrison® observed formation of
obvious membrane ruffles during CR3-mediated phagocytosis after
CR3 activation by phorbol ester, these membrane ruffles were dis-
tinct from the membrane extensions of the zipper mechanism:
They extend over bound phagocytic particles (C3bi-opsonized
sheep RBC) only from one side, while cell membrane associates
tightly around the entire surface of the particle in FcR dependent
zipper phagocytosis. Furthermore, the membrane ruffles formed
facilitate capture and binding but not internalization of particles.
These observations further confirm that the engulfment processes
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in FcR and CR3 mediated phagocytosis are driven by different
forms of F-actin regulation (Fig. 1A and B).

In contrast to FcR mediated phagocytosis, «MB2 integrin/
CR3-dependent phagocytosis requires activity of RhoA and
RhoG, but not of Racl or Cdc42.'**® Antibody crosslinking of
aMP2 integrin/CR3 is sufficient to cause RhoA-dependent cell
contraction and stress fiber formation.'® When challenged with
complement-opsonized particles, RhoA but not Racl or Cdc42
was recruited beneath tethered particles in J774 macrophages.
Overexpressing a dominant-negative mutant form of RhoA (but
not of Racl or Cdc42) was sufficient to inhibit aMB2 integrin/
CR3-mediated phagocytosis. RhoA inhibition by C3 transferase
or inhibition of Rho effector ROCKs decrease particle uptake
and F-actin recruitment beneath CR3-bound particles.”®

The link of «M2 integrin/CR3 ligation to RhoA activation has
recently been elucidated by Wiedemann and colleagues.”” Recruit-
ment of RhoA to aMB2 integrin/CR3-tethered phagocytic par-
ticles in Cos-7 cells is controlled independently of its activation.
Activation of RhoA after integrin ligation requires a 16-amino acid
region in the cytoplasmic domain of the B2 integrin subunit, but is
independent of aM subunit. Recruitment of RhoA requires a tri-
ple-threonine motif in the 32 integrin cytosolic domain but activa-
tion of RhoA was observed without its recruitment when expressing
B2 mutant lacking this motif. While signaling from
aMp2 integrin/CR3 to RhoA activation remains poorly under-
stood these data suggest a mobile intermediate for RhoA activation
during aM2 integrin/CR3-dependent phagocytosis. The Vav
GEF family is likely involved as BMMs lacking both Vavl and
Vav3 can neither recruit F-actin to nor phagocytose C3bi-opson-
ized beads.”” However, changes in RhoA activity in Vav-depleted
phagocytes have yet to be shown.

Taken together, the engulfment step of anti-pathogen phago-
cytosis requires rapid and complex activation and inactivation of
Rho GTPases beneath receptor-bound particles to promote for-
mation of F-actin structures and membrane remodeling, fol-
lowed by local acto-myosin contraction,”® phagosome closure
and phagosomal F-actin disassembly.

Rho GTPase Activity During Clearance Phagocytosis

Clearance phagocytosis mediated by av integrins and TAM
receptor tyrosine kinases

Clearance phagocytosis is triggered by exposure of “eat-me”
signals on cells undergoing apoptosis and on cell debris. A num-
ber of “eat me” signals have been described in specific tissue or
experimental systems (for a recent review see ref. °°), but surface
exposure of the inner leaflet lipid phosphatidylserine (PS) appears
to be universally relevant to all forms of clearance phagocyto-
sis.%"%? Clearance phagocytosis is more common in tissues than
inflammatory phagocytosis with billions of apoptotic cells
removed daily in the human body as part of normal tissue
renewal plus additional removal of significant numbers of apo-
ptotic cells that are spent for instance at the end of an inflamma-
tory reaction. Most cell types possess a low capacity clearance
phagocytosis pathway for apoptotic cells, a non-professional
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activity called “bystander phagocytosis”. Furthermore, profes-
sional tissue phagocytes, such as macrophages, dendritic cells,
and neutrophils, may phagocytose apoptotic cells with high
capacity. Finally, retinal pigment epithelial (RPE) cells support
photoreceptor neurons in the vertebrate eye with a special form
of high capacity clearance phagocytosis: once a day, synchronized
by the circadian rhythm and/or dark-light cycle, RPE cells first
contribute to PS exposure precisely of distal tips of light-sensitive
outer segment portions of photoreceptor. A brief and vigorous
burst of phagocytic activity immediately follows through which
RPE cells clear spent photoreceptor outer segment particles
(POS) from the retina.>®* RPE cells are post-mitotic in the
mammalian eye and each cell engulfs and digests dozens of spent
POS daily for life. RPE cells thus likely phagocytose more mate-
rial than any other cell type.

Most forms of clearance phagocytosis have in common that
they employ 2 surface receptors, av33/B5 integrins and TAM
sub-family receptor tyrosine kinases (RTKs) for particle recogni-
tion/tethering and particle internalization, respectively. Receptor
specificity differs among phagocytes: Non-professional phago-
cytes may use either avB3 or av35 integrin for bystander phago-
cytosis, depending on receptor expression and activation; the
same is true for macrophages,®®” avB5 is used by immature
DCs and RPE cells 77 vivo and in culture.®®*”° The three TAM
RTKs, Tyro3, Axl, and MerTK are co-expressed by macrophages
and DCs and thus function redundantly to some extent in clear-
ance phagocytosis by these cell types.”' Lack of MerTK activity
alone impairs but does not abrogate clearance phagocytosis by
macrophages.”” Inactivation of both Axl and Tyro3 was needed
to abolish apoptotic cell uptake by DCs.”” RPE cells express
Tyro3 and MerTK but strictly require MerTK for diurnal clear-
ance phagocytosis of spent photoreceptor outer segment tips.”*
Exposed PS is opsonized in tissues by secreted glycoproteins
MFG-E8 (a physiological ligand for avB3/5 integrins.75’76) and
GasG or ProteinS (physiological ligands for TAM RTKs””"®).
Professional phagocytes may express additional surface receptors
(such as BAI-1 and TIM-4) that also respond to PS exposure and
that may provide redundant clearance pathways (for a recent
review see ref. >°).

Clearance phagocytosis proceeds upon receptor ligation with
the type of F-actin dynamics characteristic of bona fide phago-
cytic cup extension.”””” In transfected, non-professional HEK
293T cells particle engulfment during clearance phagocytosis
requires Racl activity.*>®" The same is true for NIH 3T3 fibro-
blasts.®* Racl silencing or expressing dominant-negative mutant
form of Racl is also sufficient to inhibit phagocytic cup forma-
tion and POS engulfment by RPE cells in culture.*> Moreover,
taking advantage of the strict diurnal rhythm of RPE clearance
phagocytosis in the mammalian eye, it was for the first time pos-
sible to detect Racl activation associated with a phagocytic pro-
cess in sim.*> In FRET experiments, Racl dynamics during
apoptotic cell clearance via the integrin pathway was observed at
the single cell level.®* Racl activation was observed at lamellipo-
dia of NIH 3T3/integrin and Swiss 3T3/integrin fibroblasts, and
primarily at these dynamic structures cells bound and engulfed
apoptotic cells. Active Racl was next concentrated at phagocytic
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cups surrounding apoptotic cells before rapid inactivation imme-
diately before phagosome closure. These results were also con-
firmed in the macrophage cell line BAM3. This spatiotemporal
profile of Racl activity agrees well with the finding that express-
ing a constitutively active mutant form of Racl decreased phago-
cytic efficiency. These results suggest that activation of Racl
must be followed by prompt inactivation to allow phagocytic
cup closure and apoptotic cell engulfment. In NIH 3T3 fibro-
blasts, a dominant-negative mutant form of RhoG, a close rela-
tive of Racl, also showed a moderate inhibitory effect on
apoptotic cell engulfment.82 Moreover, RhoG, as well as its GEF
Trio, has been shown to promote Racl-dependent phagocytosis
of carboxylated beads in the LR73 cells, a cell line derived from
CHO fibroblasts.”®> Double knockout of RhoG and Trio homo-
log in C. elegans significantly increased the number of unengulfed
corpses confirming their roles in apoptotic cell clearance iz vivo.
Co-immunoprecipitation further showed that
RhoG interacts with ELMOT1 and possibly targets it to the cell
membrane. Elmo in turn recruits and activates the Racl-GEF,
DOCK-180. Altogether, there is ample evidence that RhoG
function in apoptotic cell phagocytosis is linked to Racl
activation.

experiments

RhoA activation is not only not required for the engulfment
step of clearance phagocytosis but has an inhibitory effect: expres-
sion of a constitutively-active mutant form of RhoA inhibited
membrane ruffle-based phagocytic cups during clearance phago-
cytosis and decreases engulfment of apoptotic cells, while inhibi-
tion of RhoA or downstream effector ROCKs enhanced
clearance phagocytosis by BMMs and J774 macrophage cell
lines, respectively.®*®> This inhibitory effect appears to be medi-
ated only via ROCKs and not mDia formin, since only mutant
forms of active RhoA with ROCK-binding, but not mDia-bind-
ing, effector domain mutant caused inhibition of apoptotic cell
uptake in macrophage cell lines.®” Finally, RhoA activity may
increase subsequent to engulfment of apoptotic cells and contrib-
ute to phagolysosomal maturation as inhibition of RhoA or
ROCK:s delays phagosome acidification during clearance phago-
cytosis by J774 and BMMs.®® RhoA recruitment to phagocytic
cups may thus occur in advance of RhoA function on internalized
phagosomes containing apoptotic cells.

Functions of Cdc42 during clearance phagocytosis remain
somewhat unclear. Expression of a dominant-negative mutant
form of Cdc42 expression prevented F-actin recruitment to
phagocytic cups and decreased phagocytosis of apoptotic cells by
BMMs.* Lack of the Cdc42 downstream effector, WASP, had a
similar effect on clearance phagocytosis in this experimental sys-
tem.®® These findings were supported later by Nakaya and col-
leagues who also showed that a dominant-negative form of
Cdc42 decreased phagocytosis of apoptotic cells by BMMs and
NIH3T3 cells.** However, overexpression of Cdc42 did not
affect phagocytosis by either cell type, unlike overexpression of
Racl, which significantly increased phagocytosis. In RPE cells,
Cdc42 is not activated during clearance phagocytosis and
expressing the same dominant-negative construct used for the
carlier experiments had no effect on uptake of POS.* Taken
together, all forms of clearance phagocytosis tested to date strictly
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require Racl for engulfment. Cdc42 may contribute depending
on the particular type of phagocytic cell. One can speculate that
the contribution of Cdc42 to phagocytosis may differ dependent
on phagocytic particle size.”” Cdc42 might only be required for
phagocytosis of apoptotic cells, given that early apoptotic, whole
thymocytes or neutrophils commonly used in phagocytosis assays
are generally somewhat larger than photoreceptor outer segment
fragments. A summary view of what is known to date on the dis-
tribution of Rho GTPases during clearance phagocytosis is illus-
trated in Figure 1C.

The pathways upstream of Rho GTPase activity in clearance
phagocytosis have been addressed in numerous studies. A com-
plex consisting of adaptor proteins and Racl-GEFs has been
shown to function directly upstream of Racl GTPase activation
in several cell types during clearance phagocytosis. Expression of
the DOCK family member DOCK-180 in dendritic cells corre-
lates with their phagocytic activity toward apoptotic cells.®’ In
HEK 293T cells, antisense reduction of DOCK-180 inhibited
engulfment of apoptotic cells.*’ The adaptor protein CrkIT was
first identified as part of the Racl activation complex in response
to avB5 integrin ligation during phagocytosis, as CrklIl was
recruited beneath phagocytic particles in HEK 293T cells and
coimmunoprecipitated with DOCK-180.% A later study showed
that the adaptor protein ELMO cooperated with DOCK-180
and CrklI to enhance uptake of carboxylate-modified latex beads
by LR73 cells.*” ELMO enhanced Racl activation, but did not
act as Rac-GEF alone. Rather, a DOCK-180/ELMO complex
formed a bipartite Rac-GEF.*””" CrkII has been suggested not
to contribute directly to GEF activity and not to be strictly
required for DOCK-180/ELMO localization to membrane ruf-
fles.”” Yet, overexpression of wild-type CrkII increased apoprotic
cell phagocytosis,”* and overexpression of CrkII-mutants that do
not bind DOCK-180 decreased apoptotic cell phagocytosis.®” It
is thus possible that additional CrklI binding partners remain to
be identified that are relevant to clearance phagocytosis and that
may include Rac-GEFs other than DOCK-180. The precise
combination of adaptor proteins and GEFs employed for clear-
ance phagocytosis may vary dependent on the phagocytic cell.

Which phagocyte surface receptors mediate Racl activation
has been the subject of intense research. av35 integrin ligation in
HEK 293T cells over-expressing 35 integrin has been shown to
be sufficient to increase Racl activity and complex formation of
CrkIl with DOCK-180.5° However, this study did not test
expression or activation of TAM receptors. A later set of experi-
ments relying on overexpression of both MerTK and 35 integrin
suggested an additional role for MerTK in Racl activation in
CS-1 melanoma cells, another cell line used as model for
non-professional clearance phagocytosis.”> This study suggested
a possible synergistic effect of MerTK and avB5 integrin on
Racl activation and a signaling pathway during clearance phago-
cytosis by non-professional phagocytes, in which cytosolic focal
adhesion kinase (FAK) was downstream of surface MerTK.

In contrast, mutant RPE cells lacking MerTK but with nor-
mal levels of av35 integrin respond to POS challenge with FAK
activation.”® Mutant RPE cells in cell culture or in vivo lacking
avf35 integrin but with normal levels of MerTK fail to activate
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either FAK or MerTK upon POS stimulation.”” Thus, avB5
integrin ligation is sufficient to induce FAK activation and FAK
activity is upstream of MerTK during clearance phagocytosis by
RPE cells. Strikingly, activation of Racl in RPE cells requires
avB5 integrin, but is independent of either FAK or MerTK
activity.®> RPE cells lacking MerTK activate Racl both in vitro
upon POS challenge and in vivo at the peak of POS phagocyto-
sis.>> Moreover, expressing a dominant-negative mutant form of
FAK or inhibiting tyrosine kinases with non-specific tyrosine
kinase inhibitors had no effect on Racl activation upon POS
challenge, while inhibiting POS engulfment. These observations
suggest a bifurcation of phagocytic signaling downstream of
avB5 integrin toward FAK and MerTK and toward Racl. The
pathway toward Racl may involve similar adaptor proteins and
Rac-GEFs as other forms of clearance phagocytosis but these pro-
teins remain yet to be directly studied in clearance phagocytosis
by RPE cells.

Downstream Effects of Rho GTPase Activity During
Phagocytosis

Effects of Rho GTPases on F-actin dynamics during
phagocytosis

The de novo formation of branched F-actin by Arp2/3 com-
plexes plays a critical role in F-actin dynamics during phagocytic
processes.”>”® Arp2/3 complex proteins localize to F-actin
beneath surface-bound particles during FcyR- and M2 integ-
rin/CR3-mediated phagocytosis and are essential for both forms
of phagocytosis. Expression of a C-terminal fragment of the
Arp2/3-binding protein Scarl decreases internalization via both
FeyR and aMB2 integrin/CR3 by preventing the recruitment of
the complex by activated proteins of the Wiskott Aldrich Syn-
drome protein family (WASPs).”° Like other proteins directly
upstream of F-actin regulators, WASPs contain an effector
domain and an auto-inhibitory domain that acts to block the
effector domain until its release through binding to the auto-
inhibitory domain of active Rho GTPases and/or membrane
phospholipids, such as, PI(4,5)P, for N-WASP.”

The recruitment of the Arp2/3 complex is dependent on Racl
and Cdc42 activity in FcyR-mediated phagocytosis, but on
RhoA activity during CR3-mediated phagocytosis.”® Racl in
principle may interact with the WAVE members of the WASP
family.”” Racl interacting proteins during phagocytosis remain
to be specified but WAVE2 has recently been determined to be
irrelevant to Racl-mediated FcR-dependent phagocytosis by
RAW/LRS cells and BMMs.”® Cdc42 activation at the early stage
of phagocytosis promotes pseudopod formation by cooperating
with cytosolic adaptor proteins to specifically target WASP and
N-WASP in Arp2/3 activation.””'”" WASP was also found in
formation of phagocytic cups for apoptotic cell phagocytosis.®®

A role for specific WASPs in aMB2 integrin/CR3-dependent
phagocytosis has thus far not been identified. RhoA-dependent
regulation of Arp2/3 may rather involve ROCKs. Pharmacologi-
cal agents inhibiting either ROCKSs or their direct substrate myo-
sin light chain kinase abolished Arp2/3 complex and F-actin
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recruitment to phagocytic particles.26 Additionally, Mammalian
Diaphanous-related (mDia) formins, which promote de novo
formation of unbranched F-actin, colocalize with polymerizing
F-actin beneath bound particles at the early stage of aMB2 integ-
rin/CR3-dependent phagocytosis in RAW 264.7 cells and
BMM:s.'%? Inactivating mDia formin alone by expressing domi-
nant-negative mutant of mDia decreased F-actin recruitment
and particle engulfment via aMB2 integrin/CR3 but not via
FcRs. Inhibition of both mDia formin and ROCK decreased
engulfment of C3bi-opsonized RBCs by macrophages more dra-
matically than inhibiting either protein individually. These
results suggest that ROCKs and mDia formins may make distinct
contributions to F-actin assembly in aMB2 integrin/CR3-depen-
dent phagocytosis.”® The signaling pathways upstream and
downstream of Rho GTPases are illustrated in Figure 2

Effects of Rho GTPases on membrane dynamics during
phagocytosis

Phagocytosis is an orchestrated process of step-wise F-actin
rearrangement and membrane remodeling. The protrusion of the
plasma membrane during phagocytic cup formation is driven by
cortical F-actin rearrangement, but at the same time requires
expansion of membrane area. Upon PI3-kinase/Racl activation

early during FcR-dependent phagocytosis, F-actin-based pseudo-
pods form and extend along the particle surface making use of
extra available surface membrane folds.'”> Once the surface
membrane reservoir is depleted during this extension, for
instance in “frustrated” phagocytosis (where the phagocytic parti-
cle is simply too large or too immobile to be engulfed), mem-
brane tension increases, which stimulates focal exocytosis at sites
of phagocytosis. Although there is no direct evidence yet of exo-
cytosis during aM2 integrin/CR3-mediated phagocytosis, its
characteristic dramatic invagination of the plasma membrane
very likely also requires bulk membrane transport to the cell
surface.

Rho GTPases play a key role in regulation of focal exocytosis
Specifically in phagocytosis, inhibition of Cdc42
results in defects in integrin-dependent internalization of large
but not small particles by transfected fibroblasts.*”
dependent differences in phagocytosis were only observed in
Cdc42-depleted cells but not in cells in which Racl was inhib-
ited. During phagocytosis of large particles Cdc42 interacted
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transiently with exocyst proteins and these were essential for
uptake. Overexpression of Rab11, a docking protein for exocyto-
sis, was sufficient to restore phagocytic activity toward large par-
ticles in Cdc42-depleted cells. Further studies are needed to fully
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Figure 2. Summary diagram of Rho GTPases and their upstream regulators and downstream effectors during clearance phagocytosis mediated by av
integrins and TAM receptors, or during anti-pathogen phagocytosis via Fc receptors, dectin-1, or «MB2 integrin/CR3. Phagocytosis triggered by engage-
ment of different surface receptors uses complex and overlapping cytosolic proteins upstream and downstream of Rho GTPases. For details and referen-
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elucidate the contributions of Rho GTPases to membrane
dynamics during phagocytosis.

Perspective

The activities of Rho GTPases are critical to all forms of
phagocytosis, regardless of type of particle and phagocytic cell.
Much progress has been made in deciphering specific molecular
links and dependencies. Given the complexity of mechanisms
involved exploring phagocytosis by mammalian cells in culture
has been a necessary and appropriate experimental strategy that
has been proven highly productive. However, ultimately studies
of phagocytosis i situ will be needed to fully understand the rele-
vance of molecules and mechanisms to phagocytosis in complex
tissues and organs.

In particular, the initiation of phagocytosis by particle sensing,
recognition, and binding is only poorly mimicked in cell culture
experiments. Consequently, our insight into the molecules gov-
erning these processes is very limited. Gravity induced contact
with particle targets in tissue culture-type media and solutions
bears little if any resemblance to phagocytosis in intact tissues.
Yet the attraction and initial contact of particle and phagocyte
are complex, active processes preceded by phagocytes constantly
probing their environment for exogenous antigens or apoptotic
cells. Some of these processes involve changes in F-actin and Rho
GTPase activity. Even macrophages in culture may probe and
engage distant particles by extending filopodia or membrane

ruffles for extended distances. Racl but not Cdc42 activity is
required for this “probing” behavior preceding particle bind-
ing.'®” Finally, F-actin stabilization by the compound jasplakino-
lide decreases binding of IgG-opsonized particles by RAW 264.7
cells and BMMs.'>'% The same is true when BMMs were
treated with F-actin destabilization agent, latrunculin B, at a rela-
tively higher concentration,'®® suggesting that a specific level of
actin polymerization, that is, a dynamic actin cytoskeleton, is
required for probing. These intriguing findings suggest that F-
actin dynamics also contribute to phagocytosis during phases
other than particle engulfment. Altogether, much remains to be
learned about F-actin dynamics in phagocytic pathways and their
regulation 7 vivo and further contributions of Rho GTPases will
surely be discovered.
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