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Abstract
Macrophages display a large variety of surface receptors that are critical for their normal cellular
functions in host defense, including finding sites of infection (chemotaxis) and removing foreign
particles (phagocytosis). However, inappropriate regulation of these processes can lead to human
diseases. Many of these receptors utilize tyrosine phosphorylation cascades to initiate and
terminate signals leading to cell migration and clearance of infection. Actin remodeling dominates
these processes and many regulators have been identified. This review focuses on how tyrosine
kinases and phosphatases regulate actin dynamics leading to macrophage chemotaxis and
phagocytosis.
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Introduction
Macrophages function as an essential component of the immune system by migrating in
tissue and, in particular, to sites of infection to chase and eliminate pathogens and by antigen
presentation to cells of the adaptive immune system. Macrophages use a variety of surface
receptors to sense and initiate defensive actions beneficial to the host. However,
inappropriate recruitment of macrophages leads to several human diseases, such as
atherosclerosis, arthritis and other chronic inflammatory diseases (reviewed in [1]). While
phagocytosis is necessary for clearance of foreign particles and cellular debris, phagocytosis
is accompanied by the generation of reactive nitrogen intermediates, reactive oxygen
intermediates and the production of inflammatory cytokines that can result in tissue damage
[2]. In fact, many forms of glomerulonephritis are due to the actions of macrophages
attempting to clear deposits of immune complexes in the kidney (reviewed in [3]). Hence, it
is essential that signaling pathways leading to macrophage functions be not only coordinated
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but also tightly regulated. Such delicate balance in signaling may be achieved by modulation
of signaling cascades.

A diverse repertoire of receptors expressed by macrophages allows them to respond to a
variety of external stimuli (reviewed in [1,4,5]). Immune receptors come in a variety of
classes and some, such as the well-characterized phagocytic Fcγ receptor (FcγR) and the
complement receptor (CR3), are associated with tyrosine kinases. Surface receptors for
various chemoattractants require tyrosine kinases for functional responses, such as adhesion
and migration. These receptors can be divided into two major classes; one is the receptor
tyrosine kinase (RTK) family and the other is G-protein coupled receptor (GPCR)
superfamily [Figure 1]. While chemokines act through GPCRs to mediate their biological
responses, the signaling that regulates these biological effects is not well understood.
However, recent studies indicate that tyrosine kinases, such as Src family kinases (SFKs),
also serve as effectors for several GPCRs (reviewed in [5]), demonstrating tyrosine kinases
are very important for functional responses mediated by GPCRs as well.

A growing body of work implicates various kinases and phosphatases in the regulation of
the actin cytoskeleton of macrophages [1,5]. The actin cytoskeleton plays a central role in
the regulation of cell shape, adhesion, migration and phagocytosis, all intimately tied to the
execution of macrophage functions in immunity. The precise signaling pathways that
connect the activated surface receptors with direct effectors of actin cytoskeleton remodeling
have not been completely delineated in macrophages. However, FcγRs, RTKs and GPCRs
share common downstream effectors that could be similarly regulated by kinases and
phosphatases for coordinated responses leading to the reorganization of actin cytoskeleton.
Hence, this review focuses on the involvement of protein kinases and phosphatases in the
regulation of receptor mediated signaling events of macrophages in response to phagocytic
particles and chemoattractant stimuli leading to actin remodeling required for phagocytosis
and migration.

1. Protein kinases and phosphatases in Phagocytic signaling
Macrophages clear foreign particles and cellular debris by phagocytosis which is defined as
the mechanism of internalization of particles that are greater than 0.5 μm in diameter [6].
Many receptors are capable of mediating phagocytosis but most studies have focused on
FcγR and CR3; much of our understanding of phagocytic signaling is due to studies on the
FcγR. Therefore, this review will only focus on FcγR-mediated phagocytosis, which is a
beautifully spatially and temporally coordinated series of events initiated by the binding of
an opsonised IgG particle with FcγR that leads to actin polymerization and the formation of
pseudopods that extend around the particle to form a phagocytic cup. Continued pseudopod
extension, requiring exocytic membrane insertion, eventually surrounds the particle
(reviewed in [7]). The pseudopod completely surrounds the particle and it becomes sealed to
form a phagosome that is then internalized and the contents degraded. For a more complete
discussion on phagosome maturation readers are referred to [8].

Three classes of FcγRs have been recognized to date: FcγRI, FcγRII, and FcγRIII and each
class consists of several individual receptor isoforms [9]. Most of these FcγR isoforms,
including FcγRI, FcγRIIA, and FcγRIIIA, are able to mediate phagocytosis [10]. Interaction
of FcγRs with Fc domains of IgG triggers phosphorylation of tyrosine residues of the
receptors and plays a key role in the transduction of phagocytic signaling cascades [11].
Immunoreceptor tyrosine-based activation motifs (ITAMs) are conserved sequences of four
amino acids repeated twice (YXXI/L-X6–12-YXXI/L) located either in the cytoplasmic
domain of FcγRIIA or in γ chains associated with FcγRI and FcγRIIIA. Phosphorylation of
these tyrosine residues in ITAMs initiates numerous intracellular events leading to local
rearrangement of the actin cytoskeleton and internalization of the particles. Indeed, it has
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been shown that transfection of non-phagocytic cells with FcγRs enabled these cells to gain
the ability to ingest opsonized particles as professional phagocytes do [12]. Moreover,
substitution of one of the tyrosine residues in the ITAM inhibited phagocytosis by 50% to
65%, whereas double mutation in this motif eliminated receptor tyrosine phosphorylation
and phagocytic activity entirely [12] suggesting the phagocytic abilities of FcγRs depend on
ITAMs. These conserved tyrosine residues of FcγRs appear to serve as substrates as well as
binding sites for Src homology 2 domain (SH2) of the kinases and initiate downstream
signaling cascades leading to phagocytosis (Tables 1 and 2).

Src-family tyrosine kinases (SFKs)—SFKs associate with inactive FcγR and are
believed to regulate ITAM tyrosine phosphorylation [13]. SFKs have five conserved
domains and the N-terminal domain of SFK is myristoylated, which is responsible for
anchoring the kinases to the cell membrane. The remaining four domains consist of SH2 and
SH3 domains, the catalytic domain (SH1), and a short C-terminal non-catalytic tail. SFKs
are maintained in a quiescent state by phosphorylation of a tyrosine residue in the SFK non-
catalytic tail by C-terminal Src kinase (Csk) which inhibits catalytic activity through
interaction of the SH2 domain with the SH1 domain [14] and negatively regulates
phagocytosis [15]. Upon FcγR cross-linking, the associated SFK becomes activated through
dephosphorylation of its inhibitory tyrosine residue by the phosphatases CD45 [16] and
CD148. Genetic deletion of either CD45 or CD148 alone has only a mild effect on
phagocytosis while deletion of both CD45 and CD148 substantially reduces phagocytosis
and suggests functional redundancy exists between CD45 and CD148 [17]. However, SFKs
are mainly localized to specialized cholesterol-rich membrane microdomains known as lipid
rafts [18] and the majority of CD45 is excluded from these lipid rafts domains [19]. On the
other hand, a small fraction of SFKs are found in non-lipid raft fractions [15,20]. Therefore,
it is plausible that CD45 directly regulates the activity of SFKs, yet the possibility of other
phosphatases involved in the regulation of activities of SFKs cannot be excluded.

The potential role of SFKs in phosphorylation of ITAM sequences is supported by studies
that used a random synthetic peptide library to screen potential Src substrates, demonstrating
that YXXL/I, a consensus ITAM sequence, is a preferred substrate for phosphorylation by
SFKs [21]. Several studies show that FcγRs are recruited to lipid rafts after FcγR cross-
linking [18,22,23] and SFKs are enriched in lipid rafts [18]. However, a small fraction of
SFKs (e.g., Lyn) are also found in non-lipid raft fractions [15,20] and SFKs can be
constitutively associated with FcγR in both the presence and absence of FcγR clustering
[15,22]. It is possible that the non-raft associated SFKs may be responsible for the initial
phosphorylation upon FcγR cross-linking. Following recruitment to lipid rafts, ITAM
phosphorylation may then be rapidly amplified by raft associated SFKs.

Several SKFs, such as Src, Fyn, Fgr, Hck, and Lyn have been identified in macrophages
[11,24]. Src and Fyn are able to phosphorylate FcγRIIA in vitro [25,26] and FcγRI and
FcγRII physically and functionally associate with Hck and Lyn in a human THP-1
monocytic cell line [27]. Using the same THP-1 macrophages, Wang et al. also showed that
the activation of FcγRI is followed by tyrosine phosphorylation of Hck and Lyn with an
increase in these kinases’ activity [28]. Bewarder suggested that Lyn kinase is the most
likely candidate for the receptor phosphorylation in vivo [29]. Consistent with the ability of
these SFKs to phosphorylate ITAMs and initiate signaling, BMMs derived from hck−/−fgr
−/−lyn−/− mice demonstrated a severe reduction in FcγR-mediated tyrosine
phosphorylation and phagocytosis [30], indicating that these phosphorylation events are
critical for the phagocytic ability of macrophages.

Spleen tyrosine kinase (Syk)—In addition to SFKs, Syk is present in all hematopoietic
cells and is important in the regulation of phagocytic signaling. Macrophages and
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neutrophils derived from the fetal livers of Syk−/− mice failed to ingest IgG-coated particles
[31,32], and a chimeric Syk protein bearing an extracellular fragment of FcγRIII and a
cytoplasmic fragment of Syk’s catalytic domain was sufficient to mediate internalization of
IgG-opsonized particles when expressed in COS cells [33]. Interestingly, the
aforementioned BMMs from hck−/−fgr−/−lyn−/− mice exhibited poor Syk activation upon
FcγR clustering, suggesting that the activation of SFKs is a prerequisite for Syk engagement
[32]. Syk likely interacts with ITAMs of FcγR by means of its two SH2 domains binding to
the phosphorylated tyrosine residues of ITAMs [34]. Once bound to ITAMs, Syk
phosphorylates downstream effectors leading to phagocytosis [34]. In support of this model,
reduction of endogenous Syk expression did not inhibit phosphorylation of activated
FcγRIIA in monocytes [35] but reduced downstream tyrosine phosphorylation and
phagocytosis was observed in Syk deficient macrophages [32]. Taken together, these studies
suggest that SFKs are responsible for the phosphorylation of FcγRs that then recruits Syk.

However, it is still unclear whether Syk is downstream of SFKs in phagocytic signaling.
Even though Syk is not myristoylated and therefore not constitutively bound to the plasma
membrane [11], Syk was found to constitutively associate with FcγRIIA in THP-1 cells or
with the γ-chain of FcγRI and FcγRIIIA in macrophages [36,37] and clustering of FcγRs in
BMMs derived from Syk−/− mice did not lead to γ subunit phosphorylation [31]. Perhaps
Syk itself may phosphorylate the γ subunit of FcγR. BMMs derived from Hck−/−Fgr−/
−Lyn−/− mice do not show complete inhibition of phagocytosis when challenged with IgG-
coated particles [30,32]. Moreover, treatment of cells with the tyrosine kinase inhibitor PP1,
which inhibits SFKs but not Syk kinases, also did not completely block FcγR-mediated
phagocytosis [30]. Taken together, these observations suggest that Syk might be able to
phosphorylate the γ subunit of FcγR by directly initiating signaling cascades in the absence
of SFKs. However, the possibility of functional redundancy between the different SFKs
cannot be excluded. Whether initiated by SFKs or by Syk, tyrosine phosphorylation
signaling cascades resulting from FcγR cross-linking lead to actin dependent pseudopod
extension.

Downstream effectors of FcγRs signaling and actin assembly
Actin cytoskeletal rearrangements such as actin polymerization, pseudopod extension, and
phagosome closure, are required for phagocytosis downstream of the receptor activation.
Although the precise signaling events downstream of ITAM phosphorylation are not clear,
members of the Rho and Arf families of GTPases, as well as phosphoinositide (PI)
regulating proteins such as phospholipase C-γ (PLCγ) have been shown to play critical roles
in the regulation of the actin cytoskeleton (Table 2).

Rho and Arf families of GTPases—Both the Rho family GTPases members Rac1 and
Cdc42 are required for optimal assembly of actin and phagocytosis [38–40] while the role of
Rho in FcγR-mediated phagocytosis is controversial [38,41]. Also, it is still not clear how
Rac1 and Cdc42 are activated following engagement of FcγRs but activation involves
guanine nucleotide-exchange factors (GEFs). The GEF Vav is a substrate of Src kinases
[42,43] and phosphorylation of Vav by Lck up-regulates Vav activity towards the GTPase
Rac1 [44], and Vav is recruited to sites of the forming phagosome [45,46]. However, Vav
deficient macrophages exhibit no defect in FcγR-mediated phagocytosis [47], which
indicates that other GEFs may activate Rac during phagocytosis. In fact, recent evidence
indicates that CrkII-DOCK180 complex contributes to Rac activation at the phagocytic cup
during internalization of IgG-opsonized particles [48]. DOCK180 associates with the
adaptor protein Crk, which mediates recruitment of the GEF to sites of tyrosine
phosphorylation [49] and transfection of dominant negative CrkII prevented both the
recruitment of DOCK180 and the activation of Rac at the phagocytic cup [48]. Moreover,
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phagocytosis of IgG-opsonized particles can be inhibited by small interfering RNA
reduction of either DOCK180 or CrkII, which is the predominant Crk isoform in
macrophages [48]. Since Syk can also phosphorylate Vav [50] and associate with several
adaptor molecules such as Crk [51], it is possible that the ITAM recruited Syk may also
activate GEFs, dependent or independent of SFKs.

After their activation, both Rac and Cdc42 have been proposed to regulate actin
polymerization through the Wiskott-Aldrich syndrome protein/WASP family verprolin-
homologous (WASP/WAVE) family of proteins that are nucleation promoting factors
[52,53]. The catalytically active domain of WASP lies in its C-terminus that is conserved
among all WASP/WAVE proteins that contains a VCA (verprolinhomology and cofilin-like
and acidic region) domain capable of activating the Arp2/3 complex which initiates actin
polymerization [54] and is required for phagocytosis [55]. In addition to Cdc42 activation,
subsequent tyrosine phosphorylation of WASP is required for phagocytosis [56,57].
Interestingly, while WAVE/Scar binds to Rac through intermediary proteins such as IRSp53
and the Abi1 complex [58], it does not appear to be required for FcγR-mediated
phagocytosis [59]. This suggests that other downstream effectors of Rac are required, such
as PAK (see Table 2).

ADP ribosylation factor 6 (ARF6) is another small GTPase that modulates actin assembly
during phagocytosis [60]. ARF6 appears to primarily control early events in phagocytosis
upstream of PI 3-kinase (PI3K), Cdc42 and Rac1 signaling [61]. While its precise role and
signaling still remain unknown, GTP-bound ARF6 can activate lipid-modifying enzymes
such as phosphatidylinositol 4-phosphate 5-kinase α (PI4P-5Kα) and PLD [62]. The product
of PI4P-5Kα, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), can facilitate actin
polymerization through recruitment of WASP/N-WASP proteins [63]. In addition, ARF1 is
also recruited to the phagocytic cup and is required for phagocytosis [64,65]. However,
ARF1 is required to regulate membrane trafficking (discussed in a later section).

Phosphoinositide related proteins—Lipids are important regulators of actin dynamics
during phagocytosis. PLCγ is a phosphoinositide-specific phospholipase that cleaves
PI(4,5)P2 to generate IP3 and diacylglycerol (DAG). After FcγR cross-linking, PLCγ is
activated [66,67] and inhibition of this enzyme leads to impaired FcγR-mediated actin
assembly and phagocytosis in RAW 264.7 macrophage cells [68]. PLCγ is accumulated at
the phagocytic cup [68], which was found to be dependent on Syk [69]. Furthermore,
activation of PLCγ is prolonged during phagosome formation and dependent on Bruton’s
tyrosine kinase (Btk) and Tec, a member of the Tec family of cytoplasmic tyrosine kinases
[69]. Syk also activates Bruton’s tyrosine kinase (Btk) and Tec.

In addition, PLCγ-generated DAG is required for protein kinase C (PKC) activation [70].
PKCs are composed of serine/threonine kinases that are activated by DAG,
phosphatidylserine, and in the case of some isoenzymes, by Ca2+ [71]. Upon FcγR ligation,
PKC is activated in human monocytes [72] and an isozyme of PKC localizes to nascent
phagosomes in macrophages [73]. Two PKC substrates, MARCKS (myristoylated alanine-
rich C kinase substrate) and the related protein MacMARCKS, associate with phagosomes
[73–75]. MARCKS cross-links actin filaments and interacts with the plasma membrane [76].
PKC-dependent phosphorylation displaces MARCKS from the membrane, and its
subsequent dephosphorylation is accompanied by its reassociation with the membrane [77].
Therefore PKC and MARCKS may play a role in the regulation of actin structure of the
phagosome. In support of these findings, a mutant form of MacMARCKS abolished
phagocytosis in J774A.1 macrophage cells [75]. Nevertheless, BMMs derived from
MacMARCKS null mice show normal phagocytosis [78] and whether PKC regulates actin
assembly during phagocytosis remains to be determined.
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Regulation of pseudopod extension and phagosomal closure
Several studies suggest PI3K participates in FcγR-mediated phagocytic signaling in addition
to the lipid regulating proteins described above. Cross-linking of FcγRs increases PI3K
activity and phagocytosis is inhibited by PI3K inhibitors such as wortmannin and LY294002
[79–81]. Although the block in phagocytosis is correlated with an inhibition of maximal
pseudopod extension, this is not due to a decrease in actin polymerization [80]. The
mechanism of PI3K action in phagocytosis is likely through exocytosis of vesicles into the
growing pseudopod [80,82]. In addition, phagosomal closure is impaired in macrophages
incubated with wortmannin [81,83]. Interestingly, Dynamin II recruitment to phagocytic
cups is controlled by PI3K and is required for phagocytosis in RAW 264.7 cells [84].
Dynamin is a large GTPase involved in membrane trafficking that mediates the fission of
the vesicle from the membrane (reviewed in [85,86]). PI3K mediated increase in PI(3,4,5)P3
levels also leads to the deactivation of Cdc42, which was necessary for completion of
phagocytosis [87]. Although these studies suggest that PI3K plays multiple roles in
phagocytosis, more studies are required to assess the function of these molecules in
phagosome closure.

The PI3K family of proteins can be divided into three main classes based on their in vitro
lipid substrate specificity and structure. Class I PI3K can phosphorylate PI, PI(4)P and
PI(4,5)P2. The prototypical class IA PI3K is composed of heterodimers consisting of
catalytic and regulatory subunits with molecular weights of 110 kDa (p110) and 85 kDa
(p85). Mammals have three genes for class IA p110 subunits encoding p110α/β/δ and one
gene for the class IB p110 subunit encoding p110γ. The class II PI3K (e.g. PI3K-C2α/β/γ)
utilizes predominantly PI and PI(4)P as substrates and the class III PI3K utilizes only PI as a
substrate [88]. To date, the specific isoforms of PI3K required for FcγR-mediated
phagocytosis have not been identified. Class IA PI3K p110α has been shown to be required
for the uptake of IgG-opsonized zymosan in PMA-differentiated THP-1 cells and Raw 264.7
cells [89,90]. However, in contrast with these results, phagocytosis of IgG-opsonized
particles in BMMs is significantly inhibited by injection of anti-p110β antibody and not by
anti-p110α antibody [91]. Furthermore, the possibility of functional redundancy of PI3K
isoforms cannot be ruled out.

While actin polymerization is the main force that drives phagocytic cup formation,
molecular motors that bind to actin filaments also appear to participate in the internalization
process. Butanedione monoxime, an uncompetitive inhibitor of myosin II, and perhaps other
myosins, prevented later constrictions without inhibiting the initial pseudopod extension
[83]. In addition to myosin II, myosin X was also recruited to phagocytic cups in a PI3K-
dependent manner [83,92]. Furthermore, myosin X is needed for membrane-spreading on
IgG-opsonized particles [92]. These data suggest myosin X may be the molecular linkage
between PI3K for pseudopod extension and particle internalization during phagocytosis.
Additionally, myosin IC, myosin V, and myosin IXb are also found at phagosomes
[73,83,93] and Myosin II is required for phagosome closure [94]. Taken together, these data
support roles for multiple myosin isoforms in particle internalization.

Importance of inhibitory signaling during phagocytosis
Phagocytic signaling cascades also need to be inactivated following completion of
phagocytosis. In addition, activating signals through ITAMs in macrophages are
counterbalanced by inhibitory signals mediated by the inhibitory receptor FcγRIIb to adjust
cellular sensitivity to phagocytic signals to prevent tissue damage, which is prevalent in
systemic lupus erythematosus (reviewed in [95]). The inhibitory FcγRIIb, contains
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) instead of ITAMs in the
cytoplasmic tail [96]. ITIMs bind to the SFK member Fgr [97], protein-tyrosine phosphatase
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SHP-1 [98], or the SH2 domain containing inositol phosphatases (SHIPs) SHIP-1 [99] and
SHIP-2 [100]. Under high opsonization conditions FcγR-mediated phagocytosis is
suppressed, probably due to the action of the SFK Fgr since phagocytosis is enhanced in Fgr
−/− BMMs [97]. This negative regulation may be due to the activation of SHP-1 (also
known as SH-PTP1, HCP, and PTP1C), a phosphatase predominantly expressed in
hematopoetic cells [97]. SHP-1 associates with the phosphorylated N-terminal ITAM
tyrosine residue of FcγRIIa and this association appears to suppress total cellular tyrosine
phosphorylation [2]. Consistent with a suppressive function, overexpression of SHP-1 in the
J774A.1 macrophages reduces phagocytic efficiency [98]. SHIP, a 145-kDa SH2 domain-
containing inositol phosphatase that hydrolyses the 5-phosphate of the inositol ring to
generate PI(3,4)P2, is a negative regulator of PI3K [101]. SHIP also becomes associated
with ITAMs and is activated following FcγRIIa cross-linking [102]. SHIP is recruited to
phagocytic cups, and in agreement with its role as a negative regulator, inhibition of SHIP
activity by expression of a dominant-negative construct or genetic deletion results in
enhanced phagocytosis [102,103].

Negative regulation of phagocytosis may also occur indirectly. The Cbl E3 ubiquitin ligase
appears to interact with many of the molecules that play critical roles in phagocytosis. The
mammalian Cbl family consists of three known genes c-cbl, cbl-b, and cbl-c/cbl-3 [104]. c-
Cbl is a substrate of Src family kinases and Syk [105,106], and c-Cbl and Cbl-b are also
negative regulators of Syk kinase activity [107,108]. The phosphotyrosine binding (PTB)
domain of Cbl binds cognate phosphopeptide motifs in tyrosine kinases, such as SFKs and
Syk, and suppresses kinase activity [109,110]. In J774A.1 macrophages, Cbl is also a key
substrate for SHP-1 and dephosphorylation of Cbl abrogates Cbl-CrkL interaction [98],
which is required for Rac activation. Furthermore, Cbl also associates with PI3K and Vav
[111]. Confirming a role for Cbl in negative regulation, macrophages from c-Cbl−/− and
Cbl-b−/− mice demonstrate enhanced target binding, FcγR receptor-mediated tyrosine
phosphorylation and phagocytosis [110]. Thus, Cbl plays a critical role in the regulation of
inhibitory signaling by negatively regulating activating molecules and also enhancing
inhibitory signals through its interactions. As an E3 ubiquitin ligase, c-Cbl is capable of
inducing ubiquitination of Src when Src is in an open active conformation [112]. Cbl-b also
targets phospho-Syk for ubiquitination, resulting in its subsequent degradation [108].
Although macrophages from c-Cbl−/− and Cbl-b−/− mice showed similar expression levels
of SFKs and Syk proteins, c-Cbl−/−BMMs showed modest increases in surface expression
of FcγRI [110]. Since these results also suggest the possibility of functional redundancy
between c-Cbl and Cbl-b, or with other E3 ubiquitin ligases, the possible role of
ubiquitylating activity of Cbl in the regulation of tyrosine kinases and FcγR activities
remains to be determined.

2. Protein kinases and phosphatases in chemotactic signaling
In order to perform their functions, macrophages need to be recruited to specific sites,
including sites of infection, by a process called chemotaxis. Chemotaxis refers to directed
cell migration towards chemoattractant gradients. The cell detects a gradient and extends
actin-rich protrusions towards the chemoattractant [113]. These protrusions persist and are
stabilized through the formation of new adhesions to the underlying substratum in two
dimensions or the extracellular matrix in three dimensions. Then the cell body moves
forward propelled by actin-myosin mediated contraction. Finally, the tail of the cell detaches
from the substratum and retracts [114]. The extension of a leading lamellipodium, or
protrusion, during chemotaxis bears many similarities in structure to that of a phagocytic
cup and involves many of the same signaling pathways. This portion of the review will
focus on common signaling pathways utilized for chemotaxis and phagocytosis.
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CSF-1 receptor tyrosine kinase and receptor proximal signaling
Colony stimulating factor-1 (CSF-1, also known as M-CSF) is a potent macrophage
chemoattractant [115] whose effects are mediated through the tyrosine kinase receptor
CSF-1R. The CSF-1R belongs to the class III receptor tyrosine kinase subfamily, which
contains a split cytoplasmic kinase domain. CSF-1 binding induces receptor dimerization,
kinase activation, and phosphorylation of seven out of twenty tyrosine residues in the
cytoplasmic domain. Phosphorylation of these tyrosine residues on the CSF-1R creates
binding sites for Src homology 2 (SH2) or phosphotyrosine binding domain (PTB) signaling
proteins [116–118], such as SFKs and PI3K, that are known to mediate chemotaxis as well
as various cellular responses (reviewed in [1]).

Similar to phagocytosis, many studies implicate the importance of SFK regulation in
migration (reviewed in [5]). In fact, several SFKs bind to the activated CSF-1R [119] and
specifically to phosphorylated Y559 [120]. Mutation of Y559 in CSF-1R inhibits maximal
receptor activation [121]. BMMs expressing a chimeric receptor with the extracellular
domain of erythropoietin and the cytoplasmic domain of CSF-1R (EpoR/CSF-1R) have been
used to study the role of 559 in CSF-1R-mediated actin polymerization. Wild-type EpoR/
CSF-1R chimera supported osteoclast differentiation and macrophage proliferation to the
same extent as endogenous CSF-1R [122]. When Y559 was mutated in Epo/CSF-1R, it
failed to promote actin polymerization in response to erythropoietin [123], suggesting that
Y559 is a functional residue in CSF-1R signaling. CSF-1 chemotaxis can also be blocked
using the SFK inhibitor PP2 [124]. Since the SFKs Hck, Fgr, and Lyn have highly redundant
functions [125] it is unclear which particular SFK is required for macrophage chemotaxis.
However, BMMs from Hck−/− or Hck−/−Fgr−/− macrophages display reduced migratory
capacity in vitro and in vivo [126,127]. In particular, over expression of wild type or
constitutively active Hck increases chemotactic ability in the myelomonocytic cell line U937
[128] and macrophages from transgenic mice expressing constitutively active Hck
demonstrate enhanced migratory ability in vitro. In vivo these mice develop lung pathology
characterized by monocyte infiltration [129]. These studies suggest an important role for
SFKs and Hck in particular in both macrophage migration and phagocytosis.

CSF-1 stimulates PI3K activity through association of the p85 regulatory subunit of PI3K
with CSF-1R Y721 directly and indirectly through SFKs [130–132]. PI3K, and in particular
the delta isoform, is essential for macrophage motility in response to CSF-1 [88,133,134].
Both SFKs and PI3K regulate macrophage chemotaxis through the regulation of
downstream effectors.

Downstream effectors of CSF-1R signaling mediating actin assembly
Unlike FcγR signaling, PI3K plays an important role in actin polymerization downstream of
CSF-1R signaling. PI3K may regulate macrophage migration through activation of the GEFs
leading to activation of Rho family GTPases required for cell migration [135–137].
Following CSF-1 exposure, Vav is phosphorylated and recruited to the plasma membrane in
a PI3K dependent manner. Confirming Vav’s role, a dominant negative mutant of Vav
blocks macrophage chemotaxis toward CSF-1 [124]. Cdc42 and Rac are also required for
CSF-1-elicited protrusions [40,138] and chemotaxis [139]. Rac and WAVE form a complex
of proteins that mediate CSF-1-induced actin polymerization and macrophage motility
[59,140] while Cdc42 appears to mediate CSF-1-induced directional motility [139] and
possibly function upstream of Rac [141]. Cdc42 appears to be the major activator of WASP
downstream of CSF-1R activation [142] and WASP−/− macrophages are defective in
chemotaxis toward CSF-1 [143]. In addition, WASP is downstream of signaling events by
GPCRs and is required for chemotaxis to formylmethionylleucylphenylalanine (fMLP)
[143–145], macrophage chemoattractant protein-1 (MCP-1) [145], and macrophage
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inflammatory protein-1α (MIP-1α) [145] indicating that WASP may be a common regulator
of chemotaxis.

WASP activity can be regulated by multiple mechanisms in addition to Cdc42 and tyrosine
phosphorylation of WASP and introduction of a phosphomimicking mutation has been
shown to stimulate actin polymerization in vitro [146,147]. However, a recent study clearly
demonstrated SFKs are not required for the initial activation of WASP in response to CSF-1
[142], although a more subtle role of WASP phosphorylation for WASP activation cannot
be ruled out [148,149]. Hck has been proposed to phosphorylate and activate WASP in
macrophages [146] and the regulation of WASP tyrosine phosphorylation is required for
CSF-1 and CX3CL1-mediated chemotaxis in macrophages [150,151]. These studies suggest
that similar to phagocytosis, tyrosine phosphorylation of WASP after activation by Cdc42 is
required for chemotaxis [151].

Overall, signaling by the CSF-1R leads to activation of actin polymerization that results in a
protrusion towards the source of chemoattractant (Figure 1). Once extended, the directional
protrusion needs to be stabilized by attachment to the substratum.

Kinases implicated in the regulation of adhesion
Cells need a certain level of adhesiveness to generate traction and move forward; however,
too much adhesiveness prevents cell migration [152,153]. Since integrins mediate cell–cell
and cell–matrix interactions, they play a very important role in cell adhesion and migration
[154]. Extracellular matrix (ECM) and integrin interactions lead to tyrosine phosphorylation
of FAK, Pyk2 and cytoskeletal molecules such as paxilliin and cortactin [154]. These
molecules are found in integrin-dependent focal adhesions and also associate with tyrosine
kinase growth factor receptors [154]. Therefore, interactions between adhesion- and growth
factor–initiated signal transduction appears to allow the convergence between cell spreading
and migration. Macrophages utilize different adhesion structures to attach to the underlying
substratum rather than the large focal adhesions observed in other cell types. Monocyte-
derived cells employ small phospho-paxillin-rich point complexes, focal complexes, and
podosomes to adhere and migrate [155,156]. Focal complexes are 0.5- to 1-μm dot-like
contacts localized along the lamellipodia that often mature into focal adhesions attached to
stress fibers. Focal adhesions are mostly composed of β1 and β3 integrins [157]. In contrast,
podosomes are defined by a diameter of ~0.5-μm with an actin-rich core, where proteins
involved in actin nucleation such as WASP, Arp2/3, and cortactin are found. Integrins show
an isotype-specific localization in podosomes. β1 integrins localize preferentially to the
actin-rich core, whereas β2 and β3 integrins are found in the outer ring structure of
podosomes [156]. In addition, assembly and disassembly of podosomes are much more
dynamic than those of focal adhesions [158]. Although podosomes share similar
components of focal adhesions, such as Pyk2, FAK and SFKs, their distinct properties
suggest these structures have specific regulation and functions in macrophage biology
(reviewed in [159]).

Focal Adhesion Kinase (FAK) family—The FAK family of non-receptor tyrosine
kinases, consisting of the ubiquitously expressed FAK and the neuronal and hematopoietic
expressed proline-rich tyrosine kinase 2 (Pyk2), play roles in adhesion and migration of
multiple cell types. In particular, FAK influences cell attachment and movement [160] as
well as establishment of a proper leading edge and maintenance of the polarity of moving
cells [161,162]. Pyk2−/− macrophages display morphological alterations with impaired
motility [163]. Pyk2 interacts with Fyn in murine BMM [164] and associates with Src and
Cbl in osteoclasts [165,166]. Pyk2 associates with the activated CSF-1R in osteoclasts [166]
and functions in combination with SFKs to phosphorylate its binding partner paxillin during
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macrophage spreading and adhesion [155,167]. FAK is reported to associate with PI3K after
CSF-1 treatment in THP-1 macrophages [168] and SFKs associate with FAK and paxillin
through SH2 and SH3 domains [169,170]. These reports indicate that both FAK and Pyk2
are activated downstream of CSF-1R signaling.

Consistent with a role in macrophage chemotaxis, BMMs from FAK−/− mice showed
altered adhesion dynamics, elevated protrusive activity, and a marked inability to form
stable lamellipodia in response to CSF-1 which lead to impaired chemotaxis [171].
Interestingly, these FAK−/− BMMs exhibited high basal levels of Rac1-GTP compared to
WT cells, which may explain their elevated protrusive activity and implicates FAK in the
persistence of protrusion and not in the formation of the protrusions themselves.
Furthermore, FAK−/− BMMs showed migration defects towards chemokines such as
SDF-1α and MCP-1, which are ligands for specific GPCRs. Therefore, these results suggest
that the requirement of FAK in chemotaxis is not limited to CSF-1/RTK signaling. Also,
SDF1-α stimulated Pyk2−/− macrophages extend multiple protrusions in several directions
and show minimal net migration [163], clearly demonstrating the crucial role of FAK
kinases in adherence and directional migration. Interestingly, even though FAK−/− BMMs
have a very similar migratory defect compared to Pyk2−/− BMMs, the combined loss of
FAK and Pyk2 did not result in greater impairment in their migratory ability than the loss of
either molecule alone [171], suggesting that FAK and Pyk2 likely play redundant roles
within the same signaling pathways in the regulation of macrophage adhesion and migration.

Kinases and phosphatases implicated in cell body contraction and detachment
In order for the cell to move forward the cell body must move into the extended protrusion,
which is often regulated by Rho GTPase activity. Rho is required for CSF-1-mediated
chemotaxis [172] by regulating myosin phosphorylation through effector molecules such as
Rho-kinase (ROCK), which phosphorylates the myosin light chain [173]. Activated Rho
also interacts with the myosin binding subunit of myosin phosphatase to reduce phosphatase
activity [174,175], suggesting both processes contribute to increased myosin light chain
phosphorylation. RhoA activity and ROCK negatively regulate integrin adhesions and
regulate tail traction during migration of monocytes through endothelial monolayers [137].
While monocytes have sufficient adhesion to drive forward movement in the absence of
RhoA activity [152,153,176], Rho-kinase inhibitors suppressed cell migration of THP-1
macrophages and human monocytes [137]. Rho-kinase inhibitors also blocked murine
peritoneal macrophage migration in response to MCP-1 [177]. Similarly, the myosin II-
specific inhibitor blebbistatin [178] inhibited macrophage migration with specificity similar
to that of Rho-kinase inhibitors [177].

Protein-tyrosine phosphatases in chemotaxis
The balance of cellular phosphorylation is controlled by the coordinated actions of kinases
and protein tyrosine phosphatases (PTPs). Several phosphatases are activated downstream of
CSF-1R signaling, such as SHP-1 and PTP-phi (PTPφ), but little is known about the role of
these and other phosphatases in CSF-1 chemotaxis. However, several of these phosphatases
are known to play negative roles in cell migration and therefore are included in this review.
For example, SHP-1 becomes phosphorylated downstream of CSF-1R signaling [179] and it
also negatively regulates macrophage chemotaxis to SDF-1 [180]. PTPφ is an isoform that is
selectively expressed in macrophages and has increased expression following removal of
CSF-1 [181]. Expression of PTPφ in murine BAC1.2F5 macrophages reduces cell spreading
and adhesion [155]. Interestingly, even though PTPφ associates with paxillin and Pyk2 in
vitro, in vivo PTPφ appears to only reduce paxillin tyrosine phosphorylation levels and not
Pyk2. Whether PTPs participate in the dephosphorylation of other kinases and their
substrates that regulate signal transduction requires further investigation.
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Proline-, glutamic acid-, serine- and threonine-rich (PEST) family of protein
tyrosine phosphatases (PTP-PESTs)—PTP-PESTs are implicated in the regulation of
migration (reviewed in [182]). PTP-PEST has been shown to interact with WASP via a
proline, serine, threonine phosphatase interacting protein (PSTPIP) that functions as a
scaffold protein between PTP-PEST and WASP. This interaction inhibits TCR-mediated
actin polymerization in T cells [183] possibly through PTP-PEST dephosphorylation of
WASP [184]. PTP-PEST also appears to play a key role in dephosphorylation of paxillin by
regulating the tyrosine phosphorylation state of PSTPIP [185]. As mentioned earlier, PTP-
PEST has been reported to associate with proteins involved in the organization of the
cytoskeleton required for cell migration, such as WASP, paxillin [186], and Pyk2 [187].
Small interfering RNA directed against PTP-PEST inhibits osteoclast migration towards
osteopontin, which also acts as macrophage chemotactic factor [188]. Cycles of actin
polymerization and depolymerization require turnover of protein tyrosine phosphorylation to
allow protrusion of the leading edge of the cell. Therefore, PTP-PEST may regulate cell
migration through actin reorganization by dephosphorylation of cytoskeleton-associated
proteins.

SHIP—SHIP is regulated by SH2 domain recruitment to phosphorylated tyrosine residues
of activated receptors (reviewed in [189]). SHIP becomes phosphorylated in a SFK
dependent manner [190]. Although the role of SHIP in chemotaxis is still unclear, a study
using SHIP−/− BMMs clearly shows that SHIP negatively regulates CSF-1 induced
migration of macrophages [124]. Since SHIP is an important regulator of intracellular levels
of PI(3,4,5)P3 [190], this result suggests SHIP may regulate macrophage chemotaxis by
hydrolysis of PI(3,4,5)P3.

Differences in the requirements of kinase signaling molecules by GPCRs
Chemokines are an important class of molecules that mediate chemotaxis of monocytes and
macrophages. Nonetheless, the signaling pathways leading to efficient chemotaxis for these
various chemokines are not well characterized in macrophages. However, an increase in
tyrosine kinase activity has been commonly observed in response to the stimulation of
GPCRs in different cells. As described above, tyrosine kinases such as SFKs, FAK and Pyk2
regulate similar functions in response to the stimulation of GPCRs and CSF-1. Also, there is
evidence that phosphatases, which antagonize tyrosine kinase signaling, appear to play
overlapping and complementary roles in both RTK and GPCR signaling pathways. For
example, SHP-1 negatively regulates macrophage chemotaxis towards the chemokine
SDF-1 [180] while it also becomes activated downstream of CSF-1R signaling [179].

However, not all chemotactic receptors have the same signaling requirements. Interestingly,
the Syk appears to play non-redundant roles in RTK and GPCR signaling in macrophages.
Syk appears to regulate macrophage migration in response to fMLP and MCP-1 in an
integrin dependent manner in human THP-1 macrophages [191] and Syk is critical for
leukocyte adhesion during inflammation in vivo [192]. Surprisingly, using siRNA
approaches it appears that Syk is not required for chemotaxis to CSF-1 but is required for
actin cytoskeleton remodelling and migration of macrophages in response to the chemokine
CX3CL1 [193]. In fact, Syk was required for the activation of PI3K-dependent Cdc42/
WASP and Rac/WAVE2 pathways in CX3CL1-induced migration [151]. Taken together,
these data suggest the possibility that Syk acts as a specific regulator of GPCR and not RTK
signal transduction in macrophage migration.
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Conclusions
Macrophages are versatile cells that play many roles in immune function. Both phagocytosis
and migration require robust and coordinated rearrangements of the actin cytoskeleton.
Since the activation of signaling molecules results in dynamic changes of the cytoskeleton,
many of these molecules are in inhibitory states when the cell is quiescent and they need
precise spatial and temporal coordination in order to complete localized actin polymerization
leading to the extension of a protrusion whether it is directed around an attached particle or
towards a chemotactic gradient. The delicate fine-tuning of these signaling pathways
appears to be maintained by kinases and phosphatases through activation and the modulation
of activities of the signaling molecules. Not surprisingly, many similarities exist in the
properties of the kinases and phosphatases in the regulation of the actin cytoskeleton in
either phagocytosis or migration (Table 1 and Figure 1). However, kinases may also have
unique roles in specific signaling pathways, such as Syk. Challenges remain ahead to
determine the precise roles and interaction of these proteins in order to better understand the
regulation of macrophage immune functions.
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Fig.1.
Signaling in FcγR-mediated phagocytosis and RTK or GPCR-mediated chemotaxis. The
Rho GTPases such as Rac and Cdc42 are important in both phagocytosis and chemotaxis.
Activated Cdc42 recruits N/WASP, and then WASP is tyrosine phosphorylated by SFK. N/
WASP stimulates actin polymerization by the Arp2/3 complex leading to phagocytic cup
formation or protrusions. Downstream of Rac, the WAVE/Scar complex contributes to
membrane protrusions through binding to IRSp53 and Abi complex, but is not required for
phagocytosis. Blue box represents common signaling pathways. See text for details.
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Table 1

Protein tyrosine kinases and phosphatases implicated in the regulation of FcγR-mediated phagocytosis and
motility of macrophages.

Kinases Phagocytosis Motility

SFK Hck Hck−/−Fgr−/−Lyn−/− BMM show reduced
phagocytosis [30,32].

Consititutively active form associated with increased motility
in vitro [128] and in vivo [129].
Hck−/− macrophages show reduced motility in vitro and in
vivo [126].

Fgr Negatively regulates phagocytosis in associate
with SIRPα-SHP-1 complex [97].

Hck−/−Fgr−/− show reduced migration ability [127].

Lyn Hck−/−Fgr−/−Lyn−/− BMM show reduced
phagocytosis [30,32].

Hck−/−Fgr−/−Lyn−/− BMM show reduced migration ability
[194].

Src Phosphorylate FcγRIIA in vitro [25]. Co-immunoprecipitates with WASP, Pyk2, PTP-PEST and
PSTPIP in osteoclasts and expression of constitutively active
Src increases their phosphorylation [188].

Fyn Phosphorylate FcγRIIA in vitro [26]. Co-immunoprecipitates with Hck, Fgr, Lyn and Fyn in uPA-R
complex involved in adhesion and chemotaxis [195].

Lck Phosphorylate Vav [44]. ?

Syk Syk−/− BMM fail to ingest IgG-coated particles
[31,32].
γ subunit is not phosphorylated in Syk−/− BMM
[31].

Required for CX3CL1 chemotaxis but not CSF-1 [193].

Pyk2/FAK Pyk2 and FAK are activated during phagocytosis
[196,197].

Pyk2−/− BMM fail to polarize or ruffle [163].
SDF1-α stimulated Pyk2−/− BMM fail to detach from the
underlying substrate [163].
FAK−/− BMM show migration defect toward CSF-1, SDF-1α
and MCP-1 [171]

c-Abl ? c-Abl and SFK regulate migration and activation of the small
GTPases Cdc42 and Rac [198].

Csk Csk abolish phagocytosis signaling in a kinase-
dependent manner [15]

Overexpression of CSK show enhance effect of MIF-induced
MMP-13 expression [199].

Phosphatases

SHP-1 Overexpression of SHP-1 show reduced
phagocytic ability [98].
SHP-1 associates with FcγRIIa and this association
appears to suppress total cellular tyrosine
phosphorylation [2].
Negatively regulates phagocytosis in association
with SIRPα [97].

SHP-1 deficiency lead to an abundant and exclusive increase
in the infiltration of macrophages into the CNS [200].

PTP-PEST ? Reduced expression of PTP-PEST inhibits osteoclast migration
towards osteopontin [188].

PTP-phi ? PTP phi induces cell rounding and ruffle formation and
dephosphorylates Paxillin in dorsal ruffles [155].

CD148 Double deficient BMM of CD148 and CD45 show
reduced phagocytosis [17].

Anti-CD148 antibody inhibits migration of primary
macrophages in response to CSF-1 [201]

FOOTNOTES : ?, Unknown

Arch Biochem Biophys. Author manuscript; available in PMC 2012 June 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Park et al. Page 23

Table 2

Downstream effectors of FcγR-mediated phagocytosis or chemotaxis in macrophage.

Phagocytosis Chemotaxis References

Serine/Threonine Kinase PAK ✓ ✓ [202–204]

MEK/ERK ✓ ✓ [10,32,205–208]

PKC ✓ ✓ [70,72,73,209–211]

Lipid Kinases PI3K ✓ ✓ [64,79–81,83,88,94,133,212]

PI4P-5Kα, γ ✓ ? [62,63,213,214]

PLC ✓ ? [66–69]

PLD ✓ ✓ [215–218]

Lipid Phosphatases PTEN ✓ ✓ [219,220]

SHIP ✓ ✓ [100,102,103,124,221]

Ubiquitin Ligase c-Cbl ✓ ✓ [15,110,222–224]

GTPases Cdc42 ✓ ✓ [38–40,56,139,141]

Rac ✓ ✓ [38–40,138,225]

RhoA ? ✓ [41,226]

Arf1 ✓ ? [64]

Arf6 ✓ ✓ [60,61,64,227,228]

Rab11, 5, 7 ✓ ? [229–231]

Dynamin ✓ ✓ [84,232,233]

GEFs Vav ✓ ✓ [44–46,124,234,235]

DOCK180 ✓ ? [48]

GAP p190RhoGAP ? ✓ [164,236]

Actin regulatory proteins WASP/N-WASP ✓ ✓ [45,52,53,56,142,143,151,237,238]

WAVE2 X ✓ [59,140]

Paxillin ✓ ✓ [127,167,196,197,239,240]

Cortactin ? ✓ [127,241]

LIMK ✓ ✓ [211,242,243]

Cofilin ✓ ✓ [211,242,243]

Arp2/3 ✓ ✓ [55,244,245]

Adaptor proteins LAT ✓ ? [246,247]

Grb2 ✓ ✓ [218,248–251]

Gab2 ✓ ✓ [249,252]

Nck ✓ ? [45,250]

Crk ✓ ✓ [48,166,250,253]

Contractile proteins Myosin II ✓ ✓ [83,94,177,254,255]

Myosin X, Va ✓ ? [92,93]

MLCK ✓ ✓ [94,255]

FOOTNOTES : ✓, Downstream effector.; ?, Unknown or controversial
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