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Macrophage motility is crucial in innate immunity. Toll-like receptors (TLRs), members of

the interleukin-1 receptor superfamily, are a family of transmembrane pattern recognition

receptors that are expressed primarily in antigen-expressing cells such as macrophages.

These interleukin-1 receptors play a key role in immune response by recognizing highly

conserved microbial molecules known as pathogen-associated molecular patterns. Studies

have shown that when the macrophage-like cell line RAW264.7, peritoneal macrophages,

and bone marrow-derived macrophages are exposed to lipopolysaccharide (LPS, TLR4

ligand), peptidoglycan (PGN, TLR2 ligand), polyinosinicepolycytidylic acid (polyI:C, TLR3

ligand), or CpGeoligodeoxynucleotides (CpG, TLR9 ligand), there is a marked increase in

cell motility and in levels of activated Src (but not Fgr, Hck, and Lyn). Attenuation of Src

suppressed LPS-, PGN-, polyI:C-, and CpG-elicited movement as well as the level of FAK Pi-

Tyr861, which can be reversed by reintroduction of siRNA-resistant Src. Furthermore,

siRNA knockdown of FAK decreased the degree of TLR-mediated motility of macrophages.

Strikingly, LPS-, PGN-, polyI:C-, and CpG-enhanced Src expression, FAK Pi-Tyr861, and cell

motility were greatly reduced in macrophages devoid of inducible nitric oxide synthase

(iNOS, a NF-kB target), which can be induced by the aforementioned TLR ligands. Because

NO can upregulate the expression and activity of Src, and because Src can mediate NF-kB

activation, we hypothesize that there is a loop of signal amplification that influences the

iNOS/Src/FAK axis for macrophage locomotion in response to engagement of TLRs.

Copyright ª 2011, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.
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receptor [1]. Although the level of Src is low in most cells,

neurons and platelets are known to retain high levels and

activity of Src [2,3]. However, it has been shown that targeted

disruption of the src gene in transgenic mice does not result in

any obvious phenotypic or functional abnormalities except for

osteopetrosis [4]. Osteopetrosis is a skeletal abnormality caused

by a defect in osteoclasts [5], which are derived from hemato-

poietic precursors of the monocyte/macrophage lineage [6].

Osteoclasts function as resorbers of mineralized bone during

bone homeostasis [7]. Deletion of Src leads to impaired bone

resorption, which can be partly attributable to reduced osteo-

clast motility [7]. Although Src is indispensable in osteoclast

function, its low basal expression conceals its physiological

significance in macrophages. Recently, we demonstrated that

nitric oxide synthase (iNOS)-induced activation of the Src and

FAK pathway is responsible for macrophage migration in cells

exposed to lipopolysaccharide (LPS). Strikingly, similar results

were obtained in macrophages that had been exposed to

peptidoglycan (PGN), polyinosinicepolycytidylic acid (polyI:C),

and CpGeoligodeoxynucleotides (CpG). In this review, we focus

on the role that Src, FAK, and the upstream signaling protein

iNOS play in macrophage motility in response to various Toll-

like receptor (TLR) ligands.
2. Macrophages

Macrophages are important participants in innate immunity.

They are ubiquitous and present in most tissues, and function

as sensors of endogenous or exogenous danger signals by elic-

iting numerous immunological, inflammatory, and metabolic

processes. In the developing embryo, the progenitors of

macrophages differentiate in the yolk sac intomonocytic tissue

macrophages under the influence of granulocyte macrophage

colony stimulating factor and macrophage colony-stimulating

factor. In adults, pluripotent stem cells in bone marrow can

develop into promonocytes (macrophage progenitors). Unlike

the nonproliferating and short-lived monocyte-derived macro-

phages in inflammatory sites, tissue-derived macrophages

maintain their numbers through homeostatic proliferation and

appear to survive for at least 6 weeks [8]. With the ability to

eliminate opsonized pathogens through diverse surface recep-

tors and antigen presentation,macrophage recruitment to sites

of infection as well as mobilization of activated macrophages

from the infection area to the regional lymph node are crucial

physiological processes in host defense. Disturbed regulation of

this process results in pathological disorders such as athero-

sclerosis, sepsis, and autoimmune disorders.
3. Toll-like receptors

As crucial players in innate immunity, macrophages recognize

invaded microorganisms via the interaction between the

conserved structure called pathogen-associated molecular

patterns (PAMPs) in microorganisms and their pattern-

recognition receptors, such as TLRs [9]. TLRs contain

N-terminal extracellular leucine-rich repeats that recognize

specific pathogen components, a membrane-spanning domain

that determines the cellular localization, and a C-terminal
intracellular region similar to that of the interleukin-1 (IL-1)

receptor known as the Toll/IL-1 receptor (TIR) domain, which is

pivotal for downstream signaling [10]. A total of 12 TLRs have

been identified in mice and a total of 10 have been identified in

humans [9]. Certain TLRs (i.e., TLR1, 2, 4, 5, 6, and 11) are

detected on the cell surface, whereas others (i.e., TLR3, 7, 8, and

9) are found almost exclusively in intracellular compartments

such as endosomes [9,11]. TLR2 can recognize PGN, a major

bacterial cell wall component. TLR4 acts as a signaling receptor

for LPS, an outer membrane component of Gram-negative

bacteria [12,13]. TLR3 can sense viral double-stranded RNA

[14] and TLR9 can detect the unmethylated CpG that are

frequently found in bacteria, but not in vertebrate DNA [15].

Subsequent to recognition of a PAMP, TLR will recruit a combi-

nation of TIR-containing adaptors, including MyD88, TRIF,

TRAM, and TIRAP/Mal. It is well-established that TLR9 utilizes

MyD88, TLR3 needs TRIF, TLR2 requires MyD88 and TIRAP, and

that TLR4 uses all four of the aforementioned adaptors [10].

Through individually preferential adaptors, engagement of

TLRs triggers downstream signaling pathways that activate

MAP kinase or NF-kB, which in turn produces proinflammatory

cytokines required for host defensive strategies [9,11,16].
4. Inducible nitric oxide synthase

Nitric oxide (NO) is a unique diffusible messenger molecule

that is produced via the oxidation of L-arginine by enzymes

known as nitric oxide synthases (NOSs) [17]. Three distinct

isoforms of the enzymehave been identified and characterized.

Whereas Ca2þ/calmodulin can regulate the activity of consti-

tutively expressed neuronal (n) and endothelial (e) NOS, the

activity of inducible (i) NOS is independent of Ca2þ/calmodulin

and is only induced by bacterial products as well as inflam-

matory cytokines. A low level of constitutively produced NO is

a crucial mediator for a variety of physiological functions

including regulation of neurotransmission, vasodilation,

smooth muscle relaxation, and inhibition of platelet aggrega-

tion. In contrast, activated TLR pathways trigger a high level of

NO production by transcriptional and post-transcriptional

mechanisms that enhance the expression of iNOS in macro-

phages and other effector cells [18]. It is also well-established

that some pathological processes such as inflammation and

tumor development can be induced by sustained, chronically

produced NO. Soluble guanylyl cyclase (sGC) is a cytosolic,

heme-containing heterodimer comprising a and b subunits

whose activity can be modulated by NO. Binding of NO to the

sGC heme prosthetic group activates sGC, which in turn leads

to the conversion of guanosine 50-triphosphate to the

secondary intracellular messenger cGMP. Accumulation of

cGMP results in transmission of NO signals to downstream

effectors such as cGMP-regulated phosphodiesterase, cGMP-

dependent protein kinase, and cGMP-gated cation channels,

leading to physiological and pathological responses [19].
5. The Src family kinases

Cellular Src is a 60-kDa nonreceptor, membrane-associated

tyrosine kinase that serves as the archetype for a group of Src
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family tyrosinekinases (SFKs), includingYes, Fyn, Lck, Fgr,Hck,

Lyn, and Blk [20]. Several SFKs are expressed in multiple iso-

forms because of the use of alternative start codons or alter-

native splicing patterns. Alignment of the amino acid sequence

of the SFK members reveals their structural similarity. The

conserved regions comprise anN-terminalmyristylation signal

that is responsible for the association of SFK with the plasma

membrane; a unique region where the greatest sequence

divergence amongSFKmembers occurs; anSH3domainandan

SH2 domain that are responsible for direct proteineprotein

interaction; an SH2/kinase linker; an enzymatic domain; and

a C-terminal regulatory region. Tyr416 and Tyr527 are two

important phosphorylation sites that are located within the

kinase domain and the C-terminal regulatory region, respec-

tively. Unlike the self-mediated phosphorylation of Tyr416 (Pi-

Tyr416) that enhances the catalytic activity of Src, CSK (a C-

terminal Src kinase)-mediated phosphorylation of Tyr527 (Pi-

Tyr527) downregulates Src activity. Based on mutational

studies and X-ray crystallographic analyses, a model in which

Src is held in an inactive conformation by the intramolecular

association between SH2 and Pi-Tyr527 as well as SH3 and the

SH2/kinase linker is proposed [21]. Disruption of these interac-

tions will cause Src to become active and mediate Pi-Tyr416.
6. Constitutive expression of myeloid-
specific Src family kinases

Src, Yes, and Fyn are widely expressed in most tissues,

whereas the distribution of other members of the SFK family

exhibits a more tissue-specific distribution, mainly in cells of

hematopoietic lineage [22]. Lyn, Fgr, and Hck are myeloid-

specific SFK members that are predominantly expressed in

macrophages. Given that the release of eicosanoid mediators

from LPS-treated RAW264.7 macrophages and the develop-

ment of tumoricidal activity of LPS-stimulated murine peri-

toneal macrophages (PEMs) were impaired by herbimycin A (a

tyrosine kinase inhibitor) [23] and that TLR4 did not possess

intrinsic tyrosine kinase activity, Lyn, Fgr, and Hck seemed to

be responsible for LPS-mediated tyrosyl phosphorylation and

macrophage activation. Surprisingly, macrophages derived

from mice with the combined deficiency of Lyn, Fgr, and Hck

still retain full LPS responsiveness [24], a finding that implies

that these three myeloid SFKs are not obligatory for LPS-

evoked macrophage activation and that their exerted effects

might be compensated by other tyrosine kinases.
7. Inducible expression of Src

Mounting evidence indicates that sustained activity of SFKs is

indispensable for LPS-elicited responses [25]. Because

knockout of Lyn, Fgr, and Hck does not hamper macrophage

activation, nonmyeloid-specific SFKs are likely to compensate

for the loss of their myeloid-predominant relatives. To

circumvent the obstacle of their low basal protein expression

as well as the need for their sustained activation, the potential

tactic that macrophages might utilize is to have the non-

myeloid SFKmembers become LPS-inducible. Given that Src is

indispensable for resorbing activity of macrophage-related
osteoclasts, Src is likely to be the elusive and long-sought

after SFK responsible for LPS-mediated macrophage activa-

tion. Indeed, LPS augments the expression of Src in both

RAW264.7 macrophages and PEMs in a time-dependent

manner. The upregulation of Src observed in macrophages

recovered from LPS-challenged rats further implicates its

physiological significance [25]. In agreement with the results

obtained from lyne/efgre/ehcke/e macrophages, Src with its

expression induced by LPS, is an attractive, compensating

candidate for the defect of Lyn, Fgr, and Hck. Intriguingly, Src

induction is also detected in RAW264.7 macrophages, PEMs

and bone marrow-derived macrophages (BMDMs) treated

with PGN, polyI:C, and CpG. This LPS-, PGN-, polyI:C-, and

CpG-induced Src expression can be attributed to the increased

level of the src transcript [26]. In contrast, the expression of

Lyn, Fgr, and Hck is almost unaltered in RAW264.7, PEMs, and

BMDMs in response to various TLR ligands [26]. The inducible

characteristic of Src implicates its importance in relaying

signals triggered by diverse PAMPs.
8. Focal adhesion kinase

Focal adhesion kinase (FAK) was initially identified as an Src

target by immunological screening of the cDNA library with

a panel of monoclonal antibodies directed against putative v-

Src substrates [27]. FAK is an intracellular tyrosine kinase that

participates in a wide-ranging spectrum of integrin-elicited

biological activities including proliferation, survival, cell

adhesion, and migration [28]. Deficiency of FAK results in

embryonic lethality, characterized by impaired fibroblast

motility [29]. Upon integrin stimulation, FAK becomes acti-

vated and autophosphorylated at Tyr397, the binding site for

Src.Thisprocess facilitatesSrc-mediatedFAKphosphorylation

on several tyrosine residues including Tyr861, whose phos-

phorylation promotes FAK Pi-Tyr397 [30]. FAK was initially

thought to be absent or expressed at low levels in monocyte/

macrophages [31]. However, studies have shown that FAK is

present in macrophages [32]. To study the physiological

significance of FAK inmacrophages, Owen et al. [33] generated

myeloid-specific conditional FAK-knockoutmice. Intriguingly,

macrophages devoid of FAK displayed motility defects that

coincided with reduced levels of adhesion turnover, elevated

protrusive activity at the cell periphery, and amarked inability

to form lamellipodia. In addition, recruitment of macrophages

to sites of inflammation was shown to be impaired in the

absence of FAK [33]. These findings indicate that FAK plays

a major role in the regulation of macrophage mobility.
9. The role of iNOS/Src/FAK axis in Toll-like
receptor-mediated macrophage motility

Based on the findings from seminal studies that NOS inhibi-

tors suppress human monocyte chemotaxis [34] and that

decreased polymorphonuclear granulocyte extravasation in

peritoneal cavity was detected in zymosan-challenged iNOS-

deficient mice [35], NO is now believed to be a key regulator of

leukocyte locomotion during inflammation and tissue injury.

Indeed, consistentwith reduced LPS-, PGN-, polyI:C-, and CpG-
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mediatedmacrophagemigration by 1400W (an iNOS-selective

inhibitor), suppressedmigration evoked by these TLR agonists

was observed in iNOS null PEMs [26,36]. This iNOS deficiency

caused defects in LPS-, PGN-, polyI:C-, and CpG-induced

motility was not due to the general inability of cells to mobi-

lize, because analogs of iNOS downstreammediators, SNAP (a

NO donor) and 8-bromo-cGMP (8-Br-cGMP, a permeable cGMP

analogue), were able to augment themigratory ability of iNOS-

deficient macrophages in a way comparable to that of wild-

type macrophages. These results indicated the participation

of the NO/cGMP pathway in macrophage movement in

response to activated TLRs [26,36]. Given that LPS-, PGN-,

polyI:C-, and CpG-evoked macrophage motility was inhibited

by PP2 (an SFK inhibitor), one interesting question turned out

to be the relation between iNOS and SFKs. Because (1) LPS-

mediated Src induction was labile to 1400 W and ODQ (an

sGC inhibitor); (2) Src, but not its myeloid relatives, could be

induced by SNAP and 8-Br-cGMP; (3) there was a concomitant
Fig. 1 e Engagement of TLRs leads to macrophage

migration. As various PAMPs (i.e., LPS, PGN, polyI:C, and

CpG) activate their respective TLRs, NF-kB will be activated

and increase the expression of iNOS. NO, the second

messenger generated by iNOS, will elevate the expression

and activity of Src, which causes FAK activation and

macrophage motility. Because Src increases the activity of

NF-kB, thereby a signal amplification loop can be

constructed. This model reveals a general mechanism

utilized in macrophages when their TLRs are occupied.
decrement of Src and cell migration in iNOS-null PEMs

exposed to LPS, PGN, polyI:C, and CpG; and (4) themotility and

Src induction in LPS-stimulated PEMs devoid of iNOS could be

restored by SNAP and 8-Br-cGMP to a level comparable to that

detected in wild-type PEMs inspired us to question whether

Src might be the main SFK required for TLR-mediated NO/

cGMP-dependent macrophage locomotion. Indeed, Src atten-

uation led to reduced LPS-, PGN-, polyI:C-, CpG-, and SNAP-

evoked motility in RAW264.7 macrophages, and ectopically

expressed avian Src rescued this defect. These results support

the hypothesis that Src induction mediated by NO/cGMP is

involved in macrophage mobilization in response to engage-

ment of TLRs. As a downstream target of Src, the elevated

level of Tyr861 phosphorylated FAK in LPS-, PGN-, polyI:C-,

and CpG-treated macrophages was suppressed by Src atten-

uation and reversed by reintroduction of siRNA-resistant Src.

The reduction of LPS-elicited FAK Pi-Y861 in both RAW264.7

and rat PEMs pretreated with iNOS inhibitor indicated that

Src-mediated FAK Pi-Y861 might be responsible for LPS/iNOS-

induced cell migration. Indeed, LPS-mediated FAK Pi-Y861

was inhibited in PEMs devoid of iNOS. Similar results were

obtained in iNOS-null PEMs that had been stimulated with

PGN, polyI:C, or CpG. Notably, FAK attenuation impaired

macrophage motility in response to LPS, PGN, polyI:C, and

CpG, revealing the importance of the iNOS/Src/FAK axis in TLR

ligand-elicited macrophage migration.
10. Conclusions and future perspectives

In contrast to the large repertoire of rearranged receptorsutilized

by B and T cells in adaptive immunity, the innate immune

response mechanisms recognize microorganisms via a limited

number of germline-encoded PAMP recognition receptors

includingTLRs. Irrespectiveof their localizationandutilizationof

different TIR-containing adaptors, engagement of TLRs lead to

the activation of NF-kB and increased expression of iNOS, and

proinflammatory cytokines.Given that theaforementionedTLRs

are located on either plasmamembranes (i.e., TLR2 and TLR4) or

endosome (i.e., TLR3 and TLR9), and their mediated signaling

pathwayscanbedivided intoMyD88-dependent (i.e., TLR2,TLR4,

and TLR9) and -independent (i.e., TLR3) pathways, the iNOS-

mediated upregulation of Src and activation of FAK in response

to engagement of various TLRsmight be a generalmechanismof

macrophagemotility.GiventhatSrcelevatedtheactivityofNF-kB

[37,38], thereby a signal amplification loop can be established.

With what we have learned from studies conducted in murine

RAW264.7 macrophage cell line as well as PEMs recovered from

normal versus iNOSe/e mice, a simple model illustrating the

responsible mechanism for TLR ligands-ignited, iNOS-depen-

dent macrophage motility was proposed in Fig. 1. Considered

mobilizationofactivatedmacrophages frominfectionsites to the

regional lymph nodewhere they present antigens to naı̈ve CD4þ

T cells is an essential and crucial step in activating the adaptive

immunity [11]; therefore, we speculate that the iNOS e> Src e>

FAK signaling pathway might be an important general mecha-

nism utilized by TLR-engaged macrophages required in host

defenses. Considering the fact that the accumulation of macro-

phages contributes to progressionof diseases suchas cancer and

chronic inflammatory diseases, our data highlight the potential

http://dx.doi.org/10.1016/j.biomed.2011.10.002
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of iNOS, Src, and FAK as therapeutic targets to control infection,

inflammation, and themaintenance of tissue homeostasis.
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