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Abstract Many pathogens target glycosphingolipids

(GSLs), which, together with cholesterol, GPI-anchored

proteins, and various signaling molecules, cluster on host

cell membranes to form GSL-enriched membrane micro-

domains (lipid rafts). These GSL-enriched membrane

microdomains may therefore be involved in host–pathogen

interactions. Innate immune responses are triggered by the

association of pathogens with phagocytes, such as neutro-

phils, macrophages and dendritic cells. Phagocytes express

a diverse array of pattern-recognition receptors (PRRs),

which sense invading microorganisms and trigger patho-

gen-specific signaling. PRRs can recognize highly

conserved pathogen-associated molecular patterns expres-

sed on microorganisms. The GSL lactosylceramide

(LacCer, CDw17), which binds to various microorganisms,

including Candida albicans, is expressed predominantly on

the plasma membranes of human mature neutrophils and

forms membrane microdomains together with the Src

family tyrosine kinase Lyn. These LacCer-enriched mem-

brane microdomains can mediate superoxide generation,

migration, and phagocytosis, indicating that LacCer func-

tions as a PRR in innate immunity. Moreover, the

interactions of GSL-enriched membrane microdomains

with membrane proteins, such as growth factor receptors,

are important in mediating the physiological properties of

these proteins. Similarly, we recently found that interac-

tions between LacCer-enriched membrane microdomains

and CD11b/CD18 (Mac-1, CR3, or aMb2-integrin) are

significant for neutrophil phagocytosis of non-opsonized

microorganisms. This review describes the functional role

of LacCer-enriched membrane microdomains and their

interactions with CD11b/CD18.
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Introduction

Glycosphingolipids (GSLs) are composed of hydrophobic

ceramide and hydrophilic sugar moieties (Degroote et al.

2004). More than 400 types of GSL have been identified

based on their sugar chain structures (Hakomori 2003). The

ceramide structures of GSLs are also highly variable (Kaga

et al. 2005). GSL metabolism and composition are spe-

cifically altered during the proliferation and differentiation

of various cell types (Hakomori 2003; Sonnino et al. 2006),

indicating that the expression patterns of GSLs may reflect

the functions of these cells. The most important function of

GSL, defining cell phenotype, is associated with their

clustering with signal transducers to form specialized

membrane microdomains (lipid rafts) (Brown and London

1997; Iwabuchi et al. 1998a, b; Yamamura et al. 1997).

GSL-enriched membrane microdomains on various cells

interact with the other molecules on plasma membranes to

regulate signal transduction. For example, the ganglioside

GM3 forms membrane microdomains and associates with

insulin receptor in adipocytes (Kabayama et al. 2007). The

function of epidermal growth factor receptor is also regu-

lated by its recruitment into GM3-enriched domains

(Ringerike et al. 2002; Roepstorff et al. 2002). GM1, the

most abundant GSL in brain and neurons, binds to Trk
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neurotrophin receptors (Mutoh et al. 1995). GM1-enriched

domains have been shown to function as signaling plat-

forms for laminin-1-induced TrkA/b1 integrin-mediated

neurite outgrowth (Ichikawa et al. 2009). These findings

suggest that the association of GSL-enriched membrane

microdomains with receptors regulates receptor-mediated

cellular functions.

The innate immune system is one of the most important

host defenses against invading microorganisms, such as

bacteria, fungi, and viruses. Professional phagocytes, such

as neutrophils and macrophages, are the primary cells

involved in innate immune responses. These responses are

initiated by interactions between pathogen-associated

molecular patterns (PAMPs) expressed on microorganisms

and pattern-recognition receptors (PRRs) on host cells.

Several types of PRR, including Toll-like receptors

(TLRs), C-type lectin receptors (CLRs), and some GSLs,

can directly sense PAMPs without opsonization by C3bi or

IgG. Phagocytosis is the most-characterized response in

innate immunity against infectious microorganisms. Neu-

trophils play crucial roles in eliminating microorganisms

by phagocytosis and subsequent lysosomal fusion with

nascent pathogen-containing vacuolar compartments

(phagosomes), forming phagolysosomes (Nauseef 2007).

The binding avidities of microorganisms to several types

of GSL (Schengrund 2003) suggest that GSL-enriched

membrane microdomains are involved in host–pathogen

interactions. Indeed, microorganisms have been shown to

recognize and enter host cells via membrane microdomains

on these cells (Manes et al. 2003). In human neutrophils,

LacCer is highly expressed on plasma membranes

(Brackman et al. 1995) and is the most abundant type of

GSL (Kniep and Skubitz 1998; Spychalska et al. 2003),

forming membrane microdomains with the Src family

tyrosine kinase Lyn (Iwabuchi and Nagaoka 2002;

Iwabuchi et al. 2008) and acting as a PRR (Iwabuchi and

Nagaoka 2002; Nakayama et al. 2008; Sato et al. 2006;

Zimmerman et al. 1998). CD11b/CD18 integrin has been

shown to collaborate with LacCer-enriched membrane

microdomains during neutrophil engulfment of non-opso-

nized microorganisms (Nakayama et al. 2008). Here we

review the association between GSL-enriched membrane

microdomains and cell surface receptors and the methods

by which these interactions modulate receptor-mediated

cell functions. We especially focus on the involvement of

LacCer-enriched membrane microdomains in CD11b/

CD18 integrin-mediated neutrophil phagocytosis.

GSL Forms Specialized Membrane Microdomains

The major components of biological membrane are phospho-

lipids, sphingolipids, cholesterol, and membrane-associated

proteins. Sphingolipids generally contain long saturated acyl

chains (Rietveld and Simons 1998), allowing them to pack

tightly together. The ceramide moiety of sphingolipids and the

cholesterol sterol-ring system are thought to interact via

hydrogen bonds and hydrophobic van der Waar’s interactions

(Mukherjee and Maxfield 2004). Further cis hydrophilic

interactions among sphingolipid headgroups promote the lat-

eral associations of sphingolipids and cholesterol. These

interactions result in the separation of sphingolipid- and cho-

lesterol-rich membrane microdomains in the cellular

membranes. Membrane microdomains, also called lipid rafts,

are lipid domains defined by their GSL- and cholesterol-rich

nature, enrichment in glycosylphosphatidylinositol (GPI)-

anchored proteins and membrane-anchored signaling mole-

cules, and association with the cytoskeleton (Pike 2006). GSLs,

composed of hydrophobic ceramide and hydrophilic sugar

moieties, can form hydrogen bonds between the hydroxyl

groups of sphingosine and acyl amide groups, resulting in cis

interactions of GSLs within the same membranes (Yoshizaki

et al. 2008). In contrast, glycerophospholipids, which have no

hydroxyl groups, can only accept hydrogen bonds (Hakomori

2003). GSL self-assembly in GSL-enriched membrane

microdomains is not disrupted by cholesterol-binding reagents,

such as filipin, or cholesterol-scavenging reagents, such as

methyl-b-cyclodextrin and nystatin (Iwabuchi et al. 1998a;

Iwabuchi and Nagaoka 2002). These findings suggest that GSL

is able to cluster, forming specialized membrane microdo-

mains, in biological membranes.

GSL-Enriched Membrane Microdomains Affect

Integrin Receptor-Mediated Physiological Functions

Numerous studies have demonstrated that membrane

microdomains play an important role in a variety of cel-

lular functions, including insulin responses, cell adhesion,

neurite outgrowth, polarization, macropinocytosis, low-

density lipoprotein uptake, and innate and adaptive

immunity (Barbat et al. 2007; Ichikawa et al. 2009;

Iwabuchi et al. 1998b; Kabayama et al. 2007; Kiyanagi

et al. 2011; Manes et al. 1999; Nakayama et al. 2008;

Pierini et al. 2003; Ying et al. 2003). GSL-enriched spe-

cialized membrane microdomains have been reported to

interact with signaling molecules and membrane proteins

to modulate many types of cellular responses.

GM1 is one of the principal gangliosides in the central

and peripheral nervous systems. GM1 has been shown to

exert positive effects on neuronal growth, differentiation

and survival, and to protect against neuronal injury, thus

acting as a neurotrophic factor (Favaron et al. 1988; Ferrari

et al. 1993). Trk neurotrophin receptors mediate the effects

of GM1. Indeed, studies in PC12 cells have shown that

exogenous GM1 can stimulate Trk kinase activity, receptor
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autophosphorylation and dimerization (Farooqui et al.

1997; Ferrari et al. 1995), and that GM1 can specifically

bind to Trk (Mutoh et al. 1995). In neurotumor cells, such

as Neuro2a and neuroblastoma cells, the neuritogenic

effects of GM1 are thought to be associated with the

activation of the non-receptor tyrosine kinase c-Src, which

is highly enriched in GSL-enriched membrane microdo-

mains (Prinetti et al. 1999). Recently, GM1 was reported to

be involved in laminin-1-induced signaling for neurite

outgrowth in PC12 cells and DRG neurons (Ichikawa et al.

2009). The binding of laminin-1 to GM1 induces GM1

aggregation, resulting in the activation of the Src family

tyrosine kinase Lyn and promoting the subsequent clus-

tering of TrkA and b1 integrin in GM1-enriched membrane

microdomains, thereby stimulating downstream signaling

that promotes neurite outgrowth. GM1-enriched membrane

microdomains are therefore regarded as signaling plat-

forms for laminin-1-induced TrkA/b1 integrin-mediated

neurite outgrowth.

Glycosynapse is a term proposed to describe membrane

microdomains involved in carbohydrate-dependent adhe-

sion. The tetraspanins, including CD9, CD81 and CD82, are

highly hydrophobic integral membrane proteins, each con-

taining four transmembrane domains, that strongly interact

with GSLs (Kawakami et al. 2002). Interestingly, tetra-

spanins have also been found associated with integrin

receptors (Hemler 1998). CD9 colocalizes with the integrin

a3 and a5 subunits in glycosynapses. In cell lines

expressing high levels of GM3, the association of CD9 and

integrin is positively regulated in a GM3-dependent manner

(Kawakami et al. 2002; Mitsuzuka et al. 2005). The for-

mation of supramolecular complexes of GM3/CD9/integrin

negatively regulates integrin-mediated signal transduction

during cell adhesion and tumor cell motility, suggesting that

GM3-enriched membrane microdomains are necessary for

CD9/integrin-dependent cellular functions.

Another example of the association of GSL-enriched

microdomains with integrin is the CD4 ligation-induced

aggregation of GM1 and GM3, and the colocalization of

these GSLs with lymphocyte function-associated antigen-1

(LFA-1) in T lymphocytes (Trucy et al. 2004). PI3-kinase is

needed for the down-regulation of LFA-1-mediated T cell-

B cell adhesion. The CD4 ligation-induced down-regulation

of LFA-1-dependent adhesion is mediated by the tyrosine

kinase p56 Lck-dependent CD4 signaling, which is required

for the CD4 ligation-induced down-regulation of LFA-1-

dependent adhesion (Mazerolles et al. 1994). p56 Lck is

indispensable for the clustering of GM1 and GM3 as well as

for the recruitment and association of LFA-1 and PI3-kinase

with these gangliosides. Taken together, these findings

suggest that the association of GSL-enriched membrane

microdomains with integrin receptors is key to the regula-

tion of cell functions mediated by these receptors.

Membrane Microdomains Collaborate with PRRs

in Innate Immune Responses

The innate immune response is a host defense system that

senses invading pathogens and activates the production of

inflammation-inducing cytokines. Professional phagocytes,

such as neutrophils, macrophages and dendritic cells, are

responsible for eliminating invading pathogens. The elim-

ination pathway is initiated by the binding of PAMPs to

PRRs expressed on phagocytes, forming nascent phago-

somes and resulting in the fusion of lysosomes to

phagosomes. Following their digestion of pathogens,

macrophages and dendritic cells are responsible for MHC-

mediated pathogen-derived antigen presentation, resulting

in the induction of acquired immune responses. PAMPs are

shared by groups of pathogen-related molecules, are

essential for pathogen survival, and are not expressed by

mammalian cells (Medzhitov and Janeway 2000). PRRs

are characterized by their structure, function and localiza-

tion, and are able to sense a wide range of pathogens,

including bacteria, fungi and viruses (Gordon 2002).

PAMPs are directly recognized by several types of PRR,

such as TLRs (Blander and Medzhitov 2004; Doyle et al.

2004), mannose receptor (Ezekowitz et al. 1990), the

lipopolysaccharide (LPS) binding receptor CD14 (Jiang

et al. 2005), scavenger receptors (Elomaa et al. 1995;

Peiser et al. 2000), the CLR dectin-1 (Herre et al. 2004),

and CD11b/CD18 (Brown 1991). PAMPs can be sensed

not only by glycoproteins and CLRs, but by GSLs such as

LacCer (Iwabuchi and Nagaoka 2002; Iwabuchi et al.

2008; Nakayama et al. 2008; Sato et al. 2006) and GM1

(Naroeni and Porte 2002; Tsai et al. 2003), which consti-

tute specialized membrane microdomains. These types of

PRRs act as sensors for non-opsonic infectious microor-

ganisms in host phagocytes. The cooperation between

membrane microdomains and PRRs seems to be a key

constituent of innate immune responses, playing crucial

roles in phagocytosis and activation of inflammation.

TLRs, the first identified PRRs (Akira 2001; Medzhitov

and Janeway 2002), are germ-line encoded receptors of the

innate immune system that can sense invading pathogens.

At least ten TLRs are capable of sensing microbial struc-

tures, triggering the production of proinflammatory

cytokines. TLRs are expressed on immune cells and can

recognize a wide variety of microbial ligands. These

include cell components, such as LPS from Gram-negative

bacteria and lipoteichoic acid from Gram-positive bacteria,

as well as bacterial flagellin, CpG DNA, viral DNA and

single stranded RNA (Takeda et al. 2003). TLRs also

interact with membrane microdomains. For example,

TLR2 and TLR4 were shown to be recruited into mem-

brane microdomains upon stimulation with specific

agonists (Nakahira et al. 2006; Soong et al. 2004;
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Triantafilou et al. 2006). Recently, the oral/systemic path-

ogen, Porphyromonas gingivalis fimbriae, was reported to

induce the association of CXC-chemokine receptor 4 with

TLR2 in membrane microdomains, resulting in the

inhibition of TLR2-mediated proinflammatory and anti-

microbial responses (Hajishengallis et al. 2008). Thus,

pathogens may utilize membrane microdomains to mediate

molecular associations involved in immune evasion.

The CLR Dectin-1 is critical in recognizing the cell wall

component b-glucan, which is expressed on pathogenic

fungi, such as Candida albicans. Dectin-1 has been

reported to mediate the phagocytosis of C. albicans and

yeast-derived zymosan, inducing the release of inflamma-

tory cytokines (Brown and Gordon 2001; Brown et al.

2002; Kennedy et al. 2007; Taylor et al. 2007). Recently,

stimulation of dendritic cells with zymosan was shown to

induce the translocation of Dectin-1 into membrane

microdomains (Xu et al. 2009), suggesting that the integ-

rity of membrane microdomains is important for signaling.

Collectively, these findings suggest that the interactions

between PRR and membrane microdomains are ubiqui-

tously crucial events for signal transduction in innate

immune responses. To date, however, few studies have

focused on the type of GSLs or the mechanisms involved in

the interactions between membrane microdomains

and PRRs.

LacCer Acts as a PRR in the Innate Immune System

Various types of pathogens have been shown to bind to

carbohydrates of GSLs expressed on host cells (Schengr-

und 2003). For example, Polyoma virus can bind to the

gangliosides GD1a and GT1b in human erythrocytes (Tsai

et al. 2003), whereas simian virus 40 (Tsai et al. 2003) and

Brucella suis (Naroeni and Porte 2002) are recognized by

GM1. Not only pathogens themselves, but their toxins,

bind to host cells. GM1 is bound specifically by the cholera

toxin B subunit (Nagafuku et al. 2012). Globotriaosyl

ceramide (Gb3) can bind to Shiga toxin (Stx) B subunit,

and acts as a receptor for Stx on the surface of human

epithelial and endothelial cells (Lingwood 1996; Louise

et al. 1995; Takenouchi et al. 2004). LacCer is also able to

bind specifically to various pathogenic microorganisms,

including Escherichia coli, Bordetella pertussis, Bacillus

dysenteriae, Propionibacterium freudenreichii, and

C. albicans (Sato et al. 2006). C. albicans-derived b-glucan

(CSBG) binds specifically to LacCer expressed on human

neutrophils (Sato et al. 2006). Our results suggested a

mechanism by which LacCer recognizes CSBG (Sato et al.

2006). b-Glucans are a heterogeneous group of glucose

polymers, consisting of b-1,3-linked b-D-glucopyranosyl

units with b-1,6-linked side chains of various distributions

and lengths (Liang et al. 1998; Ohno et al. 1999), and are

major components of fungal cell walls. CSBG binds to

LacCer-, Gb3-, and GalCer-coated culture plates, but not to

GlcCer, Gb4, GM1, GM2, or GM3. Galactose is the ter-

minal residue of LacCer, Gb3, and GalCer. The structure of

PGG-glucan is similar to that of CSBG, with a b-1,3-glu-

copyranose glucan backbone containing poly b-1,6 long

glucosyl branches (Brown et al. Brown and Gordon 2001).

PGG-glucan also binds to GSLs with a terminal galactose

residue (Zimmerman et al. 1998). These observations

suggest that the galactose residue of LacCer is responsible

for the recognition of fungal b-glucans.

LacCer is highly expressed on the surface of mature

neutrophils, constituting more than 70 % of the GSLs on

these cells, but is not expressed on myeloblasts or

promyelocytes (Brackman et al. 1995; Lund-Johansen et al.

1992; Nakayama et al. 2008). Using immunoelectron

microscopy, we recently showed that LacCer is associated

with Lyn on plasma membranes (Iwabuchi et al. 2008).

LacCer on neutrophil plasma membranes is present

expressed as clusters around 45 nm in diameter, with 24 %

of these clusters associated with Lyn. Biochemical analysis

indicated that LacCer-enriched membrane microdomains

can be isolated from detergent-resistant membrane frac-

tions of neutrophils using anti-LacCer antibody and are

mainly composed of LacCer, sphingomyelin, phosphati-

dylcholine, and cholesterol, along with signal transduction

molecules (Iwabuchi and Nagaoka 2002). These observa-

tions clearly show that LacCer forms Lyn-coupled

membrane microdomains on the plasma membranes of

human neutrophils.

Pneumocystis carinii-derived b-glucan induces rat

alveolar epithelial cells to produce significant amounts of

MIP-2 via the LacCer expressed on these cells (Hahn

et al. 2003). In human neutrophils, CSBG also induces

migration, which is completely abolished by LacCer lip-

osomes or the Src family kinase inhibitor PP1. b-Glucan

and anti-LacCer antibodies have been shown to induce

superoxide production by neutrophils (Iwabuchi and

Nagaoka 2002; Lavigne et al. 2007), a response blocked

by PP1 (Iwabuchi and Nagaoka 2002). In addition, Lyn

molecules in LacCer-enriched membrane microdomains

were phosphorylated by anti-LacCer antibodies, CSBG-

derived b-glucan (Sato et al. 2006), non-opsonized

zymosans, and Mycobacteria (unpublished observations).

These results suggest that Lyn-coupled LacCer-enriched

membrane microdomains are responsible for superoxide

production, cell migration, and non-opsonic phagocytosis.

Thus, LacCer forms functional membrane microdomains

in human neutrophils, acting as a PRR to mediate innate

immune responses.
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LacCer-Enriched Membrane Microdomains Interact

with CD11b/CD18 in Human Neutrophils

Several neutrophil functions, including adhesion, migra-

tion, chemotaxis, phagocytosis, respiratory burst, and

degranulation, are regulated by the CD11b/CD18 integrin,

also called Mac-1, CR3, and aMb2-integrin (Arnaout

1990). CD11b/CD18 is closely associated with neutrophil

activation at sites of inflammation and infection (Arnaout

1990). In the absence of exposure to inflammatory stimuli,

such as chemokines, bacterial products, and cytokines,

CD11b/CD18 binds poorly to ligands (Altieri et al. 1988;

Detmers et al. 1990; Jones et al. 1998; Weber et al. 1996).

Exposure to these stimuli, however, increases the avidity of

CD11b and CD18 through a process called ‘‘inside-out’’

signaling (Fagerholm et al. 2006). This inside-out signal-

ing, via specific cytokine or chemoattractant receptors,

such as IL-8 receptor, initiates the conversion of CD11b/

CD18 from a non-adhesive to an adhesive state, resulting in

neutrophil activation (Piccardoni et al. 2004). Ligand

binding to CD11b/CD18 delivers Src family kinase-

dependent outside-in signals (Piccardoni et al. 2004).

Although CD11b/CD18 cytoplasmic regions lack catalytic

activity (Dedhar and Hannigan 1996; Rabb et al. 1993),

CD11b/CD18 can transduce signals inside the cells. These

results suggest that adaptors or mediators are needed for

CD11b/CD18-mediated Src family kinase-dependent out-

side-in signaling. Indeed, the myeloid Src family kinases

Hck, Fgr, and Lyn have been reported to be essential for

CD11b/CD18-mediated phagocytosis and respiratory burst

during Streptococcus pneumonia infection (Paul et al.

2008), though the mechanisms connecting integrin-medi-

ated signaling with Src family kinases have not yet been

identified. E-selectin (Yago et al. 2010; Zarbock et al.

2008) or P-selectin (Wang et al. 2007) binding to leuko-

cytes also induces the activation of Src family kinases.

When neutrophils enter inflamed sites, they tether to and

roll on P- and E-selectin expressed on activated endothelial

cells, with both selectins binding to P-selectin glycoprotein

ligand-1 (PSGL-1) on neutrophils. Both CD11b/CD18 and

leukocyte-function-associated antigen 1 (LFA1-1, aLb2-

integrin) are involved in the regulation of rolling velocity

within inflamed vessels (Zarbock et al. 2007). In particular,

aLb2-integrin plays a critical role in slow rolling,

enhancing neutrophil recruitment (Zarbock et al. 2007).

The ITAM-containing adaptor proteins DAP12 and Fc

receptor-c are required for E-selectin to induce aLb2-

integrin-mediated slow rolling on intracellular adhesion

molecule-1 (ICAM-1). Furthermore, genetic depletion of

the Src family kinase Fgr, but not of Hck or Lyn, prevents

E-selection-mediated activation of spleen tyrosine kinase

Syk and slow rolling on ICAM-1 (Zarbock et al. 2008).

Microdomain integrity is crucial to leukocyte rolling on P-

and E-selectin (Abbal et al. 2006). For example, micro-

domain-associated PSGL-1-dependent activation of Syk is

necessary for optimal rolling on P-selectin. Recently,

E-selectin binding to either PSGL-1 or CD44 was shown to

initiate aLb2-integrin-mediated slow neutrophil rolling

through a pathway involving Syk activation by the Src

family kinases Fgr, Hck, and Lyn (Yago et al. 2010). Taken

together, these findings suggest that Src family kinases and

membrane microdomains are key players in aLb2-integrin

activation through the binding of E- and P-selectin to

leukocytes. Membrane microdomain components, includ-

ing Ras family GTPases and Src family kinases, are

internalized from the plasma membrane to recycling en-

dosomes during integrin-mediated adhesion and

subsequent cell detachment (Norambuena and Schwartz

2011), suggesting the pivotal role of Src family kinases in

integrin-mediated adhesion. Src family kinases are also

essential for LPS-induced activation of NF-jB and aVb3-

integrin signaling during acute lung injury (Lee et al.

2007). These Src family kinases are therefore among the

most important molecules in a diverse array of integrin-

mediated cell inflammatory reactions.

The CD11b subunit has a unique structure, with not only

a binding site for ligands, such as ICAM-1 and C3bi, but a

spatially separated carbohydrate-binding domain. The lat-

ter domain serves as a PRR for b-glucan, a major

component of fungal cell walls (Thornton et al. 1996; Xia

et al. 1999). Binding of b-glucan to CD11b directly induces

conformational changes and activation of CD11b, leading

to superoxide generation (Vetvicka et al. 1996). We

recently showed that, during the phagocytosis of non-

opsonized zymosans, CD11b/CD18 and Lyn-coupled

LacCer-enriched membrane microdomains accumulate

and colocalize in actin-enriched phagocytic cup regions

(Nakayama et al. 2008). We also showed that stimulation of

CD11b/CD18 with the CD11b-activating antibody VIM12,

which binds to b-glucan-recognizable lectin-like domains,

induced the formation of large clusters of LacCer and their

colocalization with CD11b on plasma membranes in

human neutrophils (Fig. 1a). In addition, stimulation with

VIM12 induced the phosphorylation of LacCer-associated

Lyn (Fig. 1b). These observations suggest that CD11b/

CD18-mediated outside-in signaling is dependent on Lyn-

coupled LacCer-enriched membrane microdomains. Using

anti-LacCer monoclonal antibody (mAb) Huly-m13, we

were able to pull down CD18, but not CD11b, from

phagosomal membrane microdomains (Fig. 1c), suggesting

that CD11b/CD18 is associated with LacCer-enriched

membrane microdomains via CD18, with the latter medi-

ating CD11b activation-induced Lyn phosphorylation. We

also examined the effects of anti-CD18 mAbs on VIM12-

induced Lyn phosphorylation. Anti-CD18 mAb TS1/18

recognizes an epitope localized to residues 123–163 in the
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N-terminal portion and residues 303–344 in the C-terminal

portion of the conserved domain (Huang et al. 2000)

(Fig. 1d). The anti-CD18 mAbs CLB-LFA-1/1 and MEM-

48 recognize epitopes localized to the cysteine-rich repeat

3 domains (residues 303–344) (Huang et al. 2000), and

residues 514–553 in the C-terminal portion of the con-

served domain (Lu et al. 2001), respectively (Fig. 1d).

Neutrophils were treated with these anti-CD18 antibodies,

followed by activation with VIM12. Among these CD18

mAbs, only MEM-48 inhibited VIM12-induced Lyn

phosphorylation in neutrophils (Fig. 1e), as well as sig-

nificantly inhibiting VIM12-induced LacCer-associated

Lyn phosphorylation (Fig. 1f). These results indicate that

CD18 is involved in CD11b activation-induced Lyn

phosphorylation in LacCer-enriched membrane microdo-

mains. Collectively, these findings show that the anti-CD18

mAb MEM-48, which recognizes the extracellular juxta-

membrane region of CD18, inhibits the VIM12-induced

phosphorylation of Lyn in LacCer-enriched membrane

microdomains. MEM-48 also significantly inhibited neu-

trophil adhesion to immobilized zymosan-derived b-glucan

(Lavigne et al. 2006), which can be recognized by both

CD11b and LacCer (Vetvicka et al. 1996; Zimmerman

et al. 1998). A schematic image of the mechanism involved

in LacCer-enriched membrane microdomain-mediated

CD11b/CD18-dependent neutrophil phagocytosis is shown

in Fig. 2. Similar to the interaction of GM3 with insulin

receptor or epidermal growth factor receptor, LacCer
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seems to interact with CD11b/CD18 via the proximal

membrane region of CD18 on the neutrophil plasma

membrane. The GPI-anchored neutrophil-specific receptor

NB1 (CD177), which presents the autoantigen proteinase 3

(PR3) on the plasma membranes of neutrophils, colocalizes

with CD11b/CD18 within membrane microdomains (Jerke

et al. 2011), suggesting the involvement of NB1-CD11b/

CD18 interactions in PR3-ANCA (anti-neutrophil cyto-

plasmic auto-antibodies)-mediated neutrophil activation.

Thus, some adaptors may be required for interactions

between LacCer-enriched membrane microdomains and

CD18, although the molecular basis for these interactions

remains to be determined.

LacCer-Enriched Membrane Microdomain-Mediated

CD11b/CD18-Dependent Phagocytosis

and Intracellular Parasites

Intracellular parasites, such as Listeria, Salmonella, and

Mycobacteria, reside inside host cells by manipulating

various innate immune responses. Intracellular parasites

engulfed by phagocytes under non-opsonized conditions

utilize host membrane microdomains (Manes et al. 2003).

Once these parasites are internalized within the phago-

some, they must avoid degradation and activation of

MHC-mediated antigen presentation by escaping from the

vacuolar compartment to reach the cytosol, or by arresting

the fusion of lysosomes with phagosomes (Baorto et al.

1997; Brumell et al. 2003; Gatfield and Pieters 2000; Gekara

and Weiss 2004; Harrison et al. 2004; Knodler et al. 2003;

Stuart et al. 2003; Tamilselvam and Daefler 2008; Watarai

et al. 2002). Listeria monocytogenes disrupts the vacuolar

membrane by secreting a pore-forming cytolysin, listeri-

olysin, which has been shown to interact with membrane

microdomains (Gekara and Weiss 2004), resulting in an

escape from the vacuolar compartment to the cytoplasm.

Some microorganisms utilize membrane microdomains to

prevent fusion with lysosomes. For example, Salmonella-

containing vacuoles (SCVs) do not mature into phago-

lysosomes but rather induce the formation of an

intracellular filament network, called Salmonella-induced

filaments (Sif) (Brumell et al. 2003; Harrison et al. 2004).

The Salmonella enterica effector protein PipB2 targets the

membrane microdomains of SCVs and Sifs (Knodler et al.

2003). Some mycobacterial species, including the human

pathogen Mycobacterium tuberculosis, also use membrane

microdomains to enter cells and to prevent the fusion of

lysosomes with bacteria-containing phagosomes, resulting

in escape from degradation by phagocytes. Coronin-1, also

called tryptophan aspartate containing coat protein, is a

membrane microdomain-associated protein reported to be

involved in the escape mechanisms of pathogenic myco-

bacteria (Gatfield and Pieters 2000). These observations

suggest that prevention of membrane microdomain-

dependent phagocytosis of non-opsonized intracellular

pathogens may inhibit the escape of pathogens from killing

by phagocytes. However, little is known about the mem-

brane microdomain-associated molecules that participate in

the phagocytosis of these non-opsonized intracellular

pathogens. LacCer-enriched membrane microdomains are

essential for phagocytosis of CD11b/CD18-mediated non-

opsonized microorganisms by human neutrophils

Fig. 1 Ligand binding to CD11b induces activation signals through

the interaction between CD18 and LacCer-enriched membrane

microdomains. a VIM12-induced colocalization of CD11b and

LacCer. Neutrophils were incubated in the presence or absence of

anti-CD11b activating F(ab0)2 VIM12 or anti-HLA class I antigen

F(ab0)2 for 5 min at 37 �C. After crosslinking, the cells were fixed and

incubated with anti-CD11b mAb M1/70 (green) and Alexa546-

conjugated anti-LacCer mAb T5A7 (red), and stained with Alexa488-

conjugated donkey anti-rat secondary IgG. Control, no crosslinking;

Anti-CD11b, crosslinking of CD11b; Anti-HLA, crosslinking of

HLA. DIC, differential interference contrast image. White bar,

10 lm. 3D image, three-dimensional image. b VIM12 induced

activation of Lyn in LacCer-enriched membrane microdomains.

Neutrophils were crosslinked with anti-CD11b F(ab0)2 VIM12 or anti-

HLA class I antigen F(ab0)2 for 5 min at 37 �C. To determine whether

LacCer-associated Lyn was activated by VIM12, the crosslinked

neutrophils were lysed, and the lysates were incubated with anti-

LacCer mAb Huly-m13 or normal mouse IgM. The immunoprecip-

itates were subjected to SDS-PAGE and immunoblotted sequentially

with anti-pY396 Lyn IgG and anti-Lyn IgG. IP, immunoprecipitation.

c Immunoprecipitation of LacCer binding proteins from plasma

membrane and phagosomal membrane detergent-resistant microdo-

mains (DRM). Plasma and phagosomal membrane DRMs of

neutrophils were incubated with anti-LacCer mAb Huly-m13. The

immunoprecipitates were subjected to SDS-PAGE/immunoblotting

with anti-CD18 mAb MEM-48. IP, immunoprecipitation. d CD18

subdomains recognized by clones of anti-CD18 mAb. PSI domain,

N-terminal cysteine-rich plexin/semaphorin/integrin domain.

e Effects of anti-CD18 mAbs on VIM12-induced Lyn activation.

Neutrophils were incubated for 30 min on ice without (untreated) or

with 10 lg of anti-CD18 mAbs (TS1/18, CLB-LFA-1/1, and MEM-

48) or normal mouse IgG. The neutrophils were crosslinked with anti-

CD11b F(ab0)2 VIM12 for 5 min at 37 �C, and Lyn activation was

analyzed by sequential immunoblotting with anti-pY396 Lyn IgG and

anti-Lyn IgG. The ratio of band intensities of activated Lyn to total

Lyn in each lane was calculated. Data are presented as ratios relative

to control (without antibodies), and are expressed as the mean ± SD

of three independent experiments. **p \ 0.01 compared with the

untreated group. f Effects of the anti-CD18 mAb MEM-48 on

VIM12-induced Lyn activation in LacCer-enriched membrane micro-

domains. Neutrophils were incubated for 30 min on ice in the

presence of 10 lg of anti-CD18 mAb MEM-48 or normal mouse IgG,

followed by crosslinking with anti-CD11b F(ab0)2 VIM12 for 5 min at

37 �C. The cells were lysed, the lysates were incubated with anti-

LacCer mAb Huly-m13 or normal mouse IgM, and the immunopre-

cipitates were subjected to SDS-PAGE and sequentially

immunoblotted with anti-pY396 Lyn IgG and anti-Lyn IgG. Data

are presented as ratios relative to control (without antibodies) and are

expressed as the mean ± SD of three independent experiments.

*p \ 0.05 compared with the normal mouse IgG-treated group. IP
immunoprecipitation

b
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Fig. 2 LacCer-enriched membrane microdomains mediate CD11b/

CD18-dependent neutrophil phagocytosis. Upon binding to CD11b/

CD18 of PAMPs expressed on pathogens, such as b-glucan (a),

CD11b/CD18 is activated and undergoes a conformational change,

resulting in the rearrangement of cytoskeletal proteins, such as talin

and a-actinin (b). The CD11b/CD18 subsequently translocates into

LacCer-enriched membrane microdomains, allowing CD11b/CD18 to

transmit stimulatory signals to Lyn through the interaction of LacCer

with residues 514–553 in the C-terminal portion of the conserved

domain of CD18, although it is unclear whether this interaction is

direct or indirect (c). ‘‘?’’ indicates an adaptor molecule. These

signaling cascades lead to the formation of actin-enriched phagocytic

cups, resulting in phagosome formation (d)
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(Nakayama et al. 2008). Membrane microdomains and

CD11b/CD18 were shown to be involved in the phagocy-

tosis of non-opsonized mycobacteria by human neutrophils

(Peyron et al. 2000). Moreover, our unpublished observa-

tions indicated that both LacCer-enriched membrane

microdomains and CD11b/CD18 are necessary for the

phagocytosis of non-opsonized Mycobacteria in human

neutrophils. Taken together, these findings suggest that

LacCer-enriched membrane microdomain-mediated

CD11b/CD18-dependent phagocytosis of pathogenic

mycobacteria may be related to mechanisms of escape

from host degradation pathways responsible for preventing

lysosomal fusion with phagosomes.

Concluding Remarks

We have reviewed the mechanisms by which GSL-enri-

ched membrane microdomains are related to physiological

functions in different types of cells. Our most recent data

revealed that a new type of glycolipid, phosphatidyl glu-

coside (PtdGlc), forms lipid domains functionally distinct

from LacCer-enriched membrane microdomains, and that

these PtdGlc-enriched domains interact with Fas (CD95)

on plasma membranes to mediate neutrophil apoptosis

(Kina et al. 2011). These findings indicate that various

types of lipid domains coexist on plasma membranes, even

within the same cell type, and transduce signals distinct

from each other. Thus, interactions between GSL-enriched

membrane microdomains and their partner molecules may

be ubiquitously important for transducing specific signals

inside cells. Greater understanding of the mechanism of

association between GSL-enriched membrane microdo-

mains and partner molecules in different aspects of

pathogenesis may provide novel therapeutic targets for

many types of diseases.

This review has focused on the functional role of Lac-

Cer-enriched membrane microdomains in innate immune

responses and the significance of interactions between

LacCer-enriched membrane microdomains and CD11b/

CD18. We recently showed that LacCer is expressed not

only on neutrophils, but on human monocyte-derived

dendritic cells (Kina et al. 2011). In addition, Streptococcus

suis capsular polysaccharide was shown to prevent LacCer-

dependent recognition by murine macrophages (Houde

et al. 2012). These findings suggest that LacCer-enriched

membrane microdomain-mediated CD11b/CD18-depen-

dent phagocytosis by professional phagocytes is

extensively utilized in innate immune responses, and is a

crucial event in the first line of defense against invading

pathogens. It is not yet known, however, whether LacCer

can directly interact with CD18 without adaptors. Many

types of intracellular parasites have different mechanisms

of pathogenesis and diverse clinical presentations, despite

having a common feature, i.e., the molecular complex of

PRRs and membrane microdomains. Therefore, the eluci-

dation of the structural and molecular mechanisms

underlying the interactions of GSL-enriched membrane

microdomains with PRRs in immune system cells will

provide seeds for the development of new pharmacological

reagents to treat many types of infectious diseases.
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