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Contribution of mannose receptor to signal transduction in
Fcy receptor-mediated phagocytosis of mouse peritoneal
macrophages induced by liposomes

Makoto Mural, Yukihiko Aramaki, and Seishi Tsuchiya
Tokyo College of Pharmacy, Tokyo, Japan

Abstract: The contribution of mannose receptors on the
cell surface of mouse peritoneal macrophages to the pro-
cess of liposome-induced phagocytosis of immunoglobu-
un G-opsonized sheep red blood cells (SRBC5) through
Fcy receptor has been investigated. Fc-y receptor-mediated
phagocytosis of opsonized SRBCs was activated by

modified a2-macroglobulin, which was produced in the

incubation mixture of a2-macroglobulin and liposome-

treated splenic B cells. The phagocytosis was specifically
inhibited by the addition of D-mannose, and the inhibi-

tion was dependent on the D-mannose concentration.
The binding of modified a2-macroglobulin to macro-
phages was also reduced by the addition of D-mannose.
The activation effect of modified a2-macroglobulin was
not inhibited when in the presence of a2-macroglobulin-
trypsin and -methylamine complexes. In the presence of
cycloheximide, activated phagocytosis was reduced to the
control level. By Scatchard plot analysis of IgG binding
studies, the number of Fc-y receptors of a macrophage had
been increased to 4.6-fold that of a control macrophage by
treatment with modified as-macroglobulin. These
findings suggest that macrophage mannose receptors are

involved in activating the process of Fcy receptor-
mediated phagocytosis of opsonized SRBCs induced by
modified a2-macroglobulin. Lectins may participate in a

signal transduction in macrophage activation by lipo-
somes.J. Leukoc. Biol. 57: 687-691; 1995.
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INTRODUCTION

In mammalian tissues, several lectins have been described

with different sugar specificities, such as hepatic lectins for

galactose residues [1-3] and macrophage receptors for man-

nose and galactose residues [1, 4-6]. It has been shown that

galactose-specific lectins of hepatocytes or macrophages

recognize the desialylated sugar structure of catabolites of
serum glycoprotein or aged erythrocytes, resulting in rapid

sequestration from the blood stream [4, 5, 7, 8]. However,

the biological role of lectin is not fully understood.

We reported that liposomes consisting of dipalmitoyl-

phosphatidylcholine, hydrogenated phosphatidylserine, and

cholesterol also activated mouse peritoneal macrophages and
enhanced Fc’y receptor-mediated ingestion of im-

munoglobulin G (IgG)-opsonized sheep red blood cells

(SRBC5) [9, 10]. During this activation process, liposomes

did not activate macrophages directly, but serum and B cells

were required, and as-macroglobulin was identified as a

macrophage-activating serum factor. Mannose residue(s) at

the terminal of the sugar chain of this glycoprotein modified

by liposome-treated B cells is expected to be a key ligand for

macrophage activation (M. Murai, Y. Aramaki, S. Tsuchiya,

submitted).

The purpose of this work is to clarify the contribution of

mannose receptors to the Fc’y receptor-mediated phagocyto-

sis of IgG-opsonized SRBCs by mouse peritoneal macro-

phages. With the addition of D-mannose, binding of

modified a2-macroglobulin to macrophages and ingestion of

opsonized SRBCs were inhibited, and the increase in the

number of Fc-y receptors induced by modified a2-macro-

globulin was also reduced to control levels. Receptors having
specificity for mannose residues thus may contribute to the

enhancement of Fe-y receptor-mediated phagocytosis of

mouse peritoneal macrophages induced by liposome

treatment.

MATERIALS AND METHODS

Animals

Inbred BALB/c (8-10 weeks) male mice were purchased from

Japan SLC (Shizuoka, Japan).

Liposome preparation

Multilamellar liposomes of dipalmitoylphosphatidylcholine

(Nippon Oil and Fat Co., Tokyo, Japan), phosphatidylserine

(Nisshin Seiyu Co., Tokyo, Japan), and cholesterol (Wako

Pure Chem. Ind., Osaka, Japan) 3.2:2:4.8 (molar ratio) were
prepared by the vortexing method as described previously

[10].

Cell preparation

Peritoneal exudate cells from BALB/c mice were prepared
according to the procedure described previously 1101. Pen-

toncal exudate cells (1 x 106) suspended in 1 ml of RPMI

1640 medium containing 0.1% bovine serum albumin (BSA

medium) were overlaid on a circular glass coverslip (15 mm)

that had been placed in a well (22 mm) of a tissue culture

plate (Corning Glass Works). The plate was held at 37#{176}Cin

a humidified 5% CO2 incubator for 30 mm to allow macro-

Abbreviations: BSA, bovine serum albumin; DBP, vitamin D-binding

protein: HRP, horseradish peroxidase; lgG, immunoglobulin G; PBS,
phosphate-buffered saline; SRBC, sheep red blood cell.
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phage adherence. Each covenslip was washed with gentle agi-

lation with warmed RPMI 1640 to dislodge nonadhenent

cells, and a macrophage monolayer was t)btained.

Splenic lymphoid cells from BALB/c mice were collected

and processed as described by Hashimoto ct al. Ill]. The
B cell population was isolated by removing T cells from the

splenic nonadherent cells via treatment with anti-Thy

1.2 monoclonal antibody and guinea pig complement

(Cedanlane Lab., Ontario, Canada) according to the method

i-cportecl by Suzuki et al. [12].

Treatment of B cells with liposomes and preparation of
modified �2-macroglobulin

Splenic B cells (1 x 106 cells/well) were incubated with lipo-

somes (268 nmol lipid/well) in BSA medium fbr 30 mm as

described previously [131. After being washed, the treated

cells (1 x 106 cells/mI) were incubated in serum-free RPMI
1640 medium containing 200 ng/ml commercially available

bovine a2-macroglobulin (Mannheim Yamanouchi, Tokyo,

Japan) for 3 h, and the supennatant was obtained by

tnifugation (600g, 10 mm) and designated as modified a2-

macroglobulin. Culture medium, which was obtained by in-
cubation of saline-treated splenic B cells with RPMI 1640

medium containing 200 ng/ml a2-macrogiobulin, was used

as control.

Opsonization and ingestion assay

The extent of Fey receptor-mediated phagocytosis of op-

sonized SRBCs Uapan Bio Test, Tokyo, Japan) by peritoneal

macrophages was determined according to the method of

Bianco et al. 113]. Four milliliters of 5% SRBCs suspended

in serum-free RPMI 1640 medium was opsonized by the

subagglutinating dilution of IgG (about 40 �g protein/mi).

One milliliter of 1% suspension of rabbit anti-SRBC IgG

(Inter Cell Technologies, Hopeweli, NJ)-opsonized SRBCs

was overlaid on a macrophage monolayer following the treat-

ment with modified a2-macroglobulin for 2 h at 37#{176}C

(1 x 106 cells/mi) in a humidified 5% CO2 incubator for

60 mm. Noningested SRBCs were lysed by immersing the
covenslips in hypotonic phosphate-buffered saline (PBS) (1:10

dilution) for 10 s. The macrophages were fixed with MeOH,

dried, and Giemsa stained. Two hundred macrophages on

each coverslip were counted at random and the ingestion in-

dex was expressed as the product of the percentage of macro-

phages that ingested SRBCs and the average number of

SRBCs ingested by a macrophage.

Modified a2-macroglobulin binding to macrophages

Binding of modified a2-macroglobulin to macrophages was

determined by enzyme-linked immunosolubent assay. Mac-

rophages (1 x 106 cells) in each well of a microplate (24 well,

Corning Glass Works) were incubated with modified a2-

macrogiobulin (10 ng) in the presence of 0-30 mM

t)-mannose at 4#{176}Cfor 2 h. After being washed three times

with 10 mM PBS containing 0.05% Tween 20 (PBS-Tween),

the wells were coated with 1 ml of 3% skim milk in PBS-

Tween for 1 h at room temperature to block the nonspecific

adsorption of antibodies to the wells. After washing with

PBS-Tween, 500 ng of rabbit anti-bovine a2-macroglobulin

monoclonal antibody (IgG class, Yagai Research Center,

Yamagata, Japan) was added to each well. After incubation

of 4#{176}C for 2 h and washing, horseradish peroxidase

(HRP)-conjugated goat IgG having specificity for the Fe

region of rabbit IgG (Organon Teknica Co., West Chester,

PA) diluted with PBS-Tween (1 ftg/ml) was added (0.5 ml/

well). Following incubation at 4#{176}Cfor 2 h and washing,

0.5 ml of 2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)

(150 �tg/ml) in 0.1 M citrate buffer (pH 4.0) containing
0.015% H202 was added. After incubation at 37#{176}C for

20 mi absorbance at 405 nm was measured with a micro-

plate reader (Corona, MTP-32, Tokyo, Japan).

Preparation of a2-macroglobulin complexes

a2-macroglobulin-trypsin or -methylamine complex was

prepared as described previously (M. Murai et al., sub-

mitted). Nondenatuning polyacrylamide gel electrophoresis

revealed that these cs2-macrogiobulin complexes were fast

form (M. Murai et al., submitted).

Analysis of Fcy receptors

The binding parameter of Fey receptor of macrophages was

determined according to the modified method of Yagawa et

al. [141. Peritoneal macrophages (1 x 10� cells) were in-

cubated with modified a2-macroglobulin in the presence or

absence of 30 mM D-mannose at 37#{176}Cfor 2 h. The macro-

phages washed with PBS-Tween were scraped with a rubber

policeman from the culture plate and transferred into a skim

milk-coated test tube (Corning Glass Works). Various con-

centrations of HRP-conjugated mouse IgG (Organon

Teknika Co.) or its F(ab’)2 fragment (Rockland, Gilbertsville,

PA) in BSA medium were added to each tube and incubated

at 4#{176}Cfor 5 h. After washing three times with PBS-Tween,

0.3 ml of substrate solution was added and incubated at

37#{176}Cfor 20 mm. The amount of bound IgG or F(ab’)2 frag-

ment was determined by HRP activity measured by the

same procedure as for the binding of modified a2-macro-

globulin to macrophages by using the relation that the en-
zyme activity of 1 ng of HRP-conjugated mouse IgG showed

an absorbance of 0.107 (37#{176}C,20 mm). The binding capacity
of the Fey receptor of macrophages was estimated by sub-

traction of binding of F(ab’)2 from that of IgG. A control ex-

periment was run by the same procedure using control

medium instead of modified cr2-macroglobulmn.

RESULTS

Effects of monosaccharides on ingestion index

As shown in Figure 1A, an ingestion index for IgG-

opsonized SRBCs of macrophages, incubated with modified
a2-macroglobulin, was accelerated about 3.5-fold over that

of macrophages, incubated with control medium. The inges-

tion for nonopsonized SRBCs was almost the same as that

of macrophages incubated with control medium.

Previously, we reported that modified a2-macroglobulin

contains mannose residue as the terminal sugar chain

(M. Murai et al., submitted). So the contribution of man-

nose receptors to the phagocytosis of opsonized SRBCs via

Fey receptors was expected, and the effects of monosaccha-

rides on the phagocytosis were investigated. As shown in

Figure 1A, a reduction of the ingestion index was observed

only when D-mannose was added to the medium containing

modified a2-macroglohulin. The inhibitory effect increased
with the concentration, and in the presence of 30 mM D-

mannose the ingestion index decreased to the control level

(Fig. lB). Moreover, mannose exposure of BSA or fetuin did

not cause macrophage activation (Fig. 1A).
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Effect of cycloheximide on ingestion index

The accelerated ingestion index of macrophages observed

following incubation with modified a2-macroglobulin was

reduced to control levels by the addition of 10 �g/ml cyclo-

heximide (Fig. 4).
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Fig. 1. Effects of various monosaccharides on the ingestion index of op.

sonized SRBCs by mouse peritoneal macrophages. (A) (a) Control medium

prepared by incubation of cr2-macroglobulin with salineireated B cells;
(b and c) modified a2-macroglobulin prepared by incubation cs2-macro-

globulin with liposome-treated B cells; (d) modified a2-macroglobulin + D-

galactose; (e) modified cs2-macroglobulin + D-glucose; (I) modified a2-

macroglobulin + o-fucose; (g) modified a2-macroglobulin + D-mannose;

(h) modified a2-macroglobulin + N-acetyl-�-D-ga1actosamine; (i) modified

a2-macroglobulin + N-acetyl-�-D-glucosamine; (j) mannose-exposed BSA;

(k) mannose-exposed fetuin. Except for (b), IgG-opsonized SRBCs were in-

gested by macrophages. Nonopsonized SRBCs were ingested in (b). Each

monosaccharide Concentration was 20mM. Mannose-exposed proteins were

prepared using commercially available neuraminidase, /3-galactosidase, and

�3-N-acetylglucosaminidase and purified with a concanavalin A-Sepharose

4B column as described previously (M. Murai et al., submitted). (B) (a)

Control medium; (b) modified a2-macroglobulin; (c) modified a2-macro-

globulin + 0-mannose (10 mM); (d) modified cs2-macroglobulin + t)-

mannose (20 mM); (e) modified a2-macroglobulin + D-mannose (30 mM).

The data shown are means ± so of three separate experiments. (E) Mac-

rophages incubated with control medium; (�) macrophages incubated with

modified a2-macroglobulin.

Binding of modified a2-macroglobulin to macrophages

Significant binding of modified a2-macroglobulin to macro-

phages was observed and this binding decreased with in-

creasing D-mannose concentrations, suggesting that the
binding of modified a2-macroglobulin to macrophages was

inhibited by D-mannose (Fig. 2). However, no inhibitory

effects of other monosaccharides, such as N-acetyl-fl-D-

galactosamine, D-galactose, and D-glucose, were observed x 300-
(data not shown).

Effect of a�-macroglobulin complex on ingestion index � 200�

a2-Macroglobulin binds to proteases and small primary .2
amines, such as methylamine, and the complex is immedi- �

ately trapped by cr2-macroglobulin receptors on macro-

phages [15, 16j. The contribution of a2-macroglobulin recep- C 100
tor to macrophage activation induced by modified a2- -

macrogiobulin was examined using a2-macroglobulin-trypsin

and a2-macroglobulin-methylamine complexes. These com-

plexes themselves did not affect the ingestion index of macro-

phages. Also, the accelerated ingestion index of macrophages

induced by modified a2-macroglobulin was not reduced in

the presence of 100-fold concentrations (20 �tg/ml) of a2-

macroglobulin-trypsin or a2-macroglobulin-methylamine

complex (Fig. 3).
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Fig. 2. Binding of modified a2-macroglobulin to peritoneal macrophages.
(A) Control medium; (B) control medium + D-mannose (30 mM); (C)

modified a2-macroglobulin; (D) modified as-macroglobulin + o-mannose

(10 mM); (E) modified az-macroglobulin + D-mannose (20 mM); (F)

modified a2-macroglobulin + it-mannose (30 mM). The data shown are

means ± so of three separate experiments. (�) Macrophages incubated

with control medium; (�) macrophages incubated with modified a2-

macroglobulin.

Binding parameter of Fcy receptor

The binding parameters of Fey receptors were evaluated by

the binding of HRP-conjugated mouse IgG to macrophages.

IgG binding to macrophages increased with increasing IgG,

and a higher binding capacity was observed in macrophages

treated with modified a2-macroglobulin than in those
treated with control medium. With the addition of 30 mM

A B C D E F
Fig. 3. Effect of a2-macroglobulin complex on the ingestion index of op.

sonized SRBCs by mouse peritoneal macrophages treated with modified a2-

macroglohulin. (A) Control medium; (B) modified a2-macroglobulin (0.2

isg/ml); (C) as-macroglobulin-trypsin complex (20 j.tg/ml); (D) a2-macro-

globulin-trypsin complex (20 �tg/ml); (E) modified a2-macroglobulin (0.2

�ig/ml) + a2-macroglobulin-trypsin complex (20 �sg/ml); (F) modified a2-

macroglobulin (0.2 �sg/ml) + a2-macroglobulin-methylamine complex

(20 �sg/ml). Modified cs2-macroglobulin and cs2-macroglobulin complexes

were added to macrophages simultaneously. ‘I’he data shown are

means ± Si) of three separate experiments. (E) Macrophages incubated

with control medium; (�) incubated with modified a2-maeroglobulin; (�)
incubated with a2-macroglobulin complex.
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D-mannose, this binding decreased to control levels (Fig. 5,
inset). The binding of F(ab’)2 fragment lacking the Fe por-

tion of IgG was negligible. In addition, the binding of HRP-

conjugated IgG to activated macrophages was almost com-

pletely inhibited by the addition of 100-fold free mouse IgG.

By Scatchard plot analysis, the number of Fey receptors of

activated macrophages was estimated to be 5.5 x 10� per cell
(Fig. 5). This value was 4.6 times higher than the control

value (1.2 x 1O� per cell). In the presence of D-mannose, the

binding was reduced to control levels and the number of Fey

receptors decreased to 1.8 x 10� per cell. On the other hand,

the binding constant was almost equivalent in macrophages

treated with control medium (1.5 x 108 Mt), modified a2-
macroglobulin (1.2 x 10� M�), or modified a2-macro-

globulin in the presence of D-mannose (1.3 x 108 Mt).

DISCUSSION

We have previously reported the effect of liposomes on vari-

ous functions of mouse peritoneal macrophages [9]. In par-

ticular, Fey receptor-mediated phagocytosis of opsonized

SRBCs by macrophages was strongly enhanced, and this
macrophage activation was induced by modified a2-macro-

globulin, which was prepared by incubation of a2-macro-
globulin and liposome-treated B cells. Since the mannose

residue at the terminal of the sugar chain of modified a2-

macroglobulin was essential for macrophage activation

(M. Murai et al., submitted) a contribution of mannose

receptors on macrophages is expected.

To clarify the contribution of mannose receptors to phago-
cytosis of opsonized SRBCs via Fey receptors, the effects of

monosaccharides on modified a2-macroglobulin-induced
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Fig. 5. Scatchard plots of the binding of IgG to macrophages. Macrophages

treated with control medium (A), modified cx2-macroglobulin (#{149}),and

modified cs2-macroglobulin + 30 mM D-mannose (0) were incubated with

HRP-conjugated IgG. By Schatchard plot analysis, the binding constants

for control medium-, modified a2.macroglobulin-, and modified a2-macro-

globulin + D-mannose-treated macrophages were 1.5 x 10#{176},1.2 x 108,

and 1.3 x 108 (M’), respectively. The number of binding sites for control

medium-, modified a2-macroglobulin-, and modified a2-macroglobulin +

t)-mannose-treated macrophages were 1.2 x 10�, 1.8 x 10�, and 5.5 x l0�

(cell�), respectively. The inset shows a direct plot of the binding of macro-

phages. Open triangles represent the binding of F(ab’)2 to macrophages

treated with modified a2.macroglobulin. The data shown are means ± 51)

(direct plot) or means (Schatchard plot) of three separate experiments.
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Fig. 4. Effect of cycloheximide on the ingestion index of opsonized SRBCs

by mouse peritoneal macrophages treated with modified a2-macroglobulin.

(A) Control medium; (B) control medium + cycloheximide (50 �sg/ml); (C)

modified a2-macroglobulin; (D) modified a2-macroglobulin + cyclo-

heximide (5 �ig/m1); (E) modified a2-macroglobulin + cycloheximide

(10 �sg/ml); (F) modified a2-macroglobulin + cycloheximide (50 /hg/ml). As

for (B), (D), (E), and (F), following the pretreatment of macrophages with
cycloheximide for 30 mm, control medium or modified a2-macroglobulin

containing each concentration of cycloheximide was added to the macro-

phages. The data shown are means ± so of three separate experiments. (0)

Macrophages incubated with control medium; (�) macrophages incubated

with modified a2.macroglobulin.

phagocytosis were investigated. The ingestion index of mac-

rophages enhanced by modified a2-macroglobulin was

specifically reduced by D-mannose (Fig. 1). This result sug-

gested that binding of modified a2-macroglobulin to man-
nose receptors of macrophages plays a key role in the en-

hancement of Fey receptor-mediated ingestion of opsonized

SRBCs. The activity of HRP bound to the secondary anti-

body, which was presumed to be the binding of a2-

macroglobulin, was only inhibited by the addition of man-

nose in a dose-dependent manner (Fig. 2). These results in-

dicate that modified a2-macroglobulin binds to macrophages

through a receptor for mannose. Binding of native a2-

macroglobulin, which has no macrophage-activating capac-

ity, to macrophages was also observed, but this binding was

not inhibited by the addition of D-mannose. Thus, the

native a2-macroglobulin may bind to macrophages with

nonspecific interactions.

a2-Macroglobulin can bind with various proteases, and

the protease-trapped a:-macroglobulin mediates several cel-

lular responses following their recognition by a2-macro-

globulin receptor [17, 181. However, the complex of a2-

macroglobulin with trypsin or methylamine did not activate

macrophages (Fig. 3). The present report should rule out a

possible contribution of a2-macroglobulin receptors to mac-

rophage activation induced by modified a2-macroglobulin,

because their activation effect was not reduced in the

presence of competitor for a2-macroglobulin receptor, a2-
macroglobulin-trypsin or -methylamine complex (Fig. 3).

To explain the detailed mechanism of the activation of Fey
receptor-mediated phagocytosis after the binding of

modified a2-macroglobulin and mannose receptor, two pos-
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sibilities should be considered: (1) an increase in the number

of Fe’y receptors and (2) an enhancement of the function of

Fc�y receptors. Macrophage activation induced by modified

a2-macroglobulin was completely reduced by pretreatment

with cycloheximide, a protein synthesis inhibitor (Fig. 4).

This result suggests that protein synthesis is involved in this

process; that is, the synthesis of Fey receptor may be acceler-

ated by the signal resulting from the binding of modified cx�-

macroglobulin to the mannose receptor. Thus, the binding

parameters of Fc’y receptors were examined using HRP-

conjugated mouse IgG (Fig. 5). The number of Fey receptors

of activated macrophages was 4.6 times higher than the con-

trol value, and the presence of D-mannose was reduced to

control levels. On the other hand, the binding constant was

almost equivalent in each case. Consequently, the acceler-

ated ingestion observed with modified a2-macroglobulin

resulted from an increase in the number of Fey receptors and

not enhancement of the function of Fey receptors.
Yamamoto et al. [15, 19] have reported that inflammation

products such as lysophosphatidylcholine and alkylglycerol

activate mouse peritoneal macrophages and induce the

phagocytosis of IgG-opsonized SRBCs via Fey receptors on
macrophages. We have reported that lectin-like receptors

having specificity for N-acetyl-�-D-galactosamine are in-
volved in activating the process of Fc-y receptor-mediated

phagocytosis, and this activation came from overexpression

of Fc’y receptors following the interaction of ligand, modified

vitamin D-binding protein (DBP), and N-acetyl-13-D-

galactosamine receptor on macrophage surface [16].

Taking these findings into consideration, lectins having
specificity for mannose or N-acetyl-/3-D-galactosamine on

the macrophage surface are involved in the activation of Fey

receptor-mediated phagocytosis of opsonized SRBCs in-

duced by liposomes or lysophosphatidylcholine. Binding of

modified a2-macroglobulin and modified DBP to these lee-

tins induces the synthesis of Fe-y receptors on the surface of
macrophages, and lectins may be involved in signal trans-

duction in macrophage activation.
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