
Bridging effect of recombinant human mannose-binding lectin
in macrophage phagocytosis of Escherichia coli

Introduction

Failure in the expeditious removal of invading microbes

or altered self cells impairs the development, as well as

increases the risk of infectious diseases, inflammation

and autoimmunity. These ‘foreign’ or ‘unwanted’ cells are

selectively recognized and engulfed by phagocytes.1 The

selectivity in phagocytosis is achieved through specific

molecular recognition by receptors residing at the surface

of phagocytes and their ligands or markers of phagocyto-

sis on the surface of target cells.1,2 The markers are either

surface constituents of the target cells or soluble mole-

cules in body fluid that specifically bind to the targets.

Bacteria are mostly phagocytosed by neutrophils and

macrophages, often with the aid of proteins present in

serum, such as immunoglobulins, complement compo-

nents, collectin and thrombospondin.1–3 These serum

proteins bind to bacteria and at the same time to the

phagocytosis receptors represented by Fc receptors, com-

plement receptors, collectin receptors and integrins; the

acting of serum proteins as a bridge between phagocytes

and targets is called opsonization.1–4

Mannose-binding lectin (MBL) belongs to a collectin

family of proteins that possess two distinct functional

domains; the collagenous domain located near the N ter-

minus and the carbohydrate recognition domain at the C

terminus.5,6 Three identical polypeptide chains of MBL

are cross-linked covalently with disulphide bonds at the

N terminus. This ‘structural subunit’ further forms oligo-

mers (dimer to hexamer) in serum, and a higher order

structure is considered necessary for MBL to accomplish

its actions. MBL has two major roles in the immune sys-

tem; the activation of complement components and the

opsonization of unwanted cells.5–10 The carbohydrate rec-

ognition domain of MBL serves as a calcium-dependent

lectin that binds to the 3-hydroxyl and 4-hydroxyl groups

of sugars, including N-acetyl-D-glucosamine, mannose,

N-acetyl-mannosamine, fucose and glucose. As an opso-

nin, MBL bridges targets and phagocytes by simulta-

neously binding to sugars on the surface of target cells

Akiko Shiratsuchi,1 Ikuko

Watanabe,1 Jin-Sung Ju,2 Bok Luel

Lee2 and Yoshinobu Nakanishi1

1Graduate School of Medical Science, Kanaza-

wa University, Shizenken, Kakuma-machi,

Kanazawa, Ishikawa, Japan, and 2College of

Pharmacy, Pusan National University, Jangj-

eon Dong, Kumjeong Ku, Busan, Busan, Korea

doi:10.1111/j.1365-2567.2008.02811.x

Received 17 November 2007; revised 7

January 2008 and 8 January 2008; accepted

10 January 2008.

Correspondence: Dr Y. Nakanishi, Graduate

School of Medical Science, Kanazawa

University, Shizenken, Kakuma-machi,

Kanazawa, Ishikawa 920-1192, Japan. Email:

nakanaka@kenroku.kanazawa-u.ac.jp

Senior author: Yoahinobu Nakanishi

Summary

Mannose-binding lectin (MBL) exists in the serum as a complex with

MBL-associated serine protease (MASP). A recent paper described how

MASP-free recombinant rat MBL stimulates the phagocytosis of Escheri-

chia coli and Staphylococcus aureus by rat Kupffer cells through an

increase in the level of a phagocytosis receptor. We have examined the

effect of human MBL on the phagocytic action of human macrophages.

Purified recombinant human MBL stimulated the phagocytosis of E. coli

by THP-1 macrophages, leaving that of latex beads, apoptotic human

cells, zymosan particles or S. aureus unchanged. This stimulatory effect

was observed when either phagocytes or targets were preincubated with

MBL. Furthermore, MBL bound to THP-1 macrophages as well as to

E. coli, but not to S. aureus, through lipid A. These results indicated that

human MBL in the absence of MASP stimulates macrophage phagocytosis

of E. coli by bridging targets and phagocytes.
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using the carbohydrate recognition domain and to the

complement receptor CR1 or the collectin receptor C1qR

present on phagocytes, presumably using the collagenous

domain. The phagocytosis of a variety of bacteria, includ-

ing Staphylococcus aureus,11 Mycobacterium bovis12 and

Neisseria meningitidis,13 by neutrophils and macrophages

in vitro is stimulated by MBL. In contrast, there are

reports that MBL does not influence the phagocytosis in

vitro of Mycobacterium avium14 and Candida albicans.15

Also, MBL seems to be involved in the phagocytic elimi-

nation of altered cells, i.e. apoptotic cells, with an opso-

nin-like action.16–18 Furthermore, a deficiency of MBL

makes mice more susceptible to infections from S. aureus,

accompanied by an increase in the number of bacteria in

blood and organs,19,20 and impairs the clearance of apop-

totic cells in the peritoneum.21 In the circulation, MBL is

found in association with a protease called MBL-associ-

ated serine protease (MASP), which is responsible for the

cleavage of C4, and thus the activation of complement. In

most experiments cited above, MBL prepared from the

sera of humans or rats, which is thus a complex with

MASP, were used. Although Bonar et al. showed that

recombinant human MBL stimulates the phagocytosis of

mycobacteria by neutrophils in vitro, the stimulation was

observed only when the reaction was supplemented with

serum.12 Recently, Ono and colleagues reported that a

MASP-free recombinant rat MBL stimulated the phag-

ocytosis of S. aureus and Escherichia coli by rat Kupffer

cells through an increase in the expression of class A scav-

enger receptor, a phagocytosis receptor for certain types

of bacteria.22 This report suggests that MBL modulates

host immune responses to invading microbes without the

aid of MASP. In the present study, we examined whether

MASP-free human MBL regulates the phagocytic action

of human macrophages and, if so, how it does so in com-

parison with its effect on Kupffer cell actions.

Materials and methods

Materials

Phorbol 12-myristate 13-acetate (PMA), methotrexate,

mannose-conjugated agarose and zymosan particles were

purchased from Sigma-Aldrich (St Louis, MO). Q-Sepha-

rose Fast Flow was obtained from Amersham Biosciences

(Uppsala, Sweden), fluorescein isothiocyanate (FITC) was

from Molecular Probes (Eugene, OR), and FITC-labelled

latex beads (Polybead Microparticles, 1�72 lm in diame-

ter) were from Polyscience (Warrington, PA). Native

human MBL was purified from human sera as described

previously.23 Recombinant human MBL was expressed in

a cell line derived from Chinese hamster ovary cells and

chromatographically purified as described previously,24

except that the final purification step was avoided and a

mixture of proteins of different sizes was used in the

experiments (see the text). Anti-human MBL rabbit anti-

serum, anti-human MBL mouse monoclonal antibody,

and an enzyme-linked immuosorbent assay kit for human

MBL used to determine the amount of MBL were pur-

chased from Dobeel Corp. (Seongnam, Republic of

Korea). Lipopolysaccharide (LPS) was obtained from

E. coli K12 (rough-type LPS) or E. coli O18 (smooth-type

LPS) as described previously.25 Lipid A of E. coli was pur-

chased from the Peptide Institute (Minoh, Osaka, Japan).

Calreticulin prepared from human sera and anti-human

calreticulin rabbit antiserum26 were provided by Dr Shun-

ji Natori (RIKEN, Wako, Japan). Recombinant human

C1q was purchased from Complement Technology (Tyler,

TX), and the peptides GRGDSP and GRGESP were

obtained from Takara Bio (Otsu, Shiga, Japan).

Cell culture

The human monocyte-derived cell line THP-1 was main-

tained with RPMI-1640 medium containing 10% volume

by volume (v/v) heat-inactivated fetal bovine serum at

37� with 5% (v/v) CO2 in air. THP-1 cells were used as

phagocytes after differentiating into macrophages through

incubation with PMA (160 nM) for 72 hr at 37�. The

human leukaemic cell line Jurkat was cultured with the

same medium containing 10% fetal bovine serum and

induced to undergo apoptosis by incubation with the

anticancer drug doxorubicin (0�3 lg/ml) for 30–36 hr.

The extent of apoptosis was determined by measuring the

ratio of cells with externalized phosphatidylserine and

condensed chromatin, as described previously.27 Escheri-

chia coli (strain W3110) and S. aureus (strain Smith),

obtained from Dr Kazuhisa Sekimizu (the University of

Tokyo, Tokyo, Japan), were cultured with Luria broth at

37� until they reached a logarithmic phase of growth, and

were washed successively with phosphate-buffered saline

(PBS) containing 5 mM ethylenediaminetetraacetic acid

(EDTA) (pH 8�0) and PBS alone. The harvested bacteria

were incubated with 0�1 M sodium carbonate buffer (pH

9�5) containing FITC for fluorescence labelling and were

used as target cells in the assay of phagocytosis.

Assay for phagocytosis

Phagocytosis reactions were conducted in the absence of

serum using PMA-treated THP-1 cells as phagocytes and

latex beads, apoptotic Jurkat cells, zymosan, E. coli or

S. aureus as targets, essentially as described previously.27,28

Either phagocytes or targets were preincubated with MBL

or left untreated as a control, and used in the reaction.

For the phagocytosis of latex beads or zymosan, FITC-

labelled latex beads (at a ratio of 50 targets to one phag-

ocyte) or zymosan particles labelled with 5-carboxyfluo-

rescein (Molecular Probes) (at a ratio of 10 targets to one

phagocyte) were mixed with phagocytes, and the mixture
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was incubated at 37� for 2 hr. The samples were then

washed with PBS, fixed, and examined by fluorescence

microscopy. Apoptotic Jurkat cells were mixed with

phagocytes (10 targets to one phagocyte), and the mixture

was incubated at 37� for 30 min. The cells were then

washed with PBS and fixed with paraformaldehyde, and

their membranes were permeabilized with methanol. The

samples were finally stained with haematoxylin and exam-

ined by light microscopy. The FITC-labelled bacteria were

mixed with macrophages (at a ratio of 1000 for E. coli or

100 for S. aureus to one macrophage, unless otherwise

stated in the text), which had been washed with PBS con-

taining 5 mM EDTA (pH 8�0) then with PBS, and the

mixture was incubated at 37� for 1 hr unless otherwise

stated in the text. After the incubation for phagocytosis,

the mixture was agitated by pipetting to remove bacteria

that lightly attached to macrophages. The remaining

macrophages were fixed with PBS containing 2% weight

by volume (w/v) paraformaldehyde, 0�1% (w/v) glutaral-

dehyde and 0�05% (v/v) Triton X-100, and rinsed with

PBS. The final samples in all the phagocytosis reactions

with fluoresceinating targets were mounted with non-

fluorescent glycerol and examined under a fluorescence–

phase contrast microscope to determine the extent of

phagocytosis. The numbers of macrophages with engulfed

targets and of engulfed cells present in each macrophage

were determined and expressed relative to the total num-

ber of macrophages (in percentage) and per 100 macro-

phages, respectively. To determine the extent of

phagocytosis of bacteria by flow cytometry, FITC-labelled

bacteria were mixed with phagocytes (at a ratio of 100

bacteria to one phagocyte) in RPMI-1640 medium at 37�
for 45 min. The samples were then supplemented with an

ice-cold solution consisting of 0�1 mM sodium acetate

buffer (pH 4�5) and trypan blue (2 mg/ml), respectively,

to terminate the reaction and quench unincorporated tar-

gets, and finally analysed by flow cytometry.

Assay for binding of MBL to bacteria and phagocytes

To examine the binding of MBL to bacteria, E. coli or

S. aureus (1 · 108) that had been washed successively

with PBS containing 5 mM EDTA and PBS, were sus-

pended with PBS (0�1–0�3 ml) containing or not con-

taining 10 mM EDTA and supplemented with

recombinant human MBL (50 lg). The mixtures were

incubated for 1 hr at 37� and washed three times with

PBS. The washed bacteria were lysed with a buffer con-

sisting of 63 mM Tris–HCl (pH 6�8), 2�5% (w/v) sodium

dodecyl sulphate (SDS), and 1% (v/v) protease inhibitor

cocktail (Sigma-Aldrich), and then solubilized proteins

were resolved by SDS–7�5% (w/v) polyacrylamide gel

electrophoresis (PAGE). The separated proteins were

electrophoretically transferred onto a polyvinylidene

difluoride membrane. The membrane was incubated with

5% (w/v) dried skimmed milk and successively reacted

with anti-MBL antiserum and horseradish peroxidase-

conjugated anti-rabbit immunoglobulin G (IgG) anti-

body. Signals were visualized by chemiluminescence reac-

tions using Western Lightening System (PerkinElmer,

Boston, MA), and data were processed using FLUOR-S

MULTIIMAGER (Bio-Rad Laboratories, Hercules, CA). To

examine the binding ability of MBL to LPS and lipid A,

96-well plates (MS-8496F; Sumitomo Bakelite, Tokyo,

Japan) were coated by incubation with rough-type or

smooth-type E. coli LPS (20 lg/ml in PBS) or lipid A

(10 lg/ml in PBS) overnight at 4�. The plates were

washed three times with PBS containing 0�05% (v/v)

Tween-20 and incubated with PBS containing 1% (w/v)

bovine serum albumin (BSA) for 1 hr at room tempera-

ture for blocking. Native or recombinant human MBL

diluted with a buffer consisting of 50 mM Tris–HCl (pH

8), 0�2 M NaCl, 20 mM CaCl2, and 1% BSA was added,

and the plates were incubated for 3 hr at room tempera-

ture. The plates were then washed three times with

Tween-20-containing PBS and reacted successively with

anti-human MBL monoclonal antibody and horseradish

peroxidase-conjugated anti-mouse IgG. The samples were

washed three times with Tween-20-containing PBS and

subjected to a colorimetric reaction using tetramethyl

benzidine solution (Invitrogen-Zymed, San Francisco,

CA), and the amount of converted substrates was deter-

mined by measuring the absorbance at 450 nm. To

examine the binding of MBL to human cells, THP-1

cells (1 · 106) before and after PMA treatment or

apoptotic Jurkat cells were washed successively with

PBS containing 0�05 mM EDTA and PBS alone, and

incubated with recombinant human MBL (10 lg) in

PBS for 10 min on ice. The cells were then washed

with PBS and reacted with either anti-human MBL rab-

bit antiserum or normal rabbit serum by incubation for

10 min on ice, and supplemented with biotinylated

anti-rabbit IgG antibody and Alexa Fluor 488-conju-

gated streptavidin (Molecular Probes). The level of

MBL bound to cells was finally examined by either

flow cytometry or fluorescence microscopy.

Immunochemical detection of calreticulin

THP-1 macrophages, which had been fixed and mem-

brane-permeabilized by successive treatments with 3%

paraformaldehyde and methanol or left untreated, were

incubated with PBS containing 0�1% BSA for blocking.

The cells were then reacted with anti-human calreticulin

antiserum diluted with PBS containing 0�1% BSA, washed

with PBS, and incubated with biotinylated anti-rabbit IgG

antibody followed by the addition of Alexa Fluor 488-

labelled streptavidin. The final samples were examined on

a confocal laser-scanning microscope (LSM510; Carl

Zeiss, Jena, Germany).
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Data processing and statistical analysis

Data from the assay for phagocytosis are representative of

three (for the reactions with latex beads, zymosan, or

apoptotic cells as targets) or five (for the reactions with

bacteria) independent experiments that yielded similar

results, and those from quantitative analyses are expressed

as the mean ± standard deviations (n > 3). Statistical

analyses were performed using Student’s t-test, and P val-

ues of less than 0�05 were considered significant. The data

significantly different from controls were marked with

asterisks.

Results

Stimulation of phagocytosis of E. coli, but not of
other target cells, by MBL

To obtain MASP-free human MBL, we expressed human

MBL cDNA in Chinese hamster ovary cells and purified

MBL by affinity chromatography using mannose-conju-

gated agarose. The materials bound to and eluted from

the affinity column contained proteins with different

molecular masses of larger than 100 kDa as revealed by

SDS–PAGE (Fig. 1a). It is not known why MBL was

obtained as a mixture of proteins, but presumably it

formed multimers during preparation. We decided to use

this preparation as recombinant human MBL in further

experiments, because the same preparation has been

shown to be functional in terms of the activation of

human endothelial cells as well as the activation of com-

plement when supplemented with MASP.24 We first

tested the effect of MBL on the phagocytosis of bacteria

by macrophages. Phagocytosis reactions were conducted

with THP-1 macrophages as phagocytes and Gram-posi-

tive S. aureus or Gram-negative E. coli, which were

labelled at the surface with FITC, as targets. We found

that THP-1 macrophages effectively phagocytosed E. coli

and S. aureus in a dose- and time-dependent manner

(Fig. 1b). To see the effect of MBL, either phagocytes or

target bacteria were preincubated with MBL before the

phagocytosis reactions, and the level of phagocytosis was

determined by fluorescence microscopy or flow cytome-

try. Pretreatment of neither phagocytes nor targets with

recombinant MBL significantly influenced the ratio of

phagocytes that had phagocytosed bacteria (left panel in

Fig. 1c), but the same treatment increased the number of

E. coli, but not of S. aureus, that had been incorporated

into phagocytes (right panel in Fig. 1c). The extent of this

stimulation was almost the same when either phagocytes

or target bacteria were preincubated with MBL. Data

from a flow cytometric analysis also revealed a stimula-

tory effect of recombinant MBL on the phagocytosis of

E. coli but not of S. aureus by THP-1 macrophages

(Fig. 1d).

We next tested the effect of recombinant human MBL

on the phagocytosis of other targets such as latex beads,

apoptotic cells and zymosan. To do so, FITC-labelled

latex beads, unlabelled Jurkat cells undergoing doxorubi-

cin-induced apoptosis, and 5-carboxyfluorescein-labelled

zymosan particles were used as targets for phagocytosis by

PMA-stimulated THP-1 cells. We found that MBL had

no effect on the ratio of phagocytes that had accom-

plished phagocytosis (data not shown) as well as the

number of targets engulfed by each phagocyte (Fig. 2).

All these results indicated that the effect of recombinant

human MBL on the phagocytosis by THP-1 macrophages

was target specific, and that only the phagocytosis of

E. coli was stimulated so far as we tested.

Binding of MBL to targets and phagocytes

We then asked whether MBL binds to the target cells. We

first examined the binding of recombinant human MBL

to E. coli and S. aureus. Bacteria were incubated with

MBL and washed to remove MBL unbound or lightly

associated with bacteria, and their lysates were examined

for the presence of bound MBL by Western blotting. The

results indicated that recombinant human MBL binds to

E. coli, but not to S. aureus (Fig. 3a). The amount of

MBL bound to E. coli was reduced by the presence of

EDTA, suggesting that the Ca2+-dependent carbohydrate-

binding activity of MBL is responsible for the binding.

We then tested whether or not MBL binds to LPS of

E. coli. For this purpose, we examined the binding of

MBL to culture plates that had been coated with either

rough-type or smooth-type E. coli LPS. We found that

recombinant human MBL binds to either type of LPS

while no significant binding was observed for native

human MBL (upper and middle panels in Fig. 3b). When

MBL that had bound to LPS-coated plates was detached

from the plates and analysed by Western blotting with

anti-MBL antibody, all the polypeptides present in the

MBL preparation (see Fig. 1a) were detected (data not

shown). This indicated that all the proteins in the MBL

preparation were capable of binding to LPS and suggested

that they were all recombinant human MBL. Further-

more, recombinant MBL was found to possess affinity for

lipid A (lower panel in Fig. 3b). On the other hand, the

same MBL preparation did not bind to apoptotic Jurkat

cells as assessed by flow cytometry (Fig. 3c). These results

indicated that recombinant human MBL bound to E. coli

but not to the other target cells, and explained why it

selectively stimulated the phagocytosis of E. coli by THP-1

macrophages.

We next tested whether MBL binds to THP-1 macro-

phages as it does to E. coli. THP-1 cells were incubated

with recombinant MBL, and the amount of MBL bound

to the cells was determined immunochemically by flow

cytometry. Recombinant human MBL bound to THP-1
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cells, and the level did not significantly differ before and

after PMA treatment (Fig. 4a). This suggested that a puta-

tive receptor for MBL already existed in THP-1 cells

before the differentiation into macrophages. The treat-

ment with PMA caused, in some THP-1 cells, portions of

the plasma membrane to protrude, producing a structure

known as a filopodium. When those cells were incubated

with MBL and immunocytochemically examined for the

distribution of MBL, MBL seemed to be preferentially

associated with the filopodia (Fig. 4b). Taking these

results and those shown above into consideration, recom-

binant MASP-free human MBL stimulated the phagocyto-

sis of E. coli, most probably by serving as a bridge

between E. coli and THP-1 macrophages.

Calreticulin as a candidate MBL receptor of THP-1
macrophages

We next tried to obtain a clue as to the receptor(s) of

THP-1 macrophages responsible for MBL’s stimulation of
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Figure 1. Effect of recombinant human mannose-binding lectin (MBL) on the phagocytosis of bacteria by macrophages. (a) Protein composition

of recombinant human MBL preparation. The major fraction obtained after affinity chromatography was analysed by sodium dodecyl sulphate–

polyacrylamide gel electropharesis, and the separated proteins were visualized by staining with Coomassie Brilliant Blue. The positions of molecu-

lar mass markers are indicated at the left. (b) Phagocytosis of bacteria by THP-1 macrophages. Phorbol myristate acetate-treated THP-1

macrophages were incubated with either Escherichia coli or Staphylococcus aureus, and the extent of phagocytosis was determined. The ratios (in

percentage) of macrophages that have accomplished phagocytosis are shown as ‘phagocytosing macrophages’. Data shown as the mean ± standard

deviations (n = 3) are representative of three independent experiments. Fluorescence-phase contrast micrographs of the macrophages with

engulfed bacteria (seen in white) are shown at the left. Scale bar = 10 lm. (c) Stimulation of phagocytosis of E. coli by MBL. Either THP-1

macrophages (P) (2 · 106) or bacteria (T) (1 · 107) were preincubated with MBL (10 lg) before the assay of phagocytosis. Mean values in the

control reaction with no added MBL are 39 (with E. coli) and 45 (with S. aureus) for ‘phagocytosing macrophages’, and 102 (with E. coli) and

259 (with S. aureus) for ‘engulfed bacteria’ (per 100 macrophages). (d) Stimulation of phagocytosis of E. coli by MBL. Phagocytosis reactions

with THP-1 macrophages (2 · 105) and the indicated bacteria (1 · 106) were conducted in the presence (thicker lines) and absence (thinner

lines) of MBL (10 lg), and the level of phagocytosis was determined by flow cytometry. Data are representative of two independent experiments

that yielded similar results.
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was determined by an enzyme-linked immunosorbent assay. Data shown as the mean ± standard deviations (n = 3) are representative of three

(with LPS) or two (with lipid A) independent experiments that yielded similar results. (c) No binding of MBL to apoptotic Jurkat cells. Doxoru-

bicin-treated Jurkat cells (1 · 106) were incubated with MBL (10 lg), and the level of MBL bound to Jurkat cells was determined immunochemi-

cally by flow cytometry. The vertical broken line in each panel indicates the position of a peak in the reaction with no added antibody. Data are

representative of three independent experiments that yielded similar results.
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the phagocytosis of E. coli. Previous reports have sug-

gested C1qR, CR1, or calreticulin as the receptor for

the collagenous domain of MBL.5–10 An assay for the

phagocytosis of E. coli by THP-1 macrophages was con-

ducted in the absence and presence of human C1q or

human calreticulin as a competitive inhibitor of MBL.

The addition of calreticulin reduced the level of phago-

cytosis to that in the absence of MBL, while C1q did

not influence the phagocytosis (Fig. 5a). A peptide that

neutralizes the action of integrin seemed to have no

effect on the action of MBL (Fig. 5a). These results

indicated that calreticulin sequestered the stimulatory

effect of MBL on the phagocytosis of E. coli by THP-1

macrophages. We then immunocytochemically examined

the presence of calreticulin at the surface of THP-1

macrophages (Fig. 5b). When membrane-permeabilized

cells were analysed, we found that the dominant loca-

tion of calreticulin was the cytoplasm, in particular

places near the plasma membrane (upper four panels).

Examination of the same cells without treatment for

membrane permeabilization revealed that calreticulin

was also widely distributed as speckles at the surface of

THP-1 macrophages (lower four panels) as had been

previously observed with Jurkat cells.29 These results

suggested that calreticulin served as a MBL receptor of

THP-1 macrophages, most likely binding to the collage-

nous domain of MBL, and was responsible for the

action of MBL to stimulate the phagocytosis of E. coli.
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Figure 5. Search for a candidate receptor of mannose-binding lectin

(MBL). (a) Inhibition of phagocytosis by calreticulin. Phagocytosis

of Escherichia coli (1 · 108) by THP-1 macrophages (1 · 105) in the

presence of MBL (50 lg) was examined with the indicated additives.

Data shown as the mean ± standard deviations (n = 3) are represen-

tative of three independent experiments that yielded similar results.

CRT, human calreticulin (50 lg); C1q, human C1q (50 lg); RGDS,

peptide containing the RGDS sequence (0�5 mm); RGES, peptide

containing the RGES sequence (0�5 mm). (b) Presence of calreticulin

at the surface of THP-1 macrophages. Phorbol 12-myristate 13-ace-

tate (PMA) -treated THP-1 cells with or without membrane permea-

bilization were immunocytochemically analysed for the presence of

calreticulin with anti-human calreticulin antiserum (anti-CRT) or

normal rabbit serum (control). Phase-contrast and fluorescence

views of the same microscopic fields are shown. Scale bar = 10 lm.

Data are representative of two independent experiments that yielded

similar results.
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Figure 4. Binding of mannose-binding lectin (MBL) to THP-1 mac-

rophages. (a) Flow cytometric analysis. THP-1 cells (1 · 106) before

and after the treatment with phorbol 12-myristate 13-acetate (PMA)

were incubated in the presence (thicker lines) and absence (thinner

lines) of MBL (10 lg), and the level of MBL bound to THP-1 cells

after washes was analysed immunochemically by flow cytometry. The

vertical broken line in each panel indicates the position of a peak in

the reaction with no added antibody. Data are representative of two

independent experiments that yielded similar results. (b) Microscopic

analysis. PMA-treated THP-1 macrophages (1 · 106) were incubated

with MBL (10 lg) and examined by fluorescence microscopy. Fluo-

rescence and phase-contrast views of the same microscopic fields of

THP-1 macrophages that have extended filopodia are shown. Scale

bar = 50 lm.
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Discussion

We have shown that MASP-free recombinant human

MBL stimulates the phagocytosis of bacteria by macro-

phages. To the best of our knowledge, this provides fur-

ther evidence that MBL stimulates the phagocytosis of

bacteria without the aid of MASP after the recent report

by Ono and colleagues22 that recombinant rat MBL stim-

ulated the phagocytosis of E. coli and S. aureus by rat Ku-

pffer cells in the absence of MASP. Our findings indicate

that the stimulatory effect of MASP-free MBL on bacterial

phagocytosis is not restricted to a certain type of phago-

cyte. However, the mechanism of MBL’s action revealed

in our study is somewhat different from that in the pre-

ceding report. In our hands, the purified recombinant

human MBL seemed to directly enhance phagocytosis by

acting as a bridge between macrophages and the target

E. coli, while the other group suggested that MBL stimu-

lates the phagocytosis of bacteria by increasing the level

of a receptor for phagocytosis, class A scavenger receptor

in this case, at the surface of Kupffer cells.22 This discrep-

ancy could be explained by the difference in the type of

phagocyte, macrophages versus Kupffer cells, used in the

two studies. According to our model, MBL simulta-

neously binds to the target bacteria and phagocytes most

probably using distinct domains within the molecule. This

means that phagocytes need to have a receptor that is

specific for one domain of MBL. If Kupffer cells do not

possess such a receptor, MBL has no way of serving as a

bridge between the bacteria and phagocytes.

The mode of action of MBL revealed in this study

resembles that of antibody, which bridges targets and

phagocytes by respectively binding to surface antigens and

Fc receptors. It is presumed that MBL might bind to bac-

teria using the lectin domain at the C terminus while it

binds to phagocytes using the collagenous domain. We

showed that MBL binds to lipid A of E. coli, as Ono and

colleagues reported.22 It is thus probable that MBL recog-

nizes E. coli specifically bound to lipid A using the lectin

domain. It can therefore be said that MBL behaves as an

opsonin-like molecule in the cellular innate immune

response, as does antibody in adaptive immunity. An

opsonin-like action of MBL has been reported for the

phagocytosis of apoptotic cells by macrophages.16–18 An

affinity of MBL for lipid A also explains the specificity of

MBL in stimulating phagocytosis; MBL raises the level of

the phagocytosis of E. coli by THP-1 macrophages but

not of the other targets, including S. aureus, so far tested.

In contrast to our results, Ono and colleagues showed

that MBL stimulates the phagocytosis of not only E. coli

but also S. aureus.22 Again this could be explained by a

difference in the mode of action of MBL in the studies by

the two research groups. As to the binding partner of

MBL at the other end of the bridge, several proteins have

been proposed as MBL receptors that reside at the surface

of phagocytes and bind to its collagenous domain.5–10 We

have suggested in this study that calreticulin, a molecular

chaperone of the endoplasmic recticulum, is involved in

MBL’s stimulation of the phagocytosis of E. coli by mac-

rophages. Calreticulin has been shown to be required for

the efficient phagocytosis of apoptotic cells although it is

still controversial on which side, target cells or phago-

cytes, this protein functions.16,29,30 Therefore, whether cal-

reticulin serves as a MBL receptor of THP-1 macrophages

still needs to be more directly investigated. Furthermore,

calreticulin is not a membrane-bound protein and so is

unlikely to directly transmit a signal for inducing phago-

cytosis. In fact, CD91 or low-density lipoprotein-related

protein has been reported to act as a calreticulin-binding

phagocytosis receptor of macrophages.16,30 If calreticulin

stimulates the phagocytic action of THP-1 macrophages

by triggering CD91, this phagocytosis requires dual bridg-

ing molecules: MBL on the E. coli side and calreticulin on

the phagocyte side.

Kang et al. recently reported that recombinant human

MBL stimulates a humoral innate immune response

against bacterial invasion by endothelial cells in the

absence of MASP.24 MBL could therefore be responsible

for many more responses in innate immunity without the

aid of MASP. It is important to elucidate roles for

MASP-free MBL in innate immune responses to develop

a novel strategy against infectious diseases.
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