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a b s t r a c t

Sialoadhesin (Sn) is a macrophage-restricted receptor that was first characterised on mouse resident bone
marrow macrophages as a receptor that mediates the binding, without ingestion, of sheep erythrocytes.
Sn is highly conserved in mammals but its expression on tissue macrophages is heterogeneous. In the
mouse, high levels of erythrocytes binding are shown on macrophages from lymphoid tissues but a low
erythrocytes binding activity is detectable on macrophages isolated from the broncho-alveolar space. Yet,
Sn expression has been demonstrated on human, rat and pig alveolar macrophages (AM) using methods
of molecular biology. Therefore, the present study aimed to investigate the expression of Sn on mouse
AM in order to confirm the presence of the protein on this population of murine macrophages. Using
cytometrical analyses, we showed that Sn was expressed on mouse AM surface. Following desialylation,
AM largely bound erythrocytes and this binding was inhibited by 3D6, an anti-mouse Sn monoclonal
antibody, in a dose-dependent manner. This indicates that Sn is expressed on mouse AM but that the
sialic acid binding activity mediated by this molecule is naturally masked by endogenous sialic acid
within the glycocalyx on the cell surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Sialoadhesin (Sn, Siglec-1, CD169) is a macrophage-restricted
receptor that mediates sialic acid-dependent adhesion to a range
of cell types including lymphoid and myeloid cells [1]. Sn was orig-
inally described on murine resident bone marrow macrophages as a
sheep erythrocyte receptor which mediates binding but not phago-
cytosis of erythrocytes via recognition of sialylated glycoconjugates
[2]. In addition to bone marrow macrophages, erythrocytes binding
or rosetting activity of Sn has been demonstrated in other murine
macrophage populations, especially those isolated from lymph
nodes and spleen [3]. In contrast, macrophages isolated by lavage
from the bronchoalveolar space and the peritoneal cavity show low
although detectable levels of rosetting activity [2]. This activity can
be induced by a still unidentified factor present in mouse serum, but
that is absent from a range of other species sera [4]. The produc-
tion of anti-Sn monoclonal antibody (mAb) enabled the purification
and characterisation of Sn as a 185 kDa member of the Siglec family
of sialic acid binding immunoglobulin (Ig)-like lectins that pref-
erentially recognises sialoglycoconjugates containing the terminal
oligosaccharide Neu5Ac�2,3Gal�1,3GalNAc [3,5,6].

Sn expression was initially demonstrated by the ability of
macrophages to mediate erythrocytes binding. It was later con-
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firmed on resident bone marrow macrophages and isolated from
the spleen and lymph nodes using more specific methods. Among
them, competitive haemagglutination assay, immunoprecipita-
tion, western blot analysis and immunocytochemistry showed Sn
expression on these macrophages [3,5]. Once molecular cloning of
murine Sn was performed, northern blot analysis was also carried
out and showed high levels of Sn on these macrophages [6]. North-
ern blot analysis showed low amounts of Sn mRNA detectable in
the lung [6]. Yet, Sn expression on murine AM had not been fur-
ther investigated as the low efficiency of these cells to naturally
agglutinate erythrocytes, even when induced with mouse serum
[4], suggested a low expression of the receptor.

However, Sn expression on AM has been shown in human, rat
and pig using more sensitive methods than rosetting assays [7–9].
The aim of the present study was therefore to confirm or refute the
expression of Sn on mouse AM using flow cytometry and competi-
tive rosetting assays.

2. Experimental

2.1. Animals

Wild-type female C57BL6 and NMRI mice were bred at the Fac-
ulty of Medicine animal facilities of the Université catholique de
Louvain (Belgium) and used between 7 and 11 weeks of age. Animals
had free access to tap water and laboratory diet during the experi-
mental period. All experimental protocols with mice were approved
by the Institutional Animal Care and Use Committee of the Faculty
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of Medicine of the Université catholique de Louvain. Sn-deficient
C57BL6 mice, generated as described [10] were kindly provided by
the Wellcome Trust Biocentre (University of Dundee, UK).

2.2. Preparation of cells

Alveolar macrophages (AM) were harvested by bronchoalveolar
lavage (BAL) using Hank’s Buffered Salt Solution (HBSS) without
Ca2+, Mg2+ and phenol red (Invitrogen, Carlsbad, CA, USA). The BAL
was performed by a slow injection of 1 mL HBSS into the trachea
of euthanised animals following by the withdrawing of the liquid
from the lungs. The lavage procedure was repeated once with 1 mL
HBSS. About 105 cells, of which more than 90% were macrophages,
were recovered per mouse [11].

2.3. Flow cytometry

AM, recovered by BAL, were resuspended in PBA (PBS + 1%
BSA + 0.05% sodium azide) and incubated with rat anti-mouse
CD16/32 IgG2b (clone 2.4G2, 1:150; BD Biosciences, San Diego,
CA, USA) for 20 min at 4 ◦C to block Fc receptors. After washing
with PBA, cells were incubated with biotinylated 3D6 mAb (rat
anti-mouse Sn IgG2a, 10 �g/mL; prepared as described [12]) and
subsequently labeled with phycoerythrin-conjugated streptavidin
(1:300) and FITC-conjugated rat anti-mouse F4/80 mAb (1:100) for
30 min at 4 ◦C. Cells were finally stained with 7-amino actinomycin
D to exclude dead cells and analysed using a FACScan (Becton Dick-
inson) and CellQuest software.

2.4. Red blood cells (RBC) binding assay

AM, recovered by BAL from NMRI mice, were resuspended in
RPMI 1640 supplemented with 2 mM l-glutamine and 10% foetal
bovine serum (Invitrogen, Carlsbad, CA, USA). A total of 50 �L sus-
pensions of AM (2 × 106 cells/mL) were seeded in 96-wells tissue
culture plate in warm medium. Non-adherent cells were removed
by washing with serum-free RPMI medium after 40 min of incuba-
tion in a humidified atmosphere at 37 ◦C in 5% CO2. Macrophages
were then incubated in 100 �L serum-free RPMI + 0.1% BSA and
100 �L of freshly prepared human erythrocytes (from healthy vol-
unteers) were added directly to the wells at 0.5% vol/vol and
incubated at 37 ◦C for 30 min. Unbound red blood cells were
removed by repeated washing with medium. Cells were then fixed
by addition of 1% glutaraldehyde and the percentage of macrophage
binding > 4 red blood cells was determined by microscopy (100
cells counted; Axiovert S100, Zeiss, Minneapolis, MN, USA) [3]. Sial-
idase pretreatments of erythrocytes or AM were carried out by
incubating cells with Vibrio cholerae neuraminidase for 1 h at 37 ◦C
(Calbiochem, La Jolla, CA, USA; 1/20 diluted in serum-free RPMI
supplemented with 0.1% BSA).

To assess the effect of anti-Sn mAb on RBC binding, AM were
previously treated with sialidase for 1 h at 37 ◦C. Cells were then
precooled at 4 ◦C in serum-free RPMI supplemented with 0.1% BSA
and subsequently incubated at 4 ◦C with rat anti-mouse 2.4G2 mAb
for 20 min and 100 �L threefold serial dilutions of 3D6 (10 �g/mL)
for 45 min. Human RBC were then directly added to cells as
described above.

3. Results

3.1. Sn expression on mouse AM

To assess the expression of Sn on AM from C57BL6 mice, flow
cytometry was performed on cells isolated from wild-type ani-
mals and compared to Sn-deficient mice. BAL of wild-type and
Sn-deficient mice recovered a large majority of macrophages as

Fig. 1. Representative flow cytometrical analysis of freshly isolated alveolar
macrophages (AM) from C57BL6 mice. Data showed binding of biotin-labeled
3D6 mAb on AM recovered from wild-type C57BL6 mice (shaded) in compari-
son to AM recovered from Sn-deficient C57BL6 mice (open). Inset, binding of
anti-F4/80 mAb showed that all cells analysed were macrophages. This result is
representative of 2 independent experiments.

showed by F4/80 positive cells (Fig. 1, inset). The anti-Sn mAb 3D6
stained AM recovered from wild-type mice whereas no staining was
observed on AM from Sn-deficient mice (Fig. 1).

In order to study the expression of Sn on AM from NMRI
mice, competitive labeling of cells was performed using unla-
beled 3D6 mAb (Fig. 2). Cells were first incubated with unlabeled
3D6 mAb for 1 h at 4 ◦C prior to the incubation with biotin-labeled
3D6. The pre-incubation with unlabeled mAb reduced the binding
of biotinylated 3D6 mAb by approximately 70%.

3.2. Rosetting activity of mouse AM

Human red blood cells strongly bind Sn in a sialic acid depen-
dent manner and this provides a useful model to study the adhesion
mediated by Sn [5]. When freshly recovered AM were incubated

Fig. 2. Representative flow cytometrical analysis of freshly isolated AM from NMRI
mice. Data showed binding of biotin-labeled 3D6 mAb on AM following their incuba-
tion with (black filled) or without (grey filled) unlabeled 3D6 mAbs. The fluorescence
background (autofluorescence of unstained cells) is shown in dotted. This result is
representative of 2 independent experiments.
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Fig. 3. Phase contrast micrographs of freshly isolated AM cultured on 96-wells plate
and assayed for rosetting activity. A low level of rosetting was observed on freshly
recovered AM (A) and it was completely abolished when erythrocytes were pre-
treated with sialidase (B). In marked contrast, sialidase pretreatment of AM greatly
increased the formation of rosettes (C).

with human RBC, a low binding was observed as only 10% of
AM formed rosettes with erythrocytes (Fig. 3A). The low binding
activity of AM was completely abolished when human RBC were
pre-treated with sialidase (Fig. 3B). However, when AM were pre-
treated with sialidase prior to RBC incubation, rosette formation
increased greatly and almost 90% of AM bound 4 or more erythro-
cytes (Fig. 3C).

3.3. Functional inhibition of Sn

To confirm that Sn is expressed on AM and mediates ery-
throcyte binding, sialidase-pretreated AM were incubated with
various concentrations of anti-Sn 3D6 mAb. When freshly recovered

Fig. 4. Effect of 3D6 mAb on rosetting activity of desialylated AM. Freshly isolated
AM were pretreated with Vibrio cholerae sialidase and incubated with serial dilu-
tion of 3D6 mAb (filled circles). The percentage of rosettes was normalised to the
percentage of rosetting activity of desialylated AM in absence of 3D6 (considered to
be equal to 100%). Experiments with irrelevant rat IgG2a isotype (open circles) did
not show any inhibitory effect on rosette formation. Data are the mean ± S.D. of 2
pooled independent experiments (carried out in duplicate).

sialidase-pretreated AM were incubated with increasing concen-
trations of anti-Sn 3D6 mAb, the rosetting activity decreased by up
to 90% (Fig. 4). Incubation of sialidase-pretreated AM with irrele-
vant IgG2a isotype did not show any inhibitory effect on rosette
formation (Fig. 4).

4. Discussion

Whereas Sn expression has been demonstrated by different
assays on several macrophage populations [2,3,5,6], Sn expression
on murine AM was only evaluated by rosetting assay and these
cells have been considered to be weakly positive for the expression
of this molecule when compared to macrophages from the spleen
or lymph nodes. However, Sn is highly conserved in mammals [13]
and was showed to be expressed on human, rat and porcine AM
[7–9]. To clarify the expression of Sn on murine AM, flow cytometry
was performed. Flow cytometry is a method that enables a sensi-
tive analysis of Sn expression using 3D6 mAb, a rat anti-mouse Sn
mAb directed to domain 1 of the receptor [14]. Sn was shown to
be expressed on murine AM, independently of the mouse strain
(Figs. 1 and 2). To evaluate the functional activity of Sn expressed
on AM surface, rosetting assays were performed. As previously
described [2], erythrocytes poorly bound to mouse AM. The efficacy
of AM to agglutinate human RBC was low as 10% rosettes were
formed (Fig. 3A). In addition, erythrocytes binding to mouse AM
was shown to be sialic acid dependent as sialidase treatment of
both cells greatly influenced rosetting activity. Desialylation of
erythrocytes completely abolished rosette formation (Fig. 3B),
whereas removing sialic acid from AM surface greatly increased,
from 10% to 90%, the proportion of AM forming rosettes with RBC
(Fig. 3C). These results suggest that mouse AM bind erythrocytes
in a sialic acid dependent manner and that the receptor on AM
surface is naturally blocked by cis-interactions with endogenous
sialic acid exposed on the cell surface. An additional effect of
sialidase treatment is to remove negative surface charges and
hence the increase in RBC binding could also be in part explained
by reduced repulsion following sialidase treatment. Whereas
Siglecs are naturally masked by low affinity cis-interactions with
sialo-oligosaccharides within the glycocalyx, Sn is assumed to
extend its sialic acid binding site away from the glycocalyx on
the cell surface in order to mediate macrophage interactions [15].
However, as rosetting activity of AM is induced after removing �2-
3,6,8-linked sialic acids on AM surface, our study suggests that Sn
might be involved in RBC binding to AM but is naturally regulated
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by cis-interactions at the AM surface. Accordingly, we showed that
RBC binding to sialidase-pretreated AM was inhibited by 3D6 mAb
in a dose-dependent manner and the abolition attained 90% at a
concentration of 10 �g/mL (Fig. 4). This indicates that the binding
activity detected on desialylated AM is indeed mediated by Sn.
Sialoadhesin has similarly been shown to be partially masked by
endogenous sialoglycoconjugates on mouse as well as rat splenic
macrophages [16,17]. In contrast, Sn is unmasked on rat lymph node
macrophages and this latter case could be explained by the absence
or poor accessibility of endogenous ligands, or by the presence
of a large excess of Sn over endogenous ligands [17]. Therefore, it
is noteworthy that the exceptional length of Sn, compared to the
other Siglecs, does not prevent but reduces cis-inhibition.

Delputte and Nauwynck have suggested that Sn on pig AM
functions as a virus receptor [18] and it is then possible that Sn
expressed on murine AM could be involved in endocytosis of sia-
lylated pathogens, including viruses, in the lung. However, this
would probably involve synergy with endocytic receptors, given
that mouse Sn is not endocytic on its own [2].

In conclusion, the present study suggests that Sn is expressed
on mouse AM but that its sialic acid binding activity is naturally
masked by endogenous sialic acid within the glycocalyx on the cell
surface. The likely presence of a large excess of endogenous ligands
over Sn on AM enables the control of the lectin activity and cell
binding properties.

Acknowledgements

This work was supported by a FIRST EUROPE
EPH3310300R054F/415744 grant (Région Wallonne, Belgium
and European social fund). Paul R. Crocker is supported by a
Wellcome Trust Senior Research Fellowship WT081882MA. Rita
Vanbever is a Chercheur Qualifié of the FNRS.

References

[1] van den Berg TK, Breve JJ, Damoiseaux JG, Dopp EA, Kelm S, Crocker PR, et
al. Sialoadhesin on macrophages: its identification as a lymphocyte adhesion
molecule. J Exp Med 1992;176:647–55.

[2] Crocker PR, Gordon S. Properties and distribution of a lectin-like hemagglu-
tinin differentially expressed by murine stromal tissue macrophages. J Exp Med
1986;164:1862–75.

[3] Crocker PR, Gordon S. Mouse macrophage hemagglutinin (sheep erythrocyte
receptor) with specificity for sialylated glycoconjugates characterized by a mon-
oclonal antibody. J Exp Med 1989;169:1333–46.

[4] Crocker PR, Hill M, Gordon S. Regulation of a murine macrophage haemag-
glutinin (sheep erythrocyte receptor) by a species-restricted serum factor.
Immunology 1988;65:515–22.

[5] Crocker PR, Kelm S, Dubois C, Martin B, McWilliam AS, Shotton DM, et al. Purifi-
cation and properties of sialoadhesin, a sialic acid-binding receptor of murine
tissue macrophages. EMBO J 1991;10:1661–9.

[6] Crocker PR, Mucklow S, Bouckson V, McWilliam A, Willis AC, Gordon
S, et al. Sialoadhesin, a macrophage sialic acid binding receptor for
haemopoietic cells with 17 immunoglobulin-like domains. EMBO J 1994;13:
4490–503.

[7] Hartnell A, Steel J, Turley H, Jones M, Jackson DG, Crocker PR. Characterization
of human sialoadhesin, a sialic acid binding receptor expressed by resident and
inflammatory macrophage populations. Blood 2001;97:288–96.

[8] Frei K, Steger C, Samorapoompichit P, Lucas T, Forster O. Expression and
function of sialoadhesin in rat alveolar macrophages. Immunol Lett 2000;71:
167–70.

[9] Vanderheijden N, Delputte PL, Favoreel HW, Vandekerckhove J, Van DJ, van
Woensel PA, et al. Involvement of sialoadhesin in entry of porcine reproduc-
tive and respiratory syndrome virus into porcine alveolar macrophages. J Virol
2003;77:8207–15.

[10] Oetke C, Vinson MC, Jones C, Crocker PR. Sialoadhesin-deficient mice exhibit
subtle changes in B- and T-cell populations and reduced immunoglobulin M
levels. Mol Cell Biol 2006;26:1549–57.

[11] Lohmann-Matthes ML, Steinmuller C, Franke-Ullmann G. Pulmonary
macrophages. Eur Respir J 1994;7:1678–89.

[12] Ducreux J, Vanbever R, Crocker PR. The inhibitory potencies of monoclonal anti-
bodies to the macrophage adhesion molecule sialoadhesin are greatly increased
following PEGylation. Bioconjug Chem 2008;19:2088–94.

[13] Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune system.
Nat Rev Immunol 2007;7:255–66.

[14] Nath D, van der Merwe PA, Kelm S, Bradfield P, Crocker PR. The amino-terminal
immunoglobulin-like domain of sialoadhesin contains the sialic acid binding
site. Comparison with CD22. J Biol Chem 1995;270:26184–91.

[15] Crocker PR. Siglecs in innate immunity. Curr Opin Pharmacol 2005;5:
431–7.

[16] Barnes YC, Skelton TP, Stamenkovic I, Sgroi DC. Sialylation of the sialic acid
binding lectin sialoadhesin regulates its ability to mediate cell adhesion. Blood
1999;93:1245–52.

[17] Nakamura K, Yamaji T, Crocker PR, Suzuki A, Hashimoto Y. Lymph node
macrophages, but not spleen macrophages, express high levels of unmasked
sialoadhesin: implication for the adhesive properties of macrophages in vivo.
Glycobiology 2002;12:209–16.

[18] Delputte PL, Nauwynck HJ. Porcine arterivirus infection of alveolar macrophages
is mediated by sialic acid on the virus. J Virol 2004;78:8094–101.


