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Sialoadhesin (Sn, also called Siglec-1 or CD169) is a transmembrane receptor and the prototypic member
of the Siglec family of sialic acid binding immunoglobulin-like lectins. It is expressed on specialized subsets of
resident macrophages in hematopoietic and lymphoid tissues and on inflammatory macrophages. In order to
investigate its function, we generated Sn-deficient mice and confirmed that these mice are true nulls by
fluorescence-activated cell sorter analysis and immunohistochemistry. Mice deficient in Sn were viable and
fertile and showed no developmental abnormalities. Analysis of cell populations revealed no differences in bone
marrow, peritoneal cavity, and thymus, but there was a small increase in CD8 T cells and a decrease in
B220-positive cells in spleens and lymph nodes of Sn-deficient mice. Furthermore, in spleen there was a slight
decrease in follicular B cells with an increase in numbers of marginal zone B cells. B- and T-cell maturation
as well as responses to stimulation with thioglycolate were only slightly affected by Sn deficiency. Immuno-
globulin titers in Sn-deficient mice were significantly decreased for immunoglobulin M (IgM) but similar for
IgG subclasses. These results suggest a role for sialoadhesin in regulating cells of the immune system rather
than in influencing steady-state hematopoiesis.

Sialoadhesin (Sn, also called CD169 or Siglec-1) was first
described as a nonphagocytic sheep erythrocyte binding recep-
tor (SER) of mouse macrophages (10) and later shown to be a
prototypic member of the Siglec family of sialic acid binding
immunoglobulin-like lectins (11). A total of 11 Siglecs in hu-
mans and 8 Siglecs in the mouse have been identified, with
various tissue distributions and preferences for the type of
sialic acid recognized and its linkage to the penultimate sugar
(12). Siglecs consist of an N-terminal V-set domain that con-
tains the sialic acid binding site followed by variable numbers
of C2-set domains, a transmembrane domain, and a cytoplas-
mic tail. In contrast to several of the rapidly evolving CD33-
related Siglecs, Sn has a well-defined ortholog in all of the
mammalian species examined, including mouse, rat, pig, chim-
panzee, and human (1, 16, 46). The amino acid identity varies
from 69 to 78% between mouse, pig, and human, with the
highest identity being found in the N-terminal V-set domain
and the lowest in the intracellular region (1, 16, 46). Sn has an
unusually large number, 16, of C2-set domains, a conserved
feature that may be important for its ability to mediate cell-cell
interactions (33). In contrast to most other Siglecs, Sn does not
contain any inhibitory tyrosine-based motifs in its relatively
short cytoplasmic tail (7).

The cellular expression pattern of Sn is well conserved be-
tween mammalian species, being restricted to subsets of tissue
macrophages, especially those in secondary lymphoid organs
(6, 16, 41). In the mouse, Sn is highly expressed on macro-
phages within the subcapsular sinus and medulla of lymph
nodes and on marginal metallophilic macrophages in spleen (9,

26). Intermediate levels are expressed on 50 to 90% of resident
bone marrow macrophages, and low but detectable levels are
found for Kupffer cells, red pulp macrophages, and alveolar
macrophages (9, 10). Besides expression on subsets of resident
tissue macrophages, Sn is expressed at high levels on inflam-
matory macrophages in rheumatoid arthritis, atherosclerosis
(16), experimental autoimmune uveoretinitis (17), experimen-
tal allergic encephalomyelitis (37), and nephritis (5) and on
macrophages that infiltrate human breast tumors (35). Very
recent reports show that Sn can also be expressed by certain
dendric cells (2, 20) and on inflammatory blood monocytes
following human immunodeficiency virus infection (39).

The biological functions of Sn are still unresolved, but its
structural features and high conservation on macrophages
point to a role in mediating cell-cell interactions. Cells from
the granulocyte lineage have been shown to express high levels
of Sn counter-receptors, and Sn was shown to cluster in contact
zones between Sn-positive macrophages and developing gran-
ulocytes in bone marrow (8, 13). This gave rise to the hypoth-
esis that Sn may be involved in granulocyte development or the
retention of granulocytes within the bone marrow or at sites of
inflammation. Other studies have demonstrated the binding of
Sn to murine erythroleukemia cells (42) as well as T and B cells
(44). In the spleen and lymph nodes, B cells are located adja-
cent to highly Sn-positive macrophages and, in a graft-versus-
leukemia model, Sn-positive macrophages in the liver were
seen to form clusters with CD8 T cells (32). It is therefore
tempting to speculate that Sn may be involved in some aspects
of lymphocyte trafficking or activation. The glycoproteins
CD43, PSGL-1, and MUC1 have been shown to bind to Sn in
a sialic acid-dependent manner and may therefore represent in
vivo counter-receptors for Sn (35, 45). In addition, on its ex-
tracellular region, Sn displays up to 15 N-linked glycans which
have been shown to function as carbohydrate ligands for other

* Corresponding author. Mailing address: The Wellcome Trust Bio-
centre, University of Dundee, Dow Street, Dundee DD1 5EH, United
Kingdom. Phone: 44-1382-345781. Fax: 44-1382-345783. E-mail: p.r
.crocker@dundee.ac.uk.

1549



mammalian lectins, such as the cysteine-rich domain of the
mannose receptor which binds GalNAc-4-SO4-modified gly-
cans (23, 25) and the macrophage galactose C-type lectin 1
(MGL-1) which recognizes Gal and GalNAc residues (21). In
the latter case, Sn-MGL-1 interactions have been implicated
in the trafficking functions of macrophages migrating from
skin into draining lymph nodes during immune responses.

Although Sn does not mediate phagocytosis, there are some
indications that it may be involved in endocytosis of smaller
particles and certain pathogens. By immunoelectron micros-
copy, Sn was found in endosome-like membrane invaginations
that were clearly distinct from phagosomes and lysosomes or
Golgi (41). Sn on porcine alveolar macrophages has been
shown to be the receptor for porcine reproductive and respi-
ratory syndrome virus and to mediate the viral entry via endo-
cytosis (46). In addition, Sn can bind the sialylated lipooligo-
saccharide of Neisseria meningitidis and enhance phagocytosis
of intact bacteria by macrophages (18).

In the present study, we describe the generation of Sn-
deficient mice in order to address the biological functions of Sn
in vivo. We demonstrate that these mice are viable and show
only a minimal phenotype under specific-pathogen-free condi-
tions. Analysis of cell populations in bone marrow, blood, and
peritoneal cavity did not reveal any major alteration, and we
also did not observe any major differences in acute inflamma-
tory responses to thioglycolate compared with wild-type con-
trols. However, there were small differences in the CD8-posi-
tive T-cell population and in B220-positive B cells in spleen
and lymph nodes. The immunoglobulin G (IgG) titers were
normal, but there was a reduction in serum IgM in Sn-deficient
mice. This overall minimal phenotype makes these mice a good
model to investigate the role of Sn following immune re-
sponses and in inflammatory diseases like rheumatoid arthritis.

MATERIALS AND METHODS

Reagents and antibodies. Unless otherwise stated, all reagents were purchased
from Sigma-Aldrich (Dorset, United Kingdom), including goat anti-human IgG
Fc antibody (fluorescein isothiocyanate [FITC]) and goat anti-rabbit IgG (tet-
ramethyl rhodamine isocyanate). Antibodies against CD1d (1B1, phycoerythrin
[PE]), CD4 (53-6.7, FITC), B220 (RA-6B2, biotin), IgM (eB121-15F9, FITC),
IgD (11-26, PE), NK1.1 (PK136, biotin), and rat IgG2a monoclonal antibody
(MAb) isotype control (eBR2a, pure) were from eBiosciences (San Diego, CA).
CD3ε (145-2C11, PE), CD4 (PE), CD19 (PE), F4/80 (biotin), GR-1 (PE),
and streptavidin (allophycocyanin) were purchased from Caltag (Towcester,
United Kingdom). CD5 (53-7.3, biotin) and CD21 (7E9, FITC) were from BD
PharMingen (San Diego, CA), CD23 (2G8, PE) was from Southern Biotechnol-
ogy (Birmingham, AL), CCR3 (PE) was from R&D Systems (Minneapolis, MN),
and MAb anti-rat IgG2a (FITC) was from Serotec (Kidlington, Oxford, United
Kingdom). FITC-conjugated streptavidin was purchased from Vector Laborato-
ries (Peterborough, United Kingdom). Affinity-purified polyclonal sheep anti-
Siglec-E (FITC) and Siglec-F (Alexa 448 or biotin) were prepared and labeled in
our own lab (48). CR-Fc fusion protein and FA/11 anti-mouse CD68 were kind
gifts from Luisa Martinez-Pomares (Sir William Dunn School of Pathology,
Oxford, United Kingdom). Rat anti-Sn MAbs 1C2 and SER-4 (both IgG2a) were
used as tissue supernatant (9) and rabbit anti-Sn serum was used as an affinity-
purified antibody (11).

Generation of Sn-deficient mice. Sn-deficient mice were generated by target-
ing the Sn gene in embryonic stem (ES) cells by homologous recombination (Fig.
1A). The Sn homology region was subcloned from a phage library (EMBL3) of
129/Sv mouse genomic DNA (31) kindly provided by Anna Marie-Frishauf,
CRUK, London, United Kingdom. A 4.9-kb EcoRI fragment was cloned into the
multiple cloning site of vector pTZ18U (Bio-Rad, Herts, United Kingdom). The
Sn gene was disrupted by insertion of a neomycin resistance gene expression
cassette (neomycin cassette, derived from pMC1neopA; Stratagene, Cambridge,
United Kingdom) into the unique XhoI site in exon III (Fig. 1A). For negative

selection, a SalI/XhoI diphtheria toxin A expression cassette fragment was
cloned from pSP72-TKPro-DTA-polyA (kindly supplied by F. Otto, ICRF,
London, United Kingdom) into the SalI site within the multiple cloning site 5� of
the homology region. Constructs were linearized with SalI prior to transfection
into R1 mouse ES cells at CRUK Clare Hall Laboratories. G418-resistant clones
were screened for homologous recombination by Southern blotting using an
XbaI-EcoRI probe (Fig. 1A). Multiple vector integrations were excluded by
Southern blotting using the neomycin cassette as a probe. Two independently
obtained ES clones that had undergone homologous recombination were used
for blastocyst injection, and the resulting chimeric mice were bred to C57BL/6
mice. All mice used for the phenotype analysis were intercross offspring of
heterozygotes backcrossed for eight generations onto a C57BL/6 background
unless stated otherwise; age- and sex-matched mice at 8 to 12 weeks of age were
used in all experiments. Genotyping of mice was performed by PCR using the
following primers: for, CACCACGGTCACTGTGACAA, and rev, GGCCAT
ATGTAGGGTCGTCT (MWG, Milton Keynes, United Kingdom). This re-
sulted in a 468-bp product for the wild-type allele and a 1,729-bp product for the
mutated allele (Fig. 1B). Mice were bred and maintained under specific-pathogen-
free conditions. Animal experimentation was approved by the University of
Dundee Animal Ethics Committee and was done under United Kingdom Home
Office Project License PPL60/3187.

Real-time PCR. Total RNA from wild-type and Sn-deficient mouse spleens
was purified using the RNeasy mini kit (QIAGEN Ltd., West Sussex, United
Kingdom) and reverse transcribed using oligo(dT)18 primer and the RevertAid
first-strand cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany). Sn
cDNA was quantified with an ABI PRISM 7000 sequence detection system using
primers and probes specific to Sn from Applied Biosystems (Assays-on-Demand,

FIG. 1. Targeted disruption of the Sn gene. (A) The Sn-targeting
construct contains a neomycin cassette (Neo) in the XhoI site of exon
III with flanking 2.5-kb and 2.4-kb homology arms and a diphtheria
toxin A (DTA) cassette for negative selection. The wild-type locus
(middle) and targeted gene locus (bottom) are shown. Arrows indicate
the XbaI-EcoRI probe used for Southern screening and the primers
(for and rev) used for genotyping by PCR. Enzyme abbreviations are
E, EcoRI; S, SphI; SA, SalI; X, XhoI; and XB, XbaI. (B) Represen-
tative example of PCR screens of DNA from wild-type, heterozy-
gous mutant, and homozygous mutant mice. (C) Quantitative real-
time PCR of Sn cDNA derived from total spleen RNA of wild-type
and Sn-deficient mice. Data shown are means � standard deviations
(SD) of two independent experiments analyzing four mice each for
both genotypes.
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Foster City, CA). Sn primers span exon X to exon XI. Sn mRNA expression was
normalized to the mRNA of TATA box binding protein. ��CT values were
calculated after confirming similar amplification efficiencies of target and endog-
enous control cDNA.

Immunohistochemistry and immunofluorescence. Spleens and inguinal lymph
nodes were embedded in OCT resin (Agar Scientific, Essex, United Kingdom)
and frozen in a 2-methylbutane/dry ice bath. Cryostat sections (7 �m) were fixed
for 10 min in acetone. For immunofluorescence, slides were blocked with 4%
sheep serum in phosphate-buffered saline (PBS) and stained with polyclonal
antibody anti-Sn (1 �g/ml) and CR-Fc (5 �g/ml) in 0.25% bovine serum albumin
(BSA)/PBS, followed by the secondary antibodies goat anti-human IgG Fc-FITC
(1:60) and goat anti-rabbit IgG-tetramethyl rhodamine isocyanate (1:30) for 1 h
in a humidified container. Sections were mounted with 20% wt/vol Mowiol 4-88
(Calbiochem) and 20% vol/vol glycerol in PBS and analyzed using an Axioskop
microscope (Zeiss, Munich, Germany) and Axio Vision 3.0 software. Immuno-
peroxidase staining of tissue sections was carried out using the avidin-biotin-
peroxidase staining system (Vectastain; Vector Laboratories, Peterborough,
United Kingdom) as described previously (9).

Flow cytometry. Single-cell suspensions were prepared from spleen, femoral
bone marrow, lymph nodes, peritoneal cavity, and blood collected from mice
euthanized with CO2. In some experiments, spleen and lymph nodes were di-
gested with 0.1% collagenase A (Roche, East Sussex, United Kingdom) and
0.01% DNase (Roche) in RPMI 1640 with 5% fetal calf serum for 30 min at
37°C. Cells were separated by passing them through a cell strainer and washed in
PBS-EDTA (5 mM). Prior to staining, blood, splenocytes, and bone marrow cells
were subjected to red blood cell lysis (RBL buffer; Sigma). Cells were routinely
incubated with 2.4G2 MAb to block Fc receptors and subsequently labeled with
antibodies diluted in PBA (PBS, 1% BSA, 0.05% azide) for 20 min on ice. In
some cases, a secondary incubation step using an FITC-labeled secondary anti-

body or allophycocyanin- or FITC-conjugated streptavidin was added. Cells were
finally stained with 7-amino actinomycin D to exclude dead cells and analyzed
using a FACSCalibur (Becton Dickinson, Oxford, United Kingdom) and
CellQuest software.

Thioglycolate-induced inflammation. Mice were injected intraperitoneally
with 0.5 ml 3.8% Brewer modified thioglycolate medium (Becton Dickinson).
After 4 h or 18 h, animals were euthanized by CO2 inhalation and cells were
collected by peritoneal lavage using 5 ml of cold PBS.

Isotype specific ELISA. Antibody titers were determined by enzyme-linked
immunosorbent assay (ELISA) using Immulon 4 HBX plates (Thermo Lab-
systems) coated with goat anti-mouse immunoglobulin (5 �g/ml; Southern Bio-
technology, Birmingham, AL) diluted in carbonate buffer. A standard curve was
generated with purified mouse IgM, IgG1, IgG2a, IgG2b, and IgG3 (Southern
Biotechnology). Plates were blocked with 1% BSA-0.2% gelatin in PBS for 1 h
at room temperature, and sera were diluted in blocking buffer (IgM and IgG1,
1:5,000; IgG2a and IgG3, 1:10,000; and IgG2a, 1:25;000) and allowed to bind to
the plate for 1 h at room temperature. Antibodies were detected by alkaline
phosphatase-coupled immunoglobulin isotype-specific antibodies (Southern
Biotechnology) and the substrate fluorescein diphosphate (Molecular Probes,
Paisley, United Kingdom). Optical densities at 530 nm were measured with a
fluorescent plate reader (Cytofluor; PerSeptive Biosystems).

RESULTS

Generation of Sn-deficient mice. To study the biological
functions of Sn, we generated Sn-deficient mice through con-
ventional gene targeting in ES cells in which the neomycin

FIG. 2. Homozygous mutant mice lack detectable Sn expression. (A) FACS plots of single-cell suspensions of mesenteric lymph nodes stained
for Sn surface expression using a mixture of anti-Sn MAb IC2 and SER-4. Dot plots show isotype control (IgG2a) and anti-Sn stainings plotted
against the sideward scatter (SSC) for wild-type mice (top panels) and Sn-deficient mice (bottom panels). Percentages of positive cells are given
within the quadrants. (B) Immunofluorescence staining of inguinal lymph node sections, double labeled with CR-Fc (left panels) and polyclonal
antibody (PAb) anti-Sn (right panels), from wild-type and Sn-deficient mice. Shown are representative pictures of at least three independent
experiments. The white bar indicates 100 �m. (C) Immunohistochemical analysis of spleen tissue sections from Sn wild-type (top panels) and
Sn-deficient (bottom panels) mice that were stained with SER-4, CR-Fc, or anti-CD68 (FA/11). Representative pictures from several independent
experiments are shown.
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cassette was inserted into exon III encoding the second immu-
noglobulin-like domain of Sn (31). Homologous recombina-
tion was identified in Southern blots by generation of a novel
5.9-kb XbaI fragment relative to a 4.7-kb endogenous fragment
when probed with an upstream genomic XbaI-EcoRI probe
(data not shown). Of 250 G418-resistant ES clones examined,
three clones carried the neomycin cassette insertion. Two of
the clones were selected for blastocyst injection, and both
resulted in germ line transmission. Mice that were homozygous
for the mutation were obtained from heterozygous intercrosses
which gave rise to the expected Mendelian ratios of wild-type,
heterozygous mutant, and homozygous mutant progeny. Un-
der specific-pathogen-free conditions, the Sn-deficient mice
showed no developmental abnormalities, and their growth was
equivalent to that of their wild-type littermates (data not
shown). Analysis by quantitative real-time PCR revealed that

Sn mRNA in spleen is still produced at low levels despite the
neomycin cassette insertion (Fig. 1C).

Sn expression. Sn is expressed at its highest levels on the
subcapsular sinus macrophages in lymph nodes and on mar-
ginal metallophilic macrophages in spleen. In order to verify
the absence of Sn protein in Sn-deficient mice, we performed
fluorescence-activated cell sorter (FACS) analysis for mesen-
teric lymph node single-cell suspensions. Using a mixture of
two monoclonal antibodies specific for Sn, IC2 and SER-4
directed to domains 1 and 3, respectively, about 0.35% of cells
isolated from lymph nodes of wild-type mice were strongly
labeled. In contrast, no staining above the isotype control back-
ground was observed in single-cell suspensions from Sn-defi-
cient lymph nodes (Fig. 2A). We also analyzed tissue sections
from lymph nodes by immunofluorescence and immunoperox-
idase labeling. Staining of mesenteric lymph nodes using a

TABLE 1. FACS analysis of cell populations in untreated wild-type control and Sn-deficient mice

Substance locationa Cell populationsb
% of cellsc

Sn�/� Sn�/�

Bone marrow (n � 12–15) T cells (CD3) 3.0 � 1.0 2.7 � 0.6
B cells (CD19) 15.7 � 3.2 18.4 � 3.6

Prepro B cells (B220h IgMlow) 11.8 � 2.0 12.6 � 2.9
Immature B cells (B220h IgMmid) 3.6 � 0.5 3.4 � 0.8
Transitional B cells (B220h IgMh) 2.7 � 0.6 3.3 � 0.8
Mature B cells (B220bright IgMmid) 5.4 � 0.7 5.7 � 1.1

NK cells (NK 1.1) 1.2 � 0.8 1.3 � 0.3
Neutrophils (GR-1�, Siglec E�) 35.8 � 5.5 32.5 � 5.0
Eosinophils (CCR3�, Siglec F�) 1.4 � 0.5 1.4 � 0.5

Blood (n � 13–15) T cells (CD3) 22.6 � 4.6 23.8 � 7.0
B cells (CD19) 43.8 � 8.2 41.0 � 10.8
NK cells (NK 1.1) 5.3 � 1.4 5.9 � 2.2
Neutrophils (GR-I� Siglec E�) 14.9 � 7.9 12.0 � 6.8
Eosinophils (CCR3� Siglec F�) 1.9 � 0.8 1.9 � 0.8

Peritoneum (n � 13–15) T cells (CD3) 10.4 � 2.9 9.9 � 2.8
B cells (CD19) 57.4 � 7.0 58.7 � 5.5
NK cells (NK 1.1) 0.8 � 0.2 1.0 � 0.2
Macrophages (GR-1low F4/80�) 22.9 � 3.7 26.4 � 7.1
Eosinophils (CCR3� Siglec F�) 0.6 � 0.4 0.6 � 0.2

Spleen (n � 12) T cells (CD3) 28.8 � 2.8 31.6 � 4.0
CD4� 21.6 � 1.3 21.0 � 3.3
CD8� 8.2 � 0.9 12.2 � 2.0***e

B cells (B220) 61.0 � 2.5 55.6 � 3.3***
T1 B cells (IgMh IgDlow)d 12.2 � 1.0 14.4 � 2.2**
T2 B cells (IgMh IgDh) d 12.4 � 2.0 13.8 � 2.9
Mature B cells (IgMlow IgDh)d 64.2 � 2.2 61.9 � 4.8

NK cells (NK 1.1) 2.2 � 0.5 2.9 � 0.4**

Lymph node (n � 8) T cells (CD3) 54.0 � 4.4 58.9 � 3.4*
CD4� 37.3 � 2.3 34.5 � 2.7
CD8� 16.9 � 1.5 23.9 � 2.3***

B cells (B220) 42.1 � 4.3 37.1 � 3.3*
T1 B cells (IgMh IgDlow)d 6.9 � 1.0 5.2 � 1.1**
T2 B cells (IgMh IgDh) d 23.9 � 4.5 29.6 � 3.8*
Mature B cells (IgMlow IgDh)d 59.6 � 4.2 55.6 � 3.5

NK cells (NK 1.1) 0.6 � 0.1 0.6 � 0.1

a Total numbers of leukocytes recovered were 1.4 � 107 � 4.4 � 106 and 1.6 � 107 � 4.7 � 106 from bone marrow (one femur), 2.4 � 106 � 1.0 � 106 and 2.6 �
106 � 1.0 � 106 from peritoneal cavity, 9.6 � 107 � 2.4 � 107 and 1.0 � 108 � 2.9 � 107 from spleen, and 2.4 � 107 � 9.3 � 106 and 2.3 � 107 � 8.0 � 106 from
mesenteric lymph nodes for Sn�/� and Sn�/� mice, respectively.

b h, high levels of expression.
c Data are given as the mean % of total cells � SD from two to three independent experiments, except where indicated otherwise.
d Data are given as the mean % of B220� cells � SD from two to three independent experiments.
e Asterisks indicate the degree of significance applying the t test: *, P 	0.05; **, P 	0.01; ***, P 	0.001.
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polyclonal rabbit anti-Sn serum demonstrated that Sn is ex-
pressed within only the subcapsular sinus from wild-type but
not Sn-deficient mice. To see if subcapsular macrophages were
still present in Sn-deficient mice, staining was performed using
the CR-Fc fusion protein shown previously to colocalize with
this macrophage subset (26). No obvious differences were seen
when wild-type and Sn-deficient mice were compared (Fig.
2B). Similar findings were made in the spleen using a highly
sensitive avidin-biotin peroxidase staining method (Fig. 2C).
The spleen sections of wild-type mice showed typical intense
staining of marginal metallophilic macrophages at the inner
regions of the marginal zones using the SER-4 MAb and a
somewhat weaker staining of macrophages in the red pulp
(Fig. 2C, top left). No Sn staining was detectable in spleen
sections from Sn-deficient mice (Fig. 2C, bottom left), but the
metallophilic macrophages were present normally as shown by
staining with the CR-Fc protein (Fig. 2C, middle). The general
distribution of macrophages was also normal, as revealed by
staining with the panmacrophage marker CD68 (Fig. 2C,
right). Finally, spleen sections were also stained with an affin-
ity-purified rabbit antibody directed to a peptide from the
C-terminal cytoplasmic tail of Sn. This gave staining similar to
that of SER-4 in wild-type mice but no detectable staining of
sections from Sn-deficient mice (data not shown). Taken to-
gether, these findings establish unequivocally that the Sn�/�

mice are true nulls and that the lack of sialoadhesin does not
lead to obvious changes either in localization and numbers of
lymphoid and splenic macrophage populations or in the overall
tissue architecture.

Sn deficiency does not affect the cellular composition of
bone marrow. Sn has been found previously to bind strongly to
granulocytes (8) and to be clustered in contact zones of Sn-
positive macrophages and developing granulocytes in bone
marrow (13). We therefore hypothesized that Sn may play a
role in the development of granulocytes or in their retention

within the bone marrow. Analyzing the bone marrow for im-
mature and mature granulocytes using antibodies to a range of
markers, including GR-1, NK1.1, mSiglec-E, mSiglec-F, and
CCR3, we found no differences in cellular composition be-
tween wild-type and Sn-deficient mice (Table 1). In order to
see whether Sn influences the cell pools in other compartments
by retaining granulocytes in the bone marrow, we extended the
analysis to blood and peritoneal cavity lavages, but again we
could not detect any differences in cell percentages (Table 1).
Also, the percentages of total T cells and B cells did not change
in all three tissues (Table 1).

Sn deficiency does not significantly affect thioglycolate-in-
duced inflammation in the peritoneal cavity. As shown above,
there were no differences in neutrophil and eosinophil num-
bers in bone marrow and blood between Sn-deficient and
wild-type mice under steady-state conditions. We next asked
whether myeloid cells would be recruited more readily after an
inflammatory stimulus in the Sn-deficient mice. At 4 h after
intraperitoneal injection of thioglycolate into wild-type and
Sn-deficient mice, there was a slight reduction in numbers of
newly recruited neutrophils in Sn-deficient mice, but this dif-
ference was not statistically significant (percent cells for Sn�/�,
42.5 � 7.6; percent cells for Sn�/�, 36.4 � 6.9). At 18 h after
injection, a small increase in neutrophil numbers was observed
in Sn-deficient mice, and this was accompanied by a modest
decrease in eosinophils compared to that for wild-type mice
(Table 2). No differences were seen in numbers of monocytes
recruited to the peritoneal cavity. In addition, no differences
were noticed in blood and only a small increase in percentages
of B cells in bone marrow from Sn-deficient mice was noted
(Table 2). In conclusion, the absence of Sn from resident bone
marrow macrophages does not have a significant effect on
myeloid cell development or recruitment of myeloid cells dur-
ing acute inflammatory responses.

TABLE 2. FACS analysis of cell populations in wild-type control and Sn-deficient mice 18 h
after intraperitoneal injection of thioglycolate broth

Substance locationa Cell populations
% of total cellsb

Sn�/� Sn�/�

Bone marrow (n � 13–15) T cells (CD3) 2.6 � 0.8 3.1 � 1.0
B cells (CD19) 17.6 � 2.5 22.0 � 4.2**c

Neutrophils (GR-I� Siglec E�) 25.5 � 5.1 25.4 � 5.9
Eosinophils (CCR3� Siglec F�) 1.0 � 0.7 0.8 � 0.3

Blood (n � 13–15) T cells (CD3) 23.1 � 4.3 22.0 � 3.4
B cells (CD19) 48.9 � 3.8 44.6 � 9.6
NK cells (NK 1.1) 8.3 � 2.0 9.3 � 2.9
Neutrophils (GR-I� Siglec E�) 7.3 � 3.2 8.0 � 3.5
Eosinophils (CCR3� Siglec F�) 0.3 � 0.2 0.4 � 0.2

Peritoneum (n � 13–15) T cells (CD3) 3.3 � 1.0 3.8 � 2.1
B cells (CD19) 15.1 � 4.3 14.0 � 5.8
NK cells (NK 1.1) 16.5 � 5.1 16.3 � 3.2
Neutrophils (GR-I� Siglec E�) 22.7 � 7.7 29.8 � 8.7*
Monocytes (GR-I� F4/80�) 17.5 � 3.4 18.6 � 6.8
Eosinophils (CCR3� Siglec F�) 24.9 � 4.1 18.8 � 5.3**

a Total numbers of leukocytes recovered were 2.1 � 107 � 5.3 � 106 and 1.8 � 107 � 8.2 � 106 from bone marrow and 1.6 � 107 � 3.8 � 106 and 1.6 � 107 �
5.1 � 106 from peritoneal cavity for Sn�/� and Sn�/� mice, respectively.

b Data are given as the mean percentage of total cells � SD from three independent experiments.
c Asterisks indicate the degree of significance applying the t test: *, P 	0.05; **, P 	0.01; ***, P 	0.001.
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Subtle changes in T- and B-cell population in Sn-deficient
mice. Sn is strongly expressed by marginal metallophilic mac-
rophages in spleen and subcapsular sinus macrophages in
lymph nodes. When splenocytes were analyzed by FACS, a
small but very consistent increase in the percentage of CD8 T
cells in Sn-deficient mice was observed (8.2 � 0.9 to 12.2 �
2.0), while CD4 T cells remained unchanged (Table 1 and Fig. 3).
This resulted in a change of the CD4/CD8 T-cell ratio from
2.7 � 0.2 in wild-type to 1.8 � 0.4 in Sn-deficient mice. A very
similar decrease in the CD4/CD8 T-cell ratio from 2.2 � 0.2 to
1.5 � 0.2 in Sn-deficient mice was seen in mesenteric lymph
nodes (Table 1 and Fig. 3). Although Sn is only weakly ex-
pressed on macrophages in the thymus, we analyzed thymo-
cytes in order to see whether T-cell development is affected.
However, we failed to find any difference in percentage of CD4
single-positive (Sn�/� 10.6 � 1.8 and Sn�/� 11.3 � 0.9), CD8
single-positive (Sn�/� 4.1 � 0.5 and Sn�/� 3.6 � 0.4) or dou-
ble-positive thymocytes (Sn�/� 80.7 � 2.8 and Sn�/� 80.1 �
1.4) from either 12-week-old (Fig. 3) or 5-week-old mice (data
not shown).

To compare B-cell subsets in spleen, we performed triple
staining for IgM, IgD, and B220 expression and observed a
small but very consistent decrease in B220-positive cells in
Sn-deficient mice (Table 1). In comparison, the pattern of IgM
and IgD expression, indicating the maturation status of B lym-
phocytes (14, 34), was unaltered (Fig. 4). A similar decrease in
B220-positive cells was seen in lymph nodes from Sn-defi-
cient mice, again with no change in maturation status of B
cells (Table 1; Fig. 4). B-cell maturation in bone marrow was
also unaffected by Sn deficiency, as determined by IgM and
B220 double staining, defining prepro-, immature, transient,
and mature B cells (15, 22) (Table 1; Fig. 4). In summary,
CD8 T cells were increased in Sn-deficient mice and this was
accompanied by a decrease in B220-positive cells in both
spleen and lymph node.

Reduced IgM levels in Sn-deficient mice. In view of the
decrease of B220-positive cells in Sn-deficient mice, we next
analyzed levels of serum immunoglobulin classes. Interestingly,

FIG. 3. Sn-deficient mice show an increase in CD8 T cells in the
periphery but normal T-cell development. Single-cell suspensions from
spleen, lymph node, or thymus were stained with antibodies directed to
CD4 and CD8 and analyzed by FACS. Representative density plots of
at least two independent experiments (n � 6 to 12) from mice aged 12
to 13 weeks are shown. Spleen and lymph node results are also sum-
marized in Table 1. Percentages of cells within the gates for each
sample are given.

FIG. 4. Sn-deficient mice show unaltered B-cell maturation. Single-
cell suspensions from spleen, lymph node, or bone marrow were
stained with antibodies directed to B220 and IgM and IgD. Represen-
tative density plots of B220-positive cells (spleen and lymph node) or
total cells (bone marrow) of at least two independent experiments
(n � 8 to 12) are shown. Gates shown in the plot from bone marrow cells
represent, starting from the bottom left clockwise, prepro-, immature,
transient, and mature B cells. Results are also summarized in Table 1.
Percentages of cells within the gates for each sample are given.
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Sn-deficient mice showed a reduction of more than 50% in
serum IgM antibodies, which was statistically highly significant
(Fig. 5A). There was a small but statistically nonsignificant
decrease in IgG1 levels, and IgG2a, IgG2b, and IgG3 levels
were unaltered. Since these mice were kept under specific-
pathogen-free conditions, we suspected that the decrease in
IgM levels could be due to a lack of natural antibodies, which
constitute a large portion of serum IgM. The major source of
natural antibodies are peritoneal CD5� B-1a cells and mar-
ginal zone B (MZB) cells, which lie in close proximity to
Sn-positive marginal metallophilic macrophages (27, 36). We
therefore compared wild-type and Sn-deficient mice for their
content of marginal zone B cells (CD23� CD21�) (15, 40) in
spleen and B-1a cells (B220low CD11b� IgM� CD3� CD5�)
(47) in the peritoneal cavity. Within the B220-positive popu-
lation, we found a decrease in the percentage of follicular B
cells (CD23� CD21�) in Sn-deficient mice and, surprisingly,
an increase in the percentage of MZB cells (CD23� CD21�)
(Fig. 5B). The newly formed B cells (CD23� CD21�) did not
change. A similar increase in percentage was observed when
defining the MZB cell population as CD1dbright B220� cells
(40) (data not shown). No significant difference was detected
for B-1a cells from peritoneal lavage fluid samples, defined
here as IgM� CD5� cells (Fig. 5B) or CD3� B220�CD5�

(data not shown).

DISCUSSION

Sialoadhesin is a highly conserved molecule that is expressed
on similar subsets of macrophages in all the mammalian spe-

cies examined. Its molecular features suggest that it is likely to
be involved in cell-cell or cell-matrix interactions. This initial
characterization of Sn-deficient mice reveals that these mice
show a very mild phenotype when housed under specific-
pathogen-free conditions, and the overall results suggest that
Sn is involved in regulation of the immune system rather than
in steady-state hematopoiesis. The fact that Sn was previously
found to bind selectively to neutrophils and to cluster in con-
tact zones between macrophages and developing granulocytes
but not erythroblasts in the bone marrow gave rise to the idea
that Sn may be involved in the development of granulocytes or
may regulate their release into the circulation. However, anal-
ysis of neutrophil and eosinophil numbers in resting as well as
in thioglycolate-stimulated Sn-deficient mice did not reveal
gross alterations from wild-type mice. We conclude from this
that the major role of Sn is not in the regulation of granulocyte
production or release from the marrow under steady-state or
acute inflammatory conditions.

More detailed analysis of cell populations revealed that Sn-
deficient mice have relatively more CD8 T cells in spleen and
lymph node compared to wild-type mice, while the CD4 T-cell
population is unaltered. Since no changes were found in T-cell
development in the thymus, Sn most likely has an impact on
T-cell homeostasis in the periphery. It remains to be seen
whether these additional CD8 T cells have an altered pheno-
type and whether the increase is due to altered recirculation,
increased proliferation, or decreased apoptosis. Although we
used wild-type and Sn-deficient mice backcrossed for at least
eight generations onto a C57BL/6 background, we cannot com-
pletely rule out the possibility that minor additional genetic

FIG. 5. Sn-deficient mice show decreased IgM serum levels but no decrease in natural antibody-producing cells. (A) Total serum immuno-
globulins from age-matched 3- to 6-month-old mice measured by ELISA (n � 10). Asterisks indicate that the degree of significance from applying
the t test was P of 	0.001. (B) Single-cell suspensions from spleen (top panels) or from peritoneal lavage fluid (bottom panels) were analyzed for
B-cell subsets by flow cytometry. Representative density plots of B220-positive cells (for spleen, newly formed [NF] CD21� CD23�; follicular B
[FOB], CD21�/� CD23�; and MZB, CD21�CD23�) or total cells (for bone marrow, B-1a, IgM� CD5�) are shown. Below data are summarized
as mean percentage of B220� (MZB, FOB, and NF) or total cells (B-1a) � SD from three independent experiments (n � 12). ���, P 	 0.001.
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differences account for these small changes. However, sialyla-
tion of T cells has been shown to change dramatically during
T-cell development and activation and to affect their potential
as effector cells (28, 30, 43). Although resting lymphocytes
interact only very weakly with Sn, there are indications that
activated T cells do express Sn counterreceptors (8, 45). The
enzyme most likely responsible for these changes is the sialyl-
transferase ST3GalI, which sialylates O-glycans on molecules
like CD43, previously shown to be the counterreceptor for Sn
on T cells (45). Interestingly, in ST3GalI-deficient mice, CD8
T-cell homeostasis is also altered, resulting in a profound loss
of CD8 T cells in spleen, while the CD4 population and thy-
mocytes are unaffected (29, 38). For these mice, it was shown
that CD8 T cells undergo massive apoptosis in spleen.
Whether there is a link between these directly opposing phe-
notypes remains to be seen, but both findings emphasize the
importance of 
2,3 sialylation for CD8 T-cell homeostasis. The
selectivity for CD8 T cells could be due to the fact that 
2,3-
linked sialic acids on CD4 T cells are heavily 9-O acetylated
(24), a modification that prevents recognition by Sn (19). It
remains to be shown whether the increase in CD8-positive T
cells has a functional consequence in Sn-deficient mice.

We also found a small decrease in B220-positive cells in
spleen and lymph nodes from Sn-deficient mice which may be
a compensatory effect of the increase in CD8 T cells. In spleen,
this appeared to correspond to a reduction in follicular B cells.
However, the maturation of B cells in bone marrow, lymph
nodes, and spleen seemed to be unaltered. Sn in spleen is very
strongly expressed on marginal metallophilic macrophages.
These cells occupy a prime position on the inner side of the
marginal zone, where lymphocytes, blood-borne antigen, and
antigen-presenting cells enter the white pulp. They are also in
close proximity to B-cell follicles and the marginal zone B cells.
We found that soluble IgM levels were reduced by about 50%
in Sn-deficient mice, while IgG levels were unaltered. A rea-
sonable hypothesis was that this is due to reduced levels of
natural antibodies, but we did not find any indication that
natural antibody-producing cells were reduced in number.
B-1a cell numbers in the peritoneal cavity were normal, and
marginal zone B cells were even slightly increased. Further-
more, there was no alteration in the percentage of cells stain-
ing positive for membrane IgM or its staining intensity using
FACS analysis.

Interestingly, mice deficient in secreted IgM exhibit rather
normal B-cell development and serum IgG levels (3), but this
is accompanied by a pronounced increase in natural antibody-
producing cells. These mice have a T-dependent IgG response
that is impaired with only suboptimal, not optimal, doses of
antigen. It remains to be seen whether this is also true for
Sn-deficient mice. Experiments with secreted IgM-deficient
mice have also demonstrated a critical role of natural IgM in
the immediate defense against systemic bacterial infection (4).
It will be interesting to see whether Sn-deficient mice are more
susceptible to microbial infections in general. It will also be
important to examine the susceptibility of Sn-deficient mice to
sialylated and nonsialylated pathogens in order to investigate
its role in sialic acid-dependent clearance functions. How Sn
deficiency results in reduced IgM titers in unchallenged mice is
currently unclear. However, there is evidence that Sn-positive
macrophages localize within primary B-cell follicles during the

initial priming of antibody responses (2). Clearly, further in-
vestigation is needed to analyze the role of Sn in eliciting
humoral immune responses and cell trafficking upon antigen
challenge.

The fact that Sn is highly conserved within mammals relative
to the rapidly evolving CD33-related Siglecs (1), together with
its very distinct expression pattern, suggests that there are
specific functions of Sn that are conserved between mammals.
Since steady-state hematopoiesis appears unaffected in Sn-
deficient mice, we speculate that the primary role of Sn may be
in regulating the immune system. Since specific-pathogen-free
Sn-deficient mice have only a subtle phenotype, this makes
them an ideal model to investigate the role of Sn in modulating
immune and inflammatory responses.
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