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Animal glycan-recognizing proteins can be broadly classified
into two groups—lectins (which typically contain an evolu-
tionarily conserved carbohydrate-recognition domain [CRD])
and sulfated glycosaminoglycan (SGAG)-binding proteins
(which appear to have evolved by convergent evolution). Pro-
teins other than antibodies and T-cell receptors that mediate
glycan recognition via immunoglobulin (Ig)-like domains are
called “I-type lectins.” The major homologous subfamily of
I-type lectins with sialic acid (Sia)-binding properties and
characteristic amino-terminal structural features are called
the “Siglecs” (Sia-recognizing Ig-superfamily lectins). The
Siglecs can be divided into two groups: an evolutionarily con-
served subgroup (Siglecs-1, -2, and -4) and a CD33/Siglec-
3-related subgroup (Siglecs-3 and -5–13 in primates), which
appear to be rapidly evolving. This article provides an overview
of historical and current information about the Siglecs.
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Introduction

The major classes of animal macromolecules are nucleic
acids, proteins, lipids, and complex carbohydrates (hereafter
called glycans). Interactions amongst these molecules play
vital roles in biological processes. Animal glycan-binding
proteins can be broadly classified into animal lectins
(Drickamer and Taylor, 2003) and sulfated glycosa-
minoglycan (SGAG)-binding proteins (Mulloy and Linhardt,
2001; Esko and Selleck, 2002) (Table I). Among animal
lectins, carbohydrate-recognition domains (CRDs) of
members within each family (C-type, P-type, etc.) likely
evolved from ancestral genes, retaining defining features
of primary amino acid sequence and/or three-dimensional
structure. Thus, new family members are identifiable by
sequence searching of databases and/or by structural com-
parisons (Drickamer and Taylor, 2003). However, the
nature of glycans recognized by members of each family

can be diverse. Also, although animal lectins can show a
high degree of specificity for recognizing glycan struc-
tures, their single site-binding affinities are typically low.
Thus, functional avidity is often attained by multivalency
of CRDs, either within the protein or via clustering in bio-
logical systems (e.g., at cell surfaces). In contrast, SGAG-
binding proteins are a heterogeneous collection of gene
products that are hard to classify into families evolved
from common ancestors (Mulloy and Linhardt, 2001;
Esko and Selleck, 2002). Rather, the ability to recognize
SGAGs (their defining feature) emerged by convergent
evolution, in which patches of cationic amino acids on
unrelated proteins attained the ability to recognize anionic
structural motifs within extended SGAG chains, some-
times with relatively high affinity. With few exceptions
though, it is rare to find a single uniquely modified SGAG
sequence exclusively recognized by a specific SGAG-bind-
ing protein. More typically, there is a continuum of
increasing affinities.

Historical background, definition and nomenclature 
of I-type lectins and Siglecs

The immunoglobulin superfamily (IgSF) is a diverse and
evolutionarily ancient protein group whose appearance
predated the emergence of antibodies (immunoglobulins)
(Chothia and Jones, 1997). IgSF members are involved in
homotypic and heterotypic protein : protein interactions
mediating various biological functions (Williams and Barclay,
1988; Edelman and Crossin, 1991; Chothia and Jones,
1997). Until the 1990s, it was assumed that IgSF members
(other than some antibodies) did not mediate glycan–protein
interactions. However, indirect evidence had been pre-
sented for glycan recognition by certain IgSF members,
such as neural cell adhesion molecule (Kadmon et al., 1990;
Horstkorte et al., 1993), P0 (Filbin and Tennekoon, 1991),
and intercellular adhesion molecule-1 (Rosenstein et al., 1991;
McCourt et al., 1994). The first direct evidence emerged
from independent work on sialoadhesin (Sn, expressed on
macrophage subsets) and on CD22 (found on mature-
resting B cells). Experimental removal of cell surface sialic
acids (Sias) with sialidases was often used to enhance cell–
cell interactions by reducing negative charge repulsion. In
contrast, cell–cell interactions mediated by both Sn (Crocker
and Gordon, 1989) and CD22 (Stamenkovic et al., 1991)
were abolished by sialidase treatment, suggesting that Sias
were ligands for these proteins. Purified Sn was then shown
to recognize certain glycolipids and glycoproteins in a
Sia-dependent manner (Crocker et al., 1991). Meanwhile,
CD22 had been cloned by others (Wilson et al., 1991;
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Engel et al., 1993) and shown to be an IgSF member. Avail-
ability of recombinant soluble forms of the extracellular
domains of CD22 fused to the hinge and constant (Fc) region
of human IgG (CD22-Fc) (Stamenkovic and Seed, 1990;
Stamenkovic et al., 1991; Aruffo et al., 1992) then allowed
the direct demonstration of Sia recognition by CD22, but
only when presented in α2-6 linkage (Powell et al., 1993;
Sgroi et al., 1993). The importance of Sia structure in recog-
nition was confirmed by treating target cells or cognate
glycans with mild periodate, under conditions selectively
oxidizing only the C7-C9 exocyclic side chains of Sias (Powell
et al., 1993; Sgroi et al., 1993; Powell and Varki, 1994;
Sjoberg et al., 1994). This represented the first conclusive proof
that an IgSF family member other than an antibody or a T-cell
receptor could specifically recognize a glycan, suggesting the
generic name, “I-type lectin” (Powell and Varki, 1995).

Meanwhile, cloning of Sn showed that it was also an
IgSF member with 17 extracellular Ig-like domains, the
amino-terminal 4 of which showed homology with corre-
sponding domains of CD22 (Crocker et al., 1994). Studies
of recombinant soluble Fc-fusion proteins then showed
that although the first two Ig-like domains were necessary
and sufficient to mediate Sia-dependent binding for CD22
(Engel et al., 1995; Law et al., 1995; Nath et al., 1995), only
the first domain was required for Sn (Crocker et al., 1994;
Kelm et al., 1994a). Close homology of this amino-terminal
V-set Ig-like domain to the corresponding domains of

CD33, mammalian myelin-associated glycoprotein (MAG),
and avian Schwann cell myelin protein (SMP) suggested
that these proteins might also recognize Sias. This was
proven by transfection of full-length cDNAs into heterolo-
gous cell types and/or production of Ig–Fc-fusion proteins
(Kelm et al., 1994a; Freeman et al., 1995). Site-directed
mutagenesis then confirmed that the Sia-binding site of
MAG is in the first amino-terminal V-set Ig-like domain
(Tang et al., 1997).

Some groups thereafter referred to Sn, CD22, CD33, and
MAG as the “Sialoadhesin family” or as “Sialoadhesins”
(Kelm et al., 1996), whereas others lumped them together
with IgSF members that recognized carbohydrates, under
the generic name “I-type lectins” (Powell and Varki, 1995).
The latter name did not allow appropriate subclassification
of the Sia-binding molecules, and the former name was con-
fusing, because one member already had the name and
because not all were involved in cell adhesion. Our group
therefore suggested the name—“Siglec,” which contains ele-
ments of “Sialic acid,” “immunoglobulin,” and “lectin.”
Following discussions with the Crocker group and extensive
consultation among all researchers then involved, this family
name was agreed upon by almost everyone (Crocker et al.,
1998). Siglecs are thus now considered a subset of I-type
lectins, just as Selectins are a subset of C-type lectins (see
Angata and Brinkman-Van der Linden, 2002, for a compre-
hensive review of I-type lectins that are not Siglecs).

Table I. Comparison of two major classes of animal carbohydrate-binding proteins

CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; SGAG, sulfated glycosaminoglycan.
aThere are other animal proteins that recognize glycans in a lectin-like manner and do not appear to fall into one of the well-recognized classes, 
for example, various cytokines.
bHyaluronan (HA)-binding proteins (hyaloadherins) seem to fall in between these two classes. On the one hand, some (but not all) of the hyaloadherins 
have shared evolutionary origins. On the other hand, recognition involves internal regions of HA, which is a nonsulfated GAG.

Lectinsa SGAG-binding proteinsb

Shared evolutionary origins Yes, within each group No

Shared structural features Yes, within each group No

Defining arrangement of amino acid 
residues involved in binding

Often typical for each group Patch of basic amino acid residues

Type of glycans recognized N-Glycans, O-glycans, glycosphingolipids 
(few also recognize SGAGs)

Different types of SGAGs

Location of cognate residues within glycans Typically, sequences at the outer ends of 
glycan chains

Typically, sequences internal to an extended 
GAG chain

Specificity for glycans recognized Stereospecificity often high for specific 
glycan structures

Often recognize a range of related GAG structures

Single-site–binding affinity Often low. High avidity generated by 
multivalency

Often moderate to high

Valency of binding sites Multivalency very common, either within 
native structure or by clustering

Often monovalent

Subgroups C-type lectins HS-binding proteins

Galectins (S-type lectins) CS-binding proteins

P-type lectins (M6P receptors) DS-binding proteins

I-type lectins

L-type lectins

R-type Lectins

Types of glycans recognized within each 
group

Can be quite similar (e.g., galectins) 
or highly variable (e.g., C-type lectins)

Classification itself is based on type of GAG chain 
recognized
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Although there was no reason to change existing names
of the first four family members, it was felt useful to desig-
nate them with a numerical suffix, providing a basis for
naming new members of the family subsequently discov-
ered. Although recombinant CD22 was shown to bind Sias
before Sn was cloned, the latter was given the designation
Siglec-1, because it was the first member characterized as a
Sia-binding lectin. Furthermore, categorizing CD22 as
Siglec-2 and CD33 as Siglec-3, respectively, was useful as
an “aide-mémoire.” MAG and SMP were grouped together
as Siglec-4a and -4b, respectively, because they are structur-
ally and functionally related (SMP now appears likely to be
the avian ortholog of MAG). Criteria for the inclusion of
other IgSF-related proteins as Siglecs were defined as: (1)
the ability to recognize sialylated glycans and (2) significant
sequence similarity within the N-terminal V-set and adjoining
C2-set domains.

It was suggested that all future publications about such
proteins use the Siglec nomenclature when describing them
collectively and that new members be named in the order of
discovery, following consultation with others in the field
(Crocker et al., 1998). There are currently 11 human and
8 mouse molecules that fulfill the criteria. Because humans
have more Siglecs than mice and the cloning of the mouse
molecules initially lagged behind, the numbering system is
based on the former. Two additional primate molecules
have fulfilled the criteria and are therefore designated
Siglecs-12 and -13 (see Table II, for a complete listing of
primate and rodent Siglecs known to date and for other
names given to some of these proteins). Although earlier
papers did not capitalize “Siglec,” this is now recommended,
to allow designation of the species of origin with a prefix

(e.g., human and mouse CD22 can be hSiglec-2 and
mSiglec-2, respectively). Complexity in nomenclature arises
from the fact that orthologs of some Siglecs in certain spe-
cies have undergone mutations in an “essential” arginine
residue required for optimal Sia binding (see Table II and
Structural features common to all Siglecs) and therefore no
longer fulfill all the criteria to be called Siglecs. The first of
these was found in humans and initially called Siglec-L1
(Siglec-like molecule-1) (Angata et al., 2001b). This molecule
has a Sia-binding (“essential arginine”-containing) ortholog
in the chimpanzee, designated as chimpanzee Siglec-12 (cSi-
glec-12). The international nomenclature group thus agreed
to change the name of hSiglec-L1 to hSiglec-XII (the Roman
numeral indicates that it is the Arg-mutated ortholog of
cSiglec-12) (Angata et al., 2004). Likewise, the Arg-mutated
ortholog of hSiglec-5 in the chimpanzee is designated cSi-
glec-V, and the Arg-mutated Siglec-6 ortholog in baboon is
bSiglec-VI (Angata et al., 2004). A primate molecule deleted
in humans was discovered by sequencing the chimpanzee
Siglec gene cluster (see Figure 4) and designated as Siglec-13
(Angata et al., 2004).

Expressed sequence tag (EST) clones and genomic data
from humans and mice aided the groups of Crocker (Cornish
et al., 1998; Nicoll et al., 1999; Floyd et al., 2000a; Zhang
et al., 2000; Munday et al., 2001) and ourselves (Angata and
Varki, 2000a,b; Angata et al., 2001a,b; 2002) to clone most
of the remaining Siglecs in these species. A genomics-
driven approach by Diamandis’ group also identified several
Siglec candidates (Foussias et al., 2000a,b; 2001; Yousef
et al., 2001, 2002). Approaches from other directions also
contributed to the cloning and functional studies of many
Siglecs. For example, a search for a leptin receptor led to

Table II. Probable orthologous correspondences of Siglecs in various mammalian species

AIRM, adhesion inhibitory receptor molecule; MAG, myelin-associated glycoprotein; OBBP, obesity-binding protein; Sn, sialoadhesin.
Information in this table is based on literature, our unpublished observations, and other genomic information available online to date (including 
high-throughput genomic sequences in GenBank). Criteria used to assign orthologs include sequence similarity of amino-terminal V-set domains, 
map location, gene structure, and phylogenetic relationships. ?, published genomic information to date not sufficient to definitively determine status. 
NF, corresponding V-set domains are not found in currently available genomic data in this species.
aSiglec-like molecules missing the “essential arginine” residue required for optimal recognition.
bCD33rSiglecs that are located outside the Siglec gene cluster.

Human Chimpanzee Baboon Mouse and rat

Sn/Siglec-1 Sn/Siglec-1 ? Sn/Siglec-1

CD22/Siglec-2 CD22/Siglec-2 ? CD22/Siglec-2

MAG/Siglec-4 MAG/Siglec-4 ? MAG/Siglec-4

CD33/Siglec-3 CD33/Siglec-3 CD33/Siglec-3 CD33/Siglec-3

Siglec-5 (OBBP-2) Siglec-Va Siglec-5 Siglec-F

Siglec-6 (OBBP-1) Siglec-6 Siglec-VIa

Siglec-7 (AIRM-1) Siglec-7 NF NF

Siglec-8 Siglec-8 Siglec-8 NF

Siglec-9 Siglec-9 Siglec-9 Siglec-E

Siglec-10 Siglec-10 Siglec-10 Siglec-G

Siglec-11b Siglec-11b ? NF

Siglec-XII (Siglec-L1, SV2)a Siglec-12 NF NF

NF Siglec-13 Siglec-13 NF

NF ? ? Siglec-H (rata)b
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the discovery of Siglecs-5 and -6 (Patel et al., 1999); the
study of natural killer (NK) cell signaling to Siglec-7 (Falco
et al., 1999); the identification of an eosinophil-specific
marker to Siglec-8 (Kikly et al., 2000); and the analysis of
docking partners of the Src homology-2 (SH2) domain-
containing protein-tyrosine phosphatase-1 (SHP-1) led to
hSiglec-XII (originally named S2V) (Yu et al., 2001a) and
mSiglec-E (Yu et al., 2001b). Several other laboratories also
contributed to discovering novel Siglecs and/or their new
splice variants (Tchilian et al., 1994; Takei et al., 1997; Li
et al., 2001; Aizawa et al., 2002, 2003; Connolly et al., 2002;
Kitzig et al., 2002).

We wish to provide a current and inclusive review of the
literature on Siglecs. For further details, readers are
referred to the original papers cited, as well as many reviews
published in the past decade (Powell and Varki, 1995;
Crocker et al., 1997; Schnaar et al., 1998; Munday et al.,
1999; Crocker and Varki, 2001a,b; Kelm, 2001; May and
Jones, 2001; Mingari et al., 2001; Nitschke et al., 2001;
Angata and Brinkman-Van der Linden, 2002; Crocker,
2002, 2005; Crocker and Zhang, 2002).

Two subfamilies of Siglecs

Siglecs can be broadly divided into an evolutionarily con-
served subgroup (Siglecs-1, -2, and -4) and a CD33/Siglec-3-
related subgroup (Siglecs-3 and -5–13 in primates and
Siglecs-3 and E–H in rodents), which appear to be rapidly
evolving (see Table III, for a comparison). Facilitated by
the “modular” nature of some Ig domain-encoding exons
(i.e., containing multiples of amino acid-encoding triplet
codons), some CD33/Siglec-3-related Siglecs (hereafter
abbreviated as CD33rSiglecs) appear to have evolved as
hybrids of preexisting genes and/or by gene conversion
(e.g., primate SIGLEC6) (Angata et al., 2004). Partly for
this reason, sequence comparisons alone do not allow the
conclusive designation of the human orthologs of all rodent
CD33rSiglec genes, but additional features, such as gene
position and exon structure, must be taken into account.

Because of these difficulties, rodent Siglecs were assigned
alphabetical designations. As CD33rSiglecs from other spe-
cies are cloned, the situation is likely to get more compli-
cated. Continued communication amongst all interested
scientists will be important. (A group e-mail address is cur-
rently maintained for this purpose. Interested scientists who
wish to have their names added to this discussion list
should please contact the authors.)

All the above discussion refers to protein names. Com-
munication with the human gene nomenclature committee
resulted in names corresponding reasonably well with
protein names (http://www.gene.ucl.ac.uk/nomenclature/
genefamily/siglec.html). Thus, for example, the gene encoding
human Siglec-5 is designated SIGLEC5. The situation with
mouse gene nomenclature is less satisfactory at the
moment, because gene and protein names do not yet corre-
late well (http://www.informatics.jax.org/mgihome/nomen/,
search for “Siglec”).

Structural features common to all Siglecs

All Siglecs are single-pass type 1 integral membrane proteins
containing extracellular domains with one (or two, in the case
of Siglec-12) unique and homologous N-terminal V-set Ig
domain, followed by variable numbers of C2-set Ig domains,
ranging from 16 in Sn to 1 in CD33. Most sequence similar-
ity is seen in the V-set Ig domain and with CD33rSiglecs in
two cytosolic tyrosine-based motifs (Figure 1). Crystal
structures for mouse Siglec-1 (May et al., 1998) and human
Siglec-7 (Alphey et al., 2003; Dimasi et al., 2004) indicate
that the V-set Ig-like fold has several unusual features,
including an intra-beta sheet disulfide and a splitting of the
standard beta strand G into two shorter strands (Figure 2
upper panel). These features along with certain amino acid
residues (Figures 1 and 2 lower panel) appear to be require-
ments for Sia recognition. In particular, a conserved arginine
residue that forms a salt bridge with the carboxylate of Sia
is conserved in all functional Siglecs studied to date (see
Figures 1 and 2). Also, all Siglecs (other than Siglec-XII)

Table III. Evolutionary comparison of the two major subgroups of Siglecs

CD33rSiglecs, CD33/Siglec-3-related Siglecs; ITIM, immunoreceptor tyrosine-based inhibitory motif; MAG, myelin-associated glycoprotein; 
Sn, sialoadhesin.

Sn/CD22/MAG group CD33rSiglecs

Orthologs Single clear-cut orthologs in multiple species Clear-cut orthologs difficult to define between 
primates and rodents

Binding specificity Highly conserved (with minor variations) Poorly conserved (rapidly evolving)

Cell-type of expression Highly conserved Highly variable expression in cells of innate immunity 
(granulocytes, monocytes, and macrophages)

CD22 = B cells

MAG = glial cells

Sn = macrophages

Domain structure Highly conserved Poorly conserved

Evidence for hybrid genes 
and gene conversion events

No Yes

Cytosolic tyrosine-based motifs ITIM only in CD22. None in Sn and MAG 
(MAG has Tyr-based motif similar to 
CD33rSiglecs’ “distal motif”)

Conserved ITIM and ITIM-like motif in most members
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Fig. 1. Amino acid sequence comparisons of conserved regions of human and mouse Siglecs. (A) The first two Ig-like domains of all Siglecs. Red dot, the 
essential arginine; blue dots, conserved cysteines; and green dots, aromatic amino acids making contact with sialic acid (Sia). Human Siglec-XII is not 
included, because it has two V-set domains. (B) Transmembrane and cytosolic regions of CD33rSiglecs and MAG. Green line, transmembrane domains; 
red line, immunoreceptor tyrosine-based inhibitory motifs (ITIMs); blue line, putative tyrosine-based signaling motifs; and orange circles, lysine residues 
within transmembrane domains of mSiglec-3 and mSiglec-H.
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Fig. 2. Crystal structures of Siglecs. Reproduced with permission from Alphey et al. (2003). (Upper panels) Crystal structures of sialoadhesin (Sn; in 
complex with sialyllactose) and Siglec-7 and a model for Siglec-9 are shown. The backbones are shown as ribbons with the side chains surrounding 
the ligand-binding site shown as sticks with orange carbons. The C–C′ loop is highlighted in magenta. The two pyranose sugars from the sialyllactose 
ligand are shown as sticks with green carbons. (Lower panels) Backbone structures of Sn, Siglec-7, and Siglec-9 (proposed) are shown as ribbons. 
Key residues interacting with the terminal pyranose sugars are shown for Sn (sticks with orange carbons) and compared with the equivalent residues 
in the Siglec-7 structure and the Siglec-9 model. The terminal sialic acid (Sia) of the Sn sialyllactose ligand is shown as sticks with green carbons. 
Models for α2-8-linked disialic acid in Siglec-7 and Siglec-9 are shown as sticks with green carbons.
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contain an odd number (typically 3) of Cys residues in the
first and second Ig-like domains. A resulting inter-domain
disulfide bond between the first and second domains has
been demonstrated in MAG (Pedraza et al., 1990). It remains
to be proven whether other Siglecs also have this unusual inter-
domain disulfide bond. The fact that effective Sia recognition
by the V-set domain of many recombinant Siglecs requires the
second C2-set domain suggests that this may be the case.

A conserved arginine residue required for optimal 
Sia recognition

The mutation of the Arg residue known to form a salt
bridge with the carboxylate of Sia results in a marked
reduction of binding capacity of all Siglecs studied to date,
with a change to a positively charged Lys being less effec-
tive than a change to an Ala (Van der Merwe et al., 1996;
Vinson et al., 1996; Tang et al., 1997; Crocker et al., 1999;
Angata and Varki, 2000a,b; Angata et al., 2001a). However,
binding is not completely lost with all Arg to Ala mutations
(e.g., MAG/Siglec-4, Siglec-6, and Siglec-11). Presumably,
in these instances, other aspects of the Sia molecule and/or
the underlying glycan chain make a major contribution in
recognition. Indeed, this has been directly shown for MAG
(Vinson et al., 2001).

Other amino acid residues involved in interactions 
with sialylated ligands

Several other amino acid residues have been defined as
involved in direct contacts with sialylated ligands. In Sn/
Siglec-1, these include Trp2 and Trp106 (Figure 2). The
corresponding residues in Siglec-7 appear to be Tyr26 and
Trp132. However, the mode of atomic contact between lec-
tin and ligand has not yet been reported for the latter. To
identify region(s) responsible for differences in binding
specificities, Yamaji et al. prepared a series of V-set domain
chimeras between Siglecs-7 and -9 (2002). The results,
combined with molecular modeling, suggest that specific
residues in the C–C′ loop of the sugar-binding domain play
a major role in determining the binding specificities of
Siglecs-7 and -9.

Biosynthesis and multimerization

All Siglecs presumably follow a typical biosynthetic path-
way for membrane-bound type-1 transmembrane proteins,
with polypeptide synthesis and N-glycosylation on endo-
plasmic reticulum (ER)-bound ribosomes, and transport to
the cell surface via the Golgi apparatus. Those Siglecs stud-
ied have been shown to bear complex N-glycans, which can
themselves be sialylated. Siglecs can exist as monomers, for
example, Siglec-7 (Nicoll et al., 1999), as disulfide-linked
dimers, for example, Siglec-5 (Cornish et al., 1998), or even
as higher level multimers, for example, CD22 (Powell et al.,
1995; Zhang and Varki, 2004; Han et al., 2005). Because
lectin valency can markedly affect functional binding avidity,
this issue requires further investigation.

Endocytosis and turnover

Like most cell surface glycoproteins, Siglecs are likely
turned over by endocytosis and delivery to lysosomes and/

or by cleavage from the cell surface. However, neither pos-
sibility has been extensively studied for most Siglecs. Before
the recognition that CD22 and CD33 were Siglecs, they had
been defined as targets for treatment of lymphomas and
leukemias, respectively, using antibody-toxin conjugates
(see Medical relevance of Siglecs). In retrospect, success in
this approach is likely related to the fact that these mole-
cules undergo rapid antibody-triggered endocytosis. With
CD22, the endocytosis rate following antibody triggering is
much more rapid than the slower constitutive clearance rate
from the cell surface (Zhang and Varki, 2004). Also, anti-
Siglec-5 (Fab)2 fragments were rapidly endocytosed into
early endosomes (Lock et al., 2004). Thus, in addition to
inhibitory signaling, there is a potential role in endocytosis/
phagocytosis for Siglec-5 and the other CD33rSiglecs (Lock
et al., 2004; Rapoport et al., 2005). Further work is needed
to ascertain whether it is a general feature of Siglecs to
undergo antibody-triggered endocytosis. The two cytosolic
Tyr-based signaling motifs also conform to the consensus
sequence for a known internalization motif “YxxØ,” where
Ø stands for bulky hydrophobic amino acid (Bonifacino
and Traub, 2003). However, tyrosine phosphorylation of
these motifs usually prevents their association with the
adaptor protein 2 (AP2) complex mediating internalization.
It is also unclear what physiological processes are mimicked
by the artificial process of antibody-mediated cross-linking.
In particular, what is the relevance to cell surface recogni-
tion of Sias? Regardless, it is of interest that other
CD33rSiglecs are found on acute myeloid leukemia (AML)
cells (Vitale et al., 2001; Virgo et al., 2003). Thus, the princi-
ple already established in the clinic with anti-CD33 immu-
notoxins to treat chemotherapy-resistant AMLs might
potentially be extended to additional Siglec targets.
Another membrane-proximal motif (QRRWKRTQSQQ)
described as being relevant to rapid internalization of
CD22 (Chan et al., 1998) is, however, not well conserved
between humans and mice.

Does association with cell surface sialylated 
ligands modulate Siglec turnover?

Genetic elimination of cognate ligands for CD22 or MAG
in intact mice is associated with lowered levels of the Siglec
on B cells (Hennet et al., 1998; Collins et al., 2002, 2004) or
glial cells (Collins et al., 2000; Vyas et al., 2002; Sun et al.,
2004), respectively—suggesting that association with cell
surface sialylated ligands might restrict endocytotic clear-
ance of Siglecs and thereby regulate steady state levels.
However, this hypothesis was not supported in studies of
CD22, wherein constitutive endocytosis rates were unal-
tered by the mutation of the Arg residue required for Sia
recognition, nor by removal of cell surface Sias (Zhang and
Varki, 2004). Thus, it appears more likely that Siglec down-
regulation in the absence of cognate ligands represents a
long-term resetting of some unknown “steady state” mech-
anism or feedback loop.

Cell type-specific expression

Each human Siglec is expressed in a cell type-specific fashion,
suggesting involvement in discrete functions (see Figure 3,
for their distribution in the hematopoietic and immune
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systems of humans). The selective expression of Sn/Siglec-1,
CD22/Siglec-2, and MAG/Siglec-4 on tissue macrophages,
mature B cells, and glial cells, respectively, appears to be
conserved amongst all mammalian species studied so far.
The CD33rSiglecs appear to be variably distributed
amongst cell types in the immune system, with significant
overlaps (Figure 3). The striking exception are T cells in
which very low expression of Siglecs is seen (Razi and
Varki, 1999), primarily Siglec-7 and -9 on a subset of CD8+
cells in some humans (Nicoll et al., 1999; Zhang et al., 2000;
Ikehara et al., 2004). One study reported the appearance of
CD33 on chronically activated human T cells (Nakamura
et al., 1994); however, this result was not reproducible in
our hands (unpublished data). Notably, CD22 expression
on a subset of mouse T cells has been recently reported
(Sathish et al., 2004), as well as on basophils (Han et al.,
1999, 2000) and, surprisingly, on neurons (Mott et al.,
2004). Also, Siglec-6 is expressed in placental trophoblast
cells (Patel et al., 1999).

The cell type-specificity of human and mouse
CD33rSiglecs often do not follow their presumed ortholo-
gous relationships, for example, although human CD33/
Siglec-3 is highly expressed on mature monocytes, mouse
CD33/Siglec-3 is expressed only on granulocytes (Brinkman-
Van der Linden et al., 2003). Most CD33rSiglecs are found
on multiple leukocyte types, to varying extents, for exam-

ple, human CD33/Siglec-3, -5, -7, -9, and -10 are expressed
on circulating monocytes. When monocytes are differentiated
into macrophages or stimulated with lipopolysaccharide
(LPS), they retained the expression of these Siglecs (Lock
et al., 2004). In comparison, monocyte-derived dendritic
cells down-modulated Siglec-7 and -9 following maturation
with LPS, and plasmacytoid dendritic cells in human
blood expressed only Siglec-5 (Lock et al., 2004). In a few
instances, certain CD33rSiglecs show expression predomi-
nantly restricted to one cell type. Although human Siglec-7
was found at low levels on granulocytes and monocytes,
relatively high levels are found on a major subset of NK
cells and a minor subset of CD8(+) T cells (Nicoll et al.,
1999). Siglec-8 could be detected only on eosinophils (Floyd
et al., 2000a).

Even for some of the well-conserved Siglecs, there are
differences between humans and mice. The expression of
CD22/Siglec-2 on mouse T cells has already been men-
tioned. There are also differences between human and
rodent Siglec-1/Sn expression patterns in the spleen.
Although strongly Sn-positive macrophages form sheaths
around capillaries in the perifollicular zone of humans,
such sheaths are not observed in rats. Also in contrast to
rats, the human marginal zone does not contain Sn-positive
macrophages, and marginal metallophilic macrophages are
absent in humans. Thus, Sn-positive macrophages and

Fig. 3. Cell-type specific expression of Siglecs in the hematopoietic and immune cells of humans. The currently known distribution of human Siglecs 
on various cell types (modified from Crocker and Varki, 2001a). Note that expression patterns of Siglecs on bone marrow precursor cell types has not been 
well studied, except in the case of CD33/Siglec-3. In a few instances, expression is not found in all humans studied (e.g., Siglec-7 and -9 on a small 
subset of T cells).

CD22/Siglec-2

Siglec-5

Siglec-6

Siglec-9

Siglec-10

Siglec-7

Siglec-9

Siglec-10

Siglec-8

Siglec-10 (lo)

Stem

cell

B cell NK cell Monocyte EosinophilNeutrophil Basophil

MacrophageCD33/Siglec-3

Siglec-7

CD33/Siglec-3

Siglec-5

Siglec-7

Siglec-9

Siglec-10 (lo)

Siglec-5

Siglec-9

CD22?

Siglec-8 (lo)

Sn/Siglec-1

CD33/Siglec-3

Siglec-5

Siglec-11

CD33/Siglec-3

Others?

CD33/Siglec-3

CD33/Siglec-3

Dendritic

cell

CD8

T cell

subset

Siglec-7

Siglec-9

Lymphoid

progenitor

Myeloid

progenitor



I-type lectins and Siglecs

9R

IgM+ IgD– memory B lymphocytes both share the mar-
ginal zone as a common compartment in rats, although they
occupy different compartments in humans (Steiniger et al.,
1997). Also, although only a subset of splenic macrophages
are Sn-positive in rats and chimpanzees, expression is
almost universal in human spleen macrophages, suggesting
a recently evolved condition (Brinkman-Van der Linden et al.,
2000) (see Effects of human-specific Neu5Gc loss on human
Siglec biology). Another species difference is sequestration
of human CD22 in intracellular compartments at the bone
marrow precursor cell stage (Dorken et al., 1986), a feature
apparently not always found in mice (Erickson et al., 1996;
Nitschke et al., 1997).

Phylogeny and genomic organization

Searches of DNA databanks reveal the expected distant
homologies between Siglecs and other IgSF members.
However, when probing for canonical functional amino
acids of the typical Siglec V-set domain, there is no evidence
for such molecules in prokaryotes, fungi, or plants, nor in
animals of the Protostome lineage, including organisms for
which the complete genomic sequence is available such as
the fruit fly Drosophila melanogaster and the nematode
Caenorhabditis elegans (Angata and Varki, 2000b). In con-
trast, it is easy to find Siglec-like V-set domains in various
vertebrate taxa, including fishes (Lehmann et al., 2004) and
birds (Dulac et al., 1992) (Table IV). These findings fit well
with the general distribution of Sias, which are hard to
detect in Protostomes, but widespread in the Deuterostomes
(vertebrates and some higher invertebrates) (Angata and
Varki, 2002). It will be interesting to know whether Siglecs
are present in the “higher” invertebrates that express Sias,
such as Echinoderms (sea urchins, starfish, etc.), that is, did
the Siglec family emerge at the Cambrian expansion ∼530
million years ago, at the same time that Sias seem to have
“flowered” in the Deuterostome lineage?

The most highly conserved Siglec is MAG/Siglec-4, with
an easily identifiable ortholog in the Fugu (puffer fish)
genome (Lehmann et al., 2004). This conservation may be
related to the fact that membrane proteins in the nervous sys-
tem make intricate interactive networks, such that amino
acid changes are not easily tolerated (Fraser et al., 2002). The
fact that MAG is involved not only in protein–glycan inter-

actions but also in protein–protein interactions (see Siglec
recognition of specific macromolecules) supports this hypoth-
esis. Also, because MAG is expressed solely in nervous sys-
tem, is it protected from external agents that accelerate
molecular evolution, such as pathogens. As for the other two
Siglecs conserved in mammalian genomes (Sn/Siglec-1 and
CD22/Siglec-2), the nearly complete Fugu genome seemed to
lack clear orthologs (further work is needed to confirm this).

In the human genome, the gene for Sn/Siglec-1 is located
on chromosome 20, and the genes for CD22/Siglec-2
and MAG/Siglec-4 are located next to each other on
chromosome 19 (Mucklow et al., 1995). Most human
CD33rSiglec are clustered together in a ∼500 Kb region on
chromosome 19q13.3–13.4, and the mouse genes are in a
syntenic region of chromosome 7 (Figure 4). Although the
mouse apparently has only five functional CD33rSiglecs,
humans have eight (there is one lineage-specific Siglec gene
found outside the cluster in each species—for Siglec-11 in
humans and for Siglec-H in mice). Complexities about the
ortholog status and cell-type specificity have been discussed
above.

As mentioned earlier, a further complication is the
“modular” nature of some IgSF genes, wherein one exon
typically encodes one Ig-like domain, allowing for the gen-
eration of hybrid genes via exon shuffling (Angata et al.,
2004). Additional confusion arises from gene conversion
events in several lineages (our unpublished observations). It
remains to be seen whether the major differences between
humans and mice represent repeated duplications in the pri-
mate lineage or a wholesale loss in rodent genomes. Over-
all, molecular phylogenetic and genome map analyses
indicate that there should have been four prototypical
CD33rSiglecs in the rodent/primate common ancestor
(Table II): (1) CD33-like, with two Ig-like domains; (2) Siglec-
E/9-like, with three Ig-like domains, lacking the intron
separating leader peptide and Ig1-coding regions found in
other Siglec genes; (3) Siglec-F/5/6-like, with four Ig-like
domains (Siglec-6 has lost its fourth Ig); and (4) Siglec-G/10-
like, with five Ig-like domains. Siglec-7 and Siglec-12 are
probably derivatives of the group 2, in that they also lack
an intron separating the leader peptide and Ig1-coding
regions and showing extensive sequence similarity with the
group 2 members at the align-able segments. Siglec-8 also
belongs to group 2.

Table IV. Possible Siglecs in nonmammalian species

MAG, myelin-associated glycoprotein.
This summary is based on searching of currently available genomic and EST data.
aRefers to the presence of V-set domains with Siglec-like features that do not clearly belong to any of the known subgroups of mammalian Siglecs.
bNot found in the available sequence data, which does not necessarily mean it is absent in the species. Given the relatively rapid evolution of CD33/Siglec-
3-related Siglecs (and to some extent CD22), it is possible that these may exist even in fish, but are beyond recognition based on sequence comparisons 
alone.

Sn/Siglec-1-like CD22/Siglec-2-like CD33/Siglec-3-like MAG/Siglec-4-like Othersa

Birds (chicken) Yes Not foundb Not found Yes Not found

Amphibians (xenopus) Not found Not found Not found Yes Yes

Fish (fugu) Not found Not found Not found Yes Yes
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Ligand recognition by Siglecs

Recognition of Sias and their linkages

The first two identified Siglecs (Sn/Siglec-1 and CD22/
Siglec-2) had strikingly different binding properties—with
Sn strongly preferring α2-3-linked ligands and CD22 being
highly specific for α2-6 linkages. The binding affinity for
CD22 was also found to be in the low micromolar range
(Powell et al., 1995). Furthermore, these specificities are
conserved between mouse and human orthologs. MAG
also has a highly specific and conserved binding specificity
(Collins et al., 1997b, 1999; Sawada et al., 1999). Such data
suggested that each Siglec subsequently discovered might
show highly specific and nonoverlapping glycan recogni-
tion. As it turned out, most of the remaining CD33-related
Siglecs are more promiscuous in their binding, often recog-
nizing more than one linkage and/or presentation of Sia.

Although different laboratories have used different
probes and assay formats for analyzing glycan recognition,
there is general consensus regarding structures recognized
by Sn/Siglec-1, CD22/Siglec-2, and MAG/Siglec-4. Contra-
dicting glycan-recognition specificities are often reported
for CD33rSiglecs, which under saturating conditions bind
many kinds of probes tested. A further complication arises
from the observation that different alternative splicing
products may have different specificities, for example, the
Siglec-7 form with only two extracellular Ig-like domains
preferentially recognizes Neu5Acα2-6Galβ1-4Glc (Angata
and Varki, 2000a), a finding very different from the more
promiscuous (but more robust) binding of the full-length
form (Nicoll et al., 1999).

More recent studies have reported that some
CD33rSiglecs, under limiting conditions, show certain rela-
tive preferences for sialylated ligands (Blixt et al., 2003;
Rapoport et al., 2003). Therefore, it is possible that a more
detailed study with a wider array of sialylated glycans may
reveal strong preferences by Siglecs currently considered to
be “promiscuous.” Indeed, a recent study using a glycan
array developed by the Consortium for Functional Gly-
comics (Blixt et al., 2004) indicates that 6′sulfo-sialyl-Lewis
x (sLex with a sulfate ester at the 6-position of the penulti-
mate galactose [Gal] residue) is a highly selective ligand for
human Siglec-8 (Bochner et al., 2005). Also, although
mSiglec-F shows a preference for α2-3-linked Sias (Angata
et al., 2001a), it binds best to 6′sulfo-sLex (Tateno et al.,
2005; data of core H of the Consortium for Functional
Glycomics, which has also discovered that hSiglec-9 prefers
6-sulfo-sLex with a sulfate ester at the 6-position of the under-
lying GlcNAc residue, see http://www.functionalglycomics.
org/static/consortium/organization/sciCorescoreh.shtml).
Although human Siglec-8 and mouse Siglec-F are not
orthologs, they share the same expression pattern (Zhang
et al., 2004) and binding specificity and thus may have
developed similar functions in vivo by convergent evolu-
tion. Thus, they are “functionally equivalent paralogs” or,
more precisely, “isofunctional paralogs” (a term suggested
to the authors by Walter Fitch, UC Irvine). Likewise, the
presentation of the sialyl-Tn epitope and/or more extended
structures that include this motif may be important for
optimal recognition by hSiglec-6, as concluded from studies
using ovine, bovine, and porcine submaxillary mucins

and Chinese hamster ovary (CHO) cells transfected with
ST6GalNAc-I and/or the mucin polypeptide MUC1
(Brinkman-Van der Linden and Varki, 2000). Figure 5 makes
an attempt to summarize available information for human
Siglecs, realizing that different studies have given somewhat
different results for the CD33rSiglecs.

Effects of Sia modifications on recognition

Unlike selectins (another class of Sia-binding lectins),
which primarily require the negative charge of Sias for rec-
ognition, Siglecs seem to recognize many aspects of the Sia
molecule (Figure 6). The recognition of the Sia linkage
from the 2-position is already discussed above. The car-
boxyl group of Sias is required for recognition by most
Siglecs, as evidenced by studies using glycans with Sias
reduced at C1 to an alcohol (Collins et al., 1997b; Brinkman-
Van der Linden and Varki, 2000). Complementary studies
using recombinant Siglec proteins mutated at the “essential
arginine” residue, which forms a salt bridge with carboxyl
group of Sia, support this conclusion.

The glycerol-like side chain of Sias at C7-C9 can be spe-
cifically cleaved by mild periodate treatment (Van Lenten
and Ashwell, 1971), and a requirement of this side chain for
Siglec binding so far seems to be a general rule (Powell et al.,
1993; Collins et al., 1997a,b; Barnes et al., 1999; Angata
and Varki, 2000a,b; Brinkman-Van der Linden and Varki,
2000), with exceptions such as Siglec-6 (Brinkman-Van der
Linden and Varki, 2000) and Siglec-11 (Angata et al.,

Fig. 5. Glycan-binding specificities of human Siglecs. With a few excep-
tions (CD22 and MAG), results of binding specificity studies of human 
Siglecs by different investigators using different assays have varied signifi-
cantly. In addition to assay formats and glycan linker issues, the density 
and arrangement of the ligands studied could be responsible for this 
variation. This figure shows a summary of the most commonly reported 
specificities for the most commonly studied sialylated glycans. Relative 
binding within studies of each Siglec is indicated as ++, strong binding; 
+, detectable binding; and –, very weak or undetectable binding. Not 
shown is the recently reported strong-binding preference of hSiglec-8 
and mSiglec-F for 6′-sulfated-sialyl-Lewis x (sLex) and of hSiglec-9 for 
6-sulfated-sLex. See text for the discussion.
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2002). With Sn, the residue that interacts with the side
chain is Trp106 (May et al., 1998), and an equivalent aro-
matic amino acid residue is conserved in all Siglecs (Figure 1).
The equivalent residue in mouse CD22 is also required for
recognition (Van der Merwe et al., 1996).

Although there are many natural modifications of the Sia
side chain (Kelm and Schauer, 1997; Schauer, 2000; Angata
and Varki, 2002), very few studies deal with effects on
Siglec recognition of even the commonest of these, 9-O-
acetylation. Published experiments also did not use syn-
thetic probes with O-acetylated structures (the absence of
cloned enzymes catalyzing O-acetylation makes it difficult
to prepare such probes). Rather, they relied on the presence
of O-acetyl groups in naturally occurring glycoconjugates
and on removal of these groups using esterases and/or alka-
line treatment. The presence of 9-O-acetyl group has strong
negative effect on recognition by human CD22 (Sjoberg
et al., 1994) and mouse Sn (Kelm et al., 1994b; Shi et al.,
1996), and removal of this group by the 9-O-acetylesterase
of influenza C virus enhanced recognition. Thus, the pres-
ence of not only the intact glycerol-like side chain, but also
the absence of any modification of it, was postulated to be a
structural requirement for a glycan to be recognized by
Siglecs. A study analyzing binding of synthetic C9-substituted
5-N-acetylneuraminic acid (Neu5Ac) to Sn, MAG, and
CD22 seemed to confirm this finding (Kelm et al., 1998).
However, studies of some other CD33rSiglecs revealed that
Siglec-5 and Siglec-6 do not show different affinities toward
9-O-acetylated or non-O-acetylated ligands and that CD33
shows reduced affinity toward 9-O-acetylated ligands, only
in a limited structural context (Brinkman-Van der Linden
and Varki, 2000). Moreover, recent work showed that
human CD22 can recognize a synthetic Neu5Ac modified
at C9 with bulky hydrophobic moiety, with much higher
affinity than unmodified Neu5Ac (Kelm et al., 2002). It
appears that in contrast to 9-O-acetylation, the synthetic

modification of the 9-carbon with a nitrogen conserves the
hydrogen bond donor potential needed for interactions
with Siglecs like Sn. Regardless, one should consider an
“intact glycerol-like side chain” and “O-acetylation of the
side chain” as separate issues. There also remains a possibil-
ity that some yet unstudied Siglecs in some species may spe-
cifically recognize natural ligands with Sias modified on the
side chain by acetyl, methyl, or sulfate groups.

Although prominent expression of 4-O-acetylation has
so far been limited to certain species, such as monotremes,
horse, and guinea pig (Kelm and Schauer, 1997; Schauer,
2000; Angata and Varki, 2002), the substrate specificity of
murine hepatitis virus hemagglutinin-esterase (Regl et al.,
1999) and recent studies of human samples (Pons et al.,
2003) indicate that such Sias are more widespread than pre-
viously thought. The effect of 4-O-acetylation on Siglec rec-
ognition has also not been evaluated so far, mostly due to
the difficulty in synthesizing and/or obtaining (from natural
sources) defined probes containing 4-O-acetylated Sias.
There is one study that evaluated the binding of 4-O-methyl
Neu5Ac to MAG, showing reduced binding compared with
its unmethylated parent compound (Strenge et al., 1998).
However, 4-O-methylated Sias have so far not been found
in nature.

The ligands used in binding studies typically contain only
Neu5Ac. However, some Siglecs show distinct preferences
toward the kind of N-acyl group at C5. Both mouse (Kelm
et al., 1994b, 1998) and human (Brinkman-Van der Linden
et al., 2000) Sn strongly prefers Neu5Ac over 5-N-glycolyl-
neuraminic acid (Neu5Gc). Although murine CD22
strongly prefers Neu5Gc over Neu5Ac (Kelm et al., 1994b,
1998; Van der Merwe et al., 1996), human CD22 (and that
of the closely related great apes) accommodates both types
of Sias (Brinkman-Van der Linden et al., 2000; Collins et al.,
2002). Rodent MAG and avian SMP do not tolerate
Neu5Gc (Collins et al., 1997b, 2000; Kelm et al., 1998), cor-
relating with the near-absence of Neu5Gc in the mamma-
lian central nervous system (Varki, 2002). Although Sn and
MAG/SMP do not tolerate the hydroxyl group in Neu5Gc,
they can bind synthetic halogenated acetyl residues at the
same position. With MAG, N-fluoroacetylneuraminic acid
bound about 17-fold better than Neu5Ac. In contrast,
although human and murine CD22 both bind Neu5Gc,
only human CD22 bound the halogenated compounds
(Kelm et al., 1998).

As for the CD33rSiglecs, our previous work with human
CD33, Siglec-5, and Siglec-6 failed to show distinct binding
preferences between Neu5Ac and Neu5Gc (Brinkman-Van
der Linden et al., 2000). However, our recent study
(Sonnenburg et al., 2004) suggests that this “promiscuous”
recognition of both Neu5Ac and Neu5Gc by human
CD33rSiglecs may be an exception among great ape
orthologs. Further issues regarding the Neu5Ac/Neu5Gc
preference of human versus great ape Siglecs are discussed
below.

Rare types and linkages of Sias have not been 
well-studied for Siglec recognition

Despite extensive studies on Siglec recognition specificity,
we have to date only sampled a small portion of the marked

Fig. 6. Structural features of sialic acids (Sias) affecting recognition by 
Siglecs. The most common Sia (5-N-acetylneuraminic acid [Neu5Ac]) is 
depicted with the nine carbon atoms numbered. The figure points to 
various structural features of Neu5Ac (and other Sias) that are known 
to affect recognition by Siglecs. The site of action of sialidases 
(neuraminidases) is also shown.
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structural diversity of Sias in nature (Kelm and Schauer,
1997; Schauer, 2000; Angata and Varki, 2002). For example,
rarer modifications, such as 8-O-sulfation and 8-O-methy-
lation, have not been studied at all. Meanwhile, recent data
(Pons et al., 2003) indicate that such modifications are
found in many mammalian species including humans
(albeit at much lower levels than in echinoderms, where
they were first found in larger amounts). Combinations of
substitutions can be found on a single Sia molecule as well,
but these have also not been studied for Siglec binding.

Siglec recognition of the glycan chain underlying Sias

Basic ligand structures for most Siglecs appear to be sialy-
lated type I–III disaccharides (Galβ1-3GlcNAc, Galβ1-
4GlcNAc, Galβ1-3GalNAc, respectively, with terminal Sias
attached to Gal), and the modifications of the HexNAc
seem to affect recognition by some Siglecs. For example,
although MAG binds to Neu5Acα2-3Galβ1-3GalNAc, the
modification of the GalNAc 6-position with acidic moieties
(e.g., another Sia or a sulfate ester) greatly enhance binding
(Collins et al., 1997a, 1999). In contrast, some Siglecs that
recognize α2-3-linked Sias are negatively affected by a fucose
(Fuc) on GlcNAc, that is, in Siaα2-3Galβ1-4[Fucα1-3]
GlcNAc (sLex structure) (Brinkman-Van der Linden and
Varki, 2000; Angata et al., 2001a), with a notable exception
of human Siglec-9 (Angata and Varki, 2000b) and a posi-
tive effect on human Siglec-8 (Bochner et al., 2005).
Regardless, although Siglecs may not interfere with selec-
tin-mediated recognition, fucosylation could negatively reg-
ulate Siglec binding. Also of interest is human Siglec-7, which
is reported to bind Neu5Acα2-3Galβ1-3[Neu5Acα2-6]
HexNAc (Ito et al., 2001; Miyazaki et al., 2004), regardless
of substitution with GalNAc at 4-position of Gal (Ito
et al., 2001) or Fuc at the 4-position of GlcNAc (Miyazaki
et al., 2004) or absence of Neu5Acα2-3 (Yamaji et al., 2002).
Human Siglec-7 is also reported to prefer the (Neu5Acα2-
8)n oligomer (Ito et al., 2001; Yamaji et al., 2002; Nicoll
et al., 2003). Taken together, the data suggest that this Siglec
might recognize a terminal Neu5Ac and an N-acetyl group
of penultimate sugar (which may be Neu5Ac, GalNAc, or
GlcNAc).

MAG ligand recognition can be influenced by the modi-
fication of sugars more proximal to the reducing end. For
example, in ganglio-series glycolipids, the modification of
Gal at position II with an acidic residue (either Sia or
sulfate) enhances binding (Collins et al., 1997a, 1999),
although this effect is not as prominent as the substitution
of the GalNAc at position III. Such extended ligand recog-
nition seems to be an exception among Siglecs. Notably, the
binding specificity of human MAG has not been studied
so far.

Siglec recognition of specific macromolecules

Several studies have identified apparently specific ligands
(or “counter receptors”) for Siglecs. These can be classified
into ligands that interact with Siglecs via the sialylated
glycans expressed on them and those that interact indepen-
dent of glycans, that is, via protein : protein interactions. The
first type includes CD43 and P-selection glycoprotein ligand
(PSGL)-1 identified as Sn counter receptors on T cells

(Van den Berg et al., 2001) and CD45 as a CD22 counter
receptor on T cells (Sgroi et al., 1993). The epithelial mucin
Muc-1 has also been identified as an Sn counter receptor
(Nath et al., 1999). However, O-sialoglycoprotease treat-
ment of erythroleukemia cells that express glycophorins also
resulted in the loss of Sn binding (Shi et al., 1996). Thus, it
may be that any mucin with a high density α2-3-linked Sias
will behave as a “high affinity” ligand for Sn (CD43 and
PSGL-1 are also heavily O-glycosylated). Similar consider-
ations might explain why serum IgM and haptoglobin,
which carry high densities of α2-6–linked Sias, appear to be
selective ligands for CD22 (Hanasaki et al., 1995a). Appro-
priate valency and spacing, rather than a special underlying
structure, may also be a key factor in determining binding
preference, as shown for CD22–CD45 interaction (Bakker
et al., 2002).

MAG has several proposed counter receptors. In addi-
tion to the glycolipids GD1a, GT1b, and GD1alpha (Yang
et al., 1996; Vinson et al., 2001; Vyas et al., 2002), certain
glycoproteins, for example, fibronectin (Strenge et al.,
2001), tenascin-R (Yang et al., 1999), Nogo66 receptor
(Domeniconi et al., 2002; Liu et al., 2002), microtubule-
associated protein 1B (Franzen et al., 2001), and neurotro-
phin receptor (Yamashita et al., 2002), are also suggested as
receptors. Of these, fibronectin interacts with MAG via its
glycan chain (Strenge et al., 2001), tenascin-R and Nogo66
receptor independent of glycans (Yang et al., 1999;
Domeniconi et al., 2002; Liu et al., 2002), and neurotrophin
receptor via a GT1b molecule, which reportedly makes a
stable complex with the receptor (Yamashita et al., 2002).
Additional unidentified glycoproteins are also reported to
bind MAG in Sia-dependent manner (De Bellard and
Filbin, 1999; Strenge et al., 1999). A recent paper indicates
the Nogo-66 receptor homolog NgR2 is a Sia-dependent
receptor for MAG (Venkatesh et al., 2005).

Regarding defined ligands for CD33rSiglecs, there is only
one reported specific interaction, between Siglec-6 and lep-
tin (Patel et al., 1999), which is independent of leptin glyco-
sylation (i.e., recombinant leptin produced in bacteria binds
to Siglec-6). Although Siglec-6 exhibited tight binding to
leptin (Kd = 91 nM), two other CD33rSiglecs showed weak
binding with Kd values in the 1–2 μM range. These data
lead us to suggest a role for placental Siglec-6 in human
leptin physiology, perhaps as a molecular sink to regulate
leptin serum levels (Patel et al., 1999). However, such leptin
binding to Siglec-6 appears to be dependent on an artifi-
cially multimeric state of leptin generated in bacteria
(E.C.M. Brinkman-Van der Linden and A. Varki, unpub-
lished data). Meanwhile, there has been no definitive report
so far on glycan-dependent specific-binding partner(s) for
CD33rSiglecs. This may have some relevance to the rapidly
evolving functions of CD33rSiglecs, as discussed later.

Sn was also shown to be a counter receptor for the mannose
receptor, another macrophage lectin (Martínez-Pomares
et al., 1999). However, this interaction was dependent on
sulfated glycans on Sn, as predicted by the binding specificity
of the Cys-rich domain of mannose receptor (4-O-sulfo-
GalNAc) (Fiete et al., 1998). The macrophage Gal-binding
lectin, another C-type lectin expressed on macrophages,
also preferentially bound Sn on macrophages (Kumamoto
et al., 2004). In these instances, Sn is apparently serving as a
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very large carrier of glycan ligands for these lectins, rather
than as a Sia-binding Siglec.

“Masking” and “unmasking” of Siglec-binding 
sites on cell surfaces

Siglecs were originally thought to be involved in cell–cell
interactions (Crocker et al., 1994; Hanasaki et al., 1994,
1995b)—just like selectins, another family of mammalian
cell-surface lectins that recognize Sias (Varki, 1997; Lowe,
2003). For example, CD22/Siglec-2 on B cells was assumed
to interact with specific counter receptors on the T-cell surface,
for example, CD45, thus modulating T–B interaction and
ensuing signaling events (Stamenkovic et al., 1991; Sgroi
et al., 1993, 1995; Sgroi and Stamenkovic, 1994). However,
most Siglecs do not show as strict a glycan recognition
specificity as CD22, and vertebrate cell surfaces expressing
Siglecs are covered with many glycans containing Sias (i.e.,
Siglecs are submerged in many potential ligands expressed
in cis). In keeping with this, our group discovered that
Siglec Sia-binding sites appear to be “masked” in their
native state (Razi and Varki, 1998, 1999; Brinkman-Van
der Linden and Varki, 2003). Similar phenomena have been
reported by others (Braesch-Andersen and Stamenkovic,
1994; Tropak and Roder, 1997). A possible exception is Sn/
Siglec-1, which extends beyond the glycocalyx, due to its
numerous Ig-like domains (Nakamura et al., 2002)—
though sialylation of Sn itself is shown to affect interaction
with other ligands (Barnes et al., 1999).

These facts have significant implications for Siglec func-
tion, in that, they may have to be “unmasked” to be able to
interact effectively with counter receptors on other cell sur-
faces. Alternatively, ligands on the same cell surface may be
simply setting a competitive threshold so that only “true”
ligands, out of the sea of suboptimal ligands, can effectively
interact with Siglecs. Yet another possibility is that primary
Siglec function is not in cell–cell interactions but in the
monitoring of the sialylation status of the cells that express
the Siglecs. Which hypothesis fits the reality best? Studies of
CD22 are the most advanced, so we take this as an exam-
ple. As mentioned earlier, CD22 molecules on native
human B cells are mostly “masked” by cis ligands, which
can be “unmasked” to a very limited extent upon B-cell
activation, by an unknown mechanism (Razi and Varki,
1998). In support of this finding, a recent report claims that
B cells in transitional and marginal zone of spleen with
unmasked CD22 show an activated phenotype (Danzer
et al., 2003). CD22/Siglec-2 in a subset of mouse B cells
were also naturally unmasked (Floyd et al., 2000b) and thus
able to interact with ligands expressed in bone marrow
stroma (Nitschke et al., 1999), possibly mediating B-cell
homing to bone marrow. Thus, unmasking of CD22 may
indeed be necessary for the interaction with ligands on other
cell types. However, a recent study using a T–B interaction
model showed that unmasking may not be necessary for
CD22 to interact with its trans ligands and that optimal
trans ligands can out compete the cis ligands (Collins et al.,
2004). Interestingly, the same study showed that CD45,
long believed to be the putative cis (on B cells) and/or trans
(on T cells) ligand of CD22 (Stamenkovic et al., 1991;
Aruffo et al., 1992; Greer and Justement, 1999), is not the

only true ligand: CD45-deficient T cells still engaged CD22
on wild-type B cells at the B–T contact site, and CD22 on
CD45-deficient B cells was still masked by unknown cis
ligands (Collins et al., 2004). On the other hand, it is hard
to ignore that CD45 is a rare example of a heavily glycosy-
lated glycoprotein in which all of N-glycans were reported
to be exclusively terminated with α2-6-linked Sias (Sato
et al., 1993)—which happen to be the best ligands for
CD22. Thus, it remains possible that although CD45 is a
preferred ligand, other sialylated surface glycoproteins can
take over in its absence.

Overall, a clear-cut answer for the cis versus trans debate
regarding Siglec ligands is yet to emerge, and several alter-
native hypotheses remain viable. The answers are of course
also linked to issues regarding their potential role in cell : cell
interactions and transmembrane signaling (see Involvement
of Siglecs in cell : cell interactions and What is the connec-
tion between extracellular Sia recognition and signaling via
the cytosolic tail motifs?). Furthermore, it may depend on
the Siglec under investigation, the cell type on which it is
expressed, the developmental stage of the cell, and the cur-
rent location of the cell in the body, among other variables.
The occurrence, mechanism, and biological relevance of
naturally occurring “unmasking” also require investigation—
does it occur in vivo and, if so, is it via physical separation
of Siglecs and their cis ligands, desialylation of cis ligands,
or some other mechanism? A related question is whether
CD33rSiglecs serve as sensitive “detectors” of the presence
of bacterial or viral sialidases in the milieu. It is possible
that such microbial enzymes send a “danger” signal, by
releasing the CD33rSiglecs from their cis ligands on cell
surfaces?

Role of N-glycans on Siglecs

The closest potential cis ligand of a Siglec is a sialylated gly-
can attached to the Siglec molecule itself. In fact, the desia-
lylation of recombinant soluble mouse Sn enhances binding
with other ligands (Barnes et al., 1999), and an N-glycosylation
site in the first Ig-like domain of human CD33 naturally
masks its ligand-binding site (Sgroi et al., 1996). In con-
trast, the equivalent N-glycosylation site in human CD22 is
essential for its ligand recognition property (Sgroi et al.,
1996). A site-directed mutagenesis study revealed that
although N-glycosylation may affect proper folding of
MAG, it does not alter binding to glycan ligands (Tropak
and Roder, 1997). A similar study of potential N-glycosylation
sites on some CD33rSiglecs (i.e., Siglec-5, -7, and -8)
showed that these sites are utilized but unessential for func-
tion, that is, not serving as their cis ligands to mask them,
nor required for ligand recognition (Freeman et al., 2001).
Overall, it is difficult to predict a priori what impact a given
N-glycosylation site on a given Siglec might have on its
functions.

Our analysis of primate genomic sequences showed
that one predicted N-glycosylation site in the V-set of
CD33rSiglecs (equivalent to the one affecting ligand recog-
nition in human CD22 and CD33 (see Sgroi et al., 1996)) is
conserved, except in Siglec-8 and -12/XII (Angata et al.,
2004). This potential N-glycosylation site is known to be
glycosylated in Siglec-7 (Alphey et al., 2003). Given such
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evolutionary conservation, this N-glycan might be expected
to have some biological significance. Interestingly, it is
attached to the face of the Ig-like domain on the opposite
side from the ligand-recognition site (Alphey et al., 2003).
Also, comparison of human and chimpanzee Siglec orthologs
revealed that amino acid changes in the first Ig-like domain
have accumulated in a biased manner, in which amino acids
on one face of the domain are more frequently changed than
those on the other, and the face changing faster is the one
without the N-glycan. This phenomenon may be explained
by selective pressure of yet unknown pathogens that utilize
Siglecs as their cellular receptors (Vanderheijden et al., 2003;
Delputte and Nauwynck, 2004), that is, Siglecs may be
evolving to avoid recognition by pathogens. The N-glycan
attached to the first Ig-like domain may thus be providing
physical protection to this domain, which is the one most
accessible by exogenous agents. Alternatively, this glycan
could be involved in noncovalently cross-linking Siglec
molecules to each other within cell surface complexes.

Involvement of Siglecs in cell : cell interactions

Based on data to date, it is reasonable to propose that
MAG plays a direct role in cell : cell interactions between neu-
rons and glial cells. By flow cytometry with peripheral blood
leukocytes, recombinant Sn bound strongly to granulocytes,
with intermediate binding to monocytes, NK cells, B cells,
and a subset of CD8 T cells (Schadee-Eestermans et al.,
2000). In the bone marrow, Sn was also localized predomi-
nantly in areas of intimate contact with leukocyte precur-
sors (Crocker et al., 1990). These findings are consistent
with a role of Sn in local cell–cell interactions in hematopoi-
etic and lymphoid tissues. Surprisingly, Sn was also found
at contact points of macrophages with other macrophages,
sinus-lining cells, and reticulum cells. As mentioned earlier,
some data also indicate that a subset of B lymphocytes bear
unmasked CD22 and use α2-6-linked Sia ligands to home
back to the bone marrow (Nitschke et al., 1999). For the
remaining Siglecs, there is currently no direct evidence for
involvement in cell : cell interactions.

Siglecs and intracellular signaling

Signaling motifs in the cytosolic tails of the Siglecs

With the exception of Sn/Siglec-1, mCD33/Siglec-3, and
mSiglec-H, which have very short cytoplasmic tails, Siglecs
generally have tyrosine-based signaling motifs (either puta-
tive or proven) in their cytosolic tails. The best known is the
immunoreceptor tyrosine-based inhibitory motif (ITIM),
with a typical 6-amino acid sequence described as (I/L/V)
xYxx(L/V) (Vely and Vivier, 1997; Ravetch and Lanier,
2000). This motif, once phosphorylated by a Src-family
tyrosine kinase, can interact with the SHP-1 (also known as
protein tyrosine phosphatase (PTP)-1C or PTPN6) and
SHP-2 (also known as PTP-1D or PTPN11), as well as
with the SH2-domain-containing inositol polyphosphate
5-phosphatase (SHIP). Transmembrane proteins with this
motif in their cytoplasmic domains are generally considered
to have inhibitory functions, dampening activatory signals
emitted by other cellular receptors with immunoreceptor

tyrosine-based activatory motifs (ITAMs, with typical
motif described as YxxLx6-8YxxL).

CD22 and most CD33rSiglecs have ITIM motifs. The sig-
naling property of CD22 has been most extensively studied,
and its function as negative cellular regulator is attributed to
the multiple ITIMs (Campbell and Klinman, 1995; Doody
et al., 1995; Blasioli et al., 1999; Otipoby et al., 2001). Some of
the cytosolic tyrosines in CD22 are in proximity (i.e., human
CD22 contains a sequence Y796SALHKRQVGDY807ENV),
thus resembling an ITAM, which initially appeared to sup-
port the assumption that CD22 may function as an activa-
tory receptor (Pezzutto et al., 1987). However, ensuing
studies led to the general consensus that CD22 is primarily
a negative regulator of B-cell function. Several studies have
also shown that the ITIM in various CD33rSiglecs can
recruit SHP-1 (Falco et al., 1999; Taylor et al., 1999;
Ulyanova et al., 1999, 2001; Paul et al., 2000; Whitney et al.,
2001; Yu et al., 2001a,b; Angata et al., 2002; Kitzig et al.,
2002; Ikehara et al., 2004), and modulate cellular activity in
an inhibitory manner upon cross-linking with antibodies
(Vitale et al., 1999, 2001; Paul et al., 2000; Ulyanova et al.,
2001; Ikehara et al., 2004). It also appears that the tyrosine-
based cytosolic motifs of different Siglecs may differ in their
ability to recruit SHPs (Yamaji et al., 2005). Notably,
although mCD33/Siglec-3 and mSiglec-H are missing ITIM
motifs, they do have unusual charged residues within their
transmembrane domains. Thus, it is possible that they
recruit adaptor proteins to achieve signaling functions, as
occurs with some other immune system receptors, for exam-
ple, the collaborations of triggering receptors expressed on
myeloid cells and killer cells Ig-like receptors with DAP-12
(Taylor et al., 2000; Colonna, 2003).

Most CD33rSiglecs have another tyrosine-containing
motif nearer their C-terminus that resembles an ITIM, with
consensus sequence described as (D/E)Y(S/T/A)E(I/V)(K/R).
This motif has also been shown to recruit SHP-1 when
phosphorylated. MAG/Siglec-4 has a motif similar to this
membrane-distal motif of CD33rSiglecs. It was postulated
that this motif resembles one in signaling lymphocyte acti-
vation molecule (SLAM) and hence might recruit SLAM-
associated protein (SAP) (Patel et al., 1999). However, this
possibility was disproven in the case of Siglec-10 (Kitzig
et al., 2002). Given that this motif is highly conserved
among CD33rSiglecs and MAG, it is speculated to be asso-
ciated with some yet unknown intracellular molecule(s).
Siglec-8 was originally reported to lack both ITIM and
membrane-distal motifs (Floyd et al., 2000a; Kikly et al.,
2000). An alternative form of Siglec-8 including both of the
cytosolic tyrosine-based motifs of CD33rSiglecs was then
found (Foussias et al., 2000b). The discrepancy may be
attributed to aberrant recombination in Escherichia coli
during cloning or perhaps to a polymorphism in the human
population. In this regard, it is notable that the original EST
clone was from eosinophils of a patient with eosinophilia.

The ITIM (and the membrane-distal motif of CD33rSiglecs)
may also potentially serve as a docking site for μ subunits
of AP2 complex involved in vesicular trafficking (the cog-
nate sequence is typically YxxØ, where Ø stands for bulky
hydrophobic amino acid residue) (Bonifacino and Traub,
2003). Indeed, the cytosolic tail of CD22/Siglec-2 associates
with AP50 (an alternative name for μ subunit), which is
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involved in rapid internalization of cell-surface molecules
(John et al., 2003). Also, the same tyrosine residue that
recruits SHP-1 (Blasioli et al., 1999), that is, the penultimate
tyrosine from the C-terminus, is associated with AP50, and
the phosphorylation of this residue inhibits internalization
of CD22 (John et al., 2003).

Notably, all six tyrosine residues in the cytosolic tail of
CD22 are conserved between mouse and human, suggesting
that other adaptor molecules are involved in fine-tuning
CD22 function. Also, the configuration of the most C-terminal
part of CD22 cytosolic domain resembles that of
CD33rSiglecs and MAG, in which two tyrosines are located
about 20 amino acids apart. Functional modulation of the
penultimate tyrosine-containing motif by the C-terminal
tyrosine-based motif, proposed for both SHP-1 association
and AP2 association of CD22 (Blasioli et al., 1999; John
et al., 2003), may be a common theme in most Siglecs.

Surprisingly, a recent study showed that a double
tyrosine to alanine mutant of Siglec-5 could still mediate
strong inhibitory response in the absence of detectable
tyrosine phosphorylation (Avril et al., 2005). In contrast, a
double tyrosine to phenylalanine mutant lost all inhibitory
activity. This was explained on the basis that although the
double alanine mutant still had weak but significant SHP-
1-associating properties similar to those of wild-type, non-
phosphorylated cytoplasmic tail, the double phenylalanine
mutant was inactive.

In addition to these conserved tyrosine-based motifs,
some Siglecs are known to have cytosolic phosphorylated
serine residues (Edwards et al., 1988; Agrawal et al., 1990;
Grobe and Powell, 2002). Some other molecules are
reported to associate with Siglecs at their cytoplasmic tail,
for example, plasma membrane calcium-ATPase (Chen et al.,
2004), Grb2 (Yohannan et al., 1999; Poe et al., 2000;
Otipoby et al., 2001), phospholipase C-γ, and protein
tyrosine kinase Syk (Law et al., 1996; Yohannan et al.,
1999), which have been shown to associate with CD22; and
S100β (Kursula et al., 2000), phospholipase C-γ (Jaramillo
et al., 1994), and protein tyrosine kinase Fyn (Umemori
et al., 1994), which associate with MAG. However, in some
cases, it is not clear whether these molecules associate
directly with Siglecs and, if they do, via which residues/
motifs. Further studies are necessary to elucidate the
supramolecular architecture of these signaling complexes.

What is the connection between extracellular Sia 
recognition and signaling via the cytosolic tail motifs?

As Sia recognition and Tyr phosphorylation are the two
most conserved features of Siglecs, it is reasonable to pro-
pose that they are mechanistically connected. Indeed, with
CD22, Sia recognition appears essential to its function as
an inhibitory signaling molecule. Mouse CD22 lacking
either the first two Ig-like domains or the essential arginine
necessary for Sia recognition failed to suppress the activa-
tion signal initiated by surface IgM cross-linking in B cells
(Jin et al., 2002). In keeping with this, a synthetic glycan
that blocks CD22 binding to its ligands on B cells also pre-
vented CD22 from suppressing the activation signal initi-
ated by surface IgM cross-linking (Kelm et al., 2002).
A reduction in tyrosine phosphorylation of CD22 and

reduced association with SHP-1 were observed in both
studies. Another group recently reported that genetic modi-
fication of mouse CD22 to eliminate its ligand recognition
(while maintaining its expression) had no effect on CD22
tyrosine phosphorylation or SHP-1 recruitment (Poe et al.,
2004a; see also related discussion in Marth 2004). However,
the activatory stimuli used (via surface IgM cross-linking)
was much stronger compared with previous studies. It is
also worth mentioning that in all of these studies, no trans
ligands for CD22 (that could cross-link CD22 molecules)
were provided. Overall, it is clear that cis ligand Sia recog-
nition by CD22 is critically important for its functional
modulation as a signaling molecule, somehow enhancing its
tyrosine phosphorylation and subsequent association with
SHP-1 (and perhaps with other signaling molecules).

There are several possible explanations. The simplest is
that Sia recognition by CD22 enables it to directly associate
with B-cell receptor (BCR) complex (surface IgM +
CD79α/β) or at least to localize it to a membrane subdo-
main like a “raft” or “glycolipid-enriched microdomain”
(GEM), where the BCR complex resides and signal trans-
duction takes place. In these scenarios, the BCR complex
and/or raft/GEM would be rich in α2-6-linked Sias (i.e., cis
ligands). The second possibility is CD22 association with
CD45 (via α2-6-linked Sias on CD45) and activates CD45,
which then dephosphorylates and activates protein tyrosine
kinase Lyn, which in turn phosphorylates CD22. However,
one of the above studies (Jin et al., 2002) reported no evi-
dence of altered Lyn phosphorylation. A third possibility is
that CD22 is prevented from interacting with its true partners
like surface IgM, because it is “distracted” by “nonspecific”
interactions with many other unrelated cell surface molecules
bearing α2-6-linked Sias. However, our recent study using a
novel simultaneous biotinylation and cross-linking approach
showed evidence for evolutionarily conserved protein : protein
interactions of CD22 with surface IgM and CD45, not requir-
ing Sias (Zhang and Varki, 2004). This study confirmed our
previous observation that CD22 undergoes homomultimeriza-
tion in CHO cells (Powell et al., 1995) and also showed clearly
that homomultimerization does not require Sia recognition. In
this regard, an earlier study showed that mouse CD22 inter-
acts with surface IgM but not with surface IgG and that the
difference was mediated by the cytoplasmic tail of these sur-
face Igs (Wakabayashi et al., 2002).

A very recent report utilizing a novel metabolically incorpo-
rated 9-aryl-azido-modified Sia further confirmed that CD22
can make homomultimeric clusters but concluded that this
process was mediated by Sia recognition (Han et al., 2005).
However, the metabolically modified α2-6-linked Sias were
themselves used to achieve the cross-linking. Thus, a simpler
explanation that remains consistent with the earlier findings is
that once the initial homomultimerization mediated by
protein–protein interactions has occurred, the photoreactive
Sias on CD22 N-glycans are most likely to be interacting with
adjacent CD22 molecules. Thus, one is most likely to see
cross-linking of CD22 molecules to each other.

We suggest that all these confusing data can be recon-
ciled as follows: once the evolutionarily conserved
protein : protein interactions amongst CD22 molecules
have occurred (with no assistance initially needed from
Sias), the Sia-binding function of homomultimerized CD22
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then becomes important, sustaining the interactions and/or
altering the orientation and/or relationship of the various
other molecules (sIgM, CD45) within complexes involving
CD22. This “allosteric” type of change could then cause a
transmembrane “outside-in” signal, delivered by twisting or
bending of various molecules, such that the distances of
association of their cytosolic tails are altered—similar to
what happens with integrins (Schwartz and Ginsberg, 2002)
and cytokine receptors (Syed et al., 1998).

If α2-6-linked Sias on CD22 itself (perhaps attached to
the N-glycan on the first Ig-like domain) can thus affect the
phosphorylation status of CD22 by modulating a trans-
membrane signal, it is of interest to see whether the disrup-
tion of N-glycosylation sites would phenocopy the arginine
mutant (Jin et al., 2002). However, the disruption of an
N-glycosylation site in the CD22 V-set domain actually
resulted in reduced ligand binding (Sgroi et al., 1996), a
finding that might be due to nonspecific effects on protein
folding during biosynthesis.

A similar mechanism could also be envisaged for the
modulation of transmembrane “outside-in” signaling by
some of the CD33rSiglecs (though no definitive protein :
protein based binding partners have been reported).

Effects of cytosolic domain phosphorylation 
on glycan recognition

Inhibition of tyrosine phosphorylation or mutation of
tyrosine residues in ITIM of human CD33 caused enhanced
binding to glycan ligands on erythrocytes (Taylor et al.,
1999). Inhibition of serine phosphorylation also resulted in
enhanced erythrocyte binding, whereas engagement of
CD33 by sialylated erythrocyte ligands reduced basal-level
phosphorylation (Grobe and Powell, 2002). Mutation of
the ITIM motif of Siglecs-7 and -9 also increased Sia-binding
activity (Avril et al., 2004). A similar result was seen with
Siglec-5 (Avril et al., 2005). These data suggest that “inside-
out” signaling may regulate ligand binding in vivo. The
mechanisms for these phenomena are unknown. Of course,
such tyrosine mutations not only alter the SHP-1/2-docking
site but also AP2-binding site. Reduced association with the
AP2 complex could reduce endocytosis of CD33rSiglecs
and cause cell surface accumulation. However, the level of
CD33 expression, as determined by flow cytometry, was
not altered by a tyrosine mutation (Taylor et al., 1999).

Functions and utility of Siglecs

Lessons from genetic manipulations in mice

Mouse Siglec-1/Sn has been recently inactivated by the
Crocker group, and phenotyping is underway (Jones et al.,
2003). Several groups inactivated CD22 in mice (O’Keefe
et al., 1996; Otipoby et al., 1996; Sato et al., 1996; Nitschke
et al., 1997), and reported phenotypes were confined to B
cells. There were some discrepancies, which could depend
on the genetic background of mice (see Poe et al., 2004b).
Regardless, the general outcome is consistent with remov-
ing an inhibitory molecule that normally down-regulates
signaling via the BCR. CD22-negative B cells also showed
an augmented calcium response after BCR cross-linking

and have an IgMlo major histocompatibility complex
(MHC) class IIhi phenotype, characteristic of a chronically
stimulated state. In keeping with this, such mice had
increased autoantibodies as they aged (O’Keefe et al.,
1999). In contrast, ST6Gal sialyltransferase (ST6Gal I) null
mice that cannot express CD22 ligands and have constitu-
tively unmasked CD22 molecules show markedly dimin-
ished B-cell reactivity in vitro and in vivo (Hennet et al.,
1998; Collins et al., 2002). However, these mice also have a
reduced overall level of CD22 on the cell surface. More
recently, mice with more subtle defects in CD22 have been
reported, bearing either point mutations in the V-set arginine
residue required for Sia recognition or completely missing
the V-set domain required to interact with sialylated
ligands (Poe et al., 2004a; Marth, 2004). These mice showed
decreased expression of CD22 and IgM, a slight increase in
MHC class II expression, a decrease in marginal zone B
cells in lymphoid organs, an increase in peritoneal cavity B
cells, enhanced B cell turnover, and exaggerated responses
to anti-CD40 stimulation. Interestingly, these mutations
did not alter B-cell trafficking, cytosolic tyrosine phospho-
rylation, or SHP-1 recruitment. Surprisingly, the enhanced
calcium mobilization that occurs after BCR ligation in the
absence of CD22 or in other in vitro experiments was not
seen, and there was decreased (rather than enhanced) BCR-
ligation–induced proliferation (Poe et al., 2004a). These
observations clearly indicate the physiological importance
of CD22-Sia interactions in vivo. However, they leave a
still-confusing picture about exactly how the system works.
One possibility is that genetic changes in CD22 cause an
overall change in the “set state” and differentiation of B
cells. Thus, when they are finally studied in the adult mouse,
their phenotypes are no longer directly related to the origi-
nal mutation. It should also be noted that the authors used
mice of mixed genetic background.

Studies of MAG-deficient mice confirmed that it plays a
role in the formation and maintenance of myelin. However,
the phenotype of such mice is not very robust (Schachner
and Bartsch, 2000). Formation of morphologically intact
myelin sheaths in the central nervous system (CNS) is
affected, and to a minor extent, integrity and maintenance
of myelin. In the peripheral nervous system (PNS), in com-
parison, only the maintenance of myelin is impaired. Thus,
other molecules might compensate for MAG (Schachner
and Bartsch, 2000). A recent study with extensive back-
crossing demonstrated that the phenotype depends on the
genetic background, with a C57BL/6 background showing
axonal degeneration in both CNS and PNS (Pan et al.,
2005). Independent support for the role of MAG in myelin
stability comes from studies of mice deficient in synthesis of
the complex brain gangliosides that are the best ligands for
MAG (Sheikh et al., 1999; Chiavegatto et al., 2000; Vyas et
al., 2002; Sun et al., 2004; Pan et al., 2005). Pathological
features of their nervous systems resemble those in MAG-
deficient mice. While the symptoms in early life are mild,
they eventually develop progressive neuropathies, causing
abnormalities in reflexes, strength, coordination, balance,
and gait. Older mice also displayed a significant incidence
of tremor and catalepsy (Vyas et al., 2002). Interestingly,
such mice also showed an age-dependent progressive decline
in MAG expression of in the face of unchanged mRNA
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levels—suggesting that maintenance of MAG protein levels
depends on complex gangliosides (Sun et al., 2004).

Gene knockout/alteration studies of CD33rSiglecs are
currently underway, but may be confounded by the exten-
sive overlap in expression in various blood and immune
cell types. Indeed, no overt phenotype was initially seen in
CD33-null mice (Brinkman-Van der Linden et al., 2003).
This may be because mouse CD33 lacks the cytosolic
ITIM. Indeed, our own unpublished data indicate that
mice deficient in Siglec-F show the predicted “hyper-
reactivity” in the affected cell types. Simultaneously
knocking out multiple CD33rSiglecs is rather difficult,
because of the clustering of many of these genes in a small
region of the mouse genome, with other unrelated genes
interspersed among them (Angata et al., 2004) (Figure 4).
There is also much to be learned in the future from study-
ing mice with defects in different linkages and types of
Sias.

Of course, because of the rapid evolution of the
CD33rSiglecs, the mouse may not be a good model for
understanding some of their functions in humans. On the
other hand, it appears so far that none of the Siglecs are
required for embryonic development and live birth. Thus, it
is likely that hypomorphic or null alleles of each of the
Siglecs are currently extant in the global human popula-
tion. Identification of such human mutants and definition
of their phenotypes will also likely teach us a lot about the
functions of Siglecs.

Known and putative functions of Siglecs

With the exception of MAG and CD22, wherein biological
roles in glial cells (maintenance of myelin organization and
inhibition of neurite outgrowth) and B cells (dampening the
response to BCR ligation), respectively, are well docu-
mented, we do not yet know the physiological functions of
any other Siglec. The fact that Sn and CD33rSiglecs are
found predominantly on cells of the innate immune system
suggest that this is where their primary functions lie. Given
the highly conserved preference of Sn for α2-3-linked
Neu5Ac and to a lesser extent for α2-8-linked Neu5Ac, its
presence on tissue macrophages, and the lack of cytosolic
signaling motifs, it is reasonable to speculate that Sn’s pri-
mary role may actually lie in recognition and phagocytosis
of bacterial pathogens that express Sias. In keeping with
this, α2-3-and α2-8-linked Neu5Ac (and not Neu5Gc) are
the dominant sialylated motifs on bacterial pathogens stud-
ied to date (Vimr et al., 2004). Of course, one cannot rule
out an additional intrinsic role of Sn in interactions with
other cell types within the hematopoietic or lymphoid sys-
tems. The CD33rSiglecs stand in striking contrast to Sn,
having rapidly evolving Sia-binding preferences and expres-
sion patterns, and inhibitory cytosolic motifs. The best
explanation for the findings to date is that these molecules
serve to detect the host “sialome”1 as “self,” thereby down-
regulating innate immune cell reactivity via their ITIM

motifs. In keeping with this notion, a very recent study
using siRNA and other techniques has demonstrated a
“constitutive repressor activity” of CD33 on human mono-
cytes that involves phosphoinositide 3-kinase–mediated
intracellular signaling and requires Sia recognition to func-
tion optimally (Lajaunias et al., 2004). However, it was also
reported that one CD33-related Siglec could be involved in
bacterial uptake (Erickson-Miller et al., 2003; Jones et al.,
2003).

In further exploring Siglec functions, we must remember
that potential ligands could be formed not only by Sias on
the same cell surface (or on the Siglec itself), but also on
other cell surfaces or on soluble glycoproteins. Direct cell–
cell interactions could thus potentially occur among Siglec-
positive cells or between Siglec-positive cells and another
other cell type. Soluble sialylated glycoprotein ligands
could also interact directly with Siglec-positive cells, bridge
between two such cells, or serve to inhibit cell–cell interactions
involving Siglecs.

Medical relevance of Siglecs

Two Siglecs (CD22 and CD33) were are well known as
markers for B-cell lymphomas and AMLs, respectively.
The fact that they undergo antibody-mediated endocytosis
has thus been taken advantage of, to generate immunocon-
jugates with toxins, as therapies for leukemia and lympho-
mas. An immunoconjugate of anti-CD33 antibody with
Calicheamicin is approved for therapy of conventional
chemotherapy-resistant AML (Naito et al., 2000; Sievers
et al., 2001; Van der Velden et al., 2001; Lo-Coco et al., 2004).
Complete and partial remissions of AML have been
reported, and toxicity appears to be primarily due to low-
ered blood counts. This is consistent with the known distri-
bution of CD33, which is restricted to immature and
mature cells of the myeloid lineage in humans. Studies of
anti-CD22 immunoconjugates have also shown promise in
some B-cell lymphomas and leukemias (Mansfield et al.,
1997; Herrera et al., 2000, 2003; Messmann et al., 2000;
Pagel et al., 2002; Tuscano et al., 2003). It is reasonable to
speculate that some of the other CD33rSiglecs will be suit-
able targets for such immunotoxins. In this regard, Siglec-5
has already been reported to be a marker for myeloid leuke-
mias (Virgo et al., 2003), and our own recent work has
shown that additional CD33rSiglecs can be found on mye-
loid leukemias (D. Nguyen and A. Varki, unpublished data).
It is also reasonable to speculate that the highly selective
expression of Siglec-8 on eosinophils will eventually be
taken advantage of to diagnose and/or treat diseases associ-
ated with eosinophil-mediated pathologies (e.g., allergies,
asthma). In this regard, it is of note that antibodies against
Siglec-8 have been reported to cause apoptosis in eosino-
phils, by yet unknown mechanisms (Nutku et al., 2003).
Similar findings were reported for Siglec-9 (von Gunten
et al., 2005) and CD33 (Vitale et al., 2001). A link between
lupus erythematosis and CD22 defects has also been sug-
gested by studies in mice (Mary et al., 2000; Lajaunias et al.,
2003). Conversely, the modulation of the adaptive immune
response may become possible via specific agents targeted
at CD22 function. Several approaches has been taken to syn-
thesize such artificial ligands, aiming at therapeutic and/or

1The term “sialome” is coined here to denote the total complement of 
sialic acid types and linkages and their modes of presentation on a parti-
cular organelle, cell, tissue, organ, or organism—as found at a particular 
time and under specific conditions.
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research use, for example, “neoglycoproteins” with multi-
ple glycans (Hashimoto et al., 1998; Nakamura et al., 2002;
Yamaji et al., 2002, 2003), glycans with unnatural Sias
(Kelm et al., 1998, 2002; Zaccai et al., 2003), multivalent
dendrimers (Sliedregt et al., 2001), and sialylated peptides
(Halkes et al., 2003; Bukrinsky et al., 2004).

Sn-positive macrophages are found in large numbers in
pathological samples, such as rheumatoid arthritis syn-
ovium (Hartnell et al., 2001) and breast tumors (Nath et al.,
1999). Although the significance of these observations is
unknown, these two common diseases of humans have
never been reported in great apes (Varki, 2000) and the dis-
tribution and frequency of Sn-positive macrophages
appears to be different in these close evolutionary cousins
(Brinkman-Van der Linden et al., 2000).

The Sia-binding properties of MAG comprise one of the
major factors that prevent neurite outgrowth and nerve
regeneration during the recovery phase after nervous sys-
tem injury. The recent description of a potent small mole-
cule inhibitor of this interaction (Vyas et al., 2005) raises
the hope for early intervention in problems like spinal cord
injury.

Another area of potential biomedical importance relates to
the pathogenesis of microbial infections. Certain coronavi-
ruses whose envelopes are rich in Sia appear to use unmasked
Siglecs like Sn to facilitate their uptake into macrophages
(Vanderheijden et al., 2003; Delputte and Nauwynck, 2004).
It is also reasonable to hypothesize that the expression of
sialidases or Sias by many human pathogens can affect the
biology of Siglecs. Do sialidases activate innate immune
cells by suddenly unmasking CD33rSiglecs? Conversely, do
sialylated pathogens engage CD33rSiglecs to down-
regulate reactivity of innate immune cells? In this regard, it
has been suggested that the interaction of CD22 with
endogenous α2-6-linked sialoglycoconjugates may serve to
mediate the recognition of “self” to dampen B-cell autore-
activity (Lanoue et al., 2002).

Evolution of Siglecs

Effects of human-specific Neu5Gc loss on human 
Siglec biology

Genomic inactivation of the cytidine 5′-monophospho (CMP)-
Neu5Ac hydroxylase (CMAH) gene after our common ances-
tor with great apes resulted in complete loss of Neu5Gc
synthesis (and a concomitant increase in the precursor
Neu5Ac) in the lineage leading to the modern humans
(Chou et al., 1998, 2002; Muchmore et al., 1998; Varki,
2002). Did this dramatic change in the human “sialome”
affect the functioning of human Siglecs? Initial analysis of
human Siglecs showed that although Sn has a distinct pref-
erence for Neu5Ac, others (CD22, CD33, Siglec-5, and
Siglec-6) recognize both Neu5Ac and Neu5Gc (Brinkman-
Van der Linden et al., 2000). As mentioned earlier, the
marked increase in Neu5Ac-containing ligands for Sn in
humans (Brinkman-Van der Linden et al., 2000) may have
some relevance to macrophage differences between humans
and chimpanzees. In humans, Sn-positive macrophages
primarily populate the perifollicular zone, whereas in
chimpanzees, these occur in the marginal zone and in

surrounding periarteriolar lymphocyte sheaths. Also,
although only a subset of chimpanzee macrophages is Sn
positive, most human macrophages express Sn. Both these
are apparently derived human states, because rat Sn-posi-
tive macrophages are more similar to chimpanzee counter-
parts. Although the biological consequences of this change
are unknown, it could possibly have relevance to the ele-
vated levels of chimpanzee myeloid cells compared with
humans (Hodson et al., 1967; McClure et al., 1972), because
Sn is postulated to be involved in myeloid cell differentiation
(Crocker et al., 1995).

Our recent study showed that although most or all
human CD33rSiglecs recognize both Neu5Ac- and
Neu5Gc-bearing glycans, the ancestral condition of at least
some ape CD33rSiglecs (such as Siglec-9) appears to have
been a strong preference for Neu5Gc (Sonnenburg et al.,
2004). Thus, the fixation of the homozygous state of the
CMAH mutation (i.e., complete loss of Neu5Gc) in humans
should have had a profound impact on CD33rSiglec biology,
with most or all of them becoming suddenly unable to reco-
gnize endogenous ligands. The current human condition of
CD33rSiglecs (binding both Neu5Ac and Neu5Gc) was
presumably the result of subsequent evolutionary adapta-
tion of human ancestors. In this regard, it is interesting that
the ape Siglec-12 (which has the essential Arg for Sia reco-
gnition) also prefers Neu5Gc and that the restoration of the
Arg in cloned hSiglec-XII gives the same binding preference
(Angata et al., 2001b). It also would be interesting to know
the Neu5Ac/Neu5Gc preferences of Siglec-13, which was
deleted in the human lineage (Angata et al., 2004).

Overall, the biological consequences of these human-
specific changes (adaptation to the change in the “sialome”
and/or the retirement of human Siglecs) are not clear. How-
ever, these findings do point to the importance of endoge-
nous ligands for the proper functioning of Siglecs. The
question also arises as to whether the evolutionary adjust-
ment of human CD33rSiglecs to the dramatic change in the
human “sialome” is yet complete. In other words, is the
human innate immune system “normal”?

“Essential-arginine” mutated “pseudo-Siglecs”—Why are 
there so many?

We have noted that there are more Siglec-like pseudogenes
than functional Siglec genes in the human CD33rSiglec
gene cluster and that this trend (abundance of pseudogenes)
is more prominent in the human genome than in the mouse
(Angata et al., 2001a). Furthermore, several of these pseudo-
genes contain what would have been an “essential Arg
mutation,” if their reading frames had been intact. Our
comparative study of CD33rSiglec gene cluster in five
mammalian species (Angata et al., 2004) found that this
trend is evident in primates in general, though the numbers
of such pseudogenes in chimpanzee and baboon genomes
are less than that in human genome. This study also
revealed the presence of Siglec-like molecules other than
human Siglec-XII with the “essential Arg” mutated—for
example, chimp Siglec-V and baboon Siglec-VI. Rat Siglec-H
also appears to lack the Arg (noted by searching the publicly
available rat genome sequence). Why are there so many
“essential Arg-mutated” Siglecs? A trivial explanation is
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that the Arg codon is prone to mutation. Indeed, in most
Siglecs, the essential Arg is encoded by CGN, which tends
to show a disproportionately high mutation rate (due to the
CpG dinucleotide, in which a methylated C is easily deami-
nated to yield T). Another possibility is that the mutation of
the essential Arg may be neutral or near-neutral to the molec-
ular function of some Siglecs, for example, a Siglec may
have another function which does not depend on its glycan
recognition and/or the importance of glycan recognition for
its overall function is minimal. The most interesting possi-
bility is that these essential Arg mutations are being posi-
tively selected during evolution. There is at least one
example suggesting this: although baboon and human
Siglec-5 have the essential Arg, Siglec-5 in the great apes
(phylogenetically situated between baboons and humans)
have the mutation. We have noted that orangutans also
have Arg mutations of Siglec-5 (unpublished), that is, the
Arg-mutated Siglec-V seems to have survived for at least 10
million years in the great ape lineage and was then “resur-
rected” in human lineage to once again recognize Sias.
Thus, arginine-mutated yet open reading frame-intact Siglecs
could serve as a “reserve” to adjust for a future change of
the host “sialome.” A long-lasting change in the host “sia-
lome” may permit further mutations to accumulate and fix
in the genome, allowing the Siglec to formally “retire.”
Overall, it is hard to be certain which of these mechanisms
explain the abundance of these essential Arg-mutated Siglec
[pseudo]genes—likely, a combination of all.

Why are CD33rSiglecs evolving so rapidly?

Despite all the above discussion, the answer to this question
is far from definite. We present a set of possible explana-
tions in Figure 7. The host “sialome” presumably needs to

evolve rapidly to evade the many pathogens that recognize
Sias as sign posts for attack, that is, a primary “Red Queen”
effect2 (Van valen, 1974; Gagneux and Varki, 1999). Thus,
one can postulate that CD33rSiglecs are in turn, rapidly
evolving—to keep up with the rapidly evolving “sialome”
(i.e., a secondary “Red Queen” effect). Meanwhile, the
bacterial pathogens that express α2-3- and α2-8-linked
Neu5Ac are suggested to be masquerading as “self,” to
prevent innate immune cell reactivity in their presence.
This could set in motion another primary “Red Queen”
effect, in which host CD33rSiglecs need to rapidly evolve
to evade engagement by the “sialomes” of the pathogens.
In considering these possibilities, one must also keep in
mind that the innate immune response itself is set on the
proverbial “knife’s edge,” that is, too much or too little can
be bad for survival, depending on the other environmental
circumstances. For example, during some of these selection
processes, the host immune system could become “hyper-
reactive” (Figure 7). This could be beneficial in the short
run, but eventually detrimental. Overall, the CD33rSiglec
system may provide for the variation and evolvability in
the innate immune response that is critical for species sur-
vival at the population level. Many of the above specula-
tions raise hypotheses that are testable, either by surveying
more of the existing literature on innate immunity and
bacterial pathogens or by specific in vitro and in vivo
experimentation.

Fig. 7. Why are the CD33-related Siglecs evolving so rapidly? See text for the discussion of the scenarios presented. Note that two independent circles 
of evolutionary processes driven by the host–pathogen interactions (primary “Red Queen” effects, blue arrows) may be interconnected by the possibility 
that the Siglecs recognize the sialome of the host itself (secondary “Red Queen” effects, red arrows).
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2The “Red Queen” effect in evolution is based on the observation to 
Alice by the Red Queen in Lewis Carroll’s “Through the Looking Glass”-
that “it takes all the running you can do, to keep in the same place.” 
Thus, complex multicellular animals with long life cycles must rapidly 
evolve to survive the onslaught of microbial pathogens that can replicate 
much faster.
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Concluding remarks

In less than a decade, since the discovery and naming of the
Siglec family of molecules, we have learnt a great deal
about their basic biology and evolution and about some of
their functions. While most of the early work was restricted
to the laboratories of a few experts in sialobiology, it is
encouraging to note the increasing number of recent papers
from other investigators who have become interested in
these molecules from a functional and/or biomedical con-
text. Over the next decade, one can anticipate much
increasing knowledge regarding this fascinating family of
animal lectins.
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Note added in proof

Recent studies have revealed yet another difference in
Siglec biology between humans and great apes: A human-
specific gene conversion of the SIGLEC11 gene, resulting in
a change in binding specificity and new human-specific
expression in brain microglia (Hayakawa, T., Angata, T.,
Lewis, A.L., Mikkelsen, T.S., Varki, N.M., and Varki, A.
[in press] Human-specific gene in microglia. Science.)
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