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Siglec-G/10 is broadly expressed on B cells, dendritic cells
and macrophage subsets. It binds strongly to CD24, a small
glycosyl-phosphatidylinositol-anchored sialoprotein, in a
sialylation-dependent manner. Targeted mutation of Siglecg
dramatically elevates the level of natural IgM antibodies and
its producer, B1 B cells. Incorporation of Siglec-G ligands
tobothT-dependentandT-independent immunogensreduces
antibody production and induces B-cell tolerance to subse-
quent antigen challenges. By interacting with CD24, Siglec-G
suppresses inflammatory responses to danger (damage)-
associated molecular patterns, such as heat-shock proteins
and high mobility group protein 1, but not to Toll-like recep-
tor ligands. By a CD24-independent mechanism, Siglec-G
has been shown to associate with Cbl to cause degradation
of retinoic acid-inducible gene 1 and reduce production of type
I interferon in response to RNA virus infection. The negative
regulation by Siglec-G/10 may provide a mechanism for the
host to discriminate between infectious nonself and non-
infectious self, as envisioned by the late Dr. Charles A. Janeway.
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Introduction

Pathogen-associated molecular patterns (PAMPs), such as
bacterial DNA, RNA, lipopolysaccharide from Gram-negative
bacterial cell walls and peptidoglycan from Gram-positive bac-
terial cell walls, interact with pattern recognition receptors to
activate immune responses (Janeway 1989; Medzhitov et al.
1997; Poltorak et al. 1998). Toll-like receptors (TLRs), Nod-
like receptors and RIG-I-like receptors (RLR) are the dedicated

receptors for PAMPs on immune cells (Medzhitov et al. 1997;
Inohara et al. 2002; Meylan et al. 2006). The concept of pattern
recognition in immunology was invoked as a sensor of micro-
bial infection, allowing the host to discriminate noninfectious
self from infectious nonself (Janeway 1989, 1992).
Surprisingly, endogenous molecules released from necrotic

cells during infection or tissue injury activate the immune
system (Matzinger 1994). The endogenous molecules released
from necrotic cells are called danger (damage)-associate mo-
lecular patterns (DAMPs). High-mobility group box 1 protein
(HMGB1) and heat-shock proteins (HSP70/90) are prototypical
DAMPs released from necrotic cells during infection or tissue
injury (Apetoh et al. 2007). Under physiological conditions,
DAMP-triggered inflammation has been shown to be involved
in tissue remodeling (Takahashi et al. 2008). However, under
pathological conditions, stimulation by DAMPs may contribute
to the pathogenesis of autoimmunity (Urbonaviciute et al.
2008; Andersson and Harris 2010), sepsis (Wang et al. 1999)
and cancer (Mittal et al. 2010; Sims et al. 2010).
A critical issue is the switch between physiological and

pathological responses. Here, we use Siglec-G as an example to
suggest that pattern recognition by some Siglecs may be essen-
tial in this switch. Recent advances on the roles for Siglec-G in
B-cell biology, including development, response and tolerance,
as well as innate response to RNAviruses are also reviewed.

Sialic acids and Siglecs

Sialic acids are a family of nine-carbon sugars found on secreted
or cell surface glycopeptides or glycolipids. N-Glycolylneuraminic
acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac) are the
major sialic acids found in mammalian cells. The only dif-
ference between the two sialic acid species is an additional
oxygen atom in the N-glycolyl group of Neu5Gc (Varki 2007).
Human CMP-N-acetylneuraminic acid hydroxylase, which
catalyzes the generation of Neu5Gc by the transfer of a single
oxygen atom to the acyl group of CMP-Neu5Ac, was genetically
mutated during human evolution. Therefore, humans are unable
to produce endogenous Neu5Gc (Chou et al. 2002), whereas
many model organisms, such as mice, produce Neu5Gc. Sialic
acids attach to glycans via α2-3, α2-6 or α2-8 linkages. These lin-
kages are often the critical determinants for recognition by the
sialic acids binding proteins which are expressed by mammalian
cells or pathogens.
Sialic acids residues are broadly expressed and could act as a

marker of self in the immune system, as such residues are
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absent from most microbes. The frequent observation that host
cells can be lysed by immune cytotoxic effector mechanisms
after extensive desialylation demonstrates the significant role
played by cell surface sialic acids in this recognition process
(Pilatte et al. 1990). One of the most striking examples of the
importance of sialic acid in self–nonself discrimination is the
presence of natural antibodies to sialidase-treated red blood
cells (Vaith and Uhlenbruck 1978; Springer 1984; Pilatte et al.
1990), lymphocytes (Rogentine and Plocinik 1974) and thymo-
cytes (Pilatte et al. 1990) in normal human serum. These anti-
bodies are specific for cryptantigens that maybe exposed on the
surface of human cells by the action of sialidase. Recently,
Meesmann et al. (2010) showed that desialylation acted as an
“eat me” signal and caused an enhanced uptake of apoptotic
cells.
Siglecs are Ig-like type I transmembrane proteins with an

IgV-like domain that binds to sialic acids attached to the termin-
al regions of cell surface glycoconjugates (Varki and Angata
2006; Crocker et al. 2007). They are divided into two groups
based on structure. The first group of Siglecs, which include
Siglec-1, -2, -4 and -15, are conserved structurally between
rodents, humans and other vertebrates, and share �25–30%
amino acid identity. The second group of Siglecs, which
include Siglec-3/CD33 and CD33-related Siglecs, have less
conserved structure between humans and other vertebrates but
have high homology to CD33 in their extracellular domains
(50–85% amino acid identity). The CD33-related Siglecs of
humans are Siglec-3, -5, -6, -7, -8, -9, -10, -11, -12, -14 and
-16, whereas the CD33-related murine Siglecs are Siglec-3,
Siglec-E, -F, -G and -H. With the exceptions of murine
Siglec-1, -4, -15 and -H, and human Siglec-1, -4, -14, -15 and
-16, all known Siglecs have immunoreceptor tyrosine-based in-
hibition motifs (ITIM, S/I/V/LxYxxI/V/Lor) or ITIM-like
motifs in their intracellular domains. Recognition of ligands by
Siglecs results in an induction of accessibility of the cytosolic
ITIM or ITIM-like tyrosine to Src family kinases such as Lyn.
These kinases phosphorylate cytosolic ITIM tyrosines, which
in turn recruit tyrosine phosphatases such as SHP-1 or SHP-2
to attenuate signal transduction. Given the dedicated function
of Siglecs in recognizing sialic acid-containing structures, it
is of interest to determine if they may be involved in recogni-
tion of sialic acid-based self-markers as outlined above. In the
context of adaptive immunity, Siglecs recognizing sialylated
glycans as self-ligands also play a major role in the tolerance of
B cells to self-antigens (O’Keefe et al. 1996; Ferry et al. 2005;
Nitschke 2009; Pillai et al. 2009; Duong et al. 2010; Jellusova,
Duber et al. 2010, Jellusova, Wellmann et al. 2010; Poe and
Tedder 2012). More comprehensive perspectives of Siglecs and
their functions can be found in these excellent reviews (Crocker
et al. 2001, 2007; Crocker 2005; Crocker and Redelinghuys
2008; von Gunten and Bochner 2008; O’Reilly and Paulson
2009; Pillai et al. 2012).

Siglec-G/10 expression

Siglec-G is a member of the CD33-related Siglec family in the
mouse. The Siglecg gene is found in a cluster with genes of the
related proteins Siglec-E, CD33 and Siglec-F on mouse
chromosome 7 (Angata et al. 2001). Siglec-G has five

extracellular Ig domains, a transmembrane region and an intra-
cellular tail with three tyrosine-based motifs, among them one
ITIM and one Grb-2-binding motif (Hoffmann et al. 2007).
Using the expression of GFP to report transcription of Siglec-G
in GFP-knock-in mice revealed that Siglec-G is widely
expressed in multiple lineages (Ding et al. 2007). All the major
known B-cell subsets, B-1a, B-1b, FOB, MZB and Pre-Pro/Pro
B cells expressed high levels of Siglecg. However, significant
levels were also detected in DC, myeloid cells, and to a lesser
extent, T cells. This observation is consistent with the report by
Hoffmann et al. (2007) which measured Siglecg transcript
levels by reverse-transcriptase polymerase chain reaction and
confirmed with an intracellular tail-specific antibody. Recently,
Pfrengle et al. (2013) investigated cell surface expression of
Siglec-G on murine leukocytes by using a mAb toward the extra-
cellular portion of Siglec-G. They found that among splenic leu-
kocytes, Siglec-G is expressed at highest levels on B cells and, to
a lesser extent, on dendritic cells (DCs) and a subset of macro-
phages and neutrophils. Significant Siglec-G expression appears
early on in B-cell development, as early as pre-pro and immature
B cells. All three studies showed that the Siglecg locus is tran-
scribed in essentially all the major hematopoietic cell types ana-
lyzed, although B cells, as a group, appear to have the highest
levels. Siglec-10 (human homolog of mouse Siglec-G) was
detected on all B cells and also subsets of human leukocytes in-
cluding eosinophils, monocytes and a minor population of natural
killer cells, by using antibody staining (Munday et al. 2001).
High levels of mRNA expression were observed in peripheral
blood leukocytes, spleen and liver as demonstrated by Northern
blot analysis (Li et al. 2001; Whitney et al. 2001).
An important, but less investigated, issue is how Siglec-G is

regulated under pathological conditions. A recent study demon-
strated that Siglec-G is elevated in peritoneal cells after infec-
tion by RNAviruses (Chen et al. 2013).

Siglec-G/10 in adaptive and innate immunity
Siglec-G/10 in B-cell development
Deletion of Siglecg selectively expands the B1a B-cell lineage,
including the frequency of the B1-cell progenitor in the bone
marrow and the number of B1a cells in the peritoneal cavity
(Ding et al. 2007; Hoffmann et al. 2007). The expansion of B1a
B cells in the peritoneum is a cell-intrinsic effect and is corre-
lated with enhanced activation of NFκB (Ding et al. 2007).
Lower level of spontaneous apoptosis and prolonged life span
of Siglecg−/− B1a B cells might contribute to the expansion of
B1a B cells in Siglecg−/− mice. The lower apoptosis could
result from higher expression levels of the transcription factor
NFATc1 in Siglec-G-deficient B1a cells (Jellusova, Duber, et al.
2010). Intriguingly, steroid- and xenobiotic receptor (SXR)-
deficient mice also showed expansion of the B1a B-cell lineage
(Casey et al. 2011). Notably, the expression of Siglec-G and
PTPN6 were downregulated in SXR−/− mice (Casey et al. 2011).
Peritoneal B1a B cells are severely reduced in IgHEµGFP/Eµ-GFP

mice (Brenner et al. 2011), but the number of B1a B cells
returned to normal levels in Siglecg−/− IgHEµGFP/Eµ-GFP double
knockout mice. These data demonstrate that by regulating BCR
signaling strength, Siglec-G directly impacts the development
of the distinct peritoneal B-cell subset (Brenner et al. 2011).
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Siglec-G/10 in B-cell tolerance
Sialylated glycans are ubiquitously expressed in nearly all
animal tissues, but largely absent from most microbes, with the
exception of some pathogenic strains. This difference in sialy-
lated glycan expression between pathogen and host has sug-
gested that B-cell-restricted Siglecs may play an important role
in B-cell self–nonself discrimination. Both CD22 and Sigelc-G
are able to recognize synthetic T-independent type 2 (TI-2) anti-
gens harboring sialic acid motifs (Duong et al. 2010).
NeuGcα2-6Galβ1-4GlcNac (NeuGc) conjugated to polyacryl-
amide (PA), the synthetic sialylated T-independent type 2 anti-
gens (TI-2 Ag), bound well to B cells from wild-type mice.
However, PA-NeuGc binding was reduced on B cells from
either Cd22−/− or Siglecg−/− mice, and was undetectable on B
cells from Cd22−/−Siglecg−/− mice (Duong et al. 2010), indicat-
ing CD22 and Siglec-G cooperatively mediate the binding of
native sialylated ligands. To test whether self TI-2 antigens
could induce B-cell tolerance via CD22 and Siglec-G, the
hapten nitrophenol (NP) was conjugated to synthetic TI-2 anti-
gens. These conjugates included NP-PA, NP-PA-NeuGc and
NP-PA-bNeuGc, which carried an additional modification by
the molecule biphenyl-acetyl which appears to selectively
augment CD22-binding activity. NP-specific IgM and IgG3
responses were robust for NP-PA, but negligible for
NP-PA-bNeuGc, and significantly reduced for NP-PA-NeuGc
when the wild-type mice were immunized with these synthetic
TI-2 antigens. Siglecg−/− mice generated similar, robust IgM
and IgG3 anti-NP response to both NP-PA and NP-PA-NeuGc.
In wild-type and Cd22−/− mice, however, IgM and IgG3
responses to NP-PA-NeuGc immunization were reduced rela-
tive to NP-PA, suggesting that Siglec-G played a dominant in-
hibitory role in controlling the immune response to this
synthetic NeuGc ligand (Duong et al. 2010).
Interestingly, for both T-dependent and T-independent anti-

gens, incorporation of the NeuGc ligand not only reduced the
primary response but also prevented the immune response to
subsequent antigen challenge. Therefore, NeuGc coadministra-
tion leads to B-cell immune tolerance. Since Siglecg deletion is
necessary and sufficient to abrogate tolerance induction,
Siglec-G plays a critical role for B-cell tolerance induced by
coadministration of Siglec ligands (Pfrengle et al. 2013).

Siglec-G/10 and diseases
Tissue injury
During tissue injury, intracellular components are released. The
molecules capable of triggering inflammation are called
DAMPs. The DAMPs trigger the innate immune response
through TLR and NLR (Dostert et al. 2008). HMGB1 and the
heat-shock proteins HSP70/90 are the most intensively-studied
DAMPs, and are capable of inducing significant inflammatory
responses (Millar et al. 2003; Apetoh et al. 2007). The function
of Siglecs in the host response to tissue injuries was discovered
during study of the function of CD24, which is a natural ligand
for CD33-like Siglecs on host cells (Chen et al. 2009).
Subsequently, other pathogen-associated (Carlin et al. 2009)
and host cell-associated ligands (Bandala-Sanchez et al. 2013;
McMillan et al. 2013) for CD33-like (or CD33 family) Siglecs
were identified.

At doses that are significantly higher than what is normally
used for pain relief, acetaminophen causes release of HMGB1
from hepatocytes and limited inflammation in the liver (Scaffidi
et al. 2002). Interestingly, mice with targeted mutation of CD24
are extremely sensitive to liver injury and are more susceptible
to develop “cytokine storm,” producing higher level of cyto-
kines than the control wild-type mice (Chen et al. 2009). Using
mass spectrometry, we identified several CD24-associated
DAMPs, including HMGB1, Hsp70/90 and nucleolin. The
functional significance of HMGB1 in CD24-regulated tissue in-
juries was confirmed by neutralization with a high-affinity
anti-HMGB1 antibody.
CD24 is a small glycosyl-phosphatidyl-inositol-anchored mol-

ecule with broad expression in hematopoietic, neuronal and epi-
thelial cells. Both native CD24 expressed in the brain and
recombinant CD24 are heavily sialylated. To test whether CD24
interacts with Siglecs, we tested if recombinant human Siglec-Fc
fusion proteins can capture CD24 expressed on spleen cells. We
found that CD24 can bind to Siglec-10 but not to Siglec-5, -7 and
-11 (Chen et al. 2009). The association of CD24 with Siglec-10
(human homolog of mouse Siglec-G) depends on the critical ar-
ginine residue in the V-set domain of Siglec-10 that is involved in
sialic acid recognition. Phylogenetic analysis of the sialic acid
binding Ig domain of the entire siglec family was performed by
the ClustalW (Thompson et al. 1994) and TreeView (Page 1996)
programs. The results revealed a close association between
Siglec-G and Siglec-10, -11 and -16 (Figure 1), indicating that
Sigelc-G and Siglec-10 have similar ligand-binding activity.
Analysis of the glycan array data in CFG (US consortium for
Functional Glycomics) for Siglec-G (Bochner et al. 2005) and
Siglec-10 (Blixt et al. 2008) indicated that Siglec-G binds to
ligands carrying α2-3- or α2-6-linkages with similar affinity,
while Siglec-10 also binds to the ligands carrying α2-3- or
α2-6-linkages, but prefers α2-6-linkages. Indeed, these ligand
specificities for the Siglec-G and Siglec-10 were also confirmed
by published reports: Siglec-G recognizes Sia ligands carrying
both α2-3- and α2-6-linkage with similar affinity (Duong et al.
2010); Siglec-10 recognizes Sia ligands carrying α2-3- or
α2-6-linkage, but prefers α2-6-linkage (Chen et al. 2011). In add-
ition, treatment of recombinant CD24 with sialidase abrogated
interactions between recombinant Siglec-10 and CD24 and resia-
lylation of CD24 with either 2,3 or 2,6 sialyltransferase restored
CD24-Siglec-10 interaction (Chen et al. 2011). Importantly, tar-
geted mutation of CD24 significantly reduced Siglec-10 binding
to mouse spleen cells, which suggests that CD24 is likely the
dominant ligand for Siglec-10/G on the hematopoietic cells
(Chen et al. 2009).
Siglec-G/10 forms a complex with HMGB1 through CD24.

The significance of the CD24-Siglec-G/10 interaction is
demonstrated by the fact that mice with targeted mutation of
Siglecg phenocopies Cd24−/− mice in the acetaminophen-
induced liver injury model. The negative regulation is reflected
at the level of DCs, as Cd24−/− and Siglecg−/− DC exhibit sig-
nificantly enhanced responses to HMGB1 (Chen et al. 2009).

Sepsis
Sepsis is generally defined as a systemic inflammatory syn-
drome in response to infection. By using the cecal ligation and
puncture (CLP) model, which mimics the pathophysiological
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Fig. 1. Phylogenetic analysis of the Siglec family. The sialic acid binding Ig V-set domain was aligned to create the phylogenetic tree using ClustalW (Thompson et al. 1994) and TreeView (Page 1996).
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changes in human sepsis (Rittirsch et al. 2009), we found that
sialidases from bacteria can remove sialic acid residues from
CD24, and abrogate CD24-Siglec-10(G) interactions, and thus
enhance the inflammatory process (Chen et al. 2011). Mice de-
ficient in either CD24 or Siglec-G exhibit dramatically increased
mortality and production of inflammatory cytokines after CLP
treatment. These observations were also confirmed by adminis-
tration of the sialidase-producing Streptococcus pneumonia
D39 to mice, which induced a stronger inflammatory response
than a mutant lacking its two sialidase genes (Chen et al. 2011).
A combination of two sialidase inhibitors, Neu5Ac2en and
Neu5Gc2en, was able to protect wild-type mice, but not CD24
knockout or Siglecg knockout mice, from sepsis, and inhibited
the production of inflammatory cytokines and subsequent mor-
bidity (Chen et al. 2011). These results suggest that the protec-
tion of the sialidase inhibitors in bacteria-induced sepsis depends
on the integrity of the CD24-Siglec-10(G) pathway.

Immune evasion by RNAvirus
TLR3, 7, 8 and 9 detect microbial DNA and RNA in the
endosome, whereas retinoic acid-inducible gene 1 (RIG-I) and

MDA5, members of RLR, sense viral RNAs in the cytoplasm
(Kato et al. 2011). Recently, Chen et al. reported that Siglec-G
plays a vital role in negatively regulating the RIG-I-mediated
antiviral innate immune response. Siglec-G expression was sig-
nificantly and rapidly induced in peritoneal macrophages after
infection with vesicular stomatitis virus (VSV), but not by in-
fection with DNA virus herpes simplex virus I, intracellular
bacteria Listeria monocytogenes or extracellular Gram-negative
bacteria Escherichia coli. SiRNA knockdown of Siglecg in
macrophages increased the VSV-induced IFN-β expression
(Chen et al. 2013). More Siglecg−/− mice survived after chal-
lenge with VSV, indicating that Siglecg−/− mice are more resist-
ant to VSV infection. Siglecg−/− mice produced higher levels of
IFN-β than wild-type control mice, but not TNF-α or IL-6
(Chen et al. 2013). That Siglec-G selectively suppresses pro-
duction of IFN-β and inhibits antiviral innate responses against
viral infection is achieved by selectively enhancing the phos-
phorylation of IRF3 and IKK but not p65, p38, ERK and
JNK (Chen et al. 2013). Siglec-G negatively regulates RNA-
virus-induced IRF3 activation by promoting c-Cbl-mediated
ubiquitination and degradation of RIG-I via SHP2 to regulate
RNA-virus-induced type I IFN production (Chen et al. 2013).

Fig. 2. Siglec-G in adaptive and innate immunity. (A) Regulation of B1a B-cell proliferation and BCR signaling by Siglec-G. Siglec-G dampens the calcium signal
on B1 cells and inhibits the activity of the transcription factor NFATc1 and NFκB by recruiting the ITIM-binding protein SHP-1 or Grb2. (B) Regulation of B-cell
activation and tolerance. Self-antigens are expressed on cells with abundance of Siglec-G ligands and thus likely engage both BCR and Siglec-G. In contrast, foreign
antigens are presented to B cells in the absence of Siglec-G ligands. (C) Siglec-G represses host response to DAMPs unless its ligand CD24 is desialylated by
bacterial sialidase. (D) Siglec-G suppresses type I IFN production by promoting c-Cbl-mediated ubiquitination and proteasomal degradation of RIG-I.
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Since elevation of Siglecg caused reduced type I interferon pro-
duction, it was suggested that this elevation contributes to viral
evasion of host resistance.

Perspective

Taken together, accumulating data demonstrate that Siglec-G/10
plays an important role in self–nonself discrimination of the
immune system and may be involved in evasion of host immun-
ity by RNA viruses (Figure 2). These data provide several
insights with implications for the biology of all Siglec family
members.
First, by regulating BCR signaling, Siglec-G regulates both

expansion of B1a B cells and tolerance of B cells. It is of note
that the role for Siglec-G in B-cell tolerance has only been
demonstrated when antigen is administrated with artificial
Siglec ligands. Further studies will be needed to determine
whether Siglec-G plays a role in B-cell tolerance to endogenous
antigens. Since many cell types express high-level Siglec-G
ligands, it is of great interest to determine whether these natural
ligands may regulate self-tolerance. In this context, it should be
noted that CD24, the major Siglec-G/10 ligand, has been shown
to be involved in clonal deletion of CD4T cells by self-antigen
(Carl et al. 2008). A role for Siglec-10/G in T-cell regulation has
also been suggested recently (Bandala-Sanchez et al. 2013).
Second, by selectively affecting innate immune response to

DAMPs but not PAMPs, Siglec-G may play a unique role in
allowing the innate immune system to sense infection vs. tissue
injuries. This provides a plausible mechanism for the host to
discriminate between infectious nonself from noninfectious self
as suggested by Janeway�25 years ago (Janeway 1989, 1992).
Third, although Siglec-G/10 does not directly sense PAMPs,

infection can potentially disarm the negative regulation through
desialylation of its natural ligands. Many pathogens, including
viruses and bacteria, encode sialidases, some of which have
been shown to be virulence factors. Disarming sialoside-based
negative regulation may allow to host to mount stronger inflam-
mation to tissue injury in the context of infection. In this
regard, it is worth noting that although sensitivity to sialidases
has long been a gold standard for validating Siglec interactions,
the importance of sialidases in Siglec function is only begin-
ning to be appreciated. Meanwhile, these sialidases may be
valuable therapeutic targets for taming inflammation.
Finally, identification of natural ligands for Siglecs has helped

to shed light on their biological significance. Traditionally, Siglec
ligands are identified through synthetic glycans. While these
analyses were instrumental in establishing the specificity of
Siglecs and yield valuable probes for Siglec biology, recent
identification of natural ligands either on the host cells or on
pathogens provide a foundation for a better understanding of
Siglec function. Additional emphases on natural ligands may
be warranted.

Abbreviations

CLP, cecal ligation and puncture; DAMPs, danger (damage)-
associate molecular patterns; DC, dendritic cell; HMGB1, high-mo-
bility group box 1 protein; HSP70/90, heat-shock proteins 70/90;

ITIM, immunoreceptor tyrosine-based inhibition motif; Neu5Ac,
N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid;
NeuGc, NeuGcα2-6Galβ1-4GlcNac; NP, nitrophenol; PA,
polyacrylamide; PAMPs, pathogen-associated molecular pat-
terns; RIG-I, retinoic acid-inducible gene 1; RLR, RIG-I-like
receptors; TI-2 Ag, T-independent type 2 antigens; TLRs, Toll-
like receptors; VSV, vesicular stomatitis virus.
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