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Introduction

Summary

Sialic-acid-binding immunoglobulin-like lectins, siglecs, are important
immune receptors expressed widely in mammals. A unique feature of sig-
lecs is their ability to bind sialylated glycans and transmit signals to
immune cells. The CD33-related siglecs (CD33rSiglecs) form a major sub-
family of the siglecs, containing a large, rapidly evolving group of genes
that expanded in mammals through an inverse duplication event involv-
ing a primordial cluster of siglec genes over 180 million years ago.
Humans express a much larger set of CD33rSiglecs than mice and rats, a
feature that can be explained by a dramatic loss of CD33rSiglec genes in
rodents. Most CD33rSiglecs have immune receptor tyrosine-based inhibi-
tory motifs and signal negatively. Interestingly, novel DAP-12-coupled
‘activating’ CD33rSiglecs have been identified, such as siglec-14 and sig-
lec-16, which are paired with the inhibitory receptors, siglec-5 and siglec-
11, respectively. The evolution of these activating receptors may have
been driven in part by pathogen exploitation of inhibitory siglecs, thereby
providing the host with additional pathways by which to combat these
pathogens. Inhibitory siglecs seem to play important and varied roles in
the regulation of host immune responses. For example, several CD33rSig-
lecs have been implicated in the negative regulation of Toll-like receptor
signalling during innate responses; siglec-G functions as a negative regula-
tor of Bl-cell expansion and appears to suppress inflammatory responses
to host-derived ‘danger-associated molecular patterns’. Recent work has
also shown that engagement of neutrophil-expressed siglec-9 by certain
strains of sialylated Group B streptococci can suppress killing responses,
thereby providing experimental support for pathogen exploitation of host
CD33rSiglecs.
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superfamily proteins, a unique feature of siglecs is that their
specific ligands are sialylated carbohydrates, unlike most

Sialic-acid-binding immunoglobulin-like lectins, siglecs,
form a family of cell surface receptors expressed on
immune cells that mostly mediate inhibitory signalling'~
(Fig. 1, Table 1). Like other important inhibitory immune
receptor families such as killer-cell immunoglobulin-like
receptor®” and leucocyte immunoglobulin-like receptor,®
siglecs are transmembrane molecules that contain inhibi-
tory signalling motifs named immunoreceptor tyrosine-
based inhibitory motifs (ITIMs)”® in their cytoplasmic tails
and immunoglobulin superfamily domains in their extra-
cellular portions. Compared with other immunoglobulin

other immune receptors that bind to protein determinants.

Interest in siglecs has grown over recent years as it has
become increasingly clear that these receptors play a wide
range of roles in the immune system. Following the
sequencing of the human genome,” known siglecs have
expanded from the well-characterized conserved members:
sialoadhesin,'® CD22,''"'® CD33'7 and myelin-associated
glycoprotein,'® to the rapidly evolving large CD33-related
siglec (CD33rSiglec) subfamily (Fig. 1, Table 1)'* and
novel potentially activating members of the siglec fam-
ily.*>* This review focuses on new ideas about the
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Figure 1. Domain structure of CD33-related sialic-acid-binding immunoglobulin-like lectins (CD33rSiglecs) in human, mouse and dog. Shading

represents paired receptors in which the terminal immunoglobulin domains are > 99% identical but the transmembrane and cytoplasmic tails are

distinct. + represents a positively charged residue in the transmembrane domain. Dark purple domains are V-set immunoglobulin superfamily

(IgSF) domains that mediate sialic acid binding, light purple domains are C2-set IgSF domains. Siglec-8b is the result of a gene duplication of

siglec-8 found in dog but not primates or rodents. Atypical immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in dog CD33 and siglec-5

do not conform to canonical ITIM sequence nor do they share similarity to ITIM-like motifs with other siglecs.

evolution of the CD33rSiglecs and discusses the func-
tional roles that CD33rSiglecs play in the host as well as
their interactions with pathogens.

Evolution of CD33rSiglecs, a history of host and
pathogen interaction

Sialic acids are ubiquitously found on the surface of
mammalian cells."”” CD33rSiglecs form a large cluster on
chromosome 19 in humans and this cluster is well con-
served in all mammals.>** Following a study of different
species including primates, rodents, dog, cow, marsupials,
amphibians and fish, Cao et al.>> proposed that the
CD33rSiglecs cluster in mammals was the product of a
major inverse duplication of a smaller sub-cluster that
arose early in mammalian evolution 180 million years ago
(Fig. 2). This conclusion is based on observations that (i)
CD33rSiglecs are encoded in opposing orientations across
the cluster, (ii) there are several non-siglec genes found in
duplicates across the sub-cluster and (iii) these non-siglec

genes are also encoded in opposing orientations and
found at locations consistent with a major inverse dupli-
cation.”” One of the major implications of this theory is
that the small CD33rSiglecs cluster in mice and rats,
which was thought to have possibly represented the pri-
mordial cluster from which primate CD33rSiglecs
evolved,? is more likely to have arisen from a substantial
deletion of a larger inversely duplicated cluster of genes
shared among all mammals.>?> Primates, in contrast,
appear to have extended their CD33rSiglecs to include
many non-functional pseudogenes, several of which are
thought to have once had an activating signalling role in
contrast to the rest of the CD33rSiglec family, which are
predominantly ITIM-containing inhibitory receptors.>*’
Dog is a more divergent species compared with primates
and rodents. Study of dog CD33rSiglecs provides evidence
for expansion in primates and deletion in rodents because
dog and primates share many CD33rSiglec genes that are
missing in rodents (Fig. 1) but primates display a greater
number of pseudogenes, which are missing in dog.*
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Table 1. Expression, function and preferred ligands of known human and mouse CD33-related sialic-acid-binding immunoglobulin-like lectins

(CD33rSiglecs)
Siglec Cellular expression Known functions Preferred glycan ITIM present? References
Human Siglec-3 Myeloid progenitors, Inhibition of Ca®" flux, o-2,6-linked sialic acid Yes 54
(CD33) monocytes cell growth and
Mouse CD33 Neutrophils, macrophage apoptosis. Release of o-2,6-linked sialic acid No (transmembrane 34
subsets cytokines lysine)
Human Siglec-5 Neutrophils, B cells Increased respiratory o-2,6- and «-2,3-linked Yes 55
burst in neutrophils sialic acids
Human Siglec-14  Neutrophils and monocytes and uptake of Neisseria o-2,6- and o-2,3-linked No (transmembrane 20,30
meningitidis sialic acids arginine)
Human Siglec-6  Trophoblasts and B cells Sialyl Tn structures Yes 56
Human Siglec-7  Natural killer cells, minor Inhibition of cytotoxicity o-2,8-linked sialic acid, Yes 57
(p75/AIRM-1) subset of CD8 T cells, and T-cell receptor internal o-2,6-linked
monocytes signalling sialic acid; weaker to
o-2,3-and o-2,6-linked
sialic acids.
Human Siglec-9 Neutrophils, monocytes, Inhibition of T-cell o-2,6- and o-2,3-linked Yes 58
conventional dendritic receptor-dependent sialic acids
cells signalling
Mouse Siglec-E Neutrophils, monocytes and o-2,6- and o-2,3-linked Yes 38,39
minor subsets of natural sialic acids
killer and CD8 T cells
induced on macrophages
by MyD88-coupled
Toll-like receptor ligation
Human Siglec-8 Eosinophils, basophils Induction of apoptosis 6'-sulphated sialyl Lewis X  Yes 59
Mouse Siglec-F Eosinophils and alveolar Inhibition of eosinophil 6'-sulphated sialyl Lewis X  Yes 60
macrophages expansion in airway
inflammation
Human Siglec-10  Natural killer-like cells, Binds CD24 and o-2,6- and «-2,3-linked Yes and one 61-63
B cells, monocytes and proposed to reduce sialic acids, vascular Grb-2-like motif
eosinophils inflammation in adhesion molecule-1,
response to tissue CD24 glycoforms
damage
Mouse Siglec-G B cells Controls Bl cell expansion — CD24 glycoforms Yes and one 41,42
and activation; binds Grb-2-like motif
CD24 and reduces
inflammation in
response to tissue
damage
Human Siglec-11 ~ Macrophages especially Suppression of o-2,8-linked sialic acids Yes 24
microglia production of
Human Siglec-16 ~ Macrophages pro-inflammatory No (transmembrane 22
mediators and lysine)
phagocytosis by
microglia.
Mouse Siglec-H Plasmacytoid dendritic cells  Inhibition of type-I No known ligand No (transmembrane 31,32

interferon production

lysine)

Related human and mouse siglecs and known paired siglecs are grouped together.

ITIM, immunoreceptor tyrosine-based inhibitory motifs.

The rise and fall of activating CD33rSiglecs

One example of the newly formed potentially activating
siglecs in primates is siglec-16. Siglec-16 was originally

20

reported to contain a 4-bp deletion in the second exon
that encodes its first N-terminal immunoglobulin-like
domain, rendering it non-functional.** However, genetic
analysis of UK Caucasians showed that siglec-16 is in fact
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Figure 2. Simplified inversed duplication model of CD33-related sialic-acid-binding immunoglobulin-like lectin (CD33rSiglec) evolution. A pri-
mordial cluster containing five siglec genes arranged in tandem probably existed before mammalian evolution 180 million years ago (siglec genes
in black). This cluster is thought to have also contained non-siglec genes (white) located between the siglec genes. This primordial cluster is
thought to have undergone an inverse duplication, creating a larger cluster with two sub-clusters, each containing five siglec genes and two non-
siglec genes encoded in opposing directions. This is the initial cluster from which CD33rSiglec clusters of different mammalian species evolved.
Species differences are most pronounced when comparing rodents and primates. Rodents show a large-scale deletion of genes from the cluster,
resulting in four siglecs only. In contrast, primates maintained most siglecs from the initial cluster and also expanded siglec genes giving rise to
both activating (red) and inhibitory (blue) forms. However, most of the newly formed siglecs have become pseudogenes, consistent with a strong

de-selective drive.

not a pseudogene and encodes a full open reading
frame.”> A polymorphism analysis revealed a 50-50% split
in the UK population between the two alleles: wild-type
and the 4-bp deletion mutant alleles.*?

Siglec-16 is paired with siglec-11,** which is an inhibi-
tory receptor of the CD33rSiglec family.** Siglecs-11 and
-16 share 99% homology in their first three extracellular
immunoglobulin superfamily domains** and both show
expression in the brain. However, similarities between the
two receptors break down in the transmembrane domain.
Siglec-11, like most transmembrane receptors, is neutrally
charged in the transmembrane portion, in contrast to
siglec-16, which encodes both a positively charged lysine
that has been shown to bind the immunoreceptor tyro-
sine-based activation motif (ITAM) containing adaptor
molecule, DAP12, as well as a negatively charged gluta-
mate residue at — 4 position from the lysine.** The ITAM
encoded in the cytoplasmic portion of DAP12 can recruit
protein tyrosine kinases such as syk,”> which play a role
in cellular activation.®**

It is generally accepted that sialic acids evolved first in
higher animals and were then acquired by several micro-
bial pathogens through various mechanisms,” but alterna-
tive theories also exist.”” It was proposed that activating
siglecs arose as a way to combat pathogenic engagement
of host inhibitory siglecs and dampening of immune cell
signalling®>*>*® (Fig. 3a). However, one can envisage the
detrimental effect of uncontrolled over-activation in the
immune system that may be experienced by the introduc-
tion of activating siglecs that recognize the same ligand as
their inhibitory isoforms. This might explain the rapid
de-selection of these newly ‘invented’ activating siglecs.”
For example, siglec-11 has been shown to display impor-
tant neuroprotective properties, such as inhibition of pro-
duction of pro-inflammatory mediators, interleukin-14

(IL-1p) and nitric oxide synthase-2 and phagocytosis in
microglia, the resident macrophage in the brain.*’
Engagement of siglec-16 in the brain with the same ligand
as siglec-11, could trigger inappropriate immune and
inflammatory responses. In fact, for siglec-16, equilibrium
is observed between the wild-type and mutant alleles in
the population. We could be witnessing a gradual phasing
out of the new siglec-16 gene in humans or it might indi-
cate that a balance has already been achieved between the
pathogenic pressure to keep siglec-16 in the population
and the de-selective pressure against siglec-16 driven by
its detrimental effects on immune activation®? (Fig. 3b).

Discovery of other potentially activating siglecs

Besides siglec-16, three other recently characterized siglecs
possess charged transmembrane domains and can interact
with DAP12: siglec-14 in humans,”>*" siglec-15 in human
and mouse®' and siglec-H in rodents only.”' ™’ Like sig-
lec-11 and siglec-16, human siglec-14 is paired with sig-
lec-5 and both pairs of siglecs share high homology in
their extracellular domains. A transmembrane domain in
siglec-14, containing a charged arginine residue, allows
siglec-14 to interact with DAP12, unlike siglec-5. Siglec-5
also contains inhibitory ITIM-like motifs, which siglec-14
lacks. Recent studies show a fusion at the genomic level
in parts of the population between siglec-5 and siglec-14
that results in a functional deletion of siglec-14.>° This
phenomenon is consistent with the observation of strong
de-selection imposed upon activating siglecs as discussed
above.

Siglec-15°" is different among the newly discovered
potentially activating siglecs in two ways. First, it is con-
served from mammals to fish.*' Second, siglec-15 is the
only receptor in the siglec family that encodes both an

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 18-26 21
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Figure 3. Evolution of sialic-acid-binding immunoglobulin-like lectin 16 (siglec-16) from siglec-11. An ancestral siglec-11 gene existed before
rodents and primates. This gene underwent an inverse duplication in early primates creating two inhibitory siglec-11-like genes. The gene located
at the original location of siglec-11 underwent inverse duplication in the chimpanzee to create a new siglec-16 gene containing an activating
transmembrane domain and a cytoplasmic tail lacking immunoreceptor tyrosine-based inhibitory motifs (ITIMs). Rodents show a complete dele-
tion of the siglec-11 gene and no inverse duplication (a). Currently siglec-16 wild-type and 4-bp deletion alleles exist at 50% : 50% distribution
in the population. We make two hypotheses as to how this ratio came about. In the first hypothesis (upper), after creation of siglec-16, a balance
of positive selective pressure from pathogen manipulation of siglec-11 and negative selective pressure from siglec-16 causing an inappropriate
immune response has kept the wild-type and 4-bp deletion alleles at continuous flux. In the second hypothesis (lower), after creation of siglec-
16, negative selection as the result of inappropriate activation of wild-type siglec-16 has overcome the positive selective effect of the pathogen
causing a gradual fading of the wild-type allele and accumulation of the 4-bp deletion mutant in the population. It could also be the case that
the pathogen(s) responsible for selection of siglec-16 was simply eliminated from the population after the appearance of siglec-16 (b).

ITIM and a charged transmembrane residue that has been below. The role of siglec-H as an endocytic receptor has
shown to associate promiscuously with the positive sig- been characterized by Zhang et al.,>’ who targeted pDCs
nalling adaptor molecules, DAP10, DAP12 and Fc recep- using anti-siglec-H 1gG coupled to ovalbumin. Siglec-H-
tor y-chain.®' Tt will be interesting to see how signalling dependent uptake led to cross-presentation of ovalbumin
through siglec-15 is regulated and whether siglec-15 antigens to CD8" T cells via MHC class I molecules on
survived such a long evolution because of its ability to pDCs, resulting in antigen-specific CD8" T-cell expan-
trigger different types of signalling. sion.”!

Siglec-H is a rodent CD33rSiglec expressed specifically Mouse CD33 differs from human CD33 because it also
on plasmacytoid dendritic cells (pDCs) and is a good encodes a charged transmembrane containing a lysine
marker for pDCs.”* Siglec-H contains a transmembrane residue. To date, it has not been shown whether this
lysine residue and associates with DAP12.>">* However, it feature enables murine CD33 to associate with adaptor
has not been shown so far to bind sialic acids and when molecules such as DAP12. However, a preliminary analy-
cross-linked at the cell surface it paradoxically triggers sis of CD33-deficient mice revealed no clear-cut differ-
inhibition of interferon-a production, as discussed further ences in regulation of inflammatory responses.**

22 © 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 18-26



CD33rSiglecs and the host immune system

Negative regulatory functions of different CD33rSiglecs
have been observed in studies of cell expansion, cytokine
production, cellular activation and induction of apoptosis
(reviewed in ref. 1). It is likely, although not directly
demonstrated in most cases, that the cytoplasmic ITIM
and ITIM-like motif are important in these functions via
recruitment of downstream targets such as SHP-1 and
SHP-2 tyrosine phosphatases as well as other SH2-
domain-containing effector molecules.*> Below we sum-
marize recent data supporting a role of CD33rSiglecs in
the regulation of inflammatory and immune responses.

The role of CD33rSiglecs in regulating Toll-like
receptor-driven cytokine production

Using over-expression in mouse RAW and human THP-1
macrophage-like cell lines, siglec-9 expression was shown
to suppress the Toll-like receptor (TLR) -dependent pro-
duction of pro-inflammatory cytokines, tumour necrosis
factor-o (TNF-o) and IL-6, in macrophages following
lipopolysaccharide (LPS) or peptidoglycan stimulation.’®
In contrast, production of the anti-inflammatory cytokine
IL-10 was enhanced. These effects were abolished when
the critical tyrosine residues in ITIM and ITIM-like
motifs of siglec-9 were mutated.”® These observations
are consistent with earlier studies of human monocytes
in which siRNA-mediated knockdown of CD33 led to
spontaneous secretion of pro-inflammatory cytokines®®
and collectively they indicate that ITIM-bearing
CD33rSiglecs may restrain the pro-inflammatory functions
of macrophages.

Cross-talk between CD33rSiglecs and TLR signalling
pathways was also demonstrated for siglec-H.>*>** Follow-
ing cross-linking of siglec-H expressed in pDCs with anti-
bodies, type-I interferon production in response to TLR-9
ligation with CpG was strongly inhibited. This paradoxi-
cal inhibition of cytokine production via DAP12-coupled
‘activating’ receptors has been observed with several pDC-
expressed receptors and may be the result of a signalling
pathway in pDCs shared with B cells that suppresses type
1 interferon production.””

Siglec-E is a typical inhibitory murine siglec expressed
on myeloid cells.”®* Boyd et al.** have recently demon-
strated a TLR- and MyD88-dependent up-regulation of
siglec-E on murine bone-marrow-derived macrophages.
Cross-linking siglec-E using specific antibodies shows
reduction in production of nuclear factor-xB-dependent
cytokines, TNF-a and IL-6, in response to LPS stimula-
tion. This suggests that siglec-E up-regulation on macro-
phages represents a negative feedback pathway that limits
the inflammatory response to LPS signalling.

A potential limitation of receptor over-expression and
the use of antibodies to cross-link siglecs is that they may

Evolution of CD33-related siglecs

trigger non-physiological signalling pathways. Siglecs are
normally masked on the cell surface via cis interactions
with cell-expressed sialic acids, which limits the ability of
exogenous trans ligands to induce clustering at the cell
surface. Furthermore, the natural siglec—sialic acid interac-
tions are much weaker than the siglec—antibody interac-
tions and typically in the affinity range of 100-1000 pm.
Alternative in vitro approaches include the use of syn-
thetic sialylated carbohydrates to cross-link siglecs, which
might better approximate the natural interactions between
siglecs and their ligands on other cells in terms of both
affinity and avidity. Siglec-deficient mice are proving use-
ful in determining the precise regulatory role of siglecs as
discussed further below.

Siglec-G as a negative regulator of mouse Bla
cell expansion and antibody production

Siglec-G is predominantly expressed on B cells, including
the Bla cell population that is important for making
rapid T-independent IgM responses to bacterial carbohy-
drate antigens as well as natural antibodies.*' Hoffmann
et al.*' showed that siglec-G-deficient mice had a large
expansion of the Bla population which began early in
development and this was independently confirmed by
Ding et al.** The expansion was specific to Bla B cells
and not follicular B2 B cells, which also express siglec-
G.*"*? Mixed radiation chimeras prepared with 1:1
ratios of wild-type and siglec-G-deficient bone marrow
cells, demonstrated that the effect of siglec-G in control-
ling cellular expansion is B-cell intrinsic.*’ The Bla-cell
expansion in siglec-G-deficient mice was not the result of
increased cell cycling but rather reduced turnover rate as
shown by lower bromodeoxyuridine incorporation.*!
These data are suggestive of increased survival of Bla cells
in siglec-G™'~ mice, possibly through increased B-cell
receptor signalling. Over-expression of siglec-G inhibited
B-cell-receptor-mediated Ca®* signalling and the siglec-G-
deficient Bla cells exhibited exaggerated calcium signal-
ling and increased IgM production.*' A similar phenotype
has been observed in SHP-1-deficient mice, which exhibit
expansion of the Bl-cell population and higher B-cell
receptor-induced calcium signalling in B cells. This sug-
gests that SHP-1 plays a role downstream of siglec-G to
give rise to its inhibitory function.*> This newly defined
role of siglec-G may explain the naturally muted signal-
ling response of Bla cells when compared with the B2
population in which siglec-G does not seem to play
a functional role despite relatively high levels of
expression.*!

CD22 and siglec-G double knockout mice were created
to investigate the potential redundancy between CD22
and siglec-G.** Tt was shown that the double knockout
mice had an even greater increase in Bl-cell expansion,
while the B2 population showed a reduction in size.**

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 18-26 23
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Neither CD22 nor siglec-G single knockout mice showed
development of autoimmunity whereas aged CD22, sig-
lec-G double knockout mice showed spontaneous devel-
opment of anti-DNA autoantibodies and displayed a mild
form of immune complex glomerulonephritis.** These
data suggest that CD22 and siglec-G may have par-
tial overlap in the regulation of B-cell signalling and
tolerance.

The negative regulatory role of CD22 on B cells is well
characterized but whether siglecs play a role in inducing
tolerance in immune cells had not been explored until
recently. Duong et al.*’> showed that decoration of TI-2
antigens with sialic acids induces poor immune responses
and leads to tolerance. Both siglec-G and CD22 have been
shown to play a role in inducing tolerance, preventing
plasma cell differentiation and survival.*> This is the first
report of tolerance being induced through siglecs in
addition to their established role in dysregulation of cell
signalling.

Siglec-G/CD24 complex and danger signal
recognition

Host response to injury is a relatively neglected compo-
nent of innate immunity that is often viewed simply as a
system that discriminates between self and non-self.
Matzinger first proposed the ‘danger theory’ in 1994, in
which she argued that rather than differentiating between
self and non-self, the immune system discriminates
between dangerous and non-dangerous signals, whether it
is from an external or internal source.*® Like pathogen-
associated molecular patterns (PAMPs), which interact
with TLRs to stimulate immune response against patho-
gens, danger-associated molecular patterns (DAMPs) are
released during injury and are thought also to bind TLRs
and induce an inflammatory response.”” The DAMPs
include heat-shock protein 70, heat-shock protein 90,
high mobility group box 1 (HMGBI1) and cellular
RNA.** Using a paracetamol-induced liver necrosis
model, CD24, a glycosylphosphatidylinositol-anchored
protein, has been identified as a receptor that interacts
with the danger signal, HMGB1 and acts to protect
against paracetamol-induced hepatotoxicity.** CD24-defi-
cient mice showed strong pro-inflammatory responses to
paracetamol treatment: increase in IL-6, monocyte che-
motactic protein-1 and TNF-o.*® Liver damage was indi-
cated by an increase in serum alanine transaminase,
indicative of liver haemorrhage and necrosis.*® Siglec-10
was shown to bind to CD24 and proposed to transduce
inhibitory signalling that protects the mice against a
lethal response to liver cell death.*® This was supported
in studies of siglec-G (mouse orthologue of siglec-10)
deficient mice which also showed greater inflammatory
responses to high-dose paracetamol injections.** The
response of dendritic cells cultured from wild-type,

CD24™~ and siglec-G™~ mice to the DAMP signal
HMGB1 was compared with the PAMP signal LPS.*®
There appeared to be an increased cytokine production
in response to HMGBI in dendritic cells from CD24™/~
and siglec-G™'~ but the difference was not observed in
response to LPS, which was only used at a single concen-
tration.*® This selective regulation of immune response to
DAMPs over PAMPs identified here provides a potential
mechanism to explain how the host can discriminate
between endogenous danger signals and exogenous path-
ogen-derived signals (Fig. 4).

CD33rSiglecs and pathogens

It seems likely that the primary function of ITIM-bearing
CD33rSiglecs is to regulate host immune functions via
siglec—sialic acid interactions and downstream signalling.
A potential secondary consequence of this function is
exploitation by pathogens that capture or synthesize their
own sialic acid and subvert immune responses by engag-
ing inhibitory siglecs. In turn, this could provide an
explanation as to why expansion of activating siglecs that
resemble inhibitory siglecs in their extracellular domains
took place, to allow the host immune system to engage
sialylated pathogens and trigger protective immune
responses.”>**?® ‘We discuss a recent example of how
pathogenic incorporation of sialic acids is thought to
engage and manipulate host CD33rSiglecs.

Siglec-G

Siglec-G
iglec: *C‘[')24 - !
No signal\ > ﬁLR
oy ’HPathogen

b |

TLR

/ + Glycan with
sialic acid
NF«B @ HMGB1
!
Inflammation
3 Inhibition

e - ——y |
5 CD2:
Siglec-Gl.. i TLR

Endogenous signal: e.g. HMGB1

Figure 4. Model for the involvement of sialic-acid-binding immuno-
globulin-like lectin G (siglec-G) in danger signalling. It is proposed*®
that CD24 is complexed with siglec-G but does not exhibit inhibi-
tory signalling in the absence of a danger signal such as HMGBI.
When there is only pathogen-derived signal, the CD24-siglec-G com-
plex is not engaged and the Toll-like receptor (TLR) is able to deli-
ver activating signals to the immune cell without inhibitory signals
from siglec-G. When there is a danger signal, such as HMGBI, both
the CD24-siglec-G complex and TLR are engaged. Siglec-G becomes
active and is able to suppress signalling from TLR and dampen pro-
inflammatory responses.
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CD33rSiglec interaction with group B
Streptococcus

Two CD33rSiglecs, siglec-5 and siglec-9, have been shown
to be targeted by group B Streptococcus (GBS) to pro-
mote immune evasion. Different strains of GBS have been
shown to bind these two siglecs in distinct fashions.
Whereas several sialylated GBS strains bind siglec-9 and
other CD33rSiglecs® through their sialyated capsular
polysaccharides (Sian2-3Galfi1-4GIcNAc), a particular
strain, serotype Ia, of GBS can bind siglec-5 via its cell
wall-anchored f protein and this does not involve glycan
recognition.”® The GBS binding to siglec-5 was shown to
induce SHP-2 recruitment and negatively regulate recep-
tor-mediated phagocytosis. The GBS f protein is there-
fore a new immune target in addition to the Fc portion
of serum IgA and factor H.>" In a recent study, neutroph-
ils were shown to interact with serotype III GBS sialylated
capsular polysaccharides in a siglec-9-dependent fash-
ion.”* In the presence of sialic acid-binding site blocking
antibodies, neutrophils produced a stronger oxidative
burst, showed increased granule protease release and gen-
erated more neutrophil extracellular traps.”> Hence, the
GBS capsular polysaccharide appears to dampen neutro-
phil responses in a sialic-acid- and siglec-9-dependent
manner.

Non-acetylated sialic acids on GBS are vulnerable to
sialidase attack and the bacteria are susceptible to comple-
ment binding and lysis.”® It was shown that partial
O-acetylation (80%) of sialic acids prevents enzymatic
removal and does not significantly affect complement
C3b accumulation on the surface of GBS.>> The O-acety-
lated sialic acid is not able to engage siglec-9 as shown by
binding assays involving siglec-9-Fc fusion proteins.>
Interestingly, these findings led to the hypothesis that
GBS might display an intermediate level of O-acetylation
to optimize between complement evasion and immune
dampening through engaging host siglec-9.

Concluding remarks

CD33rSiglecs evolved from an ancient small cluster of a
few genes arranged in tandem and underwent a large-
scale inverse duplication to create a much larger cluster.
Whereas rodents appear to have lost many CD33rSiglecs,
primates show expansion. New potentially activating
CD33rSiglecs such as siglec-14 and siglec-16 appeared in
dog and primates. These are paired with inhibitory mole-
cules siglec-5 and siglec-11, respectively. These widely dif-
fering CD33rSiglec repertoires between mammals may
reflect the ongoing evolutionary arms race between host
and pathogen. CD33rSiglecs are expressed broadly in the
innate immune system and growing evidence suggests
that their primary function is to dampen host immune
responses and set appropriate activation thresholds for

Evolution of CD33-related siglecs

regulating cellular growth, survival and the production of
soluble mediators. This inhibitory function could be tar-
geted by sialylated pathogens to evade immune responses
and growing evidence supports this tenet. Potentially acti-
vating CD33rSiglecs might have arisen in response to the
manipulation by pathogens of inhibitory CD33rSiglecs.
These newly evolved receptors resemble the inhibitory
CD33rSiglecs in the extracellular portions that are
involved in ligand binding but encode charged transmem-
brane domains and associate with ITAM-containing adap-
tor molecules such DAP12. A de-selective force, perhaps
as the result of inappropriate immune activation caused
by these new activating receptors, may explain why most
novel potentially activating CD33rSiglecs are currently
pseudogenes. Siglec-16, in fact, has one functional and
another non-functional mutant allele in humans, both
distributed evenly in the population, suggestive of a bal-
ance of evolutionary forces that select and de-select for
the new activating gene.
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