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Abstract

Immunoglobulin (Ig) superfamily proteins play diverse roles in vertebrates, including regulation
of cellular responses by sensing endogenous or exogenous ligands. Siglecs are a family of
glycan-recognizing proteins belonging to the 1g superfamily (i.e., I-type lectins). Siglecs are
expressed on various leukocyte types and are involved in diverse aspects of immunity, including
the regulation of inflammatory responses, leukocyte proliferation, host—microbe interaction,

and cancer immunity. Sialoadhesin/Siglec-1, CD22/Siglec-2, and myelin-associated glycoprotein/
Siglec-4 were among the first to be characterized as members of the Siglec family, and along with
Siglec-15, they are relatively well-conserved among tetrapods. Conversely, CD33/Siglec-3-related
Siglecs (CD33rSiglecs, so named as they show high sequence similarity with CD33/Siglec-3) are
encoded in a gene cluster with many interspecies variations and even intraspecies variations within
some lineages such as humans. The rapid evolution of CD33rSiglecs expressed on leukocytes
involved in innate immunity likely reflects the selective pressure by pathogens that interact and
possibly exploit these Siglecs. Human Siglecs have several additional unique and/or polymorphic
properties as compared with closely related great apes, changes possibly related to the loss of the
sialic acid Neu5Gc, another distinctly human event in sialobiology. Multiple changes in human
CD33rSiglecs compared to great apes include many examples of human-specific expression in
non-immune cells, coinciding with human-specific diseases involving such cell types. Some Siglec
gene polymorphisms have dual consequences—beneficial in a situation but detrimental in another.
The association of human Siglec gene polymorphisms with several infectious and non-infectious
diseases likely reflects the ongoing competition between the host and microbial pathogens.
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1. Introduction

The immunoglobulin superfamily (IgSF) of proteins is defined by the presence of one or
more domains that structurally resemble the immunoglobulin (1g) fold (i.e., -sandwich
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structure reinforced by an intersheet disulfide bond) found in immunoglobulins (i.e.,
antibodies) (Smith and Xue, 1997). The human genome contains ~500 genes encoding

IgSF proteins (Human Genome Nomenclature Committee, https://www.genenames.org/data/
genegroup/#!/group/589), accounting for ~2.5% of all protein-coding genes in the human
genome (Willyard, 2018). Many IgSF proteins are expressed by various leukocytes and

are involved in the recognition of endogenous or exogenous ligands that belong to various
chemical classes (e.g., proteins, lipids, and sugars). Some IgSF proteins recognize glycans
and are collectively called I-type lectins (Angata and Brinkman-Van der Linden, 2002;
Angata et al., 2022; Powell and Varki, 1995). Thus far, the largest subgroup of such I-type
lectins known is the Siglec family, which is defined by several shared features, including
mutual sequence similarity, recognition of glycans containing sialic acids (Sias), presence of
a conserved Arg residue that engages such Sia-bearing ligands, and a unique arrangement of
Cys residues (not conserved in Siglec-15—to be discussed later).

Sias are a group of acidic sugars with a common 9-carbon backbone that are found at

the outermost ends (nonreducing termini) of glycans (Angata and Varki, 2002). They are
abundant in the tissues of animals of deuterostome lineage (including vertebrates and
echinoderms) but generally absent in other multicellular organisms (e.g., worms, insects,
and plants), and only a minority of microbes are capable of synthesizing glycoconjugates
containing Sias. This restricted distribution of Sias in the living world makes them good
molecular indicators for self-associated molecular patterns (SAMPs) for the deuterostome
immune system to distinguish between the cells that belong to the host and to invading
microbes. This may be one of the reasons why Siglecs have persisted during vertebrate
evolution—to distinguish between own cells and microbes using Sia as a SAMP, preventing
leukocyte attack on self cells and tissues (Varki, 2011). Conversely, certain microbial
pathogens and symbionts manifest molecular mimicry of sialylated Siglec ligands, largely
via convergent evolution.

Figure 1 shows a schematic representation of the Siglec family in humans, some nonhuman
primates, and mice. Siglecs are type 1 transmembrane proteins, which contain extracellular
regions consisting of multiple Ig-like domains, followed by a single-pass transmembrane
domain and a short cytoplasmic tail. Alternative splicing or proteolytic cleavage may
generate soluble form(s) (Huang et al., 2018). Alternative splicing may also yield protein
isoforms with a different number of Ig-like domains (Kitzig et al., 2002; Wang and
Neumann, 2010) or with a different length of cytoplasmic tail (Aizawa et al., 2002; Lai et
al., 1987). Extracellular domains, in particular the amino-terminal 1g-like domain belonging
to so-called V-set Ig-like domain (Smith and Xue, 1997), recognize glycans containing Sia.
A conserved Arg residue in this domain is essential for Sia recognition (Supplementary
Figure 1). An inter-domain disulfide bond tethering the first and second Ig-like domains

of Siglecs is conserved among most Siglecs. Cytoplasmic domain of most Siglecs has

one or more Tyr residues embedded in the sequence motif called immunoreceptor tyrosine-
based inhibitory matifs (ITIMs), which upon phosphorylation recruits downstream effector
protein(s), such as protein tyrosine phosphatase SHP-1 (gene: PTPN6) or SHP-2 (gene:
PTPN1I). Recruitment of SHP-1 generally results in the downregulation of cell-activating
signaling elicited by other receptor proteins coupled with protein tyrosine kinases, and thus
Siglecs are generally considered inhibitory receptors. An exception to this general scheme
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is to be discussed later. It is also a common feature that each structural element of Siglec
proteins (i.e., signal peptide, each Ig-like domain, transmembrane domain) is encoded by a
single exon, although there are some exceptions. Implications of this “modular design” in
the evolution of Siglecs is discussed further.

Various functional aspects of Siglecs in physiology and disease are described by other
articles in this issue (Bochner et al.; Laubli; Macauley; Nizet; Paulson; Raich-Regué et al.;
Schnaar; Siddiqui; Siew et al.). In this review, we briefly summarize the discovery of the
Siglec family, their classification, their patterns of evolution, uniquely human traits, and the
relevance of polymorphisms of Siglecs to human health.

2. Discovery of Siglecs

2.1 Discovery of Sialoadhesin and CD22 as founding members of the Siglec family

Siglecs were discovered by two independent lines of studies, one leading to Sialoadhesin/
Siglec-1 and the other to CD22/Siglec-2. Sialoadhesin/Siglec-1 was initially characterized
as a protein on mouse macrophages that captures sheep erythrocytes in a Sia-dependent
manner (Crocker and Gordon, 1986), and protein purification and characterization revealed
its preferential recognition of Sia in a2-3 linkage (Crocker et al., 1991).

Meanwhile, CD22 was initially identified as a specific marker of B lymphocyte lineage,
and human CD22 cDNA was obtained by expression cloning (Stamenkovic and Seed,
1990). As CD22 shows sequence similarity with myelin-associated glycoprotein (MAG)
(Arquint et al., 1987; Lai et al., 1987; Salzer et al., 1987), and the involvement of MAG

in intercellular interaction has been suggested, the authors tested if CD22 has a similar
function, revealing its binding to erythrocytes and monocytes, which was markedly reduced
by sialidase pretreatment (Stamenkovic and Seed, 1990). Further studies showed that CD22
is a lectin specifically recognizing Sia in a.2-6 linkage (Powell et al., 1993; Sgroi et al.,
1993; Stamenkovic et al., 1992; Stamenkovic et al., 1991).

2.2 MAG and CD33 join the family

Cloning and sequencing of Sialoadhesin cDNA revealed homology of the amino-terminal
two Ig domains of Sialoadhesin, CD22, CD33, and MAG (Crocker et al., 1994), prompting
the demonstration of Sia-binding activities of mouse MAG (Kelm et al., 1994) and human
CD33 (Freeman et al., 1995). Based on these findings, “sialoadhesins” was proposed

as a term to describe the protein family (Freeman et al., 1995; Kelm et al., 1994).
Meanwhile, a broader term “I-type lectins” was proposed to describe IgSF proteins with
lectin-like functions including “sialoadhesins” (Powell and Varki, 1995). The term “Siglec”
(representing Sia, 1gSF, and lectin) was then proposed by one of us as a better name to
describe this subset of I-type lectins and was eventually accepted along with a proposal
that “new members of the family should be named Siglec-5 etc, following consultation with
other scientists in the field” (Crocker et al., 1998).
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2.3 Discovery of other family members by transcriptome and genome sequence mining

Explosive expansion of nucleotide sequence data for transcripts (most notably in the form

of “expressed sequence tag”, a single-pass read of cDNA clones mostly from 3’ end) and
genomes in the 1990s allowed investigators to identify potential genes of interest based on
sequence similarity with known members of the family, and the expansion of the Siglec
family was greatly facilitated by this approach, as well as coordination with the Human
Gene Nomenclature Committee and an email discussion group of involved investigators.
Cloning of novel human Siglecs, including Siglec-5 (Cornish et al., 1998), Siglec-7 (Angata
and Varki, 2000b; Nicoll et al., 1999), Siglec-8 (Floyd et al., 2000; Kikly et al., 2000),
Siglec-9 (Angata and Varki, 2000a; Zhang et al., 2000), Siglec-10 (Li et al., 2001; Munday
etal., 2001), Siglec-11 (Angata et al., 2002), Siglec-XII (Angata et al., 2001c), Siglec-14
(Angata et al., 2006), and Siglec-15 (Angata et al., 2007), as well as novel mouse Siglecs
(Siglec-E (Ulyanova et al., 2001; Yu et al., 2001b), Siglec-F (Angata et al., 2001b), Siglec-G
(Aizawa et al., 2003; Hoffmann et al., 2007), and Siglec-H (Zhang et al., 2006)) was attained
by this approach. Other approaches, such as expression cloning (for human Siglec-6 (Patel
et al., 1999), human Siglec-7 (Falco et al., 1999), and mouse Siglec-H (Blasius et al., 2006))
and yeast two-hybrid screening (for human Siglec-XII (Yu et al., 2001a)), also contributed
to the expansion of the Siglec family. New members typically showed sialidase-sensitive
rosetting of erythrocytes, which was abrogated by mutation of a critical arginine residue in
the amino-terminal V-set Ig domain.

3. Classification of Siglecs

3.1 Classification of Siglecs based on sequence similarity

Human and mouse genomes and transcriptomes were the first to be extensively studied
among those of vertebrates, leading to the complete identification and characterization of the
Siglec family in these species. Comparison of Siglecs in human and mouse revealed that,
while Sialoadhesin/Siglec-1, CD22/Siglec-2, MAG/Siglec-4, and Siglec-15 are conserved, a
number of other Siglecs, now classified as CD33/Siglec-3-related Siglecs (CD33rSiglecs;
based on their sequence similarity to CD33/Siglec-3), failed to show clear one-to-one
orthologous correspondence (except for human Siglec-10 and mouse Siglec-G that are
clearly orthologous). This is why human Siglecs are serially numbered as proposed in 1998
(Crocker et al., 1998), whereas mouse CD33rSiglecs were given alphabetical nomenclature
(i.e., Siglec-E, F, G, and H). Nevertheless, comparison of CD33rSiglecs implies that the
common ancestor of these two species shared “prototypes” of CD33rSiglecs in common,
namely, CD33rSiglec(s) with (1) two Ig-like domains resembling CD33, (2) three Ig-like
domains resembling Siglec-9/E, (3) four Ig-like domains resembling Siglec-5/F, and (4)

five 1g-like domains resembling Siglec-10/G (Angata et al., 2001a). Analyses of genomic
sequences of other mammalian species basically support this overall scenario (Angata, 2006;
Khan et al., 2020b).

3.2 Classification of Siglecs based on signaling function

As mentioned above, the majority of Siglecs have cytosolic ITIM motifs, and recruit
tyrosine phosphatase (SHP-1/2), and are considered to have suppressive signaling property.
This observation fits the hypothesis that Siglecs prevent the inadvertent activation of the
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vertebrate innate immune system against host cells by working as the sensors of Sias as
SAMPs. In contrast, a few Siglecs have a positively charged amino acid residue in the
transmembrane domain, which interacts with an Asp residue in the transmembrane domain
of adapter protein, such as DAP12 (gene: 7YROBP), which further recruits tyrosine kinase
SYK (gene: SYK) upon Tyr phosphorylation. It may be simplistic to consider tyrosine
phosphatase-associated Siglecs as “inhibitory” and tyrosine kinase-associated Siglecs as
“activating” (in fact, DAP12 can also mediate inhibitory signaling in myeloid cells (Takaki
et al., 2006), and SHP-2 can serve as an oncogene transducing activating signal in
epithelial cells (Tartaglia and Gelb, 2005; Tartaglia et al., 2001)). Furthermore, even the
same Siglec may have different signaling properties depending on the cell type in which

it is expressed, as is the case with Siglec-8 (Carroll et al., 2021; Carroll et al., 2018;

Korver et al., 2022). Nevertheless, the association with different types of downstream
signaling molecules provides a useful conceptual framework to classify Siglecs. In humans,
Siglec-14-16 associate with DAP12 and considered to be “activating”; in mouse, CD33/
Siglec-3, Siglec-15, and Siglec-H belong to this category.

It should be emphasized that the classification of Siglecs based on their association with
SHP-1/2 versus DAP12 does not cover all Siglecs. Two Siglecs, namely, Sialoadhesin/
Siglec-1 and MAG/Siglec-4, may not belong to either of these groups, although
Sialoadhesin/Siglec-1 was reported to interact with DAP12 despite the lack of positively
charged residue in its transmembrane domain (Wu et al., 2016; Zheng et al., 2015), and
MAG/Siglec-4 was reported to associate with Src family kinase Fyn (Umemori et al., 1994).
It should be also noted that CD22/Siglec-2 is known to interact with various intracellular
signaling molecules (Nitschke, 2014).

4. Ligands of Siglecs

As mentioned in the Introduction section, Siglecs recognize glycans containing Sias.
However, owing to the low affinity of the interaction between Siglec and monovalent
sialo-oligosaccharide (with dissociation constant typically in the range of mM), for Siglec—
ligand interaction to have a biological impact, a cluster of glycans (e.g., a patch of
glycolipids, or a heavily glycosylated glycoprotein, etc.) is usually required. Each Siglec
shows unique preference toward sialo-oligosaccharides, based on the type of Sia, linkage,
and the modifications of penultimate sugars. See the article by Schnaar in this issue for
further discussion on Siglec ligands (Schnaar).

One striking feature of human glycome is the absence of N-glycolylneuraminic acid
(Neu5Gc), a type of Sia commonly found in the tissues of most other mammalian species.
This unique feature is a consequence of the inactivating mutation of CMAH gene encoding
CMP-Neu5Ac hydroxylase that generates Neu5Gc and is shared among all extant (and some
extinct) humans (Chou et al., 2002; Hayakawa et al., 2001). Some primate Siglecs, such as
Siglec-12 (Angata et al., 2001c), Siglec-9 (Sonnenburg et al., 2004), and Siglec-10 (Wang

et al., 2021), preferentially recognize Neu5Gc. The loss of Neu5Gc in human ancestor may
have had human-unique consequences, one of which may be the facilitated evolution of the
Siglec family (Angata, 2018), as will be discussed later.
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Although Sia is not commonly made by microbes (as mentioned in the Introduction section),
there are several exceptions. Some species of bacteria produce Neu5Ac (but not Neu5Gc),
whereas some others produce Sia-like nonulosonic acids (NulOs), such as pseudaminic acid,
legionaminic acid, fusaminic acid, and acinetaminic acid (Angata and Varki, 2002; Lewis et
al., 2022). Sia and NulOs on bacteria may serve as molecular mimicry, providing protection
against the host immune system. One possible mechanism is the engagement of Siglecs on
innate immune cells to dampen inflammatory responses (Carlin et al., 2007; Carlin et al.,
2009b; Stephenson et al., 2014), as discussed in detail by Nizet in this issue (Nizet). Such
interaction with rapidly evolving microbes that mimic host Sia and exploit Siglecs (and

host response to evade the exploitation) may be a possible driving force behind the rapid
evolution of Siglecs, by an evolutionary process called Red Queen Effect (Van Valen, 1974).

Some Siglecs also interact with ligands that do not contain Sia, or do not even contain
glycan. Examples of endogenous mammalian ligands that does not contain Sia include leptin
(ligand for Siglec-6 (Patel et al., 1999)), high-mobility group box 1 protein (ligand for
Siglec-10/G (Chen et al., 2009)), heat shock protein 70 (ligand for Siglec-10/G (Chen et

al., 2009) and Siglec-5 and —14 (Fong et al., 2015)), and vimentin (Tsai et al., 2020) and
cardiolipin (Suematsu et al., 2019) (ligands for Siglec-14 and Siglec-5). Some microbes also
express such “noncanonical” ligands, such as B protein from group B Streptococcus (GBS)
(Ali et al., 2014; Carlin et al., 2009a; Chang et al., 2014) and triacylglycerol produced by
fungal pathogens (Suematsu et al., 2019). See the article by Siddiqui in this issue for further
discussion on noncanonical Siglec ligands that do not contain Sia (Siddiqui).

5. Evolution of Siglecs

5.1 Origin of Siglecs

The presence of orthologs of MAG/Siglec-4 (Lehmann et al., 2004) and Siglec-15 (Angata
et al., 2007) in fish indicates that (1) the origin of Siglecs predates the emergence of bony
vertebrates, and that (2) the common ancestor of bony vertebrates already had multiple
Siglecs (Supplementary Figure 2). A recent review stated that Siglec-like sequences are
found among the predicted shark genes and concluded that a common ancestor of jawed
vertebrates (bony vertebrates + cartilaginous fish) already had a Siglec family (Bornhofft
et al., 2018). Our genomic DNA sequence survey with TBLASTN algorithm (Gertz et

al., 2006) supports this conclusion. In addition, the genome of sea lamprey (Petromyzon
marinus) contains DNA segments encoding Siglec-like proteins (one resembling Siglec-1
and the other resembling Siglec-15), in which a few key amino acid residues involved

in Sia recognition by mammalian Siglecs are conserved, implying Sia-binding function
(Supplementary Figure 3). The absence of MAG, which is conserved among bony
vertebrates, in lamprey may be related to the absence of myelin in this lineage (Bullock
etal., 1984). In contrast, similar homology search in the genome sequences of sea squirt
(Ciona intestinalis) and lancelet (Branchiostoma floridae), two species closely related to
vertebrates, did not reveal any genomic DNA segment encoding Siglec-like V-set domain.
Thus, it appears likely that Siglecs emerged in the common ancestor of all vertebrates (bony
vertebrates + cartilaginous fish + jawless fish).
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Which Siglec was ancestral to all others remains a question. It is tempting to speculate

that Siglec-15 is ancestral, based on the facts that: (1) Siglec-15-like sequence is found in

all vertebrates, including lamprey (Supplementary Figure 3); (2) V-set Ig-like domain of
Siglec-15 shows significant sequence similarity with those of Tim-1 (gene HAVCRI), Tim-3
(gene HAVCR2) and Tim-4 (gene 7/MD4) (Supplementary Figure 4), implying a closer
evolutionary relationship to other 1gSF proteins; (3) Siglec-15 lacks Cys residues that bridge
the first and second Ig-like domains (Supplementary Figure 1), which is a shared property
of all other mammalian Siglecs, implying its intermediate position in molecular evolution.
However, some features (e.g., arrangement of Cys residues) may have emerged at a later
stage of evolution in one lineage or the other (e.g., Siglec-1-like Siglec sequence in lamprey
also lacks the Cys residues that bridge the first and second Ig-like domains), making this
proposition still a speculation.

5.2 Diversification of Siglecs during chordate evolution

An overall pattern of Siglec evolution in vertebrates can be deduced from the genomic
sequences of various vertebrates (Supplementary Figure 2), although caution is warranted

in interpreting the homology search results, as it is challenging to find an ortholog of a
mammalian Siglec in a distant species (particularly in fish), and the sequencing/assembly of
genomes of some species discussed below may be incomplete (although these genomes were
selected from those considered most complete).

As mentioned above, mammals have five Siglecs (counting CD33rSiglecs as one), namely,
Sialoadhesin/Siglec-1, CD22/Siglec-2, CD33rSiglecs, MAG/Siglec-4, and Siglec-15.
Orthologs of Sialoadhesin/Siglec-1, MAG/Siglec-4, and Siglec-15, as well as those similar
to CD33/Siglec-3, are present in the genome of a cartilaginous fish (whale shark, Rhincodon
typus), implying that the prototypes of these Siglecs were present in the common ancestor
of jawed vertebrates. However, the genomes of ray-finned fish (three-spine stickleback,
Gasterosteus aculeatus, and Japanese pufferfish, 7akifugu rubripes) appear to lack clear
orthologs of CD33rSiglecs, implying lineage-specific loss of genes. No clear ortholog of
CD22/Siglec-2 was found in the genomes of cartilaginous and bony fishes. Conversely,
some Siglecs appear to have undergone expansion in fish lineages; multiple Siglec-1-like
genes are present in the genomes of bony fishes, and multiple Siglec-15-like genes are
present in the genome of a lobe-finned fish (African coelacanth, Latimeria chalumnae).
(While a previous study identified clusters of “CD33rSiglecs” and “Sialoadhesin-related
Siglecs” in stickleback genome (Cao et al., 2009), the exact relationships of these and other
fish Siglecs with mammalian Siglecs may benefit from further investigation, given that there
appear to be many Siglecs encoded in fish genomes.)

Orthologs of all five mammalian Siglecs are found in the genome of a frog (Western clawed
frog, Xenopus tropicalis), indicating that the common ancestor of tetrapods (four-limbed
animals) had the prototype of these Siglecs. Among the reptiles, genomes of a lizard (green
anole, Anolis carolinensis) and a turtle (green sea turtle, Chelonia mydas) maintain these
five Siglecs, whereas those of a crocodilian (American alligator, Alligator mississippiensis)
and a bird (Australian zebra finch, 7aeniopygia guttata) lack CD22/Siglec-2 (finch genome
also appears to lack CD33rSiglecs), again implying lineage-specific loss.
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All mammals have five Siglecs (with differing numbers of CD33rSiglecs). Curiously,
genomes of monotremes (platypus, Ornithorhynchus anatinus, and short-beaked echidna,
Tachyglossus aculeatus) contain additional Siglec-15-like Siglecs in a gene cluster.
Marsupials (gray short-tailed opossum, Monodelphis domestica, and koala, Phascolarctos
cinereus) and placentals have one copy each of Sialoadhesin/Siglec-1, CD22/Siglec-2,
MAG/Siglec-4, and Siglec-15 and varying numbers of CD33rSiglecs.

5.3 Rapid evolution of CD33rSiglecs

CD3a3rSiglecs are encoded in a gene cluster in most species in which they are found
(including amphibians and reptiles). It is likely that CD33rSiglecs have undergone gene
duplications independently in multiple lineages. For example, the genome of a frog
(Western clawed frog, X.tropicalis) contains more than 30 potentially functional CD33/
Siglec-3-like V-set domain in the same orientation, implying the expansion of CD33rSiglecs
in this lineage. The number of CD33rSiglecs in mammals varies widely-ranging from 3
copies in monotremes, 5 or 6 in marsupials, and 5-20 among placental mammals—again
implying lineage-specific expansion or contraction of the gene family. It was proposed

that a chromosomal segment encoding CD33rSiglec gene cluster has undergone inverse
duplication in the common ancestor of marsupials and placentals (Cao et al., 2009).

Once multiple copies of CD33rSiglecs were acquired, they underwent diversification

by various mechanisms, including nucleotide substitution, nonallelic homologous
recombination (resulting in hybrid genes), and gene conversion (resulting in the overwriting
of a part of a gene by another gene), between related genes (Angata et al., 2004). (See
reviews by others for the mechanism of nonallelic homologous recombination and gene
conversion (Hastings et al., 2009; Inoue and Lupski, 2002; Sasaki et al., 2010).) The
modular architecture of Siglec genes (i.e., each Ig-like domain is encoded by one exon)
makes it easier for the hybrid genes to maintain functionality and also allows for frequent
gene conversion events.

In contrast, some CD33rSiglec genes have acquired mutations that make them nonfunctional
(e.g., frameshifts and stop codons) (Angata et al., 2004). In fact, this is not a rare event
—CD33rSiglec gene cluster in many species contains multiple pseudogenes. In addition,
complete deletion of Siglec-coding gene has been observed, such as primate S/IGLECI13that
is lost in humans (Angata et al., 2004). Of note, some CD33rSiglecs are “semi-functional”,
in that they are expressed as proteins but do not recognize Sia, due to the mutation of

the essential Arg residue in the Sia-binding V-set domains. (We proposed to use Roman
numerals to indicate such Siglec proteins that have the essential Arg mutated (Angata et al.,
2004), whereas the gene symbols for these Siglecs remain numbered by Arabic numerals.)
For example, several primate CD33rSiglecs, such as human Siglec-XII, chimpanzee Siglec-
V, and baboon Siglec-VI, belong to this category (Angata et al., 2004; Angata et al.,

2001c; Mitra et al., 2011). The CD33rSiglec gene cluster in many species also contains
genes whose reading frame appears intact, but their protein product would not recognize
Sia. This abundance of “semi-functional” Siglecs may be explained by the fact that the
essential Arg in Siglecs is encoded by CGN codon, which is prone to mutate to TGN
(encoding Cys/stop/Trp) or CAN (encoding His/Glu). (In vertebrates, C in CG dinucleotide
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is often 5-methylated by DNA cytosine 5-methyl transferase and then further spontaneously
deaminated to T (Holliday and Grigg, 1993), explaining the underrepresentation of CG
dinucleotide in vertebrate genomes.)

It remains a question why we need so many CD33rSiglecs—as is the case for other immune
receptors that have many family members (e.g., killer Ig-like receptors of primates and Ly49
of rodents) (Akkaya and Barclay, 2013; Trowsdale et al., 2001). In primates and rodents,
most CD33rSiglecs are expressed on various cells involved in innate immunity, which are
the first to encounter microbial pathogens. While it remains a speculation, CD33rSiglecs
may be evolving to counter rapidly evolving microbial pathogens. In the innate immune
system, “a family of proteins sharing a common biological function” may have an advantage
over “a single protein solely responsible for the biological function”, in that the host can
afford to lose a protein that is exploited by a microbial pathogen without complete loss of
the biological function (whereas the host cannot afford to do so in the latter case).

In some instances, CD33rSiglecs that are not orthologous appear to occupy the similar cell-
type/functional niche in different species. For example, while human Siglec-8 and mouse
Siglec-F are not orthologs, they have similar (though not identical) functions in regulating
eosinophils and basophils and allergic phenomena; thus, they are functionally convergent
paralogs (Tateno et al., 2005). See the article by Bochner in this issue for further details
(Bochner et al.).

5.4 Paired Siglecs: a countermeasure to combat microbes that exploit inhibitory Siglecs?

As mentioned above, most CD33rSiglecs have ITIMs and mediate inhibitory function.
Some pathogens have been found to interact with inhibitory CD33rSiglecs, often resulting
in immune subversion (see the article by Nizet in this issue for further details (Nizet)).

One way to manage the exploitation by microbial pathogens is to decommission the target
Siglec (temporarily or permanently); another way may be to deploy a decoy that mimics
the inhibitory Siglec. Some of the DAP12-associated Siglecs appear to be “paired” with
inhibitory Siglecs; in primates, Siglec-5 (inhibitory) and Siglec-14 (activating), as well

as Siglec-11 (inhibitory) and Siglec-16 (activating), show very high amino acid sequence
similarity at the extracellular domain (in whole or in part), yet exhibiting counteractive
signaling functions, and thus considered to be “paired Siglecs”. In the presence of bacterial
pathogens that interact with paired Siglecs, cells that express inhibitory Siglecs alone show
weaker inflammatory responses (e.g., the production of reactive oxygen species (ROS),
cytokines, and neutrophil extracellular traps) than those that express activating counterpart,
supporting the hypothesis that the activating Siglec works as a decoy (Landig et al., 2019;
Schwarz et al., 2017; Yamanaka et al., 2009). The extreme sequence similarity between
the “paired Siglecs” in the amino-terminal domains is likely maintained by repeated

gene conversions (Angata et al., 2006; Hayakawa et al., 2017). These paired Siglecs (or
equivalents) are found not only in primates but also in other mammals, and they also
maintain high sequence similarity with each other (Angata, 2006; Khan et al., 2020b).

It is of note that activating-type CD33rSiglecs (i.e., SIGLECI14and S/GLEC16) can have
null allele(s) and the frequency of such null allele(s) in human populations is surprisingly
high (Cao et al., 2008; Yamanaka et al., 2009). While activating-type Siglecs appear to play
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some positive roles, there may be some negative consequences. These polymorphisms may
have relevance to human diseases, as will be discussed later.

5.5 CD33rSiglecs, ROS and mammalian lifespan

Aging is a multifactorial process that includes lifelong accumulation of molecular damage,
leading to frailty, disability, disease, and eventually death. ROS derived from mitochondria
and from NADPH oxidase (NOX) enzymes of innate immune cells are known to contribute
to aging, with the former thought to be the dominant source. However, a highly significant
correlation exists between the number of CD33rSiglec genes and maximum lifespan in
mammals. Consistent with this observation, mice lacking Siglec-E, the main member

of the CD33rSiglec family in the myeloid lineage in rodents, exhibit reduced survival
associated with exaggerated signs of aging at the molecular, structural, and cognitive

levels (Schwarz et al., 2015b). Accelerated aging was related to both an unbalanced ROS
metabolism and a secondary impairment in detoxification of reactive molecules, ultimately
leading to increased damage to cellular DNA, proteins, and lipids. The strong correlation
of lifespan with CD33rSiglec gene number was confirmed in 26 mammalian species,
independent of body weight or phylogeny (Khan et al., 2020b). This correlation is strongest
when considering total CD33rSiglec gene number rather than those encoding inhibitory or
activating subsets, suggesting that lifetime balancing of ROS may be important. Combining
independent lines of evidence including the short half-life and spontaneous activation of
neutrophils, we have calculated that even without intercurrent inflammation, a major source
of lifetime ROS exposure may actually be neutrophil NOX-derived (Khan et al., 2020b).
However, genomes of human supercentenarians (>110 years) were not found to harbor

a significantly higher number of functional CD33rSiglec genes. This may relate to the

very unusual phenomenon of prolonged post-reproductive lifespan, so far reported only in
humans and certain toothed whales (Khan et al., 2020b).

6. Uniquely human evolution of Siglecs

While CD33rSiglecs are rapidly evolving in all taxa, comparative studies of Siglecs

in humans and the closely related great apes have revealed unusually high number of
changes unique to human Siglecs. Some of these human-specific traits may be secondary
consequences of another evolutionary event unique to humans (among great apes), the loss
of CMP-Neu5Ac hydroxylase that generates NeusGc from Neu5Ac (Chou et al., 2002;
Hayakawa et al., 2001; Lewis et al., 2022). Another human-specific phenomenon that might
be worth looking into is indoor air pollution, due to cooking in enclosed spaces, influencing
respiratory infections (Bruce et al., 2013). Regardless of the exact cause, these changes may
have consequences on the health of modern humans (Schwarz et al., 2015a; Varki, 2010).

6.1 Genetic changes in human Siglecs

Table 1 and Figure 2 summarize the major genetic changes unique to human Siglec
genes. For example, an Alu-mediated recombination event resulted in the loss of

human S/GLECI13, which encodes an activating-type Siglec expressed on monocytes and
epithelium of great apes (Khan et al., 2020a; Wang et al., 2012b). Chimpanzee Siglec-13
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protein can bind sialylated pathogenic bacteria and elicit proinflammatory responses (Wang
etal., 2012b).

Human Siglec-12 lost Sia recognition capability, owing to a mutation in the essential Arg
residue (Angata et al., 2001c), which is universal in modern and archaic humans (Khan et
al., 2020a; Mitra et al., 2011). This loss-of-function mutation apparently permitted further
acquisition of “null” mutations, including frameshift (Mitra et al., 2011) and in-frame stop
codon (McDonough et al., 2013), which are also unique to humans. Of note, in-frame stop
codon in SIGLEC12(rs16982743(A) allele) was reported to be under positive selection
(Yngvadottir et al., 2009), indicating that the complete loss of the protein may have had
some selective advantage. Siglec-12 protein expression in epithelial cells and signaling
through SHP-2 may facilitate tumor progression (Mitra et al., 2011), which may possibly
explain the survival advantage the individuals without Siglec-12 may have had (Siddiqui et
al., 2021).

CD33/Siglec-3 in great apes preferentially recognizes Neu5Gc. CD33/Siglec-3 in humans
has Phe at amino acid position 21, whereas CD33/Siglec-3 in great apes has lle at the same
position. Phe21 is fixed in hominins (modern humans, Neandertals and Denisovans) and
allows CD33/Siglec-3 to recognize Neu5Ac as well as Neu5Gc, implying the adaptation

of human CD33/Siglec-3 to the loss of Neu5Gc with recruitment to high level microglial
expression in the NeubAc-rich brain (Saha et al., 2022). Notably the single-nucleotide
polymorphism (SNP) that yields truncated form of CD33/Siglec-3 missing the V-set domain,
and protective against late-onset Alzheimer’s disease, is not found in archaic hominins
(Neanderthals and Denisovans), suggesting that grandmothering emerged only in humans
(Schwarz et al., 2016).

Humans also appear to have “gained” functional Siglecs. Siglec-5 and Siglec-14 in humans
have essential Arg residue and are capable of recognizing Sia, and this is universal among
modern humans, whereas Siglec-5 and Siglec-14 in great apes are polymorphic with regard
to essential Arg; alternative allele with essential Arg mutated to His is common, if not
universal, among great apes (Angata et al., 2006; Khan et al., 2020a). The physiological
consequence of this change remains to be investigated.

6.2 Altered patterns of Siglec protein expression in humans

Table 2 summarizes the known human-specific changes in Siglec expression patterns.

These include expression of Sialoadhesin/Siglec-1 in broader subset of splenic macrophages
(Brinkman-Van der Linden et al., 2000), expression of Siglec-11 and Siglec-16 in brain
microglia (Hayakawa et al., 2005; Wang et al., 2012a), Siglec-6 in placenta (Brinkman-Van
der Linden et al., 2007), Siglec-5 and Siglec-14 in amniotic epithelium (Ali et al., 2014), and
Siglec-7 in pancreatic islet cells (Khan et al., 2020a). These expression patterns appear to be
uniquely acquired in the lineage leading to modern humans and may have consequences on
human physiology (Table 2).

Conversely, human T lymphocytes have suppressed expression of some inhibitory Siglecs,
such as Siglec-5, whereas these Siglecs are highly expressed on T lymphocytes from great
apes, including chimpanzee, bonobo and gorilla (Nguyen et al., 2006). The loss of inhibitory
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Siglecs may explain general hyperactivity of human T cells compared with those from great
apes (Nguyen et al., 2006; Soto et al., 2010) and increased activation and cell death upon
human immunodeficiency virus (HIV) infection (Soto et al., 2013), likely explaining the
higher frequency of progression to acquired immunodeficiency syndrome (AIDS).

7. Polymorphisms of human Siglecs in association with diseases

7.1 Null polymorphisms associated with diseases

As mentioned above, the frequencies of null alleles of activating-type human Siglecs,
SIGLECI4and SIGLECI6, are surprisingly high (whereas none has been found in great
apes). S/IGLECI4null allele (caused by homologous nonallelic recombination between
SIGLECI4and S/IGLECS5 genes, resulting in the deletion of a gene segment of SIGLECI14
and the generation of S/GLECI14-SIGLECS5 fusion gene encoding a protein identical to
Siglec-5) reaches ~0.7 in some populations (Yamanaka et al., 2009), and S/GLECI16Pallele
(caused by 16 base pair deletion and 12 base pair insertion in exon 2, resulting in the
frameshift and premature termination) reaches as high as ~0.9 (Cao et al., 2008; Wang et al.,
2012a). The frequency of SIGLEC14null allele differs depending on the human population—
generally high in Asia and low in Europe—suggesting the presence of some regional selective
pressure that favors or disfavors the null allele (Yamanaka et al., 2009). We have found
associations between S/GLECI4 null allele and clinical conditions induced by bacterial
pathogens, such as exacerbation of chronic obstructive pulmonary disease (COPD) (Angata
et al., 2013), pre-term delivery of infant in the presence of GBS infection (Ali et al., 2014),
and meningitis in the presence of Mycobacterium tuberculosis infection (Graustein et al.,
2017) (Table 3). It should be noted that the null allele appears to be beneficial in some
situations (e.g., exacerbation of COPD) but disadvantageous in others (e.g., GBS infection),
implying that the polymorphism may be maintained by balancing selection. In addition,

a SIGLEC14homozygous null mother may develop antibodies against Siglec-14 protein
during pregnancy (as soluble Siglec-14 protein may be produced by a heterozygous fetus),
and the blood products prepared from such donors’ blood may engage Siglec-14 on myeloid
cells of transfusion recipient, possibly leading to transfusion-related adverse events (Yasui
et al., 2011). Soluble Siglec-14 was also reported to be an early plasma marker for the
development of bronchopulmonary dysplasia (BPD) in premature infants (Forster et al.,
2018); given that soluble Siglec-14 is generated from a functional S/GLEC14 allele (Huang
et al., 2018), this observation might imply that the infants with functional SIGLEC14 allele
may be at a higher risk of developing BPD (although definitive proof is lacking). Thus,
SIGLECI4null polymorphism has direct and indirect implications for human health. It is
notable that some polymorphisms in S/IGLEC5 gene, encoding the inhibitory Siglec paired
with Siglec-14, were found to be associated with bacterially induced diseases (leprosy (Liu
et al., 2015) and periodontitis (Munz et al., 2019; Munz et al., 2017)), as well as with an
autoimmune disorder (systemic lupus erythematosus (Sun et al., 2016)), by genome-wide
association studies (GWAS). Overall, these findings imply that these Siglecs are indeed
involved in the immune responses against bacterial pathogens.

Siglecs are not only involved in interactions with bacterial pathogens. Lymph node
macrophages use Sialoadhesin/Siglec-1 to capture enveloped viruses, including HIV, as
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described in the article by Izquierdo-Useros in this issue (Raich-Regué et al.). Such
interaction is suspected to enhance trans-infection of CD4* T cells (i.e., the HIV captured by
macrophages is transferred to CD4* T cells, enhancing the infection). However, SIGLECI
null allele (frequency ~0.01) was found not to be protective against HIV infection (Martinez-
Picado et al., 2016), implying that the effect size of S/IGLECI null on AIDS may be

small (although the individuals who are S/IGLECI null appear exceedingly rare, limiting the
statistical power).

Human S/GLECI12also has high-frequency null alleles, which are a frameshift (rs66949844;
global allele frequency ~0.59) and a mutation that generates stop codon (rs16982743;

global allele frequency ~0.19). Siglec-XII is unusual among CD33rSiglecs in that it is
expressed on luminal epithelial cells (Angata et al., 2001c; Mitra et al., 2011). (Note that
Siglec-13, also expressed on epithelium in great apes, is deleted in humans.) The presence of
functional Siglec-XII does not appear to increase the risk of carriers to develop early-stage
cancers (Mitra et al., 2011), but it appears to be associated with advanced cancers and

poor prognosis (Siddiqui et al., 2021). Epithelial Siglec-XIlI interacts with SHP-2, which
transduces positive regulatory signal, and its overactivation is associated with tumorigenesis
(Hatakeyama, 2004; Tartaglia and Gelb, 2005; Tartaglia et al., 2001), possibly explaining the
mechanism behind the association.

7.2 SNPs of Siglec genes associated with diseases

Some SNPs have been found to be associated with human diseases (Table 3). The most
extensively studied among them may be the SNP in CD33that is associated with alternative
splicing generating a truncated form of CD33/Siglec-3 missing the V-set domain and
protective against late-onset Alzheimer’s disease (Hollingworth et al., 2011; Malik et al.,
2013; Naj et al., 2011; Raj et al., 2014). The molecular mechanism that connects the
polymorphism with the disease has been the subject of intense research efforts, as discussed
in the review by Macauley in this issue (Macauley). It is noteworthy that the protective allele
is derived and specific to the human lineage (Schwarz et al., 2016). We have suggested that
this allele was selected for protection of cognition of elderly caregivers (the grandmother
hypothesis) because of the very rare presence of prolonged post-reproductive lifespan in
humans.

Recent reports on the Siglec-15 polymorphism and its association with tuberculosis (TB)
(Bhattacharyya et al., 2019) and recurrent vulvovaginal candidiasis (Jaeger et al., 2019)
imply that Siglec-15 may be relevant to microbial defense as well, whereas the primary
role of Siglec-15 was considered to be in the osteoclast differentiation (Hiruma et al., 2013;
Kameda et al., 2013; Stuible et al., 2014). (Note that the two SNPs reported in these studies
are different but in linkage disequilibrium.)

Many other SNPs in Siglec genes have been found to be associated with various diseases,
but as always, association does not necessarily mean causation. Most of the SNPs found

to be strongly associated with diseases (those identified by hypothesis-free approaches in
particular) tend to be localized in the intron or intergenic region (Table 3), posing challenge
in mechanistic interpretations. Further mechanistic investigation would be warranted for
some of the SNPs associated with diseases.
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7.3 Mendelian disorder caused by Siglec mutation

A homozygous mutation (c.399C>G; p.Serl33Arg) in MAG causes autosomal recessive
spastic paraplegia-75 (SPG75) (Lossos et al., 2015). Another homozygous mutation
(c.1288T>G; p.Cys430Gly) was identified in another patient with SPG75 (Novarino et al.,
2014). SPG75 is the only Mendelian disorder caused by a mutation in human Siglec gene
discovered so far. Overall, these findings imply that most Siglecs are dispensable for human
survival, but have influence on the various aspects of the quality of life.

8. Conclusion and perspectives

We provided a brief overview of the discovery and classification of the Siglec family

of Sia-recognition proteins and how the family has evolved (and is still evolving)

in the timescale ranging from macroevolution (evolution of species) to microevolution
(intraspecies polymorphisms and selection). Low degree of cross-species conservation

of CD33rSiglecs imposes a challenge in understanding the role of human Siglecs in
specific physiological and/or pathological context by reverse-genetics approach. Human-
specific changes in Siglecs at genetic and protein expression levels may have human-
specific consequences in physiology, even for conserved Siglecs, further complicating the
extrapolation of the findings garnered in other species to humans.

Investigation of polymorphisms in human genes encoding Siglecs and their association
with phenotypes (forward-genetics approach) is an alternative direction to understand the
pathophysiological relevance of Siglecs in human diseases. This approach, particularly
hypothesis-free GWAS, has generated plenty of data to explore, although most of the
polymorphisms associated with any given phenotype are located in intergenic regions,
making the interpretation of the results not straightforward. Genetic association data shall
be further reinforced by fine mapping and identification of likely “causal” polymorphism,
followed by mechanistic study using in vitro cellular models and in vivo animal models
(e.g., transgenic animals). In addition, microarray-based genotyping platform tends to
miss large insertion/deletion, such as S/GLEC14-SIGLECS5 fusion polymorphism (i.e.,
SIGLECI14 deletion). Technical advances in the analysis of polymorphisms allowing precise
assignment of large indels is anticipated.
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Figure 1. Mammalian Siglecs
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CD33-related Siglecs

Human Siglec-11

Siglec-10
Siglec-XII Siglec-16
Siglec-5 Siglec-7 Siglec-9 »
CD33 Siglec-6 Siglec-8 Siglec-14
Siglec-3

Chimpanzee Siglec-11
Siglec-10
Siglec-12 Siglec-16
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Siglec-13

Siglec-5 Siglec-7 Siglec-9
CD33 Siglec-6 Siglec-8
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Rhesus macaque Siglec-11
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cD33 Siglec-VI Siglec-13
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@ ITIV-like
© Grb2 binding motif
+ O Fyn phosphorylation site
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Siglecs in humans, chimpanzees, rhesus macaques, common marmosets, and mice are
depicted. Mammalian Siglecs can be classified into two groups: conserved Siglecs, including
Sialoadhesin/Siglec-1, CD22/Siglec-2, MAG/Siglec-4, and Siglec-15, are conserved among
these species (and possibly among tetrapods); CD33/Siglec-3-related Siglecs show
significant species-to-species variations. Siglec-13 was lost in humans. Siglec-17 is a
functional protein in marmoset (New World monkey); the transcript of its ortholog
(SIGLEC17P) is expressed in humans and great apes but does not yield functional protein
due to mutations (human: single-nucleotide deletion in exon 1; chimpanzee and gorilla:
five-nucleotide deletion in exon 2; orangutan: insertion of two 61-nucleotide repeats in exon
2). SIGLECS5 gene in common marmoset has a frameshift mutation in exon 2 (encoding
V-set domain) but otherwise intact, and thus included.
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N-terminal V-set Ig-like domain of Siglecs recognizes sialic acid (Sia) and contains several
conserved residues involved in Sia recognition. Human Siglec-XII has a mutation at the
essential Arg residue involved in Sia recognition, and thus lost the ability to recognize Sia,
whereas great ape counterpart has the Arg and preferentially recognizes Neu5Gc.
Intracellular domain of most Siglecs contains a sequence motif called ITIM, which interacts
with nonreceptor-type protein tyrosine phosphatase SHP-1 (gene: P7PN6) and negatively
regulates leukocyte activities. A few Siglecs have a positively charged amino acid residue

in the transmembrane domain, which interact with adapter protein DAP12 (gene: 7YROBP)
and transduce positive regulatory signal by way of protein tyrosine kinase SYK (gene:
SYK).

Human cell types that express each Siglec are as follows: Siglec-1: macrophages;
CD22/Siglec-2: B lymphocytes; CD33/Siglec-3: myeloid precursor cells, monocytes,
macrophages, microglia, dendritic cells, and mast cells; MAG/Siglec-4: Schwann cells

and oligodendrocytes; Siglec-5: neutrophils, monocytes, macrophages, and B lymphocytes;
Siglec-6: placental trophoblasts, B lymphocytes, and mast cells; Siglec-7: natural killer
cells, monocytes, macrophages, dendritic cells, and mast cells; Siglec-8: eosinophils and
mast cells; Siglec-9: neutrophils, monocytes, macrophages, and dendritic cells; Siglec-10:
B lymphocytes, monocytes, macrophages, and dendritic cells; Siglec-11: macrophages and
microglia; Siglec-XI1: macrophages and luminal epithelial cells; Siglec-14: neutrophils,
monocytes, and macrophages; Siglec-15: osteoclasts and macrophage subsets; and
Siglec-16: macrophages and microglia. Note that this list is not exhaustive, as tissue and
systemic milieu may influence the expression of Siglecs.

Modified from Figure 35.1 (prepared by Dr. Richard Cummings (Harvard Medical School))
in Chapter 35 “I-type lectins”, Essentials of Glycobiology (4th edition), Cold Spring Harbor
Press.
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Orangutan Gorilla Chimpanzee Bonobo Neandertal Denisovan Human
(n=34) (n=44) (n=59) (n=10) (n=6) n=2) (n>1000)

[siGLEC12| |SIGLEC12| |SIGLEC12)|

Fixed SIGLEC13 |} SIGLEC13 || SIGLEC13

SIGLEC14

| siGLECS5 | | SIGLECS |

Polymorphic [sIGLEC14] [sIGLEC14] [SIGLEC14]

Sj[c/NSe7 -l Deletion/Pseudogenization
SIGLEC# | Mutation of essential Arg

SIGLEC# |Other mutation affecting Sia recognition

Figure 2. Human-specific genetic changesin Siglecs

Major genetic changes in human and great ape Siglec genes are depicted. Humans appear to
have accumulated a number of genetic changes in Siglec genes in a lineage-specific manner.
Most of these changes are shared with extinct archaic humans (Neandertal and Denisovan).
Note that the status of orangutan S/GLECI4 mutation at the essential Arg residue is
uncertain, due to low sequence coverage. In addition, the status of S/GLECI14 deletion
(SIGLEC14-SIGLEC5fusion) in archaic humans was not determined, due to the lack of
SNP in linkage disequilibrium with the deletion that can be utilized as a surrogate marker.
Polymorphic mutation in CD33 refers to rs12459419(T) allele, which is a human-unique
allele protective against late-onset Alzheimer’s disease (Schwarz et al., 2016). This allele
increases the proportion of CD33 protein without V-set domain required for Sia recognition.
Modified from (Khan et al., 2020a). See also Tables 1 and 2.
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Table 1.
Human-unique changes of Siglec genes
Siglec gene | Human-unique allele/state Modern human Archaic Great apes Ref
human”
CD33 rs12459419(T) Present (minor Absent Absent (Schwarz et al., 2016)
rs3865444(A) allele)
c.61T (p.Phe21) Fixed (100%) Fixed (100%) Absent (Saha et al., 2022)
SIGLECS Intact essential Arg Fixed (100%) Fixed (100%) Polymorphic (Angata et al., 2006)
SIGLEC12 | Essential Arg mutated to Cys | Fixed (100%) Fixed (100%) Absent (Angata et al., 2001c; Khan et
al., 2020a; Mitra et al., 2011)
1$66949844(dupC) Present (major Present (major Absent (Khan et al., 2020a; Mitra et
frameshift allele) allele) al., 2011).
rs16982743(A) stop codon Present (minor Present (major Absent (Khan et al., 2020a).
allele) allele)
SIGLEC13 | Deletion Fixed (100%) Fixed (100%) Absent (i.e., (Angata et al., 2004; Wang et
functional gene is al., 2012b)
present)
SIGLEC14 | Intact essential Arg Fixed (100%) Fixed (100%) Polymorphic (Angata et al., 2006)
SIGLEC16 | rs12611411(T) Present (major Present (major Absent (Wang et al., 2012a)
rs12984584(C) ™ allele) allele)

Modified from (Khan et al., 2020a).

*
Neandertal (n = 6) and Denisovan (n = 2).

A
These SNPs are in linkage disequilibrium with an indel polymorphism causing frameshift in open reading frame of SIGLEC16.

Mol Aspects Med. Author manuscript; available in PMC 2024 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Angata and Varki

Table 2.

Human-unique expression patterns of Siglec proteins
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Siglec protein | Humans Great apes Relevant disease Ref
CD33 High expression in Low expression in microglia Alzheimer’s disease (Schwarz et al., 2016)
microglia (chimpanzee)
Siglec-5 No/low expression in T High expression in T AIDS (Nguyen et al., 2006; Soto et
lymphocytes lymphocytes al., 2013; Soto et al., 2010)
Siglec-5, Expressed in amniotic Not expressed in amniotic Intrauterine infection (Alietal., 2014)
Siglec-14 epithelium epithelium (chimpanzee) with Group B
Streptococcus
Siglec-6 Expressed in placental Not expressed in placental Preeclampsia (Brinkman-Van der Linden et
trophoblast trophoblast (chimpanzee, al., 2007)
gorilla, orangutan)
Siglec-7 Expressed in pancreatic Not expressed in pancreatic islet | Type | diabetes (Khan et al., 2020a)
islet cells cells (chimpanzee)
Siglec-11, Expressed in brain Not expressed in brain E.coliK1 meningitisin | (Hayakawa et al., 2005;
Siglec-16 microglia microglia (chimpanzee, neonates and infants Schwarz et al., 2017; Wang et
orangutan) al., 2012a)
Siglec-11, Decreased expression in Strong expression in ovarian Unknown (Wang et al., 2011)
Siglec-16 ovarian fibroblasts fibroblasts (chimpanzee)

Modified from (Khan et al., 2020a).
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Polymorphisms in human Siglecs associated with phenotypes
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Genome-wide or other hypothesis-free association studies

Gene Polymor phism Associated phenotype Ref

SIGLEC1 rs6037651 (nonsynonymous SNP) Serum IgM level (Jonsson et al., 2017)

CD33 rs3865444 (5’ upstream SNP), Late-onset Alzheimer’s disease (Hollingworth et al., 2011; Malik et al.,
s12459419 (nonsynonymous SNP, also 2013; Naj et al., 2011; Raj et al., 2014)
influencing splicing)
rs201473304 (indel) Neuromyelitis optica spectrum (Huang et al., 2021)

disorder

SIGLECS 4284742 (intronic SNP) Periodontitis (Munz et al., 2017)
rs11084095 (intronic SNP) (Munz et al., 2019)
rs10414149 (intronic SNP) Leprosy (Liuetal., 2015)

4801882 (intronic SNP) Systemic lupus erythematosus (Sun et al., 2016)

SIGLEC6 rs3794986 (5’ upstream SNP) Systemic lupus erythematosus (Flores et al., 2019; Sun et al., 2016)

SIGLECI11 | rs12165127 (intronic SNP) Lung cancer in never-smokers (McKay et al., 2017)
s9304690 (synonymous SNP) Late-onset Alzheimer’s disease (Bellenguez et al., 2022)

SIGLEC12 | rs16982743 (nonsynonymous SNP, Cardiovascular outcomes in (McDonough et al., 2013)
generating stop codon) patients with hypertension on

antihypertensive therapy
13752135 (nonsynonymous SNP) Stress fracture predisposition (Friedman et al., 2014)

SIGLEC14 | rs10412972, rs11084102 (5° upstream Blood plasminogen level (Maetal., 2014)
SNPs)

SIGLEC15 | rs11877682 (intronic SNP) Esophageal or stomach cancer (Rashkin et al., 2020)

rs61104666 (synonymous SNP)

Tuberculosis

(Bhattacharyya et al., 2019)

Candidate gene-based association studies

(nonsynonymous SNPs)

Gene Polymorphism Associated phenotype Ref
SIGLEC1 rs656635, rs609203, rs3859664, Lung function (Bukvic et al., 2013)
4813636 (SNPs in intron or 3’UTR)
rs3859664 (intronic SNP) Pulmonary active tuberculosis (Souza de Lima et al., 2017)
cD22 rs34826052 (synonymous SNP) Limited cutaneous systemic (Hitomi et al., 2007)
sclerosis
rs4805119 etc. (intronic SNPs) Pediatric B cell leukemia (Maet al., 2012; Uckun et al., 2010)
CD33 1s35112940, rs12459419 Efficacy of antibody therapy for (Lamba et al., 2009; Mortland et al., 2013)
(nonsynonymous SNP) pediatric AML
rs12459419 (nonsynonymous SNP) Hepatocellular carcinoma in chronic | (Tsai et al., 2021)
hepatitis B patients
MAG rs720309 (intronic SNP) Schizophrenia (Wan et al., 2005; Yang et al., 2005)
7249617 (intronic SNP) (Jitoku et al., 2011)
SIGLEC8 | rs36498 (5’ upstream SNP) Allergic asthma (Gao et al., 2010)
rs10409962 (nonsynonymous SNP) (Sajay-Asbaghi et al., 2020)
SIGLEC9 rs16988910 (nonsynonymous SNP) Short-term survival of NSCLC (Laubli et al., 2014)
patients; Emphysema
rs2075803, rs2258983 (nonsynonymous Exacerbation of COPD (Ishii et al., 2017)
SNPs)
SIGLEC10 | rs75355870 and rs145769059 Guillain-Barré syndrome (Alborzian Deh Sheikh et al., 2021)
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Genome-wide or other hypothesis-free association studies

Gene Polymorphism Associated phenotype Ref
SIGLECI12 | (566949844 (frameshift) * Advanced carcinoma (Siddiqui et al., 2021)
SIGLEC14 | SIGLEC14-SIGLECS5 fusion Exacerbation of COPD (Angata et al., 2013)
(SIGLEC14 deletion)
SIGLECI14-SIGLECSfusion Pre-term delivery in the presence of | (Alietal., 2014)
(S/GLEC14 deletion) GBS infection
SIGLEC14-SIGLECSfusion TB meningitis (Graustein et al., 2017)
(SIGLEC14 deletion)
SIGLEC15 | rs2919643 (nonsynonymous SNP) Recurrent vulvovaginal candidiasis (Jaeger et al., 2019)
SIGLECI6 | 1567889261 (indel) el Gonorrhea (Landig et al., 2019)

Updated from previous reviews (Angata, 2014; Angata, 2017; Angata, 2018). Some of the associations discovered by GWAS listed are not
mentioned in the references cited, but found in the GWAS catalog (https://www.ebi.ac.uk/gwas/).

*

The polymorphism causing frameshift in open reading frame and most likely explaining the absence of immunohistochemical staining of
Siglec-XI1 protein in epithelial tissues (global allele frequency of null allele ~0.59). Another SNP (rs16982743, stop gained) is located nearby, but
the frequency of null allele (~0.19) caused by this SNP is lower. Genotyping was not performed on all samples.

HA
The polymorphism (S/GLEC16: CTGAGCAATGCGTTCT; S/IGLEC16P. GTGAACAATTTG) causing frameshift in open reading frame. Actual
genotyping was performed on another SNP in linkage disequilibrium with this indel polymorphism.
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