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summary

An important underlying mechanism that contributes to autoimmunity is the loss of inhibitory 

signaling in the immune system. Sialic acid-recognizing Ig superfamily lectins or Siglecs are a 

family of cell surface proteins largely expressed in hematopoietic cells. The majority of Siglecs 

are inhibitory receptors expressed in immune cells that bind to sialic acid containing ligands and 

recruit SH2-domain containing tyrosine phosphatases to their cytoplasmic tails. They deliver 

inhibitory signals that can contribute to the constraining of immune cells and thus protect the host 

from autoimmunity. The inhibitory functions of CD22/Siglec-2 and Siglec-G and their 

contributions to tolerance and autoimmunity, primarily in the B lymphocyte context, are 

considered in some detail in this review. The relevance to autoimmunity and unregulated 

inflammation of modified sialic acids, enzymes that modify sialic acid, and other sialic acid 

binding proteins are also reviewed.
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Introduction

Sialic acids are structurally unique N- or O-substituted derivatives of neuraminic acid, a 

nine-carbon keto sugar, that in some cells occupy the interface between the host and 

commensal/pathogenic microorganisms (Fig. 1) (1, 2). The term sialic acid is also loosely 

used to refer to the most common member of this group found in humans, i.e. N-

acetylneuraminic acid (Neu5Ac). In animals, sialic acids are typically attached to the ends of 

glycan chains. Sialic-acid bearing glycans form a key component of the glycocalyx and are 

expressed on the cell surface as components of membrane glycoproteins or of a class of 

glycolipids called gangliosides. They are also highly enriched in mucins secreted by 

epithelial surfaces. They are especially abundant in vertebrates, and being present on the cell 

surface, are critically involved in cell-cell interactions and in cell signaling. It has been 

suggested that their presence also may function as an inhibitory “self-signal” to the 
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vertebrate immune system and in this context, they have been referred to as self-associated 

molecular patterns, or SAMPs (3). This nomenclature follows the more widely-accepted 

description of pathogen associated molecular patterns (PAMPs) and damage associated 

molecular patterns (DAMPs), categories of molecules that can contribute to innate immunity 

and the induction of adaptive immunity (4). The potential relevance of SAMPs to tolerance 

and autoimmunity will be discussed later in the review. It has been argued that some 

microbial pathogens of vertebrates may have acquired the means to display sialic acids on 

their surface in order to mimic their hosts and thus avoid immune detection (5). These 

pathogens evade the immune system, either by scavenging host sialic acids or synthesizing 

them de novo, in some instances by evolving entirely novel pathways in a remarkable case 

of convergent evolution (6). Occasionally, sialic acids on microbial pathogens may trigger 

the generation of pathogenic auto-antibodies against host sialic acids (7).

Siglecs (sialic acid-recognizing Ig superfamily lectins) are a category of cell surface proteins 

that bind sialic acids (8-10). Siglecs contain Ig domains with sites that bind sialic acid 

containing glycans (thereby contributing to the categorization of these proteins as lectins), a 

transmembrane domain and a cytosolic domain that contains signaling motifs. Siglecs are 

abundant in vertebrates, are primarily expressed on immune cells, and perform a number of 

different functions, including cell signaling and adhesion. The cytosolic domains of some 

Siglecs contain signaling motifs called immunoreceptor tyrosine-based inhibitory motifs 

(ITIMs), while a few Siglecs contain immunoreceptor tyrosine based activating motifs, 

commonly referred to as ITAMS. ITIM-containing Siglecs function as inhibitory receptors 

in the immune system, and their loss of function has been linked to autoimmunity in several 

mouse models. The most well-studied among these inhibitory Siglecs are CD22 (also called 

Siglec-2) and Siglec-G. They are expressed primarily on B cells and have non-redundant 

roles in preventing B cell-mediated autoimmunity. The ligands of CD22 and Siglec-G are 

also expressed on T cells, and the possible implications of these ligands being available in 

trans will also be discussed in this review.

Sialic acids have been linked to autoimmunity in the context of the CD22 pathway. The 

biology of CD22 is complex and this molecule has been referred to on one occasion as an 

inhibitory enigma (11). The function of this Siglec has been dissected over the past two 

decades with a variety of genetic knockouts and knockins in both cell lines and mice, the 

latter in different mouse genetic backgrounds. Although several inconsistencies remain 

unresolved, a more coherent picture of the mode of action of this Siglec is now emerging 

(Table 1). The biology of Siglec ligands appears to be far more complex than the Siglecs 

themselves. Sialic acid containing ligands are subject to various modifications that alter their 

binding specificities and more than one protein and/or glycoforms may function as ligands 

for any given Siglec. Indeed, we have a very limited understanding of how the availability of 

sialic acid ligands in their various forms modulate Siglec function, both in physiological 

conditions and in disease. An added layer of complexity stems from the fact that, in addition 

to CD22, there are many Siglecs that also bind sialic acid containing ligands. Mutations that 

alter the abundance or structure of sialic acids therefore result in wide-ranging and 

pleiotropic manifestations.
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Extrapolating findings from mouse models to human disease is not always straightforward, 

especially when it comes to pathways involving sialic acids. There are two common animal 

sialic acids, N-acetyl sialic acid (Neu5Ac) and N-glycolyl sialic acid (Neu5Gc), that differ 

by a single oxygen atom at the 5-position that is irreversibly added by an enzyme called 

cytidine monophospho-N-acetyl neuraminic acid hydroxylase (CMAH) (12). Most mammals 

express an abundance of Neu5Gc in the majority of their tissues. Notably, humans lack the 

ability to synthesize Neu5Gc because of an inactivating exon deletion in the CMAH gene 

that was acquired upon diverging from our last common ancestor with the African great apes 

about two million years ago (13). The loss of functional CMAH from the human genome 

was immediately followed by rapid compensatory changes in multiple human Siglecs, some 

of which may still be ongoing. Remarkably, human-specific pathogens and commensals are 

unique in their ability to display Neu5Ac on their surfaces, and their human tissue receptors 

have a preference for Neu5Ac over Neu5Gc. An unfortunate consequence of the species-

specificity of sialic acids and Siglecs for the immunologist is that the biology of Siglecs and 

sialic acids in mouse and humans are very different. Indeed, Siglecs are among the fastest 

evolving genes in humans and have undergone numerous gene conversions and 

pseudogenization events; furthermore, expression profiles of Siglecs have been dramatically 

altered in human hematopoietic cells, possibly as an evolutionary attempt to adapt to their 

changing ligands. This evolutionary arms race between sialic acids, Siglecs, and pathogens, 

has been extensively studied by the groups of Varki, Angata, and others (12, 14-16).

In this review, we have presented an overview of the biology of sialic acids and Siglecs 

especially as they relate to autoimmunity and inflammation. We have focused on pathways 

linked to CD22 (Siglec-2) and Siglec-G, and briefly speculate on the potential role of other 

proteins that also bind to sialic acids, such as selectins and factor H, in the context of 

autoimmunity.

Structure of mammalian sialic acids

Most mammalian sialic acids are derived from the “primary” sialic acid, N-acetyl 

neuraminic acid (Neu5Ac) (17). Neu5Ac can be converted to N-glycolyl neuraminic acid 

(Neu5Gc) by CMAH, an enzyme that is lacking in humans. Neu5Ac and Neu5Gc form two 

core sialic acids that can carry one or more additional substitutions, typically ester linkages 

at the 4, 6, 7 or 9-OH positions (Fig. 1). O-acetylation is the most commonly observed sialic 

acid substitution. Varying combinations of substitutions give rise to an enormous structural 

diversity of sialic acids and over 50 types of sialic acids have been reported. This review 

will discuss the 9-O-acetyl substitution in some depth, as it is a common sialic acid 

modification seen in both humans and in rodents. While the hemagglutinins of certain 

viruses like influenza types A and B recognize terminal sialic acid moieties on host glycans, 

the hemagglutinins of certain viruses, such as the influenza C virus, are specific for 9-O-

acetyl sialic acid, and have been extensively used to study the role of this sialic acid 

modification in the immune system (18). 9-O-acetylation of sialic acids has been linked to 

autoimmunity, both in humans and in mouse models, possibly because it impacts Siglec 

function (19, 20). 9-O-acetyl groups are added to sialic acids by sialic acid O-acetyl 

transferases (discussed briefly in a later section), but the contribution of these poorly 

characterized enzymes to autoimmunity has not yet been studied.
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Sialic acids are typically found at the terminal positions of the branches of N-glycans, O-

glycans, and glycosphingolipids (gangliosides), and occasionally cap side chains of 

glycophosphatidyl inositol (GPI) anchors. Glycosidically bound sialic acids typically form 

an α-glycosidic linkage between the C-2 position of sialic acids and the C-3 or C-6 positions 

of underlying galactose residues or the C-6 position of pre-terminal N-acetylgalactosamine 

residues (Fig. 2). Sialic acids can also occupy internal positions within glycans, the most 

common being when one sialic acid residue is attached to another, typically at the C-8 

position. The linkages between sialic acid and the underlying sugars are established by 

specific sialyltransferase enzymes using CMP-sialic acids as high energy donors. Variability 

in sialic acid linkages to the underlying glycan sugars imparts an additional layer of 

diversity to the sialic acids. Lectins that recognize sialic acids often have a preference for a 

particular sialic acid with a specific linkage. There is evidence suggesting that enzymes that 

add sialic acids to glycans (sialyltransferases) and remove sialic acids from glycans 

(neuraminidases) are synthesized in a tightly regulated manner, suggesting their potential 

involvement in controlling Siglec ligand abundance.

Siglecs and alterations in adaptive immunity linked to autoimmunity

Siglecs are I-type lectins of the immunoglobulin superfamily, and like antibodies, have one 

V-set (variable-like) domain and one or more C2-set (constant-like) domains. For a detailed 

discussion of the biology of Siglecs, we direct the readers to excellent reviews by Crocker, 

Paulson, Varki, and others (8-10, 21, 22). Siglecs are expressed primarily on hematopoietic 

cells. Several Siglecs contain ITIM motifs and are involved in negative regulation of the cell 

type in which they are expressed. For instance, Siglec-F (murine) and Siglec-8 (human) are 

expressed on eosinophils, and ligating Siglec-8 with an agonistic antibody is a proposed 

therapeutic strategy for allergic asthma as it can trigger eosinophil apoptosis (23). Defects in 

CD22 and Siglec-G, which are expressed on B cells, have been linked to autoimmunity and 

are discussed in detail in this review (24). An antibody against CD22 (epratuzumab) has 

shown significant benefits in the treatment of SLE due to its immunomodulatory activity 

(25).

CD22 (also known as Siglec-2), binds to α2,6-linked sialic acids that cap a lactosamine 

moiety (26, 27). These terminal sugars are a common structural motif among N-glycans and 

are highly expressed on soluble and surface-associated glycoproteins, including IgM. 

Although CD22 ligands are abundant and present on several hematopoietic cell types and 

endothelial cells, their ability to bind CD22 in a physiologic context is unclear (28, 29). 

CD22 is expressed at low levels early in B cell development and its expression is highest on 

mature B cells (30); it is downregulated in plasma cells by Blimp-1 (31). CD22 can suppress 

signaling through the B cell antigen receptor (30), and though some CD22 molecules on B 

cells are associated with the BCR (32), the mechanism of their association is controversial. 

Both glycan-dependent and glycan-independent associations have been demonstrated in 

different experimental settings. Following crosslinking of the BCR, the ITIM tyrosines of 

CD22 are rapidly phosphorylated by the Src-family tyrosine protein kinase Lyn, resulting in 

the recruitment of the tyrosine phosphatase SHP-1, a negative regulator of B cell signaling 

(33-35). Indeed, B cells from mice deficient in CD22 display an increase in BCR-induced 

Ca2+ signaling, attributed to the inability to recruit SHP-1 to the BCR signaling complex 
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(30). Interestingly, increased calcium flux is observed only in splenic Cd22−/− B cells, while 

peritoneal Cd22−/− B-1 cells exhibit no change compared to wild-type upon BCR 

crosslinking (30, 36). Cd22−/− B cells also show an increase in tyrosine phosphorylation of 

the signaling molecules, SLP65, CD19 and Vav, activated downstream of the BCR (37, 38). 

Corroborating this model, Cd22 mutant knock-in mice that are unable to phosphorylate the 

CD22 ITIMs and recruit SHP-1 (because critical ITIM tyrosine residues have been mutated) 

phenocopy Cd22 knockout mice (39). Additionally, CD22 has also been described to 

activate the Ca2+ efflux pump PMCA-4 in a SHP-1-dependent manner (40). As such, the 

absence of CD22 may perturb both the initiation and termination of Ca2+ flux in B cells.

Given these data, it is thought that regulation of BCR signaling through CD22 may be 

critical for the modulation of peripheral B cell tolerance, as almost a third of B cells that exit 

the bone marrow are autoreactive (41). In the absence of inhibitory signals, B cells can 

trigger systemic autoimmunity, as evidenced by studies from mouse models. Mice that are 

deficient in the inhibitory receptor FcγRIIb, as well as mice that lack the kinase Lyn (that 

phosphorylates ITIM motifs in CD22 and FcγRIIb) or the phosphatase SHP-1 (specifically 

deleted in the B lineage), all develop autoimmunity (42-44). B cells are hyperactive in 

Cd22-deficient mice, as has been observed in multiple independent knockout mouse lines 

(Table 1). However, Cd22 deficiency causes systemic autoimmunity only in certain 

permissive backgrounds. For instance, although Cd22−/− mice generated in the C57BL/6 

background do not develop any signs of autoimmunity despite evidence for B cell 

hyperactivation (30), the presence of the Yaa (Y-linked autoimmune accelerator) locus, 

which carries a duplication of the TLR7 gene, is sufficient to induce signs of autoimmunity 

in C57BL/6 mice, even with haploinsufficiency of Cd22 (Cd22+/−) (45). In the C57BL/6 

background, Cd22 null mice have been shown to develop anti-DNA antibodies as they age 

but they do not develop lupus. Autoantibodies have been noted in other Cd22−/− mouse 

lines from mixed genetic backgrounds (46), suggesting that while the lack of CD22 may 

break tolerance, additional epistatic modifier genes influence the development of frank 

disease.

Although the role of CD22 as an inhibitory regulator of BCR signaling is well established, 

the impact of CD22 ligands on CD22 signaling is not fully understood. Conflicting results 

have been obtained, and indeed it is not possible to reconcile all published results. Table 1 

lists the features of genetically altered mice with demonstrated or suspected defects in CD22 

function.

One of the issues that arises while considering the role of the availability or modification of 

CD22 ligands in modulating the action of this inhibitory Siglec is the ability of cis-ligands of 

CD22 on B cells to “mask” the ligand binding site of CD22 (47). Since the concentration of 

α2,6-linked sialic acids on the B-cell surface is estimated to be 100-fold higher than the Kd 

of CD22 (0.1–0.3 mM) for α2,6-linked sialic acid (48, 49), the majority of CD22 ligand 

binding sites are predicted to be occupied by glycoprotein ligands on the same cell under 

physiological conditions. The net result is that the high concentration of sialic acids on the 

surface of B cells (cis ligands), mask the binding sites of CD22 and make them unavailable 

to external or trans ligands. However, the masked state of Siglecs is in a dynamic 

equilibrium with cis and trans ligands (Fig. 3) (50). Thus, an external probe or a cell surface 
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bearing high affinity or high avidity sialic acid ligands can compete for the binding domains 

of CD22, even in its masked state (50). The cis ligands of CD22 can also be outcompeted in 

physiological conditions. When high levels of α2-6-sialylated ligands are available in trans, 

CD22 redistributes to the points of cell contact and engages its ligands in trans (48). The 

effect of such re-localization of CD22 during cell-cell interactions on BCR triggering has yet 

not been studied. It is speculated that this phenomenon could be important for altering B-cell 

activation thresholds, especially in lymphoid tissues.

Photo-affinity crosslinking experiments with B cells suggest that the CD22 ligand binding 

site is masked by α2,6 linked sialic acids present on other molecules of CD22 under 

physiological conditions (51). Thus, in resting B cells, CD22 is thought to be largely 

sequestered away from the BCR in homo-oligomeric clusters (Fig. 4). This view is 

compatible with the “picket-fence” model of BCR signaling where BCR molecules on 

resting B cells are constrained within membrane microdomains by cytoskeletal elements 

until B cell activation (52, 53). Dynamic changes in the cytoskeleton upon BCR activation 

increase the cell-surface mobility of BCR molecules and perhaps free up additional BCR 

molecules to interact with CD22. Interestingly, treatment with the actin depolymerization 

agent, latrunculin, causes the BCR and CD22 to interact in an α2,6-linked sialic acid 

independent manner (39).

It is not clear whether the interaction between CD22 and the BCR is glycan-dependent, 

glycan-independent or both (32, 54, 55). Crosslinking experiments with the Daudi cell line 

(a human B cell line) suggest that at least some physiological interactions between the BCR 

and CD22 are glycan-independent (56). At the same time, photo-affinity methods have been 

used to demonstrate that both soluble CD22-Fc or CD22 that is expressed on the cell surface 

have the potential to interact with IgM in trans in a glycan-dependent manner (57). Antigen 

complexes with soluble IgM have also been shown to be a potential natural trans-ligand of 

CD22 (58). The physiological implications of these interactions remain to be worked out, 

but it is possible that they constitute a natural feedback loop that regulates B cell activation, 

considering that engineered immunogens coupled to high affinity/avidity CD22 ligands 

induce antigen-specific tolerance (59). In addition, CD22 may interact with other 

glycoproteins on the B cell surface such as CD45 (56). Thus, any alteration in the ligands of 

CD22 could impact B cells through multiple mechanisms, and may also affect other 

inhibitory Siglecs, such as Siglec-G, that are also expressed on B cells. Even in the absence 

of BCR crosslinking, treatment with pervanadate, an irreversible phosphatase inhibitor, can 

cause a B cell activation/phosphorylation pattern that is similar in intensity to BCR 

crosslinking, suggesting that tonic signaling in resting B cells is held in check by 

phosphatase activity at baseline (60, 61). Interestingly, pervanadate treatment induces the 

co-localization of the BCR and CD22 in a manner that is dependent on the CD22 ligand 

binding domain, implying the role of a glycan-mediated interaction, a result that is in stark 

contrast to the glycan-independent interaction observed with latrunculin treatment (39). It is 

unclear if this result has an obvious physiological counterpart and it should be investigated 

further. Thus, at least in some circumstances, CD22 interaction with the BCR appears to be 

dependent on its ligand-binding domain.
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B cells from St6gal1 deficient mice lack CD22 ligands and exhibit suppressed BCR 

signaling (62). St6gal1−/− B cells also showed a redistribution of the BCR to clathrin-rich 

microdomains containing most of the CD22, resulting in an increased association of CD22 

and the BCR (Fig. 4). The suppression of BCR signaling appears to be mediated by the 

unfettered activity of CD22, as the phenotype of the St6gal1−/− Cd22−/− mice is similar to 

that of Cd22−/− mice (63). However, none of the studies with mutant mice bearing 

genetically engineered variants of CD22 or its ligands can distinguish between the direct 

effects of the CD22 mutations and the potential compensatory changes in BCR signaling 

that may occur in vivo during B cell development. Thus, it is intriguing that contradictory 

results were obtained with novel sialoside ligands of CD22, which have a nanomolar affinity 

for human CD22 (64). Surprisingly, treatment with these CD22-binding sialosides induces 

increased calcium flux upon BCR crosslinking in Daudi cells, in which CD22 is highly 

masked by cis ligands.

Several mouse strains bearing CD22 with a defective ligand-binding domain have been 

studied. It has been appreciated that a number of lupus-prone mouse strains, such as NZW 

and BXSB, express an allele of CD22 called CD22a, which is subtly altered in ligand 

binding, as the first Ig domain in the CD22 molecule carries a six amino acid deletion as 

well as multiple point mutations (65). Ligand binding ability is clearly not entirely lost 

because it can be stained with the oligomeric SAAP probe after sialidase treatment. In 

addition to the mutations in the carbohydrate-binding domain, this allele also carries a 

mutation in a Cd22 intron that results in aberrant splicing, altering the pool of CD22 protein 

that is expressed in B cells. When the CD22a allele was crossed into the C57BL/6 

background, B cells appear chronically activated (increased MHC-II expression), suggesting 

that ligand binding was necessary for the suppression of autoimmunity. The total levels of 

CD22 overall were also reduced. Due to the complicated nature of the effects of the CD22a 

allele on the CD22 protein and mRNA splicing and its subtle impact on ligand binding, 

these results are hard to interpret in an explicit manner.

Multiple groups have generated mice with a targeted inactivation of the CD22 ligand-

binding domain. The Tedder laboratory generated two mutant lines Cd22AA and Cd22Δ1-2, 

bearing Cd22 alleles which completely lack the ability to bind α2,6-linked sialic acids (55). 

B cells from these mice also appear to be in a chronically activated state (increased MHC-II 

expression). Although the authors conclude that there is no change in calcium flux following 

BCR activation, there does appear to be a mild reduction in Ca2+ flux compared to wild-type 

for both Cd22AA and Cd22Δ1-2 B cells (with a high dose - 40 μg/mL - of anti-IgM Fab2). B 

cells from these mice also happen to exhibit reduced levels of CD22, and it is possible that 

the results were confounded by insufficient levels of unmasked CD22 available for BCR 

inhibition.

To further investigate this issue, the Nitschke laboratory recently generated additional Cd22 

knockin lines that express wild-type levels of CD22. They showed that in mice bearing a 

Cd22 R130E knockin mutation, which abrogates the ability of CD22 to bind to α2,6-linked 

sialic acids, B cells exhibit decreased calcium flux upon BCR crosslinking as well as an 

increased association between CD22 and the BCR in resting B cells (39). The result is 

reminiscent of the findings with St6gal1 knockout mice, and is compatible with the notion 

Mahajan and Pillai Page 7

Immunol Rev. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that CD22 is sequestered away from the BCR in homo-multimeric clusters in resting B cells 

in a ligand-dependent manner (Fig. 4). Increased availability of unsequestered CD22 R130E 

may allow a greater number of CD22 R130E molecules to associate with the BCR in a sialic 

acid ligand-independent manner as has been suggested in some studies (56), and dampen B 

cell activation. Upon activation, B cells from Cd22 R130E knockin mice exhibit increased 

phosphorylation of CD22 and higher SHP-1 recruitment. Interestingly, this group also 

generated mice with a targeted mutation of the CD22 ITIM motifs in the same genetic 

background, and the B cells in these mice are in a hyperactive state, phenocopying CD22 

deficient mice. These results are consistent with the model of CD22 action described in Fig. 

4.

Siglec-G is another inhibitory Siglec that is expressed on B cells; like CD22, it is believed 

that its cis-ligands modulate its ability to inhibit BCR signaling. It can recognize both α2,3- 

and α2,6-linked sialic acids, while its human homolog, Siglec-10, has a slight preference for 

α2,6-linked sialic acids (66, 67). CD24 functions as a cis ligand of Siglec-G on dendritic 

cells in some contexts, and the function of the CD24/Siglec-G complex as a sensor of 

endogenous DAMPs is described in a later section. The specific glycoprotein ligands of 

Siglec-G on B cells have not yet been clearly defined. Like Cd22, when Siglec-G is deleted, 

the development of autoimmunity is background dependent. Siglec-G deficiency does not 

cause spontaneous autoimmunity in Balb/c mice (68). Although Siglec-G is expressed on all 

B cells, Siglec-G deficiency in Balb/c mice causes a selective increase in B-1a cell numbers, 

and increased calcium flux in B-1a cells upon IgM crosslinking. B2 cells are not affected, 

perhaps because of a redundant role with CD22 (68). Interestingly, however, when Siglec-G 

is deleted from the lupus-prone MRL/lpr background (69) or when it is deleted from the 

Cd22-deficient background (generating a double-deficient mouse), the mice develop an 

SLE-like disease, characterized by the production of high-affinity autoantibodies and 

glomerulonephritis, suggesting that Siglec-G helps to maintain B cell tolerance (70). 

Additionally, Siglec-G deficiency in the C57BL/6 background results in increased 

autoantibody production and mild glomerulonephritis in aged mice (71). The fact that 

deficiency in both CD22 and Siglec-G is required for the onset of autoimmunity suggests 

functional redundancy between these two Siglec molecules (70). However, there are some 

differences between CD22 and Siglec-G.

Intriguingly, knockin mice with mutations in the ligand binding domain of Siglec-G and 

CD22 yield opposite phenotypes. B cells from Siglec-G R120E knockin mice exhibit a 

phenotype similar to that seen in Siglec-G deficient mice, and B-1a cells are selectively 

hyperactive in both these mice (72). Siglec-G is associated with the BCR in resting B-1a and 

B2 cells, as well as upon activation with IgM crosslinking or pervanadate treatment (73). 

However, the association of Siglec-G with IgM is completely lost in Siglec-G R120E 

knockin mice, both in B-1 and B-2 cells. Unlike CD22, it appears that Siglec-G is unable to 

interact with the BCR in a ligand-independent fashion. However, only B-1a cells show an 

increased calcium flux in the absence of Siglec-G, perhaps because CD22 plays a redundant 

role in B2 cells. The molecular basis for the differences between B-1 and B-2 cells in these 

studies is not fully understood.
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Interestingly, in all mice with genetic alterations of the CD22 pathway that either increase or 

decrease BCR inhibition, a loss of marginal zone (MZ) B cells is observed (Table 1). We 

have argued that the loss of MZ B cells in Cd22 deficient mice is linked to the enhanced 

signaling of the B cell receptor during development, which may drive a stronger follicular B 

cell fate at the expense of MZ B cells (9). However, it is unclear why MZ B cells are lost in 

St6gal1−/− mice or CD22 R130E knockin mice, where B cell signaling is dampened 

presumably by increased CD22 activity. Whatever the reason, a drastic alteration in the B 

cell repertoire likely occurs when Cd22 is altered, since MZ B cells are lost. Whether this 

alteration in the repertoire is a major factor in the development of autoimmunity remains to 

be explored.

The inhibitory Siglecs on B cells can be therapeutically exploited, and recent studies suggest 

that high avidity sialoside ligands for CD22 and Siglec-G conjugated to antigens can be used 

to induce antigen-specific B cell tolerance (74, 75). Mice expressing membrane bound hen 

egg lysozyme (mHEL) and anti-HEL BCR were used to explore the role of CD22 and 

Siglec-G in inducing tolerance against membrane-bound antigens. In this model, both CD22 

and Siglec-G are recruited to the immunological synapse formed between B cells and target 

cells co-expressing membrane antigens and natural ligands of CD22 and Siglec-G (76). This 

results in the induction of tolerance to membrane antigens by inhibiting BCR signaling in a 

B-cell intrinsic manner, due to Lyn and Bim-dependent deletion of the antigen-reactive B 

cells. An antibody against CD22 (epratuzumab) has demonstrated immunomodulatory 

potential of therapeutic benefit in SLE and Sjögren's syndrome, while providing only 

moderate B cell depletion, in contrast to rituximab, an anti-CD20 antibody (25). 

Epratuzumab is a non-blocking antibody that does not hamper ligand binding by CD22. One 

proposed mechanism of action of epratuzumab is that it unmasks CD22 by sterically 

inihibiting cis interactions, perhaps allowing for the formation of tolerance-inducing 

immunological synapses with endothelial cells, which co-express a high density of CD22 

ligands and membrane-bound immune complexes (77).

Sialic acid modifications

9-O-acetylation is a commonly observed modification of sialic acids that can inhibit Siglec 

binding (78-80). O-acetyl groups can be added to sialic acids by poorly characterized acetyl-

transferases, and removed by sialic acid acetyl-esterases (81). In the case of 9-O-acetylation 

of sialic acid, it has been shown using microsomal extracts of bovine submandibular glands, 

a tissue that is rich in 9-O-acetyl sialic acids, that enzymatic O-acetylation of sialic acids 

initially occurs in the 7-OH position and the acetyl moiety subsequently migrates to the 9-

OH position at neutral pH in a time dependent manner (82). Although migration of the O-

acetyl group from 7-OH to the 9-OH position can occur spontaneously (83), the migration 

from the 7-OH to the 9-OH position was inhibited by heat inactivation of the microsomal 

extract, suggesting the possible involvement of an enzymatic “migrase”, but such an enzyme 

has not been directly demonstrated. It is likely that there are multiple O-acetyl transferases 

and esterases, perhaps with varying specificities for particular types of sialic acid bearing 

glycans. CASD1 is one such O-acetyl transferase, but it has not yet been definitively 

demonstrated if CASD1 O-acetylates a specific subset of sialic acid bearing glycans or if it 

directly acetylates their biosynthetic precursor, i.e. CMP-sialic acid (84). SIAE (sialic acid 
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acetyl esterase) is an O-acetyl esterase, and mice deficient in SIAE have a B cell 

hyperactivation phenotype (19). Murine B cells lacking SIAE exhibit increased calcium flux 

upon BCR stimulation (19) and functionally defective mutations in SIAE have been linked 

to human autoimmunity (20).

Given that (i) sialic acid 9-O-acetylation levels are increased on B cells in SIAE deficient 

mice, (ii) α2,6 linked sialic acids are the preferred ligands of CD22, (iii) CD22 ligands can 

be masked by 9-O-acetylation (78), and (iv) Siae deficiency broadly phenocopies Cd22 

knockout mice, it was speculated that SIAE is a regulator of the CD22 pathway. It was 

surmised that SIAE deficiency may interfere with the interaction of CD22 with the BCR or 

with other sialoglycoproteins (85) by increasing 9-O-acetylation of sialic acid ligands (Fig. 

5). However, it is still unclear if the association between CD22 and IgM is dependent on 

α2,6 sialic acid bearing glycans for its action, let alone what the consequences of increasing 

the 9-O-acetylation of these sialic acids are. This model of SIAE function in B cells is 

inconsistent with data from knockin mice bearing mutations targeting the ligand-binding 

domain of CD22 (Fig. 4) (39). Data from the Cd22 R130E knockin mouse model suggest 

that disrupting the ability of CD22 to bind to its cis ligands suppresses B cell signaling. 

However, SIAE deficient mice have the opposite phenotype of B cell hyperactivation, 

despite the possibly analogous interference in the ability of CD22 to bind its cis ligands due 

to their increased 9-O-acetylation of sialic acid. While alterations in the CD22 pathway 

alone may be insufficient to explain the findings in SIAE knockout mice, a potential non-

redundant role for Siglec-G cannot be excluded, as increased 9-O-acetylation of sialic acids 

may hamper binding to both CD22 and Siglec-G. However, Siglec-G appears to have a non-

redundant role primarily in B-1a cells (68, 73) and a satisfactory explanation of the findings 

in SIAE deficient mice is still lacking. The links between rare genetic variants of Siae and 

human autoimmune disease are intriguing but remain to be more fully evaluated (20, 86-90). 

While heterozygous loss-of-function variants of SIAE may be enriched in autoimmune 

subjects, the final word on this issue will require functional characterization of all variants of 

Siae in tens of thousands of disease subjects and controls in order to statistically validate the 

relevance of this gene in disease.

In many ways, the Siae knockout mice resemble mice with CMAH deficiency (91). B cells 

from both Siae and Cmah knockout mice are hyperactive and exhibit increased Ca2+ flux 

upon BCR crosslinking. Marginal zone B cells are lacking in both, a feature that is 

consistent with the B cell hyperactivation phenotype. Although a direct link to CD22 has not 

been established, the following lines of circumstantial evidence suggested the involvement 

of CD22: murine CD22 is specific for Neu5Gc, i.e. the product of CMAH (92), and 

specifically Neu5Gc that lacks the 9-O-acetyl modification (79), i.e. the predicted product of 

SIAE. Thus, lack of either CMAH or SIAE would be predicted to reduce the availability of 

preferred CD22 ligands.

The inactivation of CD22 ligands in either Cmah or Siae knockout mice would be expected 

to phenocopy the selective inactivation of the CD22 ligand-binding domain, which results in 

blunted B cell activation, a phenotype that is also reminiscent of the St6gal1 knockout (62). 

In light of these contradictory findings, we believe that the phenotypes of the Cmah and Siae 

knockout mice deserve closer re-examination, and possible involvement of other Siglecs or 

Mahajan and Pillai Page 10

Immunol Rev. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selectins should be considered. Ca2+ flux data suggest that the phenotype of Cmah knockout 

B cells is cell-intrinsic. However, this does not exclude the possibility that the B cell 

phenotype is developmental, i.e. arises from compensatory changes in the levels of kinases, 

phosphatases and other signaling molecules, which alter the BCR signaling threshold or 

amplitude. Perhaps one could exclude this possibility by assessing if treatment with Neu5Gc 

can correct the defect in CMAH deficient B cells. Inducible deletion of Siae or Cmah in 

mature B cells or the development of pharmacologic inhibitors can also help clarify this 

issue. Variability in the genetic backgrounds of these mice has also been pointed out as a 

potential concern. Although Cmah deficient mice have been evaluated in at least two 

different genetic backgrounds (91, 93), Siae knockout mice have been studied only in the 

129/Sv x B6 background (backcrossed into B6 for 10 generations) (19). We have now 

generated an independent knockout allele of Siae in a pure B6 background and are currently 

analyzing these mice.

In the mouse germinal center, B cells downregulate CMAH expression and this results in a 

switch in their sialic acid moieties from NeuGc to Neu5Ac (91). Indeed, GL7 - an antibody 

used to detect mouse germinal center B cells by flow cytometry - recognizes α2,6-linked 

Neu5Ac (91). Since α2,6-linked Neu5Gc is the preferred ligand for mouse CD22, perhaps 

the downregulation of CMAH in mice results in physiological unmasking of CD22 in the 

germinal center, and creates an opportunity for CD22-dependent trans interactions with non-

B cells present in the germinal center such as follicular helper T cells or FDCs; these 

speculations have not been verified. Interestingly, the glycan epitope recognized by human 

CD22 (α2-6-sialylated 6-sulfo-N-acetyllactosamine) is also downregulated in the germinal 

center, resulting in unmasking of CD22 in human germinal center B cells (94). These 

observations suggest that, much like CMAH in mice, the enzyme responsible for generating 

the epitope recognized by human CD22 (a 6-O-sulfotransferase) is also downregulated in 

the germinal center. Although the precise identity of the 6-O-sulfotransferase is not known, 

it does appear to be an astonishing case of convergent evolution affecting the ligand rather 

than the Siglec, arising to compensate for the loss of CMAH during human evolution. The 

α2-6-sialylated 6-sulfo-N-acetyl-lactosamine determinant was also more strongly expressed 

in the lumen of high endothelial venules of secondary lymphoid tissues than on B-

lymphocytes, suggesting an additional role for CD22 in B-cell interaction with blood vessels 

and trafficking. It would make teleological sense if the threshold for BCR signaling is 

increased in the germinal center, as would be predicted from the unmasking of CD22 in 

order to enable selection of BCRs with a higher affinity for antigen that could signal despite 

the increased signaling thresholds. One could test this hypothesis by forcing the expression 

of CMAH in the B lineage and preventing the downregulation of CMAH in mouse B cells. 

Although it is clear that CMAH levels are reduced upon B cell activation, alterations in the 

levels of SIAE during B cell activation and development have not yet been fully 

characterized.

Other ways in which sialic acids are linked to autoimmunity

There are a number of other ways in which sialic acids have been linked to autoimmunity 

and chronic inflammation, and some of them are discussed in this section. We will first 

discuss the role of Neu5Gc as pseudo-self-antigens in humans, consider the role of SAMPs 

Mahajan and Pillai Page 11

Immunol Rev. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in setting an inhibitory tone, especially in innate immune cells, the incorporation of sialic 

acids into microbes to evade immunity, the role of sialic acids in the therapeutic use of 

intravenous immunoglobulins in autoimmune diseases, and the role of sialic acid 

interactions in selectin function in the context of autoimmunity.

Neu5Gc and chronic inflammation

Humans lost CMAH when they diverged from their last common ancestor with the great 

apes (12). This event is considered an evolutionary landmark, as it led to a dramatic 

upheaval in the subsequent evolution of human sialic acid binding proteins in an attempt to 

re-adapt to the changes in their endogenous ligands. Thus, Siglecs are among the most 

rapidly evolving gene families in humans. The majority of human Siglecs are encoded on 

chromosome 19 and mouse Siglec genes are present in a syntenic region on chromosome 7. 

The Siglec genes have undergone rapid evolution in sequence, gene conversions, changes in 

gene expression and pseudogenization events, and it is indeed possible that this process is 

still ongoing (12). Human autoimmunity could be a transitory phenomenon in the 

evolutionary timescale of ongoing and potentially incomplete adaptation of human Siglecs 

to their self-ligands. Humans cannot synthesize endogenous Neu5Gc because of the lack of 

CMAH, but are constantly exposed to this sialic acid in their environment. Dietary Neu5Gc, 

which is abundant in red meat, can be incorporated into tissues (95). Since this occurs after 

infancy, Neu5Gc represents a foreign antigen that is incorporated into self structures. 

Neu5Gc is therefore called a xeno-autoantigen in this context and anti-Neu5Gc antibodies 

can be considered xeno-autoantibodies (96). Although dietary Neu5Gc is poorly 

immunogenic, there is evidence that incorporation of dietary Neu5Gc into the cell walls of 

commensal bacteria may convert Neu5Gc into a more immunogenic form (96). Anti-

Neu5Gc antibodies have been linked to a variety of specific human diseases that are not seen 

in the great apes including cardiovascular disease and cancer (97-99). These studies, 

pioneered by the Varki group, suggest that dietary red meat provides the immunogens that 

result in the generation of IgG antibodies specific for Neu5Gc, and these antibodies target 

Neu5Gc that has been incorporated into host glycoproteins, and thus induce chronic 

inflammation (100).

Studies on Cmah knockout mice have been performed using an immunization step and oral 

feeding of Neu5Gc to mimic what is seen in humans (99). It is likely that there are a number 

of mechanisms that contribute to the epidemiologic link seen between the consumption of 

red meat and chronic inflammation, heart disease, and cancer (101, 102). One of these 

mechanisms is likely the incorporation of dietary Neu5Gc into host proteins and lipids as a 

xeno-autoantigen and the induction of a cross reactive immune response by either dietary 

Neu5Gc containing glycoproteins or gut commensals/pathogens that incorporate dietary 

Neu5Gc into their cell walls. In the mouse model, passive transfer of anti-Neu5Gc IgG 

recreates the chronic inflammatory phenotype. The inflammatory process has not yet been 

studied in mechanistic detail - whether it is mediated by Fc receptor activation on 

phagocytes, complement activation, or by an ADCC-like process remains unclear. The 

parallels with accepted mechanisms in well-established humoral autoimmune conditions are 

striking.
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Sialic acid mediated tolerance, SAMPs, and immune responses to sialic acid containing 
microbes

Most microbes lack the expression of sialylated glycans on their surfaces, in contrast to 

vertebrates, which express sialic acid at high levels. It has been postulated that these 

terminal sugars behave as self-associated molecular patterns (SAMPs) and provide an 

important tolerogenic signal in mammals (3). Sialic acids may function as SAMPs because 

they can ligate Siglecs, either in “cis” or in “trans” on innate immune cells and thus 

maintain an inhibitory tone. Unlike DAMPs or PAMPs, which activate innate immunity and 

prime dendritic cells to activate T cells, SAMPs are only thought to provide a normal 

inhibitory state in innate immune cells preventing excessive inflammation (Fig. 6). It should 

be noted that some Siglecs are activating receptors, and sialic acids may function as SAMPs, 

especially when they are a part of a glycan motif that is specifically recognized by inhibitory 

Siglecs. In line with this idea and emphasizing the importance of immune recognition of 

sialic acids, it has been appreciated that a number of pathogenic microorganisms have 

evolved mechanisms to evade immune detection by mimicking host cells by incorporating 

sialic acids onto their cell surface. Indeed, sialic acids are rare in bacteria that are not 

vertebrate pathogens or commensals, which have evolved numerous ways to assimilate 

and/or synthesize sialic acids (6). In some instances, such molecular mimicry between 

bacterial pathogens and the host can trigger autoimmunity. For instance, Campylobacter 

jejuni expresses ganglioside mimics in its capsule and the antibody response against C. 

jejuni lipo-oligosaccharides generated in the context of enteritis can cross-react against host 

neural gangliosides, GM1 and GD1, causing Guillain-Barre syndrome (7). The presence of a 

high concentration of sialic acids in the environment may also act as a cue for bacteria that 

they are in a vertebrate host, and may aid in their switch to a host-specific gene expression 

program.

Factor H, autoantibodies and inflammatory disorders

Factor H is a complement inhibitory protein that recognizes sialic acids on the host cell 

surface in the presence of C3b and accelerates the decay of C3b on host cell surfaces. Other 

polyanions such as heparan sulfate glycosaminoglycans can also promote the binding of 

factor H to cell surfaces. Rare inherited mutations in the C-terminal domains that are 

involved in sialic acid recognition, or autoantibodies against factor H that interfere with its 

complement regulatory function, can result in atypical hemolytic uremic syndrome or 

contribute to age-related macular degeneration (103, 104). Interestingly, about 17% of 

subjects with age-related macular degeneration also carry a polymorphism in factor H 

(Y402H), but the molecular basis for this association does not appear to involve SAMPs. 

The Y402H polymorphism compromises the ability of factor H to bind and shield 

inflammatory oxidized phospholipids, which function as DAMPs rather than SAMPs in this 

context (105). While it is clear that SAMPs play a critical role in mediating host-pathogen or 

host-commensal interactions, their impact on the maintenance of tolerance or autoimmunity 

needs further investigation.
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Sialic acids and the therapeutic use of intravenous immunoglobulins

The immunosuppressant activity of intravenous immunoglobulins (IVIg) has been used to 

treat autoimmune conditions for decades. A number of mechanisms may contribute to IVIg 

activity, including direct competition with pathogenic immunoglobulins. However, work 

from the Ravetch laboratory suggests that the prominent mechanism of action involves a 

complex biantennary N-glycan in the IgG Fc domain that is conserved in all IgG subclasses 

(Fig. 7) (106, 107). When this glycan terminates in an α2,6-linked sialic acid, it imparts a 

regulatory function to IgG antibody. This sialoglycan alters the conformation of the IgG Fc 

domain, such that it results in the loss of ability to bind canonical (type 1) Fc receptors, and 

instead promotes interaction with the type 2 Fc receptors such as the Dendritic Cell Specific 

Intracellular adhesion molecule 3 Grabbing Non-integrin (DC-SIGN). Signaling through 

type 2 Fc receptors on regulatory macrophages, dendritic cells, or other unidentified innate 

immune cells triggers a potent anti-inflammatory cascade involving the production of 

cytokine mediators such as IL-33 and IL-4 (106). These cytokines ultimately alter the ratio 

of inhibitory to activating type 1 Fc receptors on effector macrophages, and also contribute 

to regulatory T cell activation (108). Thus, IVIg can be used to treat both antibody and T-

cell mediated autoimmunity.

Less than 10% of IgG antibodies in healthy individuals are sialylated, and these levels are 

markedly reduced during inflammatory conditions, including the autoimmune diseases 

rheumatoid arthritis and Wegener's granulomatosis. Indeed, IgG from individuals with 

chronic inflammatory conditions have an increased fraction of Fc glycans lacking terminal 

sialic acid. It is possible that altered glycosylation contributes to the pathogenicity of 

autoantibodies from patients with autoimmune disorders. While the mechanism of the 

immunosuppressant action of the IgG Fc sialoglycan has been well worked out, it remains 

unclear how the sialylation of the IgG Fc glycan is regulated in physiological conditions. It 

is possible that a combination of sialyltransferase or sialidase activities are involved, but 

there is currently very little known about the mechanisms by which glycosylation of the IgG 

Fc glycan is regulated. It is also unclear if sialylation of Fc glycans is altered after IgG 

secretion.

CD24, Siglec-G, and HMGB1

Siglec-G and its cis ligand CD24, a GPI-linked sialoglycoprotein, are both expressed on 

dendritic cells. Mice that lack CD24 or Siglec-G are susceptible to a sublethal challenge of 

acetaminophen and die from a severe liver injury within 20 hours of acetaminophen 

administration (109). Dendritic cells express both CD24 and Siglec-G, and the absence of 

either molecule results in insufficient negative regulation of the response to the danger 

signal, HMGB1, released in response to acetaminophen-induced tissue damage. HMGB1 

can interact with the CD24/Siglec-G complex in a manner that requires both CD24 and 

Siglec-G. Siglec-G was also shown to function as the signal transducer for endogenous 

danger signals (alarmins), HSP70 and HSP90, in a CD24-dependent manner (Fig. 8). 

Presumably inhibitory signaling by Siglec-G dampens inflammation following 

acetaminophen-induced liver damage and is cytoprotective in the liver (110). Siglec-G can 

inhibit dendritic cell responses to PAMPs as well as DAMPs. Sepsis in an intestinal 

perforation model was shown to be exacerbated by the disruption of the Siglec-G/CD24 
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complex by microbial sialidases, and sialidase inhibitors that can preserve the Siglec-G/

CD24 interaction may have therapeutic potential in the management of sepsis (66).

HMGB1 is an alarmin that is released by necrotic cells and can also be secreted by DCs and 

macrophages stimulated with pro-inflammatory cytokines such as TNFα (111, 112). Serum 

levels of HMGB1 are increased in several autoimmune conditions, and it may play a role in 

promoting inflammation in many of these diseases. However, HMGB1 has a number of 

binding partners in addition to CD24 such as RAGE, thrombospondin, and CXCL12, and it 

can indirectly interact with TLRs (113). Furthermore, CD24 occurs in a variety of 

glycoforms of molecular weights ranging from 20 to 70 kDa, and the specific glycoforms 

that interact with Siglec-G or HMGB1 are likely to be cell-type and context dependent and 

have yet to be explicitly defined. Although some polymorphisms in CD24 have been linked 

to autoimmunity, it is not clear if they impact glycosylation and ultimately Siglec-G binding 

(114).

Mice deficient in CD24 are protected from experimental autoimmune encephalitis and 

experimental autoimmune thyroiditis. CD24 deficiency in thymic epithelial cells and 

possibly thymic dendritic cells causes clonal deletion of T cells with an autoreactive TCR 

transgene (2D2) that normally escape negative selection but has no effect on a TCR 

transgene specific for ovalbumin (115). Thus, CD24 may have an impact on central 

tolerance mechanisms. Although Siglec-G is known to be expressed on some dendritic cell 

subsets, its expression on dendritic cells or epithelial cells in the thymus has not been 

evaluated. Surprisingly, transfer of syngeneic T cells into a lymphopenic CD24 deficient 

host was shown to result in excessive and indeed lethal homeostatic proliferation, suggesting 

that CD24 dampens the activation of T cells by APCs (116). However, a possible alternate 

explanation could be that the release of alarmins such as HMGB1 resulting from the 

irradiation used to induce lymphopenia, may have allowed the recipient CD24 knockout 

dendritic cells to cause an exaggerated donor T cell proliferative response akin to the lethal 

response to the acetaminophen-injury seen in CD24 knockout mice (109). This possibility 

may be excluded using unirradiated Cd24−/− Rag−/− mice as lymphopenic recipients or 

antibody-mediated neutralization of HMGB1. The direct contribution of the glycan ligands 

of Siglec-G to the above described phenomena has not been fully addressed. While the 

possible role of the CD24/Siglec-G axis in regulating tolerance or the effects of DAMPs in 

autoimmune disease remains an interesting possibility, it is far from established.

Sialic acids, selectins, and autoimmunity

Aside from their role in acting as Siglec ligands, sialic acids are also a component of sialyl 

LewisX - the carbohydrate ligand for the selectins, a family of transmembrane cell adhesion 

molecules that are structurally homologous to C-type lectins (117-119). Selectins are 

expressed on the surface of leukocytes and activated endothelial cells that regulate the exit 

of leukocytes from the circulation and into inflamed tissue. During inflammation, the flow 

of blood through the vasculature slows considerably, allowing leukocytes to contact and 

engage adhesion receptors on the endothelium, and then roll along the endothelial wall of 

the blood vessel (120). This important initiating step of leukocyte tethering and adhesion is 

mediated by the binding of selectins expressed by leukocytes or endothelial cells to glycans 
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containing the sialyl LewisX motif on the endothelial cells or leukocytes, respectively. 

Although the sialyl LewisX tetrasaccharide is a critical determinant of selectin ligand-

binding, additional modifications on the glycan or on the glycoprotein bearing this glycan 

motif are required for efficient selectin binding as mentioned below. Leukocyte rolling is 

followed by adhesion and extravasation through the endothelium to the site of inflammation. 

Thus, it is reasonable to think that perturbations in this process may predispose to 

autoimmunity.

There are a few examples of the involvement of selectins and their ligands in autoimmunity. 

In the case of L-selectin, it has been observed that in vivo antibody blockade in pre-diabetic 

mice alleviates subsequent development of insulitis and diabetes in non-obese diabetic 

(NOD) mice, a result suggesting that preventing leukocyte adhesion to the endothelial 

venules in the pancreatic islets at the early stages could thwart the development of 

autoimmune disease (121). Similarly, antibody blockade of L-selectin prevents experimental 

allergic neuritis, a model of Guillain-Barre syndrome, in rats (122). However, genetic 

ablation of L-selectin in several diabetic mouse backgrounds (including NOD, NOD.scid, 

and BDC2.5 TCR-transgenic mice) or non-diabetic backgrounds (SJL, C57BL/6) did not 

render the mice more resistant to diabetes onset (123-125). Other selectins, however, may 

have a less tenuous role in autoimmunity. The protein TIM-1 (T cell immunoglobulin and 

mucin domain 1) was identified as a P-selectin ligand, that is especially important for the 

tethering and rolling of Th1 and Th17 cells. Studies in mice deficient in the O-glycosylated 

TIM-1 mucin domain, showed that TIM-1 mediates adhesion of activated T cells, including 

adhesion of these T cells in the inflamed venules of the central nervous system in 

experimental autoimmune encephalomyelitis (EAE) (126). The precise structure of the 

TIM-1 glycans that bind P-selectin are yet to be determined. Although it is known that α1,3 

fucosylation and the sulfation of tyrosine residues on PSGL-1 is required, sialylation does 

not appear to be required for the binding of P-selectin to TIM-1 (126). Another well-studied 

ligand for P-selectin, PSGL-1 (P-selectin glycoprotein ligand-1) has been shown to be 

involved in the negative regulation of autoimmunity through Tregs, as a deficiency in 

PSGL-1 increases the severity of EAE (127). In the absence of PSGL-1, Tregs were 

selectively unable to suppress EAE and effector T cell proliferation, demonstrating a role for 

PSGL-1 in Tregs inhibiting T cell activation in the late stages of the immune response to 

self-antigen. PSGL-1 deficient mice also develop systemic autoimmunity with some 

characteristics of systemic sclerosis (128). The presence of the sialyl-LewisX glycan, as well 

as sulfation of key tyrosine residues on PSGL-1, is critical for selectin binding. Although the 

sialyl LewisX motif is widely seen in several glycoproteins, not all of them are bona fide 

selectin ligands (129, 130). It was recently shown that the sialyl-LewisX glycan is highly 

specific for suppression-competent “effector” T regulatory cells in humans and can be used 

to distinguish them from other FoxP3+ T cells, but the function of this glycan in this context 

is not yet understood (131). Knowledge of the structural requirements for selectin binding 

has led to the development of glycomimetic inhibitors of selectins, which will pave the way 

for therapeutic targeting of this pathway in inflammatory disorders and also help unravel the 

role of selectin ligands in autoimmune disease (132).
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Conclusions

Our current knowledge of sialic acids, sialic acid modifying enzymes and Siglecs in 

autoimmunity is in its infancy. Investigations on the regulation of sialic acid biology and 

autoimmunity have focused largely on B cells, and the role of sialic acid containing ligands 

in regulating T cells and dendritic cells needs further examination. Genetic polymorphisms 

in Cd22 and rare variants of Siae have been linked to autoimmunity, but these alleles may 

contribute to a very small fraction of the population level genetic risk to autoimmune 

disease. Nevertheless both sialic acid binding lectins as well as sialic acid modifying 

enzymes are considered druggable targets, and sialoside inhibitors as well as antibodies 

targeting Siglecs on B cells have demonstrated immunomodulatory potential. There remain 

many gaps in our knowledge about the mechanism of action of Siglecs and the therapeutics 

used to target Siglecs and Siglec-linked signaling. Clearly, sialic acid bearing glycans 

profoundly influence BCR signaling as well as several other cellular processes of relevance 

to autoimmunity, and more efforts are needed towards a better understanding of the 

underlying molecular mechanisms.
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Fig. 1. Structure and diversity of sialic acids
The core structure of sialic acid comprises a pyranose ring and a glycerol tail. The 5-carbon 

position can carry an N-Acetyl (Ac) or N-Glycolyl (Gc) group. Several types of O-

substitutions have been discovered at carbon positions 4, 7, 8, and 9, giving rise to an 

enormous diversity of sialic acids. Carbon 2 forms glycosidic linkages with various sugars 

(R).
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Fig. 2. Sialic acid modifying enzymes discussed in this review
Sialic acids are conjugated to cytidine monophosphate by CMP-5-N-acetylneuraminic acid 

synthetase. The CMP-sialic acid conjugates act as high energy donors for sialyltransferase 

reactions. There are numerous sialyltransferases in the mammalian genome, each specific 

for a particular linkage. ST6GAL1 is discussed in the review. Sialidases cleave sialic acids 

from glycans. Sialic acid acetyl esterase (SIAE) in an enzyme - perhaps one of many - that 

removes the 9-O-acetyl group from sialic acid bearing gycans. The identity of sialic acid O-

acetyl transferases (SOAT) has not been established. CASD1 is a strong candidate for such 

an enzyme, but it is likely that multiple SOAT enzymes exist that add 9-O-acetyl group to 

specific sialic acid bearing glycans and/or the CMP-sialic acid precursor.
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Fig. 3. Cis and trans interactions between CD22 and its ligands
(i) CD22 can engage its ligands in cis on the same cell. A sialic acid bearing glycan on 

CD22 itself is the primary physiological cis ligand of CD22. (ii) Trans interactions of CD22 

with glycan ligands presented on other cells or glycoproteins are also possible.
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Fig. 4. Model of CD22 action
(i) The majority of CD22 molecules are sequestered away from the BCR by cis interactions. 

(ii) Loss of CD22 ligands as in ST6GAL1−/− mice disrupts cis interactions, freeing up more 

CD22 to interact with and inhibit the BCR in a glycan-independent manner. (iii) The R130E 

mutation in the CD22 ligand-binding domain, that disrupts glycan-binding, also disrupts cis 

interactions among CD22 moleules, resulting in greater BCR signal inhibition.
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Fig. 5. Proposed model for SIAE action
9-O-acetylation of sialic acid glycans on the BCR complex can be expected to inhibit 

inhibitory glycan-dependent interactions between CD22 and BCR. SIAE can remove the 9-

O-acetyl moieties, thereby allowing CD22-mediated inhibition of BCR signaling. Note that 

this model is inconsistent with the model of CD22 action depicted in Fig. 4.
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Fig. 6. Self-associated molecular patterns
Self-associated molecular patterns (SAMPs) are postulated to be self-molecules that inhibit 

innate immune receptors, unlike DAMPs and PAMPs provide activating signals.
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Fig. 7. Immunodulatory role of Fc glycan sialylation
IgGs with sialylated Fc glycans engage DC-SIGN on regulatory macrophages or other 

innate immune cells. This interaction, via a cascade of events involving the production of 

secreted mediators such as IL-4, IL-33, alters the balance of activating and inhibitory FcγRs 

on effector macrophages. Signaling through inhibitory FcγRs predominates, resulting in the 

dampening of inflammation.
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Fig. 8. Recognition of enodogenous danger signals by the Siglec-G/CD24 complex
CD24 is a cis ligand of Siglec-G on dendritic cells. The Siglec-G/CD24 complex recognizes 

endogenous danger signals (alarmins) resulting in inhibitory signaling mediated by Siglec-G 

that dampens immune activation. It can also suppress TLR-mediated signaling in response to 

PAMPs such as LPS.
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