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Abstract

:

Siglecs (Sialic acid-binding immunoglobulin-type lectins) are a I-type lectin that typically binds sialic acid. Siglecs are predominantly expressed in immune cells and generate activating or inhibitory signals. They are also shown to be expressed on the surface of cells in the nervous system and have been shown to play central roles in neuroinflammation. There has been a plethora of reviews outlining the studies pertaining to Siglecs in immune cells. However, this review aims to compile the articles on the role of Siglecs in brain function and neurological disorders. In humans, the most abundant Siglecs are CD33 (Siglec-3), Siglec-4 (myelin-associated glycoprotein/MAG), and Siglec-11, Whereas in mice the most abundant are Siglec-1 (sialoadhesin), Siglec-2 (CD22), Siglec-E, Siglec-F, and Siglec-H. This review is divided into three parts. Firstly, we discuss the general biological aspects of Siglecs that are expressed in nervous tissue. Secondly, we discuss about the role of Siglecs in brain function and molecular mechanism for their function. Finally, we collate the available information on Siglecs and neurological disorders. It is intriguing to study this family of proteins in neurological disorders because they carry immunoinhibitory and immunoactivating motifs that can be vital in neuroinflammation.
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1. Introduction


Glycosylation is vital for normal brain function and an alteration in this process may lead to nervous disorders and death [1,2]. Glycosylated proteins, carbohydrate moieties, and lectins have been studied in brain function and neurological disorders [1,2]. One of the types of glycosylation that is abundantly found in the brain is sialylation. Sialic acid is a nine-carbon monosaccharide that is present at the terminal end of glycoproteins and glycolipids in higher invertebrates and all vertebrates [3]. Sialic acids (Sia) are also called “neuraminic acids” and this nomenclature is based on their discovery. In 1936, Gunnar Blix isolated them from saliva and named them Sialic acids (the Greek word for Saliva). In 1941 Ernst Klenk isolated them from brain glycolipids and named them neuraminic acid for the neurons in brain [3]. The role of sialic acid in brain development and function is compiled in an excellent review by Schnaar et al. [4]. Siglecs, which are cell surface receptors that bind sialic acids, are abundantly found in the immune cells [5].



The Siglec Family


The discovery of Siglecs dates back to 1990 when CD22 (Siglec-2), B cell specific protein’s cDNA was cloned, and it was observed that this protein carries many immunoglobulin-like domains [6]. One year later, it was found that CD22 binds with sialylated glycoproteins thus revealing its role as sialic acid binding lectin [7]. Another Siglec, mouse macrophage specific receptor/sheep erythrocyte receptor (original name- sialoadhesin/Siglec-1) was purified and characterized from mouse spleen. It was found that it can agglutinate sheep and human erythrocytes in sialic acid-dependent manner [8]. Subsequent studies were carried out that identified and characterized Sialoadhesin, CD22, and myelin-associated glycoprotein (MAG/Siglec-4) as immunoglobulin-like domains containing the sialoadhesin family [9,10]. Finally in 1998, Paul Crocker and Ajit Varki with others, named this family of proteins “Siglecs” which stands for sialic acid binding immunoglobulin-type lectins [11].



Siglecs are type I transmembrane receptors that bind sialic acids. Siglecs are predominantly expressed on the surface of immune cells [12]. The human and mouse Siglecs are shown in Figure 1 and Figure 2. The human Siglecs family contains 15 members (Figure 1) that are basically classified into two groups: Evolutionary conserved Siglecs and rapidly evolving Siglecs. As the name suggests, the evolutionary conserved ones have the true orthologues present in mammalian species. The members of conserved Siglecs are Siglec-1, CD22, MAG, and Siglec-15 (Figure 1). The rapidly-evolving ones do not exist as true orthologues in the mammalian species and more commonly called CD33-related Siglecs. In primates, the members of the CD33-related Siglecs are CD33 (Siglec-3), Siglec-5-14, Siglec-16, and Siglec-17 (Figure 1) [5,12,13]. In mice, the Siglecs family contains 8 members (Figure 2). Siglec-1, Siglec-2, and MAG have true homologs in humans and mice. Siglecs are a rapidly evolving gene family. Due to this reason, many Siglecs do not have true homologs present between humans and mice. Based on the expression pattern and function there is annotation of some mouse and human Siglecs as functionally equivalent paralogs. Siglec-9 is functionally equivalent to Siglec-E whereas Siglec-8 is functionally equivalent to Siglec-F [5,12,13]. The mouse and human CD33 are completely different. They have different intracellular domains, different expression patterns, and bind to different ligands. Therefore, the studies that are carried out on mouse CD33 can usually not be extrapolated to human CD33 and vice versa [14].



Siglecs carry immunoglobulin like extracellular domains, a single pass transmembrane domain and an intracellular domain (as shown in Figure 1 and Figure 2). The N-terminus outermost immunoglobulin domain is called a V-set domain while subsequent immunoglobulin domains are called a C2-set domain. The V-set domains bind sialic acid while the C2-set domain does not have binding sites for sialic acid [5,12,13]. The extracellular V-set domain carries a critical arginine residue for interaction with sialic acid [5,12,13]. The intracellular domain has immunoreceptor tyrosine-based inhibitory motifs (ITIM) and ITIM-like signaling motifs. Upon ligand binding, these motifs get phosphorylated by Src family kinases and lead to intracellular signaling involving Src homology region 2 domain-containing phosphatase-1 (SHP-1) and Src homology region 2 domain-containing phosphatase-2 (SHP-2) recruitment [5,12,13]. These inhibitory signaling events may reduce the inflammatory response by blocking the MAP kinase (MAPK) signaling cascade. Thus, it acts like a brake for the inflammatory signaling pathways [5,15]. Contrary to this, there are some Siglecs that carry a positively charged residue in the transmembrane domain that recruit DNAX-activation protein of 12 kDa (DAP12) [16,17,18,19,20]. The DAP12 protein carries immunoreceptor tyrosine-based activating motifs (ITAM) that enhance the MAP kinase signaling cascade and lead to activation of the immune cells. Thus, inhibitory and activating Siglecs signal through opposing motifs and lead to opposite effects on the activation of immune cells [16,17,18,19,20]. Some of the Siglecs exist as paired receptors as they carry the same extracellular domain, but their transmembrane domain or intracellular domain generate opposite functions. Thus, they bind with the same ligand but one of them generates inhibitory signals while other generate activating signals to the cells. This is very important for the fine tuning of the immune response [21,22]. The role of paired receptors in the mouse models of cancer, inflammation, and bacterial infection have been studied recently [22,23]. There are also recent reports on the expression of Siglecs in non-immune cells. Siglec-6 was reported to be expressed on human placental trophoblast [24], Siglec-XII on epithelial cells [25], Siglec-5/14 on amniotic epithelium [21], Siglec-7 on pancreatic islets [26]. Siglec-3/Siglec-11/MAG in the brain tissue [27,28,29,30], and Siglec-9, -10, -11, and -16 are present in female reproductive tract [31,32]. While there are a plethora of literature and reviews available on Siglecs and immune cells, reviews compiling non-immune function of Siglecs are scarce. This review is focused on the role of Siglecs in brain function and neuronal disorders.





2. Siglecs and Their Role in Neurological Disorders


2.1. General Biology of Siglecs That are Expressed in the Brain


Sialoadhesin (Siglec-1, CD169) belongs to the category of conserved Siglecs, which has true orthologs present among mammalian species. It is basically a macrophage restricted glycoprotein which has an apparent molecular weight of 200 kDa. Sialoadhesin is the largest member of the Siglec family. It has 16 C2-set domains, one V-set domain, a transmembrane domain and cytosolic tail (Figure 1) [33]. Interestingly, the cytosolic tail of Sialoadhesin does not have any signaling motif. The sequence homology between mouse and human Sialoadhesin is 72% and it has a binding preference for α-2-3 linked sialic acid over α-2-6 linked sialic acid. The binding and expression pattern of mouse and human sialoadhesin are very similar. They are found on tissue macrophages and mostly absent from the surface of monocytes and other peripheral blood leukocytes [33]. The absence of ITIM motifs and preference of α-2-3-sialic acid binding led to the hypothesis that Sialoadhesin’s function is clearance of sialylated pathogens [34].



CD22 (Siglec-2) is usually expressed on B cells. The apparent molecular weight of CD22 is around 140-kDa and it has 6 C2-set domains and one V-set domain. In the intracellular domain it has 3 ITIM and one ITIM-like domain (Figure 1). CD22 functions as a co-receptor of B-cell receptor (BCR) and it regulates the B-cell response upon inflammation [35]. A cross-linking of CD22 and BCR upon antigen binding, stimulates the tyrosine phosphorylation of CD22 and further downstream signaling is mediated by associated phosphatases. A loss of CD22 leads to hyperactivation of the B cells and may lead to autoimmune disorders [35].



CD33 (Siglec-3) was discovered in 1983 when a set of monoclonal antibodies detected a 67 kDa glycoprotein on the surface of myelomonocytic cells in the hematopoietic system [36]. Later, CD33 was characterized as a member of sialic acid binding adhesin molecules and the recombinant soluble form of CD33 (CD33-Fc) was shown to preferentially bind Neu5Acα2-3Gal in N- and O-glycans [37]. Expression analysis found CD33 to be expressed in monocytes, microglia, a subset of B cells and activated T and NK cells [38,39]. CD33 is a canonical member of the CD33-related Siglec family and the smallest member of the family. It has one V-set, one C2-set domain, a single pass transmembrane domain and an intracellular domain (Figure 1) [36,37]. There are two splice variants of CD33: the short form of CD33 known as CD33m (D2-CD33) or the long form of CD33 known as CD33M [38].



MAG/Siglec-4 was discovered as a central nervous system (CNS) myelin glycoprotein. It was proposed that this protein is involved in mediating the interaction between glial and neuronal cells and is important for myelin sheath formation [40,41]. The apparent molecular weight of MAG is 100 kDa and 30% of its weight is constituted by glycosylation. The MAG cDNA was first cloned in 1987 [42]. Surprisingly, it was found to perfectly match another cloned cDNA p1B236 [43]. It was concluded that MAG and ps1B236 are the same. MAG binds with α-2-3-linked sialic acid, which is a part of many neuronal gangliosides [44]. The critical arginine in the V-set domain of MAG that interacts with sialic acid is present at 118th position in the N-terminal domain [44,45]. MAG is present in both CNS and peripheral nervous system (PNS) but the actual quantity of MAG with respect to total protein content is only 1% in CNS and 0.1% in PNS [46]. There are two splice forms of MAG, large (p72) and small (p67), which differ in their cytoplasmic domain. p67 carries 10 different amino acids and lack 54 amino acids that are present in p72 [46].



Siglec-11 was discovered and characterized in 2002 by the Varki group [47]. It specifically binds to α-2-8-linked sialic acid and is mainly expressed in peripheral blood leukocytes, macrophages and microglia [47]. It is an inhibitory Siglec that interacts with SHP-1 and SHP-2 upon ligand binding [47]. Siglec-11 is expressed in microglia of the human brain and a soluble recombinant form of Siglec-11 has shown to bind ligands in brain. Interestingly, Siglec-11 is not expressed in the brains of great apes [48,49].



Siglec-E was discovered in 2001 in a yeast two-hybrid screen using tyrosine phosphatase SHP-1 as bait [50]. It is the most abundant Siglec expressed on the surface of innate immune cells in mice [51]. Expression analysis showed that Siglec-E is expressed on the cell surface of neutrophils, monocytes, macrophages, dendritic cells and a subset of natural killer cells [51,52]. It is a disulfide-linked dimer on the cell surface, which has 2 C2-set domains and one V-Set domain (Figure 2) [51]. Siglec-E−/− and transgenic chimeric Siglec-E16 (mouse with extracellular domain of Siglec-E and the transmembrane and intracellular domain of Siglec-16) mice have been used to decipher the role in bacterial infection, inflammation and cancer [22,23,53,54,55]. The functionally equivalent paralog of Siglec-E in humans is Siglec-9. Siglec-E preferentially binds to α-2-8-linked sialic acids which are highly abundant in brain on both NCAM and as shorter chains on gangliosides [52]. Interestingly, upon Lipopolysaccrides (LPS) stimulation, Siglec-E alleviates Toll-like receptor (TLR) signaling and helps resolve inflammation. Along with other Siglecs, Siglec-E can bind to the sialic acids of TLR and a sialidase treatment can disrupt this interaction, thus facilitating inflammation [56,57,58,59]. Siglec-E is found to be expressed on cultured mouse microglia [60].



Siglec-F is a murine Siglec which is found in high abundance on eosinophils. Earlier studies predicted that Siglec-5 is probably the true ortholog of Siglec-F, but there is only homology with the extracellular domains of Siglec-F [61]. There is no true ortholog of Siglec-F in humans, but the functionally equivalent paralog of Siglec-F is Siglec-8. Siglec-F preferentially binds to α-2-3-linked sialic acids and also recognizes 6′-sulfo-sLex [62]. It carries three C2-set domains, a V-set domain and an intracellular ITIM and ITIM-like motif (Figure 2) [62]. Siglec-F is expressed by microglial cells in the mouse brain [63].



Siglec-H is a member of the mouse specific CD33-related Siglec family, whose expression was found in plasmacytoid dendritic cells and it signals via DAP12. Therefore, it generates an activating signal to the cells [64]. Siglec-H is found to be expressed in microglia when activated with interferon-γ or polarized in M1 subtype. A comprehensive study was carried out to find the protein expression of Siglec-H in microglia. It was demonstrated that Siglec-H is expressed in microglia at all stages of embryonic development and adulthood. The expression of Siglec-H in microglia was not changed with inflammation or injury [65].




2.2. Role of Siglecs in Brain Functions


A study published in the early 1990s showed that a factor in serum or plasma regulates the expression of Siglec-1 (Sialoadhesin/CD169) in microglia. Microglia populations that reside behind the blood–brain barrier do not express sialoadhesin, whereas the ones that are close to the blood–brain barrier do express sialoadhesin. This observation pinpoints the relevance of a factor from plasma protein that induces the expression of Siglec-1 in microglia. Additionally, injuries to the CNS that expose these microglia to plasma protein further enhance the expression of Siglec-1 in microglia. This in vivo observation was the first study where Siglec-1 expression in microglia was observed and the mechanism was deciphered [66].



In a study by Mott et al., it was shown using a co-culture system with neurons and microglia that CD22 (Siglec-2) causes a reduction in the inflammatory effects of microglia [67]. The neurons were shown to express CD22 at the mRNA and protein level and a soluble form was released from cells which was responsible for decreasing the inflammatory effects of microglia [67]. In a recent study, the authors identified CD22 as a modifier of microglial phagocytosis in aging brain [68]. Microglia in the brain are usually involved in the clearance of aggregated proteins and cellular debris. However, in the aging brain, this function of microglia is hampered. In a CRISPR-Cas9 screen the authors identified CD22 as a master regulator of this function. A long-term delivery of blocking antibody against CD22 led to reversal of this phenotype in the aged brain of mice [68].



The critical function of MAG (Siglec-4) in the brain was highlighted by a study where this Siglec was found to inhibit neurite outgrowth and lead to axon growth collapse. MAG functions as a transmembrane protein and also as a soluble protein known as dMAG [44,46]. In the early studies, MAG was identified as promoter of neurite growth in dorsal root ganglion (DRG) or spinal cord cultures. Treatment with anti-MAG antibody led to rescue of this phenotype [69]. Additionally, under embryonic conditions MAG enhances the neurite outgrowth [70]. However, contrary to two simultaneously published pioneering studies in 1994 [71], it was established that MAG inhibits the neurite outgrowth [72]. The conflicting results of MAG on neurite outgrowth is mainly due to the difference in the developmental stages of the neurons on which the experiments were performed. The inhibitory role of MAG on neurite outgrowth is extensively studied because of its potential to regenerate neurons upon injury [72]. This phenotype was rescued by a treatment with anti-MAG antibody and recombinant MAG was a potent inhibitor of axon regeneration. Although it was shown in vitro in cerebellar and DRG neuron, it was proposed that the same mechanism might be happening in vivo as well [46,71]. With the previous findings it was clear that mammalian adult axons have little or no ability to regenerate after an injury, but the neonatal axons do regenerate well. One of the factors responsible for this is thought to be MAG present in myelin of CNS and PNS [46]. Although these findings were informative, an endogenous factor that is involved in this phenotype had not been found. Therefore, another study identified cyclic adenosine monophosphate (cAMP) as an endogenous factor that dictates the axonal regeneration [73]. It was observed that the cAMP levels were higher in young neurons as compared to older neurons. Moreover, an inhibition of cAMP downstream effector protein PKA (protein kinase A) inhibits the neuronal regeneration. Conversely, an elevation of cAMP in older neurons leads to blockage of inhibition of neurite outgrowth [73]. Thus, the neurite outgrowth inhibition by MAG involved downstream partners in the form of cAMP and PKA [74]. These findings were highly relevant in terms of their identification of factors responsible for inhibition of neurite outgrowth, but they also sparked a lot of controversies. The main controversy came from the finding that MAG−/− mice have normal neurite outgrowth [75]. This actually does not negate the previous findings about MAG, but it certainly points out towards other factors present in myelin that are involved in the phenotype.



To further reinforce the idea that MAG is inhibitory in axonal regeneration, the soluble dMAG and chimeric MAG-Fc were used in vivo. As expected, dMAG and MAG-Fc were found to be potent inhibitors of axonal regeneration. Moreover, the regeneration was completely neutralized upon immunodepletion of dMAG or when a MAG antibody was used [76]. Further work has also supported the idea that dMAG diffuses through the CNS and affects the neurite outgrowth even when there is no physical contact between the neuron and myelin [74,76,77].



The most important microglial inhibitory motif carrying Siglec is Siglec-11 that interacts with the neuronal glycocalyx and alleviates microglia neurotoxicity [78]. The ligand for Siglec-11, PSA-NCAM (Polysialylated neuronal cell adhesion molecule) is expressed on both microglia and neurons but only neuronal expression of ligand (PSA-NCAM) is important for suppression of immune response by microglia. An ectopic expression of Siglec-11 in murine microglia cell line led to reduction of LPS-induced transcription of pro-inflammatory genes, marked decrease in phagocytosis and microglial cytotoxicity [79]. An activation of ITAM motif carrying receptors leads to activation of the cells and neuroinflammation [78]. Therefore, counteracting inhibitory ITIM motif carrying receptors are vital for maintaining homeostasis.



The expression of Siglec-E in cultured microglia leads to inhibition of phagocytosis of neural debris and alleviates the production of superoxide radicals upon stimulus. Furthermore, in co-culture conditions of microglia and neuron, Siglec-E was found to be neuroprotective and this phenotype was dependent on sialic acid [60]. Siglec-F is expressed by microglial cells and it interacts with neuronal sialic acid and is believed to affect neuronal integrity and morphology of microglia [63]. Using a co-culture system of microglia and neuronal cells, the treatment with endoneuraminidase and α-neuraminidase led to reduction of neurite integrity and number of neuronal cell bodies. Moreover, the Siglec-F expression on the microglia cell was also reduced with this treatment of neuraminidases. Overall, this study points toward the role of sialic acid and Siglec-F receptor in protection of neuronal integrity in case of neurogenerative diseases [63]. Neuraminidases are the enzymes (also called as sialidase) that cleave the sialic acid and sialic acid is ligand for Siglecs. We also want to point out that neuraminidases are also highly abundant in brain where they regulate the sialic acid expression. The function of neuraminidases in CNS function is discussed in a recent review by Pshezhetsky and Ashmarina [80]. Siglec-H expression in microglia facilitates the phagocytosis of mouse glioma cells in culture. This phagocytosis of glioma cells by microglia is dependent on Siglec-H and Dap12 [81]. The role of Siglecs in brain functions and disorders is summarized in Table 1.




2.3. Role of Siglecs in Neurological Disorders


In the neurodegenerative disease ceroid lipofuscinosis (CLN), the role of Siglec-1 (Sialoadhesin/CD169) has recently been deciphered. In two mouse models of CLN3, Ppt1−/− and cln−/− the expression of Siglec-1 was upregulated in microglia. To understand the role of Siglec-1 in CLN3 pathology, the two knockout mouse models were cross-bred with Siglec-1−/− mice to generate Ppt1(−/−)Sn(−/−) and cln (−/−) Sn(−/−). In both these double knockouts, the neurodegeneration of the CNS was reduced, lifespan of mice was extended and the number of M1 polarized microglia were also reduced [82]. Additionally, Siglec-1 interacts with sialic acids that are heavily expressed in prions and thus may also play a role in prion diseases A prion protein can trigger the abnormal folding of the normal brain proteins and their pathology might involve spread from the secondary lymphoid organ to brain [83]. The spread of prion misfolding and aggregation to the brain can cause neurodegeneration and ultimately death. A hypothesis pertaining to this depicts Siglec-1 expressed by macrophages of lymph node interacting with sialic acids expressed in prions. However, in a Siglec-1 knockout mouse the hypothesis was rejected because prion pathogenesis was not different between the knockout and WT mice [84]. Another study showed that in the wild type mouse, Siglec-1 is rarely detected in CD11b+ cells, however the proteolipid protein (PLP) overexpressing mice that are demyelinated, almost all CD11b+ cells show Siglec-1 expression. PLP overexpressing mice also displayed elevation of CD8+ T cells and CD11b+ macrophages in the CNS. Interestingly, a double mutant where PLP is overexpressed and Siglec-1 is knocked out, the elevation of CD8+ cells and CD11b+ was restored [85].



Many Genome Wide Association Studies (GWAS) pointed out CD33 (Siglec-3) locus as a risk factor for late onset Alzheimer’s disease (LOAD) [86,87,88,89]. The molecular mechanism for the role of CD33 is not fully understood. It has been proposed that CD33 (an inhibitory Siglec) is expressed on microglia and interacts with sialylated amyloid plaques, which reduces the ability of microglia to phagocytose the amyloid plaques [27,90,91]. Thus, the overall clearance of amyloid plaque is reduced, and Alzheimer’s disease progresses more. It has also been proposed that the long form of CD33 is pathogenic whereas the short form is protective [90,91,92,93]. While deciphering the sub-cellular localization of both splice variants it was found that the long form stays at the cell surface while the short form goes to the peroxisome. The relevance of this observation was explained by the evolutionary theory of “Less is More” [94]. According to this theory, the short form that goes to the peroxisome reduces the overall burden of CD33M on the cell surface and thus alleviates the pathogenesis of Alzheimer’s disease [94]. Although there are other studies which show that CD33m (short form of CD33) is also present on the cell surface but the reason for this difference in observation could be the cell type that was used for the study [38,90]. In CD33m transfected cells, the protein appears to be present on the cell surface but the endogenously expressing CD33m cultured cell lines/primary cells show the expression in peroxisomes [38,90,94]. The role of CD33 in microglia and Alzheimer’s disease is extensively discussed in a comprehensive recent review [27].



In aged MAG−/− (Siglec-4a−/−) mice, it has been observed that both myelin and axons are degenerated. Thus, this experiment in 8 months old mice refuted the notion that MAG is not involved in myelin sheath development in the PNS [95]. MAG and dMAG are highly relevant in cases where myelin sheath is disrupted such as multiple sclerosis. In multiple sclerosis, the neuronal degeneration is observed first, before the obvious myelin disruption and this could be due to the fact that dMAG might be acting before the collapse of myelin [74,96]. Due to obvious role of MAG in neuronal regeneration and multiple sclerosis there is a thrust to use it as a therapeutic target and GlaxoSmithKline has shown special interest in this molecule. The studies on the regeneration of neurons has been very fruitful in diseases such as stroke. A humanized monoclonal antibody (GSK24932) against MAG has been used in squirrel monkeys and clinical trials in treating strokes [97].



In 75% of benign monoclonal gammopathy patients, IgM antibodies react with MAG, sulfoglucuronyl glycosphingolipid (SGPG) or other glycoproteins of peripheral nerve [98]. Benign monoclonal gammopathies occur in around 1% of normal population of over 50 years of age and it is 10 times more frequent in patients with polyneuropathy [98]. IgM monoclonal antibody mediated gammopathy is the most abundant paraproteinemic neuropathy. The reactivity of IgM that leads to this neuropathy is dependent on the carbohydrate moieties of MAG [99]. The IgM antibody binding to MAG has also shown specificity to monosialoganglioside (GM1), the ganglioside GD1a and has been identified as SGPG. As discussed before, MAG is expressed in both CNS and PNS, but SGPG is expressed only in the PNS [98]. Therapeutic intervention with anti-MAG neuropathy is focused on depleting the monoclonal B cell population and reducing the concentration of antibody [98]. Rituximab, a monoclonal antibody against CD20 has shown promising results against this neuropathy [100]. The function of rituximab is through the suppression of IgM antibodies as well as anti-MAG antibodies and induction of regulatory T cells [100]. The role of Siglec-11 in neurological disorder is not well established. However, in the brain it interacts with polysialic acid (PSA), which is implicated in neurological disorders such as bipolar disorder, schizophrenia, and autism [4,101,102]. We have summarized the role of Siglecs in brain functions and disorders in Table 1.





3. Conclusions


This review compiles the studies pertaining to brain functions and disorders which includes published literature related to microglia, demyelination and neuroinflammation. The role of few of the Siglecs has been extensively studied in immunity but overall the Siglec family has been less explored in neuroinflammation. The reasons for this could be lack of tools available to study them, non-expression of these Siglecs in brain, species-specific expression only in humans, or difficulty in the study of these Siglecs. One of the common problems in studying Siglec is the lack of monoclonal antibodies. However, recent efforts have been made to generate and characterize monoclonal antibodies against Siglecs [51]. More efforts have to be made to develop new blocking, non-blocking Siglec antibodies, and new mouse models to study the pathogenesis of brain disorders and Siglecs. An easy approach that has been widely used and should be used in future is the isolation of specific cell types from human brain samples or mouse samples and whole transcriptome analysis to pinpoint the Siglecs that are expressed in different cell types of CNS and PNS. One of the promising aspects of Siglec studies is the use of brain organoid cultures [103]. This will give impetus to studies pertaining to Siglec research and may pave the way for therapeutic intervention. With the development of technology and biological research we will be able to decipher the new role of Siglecs further in neuroinflammation, blood–brain barrier, and nervous disorders.
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Table 1. Role of Siglecs in brain dysfunction.
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	Siglec Name
	Alternate Name
	Major Role
	Major Role in Brain Disease/Disorder
	Animal Model Exist
	References





	Siglec-1
	Sialoadhesin,

CD169
	Clearance of Sialylated pathogens
	Upregulation in ceroid lipofuscinosis (CLN)
	Yes. Knockout mouse model exist
	[34,82,104]



	Siglec-2
	CD22, B-Lymphocyte Cell Adhesion Molecule (BL-CAM)
	Regulation of B cell response upon inflammation
	Microglial phagocytosis in aging brains
	Yes. Knockout mouse model exist.
	[35,68,105,106]



	Siglec-3
	CD33, gp67, p67
	Inhibition of pathogenesis and clearance of amyloid plaques
	Implicated in LOAD (Late Onset of Alzheimer’s Disease)
	Yes. Knockout mouse model exist but mouse and human CD33 are very different (explained in the text)
	[14,27,90,94]



	Siglec-4
	Myelin associated glycoprotein (MAG)
	Inhibition of neurite outgrowth and stimulation of axon growth cone collapse
	Multiple sclerosis and benign monoclonal gammopathies
	Yes. Knockout mouse model exist
	[98,107,108,109]



	Siglec-11
	NA
	Reduction of inflammation, Impairment of phagocytosis and decrease in microglial neurotoxicity
	Autism, Schizophrenia and bipolar disorder (indirect evidence)
	Yes. Humanized knock in mouse model exist.
	[4,78,79,101,102,110]



	Siglec-E
	NA
	Neuroprotection, Inhibition of phagocytosis of neural debris and regulation of reactive oxygen species (ROS) production
	NA
	Yes. Knock out mouse model and knowk in E16 mouse model exist.
	[22,23,53,60]



	Siglec-F
	NA
	Protection of neuronal integrity
	Neurodegenerative diseases
	Yes. Knockout mouse model exist
	[63,111,112]



	Siglec-H
	NA
	Enhancement of phagocytosis
	Amyotrophic lateral sclerosis and brain tumor
	Yes. Knockout mouse model exist.
	[28,81,113]
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Figure 1. The human Siglec family receptors. The human Siglec receptors are expressed on the immune cells and have Ig-like extracellular domain. They carry one extracellular V-set domain that binds with sialic acid ligands. Beneath V-set domain these receptors carry different numbers of C2-set domains. Siglec-3 and Siglec-15 have only one C2-set domain while Siglec-1 has 16 C2-set domains. As an exception, Siglec-XII has two V-set domains but both of them do not have critical arginine and does not bind with sialic acid ligand. Most of the Siglecs have ITIM and ITIM-like domain that facilitates inhibitory signal to the cells. Siglec-14, -15, and -16 have positively charged residue in the transmembrane domain that recruit Dap12 and facilitate activating signal to the cells. 
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Figure 2. The mouse Siglec family receptors. In mouse and human, there are some Siglec receptors that are conserved such as Siglec-1, Siglec-2, and MAG while others are rapidly evolving and do not have true ortholog between human and mouse. These rapidly evolving Siglecs in mouse are CD33, Siglec-E, -F, -G, and -H. The outermost N terminal domain has V-set domain and below the V-set domain has C2-set domains similar to human Siglecs. In the intracellular domain there is ITIM and ITIM-like motifs. 
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