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Abstract

ST6Gal1 is a critical sialyltransferase enzyme that controls the addition of α2,6-linked sialic acids 

to the termini of glycans. Attachment of sialic acids to glycoproteins as a posttranslational 

modification influences cellular responses, and is a well-known modifier of immune cell behavior. 

ST6Gal1 activity impacts processes such as: effector functions of immunoglobulin G via Fc 

sialylation, hematopoietic capacity by hematopoietic stem and progenitor cell surface sialylation, 

and lymphocyte activation thresholds though CD22 engagement and inhibition of galectins. This 

review summarizes recent studies that suggest α2,6 sialylation by ST6Gal1 has an 

immunoregulatory effect on immune reactions.
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1. Introduction

Due to their charge and location on the terminus of glycan structures, sialic acids are poised 

at the interface between the cell surface and an interaction partner (cell-matrix, cell-cell, 

cell-self, cell-protein, etc.) making them an attractive target for study. The addition of sialic 

acids is a well-known immunomodulatory mechanism, and has been extensively reviewed 

[1–4]. The focus of the discussion herein are recent studies which provide evidence that 

α2,6 sialylation by ST6Gal1 is an anti-inflammatory modification, and acts as an agent to 

limit the magnitude of the immune response. Following a brief review of the mechanism of 

action by ST6Gal1 and parameters that influence this enzymatic reaction, recent efforts 

investigating the in vivo mechanisms that modulate IgG sialylation are discussed. The final 

section outlines the immunomodulatory effects of α2,6 sialylation on stem cells, B cells, T 

cells, and macrophages.
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2. Mechanism of sialylation by ST6Gal1

Sialic acids are a family of monosaccharides that are negatively charged, have a 9-carbon 

backbone, terminally decorate complex carbohydrates [5], and are found in α2,6 or α2,3 or 

α2,8 linkages [6]. Each linkage type results in a unique epitope [7], thus many sialic acid 

binding proteins specifically bind one particular linkage. One prominent example is the 

general preference of the hemagglutinin of human influenza virus particles for α2,6 sialic 

acids [8]. The α2,8 linkage is specific to polysialic acid, is associated with neural cell 

adhesion molecule (NCAM), and is only found in the neuronal compartment and on certain 

cancers [9]. A family of six members (ST3Gal1 though ST3Gal6) adds α2,3 sialic acids to 

lactosamine, whereas only 2 enzymes add α2,6-linked sialic acids to the same underlying 

sugar. β-galactoside α2,6-sialyltransferase 1 (ST6Gal1) is a membrane-bound enzyme that 

mediates the attachment of α2,6-linked sialic acids from donor CMP-sialic acid to its 

acceptor Galβ(1,4)GlcNAc, located on growing oligosaccharide chains of glycoproteins 

[10;11], and is the first member of a family of two genes sharing this function [12]. ST6Gal1 

is expressed widely amongst all tissues, with particularly high amounts found in the liver 

[12–14]. ST6Gal2 expression is exclusively restricted to the neuronal compartment [13], 

thus α2,6 sialic acids found outside of neural tissues are solely derived from the action of 

ST6Gal1. Correspondingly, complete ST6Gal1 knockout mice show total loss of α2,6-linked 

sialic acids outside of the central nervous system [15], which confirms the exclusivity of 

ST6Gal1 in this enzymatic process and the absence of other compensatory mechanisms or 

enzymes [16]. For a comprehensive review of sialyltransferases, please see Bhide et. al. [6].

ST6Gal1 is a type II membrane protein containing a small cytosolic tail, a transmembrane 

domain, and a proteolytic-susceptible stem followed by a large catalytic domain [17;18]. 

ST6Gal1 and its α2,6 sialylated glycoproteins have long been known as acute phase 

reactants, as increased enzymatic activity was found in the blood stream during 

inflammatory events nearly 40 years ago [19;20]. The ST6Gal1 found in circulation is a 

cleaved version of the enzyme, which lacks the transmembrane region and cytosolic tail, 

having been cut away from the membrane by BACE1 and released into the Golgi lumen 

[21;22]. Importantly, this soluble form of ST6Gal1 retains its enzymatic potential, and is 

capable of sialylating additional targets. Once thought to simply be a byproduct of 

sialylating secreted hepatic glycoproteins, there is mounting evidence that released ST6Gal1 

has important functions as part of an extracellular glycosylation pathway. Multiple studies 

demonstrate the impact of extracellular ST6Gal1 in hematopoiesis and immunity [23–27], 

and are discussed later in this review. It has been speculated that cleaved ST6Gal1 may have 

broader specificity from the full-length form due to the lack of a membrane tether, but 

whether it sialylates the same targets as the membrane-bound form is still an open question 

[28]. In addition to membrane release, generation of α2,6 sialylation by ST6Gal1 activity is 

influenced by several other factors. This enzyme has a highly regulated expression profile 

mediated by a promoter region that contains multiple transcriptional starts [29;30]. ST6Gal1 

has a naturally occurring isoform, present at least in the liver, that has altered secretion 

kinetics and catalytic activity [31]. This enzyme is also able to form dimers that abrogate 

sialyltransferase activity, but retain the ability to bind to glycan acceptors [32]. Since 

ST6Gal1 is a glycoprotein, it may be influenced by its own resident glycans [33]. Finally, as 
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with any glycosyltransferase, the enzymatic activity is dependent on the concentration of 

nucleotide-sugar donor [34] and the presence of ST6Gal1’s glycan acceptor. Notably, both 

donor (CMP-sialic acid) and acceptor (lactosamine) are built by multiple enzymes in the 

glycosylation pathway, each potentially being regulated. Despite seeming like a simple 

target for studying sialylation, there are many regulatory systems involved in directing the 

enzymatic activity of ST6Gal1. Remaining considerate of these regulatory processes, in 

addition to the biological ramifications of α2,6 sialylation, is valuable when evaluating 

ST6Gal1.

3. Modulation of IgG α2,6 sialylation

The central role antibodies play in protection from invading microbes is universally 

recognized. Antibodies perform a number of functions, which include opsonization and 

antibody-dependent cell-mediated cytotoxicity (ADCC), neutralization of target antigens, 

and complement deposition [35]. IgG is the dominant antibody class found in circulation 

and effective immunizations are defined by measuring IgG reactivity to specific targets. 

These glycoproteins contain variable antigen specificity-determining regions (Fab) and a 

constant region, the crystallizable fragment (Fc). The Fc portion of IgG contains a single 

highly conserved site of glycosylation at Asn297, which carries complex N-glycans required 

for Fc receptor binding. These Fc glycans have a key structural role in stabilizing the 

conformation of the Fc region [36] (Figure 1a). Over thirty glycan variants have been 

detected at this site, but they are mostly limited to bi-antennary structures with varying 

levels of α2,6-linked sialylation [37] (Figure 1b). Differences in glycan structures are 

associated with modulating the binding preferences of the Fc region to Fcγ receptors 

(FcγR) by inducing differential confirmations of the Fc barrel. FcγRs are found on 

leukocytes and are further defined into three classes FcγRI, FcγRII and FcγRIII; for a 

review of FcγRs, see Nimmerjahn et. al. [38]. Specific Fc glycoforms have particular effects 

on FcγR binding, for instance: core fucosylated antibodies are associated with decreased 

binding to FcyRIIIA and decreased ADCC [39–41], while those with bisecting GlcNAc have 

increased affinity to FcyRIIIA [42]. For yet unexplained reasons, IgG Fc is predominantly 

found with α2,6 and not α2,3 sialic acids, despite α2,3-sialylatransferase expression in B 

cells [43]. When Fc regions do contain α2,6 sialic acids they have reduced binding to FcγRs 

and instead bind to the C-type lectin DC-SIGN (SIGN-R1 in mice), which induces an IL-33 

and IL-4 mediated signaling cascade ultimately upregulating the anti-inflammatory receptor 

FcyRIIB on inflammatory cells [44–46]. There remain some questions over the precise steps 

in this mechanism, arising from differing results between studies in mice versus those in 

humans, the differential expression profiles of DC-SIGN versus SIGN-R1, and the affinity 

of DC-SIGN for sialic acids. These topics have been the subject of recent reports and 

reviews [47–51]. Additional studies are needed to address the exact pathway of their effect, 

however; glycans in the Fc region clearly modulate IgG function.

Although Fc glycans have received the bulk of recent research efforts, it is worth noting that 

an estimated 15% of IgGs are N-glycosylated on the Fab region as well as the Fc, which 

may introduce an added variable during IgG analysis [52–55]. Fab glycosylation may be 

located on either the heavy or light chains, and can potentially modulate antigen binding. 

Fab carbohydrates may be positioned such that: they have no role in antigen interactions, 
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they facilitate or impede binding, or they hinder access to the antigen binding site. In 

addition to being able to influence Fab binding, the presence of desialylated Fab N-glycans 

may also impact antibody half-life by mediating hepatic clearance via interactions with the 

asialoglycoprotein receptor [56]. For a specific review of Fab glycans, please see van de 

Bovenkamp et. al. [57].

Delivered at high dosages (1–2 g/kg), pooled human preparations of IgG have been used as a 

therapy for inflammatory and autoimmune patients, and is given as intravenous 

immunoglobulin (IVIg) [58–60]. The discovery that the Fc-sialylated portion of IVIg is the 

active component that serves to suppress autoimmunity [37;44;45;61] holds distinct 

significance for the treatment of diseases in the clinic, recently reviewed by Seeling et. al. 

[62]. It implies that control of IgG sialylation is a dynamic part of the normal immune 

response, and that a pathway exists that switches IgG function between pro-inflammatory 

and anti-inflammatory functions in order to modulate resolution of inflammation. This 

discovery has led to an invigoration into IgG glycosylation research, and it has become 

evident that IgG sialylation is a regulated process. Classical disorders associated with 

changes in Fc glycans such as rheumatoid arthritis [63] and Wegener’s granulomatosis [64] 

are now joined by additional disease states like HIV infection [65], smoking [66], 

inflammatory bowel disease [67], poor metabolic health [68], susceptibility to relapse during 

Wegener’s [69], myeloma progression [70], and diabetes [71] to name a few.

While these new studies link modulation of IgG glycosylation to a wide spectrum of 

diseases, there remain few publications investigating the specific in vivo conditions in which 

IgGs are sialylated. Summarized here are the most recent findings into how the immune 

system may control Fc sialylation. Ohmi et. al. showed that in a model of collagen induced 

arthritis (CIA), mice have lowered Fc sialylation similar to that seen in humans. Of interest, 

the murine Fc regions remained galactosylated, whereas IgGs in arthritic patients lack 

galactose, thought to be due to the increased duration of human disease. Investigating 

ST6Gal1 involvement, they report that conditional knock-out mice for ST6Gal1 in activated 

B cells (AIDCRExST6Gal1f/f) have more severe arthritis than wild-types. They further 

demonstrate that injection of sialylated anti-citrullinated protein antibodies were able to 

ameliorate arthritis severity as opposed to delivery of either the desialylated variant or 

sialylated but non-specific antibodies [72]. These results suggest that the anti-inflammatory 

mechanism in arthritis acts though B cell sialylated antigen-specific IgGs.

A study conducted by Wang et. al., elaborates a novel sialylated IgG-CD23 (Type-II FcR) 

dependent mechanism of affinity maturation. B cells, after primed with influenza specific 

immune complexes containing sialylated IgGs, had increased inhibitory FcγRIIB 

expression. With additional FcγRIIB on the surface, these cells had an increased BCR 

activation threshold resulting in improved affinity maturation compared to cells receiving 

desialylated immune complexes [73]. These data provide evidence of possible regulation of 

B cells though sialylated IgG feedback loops.

Pfeifle et. al. have recently demonstrated a mechanism of T cell dependent modulation of 

sialylated glycans. In a model of CIA, they show that IL-23-activated Th17 cells were able 

to suppress ST6Gal1 expression in developing plasmablasts and plasma cells in an IL-21 and 
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IL-22 dependent manner. The result of ST6Gal1 downregulation was a measured decrease in 

IgG sialylation, which correlated with the initiation of arthritis in mice [74]. This 

demonstrates that Th17 cells and their cytokines are capable of altering the glycosylation 

machinery of B cells to modulate IgG glycosylation. Moreover, Oefner et. al. showed that 

mice administered with T cell dependent antigens under a tolerance inducing protocol are 

able to generate antigen specific IgGs with sialylation states comparable to baseline IgG, 

whereas administration of antigen with adjuvant resulted in decreased antigen specific IgG 

sialylation [75]. In similar studies by Hess et. al., immunization with a T cell independent 

antigen also elicited antigen specific IgGs sialylated to a similar degree as resting animals. 

The impact of inflammatory cytokines on IgG sialylation was also demonstrated, as IFNγ
−/−IL-17−/− mice administered antigen in adjuvant resulted in ~13% sialyated IgGs, as 

compared to 8% seem in the single knockout animals and 4% in WT animals with the same 

treatment [76]. Together these studies demonstrate that T cell responses are a critical 

element in determining the glycosylation state of IgGs.

By examining the role of circulatory ST6Gal1, Jones et. al. describe a B cell independent 

mechanism by which IgG sialylation may be controlled. They report that B cell specific 

knockouts of ST6Gal1 (CD19CRExST6Gal1f/f) have similar levels of sialylated IgGs as 

compared to WT mice both at rest and after inflammatory stimulus. Considering that 

ST6Gal1 and IgGs may interact in the bloodstream, they provide evidence for extracellular 

sialylation of IgGs demonstrating that: ST6Gal1 is cleaved and secreted from the central 

veins of the liver, released ST6Gal1 retains its enzymatic activity, and the nucleotide-sugar 

donor CMP-sialic acid is released in sufficient quantity from the granules of activated 

platelets to drive IgG sialylation. This study establishes that B cells are not the final 

determinant of IgG glycans, and that control of IgG sialylation is a systemic mechanism 

involving multiple organs [26]. Pagan et. al. harness this mechanism of extracellular 

glycosylation for the purposes of IgG glycan remodeling. By attaching both recombinant 

human galactosyltransferase B4GALT1 and ST6GAL1 to a single IgG1 Fc fragment, they 

show that injection of this combination protein is capable of ameliorating inflammation in a 

K/BxN model of arthritis and in NTN-driven nephritis. They further confirm that their multi-

enzyme Fc fusions act to sialylate IgGs deposited at sites of inflammation due to proximal 

platelet release of nucleotide-sugar donors [77]. This report provides an elegant example by 

which extracellular glycosylation can be engineered to modulate endogenous IgG glycans.

These research efforts show the ever-growing role of IgG sialylation in disease states, 

immunity, and inflammation. They reveal that there is still room for additional study in order 

to understand the precise inflammatory cues and molecular mechanisms governing IgG 

glycosylation. There is tremendous potential in controlling in vivo IgG glycosylation, where 

any advances impact not just disease intervention but also vaccine and therapeutic design.

4. ST6Gal1 in leukocyte function

The role that glycans play in modulating leukocyte behavior is well established, with 

prominent examples including selectin-mediated leukocyte migration [78], CD22 (Siglec-2) 

acting as a negative regulator of B cell activation [79], integrin sialylation modulating 

adhesiveness [80], and galectin regulation of T cell signaling [81]. Indeed, many prominent 
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immunological proteins like the B and T cell receptors, cytokines, and even compliment are 

glycoproteins. Unfortunately, the first step in obtaining protein crystal structures is typically 

to remove the carbohydrates, thus the influence of glycosylation is often disregarded in these 

studies [82]. Additionally, as glycans are not template driven, a single site of glycosylation 

on a protein can yield multiple glycoforms, which sometimes draws concern over the 

relationship between modification and function. However, this criticism is precisely the 

strength that glycans play in immunity; through regulation of the glycosylation machinery 

the conformation or behavior of a protein can be altered by changing the size or charge of its 

attached glycans. Thus protein modulation can occur in response to stimuli on a per cell 

basis, and is faster than evolving a new protein or regulatory element [83]. Discussed below 

are recent studies where ST6Gal1 and α2,6 linked sialic acids are involved in 

immunomodulation.

ST6Gal1 has an apparent role in hematopoiesis as hematopoietic stem and progenitor cells 

(HSPCs) have been shown to have a high degree of α2,6 sialic acids on their cell surface, 

which decreases as the they become more differentiated [84–86]. As evidence that there is 

functionality to surface sialylation, induced pluripotent stem cells have been reported to 

differentiate toward neural precursors when treated with neuraminidase [87]. Wang et. al. 

indicate that human pluripotent stem cells (hPSCs) have more ST6Gal1 and are more 

sialylated than non-pluripotent cells. Upon shRNA knockdown of ST6Gal1, hPSCs 

downregulated genes associated with pluripotency and upregulated those associated with 

differentiation. They additionally demonstrate that after induced pluripotency treatment 

ST6Gal1 knockdown cells had significantly reduced reprogramming efficiency [88]. These 

experiments indicate that ST6Gal1 and its sialylated targets play a role in maintaining 

pluripotency and may impact iPSC strategies. In a series of experiments, the Lau group has 

established that circulating ST6Gal1 is a key regulator of myelopoiesis. They observed 

increased granulopoiesis in animals with a targeted defect in the liver specific promoter of 

ST6Gal1, attributed to a deficiency in circulating ST6Gal1 [89;90]. Utilizing ST6Gal1−/− 

mice they then confirm that knockout HSPCs are α2,6 sialylated by extracellular ST6Gal1 

when transplanted into WT backgrounds [91]. Further, ex vivo experiments with both mouse 

and human HSPCs showed inhibition of early granulocytic development when supplemented 

with recombinant ST6Gal1 [92]. These results demonstrate that the α2,6 sialylation state of 

HSPCs affects lineage fate and hematopoietic potential, and thus exerts influence at early 

stages of leukocyte development.

Siglecs (sialic acid recognizing Ig-superfamily lectins) are a large family of sialic acid 

binding cell surface receptors that typically contain an ITIM (immunoreceptor tyrosine-

based inhibitor motif), making them negative regulators of cell signaling [93]. They are 

found on the surface of many immune cells including B cells, eosinophils, DCs, and 

macrophages [94]. As these cells typically have high levels of surface α2,6 sialylation, 

Siglecs are usually bound in ‘cis’ interactions to sialylated glycans on the same cell surface 

[79]. It is also possible that they bind to glycoproteins on other cells, deemed ‘trans’ 

interactions. Trans binding is expected to occur when high affinity and avidity targets 

outcompete available cis targets, and is an area of current research [95]. An extensive review 

of Siglecs and their impact on the immune system can be found by Macauley et. al. [96]. Of 

the Siglec family, human and mouse CD22 (Siglec-2) as well as Human Siglec-10 (mouse 
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Siglec-G) bind to α2,6 sialic acids, although Siglec-G also binds α2,3 sialic acids. CD22 is a 

well-known associate with the B cell receptor [97], and acts to increase activation 

thresholds, meaning that surface α2,6 sialic acids act as negative regulators of B cell 

activation [98], and are thought to mediate B cell tolerance and prevent autoimmunity [99]. 

Siglecs provide an example of how surface sialic acid, from both adjacent cells and the same 

cell, can mediate cell signaling in a linkage specific fashion.

Macauley et. al. describe a CD22 and Siglec-G based mechanism by which antigen specific 

B cells are deleted. When CD22 on the B cell surface is recruited to the immunological 

synapse by α2,6 sialylated ligands on an antigen bearing cell, it initiates a signaling cascade 

involving Lyn and BIM that induce apoptosis in the B cell. In experiments utilizing antigen 

bearing lymphocytes, they demonstrate that deletion of antigen specific B cells occurs in a 

CD22 dependent manner. Additionally, when treated animals were subsequently challenged 

with the same antigen, they failed to mount an antibody response [100]. This implies that 

α2,6 sialylated ligands are critical participants during antigen presentation to B cells, 

contributing to antigen specific cell death and thus tolerance. However, in order for this 

system to work CD22 must be found in a trans configuration to interact with sialic acids on 

the antigen presenting cell, at a point before B cell maturation. Addressing this point in a 

subsequent study, they demonstrate that when naïve B cells migrate to the germinal center 

(GC) and differentiate into GC B cells, their cell surface CD22 ligands are modulated, 

shifting from high to low affinity. By decreasing the affinity for CD22 cis interactions and 

encouraging trans ligand interactions, GC B cells have a greater possibility for CD22 

interaction with other cells and stimuli. Upon leaving the GC and differentiating into 

memory B cells, high affinity ligands are restored, thereby re-engaging cis interactions and 

‘masking’ CD22, as seen in naïve B cells. This process was found to occur in both mice and 

in humans, although slightly different ligands were utilized by each species [101]. Chappell 

et. al. show that CD22−/− mice generate GC B cells, but that they do not develop into 

memory B precursor cells, putatively though lack of trans CD22-CD22L interactions and 

altered B cell signaling [102]. Harnessing the therapeutic potential of this pathway by 

utilizing siglec tolerizing antigenic liposomes (STALs), Orgel et. al. present data that 

sensitization to peanut allergen Ah2 can be prevented by treatment with Ah2-STAL in mice 

[103]. Further refinements to this STAL-based system by inclusion of additional 

immunomodulatory molecules, like rapamycin are underway [104]. These data indicate that 

cell surface α2,6 linked sialic acids are actively regulated during B cell maturation and that 

there is an expanding immunomodulatory role for trans CD22 signaling, both contributing to 

the avoidance of autoreactivity.

Galectins are a family of over 15 galactose binding lectins that have been of particular 

interest in T cell and macrophage biology. Galectins are both intra- and extra-cellular, with 

some cell surface galectins forming a ‘lattice’ thought to organize the cell surface for 

optimal receptor spacing and signaling [81]. This lattice seems to have a significant effect on 

T cell function by controlling the threshold of activation of the TCR. The Mgat5−/− mouse 

lacks the gene that initiates N-glycan branching on glycoproteins, including the TCR, and 

thus these mice are severely lacking in galectin epitopes. T cells in these animals displayed a 

decreased threshold for activation and an increased proclivity to autoimmune disorders like 

immune complex deposition [105]. Galectin-1 and galectin-3 are known initiators of T cell 
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apoptosis [106;107], with galectin-1 being reported to preferentially kill Th1 cells over Th2 

cells [108]. Since sialylation of galectin ligands significantly reduces binding [109], this 

skewing phenomenon is at least partially explained by Th2 cells having higher levels of 

surface α2,6 sialic acids and ST6Gal1 expression than Th1 cells and are thus protected from 

galectin-mediated death. This may also be true for regulatory T cells (Tregs), which are 

reported to be high in surface α2,6 sialic acids [110]. The disruption of galectin mediated 

apoptosis by surface α2,6 sialic acids directly leads to the idea that sialic acids are negative 

regulators of galectin binding and function [111]. If galectins can skew a T cell population 

toward Th2 cells, it follows that α2,6 linked sialic acids and ST6Gal1 expression may also 

be primary mediators of T cell polarization. In a dedicated galectin-sialic acid interaction 

review, Zhuo et. al. additionally point out that lectin array evidence shows some galectins, 

like Galectin-3, may be able to bind to internal galactoses on α2,6 sialylated N-glycan arms 

containing polyLacNAc [111], implying that increased number of LacNAc repeats may 

correlate with diminished α2,6 galectin inhibition, a topic for further study.

Lymphocytes are not the only immune cell type impacted by α2,6 sialylation, as multiple 

groups have described the reduction of cell surface sialic acids during the maturation of 

THP-1 and U937 monocytes into macrophages after PMA stimulation [112;113]. This effect 

is also seen in human primary monocytes [114]. Liu et. al. further indicate this loss is 

associated with decreased ST6Gal1 levels and induction of tumor necrosis factor α receptor 

(TNFR1)-mediated apoptosis. Interestingly, this process is mediated by the degree of α2,6 

sialylation on TNFR1 as data from both in vitro overexpression and ex vivo studies from 

mice constitutively overexpressing ST6Gal1 demonstrated abrogation of TNFR1 mediated 

macrophage apoptosis [113]. In experiments with recombinant cytokine polarized 

macrophages, Wang et. al. revealed that M2 macrophages, which are associated with anti-

inflammatory effects, have increased ST6Gal1 production compared to pro-inflammatory 

M1 macrophages [115]. These data show that α2,6 sialic acids are involved with 

macrophage apoptosis, maturation, and responses.

5. Conclusion

ST6Gal1 is ubiquitously but differentially expressed throughout mammalian tissues [14], 

and its product, α2,6-linked sialic acid, has a common theme of dampening inflammatory 

responses. However, sialylation is not limited to immunological targets and is only one 

example of many biological processes in which glycosylation is able to modulate protein 

and cellular function. Recent studies have identified additional diseases in which sialylation 

may play a role, increasing the number of possible model systems and targets for study. 

Investigators have also generated tools that take advantage of sialic acid biology, such as: 

sialylated Fc therapy, STALs for B cell manipulation, modulation of hematopoiesis, and site-

specific IgG sialylation. Importantly, there is a growing appreciation of the novel 

glycosylation mechanism of extracellular sialylation. Glycosylation is not restricted to 

occurring in the ER/Golgi, as there is now a recognized means by which protein and cell 

surface glycans can be altered by ST6Gal1 and potentially other glycosyltransferases (Figure 

2a). Derived from tissues distal to their site of action, these extracellular enzymes hold the 

potential to reveal further roles of glycan-based regulation. A report from Yang et. al. 

demonstrates that the half-life of circulating proteins is mediated by soluble glycosidases 
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which influence hepatic scavenging (Figure 2b) [116]. Added to the mounting evidence of 

platelets as nucleotide-sugar donors [26;77;117;118], these studies together establish that the 

bloodstream is primed for modifying glycans through building and/or deconstructing 

structures. Harnessing glycan remodeling by extracellular glycosylation, or deglycosylation, 

may have an impact on existing therapies; for example, the half-life of a biological or 

monoclonal antibody therapeutic may be extended or truncated mid-treatment by adding or 

removing sialic acids to engage or inhibit uptake by the asialoglycoprotein receptor, 

respectively. There are clearly additional novel biological roles to discover for ST6Gal1, and 

further applications of the current technologies forthcoming from this field. Continued 

investigation into the precise processes that regulate ST6Gal1, especially in response to 

various inflammatory cues, will yield critical insight into how the immune system is 

regulated.
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PMA phorbol myristate acetate

Siglec sialic acid recognizing Ig-superfamily lectins

STAL siglec tolerizing antigenic liposome

GC germinal center

IgG immunoglobulin G

NCAM neural cell adhesion molecule

ADCC antibody dependent cell mediated cytotoxicity

CIA collagen induced arthritis

CMP cytidine monophosphate

HSPC hematopoietic stem and progenitor cell

hPSC human pluripotent stem cell

iPSC induced pluripotent stem cell

ITIM immunoreceptor tyrosine-based inhibitor motif

ASGPR asialoglycoprotein receptor
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Highlights

• Sialylation, a form of glycosylation, modulates immune responses.

• IgGs become anti-inflammatory when the Fc region is sialylated.

• Leukocyte α2,6 sialylation has immunoregulatory effects on cell behavior.

• Extracellular glycosylation is an emerging regulatory pathway.
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Figure 1. Visualization of IgG glycosylation
A) Schematic of sites of glycosylation on IgG, either in the Fab region or in the Fc portion at 

the conserved Asn297 residue. B) N-glycan structures showing the action of ST6Gal1 

converting galactosylated forms to fully sialylated forms. The key shows symbolic names for 

each monosaccharide.
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Figure 2. Methods of extracellular glycosylation in circulation
Two illustrated examples of extracellular sialyltransferase and neuraminidase activity. A) 

Soluble ST6Gal1 interacts with CMP-sialic acid released by activated platelets to transfer a 

sialic acid to an acceptor, shown here as IgG [26]. B) The neuraminidase, Neu3, when 

secreted binds and removes a sialic acid from a glycoprotein exposing the underlying 

galactose [116]. This causes glycoproteins to be scavenged by hepatocytes due to interaction 

with the ASGPR.

Jones Page 19

Cell Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Mechanism of sialylation by ST6Gal1
	3. Modulation of IgG α2,6 sialylation
	4. ST6Gal1 in leukocyte function
	5. Conclusion
	References
	Figure 1
	Figure 2

