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Abstract

The glycosylation of the fragment crystallizable (Fc) region of immunoglobulins (Ig) is critical for 

the modulation of antibody effects on inflammation. Moreover, antibody glycosylation may induce 

pathologic modifications and ultimately contribute to the development of autoimmune diseases. 

Thanks to progress in the analysis of glycosylation, more data are available on IgG and its subclass 

structures in the context of autoimmune diseases. In this review, we focused on the impact of Ig 

glycosylation in autoimmunity, describing how it modulates the immune response and how 

glycome profiles can be used as biomarkers of disease activity. The analysis of antibody 

glycosylation demonstrated specific features in human autoimmune and chronic inflammatory 

conditions, including rheumatoid arthritis, systemic lupus erythematosus, inflammatory bowel 

disease and autoimmune liver diseases, among others. Within the same disease, different patterns 

are associated with disease severity and treatment options. Future research may increase the 

information available on the distinct glycome profiles and expand their potential role as 

biomarkers and as targets for treatment, ultimately favoring an individualized approach.
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1. Introduction

The appearance of autoantibodies and the loss of humoral tolerance are a hallmark of 

autoimmune diseases [1, 2]. Autoantibodies may contribute to autoimmunity through the 

activation of type I and type II FcRs, as well as through the activation of the complement 

system [2–5]. However, the presence of autoantibodies has been demonstrated before the 

onset of symptoms, and their titer does not correlate with disease activity with few 

exceptions [3, 6]. Therefore, other factors are involved in the final immune response aside 

from autoantibody specificity. [7, 8]. Antibodies mediate a wide range of immune responses 

including antibody-dependent cellular cytotoxicity (ADCC), complement-dependent 

cytotoxicity (CDC), and antibody-dependent cellular phagocytosis (ADCP). The effects and 

strength of these responses are dependent on the binding affinity and specificity of the 

antibody fragment crystallizable (Fc) domain for different receptors, such as Fc receptors 

(FcRs) and complement protein C1q. The interaction between antibodies and the receptors 

plays an important role in autoimmune diseases.

Glycosylation is a post-translational modification that enhances the conformational diversity 

of antibodies, affecting their interactions with receptors. During the glycosylation process, 

glycans are added to the antibody protein through two types of molecular linkages: on 

asparagine residues (N-glycans) or on serine/threonine residues (O-glycans) [9]. Human IgG 

can be divided in four subclasses and 36 possible glycoforms, which allow up to 144 

functional states, resulting in more complex and precise regulation of antibody effects [10]. 

Glycosylation of the Fc region is critical for modulating the inflammatory functions of IgG 

[11–14]. Altered antibody glycosylation has been demonstrated in patients with rheumatoid 

arthritis (RA) before the onset of arthritis, in parallel with increasing systemic inflammation 

[6]. Antibody glycosylation may be considered as a “switch” that converts antibodies from 

protective to autoreactive, ultimately resulting in autoimmune diseases. The ability to 

manipulate antibody activity makes glycosylation a promising target for the treatment of 

autoimmune diseases. A commonly used treatment for various autoimmune/inflammatory 

diseases is the administration of high-dose intravenous immunoglobulins (IVIg), in which 

specific glycosylation patterns promote the anti-inflammatory activity [15]. In a similar 

fashion, the administration of engineered enzymes able to attach either galactose or sialic 

acid to existing antibodies is effective in attenuating inflammation in an arthritogenic K/BxN 

mice model, whereas the removal of IVIg terminal sialic acid residues abrogated their anti-

inflammatory activity [16, 17]. In this review, we aim to provide a comprehensive overview 

and discuss (i) the impact of N-glycosylation on antibody (mainly IgG) stability and activity 

and (ii) the association between glycosylation changes and the severity of autoimmune 

diseases.

2. Impact of antibody N-glycosylation.

Antibody N-glycosylation has an impact on numerous pathways, including antibody half-

life, antibody-dependent cell cytotoxicity (ADCC), complement (C3a or C5a)-dependent 

cytotoxicity (CDC), antibody-dependent cellular phagocytosis (ADCP), and other receptor-

mediated immunoregulation (Figure 1).
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2.1. Antibody half-life

Antibody half-life for IgA and IgM is typically less than one week and sometimes less than 

1 day [18] while IgG has a half-life of up to 3 weeks due to being recycled by FcRn 

receptors [19, 20]. This is due to the glycans attached to antibodies, which affect their 

conformational stability and their binding to their receptors [21]. Addition of N-glycans to 

the antigen-binding fragment (Fab) through rational engineering enhances the 

conformational stability of monoclonal antibodies (mAbs), thus increasing their half-life 

[22].

One of the known glycosylation patterns resulting in antibody half-life modification is N-

glycosylation with terminal mannose (G0). In humans, therapeutic IgG mAbs containing 

high-mannose glycans in the Fc region are cleared more rapidly than antibodies glycosylated 

with other glycans [23]. In a mouse model, mAbs with complex glycosylation had a longer 

half-life compared with those with high-mannose glycosylation in vivo [24]. Furthermore, 

mAbs with G0 oligosaccharides have a slightly faster clearance rate than mAbs with other 

structures in the variable domain [25]. These studies suggest that antibodies with terminal 

mannose exhibit faster clearance and shorter half-life. However, one former study on 

BALB/c mice described a significantly longer half-life of G0 IgG than the fully glycosylated 

variants [26]. Therefore, the impact of mannose on half-life of antibody needs to be further 

clarified.

In addition to mannose, terminal sialic acid residues have an effect on antibody half-life. A 

recent study based on temperature-controlled nanoelectrospray showed that the α2,6-

sialylated mAb: FcγRIIIa complex exhibited higher thermal stability when measured in the 

temperature gradient from 20 to 50°C [27]. Furthermore, sialic acid engineering of mAbs 

demonstrated an 11%~35% increase in half-life of mAbs when compared with mAbs 

without sialic acid [28]. Previous studies reported an increased serum persistence and longer 

half-life of IgG variants combining high Fc sialylation and FcRn+ Fc mutations in mice 

models [29]. These findings suggest that antibodies glycosylated with sialic acid have a 

longer half-life than non-sialylated antibodies.

2.2. Antibody-dependent cellular cytotoxicity (ADCC)

Glycosylation of antigen-specific antibodies may promote the death of normal cells via the 

modulation of ADCC. Ig glycosylation influences ADCC by affecting the binding to the 

FcγRIIIa receptors, which mediate proinflammatory effects [30]. A recent study 

demonstrated that the glycosylation removal abolished the ability of anti-RhD antibodies to 

induce human natural killer (NK) cell degranulation [31]. A specific glycosylation pattern 

affecting the binding between antibodies and FcγRIIIa receptors is core fucosylation. 

Human IgG1 Fc with core α1-6 fucosylation exhibits a lower affinity to FcγRIIIa than IgG1 

Fc without core α1-6 fucosylation [32, 33] . In contrast core fucosylation of IgG1 increases 

the binding affinity to FcγRIIIa up to 17-fold [34, 35]. The improved binding of 

afucosylated antibodies to FcγRIIIa likely mediates an enhancement of ADCC [36]. Several 

studies have demonstrated that the lack of fucosylation on IgG1 plays a critical role in 

enhancing ADCC [33, 37–39]. Glycoengineered afucosylated anti-CD20 IgG induced 

significantly greater ADCC, NK cell activation, FcγRIIIa binding, and in vivo IgG-mediated 
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cellular depletion, compared with core-fucosylated IgG [40, 41]. ADCC activity of human 

anti-CD20 IgG4 isotype antibody had a positively linear correlation with IgG4 

afucosylation, both in vivo and in vitro [42]. The impact of antibody fucosylation on ADCC 

is evident in pharmacology studies and in the pathophysiology of some autoimmune 

diseases. For example, the removal of fucose from pertuzumab increased its ADCC activity 

[28]. In the hemolytic disease of the fetus and newborn (HDFN), the level of anti-RhD 

fucosylation negatively correlated with the binding of FcγRIIIa and FcγRIIIa-mediated 

ADCC [43]. Moreover, ADCC is strongly mediated by human low fucosylated anti-RhD 

mAbs [44].

Sialylation is an additional modification of antibodies associated with modulation of ADCC. 

Similar to fucosylation, attachment of terminal sialic acid residues to antibodies reduces 

ADCC activity, due to lower binding affinity to FcγRIIIa [36, 45]. In the presence of core 

fucosylation, sialylation of antibodies led to decreased ADCC [40]. Moreover, the removal 

of sialic acid residues increased ADCC activity of pertuzumab, similarly to defucosylation 

[28]. Removing sialic acids from IgG increased ADCC activity in an in vitro model of 

thyroiditis [46]. In addition, engineered aglycosylated IgG Fc variants increased their 

binding ability to FcγRIIIa and enhanced ADCC [47].

Different studies showed contradictory results on the effect of galactosylation of antibodies 

on ADCC. One suggested that hyper-galactosylation of IgG1 increased the binding to 

FcγRIIIa, resulting in enhanced NK cell-mediated ADCC [34]. However, another study 

reported no significant variation in the affinity of human IgG isotypes for FcγRIIIa and no 

increased ADCC [48]. On the other hand, galactosylation of a fucosylated Fc region resulted 

in increased FcγRIIIa affinity when compared with non-galactosylated variants [27, 32, 49]. 

This could indicate that galactosylation may alter the impact of other glycoforms on 

FcγRIIIa affinity and ADCC. Furthermore, reduced or enhanced ADCC was demonstrated 

depending on addition of a galactose to the a-3 or a-6 mannose arm, which provides a 

potential explanation for the contradictory impact of galactose[50]. Finally, a 10-fold 

increase in ADCC resulted from high bisecting N-acetyl glucosamine (GlcNAc) of mAbs 

[51]. Further research is certainly needed on the mechanistic effect of galactosylation.

2.3. Complement-dependent cytotoxicity (CDC)

Antibody glycosylation influences CDC activities by affecting the binding of antibody to the 

complement component 1q (C1q) complex. Agalactosylated IgG have decreased binding 

affinity to C1q, while IgG1 with terminal galactosylation bind with high affinity to C1q, 

which promotes CDC [30, 34, 52]. Degalactosylation of remodeled therapeutic mAbs 

reduces CDC [51]. There is conflicting evidence regarding the effect of fucose on CDC. One 

study suggested that fucosylation increases the CDC activity of antibodies [53], but in 

another study, afucosylated rituximab induced lower CDC than normal rituximab [41].

Sialic acid is another residue with unclear effects on CDC; a recent study in thyroiditis 

demonstrated that the removal of sialic acids from IgG N-glycans decreased CDC activity 

[46]. In addition, afucosylated rituximab reduced CDC, compared to normal rituximab [41]. 

These findings are consistent with the observation that IgG1 with terminal sialylation have 

an increased binding affinity to C1q [36]. However, the removal of sialic acid has been 
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shown to increase CDC activity of pertuzumab [28]. Moreover, Fc sialylation of human 

monoclonal IgG1 impaired its efficacy to induce CDC [54]. This could suggest that other 

factors are potentially involved in the interaction between sialylated Ig and the C1q complex.

2.4. Antibody-dependent cellular phagocytosis (ADCP)

A study based on therapeutic mAbs demonstrated that the galactosylation of antibodies had 

a positively linear correlation with FcγRIIa binding, which mediates the ADCP activity 

[55]. Another study demonstrated that galactosylated mAbs were associated with increased 

ADCP, whereas agalactosylated antibodies had a reduced ADCP. Furthermore, sialylated 

antibodies were significantly associated with enhanced ADCP activity, regardless of 

galactosylation content [50].

2.5. Other receptor-mediated antibody effector functions

The Fc domain mediates effector activities by selectively binding to FcRs; the binding 

depends on the Fc conformational state determined by the Fc-associated N-linked glycans 

[4]. Differences in antibody activity are determined by variation in IgG’s affinity for 

activating and inhibitory IgG FcRs [56]. Therefore, Fc-associated N-linked glycans play a 

major role in antibody effector functions.

2.5.1. Type I FcRs-mediated antibody effector functions.—Type I FcRs include 

the activating receptors FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, and FcγRIIIb and the 

inhibitory receptor FcγRIIb. Among these receptors, FcγRIIIa and FcγRIIb play an 

important role in the antibody effector function and FcγRIIIa mediates ADCC, as discussed 

in previous sections. In the relationship between antibody glycosylation and binding to 

FcγRIIb, recent data indicate that the anti-inflammatory activities of IgG are dependent on 

sialylation of the IgG Fc fragment [57]. Sialylated IgG Fc reduces inflammation by 

stimulating the up-regulation of the inhibitory receptor FcγRIIB and the production and 

secretion of interleukin (IL)-33 [58]. In mouse models of autoimmune diseases, sialylation 

played a key role in IVIG-mediated anti-inflammatory activity, which depends on the 

inhibitory FcγRIIB [59, 60]. In other studies, however, sialylated IgG inhibited maturation 

of dendritic cells and proliferation of B cells in an FcγRIIb independent manner [61, 62]. It 

has also been observed that sialylated IVIG is able to suppress the activity of autoantibodies, 

independently of the human FcγR genotype [63]. Therefore, the complete mechanism 

through which sialylation enhances Ig anti-inflammatory properties remains unclear.

Increased galactosylation of IgG1 is another pattern known to mediate anti-inflammatory 

activities, by promoting the association between FcγRIIB and Dectin-1 [64]. In murine 

models of autoimmune hemolytic anemia galactosylation of IgG1 is critical for modulating 

FcγRIIB-mediated inhibition of disease activity [65]. According to a binding analysis, 

human IgG1 Fc with core α1-6 fucosylation has a lower binding affinity to FcγRIIb than 

IgG1 Fc without core α1-6 fucosylation [32]. In addition, we should note that the 

glycoprofile of FcγRs also has an impact on their interaction with the Fc domain of IgG1 

[66].
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2.5.2. Type II FcRs-mediated antibody effector function.—Type II FcRs are 

represented by the family of C-type lectin receptors (CLRs) and we will here discuss the 

dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) 

and CD23. SIGN-R1, the murine ortholog of DC-SIGN, is a lectin receptor expressed on 

macrophages in the splenic marginal zone and is strongly involved in the interaction with 

glycosylated antibodies. The anti-inflammatory activity of sialylated IVIG is dependent on 

innate Th2 response via binding to SIGN-R1 or its human orthologue, DC-SIGN [15, 67]. 

This finding was demonstrated in multiple autoimmune disease models, where blockade of 

SIGN-R1 using either SIGN-R1 blocking antibodies or SIGN-R1 deficient mice resulted in 

the abrogation of the therapeutic immunomodulatory activity of IVIG [17, 59]. Moreover, 

inducing DC-SIGN expression in SIGN-R1-deficient mice restored IVIG anti-inflammatory 

activities in a mice model of arthritis [68]. On the contrary, the binding of IgG Fc to DC-

SIGN does not play a role in IVIG effect [69] but further data is needed to confirm these 

results.

CD23 is a CLR involved in glycosylated antibody binding and, based on solid-phase binding 

competition assays, glycoprotein blotting experiments, and glycan array analysis, the lectin-

like domains of cow and mouse CD23 are able to bind mannose, GlcNAc, glucose, and 

fucose as well as glycoproteins bearing these sugars in nonreducing terminal positions [70]. 

Additional data have shown that non-N-glycosylated CD23 has higher affinity to IgE than 

with glycosylated CD23 [71].

2.5.3. Other binding receptors-mediated antibody effector function—
Glycosylation also mediates the binding of antibodies to receptors other than type I and type 

II FcRs, such as dendritic cell immunoreceptor (DCIR), Dectin-1, CD22, Siglec-H and 

mannose-binding lectin (MBL). The inhibition of IVIg binding to DCIR blocks the 

internalization of sialylated IVIG into dendritic cells (DCs), as well as the induction of 

tolerogenic DCs and Treg cells, identifying DCIR as a specific receptor for sialic acid-

enriched-IVIG on DCs, mediating a variety of downstream responses [72]. Dectin-1 was 

also recently identified by a combination of biophysical experiments as a receptor for the 

core fucose on IgG antibodies [73]. Furthermore, sialic acid-positive but not sialic acid-

negative IVIG promotes B-cell apoptosis through its interaction with CD22, indicating the 

ability of CD22 to discriminate the presence of sialic acid residues [74]. Similar 

observations were made for sialic acid-binding immunoglobulin-like lectin H (Siglec-H) 

[75]. The role of MBL in interacting with glycosylated antibodies, however, is unclear. Pro-

inflammatory activity increased after binding of agalactosylated IgG to MBL [76]. 

Nevertheless, a later study showed that the effects of IgG-G0 are unimpaired in MBL-

deficient mice, suggesting no significant role of MBL in immune response modulation [52]. 

This finding is consistent with several other studies where no significant correlation was 

found between MBL levels and IgG galactosylation and between MBL polymorphisms and 

RA disease activity [77, 78].

3. Methods for protein glycosylation analysis

The analysis of cell surface glycans may contribute to understand the function of protein 

glycosylation, glycan-related biological processes, and eventually disease diagnosis and 
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treatment. Conventional methods for glycomic analysis are by lectin microarrays, high-

performance liquid chromatography (HPLC), capillary electrophoresis (CE), mass 

spectrometry (MS), and their combinations. New methods based on electrochemistry and 

barcoding technology have also been successfully used for multiple analysis of glycans on 

intact cell surface. In this section, these methods will be compared based on their procedures 

and applications (Table 1).

3.1. Lectin and lectin microarrays for glycosylation analysis

Lectin has traditionally been used to analyze the glycome for its specificities in binding to 

monosaccharides [79]. Glycan-specific lectins, including fucose-binding lectin, galactose-

binding lectin, sialic-binding lectin, and mannose-binding lectin, have been developed and 

utilized in the analysis of these glycans. Once lectin-labeled glycoproteins are formed, 

traditional techniques can be used to detect lectin and characterize glycome composition. 

Techniques based on lectin including flow cytometry, histochemical staining, western blot 

analysis, and ELISA provide rapid, efficient, quantitative, and low-infrastructure-requiring 

methods to detect glycans on glycoproteins [80]. However, these methods do not apply to 

complex glycans of large samples and do not offer detailed information on glycan structure. 

Thus lectin microarray for glycomic analysis was developed [81–84], which detects the 

target glycoproteins through direct labeling with fluorescent reagents or by overlaying a 

fluorescent-labeled lectin antibody. Lectin microarray is not quantitative, and it also cannot 

offer information on glycan structures. Unlike mass spectrometry (MS), application of lectin 

microarray is more efficient for comparative purposes of complex glycan features of large 

samples, since it does not require the release of glycans or additional derivatizations [85].

3.2. Mass spectrometry-related methods for glycosylation analysis

Mass spectrometry (MS) has several advantages that make it ideal for glycomic and 

glycoproteomic analysis. First, the technique is quantitative. Second, it can provide 

structural information of glycans on small amounts of material. Third, different types of 

mass analysis can be combined to obtain more precise structural information on the glycan 

of interest. For example, quadrupole time-of-flight mass spectrometry (QTOF-MS) can 

recognize peptides and glycopeptides of different Ig subclasses and quantitate glycans and 

site-specific glycosylation of antibodies [86]. Nevertheless, compared with lectin, MS 

involves more complex procedures and 5 steps are required before acquiring quantitative and 

structural information. First, N-or O-glycans need to be released from glycoproteins or 

glycopeptides for mass analysis. Second, derivatization of glycans is necessary in order to 

improve stability, separation, ionization efficiency, and quantitation accuracy for glycomic 

analysis. After derivatization, complex glycan structures formed by monosaccharides need 

to be separated to obtain their accurate mass. This can be achieved by several separation 

methods, including hydrophilic interaction chromatography (HILIC), liquid 

chromatography, capillary electrophoresis, and ion mobility. In addition, imaging mass 

spectrometry (IMS) is required for detailed structural identification. Finally, bioinformatics 

tools are utilized to perform glycomics and glycoproteomics analysis. In summary, MS 

provides more detailed structural information than lectin analysis, but requires more 

complex procedures and equipment to obtain the result [87, 88].
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3.3. High-performance liquid chromatography (HPLC)

High-performance liquid chromatography (HPLC) is a technique that isolates the different 

components of a sample in a pressurized liquid solvent depending on the slightly different 

interactions between each component and the adsorbent material in column. Glycosylation 

analysis by HPLC generally involves these following steps: enrichment, releasing glycans, 

derivatization of glycans, and separation and quantification using HPLC paired with a 

fluorescence or combined with other methods [89]. The techniques used for releasing 

glycans are similar to those used in MS. During the derivatization step, a fluorescent tag 

such as 2-aminobenzamide is often used to detect the glycans. Other fluorescent reagents 

include aniline, 2-aminoacridone, and procainamide. Lectin and other glycan affinity 

chromatography are commonly used as the adsorbent material in the separation step. After 

separation, the individual components can be used for further investigation of their structural 

information and quantification by combining with other methods such as MS. Glycan 

differences between different groups of samples can be obtained by the detection of 

fluorescence or other methods [90]. In summary, HPLC is a useful method to separate 

different glycans components and can be used in combination with MS to acquire detailed 

structural information on the glycans. However, similar to MS, HPLC requires complex 

procedures and equipment.

3.4. Barcoding technology and electrochemistry for glycan analysis of intact cells

New methods based on barcoding technology and electrochemistry have recently been 

successfully developed for the analysis of glycans on intact cell surfaces [91, 92]. These 

methods are similar to lectin microarrays for glycomic analysis. First, the glycans on cell 

surfaces are labeled with lectin probes conjugated with fluorescein, biotin, and horseradish 

peroxidase (HRP). Other techniques such as chemical covalent recognition and metabolic 

labeling are also used for glycan labeling and recognition [93]. Next, electrochemical 

analysis is used to detect the electrochemical signal of lectin probes labeled with HRP or 

quantum dots for its high sensitivity and easy and fast operation in live cells [94]. In 

addition, DNA-encoded lectins are also a great option to label the glycans on intact cells. 

DNA is an ideal barcode because of the great variety of sequences that can be recognized by 

advanced DNA detection techniques. Quantification of the labeled glycans can then be 

achieved by capturing the cleaved DNA barcodes using DNA detection methods such as 

DNA microarray [91]. These new methods allow the analysis of glycans on intact cells. 

Nevertheless, as methods of indirect detection, they cannot be used to determine complete 

glycan structures as MS can.

4. Immunoglobulin Glycosylation in Autoimmune Diseases

4.1. Rheumatoid Arthritis

In the case of RA [95, 96], specific glycosylation patterns generally found in patients include 

lower galactosylation, lower sialylation, and higher fucosylation levels of IgG compared 

with healthy controls [97–99]. Abnormal N-glycosylation of serum IgG in RA patients was 

reported for the first time in 1985 [100]. Patients with RA exhibit decreased IgG 

galactosylation (G1 or G2) or increased IgG agalactosylation (G0) [101–105]. A recent 

prospective study suggested that people with low IgG galactosylation have higher risk for 
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RA development than people with high IgG galactosylation [106]. Hypogalactosylated and 

hyposialylated IgG glycans have also been reported in patients with juvenile idiopathic 

arthritis [107, 108]. Agalactosylation seems especially relevant in autoantibody activity of 

IgG rheumatoid factors in RA patients [105]. Rheumatoid factor is an autoantibody targeting 

the Fc region of autologous IgG and is a biomarker of RA. Rheumatoid factors exhibiting 

high affinity for agalactosyl IgG have been identified in RA patients [109]. The levels of IgG 

sialylation and galactosylation are lower in rheumatoid factor-positive patients than in 

seronegative RA patients, while the IgG sialylation level of seronegative patients are similar 

to that of healthy controls [105].

In addition to low galactosylation, also serum IgG sialylation levels are lower in RA 

compared to healthy controls [103]. Reduced sialylation of IgG was also found in a mouse 

models of arthritis [110]. Furthermore, an increase in IgG fucosylation was found in RA 

patients compared to healthy controls [103]. Taken together, the evidence demonstrates a 

special glycosylation pattern of IgG in patients with RA and could represent a potential 

biomarkers for the diagnosis of subsets of rheumatoid arthritis [111] (Table 2).

The anti-citrullinated protein antibodies (ACPA) are more specific than the rheumatoid 

factors for RA [2]. The Fc glycosylation patterns of ACPA-IgG1 and total IgG1 were studied 

in patients with arthralgia who later developed arthritis who had no difference in Fc 

galactosylation, sialylation, and bisecting at baseline; a decrease in ACPA-IgG1 Fc 

galactosylation and sialylation was revealed in RA patients at the onset of arthritis. In 

addition, ACPA-IgG1 also displayed higher levels of core fucosylation compared with total 

IgG1, either before and at the onset of arthritis [6, 112]. The decrease in galactosylation 

occurred around 3 months prior to the onset of RA and was paralleled by an increase in 

systemic inflammation [6]. A recent study also showed that significantly less sialylation and 

galactosylation of IgG and ACPA were present in asymptomatic ACPA positive subjects 

who subsequently developed RA within 12 months, compared with individuals who 

remained healthy throughout the 12 months period [113]. These findings support the 

hypothesis that changes in ACPA glycosylation parallel the onset of RA. The synovial fluid 

(SF) of patients with RA has also been investigated. Aberrant Fc-linked glycan patterns of 

ACPA were predominant in SF compared with serum [112]. Higher agalactosylation and 

lower sialylation of ACPA IgG1, but not total IgG1, were detected in SF of RA patients 

[112]. Moreover, higher agalactosylation of ACPA IgG1 was found in rheumatoid factor 

positive compared with seronegative RA [112] (Table 3).

As described above, the development of RA is paralleled by changes in Ig glycosylation. 

Therefore, certain Ig glycosylation patterns may serve as a marker of disease activity and 

treatment efficacy in RA patients. Low galactosylation of IgG may indicate high disease 

activity. The galactosylation levels of IgG negatively correlated with RA disease activity 

[101]. A study based on ELISA-plate analysis of serum IgG of RA patients demonstrated 

that IgG agalactosylation was positively associated with C-reactive protein (CRP) and 

erythrocyte sedimentation rate (ESR), indicating increased disease severity [114]. A positive 

correlation between IgG G0/G1 and markers of inflammation such as CRP and ESR was 

also found in JIA [107]. In RF positive RA patients, the decrease in IgG galactosylation and 

sialylation correlated with the increase in RF activity [105]. This trend was confirmed by a 

Zhou et al. Page 9

Autoimmun Rev. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recent study where increased IgG G0/G1 was observed to parallel an increase of CRP in RA 

patients [115]. Furthermore, agalactosylated IgG were shown to enhance pathogenicity of 

collagen induced arthritis (CIA) in animal models [116]. These findings suggest a strong 

correlation between IgG galactosylation and RA disease activity, which makes IgG 

galactosylation levels a promising candidate for disease activity biomarker. The well 

documented association between IgG galactosylation and RA activity was also analysed in 

pregnant RA patients. Most pregnant women with RA have low disease activity during 

pregnancy. One study found that IgG1 and IgG2 galactosylation increased during pregnancy 

and decreased in the postpartum period, while GlcNAc was not influenced by pregnancy 

status [102]. Moreover, increased total and Fc galactosylation, but not Fab galactosylation, 

were associated with lower disease activity in RA patients during pregnancy [117].

In addition to galactosylation, IgG sialylation correlates with RA activity through a lower 

IgG sialylation compared with patients with inactive RA, ACPA positive inactive RA, and 

healthy controls [113]. Furthermore, the genetic block of sialylation in activated B cells 

promotes joint inflammation in CIA model [110]. Therefore, low IgG sialylation may also 

serve as an indicator of high RA disease activity. Monitoring disease activity and the 

efficacy of treatment is crucial in clinical practice and, as glycosylation patterns of Ig may 

serve as an indicator of disease activity, changes in Ig glycosylation may reflect the 

effectiveness of a specific drug or serve to monitor treatment. The use of methotrexate 

(MTX) in RA is associated with increased IgG galactosylation and sialylation levels, but no 

changes in IgG fucosylation level [103]. A recent prospective study also demonstrated that 

the low abundance of galactosylated glycans in untreated patients with early RA can be 

restored by MTX treatment [118]. Moreover, IgG galactosylation is increased in RA patients 

during a combined treatment with MTX and infliximab (a chimeric anti-TNF-alpha 

antibody) [114]. Therefore, an increase in IgG galactosylation can potentially be used to 

indicate treatment efficacy.

In summary, increased agalactosylation, decreased galactosylation, and decreased sialylation 

of IgG are signs associated with severe disease activity in RA patients. After treatment, 

decreased IgG agalactosylation and increased galactosylation and sialylation can be 

observed. Since changes in Ig glycosylation parallels the development of RA, the detection 

and analysis of Ig glycosylation patterns may be a useful tool for monitoring disease activity 

(Table 4).

4.2. Systemic Lupus Erythematosus (SLE)

As early as 1992, aberrant glycosylation of Ig, such as increased IgG agalactosylation, was 

reported in SLE [119, 120]. Recently, analyses based on ultra-performance liquid 

chromatography showed that decreased galactosylation, decreased sialylation, decreased 

core fucosylation, and increased bisecting N-acetylglucosamine were observed in serum IgG 

of SLE patients compared with healthy controls [121]. However, another study observed 

increased serum IgG fucosylation in SLE patients [122]. Low IgG galactosylation was also 

reported in lupus mice models [123]. Alpha-mannosidase II is an enzyme that modulates the 

trimming of mannose residues from hybrid N-linked oligosaccharides. A α-mannosidase II-
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deficient mice presented a systemic autoimmune disease similar to human SLE [40], 

suggesting a potential pathogenic role of mannose in SLE.

Decreased galactosylation, decreased sialylation, and increased bisecting glycan were 

positively associated with serum antinuclear antibody (ANA) and SLE organ involvement 

[121]. Another study demonstrated that increased serum IgG fucosylation was associated 

with high SLE disease activity and low serum C3 levels [122]. These associations make IgG 

glycosylation patterns a promising biomarker for SLE disease activity.

4.3. Inflammatory Bowel Disease (IBD)

Similar to autoimmune diseases, patients with IBD including Crohn’s disease (CD) and 

ulcerative colitis (UC) exhibit increased IgG agalactosylation (G0) and decreased IgG 

monogalactosylation (G1) and digalactosylation (G2) [124–127]. In addition, an increase in 

the agalactosylated and fucosylated IgG to digalactosylation and fucosylated IgG ratio (G0F/

G2F) was observed in CD and UC patients [128]. In a large retrospective analysis of plasma 

samples, increased IgG1 and IgG2/3 core fucosylation was identified in patients with CD, 

but decreased IgG2/3 core fucosylation was reported in patients with UC [125]. Fut8 is an 

enzyme that transfers fucose to N-linked glycopeptides. Fut8 knockout mice showed less 

severe colitis in chemical and T cell-transfer induced IBD mouse models [129], further 

suggesting a role of Ig fucosylation in IBD. Sialylation is another Ig glycosylation pattern 

with potential involvement in IBD. Decreased IgG sialylation was observed in both CD and 

UC patients [125, 127]. Sialic acid acetylesterase (SIAE), an enzyme that modifies sialic 

acid and might act as a mediator of autoimmune disease pathogenesis, has been reported to 

be defective in IBD patients and shown to be associated with their susceptibility to IBD 

[130]. A lower level of evidence is available on the bisecting of antibody, especial for IBD 

and one recent study showed that IgG4 bisection was low for both CD and UC patients 

compared with healthy controls. On the other hand, IgG1 and IgG2/3 bisection was 

increased in patients with CD and decreased in patients with UC compared to healthy 

controls [125].

Antibody glycosylation was significantly associated with IBD disease activity. For CD 

patients, increased IgG2/3 agalactosylation, decreased IgG2/3 digalactosylation, or 

decreased IgG2/3 sialylation have been associated with disease worsening, thus increasing 

their risk for surgery. In addition, increased IgG1 agalactosylation or increased 

agalactosylated and fucosylated IgG to digalactosylation and fucosylated IgG ratio (G0F/

G2F) correlated with more extensive CD [125, 128]. This correlation was further 

demonstrated by significantly higher IgG agalactosylation and G0F/G2F observed in 

patients with active CD when compared with patients in remission [128, 131]. Moreover, 

increased agalactosylation was associated with increased CRP and decreased serum albumin 

in CD [126]. In UC, an increase in IgG agalactosylation(G0), a decrease in IgG 

digalactosylation (G2), or a decrease in IgG sialylation were positively associated with their 

need for surgery [125]. Meanwhile, increased IgG G0, decreased IgG G2, or increased 

G0F/G2F were associated with more extensive UC (pancolitis) [125, 128]. Furthermore, 

G0F/G2F was significantly higher in active UC patients than in patients in remission[128]. 

Alterations in antibody glycosylation change according to the treatment for IBD. An 
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increase in IgG galactosylation and IgG1 and IgG4 sialylation was detected in CD and UC 

patients treated with azathioprine/6-mercaptopurine, when compared with those treated with 

anti-TNFα [125]. In CD patients, increased IgG galactosylation was observed in response to 

anti-TNFα therapy [132]. A decrease in total IgG agalactosylation was also observed in UC 

patients after treatment with mesalazine, compared with those treated with steroids [125]. 

Furthermore, CD patients treated with infliximab exhibited a significant decrease in IgG 

agalactosylation [131]. In summary, increased IgG agalactosylation, decreased IgG 

galactosylation, and decreased IgG sialylation are commonly observed in CD and UC 

patients. High level IgG agalactosylation or low-level IgG galactosylation are associated 

with more severe CD and UC. A decrease in IgG agalactosylation can be observed in 

response to most treatments. These findings suggest that changes in IgG glycosylation 

patterns, especially fluctuations in IgG galactosylation levels, may serve as a tool to monitor 

IBD disease activity and assess treatment efficacy.

4.4. ANCA-associated vasculitis (AAV)

The group of antineutrophil cytoplasmic antibody (ANCA)-associated vasculitidies (AAV) 

includes microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA), and 

eosinophilic granulomatosis with polyangiitis (EGPA). Vasculitis-associated ANCA target 

proteinase-3 (PR3-ANCA) and myeloperoxidase (MPO-ANCA). Several studies focusing 

on antibody glycosylation in patients with AAV have been conducted, and some specific 

glycosylation patterns have been observed. The IgG agalactosylation levels were 

significantly higher in PR3-ANCA positive or MPO-ANCA positive AAV patients 

compared with healthy controls. On the contrary, the IgG galactosylation levels were 

significantly lower in AAV patients compared with healthy controls [133, 134]. Similarly to 

galactosylation, the sialylation levels of PR3- or MPO-ANCA IgG from AAV patients were 

lower than those from healthy controls [134]. One study focusing on GPA demonstrated a 

decrease in total IgG1 and IgG2 galactosylation, sialylation, and bisection in patients with 

GPA compared with healthy controls. Moreover, in GPA patients, the anti-PR3 specific IgG1 

ANCA exhibited lower galactosylation, sialylation, and bisection than total IgG1, while the 

anti-PR3 specific IgG1 ANCA agalactosylation was higher than total IgG1 agalactosylation 

[135].

The antibody glycosylation patterns seem to change with disease activity variation in AAV. 

The sialylation levels of PR3-ANCA and total IgG were significantly lower in patients with 

active GPA than in those with weakly active or inactive GPA. A negative correlation was 

found between sialylation levels and GPA disease activity measured by Birmingham 

Vasculitis Activity Score (BVAS) [136]. Similarly, bisection of PR3-specific IgG1 was 

negatively associated with disease activity measured by BVAS [135]. IgG1 agalactosylation 

was significantly higher and IgG1 galactosylation was significantly lower in patients with 

active AAV compared with patients in remission and with healthy controls, while no 

significant difference was observed in the latter two groups [134]. However, one study 

showed that galactosylation and sialylation of anti-PR3 ANCA Fc positively correlated with 

the levels of inflammatory cytokines and that galactosylation of anti-PR3 ANCA was 

positively associated with the time to remission [135].
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Relapse after treatment is commonly seen in AAV and specific changes in the ANCA 

glycosylation patterns have been demonstrated before AAV relapse, which may provide 

valuable information for predicting the course of the disease. Patients with PR3-ANCA with 

low total IgG1 galactosylation or sialylation seem more prone to relapse after an increase of 

ANCA levels. Moreover, a decrease in total IgG1 galactosylation, sialylation, and bisection, 

as well as an increase in IgG1 core fucosylation were observed during the period from 

ANCA increase to relapse, while these changes were not found in non-relapsing patients. On 

the other hand, both relapsing and non-relapsing patients exhibited a decrease in PR3-

ANCA IgG1 galactosylation, sialylation, and core fucosylation. An increase in PR3-ANCA 

IgG1 bisection was only observed in non-relapsing patients [137]. The described differences 

in glycosylation patterns could be monitored in AAV patients to predict potential relapses.

4.5. Immune thrombocytopenia purpura (ITP) and fetal and neonatal alloimmune 
thrombocytopenia (FNAIT)

ITP is caused by IgG autoantibodies directed against platelets. FNAIT is a an alloimmune 

disorder determined by maternal antibodies directed against fetal and neonatal platelet 

alloantigens. Anti–human platelet antigen (HPA)-1a antibodies are the major autoantibodies 

involved in FNAIT. Based on mass spectrometry, increased galactosylation, increased 

sialylation, and decreased core fucosylation were observed in HPA-1a specific IgG1 

compared with total IgG1 in patients with FNAIT [35, 138, 139]. Moreover, FNAIT patients 

experience a decrease in HPA-1a specific IgG1 fucosylation levels after their first pregnancy, 

while no other changes in glycosylation patterns were found during and after pregnancy and 

in subsequent pregnancies [139].

The impact of antibody glycosylation on disease severity of ITP or FNAIT has been reported 

in several studies. Deglycosylation of autoantibodies from ITP patients seems able to reduce 

platelet phagocytosis activity in vitro and to impair their ability of destroying platelets in 
vivo [140]. In patients with FNAIT, IgG with low levels of Fc fucosylation exhibited 

enhanced platelet phagocytosis activity, by binding to FcγRIII on polymorphonuclear cells 

and monocytes. Moreover, decreased fucosylation and increased galactosylation of anti-

HPA-1a showed positive correlation with lower platelet counts and higher risk of bleeding in 

FNAIT patients [35, 139]. These findings suggest an association between ITP and FNAIT 

disease activity and antibody glycosylation, which may serve as an indicator of the severity 

of these diseases.

4.6. Autoimmune liver disease

Autoimmune cholestatic liver diseases include primary biliary cholangitis (PBC) and 

primary sclerosing cholangitis (PSC) [141]. PBC is characterized by the presence of highly 

specific antimitochondrial antibodies (AMA) and progressive destruction of intrahepatic 

small bile ducts [3]. Primary sclerosing cholangitis (PSC) is a cholestatic autoimmune liver 

disease characterized by fibrotic structures and dilatations of large intrahepatic and 

extrahepatic bile ducts [141]. Recently, we performed a study to elucidate site-specific 

glycomic profiling of Ig from patients with autoimmune cholestatic liver diseases using 

triple quadruple (QqQ) mass spectroscopy with subsequent multiple reaction monitoring. 

Increased IgG1 agalactosylation and decreased IgG1 galactosylation were identified in both 
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PBC and PSC patients. IgG2 afucosylation levels were higher in PSC patients compared 

with PBC patients and healthy controls. Decreased IgG 3/4 glycosylation was observed in 

patients with PBC. Increased IgA 1/2 bisecting glycoforms, decreased IgA diantennary 

glycoforms, and increased IgA 1/2 asialylation were observed in PBC patients. Furthermore, 

decreased glycosylation was identified in all N-glycan sites of IgM in patients with PBC. 

Higher afucosylation and lower fucosylation levels were also identified in the IgM J chain of 

PBC patients [86]. The decrease in IgG galactosylation observed in PSC patients was 

consistent with the findings of another study, where increased IgG4 fucosylation, increased 

IgG4 bisection, increased IgG2/3 diantennary glycoforms, and decreased IgG1 sialylation 

were detected in patients with PSC [142].

The distinct branching and composition patterns of Ig glycoforms were closely associated 

with disease severity, disease duration, stage, and liver cirrhosis in PBC and PSC. IgG1 

agalactosylation was positively correlated with aspartate aminotransferase and alkaline 

phosphatase in both groups, while IgG2 agalactosylation was positively associated with 

different stages of PBC. Branching IgG2 was directly correlated with total bilirubin and 

disease duration and inversely correlated with platelet count in PSC and PBC patients. 

Furthermore, branching levels of IgG1 and IgG2 were higher in PSC and PBC patients with 

cirrhosis compared with patients without cirrhosis. Most distinctive patterns of antibody 

glycoforms were associated with Mayo Risk Score, which provides prognostic information 

in PSC [86]. These findings highlights the potential role of lg glycoforms in monitoring 

disease progression, as biomarkers and surrogate endpoints in clinical trials on autoimmune 

cholestatic liver disease.

5. The impact of antibody glycosylation on the management of 

autoimmune diseases

As described in previous sections dedicated to specific conditions, the glycosylation of 

antibodies likely mediates their pro- or anti-inflammatory activities. For example, sialylated 

IgG antibodies have anti-inflammatory effector functions. The transfer of sialylated IgG 

autoantibodies was able to reduce the development of the disease in murine models of 

arthritis and lupus nephritis [143]. Therefore, modification of the glycosylation pattern of 

antibodies may be a potential target for the treatment of autoimmune diseases. At present, 

several glycosylation related therapies are being investigated in the treatment of autoimmune 

disease patients or in animal models. These include glycoengineered IVIg and monoclonal 

antibody, glycosylase (e.g. EndoS, B4GalTI)-based methods, nutritional substrate for 

glycosaminoglycan synthesis (e.g. GlcNAc), and chemical glycosylation (e.g. 

phytoestrogens).

IVIg are commonly used in the treatment of autoimmune diseases for their anti-

inflammatory properties. IVIG with enriched Fc-domain sialylation suppressed joint 

inflammation, while the removal of terminal sialic acid residues from IVIG abrogated their 

anti-inflammatory activity in ITP models [15, 17]. Moreover, deglycosylated IVIG were 

unable to mediate anti-inflammatory activity in a model of RA [144]. Similarly, 

deglycosylated monoclonal antibody Ter119 lost its ability to ameliorate murine ITP [145]. 
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However, many studies showed contradictory results [146–148]. The role of glycosylation in 

IVIG anti-inflammatory activity remains unclear and thus requires further investigation. 

Promising results were observed with endoglycosidase (EndoS), an enzyme able to 

deglycosylate the IgG Fc domain. EndoS reduced the proinflammatory properties of 

immune complexes purified from SLE patients and arthritis mice models [149, 150]. 

Furthermore, EndoS-treated antibodies and serum showed reduced ability to induce arthritis 

or lupus-like disease in RA and SLE mice models [151, 152]. In models of AAV, EndoS-

treated ANCA IgG also exhibited reduced pathogenicity by showing attenuated ANCA-

mediated neutrophil activation [153]. Similarly to the use of EndoS, attaching a galactose or 

a sialic acid to antibodies using solubilized glycosyltransferases was able to attenuate the 

antibody pathogenicity in vivo [16]. Mice defective in β-1,4-galactosyltransferase showed 

resistance to the development of chemically induced colitis by increasing the production of 

IL-10 [154]. A phase 2 trial demonstrated that the administration of GlcNAc greatly 

improved histology, disease activity, and time before surgery in patients with IBD [155]. In a 

colitis mouse model, treatment with GlcNAc reduced the severity of the disease and the 

disease progression via inhibiting T cell-mediated immune response in the intestinal mucosa 

[156]. Finally, phytoestrogens were able to protect mice from collagen induced arthritis by 

increasing sialylation and galactosylation of IgG, leading to amelioration of inflammation 

[157].

6. Conclusions

The analysis of antibody glycosylation demonstrated specific and, in some cases, shared 

characteristics in human autoimmune diseases and, within the same disease, different 

patterns associated with severity and treatment. Future research may increase the 

information available on the distinct glycome profiles and expand their potential role as 

biomarkers and as targets for treatment. This could allow a better patient assessment, a more 

precise prognostic stratification and a personalized management.
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Highlights

• N-Glycosylation of immunoglobulin (Ig) regulates structure, stability and 

activity.

• Ig glycosylation is altered in autoimmune and chronic inflammatory 

conditions.

• Recent advances in glycosylation analysis provide unique and deep structural 

insights into Ig glycosylation.

• The ability to manipulate antibody activity makes glycosylation a promising 

target for the treatment of autoimmune diseases.
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Figure 1. 
Immunoregulation pathways of antibody glycosylation in autoimmune diseases. a) increased 

galactosylation or sialylation of antibodies promotes binding affinity to inhibitory receptor 

FcγRIIb. Galactosylated, sialylated or fucosylated glycans promote the anti-inflammatory 

functions of antibody. b) Increased sialylation or fucosylation of antibody promote binding 

affinity to activating receptor FcγRIIIa, which mediates ADCC; Increased galactosylation of 

antibodies promotes binding affinity to C1q, which mediates CDC; Increased galactosylation 

or sialylation of antibody promotes binding affinity to FcγRIIa, which mediates ADCP; 

Decreased terminal mannose, increased galactosylation or sialylation of antibody promotes 

binding affinity to FcRn, which determines antibody half-life. Antibody effector functions 

play a role in initiation, development, and pathology of autoimmune diseases. G0, 

agalactosylated N-linked glycans; G1/2, singly galactosylated or digalactosylated N-linked 

glycans; G1, singly galactosylated N-linked glycans; G2, digalactosylated N-linked glycans.
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Table 1.

Available methods for the analysis of glycosylation.

Method Advantage Shortcoming

Soluble 
protein

Glycan specific lectin [79, 80] Rapid, efficient, quantitative, low-
infrastructure-requiring.

Only apply for few samples, no glycan 
structure information; no site-specific 
analysis.

Lectin microarray [81–85]
Rapid, efficient, and low-infrastructure-
requiring; simple procedure, apply to large 
sample.

No quantitative, no glycan structures 
information, no site-specific analysis.

Mass spectrometry (MS)-related 
methods [86–88]

Quantitative, provide structural information 
apply to complex glycan features of large 
sample; site-specific analysis.

Long procedure, complex, professional 
requirements, high-infrastructure-
requiring.

High-performance liquid 
chromatography (HPLC)-related 
methods [89, 90]

Separate different glycans components, 
quantitative, combine with MS to get 
structural information.

Long procedures complex, professional 
requirements, high-infrastructure-
requiring.

In situ cell 
surface 
protein

Barcoding technology and 
electrochemistry for glycan analysis 
of in situ cell surface proteins [91–
94]

Allow analysis of glycans on cell surface, 
quantitative, useful for complex glycan 
features of large samples.

Long procedure, complex, high-
infrastructure-requiring, no glycan 
structure information, no site-specific 
analysis.
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Table 2.

Aberrant antibody glycosylation observed in autoimmune diseases.

Glycosylation RA SLE CD UC AAV PBC PSC

Agalactosylation IgG↑ [104, 
105, 107, 108]

IgG↑ [119, 
120] IgG↑ [124, 126] IgG↑ [124, 

126]
IgG↑ [133, 
134]

IgG1 and IgG2 ↑ 
[86] IgG1 ↑ [86]

Galactosylation
IgG↓ [97–99, 
102, 103, 105, 
106]

IgG ↓ [121] IgG↓ [124, 125, 
127]

IgG↓ [124, 
125, 127] IgG↓ [134] IgG1↓ [86] IgG↓ [86, 142]

Asialylation IgG↑ [108] IgA1/2↑ [86]

Sialylation IgG↓ [97, 99, 
105, 110] IgG ↓ [121] IgG↓ [125, 127] IgG↓ [125] IgG↓ [134, 

135] IgG1↓ [142]

Afucosylation IgM J chain↑ 
[86] IgG2↑ [86]

Fucosylation IgG↑ [97, 103] IgG ↑[122] ↓
[121] IgG ↑ [125] IgG↓ [125] IgM J chain↓ 

[86] IgG4↑ [142]

Bisection IgG↑ [121]
IgG1 and 
IgG2/3 ↑; 
IgG4↓ [125]

IgG↓ [125] IgG1↓ 
[135] IgA1/2↑ [86] IgG4↑ [142]

Diantennary IgA↑ [86] IgG2/3 ↑[142]
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Table 3.

Aberrant auto-antibody glycosylation observed in autoimmune diseases

Glycosylation RA AAV FNAIT

Glycosylation of autoantibody Fc region

Agalactosylation ACPA IgG1↑ [112] ANCA IgG1↑ [135]

Galactosylation ANCA IgG1↓ [135] HPA-1a specific IgG1↑ 
[138]

Sialylation ACPA IgG1↓ [112] ANCA IgG1↓ [135] HPA-1a specific IgG1↑ 
[138]

Fucosylation ACPA IgG1↑ [6, 
112]

HPA-1a specific IgG1↓ [35, 
138, 139]

Bisection ANCA IgG1↓ [135]
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