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Abstract: Aberrant glycosylation has been observed in many autoimmune diseases. For example,
aberrant glycosylation of immunoglobulin G (IgG) has been implicated in rheumatoid arthritis (RA)
pathogenesis. The aim of this study is to investigate IgG glycosylation and whether there is an
association with rheumatoid factor levels in the serum of RA patients. We detected permethylated
N-glycans of the IgG obtained in serum from 44 RA patients and 30 healthy controls using linear
ion-trap electrospray ionization mass spectrometry (LTQ-ESI-MS), a highly sensitive and efficient
approach in the detection and identification of N-glycans profiles. IgG N-glycosylation and rheumatoid
factor levels were compared in healthy controls and RA patients. Our results suggested that total
IgG purified from serum of RA patients shows significantly lower galactosylation (p = 0.0012), lower
sialylation (p < 0.0001) and higher fucosylation (p = 0.0063) levels compared with healthy controls.
We observed a positive correlation between aberrant N-glycosylation and rheumatoid factor level
in the RA patients. In conclusion, we identified aberrant glycosylation of IgG in the serum of RA
patients and its association with elevated levels of rheumatoid factor.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by activation of the
immune system and secretion of autoantibodies [1]. Immunoglobulin G (IgG) glycosylation implicated
in RA has been reported in many reports. On its Fc region, IgG has a single N-linked glycan, which is
primarily biantennary and present on asparagine 297 (Asn 297), on each heavy chain [2,3]. Changes of
the N-linked Fc glycan on Asn 297 have been reported to affect the structural stability and functional
activity of IgG, subsequently influencing the immune response [4]. Aberrant N-glycosylation of IgG
has been observed in autoantibody-driven diseases, especially in RA [5-7], and the pathogenicity of
autoantibodies is essentially influenced by their glycosylation profile [8]. The generation of aberrant
forms of oligosaccharide structures with a single sialic acid molecule converts an inflammatory IgG
into an anti-inflammatory mediator [9], and the generation of unusual structures of the IgG Fc portion
with a core fucose residue decreases antibody-dependent cell cytotoxicity (ADCC) via hindering its
binding to the FcyRlIllo receptor [10]. Thus, determining whether IgG glycosylation is associated with
a clinical outcome is significant for understanding the pathogenesis of autoimmune diseases such
as RA.

In recent years, IgG or other antibody glycosylation level in the human serum has been ever clearer
by various approaches. In normal human serum, although there are regularly different subclasses
on immunoglobulin G, the total IgG glycosylation is generally quite constant [11]. Furthermore,
different glycosylation patterns of total IgG have also been observed in patients with a number of
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auto-immune diseases when compared with healthy controls, including rheumatoid arthritis [5,6],
systemic lupus erythematosus [12], inflammatory bowel disease [13], primary Sjogren’s syndrome,
ankylosing spondylitis, psoriatic arthritis [14], and multiple sclerosis [15]. In patients with all these
diseases, N-glycans of serum IgG are missing terminal galactose (IgG G0) when compared with
healthy controls.

The identification of N-glycoforms has been made possible by rapid and reproducible glycomic
analyses. The field of mass spectrometry (MS) has developed useful tools to detect and identify specific
glycoforms and further provide fragmentation data. Protein-bound N-glycans can be released from
biological samples such as serum/plasma using peptide-N-glycosidase F (PNGase F). The free glycans
can then be analyzed by electrospray ionization (ESI) coupled with online liquid chromatography and
matrix-assisted laser desorption/ionization.

It has been reported that rheumatoid factor (RF), a part of the RA classification criteria, binds to
IgG independent of the level of IgG galactosylation [16] and that galactosylation and sialysylation
of IgG-RF are dramatically lower in RA [17]. In the present study, we obtained comprehensive
IgG N-glycan profiling in large cohorts of RA patients and healthy controls by LTQ-ESI-MS and
identified all N-glycan structures using multistage MS (MS"). In addition, we evaluated whether
the altered glycosylation is related to the RF level in serum of antibody-mediated RA. We observed
decreased galactosylation and enhanced fucosylation in RA patients compared with healthy controls.
Furthermore, aberrant IgG glycosylation levels correlated significantly with RF avidity.

2. Results

2.1. Comprehensive Profiling of 1gG N-Glycans by ESI-MS

In our initial studies, we investigated IgG glycosylation in 44 RA patients and 30 healthy
controls, using a recently developed high-throughput method, linear ion-trap electrospray ionisation
mass spectrometry (LTQ-ESI-MS), to obtain a comprehensive glycosylation profile from complex
biological samples. The purity of IgG purified from serum was assessed by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1). The heavy chain and light
chain of IgG were separated from serum of RA patients and healthy controls. In the IgG separation, the
largest amount of IgG was fractionated in serum with few proteins (Figure 1). From the two sample
sets, 21 potential N-glycan ions, according to our previous paper [18], were detected in the MS! profile
spectrum of the permethylated fraction. The representative profiles of permethylated IgG N-glycans
derived from healthy controls and RA patients were recorded in the m/z range of 800-1500 (Figure 2).
The relevant composition (under the number) and structure (above the number) of ions identified by
sequential MS™ were also illustrated. The N-glycan structures are presented in Table 1.

Table 1. Major N-glycans in sera of healthy controls and rheumatoid arthritis patients.
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To further identify the structure of the N-glycans, we performed sequential MS™ to analyze the
fragmental information and the respective chemical structure. With this method, we analyzed the
ion at m/z 9372+, corresponding to N4H3F1. The MS" of FucHex3HexNAc4 at m/z 9372+ followed the
MS" pathway of m/z 9372* —8082" (1592+)—678%* (1333")—5762 (1129+)—662* (Figure 3). The loss
of ion fragment and the chemical structure are also illustrated. From the MS? spectrum (Figure 3A),
the ion at m/z 808>+ (single changed ion: 1592*) was the typical fragment which lost a terminal
N-acetylglucosamine (GlcNAc; the neutral loss mass 259). The ion at 808" lost another terminal
GIcNAc, and the consequent ion was m/z 678%* (single changed ion: 1333") with sequential MS®
analysis (Figure 3B). With loss of the internal Hex (the neutral loss mass 204), the double charged ion at
m/z 576%" (single changed ion: 1129*) was the product ion in the MS* spectra (Figure 3C). As shown in
Figure 3D, with loss of fucosylated GlcNAc (GlcNAc-Fuc, the neutral loss mass 467), the ion at m/z
662" (Man-Man-GlcNAcNa™") was left. The major ion fragments in MS™ are shown in Table 2.
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Table 2. Major ion fragments in MS™.

Fragment Neutral Loss [M + Nal* Symbol
Terminal Hex 218 241 -
Internal Hex 204 227 —0—
Branched Hex 190 213 »-
Terminal HexNAc 259 282 —
Internal HexNAc 245 268 —i—
Terminal NeuAc 375 398 >
Terminal Fuc 188 211 —
Reducing-end GlcNAc 293 316 R
GlecNAc-Fuc 467 490 $—<
Terminal Hex-HexNac 463 486 -0
Internal Hex-HexNac 449 472 -
Core Man-GlcNAc - 444 »>u-

AM12345678910111213

55—
IgG

26—

Rheumatoid arthritis patient serum
B M 1 2 3 4 5 67 89 10 1112 13

55—
IgG

26—

Healthy control serum

Figure 1. Purity assessment of immunoglobulin G (IgG) from human serum. IgG was purified by
protein G affinity chromatography in the serum of rheumatoid arthritis patients (A) and healthy controls
(B), and the heavy chain (black dot) and light chain (arrow) of IgG were separated. Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis was performed to determine the purity.
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Figure 2. Representative MS! spectrums of N-glycans from healthy control Immunoglobulin G (IgG)
(A) and rheumatoid arthritis patient IgG (B). The representative structure of IgG Fc N-glycan is shown.
Based on the core structure (GlcNAc2-Man3-GIcNAc2), galactoses (H, lighter circle), Mannose (H, solid
circle), bisecting GleNAc (N, diamond), sialic acids (S, rhombus), or fucose (F, triangle) can be attached.

2.2. Aberrant IgG Glycosylation in RA Patients

To further investigate the differentiation of IgG N-glycans between RA patients and healthy
controls, we compared the level of N-glycans between the two sample sets. The IgG glycosylation
features, which include galactosylation, sialylation, fucosylation, and bisection, were analyzed in the
serum of patients (Figure 4). The level of these glycosylation features was calculated as described in
Table 3. Total IgG purified from the serum of RA patients shows significantly lower galactosylation
(p = 0.0012), lower sialylation (p < 0.0001), and higher fucosylation (p = 0.0063) levels compared with
healthy controls. Compared with healthy controls, there was no significant difference in the levels of
total bisection in patients with RA (p = 0.0712).
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Figure 3. Multistage MS (MS") pathway of the doubly changed ion at m/z 937 in serum from a
rheumatoid arthritis patient. The pathway consists of MS? m/z 937%* (A), MS® m/z 8082+ (B), MS* m/z
6782* (C) and MS® m/z 567%* (D), along with their respective chemical structures.
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Figure 4. Aberrance of immunoglobulin G (IgG) glycosylation in serum of rheumatoid arthritis (RA)
patients compared with healthy controls. IgG glycosylation in serum of patients with RA is different
compared with healthy controls. Changes were also observed between patients with three various
rheumatoid factor (RF) levels and healthy controls for total galactosylation (A), sialylation (B), core
fucosylation (C), and bisecting GlcNAc (D). A two-tailed Student’s t-test comparison was performed
between the healthy controls and patients, and patients with three RF levels. Error bar indicates
standard deviation (ns, no significance; p < 0.05 indicated statistical significance).
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Table 3. A review of the description for the N-glycosylation feature.

N-Glycosylation Description mfz of N-Glycans
952, 1039, 1075, 1127,
monogalactosylated 1133, 1162
Galactosylation galactoses per antenna ’
on N-glycans 1054, 1142,1177, 1235,
Fully galactosylated 1264, 1322,
1409, 1416, 1445
N-acetylneuraminic
Sialylation (sialic) acids per antenna 1133, 1235, 1322, 1409, 1416, 1445, 1460
on N-glycans
Fucosylation N-glycans which carry g7 1039 1145 1060, 1162, 1264, 1322, 1445, 1127, 1409
a core fucose
N-glycans which carry a
Bisection bisecting 973, 1060, 1075, 1162, 1177, 1264, 1445, 1460

N-acetylglucosamine

2.3. Association between Aberrant IgG Glycosylation and RF Rheumatoid Factor Titer in RA

To investigate whether aberrant IgG glycosylation correlates with clinical outcome, we measured
RF levels and IgG Fc glycosylation. Based on the titer of RF in the serum, all patients (n = 44) were
classified into low (1 =17, 31.9-96.4 IU/mL) or high (n = 27, 105.0-7120.0 IU/mL) subgroups. Compared
with healthy controls and with patients with low RF levels, the subgroup of patients with high RF
levels exhibited reduced sialylation levels (Figure 5B). In agreement, higher IgG fucosylation was also
observed in the subgroup of patients with high RF levels compared with healthy controls and with
patients with low RF levels (Figure 5C). Although there was no significant difference in the level of
total bisection in patients with RA, the bisection level was decreased in the patients with high RF levels
compared with healthy controls and patients with low RF levels (Figure 5D).
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Figure 5. Association between aberrant immunoglobulin G (IgG) glycosylation and rheumatoid
factor (RF) titer in rheumatoid arthritis. The IgG galactosylation (A), sialylation (B), core fucosylation
(C), bisection (D), G1F/GOF (E), G2F/GOF (F), G1FO/GOF0 (G), and G2F0/GOF0 (H) for all patients, as
well as patients with different RF levels, are aberrant compared with healthy controls. Statistical
significance was evaluated using two-tailed Student’s t-test. Error bar indicates standard deviation (ns,
no significance; p < 0.05 indicated statistical significance).

Agalactosylated IgG is a set of immunoglobulin glycoforms of the biantennary oligosaccharide
terminating in GIcNAc rather than galactose [5]. Figure 1 shows agalactosylated (GO0, no galactose),
monogalactosylated (G1, one terminal galactose residue) and fully galactosylated (G2, two galactoses)
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forms of Fc-associated oligosaccharide chains attached to Asp 297 IgG. We analysed the ratios of
G1F/GOF (m/z 1039/937), G2F/GOF (mj/z 1142/937), G1F0/GOF0 (m/z 953/850) and G2F0/GOF0 (m/z
1055/850) between RA patients and healthy controls (Figure 5). Significantly decreased galactosylation
of IgG was observed in the group of patients with high RF levels compared with patients with low RF
levels (p = 0.0025) and with healthy controls (p < 0.0001) (Figure 5A). Accordingly, the ratios of G1F/GOF
(m/z 1039/937), G2F/GOF (m/z 1142/937), G1F0/GOFO (m/z 953/850) and G2F0/GOFO (mm/z 1055/850) were
reduced in the serum of all patients with RA compared with healthy controls (Figure 5E-H). In the
two subgroups of patients, the ratios of G1F/GOF (m/z 1039/937) and G2F/GOF (m/z 1142/937) exhibited
dramatic difference, but not the ratios of G1F0/GOFO (m/z 953/850) and G2F0/GOFO (m/z 1055/850). These
results confirmed the aberrant IgG galactosylation in RA patients and demonstrated a remarkable
change in the ratio of agalactosylation/monogalactosylation and agalactosylation/galactosylation with
two different sets of N-glycans in patients.

3. Discussion

Here, the N-glycosylation features of IgG and their association with the level of RF were analyzed.
LTQ-ESI-MS was used to confirm previous studies documenting aberrant IgG glycans in RA. In
this present study, we identified IgG N-glycan profiles in the serum of patients with RA and found
remarkably different profiles of glycoforms compared with healthy controls. A high level of IgG that
lacks terminal galactose (IgG GO) was observed in patients with RA, which is in line with previous
studies reported for other immune diseases [13,19,20]. Our results also indicated significantly lower
sialylation, reduced bisection, and increased fucosylation in patients with RA compared with healthy
controls. RF, a class of immunoglobulins, has been reported to correlate with elevated inflammatory
cytokines and a more rapid progression to RA [21,22]. Although dramatically lower galactosylation
and sialysylation of IgG-RF have been observed in RA [17], and IgG glycosylation profiles influenced
the RF level in an experimental arthritis model [23], the association between IgG glycosylation and RF
titers has been reported rarely. Access to a substantial collection of RA subjects with different RF levels
enabled us to observe the association of IgG glycosylation with RF avidity in RA. In this study we
found a positive correlation between the IgG glycosylation and RF level, similar to previous correlation
between aberrant IgG galactosylation and the disease activity in a gender specific manner. However,
very limited, we did not obtained every clinical index, with the exception of the rheumatoid factor titer.

The conformation of the Asn 297 biantennary oligosaccharide has been shown to influence the
functional activity of the IgG molecule via C1q of the complement system and Fc gamma receptors (FcyR)
on immune cells [24]. IgG deficient in terminal galactose (IgG G0) may combine with autoantibodies,
forming an immune complex that deposits in synovial tissue; this process is directly implicated in the
pathogenicity of RA [25-27]. Furthermore, the addition of a terminal sialic acid to the Fc region by
2,6-sialyltransferase promoted anti-inflammatory activity [9,28-30]. More importantly, deficiencies in
galactose will also impact sialylation, due to the need for galactose for the addition of terminal sialic
acids [3]. Although engineered IgG sialylation could convert inflammatory IgGs into anti-inflammatory
mediators in animal model [30], more work is needed to see if this is the causative agent for the
induction of autoimmune reaction. Consistent with previous studies, deceased galactosylation and
sialylation of total IgG was observed in patients with RA in this present study. Furthermore, our
obtained results also indicated that changes of galactosylation and sialylation positively associated
with REF titer.

As in earlier studies, the level of sG0/G1 and G0/G2 in the serum has a significant correlation with
disease activity in RA and inflammatory bowel disease (IBD) patients, indicating that G0/G1 and G0/G2
levels could be useful serum glycobiomarkers for the diagnosis of RA. To further explore the correlation
between IgG galactosylation content and disease activity, we compared under-galactosylation ratios
with the RF titer. In this study, the serum levels of G1F/GOF and G2F/GOF obviously (p < 0.05) reduced
in RA patients with high RF level, while the levels of G1/G0 and G2/G0, which lack of a core fucose
in the Fc fragment, were not found significant differences in RA patients with high and low RF level.
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These results further suggested that G1F/GOF and G2F/GOF levels may be promising serum biomarkers
for RA disease activity and clinical diagnosis.

Recently, bisecting GIcNAc has been recognized as a suppressor of terminal modifications of
N-glycan, which may further influence biological functions of glycans on glycoproteins [31]. However,
the effects of bisecting GlcNAc on functional properties of IgG are not well understood. As reported in
a previous study, 18% of IgG glycans contain bisecting GIcNAc and they could significantly influence
the structure of the glycan on IgG [32]. Glycosylation patterns of total IgG, which carry a bisecting
N-acetylglucosamine, have been observed to temporarily decrease in certain conditions, including
rheumatoid arthritis during pregnancy and anti-neutrophil cytoplasmic antibodies (ANCA)- associated
vasculitis (AAV) [33-35]. Interestingly, although the decrease in bisecting GlIcNAc on IgG glycans did
not reach statistical significance in all patients with RA, which is consistent with the previous data [36],
bisection level in patients with a high RF titer was lower when compared with patients with low RF
titer in our obtained results.

More recent works have revealed that fucosylation plays an important role in influencing the
functional activity and the structure of IgG. The absence of fucose residues directly boosts ADCC
activity by dramatically enhancing binding to FcyRllla [37,38]. Antibodies lacking the core fucose
show an increased autoantibody affinity by carbohydrate—carbohydrate interactions between glycans
of the receptor and the Fc fragment [39]. Specifically, fucosylation weakens the stabilization between
the antibody and FcgRIlla’s glycan [40]. As previously reported, several specific antibodies display a
significantly increased levels of fucosylated glycans in patients [19,35,41]. In the current study analyzing
serum total IgG we similarly observed an increase of core fucosylation in RA patients, and in particular
with high RF titer, which is thought to enhance the pro-inflammatory activity of IgG molecules. What
is different from prior findings is that the general degree of core fucosylation is lower in our present
study, approximately in the range of 40-60%, which yet is in line with observations for N-glycans in
colorectal cancer tissues in our previous work [42]. These differences may be largely caused by the
N-glycan analysis method using mass spectrometry. We analyzed more various N-glycans on IgG
increasing the sum of the intensity of total N-glycan peaks, which may contribute to the relatively low
general degree of glycosylation in our study.

The mechanisms governing the IgG glycosylation to autoimmune diseases are increasingly
attractive for therapeutic application [43-45]. Increasingly, B cells, plasma cells, cytokine
milieu, and extracellular glycosytransferases have been implicated in altering IgG Fc glycoforms
in autoantibody-driven inflammation [7,43,46-49].  The sialylation could be regulated by
sialyltransferases in interleukin-23-activated T helper 17 cells and further converts arthritogenic
IgG into anti-inflammatory mediators in experimental arthritis [7,49]. Although the exact cause
of the lower galactose levels on IgG in whole serum of RA patients remains indistinct, reduced
galactosyltransferase (GalT) activity has been reported in B cells from RA patients and increased GalT
content also was reported in synovial tissue and inflammatory cells of RA patients [50,51]. With
growing evidence for monitoring the IgG glycosylation, additional glycoengineering of IgG antibodies
using endoglycosidase-based glycosynthases could improve the safety, functionality, and efficacy of
these antibodies [52].

These findings may help to explain the association between RF level and aberrant N-glycosylation,
and have important implications for aberrant N-glycosylation in the development of clinical diagnosis.

4. Materials and Methods

4.1. Patients and Controls

Serum samples were obtained from 44 patients with RA and 30 healthy controls at Suzhou Hospital
of Traditional Chinese Medicine (Suzhou, China) and Huaian Second People’s Hospital (Huaian,
China). All experiments were approved by the Medical Ethics Committee of Soochow University.
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Informed consent was obtained from each participant. Patient characteristics are summarized in
Table 4. Serum aliquots were frozen immediately after collection and stored at —80 °C

Table 4. Clinical characteristics of the participant serum samples used in this study.

Characteristics Patient Normal
Number 2 44 30
Female (%) P 66.67 76.67
Age (year)
(median, range) 61 (30-87) 36 (21-44)
RF positivity (%) © 100 -
RF (median, U/mL) ¢ 759.75 -

2 For each participant, serum, and peripheral blood were obtained; ® Frequency of female; © Rheumatoid factor
positivity; ¢ The mean titer of rheumatoid factor.

4.2. Preparation of Total Immunoglobulin and IgG

First, total immunoglobulin was obtained in the serum of RA patients and healthy controls; then
IgG was purified based on a previously reported method [53]. Briefly, serum (500 pL) separated from
each sample by centrifugation was diluted with phosphate-buffered saline (PBS) (1 mL, pH 7.4), and
then 1.5 mL of saturated ammonium sulfate solution was added dropwise and mixed by vortex. The
achromatous emulsion was centrifuged, and the deposit was dissolved in PBS (200 uL, pH 7.4) as
total immunoglobulin. The collected immunoglobulin was used for IgG purification. The IgG was
collected by using protein G columns (GenScript, Nanjing, China). The concentration of proteins was
determined using the bicinchoninic acid assay kit (Beyotime biotechnology, Nanjing, China), and the
purity was identified by SDS-PAGE.

4.3. Release and Solid-Phase Extraction of N-Glycans

A 500-ng aliquot of freeze-dried IgG was dissolved in 50 pL of 1x denaturing buffer (New England
Biolabs, Ipswich, MA, USA) in water (water used in all experiments was filtered with the Milli-Q
filtration system). The IgG was fully denatured with boiling water, and then 10x NP-40 buffer (10 puL),
10x G7 buffer (10 uL), and 2.5 uL of PNGase F (New England Biolabs) were mixed and incubated at
37 °C for 16 h. Glycans were purified using Sep-Pak C18 cartridges (Waters, Beijing, China) according
to the method reported in our previous paper [18]. The collected samples were dried under a vacuum
for permethylation.

4.4. Permethylation of N-Glycans

N-glycans obtained from glycoproteins were permethylated [54]. Briefly, sodium hydroxide
(40-60 mg) and iodomethane (100 pL) were added to the collected N-glycans dissolved in dimethyl
sulphoxide (150 pL; Tedia, Fairfield, OH, USA) and mixed by shaking vigorously for 1 h at room
temperature. The permethylation reaction was stopped with the addition of 2 mL of water.
Dichloromethane (2 mL) was added and mixed vigorously. The permethylated N-glycans were
extracted with dichloromethane and rinsed repeatedly (10 times) with 2 mL of water. Following the
final wash, the aqueous phases were discarded, and the dichloromethane phase was transferred to a
clean tube and dried under vacuum.

4.5. Analysis of N-Glycans Using Linear lon-Trap Electrospray Ionisation Mass Spectrometry (LTQ-ESI-MS)

After permethylation, structural analysis of N-glycans was performed in a linear ion-trap mass
spectrometer (Thermo Finnigan, San Jose, CA, USA) in positive ion mode. Glycans dissolved in
methanol were loaded at 0.5 pL/min at a sheath gas flow rate of 2 arb, a spray voltage of 3.50 kV, a
capillary voltage of 35V, a capillary temperature of 230 °C, a tube lens of 120 V, an injection time of
100 ms, an activation time of 30 ms, an activation Q-value of 0.250, and an isolation width of m/z 1.5.
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To further identify the structure of N-glycans, MS™ spectra were obtained. All samples were analyzed
as sodium-adducted positive ions.

4.6. Statistical Analysis

The sample was introduced manually with the same injection time (100 ms) and the same volume
(2 uL). With the same retention time (1-3 min), the mass spectrum of each sample was extracted after
MS profiling of each experimental sample obtained by Xcalibur software version 2.2 (Thermo Fisher
Scientific, San Jose, CA, USA). At the time point of strongest ionic strength, the mass charge ratio (1m/z)
and the ion intensity of mass peaks were exported by Xcalibur Qual Browser (Thermo Fisher Scientific,
San Jose, CA, USA). Relative quantification was conducted with the formula (the intensity of specific
N-glycan peak)/(the intensity of total N-glycan peaks) [18,42,55], which normalizes the absolute ion
intensities to the total subclass specific N-glycan abundances.

The level of galactosylation was calculated according to the formula: N4H4 + N4H5F1 + N5H5 +
N4H5S1 + N5SH5F1 + N4H5F1S1 + N4HS5F2S1 + N4H5S2 + NSH5F1S1 + 0.5 * (N4H4 + N4H4F1 +
N5H4 +N4H4F2 + N4H4S1 + N5H4F1). The level of sialylation was defined by summation of all sialic
acids per antenna on N-glycans and calculated by the formula: N4H5S2 + 0.5 * (N4H4S1 + N4H551 +
N4H5F1S1 + N4H5F2S1 + N5H5F151 + N5H6S1). The prevalence of core fucosylation was measured
by summing the N-glycan glycoforms which carries one core fucose (N4H3F1 + N4H4F1 + N5H3F1 +
N4H5F1 + N5H4F1 + N5H5F1 + N4H5F1S1 + N5H5F1S1 + N4H4F2 + N4H5F2S1). The incidence of
bisecting was evaluated by summing all N-glycoforms which carry a bisecting N-acetylglucosamine
(N5H3 + N5H3F1 + N5H4 + N5H4F1 + N5H5 + N5H5F1 + N5H5F1S1 + N5H6S1).

Statistical analyses were performed using GraphPad Prism software (GraphPad Software, La
Jolla, CA, USA). The presence or absence of statistical differences between controls and patients was
evaluated using two-tailed Student ¢-test. p < 0.05 indicated statistical significance.

Author Contributions: Conceptualization, Z.S., Y.W., and Y.L.; Methodology, Q.X., and Y.W.; Software, Z.S.;
Validation, Q.X. and Y.W.; Investigation, Z.S.; Resources, Y.W.; Data Curation, Q.X. and Y.W.; Writing—Original
Draft Preparation, Z.S.; Writing—Review and Editing, Z.S., YW.,, and Y.L.; Project Administration, Y.W., and Y.L.;
Funding Acquisition, Y.W., and Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the Natural Science Foundation of Jiangsu Province (BK20160315), the
Program for Changjiang Scholars and Innovative Research Team in University (IRT1075), the Suzhou Municipal
Nature Science Foundation (5YS201515) and the Priority Academic Program Development of Jiangsu Higher
Education Institutions.

Acknowledgments: We thank Elizabeth DeLyria for critical reading of the manuscript. We also thank the Suzhou
Hospital of Traditional Chinese Medicine and the Huaian Second People’s Hospital for providing samples.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ADCC antibody-dependent cell cytotoxicity

LTQ-ESI-MS linear ion-trap electrospray ionisation mass spectrometry

MS mass spectrometry

RA rheumatoid arthritis

RF rheumatoid factor

SDS-PAGE sodium dodecyl sulphate—polyacrylamide gel electrophoresis
References

1.  Van Gaalen, F; Ioan-Facsinay, A.; Huizinga, T.W.; Toes, R.E. The devil in the details: The emerging role of
anticitrulline autoimmunity in rheumatoid arthritis. J. Immunol. 2005, 175, 5575-5580. [CrossRef]

2. Arnold, ].N.; Wormald, M.R,; Sim, R.B.; Rudd, PM.; Dwek, R.A. The impact of glycosylation on the biological
function and structure of human immunoglobulins. Ann. Rev. Immunol. 2007, 25, 21-50. [CrossRef]

3. Vidarsson, G.; Dekkers, G.; Rispens, T. IgG subclasses and allotypes: From structure to effector functions.
Front. Immunol. 2014, 5, 520. [CrossRef]


http://dx.doi.org/10.4049/jimmunol.175.9.5575
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141702
http://dx.doi.org/10.3389/fimmu.2014.00520

Int. ]. Mol. Sci. 2020, 21, 2045 13 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Burton, D.R.; Dwek, R.A. Immunology. Sugar determines antibody activity. Science 2006, 313, 627-628.
[CrossRef]

Parekh, R.B.; Dwek, R.A; Sutton, B.J.; Fernandes, D.L.; Leung, A.; Stanworth, D.; Rademacher, TW.;
Mizuochi, T.; Taniguchi, T.; Matsuta, K.; et al. Association of rheumatoid arthritis and primary osteoarthritis
with changes in the glycosylation pattern of total serum IgG. Nature 1985, 316, 452-457. [CrossRef]

Ercan, A.; Cui, J.; Chatterton, D.E.; Deane, K.D.; Hazen, M.M.; Brintnell, W.; O’'Donnell, C.I.; Derber, L.A.;
Weinblatt, M.E.; Shadick, N.A.; et al. Aberrant IgG galactosylation precedes disease onset, correlates with
disease activity, and is prevalent in autoantibodies in rheumatoid arthritis. Arthritis Rheum. 2010, 62,
2239-2248. [CrossRef]

Ohmi, Y.; Ise, W.; Harazono, A.; Takakura, D.; Fukuyama, H.; Baba, Y.; Narazaki, M.; Shoda, H.; Takahashi, N.;
Ohkawa, Y,; et al. Sialylation converts arthritogenic IgG into inhibitors of collagen-induced arthritis. Nat.
Commun. 2016, 7, 11205. [CrossRef]

Imafuku, Y.; Yoshida, H.; Yamada, Y. Reactivity of agalactosyl IgG with rheumatoid factor. Clin. Chim. Acta
Int. J. Clin. Chem. 2003, 334, 217-223. [CrossRef]

Kaneko, Y.; Nimmerjahn, F,; Ravetch, E.V. Anti-inflammatory activity of immunoglobulin G resulting from
Fc sialylation. Science 2006, 313, 670-673. [CrossRef]

Iida, S.; Misaka, H.; Inoue, M.; Shibata, M.; Nakano, R.; Yamane-Ohnuki, N.; Wakitani, M.; Yano, K,;
Shitara, K.; Satoh, M. Nonfucosylated therapeutic IgG1 antibody can evade the inhibitory effect of serum
immunoglobulin g on antibody-dependent cellular cytotoxicity through its high binding to Fc gamma RIlIa.
Clin Cancer Res. 2006, 12, 2879-2887. [CrossRef]

Bakovic, M.P; Selman, M.H.; Hoffmann, M.; Rudan, I.; Campbell, H.; Deelder, A.M.; Lauc, G.; Wuhrer, M.
High-throughput IgG Fc N-glycosylation profiling by mass spectrometry of glycopeptides. |. Proteome Res.
2013, 12, 821-831. [CrossRef]

Vuckovic, E; Kristic, J.; Gudelj, I.; Teruel, M.; Keser, T.; Pezer, M.; Pucic-Bakovic, M.; Stambuk, J.;
Trbojevic-Akmacic, I.; Barrios, C.; et al. Association of systemic lupus erythematosus with decreased
immunosuppressive potential of the IgG glycome. Arthritis Rheumatol. 2015, 67, 2978-2989. [CrossRef]
Trbojevic Akmacic, I.; Ventham, N.T.; Theodoratou, E.; Vuckovic, F.; Kennedy, N.A.; Kristic, J.; Nimmo, E.R,;
Kalla, R.; Drummond, H.; Stambuk, J.; et al. Inflammatory bowel disease associates with proinflammatory
potential of the immunoglobulin G glycome. Inflamm. Bowel Dis. 2015, 21, 1237-1247. [CrossRef]

Watson, M.; Rudd, PM.; Bland, M.; Dwek, R.A.; Axford, ].S. Sugar printing rheumatic diseases: A potential
method for disease differentiation using immunoglobulin G oligosaccharides. Arthritis Rheum. 1999, 42,
1682-1690. [CrossRef]

Wubhrer, M.; Selman, M.H.; McDonnell, L.A.; Kumpfel, T.; Derfuss, T.; Khademi, M.; Olsson, T.; Hohlfeld, R.;
Meinl, E.; Krumbholz, M. Pro-inflammatory pattern of IgG1 Fc glycosylation in multiple sclerosis cerebrospinal
fluid. J. Neuroinflammation 2015, 12, 235. [CrossRef]

Falkenburg, W.J.].; Kempers, A.C.; Dekkers, G.; Ooijevaar-de Heer, P; Bentlage, A.E.H.; Vidarsson, G.; van
Schaardenburg, D.; Toes, R.E.M.; Scherer, H.U.; Rispens, T. Rheumatoid factors do not preferentially bind to
ACPA-IgG or IgG with altered galactosylation. Rheumatology (Oxf.) 2017, 56, 2025-2030. [CrossRef]
Matsumoto, A.; Shikata, K.; Takeuchi, F.; Kojima, N.; Mizuochi, T. Autoantibody activity of IgG rheumatoid
factor increases with decreasing levels of galactosylation and sialylation. J. Biochem. 2000, 128, 621-628.
[CrossRef]

Ju, L.L.; Wang, Y.P; Xie, Q.; Xu, X.K;; Li, Y,; Chen, Z.J.; Li, Y.S. Elevated level of serum glycoprotein
bifucosylation and prognostic value in Chinese breast cancer. Glycobiology 2016, 26, 460—471. [CrossRef]
Rombouts, Y.; Ewing, E.; van de Stadt, L.A.; Selman, M.H.; Trouw, L.A.; Deelder, A.M.; Huizinga, TW.;
Wuhrer, M.; van Schaardenburg, D.; Toes, R.E.; et al. Anti-citrullinated protein antibodies acquire a
pro-inflammatory Fc glycosylation phenotype prior to the onset of rheumatoid arthritis. Ann. Rheum. Dis.
2015, 74, 234-241. [CrossRef]

Biermann, M.H.; Griffante, G.; Podolska, M.].; Boeltz, S.; Sturmer, J.; Munoz, L.E.; Bilyy, R.; Herrmann, M.
Sweet but dangerous - the role of immunoglobulin G glycosylation in autoimmunity and inflammation.
Lupus 2016, 25, 934-942. [CrossRef]

Dorner, T.; Egerer, K; Feist, E.; Burmester, G.R. Rheumatoid factor revisited. Curr. Opin. Rheumatol. 2004, 16,
246-253. [CrossRef]


http://dx.doi.org/10.1126/science.1131712
http://dx.doi.org/10.1038/316452a0
http://dx.doi.org/10.1002/art.27533
http://dx.doi.org/10.1038/ncomms11205
http://dx.doi.org/10.1016/S0009-8981(03)00245-6
http://dx.doi.org/10.1126/science.1129594
http://dx.doi.org/10.1158/1078-0432.CCR-05-2619
http://dx.doi.org/10.1021/pr300887z
http://dx.doi.org/10.1002/art.39273
http://dx.doi.org/10.1097/MIB.0000000000000372
http://dx.doi.org/10.1002/1529-0131(199908)42:8&lt;1682::AID-ANR17&gt;3.0.CO;2-X
http://dx.doi.org/10.1186/s12974-015-0450-1
http://dx.doi.org/10.1093/rheumatology/kex284
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022794
http://dx.doi.org/10.1093/glycob/cwv117
http://dx.doi.org/10.1136/annrheumdis-2013-203565
http://dx.doi.org/10.1177/0961203316640368
http://dx.doi.org/10.1097/00002281-200405000-00013

Int. ]. Mol. Sci. 2020, 21, 2045 14 0f 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ingegnoli, E; Castelli, R.; Gualtierotti, R. Rheumatoid factors: Clinical applications. Dis. Markers 2013, 35,
727-734. [CrossRef]

Su, Z.; Gao, J.; Xie, Q.; Wang, Y.; Li, Y. Possible role of beta-galactosidase in rheumatoid arthritis. Mod.
Rheumatol. 2019, 1-10. [CrossRef]

Dekkers, G.; Rispens, T.; Vidarsson, G. Novel Concepts of Altered Immunoglobulin G Galactosylation in
Autoimmune Diseases. Front. Immunol. 2018, 9, 553. [CrossRef]

Rook, G.A; Steele, J.; Brealey, R.; Whyte, A_; Isenberg, D.; Sumar, N.; Nelson, J.L.; Bodman, K.B.; Young, A.;
Roitt, LM.; et al. Changes in IgG glycoform levels are associated with remission of arthritis during pregnancy.
J. Autoimmun. 1991, 4, 779-794. [CrossRef]

Rademacher, TW.; Williams, P.; Dwek, R.A. Agalactosyl glycoforms of IgG autoantibodies are pathogenic.
Proc. Natl. Acad. Sci. USA 1994, 91, 6123-6127. [CrossRef]

Forger, F.; Ostensen, M. Is IgG galactosylation the relevant factor for pregnancy-induced remission of
rheumatoid arthritis? Arthritis Res. Ther. 2010, 12, 108. [CrossRef]

Anthony, RM.; Nimmerjahn, F.; Ashline, D.J.; Reinhold, V.N.; Paulson, ].C.; Ravetch, ].V. Recapitulation of
IVIG anti-inflammatory activity with a recombinant IgG Fc. Science 2008, 320, 373-376. [CrossRef]
Washburn, N.; Schwab, I.; Ortiz, D.; Bhatnagar, N.; Lansing, J.C.; Medeiros, A.; Tyler, S.; Mekala, D.;
Cochran, E.; Sarvaiya, H.; et al. Controlled tetra-Fc sialylation of IVIg results in a drug candidate with
consistent enhanced anti-inflammatory activity. Proc. Natl. Acad. Sci. USA 2015, 112, E1297-E1306.
[CrossRef]

Pagan, ].D.; Kitaoka, M.; Anthony, R.M. Engineered Sialylation of Pathogenic Antibodies In Vivo Attenuates
Autoimmune Disease. Cell 2018, 172, 564-577 e513. [CrossRef]

Nakano, M.; Mishra, S.K.; Tokoro, Y.; Sato, K.; Nakajima, K.; Yamaguchi, Y.; Taniguchi, N.; Kizuka, Y. Bisecting
GlcNAc is a general suppressor of terminal modification of N-glycan. Mol Cell Proteom. 2019. [CrossRef]
Pucic, M.; Knezevic, A.; Vidic, J.; Adamczyk, B.; Novokmet, M.; Polasek, O.; Gornik, O.; Supraha-Goreta, S.;
Wormald, M.R,; Redzic, I; et al. High throughput isolation and glycosylation analysis of IgG-variability
and heritability of the IgG glycome in three isolated human populations. Mol. Cell. Proteom. 2011, 10, M111
010090. [CrossRef]

Bondt, A.; Selman, M.H.; Deelder, A.M.; Hazes, ].M.; Willemsen, S.P.; Wuhrer, M.; Dolhain, R.J. Association
between galactosylation of immunoglobulin G and improvement of rheumatoid arthritis during pregnancy
is independent of sialylation. J. Proteome Res. 2013, 12, 4522-4531. [CrossRef]

Bondt, A.; Rombouts, Y.; Selman, M.H.; Hensbergen, PJ.; Reiding, K.R.; Hazes, ].M.; Dolhain, R.J.; Wuhrer, M.
Immunoglobulin G (IgG) Fab glycosylation analysis using a new mass spectrometric high-throughput
profiling method reveals pregnancy-associated changes. Mol. Cell. Proteom. 2014, 13, 3029-3039. [CrossRef]
Kemna, M.].; Plomp, R.; van Paassen, P.; Koeleman, C.A.M.; Jansen, B.C.; Damoiseaux, J.; Cohen Tervaert, ] W,;
Wuhrer, M. Galactosylation and Sialylation Levels of IgG Predict Relapse in Patients With PR3-ANCA
Associated Vasculitis. EBioMedicine 2017, 17, 108-118. [CrossRef]

Sonneveld, M.E.; de Haas, M.; Koeleman, C.; de Haan, N.; Zeerleder, S.S.; Ligthart, P.C.; Wuhrer, M.;
van der Schoot, C.E.; Vidarsson, G. Patients with IgG1-anti-red blood cell autoantibodies show aberrant
Fc-glycosylation. Sci. Rep. 2017, 7, 8187. [CrossRef]

Shields, R.L.; Lai, J.; Keck, R.; O’Connell, L.Y.; Hong, K.; Meng, Y.G.; Weikert, S.H.; Presta, L.G. Lack of fucose
on human IgG1 N-linked oligosaccharide improves binding to human Fcgamma RIII and antibody-dependent
cellular toxicity. J. Biol. Chem. 2002, 277, 26733-26740. [CrossRef]

Shinkawa, T.; Nakamura, K.; Yamane, N.; Shoji-Hosaka, E.; Kanda, Y.; Sakurada, M.; Uchida, K.; Anazawa, H.;
Satoh, M.; Yamasaki, M.; et al. The absence of fucose but not the presence of galactose or bisecting
N-acetylglucosamine of human IgG1 complex-type oligosaccharides shows the critical role of enhancing
antibody-dependent cellular cytotoxicity. J. Biol. Chem. 2003, 278, 3466-3473. [CrossRef]

Ferrara, C.; Grau, S.; Jager, C.; Sondermann, P.; Brunker, P.; Waldhauer, I.; Hennig, M.; Ruf, A.; Rufer, A.C,;
Stihle, M.; et al. Unique carbohydrate-carbohydrate interactions are required for high affinity binding
between FcgammaRIII and antibodies lacking core fucose. Proc. Natl. Acad. Sci. USA 2011, 108, 12669-12674.
[CrossRef]

Ferrara, C.; Stuart, F.; Sondermann, P.; Brunker, P.; Umana, P. The carbohydrate at FcgammaRIIla Asn-162.
An element required for high affinity binding to non-fucosylated IgG glycoforms. J. Biol. Chem. 2006, 281,
5032-5036. [CrossRef]


http://dx.doi.org/10.1155/2013/726598
http://dx.doi.org/10.1080/14397595.2019.1640175
http://dx.doi.org/10.3389/fimmu.2018.00553
http://dx.doi.org/10.1016/0896-8411(91)90173-A
http://dx.doi.org/10.1073/pnas.91.13.6123
http://dx.doi.org/10.1186/ar2919
http://dx.doi.org/10.1126/science.1154315
http://dx.doi.org/10.1073/pnas.1422481112
http://dx.doi.org/10.1016/j.cell.2017.11.041
http://dx.doi.org/10.1074/mcp.RA119.001534
http://dx.doi.org/10.1074/mcp.M111.010090
http://dx.doi.org/10.1021/pr400589m
http://dx.doi.org/10.1074/mcp.M114.039537
http://dx.doi.org/10.1016/j.ebiom.2017.01.033
http://dx.doi.org/10.1038/s41598-017-08654-y
http://dx.doi.org/10.1074/jbc.M202069200
http://dx.doi.org/10.1074/jbc.M210665200
http://dx.doi.org/10.1073/pnas.1108455108
http://dx.doi.org/10.1074/jbc.M510171200

Int. ]. Mol. Sci. 2020, 21, 2045 150f 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mahan, A.E.; Jennewein, M.E,; Suscovich, T.; Dionne, K.; Tedesco, J.; Chung, A.W.; Streeck, H.; Pau, M.;
Schuitemaker, H.; Francis, D.; et al. Antigen-Specific Antibody Glycosylation Is Regulated via Vaccination.
Plos Pathog. 2016, 12, €1005456. [CrossRef]

Zhang, D.; Xie, Q.; Wang, Q.; Wang, Y.; Miao, |.; Li, L.; Zhang, T.; Cao, X.; Li, Y. Mass spectrometry analysis
reveals aberrant N-glycans in colorectal cancer tissues. Glycobiology 2019, 29, 372-384. [CrossRef] [PubMed]
Wang, T.T.; Maamary, J.; Tan, G.S.; Bournazos, S.; Davis, C.W.; Krammer, E.; Schlesinger, S.J.; Palese, P.;
Ahmed, R.; Ravetch, J.V. Anti-HA Glycoforms Drive B Cell Affinity Selection and Determine Influenza
Vaccine Efficacy. Cell 2015, 162, 160-169. [CrossRef] [PubMed]

Lu, L.L.; Chung, A.W,; Rosebrock, T.R.; Ghebremichael, M.; Yu, W.H.; Grace, P.S.; Schoen, M.K; Tafesse, F.;
Martin, C.; Leung, V.; et al. A Functional Role for Antibodies in Tuberculosis. Cell 2016, 167, 433-443 e414.
[CrossRef]

Wang, T.T.; Sewatanon, J.; Memoli, M.J.; Wrammert, J.; Bournazos, S.; Bhaumik, S.K.; Pinsky, B.A,;
Chokephaibulkit, K.; Onlamoon, N.; Pattanapanyasat, K.; et al. IgG antibodies to dengue enhanced
for FegammaRIIIA binding determine disease severity. Science 2017, 355, 395-398. [CrossRef]

Jones, M.B.; Nasirikenari, M.; Lugade, A.A.; Thanavala, Y.; Lau, J.T. Anti-inflammatory IgG production
requires functional P1 promoter in beta-galactoside alpha2,6-sialyltransferase 1 (ST6Gal-1) gene. ]. Biol.
Chem. 2012, 287, 15365-15370. [CrossRef]

Lee, M.M.; Nasirikenari, M.; Manhardt, C.T.; Ashline, D.J.; Hanneman, A.].; Reinhold, V.N.; Lau, J.T. Platelets
support extracellular sialylation by supplying the sugar donor substrate. |. Biol. Chem. 2014, 289, 8742-8748.
[CrossRef]

Jones, M.B.; Oswald, D.M.; Joshi, S.; Whiteheart, S.W.; Orlando, R.; Cobb, B.A. B-cell-independent sialylation
of IgG. Proc. Natl. Acad. Sci. USA 2016, 113, 7207-7212. [CrossRef]

Pfeifle, R.; Rothe, T.; Ipseiz, N.; Scherer, H.U.; Culemann, S.; Harre, U.; Ackermann, J.A.; Seefried, M.;
Kleyer, A.; Uderhardt, S.; et al. Regulation of autoantibody activity by the IL-23-TH17 axis determines the
onset of autoimmune disease. Nat. Immunol. 2017, 18, 104-113. [CrossRef]

Axford, ].S; Lydyard, PM.; Isenberg, D.A.; Mackenzie, L.; Hay, FC.; Roitt, LM. Reduced B-Cell
Galactosyltransferase Activity In Rheumatoid-Arthritis. Lancet 1987, 2, 1486-1488. [CrossRef]

Wang, Y.H.; Xu, D.W,; Tao, R.; Wang, H.R.; Wang, Q.H.; Shen, A.G. beta 1,4-Galactosyltransferase-I contributes
to the inflammatory processes in synovial tissue of patients with rheumatoid arthritis. Inflamm Res. 2010, 59,
1009-1018. [CrossRef] [PubMed]

Mimura, Y.; Katoh, T.; Saldova, R.; O’Flaherty, R.; Izumi, T.; Mimura-Kimura, Y.; Utsunomiya, T.; Mizukami, Y.;
Yamamoto, K.; Matsumoto, T.; et al. Glycosylation engineering of therapeutic IgG antibodies: Challenges for
the safety, functionality and efficacy. Protein Cell 2018, 9, 47-62. [CrossRef] [PubMed]

Porath, J. Salting-out Adsorption Techniques for Protein-Purification. Biopolymers 1987, 26, S193-S204.
[CrossRef] [PubMed]

Ciucanu, I; Costello, C.E. Elimination of oxidative degradation during the per-O-methylation of
carbohydrates. J. Am. Chem. Soc. 2003, 125, 16213-16219. [CrossRef]

Hong, Q.; Ruhaak, L.R.; Stroble, C.; Parker, E.; Huang, J.; Maverakis, E.; Lebrilla, C.B. A Method for
Comprehensive Glycosite-Mapping and Direct Quantitation of Serum Glycoproteins. . Proteome Res. 2015,
14, 5179-5192. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.ppat.1005456
http://dx.doi.org/10.1093/glycob/cwz005
http://www.ncbi.nlm.nih.gov/pubmed/30698702
http://dx.doi.org/10.1016/j.cell.2015.06.026
http://www.ncbi.nlm.nih.gov/pubmed/26140596
http://dx.doi.org/10.1016/j.cell.2016.08.072
http://dx.doi.org/10.1126/science.aai8128
http://dx.doi.org/10.1074/jbc.M112.345710
http://dx.doi.org/10.1074/jbc.C113.546713
http://dx.doi.org/10.1073/pnas.1523968113
http://dx.doi.org/10.1038/ni.3579
http://dx.doi.org/10.1016/S0140-6736(87)92621-3
http://dx.doi.org/10.1007/s00011-010-0217-1
http://www.ncbi.nlm.nih.gov/pubmed/20490888
http://dx.doi.org/10.1007/s13238-017-0433-3
http://www.ncbi.nlm.nih.gov/pubmed/28597152
http://dx.doi.org/10.1002/bip.360260017
http://www.ncbi.nlm.nih.gov/pubmed/3580497
http://dx.doi.org/10.1021/ja035660t
http://dx.doi.org/10.1021/acs.jproteome.5b00756
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Comprehensive Profiling of IgG N-Glycans by ESI-MS 
	Aberrant IgG Glycosylation in RA Patients 
	Association between Aberrant IgG Glycosylation and RF Rheumatoid Factor Titer in RA 

	Discussion 
	Materials and Methods 
	Patients and Controls 
	Preparation of Total Immunoglobulin and IgG 
	Release and Solid-Phase Extraction of N-Glycans 
	Permethylation of N-Glycans 
	Analysis of N-Glycans Using Linear Ion-Trap Electrospray Ionisation Mass Spectrometry (LTQ-ESI-MS) 
	Statistical Analysis 

	References

