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Abstract
Background Axial spondyloarthritis (axSpA) is an inflammatory rheumatic disease with challenges in diagnosis and 
disease activity assessment. While alterations in immunoglobulin G (IgG) N-glycosylation have been observed in 
varied rheumatic diseases, those in axSpA remains unclear. This study aims to explore the role of IgG N-glycan profiles 
in diagnosis and disease activity of axSpA.

Methods A clinical case-control study was conducted involving patients with axSpA (n = 138), systemic lupus 
erythematosus (n = 102), rheumatoid arthritis (n = 106), osteoarthritis (n = 33), gout (n = 41) and healthy controls 
(n = 117). Ultra-performance liquid chromatography was employed to analyze the composition of the serum IgG 
N-glycome. Associations between IgG N-glycans and axSpA were investigated and compared to healthy controls 
and other four rheumatic diseases. The relationship among IgG N-glycosylation, disease activity, and inflammatory 
cytokines of axSpA patients were analyzed. The receiver operating characteristic (ROC) curve analysis was applied to 
evaluate the diagnostic/classification performance of IgG N-glycans to distinguish axSpA and its disease activity.

Results In patients with axSpA, the abundances of IgG galactosylation and sialylation were significantly lower 
than healthy controls, while the abundance of fucosylation was higher than the other four studied rheumatic 
diseases. Additionally, two asialylated IgG N-glycans (FA2 and FA2 [3]G1) were associated with axSpA, with adjusted 
odds ratios (AORs) of 5.62 (95% CI: 3.41–9.24) and 0.33 (95% CI: 0.22–0.50), respectively. Notably, decreased FA2 [3]
G1 emerged as a characteristic IgG N-glycan associated with all five studied rheumatic diseases, while decreased 
FA2BG2S2 was a unique IgG N-glycan differentiating axSpA from the other four rheumatic diseases. Furthermore, FA2 
displayed positive association with disease activity indicators (ASDAS-CRP, SPARCC-SIJ and SPARCC-spine) in axSpA. 
IgG N-glycans, particularly FA2 [3]G1, FA2BG2S2 and FA2, demonstrated canonical correlation with inflammatory 
cytokines, including interleukin-23 and tumor necrosis factor α, in axSpA (r = 0.519, P = 0.017).

Conclusions Specific IgG N-glycans hold potential as novel biomarkers to enhance diagnosis and disease activity 
assessment in axSpA management.

Profiling of IgG N-glycosylation for axial 
spondyloarthritis and other rheumatic 
diseases
Xiaojia Xu1,2, Zhixian Chen1,2, Manshu Song2, Zhiduo Hou1, Lois Balmer2, Chunbin Zhou2,3, Yayi Huang1, 
Haifeng Hou4, Wei Wang2,4,5,6* and Ling Lin1,7*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13075-025-03505-y&domain=pdf&date_stamp=2025-2-21


Page 2 of 13Xu et al. Arthritis Research & Therapy           (2025) 27:37 

Background
Rheumatic diseases encompass a broad spectrum of con-
ditions, including inflammatory joint diseases, autoim-
mune diseases, degenerative joint diseases and metabolic 
bone diseases [1], and among them axial spondyloarthri-
tis (axSpA), systemic lupus erythematosus (SLE), rheu-
matoid arthritis (RA), osteoarthritis (OA), and gout are 
common rheumatic diseases [2]. More specifically, axSpA 
is a “mixed-pattern” disease, ranked in between inflam-
mation and autoimmune disease [3, 4]. Although axSpA 
and other rheumatic diseases share some similar symp-
toms, such as swelling and pain in the joints, they still 
exhibit many different clinical manifestations, therapeu-
tic approaches and prognoses [5, 6].

Currently, there is no single test to diagnose axSpA 
[7]. In addition, serum biomarkers for axSpA have gen-
erally demonstrated both low sensitivity and specific-
ity, typically below 60% [8]. Furthermore, the insidious 
progression of axSpA often leads to a delay in diagnosis, 
averaging up to 5.7 years, which prevents patients from 
receiving timely treatment and consequently impact-
ing their physical function and the quality of life [9, 10]. 
Moreover, although the Ankylosing Spondylitis Disease 
Activity Score (ASDAS) is a commonly used tool for 
evaluating disease activity in axSpA, this method has a 
high level of subjectivity as it relies on patient self-report-
ing [11]. The Spondyloarthritis Research Consortium 
of Canada (SPARCC) scoring system, which assesses 
active inflammation in the sacroiliac joint (SPARCC-SIJ) 
and spine (SPARCC-spine) through magnetic resonance 
imaging (MRI), is also used to evaluate disease activity. 
However, due to its high cost and complex interpretation, 
it is not routinely recommended in clinical practice [5, 
12–14]. Therefore, it is essential to improve the diagnos-
tic approach and disease activity assessment for axSpA.

Although the exact pathogenesis of axSpA remains 
unclear, the interleukin-23 (IL-23)/Th17 (T helper 17) 
axis and tumor necrosis factor α (TNFα) are known to 
play crucial roles in driving the disease by contribut-
ing to inflammation and inducing bone erosion [15, 16]. 
Immunoglobulin G (IgG) N-glycosylation, a co- and post-
translational modification process, plays a crucial role in 
regulating the balance between pro- and anti-inflamma-
tory responses [17, 18]. Recent mechanistic and human 
case-control studies have suggested the involvement of 
IgG N-glycans as functional effectors in several inflam-
matory and autoimmune diseases, such as SLE, RA and 
inflammatory bowel disease (IBD) [19–21]. For example, 
the absence of galactose on IgG can activate the comple-
ment system via the lectin pathway, exacerbating the 
pro-inflammatory response [22]. Conversely, elevated 

abundances of IgG sialylation are associated with an anti-
inflammatory effect by inhibiting antibody-dependent 
cell cytotoxicity (ADCC) and complement-dependent 
cytotoxicity (CDC) [23]. Furthermore, alterations in IgG 
N-glycosylation are promising as potential biomark-
ers for disease prediction, owing to their discriminative 
capacity [20, 24]. A recent study has found that the abun-
dance of IgG agalactosylation increased shortly before 
the onset of RA, peaked during active disease stages and 
decreased upon inflammation resolution, suggesting a 
potential relationship between IgG N-glycosylation and 
disease activity [25].

Moreover, recent research has identified that inflam-
matory cytokines in the immune microenvironment can 
modulate IgG N-glycosylation by regulating the action of 
glycosyltransferases [26]. For instance, IL-23 may exert 
regulatory control over T helper 17 (Th17) cells to secrete 
cytokines and inhibit the expression of β-galactoside 
α-2,6-sialyltransferase 1 (St6Gal1), in turn leading to a 
reduction in IgG sialylation in mice with arthritis [27]. 
Additionally, pro-inflammatory cytokines such as TNFα 
and IL-6 have been shown to upregulate sialylation by 
stimulating α-2,3-sialyltransferase 4 (St3Gal4) in cancer 
cells [18]. However, the connection between inflamma-
tory cytokines and IgG N-glycosylation in patients with 
axSpA remains unclear.

In the current study, we investigated the association 
of IgG N-glycosylation with axSpA and other rheumatic 
diseases, and identified potential glycomic biosignatures 
for distinguishing axSpA from other rheumatic diseases 
and healthy controls. Additionally, we identified the rela-
tionship between IgG N-glycosylation and disease activ-
ity and inflammatory factors in axSpA patients, thereby 
providing deeper insights into the role of IgG N-glyco-
sylation in diagnosis and disease activity assessment in 
axSpA.

Methods
Study participants
A clinical case-control study was conducted in the First 
Affiliated Hospital of Shantou University Medical College 
in China from 2021 to 2022. The case group consisted of 
138 axSpA patients who fulfilled the 2009 Assessment 
of SpondyloArthritis International Society (ASAS) clas-
sification criteria for axSpA [28]. These patients were 
recruited from the Clinical characteristics and Outcomes 
in the Chinese Axial Spondyloarthritis (COCAS; regis-
tration no. ChiCTR2100049357), as previously described 
[29]. Furthermore, for the control group, the study 
included patients with SLE (n = 102) meeting the 2019 
American College of Rheumatology/European League 
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Against Rheumatism (ACR/EULAR) classification cri-
teria [30], patients with RA (n = 106) meeting the 2010 
ACR/EULAR classification criteria [31], patients with 
OA (n = 33) meeting the 1986 ACR classification criteria 
[32], patients with gout (n = 41) meeting the 2015 ACR/
EULAR classification criteria [33], as well as healthy con-
trols (n = 117).

The participants met the following inclusion criteria: 
(1) aged 18 years or older; (2) Chinese Han ethnicity; 
and (3) patients with either axSpA, SLE, RA, OA or gout. 
Individuals were excluded based on the following crite-
ria: (1) severe infectious diseases; (2) other rheumatic 
diseases; (3) chronic renal and/or liver diseases, cancer 
and mental illness; and (4) pregnancy or lactation.

Data collection and disease activity assessment
The data including age, gender, IgG, C-reactive protein 
(CRP) and erythrocyte sedimentation rate (ESR), disease 
duration (in years from symptom onset to the date of 
the first clinic visit) and age at disease onset (age when 
the patient recalled disease-related manifestations) and 
human leucocyte antigen B27 (HLA-B27) were obtained 
from electronic medical records.

Disease activity was assessed using the ASDAS along 
with CRP (ASDAS-CRP), SPARCC-SIJ and SPARCC-
spine. Additionally, according to the classification crite-
ria recommended by ASAS, high disease activity (HDA) 
of axSpA was defined as ASDAS-CRP ≥ 2.1, and low and 
inactive disease activity (LIDA) as ASDAS-CRP < 2.1 [5].

Analysis of blood samples
For IgG N-glycan analysis, serum IgG isolation and IgG 
Fc N-linked glycan release were conducted following pre-
viously established protocols [34, 35]. In brief, a 100 µL 
serum sample was applied to a 96-well protein G mono-
lithic plate (BIA Separations, Slovenia) for IgG isolation. 
The isolated IgG samples were denatured with 1 mL of 
0.1  mol∙L− 1 formic acid, and then promptly neutral-
ized with 1  mol∙L− 1 ammonium bicarbonate. To release 
N-glycans, 4 µL of peptide-N-glycosidase F (PNGase F) 
enzyme was added to the IgG samples, followed by an 
18-hour incubation period in a 37  °C water bath. The 
released N-glycans were then tagged with 2-aminoben-
zamide (2-AB), and transferred to an oven at 65  °C for 
3 h. Following this, the labeled glycans were analyzed via 
an ultra-performance liquid chromatography (UPLC) 
instrument (Walters Corporation, USA), enabling the 
detection of 24 directly measured IgG N-glycans (Table 
S1). Additionally, 54 derived glycan traits were calculated 
from the ratios of 24 directly measured N-glycans, as pre-
viously described (Table S2). Among them, 10 derived 
glycan traits were calculated to represent the abundances 
of four glycosylation features: galactosylation, sialylation, 

bisecting acetylglucosamine (GlcNAc) and fucosylation 
(Table S3) [36].

Plasma samples were used to measure inflammatory 
cytokines (IL-6, IL-17, IL-21, IL-22, IL-23, and TNFα) 
using ultrasensitive sandwich enzyme-linked immuno-
sorbent assay (ELISA) kits (Cusabio, USA) according to 
the manufacturer’s instructions. Briefly, plasma samples 
were added to 96-well plates, followed by sequential 
incubation with biotin-antibody, HRP-avidin, and TMB 
substrate, with washing steps between each stage. The 
reaction was stopped with a stop solution, and opti-
cal density was measured at 450 nm using a microplate 
reader. Cytokine concentrations were calculated using 
standard curves generated from serial dilutions of the 
provided cytokine standards.

Statistical analysis
The normality of variables was tested using the Kol-
mogorov-Smirnov method. Continuous data, presented 
as median [P25, P75] due to a skewed distribution, were 
analyzed using the Kruskal-Wallis H-test with Benjamini-
Hochberg false discovery rate (FDR) correction. Categor-
ical data was presented as frequency (n) and proportion 
(%), and the differences between groups were analyzed 
using the χ2 test.

To control the experimental batch variation in the 
measurements, batch correction and normalization 
techniques were applied to the IgG N-glycan data. Mul-
tivariate linear regression was used to analyze the asso-
ciation between IgG N-glycans and axSpA adjusting for 
patient characteristics and other clinical features.

The Least Absolute Shrinkage and Selection Operator 
(LASSO) algorithm and Orthogonal Partial Least Squares 
Discriminant Analysis (OPLS-DA) were used to screen 
IgG N-glycans that were associated with the respective 
rheumatic diseases, to prevent overfitting and to control 
the model’s complexity. Shared IgG N-glycans between 
the LASSO and OPLS-DA methods were incorporated 
into multivariate logistic regression analysis to evaluate 
the associations between IgG N-glycans and axSpA and 
other rheumatic diseases. The discriminative ability of 
the models was assessed by receiver operating charac-
teristic (ROC) curve analysis. The discriminant models 
were trained using logistic regression classifiers with five-
fold cross-validation to minimize overfitting. Spearman’s 
rank correlation and partial correlation analysis were 
used to analyze the correlation between IgG N-glycans 
and inflammatory factors and clinical features. Canonical 
correlation analysis (CCA) was used to explore the over-
all correlation between the IgG N-glycans (x) and inflam-
matory factors (y). Identified variables with a statistically 
significant impact on the canonical variables were judged 
by canonical loadings. In general, an absolute value of 
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canonical loading greater than 0.30 was used to define 
significant loading [37].

R software version 4.1.1 (https://www.r-project.org) 
and SPSS software version 29.0 (IBM, USA) were used 
for statistical analyses, whereby P < 0.05 was considered 
statistically significant.

Results
Clinical characteristics of the study participants
Descriptive information on patients with axSpA, SLE, 
RA, OA, or gout, and healthy controls are presented in 
Table 1. In patients with axSpA, the percentage of males 
was significantly higher than in those with SLE, RA, or 
OA, but lower than in those with gout. There was no sig-
nificant difference in the percentage of males between 
axSpA patients and healthy controls. The median age 
of axSpA patients was 27 years, which was significantly 
lower than that of patients with OA (62 years), RA (52.5 
years), gout (40 years), SLE (37 years), and healthy con-
trols (34 years). Additionally, the levels of inflammatory 
cytokines (IL-6, IL-17, IL-21, IL-22, IL-23, and TNFα) 
were significantly increased in patients with axSpA com-
pared to those of healthy controls (P < 0.001), but showed 
no significant difference when compared to those of 
other four rheumatic diseases.

The comparison of IgG N-glycan profiles among axSpA, 
other rheumatic diseases and healthy controls
Quantitative measures of 24 directly measured IgG 
N-glycans and 54 derived glycan traits between patients 
with axSpA, SLE, RA, OA, gout, and healthy controls are 
different (Tables S4 and S5). Among these IgG N-glycans, 
10 derived glycan traits were presented the abundances 
of four glycosylation features in Fig. 1 and Table S6.

Compared to that of healthy controls (52.85%), the 
abundances of total galactosylation gradually decreased 
in patients with axSpA (48.26%), OA (47.22%), SLE 
(47.17%), gout (44.18%) and RA (43.04%) (P < 0.05). In 
contrast, the abundances of agalactosylation (G0) were 
significantly increased in patients with RA (33.31%), SLE 
(29.04%), gout (28.82%), axSpA (28.52%), or OA (28.40%) 
compared to that of healthy controls (22.56%) (P < 0.05).

Additionally, when compared to that of healthy con-
trols (23.21%), the abundances of total sialylation 
decreased in patients with axSpA (21.19%), OA (21.19%), 
SLE (22.35%), RA (22.92%), or gout (22.94%). However, 
only the decrease in axSpA patients showed statistical 
significance (P < 0.05).

Moreover, the abundances of IgG fucosylation were 
decreased in patients with axSpA (95.65%), SLE (94.86%), 
RA (94.67%), OA (89.45%), or gout (88.73%) when com-
pared to that of healthy controls (95.81%). However, 
this decrease was not statistically significant in axSpA 
patients. Contrastingly, compared to that of healthy 

controls (14.91%), the abundances of bisecting GlcNAc 
were significantly increased in patients with RA (18.40%), 
SLE (19.05%), OA (20.40%), or gout (20.54%) (P < 0.05). 
Notably, in patients with axSpA, the abundance of 
fucosylation was significantly decreased, while the abun-
dance of bisecting GlcNAc was increased when com-
pared to other four rheumatic diseases (P < 0.05).

The associations of IgG N-glycans with axSpA and other 
rheumatic diseases
The shared IgG N-glycans between the different health 
condition groups based on the LASSO and OPLS-DA 
analysis are presented in Figure S1. After the multivariate 
logistic regression analysis adjusted for gender and age, 
increased abundance of FA2 and decreased abundance of 
FA2 [3]G1 were found to be significantly associated with 
axSpA, with adjusted odds ratios (AORs) of 5.62 (95% 
CI: 3.41–9.24) and 0.33 (95% CI: 0.22–0.50), respectively. 
Similarly, four IgG N-glycans (reduced abundance of 
FA2 [3]G1, A2BG2 and FA2G2S2, as well as an increased 
abundance of FA2BG2S2) demonstrated significant asso-
ciations with SLE, while four IgG N-glycans (increased 
abundance of M5 and FA2BG2S2, and decreased abun-
dance of FA2 [3]G1 and FA2G2) were significantly asso-
ciated with RA. Additionally, only decreased abundance 
of FA2 [3]G1 exhibited a significant association with OA, 
whereas decreased abundance of FA2 [3]G1 and FA2G2 
were significantly associated with gout (Fig. 2a).

In addition, five IgG N-glycans (increased abun-
dance of A2BG2, FA2G1S1 and FA2G2S2, as well as 
reduced abundance of A2G2S1 and FA2BG2S2) exhib-
ited significant differences between axSpA and SLE. 
Four IgG N-glycans (increased abundance of FA2 [3]
G1 and FA2G2, and reduced abundance of FA2BG2 
and FA2BG2S2) demonstrated significant differences 
between axSpA and RA. Additionally, two IgG N-glycans 
(decreased abundance of A2G2 and FA2BG2S2) exhib-
ited significant differences between axSpA and OA, while 
only decreased abundance of FA2BG2S2 showed sig-
nificant difference between axSpA and gout. Moreover, 
compared to the patients with other rheumatic diseases 
(including SLE, RA, OA and gout), three IgG N-glycans 
(increased abundance of FA2 [3]G1 and FA2G2S2, and 
decreased abundance of FA2BG2S2) showed signifi-
cant differences in axSpA (Fig.  2b). The detailed results 
of multivariate logistic regression analyses are shown in 
Table S7-S16. Based on these results, the IgG N-glycan-
based models exhibited outstanding performance in dis-
tinguishing patients with axSpA from healthy controls, 
SLE, RA, OA and gout, with the area under the curves 
(AUCs) of 0.869, 0.882, 0.889, 0.920 and 0.927, respec-
tively (Figure S2). After conducting a five-fold cross-val-
idation, the average AUCs of all the glycan-based models 
were higher than 0.80 (Table S17). These results indicate 
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that the classification ability of the IgG N-glycan-based 
models is relatively reliable.

Furthermore, the shared and unique characteristics of 
IgG N-glycans between the different health conditions 
based on the association analysis are presented in Venn 
diagrams (Fig. 2c and d). Only one IgG N-glycan (FA2 [3]
G1) was found to be associated with all rheumatic disease 
groups, indicating that decreased FA2 [3]G1 was a shared 
IgG N-glycan trait among all the rheumatic diseases 
(Fig.  2c). Additionally, decreased FA2BG2S2 was found 
as a unique glycan in patients with axSpA compared to 
those with other four rheumatic diseases (Fig. 2d).

The relationship between IgG N-glycans and disease 
activity in axSpA
Firstly, 10 derived IgG N-glycans traits were utilized to 
analyze the correlation with disease activity in axSpA 
(Figure S3). The results demonstrated that ASDAS-CRP 
and SPARCC-spine were negatively correlated with total 
galactosyaltion and total sialylation, while these were 
positively correlated with IgG G0 and asialylation (S0). 
Notably, SPARCC-SIJ exhibited negatively correlation 
with IgG digalactosyaltion (G2) and disialylation (S2), 
and positive correlation with IgG S0.

Additionally, to determine which directly measured 
IgG N-glycans were associated with disease activity in 
axSpA, univariate correlation analysis (Figure S4) and 

multivariate linear regression analysis were conducted. 
The results revealed that FA2 was positively associated 
with ASDAS-CRP (B = 0.32), SPARCC-SIJ (B = 0.24) and 
SPARCC-spine (B = 0.23) (Tables S18-S20).

Moreover, to examine the association between IgG 
N-glycans and disease activity status in axSpA, 138 
patients with axSpA were divided into an HDA group 
(n = 81) and a LIDA group (n = 57). A comparison of IgG 
N-glycan profiles between HDA and LIDA groups is 
shown in Table S21. Adjusting for gender, age, IgG, dis-
ease duration, age at disease onset and HLA-B27, multi-
variate logistic regression demonstrated that an increased 
abundance of FA2 was significantly associated with HDA 
in axSpA patients (AOR = 1.10, 95% CI: 1.02–1.18) (Table 
S22). Moreover, FA2 (AUC = 0.734, 95% CI: 0.652–0.805) 
exhibited relatively high performance in distinguishing 
patients with high disease activity from low and inac-
tive disease activity compared to CRP (AUC = 0.727, 95% 
CI: 0.644–0.799) and ESR (AUC = 0.696, 95% CI: 0.615–
0.774) (Fig. 3a).

Furthermore, compared to CRP and ESR, FA2 exhib-
ited a stronger correlation with ASDAS-CRP (r = 0.47, 
P < 0.01), SPARCC-spine (r = 0.52, P < 0.01) and SPARCC-
SIJ (r = 0.26, P < 0.01) (Fig. 3b and d). After adjusting for 
CRP and ESR, partial correlation analysis showed that 
FA2 was positively correlated with ASDAS-CRP (r = 0.44, 

Fig. 1 Comparison of the abundances of derived glycan traits between patients with axSpA, SLE, RA, OA, or gout, and healthy controls. Each box 
represents the 25th to 75th percentiles (interquartile range). The lines inside the boxes represent the medians. axSpA, axial spondyloarthritis; B, bisect-
ing GlcNAc; F, fucosylation; G, glycosylation; G0/G1/G2, a-/mono-/di-galactosylation; HC, healthy controls; OA, osteoarthritis; RA, rheumatoid arthritis; S, 
sialylation; S0/S1/S2, a-/mono-/di-sialylation; SLE, systemic lupus erythematosus
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P < 0.01), SPARCC-spine (r = 0.45, P < 0.01) and SPARCC-
SIJ (r = 0.15, P = 0.08).

The correlation between IgG N-glycans and inflammatory 
factors in axSpA
Spearman’s rank correlation was conducted to evaluate 
the correlation between each of the 24 directly measured 

IgG N-glycans and each of 8 inflammatory factors (CRP, 
ESR, IL-6, IL-17, IL-21, IL-22, IL-23 and TNFα) in axSpA 
(Figure S5). Following this analysis, the IgG N-glycans 
significantly correlated with inflammatory factors were 
screened for canonical correlation analysis (CCA). The 
CCA results demonstrated that IgG N-glycans were 
significantly correlated with inflammatory factors in 

Fig. 2 The associations between IgG N-glycans and axSpA and other rheumatic diseases. Forest plot displaying the AOR and 95% CI for the associations 
of IgG N-glycans with axSpA, SLE, RA, OA, or gout versus HC adjusted for gender and age, respectively (a); with axSpA versus SLE, RA, OA, gout or other 
rheumatic diseases (including SLE, RA, OA and gout) adjusted for gender and age, respectively (b). Venn diagram showing the numbers of shared and 
unique IgG N-glycans in the five pairwise comparison groups (c) and four pairwise comparison groups (d) based on the result of logistic regression analy-
sis. Glycan structure: A1/A2, mono-/di-antennary; B, bisecting GlcNAc; F, fucosylation; G1/G2, mono-/di-galactosylation; M5, five mannose residues; S1/
S2, mono-/di-sialylation; [3]G1, galactose on the antenna of the α1–3 linked mannose; [6]G1, galactose on the antenna of the α1–6 linked mannose. AOR, 
adjusted odds ratio; axSpA, axial spondyloarthritis; CI, confidence interval; HC, healthy controls; OA, osteoarthritis; RA, rheumatoid arthritis; RD, rheumatic 
disease; SLE, systemic lupus erythematosus
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the first canonical set, with a canonical correlation of 
0.519 (F = 1.479, P = 0.017). Nine IgG N-glycans (espe-
cially FA2BG2S2, FA2 and FA2 [3]G1) exhibited signifi-
cant correlation with three inflammatory factors (IL-23, 
TNFα and ESR) in patients with axSpA, due to the abso-
lute value of canonical loading greater than 0.30 (Fig. 4). 
These findings indicate that there is a notable association 
between IgG N-glycan patterns and inflammatory factors 
related to axSpA.

Discussion
This study comprehensively analyzed the association of 
IgG N-glycan profiles with axSpA, SLE, RA, OA, and 
gout patients. In our study, decreased FA2 [3]G1 was 
found as a shared IgG N-glycan trait among all five types 
of rheumatic diseases, whereby decreased FA2BG2S2 
was a unique marker in patients with axSpA compared 
to those with other four rheumatic diseases. Additionally, 

FA2 demonstrated a robust discriminatory capacity 
in distinguishing axSpA patients with varying disease 
activity status. Furthermore, IgG N-glycans (especially 
FA2BG2S2, FA2 and FA2 [3]G1) exhibited strong canoni-
cal correlations with inflammatory factors (IL-23, TNFα 
and ESR) in patients with axSpA.

Since the initial discovery of decreased IgG galacto-
sylation in RA, similar alterations in IgG glycosylation 
have been reported in various inflammatory and autoim-
mune conditions, such as IBD, OA, RA and SLE [19–21]. 
Reduced IgG galactosylation has been widely recognized 
as a hallmark of diseases associated with inflammatory 
activity [38]. This is consistent with our current study, 
i.e., a decrease in IgG galactosylation was observed in 
patients with axSpA, SLE, RA, OA, or gout. IgG Fc gly-
cans that lack terminal galactose residues are thought to 
promote inflammation by activating the complement sys-
tem through the lectin pathway, facilitated by binding to 

Fig. 3 Comparison of FA2 with CRP and ESR in relation to disease activity in axSpA. (a) The discriminative performance of FA2 and CRP, ESR between HDA 
and LIDA groups in axSpA. The correlation between FA2, CRP, ESR and ASDAS-CRP (b), SPARCC-spine (c), and SPARCC-SIJ (d) in axSpA. ASDAS, ankylosing 
spondylitis disease activity score; axSpA, axial spondyloarthritis; AUC, area under the ROC curve; A2, di-antennary; CRP, C-reactive protein; ESR, erythrocyte 
sedimentation rate; F, fucosylation; LIDA, low and inactive disease activity; HDA, high disease activity; ROC, receiver operating characteristic; SIJ, sacroiliac 
joint; SPARCC, spondyloarthritis research consortium of Canada
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mannose-binding lectin (MBL) [18]. More specifically, we 
found that a mono-galactosylated IgG N-glycan (FA2 [3]
G1) was associated with the occurrence of all five types 
of rheumatic diseases investigated. This finding aligns 
with previous studies, showing that FA2 [3]G1 not only 
demonstrated a significant decrease in patients with SLE 
and hyperuricemia but also exhibited outstanding perfor-
mance in diagnosing these conditions [21, 39, 40]. Taken 
together, this finding suggests that a low FA2 [3]G1 signa-
ture at diagnosis may be associated with rheumatic dis-
eases and could potentially aid in the diagnostic workup.

In the current study, the abundances of IgG fucosyl-
ation were decreased in patients with axSpA, SLE, RA, 
OA and gout when compared to that of healthy controls. 
Whilst this decrease of IgG fucosylation did not reach 
statistical significance in patients with axSpA, this trend 
is consistent with previous studies on related autoim-
mune diseases, such as SLE and ulcerative colitis [19–21]. 
When compared to patients with axSpA, IgG fucosyl-
ation was found to be significantly decreased in patients 
with SLE and RA. Recent studies have revealed that 

fucosylation significantly influences the functional activ-
ity and structure of IgG [41, 42]. The absence of fucose 
residues can increase fragment crystallizable receptor 
(FcγRIIIa) affinity, thereby dramatically enhancing ADCC 
against self-antigens [23]. This process leads to the 
destruction of tissues, contributing to the development of 
autoimmune diseases, such as SLE and RA. Additionally, 
a previous study has demonstrated that the reduction of 
IgG fucosylation can enhance pro-inflammation by acti-
vating ADCC [41]. We observed a significant decrease in 
the abundance of IgG fucosylation in patients with gout 
compared to those with axSpA. This finding aligns with 
the observation that patients with gout exhibit more 
severe inflammation, as evidenced by notably higher 
CRP levels compared to patients with axSpA. Notably, a 
decrease in FA2BG2S2, a fucosylated IgG N-glycan, was 
uniquely observed in patients with axSpA compared to 
those with other rheumatic diseases. However, the het-
erogeneity of rheumatic diseases often necessitates addi-
tional diagnostic markers specific to each disease. For 
example, SLE diagnosis commonly relies on anti-nuclear 

Fig. 4 Canonical structures of IgG N-glycans and inflammatory factors in the first canonical set of canonical correlation analysis in axSpA. The positive re-
lationships are represented in black boxes, while negative relationships are shown in red boxes. The absolute value of canonical loading greater than 0.30 
was used to define significant loading. Glycan structure: A2, di-antennary; B, bisecting GlcNAc; F, fucosylation; G0/G1/G2, a-/mono-/di-galactosylation; S0/
S1/S2, a-/mono-/di-sialylation; [3]G1, galactose on the antenna of the α1–3 linked mannose. axSpA, axial spondyloarthritis; CRP, C-reactive protein; ESR, 
erythrocyte sedimentation rate; IL, interleukin; TNFα, tumor necrosis factor α
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antibody (ANA) and anti-dsDNA, RA is associated with 
rheumatoid factor (RF) and anti-cyclic citrullinated pep-
tide antibody (anti-CCP), OA is diagnosed through imag-
ing or synovial fluid analysis, and gout diagnosis typically 
involves serum uric acid measurement. Taken together, 
these findings suggest that the IgG N-glycans could 
serve as biomarkers to differentiate axSpA from other 
rheumatic diseases, potentially reducing the reliance on 
disease-specific markers and diagnostic procedures. This 
could, in turn, alleviate the diagnostic burden and associ-
ated costs for patients.

Similar to the roles of IgG galactosylation and fucosyl-
ation, IgG sialylation also plays a crucial role in the reg-
ulation of inflammatory responses, with its reduction 
being linked to the pathogenesis of various inflammatory 
diseases [21, 43]. In the current study, a reduction of IgG 
sialylation was observed in patients with axSpA, SLE, RA, 
OA, or gout. Although the decrease in IgG sialylation did 
not reach statistical significance in patients with SLE, 
RA, OA, or gout, this trend is consistent with the previ-
ous data [21, 41]. The absence of terminal sialic acid on 
the IgG N-glycan is known to exert a pro-inflammatory 
effect via modulating the FcγRIIIa affinity and activating 
ADCC [41]. Conversely, increased sialylation of IgG pro-
motes its binding affinity to FcγRIIa, mediating antibody-
dependent cellular phagocytosis (ADCP) and ultimately 
attenuating inflammatory response [44]. Additionally, 
our findings also show that IL-23 levels were negatively 
correlated with sialylated IgG N-glycan (i.e., FA2BG2S2) 
and positively correlated with asialylated IgG N-glycans 
(i.e., FA2 and FA2 [3]G1) in patients with axSpA. Previ-
ous studies have identified that IL-23/Th17 signaling 
pathway, which plays a pivotal role in the development 
of axSpA [15], has been implicated in the modulation of 
IgG sialylation [27]. Specifically, IL-23 stimulates Th17 
cells to secrete inflammatory cytokines such as IL-21 
and IL-22, which downregulate the expression of the gly-
cosyltransferase (St6Gal1) on B cells, thereby reducing 
the abundance of IgG sialylation in mice with arthritis 
[27]. Furthermore, our data demonstrate a negative cor-
relation between IgG sialylation and inflammation in 
the SIJ and spine. Prior research has demonstrated that 
IgG asialylation promotes osteoclastogenesis and bone 
loss [45], whereas increased sialylation alleviates inflam-
mation and reduces osteoclast activity, offering protec-
tion against collagen-induced arthritis in mice [46]. In 
patients with RA, reduced IgG sialylation is significantly 
correlated with a decrease in bone volume and trabecu-
lar number [45]. Given the inflammation characteristic 
of axSpA in the SIJ and spine, structural changes such 
as bone erosion and bone loss may result from osteo-
clast-mediated bone resorption [16]. In addition, we 
also identified a negative correlation between TNFα and 
IgG sialylation (i.e., FA2BG2S2) in axSpA patients. TNF 

has been shown to inhibit St6Gal1 activity, reducing 
sialylation in synovial fibroblasts and potentially enhanc-
ing pro-inflammatory effects in RA [47]. Although there 
are no cellular or animal studies directly examining the 
effects of TNFα on IgG glycosylation, based on the 
results mentioned above, it is reasonable to hypothesize 
that TNFα may similarly affect St6Gal1 activity in B cells, 
leading to a reduction in IgG sialylation. Taken together, 
these findings suggest that the IL-23/Th17 axis and TNFα 
may contribute to the pro-inflammatory state in axSpA 
by modulating IgG sialylation, thereby contributing to 
osteoclastogenesis and subsequent bone erosion.

Notably, alterations in IgG N-glycosylation may paral-
lel the disease activity of axSpA. In this study, both IgG 
galactosylation and sialylation were found to be nega-
tively correlated with disease activity (i.e., ASDAS-CRP 
and SPARCC-spine) in axSpA, which aligns with previ-
ous findings in RA, SLE and IBD [20, 27, 48]. These cor-
relations are supported by evidence from mouse models 
of autoimmune diseases, where increased IgG galactosyl-
ation and sialylation enhance binding affinity to FcγRIIb, 
thereby reducing inflammation and disease activity [49, 
50]. Additionally, a notable finding in our study was that 
a specific glycan (FA2) showed not only a stronger cor-
relation with disease activity indicators (ASDSA-CRP, 
SPARCC-spine and SPARCC-SIJ) than CRP, but also 
exhibited high performance in the ability to distinguish 
axSpA patients with varying disease activity status. Fur-
thermore, among patients with high disease activity 
(26.13%), the abundance of FA2 was significantly elevated 
compared to those with low disease activity (20.97%) 
and healthy controls (18.29%) (Tables S4 and S21). These 
results suggest that the abundance of FA2 may dramati-
cally increase in high disease activity status and decrease 
in low disease activity status of axSpA. While MRI is an 
effective way to evaluate disease activity in the SIJ and 
spine, its widespread clinical use is limited by high cost 
[12]. Moreover, although CRP is a classical inflamma-
tory marker, it exhibited only a weak correlation with 
spine inflammation on MRI and no correlation with SIJ 
inflammation [51]. Thus, our findings suggest that FA2 
may serve as an additional indicator of disease activity 
and a dynamic biomarker involved in the pathogenesis of 
axSpA.

Our study contributes to understanding the role of 
IgG N-glycosylation in the diagnosis and disease activ-
ity assessment of patients with axSpA. Nevertheless, the 
interpretation of the study findings should consider the 
study’s limitations. Firstly, the current research is a case-
control study; therefore, the causal relationship between 
IgG N-glycosylation and axSpA, as well as other rheu-
matic diseases, cannot be established. Thus, the underly-
ing mechanisms linking IgG N-glycosylation and axSpA 
warrant further investigation. Secondly, although we 
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used LASSO, OPLS-DA, and logistic regression analysis 
to minimize overfitting in our IgG N-glycan-based diag-
nostic model, its validity is still limited by the small sam-
ple size. Future studies should include larger sample sizes 
and expand the investigation of IgG N-glycan profiles in 
other rheumatic diseases, such as Sjögren syndrome and 
fibromyalgia (FM), which are key differential diagno-
ses for axSpA, particularly in cases with enthesopathic 
involvement. This will help determine whether decreased 
FA2BG2S2 is a unique marker for axSpA, aiding physi-
cians in differentiating it from FM and Sjögren syndrome 
without specific autoantibodies. Additionally, including 
patients with mechanical back pain will further assess the 
specificity of glycan profiles, further validating their clini-
cal utility in distinguishing between inflammatory and 
non-inflammatory back pain.

Conclusions
This study has demonstrated that decreases in IgG galac-
tosylation and sialylation are associated with axSpA. 
More specifically, it has identified that decreased FA2 
[3]G1 is a shared IgG N-glycan trait among all five types 
of rheumatic diseases investigated, while decreased 
FA2BG2S2 is a unique IgG N-glycan that differentiates 
axSpA from the other four rheumatic diseases. Further-
more, FA2 demonstrated a robust discriminatory capac-
ity in distinguishing axSpA patients with varying disease 
activity statuses. These findings suggest that individual 
variations in IgG N-glycosylation might contribute to 
axSpA via their effects on pro-inflammatory pathways, 
potentially modulated by the IL-23/Th17 axis and TNFα. 
The specific IgG N-glycans offer possibilities for develop-
ing new diagnostic markers to improve the diagnosis and 
disease activity assessment for axSpA management.
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