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Background Systemic Lupus Erythematosus (SLE) is a complex and heterogeneous autoimmune disease mediated
by quantities of autoantibodies in which anti-double-stranded DNA (anti-dsDNA) antibodies are important. Besides,
glycosylation is one of the most commonly post-translational modifications of antibodies. The association of anti-
dsDNA antibodies glycosylation and SLE disease activity is still unknown.

Methods We enrolled 101 consecutive treatment-naÿve SLE patients with positive anti-dsDNA antibodies from the
Department of Rheumatology and Immunology at Ruijin Hospital, Shanghai, between 2017 and 2019. Serum sam-
ples were used in this study. We analysed the glycosylation of anti-dsDNA IgG and total IgG subclasses according to
systemic lupus erythematosus disease activity index (SLEDAI) scores. Statistical analysis and machine learning were
performed to assess the correlation between glycosylation of anti-dsDNA IgG and total IgG with disease activity.

Findings Serum samples from 86 patients could be detected with anti-dsDNA IgG glycopeptide and subclass of IgG
glycoform. Cluster analysis showed that glycosylation of anti-dsDNA IgG and total IgG subclasses were different in
SLE patients. Fucosylation, galactosylation, and sialylation levels of anti-dsDNA IgG1 were increased with SLEDAI
scores (all p<0.05). The results of machine learning showed that all the glycoforms of anti-dsDNA IgG1 had better
performance with lower standardised square error (SSE) than that of total IgG1, with anti-dsDNA IgG1 fucosylation
level having the lowest SSE (0.009).

Interpretation Our study indicated that glycosylation of anti-dsDNA IgG was different from that of total IgG and
fucosylation of anti-dsDNA IgG1 correlated best with SLE disease activity.
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with organ damage has acquired much attention.2 It’s
Research in context

Evidence before this study

Systemic Lupus Erythematosus (SLE) is a complex and
heterogeneous autoimmune disease mediated by
quantities of autoantibodies in which anti-double-
stranded DNA (anti-dsDNA) antibodies are important.
Numerous researches reported that autoantibody modi-
fications played a pivotal role in different autoimmune
diseases such as SLE. Glycosylation is one of the most
commonly post-translational modifications of antibod-
ies. The association of anti-dsDNA antibodies glycosyla-
tion and SLE disease activity is unknown.

Added value of this study

The glycosylation of specific antibodies in SLE has not
been evaluated, especially anti-dsDNA autoantibodies,
which are the most critical antibodies in SLE. Our study
compared the glycosylation of anti-dsDNA IgG with
total IgG purified from treatment-naïve SLE patients’
serum, including their subclasses in terms of different
systemic lupus erythematosus disease activity index
(SLEDAI) scores. Cluster analysis showed that glycosyla-
tion of anti-dsDNA IgG and total IgG subclasses were
different in SLE patients. Fucosylation, galactosylation,
and sialylation levels of anti-dsDNA IgG1 were increased
with SLEDAI scores (all p<0.05). Machine learning was
further performed and found that all the glycoforms of
anti-dsDNA IgG1 had better performance with lower
standardised square error (SSE) than that of total IgG1,
with anti-dsDNA IgG1 fucosylation level having the low-
est SSE (0.009), indicating that glycosylation of anti-
dsDNA IgG was different from that of total IgG and fuco-
sylation of anti-dsDNA IgG1 correlated best with SLE
disease activity.

Implications of all the available evidence

The previous study only compared the glycosylation
changes in total IgG of SLE with healthy controls. In our
study, we compared the association of glycosylation of
specific purified anti-dsDNA IgG and total IgG for the
first time, including their subclasses, with disease activ-
ity of SLE. Fucosylation of anti-dsDNA IgG1 was found
to be correlated best with SLE disease activity, which
might be a novel way to assess disease activity and con-
tribute to pathogenesis of SLE.
Introduction
Systemic Lupus Erythematosus (SLE) is a complex and het-
erogeneous autoimmune disease. Autoantibodies such as
antinuclear antibodies (ANA) including anti-double-
stranded DNA (anti-dsDNA) antibodies play an important
role in SLE. Anti-dsDNA antibodies could contribute to
organ damage, which subsequently influence patients’
quality of life.1 The association of anti-dsDNA antibodies
noteworthy that renal involvement is significantly more fre-
quent in patients with positive anti-dsDNA antibodies than
negative ones.3 Anti-dsDNA antibodies are part of systemic
lupus erythematosus disease activity index (SLEDAI) score,
a well-defined tool reflecting the disease activity of SLE,
which includes rash, mucous ulcers, alopecia, proteinuria
and so on.4,5 Recently, numerous researches reported that
autoantibody modifications played a pivotal role in differ-
ent diseases (e.g., SLE, Rheumatoid Arthritis (RA), Anti-
phospholipid Syndrome).6-8 Among them, glycosylation,
one of the post-translational modifications of immunoglob-
ulin (IgG), was attached importance in the pathogenesis of
autoimmune diseases. The interactions between protein
and glycan residues are critical for the IgG molecule's
structural stability and functional activity, influencing the
outcome of the immune response.9 For example, one
study found that in anti-citrullinated protein antibody
(ACPA) positive RA, the pregnancy-induced changes in
galactosylation of ACPA-IgG, not that of total IgG, were
associated with disease activity.10 Another study suggested
that abnormal total IgG glycome composition or changes
in total IgG glycosylation may be an important molecular
mechanism in SLE. The most significant changes in total
IgG glycosylation included decreased galactosylation, sialy-
lation, core fucose, and increased bisecting N-acetylglucos-
amine.11 Native circulating total IgG complexes from active
SLE patients exposed fucosyl residues, and their glycan
core was accessible to soluble lectins.12 Besides, in a mice
study, mutation of a single gene encoding a-mannosidase
II, which regulated the hybrid to the complex branching
pattern of extracellular asparagine (N)-linked oligosaccha-
ride chains (N-glycans), resulted in a systemic autoim-
mune disease similar to SLE.13 Thus, glycosylation of total
IgG might be crucial in the pathogenesis of SLE. However,
total IgG is an aggregate of all immunoglobulins. The gly-
cosylation of specific antibodies in SLE has not been evalu-
ated, especially anti-dsDNA IgG, which is the most critical
antibody in SLE. Therefore, we aimed to compare the gly-
cosylation of anti-dsDNA IgG with total IgG, including
their subclasses in treatment-naÿve SLE patients in terms
of different SLEDAI scores.
Methods

Study population
We enrolled 101 consecutive treatment-naÿve SLE
patients with positive anti-dsDNA antibody from the
Department of Rheumatology and Immunology at Rui-
jin Hospital, Shanghai, from 2017 to 2019. Patients
with acquired immunodeficiency syndrome, cancer or
individuals who were less than 18 years old were not
included in this study. The diagnosis of SLE was con-
firmed by two qualified rheumatologists (Jialin Teng
and Chengde Yang) using the 2019 European
League Against Rheumatism/American College of
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Rheumatology classification criteria and its 2017 ver-
sion.14 Demographic and clinical characteristics (e.g.,
fever, pericarditis, pleuritis, mouth ulcers, rash, arthritis,
vasculitis, and nephritis), as well as laboratory tests (e.g.,
anti-dsDNA IgG levels measured by enzyme-linked
immunosorbent assay (ELISA), erythrocyte sedimenta-
tion rate (ESR), white blood cell counts (WBC), haemo-
globin (Hb), platelets (PLT), C-reactive protein (CRP),
IgG, complement 3 (C3) and complement 4 (C4)), were
collected from patients’ medical records. Nephritis was
defined as having casts, haematuria, proteinuria, and
pyuria, excluding other renal diseases. SLEDAI scores
were used to measure disease activity according to the fol-
lowing four segments: 0-4: not active, 4-9: mildly active,
9-14: moderately active, >14: severely active. Serum was
obtained and then stored at -80°C before use.

Ethics The study was approved by the Institutional
Research Ethics Committee of Ruijin Hospital (ID:
2016-62), Shanghai, China. The study followed the ethi-
cal standards for human experimentation established in
the Declaration of Helsinki and all patients provided
their informed consent to participate in this study.
Isolation of total and anti-dsDNA IgG from human
serum
Immunoglobulins were isolated from human serum
using Protein G according to previous reports with mild
modifications.15 Isolation was performed at room tem-
perature; human serum samples were diluted with 1X
PBS (pH=7.0). The diluted serum was loaded on protein
G Agarose Prepacked Column (Beyotime Biotechnol-
ogy, Shanghai) by centrifugation and washed three
times with 1X PBS and H2O, respectively. The bound
IgGs were eluted with 100mM formic acid, concen-
trated on a CentriVap Centrifuge to dryness, stored at
-20°C before the following step. Then, anti-dsDNA IgG
was purified from total IgG by a dsDNA affinity column
(Sigma, USA) as described previously.16
Trypsin digestion of IgGs
The captured and dried IgGs were reconstituted in
50mM ammonium bicarbonate (Sigma Aldrich, Stein-
heim, Germany) and then reduced by 2 mL of 550 mM
DTT and alkylated by 4 mL of 450 mM IAA (both sol-
vents are 50mM NH4HCO3, freshly made) sequentially.
Next, the samples were digested with Trypsin at 37°C
overnight. Tryptic peptides were subjected to LC/MS
analysis without further processing to ensure reliable
quantification as described before.17
UPLC-ESI-QqQ MS analysis
An ultra performance liquid chromatography system
Nexera UPLC LC-30A (Shimadzu Corporation, Kyoto,
Japan) equipped with a ZORBAX RRHD Eclipse Plus
C18 column (1.8 mm, 2.1 mm £ 100 mm, Agilent
www.thelancet.com Vol 77 Month March, 2022
Technologies, Santa Clara, CA) was coupled online to a
6500 plus Qtrap Mass Spectrometer (AB Sciex, CA,
USA). Mobile phase A was 0.1% FA and 3% acetonitrile
in nanopure water (v/v/v), and mobile phase B was
0.1% FA in 90% acetonitrile. Peptides and glycopepti-
des were separated by a binary gradient at 40°C with
0.5 mL/min flow rate consisting of (1) 0 min at 2.0% B;
0.5-1.0 min at 5.0% B; 6.0 min at 30.0% B; (2) 6.1-
8.0 min at 100.0% B), (3) 8.1-10.0 min at 2.0% B. The
MS was operated in the positive mode. Curtain gas:
30.0 psi, collision gas: high, ion spray voltage: 5500.0 V,
temperature: 300.0°C, ion source gas 1: 55.0 psi, ion
source gas 2: 60.0 psi, declustering potential: 20.0 V,
entrance potential: 10.0 V, and collision cell exit poten-
tial: 14 V. The scheduled MRM mode was used. Q1 and
Q3 were set to unit resolution. The cycle time was fixed
to 500 ms, the MRM detection window was set to
30.0 s, and the target scan time was 0.5 s. CE for each
MRM transition was optimized by a 5 V step followed
by a 2 V step fine-tuning. The analysis was controlled
using the AB Sciex Analyst software (version 1.6.3).
Data processing and statistical analysis

Data processing. Raw LC-MS-MRM data were con-
verted to mzXML and intensities of peak area using
AB Sciex MultiQuant software (version 3.0.2). Peak
intensities were used for the quantification of each
subclass-specific glycans. The limit of quantification
was set as the signal-to-noise ratio (S/N) of 10. To
achieve IgG subclass-specific quantification of glyco-
forms, we have isolated total IgG and targeted identi-
fication based on the specific amino acid sequences.
Compared with the previous report, we reconfirm
the fragments ion m/z of specific-subclass glycopep-
tides based on analysis of our experimental data
achieving the strongest detectable signal (details in
Supplementary Table S1).18 We have selected a list of
26 glycoforms initially according to the prior analysis
of glycans from reports in the literature.19 Still, in
fact, six glycoforms (A2G1S, FA2BG1S, FA2BG2S2,
FA2G2S2, A2BG1S, A2BG2S) were not detectable in
any subclass by our current method. Since IgG 1-4
subclasses vary among the samples, the intensity of
glycopeptides was normalized to the intensity of the
unique peptide corresponding to each IgG subclass.
Glycopeptides from IgG3 and IgG4 could not be
exactly separated, as their specific peptide (IgG3,
EEQYNSTFR; IgG4, EEQFNSTYR) share the same
amino acid composition and therefore have identical
masses.20 Some glycans were detectable, but below
the quantification limit. Some glycans were quantifi-
able but in a limited subset of the samples. Finally,
we compared 20 (IgG1), 16 (IgG2), 7 (IgG3/4) glyco-
forms detectable in all samples (bolded entries in
Supplementary Table S1-S2).
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Statistical analysis
Statistical analysis was performed using R (version
4.0.0). In descriptive statistics, data was expressed in
the form of numbers (percentages) for categorical varia-
bles, and medians (Q1-Q3) or means § standard devia-
tions (SD) for continuous variables. Chi-squared test
was used to compare categorical variables, and Wilcoxon
test was used to compare continuous variables after
exploring the normality of data distribution using the
Shapiro-Wilk test. An overview of IgG in each SLEDAI
group was performed by cluster analysis. The data were
divided into four groups according to the SLEDAI scores
as described above, and then cluster analysis was con-
ducted using R package ‘pheatmap’ in each group. Spe-
cific cluster analysis code is provided as follows:

Pheatmap ðnegSLE1mt; cluster_cols ¼ FALSE; show_colnames ¼ FALSE;

annotation_col ¼ annota_col; border_color ¼ NA;

breaks ¼ seqð0;0:45; length:out ¼ 100Þ�:

Ordinary one-way ANOVA (analysis of variance) was
performed to compare the concentration of subclass gly-
coforms of anti-dsDNA IgG and total IgG in four SLE-
DAI groups. T-test was used for comparisons between
every two SLEDAI groups. These glycoforms data was
explored normal distribution using Anderson-Darling
test, Shapiro-Wilk test, Kolmog‘orov-Smirnov test, and
D’Agostino-Pearson test (GraphPad Prism 8.0). The
level of statistical significance was set at a two-tailed
a-value of 0.05 by default.
Gradient Boost Decision Tree (GBDT) machine learning
Machine learning was performed using the GBDT
method through xgboost module by python (version
3.9). 75% of the samples were used as training data
sets, 25% of the samples were used as validation
data sets. All of the demographic and clinical charac-
teristics (i.e., gender, age, disease duration (in
months), photosensitivity, Raynaud’s phenomenon,
fever, pericarditis, pleurisy, mouth ulcers, rash, alo-
pecia, myositis, arthritis, vasculitis, seizures, epi-
lepsy, cerebrovascular accident, lupus headache,
organic encephalopathy, visual impairment, cranial
neuropathy) and laboratory indicators (i.e., leukocytu-
ria, proteinuria, hematuria, cylinderuria, WBC, PLT,
C3, C4, anti-dsDNA antibody) involved in SLEDAI
rating scale were listed as training objectives. Differ-
ent derived glycosylation traits: galactosylation (Gal),
sialylation (Sia), bisection (Bis), and fucosylation
(Fuc) with IgG subclasses (IgG1, IgG2, IgG3/4)
(details in Supplementary Table S3) were used as
test objectives. Predict value result from the module
and real value of each sample was presented by a
line plot. Standardized square error (SSE) (equation 1)
of each test sample (after log-transformed
normalization) was calculated to evaluate the perfor-
mance of machine learning.

Standardized square error

¼
P

i�n predict value ið Þ � real value ið Þð Þ^ 2

n
ð1Þ

where n is the total number of test samples.
Role of funding source
The funders of the manuscript had no role in the study
design, data collection, data analysis, data interpreta-
tion, or writing of the manuscript.
Results

Study population and clinical characteristics
The workflow of this study was shown in Figure 1.
Serum samples from 101 treatment-naÿve SLE patients
with positive anti-dsDNA antibodies were used in this
study, and anti-dsDNA IgG was purified, of which 86
patients could be detected with anti-dsDNA IgG glyco-
peptide and subclass of IgG glycoform. The clinical
characteristics of patients involved in this study were
shown in Table 1. Besides, we set up Ruijin SLE cohort
consisting of 200 SLE patients, and compared the dem-
ographics of patients in this study with patients from
Ruijin SLE cohort. It showed that there were no differ-
ence between them in terms of age, gender, disease
duration (months), anti-dsDNA IgG levels and SLEDAI
score (all p>0.05) (Supplementary Table S4). Then, the
comparisons of glycosylation subclasses between anti-
dsDNA IgG and total IgG in treatment-naÿve SLE
patients were shown in Table 2.
Cluster analysis of glycosylation of anti-dsDNA IgG and
total IgG
For the first time, the differences of subclass-specific
glycoforms and derived traits of SLE patients were ana-
lysed. Firstly, cluster analysis was used to analyse galac-
tosylation, sialylation, bisection, and fucosylation of
purified anti-dsDNA IgG and total IgG. The glycosyla-
tion level of IgG was shown in blue colour as low level
and red colour as high level (Figure 2). A similar level of
glycosylation was clustered together and one stripe rep-
resented one patient. The patients were presented from
left to right with increasing SLEDAI scores as four cate-
gories (not active; mildly active; moderately active;
severely active). An increase of core fucosylation was
observed in both anti-dsDNA IgG and total IgG, but not
in the same subclasses of IgG. For example, high-level
fucosylation was seen in anti-dsDNA IgG1 and IgG3/4,
while in total IgG1. Comparing the relative levels of
www.thelancet.com Vol 77 Month March, 2022



Figure 1.Workflow of comparison of glycosylation of anti-dsDNA IgG and total IgG in treatment-naïve SLE patients. 101 consecutive
treatment-naïve SLE patients with positive anti-dsDNA antibodies were included. The demographic data, clinical characteristics, and
laboratory findings were collected. Then, IgG was isolated from serum by using Protein G column and anti-dsDNA IgG was purified
from total IgG. IgG subtype-specific glycoforms were quantified by UPLC-ESI-QqQ MS analysis. Statistical analysis and machine learn-
ing were then performed. SSE of predicted glycoform value and real glycoform value for each sample were calculated to assess the
performance of machine learning.

Abbreviations: IgG: Immunoglobulin; SLEDAI: systemic lupus erythematosus disease activity index; SLE: systemic lupus erythema-
tosus; SSE: Standardised square error.
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sialylation in the two groups, interestingly, we found
that each subclass of IgG in both groups has low-level
sialylation. Conversely, the galactosylation showed a dif-
ference in each group: low level was in anti-dsDNA
IgG2 and high level in total IgG1, indicating that the rel-
ative level of galactosylation was not identical. Levels of
bisection for anti-dsDNA IgG1 and IgG2, total IgG3/4
were relatively low. A difference in glycosylation of spe-
cific subclasses of IgG between the two groups was
observed.
SLE disease activity was associated with different
subclasses of IgG glycosylation between anti-dsDNA
IgG and total IgG
In Figure 2, the heatmap showed the difference of sub-
class-specific glycosylation of anti-dsDNA IgG and total
www.thelancet.com Vol 77 Month March, 2022
IgG. To further analyse this result, the levels of glycosyl-
ation of anti-dsDNA IgG and total IgG were analysed
according to four SLEDAI groups (group 1: SLEDAI
scores ranged from 0-4; group 2: SLEDAI scores ranged
from 5-9; group 3: SLEDAI scores ranged from 10-14;
group 4: SLEDAI scores were>14). One-way ANOVA
analysis and pairwise t-test among four groups were
performed and the results demonstrated that anti-
dsDNA IgG1 Fuc, IgG1 Gal, and IgG1 Sia increased
with the trend of SLE disease activity (p<0.05)
(Figure 3), while the rest of the glycoform showed
no difference (including anti-dsDNA IgG2, anti-
dsDNA IgG3/4, total IgG1, total IgG2 and total
IgG3/4) (all P > 0.05) (Supplementary Figure S1-
S2). Besides, we also analysed the correlation
between glycoform of anti-dsDNA IgG and protein-
uria (Supplementary Figure S3).
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Anti-dsDNA IgG (median (quartile25%, 75%)) or N (%) Total IgG (median (quartile25%, 75%)) or N (%) P value

N 86 101

Age 32 (24, 46.75) 32 (24, 47) 0.92

Gender (female, N (%)) 76 (88.37) 89 (88.12) 0.96

Anti-dsDNA antibody 707.3 (226.2, 1527.9) 693.4 (226.6, 1527.9) 0.74

Duration (month) 3 (1, 12) 3 (1, 12) 0.88

CRP (mg/L) 0.355 (0.16, 1.18) 0.330 (0.14, 1.14) 0.80

ESR (mm/h) 47 (24.5, 80) 46 (26, 80) 0.99

SLEDAI 11 (8.25, 17) 12 (9, 17) 0.71

Fever, N (%) 33 (38.37) 40 (39.60) 0.98

Pericarditis, N (%) 11(12.79) 13 (12.87) 0.99

Pleuritis, N (%) 10 (11.62) 11 (10.89) 0.87

Mouth ulcers, N (%) 14 (16.27) 18 (17.82) 0.93

Rash, N (%) 37 (43.02) 45 (44.55) 0.95

Arthritis, N (%) 58 (67.44) 70 (69.30) 0.90

Vasculitis, N (%) 12 (13.95) 15 (14.85) 0.86

24 hour urine protein (mg) 264.50 (122, 688.75) 276.50 (124, 801.60) 0.69

C3 (g/L) 45 (33, 64) 46 (35, 64) 0.77

C4 (g/L) 9 (3.25, 13) 9 (4, 13) 0.92

White blood cell (*10^9/L) 2.99 (2.32, 4.41) 3.0 (2.40, 4.50) 0.84

Hemoglobin (mg/L) 105 (87.25, 119) 106 (90, 119) 0.83

Platelet (*10^9/L) 132 (90.50, 179) 138 (90, 188) 0.96

Table 1: Clinical characteristics of anti-dsDNA IgG and total IgG in treatment-naïve SLE patients.
Abbreviations: N: number; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; IgG: immunoglobulin; SLEDAI: systemic lupus erythematosus disease

activity index; C: complement.

Anti-dsDNA IgG Total IgG

N Mean SD N Mean SD P value

Fuc

IgG1 86 0.272 0.094 101 0.277 0.075 0.034

IgG2 86 0.148 0.035 101 0.113 0.028 <0.001

IgG3/4 86 0.295 0.065 101 0.065 0.028 <0.001

Gal

IgG1 86 0.141 0.054 101 0.158 0.051 0.022

IgG2 86 0.023 0.005 101 0.046 0.018 <0.001

IgG3/4 86 0.087 0.026 101 0.028 0.014 <0.001

Bis

IgG1 86 0.044 0.014 101 0.049 0.014 0.013

IgG2 86 0.064 0.023 101 0.018 0.005 <0.001

IgG3/4 86 0.191 0.046 101 0.011 0.005 <0.001

Sia

IgG1 86 0.010 0.005 101 0.011 0.006 0.068

IgG2 86 0.005 0.002 101 0.005 0.002 0.019

IgG3/4 86 0.003 0.001 101 0.003 0.002 0.006

Table 2: The comparison of glycosylation between anti-dsDNA IgG and total IgG in treatment-naïve SLE patients.
Abbreviations: Fuc: fucosylation; Gal: galctosylation; Bis: bisecting GlcNAc; Sia: sialylation; N: number; SD: standard deviation; IgG: immunoglobulin.
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Machine learning of anti-dsDNA IgG and total IgG
SLEDAI score was based on the summary of several
items, which patients fit in, but the weight of each
item was inconsistent. For example, the same
SLEDAI score could be calculated in a sum up of
different items in a variety of ways. Thus, a high-
weight item or several low-weight items might
result in the same score. So linear correlation
www.thelancet.com Vol 77 Month March, 2022



Figure 2. Cluster analysis of glycosylation of anti-dsDNA IgG (a) and total IgG (b) in SLE patients with different SLEDAI scores. The
glycosylation level of IgG was shown in blue colour as low level and red colour as high level. Colour depth increased with the con-
centration of glycosylation level. A similar level of glycosylation was clustered together and one stripe represented one patient. The
patients were presented from left to right with increasing SLEDAI score categories (green colour representing not active, orange col-
our mildly active, blue colour moderately active and purple colour severely active).

Abbreviations: IgG: Immunoglobulin; SLEDAI: systemic lupus erythematosus disease activity index; SLE: Systemic Lupus Erythe-
matosus; Fuc: fucosylation; Gal: galctosylation; Bis: bisecting GlcNAc; Sia: sialylation.

Articles
analysis was not appropriate for analyzing the asso-
ciation between SLEDAI and glycoform concentra-
tions. To remove the influence of weight, we took
the items in the SLEDAI rating scale as the training
objectives of our machine learning to establish a
predictive model. Besides, factors that might affect
the patient’s condition (such as age, gender, disease
duration) were also included in the list of training
objectives. In the predictive model, we could acquire
a predicted glycoform concentration value (predicted
value). SSE was used to compare the difference
between the predicted value and the true value
(data in our study). We found that all the glyco-
forms of anti-dsDNA IgG1 showed better perfor-
mance with lower SSE (Figure 4, Supplementary
Table S5) than that of total IgG1, which also sug-
gested that anti-dsDNA IgG1 were more relevant to
the SLEDAI than total IgG1. Among all the sub-
classes of IgG1, fucosylation had the lowest SSE
(SSE=0.009). Consistent with previous results
(Figure 2, 3), it was further verified that anti-dsDNA
IgG1 Fuc had the best performance correlated with
disease activity of SLE. Besides, anti-dsDNA IgG2,
anti-dsDNA IgG3/4 also performed better than that
of total IgG2, total IgG3/4 (Supplementary Figure
S4 and S5). These results also indicated that anti-
dsDNA IgG glycosylation correlated better with dis-
ease activity of SLE than total IgG.
www.thelancet.com Vol 77 Month March, 2022
Discussion
The role of glycosylation of IgG has long been dis-
cussed. In autoimmune diseases, glycosylation of IgG
in RA was widely studied, in which ACPA-IgG har-
boured N-glycans in their domains.21 ACPA was signifi-
cantly changed in Fc galactosylation and fucosylation
before the onset of RA, which meant a more pro-inflam-
matory phenotype.22 Besides, sialylated IgG reduced
the phagocytosis by macrophages and switched the cyto-
kine secretion from interleukin (IL)-6/IL-8 to tumor
necrosis factor (TNF)-a/IL-1b.23 Despite RA, the role of
glycosylation of IgG in Antiphospholipid Syndrome
(APS) was also reported. A significantly lower sialylation
of IgG against b2GP1 of patients with APS was observed
when compared to IgG of asymptomatic carriers.24

Moreover, a large scale, multi-institute study revealed
that IgG Gal-ratio could distinguish 12 types of cancers
from non-cancer controls.25 These studies indicated
that glycosylation of IgG could be used as a biomarker
in different diseases.

Glycosylation in SLE has also acquired much atten-
tion in recent years. Glycosylation of H2A resulted in
the generation of neo-epitopes on H2A histone, which
were preferably bound by anti-DNA autoantibodies,
which implied that deoxyribose-modified-H2A might
trigger immune response resulting in the generation of
anti-glycated H2A antibodies with DNA cross-reacting
properties.26 Moreover, it was reported that lectins were
7



Figure 3. SLE patients with positive anti-dsDNA IgG were divided into four groups according to SLEDAI scores (group 1: SLEDAI
scores ranged from 0-4 (n=2); group 2: SLEDAI scores ranged from 4-9 (n=31); group 3: SLEDAI scores ranged from 9-14 (n=27);
group 4: SLEDAI scores were>14 (n=26)). (a)-(h) suggested four subtype glycoform concentrations of IgG1 in anti-dsDNA IgG and
total IgG, respectively. (a), (b), (d) showed the concentration of fucosylation, galctosylation, sialylation levels of anti-dsDNA IgG1 by
SLEDAI score category, respectively (all P <0.05). *P <0.05, **P <0.01.

Note: IgG: Immunoglobulin; SLEDAI: systemic lupus erythematosus disease activity index; SLE: Systemic Lupus Erythematosus;
Fuc: fucosylation; Gal: galctosylation; Bis: bisecting GlcNAc; Sia: sialylation.
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Figure 4. Machine learning model of anti-dsDNA IgG and total IgG. (a)-(h) showed the predicted glycoform value (predicted value)
and true value (data from our study) of anti-dsDNA IgG1 and total IgG1. The blue line represented the predicted value, and the red
line represented the real value. SSE of each sample was used to compare the difference between the predicted value and the true
value. (a)-(d) suggested that anti-dsDNA IgG1 had a better performance than that of total IgG1 with smaller SSE.

Abbreviations: IgG: Immunoglobulin; SLEDAI: systemic lupus erythematosus disease activity index; SLE: Systemic Lupus Erythe-
matosus; SSE: Standardised square error.
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specific for the disaccharide Gal-GalNAc, such as amar-
anthus leucocarpus lectin (ALL), which could be consid-
ered as a marker to determine the activity of the
disease.27 The previous study only compared the glyco-
sylation changes in total IgG of SLE with healthy con-
trols.27 In this study, we compared the association of
glycosylation of specific purified anti-dsDNA IgG and
total IgG for the first time, including their subclasses
with disease activity of SLE.

Glycosylation was synthesized in the endoplasmatic
reticulum. However, the complex processing of the gly-
can occurs mainly in the Golgi apparatus.28 The heavy-
chain locus encodes multiple constant regions, includ-
ing four IgG isotypes arranged in the following order:
IgG3, IgG1, IgG2, and then IgG4. IgG1 is the main sub-
class consisting of 60% of the serum IgG, with IgG2 at
32% and IgG3 and Ig4 at 4%.29 The addition and
removal of the variably added sugars (galactose, fucose,
b-GlcNAc, or sialic acid) have been linked to altered
antibody functionality. In this study, cluster analysis
showed that anti-dsDNA IgG and total IgG had different
glycoform levels. However, fucosylation of both anti-
dsDNA IgG1 and total IgG1 possessed higher levels
than other subclasses. This may be due to the reason
that IgG1 is the main proportion of serum IgG.29 Fur-
thermore, we used supervised GBDT and unsupervised
machine learning (cluster analysis) methods to analyse
the potential relationship between glycosylation and dis-
ease activity, which showed that fucosylation of anti-
dsDNA IgG1 was better than that of total IgG1 in reflect-
ing the disease activity of SLE.

Fucosylated glycan structures occur commonly on
cell surfaces and play an important role in a variety of
biological and pathological processes in eukaryotic
organisms, including tissue development, cell adhesion,
infection, angiogenesis, and tumour metastasis.30-32

Fucosylation of CD4+ T cells was significantly increased
in SLE.33 T cell receptor complex are highly core-fucosy-
lated glycoproteins, which play an important role in T
cell activation.33 Core fucosylation is likely to be impor-
tant in three stages involved in the T cell activation.
Firstly, it is essential for the T cell receptor (TCR) struc-
tural formation. Secondly, core fucosylation of TCR
could regulate the recognition of peptide-major histo-
compatibility complex (pMHC) and affect the T cell acti-
vation threshold. Thirdly, fucose-specific lectins,34

might participate in the events in the T-B cell interac-
tion. However, altered core fucosylation’s role in the
SLE remains unclear.33 More studies are needed to elab-
orate on it.

There were several limitations in our study. Firstly,
the number of patients was relatively small. The accu-
racy of the prediction model would be increased with
the number of samples. Secondly, the number of
patients in the SLEDAI score 0-4 was also small. More
patients are needed to increase the accuracy of the anal-
ysis. Thirdly, we did not collect blood samples during
the follow-up of these patients and measure the fluctua-
tion of glycosylation as the disease progresses. More
samples could be included, and additional follow-up
information could be added in our future study.
Fourthly, it was a single-centre study. Multi-centre stud-
ies could be considered in the future.

In conclusion, our study indicated that glycosylation
of anti-dsDNA IgG was different from that of total IgG
and fucosylation of anti-dsDNA IgG1 correlated best
with SLE disease activity.
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