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Systemic lupus erythematosus (SLE) is a debilitating autoimmune disorder characterized by unknown
pathogenesis and heterogeneous clinical manifestations. The current existing serum biomarkers for
SLE have limited sensitivity or specificity, making early and precise diagnosis difficult. Here, we identified
two N-glycans on serum immunoglobulin G (IgG) as excellent diagnostic biomarkers for SLE based on in-
depth glycomic analyses of 389 SLE patients and 304 healthy controls. These two N-glycan biomarkers
are specific for diagnosing SLE, as no significant changes in these biomarkers were observed in other sys-

key Wor,dS: temic autoimmune diseases that are easily confused with SLE, such as rheumatoid arthritis, primary
Systemic lupus erythematosus R . K .
N-glycans Sjogren’s syndrome, or systemic sclerosis. Notably, the two N-glycan biomarkers proved to be

autoantibody-independent and all-stage patient suitable. The two N-glycan biomarkers are demonstrated
to be located on the Fc region based on fragment-specific glycan analysis and glycopeptide analysis, sug-
gesting their close correlation with disease activity. Enzyme analyses revealed dysregulation of a series of
glycotransferases in SLE, which might be responsible for the observed glycan alteration. Our findings pro-
vide insights into efficient population screening based on serum IgG glycosylation and potential new
pathogenic factors of SLE.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Diagnostic indicators

be more efficacious at the earliest and mildest stages; therefore,
early and precise diagnosis is associated with higher remission

1. Introduction

Autoimmune diseases affect 5%-10% of the global population
[1,2], and there is substantial evidence to indicate a steady rise
in the frequency of such diseases in recent decades. Despite signifi-
cant progress in managing these patients, the clinical remission
rate is less than 50%, and tailored therapeutic approaches are still
lacking [3]. Therapies for autoimmune diseases are expected to
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rates. However, biomarkers with both high sensitivity and speci-
ficity are currently lacking.

Systemic lupus erythematosus (SLE) is a common autoimmune
disease with heterogeneous clinical manifestations [4-6G]. It often
shares similar symptoms with other systemic autoimmune dis-
eases, such as rheumatoid arthritis (RA), primary Sjogren’s syn-
drome (pSS), and systemic sclerosis (SSc) [7,8], making it difficult
to differentiate SLE patients from patients with these other
autoimmune diseases. Moreover, current autoantibodies used to
classify SLE, such as antinuclear antibody (ANA), anti-double-
stranded DNA (dsDNA) antibody, and anti-Smith (Sm) antibody,
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are also associated with other autoimmune diseases and inflam-
matory conditions (e.g., anti-dsDNA antibody was first detected
in the late 1930s in patients with bacterial infections [9]); thus,
these autoantibody biomarkers have low specificity (<60%) for
SLE [10]. Consequently, identifying ideal indicators for distinguish-
ing SLE from easily confused diseases is important for early diagno-
sis and avoiding irreversible target organ damage.

The differences in the affinity of antibodies are affected by the
crosstalk of the immunoglobulin G (IgG) fragment crystallizable
(Fc) domain and corresponding Fc receptors (FcRs), which further
leads to distinct immunological responses [11]. In the Fc domain
of IgG, there is a conserved N-glycosylation site [11]. The N-
glycans linked to this site are highly diverse [12], and their struc-
tures change in response to biological and environmental triggers
as well as disease conditions—especially autoimmune diseases
such as SLE [13]. The glycan chain maintains the quaternary struc-
ture and the stability of the Fc [14,15]. The oligosaccharides on IgG
also present glycan epitopes for lectin binding [16]. More impor-
tantly, the Fc glycans are required for optimal binding of the anti-
body to all classes of receptors that are expressed on leukocytes,
including macrophages, eosinophils, neutrophils, natural killer
cells, and lymphocytes [17]. IgG glycosylation has a great impact
on a variety of pathways, including antibody-dependent cell cyto-
toxicity (ADCC), complement (C3a or C5a)-dependent cytotoxicity
(CDC), antibody-dependent cellular phagocytosis (ADCP), and
other forms of receptor-mediated immunoregulation [18]. Modifi-
cations of Fc glycans impact antibody function by shifting the bal-
ance of Type I and Type Il Fc gamma receptors (FcyR) and
subsequently modulate the effector cells and functions that can
be recruited during immune activation [19]. Therefore, Fc glycans
play central roles in immune homeostasis. Dysregulation in Fc gly-
can modifications can result in the loss of immune tolerance,
autoimmune diseases, and susceptibility to infectious diseases
[20].

Due to the central roles of N-glycans in autoimmune diseases,
altered glycosylation of serum IgG in SLE holds great promise as
a potential biomarker for SLE diagnosis. However, due to technical
limitations, no highly specific diagnostic N-glycan biomarkers for
classifying SLE have been identified in previous studies [21]. In
our laboratory, an in-depth glycomic approach has been developed
based on a specialized microfluidic TiO,-porous graphitised carbon
(PGC) chip [22]. This approach permits the quantification of low-
abundance and trace acidic glycans that are often biologically
important [22]. In the current study, we adopted this in-depth gly-
comic approach for the analysis of serum IgG from 389 SLE patients
and 304 age- and sex-matched healthy controls (HCs) to identify
serum N-glycan diagnostic indicators of SLE with high capacity.

2. Methods
2.1. Subjects

2.1.1. Subjects with SLE, RA, pSS, and SSc, and HCs at four hospitals in
China

Subjects with SLE were enrolled from Peking University
People’s Hospital (Beijing, China) (n = 226), the First Teaching
Hospital of Tianjin University of Traditional Chinese Medicine
(Tianjin, China) (n = 82), and Guangdong General Hospital
(Guangzhou, China) (n = 81). Subjects with pSS were enrolled from
Peking University People’s Hospital (n = 30), the First Teaching
Hospital of Tianjin University of Traditional Chinese Medicine
(n = 15), and Guangdong General Hospital (n = 4). Subjects with
SSc were enrolled from Peking University People’s Hospital
(n = 23) and Guangdong General Hospital (n = 3). Subjects with
RA were enrolled from the First Teaching Hospital of Tianjin
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University of Traditional Chinese Medicine (n = 33). HCs were
enrolled from Zhuhai Hospital of Integrated Traditional Chinese
and Western Medicine (Zhuhai, China) (n = 270), Peking University
People’s Hospital (n = 50), Guangdong General Hospital (n = 42),
and First Teaching Hospital of Tianjin University of Traditional
Chinese Medicine (n = 48). All subjects provided informed consent,
and ethical approval was obtained from the local institutional
committee of the relevant hospitals (2015PHB219-01).

2.1.2. Patients with SLE

A total of 389 patients with SLE and 304 HCs from six indepen-
dent cohorts (including a training dataset and five validation data-
sets) were analyzed in this study. The average disease duration for
the SLE patients was five years. The training dataset consisted of
133 patients with SLE and 89 HCs. The average age of the individ-
uals with SLE was (37.3 £ 13.0) years, which was comparable with
that of the HCs ((37.9 + 13.4) years). The dataset comprised 91.7%
and 92.1% female patients with SLE and female HCs, respectively.
The first validation dataset consisted of 58 patients with SLE and
39 age- and sex-matched HCs; the second validation dataset con-
sisted of 36 patients with SLE and 36 age- and sex-matched HCs;
the third validation dataset consisted of 53 patients with SLE and
50 age- and sex-matched HCs; the fourth validation dataset con-
sisted of 59 patients with SLE and 42 age- and sex-matched HCs;
and the fifth validation dataset consisted of 50 patients with SLE
and 48 age- and sex-matched HCs. All patients with SLE met the
1997 revised classification criteria of the American College of
Rheumatology (ACR) [23]. Detailed information on the SLE patients
and HCs is provided in Dataset S1 in Appendix A.

2.1.3. Patients with RA

Samples of patients with RA (n = 33) who met the 2010 ACR/
European League Against Rheumatism (EULAR) classification crite-
ria for RA and age- and sex-matched HCs (n = 32) were also
enrolled [24]. Detailed information is provided in Dataset S2 in
Appendix A.

2.1.4. Patients with pSS

In total, 49 patients with pSS and 49 age- and sex-matched HCs
were enrolled in this study, as shown in Dataset S2. The pSS
patients were classified according to the 2016 ACR/EULAR classifi-
cation criteria for pSS [25].

2.1.5. Patients with SSc
A total of 26 patients with SSc and 25 age- and sex-matched
HCs were also enrolled, as shown in Dataset S2. The SSc patients
were classified according to the ACR/EULAR criteria for SSc [26].
Human serum samples were obtained from the hospital follow-
ing the same protocol. All samples were stored at —-80 °C prior to
use.

2.2. Analysis of IgG N-glycans

To isolate the IgGs, 50 pL of prewashed Protein A Sepharose 4
Fast Flow beads (GE Healthcare, Sweden), 250 uL of binding buffer,
and 10 pL of serum were added to a 96-well filter plate. After the
samples were incubated at room temperature for 15 min on a sha-
ker, they were centrifuged at 1000 revolutions per minute (rpm)
for 5 min. The retained beads were then washed twice using
250 pL of binding buffer. Subsequently, we eluted the IgGs twice
with 200 pL of elution buffer into a new V-bottom collection plate,
followed by neutralization with 30 pL of neutralizing buffer. Next,
the obtained IgG sample was concentrated using a 30 K centrifuge
filter unit after buffer exchange. We collected 50 pg of IgG from
each patient sample and diluted it with 100 mmol-L"! ammonium
bicarbonate buffer to a final concentration of 1 pug-uL~', and then
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added 0.5 pL PNGase F (New England Biolabs, USA). After incubat-
ing at 37 °C for 16 h, the enzymatic reaction samples were loaded
onto the preconditioned C18 cartridge, and the released N-glycans
were eluted with 1.0 mL of distilled water. The flow-through and
water eluates were combined and dried using a speed vacuum, fol-
lowed by reconstitution in 100 pL of distilled water before analy-
sis. Subsequently, quantitation of the N-glycans was performed
using our well-established TiO,-PGC chip triple-quadrupole mass
spectrometry (QQQ-MS; Agilent, USA) method. Chromatographic
separation of the N-glycans was achieved on an Agilent 1260
Infinity HPLC Chip LC system with a customized TiO,-PGC chip.
Quantitation of the N-glycans was performed on an Agilent 6490
iFunnel QQQ-MS using a multiple reaction monitoring (MRM)
method in positive mode.

2.3. Glycosyltransferase measurement

The glycosyltransferases relevant to the identified biomarkers—
that is, N-acetylglucosaminyltransferase I (GnTI), GnTII, GnTIII,
GnTIV, GnTV, sialyltransferase (ST), o-manase (oM), fucosyltrans-
ferase 8 (FUT8), and galactosyltransferase (GalT)—were measured
using commercially available enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instructions
(Meimian Biotech, China).

2.4. Statistical analysis

For the glycomic analysis, we detected the levels of each N-
glycan using the MRM technique, which is valued for its reliable
quantitation of analytes in complex mixtures. In the MRM method,
the target compound is detected via two selection steps (selecting
the precursor ions and the product ions) that filter out coeluting
background ions, resulting in high detection sensitivity. In this
case, the major error with multiple injections arises from the
variation in signal response (reflected as the peak area) obtained
at different acquisition times. Such variation is generally corrected
by using normalization or standardization methods. In our
analyses, we calculated the relative abundance of each individual
N-glycan for further statistical analysis, which was calculated
according to the following equation:

Relative abundance of individual glycan

= (Peakarea of individual glycan/Sum of peak area of all glycans) x 100%.

Relative abundance itself is a type of normalized value that can
help eliminate variations with multiple testing, and such normal-
ized abundance is widely used in glycomic studies.

Two-sided p values < 0.05 in the Wilcoxon rank-sum test were
considered to indicate statistical significance. Continuous variables
are presented as the mean + standard deviation (SD). The sample
size was not determined in advance using statistical methods. All
data points were included in the analysis. Methodologically, we
employed different feature-evaluation measurements in our
implementations of WEKA software to prevent chance findings,
including the correlation evaluator, gain ratio evaluator, informa-
tion gain evaluator, and relief-F evaluator in the feature-selection
method, as well as different classification methods, such as logistic
regression (LR) and a support vector machine. The LR model
demonstrated the best performance and was therefore the main
model chosen for this study. The ComBat method [27] (imple-
mented in the R package “SVA” [28]) was applied to adjust for
batch effects using an empirical Bayes framework. The classifica-
tion performance of the identified N-glycan biomarkers was
assessed using receiver operating characteristic (ROC) curve analy-
sis (implemented in the “pROC” [29] package in R) for individual
markers and the combination of predictors, and the diagnostic
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value of the N-glycan biomarkers was evaluated on the basis of
areas under the curve (AUC). Cutoff values were set according to
the maximum values generated using the formula (sensitivity +
specificity — 1) in our analyses. The 95% confidence intervals
(95% Cls) for the AUC as well as the sensitivity and specificity based
on the ROC curves were obtained using the method proposed by
DeLong and colleagues [30]. In addition, p values were corrected
for multiple testing by setting the false discovery rate at 0.05. All
statistical analyses were performed using RStudio version 1.0.153
(RStudio incorporated corporation, USA).

3. Results
3.1. Characteristics of IgG glycans in SLE

We carried out glycan analyses of serum IgG from 389 SLE
patients and 304 age- and sex-matched controls using a well-
established in-depth glycomic approach based on a TiO,-PGC chip
coupled with time-of-flight mass spectrometry (TOF-MS) and
QQQ-MS [22] (Table S1 in Appendix A). Patients who met the
ACR 1997 revised criteria for SLE [23] were recruited. The initial
cohort contained 133 SLE patients and 89 matched controls
recruited through a multicenter collaboration, while subsequent
validation cohorts comprised 256 SLE patients in four validation
sets (Table S1).

A total of 114 distinct compositions of IgG glycans—namely, 53
neutral and 61 acidic N-glycans—were characterized for SLE
patients. The abundances of agalactosylated glycans (G0O), mono-
agalactosylated glycans (G1), and di-agalactosylated glycans (G2)
were detected in a training set and five validation sets. Results
showed that these glycans were altered in SLE patients that sub-
stantially consistent with a previous publication (Table 1 and
Figs. S1-S3 in Appendix A) [21]. A reduction in fucose on the inner-
most B-N-acetyl glucosamine (GIcNAc) and an increase in bisecting
GIcNAc, both of which contribute to activation of the immune
response, were also observed in SLE patients (Table 1 and
Figs. S4 and S5 in Appendix A) [19,31]. In the present study, IgG sia-
lylation showed a decreased tendency in SLE patients comparing to
the HCs (Table 1 and Fig. S6 in Appendix A).

3.2. A panel of N-glycan biomarkers for the classification of SLE
patients

It has been reported that aM-II deficiency induces an autoim-
mune disease in mice that is similar to human SLE [32], suggesting
that specific N-glycan biomarkers are likely to be present in SLE
patients. To identify individual N-glycan biomarkers for SLE, we
used the correlation-based feature subset selection method
(CfsSubsetEval) in WEKA software to select informative N-
glycans. Four neutral and eight acidic N-glycans were primarily
characterized as potential biomarkers for the classification of SLE
in the training set (SLE patients, n = 133; HCs, n = 89). These 12
biomarkers were then individually used to generate a diagnostic
model using LR to evaluate their sensitivities and specificities.
According to ROC curve analysis, the sensitivity values of the
12 N-glycans varied from 46.6% to 83.5%, the specificity values ran-
ged from 67.4% to 100.0%, and the AUC values ranged from 0.702 to
0.895 (Table S2 in Appendix A). Highly significant differences
(p < 0.0001, Wilcoxon rank-sum test) were found in all of the
identified N-glycan biomarkers in SLE patients versus HCs
(Fig. S7 in Appendix A). We further examined the classification
capability of the 12 N-glycan biomarkers for SLE patients in five
validation cohorts (validation set 1: SLE patients, n = 58; HCs,
n = 39; validation set 2: SLE patients, n = 36; HCs, n = 36; validation
set 3: SLE patients, n = 53; HCs, n = 50; validation set 4: SLE
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_ patients, n = 59; HCs, n = 42; and validation set 5: SLE patients,
S n = 50; HCs, n = 48) (Table S2). The results were consistent with
% RS those from the training set. Two of the 12 biomarkers, 4_4_1_0-a
FRERIGR and 4_3_1_1-b (Figs. 1(a) and (b)), were demonstrated to have
> relatively high prediction capacity for SLE. Both of the glycans
w | e had relatively high AUC (0.765-0.902), sensitivities (72.9%-
3| Z2|888588E 87.9%), and specificities (75.0%-88.1%) (Figs. 1(c) and (d)). Biomar-
[=} V|0 I OT O . . .
gy Yo ker 4_4_1_0-a was found to be significantly decreased in SLE
é’ o298 % patients, while biomarker 4_3_1_1-b was significantly increased
2|12|8383388 (p < 0.0001), in comparison with those in the HCs (Figs. 1(e) and
> (f)). A combination of these two N-glycan biomarkers showed
g 52 52 32 3¢ 3 32 higher AUCs, sensitivities, and specificities in the training and
g g g % § ; 5 validation sets (Table S2).
- ? 3.3. Roles of N-glycans in disease differentiation
T 2] se se oe ¢ 3@ 3¢
i cleREsd g To further confirm the specificities of these two N-glycan
olA|lP n v ~ < . . . . . .
= biomarkers, we detected changes in their levels in patients with
ElulBRRESA other common systemic autoimmune diseases that share high sen-
IR
>l<|leococoocoo sitivity for ANA [33], such as RA, pSS, and SSc. Serum samples from
z patients with RA, pSS, and SSc; and age- and sex-matched HCs
% 50 3¢ 3¢ 3¢ 32 3¢ were tested using TiO,-PGC chip QQQ-MS method (Tables S3, 54,
2lidssso and S5 in Appendix A). Although alterations in IgG glycosylation
wv DO AN TR .
have been suggested to be linked to the development of RA, pSS,
- ‘E and SSc [34,35], the individual N-glycans altered in these diseases
g E= 32 3¢ 3¢ 2¢ 2¢ 3¢ were found to be different from those in SLE. First, the abundance
sl E|lugdgess of two biomarkers for SLE—namely, 4_4_1_0-a and 4_3_1_1-b, did
S|lu|~OoNT oA V,4_4_1_| _o_1_ , dl
= © 1~ 00 Oy < not show significant changes in RA (Figs. 2(a) and (b)), pSS (Figs.
g § f ”g? § E § § 2(c) and (d)), or SSc (Figs. 2(e) and (f)) patients compared with
the respective HCs and accordingly exhibited low capacity for clas-
%’ sifying RA, pSS, and SSc (Table S6 in Appendix A). The specific N-
T | 52 a¢ a¢ 3¢ 3¢ 3¢ glycan biomarkers for RA, which were identified in our previous
glenndanra ’
é SR studies [22], are distinct from the SLE biomarkers. We also identi-
fied high-performance N-glycan biomarkers for pSS and SSc, which
2
~|E are structurally different from the biomarkers for SLE (Figs. S8 and
2l Z|EREERT S9 in Appendix A) and RA. These findings suggest that the glycosy-
E|S|BHRIRER lation profiles of IgGs are differentially altered in different rheuma-
§ vlgsanesg tological conditions.
F2|ecevoun
>l<|oocoocococo
. 3.4. Analysis of the association between the identified IgG N-glycan
g biomarkers and clinical phenotypes of SLE
E | e 52 3¢ 30 52 3¢
plmneaNn
SEERBRA The complement system plays a dual role in SLE: It both medi-
z ates pathogenesis and prevents disease progression [36,37]. It has
g 2 2 3¢ 32 3¢ 3¢ 3¢ been reported that N-glycosylation alterations can promote the
Al I3 it g B production of proinflammatory mannose-dependent glycan
NE-1N6 Sy enmn ligands, which activate and cleave complement 3 (C3) and C4
2I2|u|8R38R83 38]. We therefore analyzed the correlation of the two N-glycans
RIS . . . . .
£ |>l<|ccsocccs with multiple SLE phenotypes. Consistent with previous reports,
iy 2z 4_3_1_1-b was significantly upregulated in patients with low levels
ﬁ € | se 5 3¢ a¢ 3¢ 3¢ of C3 and C4, whereas 4_4_1_0-a was not (Figs. 3(a) and (b)). Nota-
£ glxndean bly, 4_3_1_1-b, a sialylated IgG glycan, was also upregulated along
°§ i with the increasement of the erythrocyte sedimentation rate (ESR)
'é «E (Fig. 3(c)), an indicator with the ability to predict disease activity.
ERIRE: 32 32 38 3% 28 3 This finding is not consistent with a report that increasing sialylated
z i é EesYdd IgG glycans attenuates autoantibody-initiated inflammation [39].
% g et owmo Thus, our finding suggests that topological structure information
AEEIERLERRE over sialylation may influence the IgG function. Several sialylated
= |7 eceeeee glycans—including glycan peak 17 (GP17), GP19, and GP21—have
> 8 1so b ted to i in SLE patients [21]
z|g o also been reported to increase in patients .
|2 = No correlations were observed between the identified glycan
=g 3 . .
E 2 5§C - biomarkers (4.4_1_0-a and 4_3_1_1-b) and titers of serum
S |Z 522 autoantibodies, including ANA (Fig. 3(d)), anti-dsDNA (Fig. 3(e)),
w |2 2E 8 Lo . . . . .
-2 |8 L) anti-ribonucleoprotein (anti-RNP) (Fig. S10 in Appendix A), and
LT = o-nN S 2% . . .
520 COUE®RG anti-Sm  (Fig. S10), suggesting that these glycans are
= O

autoantibody-independent diagnostic biomarkers that may act as
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Fig. 1. Classification performance and relative abundances of two potential N-glycan biomarkers for SLE. (a, b) Structure of N-glycan biomarkers identified, (a) 4_4_1_0-a and
(b) 4_3_1_1-b, for SLE classification in the current study. (c, d) ROC curves of (¢) 4_4_1_0-a and (d) 4_3_1_1-b for the classification of SLE and HCs. (e, f) Relative abundance
boxplots of (e) 4_4_1_0-a and (f) 4_3_1_1-b in SLE patients and HCs.

“on and off” switches or as “analogue regulators” in the pathogen- We also divided the patients into four subgroups based on dis-
esis of SLE. Furthermore, no organ specificity was observed in this ease duration—namely, newly diagnosed (< 1 month; n = 41), from
study (Fig. S11 in Appendix A). Thus, these two N-glycan 1 month to 5 years (n = 73), from 5 to 10 years (n = 33), and longer
biomarkers are likely related to the common systematic than 10 years (n = 42)—and compared the relative abundances of
mechanisms for triggering SLE. the two identified N-glycans in patients with different courses of

93



H. Pan, J. Wang, Y. Liang et al.

4 410a 4 41 0-a 4 41 0a
15 p=0.5356 15 F p=0.0882 15 F p=0.3444
< 1 ) =)
= = =
Q [0} [0}
2 e e
s10F | § €10
- {: 3 3 s o
3 |BE=ET 8 3 | ==
o 5| S (] 0 5t
= = =
© © ©
Q [} [}
o o ©
0r 1 1 0 1 1 0 1 1
HCs RA HCs RA HCs RA
(a) (c) (e)
431 1b 4.311b 4311b
05 p=0.1237 05F  p=0.8045 05F p=0.4265
—_ —_ s ] —_ | —
X X X
< 0.4} - | S04} < 04
= = =
8 8 03}F 8 03}k
= = =
K 3 3
© © © 0.2+ e
[ (] () :
= = = S B
kS © © 0.1 -""
[5) Q [0] 3
: : ¢ [
(V]
RA

HCs
)

Fig. 2. Relative abundances of two potential SLE N-glycan biomarkers in RA, pSS, and
SSc. (a, b) Relative abundances of glycans (a) 4_4_1_0-a and (b) 4_.3_1_1-b in RA

patients and corresponding HCs. (c, d) Relative abundances of the two potential N-
glycan biomarkers in pSS patients and corresponding HCs. (e, f) Relative abundances
of the two potential N-glycan biomarkers in SSc patients and corresponding HCs.

disease. Both N-glycans 4_4_1_0-a and 4_3_1_1-b showed signifi-
cant differences compared with the HCs, regardless of the disease
duration (Fig. 3(f)). The relative abundance of glycan 4_4_1_0-a
in the newly diagnosed SLE patients was similar to that in patients
with long disease courses (Fig. 3(f)). No significant differences in
glycan 4_3_1_1-b were detected between the samples from the
newly diagnosed SLE patients and those with long disease courses
(Fig. 3(f)), indicating that the two glycans can serve as diagnostic
biomarkers for SLE patients with various disease durations.

3.5. Determination of the locations of the identified N-glycan
biomarkers on IgG

To further confirm the site of the two N-glycan biomarkers, we
digested IgG to generate F(ab’)2 and Fc/2 fragments using
FabRICATOR (IdeS; Genovis, USA) and then separated IgG-F(ab’)2
and IgG-Fc using an IgG-Fc affinity matrix (ThermoFisher, USA)
and an IgG-heavy chain constant domain 1 (CH1) affinity matrix
(ThermoFisher). Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) showed that F(ab’)2 and Fc/2 were fully
separated. The N-glycans released from the isolated Fc and F(ab’)
2 were analyzed. The neutral N-glycan (4_4_1_0-a) was detected
on the Fc fragment, while the acidic N-glycan (4_3_1_1-b) was
primarily detected on the Fc fragment. A small amount of
4_3_1_1-b was found on the IgG-F(ab’)2 fragment (approximately
14% of the corresponding glycans on the Fc fragment) (Fig. S12 in
Appendix A).

To determine the functional correlation between the N-glycans
and SLE, we developed an MRM method to detect subclass and
site-specific glycopeptides with high sensitivity. In total, 83 IgG-
Fc-derived glycopeptides from human serum were identified
[40]. Of the 12 potential SLE-related N-glycans, a total of six were
identified in the Fc region. Notably, the two high-performance N-
glycan biomarkers (4_4_1_0-a and 4_3_1_1-b) were confirmed to
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be attached to the IgG-Fc region by glycopeptide analysis using
ultra-high-performance liquid chromatography quadrupole TOF-
MS (UHPLC-Q-TOF-MS) (Fig. 4).

The IgG-Fc glycopeptides G1F (4_.4_1_0) and 1111 (4_3_1_1)
were quantified using UHPLC-QQQ-MS. Glycopeptides derived
from the G1F (4_4_1_0) glycoform of different IgG subclasses were

detected, while the glycopeptide-derived 1111 (4_3_1_1) glyco-
form was detected only for the IgG2 and IgG3 subclasses (Fig. 4).

3.6. Functional roles of N-glycans in SLE

Although the causation between altered glycans and disease
onset remains unclear, several genes that are linked to the
composition of the IgG glycome, including IKZF1, BACH2, and
HLA-DQAZ2, have been identified in genome-wide association stud-
ies of SLE [41]. The mutation of a single gene that encodes oM-II
results in a systemic autoimmune disease similar to human SLE
and leads to the production of proinflammatory mannose-
dependent glycan ligands [32]. Moreover, N-glycan levels in aM-
[I-deficient mice are altered, as evidenced by a reduction in
complex-type N-glycans and the induction of specific hybrid-type
N-glycans [32,42]. Therefore, we examined the alterations in
hybrid and complex glycans. The accumulation of hybrid-type
N-glycans and the reduction of complex-type N-glycans (Fig.
5(a)) were observed, indicating that the transformation of
hybrid-type N-glycans into complex-type N-glycans is inhibited
in SLE patients. Moreover, we examined the alterations in glycosyl-
transferases in SLE patients, and the results showed that serum
GnTII levels significantly decreased, while the levels of GnTI, GnTV,
FUT8, and GalT significantly increased in SLE patients. GnTIII,
GnTIV, ST, and oM levels were not significantly changed (Fig. 5(b)).

4. Discussion

SLE presents with a variable clinical phenotype. Regardless of
the advances that have been made in understanding SLE, no single
clinical, laboratory, or pathological feature can be used as a gold
standard for disease classification or diagnosis [43]. Accumulated
evidence indicates that protein glycosylation is closely correlated
to the pathogenesis of SLE. Native circulating total IgG complexes
from active SLE patients usually have exposed fucosyl residues,
which are accessible to soluble lectins [44]. The fucosylation of
anti-dsDNA IgG1 is significantly correlated with SLE disease activ-
ity [45]. oM-Il deficiency diminishes complex-type N-glycan
branching, increases hybrid-type N-glycan structures, and induces
an autoimmune disease in mice that is similar to human SLE [42].
Bisecting N-acetylglucosamine in the total IgG N-glycome also has
a positive correlation with SLE [46]. These results suggest that the
glycosylation of IgG holds potential for use as a disease diagnostic
biomarker and affects the pathogenesis of SLE.

Our findings demonstrate the diagnostic capacity of N-glycans
in SLE. Patients with vague or atypical manifestations may benefit
from an assessment of the two identified N-glycan biomarkers
(4.4.1_0-a and 4_3_1_1-b) that have high specificity and
sensitivity for diagnosing SLE, which may ultimately contribute
to controlling the development of the disease and reducing mortal-
ity. Glycan 4_3_1_1-b was found to be significantly upregulated in
patients with low levels of complement, suggesting its potential
roles as an inflammatory indicator. No correlations were found
among the selected glycans and organ specificity or titers of serum
autoantibodies, including ANA, anti-dsDNA, anti-RNP, and anti-Sm,
indicating that these glycans are autoantibody-independent
diagnostic markers for SLE. Our results also support the hypothesis
that each rheumatic disease is most likely associated with specific
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Fig. 3. Correlation analysis between the two identified N-glycan biomarkers and the disease phenotypes. (a) Performance and relative abundances of the two glycans in SLE
patients with low (< 0.79 g-L™!) or normal C3 levels. (b) Performance and relative abundances of the two glycans in SLE patients with low (< 0.16 g-L™!) or normal C4 levels.
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N-glycan changes, as has been observed in our previous studies of
RA, ankylosing spondylitis, and psoriatic arthritis [22,47].

The N-glycan composition of the Fc domain of IgG can modulate
antibody effector functions by affecting the binding capacity of Fc
to various Fc receptors (e.g., FcyRs) [48]. Dysregulation in Fc glyco-
sylation can lead to loss of immune tolerance and symptomatic
autoimmunity [49]. Thus, the altered N-glycans located in the Fc
region may result in the changed binding of IgG to FcyRs in SLE,
thereby affecting the development of the disease. In this work,

we determined that the two specific SLE N-glycan biomarkers are
mainly attached to the IgG-Fc region. In addition, we demonstrated
the inhibition of GnTII in SLE patients for the first time and showed
the resulting altered N-glycan profile, thus providing new insight
into the disease pathogenesis. However, there is still much to elu-
cidate regarding the exact functions of specific N-glycans in SLE, as
glycoforms of IgGs are extremely variable. Advances in
glycoengineering may provide a useful strategy for producing
glycan-defined and site-selectively modified antibodies for further
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Fig. 4. Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) spectra of glycopeptides of the two high-potential N-glycan biomarkers (4_4_1_0-a and 4_3_1_1-b)

on IgG2. Monosaccharide symbols are based on the Consortium for Functional Glycomics. Blue square: N-acetylglucosamine; yellow circle: galactose; green circle: mannose;

red triangle: fucose; purple diamond: N-acetyl neuraminic acid.

functional studies [50], and more functional experiments (e.g., the
enzymatic glycan remodeling of intact antibodies) are required to
elucidate the associations between the N-glycan biomarker and
the pathogenesis of SLE.

Although the alteration of IgG glycosylation in autoimmune dis-
ease has been established for nearly 40 years, it remains a major
challenge to translate the current knowledge of IgG glycosylation
into general clinical practice. One of the main reasons for this dif-
ficulty is the great complexity of the glycomes of even a single pro-
tein, especially the presence of numerous low-abundance but
highly bioactive glycans. Our group has developed an in-depth gly-
comic approach based on a microfluidic TiO,-PGC chip, which
facilitates the sensitive detection of low-abundance, trace, and
even ultra-trace glycan species. This technique greatly improves
the “depth” of the glycomic analysis of serum IgG, and thus allows
for the discovery of diagnostic, treatment-response, and prognostic
biomarkers that present as low-abundance species. Once specific
glycans in the disease are identified, efforts in the preparation or
biosynthesis of the specific glycans and corresponding testing kits
will enable more widespread use of glycosylation as disease
biomarkers.

5. Conclusions

This study identified the potential clinical significance of serum
N-glycan biomarkers for the differentiation of SLE from similar
autoimmune diseases, such as RA, SSc, and pSS, which may provide
insights into efficient population screening for potential
pathological factors of SLE.
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