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nephritis in female patients with
systemic lupus erythematosus: a
case-control study

L. 1 . 1 12 . .3
Xinxia Lu"', Liangao Wang™, Meng Wang"“, Yuejin Li°,

- - 4 . . 5 . 1 . . 1
Qinqgin Zhao”, Yanjun Shi>, Yujing Zhang, Yingjie Wang™,

: 1, 1,7 : 1 1

Wei Wang'®, Long Ji*™, Haifeng Hou"®* and Dong Li***
tSchool of Public Health, Shandong First Medical University & Shandong Academy of Medical
Sciences, Jinan, China, 2Jinshan District Center for Disease Control and Prevention, Shanghai, China,
3Shandong Institute of Parasitic Diseases, Shandong First Medical University & Shandong Academy of
Medical Sciences, Jining, China, “Department of Geriatric Cognitive Medicine, The Affiliated Taian
City Central Hospital of Qingdao University, Taian, China, °Department of Rheumatology and
Immunology, Liaocheng People's Hospital, Liao'cheng, China, Centre for Precision Health, School of
Medical and Health Sciences, Edith Cowan University, Perth, WA, Australia, "College of Sports
Medicine and Rehabilitation, Shandong First Medical University & Shandong Academy of Medical
Sciences, Tai'an, China, éDepartment of Gastroenterology, The Second Affiliated Hospital of

Shandong First Medical University, Tai'an, China, °Clinical Research Center, The Second Affiliated
Hospital of Shandong First Medical University, Tai'an, China

Background: Lupus nephritis (LN) is a crucial complication of systemic lupus
erythematosus (SLE) and has important clinical implications in guiding treatment.
N-glycosylation of immunoglobulin G (IgG) plays a key role in the development
of SLE by affecting the balance of anti-inflammatory and proinflammatory
responses. This study aimed to evaluate the performance of IgG N-
glycosylation for diagnosing LN in a sample of female SLE patients.

Methods: This case-control study recruited 188 women with SLE, including 94
patients with LN and 94 age-matched patients without LN. The profiles of plasma
IgG N-glycans were detected by hydrophilic interaction chromatography with
ultra-performance liquid chromatography (HILIC-UPLC). A multivariate logistic
regression model was used to explore the associations between IgG N-glycans
and LN. A diagnostic model was developed using the significant glycans as well as
demographic factors. The performance of IgG N-glycans in the diagnosis of LN
was evaluated by receiver operating characteristic (ROC) curve analysis, and the
area under the curve (AUC) and its 95% confidence interval (Cl) were calculated.

Results: There were significant differences in 9 initial glycans (GP2, GP4, GP6,
GP8, GP10, GP14, GP16, GP18 and GP23) between women with SLE with and
without LN (P < 0.05). The levels of sialylated, galactosylated and fucosylated
glycans were significantly lower in the LN patients than in the control group,
while bisected N-acetylglucosamine (GlcNAc) glycans were increased in LN
patients (P < 0.05). GP8, GP10, GP18, and anemia were included in our
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diagnostic model, which performed well in differentiating female SLE patients
with LN from those without LN (AUC = 0.792, 95% ClI: 0.727 to 0.858).

Conclusion: Our findings indicate that decreased sialylation, galactosylation, and
core fucosylation and increased bisecting GlcNAc might play a role in the
development of LN by upregulating the proinflammatory response of IgG. IgG
N-glycans can serve as potential biomarkers to differentiate individuals with LN

among SLE patients.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic inflammatory
disease that occurs more frequently in women than in men (1). SLE
induces severe disorders in the skin, mucous membranes, kidneys,
brain, and skeletal system, among which the kidneys are primarily
affected (2). Approximately 50%-70% of SLE patients are expected to
develop lupus nephritis (LN) within 5 years (3, 4). Although the
mechanism underlying LN pathogenesis remains unclear, it is closely
related to autoantibodies and the formation and deposition of immune
complexes and is impacted by the interaction of multiple factors,
including the environment, genetics and estrogen (5).

In patients with impaired immune functions, both exogenous
and endogenous antigens trigger the proliferation and activation of
B lymphocytes (B cells), leading to the production of various
autoantibodies against organ and tissue components (6). These
autoantibodies bind to their corresponding antigens, forming
circulating immune complexes or in situ immune complexes that
ultimately deposit in the glomeruli (7). Immune complexes can
activate complement, triggering an inflammatory response
involving multiple inflammatory factors and cells, resulting in
renal damage (8, 9). Currently, renal biopsy is the gold standard
for LN diagnosis; however, it has limitations in terms of
invasiveness, high cost, complexity in disease histopathological
grading, and inability to continuously monitor disease
progression (10). Because early diagnosis and treatment of LN
patients lead to a better prognosis (11), reliable noninvasive
biomarkers are needed to improve early diagnosis and outcome
prediction of LN (12).

Glycosylation, a crucial posttranslational modification, participates
in almost all vital physiological and biochemical activities, including cell
communication, adhesion, differentiation, and proliferation (13).
Immunoglobulin G (IgG), one of most important glycoproteins, is
the predominant antibody in the blood, accounting for approximately
75% of the total peripheral blood immunoglobulins (14). The IgG
molecule contains a conserved N-glycosylation site at the asparagine
(Asn) 297 position on each of its two fragment crystallizable heavy (Fc)
chains (15). Fc N-glycosylation stabilizes the structure of the Fc
fragment and regulates the anti-inflammatory and proinflammatory
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functions of IgG (16) through the following pathways: antibody-
dependent cell cytotoxicity (ADCC), complement-dependent
cytotoxicity (CDC), antibody-dependent cellular phagocytosis
(ADCP), and other types of receptor-mediated immune regulation
(17, 18). Increased core fucosylated and sialylated glycans promote the
binding affinity of IgG with the activated receptor FcyRIIIa, which
mediates ADCC, thus initiating activation signals and upregulating
inflammatory responses (19). In addition, galactosylated glycans
promote downstream CDC reactions by binding to complement 1q
(Clq) (20). Proinflammatory changes in the IgG N-glycome are
associated with increased levels of bisecting N-acetylglucosamine
(GleNAc) (21, 22). IgG N-glycosylation has been identified as a
potential biomarker of a variety of diseases, including chronic
diseases, inflammatory diseases, neurodegenerative diseases,
autoimmune diseases, and cancer, offering great research potential
(23-25). On the basis of our findings in the association between the IgG
N-glycome and SLE patients (26, 27), we hypothesize that IgG N-
glycosylation has potential value in the early diagnosis of LN among
SLE patients.

Materials and methods
Study sample

This case-control study recruited 188 SLE patients (94 patients
with LN and 94 age-matched patients without LN) from the
Liaocheng People’s Hospital between July 2020 and September
2021. The inclusion criteria were as follows: (1) Chinese Han
ethnicity; (2) female; (3) diagnosis of SLE and (4) SLE patients
with LN who met the diagnostic criteria for LN. The exclusion
criteria were (1) the coexistence of other autoimmune diseases; (2)
primary glomerular diseases or secondary renal diseases; (3) severe
trauma, malignant tumors, and severe infections; (4) People who
have taken glucocorticoids or immunosuppressants within a month
and (5) incomplete patient clinical data. A total of 94 age-matched
SLE patients without LN were included in the control group, who
newly diagnosed SLE and have not received corresponding
treatment. The study was conducted under the supervision of the
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Ethics Committee of Shandong First Medical University (approval
number: 201712). The study was conducted with the written
informed consent of all participants.

Diagnosis of systemic lupus erythematosus

The current diagnosis of SLE was based on the “American
College of Rheumatology (ACR) in 2019” guidelines, which requires
a patient to present with 4 out of 11 symptoms/disorders (28),
including malar rash, discoid erythema, photic hypersensitiveness,
mouth ulcer, joint inflammation, pericarditis or pleurisy, urinary
protein > 0.5 g/24 h or +++, seizures or psychosis, hematological
diseases, anti-Sm antibody and dsDNA antibody positivity, and
antinuclear antibody positivity.

Diagnosis of lupus nephritis

The diagnosis of LN in this study was based on the “Guidelines
for the Diagnosis and Treatment of Lupus Nephritis in China” (29).
The diagnosis of LN mainly included three criteria: @ persistent
urine protein >0.5 g/24 hours, random urine protein +++ or a urine
protein-to-creatinine ratio >50 mg/mmol; @ active urinary
sediment (excluding urinary tract infection) with >5 white blood
cells per high-power field, >5 red blood cells per high-power field,
red blood cell casts, or white blood cell casts; @ cellular casts
including red blood cell casts, granular casts, hemoglobin casts,
tubular casts, or mixed casts. When SLE patients exhibit any of the
above clinical and laboratory abnormalities, a diagnosis of LN
was made.

Immunoglobulin G N-glycan analysis

We detected plasma IgG N-glycan profiles using hydrophilic
interaction chromatography (HILIC)-ultra-performance liquid
chromatography (UPLC) (Waters Corporation, Milford, MA,
United States), which was described in a previous study (30).
Briefly, the method involved the following steps: (1) plasma IgG
was separated with a 96-well Protein G extraction plate (CIM® 1-
Protein G 0.2 ml Monolithic 96-well Plate, BIA Separations); (2)
IgG Fc N-linked glycans were released by PNGase F enzyme (150
units, Roche); (3) the released IgG N-glycans were labeled with the
fluorescent dye 2-aminobenzamide (2-AB, Sigma); and (4)
fluorescently labeled N-glycans were detected and analyzed by
HILIC-UPLC. The HILIC-UPLC approach initially obtained 24
glycan peaks (GP1-GP24) corresponding to a distinct glycan
structure. Composition and structure of IgG initial glycans are
available in the Supplementary Table S1 (31). An effective method
for normalizing glycan measurements across samples is to divide
the peak areas of each glycan by the total areas of the respective
chromatograms (32).Typical chromatograms for LN and non-LN
samples are provided in the Supplementary Figure SI (33). From
the 24 initial GPs, 17 derived traits were calculated and the
calculation formulas can be found in the Supplementary Table S2
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(34), which represented the relative abundances of four
glycosylation features: core fucosylated, sialylated, bisected
GlcNAc, and galactosylated IgG N-glycans (35). Among them,
the level of aGal/Gal ratio was calculated from the relative
intensity of agalactosylated (GO) vs. monogalactosylated (G1) and
digalactosylated (G2) fucosylated biantennary glycans according to
the formula of GO/(G1 + G2x2) as we previously described.

Assessment of covariates

A blood sample was obtained from the large antecubital vein of
each participant through venipuncture in the morning after an
overnight fast. The collected sample was divided into two tubes for
further analysis. The sample collected in a vacuum tube containing
ethylenediaminetetraacetic acid (EDTA) underwent plasma
separation to detect IgG N-glycans, while the sample collected in
a tube without EDTA underwent serum separation to determine
inflammatory factors and blood biochemical indices.

Face-to-face interviews, a series of clinical examinations and
laboratory tests were used to collect basic patient information.
Demographic characteristics such as age, sex, and the
participants’ history of hypertension, diabetes, and dyslipidemia
were collected. Body mass index (BMI) was calculated using
measurements of height and weight, with the formula weight
(kg)/height2 (m?). Hypertension was defined as the use of
antihypertensive medication, a self-report of a history of
hypertension, and diastolic blood pressure (DBP) = 90 mmHg or
systolic blood pressure (SBP) > 140 mmHg. Diabetes was defined as
the current use of insulin or oral hypoglycemic agents, a history of
diabetes, or a fasting blood glucose level > 7.0 mmol/L (126 mg/dL).
Dyslipidemia was defined as the current use of lipid-lowering
therapy; a self-report of a history of dyslipidemia; or serum
triglycerides (TGs) = 1.7 mmol/L, total cholesterol (TC) > 5.18
mmol/L, high-density lipoprotein cholesterol (HDL-C) < 1.04
mmol/L, or low-density lipoprotein cholesterol (LDL-C) > 3.37
mmol/L, according to the guidelines for the prevention and control
of dyslipidemia in adults in China (36).

Statistical analyses

Continuous variables with normal distributions are expressed as
the mean * standard deviation (SD) and were compared using
Student’s t test. Nonnormally distributed data are presented as the
median and interquartile range (IQR) and were compared with the
Kruskal-Wallis rank-sum test. Categorical variables are presented as
n (%) and were evaluated with the chi-square test or Fisher’s exact
test. A multivariate logistic regression model was used to evaluate
the association of influencing factors with LN, by which the odds
ratio (OR) and its 95% confidence interval (CI) were calculated. In
logistic regression analysis, the IgG N-glycan measurements were
categorized into four groups: Q1 (values < P25), Q2 (P25 < values <
P50), Q3 (P50 < values < P75), and Q4 (values > P75). Receiver
operating characteristic (ROC) curve analysis was employed to
evaluate the performance of the diagnostic models.
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The statistical analyses were performed using SPSS 25.0 (IBM,
Armonk, NY, United States) and R software (version 3.4.3, R Core
Team). All statistical tests were two-sided, and the significance level
was set as P < 0.05.

Results

Baseline characteristics of the
study participants

This study included 94 SLE women with LN (mean age 40.10 +
12.86 years) and 94 age-matched non-LN patients (mean age
41.06 + 11.83 years). As shown in Table 1, no statistically
significant difference in age was detected between the LN group
and the control group. Compared with the control group, LN
patients had significantly lower serum white blood cell (WBC)
counts and significantly higher levels of C3. In addition, the
prevalence of anemia was significantly higher in LN patients than
in controls.

TABLE 1 Characteristics of the study participants.

Characteristics LN group (n=94)

10.3389/fimmu.2023.1257906

A total of 24 initial glycan peaks (GP1 - GP24) were obtained
from all the chromatograms of UPLC. The distribution of the initial
glycans between the LN group and the control group was listed in
Figure S2.

Galactosylation of IgG

The median GP10 level was 3.83 (IQR = 3.27 to 4.68) in the LN
group, which was significantly higher than that in the control group
(M =3.37,1IQR = 2.87 to 4.07). The level of GP8 containing a galactose
in the LN group was 15.66 (IQR = 14.14 to 17.09), which was
significantly lower than that in the control group (M = 16.55, IQR =
15.17 to 17.68). The level of GP14 with 2 galactoses decreased
significantly when compared to the controls (Table S3; Figures 1,
S2). Then, the calculated aGal/Gal ratio, GO and G2 in the derivatized
glycans showed statistically significant differences, and the aGal/Gal
ratio and the content of GO in the LN group were greater than those in
the control group; in contrast, the content of G2 in the LN group was
less than that in the control group (Table S4).

Non-LN group (n=94)

Age (years) 40.10 + 12.86 41.06 + 11.83 0.534 0.594
BMI (kg/m?) 2422 + 327 23.87 £ 3.00 0.765 0.445
WBC count (x10'/L) 6.79 (5.00, 8.70) 5.97 (4.29, 7.66) 2.300 0.021*
BUN (mmol/L) 4.46 (3.48, 5.82) 4.73 (3.60, 6.43) 0.907 0.364
UA (umol/L) 250 (190, 304) 266 (197, 320) 1.045 0.296
CHOL (mmol/L) 4.78 (3.68, 5.68) 4.66 (4.08, 5.59) 0.042 0.966
TG (mmol/L) 1.41 (0.98, 1.91) 1.31 (0.99, 1.96) 0.267 0.790
HDL-C (mmol/L) 1.25 (1.02, 1.59) 1.25 (1.06, 1.57) 0.222 0.824
LDL-C (mmol/L) 2.76 (2.14, 3.39) 2.62 (2.18, 3.26) 0.503 0.615
uCRE (pmol/L) 55.7 (46.50, 63.85) 55.3 (46.00, 64.85) 0.150 0.881
eGFR (ml/min) 107.58 (88.66, 123.98) 108.42 (90.23, 121.94) 0.334 0.739
C3 (g/L) 0.66 (0.48, 0.81) 0.74 (0.58, 0.89) 2.010 0.044*

C4 (g/L) 0.14 (0.08, 0.20) 0.15 (0.10, 0.21) 0.544 0.586
Hs-CRP (mg/L) 6.25 (2.57, 14.40) 7.72 (3.53, 15.02) 0.790 0.430
IgG (g/L) 15.20 (11.55, 19.10) 15.40 (13.10, 20.30) 1.205 0.228
Anemia (n, %) 42 (45.2) 23 (24.7) 8.537 0.003*
Hypertension (n, %) 7 (7.5) 3 (3.2) 1.691 0.193
Diabetes (n, %) 10 (10.8) 12 (12.9) 0.206 0.650
Dyslipidemia (n, %) 70 (75.3) 62 (66.7) 1.670 0.196
SLEDAI-2K 492 +1.87 4.63 £ 1.57 1.147 0.252
Positive of anti-dsDNA (n, %) 42 (45.2) 48 (51.6) 0.775 0.379

*Statistically significant, P < 0.05. P values were calculated by the independent-sample t test or chi-square test and Mann-Whitney U test. BMI, body mass index; BUN, blood urea nitrogen; C3,
complement 3; C4, complement 4; CHOL, cholesterol; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; IgG,
immunoglobulin G; IgG, immunoglobulin G; LDL-C, low-density lipoprotein cholesterol; LN, lupus nephritis; positive anti-dsDNA, positive double-stranded DNA; uCRE, urine creatinine; TG,
total triglycerides; UA, uric acid; WBC, white blood cell; SLEDAI-2K, SLE disease activity index 2000.
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Differences in IgG initial glycans between the LN group and non-LN group Statistically significant, *P < 0.05; **P < 0.01; ***P < 0.001. IgG N-
glycosylation levels of 94 patients with lupus nephritis (LN+) and 94 nonlupus nephritis (LN-) patients were analyzed using hydrophilic interaction
chromatography (HILIC)-ultra-performance liquid chromatography (UPLC). Significant differences between LN+ and LN- patients in the directly
measured glycan structures were observed. Data are shown as box plots. Each box represents the 25th to 75th percentile. The lines inside the box
indicate the median. The lines outside the box indicate the 10th and 90th percentiles. Circles indicate outliers. GP, glycan peak; I1gG,

immunoglobulin G; LN, lupus nephritis.

Sialylation of 1gG

In the LN group, we observed a statistically significant decrease
in all sialylated glycans (Stotal) and in derived trait S1 (Table S4).
The level of GP18 in the LN group was 10.29 (IQR = 8.58 to 12.48),
which was significantly lower than that in the control group (M =
12.11, IQR= 10.02 to 14.25). The level of GP23 with 2 sialic acids
decreased significantly compared with the control group (Table S3;
Figures 1, S2).

Core fucosylation and bisecting GlcNAc

The differences in glycans that contained core fucosylation were
as follows. The levels of GP4, GP6 and GP10 in the LN group were
significantly higher than those in the control group. In contrast, the
levels of GP8, GP14, GP18 and GP23 in the LN group were
significantly lower than those in the control group (Table S3;
Figure 1). The decrease was expressed in derived traits related to
core fucosylation (F, FS, FG1 and FG2). The derivatized glycan FGO
showed a statistically significant increase compared with the control
group (Table S4). At the same time, major glycans that contained
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bisecting GIcNAc (GP6 and GP10) increased significantly, and the
increase was more pronounced in derived traits (B, BN and BS) that
measured bisecting GIcNAc between patients and controls (Tables
S3, S4; Figures 1, S2).

Association of IgG N-glycans with the
presence of lupus nephritis

To further confirm the association between the initial glycans
and LN, a multivariable logistic regression analysis was performed.
As shown in Figure 2, after adjusting for age, BMI, hypertension,
diabetes and dyslipidemia, the relative abundance of GP2, GP4,
GP6, and GP10 of LN among SLE women were higher, while the
relative abundance of GP8, GP14, GP16, GP18, and GP23 were
reduced. In addition, the relative abundance of sialic acid glycans
(Stotal, OR = 0.676, 95% CI: 0.515-0.888; S1, OR = 0.666, 95% CI:
0.506-0.875) was decreased in the LN group. In the LN group, the
relative abundance of galactosylated glycans (G2, OR = 0.700, 95%
CI: 0.534-0.919; FG1, OR = 0.748, 95% CI: 0.572-0.978; FG2, OR =
0.643, 95% CI: 0.488-0.846) was decreased, while the relative
abundance of nongalactosylated glycans (G0, OR = 1.525, 95%
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Glycans N-glycan structure OR (95%CI) /2
GP2 H3N4 — 1.382 (1.045,1.827) 0.023
GP4 H3N4F1 e 1.426 (1.075, 1.891) 0.014
GP6 H3NS5F1 —— 1.409 (1.059, 1.874) 0.019
GP8 HAN4F1(6) —— 0.691 (0.520, 0.918) 0.011
GP10 HANSF1(6) —— 1.438 (1.080, 1.915) 0.013
GP14 H5N4F1 —— 0.660 (0.498, 0.876) 0.004
GP16 H4AN4F1S1(3) —a— 0.712 (0.535, 0.947) 0.020
GP18 HS5N4F1S1 —i— 0.596 (0.445, 0.798) 0.001
GP23 H5N4F1S2 —— 0.501 (0.367, 0.683) <0.001

FIGURE 2

Associations of the normalized initial glycans and LN as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically
significant using logistic regression analysis. Multivariate logistic regression analyses were performed after adjusting for age, BMI, hypertension,
diabetes mellitus, and hyperlipidemia. BMI, body mass index; Cl, confidence interval; GP, glycan peak; LN, lupus nephritis; OR, odds ratio.

CI: 1.158-2.007; FGO, OR = 1.475, 95% CI: 1.122-1.941, aGal/Gal
ratio, OR = 1.628, 95% CI: 1.232-2.152) was increased. The relative
abundance of fucosylated glycans (F, OR = 0.501, 95% CI: 0.373-
0.674; FS, OR = 0.642, 95% CI: 0.485-0.849) was decreased, and the
relative abundance of bisected GIcNAc glycans (B, OR = 1.480, 95%
CI: 1.126-1.947; BN, OR = 1.461, 95% CI: 1.107-1.927; BS, OR =
1.700, 95% CI: 1.280-2.257) was increased (Figure 3).

Identification of lupus nephritis using IgG
N-glycan markers

After adjusting for confounding factors, 9 initial glycans (GP2,
GP4, GP6, GP8, GP10, GP14, GP16, GP18, and GP23) showed a
significant association with LN (Figure 2). An internal correlation
analysis was conducted among these 9 initial glycans, by which
significant correlations were observed (P < 0.05) (Figure S3). To
address multicollinearity issues, a stepwise logistic regression model

was used for variable selection, and three diagnostic models were
established: 1) Model 1: GP8, GP10, and GP18 were significant and
were selected to develop a identification model for LN; 2) Model 2:
anemia and the WBC count, which showed significant differences, were
included in the identification model; 3) Model 3: GP8, GP10, GP18,
and anemia were included in the identification model (Table S5). We
then employed a multiple-factor logistic regression to establish an LN
diagnostic model based on the two indicators, uCRE and eGFR: 4)
Model 4: GP8, GP10, GP18, uCRE and eGFR; and 5) Model 5: uCRE
and eGFR (Table S6). ROC curves were plotted to evaluate the
determination performance of the five models (Figures 4, S4). The
discriminatory performance, sensitivity, and specificity of the five
models in distinguishing between the case group and control group
are shown in Table S7. The AUC value of Model 3 was 0.792 (95% CI:
0.727-0.858), which was significantly higher than those of Model 1
(AUC = 0.647, 95% CI: 0.568-0.726), Model 2 (AUC = 0.769, 95% CI:
0.702-0.837), Model 4 (AUC = 0.761, 95% CI: 0.691-0.830), Model 5
(AUC = 0.514, 95% CI: 0.430-0.597).

Derived traits OR (95%CI) /2

Stotal i 0.676 (0.515, 0.888) 0.005

S1 R 0.666 (0.506, 0.875) 0.003

GO —— 1.525 (1.158, 2.007) 0.003

G2 - 0.700 (0.534, 0.919) 0.010
F - 0.501 (0.373,0.674)  <0.001

FS i 0.642 (0.485, 0.849) 0.002

B —e— 1.480 (1.126, 1.947) 0.005

BN == 1.461 (1.107, 1.927) 0.007
BS —— 1.700 (1.280, 2.257) <0.001

FGO === 1.475 (1.122,1.941) 0.005
FGl1 B 0.748 (0.572, 0.978) 0.034
FG2 0.643 (0.488, 0.846) 0.002
aGal/Gal ratio —— 1.628 (1.232,2.152) 0.001
0 1 2 3

FIGURE 3

Associations of the derived traits and LN as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically significant
using logistic regression analysis. Multivariate logistic regression analyses were performed after adjusting for age, BMI, hypertension, diabetes
mellitus, and hyperlipidemia. B, bisecting GlcNAc; BMI, body mass index; Cl, confidence interval; F, core fucose; G, galactose; GP, glycan peak; LN,

lupus nephritis; N, neutral glycans; OR, odds ratio; S, sialic acid.
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FIGURE 4

ROC curve analysis of the binary logistic regression model for the
prediction of LN. Model 1 consists of GP8, GP10, and GP18. Model 2
consists of anemia and WBC count. Model 3 consists of anemia,
GP8, GP10, and GP18. GP, glycan peak; LN, lupus nephritis; ROC,
receiver operator characteristic, WBC, white blood cell.

Discussion

This study observed a decreased level of sialylation,
galactosylation, and core fucosylation, as well as increased
bisecting GIcNAc branching, among LN patients when compared
to the control group. There is an association between aberrant IgG-
N glycosylation and the presence of LN. Additionally, the
determination model using IgG N-glycans (GP8, GP10, and
GP18) offers potential to improve non-invasive diagnosis of LN
among female SLE patients.

Immune-mediated inflammation is the main triggering factor
for the development of LN, with mechanisms regulated by both
acute and chronic inflammation (37). Inflammatory cytokine
alterations in the bodies of SLE patients lead to immune cell
abnormalities and renal cell damage. The deposition of
autoantibodies or immune complexes exacerbates renal
inflammation progression, resulting in the manifestation of LN
(38, 39). A study identified various inflammatory mediators
associated with LN, including cytokines, chemokines, and
glycosaminoglycans, such as interferons (IFNs), IL-6, and TNF-o
(40-42). These findings emphasize the significance of inflammatory
responses in the occurrence and progression of LN. The abnormal
IgG-N glycosylation has the capacity to modulate inflammatory
responses through multiple pathways. Moreover, we further discuss
potential mechanisms of IgG-N glycosylation in the development
of LN.

Sialylation refers to an N-glycosylation modification that is
involved in the regulation of the ADCC pathway (43). The
reduction in sialylated glycan levels changes the function of IgG,
causing a shift from an anti-inflammatory to a proinflammatory
state (44-46). Studies have identified decreased levels of sialylated
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glycans in renal disease patients (47). In another study, a decrease in
GP16 and GP18 levels was found in CKD patients (48), aligning
with our research findings. Galactosylation, a precursor of
sialylation, frequently shows a similar directional alteration (32).
Our study revealed a declining trend in both the galactosylation and
sialylation of IgG N-glycans. The galactosylation level of the IgG N-
glycome is linked to the activation of the lectin pathway of
complement activation (49). Decreased terminal galactosylation of
IgG N-glycans (50, 51) leads to a reduced binding affinity between
antibodies and FcyRIIB, the activation of Clq, the upregulation of
the CDC effect, and the promotion of the occurrence and
development of inflammation, all of which may contribute to the
pathogenesis of LN (52). Previous research indicates that
complement system activation occurs in LN patients during
disease onset, resulting in immune complex deposition and
subsequent renal inflammation and damage (53, 54). Increased
levels of agalactosylated glycans are linked to numerous diseases,
including idiopathic membranous nephropathy (IMN), where a
reduction in the galactosylation of IgG N-glycans has been observed
(55). In inflammatory bowel disease, with its proinflammatory
potential of IgG, the elevation in agalactosylated glycans in the N-
glycome was revealed, which has been reported in multiple
inflammatory conditions (56, 57). A study also identified a
reduction in the levels of galactosylated glycans and sialylated
glycans among female SLE patients, which is consistent with our
research findings (49).

The core fucosylated glycans of IgG Fc fragments, through their
association with the Fc gamma receptor IIla (FcgRIIIa) receptor on
NK cells, macrophages, and neutrophils, activate the ADCC
pathway, thereby upregulating proinflammatory cytokines and
triggering an inflammatory response in the body (20, 33). Similar
to our findings, a decrease in the level of core fucosylation of IgG N-
glycans was discovered in immune thrombocytopenia (ITP)
patients, with most patients exhibiting lower levels of core
fucosylation being more prone to severe thrombocytopenia (58).
Another study also found a significant reduction in the level of core
fucosylation of IgG N-glycans in the blood of multiple sclerosis
(MS) patients compared to the control group (33). These findings
strongly indicate a correlation between the level of core fucosylated
glycans and autoimmune diseases. Bisected GIcNAc glycans have
been shown to enhance the ADCC pathway mediated by the
binding of IgG Fc fragments to the FcyRIII receptor, thus exerting
the proinflammatory functions of IgG (59). A study demonstrated
that the addition of bisected GIcNAc glycans significantly increased
the ADCC effect mediated by noncore fucosylated glycans by
several tens of times (60). In a Mendelian randomization study,
the causal relationship between the development of SLE and
abnormal IgG N-glycosylation modifications was explored, and
the findings suggested that the increased risk of SLE is associated
with an increase in the relative abundance of N-glycan structures
with bisecting GlcNAc in the total IgG N-glycome (61). Elevated
bisection of glycans appears to be downstream from autoimmune
disease, leading to the conclusion that IgG N-glycosylation traits
could serve as biomarkers of SLE (62). All these findings emphasize
the regulatory role of IgG N-glycosylation in modulating
inflammatory responses in LN patients.
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To our knowledge, this study represents the first investigation
into the correlation between IgG N-glycans and LN specifically in
female SLE patients. These findings offer novel insights into the
pathogenesis of LN. However, several limitations must be
acknowledged. First, due to the nature of this case-control study,
establishing a temporal and causal relationship between IgG N-
glycosylation and LN is challenging. Second, the sample size is
relatively small, which restricts the generalizability of our findings.
Third, we did not classify the degree of LN, such as minimal
mesangial LN, mesangial proliferative LN, focal LN, diffuse LN,
membranous LN and advanced sclerosing LN, due to the lack of
relevant clinical data. And this study did not discuss the effect of
creatinine ratio as well as histological parameters due to lack of
relevant data. Notwithstanding these limitations, we have
conducted an analysis of IgG N-glycosylation profiles in female
SLE patients with concurrent LN, contributing to the
comprehension of the regulatory role of IgG N-glycosylation in
LN development and the identification of potential glycan
biomarkers. These findings provide scientific evidence for the
early diagnosis of LN. However, further validation in a larger
sample of LN patients is necessary. In the future, high-throughput
profiling of IgG N-glycans shows promise for the clinical diagnosis
of LN.

Conclusion

This study provides novel insights into the pathogenesis of LN
by highlighting a potential association between IgG N-glycans and
the observed inflammatory response in SLE patients with
concurrent LN. Our findings suggest that alterations in IgG
sialylation, galactosylation, core fucosylation and bisecting
GIcNAc levels may play important roles in modulating the
functional activity of IgG and contribute to the development of
LN. Furthermore, IgG N-glycans hold promise as potential
biomarkers for differentiating LN patients among female SLE
individuals, and the combination of IgG N-glycans with
population baseline characteristic indicators enhances the
diagnostic efficacy for LN.
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