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Abstract
Background; Type 2 diabetes results from interplay between genetic and acquired factors. Glycans on proteins reflect genetic, metabolic and environmental factors. However, associations of IgG glycans with type 2 diabetes have not been described. We compared IgG N-glycan patterns in type 2 diabetes with healthy subjects.
Methods; In the DiaGene study, a population-based case-control study, (1886 cases and 854 controls) 58 IgG glycan traits were analyzed. Findings were replicated in the population-based CROATIA-Korcula-CROATIA-Vis-ORCADES studies (162 cases and 3162 controls), and meta-analyzed. AUCs of ROC-curves were calculated using 10-fold cross-validation for clinical characteristics, IgG glycans and their combination.
Results; After correction for extensive clinical covariates, 5 IgG glycans and 13 derived traits significantly associated with type 2 diabetes in meta-analysis (after Bonferroni correction). Adding IgG glycans to age and sex increased the AUC from 0.542 to 0.734. Adding them to the extensive model did not substantially improve the AUC. The AUC for IgG glycans alone was 0.729.
Conclusions; Several IgG glycans and traits firmly associate with type 2 diabetes, reflecting a pro-inflammatory and biologically-aged state. IgG glycans showed limited improvement of AUCs. However, IgG glycans showed good prediction alone, indicating they may capture information of combined covariates. The associations found may yield insights in type 2 diabetes pathophysiology.
General significance; This work shows that IgG glycomic changes have biomarker potential and may yield important insights into pathophysiology of complex public health diseases, illustrated here for the first time in type 2 diabetes. 
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Introduction
Type 2 diabetes is an extremely challenging health issue in the 21st century [1]. It is a multifactorial disease, resulting from intricate interplay between environmental and genetic factors. Although many environmental and genetic risk factors have been identified, the underlying mechanisms of the disease remain largely unknown.
Genetic factors identified so far explain up to 5-10% of disease risk [2]. It is likely that epigenetic and posttranscriptional modifications play a substantial role in disease pathophysiology. Glycosylation of proteins is one of the most common posttranslational modifications. N-glycans are present on most proteins and are generated through interplays between hundreds of enzymes [3, 4]. They play structural, functional, and regulatory roles and reflect genetic, metabolic, and environmental factors [3]. These unique qualities raises interest for the role and use of N-glycans in complex disease such as type 2 diabetes. Total N-glycomic changes have been reported once in a relatively large type 2 diabetes population and showed significant changes. However, total N-glycomic changes do not inform us on the exact underlying proteins and processes involved and results are influenced by the relative abundance of proteins in the circulation. 
Type 2 diabetes is characterized by a pro-inflammatory state and elevated levels of inflammatory markers, such as C-reactive protein and interleukin-6, that have been associated with risk of developing type 2 diabetes [5]. IgG N-glycome changes have been linked to clinical risk factors for type 2 diabetes, such as age, BMI, smoking, and dyslipidemia [6-9]. IgG is a tetramer protein complex consisting of Fc and Fab regions. IgG glycosylation is particularly interesting, as N-glycans attached to the Fc part of IgG can modulate and switch its function from pro- to anti-inflammatory and vice versa [3, 10, 11]. However, IgG N-glycosylation patterns in type 2 diabetes compared to the non-diabetic state have not been described in current literature. Knowledge on specific IgG N-glycosylation profiles in type 2 diabetes could shed light on underlying inflammatory pathophysiological processes and on drug target and biomarker potential.
We hypothesized that characteristic IgG N-glycan profiles are present in type 2 diabetes. In this study, we investigated the association of IgG N-glycan profiles with type 2 diabetes in a large population-based case control cohort, followed by replication in independent European samples. Moreover, we evaluate the AUC under the Receiver Operator Characteristic (ROC) curves for models including clinical characteristics, IgG glycans, and both. 

Research design and Methods
Subjects
Discovery cohort: 
The discovery cohort was the DiaGene study. Characteristics of the DiaGene population have been described elsewhere [12]. Briefly, the DiaGene study is a case-control cohort collected in and around the city of Eindhoven, the Netherlands. All hospitals in this area participated, as well as the center for primary care diagnostics. Type 2 diabetes was diagnosed according the ADA and WHO criteria [13, 14]. Patients with other types of diabetes, diabetes secondary to Cushing’s syndrome or to corticosteroid use were excluded. Controls were recruited by advertising in local newspapers (aged 55 years or older) and through unrelated friends/family of the cases. Controls with diabetes mellitus, impaired glucose tolerance or Cushing’s disease were excluded. In total, 1886 patients and 854 controls were included. All participants gave written informed consent. The study has been approved by the Medical Ethical Committee of the Erasmus MC. 

Replication cohort: 
We validated the results of our discovery analyses in three family-based cohorts from isolated islands: the Orkney Complex Disease Study (ORCADES), CROATIA-Vis, and CROATIA-Korcula. The ORCADES study was collected between 2005 and 2011 from the Orkney isles in Scotland. The CROATIA-Vis and CROATIA-Korcula cohorts were collected from the Croatian islands Vis and Korcula in 2003-2004 and 2007, respectively. Type 2 diabetes status was self-reported. These three deeply phenotyped cohorts have been described in more detail elsewhere [15-18]. Procedures used for extraction and preprocessing of glycomic profiles were harmonized for the discovery and replication cohorts. After quality control, the total number of samples in the combined replication cohorts was n=3324 (162 cases with type 2 diabetes and 3162 controls).

IgG N-glycosylation
In the DiaGene study, 1837 cases and 852 controls had plasma available for IgG glycosylation analyses. Twenty nine samples failed quality control. The remaining 1815 cases and 845 controls were included in the analyses. IgG glycan isolation, release and labeling in the DiaGene study were executed as described previously [19]. In total, 24 IgG glycan peaks were measured. The same peaks were measured in the CROATIA-Vis, CROATIA-Korcula and ORCADES samples as more extensively described by Pucic et al [19]. Figure 1 shows the glycan structures of the most abundant glycans per peak; a more detailed description can be found in supplementary table S1.
In short, for both the discovery and the replication cohorts, IgG was isolated from plasma using 96-well protein G monolithic plates, eluted with 0.1M formic acid, and neutralized with 1M ammonium bicarbonate. Dried IgG samples (150-200ug) were denatured (with 30μl SDS), incubated at 65°C for 10 minutes and cooled to room temperature, followed by addition of 10μl of Igepal-CA630 (φ=4%). N-glycans were released with the addition of 1.2U of PNGase F in 10μL 5x PBS and incubation at 37°C for 18 hours. Released N-glycans were labeled with 2-AB. The samples were cleaned by using hydrophilic interaction liquid chromatography solid phase extraction (HILIC-SPE) and stored at -20°C until ultra-performance liquid chromatography (UPLC). Finally, 24 IgG glycan peaks (GPs) were measured by Waters Acquity UPLC instrument as described previously [19]. All chromatograms were separated in the same manner into 24 peaks and the amount of glycans in each peak was expressed as percentage of total integrated area. 
An additional 34 derived IgG glycan traits were calculated from the 24 directly measured peaks as described previously [6, 19]. These traits represent specific IgG glycosylation features (such as galactosylation, fucosylation and sialylation); a detailed description can be found in supplementary table S1.

Harmonization
Twelve glycan profiles were removed after visual inspection of the chromatograms. In all cohorts, preprocessing of the data followed the same protocol, where: (i) IgG glycan expressions were normalized by the total area under the expression peaks, followed by log-transformation, and (ii) batch effects were removed by applying ComBat modified to correct for outliers (using R Package sva). Measurement error of each of the 24 glycan structures was estimated based on the correlation between replicated samples (n=69 out of 2688 samples) and variation of standard sample measurements (n=153), which are shown in supplementary figure S1 and S2, respectively. No samples  were excluded based on measurement error. After the preprocessing, ORCADES, CROATIA-Vis and CROATIA-Korcula cohorts were pooled, to form a joint validation dataset.

Statistical analyses
The distribution of the IgG glycan peaks was analyzed by visual inspection of QQ plots and showed no major deviations from normality. Pairwise dependencies between the 24 IgG glycan peaks and age, BMI, cholesterol traits, and creatinine in the discovery population were evaluated by Pearson’s correlation coefficients; significance was assessed by the correlation test for bivariate normal distributions. Associations of smoking and sex with the IgG glycan peaks were evaluated with ANOVA. Non-HDL cholesterol was calculated as the difference between total cholesterol and HDL-cholesterol. These clinical variables were selected because they are risk factors for type 2 diabetes [20] and/or associated with N-glycosylation [6, 8, 21]. Student’s t-tests and chi-squared tests were applied to test differences between cases and controls for continuous and categorical variables respectively.
Logistic regression models were used to investigate the associations of directly measured IgG glycan peaks and derived traits with type 2 diabetes. Three models were considered: model 1) adjusted for age and sex; model 2) adjusted for age, sex, and BMI; and model 3) adjusted for age, sex, BMI, HDL-cholesterol, non-HDL-cholesterol, smoking and creatinine. All analyses described above were performed in the discovery population using ‘binary logistic regression’ in SPSS Statistics, version 21. Covariates were entered without forward or backward selection. 
All analyses in the validation cohort were done in R, using the packages glm, pROC, and ROCR [22]. The likelihood-ratio test was used to compare the performance of logistic regression models with and without IgG glycans. The same clinical and demographic variables were applied in the models of the validation cohort. All analyses in the validation cohort were additionally adjusted for the covariate denoting their original cohort. 
Results of the association analyses in the discovery and replication sets were meta-analyzed using the weighted z-transform method [23]. This method takes into account the regression coefficients, standard errors, and number of participants per study, and sets the weight of each study to the square root of the sample size. Bonferroni correction for multiple testing was applied for 58 tests (24 direct and 34 derived measurements). P-values < 8.62E-4 were considered statistically significant. 
For prediction analyses, we fitted logistic regression models using 10-fold cross-validation. In this method, the original sample is partitioned in 10 non-overlapping subsamples of equal size, where 1 sample serves as a test set and the other 9 samples serve as training sets, and models are fitted repeatedly for all training/test fold partitions. We first computed the average AUC across the test folds, and finally the aggregated AUC, where predictions on 10 independent subsets were merged into a single vector. This method limits the danger of overfitting and estimates how well the model can be generalized to independent datasets. We compared model AUCs that included the above-mentioned clinical variables with those that additionally contained the 24 directly measured IgG glycans. All continuous variables were standardized before they were included in the models for AUC calculation. 
The term prediction is used in the statistical sense, i.e. the inference of an outcome given the covariates. Specifically, we do not refer to forecasting of prospective outcomes, and our predictions in the considered case-control setting refer to the time of the measurements. 

Results
Cohort characteristics
Characteristics of the cohorts are shown in Table 2. In the DiaGene study, patients with type 2 diabetes were more often male (53.7 vs 40.2% for cases and controls, respectively), had higher BMI and creatinine levels, lower HDL-cholesterol and non-HDL cholesterol levels, and were more often smokers than healthy controls. In the replication cohort, cases were older (66.6 vs. 54.5y), had a lower HDL-cholesterol, and higher BMI and creatinine.

Clinical traits associated with type 2 diabetes or N-glycosylation 
Correlations of clinical traits associated with type 2 diabetes or N-glycosylation with the 24 IgG glycan peaks are shown in table 2. IgG glycan peaks show significant univariate associations with more than one clinical trait and vice versa. 

IgG glycan associations with type 2 diabetes
Illustrative IgG glycan profiles for type 2 diabetes and the non-diabetic state are shown in figure 2; median and interquartile ranges of all peaks in both cohorts are shown in supplementary table S2. Table 3 shows glycans that were significantly associated with type 2 diabetes after meta-analyses in the discovery and validation cohorts, adjusted for age and sex. The strongest associations are for glycan peaks GP6, GP8 and GP9 (P meta-analyses <2.22E-16). Additional adjustment for BMI did not substantially change significant associations (complete data on all outcomes in all models are shown in Supplementary tables S3-S5). 
The associations with type 2 diabetes remained statistically significant for glycan peaks GP6, GP8, GP9, GP10, and GP11 in the full model (adjusted for age, sex, BMI, HDL-cholesterol, non-HDL-cholesterol, smoking and creatinine). Figure 3 shows boxplots for these IgG glycan peaks; β- and p-values adjusted for the full model are shown in table 4. Excluding participants using medication indicative of auto-immune, malignant, or inflammatory conditions from the analyses did not change our results (data not shown). These glycans are reflective of increased presence of agalactosylated (GP6) and monogalactosylated (GP10, GP11) FA2 glycans with bisecting N-Acetylglucosamine (GlcNAc) and decreased presence of FA2[6] (GP8) and FA2[3] (GP9) monogalactosylated glycans. The derived traits associated with type 2 diabetes show a decrease in the percentage of sialylation of all fucosylated structures with bisecting GlcNAc (FBGS/(FB+FBG+FBGS)) and an increase of bisecting GlcNAc in fucosylated disialylated structures (FBS2/FS2 and FBS2/(FS2+FBS2)). There was a decrease in monogalactosylated structures (G1n). Furthermore, there was a decrease in fucosylated structures without bisecting GlcNAc in neutral glycans (Fn) and in agalactosylated (FG0n/G0n) and monogalactosylated (FG1n/G1n) structures. Finally, there was an increase in fucosylated structures with bisecting GlcNAc (FBn, FBG0n/G0n, FBG1n/G1n, FBG2n/G2n, FBn/Fn, FBn/Fntotal). 

Area under the ROC curves for type 2 diabetes
The average AUCs for 24 IgG glycans without clinical variables was 0.73 and 0.75 for the discovery and validation populations, respectively. Figure 4 shows ROC curves for the predictive capacity of clinical variables with and without glycans for type 2 diabetes in the case-control setting.
As shown in table 5, adding the 24 IgG glycans to clinical variables led to improvement of the AUC in all models. This improvement was most extensive in the model containing age and sex (AUC 0.542 vs 0.734 for age and sex vs age, sex, and 24 IgG glycans). Similar results were found in our validation cohort. Augmented AUCs were similar and differences with average AUCs were negligible (data not shown).

Discussion
In the present study, we are the first to describe the association and predictive potential of IgG N-glycans in type 2 diabetes versus healthy individuals in a large case-control study. We have found significant and replicated associations for GP6, GP8, GP9, GP10, and GP11 and several derived IgG glycan traits associated with decreased galactosylation and sialyation, an increase in fucosylated structures with bisecting GlcNAc and a decrease in fucosylated structures without bisecting GlcNAc. AUCs showed slight improvement for predicting type 2 diabetes in the case-control setting when IgG glycan peaks were added to models with clinical characteristics. Remarkably, the AUC for IgG glycans by themselves for type 2 diabetes was 0.73. 
Type 2 diabetes is a multifactorial disorder in which genetics, environmental, and metabolic influences interact at multiple levels. Glycans reflect all these influences, which makes them attractive biomarkers for multifactorial diseases. In this study, the IgG glycan profile showed significant associations with age, sex, BMI, lipid profile, smoking, and kidney function. These associations are largely in line with previous reports on IgG glycosylation and total N-glycome in these traits [6-8, 21, 24]. 
The associations we found in type 2 diabetes are reflective of an overall pro-inflammatory state and biological aging [3, 7, 11, 25-28]. In the most extensive model, the associations were in concordance with a decrease in galactosylation and sialylation, an increase in fucosylated structures with bisecting GlcNac, and a decrease in fucosylated structures without bisecting GlcNAc.
Galactosylation has been shown to influence the inflammatory potential of IgG [25]. Lack of galactosylation is associated with a pro-inflammatory state of IgG through activation of the complement cascade [27]. Previous studies found a decrease in galactosylation in rheumatoid arthritis (RA) [29, 30], systemic lupus erythematosus (SLE) [31], inflammatory bowel disease (IBD) [32]), chronic kidney disease (CKD) [21], hypertension [9], colorectal cancer [33], and with increasing age [7] and BMI [6]. Contrarily, in Parkinson’s disease, galactosylation increased [34]. The decreased IgG galactosylation found in most studies followed the same patterns as in type 2 diabetes and thus seems a general feature of pro-inflammatory disease. A possible explanation for this decreased galactosylation are posttranslational modifications of the enzyme β4-galactosyltransferase-1 [35]. Interestingly, Ercan et al. recently showed that estrogen increases galactosylation in IgG and accounts for a difference between men and premenopausal women [24]. As the majority of individuals in our discovery and replication cohorts were older than 50 and all models were adjusted for sex, this is not expected to influence the findings in our study. 
Sialylation also plays an important role in the inflammatory potential of IgG. Addition of sialic acid to IgG converts its function from pro- to anti-inflammatory by decreased binding to Fcγ receptors [11]. It should be noted that a lack of galactose also leads to a lack of sialic acid, as sialic acid mainly binds to terminal galactose [35]. Similar to our findings, a reduction in sialylation was recently described in SLE [31], IBD [32], CKD [21], and colorectal cancer [33], while sialylation increased in hypertension [9]. Interestingly, in our study, decreased sialylation was present in fucosylated bisecting structures mainly due to decreased GP19 (FA2BG2S1). In contrast, in SLE and IBD, sialylation decreased in general while GP19 increased [31, 32]; in CKD, sialylation was decreased in fucosylated non-bisecting structures due to a decrease in GP18 (FA2G2S1; analysis adjusted for diabetes). Decreased sialylation was seen in roughly the same glycan peaks in individuals with colorectal cancer patients as in our study, although different derived traits were calculated. Thus, although decreased IgG sialylation is seen in more diseases than type 2 diabetes, the desialylated glycan structures differ and could thus be disease-specific changes. 

Finally, core-fucosylation and bisecting GlcNAc exert important effects on IgG function. Core fucosylation prevents antibody-dependent cytotoxicity [26, 28, 36], while the presence of bisecting GlcNAc is thought to have the opposite effect [37]. We observed decreased fucosylation in structures without bisecting GlcNAc and increased fucosylation in structures with bisecting GlcNAc. Moreover, we found increased bisection in fucosylated glycans, especially when sialylated. These changes indicate a higher antibody dependent cytotoxic potential of IgG in type 2 diabetes. Similar associations have been found in increasing age, CKD [21], SLE.[31], colorectal cancer [33], and hypertension [9], although small differences existed. In CKD, the strongest association with bisection was in fucosylated monosialylated structures, while in type 2 diabetes this was the case for fucosylated disialylated structures. Furthermore, bisection of neutral structures was positively associated with type 2 diabetes, while it was negatively associated with colorectal cancer [33] and not at all with CKD [21]. If and how these differences in bisection and fucosylation affect the efficacy of IgG in antibody-dependent cytotoxicity is unknown and should be subject of future studies. A potential gene of interest for studying this is MGAT-3, which encodes N-acetylglycosaminyltransferase 3, a glycosyltransferase that adds bisecting GlcNAc to IgG glycans, and is associated with IgG bisecting [38].
Recently, Testa et al described the total N-glycome in type 2 diabetes [39] and found a reduction in monogalactosylation on the 3- and 6-arm of fucosylated diantennary glycans, which is in line with our findings. In contrast with our findings, Itoh et al found [40] a small increase in an N-glycan with α1,6-core fucose in the total N-glycome in type 2 diabetes. Findings of both studies are difficult to compare to ours, due to the different quantification techniques for N-glycans. The method of Testa et al. does not allow for measurement of sialylation and has lower resolution. Itoh et al. measured exact bi-antennary glycan structures as single molecules, while our method divides IgG glycans in groups, reflecting major structural characteristics  (such as total core fucosylation, outer arm fucosylation, degree of sialylation, etc.).In both studies, total N-glycome was measured, quantifying glycans from all plasma proteins, while we quantified IgG-specific glycans. Total plasma N-glycome not only reflects N-glycosylation, but also the relative abundance of proteins in the circulation.
Due to the case-control nature of our study it remains unclear whether the IgG glycan associations are a cause or a consequence of the disease. Notably, for RA it was shown that a decrease in galactosylation precedes a flare of the disease rather than the other way around [41]. In addition, the IgG glycans associated with type 2 diabetes in our study showed high heritabilities in previous studies (35-76%) [19, 42]. Genome wide association studies (GWAS) have identified several loci influencing N-glycosylation. Of interest, the HNF1A gene, known for its causal role in monogenic types of diabetes and its common variants associated with type 2 diabetes [12], is a genetic locus of significant association with total plasma N-glycome as a regulator of fucosylation [43]. Moreover, HNF1A regulates expression of FUT8 [43], a fucosyltransferase gene associated with IgG core fucosylation [38], which was associated with type 2 diabetes in our study. In addition, GWAS on IgG glycosylation found associations with the ST6GAL1 gene [38], which was previously associated with type 2 diabetes in South Asians [44]. ST6GAL1, as well as B4GALT1 (encoding sialyltransferase 6 and beta1,4-galactosyltransferase 1, respectively), are associated with IgG sialylation [38] and could therefore be candidate genes for future studies on the role of IgG sialylation in type 2 diabetes pathophysiology. Besides these genetic links between glycosylation and type 2 diabetes, the associations found between risk factors for type 2 diabetes and IgG glycans support the hypothesis that pro-inflammatory IgG could already at an early stage contribute to pathophysiology. Possibly, pro-inflammatory IgG could contribute to the pro-inflammatory state seen in obesity and type 2 diabetes [45], which leads to β-cell destruction and insulin resistance [46, 47].  A potential mechanism is through complement activation, which has been shown to be associated with type 2 diabetes incidence and complications [48, 49] and is activated by agalactosylated IgG. Taken together, these findings are supportive of the hypothesis that IgG glycans play a role in type 2 diabetes disease pathophysiology, rather than just reflective of changes the disease brought on. 
As glycan profiles are associated with genetic, metabolic and environmental influences, this adds to their predictive potential. We observed a modest improvement when adding the IgG glycan profiles to clinical risk factors. However, the AUC of IgG glycans alone was substantial compared to combined clinical risk factors, indicating that the IgG glycan profile captures much of the combined risk of these factors. This underlines its potential as a biomarker of the complex inflammatory pathophysiological changes in type 2 diabetes. Future studies in prospective cohorts should be conducted to investigate whether this biomarker potential could be used for personalized approaches in prevention and treatment of the disease as well as its role in diabetes complications. Of note, because of the case-control setting, the predictive capacity of clinical risk factors was high in both cohorts, especially in the replication cohort where the cases were considerably older than the controls. The discovery population was quite well-matched for age. A consideration in the interpretation of our findings is that we have only looked at the glycan profile of IgG. As many more glycoproteins are present in the circulation, the total N-glycome or a combination of several glycoprotein profiles may give better results for prediction of type 2 diabetes. 
Strengths of our study are the robust manner in which IgG N-glycans were measured, the large size of our populations, and the fact that we included an independent replication cohort. Also, we have calculated our AUC using 10-fold cross validation to limit overfitting and get an accurate idea on how the models will perform in independent datasets. A limitation is the lack of prospective follow-up for the outcome type 2 diabetes. Therefore, no causal claims can be made and AUCs are to be interpreted in a case-control setting of patients already treated for their disease. The case-control setting in general may lead to overestimation, while the fact that patients are being treated for their disease may reduce the contrast between the groups. The current setup does allow comparing how IgG glycans add to the models and how important their relative contribution is on their own, but does not give an absolute reflection of their predictive potential. Second, simple predictive models (logistic regression) were used. Residual confounding by yet unknown factors involved in type 2 diabetes pathophysiology and the IgG glycome cannot be excluded. Third, we cannot exclude an effect of glucose-lowering treatment on the associations between IgG glycans and type 2 diabetes. In the discovery cohort, 19.2% was treated with diet alone, 64.9% took oral glucose-lowering agents, and 31.6 used insulin (alone or in combination with oral medication); we do not have this data for the replication cohort. Collaborations to create larger sample sizes with glycomic and treatment information, preferably with a prospective setup, will enable us to research these effects in future. Fourth, the method used to measure IgG glycans does not allow to distinguish between Fc and Fab associated glycans. As only 15%-20% of the Fab part of IgG is glycosylated, the associations are more likely to be driven by differences in Fc glycans [50]. However, a contribution of changes in Fab N-glycosylation cannot be excluded. 
To conclude, we found robust associations of IgG glycan peaks and traits with the presence of type 2 diabetes that reflect a pro-inflammatory and biologically aged state. Future studies should be directed at in-depth pathophysiological insights that can be derived from IgG glycan associations with type 2 diabetes. Also, prospective follow-up studies and genetic studies can shed light on the causality, its potential as a biomarker for complex inflammatory processes, and true predictive capacity of IgG and other glycans in type 2 diabetes. 
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Table 1. Characteristics of the discovery and replication cohorts. 
	 
	DiaGene Study
	CROATIA-Vis, CROATIA-Korcula, ORCADES 

	
	Cases (n=1815)
	Controls (845)
	p-value 
cases vs controls
	Cases (n=162)
	Controls (n=3162)
	p-value 
cases vs controls

	Age (yr.)
	65.2 (±10.5)
	65.7 (±6.8)
	0.198
	66.6 (±10.6)
	54.5 (±14.9)
	<0.001

	Sex (% male)
	53.7
	40.2
	<0.001
	45.7
	38.5
	0.082

	BMI (kg/m2)
	30.5 (±5.5)
	25.8 (±3.7)
	<0.001
	30.1 (±4.7)
	27.6 (±4.5)
	<0.001

	HDL-cholesterol (mmol/L)
	1.17 (±0.32)
	1.46 (±0.36)
	<0.001
	1.38 (±0.37)
	1.52 (±0.39)
	<0.001

	nonHDL-cholesterol (mmol/L)
	3.12 (±0.90)
	4.10 (±0.98)
	<0.001
	4.12 (±1.12)
	4.17 (±1.15)
	0.535

	Current smoking (%)
	17.8
	10.9
	
	14.8
	16.3
	

	Former smoking (%)
	56.1
	56.1
	<0.001*
	31.5
	30
	0.852*

	Creatinine (umol/L)
	83.35 (±0.69)
	73.00 (±0.49)
	<0.001
	86.77 (±27.54)
	79.86 (±16.95)
	0.002


Unless stated otherwise, mean (±SD) are given. BMI, body mass index; HDL, high-density lipoprotein. * p-value for trend across categories.


Table 2: Correlations (continuous variables) and direction of effect in ANOVA (categorical variables) of clinical traits with IgG glycan peaks in the discovery population. 

	Glycan peak
	Glycan structure
	Age
	Sex
	BMI
	Smoking
	HDLc
	NonHDLc
	Creatinine

	GP1
	FA1
	0.26
	NS
	NS
	NS
	NS
	NS
	0.15

	GP2
	A2
	0.19
	↑
	NS
	NS
	NS
	NS
	NS

	GP3
	A2B
	0.20
	NS
	0.12
	NS
	-0.08
	NS
	0.10

	GP4
	FA2
	0.37
	↑
	0.15
	↓
	-0.10
	-0.07
	0.16

	GP5
	M5
	0.11
	NS
	NS
	NS
	NS
	NS
	NS

	GP6
	FA2B
	0.37
	↑
	0.16
	↑
	-0.12
	-0.11
	0.16

	GP7
	A2[3]G1
	NS
	NS
	-0.10
	NS
	0.08
	NS
	NS

	GP8
	A2BG1
FA2[6]G1
	-0.23
	NS
	-0.19
	NS
	0.17
	0.13
	-0.04

	GP9
	FA2[3]G1
	-0.15
	↓
	-0.11
	↓
	0.10
	0.10
	-0.16

	GP10
	FA2[6]BG1
	NS
	NS
	NS
	↑
	NS
	NS
	NS

	GP11
	FA2[3]BG1
	0.14
	NS
	0.08
	↑
	NS
	NS
	0.08

	GP12
	A2G2
	-0.12
	NS
	-0.08
	↑
	NS
	NS
	NS

	GP13
	A2BG2
	-0.10
	NS
	-0.07
	↑
	NS
	NS
	NS

	GP14
	FA2G2
	-0.45
	↓
	-0.11
	↑
	NS
	NS
	-0.16

	GP15
	FA2BG2
	-0.25
	↓
	NS
	↑
	NS
	NS
	NS

	GP16
	FA2[6]G1S1
FA2[3]G1S1
	-0.09
	↓
	NS
	NS
	NS
	NS
	NS

	GP17
	A2G2S1
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	GP18
	A2BG2S1
FA2G2S1
	-0.41
	↓
	-0.08
	NS
	NS
	NS
	-0.14

	GP19
	FA2BG2S1
	NS
	NS
	-0.15
	NS
	NS
	NS
	NS

	GP20
	FA2FG2S1
	-0.10
	NS
	NS
	NS
	NS
	NS
	NS

	GP21
	A2G2S2
	NS
	NS
	-0.08
	NS
	NS
	NS
	NS

	GP22
	A2BG2S2
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	GP23
	FA2G2S2
	-0.23
	↓
	-0.09
	↓
	NS
	0.07
	-0.12

	GP24
	FA2BG2S2
	NS
	NS
	-0.11
	NS
	0.07
	NS
	-0.08


βs are shown for continuous variables. Sex: ↑, higher in females; ↓, lower in females. Smoking:  ↑, higher in current/former smokers; ↓, lower in current/former smokers. A p-value < 8.62E-4 was considered statistically significant. NS, not significant; 
Structure abbreviations: F, α-1,6-linked core fucose; A, number of antenna's; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red background, positive association; blue background, negative association.
Table 3. Statistically significant associations of IgG glycan traits for the discovery and replication cohorts and meta-analyses, adjusted for age and sex.  
	 
	 
	Discovery
	Replication
	Meta-analysis

	Glycan peaks
	β
	p-value
	β
	p-value
	p-value

	GP3
	A2B
	4.81
	5.90E-05
	3.24
	0.04
	1.05E-05

	GP4
	FA2
	0.06
	2.05E-14
	0.01
	0.73
	8.97E-08

	GP6
	FA2B
	0.39
	1.21E-39
	0.27
	3.13E-06
	<2.22e-16

	GP8
	A2BG1
	-0.35
	1.88E-41
	-0.20
	1.09E-05
	<2.22e-16

	GP9
	FA2[3]G1
	-0.32
	1.01E-23
	-0.23
	1.40E-03
	<2.22e-16

	GP10
	FA2[6]BG1
	0.20
	2.86E-08
	0.33
	8.02E-05
	3.15E-11

	GP11
	FA2[3]BG1
	1.93
	2.76E-10
	1.23
	8.63E-03
	7.05E-10

	GP14
	FA2G2
	-0.11
	3.32E-12
	-0.01
	0.88
	1.95E-06

	GP19
	FA2BG2S1
	-0.51
	2.00E-06
	-0.23
	0.18
	3.31E-05

	GP23
	FA2G2S2
	-0.63
	3.08E-09
	-0.37
	0.02
	1.37E-08

	 
	 
	
	
	 
	 
	 

	Derived traits
	 
	 
	 
	 
	 

	FBGS/(FBG+FBGS)
	Sialylation of fucosylated galactosylated structures with bisecting GlcNAc
	-0.04
	3.74E-08
	-0.05
	1.00E-03
	9.35E-10

	FBGS/(FB+FBG+FBGS)
	Sialylation of fucosylated structures with bisecting GlcNAc
	-0.09
	1.54E-19
	-0.06
	2.80E-04
	<2.22e-16

	FG1S1/(FG1+FG1S1)
	S1 of fucosylated G1 structures
	0.21
	1.26E-10
	0.04
	0.34
	5.87E-07

	FG2S1/(FG2+FG2S1+FG2S2)
	S1 of fucosylated G2 structures 
	0.10
	8.30E-09
	0.03
	0.44
	9.87E-06

	FBG2S1/(FBG2+FBG2S1+FBG2S2)
	S1 of fucosylated G2 structures with bisecting GlcNAc
	-0.06
	3.00E-06
	-0.05
	0.02
	1.52E-06

	FS1/FS2
	Ratio of fucosylated S1 and S2 structures
	0.09
	2.77E-04
	0.14
	1.00E-03
	1.08E-06

	FBS2/FS2
	Ratio of fucosylated S2 structures with and without bisecting GlcNAc
	0.86
	5.11E-10
	0.62
	3.10E-03
	2.16E-10

	FBS2/(FS2+FBS2)
	B in all fucosylated S2 structures
	4.71
	2.24E-10
	4.17
	5.30E-03
	2.83E-10

	G0n
	G0 structures in total neutral glycans
	0.07
	1.56E-24
	0.02
	0.13
	2.22E-15

	G1n
	G1 structures in total neutral glycans
	-0.19
	3.55E-39
	-0.08
	5.80E-04
	<2.22e-16

	G2n
	G2 structures in total neutral glycans
	-0.06
	9.67E-10
	0.01
	0.79
	1.06E-04

	Fn
	F in neutral glycans (without bisecting GlcNAc)
	-0.12
	4.55E-20
	-0.11
	8.10E-06
	<2.22e-16

	FG0n/G0n
	F in neutral G0 structures
	-0.06
	3.18E-09
	-0.08
	1.86E-05
	9.38E-13

	FG1n/G1n
	F in  neutral G1 structures
	-0.13
	1.93E-24
	-0.13
	2.03E-07
	<2.22e-16

	FG2n/G2n 
	F in neutral G2 structures
	-0.10
	1.19E-12
	-0.02
	0.21
	1.39E-08

	FBn
	F in neutral structures with bisecting GlcNAc
	0.16
	1.72E-26
	0.18
	8.74E-09
	<2.22e-16

	FBG0n/G0n
	F in neutral G0 structures with bisecting GlcNAc
	0.09
	1.10E-14
	0.13
	3.99E-07
	<2.22e-16

	FBG1n/G1n
	F in neutral G1 structures with bisecting GlcNAc
	0.14
	1.34E-26
	0.16
	1.78E-09
	<2.22e-16

	FBG2n/G2n 
	F in neutral G2 structures with bisecting GlcNAc
	0.22
	8.01E-21
	0.06
	0.06
	2.09E-14

	FBn/Fn
	Ratio of fucosylated neutral glycans with and without bisecting GlcNAc
	0.10
	2.73E-25
	0.12
	2.14E-06
	<2.22e-16

	FBn/Fn total
	Ratio of bisecting GlcNAc in all fucosylated structures within neutral glycans
	0.15
	1.63E-25
	0.16
	2.45E-08
	<2.22e-16


A p-value <8.62E-4 was considered statistically significant. Structure abbreviations: F, core fucose; A, number of antenna's; B, bisecting GlcNAc; M, number of mannose residues; Gx, number of galactoses; [3]G1, galactose on the α1-3 antenna; [6]G1, galactose on the α1-6 antenna; Sx, number of sialic acids linked to galactose; n, neutral glycans. Red: positive association with type 2 diabetes; blue: negative association.

Table 4. Associations of IgG glycan traits for the discovery and replication cohorts and meta-analyses, adjusted for age, sex, BMI, HDL-cholesterol, non-HDL cholesterol, smoking and serum creatinine. 
	 
	 
	Discovery cohort
	Replication cohort
	Meta-analysis

	Glycan peaks
	β
	p-value
	β
	p-value
	p-value

	GP6
	FA2B
	0.23
	2.45E-08
	0.24
	3.89E-05
	1.84E-11

	GP8
	A2BG1
	-0.22
	1.59E-09
	-0.20
	2.10E-05
	1.10E-12

	GP9
	FA2[3]G1
	-0.19
	4.30E-05
	-0.22
	3.15E-03
	1.08E-06

	GP10
	FA2[6]BG1
	0.14
	6.56E-03
	0.30
	4.93E-04
	9.96E-06

	GP11
	FA2[3]BG1
	1.28
	3.10E-03
	1.10
	0.03
	3.28E-04

	 
	 
	
	 
	 
	 
	 

	Derived traits
	
	 
	 
	 
	 

	FBGS/(FB+FBG+FBGS)
	Sialylation of fucosylated structures with bisecting GlcNAc
	-0.03
	0.06
	-0.05
	1.89E-03
	3.28E-04

	FBS2/FS2
	Ratio of fucosylated S2 structures with and without bisecting GlcNAc
	0.68
	7.42E-04
	0.59
	5.89E-03
	1.96E-05

	FBS2/(FS2+FBS2)
	Bisecting GlcNAc in all fucosylated S2 structures
	3.72
	6.27E-04
	4.02
	8.62E-03
	2.67E-05

	G1n
	G1 structures in total neutral glycans
	-0.10
	1.00E-06
	-0.07
	2.70E-03
	7.40E-08

	Fn
	F in neutral glycans (without bisecting GlcNAc)
	-0.08
	6.00E-06
	-0.02
	2.37E-05
	8.90E-10

	FG0n/G0n
	F in neutral G0 structures
	-0.05
	4.06E-04
	-0.08
	2.76E-05
	4.16E-08

	FG1n/G1n
	F in  neutral G1 structures
	-0.08
	2.00E-06
	-0.12
	1.92E-06
	2.36E-11

	FBn
	F in neutral structures with bisecting GlcNAc
	0.11
	2.09E-07
	0.17
	9.07E-08
	1.13E-13

	FBG0n/G0n
	F in neutral G0 structures with bisecting GlcNAc
	0.08
	1.00E-05
	0.13
	5.62E-07
	2.65E-11

	FBG1n/G1n
	F in neutral G1 structures with bisecting GlcNAc
	0.09
	9.91E-07
	0.16
	4.08E-08
	2.04E-13

	FBG2n/G2n 
	F in neutral G2 structures with bisecting GlcNAc
	0.13
	8.10E-05
	0.06
	0.08
	1.24E-04

	FBn/Fn
	Ratio of fucosylated neutral glycans with and without bisecting GlcNAc
	0.07
	3.79E-07
	0.11
	1.54E-05
	5.25E-11

	FBn/Fn total
	Ratio of bisecting GlcNAc in all fucosylated structures within neutral glycans
	0.10
	3.42E-07
	0.16
	1.80E-07
	3.63E-13


A p-value <8.62E-4 was considered statistically significant. Structure abbreviations: F, core fucose; A, number of antenna's; B, bisecting GlcNAc; M, number of mannose residues; Gx, number of galactoses; [3]G1, galactose on the α1-3 antenna; [6]G1, galactose on the α1-6 antenna; Sx, number of sialic acids linked to galactose; n, neutral glycans. Red: positive association with type 2 diabetes; blue: negative association.



Table 5. Ten-fold cross validated AUCs standardized. 
	Model
	AUC without 24 IgG glycans
	AUC with 24 IgG glycans

	DiaGene study
Glycans only
Age, sex
Age, sex, BMI
Age, sex, BMI, HDL-c, non-HDL-c, smoking
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking

CROATIA-Vis, CROATIA-Korcula, ORCADES populationa
Glycans only
Age, sex
Age, sex, BMI
Age, sex, BMI, HDL-c, non-HDL-c, smoking
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking
	

0.54
0.78
0.89
0.89



0.77
0.79
0.81
0.81
	
0.73
0.73
0.82
0.89
0.90


0.75
0.80
0.82
0.82
0.82


All analyses in CROATIA-Vis, CROATIA-Korcula and ORCADES were adjusted for cohort ID. BMI, body mass index; HDL-c, high-density lipoprotein-cholesterol; non-HDL-c, non-high-density lipoprotein cholesterol.
Figure 1. The 24 IgG glycan peaks as measured with ultra-performance liquid chromatography. Shown are the structure of the main IgG glycan component(s) per peak and their structure abbreviation. Structure abbreviations: F, α-1,6-linked core fucose; A, number of antenna's attached to the core sequence (existing of two N-Acetylglucosamine (GlcNAc) and three mannose residues); B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; G, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; S, sialic acid linked to galactose. Structural schemes are defined as follows: blue square, GlcNac; green circle, mannose; red triangle, core fucose; yellow circle, galactose; purple rhomb, sialic acid.

Figure 2. UPLC chromatogram of one individual with and one individual without type 2 diabetes. The 24 IgG glycan peaks are numbered and peaks associated with type 2 diabetes in the full model are highlighted in red. Black line, healthy control; blue line, individual with type 2 diabetes.

Figure 3. Distribution of IgG glycan peaks associated with type 2 diabetes after adjustment for the full model. Upper half: distribution of glycan peaks in the discovery cohort. Bottom half: distribution of glycan peaks in the replication cohort. Shown are the relative percentages of each peak for controls (grey) and cases (blue). GP, glycan peak.

Figure 4. ROC curves for type 2 diabetes. The AUC is shown for 1) IgG glycans alone (green); 2) age and sex (red); 3) age, sex, and IgG glycans (blue) in A for the discovery cohort and in B for the replication cohort. AUCs for 4) the full model (red); and 5) the full model with IgG glycans (blue) are shown in C for the discovery cohort and in D for the replication cohort. AUC, area under the curve.



Supplementary table S1. Description of direct glycan peaks and derived traits measured in this study. Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna's; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose.
Supplementary table S2. Median and interquartile ranges of glycan peaks for cases and controls in the discovery and replication cohort. GP, glycan peak; IQR, interquartile range. * In the replication cohort, GP3 was only measured in the ORCADES study but not in the CROATIA-Vis or -Korcula studies. These values thus only represent GP3 in the ORCADES study.
Supplementary table S3. Associations of IgG glycans and derived traits adjusted for age and sex. Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis are in bold font. Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna's; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between glycan and clinical trait; blue: negative association.
Supplementary Table S4. Associations of IgG glycans and derived traits adjusted for age, sex and BMI. Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis are in bold font. Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna's; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between glycan and clinical trait; blue: negative association.
Supplementary Table S5. Associations of IgG glycans and derived traits adjusted for age, sex, BMI, smoking, HDL-cholesterol, non-HDL-cholesterol, smoking and serum creatinine. Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis are in bold font (p-value <8.62E-4). Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna's; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between glycan and clinical trait; blue: negative association. S.E., standard error.

Supplementary figure S1. Correlation between measurements of replicated samples in the Discovery cohort (69 samples out of 2688) per glycan peak.
Supplementary figure S2. Variation in measurements of standard samples in the Discovery cohort (n=153, ca. 5 samples per plate) per glycan peak.
