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Abstract 

Changes in the N-glycosylation of immunoglobulin G (IgG) are often observed in pathological 

states, such as autoimmune, inflammatory, neurodegenerative, cardiovascular diseases and some 

types of cancer. However, in most cases it is not clear if the disease onset causes these changes, or 

if the changes in IgG N-glycosylation are among the risk factors for the diseases. The aim of this 

study was to investigate the casual relationships between IgG N-glycosylation traits and 12 

diseases, in which the alterations of IgG N-glycome were previously reported, using Two Sample 

Mendelian Randomization (MR) approach. We have performed Two Sample MR using publicly 

available summary statistics of genome-wide association studies of IgG N-glycosylation and disease 

risks. Our results indicate positive causal effect of systemic lupus erythematosus (SLE) on the 

abundance of N-glycans with bisecting N-acetylglucosamine in the total IgG N-glycome. Therefore, 

we suggest regarding this IgG glycosylation trait as a biomarker of SLE. We also emphasize the need 

for more powerful GWAS studies of IgG N-glycosylation to further elucidate the causal effect of IgG 

N-glycome on the diseases. 

 

Keywords: N-glycosylation, immunoglobulin G, two sample Mendelian randomization, 

systemic lupus erythematous, disease risk 

  



 3 

Introduction 

In recent years, significant attention has been brought to N-glycans as biomarkers of various 

pathological states (1–5), as well as of aging (6,7). N-glycosylation, posttranslational attachment of 

oligosaccharides to asparagine residues of the protein backbone, is known to influence physical, 

chemical and biological properties of the modified protein(8,9). Immunoglobulin G (IgG) is among 

the most abundant N-glycosylated proteins in the healthy human blood plasma(10) and is one of 

the proteins with the best-studied spectrum of possible N-glycan modifications (N-glycome). The 

majority of IgG N-glycans consist of a conserved core with two N-acetylglucosamine (GlcNAc) 

antennae, and may contain core-fucose, bisecting GlcNAc, and antennary galactosylation and/or 

sialylation (11) (Fig. 1). IgG N-glycosylation is altered in ageing (7); ovarian(12), prostate(13), 

breast (14), colorectal (15) and lung (16) cancers; inflammatory and autoimmune diseases, such 

as rheumatoid arthritis (RA)(4,17), systemic lupus erythematous (SLE)(18), inflammatory bowel 

disease (IBD)(19), neurodegenerative diseases such as Parkinson’s disease (PD)(20) and 

Alzheimer’s disease (AD)(21); type 1(22) and type 2(23) diabetes; hypertension(24) and others 

(reviewed in (25)). The putative mechanisms through which IgG N-glycosylation acts in diseases 

include differential engagement of Fc-receptors(26–28) and complement system (29) depending 

on the structure of N-glycans attached to the effector domain of IgG. In this way IgG N-glycome 

affects the path of immune response and contributes to pathological processes, as happens, for 

instance, in RA(30). 

N-glycan synthesis in the cell is not template-driven like that of nucleic acids and proteins. The 

biochemical pathways of N-glycan synthesis are complicated and include many glycosyltransferase 

and glycosidase enzymes, whose expression and activity are controlled by diverse factors, 

including Golgi pH and ionic composition(31), properties of Golgi membranes(32), competition 

between enzymes, abundance of activated sugars, which are building blocks for the glycan 

chains(33). Dozens of genetic variants have been discovered that influence IgG N-glycome 

composition (34–37). A number of loci associated with IgG N-glycome colocalize with loci 

implicated in autoimmune and inflammatory diseases (36,37). Recently, N-glycome of IgG has been 

regarded as a potential biomarker, reflecting changes in health and disease progression(25). 

However, there is little knowledge about causal relationships between IgG N-glycosylation and 

disease risk. In most cases, it is not clear whether the abnormal glycosylation profile of IgG is 

involved in disease onset or if it is a consequence of the pathologic processes in the organism. 
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The gold standard epidemiological design used for analysis of causal relationships is a 

randomized controlled trial, which in case of IgG N-glycosylation and disease risk in humans would 

be very challenging. A Mendelian randomization (MR) approach uses genetic variants that 

influence traits in question as instruments for making causal inferences (38). In order to test if one 

trait (the exposure) has a causal effect on the other (the outcome), SNPs that are known to affect 

the exposure are selected as instrumental variables (IVs), and their effects both on exposure and 

outcome are used to estimate the causal effect(39,40). Effects of the genetic variants can be 

obtained from GWAS on the respective traits. To be able to perform MR, one does not need to have 

genetic associations for both traits analysed in the same cohort of people, the presence of selected 

genetic variants, or reliable LD proxies, in both cohorts is enough. This approach is usually referred 

to as Two-Sample MR (39). 

In this study we describe the first large-scale investigation of causal relationships between IgG 

N-glycosylation traits and risk of 12 common diseases, whose aberrant glycosylation profile is well 

characterised. The 12 diseases were selected on the basis that IgG N-glycosylation was reported to 

be altered in these conditions (25) and, in some cases, shared genetic variants existed(36,37), 

influencing both IgG N-glycosylation and the disease. We used summary statistics from the largest 

previously published GWAS of IgG N-glycosylation traits (36,37) and 12 autoimmune, 

inflammatory, neurodegenerative, cardiovascular and cancer diseases to estimate the causal effect 

of IgG N-glycans on diseases and vice versa, using the Two-Sample MR approach (39). The diseases 

studied included IBD, Crohn’s disease (CD) and ulcerative colitis (UC)(41), type 2 diabetes 

(T2D)(42), coronary artery disease (CAD)(43), hypertension (http://www.nealelab.is), asthma 

(http://www.nealelab.is), RA (44), SLE(45), AD (46), PD (47) and lung cancer(48). We found 

support for the positive causal effect of SLE on the abundance of bisected N-glycans attached to IgG. 

Moreover, we replicated the observed effect using a multivariate MR approach. 

Results 

The general scheme of the analysis is depicted in Fig. 2. More details about the IVs selection and 

sensitivity analyses could be found in the Methods and Materials section. 

Genetic basis of IgG N-glycosylation traits that we considered for this study was previously 

investigated in (35–37). These 86 traits describe either relative abundances of individual N-glycans 

found attached to IgG (glycan traits IGP1-23) or abundances of various N-glycans sharing similar 

http://www.nealelab.is/
http://www.nealelab.is/
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structural characteristics and their ratios (IGP24-77 and nine compound glycosylation traits). The 

list of analysed traits with descriptions is available in Supplementary Table S1 A, B. 

The twelve various autoimmune, inflammatory, neurodegenerative, cardiovascular and cancer 

diseases (Table 3) that are characterized by the alteration of the IgG N-glycome (25) were selected 

for the study if summary statistics for the GWAS of the trait was publicly available via either the 

TwoSampleMR” R package(39) or the GWAS-MAP data base (49,50). 

Causal effect of IgG N-glycosylation traits on the diseases 

To test for the causal effect of IgG N-glycosylation traits on the selected 12 diseases we used the 

summary statistics from the largest available GWAMA for each of the 86 N-glycan traits, i.e., 9K 

GWAMA. We applied rigorous SNP selection to ensure the robust association of the SNP with the 

exposure (see Methods and Materials for the details of the IV selection). Each SNP selected as an IV 

had F-statistic > 10 and was considered as a strong IV. Seventy-two (72) IgG N-glycosylation traits 

provided at least two valid IVs robustly associated with the trait in a corresponding 9K GWAMA. 

Maximum number of IVs associated with an IgG N-glycosylation trait was 9 for the following IgG N-

glycosylation traits: IGP14, IGP40, IGP49, IGP67, IGP68, IGP69 and IGP75. Median and mean 

numbers of IVs per IgG N-glycosylation trait GWAS in this set of 72 traits were 5.43 and 6, 

respectively (Supplementary Table S2). The selected IVs on average explained 5.3% of variance 

in IgG N-glycosylation traits (minimal value of 0.67% variance in IGP25 explained, maximal value 

of 20.06% variance in IGP29 explained), with an average F-statistics of an IV set associated with an 

individual IgG N-glycan trait of 476.02, which indicated sufficient average IV set strength 

(Supplementary Table S2). Each of the 72 IgG N-glycosylation traits was tested for causal effect 

on each of the 12 diseases. The results of the corresponding Two-Sample MR analyses can be found 

in Supplementary Table S3. 

None of the analysed IgG N-glycosylation trait-disease pairs produced any causal effect 

estimates that would be statistically significant at our designated threshold of p ≤ 1.98x10-4 

(multiple correction for 21 principal components of IgG N-glycosylation traits *12 diseases). 

Nevertheless, we observed one suggestive causal signal of the effect of the IgG N-glycan trait IGP76 

(ratio of fucosylated digalactosylated non-bisected structures and all digalactosylated structures 

with bisecting GlcNAc) on IBD (p =3.66x10-4). Corresponding IVs are listed in Supplementary 

Table S4. The effect was estimated to be 0.18 log odds ratio units of IBD per standard deviation 

units of IGP76 with inverse variance weighted (IVW) regression (Table 1, Supplementary Fig. S1 

A, B, E). Leave-one-out sensitivity analysis did not indicate the overall effect being driven by a 



 6 

single SNP (Supplementary Fig. S1 C). The funnel plot that is used to visualize the directional bias 

of weaker IVs appears asymmetrical, though it might be due to a small number (six) of IVs 

(Supplementary Fig. S1 D). No heterogeneity was observed between IVs either with IVW (Q = 

3.40, p =0.64) or MR Egger regression (Q = 2.62; p = 0.62) and the MR Egger intercept was not 

significantly different from 0 (intercept estimate 0.022, se = 0.025, p = 0.43, Supplementary Fig 

S1 E). Estimates with other MR methods, namely, MR Egger, Weighted median, Simple mode and 

Weighted mode were directionally consistent, however none of the estimates apart from IWV were 

statistically significant (Table 1, Supplementary Figs S1 B). As additional sensitivity analysis we 

performed Two-Sample MR of IGP76 on IBD having excluded two outlier IVs identified with the 

MR-PRESSO(51) R package from the analysis (see Supplementary Table S4) and observed an 

estimate of causal effect of the same directionality and similar magnitude with IVW, 0.137 (p = 

0.023), log odds units of IBD risk per standard deviation unit of IGP76 (Table 1, Supplementary 

Fig. S2 A, B, E). Leave-one-out analysis did not indicate the overall effect being driven by a single 

SNP (Supplementary Fig. S2 C), funnel plot nevertheless showing asymmetric distribution of SNPs 

(Supplementary Fig. S2 D). Other MR methods produced estimates of same directionality and 

similar magnitudes, with no evidence for directional horizontal pleiotropy (no significant 

heterogeneity among IVs in both IVW (Q = 1.40, p = 0.71) and MR Egger (Q = 1.22, p = 0.54), 

intercept not statistically significantly different from 0 in MR Egger regression, see Supplementary 

Figs S2 E). However, none of these causal estimates were reaching statistical significance at p ≤ 

1.98x10-4 (p ranging from 0.023 with IVW regression to 0.179 with MR Egger regression). We were 

unable to conduct replication of this causal association since no GWAS of IBD performed in an 

independent cohort was publicly available. 

Causal effect of the diseases on the IgG N-glycosylation traits 

In the discovery round analysing the causal effect of complex diseases on IgG glycosylation for each 

of the 12 diseases included we selected independent IVs associated with the disease at the genome-

wide level (p ≤ 5 x 10-8, clumped within a window of 500 Kb) with MAF ≥ 0.05 in the summary 

statistics. Information on the strength of the IVs is presented in Supplementary Table S5. The 

average number of IVs per disease was 51, with maximum number of IVs (160) for hypertension 

and minimum of 6 for PD. The average strength of the IVs associated with diseases expressed in 

terms of F-statistics was 3811 (maximum of 8795 for hypertension and minimum of 285 for PD). 

On average the selected IVs explained 7.6% of variance in disease. As outcomes we used summary 
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statistics of each of the 86 IgG N-glycosylation traits in the 8K cohort. The estimates of causal effect 

for the disease - glycosylation trait pairs can be found in Supplementary Table S6. 

We obtained a significant causal association of SLE risk with bisection of IgG N-glycans, IgG_B (p = 

5.12x10-7, Table 2, Supplementary Fig. S3 A, B, E) at the designated significance threshold of p 

≤1.98x10-4 with IVW regression using 36 independent genetic variants explaining associated with 

SLE as IVs. The effect was estimated to be 0.123 standard deviation units of IgG_B per log odds ratio 

unit of SLE. Estimates with other MR methods were directionally consistent and similar in 

magnitude, however not statistically significant at the designated threshold (Table 2, 

Supplementary Fig. S3 A, B, E). The funnel plot was only slightly asymmetric (Supplementary 

Fig. S3 C), and the leave-one-out analysis showed that no single IV was driving the effect observed 

(Supplementary Fig. S3 D). MR Egger intercept was not statistically significantly different from 0 

(intercept = -0.011, p = 0.197) and both MR Egger (Q = 44.56, p = 0.11) and IVW (Q = 46.83, p = 

0.09) heterogeneity tests suggested there are no outliers (Supplementary Fig. S3 E). 

For the sensitivity analysis of the causal estimate of SLE effect on IgG bisection we have curated the 

list of instruments. This time we selected 41 independent SNPs that were found to be significantly 

associated with SLE in (45), or the available proxy SNPs (see Materials and Methods, 

Supplementary Table S7). None of the selected IVs was previously reported to be associated with 

the IgG N-glycome. The MR-PRESSO software then identified 5 out of 41 instruments as outliers 

(Supplementary Table S7). Two-Sample MR was then performed on the refined set of 36 IVs. 

Summary statistics source for the exposure was the same as those used for discovery; as outcome 

summary statistics we used the 8K IgG_B GWAS GWAMA. The casual estimate of SLE on bisection 

of IgG glycans was found to be 0.124 standard deviation units of IgG_B per log odds ratio units of 

SLE at p = 1.24x10-5 (Table 2, Supplementary Fig. S4 A, B, E) which is close to the magnitude of 

the effect estimated in the discovery MR. Estimates with other MR methods were directionally 

consistent and similar in magnitude (Table 2, Supplementary Fig. S4 A, B, E). The funnel plot 

looked more symmetric (Supplementary Fig. S4 C) and leave-one analysis suggested no single IV 

driving the estimated causal effect (Supplementary Fig. S4 D). No significant heterogeneity was 

detected both with MR Egger (Q = 40.20, p = 0.22) and IVW (Q = 40.46, p = 0.24) regressions, and 

MR Egger intercept was not statistically different from 0 (intercept = -0.003, p = 0.643) (see 

Supplementary Fig. S4 E). For the univariate replication as the exposure we used summary 

statistics for the same set of 36 SNPs as in Sensitivity 2 analysis in the SLE GWAS (45) and summary 

statistics for bisection of IgG glycans from the 3K GWAMA. However, in this MR analysis the causal 

estimate turned out to be not significant (Table 2, Supplementary Fig. S5 A, B, E) with any of the 
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used regression methods (with IVW: causal effect of -0.016 standard deviation units of IgG_B per 

log odds ratio units of SLE at p = 0.72), in the absence of heterogeneity with MR Egger (Q = 24.67, 

p = 0.88), Maximum Likelihood (Q = 24.72, p = 0.90) and IVW (Q = 24.72, p= 0.90) methods 

(Supplementary Fig. S5 C), leave-one-out sensitivity analysis did not indicate the overall effect 

being driven by a single SNP (Supplementary Fig. S5 D) and no significant horizontal pleiotropy 

detected with MR Egger estimates of the intercept (intercept = -0.002, p = 0.819, Supplementary 

Fig. S5 E). 

Multivariate MR Analysis 

There are two main explanations why we have not replicated the signal related to the causal effect 

of SLE on IgG_B in the univariate replication. The first one is the power issue – our outcome 

replication set was 2.5 times smaller than the discovery. The second one is the property of the 

outcome (IgG_B). As there are no available GWAS for IgG_B trait itself, we have obtained the GWAS 

summary statistics for IgG_B as the weighted linear combination of the GWAS of the original 23 

IGPs with directly calculated GWAS. Such linear summary level combination increases the error of 

the effect estimates and hence decreases the power of replication. 

As an additional attempt to replicate the promising causal signal of SLE on IgG bisection we adapted 

the multivariate ANOVA (MANOVA) approach to MR(52). The MV approach to Two Sample MR 

takes advantage from the fact that the 86 IgG N-glycosylation traits analysed in this study are 

correlated. Multivariate analysis of a group of correlated phenotypes when the correlation 

structure is considered can increase the statistical power of the study(35,52). Relative abundance 

of bisected glycans in the IgG N-glycome, from this point of view can be approximated as a 

combination of the individual N-glycans that are correlated with IgG_B. From the set of the 23 IgG 

N-glycosylation traits (IGP1-23) that represent directly measured relative abundances of specific 

N-glycan structures in the IgG N-glycome we selected those correlated with IgG_B. Then we 

estimated the causal effect of SLE on each IGP correlated with IgG_B. Then we applied the MANOVA 

approach to make an estimate of the causal effect of SLE on the IgG_B-correlated N-glycans. The 

results of these Multivariate (MV) MR are presented in Table 2. 

The causal effect of SLE on the group of N-glycans correlated with IgG bisection in the Discovery 

MV analysis was significant when the 8K GWAMA summary statistics was used as outcomes (p=- 

9.43 x 10-4), which proved the MV MR approach applicable in this particular case. The signal was 

again statistically significant at the 0.05 significance level in the MV MR Replication Stage 1, when 
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summary statistics for the outcomes was taken from the 3K GWAMA with p = 5.98 x 10-4. At the 

MV MR Replication Stage 2 the coefficients for the MANOVA analysis were taken from the results 

of the MV MR Discovery, and the 3K GWAMA was used as a source of summary statistics for the 

outcomes. The signal in the Stage 2 of MV MR replication again was statistically significant (p = 

0.003) at 0.05 significance level and directionally consistent with the effect estimated in the 

Discovery Stage of MV MR. Therefore, we consider the causal effect of SLE risk on bisection of the 

IgG N-glycans replicated in the MV MR analysis. 

Discussion 

Uncovering causal relationships between IgG N-glycosylation and disease risk can be beneficial 

for biomarker discovery and provide new treatment options. It can also enrich our understanding 

of the mechanisms of diseases and shed new light on the role of the IgG N-glycome in immunity. In 

the current study we aimed to investigate the causal relationships between the risk of 12 

autoimmune, cardiovascular, neurodegenerative, or/and inflammatory diseases, as well as lung 

cancer, and IgG N-glycosylation features using the Two-Sample MR approach. To our knowledge, 

our study is the first one to apply the MR method to evaluate the causal relationships between IgG 

N-glycome and disease risk using the most extensive list of genetic associations with IgG N-

glycosylation, using 29 genetics variants as IVs (36,37). A previous study reported no significant 

association of genetic variants involved in IgG glycosylation with RA(53), however it used only 16 

SNPs of out of  17 genetic variants identified in an early work (34) published in 2013. 

When we performed MR analysis regarding IgG N-glycosylation traits as exposures, we were 

unable to detect statistically significant causal effects on investigated diseases. The only suggestive 

signal that we observed was related to the effect of increased IGP76 trait leading to higher risk of 

IBD. IGP76 is a trait describing the ratio of fucosylated digalactosylated non-bisected structures 

and all digalactosylated structures with bisecting GlcNAc. IGP76 is inversely proportional to the 

overall abundance of bisected structures in the IgG N-glycome (phenotypic correlation -0.73, see 

Supplementary Fig. S6). Bisection of IgG N-glycans is known to increase in IBD patients as 

compared with healthy controls, while galactosylation decreases (54), which contradicts the 

direction observed in our study. Unfortunately, we could not replicate this finding in the current 

work, since no GWAS of IBD performed in an independent cohort was publicly available at the 

moment when the study was carried out. Further studies are required to clarify the relationships 

between IGP76 and IBD. 
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Analysing the causal effect of the chosen diseases on the IgG N-glycome composition we found 

evidence of SLE leading to increase in the percentage of bisected structures in the IgG N-glycome 

when summary statistics from GWAS of IgG bisection in the discovery cohort was used. However, 

we were unable to replicate this signal, neither in direction, nor in magnitude, using 2.5 times 

smaller replication cohort summary statistics as outcome in the Two Sample MR. It is important to 

remember, that directly conducted GWAS bisection of IgG N-glycans is not currently available, and 

neither are GWAS for such derived traits as proportion of glycans with core-fucose, with antennary 

galactosylation, sialylation, etc. At the same time, such traits describe the very basic characteristics 

of the IgG N-glycome and are commonly reported in the functional and case-control studies of IgG 

glycosylation (for example, see (25)). To add these traits to our study we have constructed GWAS 

summary statistics for such general traits, including IgG_B, by combining the effects observed for 

individual glycans that are summed up to form the trait (for example, relative abundances of every 

bisected N-glycan species are summed to provide the proportion of bisected glycans in the IgG N-

glycome). In brief, we were combining the effects of a taken genetic variant on the abundance of 

every bisected glycan species considering the corresponding variances of the measured glycan 

abundances, phenotypic correlations between these individual glycan abundances and the 

standard errors associated with the effects. This allowed us to apply MR methods to these general 

traits as well, but naturally the resulting summary statistics suffered from power loss and the 

inability to replicate the causal effect of SLE on IgG_B in the 3K cohort might have been due to it. To 

increase the power of the analysis we have therefore also applied the multivariate approach to the 

MR analysis of SLE effect on bisection of IgG N-glycans. In essence, the point of the multivariate MR 

was to test whether the effects of SLE on each of the individual glycan species that are correlated 

with IgG_B are consistent with the effect of SLE on IgG_B, when we take into account the correlation 

structure in this group of traits. We obtained statistically significant estimates of the causal effect 

both in multivariate discovery, as well as in Stages 1 and 2 of MV MR replication. Thus, we 

considered the causal effect of SLE on IgG_B replicated in our study, although this result still needs 

to be interpreted with caution. Since we have performed tests for all the pairs of IgG N-glycosylation 

traits and diseases in both directions and no significant causal effect for IgG N-glycan bisection on 

SLE was observed, we assume that it serves as additional confirmation of the absence of reverse 

causality. 

When we consider what is known from case-control studies about the alterations of the IgG N-

glycome in SLE, our results seem to fit into the biological context quite straightforwardly. Bisection 

of IgG is known to be elevated in SLE (18), as well as in other autoimmune and inflammatory 
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diseases, such as RA, IBD (25) and is associated with proinflammatory state (55). Nevertheless, the 

functional role of bisected IgG glycans in these processes is unclear (56). We can assume that 

increased bisection in SLE might be a consequence of lower fucosylation of IgG N-glycans (18), 

since bisection and core-fucosylation of N-glycans are opposing negatively correlated processes 

(57). However, we did not observe any statistically significant causal relationships between SLE 

and IgG fucosylation in this study, possibly due to the power loss that accompanies a 

mathematically constructed trait of IgG_F (proportion of core-fucosylated species in the IgG N-

glycome). 

The limitations that we have encountered trying to estimate the effect of IgG N-glycan traits on 

disease risk relate to the generally lower power of the IgG N-glycome GWAS compared to the GWAS 

for the diseases. The maximum number of IVs per glycan trait that we were able to obtain was 9. 

New GWAS that involve larger cohorts and identify new genetic variants that are associated with 

IgG N-glycosylation will help overcoming this problem. We estimated the expected sample size for 

an IgG N-glycome GWAS to be able to detect the MR signal (glycans as exposure) if it exists. Median 

expected sample size was 25 500 and mean expected sample size was 30 350, with the maximum 

of 101 500 for Parkinson’s disease (Supplementary Table S8). Given that new bigger GWASs for 

outcomes will be available in the future, it is reasonable to repeat the analysis when N-glycome 

GWAS of N~25 500/2=12 750 is available. (We assume here that the sample size for an outcome 

GWAS will be twice as high as that used in the current study)(58). 

One of the important assumptions that must hold for Two-Sample MR analysis to be valid is the 

absence of confounders influencing both exposure and outcome. The set of genetic variants we 

used to test the causal effect of SLE on bisection of IgG glycans had no significant association with 

IgG_B on genome-wide level. The known risk factors for SLE include female sex, ageing, exogenous 

oestrogen administration, exposure to sun, vitamin D deficiency and consumption of certain drugs 

and exposure to some other biologically active substances, as pesticides, etc (59). There are 

differences in the IgG N-glycome associated with sex and age, however, the summary statistics that 

we used in our study was already corrected for sex and age. Oestrogen has a recorded impact on 

galactosylation of IgG N-glycans, however, no effect on bisection was reported (60). As for the other 

SLE risk factors, unfortunately, there have been no studies to our knowledge regarding their 

possible effect on IgG glycans. In addition, in this work we have not considered some possible 

confounders that are known to affect IgG N-glycans and could influence the risk of SLE. For 

instance, in most autoimmune diseases with pathogenic autoantibodies, as RA (4,61), SLE and 

others (62), overall N-glycosylation of the Fab (fragment antigen binding) portion of IgG is 



 12 

increased. Fab N-glycome is known to contain more bisected species (63,64) and its possible 

expansion in other autoimmune diseases such as SLE potentially represents a confounder. One may 

speculate that pre-SLE or SLE status in IgG glycosylation cohorts could be a confounder too. 

However, given the low population prevalence of SLE (20 to 150 cases per 100,000 in USA)(65) the 

probability of inducing the false positive MR signal due to pre-SLE/SLE status is not likely. Future 

studies, analysing Fc and Fab N-glycomes of antigen-specific pathogenic antibodies in autoimmune 

diseases are expected to provide more information on this subject. All in all, any following research 

that will focus on the relationship between diseases and IgG N-glycome composition would benefit 

from studying potential confounding factors, not only connected with genetics, but also with 

lifestyle, effects of medical treatment, and other external influences. 

To sum up, we performed a first large screening of possible causal relationships between the 

risk of 12 diseases and IgG N-glycosylation traits using the Two-Sample MR approach. We were 

unable to detect any significant effect of any of the IgG N-glycosylation traits on the risk of any 

diseases. We conclude that larger GWAS studies of IgG N-glycosylation are required to identify 

more genetic instruments needed to perform powerful MR studies with IgG N-glycosylation as an 

exposure. On the other hand, our data suggests that increased risk of SLE is causing increase in the 

relative abundance of N-glycan structures with bisecting GlcNAc in the total IgG glycome. According 

to our study and in agreement with the experimental data, elevated bisection seems to be 

downstream from the autoimmune disease, therefore we suggest this IgG glycosylation trait could 

be regarded as a biomarker of SLE. 

Materials and Methods 

Ethics statement 

All studies providing genotype and phenotype data were approved by local Ethics 

Committees/Institutional Review Boards. Ethics approvals were given in compliance with the 

principles expressed in the Declaration of Helsinki. All study participants have signed written 

informed consent. 
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Participating cohorts 

We selected 12 diseases (Table 3) to be included in the analysis based on the following criteria: 

1) change of IgG glycosylation in the disease observed in a large scale glycomic case-control study 

(25); 2) publicly available summary statistics for the GWAS of the trait was available through the 

interactive database PheLiGe (49) at the moment when the current study was performed 

(December 2019). Some of the selected diseases shared genetic associations with the IgG N-

glycosylation traits (36). All the summary statistics used are related to the cohorts of European 

descent. In case of CAD, CD, IBD, RA, T2D, UC for which the corresponding published GWAS are 

trans-ancestry, we only used the summary statistics related to the meta-analysis of European 

cohorts. 

Summary statistics for IgG N-glycosylation traits were obtained from the GWAS of the following 

cohorts of European descent (Table 4): 1) the designated 8K GWAMA (N=8090) comprising 

cohorts CROATIA-Korcula, CROATIA-Vis, ORCADES, TwinsUK (dataset available 

at https://datashare.ed.ac.uk/handle/10283/3238) (66); 2) FINRISK (N=552)(36); EGCUT 

(N=575)(36); CROATIA-Korcula2 (N=941)(67); VIKING (N=1079)(68). Description of the 

CROATIA-Korcula, CROATIA-Vis, ORCADES, TwinsUK, EGCUT and FINRISK cohorts as well as 

details on phenotyping- and genotyping-related procedures can be found in (36). The Viking Health 

Study - Shetland (VIKING) is a family-based, cross-sectional study that seeks to identify genetic 

factors influencing cardiovascular and other disease risk in the population isolate of the Shetland 

Isles in northern Scotland (68). Genetic diversity in this population is decreased compared to 

Mainland Scotland, consistent with the high levels of endogamy historically. 2105 participants 

were recruited between 2013 and 2015, most having at least three grandparents from Shetland. 

Fasting blood samples were collected, and many health-related phenotypes and environmental 

exposures were measured in each individual. All participants gave informed consent, and the study 

was approved by the South East Scotland Research Ethics Committee, NHS Lothian (reference: 

12/SS/0151). The CROATIA-Korcula2 study is a population based study that sampled participants, 

aged 18-92 years old, from the Adriatic island of Korčula in 2012 as an extension of the 10001 

Dalmatians Biobank(67). 

In each of the above mentioned cohorts GWAS were performed for 23 N-glycosylation traits 

(IGP1-23, Supplementary Table S1 A), that correspond to the relative abundances of the 23 

chromatographic peaks in the UHPLC analysis of released IgG N-glycans (36). Each peak contains 

one major N-glycan structure(11) mainly representing diantennary complex N-glycans, with or 

without such features as core-fucose, bisecting N-acetylglycosamine (GlcNAc), terminal galactose 

https://datashare.ed.ac.uk/handle/10283/3238
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and terminal sialic acids on the antennae (Fig. 1). In the 8K GWAMA, as well as in FINRISK and 

EGCUT cohorts additional 54 derived N-glycosylation traits were measured. Derived traits describe 

abundances of specific groups of glycans, which share some structural characteristics, or their 

ratios (IGP24-77, Supplementary Table S1 A). Detailed description of the CROATIA-Korcula, 

CROATIA-Vis, ORCADES, TwinsUK, FINRISK  and EGCUT cohorts, genotyping, quality control, 

imputation and GWAS can be found in (36,37). 

Meta-analysis 

Meta-analysis of the IgG N-glycosylation GWAS for the four cohorts: CROATIA-Korcula, 

CROATIA-Vis, ORCADES, TwinsUK (N total=8090) was performed in (36) and can be downloaded 

from https://datashare.ed.ac.uk/handle/10283/3238(66). The resulting summary association 

statistics in these samples will be referred to as the 8K GWAMA. In addition, we performed fixed 

effect inverse-variance meta-analysis, combining GWAS results in the following cohorts: a) 

FINRISK and EGCUT, (N total = 1127), later referred to as 1K GWAMA; b) 8K, FINRISK and EGCUT 

(N total = 9217), 9K GWAMA; c) FINRISK, EGCUT, VIKING and CROATIA-Korcula2 (N total = 3147), 

3K GWAMA (see Table 4). 

Compound derived traits 

Most general traits, such as relative abundances of all core-fucosylated, galactosylated, 

sialylated, bisected N-glycans, were not included in the list of derived traits IGP1-77 and, therefore, 

no GWAS summary statistics were available for them. Nevertheless, to include these potentially 

informative traits we have constructed summary statistics using the approach described in (69) 

for the 9 general traits: fucosylation, bisection, agalactosylation, galactosylation, 

monogalactosylation, digalactosylation, sialylation, monosialylation and disialylation. GWAS 

summary statistic for each new compound trait was recalculated based on the GWAS summary 

statistics for the glycan traits IGP1-23 that contribute to the new trait (Supplementary Table S1 

B). 

As transformation coefficients we have used standard deviations (SD) of each IGP measurement 

in the CROATIA-Korcula cohort. Prior to SD estimation, N-glycosylation measurements were 

corrected for sex, age and kinship with the function “polygenic” from the GenABEL R package. 

Normalization to the SD was necessary because for the GWA analysis all glycosylation phenotypes 

were transformed to normal distribution with mean at 0 and SD 1(34), however, the non-
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transformed glycan measurements have different standard deviations, dependent on the biological 

variation as well as on the precision of measurement of each glycan peak(70). 

In brief, new effects and corresponding standard errors were calculated as in (69): 

 

𝛽𝑛𝑒𝑤 =
𝐵∗𝑎

√𝑠𝑢𝑚(Σ𝑝ℎ∗(𝑎⊗𝑎))
 , 

 

𝑠𝑒𝑛𝑒𝑤 =

√(𝑠𝑒1
2 +

𝛽1
2

𝑁 ) ∗ 𝑠𝑢𝑚 (Σ𝑝ℎ ∗ (𝑎 ⨂ 𝑎)) −
(𝐵 ∗ 𝑎)2

𝑁

√𝑠𝑢𝑚(Σ𝑝ℎ ∗ (𝑎⨂𝑎))
 

 

 B – matrix, where each column βi – effect of each SNP in GWASi ; a – vector of transformation 

coefficients; Σph – matrix of phenotypic correlation between GWAS; se1 – se of each SNP’s effect in 

1st GWAS (corresponding to β1); N – minimal sample size out of all GWAS for each SNP. 

Two Sample MR analysis 

We performed Two Sample MR using the “TwoSampleMR” R package (39) and its 

implementation in the framework of the GWAS-MAP platform (49,71). The causal effect estimate 

was obtained through an inverse variance weighted meta-analysis of ratios of exposure effect size 

and outcome effect size for each of the instruments. In the discovery analysis we were testing causal 

effects in all possible pairs of IgG N-glycosylation traits and diseases in both directions. For the two 

signals, detected in the discovery round, namely, a) causal effect of IGP76 on IBD and b) causal 

effect of SLE on IgG_B, we performed sensitivity analyses, univariate) and multivariate MR 

replication analyses (only for the effect of SLE on IgG_B), as described below, see also Fig. 2. 

Discovery round of MR 

Causal effect of IgG N-glycome on diseases 

The procedure of the IV selection to estimate causal effects of IgG N-glycosylation traits on the 12 

diseases was designed to ensure usage of genetic variants robustly associated with the exposure 

traits. We selected 31 genetic variants that were reported to be significantly associated with IgG N-

glycosylation traits at genome-wide level (p-value of association ≤ 5 x 10-8) in previous GWAS 
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of IgG N-glycosylation and for which this association was replicated independently (34–37) 

(Supplementary Table S9). Three of these SNPs, rs116108880, rs35590487 and rs12019136, 

were absent from at least one of our study cohorts. For rs116108880 we found a proxy SNPs using 

LDProxy Tool (https://ldlink.nci.nih.gov/?tab=home) linked with initial SNPs with R2 > 0.9. For the 

other two genetic variants no suitable proxy SNPs were available. Thus, the final set of IVs 

comprised 29 genetic variants that are significantly associated with at least one individual IgG N-

glycosylation trait. 

GWAS summary statistics was available for 86 IgG N-glycosylation traits in two cohorts, 8K and 1K. 

To ensure that for each of the individual IgG N-glycosylation traits we are selecting genetic variants 

that are truly associated with each individual trait, for each of the 29 SNPs we checked if the 

following conditions are satisfied in the 8K and 1K GWAMA: 1) associated p ≤ 5x10-5(72) in the 8K 

GWAMA and associated p ≤ 0.05 in 1K GWAMA; b) the associated effects of the SNP on the trait are 

directionally consistent between 8K and 1K GWAMAs. In this way we defined smaller subsets of 

IVs robustly associated with each individual IgG N-glycosylation trait. For the Two-Sample MR 

analysis of the IgG N-glycosylation effect on the 12 diseases we selected the 72 IgG N-glycosylation 

traits for which at least two IVs could be defined (Supplementary Table S2). based on the 

conditions described above. 

To use the largest and most powerful GWAS summary statistics as exposure for the IgG N-

glycosylation traits, we performed meta-analysis of the 8K and 1K cohorts for the 86 IgG N-

glycosylation traits and we refer to this meta-analysis as to the 9K GWAMA. We have calculated F-

statistics and proportion of variance explained in each of the IgG N-glycosylation traits by the 

genetic variants chosen as IVs for MR analyses as a measure of the strength of the instruments (see 

Supplementary Table S2). 

As outcomes we used publicly available summary statistics for the 12 diseases, described in detail 

in Table 3. The Bonferroni-corrected significance threshold of p ≤ 1.98 x 10-4 was used, (0.05/21 

principal components of IgG N-glycosylation traits *12 diseases). 

Causal effect of diseases on IgG N-glycome 

To perform a discovery round of MR for causal effect of disease risk on IgG N-glycosylation, from 

the GWAS of the corresponding disease we selected the SNPs that were associated with the disease 

at the genome-wide level (p ≤ 5 x 10-8) with MAF ≥ 0.05. Then we performed clumping of the 

selected SNPs within a window of 500 Kb to obtain a set of independent IVs. As outcomes we used 

summary statistics of 86 IgG N-glycosylation traits (IGP1-77 and 9 compound traits) in the 8K 

https://ldlink.nci.nih.gov/?tab=home
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meta-analysis. The Bonferroni-corrected significance threshold of p ≤ 1.98x10-4 was used, (0.05/21 

principal components of IgG N-glycosylation traits *12 diseases). 

Sensitivity analysis of the causal effect of IGP76 on IBD 

For the causal effect of IGP76 on IBD with sub-threshold statistical significance we identified 

outlier instrumental variables from both ‘very good’ and ‘good’ SNP sets corresponding to this pair 

of traits (p-values of the test for outliers in MR-PRESSO <1) and performed MR excluding those 

instrumental variables (Supplementary Table S4). As outcome the same GWAS of IBD (41) as in 

the discovery round was used. 

Sensitivity analysis of the causal effect of SLE on bisection of IgG 

N-glycans 

As Sensitivity analysis of the causal effect of SLE on IgG_B we performed TwoSample MR, using 

as instruments a refined set of 41 SLE-associated autosomal SNPs, considered replicated in(45) 

and summary statistics in the 8K GWAMA for bisection of IgG N-glycans (IgG_B) as an outcome. 

When a SNP from this list was not present in the outcome GWAS, we used a proxy SNP, defined as 

a SNP present in the outcome GWAS with the lowest associated p-value within 500 Kb window 

from the SNP of interest (Supplementary Table S7). We then used the MR-PRESSO R package to 

test if any of the instruments were outliers; and removed 5 instruments for which p-values of test 

for outliers in MR-PRESSO were <1 and repeated the analysis with 36 remaining instruments 

(Supplementary Table S7). 

Replication of the causal effect of SLE on bisection of IgG N-glycans  

To replicate the causal effect of SLE on bisection of IgG N-glycans (IgG_B), as instruments for 

Two-Sample MR we used the set of 36 genetic variants without outliers associated with SLE which 

was also used for the Sensitivity analysis (Supplementary Table S7) and corresponding summary 

statistics from(45). As the outcome we used summary statistics for IgG_B in the 3K GWAMA.  
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Multivariate MR of the SLE effect on IgG_B  

To further replicate the most promising finding of a causal effect of SLE risk on IgG bisection we 

performed MV MR analysis (detailed pipeline in Supplementary Fig. S7), following the method 

described in (52). Calculations were performed using the MultiABEL R package (version 1.1-9, 

“MultiSummary” function) (35,52). 

Using the method described in (73) we calculated the phenotypic correlations between the N-

glycosylation traits (Supplementary Fig. S6) for the 8K GWAMA. Then we selected those of the 

IGP1-23 N-glycosylation traits that were strongly (|r| > 0.2) correlated with IgG_B (see 

Supplementary Table 10, Supplementary Fig. S6). N-glycosylation traits IGP1-23 represent the 

directly measured relative abundances of chromatographic peaks, these measurements are 

available for all IgG N-glycosylation cohorts used in this study. 

Discovery Stage of Multivariate Analysis of Variance (MANOVA) was performed for the 

univariate Two-Sample MR estimates of causal effects of SLE on the selected IGPs correlated with 

IgG_B obtained using 8K GWAMA summary statistics for the IGPs. 

For MV MR Replication Stage 1 MANOVA was performed for the univariate Two-Sample MR 

estimates of causal effects of SLE on the selected IGPs correlated with IgG_B obtained using 3K 

GWAMA summary statistics for the IGPs (Supplementary Table S11). 

For MV MR Replication Stage 2 we extracted the coefficients of linear combinations estimated 

in the MV MR Discovery (Supplementary Table S12). The coefficients were then used to perform 

MANOVA for the univariate Two-Sample MR estimates of causal effects of SLE on the selected IGPs 

correlated with IgG_B obtained using 3K GWAMA summary statistics for the IGPs 

The causal effect was considered replicated in the MV MR if the following conditions have been 

met: 1) MANOVA test p-value in the MV MR Discovery stage passed the threshold p-value ≤ 1.98x10-

4 defined for the univariate MR analysis; 2) Replication Stage 1 and Stage 2 MANOVA p-values both 

were significant at 0.05; 4) causal effect estimates in Discovery and Stage 2 MV MR were 

directionally concordant. 

Estimation of expected sample size for N-glycome GWAS for 

detection of significant MR signal 

The power of MR analysis depends only on the standard error associated with the effect of IVs 

in the outcome, so we can assume that the MR power (non-centrality parameter, NCP) depends 
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linearly on the number of Ivs. Number of Ivs is linearly dependent on the sample size of the 

exposure (58). We assumed the strongest (by p-value) MR signal for each of twelve diseases a true 

negative (Supplementary Table S3) and the sample size of discovery cohort (exposure), where 

these IVs were detected, as 8000. Then we estimated the upper limit for the expected sample size 

and the expected number of IVs to achieve the power of detection of an MR signal equal or more 

than 80% with ≤1.98x10-4 (our discovery threshold) as following:  

1) For each outcome (disease) we estimated the discovery NCP of casual effect as chi-

square with df=1 from minimal p-value among all IGPs (NCP_disc). The corresponding number 

of IVs was used as a discovery number of IVs for each corresponding outcome (N_IVs_disc). 

2) We estimated the expected number of IVs for the exposure as linear function of the 

exposure sample size as N_IVs_expected= N_IVs_disc*N_new_sample_size/8000. 

3) The expected NCP was estimated as NCP_expected= NCP_disc* 

N_IVs_expected/N_IVs_disc. 

4) We reported the minimal expected sample size needed to achieve 80% power of 

MR effect detection with p ≤1.98x10-4 using R command “pchisq(qchisq(1.98e-4, df=1, low=F), 

df=1, low=F, ncp= NCP_expected)”. 

Data availability 

Data obtained in the analyses are provided in Supplemental Tables related to this article. 
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Tables 

Table 1. Two-Sample MR analysis of causal effect of IGP76 on IBD risk. 

  Discovery Round Sensitivity Analysis 

Method 
Number of 

IVs 
βa SEb P-valuec 

Number 
of IVs 

βd SEe P-valuef 

Inverse 
variance 
weighted 

6 0.182 0.051 3.66 x 10-4 4 0.137 0.060 0.023 

MR Egger 6 0.037 0.172 0.840 4 0.065 0.179 0.753 

Simple mode 6 0.235 0.100 0.064 4 0.183 0.099 0.162 

Weighted 
median 

6 0.194 0.064 0.003 4 0.137 0.069 0.048 

Weighted 
mode 

6 0.220 0.101 0.081 4 0.192 0.093 0.132 

a, d – Causal effects (betas) of IGP76 on IBD risk. 
b, e – Standard errors of the causal effect of IGP76 on IBD risk 
c,f - P-values of the causal effect of IGP76 on IBD risk. 
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Table 2. Two-Sample MR analysis of SLE risk effect on bisection of IgG N-glycans (IgG_B). 

Analysis 
round 

Exposure Outcome 
IV selection 

criteria 
Number 

of IVs 
Method βa SEb P-valuec 

Discovery 
MR 

SLE IgG_B 8K 

Independent, 
associated with 

SLE at p ≤ 5 x 
10-8  

36 

Inverse variance weighted 0.123 0.024 5.118 x 10-7 

MR Egger 0.184 0.053 0.001 

Simple mode 0.099 0.061 0.112 

Weighted median 0.100 0.033 0.003 

Weighted mode 0.117 0.049 0.023 

Sensitivity 
analysis 

SLE IgG_B 8K 

Reported as 
associated with 

SLE in (45); 
ouliers 

removed  

36 

Inverse variance weighted 0.124 0.028 1.240 x 10-5 

MR Egger 0.145 0.053 0.010 

Simple mode 0.052 0.081 0.529 

Weighted median 0.094 0.042 0.025 

Weighted mode 0.109 0.048 0.029 

Univariate 
replication 

SLE IgG_B 3K 

Reported as 
associated with 

SLE in (45); 
ouliers 

removed 

36 

Inverse variance weighted -0.016 0.044 0.720 

MR Egger 0.002 0.088 0.985 

Simple mode 0.010 0.123 0.937 

Weighted median -0.033 0.063 0.607 

Weighted mode -0.026 0.077 0.735 

Multivarite 
MR 

analysis 
SLE 

N-glycan 
traits 

correlate
d with 
IgG_B 

Reported as 
associated with 

SLE in (45); 
ouliers 

removed 

36 

MV MR Discovery (8K) 0.008 0.003 9.43 x 10-4 

MV MR Replication 1 (3K) 0.018 0.005 5.98 x 10-4 

MV MR Replication 2 (3K 
with coefficients obtained 
in Discovery MV MR) 

0.091 0.031 0.003 

 

a – Causal effect (beta) of SLE on IgG_B. 
b – Standard errors of the causal effect of SLE on IgG_B. 
c- P-values of the causal effect of SLE on IgG_B. 
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Table 3. Description of GWAS of disease risk. 

Trait 

Colocalization 
with IgG N-

glycosylation 
loci 

Data source N cases 
Sample 

size 
Number of 

variants 
Reference 

Reported % of 
variance 

explaineda 

Total 
heritability 

Alzheimer's 
disease 

no GWAS-MAP 71880 455258 9862738 (46) 
7.1% (3.9% without 

APOE locus) 
60-80% (74) 

Asthma yes mrbase.org 53257 462013 9851867 
UKBB 2018, 6152#8: 

(http://www.nealelab.is) 
16.8%b 60% (75) 

Coronary 
artery disease 

no mrbase.org 60801 184305 9455779 (43) 37% 
40 - 60% 
(76,77) 

Crohn's 
disease 

yes mrbase.org 5956 20883 12276506 (41) 13.1%c 75% (78) 

Hypertension no mrbase.org 87690 337159 10894596 
UKBB 2017, 

(http://www.nealelab.is) 
23.8%b 

45 - 
60%(79,80) 

Inflammatory 
bowel disease 

yes mrbase.org 12882 34652 12716084 (41) NAd NA 

Lung cancer no mrbase.org 11348 27209 8945893 (48) NA 
8 - 25%(81–

83) 
Parkinson's 

disease 
yes GWAS-MAP 4238 8477 2494599 (47)  NA 19 – 34% (84) 

Rheumatoid 
arthritis 

yes mrbase.org 14361 58284 9739304 (44) 5.5% 53 – 65% (85) 

Systemic 
lupus 

erythematosus 
no GWAS-MAP 4036 10995 8690139 (45) 15.3% 65% (45) 

Type II 
diabetes 

no mrbase.org 26488 110452 2915012 (42) NA 
30-70% 
(86,87) 

Ulcerative 
colitis 

yes mrbase.org 6968 27432 12255197 (41) 8.2%c 67% (88) 

a – as reported in the study used as a source of summary statistics for the current analysis 
b – as reported at the web page https://nealelab.github.io/UKBB_ldsc/h2_browser.html 
c - data for the final meta-analysis, including non-European populations 
d - NA – information not available in the corresponding publication 

http://www.nealelab.is/
http://www.nealelab.is/
https://nealelab.github.io/UKBB_ldsc/h2_browser.html
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Table 4. Description of GWAMA of IgG N-glycosylation traits. GWAS performed in 9K cohort (8K + 1K) were used as outcomes 

for the MR analysis of IgG N-glycosylation traits on 12 diseases as the most powerful GWAS available for all 86 N-glycosylation 

traits; GWAS performed in 8K were used as exposures for the MR analysis of 12 diseases on IgG N-glycosylation traits, while 3K 

GWAS were reserved for replication of the associations observed in the discovery round. 

Cohort 
Sample 

size 

IgG glycosylation traits measured GWAMA 

IGP1-23 IGP24-77 
9 compound 

traits 
8K 9K 1K 3K 

CROATIA-Korcula 849 + + + + +   

CROATIA-Vis 802 + + + + +   

ORCADES 1960 + + + + +   

TWINSUK 4479 + + + + +   

EGCUT 575 + + +  + + + 

FINRISK 552 + + +  + + + 

VIKING 1079 +  +    + 

CROATIA-Korcula2 941 +  +    + 
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Legends to Figures 

Fig. 1. Functional consequences of differential IgG N-glycosylation and diseases associated with 

changes in the corresponding trait (25). More details in the text. 

Fig. 2. Schematic representation of the analysis. More details in the text. 
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GWAS – genome-wide association study 

GWAMA – genome-wide association meta-analysis 

IBD - inflammatory bowel disease 

IgG – immunoglobulin G 

IV -instrumental variable 

MANOVA – Multivariate Analysis of Variance 

MR – Mendelian randomization 

MV – Multivariate 

NCP – non-centrality parameter 

PD - Parkinson’s disease 

RA - rheumatoid arthritis 

SLE - systemic lupus erythematous 

SNP – single nucleotide polymorphism 

T2D - type 2 diabetes 

UC - ulcerative colitis 

UHPLC – ultra high-pressure liquid chromatography 
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