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n = 1266). We investigated the associations of 1gG N-glycosylation (fucosylation,
galactosylation, sialylation and bisection) with incident and prevalent nephropathy,
retinopathy and macrovascular disease using Cox- and logistic regression, followed
by meta-analyses. The models were adjusted for age and sex and additionally for
clinical risk factors.

Results: 1gG galactosylation was negatively associated with prevalent and incident
nephropathy and macrovascular disease after adjustment for clinical risk factors.
Sialylation was negatively associated with incident diabetic nephropathy after
adjustment for clinical risk factors. For incident retinopathy, similar associations
were found for galactosylation, adjusted for age and sex.

Conclusions: We showed that 1gG N-glycosylation, particularly galactosylation and
to a lesser extent sialylation, is associated with a higher prevalence and future
development of macro- and microvascular complications of diabetes. These findings
indicate the predictive potential of IgG N-glycosylation in diabetes complications

and should be analysed further in additional large cohorts to obtain the power to

GlySign, Grant/Award Number: 722095
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artery disease

1 | INTRODUCTION

Type 2 diabetes is one of the most common chronic diseases
worldwide. The long term microvascular and macrovascular compli-
cations cause an enormous burden of the disease.’ It has been
demonstrated that inflammation plays a key role in the pathophysi-
ology of type 2 diabetes and its complications.? For instance, it has
been shown that inflammatory markers have the most promise as
warning signs of diabetic kidney disease (DKD).® Consequently, N-
glycosylation of plasma IgG might contribute to pathophysiological
processes of type 2 diabetes complications as glycosylation is known
to influence 1gG effector functions.* We therefore hypothesised that
N-glycosylation of 1gG may be involved in the development of com-
plications of type 2 diabetes.

Posttranscriptional modifications of proteins are thought to play
a role in almost every major disease. One of the most frequently
occurring posttranscriptional protein modifications is glycosylation.’
IgG N-glycosylation patterns vary between individuals and contain a
genetic, heritable component.® However, 1gG glycans show excellent
temporal stability in a single individual and therefore have diagnostic
potential.” Changes in 1gG N-glycome composition are associated
with a variety of diseases such as rheumatoid arthritis, inflammatory
bowel disease, cancer, kidney disease and type 2 diabetes.®~° Recent
retrospective studies have also shown associations between IgG
glycosylation and diabetic retinopathy,'? ischaemic stroke!? and
macrovascular risk score.’® In addition, our team recently found re-
lationships between N-glycosylation of total plasma proteins and
type 2 diabetes complications.'* However, to date, the effects of IgG

solidify these conclusions.

biomarkers, cox regression, glycobiology, ischaemic heart disease, nephropathy, peripheral

glycosylation on clinical outcome in patients with type 2 diabetes
have not been fully investigated. In the present study, we determined
the relationships between IgG N-glycans and diabetic nephropathy,
retinopathy and macrovascular complications in three large Euro-
pean prospective cohort studies. The outcomes can provide more
insights into diabetes complication pathophysiology, contribute to
biomarking development and identify patients with a higher risk

profile for developing complications associated with type 2 diabetes.

2 | MATERIALS AND METHODS
2.1 | Patient cohorts

Three cohorts were included in this study. The DiaGene study has
been described in more detail elsewhere.r® In short, the DiaGene
study is a multi-centre all-lines of care prospective cohort study.
Between 2006 and 2011, individuals with and without type 2 dia-
betes were approached for participation in the region of Eindhoven,
the Netherlands. Only cases with type 2 diabetes (n = 1886) were
included in the current study.

The Hoorn Diabetes Care System (Hoorn DCS) is a cohort that
comprises currently over 14,000 individuals with type 2 diabetes
from the region of West Friesland in the Netherlands.?® Annual ex-
amination data and biobanking materials for around 5500 persons,
with the agreement to participate in DCS biobanks, have been
collected. For this study, we randomly selected a subset of plasma
samples from 1600 subjects who donated a sample in 2008/2009.
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The GenoDiabMar study is a type 2 diabetes adult registry
recruited between 2012 and 2015 from the healthcare area Litoral-
Mar of Barcelona, Spain.t”"*® Patients older than 45 years with a
medical history of type 2 diabetes for more than 10 years and treated
with anti-diabetic drugs were included (n = 640 for the current study).

The medical ethics committees of the Erasmus Medical Center,
VU University Medical Center Amsterdam, and Institut Mar
d'Investigacions Mediques have approved DiaGene (DiaGene MEC
2004-230), Hoorn DCS (Hoorn DCS MEC 2007-57), and Geno-
DiabMar (MEC 2014/4323) studies, respectively. All individuals gave
their written informed consent.

2.2 | Measurements and definitions of macro- and
microvascular complications

In all three cohorts, data on micro- and macrovascular complications at
inclusion and during follow-up were available. Definitions for vascular
complications have been described in detail for DiaGene, Geno-
DiabMar and DCS cohorts.}>%8 |n short, retinopathy for all studies
was scored by an ophthalmologist based on fundus photography, and
for the current study was defined as present or absent, where present
includes all gradations and stages of diabetic retinopathy. Nephropa-
thy was defined as microalbuminuria [albumin/creatinine-ratio (ACR)
>2.5 mg/mmol for men or >3.5 mg/mmol for women] present at two of
three consecutive measurements or when high micro-albuminuria or
macro-albuminuria was present at one measurement (ACR > 12.5 mg/
mmol for men or >17.5 mg/mmol for women).*>1%18 Cardiovascular
disease derived from medical records and questionnaires was defined
as myocardial infarction, percutaneous coronary intervention/coro-
nary artery bypass graft (PCI/CABG), cerebrovascular accident, tran-
sient ischaemic attack, and peripheral arterial disease (PAD). Ischaemic
brain disease (IBD) comprised both cerebrovascular incidents and
transient ischaemic attacks combined. Our macrovascular endpoint

consists of all the above macrovascular events combined.

2.3 | IgG N-glycosylation analysis and data quality
control

In all three cohorts, 1gG N-glycan profiles were determined at the
moment of inclusion. 1gG N-glycan isolation, release and labelling in
the DiaGene and GenoDiabMar studies followed the same procedure
and were described elsewhere.’® Briefly, 1gG was isolated from
100 uL of plasma per sample on a protein G monolithic plate (BIA
Separations, Ajdovscina, Slovenia). Consequently, IgG N-glycans were
released by PNGase F, fluorescently labelled with 2-aminobenzamide
and cleaned up by hydrophilic interaction liquid chromatography
solid phase extraction (HILIC-SPE) from the excess of reagents. IgG
N-glycan profiles were obtained on an Acquity ultra performance
liquid chromatography(UPLC) instrument (Waters, Milford, MA, USA)
and separated into 24 glycan peaks. The relative number of glycans in

each peak was expressed as a percentage (%) of the total integrated

area. In Supplementary Table S1, a detailed description of the 24
glycan peaks is given. Of the 1886 participants with type 2 diabetes
in the DiaGene study, plasma of 1837 participants was available. As
29 samples failed data quality control, a total of 1815 participants
were included. In GenoDiabMar, data from 640 participants were
used for statistical analysis after quality control.

Samples from the Hoorn DCS cohort were analysed using an
ultrahigh resolution mass spectrometry method, which is described in
detail in the Supplementary Method S1. In short, after capturing 1gG
from plasma samples, following enzymatic N-glycan release, sialic
acids were stabilised by derivatisation. Subsequently, hydrophilic
interaction liquid chromatography (HILIC) solid phase extraction and
sample spotting were performed, and in line with previous literature,
IgG N-glycans were measured by matrix-assisted laser desorption/
ionization Fourier-transform ion cyclotron resonance (MALDI-
FTICR) MS.%? According to the mass spectrometry results, alpha 2-6
sialic acid linkages were found to be dominant, and only minor signals
were observed that indicated the possible existence of trace amounts
of alpha 2-3 sialylated species in the analysed samples. Conse-
quently, alpha 2-3 sialylated species were excluded from the anal-
ysis. After performing quality control on mass spectra in the Hoorn
DCS cohort, low intensity spectra were excluded, and 35 IgG glycan
peaks were quantified. 19 glycan compositions were matched with
the 24 UPLC glycan peaks and only the matching 19 peaks were used
for further statistical analysis (Supplementary Table S1).

In all three cohorts, four 1gG glycosylation derived traits were
calculated for glycans that share structural similarities: fucosylation,
galactosylation, sialylation, and bisecting GIcNAc as indicated in
Supplementary Table S2. These features were used in the main an-
alyses, with subsequent further detailed analyses in the 19 direct
glycan peaks which were matched between the three cohorts.

2.4 | Statistical analyses

In baseline characteristics of the cohorts, continuous variables are
expressed as mean and their standard deviations. Categorical vari-
ables are expressed as percentages.

Batch correction for glycan relative abundance was performed in
all three cohorts. Initially, the normalisation of IgG glycans was per-
formed using the total area under the expression peaks. After log-
transformation of the relative abundance values, batch effects were
corrected using the ComBat function in the R package sva, modified
to correct for outliers.

Both cross-sectional and prospective analyses of the IgG gly-
come were adjusted for covariates known to influence vascular
complications and/or IgG glycosylation. We considered three models:
Model 1 adjusted for age, sex and their interaction. Age and sex are
known to influence glycans, especially glycosylation profiles of fe-
males, with the biggest effect around menopausal age.2° Model 2 was
additionally adjusted for BMI, HDL-cholesterol, non-HDL-
cholesterol, hypertension, HbA1lc, duration of diabetes and smok-

ing. To examine the direct correlation between IgG glycans and the
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outcomes, all analyses were additionally performed without the
addition of any covariables (model 0). The maximum proportion of
imputation for clinical covariables in model 2 was 9.60% and 1.32%
for DiaGene and DCS, respectively. In all cohorts, associations be-
tween prevalence (cross-sectional) and incidence (prospective) of
macro- and microvascular complications and the 4 main IgG glyco-
sylation features (fucosylation, galactosylation, sialylation and
bisection) were evaluated using logistic and Cox regression models,
respectively. Subsequently, a meta-analysis of these results was
conducted. As a secondary analysis, associations between the 19 I1gG
glycan peaks and vascular complications were assessed in a similar
manner. The presence of a vascular complication was entered as a
dependent variable, and glycosylation features and adjusting cova-
riates were entered as independent variables. For the prospective
analyses, individuals with prevalent events at baseline were not
included. Time-to-event was defined as the time between the date of
inclusion and the date of the complication during follow-up, the date
of death, or censoring at the end of follow-up. Across cohorts, results
were random-effects meta-analysed using the metagen function from
the R package meta. The Benjamini-Hochberg procedure was used to
correct for multiple testing and an false discovery rate (FDR)
adjusted p-value < 0.05 (FDR = 5%) was considered significant.

For statistical analyses, we used IBM SPSS Statistics version 25
in the DiaGene study, STATA version 15.1 in the GenoDiabMar
study, and R (version R-3.6.3) and RStudio (version 1.4.1106) in the
Hoorn DCS cohort.

3 | RESULTS
3.1 | Baseline characteristics

The clinical characteristics of the three study cohorts at baseline are
shown in Table 1. All cohorts had a higher percentage of male par-
ticipants, and the average age of patients with type 2 diabetes was
approximately 66 years. The mean diabetes duration in the DiaGene,
Hoorn DCS, and GenoDiabMar cohorts was 10.0 (SD = 84), 7.1
(+5.8), and 16.8 (+£8.8) years, respectively. The mean duration of
follow-up in these cohorts was 7.0 (SD = +2.1), 7.5 (SD = +2.3), and
4.7 (SD = 4+1.3) years. In all cohorts, the most prevalent microvas-
cular and macrovascular complications were nephropathy and
ischaemic heart disease (IHD), respectively.

A graphical representation of all significant results and total re-
sults of IgG main glycan features can be found in Figure 1 and Sup-

plementary Figure S1, respectively.

3.2 | Microvascular complications

IgG main glycan features that were significantly associated with

vascular complications are shown in bold and highlighted in Tables 2

and 3. Several nominally significant results were found that did not
remain significant after FDR correction; they are shown in Tables 2
and 3 highlighted only. Complete data on the individual 19 1gG N-
glycan peaks outcomes can be found in Supplementary Table S3.
Complete data on all IgG main glycan feature outcomes can be found
in Supplementary Table S4. The level of heterogeneity as expressed
by the I? is shown in Tables 2 and 3. For most significant findings the
I? value was below 0.5, implicating low heterogeneity.

3.2.1 | Nephropathy

In the meta-analysis, galactosylation was negatively associated with
prevalent (OR = 0.74, 95% Cl = 0.65-0.84, prpr = 3.23 x 107°) as
well as incident diabetic nephropathy (HR = 0.81, 95% Cl = 0.73-
0.89, pepr = 1.47 x 107 in model 1. These associations remained
significant after adjustment for clinical variables in model 2
(OR = 0.79, 95% Cl = 0.68-0.93, prpr = 1.21 x 1072 and HR = 0.86,
95% Cl = 0.77-0.95, prpr = 1.46 x 1072). The association of gal-
actosylation with prevalent nephropathy in model 2 shows higher
heterogeneity (12 = 0.53), indicating potential differences in effect
between the meta-analysed cohorts. Sialylation was negatively
associated with incident diabetic nephropathy in both models (model
1; HR = 0.83, 95% Cl = 0.73-0.95, pepr = 1.77 x 1072 and model 2;
HR = 0.86, 95% Cl = 0.78-0.96, prpr = 1.46 x 1072). Figure 2 shows
the effect sizes across all cohorts for galactosylation and sialylation
regarding diabetic nephropathy. The GenoDiabMar cohort showed a
larger effect size for nephropathy outcomes, which was most pro-
nounced for galactosylation in model 2.

(Supplementary Figures S2-S4 show effect sizes across all co-
horts for all vascular complications).

Considering the 19 IgG N-glycan peaks, the association with
nephropathy appeared to be mainly driven by 2 glycan peaks. The
strongest, statistically significant, negative associations were found
for digalactosylated (GP14) and monosialylated digalactosylated
(GP18) fucosylated biantennary glycans in model 1 in the prospective
analysis (HR = 0.81, 95% Cl = 0.72-0.91, prpr = 2.57 x 1072 and
HR = 0.81, 95% Cl = 0.71-0.93, pepr = 1.41 x 1072, respectively).

3.2.2 | Retinopathy

Galactosylation was negatively associated with diabetic retinopathy
in model 1 in both cross-sectional (OR = 0.86, 95% CI = 0.78-0.95,
pror = 5.96 x 107%) and prospective analyses (HR = 0.86, 95%
Cl = 0.77-0.97, pepr = 4.18 x 1072). However, after adjustment for
clinical confounders in model 2, these associations did not remain
statistically significant. A negative association between bisection
and diabetic retinopathy was found in model 1 in the cross-
sectional analysis (OR = 0.86, 95% Cl = 0.79-0.94, prpr =
2.39 x 1073).
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Care Study (Hoorn DCS), and DiaGene Hoorn DCS GenoDiabMar
GenoDiabMar cohort characteristics. Number of participants, n 1815 1266 640
Sex, n (% male) 975 (53.7) 706 (55.8) 389 (60.8)
Age in years, mean (£SD) 65.2 (+£10.5) 64.6 (+£10.6) 69.65 (£9.3)
Duration of diabetes (years), mean (£SD) 10.0 (+£8.4) 7.1 (+£5.8) 16.82 (+8.8)
Duration of follow-up (years), mean (£SD) 7.0 (£2.1) 7.5 (£2.3) 47 (+£1.3)
BMI, kg/m?, mean (+SD) 30.5 (+5.5) 30.4 (+5.4) 30.31 (£5.1)
HbA1c, %, mean (+£SD) 7.03 (£1.06) 6.78 (+£1.0) 7.72 (£1.3)
HbA1c, mmol/mol, mean 53 51 61
Mean arterial pressure (mmHg), (£SD) 98.9 (£10.8) 99.0 (£11.3) 95.10 (£11.4)
HDL-c, mmol/L, mean (£SD) 1.17 (+0.3) 1.18 (+0.4) 1.22 (+0.3)
Non-HDL-c, mmol/L, mean (+SD) 3.12 (£0.9) 3.46 (£1.5) 3.27 (£0.9)
Hypertension n (%) 1042 (57.4) 910 (71.9) 585 (91.4)
Smoking
Never, n (%) 602 (33.2) 783 (61.9) 259 (43.6)
Former, n (%) 921 (50.7) 269 (21.2) 222 (37.4)
Current, n (%) 292 (16.1) 214 (16.9) 113 (17.8)
Complications
Prevalent IHD, n (%) 467 (25.7) 199 (15.7) 134 (20.9)
Incident IHD, n (%) (n-case/n-total) 45 (3.6) 71 (5.6) 74 (11.6)
Prevalent PAD, n (%) (n-case/n-total) 179 (9.9) 35 (2.8) 125 (19.5)
Incident PAD, n (%) (n-case/n-total) 93 (6.1) 17 (1.3) 54 (8.4)
Prevalent IBD, n (%) (n-case/n-total) 200 (11.0) 29 (2.3) 67 (10.5)
Incident IBD, n (%) (n-case/n-total) 63 (4.2) 14 (1.1) 28 (4.4)
Prevalent nephropathy, n (%) (n-case/n-total) 352 (19.4) 199 (15.7) 347 (54.2)
Incident nephropathy, n (%) (n-case/n-total) 243 (20.0) 131 (10.3) 129 (20.2)
Prevalent retinopathy, n (%) (n-case/n-total) 288 (15.9) 172 (13.7) 162 (25.3)
Incident retinopathy, n (%) (n-case/n-total) 220 (16.2) 104 (8.2) 134 (20.9)

Note: Details on the cohorts including definitions and biochemical measurements have been
described elsewhere (15, 16, 18). For complications, numbers of participants are shown, and
percentages are presented as n-case divided by n-total.

Abbreviations: BMI: Body mass index; HbA1c: Haemoglobin A1C; HDL-c: High-density lipoprotein
(HDL) cholesterol; IBD: Ischaemic brain disease; IHD: Ischaemic heart disease; Non-HDL-c,
cholesterol value minus HDL cholesterol; PAD: Peripheral artery disease; SD, standard deviation.

3.3 | Macrovascular complications

IgG main glycan features that were significantly associated with
macrovascular complications are shown highlighted in Tables 2 and 3.
Complete data on all IgG main glycan feature outcomes can be found
in Supplementary Table S4. Complete data on the individual 19 IgG
N-glycan peaks outcomes can be found in Supplementary Table S3.
Complete data on the separate associations for the components of
the macrovascular endpoint are shown in supplementary Table S4.
Regarding macrovascular complications, a negative association
with galactosylation (OR = 086, 95% Cl = 0.80-0.94,

pFDR = 2.57 x 1073) and sialylation (OR = 0.88, 95% Cl = 0.81-0.95,
pFDR = 3.54 x 10~%) was found in model 1 in the cross-sectional
analysis. Galactosylation was also negatively associated with incident
macrovascular complications (HR = 0.82, 95% Cl| = 0.73-0.93,
pFDR = 6.35 x 107%) in model 1. This association remained significant
after adjustment for clinical variables in model 2 (HR = 0.85, 95%
Cl = 0.74-0.96, pFDR = 4.16 x 107?). Crude models (model 0) for the
macrovascular endpoints showed similar observations for gal-
actosylation and sialylation albeit somewhat stronger effects that
subside with the addition of age, sex (model 1) and additional covari-
ables (model 2) (Supplementary Table S5).
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FIGURE 1 N-glycan-derived traits odds ratios (OR) and hazard ratios (HR) for meta-analysed data from DiaGene, Hoorn Diabetes Care
Study, and GenoDiabMar studies in model 1 (adjusted for age, sex, and age x sex interaction). (A) Nephropathy, (B) Retinopathy,

(C) Macrovascular. Red-filled yellow square: Significant in prevalent and incident complications after FDR correction. Red unfilled square with
a yellow cross: Significant in prevalent complications before FDR correction and in incident complications after FDR correction. Red-filled
square: Significant in prevalent complications after FDR correction. Yellow-filled circle: Significant in incident complications before FDR
correction. Red-filled circle with a yellow cross: Significant in incident complications after FDR correction. Red unfilled circle: Significant in
prevalent complications before FDR correction. Blue unfilled circle: Non-significant. FDR, false discovery rate.

4 | DISCUSSION

This study is the first to present associations between IgG N-
glycosylation and prevalent as well as incident vascular complica-
tions of type 2 diabetes in three large cohort studies. In a meta-
analysis, we found negative associations of galactosylation with
prevalent and incident nephropathy and macrovascular disease,
also after adjustment for clinical risk factors. Galactosylation was
also negatively associated with prevalent as well as incident reti-
nopathy in the age- and sex-corrected model. Furthermore, we
found negative associations between sialylation and incident ne-
phropathy that remained statistically significant after adjustment
for clinical risk factors.

Type 2 diabetes and its complications result from complex in-
teractions between environmental, metabolic and genetic factors

and several of its risk factors are already known to influence IgG

N-glycosylation patterns.’® IgG N-glycan patterns are partly heritable
and have temporal stability,®”?* but can change in time by changes in
cellular environment and disease, and have shown to influence 1gG
function.*?2 Associations between inflammation and all microvas-
cular and macrovascular complications have been demonstrated.
Therefore, IgG glycans are potential biomarkers for complications of

type 2 diabetes.

4.1 | Microvascular complications

The pathogenesis of nephropathy is complex, multifactorial and yet
to be fully elucidated. We now demonstrate that galactosylation is
negatively associated with both prevalent and incident diabetic
nephropathy and that sialylation is negatively associated with

incident diabetic nephropathy. It has been documented that
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FIGURE 2 Forest plots of associations of N-glycan sialylation and galactosylation-derived traits with nephropathy. Data from DiaGene,
Hoorn Diabetes Care Study, and GenoDiabMar (GDM) studies and meta-analysed data are from model 1 and 2 analyses. (A) IgG Sialylation in
Nephropathy (prevalent), (B) IgG Galactosylation in Nephropathy (prevalent), (C) 1gG Sialylation in Nephropathy (incident), (D) 1gG

Galactosylation in Nephropathy (incident).

hyperglycaemia in type 2 diabetes induces the activation of in-
flammatory pathways, causes advanced glycation end-products,
reactive oxygen species and activation of RAAS, eventually leading
to tissue damage and vascular complications.?> 2> Subsequent pro-
inflammatory cascades lead to changes in kidney structure and
function. The essential role of inflammation, and involvement of
IgG was shown in vivo by Lopez-Parra et al.,>® demonstrating that
Fcy receptor blockade is renoprotective, reducing renal hypertro-
phy, inflammation, and fibrosis in diabetic mice. There is evidence
to suggest that galactosylation and sialylation can alter the
effector function of IgG. Studies have shown the relationship be-
tween low galactosylation in 1gG N-glycans and increased disease
severity in various auto-immune diseases, indicating the ability of
galactose to decrease inflammation.22 Notably, nonclinical labora-
tory studies have found contradictory results with an increase in
galactosylation induced inflammation through the alternative and
lectin route of the complement system® or enhancement of the
classical pathway of the complement cascade.?” These nonclinical
laboratory findings are, however, not in line with findings in most
clinical studies so far. Additionally, IgG is thought to acquire anti-

inflammatory properties upon glycan sialylation as it potentially
decreases binding affinities for Fcy receptors and total I1gG sialy-
lation decreases during an active pro-inflammatory immune
response.?® However, the exact biological mechanism remains
incompletely understood to date. Thus, galactosylation and sialy-
lation cannot be considered anti-inflammatory in all circumstances
due to the complexity of biological pathways.

The associations found in this study are in line with our pre-
vious work in the DiaGene Study where monogalactosylated
structures and GP14 (FA2G2) were associated with slower kidney
function decline.?? In a non-diabetic population, Barrios et al®
found that individuals with galactosylated (notably GP14) and sia-
lylated IgG glycans had a lower risk of developing chronic kidney
disease. Furthermore, another study showed that agalactosylated
IgG is associated with a more rapid eGFR decline in type 1
diabetes.*°

Similarly in retinopathy, hyperglycaemia activates inflammatory
processes leading to oxidative stress, vascular leakage and even-
tually ganglion cell loss in the retina.®* We found negative asso-

ciations for galactosylation and bisection in the cross-sectional

85U8017 SUOWIOD AITeID) 8|qeotjdde 8y} Aq peusencb 8. 9o VO ‘88N JO S9N 10} AeIq1T8UIUO A8]1/MW UO (SUORIPUOD-PUR-SLLIBY WD A8 im" AReq 1 jpuluo//SANY) SUORIPUOD pUe SWie | 8y} 8es *[Z0z/y0/8T] uo Aridiauluo A8|IM ‘Uepie JO AIsBAIUN AQ G89E"LIWIP/Z00T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woi) pepeojumoq */ ‘€20 ‘0952025T



MEMARIAN ET AL

WILEY__|__%°f%2

analysis. Galactosylation was also negatively associated with reti-
nopathy prospectively in model 1, which could indicate an indirect
effect through clinical risk factors or merely lower power in model
2 as the HR was similar to model 1. As discussed above, gal-
actosylation is thought to have an anti-inflammatory effect on IgG.
Conversely, in vitro studies have shown that bisecting GIcNAc
increases FcyRIIl affinity and results in a pro-inflammatory ef-
fect.®233 The negative association with bisection therefore seems
contradictory and cannot be fully explained. Recently, Wu et al.®*
found similar associations with diabetic retinopathy in a retro-
spective study. Whether this is an effect associated with an in-
flammatory response triggered in the presence of retinopathy is
unknown. We did not see a similar association in the prospective
analyses, making it difficult to determine whether the finding is
cause or consequence, although our results suggest the latter.

4.2 | Macrovascular complications

For macrovascular complications, we found that galactosylation was
inversely associated both cross-sectionally and prospectively, and
remained so after correction for clinical risk factors. Sialylation was
only cross-sectionally associated with macrovascular disease cross-
sectionally in the basic model 1. The number of macrovascular
events in these analyses is smaller than for our microvascular an-
alyses and therefore some caution should be exerted. These find-
ings indicate a possible pro-inflammatory state of IgG associated
with macrovascular disease. Atherosclerosis is a chronic inflamma-
tory condition of the artery walls. Also, risk factors of macro-
vascular disease are known to influence 1gG N-glycosylation
patterns.’%3>36 Therefore, the associations found could (partly) be
attributed to the influence of risk factors on IgG glycosylation. Even
though we have corrected for many of those risk factors in model 2,
residual effects cannot be excluded. The effect of risk factors on
these associations is also illustrated when comparing the ORs and
HRs of the crude model O to models 1 and 2. It shows that the
effect size of the glycosylation trait becomes considerably smaller
when adding more cardiovascular risk factors. Recently, Menni
et al.'® described associations between 1gG N-glycan patterns and
10-year atherosclerotic cardiovascular disease risk score in in-
dividuals without diabetes. Among the glycan traits associated with
a low macrovascular risk score found by Menni et al. were GP14
and GP18, the former containing galactose, the latter containing
both galactose and sialic acid. Interestingly, these glycan peaks had
a similar direction of effect as the corresponding glycan features in
our prospective analyses. For comparison with the study of Menni
et al, we should keep in mind that in diabetes, different mechanisms
may contribute to atherogenesis compared to individuals without
diabetes.

Overall the I? values for the meta-analyses were low, implicating
comparable effects across cohorts for the associations. As depicted in

Figure 2, the cross-sectional differences in glycosylation profiles in

relation to nephropathy were more evident in the GDM cohort, a
cohort with a high prevalence of nephropathy. For galactosylation
and prevalent nephropathy this results in one slightly higher I
Overall, this reinforces our findings and supports the relationship
between IgG N-glycan patterns and nephropathy, which is stronger in
populations with a high burden of disease.

4.3 | Strengths and limitations

A major strength of this study is the use of three large independent
populations that represent both primary and secondary type 2 dia-
betes care, which allowed us to meta-analyse our findings and opti-
mise statistical power. Furthermore, extensive phenotyping in all
cohorts allowed adjustment for known confounders of type 2 dia-
betes complications and known factors affecting 1gG N-glycosylation.
In addition, due to the prospective nature of our studies, we were
able to indicate the temporal sequence between IgG N-glycan pat-
terns and diabetic complications. For nephropathy, macrovascular
disease and partly for retinopathy, the findings suggest that IgG N-
glycosylation patterns precede the onset of the complication. This is
important in light of biomarker potential and gives us a glance at the
potential role of IgG N-glycosylation in the pathophysiology of dia-
betes complications. Future experimental studies and Mendelian
randomisation should be conducted to further clarify this potential
causation. However, considering causality, it cannot be excluded that
preclinical aspects of nephropathy were present at baseline that have
driven the association rather than IgG N-glycosylation having a
causal effect on future complication development.

In our study, IgG N-glycosylation was measured at baseline in
all cohorts. It is known that glycosylation can change in case of

acute inflammation,®”

and that glycans remain fairly stable over
time.” Nonetheless, multiple measurements during follow-up may
have given a better insight into the impact of glycosylation on
diabetic complications. Likewise, for the prospective analyses, one
cannot exclude any changes in confounding covariables during the
lag time of follow up that may impact the relationship between
1gG glycan measurement and the outcome. In addition, the cohorts
did not have serum markers of inflammation, such as CRP, avail-
able to investigate inflammation as an underlying mechanism more
in depth.

Even though this is one of the largest studies to investigate the
relationship between IgG N-glycans and vascular complications to
date, macrovascular complications are still quite rare and thus un-
derpowered. Of note, 27% of the participants in the three cohorts
had more than one vascular complication at baseline. It is possible
that the same IgG N-glycan patterns precede or succeed different
vascular complications and may thereby confound each other's as-
sociation. This would, however, have led to an underestimation
rather than an overestimation of the results. Due to limited statistical
power, it was not possible to adjust for the presence of multiple

complications.
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4.4 | Conclusion

To conclude, in three large type 2 diabetes cohorts, we show that IgG
N-glycosylation is significantly associated with prevalent and incident
nephropathy, retinopathy and macrovascular disease. The IgG asso-
ciated glycosylation features are in line with previous reports on IgG
glycosylation in other health conditions where inflammation plays a
key role. This fuels genetic, experimental and epidemiological studies
to dive further into the underlying mechanisms and predictive po-
tential of IgG N-glycosylation in the context of diabetes

complications.
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