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OBJECTIVE

N-glycosylation is a functional posttranslational modification of immunoglobulins
(Igs). We hypothesized that specific IgG N-glycans are associated with incident
type 2 diabetes and cardiovascular disease (CVD).

RESEARCH DESIGN AND METHODS

We performed case-cohort studies within the population-based European Pro-
spective Investigation into Cancer and Nutrition (EPIC)—Potsdam cohort (2,127 in
the type 2 diabetes subcohort [741 incident cases]; 2,175 in the CVD subcohort
[417 myocardial infarction and stroke cases]). Relative abundances of 24 IgG
N-glycan peaks (IgG-GPs) were measured by ultraperformance liquid chromatog-
raphy, and eight glycosylation traits were derived based on structural similarity.
End point—associated IgG-GPs were preselected with fractional polynomials, and
prospective associations were estimated in confounder-adjusted Cox models. Di-
abetes risk associations were validated in three independent studies.

RESULTS

After adjustment for confounders and multiple testing correction, 1g8G-GP7, IgG-
GP8, I1gG-GP9, IgG-GP11, and IgG-GP19 were associated with type 2 diabetes risk. A
score based on these IgG-GPs was associated with a higher diabetes risk in EPIC-
Potsdam and independent validation studies (843 total cases, 3,149 total non-
cases, pooled estimate per SD increase 1.50 [95% Cl 1.37-1.64]). Associations of
1gG-GPs with CVD risk differed between men and women. In women, IgG-GP9 was
inversely associated with CVD risk (hazard ratio [HR] per SD 0.80 [95% CI
0.65-0.98]). In men, a weighted score based on IgG-GP19 and IgG-GP23 was associ-
ated with higher CVD risk (HR per SD 1.47 [95% Cl 1.20-1.80]). In addition, several
derived traits were associated with cardiometabolic disease incidence.

CONCLUSIONS

Selected 1gG N-glycans are associated with cardiometabolic risk beyond classic
risk factors, including clinical biomarkers.

N-glycans are complexly regulated, posttranslational protein modifications that par-
ticipate in essential molecular processes, including protein folding and stability, cell-
cell recognition, and signal transduction (1,2). Recent mechanistic (3-5) and human
cross-sectional studies (6—10) implicated protein N-glycosylation in insulin resistance,
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diabetes, inflammation, and cardiovascular
disease (CVD) pathogenesis. We recently
reported that total plasma N-glycan pro-
files improve prediction of incident CVD
and type 2 diabetes beyond clinical pre-
diction models (11,12). However, whole-
plasma N-glycan profiles are unspecific
with regard to the source proteins of the
N-glycans.

Antibodies of the immunoglobulin class
G (IgG) are a major fraction of circulating
N-glycoproteins. IgG glycosylation deter-
mines structure and immunological func-
tion of the IgG, including modulation of
pro- and anti-inflammatory signaling and
cellular immune response (13,14). For in-
stance, fully sialylated and galactosylated
IgG glycoforms exhibit anti-inflammatory
properties (13-15), which are harnessed
in pharmacological interventions (14,16).
The links between low-grade systemic in-
flammation, type 2 diabetes, and CVD are
well established (17-19). Proinflammatory
cytokines like interleukins and tumor ne-
crosis factor-a induce oxidative stress, pro-
mote insulin resistance, and oxidize LDLs,
leading to endothelial dysfunction and
proatherogenic and prothrombotic mi-
lieus (17-19). In addition, proinflamma-
tory alterations in the IgG N-glycome
encompassing decreased sialylation and
galactosylation and increased levels of
bisecting N-acetylglucosamine (GIcNAc)
were cross-sectionally associated with car-
diometabolic risk factors, including age,
BMI, smoking, and markers of inflamma-
tion and dyslipidemia (20-22).

However, prospective evidence of al-
tered IgG N-glycosylation in cardiometa-
bolic disease etiology is scarce. Our primary
aim was to examine the association of
baseline 1gG N-glycan peaks (lgG-GPs)
with the risk of incident type 2 diabetes
and CVD in the population-based Euro-
pean Prospective Investigation into Can-
cer and Nutrition (EPIC)—Potsdam cohort,
summarizing significant associations of
end point—specific IgG glycan scores. Pro-
spective type 2 diabetes risk associations
were externally validated in three inde-
pendent study samples within the Finland
Cardiovascular Risk Study (Finrisk); the
Justification for the Use of Statins in Pre-
vention: an Intervention Trial Evaluating
Rosuvastatin  (JUPITER) trial; and the
Treating to New Targets (TNT) trial. In
secondary analyses, we examined the as-
sociations of the derived glycan traits
with type 2 diabetes and CVD incidence
and assessed whether IgG glycan data

may further improve our previously pub-
lished total plasma N-glycan—based cardi-
ometabolic risk prediction models.

RESEARCH DESIGN AND METHODS

Study Population of EPIC-Potsdam
The current study is embedded in the
EPIC-Potsdam cohort consisting of 27,548
individuals (16,644 women aged 35-65
years and 10,904 men aged 40-65 years),
of whom 26,437 provided blood samples
at baseline (23). Participants were re-
cruited between 1994 and 1998 from
the Potsdam area of Germany. At base-
line, anthropometric and blood pressure
measurements were taken, followed by
a personal interview and a questionnaire
on prevalent medical conditions and so-
ciodemographic and lifestyle characteris-
tics, including diet. Follow-up on incident
diseases and lifestyle factors was con-
ducted every 2-3 years, with response
rates ranging between 90 and 96% per
follow-up round (24). The study was con-
ducted according to the Declaration of
Helsinki and approved by the ethics com-
mittee of the State of Brandenburg, Ger-
many. All participants provided written
informed consent.

Analyses on incident type 2 diabetes
and CVD were performed in a nested
case-cohort setting for efficient molecular
phenotyping. From all participants who
provided blood at baseline (n = 26,437), a
random sample (subcohort) (n = 2,500)
was drawn, which served as a common
reference population for both end points.
For each end point, all incident cases that
occurred in the full EPIC-Potsdam cohort
until a specified censoring date (31 Au-
gust 2005 for type 2 diabetes [n = 820, of
which 74 cases were part of the subco-
hort] and 30 November 2006 for CVD
[n = 508, of which 60 cases were part of
the subcohort]) were included in the
analysis. After exclusion of participants
with prevalent conditions, who missed a
follow-up, with insufficient plasma sam-
ples, or with missing glycan data, the case
cohort for type 2 diabetes analyses com-
prised 2,804 participants, including 741
with diabetes (Supplementary Fig. 1), and
the case cohort for CVD analyses con-
sisted of 2,548 participants, including 417
with myocardial infarction or stroke (Sup-
plementary Fig. 2). The median follow-up
time was 6.5 (interquartile range [IQR]
6.0-8.6) years for diabetes and 8.3 (IQR
7.5-9.2) years for CVD. The Supplementary
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Methods provide case ascertainment proce-
dures in EPIC-Potsdam.

Validation Studies

To externally validate the associations with
type 2 diabetes, data from three nested
case-control studies were used: 1) a study
nested within the Finrisk cohort, including
38 participants with incident type 2 diabe-
tes and 38 age- and sex-matched control
subjects (6); 2) a study nested within the
JUPITER trial (25), including 13 partici-
pants with incident type 2 diabetes and
52 matched control subjects (one-to-four
matching on age, sex, and plate); and 3) a
study nested within the TNT trial (26),
including 51 participants with incident
type 2 diabetes and 153 control subjects
(one-to-three matching on age, sex, and
plate). More details on the validation
study populations are given in the
Supplementary Methods.

Laboratory Analyses
All samples were randomized through-
out the multiwell plates, and laboratory
personnel were blinded to case status.
IgG was isolated from individual plasma
samples using 96-well protein G mono-
lithic plates, eluted with 0.1 mol/L formic
acid, and neutralized with 1 mol/L ammo-
nium bicarbonate as previously described
in detail (27). Prepared samples were
stored at —20°C until ultraperformance
liquid chromatography analysis on a Wa-
ters ACQUITY UPLC H-Class instrument
(27). All chromatograms were separated
in the same manner into 24 IgG-GPs, and
the amount of glycans in each peak was
expressed as the percentage of the total
integrated area (Supplementary Fig. 3 and
Supplementary Table 1). The Supplementary
Methods provide a more detailed descrip-
tion of IgG glycoprofiling.

Plasma adiponectin was measured with
a commercially available sandwich ELISA
(LINCO Research). HDL and total choles-
terol, triglycerides, hemoglobin A;. (HbA),
and hs-CRP were measured using an au-
tomatic ADIVA 1650 analyzer (Siemens
Medical Solutions) at the University of
Tubingen.

Statistical Analyses

Participant characteristics are reported
as median and IQR or percentages. Cor-
relation analyses were performed using
Spearman rank correlation. For prospective
analyses, we z-standardized all glycans
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(mean 0, SD 1) to allow for comparison of
the effect estimates.

We selected IgG-GPs significantly asso-
ciated with each end point in mutually
adjusted models with multiple fractional
polynomials (MFPs), applying false dis-
covery rate (FDR) correction. MFP-
selected glycans were subsequently tested
in confounder-adjusted Prentice-weighted
Cox proportional hazards models. We
combined all significantly associated MFP-
selected glycans into end point—specific
weighted IgG glycan scores for type 2 dia-
betes and CVD risk, using the standard-
ized regression coefficients for the mutually
adjusted 1gG glycans from Cox model 1 as
weights.

For type 2 diabetes and CVD end
points, Cox model 1 was adjusted for age
(strata variable) and sex, and model 2
was additionally adjusted for lifestyle and
anthropometry (BMI, waist circumfer-
ence, education [vocational training or
lower, technical college, university], smok-
ing status [never, former, current <20 cig-
arettes/day, current =20 cigarettes/day],
alcohol intake [<6.0, 6.1-12.0, 12.1-24.0,
24.1-60.0, 60.1-96.0, >96.0 g/day], bik-
ing [<2.5, 2.5-4.9, =5 h/week], sports
[=4, >4 h/week], prevalent hyperten-
sion, and intake of aspirin, antihyperten-
sive, or lipid-lowering drugs). Diabetes-
specific main model 3 was model 2
additionally adjusted for estimated glo-
merular filtration rate calculated using
the Chronic Kidney Disease Epidemiol-
ogy Collaboration equation, total and
HDL cholesterol, triglycerides, hs-CRP, and
adiponectin. CVD-specific main model 3
was adjusted for the same confounder
set as diabetes-specific main model 3 but
additionally included HbA,.. In the sec-
ondary diabetes-specific analyses, we ad-
ditionally adjusted the main model 3 for
HbA,. and tested interactions on a multi-
plicative scale by creating cross-product
terms with age, sex, BMI, and waist cir-
cumference applied on model 1. In the in-
teraction analyses, a two-sided P < 0.05
denoted statistical significance. More-
over, we excluded participants with
baseline HbA;. =6.5% (undiagnosed di-
abetes) in a sensitivity analysis and as-
sessed potential nonlinearity between
IgG glycans and cardiometabolic diseases
with cubic splines in secondary analyses.

In addition to 24 directly measured
IgG-GPs, 8 IgG glycosylation traits were
derived and standardized (Supple-
mentary Table 2): agalactosylation (GO),

monogalactosylation (G1), digalactosyla-
tion (G2), asialylation (SO), monosialyla-
tion (S1), disialylation (S2), bisecting
GlcNAc, and core fucosylation (CF). De-
rived traits were calculated as sums of
glycan residuals with specific structural
features. The associations between de-
rived glycosylation traits and diabetes and
CVD risk were tested individually in Cox
models, correcting for confounders (as
described above) and applying FDR cor-
rection. Finally, we compared the predic-
tive performances of end point—specific
IgG N-glycan-based and total plasma
N-glycan—based scores (11).

For the external validation, the signifi-
cant findings from EPIC-Potsdam, includ-
ing diabetes-associated individual 1gG-GPs,
the diabetes-specific weighted IgG sum
score, and derived IgG glycosylation traits,
were tested in the Finrisk, TNT, and JUPITER
studies. We applied conditional logistic
regression to account for the matched
case-control design, using age at recruit-
ment and case-control pair matching ID
as strata variables and type 2 diabetes
case status as outcome. The TNT and
JUPITER trials were additionally adjusted
for the intervention arm. The weighted
IgG glycan scores for type 2 diabetes risk
in Finrisk, TNT, and JUPITER were created
with weights from EPIC-Potsdam. Subse-
quently, we pooled risk estimates across
four studies using a random-effects model,
restricting analyses to external cohorts
in a sensitivity analysis. Between-study
heterogeneity was explored by 72 and
I? statistics.

All statistical analyses were performed
using SAS 9.4, Enterprise Guide 7.1 (SAS
Institute) and R version 4.1.0 software.
The Supplementary Methods provide a
detailed list of SAS macros and R pack-
ages used.

RESULTS

Participant Characteristics
EPIC-Potsdam participants with incident
type 2 diabetes or CVD were, on average,
more likely to be men, obese, and older;
be on antihypertensive or lipid-lowering
treatment; and have higher plasma total
cholesterol, triglycerides, hs-CRP, and
HbA,. concentrations at recruitment,
while HDL cholesterol and adiponectin
concentrations were lower compared with
participants without incident diabetes or
CVD (Table 1). Baseline characteristics of
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external validation samples are listed in
Supplementary Table 3.

Supplementary Fig. 4 depicts correla-
tion matrices of IgG glycans with cardio-
metabolic traits in the EPIC-Potsdam
subcohort. Considering the mutually ad-
justed partial correlation structure of all
individually measured IgG-GPs, 1gG-GP2
and 1gG-GP7, I1gG-GP7 and IgG-GP12,
IgG-GP9 and 1gG-GP16, IgG-GP16 and
IgG-GP18, and IgG-GP19 with 1gG-GP24
showed the strongest positive pairwise
correlations (Supplementary Fig. 5). The
strongest negative correlations were be-
tween IgG-GP4 and 1gG-GP14, IgG-GP9 and
IgG-GP18, and IgG-GP14 and IgG-GP16.

Associations of IgG-GPs With Type 2
Diabetes Risk

The MFP selection yielded five indepen-
dently diabetes-associated IgG-GPs in a mu-
tually adjusted model. 1gG-GP7, IgG-GPS,
1gG-GP9, and IgG-GP19 were associated
with lower and IgG-GP11 with higher
type 2 diabetes risk (Table 2). The associ-
ations of these MFP-selected 1gG-GPs
with diabetes were attenuated after con-
founder adjustment in the mutual model
(Table 2).

We combined the MFP-selected IgG-GPs
in a sum score for type 2 diabetes risk, us-
ing the mutually adjusted B-coefficients
from Cox model 1 as weights: 1gG glycan
score for type 2 diabetes risk = —0.19 *
IgG-GP7 + 0.23 * IgG-GP11 — 0.18 *
IgG-GP9 — 0.20 * 1gG-GP8 — 0.18 *
IgG-GP19.

This IgG glycan score for type 2 diabe-
tes risk was associated with a higher rela-
tive diabetes risk per SD higher score in
the fully adjusted model in EPIC-Potsdam
(hazard ratio [HR] 1.21, 95% Cl 1.08-1.36)
(Table 2). In addition, after sex and age ad-
justment, the IgG glycan score for type 2
diabetes risk was cross-sectionally associ-
ated with adverse levels of anthropometric
measures, blood pressure, hs-CRP, HbA,,
triglycerides, adiponectin, and HDL choles-
terol (Supplementary Fig. 6A).

In sensitivity analyses, exclusion of par-
ticipants with baseline HbA;. =6.5%
(Supplementary Table 4) or additional
adjustment in model 3 for HbA;. (Sup-
plementary Table 5) did not substantially
alter the IgG-GP-type 2 diabetes associa-
tions. No statistically significant effect
modification by sex, BMI, abdominal adi-
posity, or age was detected for the associ-
ation between the IgG glycan score for
type 2 diabetes risk and diabetes risk
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Table 1—EPIC-Potsdam participant baseline characteristics

Subcohort at T2D risk*

Subcohort at CVD riskt

Characteristic (n =2,127) Incident T2D (n = 741) (n = 2,175) Incident CVD (n = 417)
Sociodemographic
Age at recruitment, years 49.1 (42.1-57.6) 56.6 (50.0-60.9) 49.3 (42.1-57.6) 57.6 (51.8-61.8)
Women, % 61 41 61 36
BMI, kg/m? 25.4 (23.0-28.1) 29.8 (27.2-32.8) 25.6 (23.1-28.3) 27.0 (24.7-29.9)
Obesity, % 14 48 16 23
Education, %
Vocational training or lower 37 45 37 38
Technical college 24 24 24 26
University 39 31 39 36
Sports, h/week 0 (0-1.5) 0 (0-1.0) 0 (0-1.5) 0 (0-1.0)
Biking, h/week 0.5 (0-2.5) 0 (0-2.0) 0.5 (0-2.5) 0 (0-2.0)

Alcohol consumption, g/day
Smoking, %

Never

Former

Current <20 cigarettes/day

Current =20 cigarettes/day
Prevalent hypertension, %
Prevalent hyperlipidemia, %
Antihypertensive treatment, %
Aspirin treatment, %
eGFR, mL/min/1.73 m?

8.61 (3.02-20.2)

91.4 (79.7-101)

8.37 (2.94-20.9)

47 35
32 44
15 12
6 9
47 79
5 10
18 39
9 13

88.5 (77.1-99.0)

Biomarkers
HbA,
% 5.39 (5.12-5.73) 6.12 (5.7-6.7)
mmol/mol 35.4 (32.5-39.1) 43.4 (38.8-49.7)
Total cholesterol, mg/dL 203 (177-230) 213 (187-241)
HDL, mg/dL 54.7 (46.0-64.7) 45.7 (39.0-52.8)

Triglycerides, mg/dL
hs-CRP, mg/dL
Adiponectin, pg/mL

107 (75.6-159)
0.07 (0.02-0.21)
7.76 (5.55-11.0)

170 (128-242)
0.19 (0.07-0.42)
5.47 (3.99-7.43)

8.65 (2.97-20.4) 9.28 (2.47-24.1)

47 34
32 32
15 20
6 14
47 73
4 7
17 35
8 10

91.6 (79.9-101) 86.5 (75.7-97.6)

5.41 (5.12-5.76)
35.6 (32.5-39.5)
203 (177-230)
54.6 (45.8-64.5)
107 (76.3-161)
0.07 (0.02-0.22)
7.68 (5.51-11.0)

5.65 (5.36-6.08)
38.3 (35.1-43.0)
216 (190-243)
47.7 (40.7-59.5)
140 (93.0-214)
0.14 (0.05-0.34)
6.80 (5.09-9.90)

Data are median (IQR) unless otherwise indicated. eGFR, estimated glomerular filtration rate; T2D, type 2 diabetes. *Random subcohort at
risk for T2D contains 64 incident diabetes cases, which are also included in the column with all incident T2D cases. TRandom subcohort at
risk for CVD contains 44 incident CVD cases, which are also included in the column with all incident CVD cases.

(P > 0.05 for all interaction terms). The
glycan score-type 2 diabetes association
was robust against dropping single 1gG-
GPs from the score; leaving IgG-GP8 out
resulted in the strongest attenuation of
the diabetes risk association (Supple-
mentary Fig. 6B). The associations of each
individual 1gG-GP (not adjusted for the
other IgG-GPs) with type 2 diabetes risk
are shown in Supplementary Fig. 7.

Associations of the Derived IgG
Glycosylation Traits With Type 2
Diabetes

In secondary analyses, we examined the
association of derived IgG glycan traits
with type 2 diabetes risk. These glycan
traits are based on the same structural
features contributing to different glycan
peaks and are, therefore, assumed to
capture general characteristics of glycan
biosynthesis and degradation. Among
these traits, GO, SO, and bisecting GIcNAc

were positively associated with diabetes
incidence, while G1, G2, and S1 were in-
versely associated with diabetes risk after
extensive adjustment and FDR correction
in EPIC-Potsdam (Supplementary Table 6).
After additional adjustment for HbA,., only
bisecting GIcNAc remained significantly as-
sociated with type 2 diabetes risk (Sup-
plementary Table 6). Interaction analyses
are provided in Supplementary Table 7.

External Validation of IgG-GP and
Derived Traits Associations With
Type 2 Diabetes Risk

We examined the external validity of
the results of the EPIC-Potsdam discov-
ery analyses. To this end, we replicated
the statistically significant type 2 diabe-
tes associations of the IgG-GPs, 1gG gly-
can score for type 2 diabetes risk, and
derived IgG glycan traits in subsamples
of three independent studies (Finrisk,
JUPITER, and TNT) with similar 1gG

glycan profiles and meta-analyzed the sin-
gle-study estimates. The relative me-
dian abundances of IgG glycans in the
EPIC-Potsdam, Finrisk, JUPITER, and TNT
studies were comparable across all
studies (Supplementary Fig. 8).

The point estimates for the diabetes
risk association of EPIC-Potsdam—derived
IgG glycan score for type 2 diabetes
risk were as follows: odds ratio per
SD 1.80 (95% ClI 1.07-3.04) in Finrisk,
1.37 (0.73-2.58) in JUPITER, and 2.49
(1.18-5.26) in TNT. A meta-analysis of
these single-study estimates resulted in
a pooled estimate of 1.50 (1.37-1.64)
(Fig. 1 and Supplementary Table 8).
Among individual 1gG-GPs, type 2 diabe-
tes risk associations were generally con-
sistent across all studies for IgG-GPS,
1gG-GP9, and 1gG-GP11, resulting in sig-
nificant pooled risk estimates (Fig. 1 and
Supplementary Table 8). Among the de-
rived IgG glycan traits, bisecting GIcNAc
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Table 2—Associations between MFP-selected, mutually adjusted IgG glycans and incident type 2 diabetes in the EPIC-

Potsdam cohort

Type 2 diabetes in EPIC-Potsdam per SD, HR (95% Cl)

Model 1 (n = 2,804)

Model 2 (n = 2,801)

Model 3 (n = 2,678)

IgG-GP
IgG-GP7
IgG-GP8
IgG-GP9
IgG-GP11
1gG-GP19

1gG glycan score for type 2 diabetes risk

0.84 (0.77-0.93)
0.81 (0.73-0.89)
0.83 (0.75-0.91)
1.24 (1.11-1.39)
0.85 (0.77-0.93)

1.49 (1.35-1.65)

0.96 (0.87-1.07)
0.88 (0.78-1.00)
0.86 (0.77-0.96)
1.21 (1.08-1.36)
0.98 (0.88-1.09)

1.29 (1.15-1.44)

0.99 (0.88-1.11)
0.88 (0.77-1.01)
0.89 (0.79-1.00)
1.13 (1.00-1.28)
1.04 (0.92-1.17)

1.21 (1.08-1.35)

The shown IgG-GPs were independently associated with type 2 diabetes risk in MFP models (MFP selection based on model 1). The HRs of single
1gG-GPs are mutually adjusted. The 1gG glycan score for type 2 diabetes risk is a linear combination of the selected glycans, weighted by the regres-
sion coefficient from the mutually adjusted Cox model. Model 1 is adjusted for age (strata variable) and sex. Model 2 is additionally adjusted for
education (three categories), smoking (four categories), alcohol intake (six categories), physical activity (sports, biking h/week), BMI, waist circumfer-
ence, prevalent hypertension, antihypertensive and lipid-lowering drugs, and use of aspirin. Model 3 is model 2 adjusted for estimated glomerular
filtration rate, total cholesterol, HDL, triglycerides, hs-CRP, and adiponectin. Boldface indicates significance after FDR correction.

(1.31 [1.19-1.43]), GO (1.33 [1.04-1.69]),
G1 (0.81 [0.75-0.88]), and G2 (0.76
[0.60—0.95]) were significantly associ-
ated with diabetes risk in the meta-analysis
of the four underlying studies (Fig. 1 and
Supplementary Table 8).

Associations of IgG-GPs and IgG
Glycosylation Traits With CVD Risk
Our previous analysis of total plasma
protein N-glycans revealed substantial
sex differences of N-glycan-CVD risk as-
sociations (11). Therefore, we analyzed
the associations between IgG N-glycans
and CVD separately in men and women.
For men, the MFP procedure selected
IgG-GP19 and IgG-GP23 as CVD-associated
IgG-GPs in the mutually adjusted, FDR-
corrected model (Table 3). We combined
IgG-GP19 and IgG-GP23 into a score
weighted with the estimates from the
Cox model 1: IgG glycan score for CVD
risk = —0.49 * 1gG-GP23 + 0.24 * IgG-
GP19.

The 1gG glycan score for CVD risk in
men was associated with a 47% higher
risk for incident CVD after full adjustment
(HR per SD 1.47 [95% Cl 1.20-1.80])
(Table 3). In women, 1gG-GP9 was selected
in the MFP procedure and was signifi-
cantly inversely associated in the exten-
sively confounder-adjusted model 3 (0.80
[0.65-0.98]) (Table 3). The sex-stratified as-
sociations of single 1gG-GPs (not adjusted
for the other 1gG-GPs) are provided in
Supplementary Fig. 9).

We also examined the sex-stratified
CVD associations of the derived glycan
traits. In men, GO, SO, and bisecting
GIcNAc were positively and G2 and S1
inversely associated with CVD risk after

extensive adjustment (FDR P < 0.05)
(Supplementary Table 9). In women, G1
was nominally inversely associated with
CVD incidence in model 3 (HR 0.82
[95% ClI 0.68-0.99]) (Supplementary
Table 9). The association was rendered
statistically nonsignificant after multiple
testing correction.

Type 2 Diabetes and CVD Risk

Prediction With IgG N-Glycan Scores
In a previous study on plasma N-glycan—
based cardiometabolic risk prediction (11),
we constructed total plasma protein
N-glycan—based risk sores to assess
diabetes and CVD risk. Total plasma
N-glycan profiles capture limited IgG gly-
cosylation—derived signals but in a less
specific and comprehensive manner than
targeted 1gG glycan profiles. We observed
a weak correlation between the previously
published total plasma N-glycan—based
type 2 diabetes risk score and the herein-
derived diabetes-related 1gG N-glycan
score (age-adjusted Spearman r = 0.20).
Addition of the selected 1gG N-glycans
did not add to type 2 diabetes prediction
with a clinical score or improve the accu-
rate type 2 diabetes prediction with the
total plasma N-glycans (Supplementary
Table 10). The correlation between the
previously published total plasma
N-glycan—based CVD risk predictors and
herein-selected CVD-related IgG-GPs was
stronger (r = 0.50 in men, r = 0.70 in
women), corresponding to a prominent
role of IgG glycosylation—related total
plasma GPs in CVD prediction (11). We
found no indication that combination of
IgG glycosylation with a clinical risk score
and total plasma N-glycan data may

improve CVD prediction (Supplementary
Table 10).

CONCLUSIONS

In the prospective EPIC-Potsdam study,
we derived a weighted score consisting
of five diabetes-related 1gG N-glycans
(IgG-GP7, 1gG-GP8, 1gG-GP9, IgG-GP11,
and 1gG-GP19). The association of this
IgG glycan score with higher type 2 dia-
betes risk was externally validated in
three independent studies. In addition,
we detected sex-specific 1gG glycan as-
sociations with CVD incidence. A glycan
score consisting of 1gG-GP19 and IgG-GP23
was associated with higher CVD risk in
men. In women, 1gG-GP9 was inversely as-
sociated with CVD incidence. The type 2
diabetes— and CVD-specific risk associa-
tions were robust against confounder and
clinical biomarker adjustment.

Previous cross-sectional studies on the
associations between 1gG N-glycosylation
and type 2 diabetes provided heteroge-
nous results (7,28—30), and large prospec-
tive analyses are lacking. We investigated
the associations on different levels (indi-
vidual 1gG-GPs, weighted sum IgG glycan
score, and calculated glycosylation traits).
While the IgG glycan score for type 2 di-
abetes risk was robustly associated with
diabetes incidence, even after exclusion
of EPIC-Potsdam from the pooled analy-
ses, individual glycans and derived traits
showed more heterogeneity and lack of
power. In addition to the lack of power
in some of the studies, another possible
explanation for this increased heteroge-
neity could be the different composition
of the validation samples. While the
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Figure 1—External replication and meta-analyses of significantly type 2 diabetes—associated IgG N-glycans and derived 1gG N-glycosylation traits.
Type 2 diabetes—specific IgG N-glycans were first selected in the EPIC-Potsdam study using MFPs and combined into a weighted 1gG glycan score
for type 2 diabetes risk (T2D-1gG-Score) in EPIC-Potsdam. Subsequently, the glycans, traits, and T2D-IgG-Score were validated in Finrisk (38 incident
type 2 diabetes cases, 38 normoglycemia cases), JUPITER (13 incident type 2 diabetes cases, 52 normoglycemia cases), and TNT (51 incident type 2

diabetes cases, 153 normoglycemia cases).

EPIC-Potsdam and Finrisk samples were
derived from population-based cohorts,
JUPITER and TNT samples represented
primary and secondary prevention trials
in participants at high risk for CVD or with
previous CVD.

In mice, hyposialylation of IgG was im-
plicated in obesity-induced insulin resis-
tance through activation of the endothelial
FcyRIIB receptor, leading to impaired skel-
etal muscle glucose uptake caused by at-
tenuated insulin transcytosis (5). In line
with our findings, one cross-sectional study
reported SO and decreased galactosylation
(1gG-GP8 [FA2[6]G1] and IgG-GP9 [FA2
[31G1]) and increased bisection of fuco-
sylated I1gG glycans (IgG-GP11 [FA2[3]
BG1]) in patients with type 2 diabetes
(7), which correspond to a proinflam-
matory IgG glycan profile. In our study,
higher abundance of the corresponding

IgG N-glycosylation traits (SO, GO, and
bisecting GIcNAc) was associated with
higher diabetes risk. Adjustment for baseline
HbA, . levels attenuated these associations.
However, HbA is a diagnostic marker for
diabetes, and this attenuation may suggest
a mediation of the potential link between
these 1gG glycosylation traits and diabetes
risk by blood glucose.

For cardiovascular end points, previous
prospective studies have focused on the re-
lationships of total plasma protein N-glycans
(11) or nuclear magnetic resonance—
measured GlcNAc (31,32) with CVD
risk. To our knowledge, we are the first
to associate a comprehensive panel of 24
individual 1gG-GPs and 8 derived IgG gly-
cosylation traits with CVD incidence. A
cross-sectional study demonstrated that a
higher abundance of bisecting GIcNAc in
the 1gG N-glycome was positively

associated with the presence of athero-
sclerotic plaques in carotid and femoral ar-
teries, while sialylated glycans without a
bisecting GIcNAc were negatively associ-
ated (9). Despite differences in the se-
lected 1gG glycans and distinct end points,
both studies (EPIC-Potsdam and TwinsUK)
consistently suggest similar underlying
structures (e.g., galactosylated and sialy-
lated fucosylated glycans without bisecting
GIcNAc and of CF glycans with bisecting
GIcNACc) as potential CVD risk factors.

Our sex-specific CVD analysis was in-
formed by the evidence of sexual di-
morphism in CVD (33) and our own
observation of sex-specific associations
of total plasma N-glycans with CVD risk
(11). Several studies reported sex-specific
modulation of glycosylation, possibly through
sex hormones. For instance, 1gG gly-
can sialylation appeared to be greater
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Table 3—Associations between MFP-selected, mutually adjusted IgG N-glycans and incident CVD in the EPIC-Potsdam cohort
CVD in EPIC-Potsdam per SD, HR (95% Cl)

1gG-GP Model 1 Model 2 Model 3

Men, n 1,074 1,070 981
1gG-GP19 1.28 (1.09-1.49) 1.20 (1.01-1.44) 1.25 (1.04-1.51)
1gG-GP23 0.61 (0.51-0.74) 0.70 (0.57-0.85) 0.67 (0.55-0.83)
1gG glycan score for CVD risk 1.60 (1.34-1.91) 1.41 (1.17-1.71) 1.47 (1.20-1.80)

Women, n 1,474 1,473 1,369
18G-GP9 0.74 (0.61-0.89) 0.79 (0.65-0.96) 0.80 (0.65-0.98)

The shown IgG-GPs were independently associated with CVD risk in sex-stratified MFP models (MFP selection based on model 1). The HRs of
single 1gG-GPs are mutually adjusted. The IgG glycan score for CVD risk in men is a linear combination of the selected glycans, weighted by
the regression coefficient from the mutually adjusted Cox model. Model 1 is adjusted for age (strata variable) and sex. Model 2 is additionally
adjusted for education (three categories), smoking (four categories), alcohol intake (six categories), physical activity (sports, biking h/week),
BMI, waist circumference, prevalent hypertension, antihypertensive and lipid-lowering drugs, and use of aspirin. Model 3 is model 2 adjusted
for estimated glomerular filtration rate, total cholesterol, HDL, triglycerides, hs-CRP, adiponectin, and HbA,.. Boldface indicates significance af-

ter FDR correction.

in women than in men (34), and in-
creased GO was associated with transition to
menopause, whereas estrogens promoted
galactosylation in both women and
men (35).

Similar to the diabetes associations, SO,
GO, and bisecting GIcNAc were positively
associated with CVD risk, mainly in men.
In addition, 1gG-GP9 was inversely associ-
ated with CVD risk in women and with di-
abetes risk in both sexes. These findings
suggest potential common etiological
pathways that implicate 1gG N-glycosyla-
tion in cardiometabolic disease develop-
ment. One of these processes might be
the activation of the endothelial IgG re-
ceptor FcyRIIB through Fc hyposialyla-
tion. In addition to its role in insulin
resistance, 1gG hyposialylation—sensitive
endothelial FcyRIIB signaling may be crit-
ical for obesity-induced hypertension
(5,34). Furthermore, increased IgG galac-
tosylation promotes cooperative FcyRIIB
signaling with dectin-1, suppressing the
proinflammatory signaling of the C5aR
and CXCR2 pathways (36), and IgG ac-
quires anti-inflammatory properties upon
Fc sialylation (13,15). Hence, experimen-
tal evidence suggests a potential direct
involvement of IgG glycosylation in CVD
development through atherosclerosis, in-
flammatory pathways, and cytotoxicity
(9,13,34,37).

Addition of the selected IgG N-glycans
did not further improve type 2 diabetes
or CVD prediction beyond the already
strong performance of the total N-glycan—
based scores (11). Total plasma N-glycan
profiling information appears to be suffi-
cient to capture relevant glycan profiling
information for cardiometabolic risk predic-
tion. Therefore, our current findings are

primarily of etiological interest, pointing to-
ward a possible independent role of IgG
glycosylation in the preclinical develop-
ment of cardiometabolic diseases.

This study has several strengths and
limitations. The associations between the
IgG glycan score for type 2 diabetes risk
and diabetes risk were validated in three
independent studies. The associations in
the smaller Finrisk and JUPITER studies
were not statistically significant because
of lack of statistical power. However, the
meta-analysis of all four studies yielded
a statistically significant pooled estimate
of 1.5-fold higher relative risk per SD
higher IgG glycan score for type 2 diabe-
tes risk, with no indication of substantial
between-study heterogeneity. The EPIC-
Potsdam cohort consisted almost exclu-
sively of Caucasian participants. Studies
to examine the IgG glycosylation—related
cardiometabolic risk in other ethnicities
are warranted. Compared with the dia-
betes analyses, the power to detect
CVD-associated IgG N-glycans was lower
because of sex stratification and fewer
incident cases, and external validation
samples were unavailable. Additional
studies on CVD-associated IgG N-glycans
are needed to establish the generaliz-
ability of our results. Some of the IgG
N-glycans were highly intercorrelated so
that the selection of other, closely re-
lated 1gG N-glycans as risk markers may
have produced similar results. Because
of the observational nature of our
study, the etiological interpretation of
our findings remains speculative.

In conclusion, our study suggests that
IgG N-glycosylation may play a role in
cardiometabolic disease etiology, possibly
through its potent immunomodulatory

functions. Modification of 1gG N-glyco-
sylation may alter the risk of incident
type 2 diabetes and CVD. Further re-
search into IgG glycosylation as a potential
target for pharmacological or lifestyle-
based cardiometabolic disease preven-
tion is encouraged.
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