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CHAPTER 1

INTRODUCTION AND AIM OF THIS THESIS







Introduction

Type 2 diabetes and its complications

Type 2 diabetes is defined by hyperglycemia and caused by an imbalance between insulin
resistance in peripheral tissues and the ability of the pancreatic B-cells to produce insulin
!, An estimated 380 million people worldwide currently have type 2 diabetes **. Shock-
ingly, at 45 years of age, the lifetime risk of developing type 2 diabetes was 31.3% in a
Dutch study * and disease incidence is rising >. Type 2 diabetes pathophysiology comprises
a spectrum of phenotypes with different metabolic and inflammatory disturbances and is
currently incompletely understood. To improve prediction, prevention, and management
of type 2 diabetes and its complications, more insight into pathophysiologic mechanisms
is necessary °.

The most important risk factors for type 2 diabetes are obesity, aging, lack of physical
activity, a positive family history of type 2 diabetes, and African-American, Hispanic, or
Asian ethnicity *®’. In type 2 diabetes, genetic susceptibility, epigenetic programming, and
environmental factors (such as a high-fat high-caloric diet and lack of exercise) interact at
multiple levels *. In healthy persons, glucose stimulates insulin secretion by the pancreatic
B-cells, which then stimulates the uptake of glucose, amino acids, and fatty acids by pe-
ripheral tissues. When peripheral tissues become insulin-resistant, they need more insulin
to take up nutrients, therefore the B-cells need to produce more insulin. Type 2 diabetes
occurs when the B-cell cannot produce enough insulin to cope with the nutrient load
and overcome the peripheral insulin resistance 2. In addition to insulin resistance and
B-cell dysfunction, increased glucagon levels, which is produced by the pancreatic a-cells
and increases conversion of glycogen stored in the liver to glucose, add to hyperglycemia.
Furthermore, a dysregulation of gut and brain hormone signals, such as GLP-1 and leptin,
altered bile acid metabolism, changes in the gut microbiome, and neural control of glu-
cose metabolism contribute to type 2 diabetes pathophysiology °. Type 2 diabetes is a
heterogeneous disease in which the relative contribution of the mechanisms mentioned
above differ from patient to patient.

The long-term disease burden of type 2 diabetes is largely caused by its vascular com-
plications. Diabetes affects both large and small blood vessels and the complications are
therefore referred to as macrovascular and microvascular. These complications include
atherosclerosis, coronary artery disease, stroke, diabetic foot, retinopathy, nephropathy,
and neuropathy. People with type 2 diabetes have twice the risk of cardiovascular disease
as people without diabetes, independent from other risk factors °. Also, type 2 diabetes is
a leading cause of blindness, renal disease, and lower limb amputation and a major cause
of death, with 3.7 million deaths in 2012 attributable to hyperglycemia 2. The complica-
tions of type 2 diabetes can to a large extent be explained by dyslipidemia, hyperglycemia,
insulin resistance, and hemodynamic changes like hypertension. These disturbed sys-
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temic processes cause cellular changes in receptive tissues such as the endothelium and
neurons, leading to oxidative stress and endothelial dysfunction °. In addition, platelet
hyper-reactivity, endothelial damage, and increased activity of coagulation factors cause
a pro-thrombotic state. Together, these pro-inflammatory and pro-thrombotic changes
contribute to vascular complications **% Although the exact mechanisms leading to the
various complications differ, metabolic and pro-inflammatory disturbances play a role in
the development of all. Current treatment options for reducing vascular complication risk
focus on the classical risk factors: hyperglycemia, hypertension, and dyslipidemia. Un-
fortunately, intensive treatment of these factors only reduces macro- and microvascular
complications by approximately 50% ***°. The unexplained, large residual risk is currently
unaccounted for in prevention, prediction and treatment.

Metabolic and inflammatory disturbances in type 2 diabetes

Markers of inflammation are associated with risk of type 2 diabetes and its complications
1617 Strong links exist between the immune system, adipose tissue, and lipid and glucose
metabolism . Lipid metabolism is often already disturbed before the onset of type 2
diabetes, especially in obese individuals. Increased triglyceride and free fatty acid levels,
decreased adiponectin levels, insulin resistance, and other yet unknown factors increase
very-low-density lipoprotein (VLDL) production and high-density lipoprotein (HDL) catabo-
lism. Eventually, this results in the typical diabetic dyslipidemia characterized by increased
triglycerides, decreased HDL-cholesterol, and increased levels of small, dense low-density
lipoprotein (LDL). Diabetic dyslipidemia is present in approximately 80% of individuals
with type 2 diabetes and is a major risk factor for cardiovascular disease *°. Dyslipidemia
and hyperglycemia contribute to the low-grade systemic inflammation in type 2 diabetes
through aberrant immune cell activation and signaling and by increasing stress on the
endoplasmic reticulum resulting in its dysfunction .

As explained in more detail below, | studied protein N-glycosylation and the anti-inflam-
matory effects of HDL in type 2 diabetes. Both processes are not only sensitive to metabolic
and inflammatory disturbances 223, but may also actively induce more pro-inflammatory
and metabolic alterations in the individual with type 2 diabetes *?°. Therefore, | hypoth-
esized that protein N-glycosylation and HDL anti-inflammatory function are altered in type
2 diabetes and might contribute to the development of vascular complications.

N-glycosylation

Glycosylation is the enzymatic process of attaching carbohydrate chains to lipids and
proteins as a posttranslational modification. Genetic defects in glycosylation are either
embryonically lethal or result in rare but severe disorders involving multiple organ systems
728 |n proteins, these carbohydrate chains are attached to the oxygen of the amino acids
serine or threonine, referred to as O-glycans, or to the nitrogen of asparagine, called N-
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glycans . N-glycans represent the majority of glycans and their functional effects have
been better studied than those of other glycans **. N-glycosylation directly influences
protein function and is especially important for the interaction of proteins with cells °. For
instance, glycans are necessary for recognizing pathogens and determine the metastatic
potential of cancer cells ?*. The attachment of glycans to proteins is a complex process
and is regulated by genetic, epigenetic, and environmental factors *. A complete N-glycan
precursor is attached to an asparagine residue in the endoplasmic reticulum. This precur-
sor is then extensively remodeled by glycosyltransferases and glycosidases throughout the
endoplasmic reticulum and Golgi system and further remodeling occurs by glycosidases
in the plasma. The final N-glycans on proteins can be of the high-mannose, hybrid, or
complex type, of which the complex type glycans have undergone the most extensive
remodeling and can contain 2 or more antennae with one or more fucose, galactose, or
sialic acid groups **.

N-glycosylation of proteins can be studied by determining the total plasma N-glycome
(measuring all N-glycans from glycoproteins present in the plasma), or as the N-glycome
of a specific glycoprotein. Patterns of the total N-glycome are associated with known type

2 diabetes risk factors such as BMI, lipids, smoking, and ageing ***

. Moreover, they have
been shown to change in acute inflammation 2%, Immunoglobulin G (IgG) is the most com-
mon immunoglobulin in the circulation and its glycosylation has been studied extensively.
Several functional effects of specific glycosylation features are known to switch its function
from pro- to anti-inflammatory and vice versa *’. Changes in the 1gG N-glycome have been

related to multiple diseases, including rheumatoid arthritis ***

, systemic lupus erythema-
thosus *, inflammatory bowel disease **, chronic kidney disease *, and hypertension *.
In rheumatoid arthritis, IgG N-glycans mediate complement activation **, which has also
been related to type 2 diabetes and its metabolic disturbances and vascular complications
4 Few studies have investigated the plasma N-glycome in type 2 diabetes. Testa et al.
showed reduced monogalactosylated, core-fucosylated diantennary N-glycans in type 2
diabetes *’. Very recently, Keser et al. found increased N-glycan complexity in individuals
at risk for type 2 diabetes “®. These studies emphasize the need to further investigate the
N-glycome in type 2 diabetes. New technologies have enabled high-throughput studies
with detailed N-glycan analysis, which allows studying their associations with common
multifactorial diseases in large populations *.

HDL anti-inflammatory function

Low HDL-cholesterol levels are associated with increased risk of cardiovascular disease
* and type 2 diabetes *, as is well-known from epidemiological studies. However, evi-
dence that these associations are not straightforward causal relationships is accumulat-
ing. Pharmacologically increasing HDL-cholesterol does not decrease cardiovascular
disease risk >, nor does genetically decreased HDL-cholesterol increase the risk of type
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2 diabetes or cardiovascular disease *>*. Unlike other lipoproteins, HDL does not contain
apolipoprotein(apo)-B. Instead, its main protein constituents are ApoA-l and ApoA-Il **.
HDL is defined by the density range in which it is found after ultracentrifugation: 1.063-
1.21g/mL. Within this density range, different subpopulations of HDL are present which
are interrelated and can interchange with ongoing metabolism **. Thus, HDL actually
comprises a group of heterogeneous particles, which can carry a multitude of lipids and

proteins, making HDL biology quite complex ***’

. Qualities other than just HDL cholesterol
content might be more important in the associations with type 2 diabetes and cardiovas-
cular disease. For example, HDL can protect against oxidation and cell apoptosis, combat
pathogenic infections, increase vasodilation, reduce inflammation, and improve glucose
metabolism *°.

HDL metabolism is an ongoing process where HDL is continually remodeled in the
circulation. Lipid-free ApoA-I particles are secreted by the liver and intestine and bind
phospholipids and free cholesterol through adenosine-triphosphate-binding cassette
protein A-l1 (ABCA-1). These lipid-poor ApoA-I particles attract phospholipids and free
cholesterol from macrophages and other parenchymal cells in the interstitial space via
ABCA-I and ABCG-I. The cholesterol is esterified by the enzyme Lecithin-cholesterol Ac-
yltransferase (LCAT) and subsequently moves to the inner part of the particle, making
the HDL particle spherical and more buoyant; this is the predominant form of HDL in the
circulation. Further remodeling occurs through cholesterol ester transfer protein (CETP),
which exchanges HDL-cholesterol for triglycerides from triglyceride-rich lipoproteins such
as VLDL. In addition, several lipases hydrolyze phospholipids and triglycerides bound to
HDL. The cholesterol and phospholipids collected in the circulation by the HDL particles
are largely transferred to VLDL and LDL by CETP and phospholipid transfer protein (PLTP).
Subsequently, these lipids are cleared by the liver through LDL uptake via the LDL-receptor
or by the uptake of HDL itself via scavenger-receptor B-l (SR-BI). This clearance of HDL
lipids generates a lipid-poor HDL particle that is available for another cycle of lipid uptake
and remodeling ***’. The decreased levels of HDL-particles and HDL-cholesterol in type 2
diabetes are most likely caused by increased HDL catabolism due to a higher triglyceride
content, increased cholesterol deposition from HDL to VLDL trough CETP, and decreased
adiponectin levels *.

Not surprisingly, the role of HDL in reverse cholesterol transport is the function that has
been studied the most. However, HDL also significantly influences (vascular) inflamma-
tion through several different mechanisms. First, it decreases the expression of adhesion
molecules on endothelial cells and monocytes *®'. Second, it decreases T-cell stimulation
and monocyte activation, thereby reducing pro-inflammatory cytokine production *. And
third, HDL reduces the migration of monocytes across the endothelium ®2. HDL also indi-
rectly influences inflammation through anti-oxidative effects and its modulation of lipid
rafts in cell membranes . These mechanisms are at least partly regulated by nuclear factor
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kappa B (NFKB), ABCA1, ABCG1, and SR-B1 **%*, Activation of immune cells and subsequent
adhesion to and migration through the endothelium are early steps in atherosclerosis
pathogenesis ®. The effects of HDL on vascular inflammation could represent a pathway
through which HDL modulates cardiovascular risk. HDL has been proposed to become
dysfunctional in type 2 diabetes ®, as well as in other diseases in which inflammation plays
a key role and cardiovascular risk is increased, such as systemic lupus erythemathosus,
rheumatoid arthritis ®’, and chronic kidney disease ®®. However, whether the HDL-particle is
in fact dysfunctional in type 2 diabetes, what the underlying pathophysiological processes
are, and how this is related to vascular complications remains to be further elucidated.

Aim of this thesis

The aim of this thesis is to gain insight in the role of N-glycosylation and the anti-inflamma-
tory function of HDL as pathways that might explain part of the pathophysiology of type 2
diabetes and its complications. These insights could contribute to finding new therapeutic
targets and improving prediction and prevention.

In part Il of this thesis, | investigated the relationship between N-glycans and type 2
diabetes. In chapter 2, the DiaGene study is described: a multi-centre, prospective, exten-
sively phenotyped type 2 diabetes cohort study with concurrent inclusion of diabetes-free
individuals at baseline as controls. This study aims to integrate different omics layers for
investigating the pathophysiology of type 2 diabetes and its vascular complications, of
which N-glycomics was the first layer to be measured. in chapter 3, | report on the associa-
tions between the total plasma glycome and type 2 diabetes and its risk factors. And in
chapter 4, | describe how the IgG N-glycome is associated with type 2 diabetes.

In part 11l of this thesis, the effect of HDL on signals of endothelial inflammation was
investigated. One of the challenges in studying the effects of HDL on inflammation in vitro,
is that HDL can be isolated with different methods and based on different properties.
Chapter 5 describes how different methods of isolating HDL affect TNF-a induced VCAM-1
expression on endothelial cells as a readout. Information on the effects of HDL on inflam-
mation in type 2 diabetes is scarce and difficult to compare between studies. In Chapter
6, | have critically reviewed the literature on HDL anti-inflammatory function in type 2
diabetes, compared study results, and aimed to identify gaps in the knowledge.

Finally, in part IV, the main findings of this thesis are summarized and discussed. Fur-
thermore, | discuss the methodological strengths and limitations and clinical implications
of this thesis, propose directions for future research, and hypothesize on how knowledge
on these processes could contribute to a decrease in the disease burden of type 2 diabetes.
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Abstract

Background: Type 2 diabetes is a major healthcare problem. Glucose-, lipid-, and blood
pressure-lowering strategies decrease the risk of micro- and macrovascular complications.
However, a substantial residual risk remains. To unravel the etiology of type 2 diabetes
and its complications, large-scale, well-phenotyped studies with prospective follow-up are
needed. This is the goal of the DiaGene study. In this manuscript, we describe the design
and baseline characteristics of the study.

Methods: The DiaGene study is a multi-centre, prospective, extensively phenotyped type
2 diabetes cohort study with concurrent inclusion of diabetes-free individuals at base-
line as controls in the city of Eindhoven, The Netherlands. We collected anthropometry,
laboratory measurements, DNA material, and detailed information on medication usage,
family history, lifestyle and past medical history. Furthermore, we assessed the prevalence
and incidence of retinopathy, nephropathy, neuropathy, and diabetic feet in cases. Using
logistic regression models, we analyzed the association of 11 well known genetic risk vari-
ants with type 2 diabetes in our study.

Results: In total, 1886 patients with type 2 diabetes and 854 controls were included. Cases
had worse anthropometric and metabolic profiles than controls. Patients in outpatient
clinics had higher prevalence of macrovascular (41.9% vs. 34.8%; P=0.002) and micro-
vascular disease (63.8% vs. 20.7%) compared to patients from primary care. With the
exception of the genetic variant in KCNJ11, all type 2 diabetes susceptibility variants had
higher allele frequencies in subjects with type 2 diabetes than in controls.

Conclusions: In our study population, considerable rates of macrovascular and microvas-
cular complications are present despite treatment. These prevalence rates are compa-
rable to other type 2 diabetes populations. While planning genomics, we describe that 11
well-known type 2 diabetes genetic risk variants (in TCF7L2, PPARG-P12A, KCNJ11, FTO,
IGF2BP2, DUSP9, CENTD2, THADA, HHEX, CDKAL1, KCNQ1) showed similar associations
compared to literature. This study is well-suited for multiple omics analyses to further
elucidate disease pathophysiology. Our overall goal is to increase the understanding of
the underlying mechanisms of type 2 diabetes and its complications for developing new
prediction, prevention, and treatment strategies.
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Background

Type 2 diabetes mellitus (T2DM) is a complex metabolic disease characterized by over-
weight, insulin resistance and beta-cell dysfunction [1-3]. Because of ageing and the rising
prevalence of obesity, the incidence and prevalence of T2DM are increasing [4-7]. T2DM
accounts for a large proportion of present and future health care expenditure in Western
societies [5, 7, 8]. People affected by T2DM have an increased risk of cardiovascular events
[9-13], and a poor prognosis after these events [14, 15]. In addition, T2DM gives rise to
microvascular complications such as retinopathy, nephropathy and neuropathy [16-19].
We have collected a new large cohort of individuals with and without T2DM with prospec-
tive follow-up in the Netherlands: the DiaGene study.

The care for T2DM in the Netherlands is organized in primary care by general practi-
tioners and at hospital-based outpatients clinics by medical specialists. This systematic
care is based on local and international treatment guidelines aiming to reduce morbidity
and mortality through optimal treatment of hyperglycemia and associated metabolic com-
plications, such as dyslipidemia, vascular dysfunction and high blood pressure [20, 21].
Treatment of these components has proven to reduce the risk of cardiovascular morbidity
and mortality in T2DM [22-30]. However, a substantial residual risk remains. Improving
knowledge on genetic, biochemical and environmental (lifestyle and anthropometric)
determinants of T2DM and its micro— and macrovascular complications can have large
implications for prevention, treatment and prognosis of T2DM [22, 23, 31]. Through high
throughput sequencing, about 80 common genetic variants associated with T2DM have
been discovered [31, 32]. These common variants only explain 5-10% of the overall pre-
disposition of T2DM [33]. There clearly is a need to expand these analyses to additional
populations.

In this paper, we present the DiaGene Study, a new, multicenter T2DM cohort study
collected in the Netherlands in both primary and secondary care. The main purpose of
the DiaGene Study is to study the analyses of genetic, biochemical and environmental
determinants of T2DM and its complications. Here we describe the characteristics of our

population, the prevalence of complications and future perspectives.

Methods

Study design

The DiaGene-study is a multicenter cohort study that was coordinated by the vascular
section of internal medicine of the Erasmus Medical Center and the Diabetes subunit
of the Maxima Medical Center, and collected in the city of Eindhoven, The Netherlands.
Eindhoven is a medium-sized city with 170,668 adult (> 21 years) inhabitants in 2011.
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Both hospitals in Eindhoven participated in the DiaGene study: Catherina Hospital and
Maxima Medical Center. In addition, the local Primary Care Diagnostic Centre participated.
Hence, virtually all diabetes patients in Eindhoven were approached for inclusion through
this population-based approach. Between 2006 and 2011, physicians at all three centers
included a total of 2,065 patients with T2DM. Of these, 179 patients were excluded
from analysis. Reasons for exclusion where: no diabetes (n=1), Type 1 diabetes (n=30),
Maturity-Onset Diabetes of the Young (n=4), Latent auto-immune diabetes in adults (n=3),
double inclusion (n=77), post-pancreatitis diabetes (n=3), refusal during study period
(n=2) and missing written informed consent (n=59); resulting in a total of 1,886 patients
in the study population.

The control group consisted of two groups: 1. subjects recruited via advertisement in lo-
cal newspapers, and 2. subjects that where included through invitation of friends and self-
reported unrelated family members of participating patients. Inclusion criteria for controls
was age 55 years or older. Exclusion criteria were the presence of any kind of diabetes,
use of metformin or Cushing’s disease. Subjects who were approached had at least 7 days
of decision-time to fully reflect on research goals and methods using physician-provided
information, before giving their written informed consent. Eventually, 904 diabetes-free
subjects participated as controls. Of these, 50 were excluded from all analyses based
on missing written informed consent (n=14), double inclusion (n=17), and suspected or
confirmed diagnosis of diabetes (n=19), resulting in a total of 854 controls included in
the final population. This study was approved by the Medical Ethics Committees of the
Erasmus MC, Catherina Hospital and Maxima Medical Center. Written informed consent
was obtained from all participants.

Definition of T2DM

Information on the diagnosis of T2DM was retrieved from the patient’s medical records.
In accordance with American Diabetes Association — and World Health Organization —
guidelines [34, 35], diabetes was defined as a fasting plasma glucose = 7.0 mmol/L and/
or a non-fasting plasma glucose level > 11.1 mmol/l measured at least at 2 separate time
points, treatment with oral glucose-lowering medication or insulin, and/or the diagnosis of
T2DM as registered by a medical specialist. Persons with the diagnosis of type 1 diabetes
(as derived from medical records and patient-questionnaires) or other types of diabetes
mellitus were excluded from the study. Control subjects with fasting glucose > 7.0 mmol/L
or glycated hemoglobin (HbAlc ) > 47.5mmol/mol were excluded. Information on T2DM
status was checked by two investigators. If they did not reach consensus, the participant’s
treating physician was consulted.
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Medical and family history

Each participant filled out an extensive questionnaire on their medical history (history
of diabetes, metabolic disease, vascular disease, medication use and intoxications) and
ethnicity of their parents. We classified a participant to be Caucasian if both parents were
reported to be Caucasian. Furthermore, the participant’s family history regarding diabetes
and cardiovascular disease and medication usage was recorded through the questionnaire.

Sample collection

A 20cc Ethylene diamine tetra acetic (EDTA) fasting blood sample was taken from all
participants. Samples were centrifuged (3000rpm; 1800G for 15 minutes at 4°C). Directly
after centrifugation, the plasma and the buffy coat were separated and stored (at -80°C)
for DNA analysis and future measurements.

Diabetes and complications of diabetes

Data on body mass index (BMI) (kg/m?*) and blood pressure (mmHg) were extracted from
medical records at inclusion. Similarly, laboratory results were extracted around time of
inclusion and contained fasting glucose, glycated hemoglobin (HbAlc), total cholesterol,
low-density lipoprotein cholesterol (LDL-cholesterol), high-density lipoprotein-cholesterol
(HDL-cholesterol), triglycerides, creatinin and urinary albumin/creatinine-ratio. The
majority of measurements were collected within 6 months prior to or after the actual
date of inclusion. To estimate kidney function, the estimated glomerular filtration rate
was calculated with the Modification of Diet in Renal Disease-formula. Information on the
presence of cardiovascular disease in the patients treated in the hospital-based outpa-
tient clinics was retrieved from their medical records. Cardiovascular disease comprised
myocardial infarction, percutaneous coronary intervention / coronary arterial bypass graft
(PCI/CABG), cerebrovascular accident, transient ischemic attack and peripheral arterial
disease. PCI/CABG was defined as any invasive intervention to treat coronary arterial
disease (PCI, CABG). Peripheral arterial disease was defined as an ankle-brachial index
below 0.80 or below 0.90 with typical complaints, any intervention to treat peripheral
arterial disease (supervised exercise training, stenting, bypass and percutaneous translu-
minal angioplasty, or the self-reported presence of intermittent claudication. Information
on cardiovascular disease in patients from primary care and diabetes-free controls was
based on self-reporting.

Microvascular complications were subdivided into retinopathy, nephropathy and neu-
ropathy. Diabetic foot was additionally assessed. Retinopathy was scored according to
the report of an ophthalmologist as absent or present and classified as non-proliferative,
proliferative, or retinopathy treated with photo coagulation or intra-vitreal injections.
Neuropathy was defined by a podotherapist, neurologist or the patients’ treating physi-
cian. Nephropathy was defined present when micro-albuminuria (Albumin/creatinin-ratio
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(ACR)=2.5 for men or 23.5 for women) was present at two of three consecutive mea-
surements, or when high micro-albuminuria or macro-albuminuria was present at one
measurement (ACR212.5 for men or 217.5 for women). Diabetic foot was established by a
podotherapist or physician according to the SIMM’s classification [36]. All information on
laboratory data, macrovascular, and microvascular events in case and control subjects at
baseline that was retrieved from medical records was separately checked by two investiga-
tors. When they did not reach consensus, the participant’s physician was consulted.

Genotyping

DNA was isolated using the Invisorb” Blood Universal Kit from Stratec Molecular
(Berlin, Germany). Eleven well-known T2DM genetic risk variants were genotyped:
TCF7L2(rs7903146), PPARG-P12A(rs1801282) , DUSP9(rs594532), CENTD2(rs1552224),
THADA(rs7578597), HHEX(rs1111875), CDKAL1(rs7754840) and KCNQ1(rs231362)which
had previously been genotyped for replication in DIAGRAM [37], and KCNJ11(rs5219),
IGF2BP2(rs4402960) and FTO(rs8050136). These risk variants were chosen because of
their relatively large effect sizes on T2DM risk in previous studies [32, 37-42]. Genotyping
was performed with TagMan allelic discrimination assays, designed and optimized by Ap-
plied Biosystems (Foster City, CA, USA). Reactions were performed on the Tagman Prism
7900 HT platform.

Follow-up data

Currently, we are finalizing the first collection of prospective follow-up in our study popu-
lation. This encompasses all anthropometric and laboratory measurements and data on
metabolic, microvascular and macrovascular complications of T2DM and enables us to

perform prospective analyses.

Statistical analysis

Continuous variables are expressed as median with interquartile range unless otherwise
specified. Comparisons between groups were performed with Mann-Whitney U tests for
continuous and X>-tests for categorical data. Deviation from the Hardy-Weinberg equilib-
rium was assessed by X’-testing. Associations of the genotypes with T2DM were tested
using logistic regression models. We have calculated interaction effects of odds ratios
for T2D to compare our results with previous genetic studies according to the method
of Altman et al [43]. All models were adjusted for age and sex. Additionally, models
were adjusted for center of inclusion as a categorical covariate. Cases and controls of
non-Caucasian ethnicity were excluded from the genetic analyses. P-values smaller than
0.05 were considered to be statistically significant. Statistical analysis was performed with
SPSS-software version 22.0 (SPSS, Chicago, IL, USA).
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Results

General characteristics

The most relevant general characteristics of the cohort are displayed in Table 1. A total
of 1886 patients with T2DM and 854 diabetes-free controls were included. Of all anthro-
pometric measurements, 90.6% and 96.1% were performed within 6 and 12 months of
inclusion, respectively. Of laboratory data, 81.8% and 93.2% were measured within 6 and
12 months of inclusion, respectively. The cases and controls were of similar age. When
compared to controls, cases had higher BMI (29.5 (Interquartile range (IQR) 26.4-32.7)
vs. 25.5 (IQR 23.3-27.7) kg/m? ; P<0.001), higher HbAlc (50.8 (IQR 43.7-57.9) vs. 37.7
(IQR 36.1-39.3) mmol/mol; P<0.001), higher creatinin (78 (IQR 66-91) vs. 72 (IQR 63-81)
umol/L; P<0.001), higher triglycerides (1.4 (IQR 0.9-1.9) vs 1.2 (IQR 0.9-1.5) mmol/L;
P<0.001), lower HDL-cholesterol (1.1 (IQR 0.9-1.3) vs 1.4 (IQR 1.2-1.6) mmol/L; P<0.001)
and lower LDL-cholesterol (2.4 (0.8) vs. 3.6 (0.9) mmol/L; P<0.001). A larger proportion
of cases had reduced estimated glomerular filtration rate (19.7% vs. 4.7%, P<0.001) and
prevalent macrovascular disease (38.0% vs 8.3%, P<0.001) compared to diabetes-free
controls. More cases had a first-degree relative with T2DM compared to controls (64.4%
vs 33.3%, P<0.001). More baseline characteristics can be found in Table 1.

Primary care versus hospital-based outpatient clinic

Table 2 shows baseline characteristics of patients with T2DM in primary care and hospital-
based outpatient clinic. Patients with T2DM from the outpatient clinic had longer median
duration of diabetes compared to primary care (12.5 (IQR 7.2-17.8) vs. 4.6 (IQR 1.2-7.9)
years; P<0.001) while they were diagnosed at a younger age (50.8 (10.8) vs. 58.4 (11.3)
years, P<0.001). At the outpatient clinic, participants had higher BMI (30.2 (IQR 26.8-33.7)
vs. 29.0 (IQR 26.0-32.0) kg/m?% P<0.001), HDL-cholesterol (1.2 (IQR 1.0-1.4) vs.1.1 (IQR
0.9-1.3); P<0.002), HbA1lc (56.3 (IQR 48.1-64.5) vs. 48.6 (43.7-53.6) mmol/mol; P<0.001)
and higher creatinin (81 (67-95) vs. 76 (64-88) umol/L; P<0.001). Total cholesterol (4.3
(0.9) vs 4.2 (0.9); P=0.04) and LDL-cholesterol (2.6 (0.8) vs. 2.3 (0.8); P<0.001) was higher
in primary care patients. A larger proportion of patients with T2DM at the outpatient
clinic had reduced estimated glomerular filtration rate (25.5% vs. 15.2%, P<0.001),
macrovascular disease (41.9% vs. 34.8%; P=0.002) and microvascular disease (63.8% vs.
20.7%) compared to patients with T2DM from primary care. We could not retrieve reliable
data on neuropathy nor diabetic foot in primary care population. More patients from the
outpatient clinic had a first-degree relative with T2DM compared to controls (64.4% vs.
33.3%, P<0.001).
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Table 1: General baseline characteristics of participants with and without T2DM

Cases Controls p-value

Number of participants 1886 854
Female sex, n (%) 874 (46.4) 511 (59.8) <0.001
Age, yr, median (IQR) 65.7 (58.5-72.9) 64.9 (60.4-69.4) 0.72
Age of onset diabetes, yr, median (IQR) 55 (47-63) N/A N/A
Duration of diabetes, yr, median (IQR) 8.1(2.8-13.5) N/A N/A
BMI, kg/m?, median (IQR) 29.5(26.4-32.7) 25.5(23.3-27.7) <0.001
HbA1c, mmol/mol, median (IQR) 50.8 (43.7-57.9) 37.7 (36.1-39.3) <0.001
Diabetes treatment, % (n / n-available / n-missing)

No glucose-lowering medication 19.2(340/ 1772 / 114) N/A N/A

Oral glucose-lowering agent 64.3(1140/1773/113) N/A N/A

Insulin 32.3(572 /1772 /114) N/A N/A
Systolic blood pressure, mmHg, median (IQR) 140 (129-151) 137 (124-150) <0.001
Diastolic blood pressure, mmHg, median (IQR) 78 (71-85) 82 (76-89) <0.001
Total Cholesterol, mmol/L, median (IQR) 4.2 (3.6-4.8) 5.6 (4.9-6.2) <0.001
Triglycerides, mmol/L, median (IQR) 1.4 (0.9-2.0) 1.2 (0.9-1.5) <0.001
HDL-cholesterol, mmol/L, median (IQR) 1.1(0.9-1.3) 1.4(1.2-1.6) <0.001
LDL-cholesterol, mmol/L, median (IQR) 2.3(1.8-2.8) 3.5(2.9-4.1) <0.001
Creatinin, umol/L, median (IQR) 78 (66-91) 72 (63-81) <0.001
eGFR < 60ml/min, % (n / n-available / n-missing) 21.2 (372 /1756 / 130) 5.0 (40/795/59) <0.001
Cardiovascular disease, % (n / n-available / n-missing)

Any macrovascular disease 38.0 (660 /1738 / 148) 8.3 (68/824/30) <0.001

Ischemic heart disease 28.0 (497 / 1778 / 108) 4.9(41/842/12) <0.001

Ischemic brain disease 12.0 (211 /1757 / 129) 1.4 (12/840/ 14) <0.001

Peripheral arterial disease 10.8 (193 /1783 / 103) 2.2(18/823/31) <0.001
Microvascular diabetes complications, % (n / n-available /
n-missing)

Any microvascular disease 34.3 (561 /1637 / 249) N/A N/A

Diabetic retinopathy 17.3 (308 /1778 / 108) N/A N/A

Diabetic nephropathy 23.0 (387 /1684 / 202) N/A N/A
Family history, % (n / n-available / n-missing)

First-degree relative with T2DM 64.4 (1104 /1714 /172) 33.3(269/809/45) <0.001

First-degree relative with CVD 68.3 (1086 /1590/296) 68.7(519/755/99) 0.87

Any relative with early-onset CVD 45.0 (780 /1732 / 154) 41.5 (342 / 825 29) 0.09
Descent:

Caucasian descent, % (n / n-available / n-missing) 91.9 (1613 / 1755) 96.1(810/843/11) <0.001

Age of death father, yr, median (I1QR) 73 (65-82) 75 (67-84) <0.001

Age of death mother, yr, median (IQR) 78 (70-86) 81 (73-89) <0.001

Table 1 shows baseline characteristics of participants from the Diagene Study. BMI, body mass index; CVD,
cardiovascular disease; eGFR, estimated glomerular filtration rate calculated with the Modification of Diet in
Renal Disease-formula; IQR, interquartile range; n-total, total number of participants for whom information
was available; T2DM, type 2 diabetes mellitus; Yr, year.

26 CHAPTER 2



Table 2: general baseline characteristics of participants in primary care and hospital-based out-

patient clinic at inclusion.

Primary Care Outpatient clinic p-value

Number of participants 1056 830
Female sex, n (%) 494 (46.8) 380 (45.9) 0.71
Age, yr, median (IQR) 65.5 (58.1-72.9) 65.9 (58.9-72.9) 0.66
Age of onset diabetes, yr, median (IQR) 59 (51-67) 51 (44-59) <0.001
Duration of diabetes, yr, median (IQR) 4.5 (1.2-7.9) 12.5(7.2-17.8) <0.001
BMI, kg/m? median (IQR) 29.0 (26.0-32.0) 30.2 (26.8-33.7) <0.001
HbAlc, mmol/mol, median (IQR) 48.6 (43.7-53.6) 56.3 (48.1-64.5) <0.001
Diabetes treatment, % (n / n-available / n-missing)

No medication 24.7 (248 / 1004 / 52) 12.0(92/768/62) <0.001

Oral glucose-lowering agents 72.9 (732 /1004 /52) 53.1(408/768/62) <0.001

Insulin 8.6 (86 /1004 / 52) 63.3(486/768/62)  <0.001
Systolic blood pressure, mmHg, median (IQR) 146 (133-159) 134 (126-143) <0.001
Diastolic blood pressure, mmHg, median (IQR) 79 (72-86) 75 (70-80) <0.001
Total Cholesterol, mmol/L, median (IQR) 4.2 (3.6-4.9) 4.1 (3.6-4.6) 0.047
Triglycerides, mmol/L, median (IQR) 1.4 (0.9-1.9) 1.5(1.0-2.0) 0.104
HDL-cholesterol, mmol/L, median (IQR) 1.1(0.9-1.3) 1.2 (1.0-1.4) 0.002
LDL-cholesterol, mmol/L, median (IQR) 2.5(2.0-3.1) 2.1(1.7-2.6) <0.001
Creatinin, umol/L, median (IQR) 76 (64-88) 81 (67-95) <0.001
eGFR < 60ml/min % (n / n available/ n-missing) 16.4 (160/978/78) 27.2 (212/778/52) <0.001
Cardiovascular disease, % (n / n-available/ n-missing)

Any macrovascular disease 34.8 (335/963 /93) 41.9(325/775/55) 0.002

Ischemic heart disease 25.2(252/1000/56)  31.5(245/778/52) 0.004

Ischemic brain disease 12.7 (124 /973 / 83) 11.1(87/784/ 46) 0.302

Peripheral arterial disease 9.2 (88/958/98) 12.7 (105/825/5) 0.018
Microvascular diabetes complications, % (n / n-available /
n-missing)

Any microvascular disease 20.7 (172/830/226) 48.2(389/807/23)  <0.001

Diabetic retinopathy 6.1(59/962/94) 30.5 (249 /816 / 15) <0.001

Diabetic nephropathy 15.4 (134 /868 /188)  31.0(253/816/15) <0.001

Neuropathy Unknown 31.2 (238/762/68) N/A
Family history, % (n / n-available / n-missing)

First-degree relative with T2DM 61.4 (586 /955/101) 68.2(518/759/71) 0.003

First-degree relative with CVD 67.6 (608 / 899 / 157) 69.2 (478 /691 /139) 0.712

Any relative with early-onset CVD 45.0 (436 / 968 / 88) 45.0 (344 / 764 / 66) 1.0
Descent

Caucasian descent, % (n / n-available / n-missing) 90.3(892/988/132) 94.0(721/767/63) 0.005

Age of death father, yr, median (IQR) 73 (65-82) 73 (65-82) 0.728

Age of death mother, yr, median (IQR) 79 (72-87) 77 (69-85) 0.055

Table 2 shows baseline characteristics of participants from the DiaGene Study in both primary care and hospi-
tal-based outpatient clinic. BMI, body mass index; CVD, cardiovascular disease; eGFR, estimated glomerular
filtration rate calculated with the Modification of Diet in Renal Disease-formula; HDL, high-density lipopro-

tein; IQR, interquartile range; LDL, low-density lipoprotein; n-total, total number of participants for whom
information was available; T2DM, type 2 diabetes mellitus; Yr, year.

INTRODUCTION OF THE DIAGENE STUDY

27



Genetics

Table 3 shows the associations of 11 well-established genetic T2DM variants in our study
population. Hardy-Weinberg’s equilibrium was met for all variants. With the exception
of the variant in KCNJ11, all T2DM susceptibility variants had higher allele frequencies
in cases with T2DM than in controls. TCF7L2 showed the highest odds ratio for prevalent
T2DM (OR 1.37 (95%Cl 1.17, 1.60; P<0.001). These results were unaffected by additional
correction for center of inclusion. After calculation of interaction effects, the associations
of all genetic variants except for KCNJ11 did not significantly differ from the large scale
meta-analyses of Morris et al. [44].

Table 3: Allele frequencies, odds ratios and 95% confidence intervals of genetic variants and risk
of T2D in Diagene, original discovery studies and most recent meta-analysis of genome-wide-
association studies.

Diagene Original discovery study results Morris et al. 2012 [52]

Locus- Marker Risk Risk allele OR (95%Cl) Ceu-  OR (95%Cl) Reference OR (95%Cl)
allele/ frequency Hap original study
other Case/ Map

control /

total
CDKAL1 - c/G 0.36/0.31/ 1.23(1.06-1.44) 031  1.12(1.08-1.16) [38,39,41,42] 1.15(1.11-1.19)
rs7754840 0.35 ; p=0.006
CENTD2 - A/C 0.86/0.86/ 0.95(0.77-1.16) 0.88 1.14(1.11-1.17) [37] 1.13(1.08-1.19)
rs1552224 0.86 ; p=0.60
DUSP9 - G/A 0.22/0.22/ 1.02(0.88-1.18); 0.12 1.27(1.18-1.37) [37] N/A (on
rs5945326 0.22 p=0.77 X-chromosome)
FTO - A/C 0.40/0.38/ 1.06(0.91-1.22); 0.45 1.15(1.09-1.22) [41] 1.11 (1.07-1.15)
rs8050136 0.39 p=0.45
HHEX - /T 0.64/0.63/ 1.01(0.87-1.16) 0.56  1.13(1.08-1.17) [38] 1.15(1.11-1.18)
rs1111875 0.63 ; p=0.95
IGFBP2 - T/G 0.33/0.32/ 1.01(0.87-1.18) 0.29 1.17 (1.10-1.25) [41] 1.13(1.09-1.17)
rs4402960 0.33 ;p=0.89
KCNJ11 - T/C 0.37/0.39/ 0.92(0.80-1.07) 0.50 1.15(1.09-1.21) [38] 1.08 (1.05-1.12)
rs5219 0.37 ;p=0.29
KcNQl - G/A 0.53/0.49/ 1.16(1.00-1.34) 0.52  1.08 (1.06-1.10) [40] 1.11 (1.07-1.16)"
rs231362 0.52 ;p=0.04"

PPARG-P12A- C/G 0.89/0.88/ 1.13(0.91-1.42) 0.92  1.14 (1.08-1.20) [38,39,42] 1.16 (1.11-1.22)
rs1801282 0.89 ;p=0.27

TCF7L2 T/C 0.36/0.28/ 1.37(1.17-1.60) 0.25 1.37(1.28-1.47) [41] 1.40 (1.35-1.46)
rs7903146 0.34 ; p<0.001

THADA T/C 0.91/0.88/ 1.36(1.08-1.71) 0.92 1.15 (1.10-1.20) [41] 1.14 (1.08-1.22)
rs7578597 0.90 ; P=0.01

Table 3 shows odds ratios of association with type 2 diabetes for different known risk alleles tested in our
study population. Logistic regression analysis is age, sex and center of inclusion-adjusted. CEU, Caucasian; OR,
odds-ratio; Cl, confidence interval. ~ statistically significant difference of odds ratio in association of genetic
variant with T2DM when compared to Morris et al. 2012 [52].
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Discussion

In this manuscript, we present the baseline characteristics and future perspectives of the
DiaGene study, a new multi-centre cohort study with prospective follow-up on biochemi-
cal and genetic determinants of T2DM and its complications. We show that the population
is representing both primary and secondary care and that despite treatment, considerable
rates of macrovascular and microvascular complications are present. To further elucidate
determinants of T2DM and its complications, multi-layer omics and prospective analyses
will be of great value. Our study offers excellent opportunities to perform these analyses.

In the Netherlands, primary care practices are led by general practitioners, who are
easily accessible and offer essential family medicine. Outpatient clinics of hospitals pro-
vide specialized care and require referral by the general practitioner for reimbursement
by insurance companies. Therefore, complex and more severely affected patients will be
referred to the hospital-based outpatient clinics. This is reflected in the higher prevalence
of micro- and macrovascular complications at the outpatient clinics in our population.

The risk of microvascular disease can be reduced substantially by glycemic control and
general measures to prevent cardiovascular disease such as lifestyle, blood pressure and
lipid optimization [22, 23, 25]. Rates of microvascular disease in our study at baseline were
17.3%, 23.0% and 31% for retinopathy, nephropathy and neuropathy, respectively. This in-
cidence of retinopathy in T2DM is comparable to a report from the Dutch National Institute
for Public Health and the Environment [45] and in line with a worldwide meta-analyses for
diabetes with a duration of less than 10 years [46], but higher than in a screening study for
T2DM from the Netherlands [47]. In the latter study, the duration of T2DM was short and
this probably explains the difference. For nephropathy, our rate is slightly lower than in the
United Kingdom Prospective Diabetes Study (25%), also probably because of shorter follow-
up [16]. Our primary care population appeared to have lower rates of nephropathy com-
pared to studies on prevalent diabetes and newly diagnosed diabetes in patients of general
practitioners in the Netherlands [47, 48]. Although the single urinary measurement-based
prevalence rates in the latter could be an explanation for this discrepancy. The percentage
of patients with T2DM and neuropathy in our population (31%) is lower compared to a
prospective study (50%) with 25 years of follow-up from diagnosis [19] and comparable to
a cross-sectional study on peripheral neuropathy in the United Kingdom [49].

The risk of macrovascular disease in T2DM can be successfully reduced by applying
lifestyle interventions, lipid lowering therapies and antihypertensive treatment. The
relationship with glycemic control is more complex. Even though glycemic control epide-
miologically is strongly related to cardiovascular disease in T2DM, interventions applying
strict glycemic control were unsuccessful [22, 50] or even showed adverse effects [51].
Macrovascular disease rates in our population with T2DM is comparable to previous re-
ports in the Netherlands [45, 52], but lower than in an interview-based study in diabetes
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patients in the USA [53]. Our population is on average 5 years older than the patients in
this American study, and also contains a significant proportion of patients from outpatient
clinics having further progressed disease.

T2DM and its complications are multifactorial in their pathophysiology’s. Genetics,
epigenetics, biological mechanisms and environmental factors are probably interacting at
multiple levels. Therefore a pathway-based approach in well-defined cohorts is needed,
supported by full use of information technology. High throughput research has been
mainly focused on genome wide genetic associations. This has elucidated interesting as-
sociations. Yet the results only explain disease susceptibility to a small extent [31, 33].
We are planning to perform genome-wide association analysis in the near future. The
quality control of this future genomic work will include analyses of the genetic-based eth-
nic background to definitively determine population sub-structures. Here, we restricted
our analyses of well-known genetic T2DM risk variants to the sub-group of self-reported
Caucasians. These DNA polymorphisms showed similar associations in our mainly Cauca-
sian population as in previous extensive meta-analyses: most genetic variants had similar
direction of their associations as earlier reported and for TCF7L2, THADA, KCNQ1 and
CDKALL1 this was significant [32, 44, 54]. KCNJ11 and CENTD2 showed a slight but not sta-
tistically significant opposite association to what has previously described, with estimates
close to 1 and confidence intervals embracing the estimates from literature [32]. Except
for KCNJ11, all genetic variants had non-significant interaction effects for odds ratios of
T2DM-risk variants compared to the latest meta-analysis [44]. The significant difference
for KCNJ11 can be an effect of population-specific variance, differences in environmental
factors, age or interactions of these factors with the genetic variant [44].

To study the aetiology of T2DM and its complications we need well phenotyped cohorts
with prospective follow-up. Our population has these characteristics. We therefore plan
to analyse several omics layers for their associations with T2DM and its complications.
We are currently measuring total N-glycomics with matrix-assisted laser desorption-
ionization-time of flight (MALDI-TOF), -Fourier transform ion cyclotron resonance mass
spectrometry (MALDI-FTICR) [55] and IgG-glycomics with ultra-performance liquid
chromatography [56]. In the near future, we aim to include lipidomics, with a focus on
lipoprotein(a), metabolomics, and proteomics. Also we plan to perform genomics using
the lllumina chip, for mendelian randomization and multilayer interaction analyses. The
overall goal being to elucidate new pathophysiological pathways for prediction, preven-
tion and treatment of T2DM.

Although we have performed our study with precision, we need to consider a number
of limitations. A large majority of our population is of self-reported Caucasian ethnicity,
which limits extending conclusions from our analyses to non-Caucasian populations. How-
ever, it also makes our analyses less vulnerable to genetic population stratification bias.
Self-reported Caucasian mono-ethnicity in two generations results in a very limited risk of
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misclassifying genetic admixtures [57, 58]. In addition, a small proportion of diabetes-free
subjects where recruited by asking T2DM subjects to invite unrelated family members and
friends. Hence, absence of family ties was self-reported, with a small possibility of hidden
relatedness. In the near future, we will perform genome-wide association analysis, which
will allow us to perform formal quality control and accurately account for hidden related-
ness and genetic population stratification bias [59]. Another limitation of this study was
our inability to retrieve information on neuropathy in primary care setting. Conclusions on
neuropathy are therefore restricted to the secondary care setting. We have made exten-
sive efforts to optimise the reliability of our data by having two independent investigators
collect the data and reach consensus. This means we did have to rely on common clinical
practice and adequate record keeping in primary and secondary care. For macrovascular
events in primary care we had to rely on self-reported data. For validation, we have there-
fore checked self-reported myocardial infarction data from hospital-based participants
and found that in only 6.0% of participants with self-reported myocardial infarction this
diagnosis was not confirmed in hospital data. These events have therefore been scored
as missing. Underestimation of the incidence of myocardial infarction based on hospital
discharge data has however been described before [60]. And although the questionnaire
on lifestyle, medication, clinical events and family history was straight-forward and easy to
use, it is not an externally validated questionnaire. At last, our preliminary genetic results
had approximately 10% missing values. We are currently collecting additional samples
from the participants whose DNA was not available at the time of the current genetic
analysis to improve our genetic analysis. Further strengths of our study are the meticulous
hands-on medical file review for each patient by two separate physicians, which produced
high-quality data that enable us to research both T2DM itself as well as its complications
in great detail. Currently, we are finalizing the first collection prospective follow up on all
T2DM complications. The prospective cohort setting with concurrent inclusion of diabetes-
free individuals at baseline, will allow us to perform cross-sectional and prospective end-
point analyses to study aetiology and progression of type 2 diabetes and its complications.

Conclusion

In conclusion, this manuscript describes the design and baseline characteristics of the
DiaGene Study, a large multi-centre prospective follow-up cohort study on environmental,
biochemical and genetic risk factors of T2DM and related vascular complications. By study-
ing both clinical and complex biochemical parameters with a current focus on glycomics,
genomics and lipidomics, the DiaGene Study aims to contribute to the pathophysiological
understanding of T2DM and all its vascular complications in a prospective case-control
setting.
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Abstract

Background: Little is known about enzymatic N-glycosylation in type 2 diabetes, a com-
mon posttranslational modification of proteins influencing their function and integrating
genetic and environmental influences. We sought to gain insights into N-glycosylation to

uncover yet unexplored pathophysiological mechanisms in type 2 diabetes.

Methods: Using a high-throughput MALDI-TOF mass spectrometry method, we measured
N-glycans in plasma samples of the DiaGene case-control study (1583 cases and 728
controls). Associations were investigated with logistic regression and adjusted for age,
sex, body mass index, high-density lipoprotein-cholesterol, non-high-density lipoprotein-
cholesterol, and smoking. Findings were replicated in a nested replication cohort of 232

cases and 108 controls.

Results: Eighteen glycosylation features were significantly associated with type 2 diabetes.
Fucosylation and bisection of diantennary glycans were decreased in diabetes (odds ratio
(OR) = 0.81, p = 1.26E-03, and OR = 0.87, p = 2.84E-02, respectively), whereas total and,
specifically, alpha2,6-linked sialylation were increased (OR = 1.38, p = 9.92E-07, and OR=
1.40, p= 5.48E-07). Alpha2,3-linked sialylation of triantennary glycans was decreased (OR
=0.60, p = 6.38E-11).

Conclusions: While some glycosylation changes were reflective of inflammation, such as
increased alpha2,6-linked sialylation, our finding of decreased alpha2,3-linked sialylation
in type 2 diabetes patients is contradictory to reports on acute and chronic inflammation.
Thus, it might have previously unreported immunological implications in type 2 diabetes.

General significance: This study provides new insights into N-glycosylation patterns in
type 2 diabetes, which can fuel studies on causal mechanisms and consequences of this

complex disease.
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Introduction

Diabetes mellitus type 2 is a disease with enormous morbidity and excess mortality [1].
Intensive therapy can reduce the burden of complications of the disease, but only to about
50% [2]. It is well-recognized as a multifactorial disease in which genetic susceptibility,
numerous metabolic pathways, lifestyle and environmental factors interact at multiple
levels [3]. These factors are known to also influence protein N-glycosylation [4-6]. Glycom-
ics is a relatively new ‘omics’ approach that analyses complex sugar structures (glycans),
which are among the four principal cell components besides DNA, proteins, and lipids
[4]. Pathophysiological processes in type 2 diabetes are intricate and incompletely under-
stood. ‘Omics’ approaches may increase our understanding of the pathophysiology and
eventually advance the development of personalized diabetes medicine, early detection,
and more effective treatment approaches [7].

Little is known about the enzymatic process called N-glycosylation in type 2 diabetes.
N-Glycosylation is a common posttranslational modification of proteins involving the
action of hundreds of different proteins such as glycosyltransferases, glycosidases, and
transporters [4, 8]. Carbohydrate metabolic pathways are directly related to the biosyn-
thesis of monosaccharides that are the substrates for glycosylation [6]. N-Glycans are
highly diverse and have multiple functions, including important roles in protein folding,
stability, and receptor-ligand interaction [4, 8]. N-Glycosylation is not to be confused
with non-enzymatic glycation, such as in glycated hemoglobin (HbAlc) and in advanced
glycation end products, which has been extensively investigated and is well-known for its
detrimental effects on plasma proteins and DNA [9].

Most of the major plasma proteins are glycosylated and N-glycans have already been
proposed as biomarkers and therapeutic targets for various inflammatory diseases and
cancer [4]. In healthy individuals, plasma protein glycosylation is constant over time, but
can dramatically change because of a pathological condition, especially upon inflamma-
tion [10, 11]. Furthermore, N-glycosylation changes have been associated with obesity,
smoking, and aging [12-15], which are recognized risk factors for type 2 diabetes. How-
ever, a limited number of reports exist on plasma N-glycosylation in diabetes. Fucosylation
of plasma N-glycans is partly regulated by hepatocyte nuclear factor 1-a (HNF1A) [16],
of which rare variants cause type 3 maturity-onset diabetes of the young (MODY) [17]
and of which a common genetic variant has been linked to type 2 diabetes [18]. Recently,
we found decreased galactosylation and sialylation and increased bisection of fucosyl-
ated structures on immunoglobulin (Ig)G in type 2 diabetes, which corresponds with an
increased inflammatory potential of IgG [19]. Reduced IgG sialylation in mice was shown
to be implicated in obesity-induced insulin resistance [20]. In total plasma N-glycome,
Testa et al. found that monogalactosylated, core-fucosylated diantennary N-glycans were
reduced in individuals with type 2 diabetes compared to controls [21]. In this promising
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pioneering work, a limited number of glycan structures were detected after the removal
of sialic acids. Sialylation, however, has a crucial role in the functionality of N-glycans [22],
and total plasma levels of sialic acid have been associated with incident type 2 diabetes
[23, 24]. Recently, associations of increased complexity and sialylation of plasma N-glycan
structures with a higher risk of type 2 diabetes were reported [25]. Therefore, compre-
hensive research of the total plasma N-glycome, including detailed sialylation analyses, is
indicated to understand the contribution of these multifaceted structural glycan features
to this complex disease. Our MALDI-TOF MS-based high-throughput approach is well
suited for this purpose, as it identifies 70 glycan compositions and reveals information on
not only fucosylation, bisection and sialylation [26], but also on sialic-acid linkage variants
that have not been previously investigated.

In the present study, we sought to reveal differences in the detailed structural features
of the plasma N-glycome between type 2 diabetes patients and healthy controls in a large
case-control study, and performed a nested replication in a subsample of the population
to gain a first insight into the possible involvement of plasma protein N-glycans in the
pathophysiology of type 2 diabetes.

Methods

Plasma samples from the DiaGene study were used for the N-glycan measurements.
DiaGene is a case-control study on type 2 diabetes (1886 cases and 854 controls) collected
from the Eindhoven area in the Netherlands and is described in detail elsewhere [27], with
basic characteristics summarized in Table 1. All samples were collected and stored accord-
ing to the same protocol as described previously. The control samples were collected,
stored and processed on the same location as the primary care patient samples.

All participants have given written informed consent. The study was approved by the
Medical Ethical Committee of the Erasmus MC and is in compliance with the Declaration
of Helsinki principles.

Total plasma N-glycome analysis

N-Glycans were analyzed after sialic-acid derivatization by a previously established MALDI-
TOF MS method [26, 28], with minor modifications. Briefly, 5 uL plasma sample was dena-
tured by the addition of 10 uL of 2% sodium dodecyl sulfate and incubation for 10 min at
60 °C. For glycan release, 10 uL of 2.5x phosphate-buffered saline containing 2% nonidet
P-40 and 0.5 mU peptide-N-glycosidase F (Roche Diagnostics, Mannheim, Germany) were
added followed by incubation for 16 h at 37 °C. Thereafter, during the derivatization
procedure, a2,6-linked sialic acids were ethyl-esterified and a2,3-linked sialic acids were
lactonized, facilitating mass-based discrimination of sialic-acid linkage variants. Released
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Table 1. Characteristics of the study populations.

Discovery cohort Replication cohort

Cases Controls Cases Controls
Total number 1583 728 232 108
Age (years) 65.2+10.9 65.8+7.0 65.1+7.8 65.8+5.0
Sex (female) (n, %) 748 (47.3) 456 (62.6)° 90 (38.8) 42 (38.9)
BMI (kg/m?) 29.4(26.6-33.0)  25.4(23.3-27.8) 30 (27.4-34) 25.8 (23.7-27.9)°
HDL-c (mmol/l) 1.10 (0.94-1.30)  1.42 (1.22-1.67) 1.18 (1.00-1.40) 1.39 (1.19-1.64)°
Non-HDL-c (mmol/l) 3.00 (2.50-3.68)  4.03 (3.43-4.76) 2.85 (2.4-3.46) 4.19 (3.54-4.66)°
Creatinine (umol/l) 77 (67-92) 71 (63-80)° 77 (66-91) 77 (67-86)
Ever smoked (n, %) 1079 (74.3) 480 (68.4)° 158 (75.2) 64 (61.0)°
Currently smoking (n, %) 260 (18.1) 80 (11.4)° 34 (16.3) 9 (8.6)
Systolic BP (mmHg) 142 +19 139 +20° 142 +19 139+18
Cardiovascular disease (n, %) 539 (37.1) 66 (9.4)° 89 (41.2) 0°
HbA1c (mmol/mol) 50.8 (45.4-59.6)  37.7 (35.5-38.8)° 51.9 (45.4-60.7) 36.6 (35.5-38.8)°
Duration of diabetes (years) 8 (3-14) NA 10 (5-16) NA
Insulin use (n, %) 452 (30.3) NA 89 (40.1) NA
Diabetic retinopathy (n, %) 223 (15.0) NA 68 (29.4) NA
Diabetic nephropathy (n, %) 311(22.2) NA 56 (25.7) NA

Continuous data are represented as median and interquartile range or as mean + SD in case of age and systolic
blood pressure (BP). Clinical variables were compared between cases and controls with the Student’s t-test
or the Wilcoxon rank-sum test for normal and non-normal distributions, respectively, and with the x2-test for
binary data. All p-values are shown for cases vs. controls within the same cohort: * p < 0.05; ® p < 0.01; p <
0.001. BMI, body mass index; BP, blood pressure; HbAlc, glycated hemoglobin; HDL-c, high-density lipopro-
tein cholesterol; NA = not applicable.

glycans were purified using a 96-well filter plate with a GHP membrane (AcroPrep Advance
96 Filter plate, Pall Corporation, Ann Arbor, MI) on a Hamilton liquid-handling system. The
derivatized sialylated glycans were detected simultaneously with nonsialylated N-glycans
in positive-ion reflectron mode. In short, 10 pyL of sample was premixed with 10 pL of 5
mg/mL super-DHB (Sigma-Aldrich, Steinheim, Germany) in 99% acetonitrile with 1 mM
NaOH in a 384-well plate, 2 uL of which was spotted on plate. Mass spectra were acquired
by an ultrafleXtreme MALDI-TOF mass spectrometer equipped with a Smartbeam-II laser
operated by flexControl 3.4 (Build 135) (Bruker Daltonics, Bremen, Germany). A total of
20,000 shots at 1,000 Hz were accumulated per spectrum with a mass range of m/z 1,000—
5,000. The MALDI-TOF-MS was calibrated using the Bruker Peptide Calibration Standard
II. An acceleration voltage of 25 kV was applied following a 140 ns extraction delay. Using
flexAnalysis 3.4 (Build 76) Batch Process, raw data were baseline-subtracted (TopHat) and
smoothed (SavitzkyGolay), and .xy files were generated for further processing.

For the analyte composition list, three sum spectra were generated from selected mass
spectra from cases with and cases without diabetic complications, and healthy controls,
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eight mass spectra per group. In addition to the manual inspection of the peaks in the sum
spectra, potential modifications for the 20 most abundant glycan compositions, including
fragments, potassium adducts, and adducts from the derivatization reaction were consid-
ered, resulting in a list of 159 potential analytes with a distinct m/z value (Supplementary
Table S1). Our in-house built software MassyTools version 0.1.8.1.2 [29] was used for area
integration and internal calibration, with a list of high-intensity glycan signals distributed
across the detected m/z range applied as calibrants: H3N4F1, H4N4F1, H5SN4F1, HSN4E1F1,
H6N5L1E2, HENSL1E2F1 (Supplementary Table S1). The relative areas of the detected
glycans were extracted by summing the isotopes within 80% of the isotopic envelope for
each species. Furthermore, different quality parameters (see below) were calculated using
MassyTools. Resulting mass errors and relative standard deviations (SD) of the calculated
relative intensities of the glycan compositions are presented in Supplementary Table S1.
For example, the relative SD of the main peak at m/z 2301 was 6.42%.

Mass spectra were excluded from further analysis if their total intensity was lower
than 50,000 and their “Fraction of analyte area - background area above signal-to-noise
ratio” was lower than 0.89 (corresponding to the mean minus 4-times the SD to ensure
a sufficient intensity for the overall profile including minor peaks; see [29] for further
details on the quality parameters). The reasoning for setting the cut-offs was confirmed by
a manual inspection of several borderline spectra. After the removal of low-quality spec-
tra, analyte compositions were removed from further analysis based on cut-offs for their
signal-to-noise ratio, mass accuracy, isotopic pattern quality, and presence in a minimum
percentage of the spectra within cases, healthy controls, or VisuCon-F plasma standard
samples (Stago BNL, Netherlands). The cut-off values were as follows: signal-to-noise >
6, ppm error < 20, deviation from the theoretical isotopic pattern < 20 %, and present
in at least 10% of spectra per group, i.e. cases, controls, or plasma standards. Only non-
modified glycan compositions were further processed. The sum of the signal intensities of
these remaining 70 compositions was normalized to 1, with each individual composition
expressing a fraction thereof (total area normalization; see Figure 1 and Supplementary
Table S1). From the 70 direct traits, 91 derived traits were calculated on the basis of their
structural features (Supplementary Table S2) [25, 26, 30]. In case of ambiguity due to
isomerism, for example in HS5N5E1F1, bisection of diantennary glycans was assumed
rather than an agalactosylated third antenna.

Experimental design and statistical analysis

In total, 2718 samples from the DiaGene cohort, 31 blanks and 155 VisuCon-F standard
plasma samples were randomized over 31 96-well plates and prepared and analyzed
as described above. After the removal of low-quality spectra during quality control and
samples with insufficient clinical information, the discovery cohort data consisted of
1583 cases and 728 controls. For the nested replication cohort, 232 cases were randomly
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Figure 1: A typical MALDI-TOF mass spectrum of plasma protein N-glycans from the DiaGene
cohort.

After enzymatic release of glycans, sialic acids were stabilized in linkage-specific manner and analyzed by
positive-ion reflectron mode MALDI-TOF-MS. Observed m/z values for [M+Na]" species are depicted, with
structures proposed for the most abundant species. The red asterisk marks a fragment of the species detected

at m/z 2301.840. For the complete list of, in total, 70 quantified glycan species, see Supplementary Table S1.
The inset shows the enlarged mass window of m/z 3130-3800.

selected using IBM SPSS Statistics (version 21.0) and 108 controls were selected matching
on average age and sex frequencies as a group. A power calculation was performed using
G*Power 3.1 [31]. At alpha = 0.05, we had 80% power to find odds ratios (ORs) <0.88 or
>1.13 in the discovery cohort.

Statistical analyses were performed in RStudio (version 1.0.136). The distribution of the
clinical variables was considered normal when Skewness and Kurtosis were within the
range of -1 to +1. Clinical variables were compared between cases and controls with the
Student’s t-test or the Wilcoxon rank-sum test for normal and non-normal distributions,
respectively. Binary data were compared with the x2-test.

Direct and derived glycan traits were adjusted for batch effects by preparation day,
MALDI plate, row and column effect using ComBat package in R. For the analyses of as-
sociations of N-glycans with clinical variables and diabetes, N-glycan relative intensities

were centered by subtracting the mean and scaled by dividing by the SD. Linear regres-
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sion was used for associations of N-glycans with continuous clinical variables, and logistic
regression for associations with sex and smoking. Age, sex, and their interaction were used
as covariates in a second model for the analysis of associations between N-glycans and
clinical variables. For the sake of power, we chose to analyze the associations between N-
glycans and clinical parameters in the entire cohort instead of stratifying for case/control
status.

Associations of N-glycans with type 2 diabetes were assessed with logistic regression.
The following covariates were included in three models: 1) age, sex, and their interaction;
2) model 1 + body mass index (BMI); and 3) model 2 + high-density lipoprotein-cholesterol
(HDL-c), non-HDL-c, smoking. Outcomes of model 1 reflect the broad differences between
cases and controls, while model 2 and 3 more specifically reflect the differences that
are not mediated through risk factors for type 2 diabetes. The age-sex interaction was
included as a covariate, since it was previously reported to affect various glycan traits
[15]. Non-HDL-c was calculated as total cholesterol minus HDL-c. Smoking was divided
in current smokers vs. former and non-smokers (‘Current smoking’) and in current and
former smokers (‘Ever having smoked’) vs. non-smokers. Whenever values were missing
per clinical variable in models 2 and 3, cases were excluded in the respective statistical
analysis using the complete.cases() function in R; the exact numbers of cases and controls
per analysis are stated in Table 2. Glycomic data was complete in all cases used for statisti-
cal analysis. Calculated ORs refer to an increase of one SD in the tested glycan traits. The
Benjamini-Hochberg procedure [32] was applied to control for multiple testing, using a
cutoff of g = 0.05 (5% false discovery rate).

Results

Data reliability

The complete list of the 70 quantified glycan compositions as well as additional signals
from possible modifications and signals that did not pass our quality criteria is given in
Supplementary Table S1. For the quantified species, relative intensities with their rela-
tive SD as extracted from technical replicates of 149 plasma standard samples that were
randomized and measured together with the cohort samples demonstrate overall method
repeatability on the direct-trait level. In addition, Supplementary Table S2 contains relative
SD values based on our 91 derived glycan traits which were calculated from the 70 direct
traits. As described before, derived glycan traits appear to have a higher technical robust-
ness in glycomics studies compared to directly detected compositions [28]. Moreover,
derived traits represent the different structural features corresponding to biosynthetic
pathways in protein glycosylation as known from literature [25, 26, 30].
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Subject characteristics

Detailed characteristics and numbers of the individuals included and excluded from the
study are described elsewhere [27]. Details of the cohorts analyzed here for their glycomic
signatures are given in Table 1 and glycomics data are shown in Figure 1 and Table S3. In
both cohorts, cases had a higher BMI than controls, and a lower HDL-c and non-HDL-c.
Moreover, a higher proportion of cases were smokers and had cardiovascular disease
(Table 1). Additionally, in the discovery cohort, controls were more often female (62.6%
vs. 47.3%) and had lower serum creatinine than cases.

Association of glycans with age, sex, and risk factors for type 2 diabetes

The largest effects associated with increasing age were found for decreased galactosylation
and increased bisection of diantennary glycans (Supplementary Figure S2A and Table S4).
With increasing age, both a2,3-linked and a2,6-linked sialylation increased for fucosyl-

ated glycans, but decreased for non-fucosylated glycans. Different glycosylation features
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showed strong associations with sex, and moreover, an interaction between age and sex
was observed (Supplementary Table S4 and Figure S1).

After adjustment for the covariates age, sex, and their interaction, multiple associations
remained significant between glycans and BMI, HDL-c, non-HDL-c, and smoking (excerpt
in Figure 2 and full version in Supplementary Figure S2B). For BMI, the strongest associa-
tions were with sialylation and sialic-acid linkage. With increasing BMI, overall sialylation
increased in diantennary glycans (A2S) and decreased in tetraantennary glycans (A4S).
Moreover, higher BMI was associated with lower a2,3-linked (A3L) and higher a2,6-linked
sialylation (A2E). In addition, antennary fucosylation and bisection of several nonsialylated
traits were positively associated with BMI, whereas bisection of mainly sialylated species
and galactosylation of nonsialylated species were inversely associated. Smoking showed
an association pattern similar to BMI, but additionally showed strong associations with
fucosylation. For a few traits, sialic-acid linkage was associated with BMI and smoking in
opposite directions, e.g. in A4FOE and A2(G)L. (Treated) HDL-c and non-HDL-c levels were
similarly associated with N-glycans, but in the opposite direction from BMI and smoking,
particularly regarding sialic-acid linkages. HDL-c and non-HDL-c were associated with low-
complexity glycan traits (MM, MHy) in opposite directions (Supplementary Figure S2B).

Associations of glycans with type 2 diabetes

Multiple glycan traits were associated with type 2 diabetes in both the discovery and the
replication cohort in all three models (Supplementary Table S5). Adding BMI as a covari-
ate in model 2 affected p-values and effect sizes compared to model 1, but did not alter
the direction of the associations and only few lost statistical significance. The replicated
associations that remained significant after adjustment for additional risk factors in model
3 are shown in Table 2. The strongest associations were found for sialylated traits, par-
ticularly for di- and triantennary glycans (Figure 3). Sialylation of diantennary traits was
higher in individuals with type 2 diabetes than in controls. Regarding sialic-acid linkage,
diantennary a2,6-linked sialylation was increased and triantennary a2,3-linked sialylation
was decreased in diabetes (A2(F)GE and A3L). In addition to sialylation changes, decreased
bisection of mainly fucosylated sialylated diantennary species, and fucosylation of dian-
tennary traits were associated with type 2 diabetes (A2FSB and A2F). Moreover, the total
abundance of fucosylated nonsialylated diantennary species (TA2FS0), most likely derived
from 1gG [33], was decreased (Figure 3; Table 2).

Several derived traits that were associated with type 2 diabetes in the discovery cohort
throughout the three models, also showed associations in the same direction in the
smaller replication cohort, but lost significance after adjustment for risk factors for type
2 diabetes in model 3 (Supplementary Table S5). For instance, the abundance of dianten-
nary N-glycans (CA2) was lower in type 2 diabetes while that of triantennary N-glycans
(CA3) was higher. Galactosylation was decreased and bisection increased in traits related
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to 1gG (A2FSOG and A2FSOB). In contrast, galactosylation of sialylated diantennary glycans
was increased (A2SG). Alpha2,3-sialylation of tetraantennary species (A4L) was decreased
in type 2 diabetes, while a2,3-sialylation of fucosylated diantennary glycans (A2F(G)L) was
increased, although only in the models adjusted for BMI (models 2 and 3).

When assessing the contributions of individual glycan compositions, it becomes appar-
ent that mainly the mono-, di-, and tri-a2,6-sialylated triantennary glycans H6N5E(1-3)
drove the increase of A3E in diabetes (Supplementary Table S6). Various IgG-related com-
positions, such as H4N4F1, H5N4F1, and H5N5F1 showed a decrease, as well as various
a2,3-sialylated species, such as H7N6(F1)E1L3 and H5N4(F1)E1L1.
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Figure 3: Selected derived glycan traits in healthy controls (HC, green) and individuals with type
2 diabetes (T2D, red) from the discovery cohort.

The 25th, 50th and 75th percentiles and whiskers at 1st quartile minus 1.5*interquartile range (Q1 - 1.5*IQR)
and Q3 + 1.5*IQR of the relative intensities are shown. P-values are shown for significant, replicated associa-
tions after adjustment for age, sex, and their interaction (model 1). See Table 2 for the entire list of replicated
associations and Supplementary Table S2 for details on the derived glycan traits. A2, diantennary; F, fucosyl-
ation; G, galactosylation; S, sialylation; E, a2,6-linked sialylation; A3, triantennary; L, a2,3-linked sialylation; T,
in total spectrum; B, bisection.

Discussion

Here, we describe associations of multiple plasma protein N-glycosylation features with
type 2 diabetes. We found that sialylation of diantennary glycans was higher in type 2 dia-
betes than in healthy controls, while fucosylation and bisection were lower. Intriguingly,
diabetes was strongly associated with the type of sialic-acid linkage, with lower a2,3-
linked sialylation of triantennary glycans and higher a2,6-linked sialylation of diantennary
structures.
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Type 2 diabetes is a complex and multifactorial disease, characterized by metabolic
disturbances often accompanied by obesity and low-grade systemic inflammation [34].
Considering the large disease burden of type 2 diabetes, a deeper insight into its patho-
physiology is crucial. Studying protein N-glycosylation as a common posttranslational
modification with high complexity, diversity, and functional impact has high potential for
advancing this knowledge. Associations of unspecific serum/plasma glycan markers, i.e.
total levels of sialic acid and N-acetylhexosamine, with inflammation and incident type 2
diabetes have previously been described and are partly explained by an absolute increase
in acute phase proteins [23, 24, 35]. Our exploration of relative shifts of N-glycan pat-
terns may point at pathophysiological processes involving multiple proteins, as we discuss
below.

Sialylation

We observed increased sialylation of fucosylated diantennary structures in type 2 diabetes
patients, which has previously been reported for individuals at risk of developing diabetes
as well as in acute (post-surgical) inflammation [11, 25, 36]. Sialic acids influence plasma
protein clearance and are directly involved in activation and control of the immune system.
Moreover, their functions depend on the linkage type [22, 37]. Our finding of increased
sialylation in diabetes and with increasing BMI was specifically due to a2,6-sialylation,
while a2,3-sialylation decreased. Beta-galactoside alpha-2,6-sialyltransferase-1 (ST6Gal1),
encoded by the ST6GALI gene, is the enzyme attaching a2,6-sialic acid to N-glycans [38].
Interestingly, polymorphisms of STEGALI have been associated with type 2 diabetes in
South East Asians [39], suggesting a potential causal relation between a2,6-sialylation
and type 2 diabetes. ST6Gall enzyme activity was increased upon inflammation in both
serum and liver in rats [40]. Moreover, an inflammation-limiting role of ST6Gall in plasma
has been proposed in a study on aging [38]. It is tempting to speculate that increased
ST6Gall enzyme activity may be a response to the low-grade chronic inflammation in type
2 diabetes.

The majority of the a2,6-sialylated diantennary fucosylated glycans (A2FGE) and the
triantennary mono-a2,6-sialylated glycan HGN5E1, which were positively associated with
type 2 diabetes in our study, are thought to be derived from soluble IgM and haptoglobin,
respectively [33, 41, 42]. IgM and haptoglobin function as ligands for siglec-2 (CD22) [43],
a sialic-acid-binding Ig-like lectin present on immune cells and pancreatic B-cells [44].
Increased a2,6-linked sialylation of IgM and haptoglobin might augment binding to CD22,
and may thus have a role in inflammation and possibly also glucose homeostasis.

In contrast to a2,6-linked sialylation, a2,3-linked sialylation of larger glycans was lower
in type 2 diabetes. The opposite was found in post-surgical, acute inflammation, where
highly sialylated tri- and tetraantennary fucosylated glycans increased [11, 36]. Moreover,
both a2,3- and a2,6-linked sialylation of larger glycans were higher in inflammatory bowel
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disease patients than in healthy controls [45]. Large, sialylated, fucosylated glycans often
contain terminal sialyl-Lewis X epitopes (consisting of an antennary fucose with an a2,3-
linked sialic acid), especially on acute-phase proteins [33, 35, 46]. Increased abundance of
sialyl-Lewis X epitopes on plasma glycoproteins during inflammation has been postulated
to exert anti-inflammatory effects through competitive binding to endothelial E-selectin
and blocking of immune-cell adhesion and extravasation into tissues [47]. Thus, reduced
a2,3-linked sialylation in type 2 diabetes might be a sign of either disrupted anti-inflam-
matory mechanisms or other processes specific to type 2 diabetes that are not related
to inflammation. Since data on sialylation in disease states is scarce, it remains unclear
whether reduced a2,3-linked sialylation is only seen in diabetes or also in other diseases.

Fucosylation

We observed a decrease in fucosylation of diantennary glycans (A2F) in type 2 diabetes,
which has also been linked to inflammation [36], increased C-reactive protein levels,
and smoking [15]. This decrease was driven by decreases of the fucosylated species
HANAF1(E1), HSN4F1(E1), H5N5F1, H3N4F1, and HANSF1. In healthy individuals, these gly-
cans are mostly derived from IgG, and partly from other Igs [33, 48]. Thus, the decreased
fucosylation of diantennary glycans might reflect a relative decrease of I1gG glycans. Ac-
cordingly, decreased absolute IgG levels have been reported in type 2 diabetes [49]. More-
over, we recently found decreased fucosylation of nonsialylated, non-bisected IgG glycans
in type 2 diabetes [19], which enhances the antibody-dependent cytotoxicity of 1gG [50].
In contrast, Itoh et al. found an increased relative amount of the core-fucosylated bisected
diantennary glycan (H5N5F1) in sera of individuals with type 2 diabetes [51]. However, a
low-resolution analytical technique was used, bearing the risk of an overlap of different
structures, and results were not adjusted for age, sex and risk factors for diabetes.

Our MS-based glycomics technique does not reveal whether a fucose is attached to
an antennary N-acetylglucosamine or to the core. However, chromatographic analyses
indicate that diantennary glycans mostly carry core-fucoses, while tri- and tetraantennary
structures are more likely to carry antennary fucoses [12, 36]. Fucosylation co-occurring
with an a2,3-linked sialic acid could indicate an antennary fucose within a sialyl-Lewis
X epitope, as discussed in the sialylation paragraph. As an approximation of antennary
fucosylation, we used glycans bearing two fucoses, which are represented by traits A3Fa
and A4Fa and imply the presence of at least one antennary fucose. These were positively
associated with age, BMI and smoking, but not with diabetes. Accordingly, in a previous
report, no differences were found in the proportion of antennary fucosylated trianten-
nary glycans between type 2 diabetes and healthy controls. In contrast, individuals with
MODY3 showed decreased antennary fucosylation of triantennary glycans compared to
both healthy and type 2 diabetes individuals [5]. MODY3 is caused by mutations in the
HNF1A gene, which is thought to regulate fucosyltransferase activity and to modulate
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antennary fucosylation [12]. Since we found no change in antennary fucosylation in type
2 diabetes, the decreased fucosylation is more likely caused by decreased diantennary
core-fucosylated (lg-derived) glycans.

Bisection

The addition of an N-acetylglucosamine in B1,4-linkage to the first mannose of the N-glycan
core by N-acetylglucosamine-transferase-3 is called bisection. This process is in competi-
tion with other glycosyltransferases, including fucosyltransferase-8 for core-fucosylation
and N-acetylglucosamine-transferase-5 for branching [52]. Bisection of fucosylated
sialylated diantennary glycans (A2FSB) was reduced in type 2 diabetes in our cohort,
while IgG-related bisection in the non-sialylated variant (A2FSOB) tended to increase, in
agreement with our previous findings in isolated 1gG [19]. Also, in an independent large
cohort of mostly healthy individuals, the A2FSB trait showed a positive trend (p = 0.017)
with increasing glucose-to-insulin ratio [15], indicative of a higher insulin sensitivity and
supporting our finding in diabetes. Interestingly, A2FSB showed a positive association with
rheumatoid arthritis, which is characterized by chronic inflammation [53]. In IgG, bisec-
tion enhances antibody-dependent cytotoxicity [50]. The biological effects of bisection in
IgA and IgM glycans are largely unknown. A2FSB N-glycans are mostly derived from IgA,
IgM, and the fragment antigen-binding portion of IgG, while non-bisected A2FS are mostly
attributable to a mixture of glycoproteins released by the liver (i.e. acute phase proteins)
[33]. Therefore, the decreased A2FSB possibly also reflects a decrease in N-glycans derived
from Igs.

Galactosylation

Various galactosylation traits in diantennary glycans (A2G) were positively associated
with type 2 diabetes in the first 2 models, but lost statistical significance in the replication
cohort after adjustment for risk factors for type 2 diabetes. The latter might be due either
to a power issue in the smaller replication cohort or to a causal relationship of the risk fac-
tors with A2G. Very recently, increased galactosylation was associated with an increased
risk of type 2 diabetes (age- and sex-adjusted), in line with our findings in model 1 and 2
[25]. Beta-1,4-galactosyltransferases are responsible for galactosylation, and their activity
in plasma has been associated with aging and diabetes [38, 54]. In contrast, IgG-related
galactosylation (A2FS0G) tended to decrease in diabetes, which is in line with our study on
1gG [19]. While a decrease in 1gG galactosylation is a well-described phenomenon in differ-
ent types of inflammation and aging [55], it remains unclear which mechanisms contribute
to an increase of galactosylation in non-IgG plasma N-glycans.

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES 53




Glycan complexity

We observed a positive association of triantennary (CA3) and a negative association of
diantennary glycans (CA2) with type 2 diabetes in all models, although only replicated
for model 1. Similarly, increased branching was associated with type 2 diabetes risk after
adjustment for age and sex [25]. However, the decreased association strength after cor-
rection for BMI and other risk factors in our study suggests that higher glycan complexity
is mediated through these risk factors.

Lastly, the decreased ratio of high-mannose to hybrid glycans (MHy) in type 2 diabetes
in models 1 and 2 could be due to decreased apolipoprotein B-100 levels in cases, since
high-mannose plasma glycans are, for a large part, derived from this apolipoprotein [33].
This is reflected by the lower non-HDL-c in cases than controls, explained by the use of
lipid-lowering treatment. Accordingly, after adjustment for lipids in model 3 this associa-
tion lost significance in both cohorts.

Strengths and limitations

A major advantage of this study is that we were able to reliably identify and quantify 70
different plasma N-glycan structures in a large type 2 diabetes case-control study, while
others have focused on fewer structures with low-resolution techniques in smaller sample
sizes. Our approach with sialic-acid derivatization provided unique insights into sialic-acid
linkage-specific changes. The size of our discovery cohort ensured establishing robust as-
sociations between glycans and type 2 diabetes, even after adjustment for multiple risk
factors for type 2 diabetes.

Nonetheless, several limitations apply to our findings. First, the glycan species analyzed
often represent isomer mixtures, except for sialic-acid linkage isomers. Second, our data
are normalized to the total area of the 70 detected structures and, for this reason, are
dependent on the plasma levels of the respective glycoproteins. Future glycomic investiga-
tions on a protein-specific level, as previously studied in the DiaGene study for IgG [19],
combined with data on the plasma levels of these proteins will give a deeper insight into
the mechanisms underlying our observations. Currently, however, this is still beyond tech-
nical capabilities for large-scale studies. Third, a separate similar cohort was not available
to replicate our findings. Instead, we created a randomly selected, age- and sex-matched
subcohort for replication, which was smaller and therefore some true associations may not
have become significant in this cohort. Fourth, our data is cross-sectional and therefore
does not allow conclusions on the causality of the associations, although recent findings
in individuals at risk of type 2 diabetes [25] are supportive of our results and do point in
the direction of a causal relationship. Our results are a starting point for future research in
independent prospective cohorts. Last, we were not able to adjust for possible effects of
diabetes treatment on N-glycan profiles due to the absolute association of the endpoint
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(diabetes) with the treatment. Collaborations are ongoing to assess treatment effects in
the future.

Conclusion

In this cross-sectional study, we found robust associations between type 2 diabetes and
the plasma N-glycome, especially regarding sialic-acid linkages. In part, glycans in type 2
diabetes appear to reflect a pro-inflammatory state. However, not all associations seem
to be explained by inflammation, such as the observed decrease in a2,3-linked sialylation.
Further studies should focus on protein-specific glycosylation changes. Moreover, pro-
spective and genetic studies including Mendelian randomization and expression levels of
glycosyltransferases and glycosidases should shed light on the causality and mechanisms
involved. Eventually, knowledge on altered N-glycosylation, an essential but understudied
physiological process, has the potential to improve insight in the pathophysiology of type
2 diabetes and could contribute to decreasing the burden of this major disease.
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Supplementary Figure S1. Plasma N-glycosylation in dependency from age and sex.

Data from the discovery cohort are shown exemplarily for a2,3-sialylation (A3L, upper) and fucosylation of
diantennary glycans (A2F, lower). Scatter points and regression lines are labeled blue for males and red for
females, demonstrating an interaction between age and sex.
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Supplementary Figure S2. Associations of derived glycan traits with age, sex, HDL-cholesterol
(HDL-c), non-HDL-cholesterol (non-HDL-c), BMI, and smoking for combined data from discovery
and replication subsamples.

A) Unadjusted associations. Sex was coded as male = 0, female = 1. B) Associations adjusted for age, sex, and
their interaction. Colors represent the t-statistics (B / standard error); the X indicates p-values < 0.033 (sig-
nificance after FDR-adjustment). Association heat maps were clustered using hclust method = complete with
Euclidean distance. The clustering order in both (A) and (B) is based on the unadjusted associations between
glycans and clinical parameters. See Supplementary Table S2 for glycan derived trait description. Glycan trait
abbreviations: B, bisection; C, within complex; A2, diantennary; F, fucosylation; L, a2,3-linked sialylation; S,
sialylation; G, galactose; E, a2,6-linked sialylation; A3, triantennary; T, within total. Negative associations with
type 2 diabetes are shown in blue, positive associations in red. BMI, body mass index; HDL-c, HDL-cholesterol.
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(Z123249NLH + TIEITAONLH + C1ZATINLH + E1TITIINLH + TIEIINLH

+ C1CIINLH + €TTIOINLH + TICITAINLH + CITITIINLH + €39NLH + TTCIONLH + TTTIINLH +
TTC3IC4SNOH + C1TIC4SNOH + €ITASNIH + TTCITISNOH + CTTITISNOH + €ISNOH + T1CISNOH
+ C1TISNIH + Z3T4SNOH + T1TIT4SNIH + T1TISNOH + CISNOH + ¢IT4ISNSH + T1TISNIH

+ TITITASNGH + C1SN9H + ZISNGH + TIT4SNIH + ZIT4YNGH + TITITIYNGH + T1TIVNGH +
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(21Z3T49NLH + TIEITAINLH + T1ZITAINLH + E1TITIINLH + TIEIINLH + TIZIINLH

+ €1TIINLH + TIZITAINLH + TITITAINLH + €39NLH + TTCIINLH + TITIINLH + TTZITISNOH
+ TITITASNIH + €3T4SNOH + T1ZITISNOH + Z1TITISNOH + €ISNIH + TTZISNIH + TITISNIH
+ C3T4SNOH + TTTIT4SNOH + TTTISNOH + ZISNIH + ZIT4SNSH + TTTISNOH + TITIT4SNSH

+ CISNOH + ZISNGH + TIT4SNOH + ZIT4YNSH + TITITIYNSH + CT1TdVNSH + TISNOH +
TAT4SNSH + Z3PNGH + T1TIPNGH + CTYNSH + TISNSH + TITISNYH + TIT4PNSH + TTTIPNGH +
TISNVH + T4SNSH + TIPNSH + TITIYNVH + TTVNSH + SNSH + T4SNYH + TIVNVH + TIYNGH +
SN¥H + T4SNEH + YNSH + TdyNYH + TIENVH + TITJENEH + SNEH + PNVH + TIVNEH + TIENEH
)/ (2123T49NLH + TIEITIINLH + ZTT1ZITIINLH + ETTITIINLH + TIEIINLH + TICIINLH +
€TTI9NLH + TTCIT49NLH + C1TITA9NLH + €I9NLH + T1ZI9NLH + TTTIONLH + TTCIC4SNOH +
CITIC4SNOH + €ITASNIH + TT1ZITASNIH + TTTITISNIH + €ISNIOH + T1ZISNOH + C1TISNOH

+ C3T4SNOH + TITIT4SNOH + TTTISNOH + ZISNIH + ZIT4SNSH + TITISNOH + TITITISNSH

+ CISNOH + ZISNGH + TIT4SNOH + ZIT4YNSH + T1TITIYNSH + C1TdVNSH + TISNOH +

TAT4SNSH + Z3PNGH + TITIPNGH + ZTPNSH + TISNSH + TIT4SNYH + TIT4VNSH + TIT4VNSH suedA|3 xa|dwod ||e uiyym

%9¢'T 02100 €876°0  + TISNYH + TIPNGH + TITAYNYH + TTPNSH + TIPNYH + TIENYH + TITIENEH + TIENEH ) = SO X euuajue Jad uoneAjels e}
euuajue Jad uonejAjels
(2123Z49NLH + TIEITIINLH
+T1ZITAINLH + €1TITIINLH + TIEIINLH + T1ZIINLH + ETTIINLH + T1ZITIINLH + suedA|3 Azeuusiue-eiie
TITATAINLH + €IINLH + TIZIINLH + ZITIINLH ) / (( TIEIINLH + T1ZIINLH + ETTIINLH + H!ﬁM ) paje|Asoany-uou ulyHM
%LE'Y 88700 8659°0 €3I9NLH + T1ZIINLH + TITAINLH ) « ¥/¥ + (0) 4 ¥/€ +(0) « ¥/T + (0) & ¥/T + (0) « ¥/0 ) = D04¥V euuajue Jad uonejAsoroe|en 9047V
suedA|3
Aseuusjuelp pajejAjers-uou
( SNSH + SNYH + ¥NSH + ‘pa3e|ASOIN-UOU UIYIM
%S89 99700 00890 SNEH +¥NvH ) / ((SNSH + ¥NSH ) « 2/ + ( SNYH + ¥NH ) « /T + (SNEH ) 4 /0 ) = D0S042V H!xnn@x euudjue Jad uonejAsoyees 5004V
suedA|3
Aseuusjuelp parejAjers
(T4SNGH + T4SNYH + T4YNSH + TISNEH + T4YNYH + TIVNEH ) / ( ( TASNSH -uou pajejAsoony ulyum
%S6°€ 81200 57550 +T4UNSH ) % 2/C + (TASNYH + T4UNYH ) « T/T + ( TAGNEH + TAYNEH ) & 2/0) = D0S4TY ﬂ!ﬂﬂﬂ@; euuajue Jad uoyejAsoyoejen 90S42vY
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(ZISNSH + Z3UNSH + T1TIVNSH

+ ZIPNSH + TISNGH + TISNPH + TIPNGH + TIZNSH + GNSH + TIPNPH + SNEH + YNSH +

SNEH + ¥N¥H ) / ( ( ZISNSH + ZIPNSH + TITIUNSH + ZIUNGH ) « /2 + ( TISNGH + TISNYH +

%CL0 89000 TrE6'0  TIPNSH + TTYNSH + TIVNVH ) & ¢/T + ( SNSH + SNYH + ¥NSH + SNEH + YNVH ) « 2/0) = S042V

suedA|8 Aseuusyuelp
paiejAsoonj-uou ulyum
euuajue Jad uonejAjers

S04¢v

(Z3T4SNSH + TITITISNGH + ZITIYNSH + TITITAPNGH + C1TIPNSH

+ TIT4SNSH + TITISNEH + TITIPNGH + TITIPNSH + TASNSH + TITIYNYH + TASNYH + TAPNSH

+ T4SNEH + TAPNYH + TAUNEH ) / (( ZITISNSH + TITITISNGH + ZIT4PNSH + TITITAYNSH

+ TIT4PNSH ) & ¢/ + ( TIT4SNSH + TITASNYH + TITAPNSH + TIT4PNGH + TITAPNYH

%T0°L 86€0°0 €950 ) % T/T + (TASNGH + T4SNYH + TAYNGH + TASNEH + TaYNYH + TAVNEH ) & ¢/0) = S4Tv

suedA|3 Aseuusyuelp
pai1ejAsoony uiyum
euuajue Jad uonejhjels

Sdev

(Z123T49NLH + TIEITAINLH + C1ZITAINLH

+ E1TITIINLH + TIEIINLH + TITIINLH + E1TIINLH + TIZITIINLH + TITITAINLH +

€3I9NLH + TT1CIONLH + TITIINLH ) / (( Z123T4INLH + TIEITAINLH + TTZITINLH +

€1TATIONLH + T1EIINLH + TIZTIINLH + ETTIINLH ) « /¥ + ( TIZATAINLH + T1TITAINLH

%0L'0 €900°0 £868°0 + €39NLH + T1ZIINLH + TTTIINLH ) /€ +(0) « ¥/T + (0) % ¥/T +(0) « ¥/0) =S¥V

suedA|3
AJeuusiue-es3ay ulyum
euuajue Jad uoneAjels

StV

(T12324SN9H

+ Z1TITASNIH + EITASNIH + T1ZITISNIH + TITITASNIH + EISNIH + T1ZISNIH + CTTISNIH

+ Z3T4SNOH + TITITASNOH + T1TASNIH + ZISNOH + TITISNOH + ZISNOH + TITASNIH

+T3SN9H ) / (( TIZIT4SNIH + TITIZASNOH + EITASNIH + T1ZITASNIH + ZTTITISNIH

+ €3SN9H + T1ZISNIH + C1TISNIH ) « €/€ + ( ZTITASNIH + TITITISNIH + CTTASNIH +

%68°0 €8000 69260 CISN9H + TTTISNIH + TISNIH ) & €/T + ( TITASNIH + TISNIH ) « €/T +(0) « €/0) = SEV

suedA|3 Aleuusjuensy uiyum
euudjue Jad uonejAjers

SEV

(Z3T4SNSH + TITITASNGH + ZTISNSH + ZIT4PNSH + TITITYNSH

+ C1T4YNSH + TIT4SNGH + ZIVNSH + TITIVNSH + TIPNSH + TISNGH + TIT4SNYH + TITIYNGH

+ TIT4VNSH + TISNYH + TASNSH + TIPNGH + TIT4VNYH + TIPNSH + SNSGH + T4SNYVH +

TIYNVH + T4NSH + SNEH + TISNEH + YNSH + T4UNYH + SNEH + ¥NYH + T4vNEH ) / ( (

C3IT4SNSH + TITAT4SNSH + CISNGH + Z3T4VNSH + TITIT4VNSH + TIT4VNSH + ZIVNSH +

TITIPNSH + CWNSH ) « 2/ + ( TITAGNSGH + TISNSGH + TITISNYH + TITIYNSH + TITIYNSH

+TIGNYH + TIVNSH + TITIUNYH + TIPNSH + TIVNYH ) « ¢/T + ( TAGNSH + GNSH + T4SNYH

%ET'T T6T00 0€98°0 + T4YNGH + SNH + TASNEH + YNSH + T4¥NYH + SNEH + YNVH + TIVNEH ) « 2/0) = STV

suedA|3 Aseuuajuelp uiyym
euuajue Jad uonejAjers
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((Z3T4SNSH + TITITASNGH + ZISNSH

+ZAT4YNSH + T1TITAYNSH + Z1T4YNSH + TITISNGH + ZIVNGH + TITIPNSH + TIWNSH +
TASNSH + TITASNPH + TITIYNSH + TIT4PNSH + TISNYH + TASNSH + TIPNSH + TITIUNYH +
TIYNSH + SNSH + TASNYH + TIvNYH + T4UNSH + SNYH + TASNEH + YNSH + T4vNvH + SNEH
+YNYH + T4PNEH ) / ( ( ZITISNSH + TITITISNSH + ZISNSH + ZITIYNGH + TITITIVNGH +
TIT4YNSH + TITASNSH + ZIYNSH + TITIPNSH + ZTWNSH + TISNSH + TIT4YNSH + T1T4VNSH
+T4SNSH + TIVNSH + TTPNSH + SNSH + T4UNSH + ¥NSH ) x 2/ + ( TIT4SNYH + TISNYH
+TIT4YNYH + TASNVH + TIUNYH + SNYH + TIUNVH + YNVH ) 5 2/T + ( TASNEH + SNEH +
T4YNEH ) « 2/0) ) / ((ZTITASNSH + TITITISNSH + ZISNGH + TITIPNSH + TITITIPNSH +
TIT4YNSH + TIT4SNGH + ZIPNSH + TITIYNGH + ZIPNSH + TISNSH + TIT4SNYH + TITIPNSH
+ TIT4YNSH + TISNPH + TASNSH + TIVNSH + TITIUNPH + TTPNSH + SNSH + TASNYH +
TIVNYH + TAUNSH + SNH + TASNEH + YNSH + T4UNYH + SNEH + YNYH + T4vNEH ) / ( (
TATASNSH + TITITASNSH + ZISNSH + ZITAYNSH + TITITIYNSH + TITIUNSH + ZIVNSH +
TITIPNSH + C1WNSH ) « 2/ + ( TITASNGH + TISNGH + TITISNYH + TITIYNGH + TITIVNGH
+T3SNYH + TIPNGH + TITIUNYH + TIWNSH + TIPNYH ) « ¢/T + ( TAGNGH + SNGH + T4SNYH

suedA|3 Aseuuajuelp uiyym

%19'T ¥¥10°0 ¥268°0 + T4YNSH + SNYH + TISNEH + YNSH + T4PNYH + SNEH + ¥NYH + T4VNEH ) « 2/0) ) = SOV aso)oe|es Jad uonejAjels SOV
asojoe|ed Jad uonejAjels
(T1Z3T49NLH + TIEIT4ONLH
+ Z1Z3AT9NLH + €1TITIONLH + TIEIINLH + TIZIINLH + ETTIINLH + T1ZITAINLH + suedA|3 Aleuusjue-eliay
CITITAINLH + €IINLH + TTZIINLH + T1TIONLH ) / (( TIEIINLH + Z1ZIINLH + ETTIINLH ) paje|Asoany-uou urym
%657 0200 96850 % ¥/¥ + ( €I9NLH + T1ZIINLH + TITIINLH ) « #/€ + (0) 5 ¥/2 + (0) « ¥/T + (0) & /0 ) = SO4¥V euuajue Jad uoneAjels S04tV
(2123249NLH + TIEITIINLH + CTZITAINLH
+ €1TATAINLH + TTEIINLH + TIZIINLH + ETTIINLH + T1ZITAINLH + TITITAINLH + EIINLH suedA|3 Azeuusyue
+ T1ZI9NLH + CTTIONLH ) / (( 2123T4ONLH + TIEITAINLH + TIZITAINLH + ETTITAINLH -e133) pajejAsodny uyum
%8%'8 79700 G80€0 ) « ¥/ + (T1ZITIINLH + CITITIOINLH ) « #/€ +(0) & /T + (0) 5 ¥/T +(0) « ¥/0) = S4¥V euuajue Jad uoneAjels S4pv
( €3GN9H + T1ZISNOH + suedA|3 Aseuusquenny
T1TISNIOH + ZISNIH + TTTISNIH + Z1SNIH + TISNIH ) / ( ( €3SNIH + T1ZISNIH + T1TISNIH pajejAsoany-uou uyum
%LT'T LOTO0 95160 ) « €/€ + (TISNOH + T1TISNIH + TISNIH ) « €/T + (TISNIH ) « €/T +(0) « €/0) = SOJEV euuajue Jad uonelhjels S04€v
(T123Z4SNIH + Z1TIT4SNIH
+ €3T4SNOH + T1ZITISNIH + ZTTITISNOH + ZIT4SNOH + TITITISNOH + Z1TASNOH + SuedA|3 Aseuusyuersy
TIT4SNIH ) / (( T1ZIC4SNIH + Z1TITISNIH + €ITISNIH + T1ZITASNIH + TITITAISNOH ) & paiejAsoony uiyum
%0L0 99000 TLv6'0  €/€+ (TATASNIH + TTTITASNIH + T1T4SNIH ) & €/T + ( TITASNIH ) « €/T +(0) « €/0) = SHEV euudjue Jad uoneAjels S4ev
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((2123249NLH

+ T1EITIINLH + TIZITAINLH + ETTIATIONLH + TIEIINLH + TIZIINLH + E1TIINLH +

T1Z3T49NLH + Z1TIATIINLH + €I9NZH + T1ZIINLH + TITIINLH ) / (( 2123Z49INLH +

T1€3T49NLH + Z1ZATAINLH + E1TIATAINZH + T1ZITAINLH + ZITIATIINLH ) « /¥ + (0) «

7/€+(0) % ¥/T+(0) « #/T+(0) « ¥/0) ) / ( ( T1ZITIINLH + TIEITAINLH + TIZITAINLH +

€1TITAINLH + TIEIINLH + T1ZIINLH + ETTIINLH + TIZITIINLH + TITITIONLH + EIINLH

+T1ZI9NLH + TITIINLH ) / ( ( Z1ZIT4INLH + TIEITINLH + TTZATAINLH + E1TITIINLH

%00'T 16000 #8060 )« ¥/¥ + (T1ZITAINLH + TITITIINLH ) « ¥/€ +(0) & ¥/T+(0) « ¥/T + (0) « ¥/0) ) = SO4VV

suedA|3 Aseuuajue
-eJ39) paiejAsoony ulyym
aso1oe|ed Jad uonejAjers SO4PY

((Z3SNSH + ZIPNSH + TITIPNSH + ZIPNSH + TISNGH + TISNPH

+TIYNGH + TIPNSH + SNSH + TIPNPH + SN¥H + ¥NSH + SNEH + vN¥H) / (CISNSH + 2Z3PNSH

+ TTTIYNGH + TIPNSH + TISNSH + TIPNSH + TIPNSH + SNSH + ¥NSH ) « 2/2 + ( TISNPH

+ TIUNVH + SNVH + NYH ) & ¢/T + (SNEH ) « 2/0) ) / (( ZISNSH + ZIPNSH + TITIVNSH

+ ZI7NSH + TISNGH + TISNYH + TIPNGH + TIZNSH + GNSH + TIZNTH + SNPH + vNSH +

SNEH + ¥NPH ) / ((ZISNSH + Z3NSH + T1TIPNGH + CTVNSH) « 2/2 + (TISNSH + TISNYH +

%99°0 79000 €8€6'0  TIYNSH + TTYNSH + TIUNYH) & ¢/T + (SNSH + GNYH + PNSH + SNEH + YNYH )42/0)) = SO042V

suedA|3 Aseuusyuelp
paiejAsoonj-uou uiyym
9so1oe|ed Jad uonejAjers SO04zv

((Z3T4SNSH + TITIT4SNSH

+ TAT4YNSH + TITITIPNSH + C1TPNSH + TITISNSH + TITISNYH + TITIPNSH + TIT4NSH

+ TASNSH + TIT4UNEH + TASNYH + TAUNSH + TASNEH + T4¥NvH + TdUNEH ) / (( ZITASNSH +

TITATASNGH + ZITAPNSH + TITITIPNSH + ZTT4PNSH + TITASNSH + TITIYNGH + TIT4VNGH +

T4SNSH + T4YNGH ) « 2/2 + ( TITISNYH + TITIYNYH + TISNYH + TIUNYH ) « T/T + (TISNEH

+ T4VNEH ) « 2/0) ) / (( ZIT4SNSH + TITITISNSH + ZITIYNSH + TITITIZNSH + T1TPNGH +

TITASNGH + TITISNYH + TITIYNSH + TIT4YNGH + TASNGH + TITANYH + TASNPH + T4PNSH

+ T4SNEH + TdYNYH + T4¥NEH ) / ( ( ZITISNGH + TITITASNGH + ZITNSH + TITITIPNSH

+ TIT4YNGH ) « 2/T + ( TITASNGH + TITISNYH + TITIPNSH + TITAENSH + TITIVNTH )

%60'S 0V€0'0 1899°0 « ¢/T+(T4SNGH + T4SNYH + TIPNSH + TASNEH + T4PNYH + TAYNEH ) & 2/0) ) = SO42V

peedt -
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aso1oe|ed Jad uonejAjers SO4Tv
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(T12Z3T4SNOH + Z1TIT4SNIH
+ €3TASNOH + TTZITISNOH + Z1TITASNOH + ZITISNIH + TTTITISNIH + TITASNOH + suedA|3 Aseuusjuely
TIT4SNIH ) / ((0) « €/€ + (ITITASNOH + ZITITISNOH + CITASNIH ) & €/T + ( T12ITISNIH paiejAsoony uiyum euusjue

%8T‘T 0000 GLEE'0  +T1ZATASNIH + TITITISNIH ) « €/T + ( €ITISNIH + ZITISNIH + TITISNIH ) « €/0) = 14EV Jad uone|Ajels-g‘zo 14ev
(
T1Z3T4SNIH + ZTTICASNIH + €ITISNIH + T1ZITISNIH + Z1TITISNIH + €ISNIH + T1ZISNIH
+ Z1TISNIOH + ZITSNIH + TITITISNIH + ZTTISNIH + ZISNIH + TITISNIH + CISNSH +
TIT4SNIH + TISNIH ) / ((0) « €/€ + ( T1TITASNIH + ZTTITISNIH + Z1TISNIH + C1T4SNIH SuedA|8 Aseuuaiuensy
+TISNIH ) x €/T+ (T1ZITASNIH + TTZITISNIH + TTZISNIH + TITITISNIH + TITISNIH ) ulyum euusjue sad
%98‘T 75000 6LLT°0 % €/T + ( €ITISNIH + €ISNIH + ZITISNIH + ZTISNOH + TITASNIH + TISNIH ) « €/0) = 1€V uonelAjeis-g‘zo ey
(ZISNSH + Z3UNSH + T1TIVNSH suedA|3
+ TIPNGH + TISNGH + TISNYH + TIPNGH + TIPNGH + SNSH + TIPNYH + SNVH + YNSH + SNEH Ateuuayuelp pajejAsoony
+YNYH ) / ((2WNSH ) & 2/2+ (TITIPNGH + TTUNSH ) & 2/T + ( ZISNSH + Z3PNSH + TISNSH -Uou UIYM euujue
%S9'8 8€00°0 €¥¥0°0 + TISNPH + TIPNSH + SNGH + TIZNYH + SNYH + PNSH + SNEH + YNVH ) « 2/0) = 1042V Jad uope|Ajels-g‘zo 104ev
(Z3T4SNSH + TITITISNGH + ZITIYNSH + TITITIYNGH + CITIPNSH
+ TIT4SNSH + TITISNYH + TITIPNSH + TITIYNSH + TASNGH + TITIYNYH + TASNYH +
T4YNSH + TASNEH + T4UNYH + T4NEH ) / (( 2ITAPNSH ) & ¢/ + ( TITITISNGH + TITITIVNSH suedA|8 Areuuaiuelp
+ TIT4PNSH ) % /T + ( ZIT4SNSH + ZIT4PNGH + TITASNGH + TITISNYH + TITIYNSH + pa1ejAsoony uym euusiue
%L9'6 SOT00 L8010 T4SNGH + TIT4UNYH + TASNYH + TIUNSGH + TISNEH + T4UNYH + TAVNEH )  2/0) = 142V Jad uope|Ajels-g‘zo 14ev
(Z3T4SNSH + TITITISNGH + ZISNGH + ZITIYNSH + TITITAYNGH +
CITAYNSH + TITISNGH + ZIPNSH + TITIVNSH + ZIPNSGH + TISNSH + TITISNYH + TITIPNSH +
TIT4YNSH + TISNFH + TASNGH + TIPNSH + TITNYH + TIPNSH + SNGH + TASNYH + TIZNYH
+ T4UNSH + GNYH + TASNEH + YNGH + TdNYH + SNEH + yNYH + TIYNEH ) / ( ( ZTT4NSH
+ CTNSH ) % 2/2+ ( TITIT4SNGH + T1TITIYNGH + TITIYNGH + TITIUNGH + TIYNSH ) «
2/T +( ZAT4SNGH + ZISNGH + ZIT4PNSH + TITASNSH + ZIVNSH + TISNSH + TITASNEH suedA|8 Aleuusyuelp
+ TIT4YNSH + TISNPH + TASNSH + TIPNSH + TITIPNYH + SNGH + TISNYH + TIVNVH + ulym euujue Jad
%0L'L %000 89500 T4YNSH + SNYH + TASNEH + ¥NGH + T4NYH + SNEH + PNYH + TAUNEH ) 5 2/0) = 12V uonelAjeis-¢‘zo Tev

euuajue Jad uonejAjers-¢‘zo
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(ZAT4SNSH + TITITASNSH + ZIT4PNSH + TITITIPNGH + ZIT4PNSH

+ TIT4SNSH + TITASNEH + TITIYNSH + TITAUNSH + TASNSH + TITIUNYH + TISNYH +

TAYNGH + TASNEH + T4¥NYH + T4YNEH ) / ( ( ZITISNGH + ZITIYNSH ) « 2/2 + ( TITITISNGH

+ T1TAT4YNSH + TITISNSH + TITASNYH + TITAUNSH + TITIUNYH ) « T/T + ( TITIUNSH +

%98'9 €T£0°0 €950 TIT4YNSH + TASNSH + TASNYH + T4UNSH + TASNEH + TAPNYH + T4VNEH ) 4 2/0) = 342V

suedA|8 Aseuuajuelp
pa1ejASooNny UIYUM BUUDIUE
Jad uone|Ajers-9‘zo EETA’

(Z3T4SNSH + TITITASNSH + ZISNSH + ZIT4YNSH + TITITNSH

+ TIT4YNGH + TITASNSH + ZIPNSH + TITIPNSH + ZTPNSH + TISNGH + TITISNYH +

TIT4YNSH + TIT4PNGH + TISNYH + TASNSH + TIPNSH + TITIYNYH + TIPNSH + GNSH +

T4SNYH + TIPNYH + TIPNSH + SN¥H + TASNEH + YNGH + T4PNH + SNEH + ¥NYH + TAPNEH

)/ ((Z3IT4SNGH + ZISNGH + ZITAYNSH + ZIZNSH ) + /2 + ( TITITISNSH + TITITAYNGH +

TITISNGH + TITITNGH + TISNGH + TITISNYH + TITIYNSH + TISNEH + TIZNSH + TITIPNYH

+TIPNVH ) « /T + ( TIT4YNSH + TIPNSH + T1T4UNSH + T4SNSH + TIPNSH + SNSH + T4SNYH

%LY'T 00200 79080 + T4YNSH + SNYH + TASNEH + YNSH + T4PNYH + SNEH + vNVH + T4VNEH ) & 2/0) = 32V

2

suedA|3 Aseuusyuelp
ulyum euuajue Jad
uonelAjeis-9‘zo EYaY

euuajue Jad uonejAjels-g‘zo

(Z123T49NLH + TIEITAINLH

+ T1CITAINLH + ETTITAINLH + TIEIINLH + TIZIONLH + E1TIINLH + TTZITIINLH +

TITATIONLH + €IINLH + T1ZIONLH + T1TIINLH ) / ((0) « ¥/¥ + ( €1TIINLH ) « 7/€ + (

%09'S TL100 LSOE'0  CIZIONLH + TITIINLH ) & ¥/ + ( TIEIONLH + T1ZIINLH ) & /T + ( €39NLH ) « ¥/0 ) = 1040V

suedA|3 Aseuusyue
-eJ39) palejAsoony
-uou UIYylIM euudUE
Jad uoneAjers-g‘zo 1030V

(2123T49NLH + TIEITAINLH + C1ZATAINLH

+ €1TITAINLH + TIEIINLH + T1ZIONLH + E1TIINZH + TIZITIINLH + CTTITIINLH +

€39NLH + T1ZIINLH + ZITIINLH ) / ((0) + v/v + ( €1TITIINLH ) « /€ + ( T1ZTITAINLH +

%588 9VT00 $S9T'0  CIZIT49INLH + TITIATAINLH ) « ¥/ + ( TIEITIINLH + T1ZITINLH ) « ¥/T + (0) + ¥/0) = 140V

suedA|8 Aleuuajue-euyay
paiejAsoony ulyum euuajue
Jad uone|Ajelrs-g‘zo 14V

(2123249NLH

+ TIEITAINLH + TIZITAINLH + ETTITAINLH + TIEIINLH + TIZIONLH + E1TIINLH +

T1ZIT4ONLH + TITITIINLH + EIINLH + T1ZIONLH + T1TIINLH ) / ((0) « ¥/¥ + ( €1TITIINLH

+ €TTIINLH ) 5 1/€ + ( TITITAINLH + TIZITAINLH + TIZIINLH + TITITAINLH + TITIONLH )

%8T°C €0T00 TTLY'0  #/T+ (TIEITAINLH + TIEIINLH + TI1ZITAINLH + T1ZIINLH ) & ¥/T + (€IINLH ) « ¥/0) =10V

B |d |

suedA|3 Aseuuajue
-BJ39) UIYIM BUUIUE
Jad uonejAjers-g‘zo hla%

( €3SN9H + TTZISNIH
+ Z1TISNIH + ZISNIOH + TITISNIH + TISNOH + TISNOH ) / ((0) « €/€ + ( TITASNIH + TISNIH

&

suedA|3
Aseuuaiuely pajejAsoony
-uou ulyIm euudjue

%80°€ G000 wre'o ) « €/T+ (T1ZISNGH + TITISNIH ) & €/T + ( €ISNIH + ZISNIH + TISNIH ) & €/0) = 104€V Jad uone|Ajers-g‘zo 104€V
(6¥T=N) ewse|d piepuels
uo)nsiA Ajsuaiul anne|ay uonelnaje) }ea} pannag

(panunuod) -uonelnajed pue ‘uondidap ‘uondiidsap el panliaq “gs d|qel Ateuaws|ddng

83

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



(2123T49NLH + TIEITAINLH + C1ZITAINLH
+ E1TITAINLH + T1EIINLH + TIZTIINLH + E1TIINLH + T1ZITIINLH + TITITAINLH +
€39NLH + T1ZIINLH + ZITIINLH ) / ((0) + /¥ + ( TIEITAINLH ) & /€ + ( T1ZITAINLH +

suedA|8 Aseuuajue-euyay
pa1ejASOoN) UIYUM BUUDIUE

%v0'6 62100 TEPT'0  ZIZIT49NLH + T1ZIATAINLH ) & ¥/ + ( €1TITAINLH + TITATAINLH ) & ¥/T +(0) « ¥/0) = 340V ﬂ-am Jad uone|Ajers-9‘zo EE1AY
(Z1273T49NLH + TIEITIINLH
+ T1ZITAINLH + ETTITIINLH + TIEIINLH + TIZIONLH + E1TIINLH + TTZITIINLH +
CITIATINLH + €IINLH + TTZIONLH + TITIINLH ) / ((0) « v/¥ + ( TIEITAINLH + TIEIINLH suedA|8 Azeuuajue
+€39NLH ) « ¥/€ + ( T1ZITAINLH + TT1ZITAONLH + TIZIINLH + TTZITIINLH + T1ZIINLH !-aﬁM -BJ33} UIYHM BuUIUE
%E6T 78000 wew'o ) « ¥/ + (€1TITAINLH + E1TIONLH + ZITITIINLH + TITIINLH ) & ¥/T +(0) & ¥/0) = IVV Jad uone|Ajers-9‘zo Iy
suedA|3
(€3SN9H + T1ZISNIH Aseuusyuelsy pajejhsoony
+ CITISNIH + TISNOH + TITISNIH + TISNIH + TISNIH ) / ( ( €ISNIH ) « €/€ + ( TIZISNIH -uou UIyIM euudjue
%8T‘T 6,000 €190 +CISNIH ) & €/T+ (TITASNOH + TTTISNOH + TISNOH ) « €/T + (TISNIH ) & €/0) = J0dEV X M Jad uone|Ajers-9‘zo 304€vV
(T12Z3T4SNOH + ZITITISNIH
+ €3TSNIH + TIZITISNOH + CTTITISNOH + ZITISNIH + TITITISNIH + TITISNOH + suedA|8 Aseuuayueriy
TIT4SNOH ) / (( €ITASNOH ) & €/€ + ( T1ZITASNOH + T1ZITASNOH + ZITASNOH ) & €/ + ( paiejAsoony ulyum euusjue
%60 L5000 6090 TITITASNOH + TITITISNIH + TTTITASNOH + TITISNOH ) « €/T + ( TITASNOH ) « €/0) =3dEV 4 M Jad uone|Ajers-9‘zo EE[7
(T123T4SN9H
+ T1TITASNIH + EITASNIH + T1ZITISNIH + T1TITISNIH + EISNIH + T1ZISNIH + C1TISNIH
+Z3T4SNIH + TITITISNIH + T1TSNIH + ZISNIH + TITISNOH + TISNIH + TITISNOH +
TISNIOH ) / (( €IT4SNIH + EISNIH ) & €/€ + ( T1ZITISNIH + TIZITISNIH + TIZISNOH + suedA|3 Aseuusyueriy
TITASNIH + TISNOH ) « €/T + (TITATASNOH + ZITITISNOH + TITISNOH + TITITISNOH ulypm euusiue Jad
%TT‘T 7,000 0690 +T1TISNOH + TITISNIH + TISNIH ) « €/T + (ZITASNOH + TISNIH ) « €/0) = €V uonelAjers-9‘zo EfaY
(ZISNSH + Z3NSH + T1TIVNSH suedA|d
+ TIPNGH + TISNGH + TISNYH + TIZNSH + TIPNGH + SNGH + TIZNYH + SNYH + PNSH + AJeuuayuelp pajejAsoony
SNEH + ¥N¥H ) / (( ZISNSH + ZIVNSH ) & ¢/T + ( TITIUNSH + TISNSH + TISNYH + TIPNSH + -UoU UIYHIM Buudlue
%00‘T 68000 86880 TIYNYVH ) & T/T + ( TIWNSH + TTYNGH + SNSH + SNYH + PNSH + SNEH + YNYH ) « 2/0 ) = 3042V ﬂnkun J4ad uonejAjeis-9zo 3042V

(6T=N) ewse|d piepueis
uo)nsiA Ajisuajul aane|ay

uone|ndje)

MeJ) panuaqg

(panunuos) *uonejnajed pue ‘uondidap ‘uondiidsap yesl panLdQ 'zs djqel Atequswalddng

CHAPTER 3

84



((Z3T4SNSH + TITITISNSH

+T3T4YNSH + TITITAYNSH + C1TNSH + TITISNSH + TITISNYH + TITIPNSH + TIT4NSH

+ TASNSH + TIT4VNEH + TASNH + TAUNSH + TASNEH + T4¥NvH + TAYNEH ) / (( ZITASNSH +

TITATASNGH + ZITAPNSH + TITITIYNSH + ZTT4PNSH + TITASNSH + TITIYNGH + TIT4VNGH +

T4SNSH + T4YNGH ) « 2/2 + ( TITISNYH + TITIYNYH + TISNYH + TIUNYH ) « 2/T + (TASNEH

+ T4VNEH ) « 2/0) ) / (( ZITASNSH + TITITISNSH + ZITIYNSH + TITITIYNSH + Z1TPNGH +

TITASNGH + TITASNYH + TITIYNSH + TIT4YNSH + TASNGH + TITAPNYH + TISNEH + T4PNSH

+ T4SNEH + TAPNYH + TAUNEH ) / ((Z1TIUNSH ) « 7/ + ( TITITISNSH + TITITAYNSH

+ TIT4PNGH ) « T/T + ( ZITASNSH + ZITIPNGH + TITISNSH + TITISNYH + TITIPNSH +

%88'L TOT0'0 8LTT'0 T4SNGH + TITNYH + TISNTH + TIYNGH + TISNEH + TIUNYH + T4VNEH ) « 2/0) ) = 1942V

et

suedA|3
Aseuuayuelp pajejAsoony
ulyum asoyoe|es

J4ad uone|Ajers-g‘zo 1942V

((ZaT4SNSH + TITITASNSH + ZISNSH

+Z3T4YNSH + T1TITAYNSH + C1T4PNSH + TITISNGH + ZIVNGH + TITIPNSH + TIPNSH +
T3ISNGH + TIT4SNYH + TITAPNSH + TIT4PNSH + TISNPH + TASNGH + TIVNGH + TITIPNYH +
TIPNSH + SNSH + T4SNEH + TIYNPH + T4PNSH + SNYH + TASNEH + ¥NSH + T4vNPH + SNEH
+YNYH + T4PNEH ) / ( ( ZITISNSH + TITITISNSH + ZISNSH + CITIYNGH + TITITIVNGH +
TIT4YNSH + TIT4SNSH + ZIPNSH + TITIVNSH + ZIPNSH + TISNSH + TITIYNSH + TIT4VNSH
+ T4SNSH + TIPNSH + TTYNSH + SNSH + T4PNSH + ¥NSH ) 5 2/2 + ( TIT4SNYH + TISNYH

+ TIT4YNYH + TASNEH + TIPNEH + SNYH + T4vNVH + YNVH ) « 2/T + ( TASNEH + SNEH +
T4YNEH ) « 2/0) ) / (( ZIT4SNSH + TITITISNSH + ZISNSH + ZIT4YNSH + TITITPNGH +
TIT4YNSH + TIT4SNGH + ZIPNSH + TITIYNGH + ZIPNSH + TISNSH + TITISNYH + TITIPNSH +
TIT4YNSH + TISNPH + TASNGH + TIPNGH + TITNYH + TIPNSH + SNSH + TASNYH + TIPNYH
+ T4PNSH + SNYH + TASNEH + YNSH + T4vNEH + SNEH + YNEH + T4¥NEH ) / ( ( ZIT4VNSH

+ TIPNSH ) % /T + ( TITITASNGH + TITITAPNSH + TITIFNGH + TITIPNGH + TIZNSH ) «

2/T + (ZTATASNSH + ZISNSH + ZITIYNSH + TITISNSH + ZIPNSH + TISNSH + TITISNYH

+ T3T4PNSH + TISNYH + TASNSH + TIPNSH + TIT4VNYH + SNGH + TASNH + TIPNvH +

%SL'L 9¥00°0 18500 T4YNGH + SNYH + TASNEH + ¥NGH + TdPNYH + SNEH + vN¥H + T4VNEH ) « 2/0) ) =192V =gy o

suedA|3 Aseuusjuelp
ulyum asoloeled
Jad uone|Ajeis-g‘zo 19tV

9sojoe(ed Jad uone|Ajels-g¢zo

(Z1Z3T49NLH + TIEITAINLH

+ T1ZITAINLH + ETTITIINLH + TIEIINLH + TIZIONLH + E1TIINLH + TIZITIINLH +

TITATIINLH + €IINLH + TTZIONLH + TITIINLH ) / ((0) % v/¥ + ( TIEIONLH + €IONLH ) &

%95V 62100 6€8C°0  ¥/€+(Z1ZIONLH + T1ZIINLH ) & ¥/ + ( €1TIONLH + CITIINLH ) « /T + (0) & ¥/0) = 304¥V

suedA|3 Aseuusyue
-eJ39) pajejAsoony
-uou UIYyIM eUUBIUE
Jad uonejAjeis-9‘zo 3047V

(67T=N) ewse|d psepueis
UODNSIA AlIsuIUl aANE|DY S

e} panuaqg

(panunuoo) -uonelnajed pue ‘uondidap ‘uondiidsap el panliaq “gs d|qel Ateuaws|ddng

85

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



%85°C 0Z10°0 62970

((21Z3T49NLH + TIEITAINLH + C1ZITINLH + €1TITIINLH + TIEIINLH
+ TI1ZIINLH + E1TIINLH + T1ZITIINLH + TITITIINLH + €I9NLH + T12IINLH + CTTIINLH
)/ ((T1EIONLH + T1ZIINLH + ETTIINLH + EIINLH + TTZIINLH + TITIONLH ) « ¥/t + (0)
+ V/€+(0) « ¥/2+(0) & ¥/T +(0) « ¥/0) ) / ((2123T49INLH + TIEITIINLH + CTZITAINLH suedA|3 Areuusjue
+ €1TITAINLH + TIEIINLH + T1ZIONLH + €1TIINZH + TIZITAINZH + Z1TITAINLH -e112) pajejAsoony-uou
+ €I9NLH + TTZIINLH + T1TIINLH ) / ((0) % v/¥ + ( EITIINLH ) & ¥/€ + ( T1ZTIINLH uyum asoyoe|ed
+ TITIINLH ) & #/T+ (TIEIINLH + TTZIONLH ) « ¥/T + (€I9NLH ) 5 ¥/0) ) = 1904V Jad uoneAjels-g’zo 19044V

%T6'T TY10'0 69870

((2123249NLH
+ TIEITAINLH + TITITAINLH + ETTITAINLH + TIEIINLH + TIZIONLH + E1TIINLH +
T1ZIT4INLH + TITITAINLH + EIINLH + TIZIINLH + TITIINLH ) / (( 2123TINLH +
T1EITAONLH + TIZIATAINLH + ETTITIINLH + TIZITAINLH + TITATAINLH ) « ¥/¥ + (0) #
/€ +(0) « ¥/T+(0) + #/T +(0) « ¥/0) ) / (( T1ZITINLH + TIEITIINLH + TIZITAINLH + suedA|S Aleuusjue
€ITITIINLH + TIEIINLH + T1ZIINLH + €1TIINLH + TTZITIINLH + ZITITIINLH + €I9NLH -e4333 paje|Asoony
+T1ZIONLH + TITIINLH ) / ((0) « ¥/¥ + ( €1TATIONLH ) & ¥/€ + ( TITITIINLH + TIZITIINLH ulyum asoloe|esd
+ T1TATAINLH ) & ¥/2 + (TIEITAINLH + T1ZITIINLH ) & ¥/T +(0) « ¥/0) ) = 1940V Jad uone|Ajelrs-g‘zo 194vv

%L9'8 6£00°0 Stv00

((ZISNSH + ZIPNSH + T1TIPNSH +ZTYNSH+TISNSH+TISNYH +
TIYNSH + TIPNSH + SNSH + TIPNYH + SNYH + #NSH + SNEH + #NvH ) / ( ( ZISNSH + ZIPNSH
+ TTTIYNGH + TIPNSH + TISNSH + TIPNSH + TIPNSH + SNSH + ¥NSH ) & ¢/ + ( TISNPH
+ TIUNVH + GNYH + YNYH ) & ¢/T + (SNEH ) « 2/0) ) / (( ZISNSH + ZIPNSH + TTTIVNSH + suedA|d
TIWNSH + TISNSH + TISNYH + TIZNSH + TTPNSH + SNGH + TIFNvH + SNyH + PNGH + SNEH Aseuusiuelp pajejAsoony
+¥NvH ) / ((ZIWNSH ) « 2/2+ (TITIUNSH + TIWNSH ) & ¢/T + ( ZISNSH + Z3UNGH + TISNGH -uou ulyM 3so3oe(esd
+T3SNYH + TIPNGH + SNGH + TIPNvH + SNYH + PNGH + SNEH + ¥NvH ) « 2/0) ) = 19042V ﬂfﬂ e Jad uoneAjels-g'zo 19042V

(6T=N) ewse|d piepueis
uo)nsiA Ajisuajul aane|ay

uope|noled MeJ) panuaqg

(panunuos) *uonenajed pue ‘uondidap ‘uondiidsap yesl panLdQ 'zs djqel Atequswalddng

CHAPTER 3

86



%00'S 69200 SLES'0

((Z3T4SNSH + TITIT4SNSH

+ T3ATAYNSH + TITITPNSH + C1TNSH + TITISNSH + TITISNYH + TITIPNSH + TIT4NSH

+ TASNSH + TIT4UNYH + TASNYH + TdPNSH + TASNEH + T4vNvH + TAYNEH ) / (( ZITASNSH +
TITATASNGH + ZITAPNSH + TITITIPNSH + ZTT4PNSH + TITASNSH + TITIYNGH + TIT4VNGH +
T4SNSH + T4YNGH ) « 2/2 + ( TITISNYH + TITIYNYH + TISNYH + TIUNYH ) « T/T + ( TASNEH
+T4VNEH ) « 2/0) ) / (( ZITASNSH + TITITISNSH + ZIT4YNSH + TITITAPNGH + CIT4PNSH

+ TITASNSH + TITISNPH + TITIPNSH + TITAPNSGH + TAGNSH + TITIYNYH + TASNYH +
T4YNGH + TASNEH + TIYNYH + TIYNEH ) / ( ( ZITISNGH + ZITAYNSH ) « 2/T + ( TITITISNGH
+ TITIT4PNGH + TITISNSH + TITISNEH + TITIPNSGH + TITIUNYH ) « /T + (TITIPNGH +
TIT4YNSH + T4SNGH + TASNYH + TIPNSH + TASNEH + T4PNvH + TAPNEH ) 4 2/0) ) = 3942V

peesa

suedA|3
Aseuuayuelp pajejAsoony
ulyum asoyoe|es

Jad uone|Ajers-9‘zo 3942V

%16T 6ST0°0 SEE80

((ZaT4SNSH + TITITASNSH + ZISNSH

+ZAT4YNSH + T1TITAYNSH + C1T4PNSH + TITISNGH + ZIVNGH + TITIPNSH + TIPNSH +
T3ISNGH + TIT4SNYH + TITAPNSH + TIT4PNSH + TISNPH + TASNGH + TIYNGH + TITIPNYH +
TIPNSH + SNSH + T4SNPH + TIUNPH + T4PNSH + SNYH + TASNEH + ¥NSH + T4vNPH + SNEH
+YNYH + T4PNEH ) / ( ( ZITISNSH + TITITISNSH + ZISNSH + CITIPNGH + TITITIVNGH +
TIT4YNSH + TIT4SNGH + ZIPNSH + TITIVNSH + ZIPNSH + TISNSH + TITIYNSH + TIT4VNSH
+ T4SNSH + TIPNSH + TTYNSH + SNSH + T4PNSH + ¥NSH ) 5 2/2 + ( TIT4SNYH + TISNYH

+ TIT4YNYH + TASNEH + TIPNEH + SNYH + T4UNYH + YNVH ) « 2/T + ( TASNEH + SNEH +
T4VNEH ) « 2/0) ) / (( ZIT4SNSH + TITITISNSH + ZISNSH + ZIT4YNSH + TITITPNGH +
TIT4YNSH + TIT4SNGH + ZIPNSH + TTTIYNGH + ZIPNSH + TISNSH + TIT4SNYH + TITIPNSH
+ TIT4YNGH + TISNYH + TASNSH + TIPNSH + TIT4YNPH + TIPNSH + SNGH + TASNYH +
TITNPH + T4UNGH + SNYH + TASNEH + ¥NGH + T4NYH + SNEH + vN¥H + T4vNEH ) / (
(Z3T4SNSH + ZISNSH + ZATYNSH + ZIVNSH ) & ¢/ + ( TITITISNGH + TITITIYNSH +
T3IT4SNSH + TITIPNSH + TISNSH + TITISNYH + TITIPNSH + TISNYH + TIPNSH + TITIVNYH
+TIVNYH ) « 2/T + ( TITUNSH + ZTWNSH + TIT4PNSH + TASNSH + TT¥NSH + SNGH + TASNYH
+ TdUNSH + SN¥H + TASNEH + YNGH + T4¥NvH + SNEH + NvH + TdUNEH ) 4 2/0) ) = 392V

mmedq©

suedA|3 Aseuusjuelp
ulyum asoloeled
Jad uonelAjeis-9‘zo EloY4Y

asoloe|ed Jad uone|Ajels-gzo

(6%T=N) ewse|d psepueis
uo)nsiA Alisuaiul aane|ay

uone|ndje)

Ues} panuag

(panunuoo) -uonelnajed pue ‘uondidap ‘uondiidsap el panliaq “gs d|qel Ateuaws|ddng

87

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



* 7S 3|qeL ul paisi| aJe sajdwes [je ul T, 0,0, SJ9M SIN|BA SSOYM S1Iel} pale|ndjed [euolippy “(IYN2|D :aulwesodn|SjA1eoe-N) sulwesoxayjAiade-N =
N ‘ (95010€|E3 4O BSOUURW) BSOXAY = H PIdE Jl|BIS PAYUI|-E 20 = T ‘PIde DljeIS Payull-9‘Zo = 3 {(pI1de d1jels) ploe dlujwelnaujAlade-N = § ‘9s01oe|ed = 9 {(9500n)) 9soxayAxoap = 4
{s39199ds Xxa|dwod UIYUM = J ‘wn1dads [e103 UIYUM = | ‘S310ads pLIgAY = AH ‘DSouuew = |\ :SUOLBIABIGE }IBJ] *(S9500N) Z JO ‘Saulwesoxay|A1ade-N #-T ‘Sasouuew Jo Jaquinu
9|qIssod 3y} se 6-G "d°1) suoLeWl| |euoLsodwod 33ed1pul SAN|BA |BJ1IBWINU SEAIIYM ‘SSOJD B AQ SUOISN|IXD ‘S9oeIq AQ PaledIpul Udag aABY SUOISIAIP ‘suondidap ayl ulyim

((2123Z49NLH + TIEITAINLH + 21ZITAINLH + €1TITAINLH
+ T1EIINLH + TICIINLH + €1TIINLH + T1ZITIONLH + CITITIONLH + EIINLH + TTCIINLH
+Z1TI9NLH ) / (( TIEIINLH + ZT12IINLH + ETTIINLH + EIINLH + TTZIINLH + TITIINLH

)« ¥/ +(0) & /€ + (0) % ¥/T+(0) « ¥/T +(0) « ¥/0) ) / (( 212Z3T4INLH + TIEITINLH suedA|3 Areuusjue
+Z1Z3T4INLH + €1TITAINLH + TIEIINLH + ZTZIINLH + ETTIINZH + TIZATAINLH + -e112) pajejAsoony-uou
TITATA9NLH + €I9NLH + T1ZIINLH + Z1TIINLH ) / ((0) « /¥ + ( TIEIINLH + EIINLH ) « ¥/€ ulym asoyeed

%8ET €0T00 SOEY0 +( T1ZI9NLH + TIZIINLH ) & ¥/T+ ( €1TIINLH + TITIINLH ) + ¥/T +(0) « /0 ) ) = 39041V JWQ Jad uoneAjels-9'zo 39044V

((2123249NLH

+ T1EITIINLH + TIZITINLH + ETTIATIONLH + TIEIONLH + T1ZIINLH + ETTIINLH +
T1Z3T49NLH + Z1TIATIINZH + €IINZH + T1ZIINLH + TITIINLH ) / (( 2123T49INLH +
T1€3T49NLH + Z1ZITAINLH + E1TIATIINZH + T1ZITAONLH + ZITIATIINLH ) « /¥ + (0) «

/€ +(0) % ¥/T+(0) « #/T+(0) « ¥/0) ) / ( ( T1ZITIINLH + TIEITIINLH + TITITAINLH + suedA|8 Aleuusjue

€ITITIINLH + TIEIINLH + T1ZIINLH + E1TIINZH + TTZITIINLH + ZITITIINLH + €I9NLH -eJ191 pajejAsoany

+T1Z39NLH + 1TIINLH ) / ((0) « ¥/¥ + ( TIEITIONLH ) « v/€ + (TT12ITHINLH + TIZITIINLH iy uIyIm as0e|ed

%0LT Y1100 9TZY'0 + T1ZITAINLH ) & ¥/ + ( E1TITAINLH + TITITINLH ) & ¥/T +(0) « ¥/0) ) = 3940V (s Jad uone|Ajers-9‘zo 3947V

((ZISNSH+ZIYNSH+ T1TIPNSH + Z1PNSH + TISNSGH + TISNYH +
TIYNSH + TIPNSH + SNSH + TIPNYH + SNYH + #NSH + SNEH + ¥NvH ) / ( ( ZISNSH + ZIPNSH
+ TTTIYNGH + TIPNSH + TISNSH + TIPNSH + TIPNSH + SNSH + ¥NSH ) & ¢/2 + ( TISNPH

+TIPNVH + SNYH + YNYH ) « ¢/T + (SNEH ) « 2/0) ) / (( ZTISNSH + ZIrNSH + TITINSH + suedA|d

TIWNSH + TISNSH + TISNYH + TIPNSH + TIWNSH + SNSH + TIPNvH + SNvH + ¥NSH + SNEH + Aseuusyuelp pajejAsoony

-uou ulyum asoloeled
Jad uoneAeis-9‘zo 39042V

¥NtH ) / ((ZISNSH + ZIPNSH ) 5 2/2 + ( TITIPNGH + TISNGH + TISNYH + TIPNGH + TITNYH
%S6°0 S800°0 L€68°0 ) % 2/T + (TIWNSH + TIZNSH + SNSH + SNYH + ¥NSH + SNEH + YNYH ) « 2/0) ) = 39042V

(6T=N) ewse|d piepueis
cou:m_>>u_mc$c_w>tm_mm uone|nojey Hesy panuaQg

(panunuos) *uonelnajed pue ‘uondidap ‘uondiidsap yesl panLdQ "zs djqel Atequswalddng

CHAPTER 3

88



8£9900°0 Y0ES00'0 ¥8T¥000 ZN6H SEY900'0 6STS00'0 8TIE000 ZN6H £6£900°0 7TZSO00'0 O¥I¥00°0 IN6H 6S€900°0 €06v¥00°0 €Z8E00°0 CN6H ¥€9'S06T
£89000°0 S95000°0 ¥¥¥000°0 GNSH £09000°0 €87000°0 ¥6€000°0 GNSH 990000 t¥S000°0 €€¥000°0 SNSH TZ9000°0 8870000 06£000°0 SNSH 1999981
87/L00°0 ¥TE9000 000S00°0 T4SNYH 9899000 9€¥S00°0 9¥¥¥00°0 T4SNYH 862,000 TI6S00°0 T6L%00°0 T4SNYH €00L00°0 T9¥S00'0 OVEV00‘0 T4SNVH 999°0S8T
¥SL€00°0 TOTEO0'0 0692000 TIVNVH GZEE00'0 TELTOO'0 89E€C000 TIVNVH 878E00°0 CLTE00'0 29000 TIVNYH 6VEE00'0 08LT00°0 SEETO00 TATNVH 559°028T
€099T0°0 T96TT0'0 6798000 T4VNSH €8SCZTO0 ¥6T600°0 059000 T4UNSH T789YTO'0 SEVITO'0 €6¥800°0 T4YNSH ¥£SZTO0 S9T600°0 0T9900°0 T4PNSH 6€9'608T
60€200°0 998T00°0 00STO00 TIENSH 8972000 0€8T00'0 SESTO00 TIENSH 00€Z00°0 8¥8T0O0'0 CISTO00 TIENSH TSTZOO'0 008TO00 E¥YT0O00 TIENSH 679°6LLT
6ETE00'0 987Z00°0 ZZSTO00 CN8H 70/T00°0 ¥ETZO0'0 8T9TO00 ZN8H ¥00€00°0 0VEZO0'0 8Z8T0O00 CNSH 8S/700°0 £L0TZOO'0 8T9T0O00 CN8H T8SEVLT
¥2£000°0 8950000 8€E¥000°0 SN¥H £89000°0 TTS000°0 ¢8€000°0 SN¥H 22/000°0 T9S000°0 ZE¥0000 SN¥H 00£000°0 TE€S000°0 ¥0¥0000 SN¥H 809'70LT
0807000 ST6Z00°0 90%200°0 T4SNEH 00T¥00'0 6L0€00°0 99€2000 T4SNEH OP8E00'0 9867000 0£TZ000 T4SNEH 0Z6E00°0 0SOE00'0 €0€Z00°0 T4SNEH €19°889T
08TT00'0 0460000 ¥5.000°0 YNSH €S0T000 €¥8000°0 6990000 ¥NSH £0ZT00'0 960000 0£L000°0 ¥NSH TLOT00'0 Z¥8000°0 ¥99000°0 YNSH T8S°€99T
S/8970°0 0SL6T0°0 T168YT00 T4VNVH +98020°0 TTSSTO'0 TLOZIO0 T4VNVH 6LE¥20°0 £6S6T0'0 9STSTO0 T4¥NYH 9050200 TT9STO0 TLLTTO0 TdVNVH 985°L¥9T
£69000°0 9€5S000°0 6270000 €N9H 890000 TTS000'0 6Z€000°0 €N9H 8¥£000°0 TSS000°0 ¢T¥000°0 €N9H §99000°0 66¥000°0 £9€000°0 EN9H 5552291
€CT€00'0 O¥¥Z00°0 L66T00°0 TIENVH 8¥6200°0 0LETZOO'0 YEGTO00 TIENVH ¥TOE00'0 8LETO0'0 868T000 TIENYH OTOE00'0 SEETO0'0 ¥S8TOO0 TIENYH 9/S°L19T
2TCT00'0 TS6000°0 ¢£9000°0 T3TJENEH 89TT00'0 €¥B000°0 €S9000°0 TITJENEH +ZCTOO0 LI6000°0 9590000 TAT4ENEH €9TTO0'0 8S8000°0 8790000  TITJENEH T8S'T09T
¢8TT00'0 ¥E€6000°0 T¥£000°0 ¢NLH S8TTO0'0 £S8000°0 T09000°0 ¢NLH T0ZTO0'0 €48000°0 6%9000°0 ¢NLZH 09TT000 £S8000°0 1290000 CNLH 8¢ST8ST
TEYO00'0 T6Z000°0 €6T0000 SNEH 6L€000°0 /820000 ¥6T000°0 SNEH 06€000°0 642000°0 6810000 SNEH 76£000°0 940000 £8TO000 SNEH GGG TYST
6901000 680000 0TL0000 YN¥H S¥6000°0 0690000 LES0000 YNYH €PTTO00 9/8000°0 6590000 YN¥H 6860000 8€£000°0 9950000 YNYH 6¢STOST
TITITO'0 808000 TTLS000 T4VNEH 8T80TO'0 TTISL00'0 00ES000 T4YNEH 9ZTTTO0 TTZ800'0 TTES00°0 T4PNEH 0T80TO'0 SOLL0O00 T9¥S000 T4¥NEH YES'S8YT
7/T000°0 902000°0 9€T000°0 E€NSH 8170000 8¥T000°0 £OT0000 E€NSH S92000°0 S8T000°0 TETO000 €NSH STZ000'0 TSTO000 TOTO0O0 ENSH 205°09vT
£SL000°0  €79000°0 9050000 TIENEH TSL000°'0 0€9000°0 67S000°0 TIENEH STL0O00'0 8T9000°0 8TS000°0 TIENEH 040000 S¥9000°0 LESO000 TIENEH €75°SSPT
TEEE00'0 S£9200°0 S90T00°0 CN9H £OTE€00'0 SEVZO0'0 6761000 ZN9H 0SZE00'0 T09ZO0'0 8TTZOO0 CN9H LTTE00'0 €L¥T00°0 8L6T00°0 CNSH SLY'6TYT
¥6TT00°0 0TOTO0'0 ZES0000 ¢NSH ¥60T00°0 2S8000°0 £89000°0 C¢NSH £0ZT00°0 £6000°0 9080000 ZNSH 0901000 S¥8000°0 7890000 CNSH €TYLSTT
%SL  Uelpaw %ST aweu %SL  Uelpaw %ST HeiL %SL  uelpaw %ST aweu %SL  Uelpaw %ST Weup
syeJ} paALag SsHeu3 paAlaq
80T=U $]0J3U0) €=U sase) 8z/=u $|0J3U0D €85T=U sase) TeN+l
10yod uonedlday 110y0d AIA0DSIQ  Ssew 10ex3

*syesy uedA|3 panap pue 123.1p Jo saSuel ajnJenbuajul pue suelpalA €S djqel Atequsawajddnsg

89

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



¢TYT00'0 £8TTO00 €96000°0 T1TAT4SNSH YOETO0'0 LEOTOO'0 S98000°0 T1TIATISNSH TLETO0'0 ¥60TO0'0 888000°0 TITITASNSH PEETO0'0 690T00'0 T98000°0 TI1TIATASNSH 0£6'709C
600000 8650000 €TS000°0 TISN9H  £0L000°0 ¥85000°0 6L¥000°0 TISN9H  £S£000°0 £Z9000°0 L0S000°0 CISN9H  LTZ000°0 €6S000°0 €.¥7000°0 CISN9H €88'7/ST
9,0200'0 T6LT00°0 9¥STO00 CISNSH S8TZ00°0 9481000 6091000 CISNSH 8£0200°0 06LT00°0 6¥STO00 ¢3SNSH ¥6TZ00°'0 ¥68T00°0 LT9TO00 CISNSH ¥1670SC
69€200°0 OT6TO0°0 SOLT000  T3T4SNIH ¥ITZZO0'0 808TOO'0 OESTO0'0  TIT4SNIH S¥Z00'0 698T00°0 ¥ZSTO0'0  TITISNOH TTZZOO'0 6¥8T00'0 ZOSTOO'0  TITISNIH 868°€6vC
CEL9E0'0 TLLOEO'0 T/99T0°0 TAT4YNSH 6TVIV0'0 TS9EE0'0 v/¥LTO'0  T3AT4YNSH PYELEO'0 YICIEO'0 1895200  CITAYNSH SP8IVO'0 9L6E€0'0 0108200  ZAT4YNSH €68'LYYT
TTLPTO'0  €990T0°0 060600°0 T1TITIVNSH 90EETO'0 0S8600°0 €£8£00°0 TI1TITIYNSH SB89ETO'0 96¥0TO0 9S¥800°0 TITITIYNSH 98SZTO0 ST8600°0 0L££00°0 TI1TITAYNSH 1S8°T0VC
7760100 ST9600°0 €97800°0  C1T4VNSH 6ZOTTO0 TIV600'0 09/L00°0 C1T4VNSH S/80T0'0 SOS600°0 T¥E800'0  TIT4YNSH ¥¥60T0°0 0526000 8T6L00°0  T1T4YNSH 608'SSET
T€0L00°'0 TZT900°0 ¥L6¥00°0 TISN9H 0428000 ¥¥8900°0 ¢S8S00°0 TISN9H £TTL00'0 9209000 9615000 T3ISN9H 887800°0 £88900°0 87.LS00°0 TISNOH 0v8'LYET
LT9YT0'0 80T8TO'0 068ETO'0  TITISNSH T/TSTO'0 06TTO'0 €060TO'0  TITISNSH OTYTZO'0 OVZ9T0°0 S8TIETO'0  TITISNSH 90/8T0°0 SZ9¥TO0 L8ETTO'0  TITASNSH SY8'TEET
T/89T50 8STI6Y'0 ESTEIV'O CIVNSH 9EEVES'0 CEL80S'0 809LLYO CIVNSH TYeyTIS'0 00TL8Y'0 82T09%0 CIPNSH £2/92S°0 ¥8€86V'0 C8TTLYO CIVNSH SE8'TOET
0876500 ¥90SS0°0 £S66¥0°0  TITIPNSH SOSZSO0 9T60S0°0 6EESYO'0  TITIPNSH TETTI0'0 0L¥SSO'0 0€66¥0°0  TITIVNSH ¥0SLSO'0 T¥LISO'0 TT09¥0'0  TITIYNSH €6£'SSTT
0S6200°0 §99700°0 8¥E€C00°0 TIWNSH ¥E€0€00°'0  865¢00°0 7272000 TIWNSH LE0E00°0 ¥¥9200°0 ¥¥€ZO0'0 CIWNSH 962000 S6S200°0 ¥8¢Z00°0 CIPNSH 1SL°602C
9€T900'0 796000 S6LE00°0 TISNSH 0975000 SPZy00'0 TvveE000 TISNSH 784S00°0 9857000 €8LE000 TISNSH ¥S2S00°0 6817000 CI¥E000 T3ISNSH £8L'S8TT
OTTE00'0 97STO0°0 607000  T3T4SNYH 8T8C00'0 OTEZOO'0 8SSTO0'0  TITISNYH CEGZ00'0 L8ETOO'0 666T00°0 TITISNYH €98Z0O0'0 SEETO0'0 O0E6TO00  TITISNVH €6£'69TC
9556200 LS8ECO'0 €800Z0°0  TAT4YNSH 9ZECO'0 LST6TO0 0SLSTO'0  TIT4YNSH ¢86920°0 8/97Z0°0 ¢968T0°0  TITJYNSH SO8€ZO'0 9v/6T0°0 S8TITO0  TATAYNSH 99£'821T
T/8700°0 TS¥¥00'0 TTEE00'0  TIT4YNSH ¥ZSP00'0 TYOYOO'0 9ESE00'0  TIT4YNSH 998700°0 E€CZEYOO'0 6¥8€00°0  TI1TJYNSH S8S¥00'0 886€00°0 TIYEO0'0  TIT4¥NSH ¥2LT80T
€68000°0 ¥S9000°0 L6¥000°0 TISNYH 958000°0 LE9000°0 950000 TISNYH /80000 6990000 L6¥000°0 TISNYH €98000°0 0590000 €9¥000°0 TASNVH SEL'€20T
9SYE00'0 LE8TO0'0 €82Z00°0 T4SNSH 0£8200°0 797000 €68100°0 T4SNSH 6€ZE00°0 €65700°0 97TZ000 T4SNSH 0S6200°0 €0£Z00°0 ¢¥8100°0 T4SNSH 6TL°TT0C
¥8¥80°0 T90ELO'0 LSELI00 TIPNSH 0766£0°0 TELTLO'0 00T¥90°0 TIPNSH T6SE80'0 TLTSLO0 £9TL90°0 TIPNSH £86180°0 TEVTLO'0 8IEVIO'0 TIvNSH 80,7861
99G€00°0 7/8T00'0 9052000  TIAT4YNYH €9TE00'0 ZE9ZOO'0 9TTZO0'0 TIAT4YNVH ¥IYEOD'0 8/8700°0 CEYC00'0  TATYNYH O08TE00'0 8¥9200°0 TZZZ0O0'0  TIAT4YNYH €T£'996T
TEETO0'0 €88T00'0 98STO00 TIENSH LI¥T0O0'0 /61000 ¥¥9T00'0 TIENIH £92700°0 £88T00'0 009TO0'0 TIEN9H £SETOO'0 8061000 08STO0'0 T3IENSH 789'TV6T
76€200°0 8917000 ZO6T00°0 TINSH 6822000 £86T00°0 6TLT00°0 TIZNSH 282000 Z9TZ00'0 £88100°0 TINSH 9TEZ00'0 ¥86T00°0 TZLTI000 TIPNSH 999°9¢6T
%SL uelpaw %SC sweu %SL uelpaw %S¢C Hedp %SL  Uelpaw %SC sweu %SL  Uelpawl %SC Hedp
sye) panuaq sylel} panuaq
80T=U s|041u0) zeT=u sased 8TL=U s|o1u0d €8s1=u S [en+l
1040d uoned||day 10y0d AJan03SIQ  SSew 10ex3

(panunuod) -syesy uedh|3 panap pue 1d3.1p Jo saduel sjulenbaajul pue suelpalA ‘€S a|qel Azequsawa|ddng

CHAPTER 3

90



8¥6000°0 5890000 LES000'0 TI1EIINLH S86000°0 ¥0L0000 89S000°0  TIEIINZH 8/8000°0 TOLO00'0 SSSO00'0  TIEIONLZH £S6000°0 8¥Z000°0 C6S0000  TIEIINZH  TTEWTIE
6802000 06STO0°0 8/0T00°0  C1ZI9NLH 9661000 LLYTOO0 6SOTO00  C1ZI9NLH L¥TZ00'0 £L09TOO'0 T6TTO0'0  Z1ZI9NLH 980Z00°0 SLSTOO'0 ¥9TTO00  T1ZIINLH 697'8LS€E
¥0TZ00'0 T8YTOO'0 €ZOTO0'0  €1TI9NLH 9¥9TO0'0 S90TOO'0 SES000'0  €1TIINLH 0TOZO0'0 LIYTOO'0 CEOTO0'0  €ITIINLH LELTO0'0 TSTTIOO'0 ¥88000°0  €1TIINLH LTT'TESE
60L000°0 ¥£S000°0 SEV000'0 T1ZIT49NLH LELOOO'0 S¥SO00°0 E€EV000°0 T1ZIT49NLH 2890000 TTIS000°0 68€0000 T1ZITINLH THL0000 8550000 60¥000°0 T1ZAT4INLH [A741943
9080000 ¥¥S000°0 ¥Z¥000°0 ¢1TIT49NLH 6££000°0 €£S000°0 08E000°0 ¢1TITIINLH TSL0O00'0 6ES000°0 ¥8E0000 TITITIINLH £SL000°0 SESO00'0 €8€000°0 T1TITIINZH  00Z'SOVE
€€E000°0 €5T000'0 €6T000°0 €39NLH 60¥000°0 LOE000°0 E€¥Z0000 €39NLH ¥SE000°0 7420000 8070000 €I9NLH €T¥000°'0 OTEO00'0 ¥ETO00'0 €39NLH 97T'15€€E
68TT00'0 ¢¥6000°'0 LTL000'0  T1ZIINLH LSPTOO'0 SSTTOO'0 ¥88000°0 T1¢IINLH 6VETO0°0 OE0TO0'0 8/£000°0  T1ZI9NLH TTISTO0'0 6ETTO00 ££8000°0  T1ZIINLH ¥8T'SOEE
9¥6T00'0 €0STO0'0 6E0TO0'0  CITIINZH ¥Z0ZO0'0 8ZYTOO'0 9901000  CITIINZH ¥90Z00'0 T6STO0'0 8LTTO0'0  TITIINLH +EOTOO'0 STSTOO'0 8TTTO0'0  CITIINLH TWT'6STE
00TTO0'0 8S/000°0 SESO00°0 T1ZIC4SNIH TSETO0'0 086000°0 S09000°0 T1ZIC4SNIH 9¥0TO0'0 60000 TTSO00'0 T1ZIZT4SNIH 8EET00'0 8760000 609000°0 T1ZITASNIH 89T'TECE
£90T00'0 CTZO00'0 6EY000°0 T1TIZISNIH 8S6000°0 €¥9000°0 LEYO00'0 T1TIZASNIH 9860000 €£9000°0 6270000 C1TIZISNIH T96000°0 8T9000'0 86£000°0 T1TITASNOH  9TT981E
S6TC00'0 78LTO00 SOYTOO'0  €3IT4SNIH 9082000 €€TTO00 6E€9T00°0  €IT4SNIH 60TC00'0 €LLTO0°0 SLETOO'0  €ITISNIH 8¢/TO0'0 TETZOO'0 8S9TO0'0  €ITISNIH TST'TETE
¥098€0°0 €¥/£T0'0 £8STTO'0 T1ZATISNIH TPEGED'0 LLEBTZO'0 099020°0 T1ZATISNIH L/LTIE0'0 8S¥LTO'0 S686TO0 T1ZITISNOH S988€0'0 98T820°0 £800¢0°0 T1ZIATISNIH 0TT'980€
665700°0 089€00°0 806700°0 T1TITISNIH €STO0'0 8LTEO00 ¥£STOO'0 TITITISNIH 6757000 69SE00°0 TO8ZO00 TITITISNIH 6VEVO0'0 LTEE00'0 88STO0'0 TITITISNIH 890°070€
8T06T0'0 £8S9T0°0 9L6ETO0 €ISN9H 6875200 ¥SCIZO'0 T18VLI00 €ISN9H €0£020°0 TSSLTIO0 C¥8YT00 €3SN9H 9605Z0°0 1660700 9€SLT00 €3ISN9H ¥60°986C
602090°0 ¥86/70°0 9EESE0'0  T1ZISNIH 709900 ¥OE6VO'0 6TCLE0'D  T1ZISNIH 887L90°0 ¥6¥ESO'0 98Z6€0'0  T1ZISNIH TTLL90°0 TEOESO'0 SLO6E0°0  T1ZISNIH  TSO'Ov6C
ST0600°0 €00L00°0 SSES00°0  C1TISN9H 9ZT800'0 8L6S00°0 9E€L¥00°0  C1TISNIH 095600°0 S9EL00°0 2095000  TITISNOH +T9800°0 6€S900°0 LE8YO0'0  TITISNIH 0T0v68T
YEECO0'0 9€8TO0'0 TTSTO0'0  T3IT4SNIH ¥¥9Z00'0 TSOZOO'0 LT9TOO'0  ¢3IT4SNIH 00EZOO'0 €£8TO0°0 COSTOO'0  ¢ITISNIH 6197000 0602000 6¥9TO0°0  CITISNIH  SCO'ET8T
9592000  000Z00'0 T9STO0'0 TITITISNIH 9¥9Z00'0 006T00°0 8¥¥TO0'0 TITITISNIH TLSTOO'0 S96T00°0 T8YTO0'0 TITITISNIOH SSSZO0'0 T88TO0'0 8T¥TOO'0 TITITISNIH €86'99/C
€0STO0'0 C9€TO0'0 80TTOO'0  C1T4SN9H 68ET000 LOZTOO'0 L¥OTOO'0  C1T4SNIH €6VT00'0 SLTTOO0 TZITOO'0  ZIT4SN9H PIYTO0’0 STZIO0'0 LZOTOO'0  C1T4SNIH 1v6'02LT
8€£500°0 089¥00°0 €S8€00°0 CISN9H  T¥ZL00°0 8919000 ¥86¥00°0 CISN9H 8TT900°0 ¢L0S00'0 €9T+00°0 TISN9H 0€9£00°0 TET9000 S88700°0 TISN9H  £96"999C
8T0EC0'0 €L¥8TO'0 L99€T0'0  TITISNSH T¥/LTCO'0 8ETITO'0 ¥TZCETO'0  TITISNSH 8€ESTCO0 LSSLTO'0 CE9ETO'0  CITASNSH 9/9720°0 €6TLI00 YOOETO'0  T3IT4SNSH 7,6°059C
¢TLL000 £OV900'0 €£ZSO0°0  TI1TISN9H 06,000 ¥¥S900°0 062S00°0  TI1TISN9H ¢/T800'0 £06900°0 7SSS00'0  TITISNIH €67800°0 0E€£900°0 €L€S00°0  TI1TISNOH  ST6°0T9C
%SL uelpaw %SC sweu %SL uelpaw %SC Hedp %SL  uelpaw %SC sweu %SL  Uelpaul %SC Hedp
S}ieJ} paAlaQg s}led} paAliaQg
80T=U  S|0;u0) zez=u sase) 87/=u  s|onuod £85T=U S8 lens+]
14oyod uonedi|day 140yod AJsn0dsIq  ssew 10ex3

(panunuoo) -syesy uedh|3 panuap pue 13.1p Jo saduel ajuienbaajul pue suelpaA €S 3|qel Azequawajddng

91

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



TYVL66'0 ST6966°0 €87966°0 95042V 759660 T6TL66°0 88L966°0 OS04¢V LEVL66'0 6689660 €ST9660 9S042V T0LL660 ¥¥TL66°0 LS9966°0 9504¢v
SETYTO'0 ¢88TTO'0 €EE8600°0 45047V GELTTO'0 0T90TO0 LL6800°0 95047V TV6ETO'0 €0ETTO0 ¥9€600°0 95047V TEEETO'0 0T80TO'0 ST6800°0 9s04¢v
0€££80L°0 679890 6TTLS90 90S042V L6L60L°0 €6€789'0 STITS90 D0S04¢V 8989TL'0 €09€89°0 8667590 90S04¢V 6¥YTITL'0 9¥¥8L9°0 TI8ZY90 950S04¢Y
€LL8LV'0 T66LEV'0 ¥TIL6ED 90S04¢V  6L0T0S0 €€865V'0 £L8TSOV'0 90S04CV £608L¥'0 TS8YEV'0 6L098E°0 90S04ZV 6790050 TESTSY'0 vrLEOV'0 90S04¢v
98TSE6'0 SEELT60 LTSBTEO S04ZV YT6LE6'0 TSECEG'D STYELED S04ZV T8IVE6'D L9Y976°0 89LLTE'0 S04V 07€8E6'0 SOTOE6'0 EIETLE0 NEra4
YYEESO'0 S8S8Y0'0  TSSYYO0 1042V 9886¥0°0 LL6VY0'0 ¥6C0¥0°0 1042V 906¥S0°0 TLI6¥0'0 8Z0WY0'0 1042V 6¥80S0°0 96/S¥0°0 ¥.80%0°0 J04ev
GES8E6'0 8LLTEE'D 96EET6'0 SO042ZV EI8TV6'0 €8C9E6'0 LT6LT60 SO04ZV TOV8E6'0 8660£6°0 C06CC6°0 SO04ZV LE8TIV6'0 16CVEG'D ¥9¥9T6°0 S$O04¢Y
¥LS€S0'0 688700 978Y¥00 19042V 6TT0S0'0 €LTSPO'0 L¥¥O¥0'0 19042V SSTSS0'0 vvv6v0'0 9SZv0°0 19042V 9601500 L66S¥0'0 090T#0°0 1904¢Y
G//888°0 6LL£88°0 0197L8°0 39047V T06868°0 896880 7680880 390427V 86,0680 €0L088°0 6696980 39042V S¥9/68°0 TESL88'0 TI¥9L8'0 3904¢v
9165660 0L6V66°0 LS6£66°0 9042V TTY966°0 659566°0 TL8Y66°0 9047V 6765660 SS0S66°0 080¥66°0 D047V €6€966'0 6655660 TTIV66°0 504¢v
£LTvS88°0 T6L6/8'0 £€95898°0 3042V TZIS68'0 887S88'0 6159/8°0 3042V S68988°0 ¢799/8°0 S8¥Y98°0 3042V 80T¥68'0 SL9€88°0 8¥TTL80 304¢v
1089100 ¢6T¥TO'0 LILITOO 404V T80STO'0 €96ZTO0 0V¥80TO‘0 4042V 0789T0°0 £L9SETO'0 99ETTO0 4042V ¥16ST0°0 SL6CTO0 STLOTO0 904¢v
9760970 8¥ZTTZ'0 8598610 47V 9€9T€T'0 €TL00C'0 8Y80LT'O 42V €97EVT0 vLYYTIT'0 8LTO6TO 42V VL19€T°0 ¥TESOT'0 9¥99LT°0 v
GESLLT'O T8IGYI'0 O0LSEETO 43V SOTTIT'0 ¥ZO8ET'0 0919TT0 43¢V 87T/9T°0 0909%T'0 TLI9TT'O 43¢V €90£9T°0 TITZVT'0 ¥6TOTTO 43¢V
187606°0 9£8688°0 618,98°0 4037V 6876680 6¥Y88°0 0£6598°0 4032V ¥6/106°0 €T//88°0 9L£0/8°0 4032V 1SC668°0 0CvT88°0 T¥9£98°0 4032V
0580080 0ZTIT8L0 T8CI9IL0 3TV 691780 8SO0TO8'0 TLST8L0 3TV L6TE08'0 L68V8L'0 S60S9L0 3TV 6/8618°0 £9£0080 SY0O6LL0 Jev
6€6680°0 8€SLL0°0 £8SL90°0 g¢v  0Tv080°0 0SEL90°0 8LL950°0 g¢v 8¥0/80°0 LT6ELO'0 SS8790°0 g9CV 6L6€80°0 800L0°0 988L50°0 dev
€TET9T'0 6LTTTT0 8SEBBT0 4TV 6LEYST'0 008TTT'0 €199LT°0 4TV ££££92°0 TOVYTZ'O 0986810 4TV T€0LST'0 LEBITT'O €8TT8T0 41v

£TEO00'0 0ETO00'0 E€¥TO00°0 ¢1ZIT49NLH 6TE000'0 0TZOO0'0 ¥¥T000°0 ¢1ZIT49NLH SOE000°0 ¥6TO00°0 6TTO00'0 T1ZITIINLH STEOOO'0 ¥0ZOOO'0 9ZTO00°0 T1ZITIINLH G8E'0L8E

9670000 02Z000°0 09T000°0 T1EIT49NLH 0EEO00'0 0¥Z000‘0 89TO00°0 TIEIT49NLH 0620000 9TZO00'0 6¥TO00'0 TIEITIINLH LTE000'0 87ZOOO'0 TSTOO0'0 TIEIT4INLH 69€°0LLE

7S6000°0 €69000°0 62S000°0 T1Z3IT4INLZH T/8000°0 1890000 06¥000°0 T1ZIT4INLH 8T6000°0 890000 670000 C1ZITIINLH ¥26000°0 ¥£9000°0 06¥000°0 Z1ZITIINLH LTEVTLE

0880000 779000°0 67S000°0 €1TITIINLH 97/000°0 ¥ES000°0 90¥000°0 €1TITIINZH TL8000°0 0E€9000°0 €L¥000°0 €1TITIINZH T9L000°0 0LS000'0 90¥000°0 €1TITIINLH S8T'8L9€
%SL uelpaw %SC sweu %SL uelpaw %S¢C Hedp %SL  Uelpaw %SC sweu %SL  Uelpawl %SC Hedp
sye) panuaq sylel} panuaq

80T=U s|041u0) zeT=u sased 8TL=U s|o1u0d €8s1=u S [en+l

1040d uoned||day 10y0d AJan03SIQ  SSew 10ex3

(panunuod) -syesy uedh|3 panap pue 1d3.1p Jo saduel sjulenbaajul pue suelpalA ‘€S a|qel Azequsawa|ddng

CHAPTER 3

92



1G5¢8Z°0 8¥86¥C‘0 £888TC0 g0SeY  £L60S0€'0 0£L59T°0 €¥992Z°0 g0SCY €86ELT°0 98LTIYC'0 8YOVITZ0 40SeV 886TOE'0 9/6¥92'0 ¥Y6TET0 a0Sev
90TT98°0 ¥0EO¥8'0 692CT80 STV L6TTI88'0 9566580 €796£8°0 STV 8VEVI8'0 866S¥8°0 ¥LSLT8'0 STV VL¥LL8'0 ¥8S6S8°0 LEVLES'O Sev
¥90EVE'D 6EELOE'0 09T9LZ°0 412V 65S07€E°0 €9LT0E'0 966€£LZ°0 412V 0€€9€€’0 TEIS6C'0 60799T°0 412V /8ETVE'D 880C0E'0 SYE6IT0 41ev
L¥9TST'0 90LL0T°0 6¥LY8TO 4012V L66T2C°0 ¥¥S68T'0 STO8STO 4012V LLOEET'0 TSSYOT'0 L6SLLTO 4012V £ST9TT'0 €99€6T'0 STOEIT0 407¢v
STPY90'0 €£0090°0 906550°0 12V S60€90°0 0T¥95S0°0 86L150°0 12V 80¥990°0 6070900 6SESSO'0 1TV ¥ETEI0°0 T9SLSO'0 0SLTSO0 ey
S06068°0 L/8S/8°0 7886580 SOTV €61S06'0 0TST68'0 678LL80 SOZV 0T9€68°0 8S66/80 v¥/S98°0 SOZV SC8€06°0 TTIOT68'0 TE6VL8'0 SOV
£89990°0 €ETE90'0 S8S85S0°0 192V TTTS90°0 698500 9TSESO0 192V TET690°0 8687900 £89/50°0 19¢V £T¥S90°0 €£L6S0°0 ¥SS¥SO0 19¢v
95//78°0 889€T8'0 TS¢86L0 192V ¥reSv8’0 TTVIES'0 ¢88L180 3197V TE90€8°0 LY89T80 ¥ELB6L0 3197V SETSY8'0 8886780 L16CI80 3o¢v
81/896°0 990¥96'0 0L66V6'0 9TV 9V0EL6'0 LL9596°0 T699S6°0 9TV 7056960 9157960 0E8YS6'0 o7V LT6TL6'0 ¥78S96'0 00ELS6°0 oty
60L086°0 TS08L6°0 0E9VL6°0 OS4ZV  £86086°0 8778L6°0 66CSL6°0 OS4ZV £9¥086°0 989LL6°0 L8SVL60 9S4V 987T86°0 €878L6°0 680SL60 9S4ev
O0V9T9E'0 6I6ECE'D 9€968C0 4542V OVOEVE'D ¥86L6C°0 8ZCY9IT'0 4542V T6E9SE'0 SL90TZE'0 ¥60¥8C0 9S4V ¥99L¥E'0 TLTBOE'0 SLTL9T°0 asdev
L6T695°0 8680€S°0 LS8E6Y0 90S4TV  8S9L¥S'0 TTTLOS'0 69TL9¥0 90S4TV €68€95°0 T606CS'0 STOL8YO 90S4TV  6T¥¥SS‘0 69¥L0S0 ¥6STIV0 50S4ev
G8TL9Z'0 8YEEET'0 6CSL0T0 40S4¢V  ¥E6T6C'0 9EVOSC'0 0ESSTZ0 40S4¢v  0T009¢°0 TTLLTZ'0 200Z0T‘0 40S4¢V  €8688¢°0 TE€L0ST'0 9LSLTT0 40S4¢v
9¥0865°0 690TSS0 9506670 S4TV  8EPSTO'0 €T9T8S'0 8LTEVSO STV SOVL6S'0 8EV9SS'O T9ELISO S4TV €ELT€9'0 SELL8S'O SEVIVSO Sdev
YETETT'0 8669600 8679800 142V 906¥ZT'0 TYESOT'O 7808800 14TV vEEITT'O 6L6TOT'0 TS8S80°0 142V 9/STTT'0 €96TOT0 £96580°0 ey
€€E€/89°0 OVYESI'0 T8LOT9'0 SO4TV  T9ELTL0 TYETE9'0 £6TSS9°0 SO4TV ££8S69°0 9€6T99°0 8589790 SO4TV L9YOEL'0 T60£69'0 SLOVSI'0 NoEr4A
CEBEET'0 LPTETT'0 €0ETOT'O 1947V 8EYSYT'0 07910 ¥88E0T0 1947V 0SS8ET'0 8¥90TT0 T¥ZEOT0 1942V £S9THT'0 TLETTT'O LL9TOT0 194¢v
668€95°0 ¥Z867S'0 956L8V°0 3947V €05965°0 ¥¥YT9S'0 09L92S0 3947V G/8895°0 €6LEES0 TTIT0S0 1942V ¥96009°0 9S¥¥9S°0 L¥TSTS0 394ev
€0€698°0 TIT0OS8'0 6CEBI80 947V LOV0/8'0 SETOS8'0 LS¥TTs'0 947V 1875980 TSSEV8'0 S6¥6T80 947V 7887/8°0 Ov86¥8°0 TETETS0 94ty
0€59887°0 866TYY'0 0L9L6E0 342V TYCCIS'0 S90SLY'0  LTOSEV0 34TV vvL98Y0 TLETSY'O 6T8YTIV'0 342V TL9LT1S0 6¥89L¥'0 8TTLEV'O Jdev
TTTITEE'D ST6T6T0 TWS69C0 4942V 6CPSTE'0 ¥T9¥8T'0 68VLST0 942V TOvTTE'0 SSTT6T0 €TLTIILO0 942V 6VSETE'D 6586870 ¥9765C0 a4¢v
%SL uelpaw %SC sweu %SL uelpaw %SC Hedp %SL  uelpaw %SC sweu %SL  Uelpaul %SC Hedp
S}ieJ} paAlaQg s}led} paAliaQg
80T=U  S|0;u0) zez=u sase) 87/=u  s|onuod £85T=U S8 lens+]
14oyod uonedi|day 140yod AJsn0dsIq  ssew 10ex3

(panunuoo) -syesy uedh|3 panuap pue 13.1p Jo saduel ajuienbaajul pue suelpaA €S 3|qel Azequawajddng

93

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



OTST6E'0 €ESTECE'D 600¥¥C0 PV SC098E'0 YTETTIE'0 6V0TYT0 vV TE9ELE'D 0TLL6T'O 8668CC0 vV 86ELLE'D T¥YS6T'0 86TTEL0 v
8LIEEY'0 LTLOTY'O 9L960%°0 IV S06SY'0 9SSYEV'0 88ETTY0 YV 0SSEEV'0 €S50T¥'0 €9580%°0 IV 68LYYY'0 S6LOEV'0 TSSLIVO vv
TTYSTE'0 T8OLI6'0 6L£906°0 SEV LELET6'0 996VT6'0 ¥00Z060 SEV T6¥L76'0 L608T6'0 6808060 SEV 9£0976°0 ¥T0OST6'0 €8C¥06°0 SeEv
TLO0V8Y'0 OV888E'0 9T0LLT0 41EV  ¥8L08¥°0 S96€LE0 ¥IVYSTO 41EV VLEEIY'0 60T6EE'0 8868YT0 1€V ¥86TLY'0 LEETSE'0 8LOVSTO J1ev
¥0T66T°0 €90TLT'0 €6T6VT0 407€V  96T9LTO LLSEST'O ¥8LOETO 4076V S9€88T0 TZETIT'0 9T99ET'0 407€V SETBLT'0 TSTIST'O 0996CT°0 401€V
090€62°0 v¥6¥8C'0 L¥8YLT'O 1€V 9TL6LT°0 S6¥89C'0 ¥SLYSTO 1EV 88€S6C'0 STIY8T'0 ¥S8TLTO 1EV  6VZE8T'0 0VS69C'0 L¥S9ST0 ev
8996£6°0 TSV/LT60 ¥09TT6'0 SJEV LEE6E6'0 ¥S6876°0 L00TI60 SJEV ¥/98€6°0 070LT6°0 T8TTTE0 S4EV 8v¥60¥6'0 6788¢6°0 TOIET6'0 S4ev
TE60VE'D LLIVEE'D TLYSTED 14EV  LEEVEE'D 66CSTED VLISIED 14EV 86VOVE'D CSYEEE'D ¥ILETE'D 14EV 006VEE'0 €STICE'D 8E0ITED Tdev
SEBT09'0 €0TE6S'0 9SPIBS0 34€V  LOTET9'0 LTBE09'0 00TELSO J4EV  S08709°0 90€E65°0 6807850 34EV €LSTI90 EVETO9'0 €0ET6S0 34ev
G96STO'0 TEETTO'0 T8TLOO0 e4EV 0VZ9T0°0 YISITO'0 0¥8L00°0 e4EY GELYTO'0 80E0TO'0 6££900°0 e4EV 06¥STO'0 8660T0°0 0TZLO00 ejev
S90vZ6'0 9L5606°0 TT9688°0 SOJEV LOT6T6'0 0SLEO6'0 97S688°0 SOJEV 6TEST6'0 TBOET6'0 8YEL6S'D SO4EV 969TC6'0 068L06°0 6580680 So4ev
0€TSLT'0 86ST9C'0 9LS8ETO 104€V  8TT6SC'0 LTTSET'0 9TETITO 104EV  TEVLLT'O ¥LV09T'0 99¥6EC0 104€EV L¥8E9T'0 68STYT'0 ¥088TT0 7104ev
TTTT99'0 ¥6S8Y9°0 9£/90%9°0 304EV  ¥6€089°0 9965990 ¥0L6¥90 304€V  T66£99°0 TOTIS9'0 VEVEEI0 304€V  TT98L9°0 TLTP99'0 9€00S9°0 304€V
Sv¥90v‘'0 ¥86EEE0 S0TTST0 JEV LOLT6E0 S6S60E°0 9S8TYT0 JEV T68T6E0 ¥S6Y6C'0 T8TELT0 JEV T06/8€'0 SLOS6T0 EvvELT0 Jev
02TZ0Y'0 9VEBTE'D ¥TLSYT'O 43eV  €TV/8E'0 6¥8Y0ED T66LECO 43€V 98/88€'0 0L0067°0 88CLITO 43EV C6SESE'0 LEVE8T'0 9¥TITTO 43€V
£STOTL'0 £T06L9°0 LSO9E9'0 403€V  SEETTL0 CELVI9'0 6119290 403€V 08/9TL0 ¢ST899°0 95¢TT90 403EV £L09TL0 L€8699°0 600790 403ev
TL66€9°0 8SOTE9'0 96CETI'0 JEV TLLLS9'0 €68S¥9°0 LO8BYEID JEV TYTEVI'0 8SLEEI'0 T8YET9'0 IEV ¥E8SS9'0 90TSY9'0 S9EVEID Jev
SOLV66'0 TTLEGE'D 8EST66'0 OSTY €STS66'0 09€V66'0 68EE66'0 OSTY 8¥9V66'0 VSLEGE'D TS8T660 OSZY 0€TS66°0 86C¥66'0 8ETEE60 osev
vryTI6T°0 T8SYIT'0 691810 4STV 89ESLT'0 L68TST'0 86TOET0 4STV  LTTT8T'0 €9S091°0 vweTv1’o 4STV 76S08T0 6L0LST'0 688YET'O 4Sev
7SLYL0°0 TETS90'0 LTSESOO 4SZv  78¥990°0 9€8¥S0'0  9¥SSY0‘0 4SZv  TZEELO'0 69Y¥T90°0 99L0S0°0 4SZv  0¥S0L0°0 S96LS0°0 ZEYIVO'0 asev
99598/5°0 0TETVYS'0 E€EETOS0 O0STV 90€9S5°0 6LT6TS0 ¥60LLY0 O0STV TYOELS'0 L6TLES'0 8SWL6VO 90SZV 8¥0¥9S‘0 09€61S0 T6ISLY'O 90SevY
1887560 L00LE6'0 TIOVTE'0 40SZV  6VI6V6'0 €898€6°0 9Tv¥I60 40SZV 8ST6V6'0 STESE6'0 89LETE0 40SZV  9£0876°0 €0V9€6°0 79,0760 40Sev
%SL uelpaw %SC sweu %SL uelpaw %S¢C Hedp %SL  Uelpaw %S¢C sweu %SL  Uelpaw %SC Hedp
syes) panuaq sylel} panuaq
80T=U s|041u0) zez=u sase) 8TL=U s|ou0d €8s1=u S len+l
10yod uoyedljday 10y0d AJan03SIQ  SSew 10ex3

(panunuod) -syesy uedh|3 panap pue 1d3.1p Jo saduel sjulenbaajul pue suelpalA ‘€S a|qel Azequsawa|ddng

CHAPTER 3

94



6989L7°0 08L0€T'0 0SSETTO 4D 6£S6¥C°0 €7L0TC'0 90L68T°0 4D 0212970 88¢6TC'0 ¥£900T°0 4D 9957570 €S917C'0 688€E6T°0 4
CELLLO'D S9TS90'0 LETISO0 9D 0/0/90°0 9TSSS0°0 L¥89Y0°0 9D SEYTL0'0 SSST90°0 ¥S0CS00 4D 70T0L0°0 S60850°0 ¥88L¥0°0 4
0SSTTO'0 ££8600°0 T8LL00°0 ¥VD 20TZIO'0 T9¥600°0 99,000 VD €SSTIO0 €86600°0 E€¥6.00°0 VD €EETIO0 £98600°0 CT08000 148
0T9/ST'0 TZEYET'0 TLOTZTO €VD ¥6SELT'O 6YITSI'O 0768ZI0 €VD TYIV9T'0 ZELSYI'0 ¥TO8TZIO €VD 9E€TELT'O ¥CSTST'O COLZETO €VD
SPY98°0 TLIEV8'0 €S6VT80 VD SVLLS8'0 9T6EE8'0 9E0608°0 VD 9T/8S8'0 €E9¥BE8'0 LOESTISO VD LTSES8'0 09¥TES'D 0VS608°0 (A%}
6T€S00°0 OTTY00'0 ¥6¥€00°0 VD ¥68700°0 080¥00°0 6TEE000 TVD CETS00'0 S80¥00°0 EEEE00°0 TVD 270S00'0 S86€00°0 80ZE000 vd
¥8/¥06°0 L9¥868'0 6S0T68°0 SYY TOY868°0 €€5688°0 T¥ET880 SYV 69T€06'0 SYT968'0 LL¥6880 SYV T¥0668°0 78TT68'0 S90£88°0 SV
9L¥T0V'0 9VETEE'D €VT8ST'O 11V SvS86€°0 TTIVSTZE'0 ¥¥0O0ST0 11wV 86EV8E'0 6V6YOE'0 TLTSET0 41wV 8/¥T6E0 TO090E0 T¥SE6ET0 4V
8¥8C6¥'0 009SL¥'0 S9VYIV'0 WY 9687LY'0 068YSY'0 9LLIVYO WY 9vy6e8y'0 00TZ9LYV'0 60T6SY0 WY 9€C9L¥'0 L086SY'0 SOTEVY'0 v
6STESE'0 TCTI6T'0 €0L6TTO S4vV OTLLYVE'D VETY8T'O €T0STT0 S4vV 8YO6EE'0 9.S897°0 665L0C°0 SIVV  TL90VE'0 96€S9T0 6SLL0T0 Sdvv
0690610 0786ST'0 LSPIZI'O 14vV  80EL8T'0 9760ST'0 8TLSTTO 74PV 0S8E€8T'0 CELLYT'O T99ZITO 14¥V 7SS08T'0 S8SCYTI'0 T960TT0 140V
TIVETE'0 €8ES06'0 SETL6SO SO4vV TIT806°0 00S0060 SPITE80 SO4vV 86E£CT6'0 6CLV06'0 BTEL680 SO4¥V 0€S606°0 CIST06'0 TTTE6S'0 SO4vY
€€9505°0  60LT6V'0 S9S9L¥0 194vV  €8TT6V'0 8E09LV'0 80VTIV0 194vV €20L0S'0 S¥TTEY'0 9S09L¥0 194vV  76696¥°0 9TOT8Y'0 8EIVIV0 1947V
02z€CY’0 TOSITY'0 ¥STOOV'0 104VY  Y6CYEV'0 869ETY'0  SSLTTYO 194vV 000LZV'0 888TIY'0 €8666E0 3104vV 6/8€EV'0 8YTEIY'0 €6TI0V0 394vV
€€099T°0 868CET'0 ¥£9001°0 34vV  €SLTIT'0 STYEET'0 ¥SETOTO 4PV ¢89SST'0 S66TCI'0 9€TY60°0 34vV ¢888ST'0 0LYYZI'0 6885600 EEIAY
6LTTE0'0 9€6CC0°0 89LYTO0 ey YETIE0'0 98C¥T0’'0 000VIO0 e4yY 9vEZEO'D SSE0TO'0 9T8TIO0 edyy 89T¥E0'0 06¥TTO'0 OEOETO0 edpv
675990 £10T09°0 €TTOSS0 S04V 6T€0L9°0 9T0909°0 LTB6ESO SO4vV 099989°0 £LL18790 ¥€96SS0 S04V 0V9T89°0 79SETY'0 SOT6VS0 S04tV
€E8YSE'D TLVSTED ¥6LVLT0 1047V 6EESVE'D YISYOE'0 80TLITO 104¥V  €99¥9E°0 0T98TED 1859870 104¥V STETSE'0 8LG6ETE0 0T6ELTO 1047V
G6SE8Y'0  TI60LV'0 68LISYO 1904VY ¢STS9Y'0 888EVY'0 0ETSTV'O 1904vV LYTESY'0 T6¥89V'0 STESYYO 19040V €8S69Y°0 TIL6VY'0 T668TH0 19047V
0ST9EY'0 0€8YZY'0 SETTIVO 39047V 8T6VSY'0 CLY8EV'0 STLETYO 3904%V 0TV6EV'0 TIEVTY'0 SS8TTYO 3904%V €6TTSP'0 O¥9SEV'0 TTOTZV'O 39047V
VET8YL'0 TO9LL9°0 €L0609°0 904vV 06VLSL'0 €6€S89°0 0SLYTI0 904vV 6TE€69L°0 96L00L°0 7609790 904vV £S9/9L°0 T¥9E0L'0 SLSTTI'0 9047V
VLIVIE'D V6€68C'0 TOE6STO 304VV  LT69TE'D T1SS66C0 SYSOLTO 304vV €E6TTZE'0 1609670 8€889Z°0 304vV VLTIEE'0 9STVOE'0 8L¥ELZO 304V
%SL uelpaw %SC sweu %SL uelpaw %SC Hedp %SL  uelpaw %SC sweu %SL  uelpaul %SC Hedp
S}ieJ} paAleQ s}ledy paAliaQg
80T=U  S|o;u0) zez=u sase) 87/=u  s|onuo) €851=U S8 len+]
14oyod uonedi|day 140yod AIsn0dsIq  ssew 10ex3

(panunuoo) -syesy uedh|3 panap pue 13.1p Jo saduel sjienbaajul pue suelpalA €S 3|qeL Azequawajddng

95

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



3(9)TV ‘S(D)TV ‘OvV ‘OEY ‘OTV :(S1ed1 D 9yl Joj uonejAsoloeled [ny 8 s ‘01 Jus|eAINba) T 249M SaN|eA J19Y] 92UIS ‘UOLRIDPISUOD J9Y1IN) 03Ul U] 10U INg ‘Pa1e|NJ|ed aJaMm
1843 S1leJ] [euonippy SHet) paAlIap Jo uoldiudsap Joj ¢S a|qel 995 ‘uolejAjels payull-€gZo = 7 ‘pIoe dljels payul-9‘zo = 3 {(9s0dn)) asoxayAxosp = 4 ‘sulwesoxay|Aiede-N =
N {9S0Xay = H :S}1eJ} 103.Ip 40} SUOLIBIARICQY TS d|CEL Ul PaqIIISIP SE SHEJ} PAAIIDP 40 SON|BA PAIR|NJ|BD PUB S}EU) J024IP 104 SDLHSUDIUI SALR|DJ PR3ISIAP JudsaIdal sanjep

0vZSTO0 SPIZTO'0 SETOTO0 WL €TEYTO0 TELITO'0 6588000 L 0LISTO'0 8.0ZTO0 9€00TO0 INL €vvyT0‘0 ZEETTO'0 CET6000 AL
TI6S00°0 £L9¥00°0 998€00°0 AHL 295000 £T9¥00'0 £8LEOOD AHL €85500°0 0S9¥00°0 O¥6E00°0 AHL 9€5500°0 8.v¥00°0 ¥SLEODO AHL
SS0CL0°0 TZIZSO'0 OEETYO'0 0S4ZVL ¥6/LS0°0 L¥09¥0°0 088¥E0'0 0S4ZvL T/8€90°0 T09TSO'0 6TLIV00 0S4ZVL 9/9/S0°0 TE6VYO'0 6T0SE00 0S4evlL
668ELLL TETT99'L SY6IBS'L WW  €€7964°L 979089°L 69889SL W vLSY6L'L €VT¥89°L T89LSSL N ¥20S6L'L 6TL689°L 6T6SLSL AN
YIZTILT'E 0868TLT ¥STLIT'T AHW TTSSTT'E 9TT99V'T TSTOV6'T AHW  68€6TE'E 9V68E9'T €6TEOTT AHW TSE€LTT'E 8T6SVS'T 6TT966'T AHN
¥88€S6°0 6¥8ZV6'0 LTIVITZ60 S) TSTZ96°0 vIVEV6'0 SL89€60 S) €9/€S6°0 SLVIY6'0 TOT6C60 SO 0€TT96°0 VEVOSE'0 S665€60 SO
680660 LTv/86°0 99T¥86'0 90 LVET66'0 LY0886'0 S8YES60 90 TEL066'0 T09/86°0 TILESE'D 90 8IET66'0 SLT886'0 SOTV86'0 90
8152000 TZLT0O0°0 09Z100°0 e4) S65700°0 T88TO0'0 T9ZI000 e4) €/€700°0 L69T00°0 ¥8TT000 e4) 9897000 81000 6¥ZT00'0 e4D
%SL uelpaw %SC sweu %SL uelpaw %S¢C Hedp %SL  Uelpaw %SC sweu %SL  Uelpaw %SC Hedp
syel) panuaq sylel} panuaq

80T=U s|041u0) zez=u sase) 8TL=U s|ou0d €8s1=u S [en+l

10402 uoned||day 10y0d AJan03sIQ  SSew 10ex3

(panunuoa) *syesy uedA|3 panap pue 12341p Jo sasuel ajuaenbaalul pue suelpaA €S d|qel Alejusawa|ddng

CHAPTER 3

96



C0-3TY'T  SSSPT- dcy 10-39L'S  88S5°0- SEV 70-3€8T  6I9ET- S4PVY v0-366'v  8S8YE- €40S42V S0-388'v 98901~ dsey 60-309°6  LLEL'S- 0S42VL v0-3Ivb'T  €L08°E- SEV
€0-368'v  TYI8C- 90 T0-369'S  ¥695°0- 45TV 20-3TL'T  LEBE'T- BipV v0-39€'C  €789'€- SJEY S0-3v8'v  SOLOY- 42V 60-3v6'v  €6¥8'S-  S9042V ¥0-36TT  SPS8E- 1047V
€0-3T0'Y  SLL8°C- 3942V 10-3€6'v  0589°0-  90S04TV C0-I8Y'T  TI8EV'T- 4PV ©0-3SE'T  SET8'E-  90S042V S0-320°€  S6LIP- 92V 60-39v'T  T¥96°S- 42V S0-3v6'C  TS8T'Y- 304%V
€0-36€'C  ¥9E0°E- 1€V TO-39€Y  T6LLO- TVD 0-3ST'T  /8TS'C- 419V S0-36¥'9  TTOOV- S4ZV 90-38'8  LTSP'p- 90S04CY O0T-36C'T  €8CY'9- SO4pY S0-3€CT I8V N4
€0-3TT'C  9ELO‘E- SV TO-39¥'€  STV6'0- 43¢V €0-3€8'6  9€8SC- S4EV £0-385T  099T'G- NN 90-390'S  2TLS'T- 1040V TT-39€°9  TSES'9- 3042V S0-3TS'T  E€SEED- 4TV
¥0-3vS'9  T80V'E- AHL TO-30v'€  8€S6°0- 3942V €0-380°L  ¥S69°C- STV 80-367'8  99LE'S- 34TV 90-3/9°€  86£9V- 1942V TT-34ST LTWL9- 4032V S0-IST'T  9W6EY- 904tV
¥0-3SL'S  TEVY'E- 7042V 10-30v‘T  TSLTT- vVd €0-356'9  9TOL'C- 3PV 80-39€'€  68€S'S- SeY  L0-3VT'T 6T6T'S- 9542V TT-32€T  8994'9- 39042V 90-3T9'€  8TY9'v- 40Sev
0-39T'S  CeLV'E- 19042V 10-387°T  602S‘T- 42V €0-3L¥'9  TSTLT 3949V 60-388'T  00E0‘9- OS¢V L0-3LL'T  99ET'S- €] ¢r-397'9 9€/8'9- SJEV 90-379'T  ¢L08'Y- 403¢v
¥0-3S¥'y  0TTSE- VD 0-37L'S  9T06'T- 4032V €0-380°S  €V08C- S4Tv 0T-397% 06929 SOdeY TT-3/0'G 08659~ 90S42V TT-IVT'T  9CTTL- THEV  90-3EV'T  YIES'Y- AN
¥0-38€'y  6STSE- 194vY  20-3T9'T  890Y°C- 0S42vL €0-30C°v  2S98°C- 41€V  11-308'C  £989°9- 9042V TT-30v  2CE9'9- 90SZV  €1-3509  €661°L- SPY 90-3v7'T  96S87- S04€V
S0-39€'€  SLYTv- SO4EV 20-38Y'T  8LEV'T- 40S2V  ¥0-369°L  089€E'E- 3TV v1-362'S  T89SL- 3942V TT-I0'E 9%L9°9- 401V £1-392°C  96L1'8- eJ) 80-370'v  ¢90S'S- 39042V
S0-397'T  S99Ev- 4SZV  70-3€T'T  ¥EOS'T- 4072V ¥0-30T°S  SwLv'E- 3942V v1-3SL'C 9¥S9L- SO¢Y €1-3T¥'9  96¢T‘L- 0S4evL £2-320°T| LOT6OT- 4 60-3v8'T  €TE0'9- 3042V
90-392'T  09¥8‘v- 40SZY  €0-3¥8'C  6¥86'C- SYY ©0-350v  pIvS'E- 3042V 91-369'8  ¢L60°8- 394pY  vT-3GL'E 9ET9L- SO4pY 0€-3TL'6 S9CETI- VYD O0T-306'T  CV6E‘9- oty
90-30C'T  LSS8F- WY v0-319C  €1S9°E- 194vVY  ¥0-3SL°€  6T95°E- €0S4ev 91-379't 650C°8- 3oV TC-306°€ 90TS'6 TV €€-3S6'T L6VOTT- eipy €1-3T8'8  CE8TL- AHW
L0-36T°9  €S86%- 432V S0-3TS'S  0E€E0v- SO4EV ¥0-3TT'C  £869'€- 39042V 8T-32C'S  vpIL'8-  $904ZV 97-3SS'v T089°0T- 194vY  9€-31S'C. €985°CT- eJEV ¥1-308'T  6L0L'L- 9542V
60-361'8  SYIL'S- 42V S0-30T'T  T96EY- 1042V ¥0-3T0°C  8E€TL'E- 40SzV  8T-36%'T 96588~ SO42V  v€-38L'T. WLEVTT- 1046V 8€-3€6'T TS96°CT- 401€V  91-3v6'6  SLLO'S-  S9042V
60-36T°c 9TC6'S- 4032V  S0-3S0'T  090%‘7- 19042V ¥0-30€‘'T  TEEV'E- SO¢Y 17-399'v  9T0S'6- 95042V 9¢£-3/1°C) 9T08CT- 1042V 6v-36€°€ 412V L1-3T0'T 9€65°8- S04Tv
0T-379°€  S697'9- 1904vV 90-3C€'S  9TSSP- 1€V SO-3TS'T  6EEED- IV 9¢-378'T| 069L°0T- 30¢Y L€-3Ev'6. COL8CT- 19042V 15-306'T 34pV  6T-3LE'T.  09CT'6- oSy
0T-322'T  VLEV'9- 0S42VL 80-380°8  €S9E°S- 304¥Y 90-39¢°6  6CWy-  @0SO4TV £7-382°C TL96°0T-  3904WV €v-306'T SO60FI- T4EY  €5-399°T 1€V 72-309'v,  €EPL'6-  ©0S042V
71-309°c 6156°9- 3047V 80-390°€  €8ES'S- WY 90-36T°6  9vvbv- SO42V  67-3TL'T. €08ETI- EVA 47 1A eV €5-3TTT 4V vZ-3Ir8y €CTC0T- 9042V
¢T-30S'T  ¥WL0L- 4072V TT-38€'C.  €089°0- 19047V 90-300'6  T6YY V- 392V Se-3Ev’L 290SCT- 3042V vy-3LL'E SYY  ¥S-3TCT vV Sz-3/8'8 TE8E0T- 94¢v
v1-376'€ 8€9S'L- 104EV  CT-ILE'Y  SWEL6'S- 904vY 90-370'8  6ELVV- 39047V SE-IV0°L LOTSCI- 39042V L¥-3TVT 192V 95-3L6'L S4vVY 97-379'v. 02L9°0T- 59
S1-398‘C  TL68L- 904vV €T-3€€'S  S9TTL- S04v¥ 90-396'T  T69LY- 304€V 9€-3L€'9 CLTLCI- J4EV  €S-3LEY 19047V  £S-3TT'6) 436V ve-3G€°9. BETETCT- 9S04¢ev
91-356'S  €060°8- SO4vV ¥1-367°C  SEE9L- 104€V £0-30¥'8  ¥8E6V- JEV  05-306'C 304€V  65-318'Y WY LS-36EY JEV  76-30€°E] 90SevY
91-39€'C 12028~ 104vV  ST-308'S  7808°L- 104vV £0-30€'S  €820°S- 34V 19-359°¢| 3EV  T1£-30T°7 1€V 85-357'8 140V 96-3T8°T 90S4¢v
anjea-d onsnels-} Jes)  anjea-d onsuels-} el anjea-d onspels-} 1esy  anjea-d onspels-} ey anjea-d onsuels-} e anjea-d onsnels-} e anjea-d onsnels-} uen
Supjows juan) parows Suiney Jan3 27@H-uou 21aH INg Xas a8y

*se19qelp g 2dA) 10} S10108) HSII |BIIULD pUk S}ied] UedA|S panlIap udamiaq suonelossy ‘s ajqel Atequawajddns

97

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



€0-3¢T'S  ¢664'C 39042V 70-397'8  09€L'T 4 T10-36v'8 80610 9TV 10-307°9  LS6V'0 YD 10-3.9'8  189T°0- 40Szv  10-3€6'€  9¥S8°0- 41V T0-300°€  8S€0'T el
€0-3TS'S SSLLT 394pY T0-30T'T 966S‘T  €0S04ZV T0-3ST6 TL0T0 9047V TO-36€'9 6970 SO4EV T0-3ST'8  SVET'0- S04vV TO-38T'€  ¥866°0- VD T10-390% 11€8°0 401€V
20-390'T TYSST 403V TO-IVTT 96£5'T 9Szy  10-39T'6 95010 95047V T0-305'6  0£90°0- ozv 10-300'S  6%/9°0- 41V 10-368°C 9090°T- Jzv  10-3L0°S 8€99°0 304€V
20-3L0°T STSST 842y 10-3€LT €€9€'T 90SeY  T0-3187°6 00600 7V T0-3ET'6  L60T'O- 4vVY  T0-3STY LL6L°0- 43¢V 10-30¢°C  €92¢T- 7€V 10-30S°S €L65°0 EDI4Y
20-3v8'T  €8SE'T 192V T0-3T6'T  €80€T  90S4ZV T0-36L6  €920°0- €VD T0-3LSV  8EVL0- 403€V  10-386'€  LS¥8'0- 41V T0-3¥8'T  98TET- 19¢v  10-3SE'8 180C°0 EE[
20-35LC YA/ 44 T4EV  TO-30T°C STST'T 904zv  10-39T°6  090T°0- 41V 10-39¢°7  896L°0- SEV TO-36ET  TLLI'T- WL T0-3Z8'T OVEET- o4Tv T0-3LEL  LSEE0- wv
20-305'8 9eeL'T S04V T0-3L9°€ £206°0 eV T0-3EV'8  9L6T°0- ¥¥d T0-359°€  €506°0- €YD T10-300C ZI8CT- bV 20-3SL°L  €S9L'T- AHL T0-3L2'9  £S8Y'0- 194vV
T0-36€T €6LY'T NN TO-36L°€ 56480 9D TO0-36€'8  SEOT0- TVD T0-3ZE€  ¥696°0- 4EV 10-385T  90T¥'T- VD z0-37¢'s  8IVI‘C- 9 T0-3LE'S  ¥LT9°0- 4
T0-3€ST  06ZV'T  SO04TV T0-350°v  67€8°0 9S4y T0-30v'L  TZEE0- 9SzY T10-318°C  T8L0°T- 43eY  TO-IVT'T  06L5°T- SV 0-3r8C  v¥I6T'T-  9S04eV T0-32Lv  €6TL0- 1904V
10-392°€ TI86'0 90S04TV  TO-ICEV ¥98L°0 4S4zv  10-3S0°L  T6LE'D- ga4zv 10-38T°C  STETT- 9S42v  10-3v0'T  2LT9'T- 403€V  €0-3T0°'6  STT9'C- J4EV  TO-3L8E  6¥98°0- Jev
10-39¢'€ 0£96°0 4016V T0-329°S 76450 €YD T0-3LEY  TLLL'O- 403€V  T0-3TT'C  TISCT- S4bY 20-3TT'8  TSWLT- 4SZv  €0-3T0°8  STS9C- 9542V 10-369°€ L1680~ Sev
T0-3vL'E 78880 4TV 10-38L°9 1STY'0 asey  10-3vS‘T  €0VTT- SO T0-3€6'T  6T0E'T- vV T0-3L6'L  TESL'T- 43eV  €0-3T8'T  S6TITE- 40Sgv 10-319°C  SPTI'T- 1904¢v
10-3€8°€ ¥2L8°0 SEV 10-3€6'9 7S6€°0 T4EV  T0-32S'T 9SPIT- 4042V T0-3€9'T  TS6ET- 40SZv  ¢0-32TL  ¥86L'T- SEV €0-3LT'T  €SvT'e- 3949V T0-39¢°C  60TC'T- J04ev
10-380°v  £LZ8'0 vvd 10-397°L  TISEO 41V T0-3T¥'T  €€LT'T-  9S042v TO-IET'T  9S8ST- 41wV 20-3L5'S  OPT6'T- JEV  v0-3v6'T  T9TL'E- vV 10-3TTC  60STT- Vo
10-326'L 8€92°0 4s4zv  10-3€8°L 6vL7°0 347V TO-3L8'T  ETTET- 14TV TO-3ET'T  €985°T- SO 70-3€9'v  SE66T- 403z S0-3ST'S  S8Y0'v- 90SZY T0-3€0T  THLTT- 0S4evL
10-I9S'6 18500~ AHW  T0-30T'8 6L22°0 AHW 10-320'T  89€9°T- 41Zv T0-390'T  T919°T- AHW z0-390'€  SE9T'C- @4ev  S0-3EL'E VETT'V- 4072V T0-3S€'6  LLL9T- Er4
10-3LT8  CI€T0- 342V T0-3L6'8 S62T°0 N 20-3906  6769°T- 1942V ¢0-320'c  S89T‘C- 4032V 70-3¢¥‘Cc  0SSTT- SO4€V S0-3C¢¢'T  LOVE'D- 90542V 70-36L'8  €L0L'T- 34ev
10-360°v  SST80-  90S04TY T0-398'6  £LLTI0°0 SO4vV 20-37T°L  8Y08°T- eJEV 70-396'T 8SEE'T- 41V €0-308'C  ST66'C- 41V 90-366'S  897S'V- 1942V 20-30€°C  0SLTT- Iev
T0-3LET  LE8T'T- VD 10-325'6  7090°0- 9042V 70-308'v  €8L6'T- 14vV  20-30ST  6EEVT- 4PV €0-3¥S‘C LTTO'E- 4PV 90-390°€ S9997- 142V 20-3LST v8TVT- dev
T0-3€6'T  SO0E‘T- 4 103816 YEOT'O- AHL T0-3€¥'y  LTTO'C- 4EV  20-390'T  ¢8SST- 412V €0-3Tv'C  09€0°E- AHL £0-399'€  £S80'S- 3904vV ¢0-3CE'T  608Y°C- 4Sev
20-3/8°'L  T8SL'T- 4s04zv 10-3L06  S9TTO- 1Zv  70-396€ 16S0°C- 43eV  €0-350°6  12I9C- BJEV ¥0-3v8'S  SEVP'E- 4 £0-30v'€  L660°S- 43¢V €0-39€'T  TLOT'E- 43ev
20-3EY'y  TTT0C- 4042V T0-36¥'8  606T°0-  9S04TV 0-38€'€  VETTI'C- e4) €0-3ST'v  1698°C- 304vV  ¥0-30L'C  8LV9'E- 4012V £0-396'C  09¢TS- 304€V  €0-320'T  768TE- 4012V
70-399°€  £060°C- SO4vV  10-326°L  T¥97°0- WL 20-32€'€  €0ET'C- SO42V  €0-389C  L¥OO'E- ejpY ©0-3ST'T  9798'€-  €S042V 80-3L5'S  TCEV'S- 403V ¥0-30T'6  90ZE'E- 3]
20-30L'T  T98ECT- AL TO-3I¥0°L  96LE0- YD T0-3Tv't  TSSTT- 342V  €0-30€'CT 0TS0~ el) S0-3TLL 86S6°E- 4042V 80-3TE€‘€  TWES'S- SO4CY ¥0-386°L  CLSE'E- WL
20-3TY'T  YISY'T gsZy  10-378'9  20TY0- 19¢Y 20-3ST'T vE8TT- S9042V 0-30T'9  STEV'E- €40SeY  S0-30€'S  T6V0‘r- 142V 80-379'C ¥S95°G- 4SZV  ¥0-39%'T  LE08‘E- T104€V
anjea-d onsnels-} Jues  anjea-d onsnels-} 1en  anjea-d onspels-} e anjea-d onspels-} e anjea-d onsuels-} e anjea-d onusnels-} e anjea-d onusnels-} 1en
Supjows juan)y pasows Suiney Jan3 97gH-uou 21aH NG PEI a8y

(panunuod) -saraqelp g adA) 10y S10310€) Y SI |EDIUID pUk S}ied) UedA|3 panliap uaamiaq suoneldossy ‘s ajqel Azeyusawajddng

CHAPTER 3

98



TT-IVCE ¥S€9°9 €0SeY  80-37LT 9L€9°S 1942V €0-38LC 6€66T SYY 90-3€6'8 60SY'Yy 4076V  81-39C'8 9099°8 STV €0-30€'T LSTT'E AHW  50-38€'T 8YSEY EEI4"
TT-3vSy 75859 S4EV 80-39€'V SSLY'S BlpY €0-38%°8 EVEY'T S04v¥ S0-3S0°T LSTV'Y 40dev  £T-3TLT 9vLS'8 9042V €0-3¥9'C S900°E 342V S0-318T°C €EST'Y 404ev
11-32¢°S S95°9 34EV  80-39S'% SL9V'S J4EV €0-3vL'6  0L8ST 1947V  S0-380°€ €SLTY 9S4ev  L1-3E8 758€°8 394vV  0-3/8'T 07SEC 19047V  S0-3LT°L 89/6°€ 41ev
0T-3TT'T TIS¥'9 90 £0-3SS'T 6SVC'S vy 20-3Tv'T €LSY'T SEV  ¥0-30v'T 8ETY'E 4asey  v1-357°C 0189 S) 70-388'T L8YET 9¢vV  ¥0-3L5°T 9v8LE ElaY
01-386'T TEYE9 S) £0-365C 0TST'S JEV  70-398'T TSSET 904vY €0-399'T 68VTE eV ¢T-399°T S960°Z ©0S042V ¢0-306'S S888°T SO42V  ¥0-306'T 69€EL’E 43ev
01-318°9 S0LT9 9SZY  90-3T¥'S 08YS‘Yy 39042V 70-3v6'9 ¥918‘T 90 €0-35€C €SV0°E @ T1T1-3r9'C 65699 9Sev  Z0-Ivv'9 6v8°T 3TV v0-38Y°C 8699°€ 403€V
60-3SL°E 6768°S 942V 90-3189 661V S4€V 70-3SS'L €8LL'T 4072V €0-38TY 0£98°C 90 T1-385L 69€5'9 40SeY  ¢0-30T°L T66L'T €V ¥0-389°C 96179°€ 192V
60-3£0°S Lyv8'S eJEV 90-3/8°8 TEVY'y 3042V ¢0-388°L 18SLT 407€V  €0-318'9  ¥80LC 4TV 0T-36L°€  9/87°9 S042V ¢0-3€6'L SYSL‘T  80S04TV  ¥0-3ES‘E 6LLSE edpv
80-38Z'T ¥889°S SZvY  S0-319'T OETEY. 394pY  0-3VT'8 9LELT 14EV  €0-38Y°6 €965°C g4zv  01-36C7 18979 €0S4¢V  20-3L6°L 9TSLT 9 ¥0-392°L GEBE’E gsodev
80-3€S'S GEEV'S 3904vV €0-3TLC S866'C Sev  T0-3r0T 0979‘T 42V 20-39v'T VA VYD 60-3ST'T 59609 3047V 70-380°8 09vL'T NL €0-3S8T T9TTE AHL
90-355'T 1508V 95042V  €0-350°Y 7L8C eV T0-39¢T 6TES'T 4Sev  20-358°T 8/SET 142V 60-3vS'L 86L'S ey 10-37CT €8YS'T STV €0-3L6'T TL60‘E (40}
90-32L'C 01697 S4Zv €0-38Tv  9v98°C 94ev  10-3L9T 6E8ET 43zv  20-36C°€ TETT 1942V 60-36L8 €TLL'S S9042V T0-3TY'T 90LY‘T 392V €0-32SC SETO'E ey
90-3LE'E L9V9'Y gV €0-36T'V GE98'C S9042V T0-3L6T 9162T 947V 70-39€9 65S8°T SO4vV 80-3SE‘E 96ES'S NN TO-368'T 8ETET NI €0-399°L £899°C BJEV
S0-3€T'T VILE'Y JEV  €0-3ST'S LLBLT 942V 10-350°€ 8520'T 4aszy  ¢0-3TE8 0EEL'T AHL S0-306'T EV8TY 9¢v T0-I0°E €820°T S9TV  €0-3ST°6 7809°C 3odev
S0-36L°T 068V vy €0-3LT'S 668LT S042V T0-389°€ £006°0 4as4gv  0-3Tv's 8LTLT 942V v0-38%'T 008°€ S4€V 10-3v0Y 8€€8°0 S4zv  20-3v8‘e LTL0T 14ev
S0-3TTC wwe'y SO¢Y €0-389°9 STTLT o¢vV T0-3LL'€  ¥E€880 0S4evL TO-3ST'T TLLST 4072V 20-38T°T 002SC 942V 10-3LL°8 1SST0 SEV 20-3SCY 9620°C Nara
S0-389°C 06617 90SZY  €0-3Tv'L 9L19C SO¢Y 10-3TSY TESL0 40Sev  10-3LT°T LTS T SOdvY  20-378T 8E9EC AH 10-366°6  ST00°0- 9Sey  20-3TEY 20T ™0
50320 S90T‘Y 90S4ZvV  €0-378'8 6819C 90 T10-3¢5'Y ¥2SL°0 304bV  T0-36CT 02S'T 42V 20-36%C et 9S42v 10-310'6  8ELT'O- 9S04V 20-38€'8 L6TLT edd
S0-3Tt'9 TL66'E 9042V €0-3187°6 9T09°C S4ev  T0-350°'S 04990 SO4vvY T0-3TH'T LTLY'T 4Sev  20-31L'C STTTC BJEY T0-3¢v'L 68TE0- 4904zv  T0-38T'T 8Y9S5T S4ev
¥0-30€C 8€89°€ €YD 0-3€T'T S20SC 39¢v T0-IS¥'S 95090 49D T0-3€0°C T2LTT VD T0-3r9‘E 8€60°C Y¥D T0-36€°L EEEE0- WV T0-30€°T 671S'T SO4vV
¥0-32C'€ 896S€ OS4eV  ¢0-3Iv8‘T 08SEC SO T10-37§'S  ¥S650 403zv  10-350°C €L97°T 904V T0-30€°C 8T02°T 904vV T0-3S6'S  LIESO- 9042V TO-3LV'T 80SY'T 394vV
€0-3€6'T YTOT'E 12V 20-3T6'E 8790C 4076V T0-309°S €850 4oV 10-3LT°C TveEL'T 0S4evL TO-3TT'E TTT0'T edpy TO-3vL'S 91950~ 194vY  T0-3S6'T 6T N4a4
€0-367°C €0S0°E SO4ZY  Z0-3vv'y £010°C SOdeY  T0-3K8’S 8/¥50 9542V T0-3LT'E 1T00'T 43¢V 10-367°S 86290 9D T10-395°S  9885°0- 90S04TV T10-320°C €LLTT S4ev
€0-32L'T €L66'C 39¢v 70-319'% 766°T 403eV  TO-39T°9 12050 4 10-30L°€ 89680 AL T0-3€8°6 80200 1€V 10-3v8v  €00L°0- 4szv  T0-39€°C 9v8T'T 39047V
€0-3TTE TLS6C 3042V ¢0-38T°S 9rv6'T 9S04zv  T0-3T¥'L Z0EE0 AHL TO-36LY €800 4 10-356'6  €9000- 34vV  T0-38L%  660L°0- g9ev  10-365°C €6CT°T Eiad
anjea-d onsnels-} Jesy  anjea-d onsnels-} 1 anjea-d onsnels-} uesy  anjea-d onsyeis-y uesy  anjea-d onsnyeis-y uesy  anjea-d opsneis-y uesy  anjea-d opsneis-) Hen

Supjows uain) payows Sulney Jang 27QH-uou 27aH NG X3S a8y

(panunuod) -sa1aqelp ¢ adA) 10) S10310€) HSI |BIIUID puk S}ied) UedA|S panliap uaamiaq suoneldossy ‘s ajqel Atequawajddng

99

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



*2-1QH PUe |0J31S3|0Y2 |B10]} UDDMIDQ 2DUIIIYIP Pal1eINd
-|ed 9Y1 SI 9TgH-uou ‘Josasajoyd-uiloidodi| Ayisuap-y3iy ‘9-1gH xapul ssew Apoq ‘|G ‘21e4 A1an0dsIp as|es ‘44 ‘uonejAjers ‘s ‘uonefAjers payull-g‘go 7 ‘uonejAsoloe|es ‘o
‘uone|Ajelrs payull-9‘zo ‘3 ‘uondasiq ‘g ‘uonejAsoony 4 ‘Aleuualueelal ‘py ‘Adeuusiuely ‘gy ‘Aleuusluelp ‘gy ‘uoneldosse anleSau e an|q ‘UoneIdosse aalIsod e saledipul pay
‘ua3aJ8 ul pa1y31ysSiy ase suosiiedwod a|dijnw J0) UO1I400 JaYE JuedyIudIS Aj|eansiels paulewal eyl SUOLIRID0SSe Y] "S91e1IBAOD [BUOLIPPE 104 palSh(peun aJe suole|dos
-se ||y ‘uoneldosse Jad anjea-d Suipuodsaliod ayy pue ‘35/g Agq paienajed se ansiels-1 ayl 4oJia paepuels ayi ‘(ss|qeliea Aleuiq Joj) ones Sppo ay) Jo (S3|gelIeA SnonURUOod
10}) g 1ua1014902 uoISsSaI3al Y3 e UMoYS "anjeA uedA|3 ul 93ueyd uoneinap pJepuels T JO SALRIIPUI . $IZIS 10944 dU} 9J0J249Y) ‘P3|EIS PUB PAIIIUDI AIIM SaN|BA URIA|D

87-30€'L  STY6'0T 142V v1-308°€ LL9SL J1€V  €1-32r'T E€€9EL INL 9¢€-367°€ 0£9L°CT 1€V v6-36€°T| CvPSTE 3EV ¥S-35€'7. 1SES'ST 904vV 9€-369C  ¥TLLTT 4052V
¥Z-3€0°€ 98STOT 1942V €1-35¥°C YITE'L 412V ¢1-300'T TL9T'L AHI  62-35€'V TLEETT 19042V 0£-32€°9, 8we 8T J4EV  7S-369°€] ELBI'ST 304vY  vE-3LL°L S96CCT 90S4ev
91-388°C [4:7A%:} 1€V €1-320° YE6T'L 304€V 60-367V 0988'S 104EV 67-3L6'9 9E6TTT WY 65-396'S  S¥e9‘9T 304€V  05-370°6 SCE8YT SO4vY CE€-ILY'T  6CZWOCT adev
ST-3TLT 0T96'L 41wV ¢1-35€°T 6880°L 34V 60-380°'8 998L'S 1€V 67-3LL°L  SESTTT 1042V ¥S-3.2°C. TOT6'ST 3942V 0v-3v0'y, E8ST'ET 1040V vZ-Ive's  €LST'OT  90S042v
ST-3L6'T  TEV6'L 4PV 7T-309'T  ¥S90°L 436V £0-39¥'€  TOTT'S NN 82-398'C. SZIT'TT 192V €v-367°C €9L0T 392V 673107  TECETT €YD 17-362°C  TELS'6 asdev
ST-3ESE L048°L 4PV 21-309'T 1G90°L 417V £0-300°9 Tr00's 1904vV 87-3278  9€90°TT 12V 6€-3LE°9 €9LLET 342V v¥1-380°T 962LL VD 0z-3CET Crad=3 194ev
¥T-370'T 9YEL'L S4vV 2T-3€0°C €TE0°L 4€V  90-308'T 6S8LY WY Lz-3SC°e LEEEOT 1904vV 9€-387°9  CETLTT SO4eV  ¥1-3S8°T €099°L 104€V  ¥1-329°8 900S°L SO4Tv
PT-IEV'T L€69°L 43gV  ¢T-30L'v €VT6'9 4PV S0-3L0°9 0LT0Y. SO4€V vZ-IvT'T  0E9E0T 104EV  G€-359°C TE6STT vy 01-350°S LLTT'9 SO4EV ¢1-308°€ 89169 Tdev
¥1-306'T  TLS9L JEV C1-3€€'9 02489 SIPY v0-3TE'T  6LT8'E 1042Y  £T-326'T #1958 T4V €£-346'C. STBLCT 39040V 80-3S6'T  ¥919'S SO 60-3vY'e  T6T6'S ]
€T-3vL'T  9L9€'L 4PV TT-3€9°9  887S9 WY v0-IVE'T  9vZ8’E 19042V €1-30v'T  SLEVL 194vY  €€-369°9 0TCITT 3TV £0-319'C  €6YT'S 942V 60-3Sv'6  88SL'S aev
€T-3€9°C €TTEL e4) 01-329'S £0029 e4) y0-3EVC 0S/9°€ 1047V 80-356°S 89€EV'S 90SZY £7-3ST'T 9896°0T 3042V £0-3€9°€ €/80°S 40SeY  £0-378'6 8906t J41ev
€1-395°9 €88T'L 412V  60-36v'T 85709 BJEY ¥0-316'C 9879'c  D0S042Y L0-3ISE'T 8/8T'S 90S4ZV  9¢-IvE'T €86L0T 39042V  £0-399°S 200'S 40S42V  90-395°S L1SSY 140V
= VAW £89T°L 9¢V  60-3S2°C L8L6'S 42V v0-3ST'E 866S'€ 90S42Y  L0-IVE'Y 0£90°S  90S04¢V ¥7-320'T  wLZEOT S4Zv  90-36%°8 Vesr'y 3942V 90-30L°9 0CISY S4vv
T1-368'T  STYO'L 304€V 60-355'C  78S6'S  90S4TV v0-3€S'E  6LLS'E 90SeY £0-306v  ¥EVO'S SPV €2-300'T  T¥wI0T €V S0-390'T  0SOV'Y 1042V 90-3SL°L  0T8Y'Y Elad
1T-361°T 8189 €0S42V  60-365Y ST98'S g40SeY  €0-38C°T 9vze's 12V £0-309°9 G986V 1040V €2-3vL'C STYO'OT 95042V S0-390°T EVOY'Yy 19042V  S0-3187°T STLE'Y asev
TT-36V°C TwL9'9 eJpY 60-306'L S0LL'S 39047V €0-38€T ¥10T'E 192V 90-3LT°C 98€LY 4s042V  7z-39€C L8186 SOV S0-3ST'T 798¢y g@S4ev  S0-3T€T SY9EY 41V
anjea-d onsnuels-} Juesy  anjea-d onsuels-} Jen  anjea-d onspels-} e anjea-d onspels-} e anjea-d onspels-} e anjea-d onusnels-} e anjea-d onusnels-} 1en
Supjows juan)y pasows Suiney Jan3 97gH-uou 21aH NG PEN a8y

(panunuoo) *saaqelp g 9dAy 10j s1030e) )SI4 |BIIUID puk S)ied) uedA|S panliap uaamiaq suoneossy ¢S ajqel Alejusawajddng

CHAPTER 3

100



70-350'9 OLTZO0 9047V 20-309'T ©T198'0  804¢V TEv620'0) ¢SPZO 8042V ¢0-3T9'€ 65680 8042V €032/ WLTLO €042V €037 92/80 €042V
mo.mil 8 z03st'T €/580 a Sqooodl 8) €0-3L€'E 89580 g 103011 8) S0-3/1C7 6v¢80 ey
T0-3T8'€ SSS8'0  SO4EV  Z0-3SE'T 08Y8'0  SO4EV T03S6'c 1888'0  SO4EV  €0-3SE'E €558'0  SO4EV  c0-3€0'Z 0€08'0  SO4EV  S0-356'8 €0€8'0  SO4EV
10-3T9'C S808'0 DOS4ZY  ¢0-3/9'C 6/¥8'0 D0SATY 8385- 90S47Y  S0-380°0] T€8L0 DOS4ZY  v0-30L°T D0SITY  €1-3157T D0S4zY
103087 S6S40 1047V 20-36T'T ©Sb80  104cY 10310 L9280  1042¥  SO-309°'T 00640  1042Y  SO-30S°E 1042V 023921 1042V
T0-30.'T $9S4'0 19047¥  ¢0-390°T TEP8'D 19042V 10-3S6'T SpZ8'0 19042V SO-3Z€'T, ¢88L'0 19042  SO-36T 19047V TC-IEY 19042v
T0-3Tv'S 88680 4TV €0-379'L €148°0 4TV 10-3/57 €580 4TV 20-3St'T +088°0 4TV T0-3T'T €0€8°0 4TV S03€C’L SS€80 a1y
No.mmo\ﬁl 8547V €0-3v6'S 61€8°0  @Sdev Rmmcogl 9S4y 0-3¢T'T ST/8'0  8sdgy  €0-3TL 8sdzy  S0-361'6 SpES'D  dsdzy
T0-3vS'S T£880 VD) €0-32€'9 2080 VD 103vv'T €9v8°0 Zv)  10-398C7 ¢818°0 v 203ST'T 0vZL'0 ZvD) 01-381'T VOELO o
10-358°€ 09580 SEV  €0-38Lv 94780 SEV T0-3TT9 €7€6°0 SEV  €0-39€'v 56580 SEV  T0-3€S'T TEPD SEV 10-31ST 68680 ey
203917 JoV  €0-397'T S808°0 Jov  €£2000" Jov 90-3v7'8 268L°0 q7v  so-3es’ 4o¥  80-3/T'T S89L0 4TV
€0-350° D v0-39v'8 91080 4 19€000° 9D 903019 ¢e8L0 D p0ITT 4 80-3Sv'Z S89L0 0
20317 4072V v0-3vS'S 09640 4012V LZ000° 4072V 90-3S/% 2S8L0  4012Y  SO-3LL’ 4072V 80-360'T 80LL0 4012
10-316'C 401€V  $0-306'T 060  401EY 669500° 4016V 60-3v6'S TZeL0 4016V S0-3/9° 01€Y mEmo.HI 107V
103909 9TOT'T  SO4bV  SO3ev'Z 89940  SO4bY 103528 vL96'0  SD4bY  p0-390°T LOT80  SOAWY  ¢0-379°C SOdvY  ¢1-31S'7 EETL0  SOAvY
10-300T. GSTZ0 4032V S0-3/7'Z 60940  403eY £98010" 4037y SO3€c’T ¢984'0 4032V 20-3St'T TOEL0  403gY  90-3S0°C LL6L'O 4032V
10326 T¥98'0  1D4bV  SO-ILv'T 8pL0  194bY CZEEL0’ 140V £037S'7 LESLD  194vW  90-386° D4V 61-39TT 194y
10-359T 9LpL0  104€¥  SO-3€8'E 9TWL'0  104€V SET600° 1046V 0T-387'8. €000  104€Y  £0-385' 10deV  Leavs 104V
10-329's #9880 SbY  90-308'T. 99TL0 SbY  L0TZ0" Sby  80-37T't, LEELD StV 80-3/5" SbY  Sc3TET by
€0-389'9 0542Vl  80-3€T'T. LL69'0  0S4evl L/100" 0542Vl  60-3/0'8 ESEL'0  0S4ZVL  S0-369° 0SdzVL  ST-306'S 0sdzvL
€0-389" HEV  90320T Hev  $8200° Hev  or3se’s Hev  80-39/° eV 6¢-3St Hey
10-3557 8€8L0  1904bV  £0-39L 1904bY  9€9€00" 1004V TT-36€°E 1D040Y  60-326'S 10040V c€3LLT 19040V
10-3v2'T 9vELO WY 8oy’ Y ¢SET000 WY <1307 WY 01387 WY 9e3cT’ Y
No.mmoql 1V T1-38€9) 1€V ¢¥1000°0 1EV 8T-39€T €Y T130T €Y [vaceT €Y
d w0 uen d wo uen d w0 uen d  wo uen d  wo wen d w0 uen
¥9700  »uad 70600 owuad €/€00  »uad 89600  owuad /0P00  ©¥ad S8E00 o wuad

s0'0 (o)yad so‘0  (o)yad s0‘0  (o)yad s0‘0 (o)yad s0‘0 (o)yad so'0 (o) yad

GQ :S1s9} jJO Jaqwinu

T6 :S1591 jJO Jaquinu

L9 :S1s9} jJO Jaquinu

T6 :s1se1 jJo Jaquinu

0L :S1s3} Jo Jaquinu

T6 :s1se1 jJo Jaquinu

1oyod uonedijday

10yod Asanodsig

Moyod uonediday

1oyod Asanodsiag

1oyod uonedijday

10oyod Asanodsiag

€ 13poN

z1spon

T I3PON

*s919qelp ¢ 9dA 1o} s3nsas uoissaiday s djqel Atequawajddng

101

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



10-30%'9 £S26°0 VD  10-356°L S€86°0 VD 10-35¢°8 STL60 IVD  T0-3€89 88L6°0 IVD  10-3909 9T¥60 VD  10-359'S t¥L6°0 V0
70-395'v 96890 g4V 10-3TS'L 68460 g4zv  20-3v6'6 9960 g4y 10-305°9 1S20'T 4zv 2036’6 ¥0T80 g4zv  10-379'8 7800'T a4ev
10-3€'6  T/860 AHL  10-3989 T¥/60 AHL 10-3656 T€66°0 AHL  T10-30Tv €856°0 AHL  T0-3¥T'9 8T¥60 AHL 20-36L'6 S816°0 AHL
T0-3€6'v L0680 SIEV  T0-398'9 SEL6'0 S4EV  T0-3TH'8 8LT0°T S4EV  T10-359'L 8STO'T SIEV  TO-3/9% 8/80°T SJ4EV  ¢0-37€'6 06/0°T S4Ev
10-3vb'y 2L98°0 WYY T0-3CE'9 TL960 vV 10-3T0'8 1S96°0 WYY T0-36€9 TYL60 WPV T0-36L'8 98T0°T PV T0-3LY'9 78L60 EETAY
T0-3VE'T 6T6L0 403V T0-300'9 19960  403EV TO-IWS'E €5/8°0  403EV  T0-3vv'y 6656'0  403EV  T0-388'C T¢88'0  403EV  TO-IV6'E L1960  403EV
10-325'€  €6€8°0 AHW  T0-390'F S8%60 AHW  6¥££10°0 99TL0 AHW  €0-3¢v'T S8%8°0 AHW  20-368°L TvI8°0 AHW  z0-3z€'s 0806°0 AHIN
10-3ST'E  97€80 WV T0-3TCY  LSP6'0 41V 10-392'S  7ST60 41V T0-3v2'e 99¥6°0 41V T0-38L9 €156°0 4V T0-3v0'C SO¥6°0 Eaiad
10-320'9 S106°0 Y 10307 8vv60 1Y T0-3€S'L L€S60 1Y €0-3v8'S 86580 1Y mo,mmmal 1Y D.ms\ml Ty
10-3196'C 09780 PV T0-379°€ S8€60 Y 10-365v 91060 PV T10-30SC 6L£60 dPY  T0-3TS'S 80£6°0 PV T0-3€0'T €¥T6'0 E1
10-3CT'E  60€8°0 SibV  10-396'C 86760 SivV  T0-379'v €206°0 SIvV  T0-3€6'T 66760 SivV  T0-300'S 8T¢6°0 SiPV  20-359'S 61160 (144
10-3T¥'9 7980°T 104bV  T0-38€°C LTT6'0 104V TO-36T°L €1S6°0 104V T0-38€'T 81760 104V 20-358°8 8¥18°0 104V ¥0-316°V TS8O0 1040V
20-3TT'S 91890 42V 10-30T°C 97¢60 isev ﬁmmooo\ﬁl 4SZV  €0-3€¥'9 59980 iszv mo.mmSI 4SeV  v0-3Lv'L €4S8°0 isev
10-3196'¢ 9880 1€V T0-3T¥'C 91260 41EV  10-3S0°L T6¥60 41EV  T0-366'C LEV60 41eV  T0-3S548 1860 41€EV  T0-38T'v 9T96°0 11ev
10354y 69/8°0 WL TO-3T9'T 65160 INL SEESCO'0 96240 NL  S0-360'v 60180 L  T0-3LE'S ¥66L°0 WL S0-360°C £LLZ80 NL
10-3TL% L2980 17y 10-398'T vET6'0  19gv T0-3L1'9 7/T6'0 19TV €0-360°T 9S€8'0 19V wo.mmN.mI 192V mENw‘ml 102V
70-396'7 90890 43TV 10-3v¥'T 20160 EErAY mgoooal 43TV €0-3v0'S 2€980 43zv  €0-30v'T T0890 432V €0-391°C 9698°0 EErA
T0-3LEY 68580 40Sev  T0-380°T L0060 40Sev  10-302°C 86£80 40Sev  70-3TC'E €680 40SeY  TO-36€'€ €880 40SeV  20-39%‘T 60680 40Sev
10-362'C 6€08°0 1YY T0-307°T 74680 Y T0-3TST L1580 Y 20-326'€ ST680 1YY T0-395T 80v8°0 4PV €0-3LT'T 0S80 1Y
70-398'8 09€/'0  @S04TV  ¢0-I/T'S 0/88°0 9S04TV 0-3ST'¢ TI9L°0 @S04TV  70-39.°6 ¢/I60 9SO4TVY  €0-37€'6. 08EL'0 €@S04ZV  £0-3€4'9 09880  9SO4TY
€0-306'C #1950 sty 203y L6480 asev %Noooal gSey  €0-38L°S 95980 asev S.WS&I gasev  ¥0-380°T €0v8°0 asev
T0-3€C°€  SLESO 43EV  20-3TE'S €WL80 43EV  T0-3¢S‘€ 00880 43EV  C0-315°C 12880 43EV  10-319'C TELB0 43eV  €0-3T59 5980 EES
10-3vT'E SYE]'D JEV  70-360'S 0€480 JEV  T0-3S€€ 85/80 4€V  T0-3ST'C ¥6/80 dEV  TO-3E€E'T 85980 dEV  €0-36v'v E€TL80 1€V
mo.mmmql gy ¢0-3r8'7 8080 azvy mSooodI gy €0-308'6 92/8'0 ey $0-369'C g7V v0-370' 96v8°0 gy
10-320'€ 87780 90SZY  ¢0-398'v €¥98°0  ©0STV €99TZ0°0 ¢ITL0  90SeY  ¥0-36L'T 89640  DOSTY  ¥0-ITLC D0SZV  €1-369'6 49890  D0STV
d ¥0 uen d ¥0 uen d ¥0 uen d ¥o uen d ¥o en d ¥0 uen
9100 0 yad 20€00 0 yad €LE00 0 yad 89€00 0 yad L0V00 0 yad G8€0°0 0 yad

s0'0 (o)yad so‘0  (o)yad s0‘0  (o)yad s0‘0 (o)yad s0‘0 (o)yad s0'0 (o) yad

GG 5159} JO J2quinu

16 51531 JO Jaquinu

£9 51531 JO Jaquinu

16 :S159} JO Jaquinu

0L 51591 JO Jaquinu

16 :S159} JO Jaquinu

10403 uopedijday

10y03 A1anodsiqg

110403 uoped|jday

10y03 A1anoasiqg

10y0d uopedijday

10y03 A1anoasiqg

€ I2PON

Z19po

T 12PN

(panunuod) *saxaqeip g adAl 104 synsaa uoissau8ay *gs ajqel Ateuawsajddng

CHAPTER 3

102



¥S9€‘T  OS04TV  S0-386'v 696C‘T DS04CV T0-37¢'L 8S8T'T  9S04TV  90-3S¥'S 99/Z°T 9S042V  v0-378‘c 8WPS‘T 9S04V  ST-I9T'T #29¥‘T  9S042vV
€S0€T 304EV  ¥0-3SLV Tv6LT 304€V  ¥S9T00'0 ¥069°T 304€V  0T-3v0'6 L8EV'T 304€V mo.mmﬂwl 304€V Nm,m_omwl 304€V
TS6ET eV v0-3LT'v S88TT 142V 9€S00°0 886%'T 142V ¥0-3vS‘6 vL6TT eV 20-3ve'v 606C°T 14ev  T0-3¢S'T 7690°T 1dev
8LET'T 942V ¥0-385°C /8LT'T 942V 10-386°L TSEO'T 942V 20-3LT'T OEVI'T 94ev  T0-31Sv ¥Z60'T 942V C0-39€'T €0CT'T o4zv
¥885T 9sev  v0-3¢v'T TLLT OSCZY 958/00°0 T69%T 9SZY 903749 699C‘T 9sev  v0-3Sv'L ¥90ST 9Sev  TT-3v0°S TYSE'T osev
799¢T 1942V €0-3vT°€ 9SEC'T 1942V T6SE00'0 COEST 1942V €0-3/9°C 98LT'T 1942V ¢O-3TT'Vy TE€6T'T 1942V T0-I6'C ¥0SO'T 1942V
89ST'T €YD €0-399°C 8LTT'T €VD T0-3€S'T 067C'T €YD ¥0-389'T 0ZET'T €YD  €0-39L°€ LVSYT €VD TT-3CT'T EV6ET €VD
€8€ET 304bV  €0-3S€'v €9TCT 304PY  20-3T0'6 L6LTT 304PV  ¥0-36T°C €EETT 304V €0-367'6 CTTBET 304bY  60-390'T 9LVET 3040V
€0€ET I04bV  €0-3LT°S SL0C'T  394PV ¥/bP00'0 TOSST 3940V  vO-3EF'T €0€C'T  AD4bY oo.mo%ml I04pV  TT-3¢v'T 698E'T  ID4bV
795ST 3042V €0-3¢v'6 LLST'T 3042V 9TTYI00 6TWPT 3042V 90-3¢T'8 TSLTT 3042V 90-378'8 9LLLT 3042V £T-3L0'C Sv6P'T 3042V
89TE'T 90 70-390'T 8ESI'T 90 T10-3vS‘E €TETT 92 10-3T¢'T 0880°T 93  10-367°€ V6IT'T 93 10-380'S TIEOT 22
CCPST 39042V C0-30T‘C 0S9T'T 39042V THI9T0'0 CEWT 39042V  SO-3€T'C TO9C'T 39042V  SO-I8T'T 6094T 39042V  OT-3EV'T CLLY'T 39042V
LEET'T 9S4ZV  0-3LET SSST'T OS42V  T0-3T9'v S8OT'T  OSdZv  ¢0-356°Z €960'T  9S4ZV  T0-3TH'E 6/IT'T  DSJZV  70-3€8'v Ov60'T  9DS4TV
SZL0'T  90S04TV  T0-379°v SYYI‘T 90S04ZV  TO-30L°€ 69E€T'T €0S04ZV  ¥0-359'8 €00T'T €0S042Y  €0-37S‘9 6S6ET €0S04ZY OT-3v6°C SESE'T €0S04TV
€6CY'T S0dZv  T0-30C°T LYOT'T S04ZV 8590200  L6ET SO4ZV  €0-3/8% 8I9T‘T S042V  €0-36L'T 8TILV'T S042V  £0-3LE'9 ¥8ST'T S04zv
€L0V'T 9042V T0-36v'C S9L0'T SDO4CTV /8520’0 EV8ET SDO4CY  C0-3TET 90VI‘T S9042V  €0-3¢€‘€ 89EW'T SOO42V 90-3TT'L 96¢CT  S9042V
06660 e T0-36T°E TILOT e T0-3v€'6 LTITOT el T0-365C 8S90°T e 10-3TSC TEYI'T el  €0-3T6'C LPST'T e
€66T°T 904vV  TO-IVE'E 9690°T  904PY T0-I¥9'v ¥/0T'T D04V  TO-IVT'T 6TL0'T  904vV  T0-3SE'S SZL0'T  904vV  TO-IE0T 0Z80'T  DO4vV
6/67'T 90S04TV  T0-300'F 0/S0'T D0S04ZV T0-355'6 6L00'T DOSO4ZV  T0-366'€ 65560 D0OS04ZY  T0-I/L°C T8/8'0 9D0S04ZV €0-3€T'T 06580 D0OS04TY
80660 WIN  T0-38%'S S6E0°T NN T0-38€'S 2LT6°0 NN TO-3WLV €€96°0 WNW  T0-3TZ9 T090'T WW  T0-399°T 6¥90'T NN
91680 412V 10-3809 ¥SE0'T 412V 10-399'C 9958°0 412V T0-36¥'6 SE00'T 412V 10-368'9 €€S60 412V T0-3/L'8 9L00°T Eara
68LTT S04bVY  T0-36v'9 6T€0'T S04bV  T0-3€€9 ¥890°T S04bY  TO-IYT’S 89€0°T S0dbY  T0-388°6 6T00°T S04vV  T0-3S¥'9 ¥TZ0'T S04vv
78€0'T eJEV  10-358°6 /8660 eJEV  T0-3S€'8 CIL6°0 eJEV  T0-367°L 01860 eJEV  T0-3SC'L 8TYO'T eJEV  T0-388'S ¢970°'T ejey
LOLT'T edpy  T0-3¢v'6 15660 edpy  10-3T6'E €LET'T edpy  T0-327'9 18¢0°T edpY  T0-386°C 86ET'T edpy  T0-308'v 9vE0'T edpy
06560 vYD  TO-3TL'8 S6860 YD 10-3S6'9 8L¥60 PYD  T0-367°€ €ESO'T ¥YD  10-3L0'8 LTL60 YYD TO-3EET 89S0°T [A)

o uen d o] uen d o] e d 0 e d 0 nen d o] e}
¥9T0°0 0 ¥a4 20€0°0 0 ¥a4 €L£00 0 ¥a4d 89€0°0 0 ¥a4 LO¥00 0 ¥a4 S8€0°0 0 ¥a4

so’oc (o) ya4 so'0 (o) yad so‘0 (o) ya4 so'0 (o) yad so‘0 (o) ya4 so‘c (v)yad

GQ :S159} jJO Jaqwinu

T6 :S1591 jJO Jaqwinu

L9 5159} jJO Jaquinu

T6 :s1se1 jJo Jaquinu

0L :S1s3} Jo Jaquinu

T6 :s1se1 jJo Jaquinu

1oyod uonedijday

10yod Asanodsig

1oyod uonediday

10yod A1anodsia

10yod uonedijday

10yod A1anodsiag

€ [3PON

z1spon

T19pon

(panunuoo) ‘saxaqelp g adAl 104 syjnsaa uoissaa3ay *sS ajqel Alejuaws|ddng

103

PLASMA PROTEIN N-GLYCAN SIGNATURES OF TYPE 2 DIABETES



'2-1QH pUue |043153|0YD |30}
U23M13q 9dUJBYIP PAILINJ|eD BY3 SI DTH-UOU {|oialsajoyd-utarosdodi| Ayisuap-ysiy ‘0-1aH ‘xapul ssew Apoq ‘|INg ‘91ed A1anodsip as|es ‘Y4 "uonejAjels ‘s ‘uonejAjels payul|
-g7o 1 ‘uonejAsoloeled ‘9 ‘uonejAjels payul-9‘zo ‘3 ‘uondasiq ‘g ‘uonejAsoony 4 ‘Aleuusjueesyal ‘py ‘Adeuusiuely ‘gy ‘Adeuusiuelp ‘gy (1Ua4ind pue JaAl) Supjows pue
2-7gH-Uou 2-1H ‘IINg ‘uondeISIUI J1I9Y] ‘X3S ‘@8 (£ [apow pue {||Alg pue ‘UoloeIdIul J19Y} ‘Xas ‘@Se (Z |[opow ‘uondelalul JIayl pue ‘xas ‘a8e (T [9pow :S31e1IeA0D SUIMO||O}
9y3 Joy paisn[pe aJe suoneosse ay] ‘uaaJss ul paysiysiy aJe suosiiedwod a|dinw Joj U100 J3e Juedyludis Ajjeonsyels aJam eyl sazaqelp ¢ adA} yum suonedosse
|IV "uoneroosse Jad anjea-d Suipuodsaliod ayy pue ‘35/g Aq paiejnojed se d1sHeIS-} Ay} 4oLId paepuels ayl ‘(sajgelien Aleulq Joj) onel SPpPo ayl Jo (S9|geIIBA SNONULUOD
10}) ¢ 3UBIDLYD00 UOISSDJI84 By 4B UMOYS aNn|eA uedA|S ul 98ueyd UoLBIASP PJEPUR)S T JO SALEIIPUI 9B SIZIS 1033 9Y} 9404249V} ‘PO|BIS PUB PAJIIUID 3JaM San|eA uedA|n

vo.m%\' SO4zy 113167 009T  S94TY mo.&\ml SD4zy  91-385'ZJ 0T8T  SDdzy mo,ﬂmal SDdzv  €c37/'S BEST  Sodzy
103858 9SE0'T  90S4ZV¥  OT-3TS'9 608ST  90S4cV 1916200 SLET 80S4cY  ST-398'€ 606ST 80S4ZY  €0-350'C €v8Y'T  80S4TY SC-3LET SEELT  80S4eY
T0-3TS. ¢v90'T  80SZY  60-3vS'T €89ST  €0SCY CIELC0'0 Y6LET  80SCY  ST-36€'6 TEBST  80SZV  €0-359°'T 8960'T  €0SZY  S¢-307°7 C6ELT  €0STY
€0-36T'Y 8YSLT Sizv 013607 99¥ST  S4ev €08T00'0 6C6ST  S4TY  ¢1-388'6 ZSSU'T  SdZY  90-37E'T sizv  €c3cl's 6219 sdTv
20-3¢8'. 9€89'1 3EV  £0-3vE'T T08Y'T E mo.m:\ml 36V 9T-369% 6T€9T 3EV  ¢1-3v6 E mq,mmmwl ey
€0-397'8 1€59°T SO 60359 ¢8SH'T SO Y0TZ00'0 L8ES'T S)  01-38'8 96LE'T S)  S030¢'T 86TLT S) 9T-3€8'C 959%'T $
20-3ST'T vEP9'T 39V (0-3TST SESY'T 34V LPSVED'D 8COET  34ZY  60-Iv8L CZ8ET  3dZY  SO36TT WOLLT 34TV €c-3c8Y 9vE9T  3dzy
€0-39¢'7 0684T 3947V  L03¢S'€ Evby'T  394¢Y Y0ZS00'0 CEST 3947 0T-397'C 89ep'T  3DdeV  80-3LE 304zV  0£-310°'S. 0687  3094zZY
€0-38T'T 3oV £0-38v'S EL6ET 32y 50-396'2) 80v8T Y T1-3v0'C S9EP'T 37V 80-36ST IV 97-3vL'y €999'T 32V
€0-38L'T Sev £0-36'6 98LE'T Sev  S0-3vS's ¥T08T Sev 013682 6U8ET stV £0-389° StV 81-31€'c 820ST sty
¥0-31¢" 3o¢vy  90-316' 68SET 39TV mo.mm:l 39eY  ¢1-32€9 6bSy'T  3DeY  01-39¢° 30ty 16396/ 609LT 39TV
10-3¢8'T 6LIET IV SO3EY'T SHSET IV Z€€900°0 THIST 35Y  60-368'9 606ET IV L0407 IV v23I50T 6699 vy
203567 ¢82S'T DTV 90-3/SY EISET 92V ¥vSST0'0 8SSET o7v  S0-3TTT S09¢T DTV €0-3077 9TOY'T DY /03957 19ST'T oy
703/67 TELV'T  D04TY  90-3T0% LOVET D042V ©I8/70°0 E€YSET D04V 90-38€T €T6C'T  DO4TY  v0-39.°T| €66ST  D04TY  €1-30€T SYIv'T D04V
mo-uomal SOty  90-366'L SLEET  SOTY mo.mmﬁql SOty  01-399'7 086€T  SDTY  60-3€8'9 SOy 1c-380'C €L9ST  SOTY
T0-386'€ 0€8T'T  3D04bV  SO-308'S EVEET 3904bY <0322’ €L9€'T 3004V  80-387°C 69LET  3D0ALY  90-399° 3004vY  €¢-309°€ 26597  3D04vY
10-3€9°€ 8YLT'T €V v0-IvY'T L2OET  34EV 8YL0Z0'0 9EOK'T  34€V  60-3T€T 990v'T  I4EV  90-369°T eV ce3€T'T CwLT eV
d ¥0 uen d ¥0 uen d ¥0 uen d ¥0 uen d ¥o en d ¥0 uen
9100 0 yad 20€00 0 yad €L€00 0 yad 89€00 0 yad L0V00 0 yad G8€0°0 0 yad

s0'0 (o)yad s0‘0  (o)yad s0‘0 (o)yad s0‘0 (o)yad s0‘0 (o)yad s0'0 (o) yad

GG 51593 JO JI2quinu

16 51531 JO Jaquinu

£9 51591 JO Jaquinu

16 :5159} JO Jaquinu

0L 51591 JO Jaquinu

16 :S159} JO Jaquinu

10403 uopedijday

10y03 A1anodsiqg

140403 uopned|day

10403 A1anoasiqg

10y0d uopedijday

10y03 A1anoasiqg

€ I2PoN

Z19poN

T 12PON

(panunuod) *saxaqelp g adAl 104 synsaa uoissau8ay *gs ajqel Ateuawsajddng

CHAPTER 3

104



Supplementary Table S6. Regression results of detected glycan compositions for type 2 diabetes
in the discovery cohort.

Trait OR p Trait OR p
H4N4F1 2,30E-10 HEN5L2 1,0128 8,49E-01
H5N4F1 7,96E-08 H7N6E2L2 1,0155 8,16E-01
H5N4F1E1 7,89E-07 H7N2 1,0192 7,60E-01
H4N4 2,53E-05 H7N6F1E2L1 1,0199 7,66E-01
H4N4F1E1 3,00E-05 H5N4E1 1,0225 7,30E-01
H4N4E1 4,39E-04 H7N6E1L2 1,0228 7,29E-01
H4NS5 5,94E-04 H7N6F1E3L1 1,0472 5,03E-01
H5N3 8,20E-04 HENSE2L1 1,1017 1,57E-01
H5N5F1 1,08E-03 H7N6E3L1 1,1235 8,31E-02
H3N4F1 1,56E-03 HENSF1E2 1,1389 6,60E-02
H5N4 1,17E-03 H5N4L2 1,1539 3,02E-02
H7N6F1E1L3 3,86E-03 H5N4E2 1,1566 2,68E-02
H4NSE1 2,64E-03 H5N4F1L2 1,1570 3,07E-02
H4NS5F1 2,41E-03 HENSE1L1 1,1624 2,98E-02
H6N3 4,29E-03 H6N3E1 1,1726 2,35E-02
H5N4E1L1 9,21E-03 H7N6E3 1,1899 1,49E-02
H5N5EL 5,95E-03 H5NSE2 1,1993 1,07E-02
H5N5 0,8556 1,51E-02 H7N6E2L1 1,2399 2,89E-03
H5N4F1E1L1 0,8564 2,35E-02 H5N4F1E2 1,2683 1,33E-03
H6NSF1E1L2 0,8588 2,45E-02 H6N5F2E2L1 1,2812 9,44E-04
H7N6E1L3 0,8655 2,21E-02 H3N3E1 1,3295 5,27E-05
H5N2 0,8689 2,47E-02 HENSF1E3 1,3857 1,72E-05
H3N5 0,8778 3,65E-02 H6N5EL

H5N5F1E2 0,8991 9,29E-02 HENSE3

HENS5E1L2 0,9010 1,20E-01 H6N5E2

HE6NS5F2E1L2 0,9013 1,18E-01

H8N2 0,9050 1,08E-01

HEN2 0,9058 1,09E-01

H3N3F1E1 0,9097 1,37E-01

H5NS5F1E1 0,9123 1,31E-01

HIN2 0,9220 2,00E-01

H6NS5F1E1 0,9464 3,95E-01

HENSF1E1LL 0,9546 4,86E-01

H5N3E1 0,9550 4,67E-01

H3N5F1 0,9561 5,05E-01

H5N5F1E1LL 0,9600 5,30E-01

H7N6F1E2L2 0,9662 6,06E-01

H7N6F1E1L2 0,9675 6,21E-01

HANS5F1E1 0,9684 6,15E-01
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H6NSF1E2L1 0,9738 6,99E-01
H7N6F2E2L2 0,9774 7,32E-01
H4AN3E1 0,9799 7,47E-01
H5N4L1 0,9807 7,68E-01
HENSF1L2 0,9943 9,30E-01
H5N4F1L1 0,9959 9,52E-01

Glycan values were centered and scaled, therefore the effect sizes are indicative of 1 standard deviation
change in glycan value. Shown are the odds ratio and p-value for each direct trait after adjustment for age,
sex, their interaction, BMI, HDL-cholesterol, non-HDL-cholesterol, and smoking (ever and current). H = hex-
ose; N = N-acetylhexosamine; F = deoxyhexose (fucose); S = N-acetylneuraminic acid (sialic acid); E, a2,6-
linked sialic acid; L, a2,3-linked sialic acid.
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Abstract

Background; Type 2 diabetes results from interplay between genetic and acquired factors.
Glycans on proteins reflect genetic, metabolic and environmental factors. However, as-
sociations of 1gG glycans with type 2 diabetes have not been described. We compared IgG
N-glycan patterns in type 2 diabetes with healthy subjects.

Methods; In the DiaGene study, a population-based case-control study, (1886 cases
and 854 controls) 58 IgG glycan traits were analyzed. Findings were replicated in the
population-based CROATIA-Korcula-CROATIA-Vis-ORCADES studies (162 cases and 3162
controls), and meta-analyzed. AUCs of ROC-curves were calculated using 10-fold cross-
validation for clinical characteristics, 1gG glycans and their combination.

Results; After correction for extensive clinical covariates, 5 1gG glycans and 13 derived
traits significantly associated with type 2 diabetes in meta-analysis (after Bonferroni
correction). Adding 1gG glycans to age and sex increased the AUC from 0.542 to 0.734.
Adding them to the extensive model did not substantially improve the AUC. The AUC for
IgG glycans alone was 0.729.

Conclusions; Several 1gG glycans and traits firmly associate with type 2 diabetes, reflecting
a pro-inflammatory and biologically-aged state. IgG glycans showed limited improvement
of AUCs. However, IgG glycans showed good prediction alone, indicating they may capture
information of combined covariates. The associations found may yield insights in type 2
diabetes pathophysiology.

General significance; This work shows that IgG glycomic changes have biomarker potential
and may yield important insights into pathophysiology of complex public health diseases,
illustrated here for the first time in type 2 diabetes.

110 CHAPTER 4



Introduction

Type 2 diabetes is an extremely challenging health issue in the 21st century [1]. It is a mul-
tifactorial disease, resulting from intricate interplay between environmental and genetic
factors. Although many environmental and genetic risk factors have been identified, the
underlying mechanisms of the disease remain largely unknown.

Genetic factors identified so far explain up to 5-10% of disease risk [2]. It is likely that
epigenetic and posttranscriptional modifications play a substantial role in disease patho-
physiology. Glycosylation of proteins is one of the most common posttranslational modi-
fications. N-glycans are present on most proteins and are generated through interplays
between hundreds of enzymes [3, 4]. They play structural, functional, and regulatory roles
and reflect genetic, metabolic, and environmental factors [3]. These unique qualities raises
interest for the role and use of N-glycans in complex disease such as type 2 diabetes. Total
N-glycomic changes have been reported once in a relatively large type 2 diabetes popula-
tion and showed significant changes. However, total N-glycomic changes do not inform us
on the exact underlying proteins and processes involved and results are influenced by the
relative abundance of proteins in the circulation.

Type 2 diabetes is characterized by a pro-inflammatory state and elevated levels of
inflammatory markers, such as C-reactive protein and interleukin-6, that have been associ-
ated with risk of developing type 2 diabetes [5]. IgG N-glycome changes have been linked
to clinical risk factors for type 2 diabetes, such as age, BMI, smoking, and dyslipidemia
[6-9]. IgG is a tetramer protein complex consisting of Fc and Fab regions. IgG glycosylation
is particularly interesting, as N-glycans attached to the Fc part of IgG can modulate and
switch its function from pro- to anti-inflammatory and vice versa [3, 10, 11]. However, IgG
N-glycosylation patterns in type 2 diabetes compared to the non-diabetic state have not
been described in current literature. Knowledge on specific IgG N-glycosylation profiles in
type 2 diabetes could shed light on underlying inflammatory pathophysiological processes
and on drug target and biomarker potential.

We hypothesized that characteristic IgG N-glycan profiles are present in type 2 diabetes.
In this study, we investigated the association of IgG N-glycan profiles with type 2 diabetes
in a large population-based case control cohort, followed by replication in independent
European samples. Moreover, we evaluate the AUC under the Receiver Operator Charac-
teristic (ROC) curves for models including clinical characteristics, 1gG glycans, and both.
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Research design and Methods

Subjects

Discovery cohort:

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

Replication cohort:

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

1gG N-glycosylation

In the DiaGene study, 1837 cases and 852 controls had plasma available for 1gG glycosyl-
ation analyses. Twenty nine samples failed quality control. The remaining 1815 cases and
845 controls were included in the analyses. IgG glycan isolation, release and labeling in the
DiaGene study were executed as described previously [19]. In total, 24 IgG glycan peaks
were measured. The same peaks were measured in the CROATIA-Vis, CROATIA-Korcula and
ORCADES samples as more extensively described by Pucic et al [19]. Figure 1 shows the
glycan structures of the most abundant glycans per peak; a more detailed description can
be found in supplementary table S1.
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Figure 1. The 24 IgG glycan peaks as measured with ultra-performance liquid chromatography.

Shown are the structure of the main IgG glycan component(s) per peak and their structure abbreviation.
Structure abbreviations: F, a-1,6-linked core fucose; A, number of antenna’s attached to the core sequence
(existing of two N-Acetylglucosamine (GIcNAc) and three mannose residues); B, bisecting GlcNac f1-4 linked
to B1-3 mannose; M, number of mannose residues; G, number of B1-4 linked galactoses; [3]G1, galactose
on the antenna of the a1-3 linked mannose; [6]G1, galactose on the antenna of the al-6 linked mannose; S,
sialic acid linked to galactose. Structural schemes are defined as follows: blue square, GlcNac; green circle,
mannose; red triangle, core fucose; yellow circle, galactose; purple rhomb, sialic acid.

Table 1. Characteristics of the discovery and replication cohorts.

DiaGene Study CROATIA-Vis, CROATIA-Korcula, ORCADES
p-value p-value

Cases Controls cases vs Cases Controls cases vs

(n=1815) (845) controls (n=162) (n=3162) controls
Age (yr) 65.2 (+10.5) 65.7 (+6.8)  0.198 66.6 (+10.6)  54.5 (+14.9) <0.001
Sex (% male) 53.7 40.2 <0.001 45.7 38.5 0.082
BMI (kg/m?) 30.5 (+5.5) 25.8(+3.7)  <0.001 30.1(+4.7)  27.6(+4.5) <0.001
HDL-cholesterol (mmol/L) 1.17 (+0.32) 1.46 (+0.36)  <0.001 1.38 (0.37)  1.52 (0.39) <0.001
nonHDL-cholesterol (mmol/L)  3.12 (+0.90) 4,10 (+0.98) <0.001 4,12 (£1.12)  4.17 (¥1.15) 0.535
Current smoking (%) 17.8 10.9 14.8 16.3
Former smoking (%) 56.1 56.1 <0.001* 31.5 30 0.852*
Creatinine (umol/L) 83.35 (+0.69) 73.00 (£0.49) <0.001 86.77 (+27.54) 79.86 (£16.95) 0.002

Unless stated otherwise, mean (+SD) are given. BMI, body mass index; HDL, high-density lipoprotein. * p-
value for trend across categories.
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In short, for both the discovery and the replication cohorts, IgG was isolated from plasma
using 96-well protein G monolithic plates, eluted with 0.1M formic acid, and neutralized
with 1M ammonium bicarbonate. Dried 1gG samples (150-200ug) were denatured (with
30ul SDS), incubated at 65°C for 10 minutes and cooled to room temperature, followed
by addition of 10ul of Igepal-CA630 (b=4%). N-glycans were released with the addition of
1.2U of PNGase F in 10pL 5x PBS and incubation at 37°C for 18 hours. Released N-glycans
were labeled with 2-AB. The samples were cleaned by using hydrophilic interaction liquid
chromatography solid phase extraction (HILIC-SPE) and stored at -20°C until ultra-perfor-
mance liquid chromatography (UPLC). Finally, 24 1gG glycan peaks (GPs) were measured
by Waters Acquity UPLC instrument as described previously [19]. All chromatograms were
separated in the same manner into 24 peaks and the amount of glycans in each peak was
expressed as percentage of total integrated area.

An additional 34 derived IgG glycan traits were calculated from the 24 directly measured
peaks as described previously [6, 19]. These traits represent specific 1gG glycosylation
features (such as galactosylation, fucosylation and sialylation); a detailed description can
be found in supplementary table S1.

Harmonization

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

Statistical analyses

The distribution of the 1gG glycan peaks was analyzed by visual inspection of QQ plots and
showed no major deviations from normality. Pairwise dependencies between the 24 IgG
glycan peaks and age, BMI, cholesterol traits, and creatinine in the discovery population
were evaluated by Pearson’s correlation coefficients; significance was assessed by the
correlation test for bivariate normal distributions. Associations of smoking and sex with
the 1gG glycan peaks were evaluated with ANOVA. Non-HDL cholesterol was calculated
as the difference between total cholesterol and HDL-cholesterol. These clinical variables

were selected because they are risk factors for type 2 diabetes [20] and/or associated with
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N-glycosylation [6, 8, 21]. Student’s t-tests and chi-squared tests were applied to test dif-
ferences between cases and controls for continuous and categorical variables respectively.

Logistic regression models were used to investigate the associations of directly measured
IgG glycan peaks and derived traits with type 2 diabetes. Three models were considered:
model 1) adjusted for age and sex; model 2) adjusted for age, sex, and BMI; and model 3)
adjusted for age, sex, BMI, HDL-cholesterol, non-HDL-cholesterol, smoking and creatinine.
All analyses described above were performed in the discovery population using ‘binary
logistic regression’ in SPSS Statistics, version 21. Covariates were entered without forward
or backward selection.

All analyses in the validation cohort were done in R, using the packages glm, pROC,
and ROCR [22]. The likelihood-ratio test was used to compare the performance of logistic
regression models with and without IgG glycans. The same clinical and demographic
variables were applied in the models of the validation cohort. All analyses in the validation
cohort were additionally adjusted for the covariate denoting their original cohort.

Results of the association analyses in the discovery and replication sets were meta-
analyzed using the weighted z-transform method [23]. This method takes into account
the regression coefficients, standard errors, and number of participants per study, and
sets the weight of each study to the square root of the sample size. Bonferroni correction
for multiple testing was applied for 58 tests (24 direct and 34 derived measurements).
P-values < 8.62E* were considered statistically significant.

For prediction analyses, we fitted logistic regression models using 10-fold cross-valida-
tion. In this method, the original sample is partitioned in 10 non-overlapping subsamples
of equal size, where 1 sample serves as a test set and the other 9 samples serve as training
sets, and models are fitted repeatedly for all training/test fold partitions. We first com-
puted the average AUC across the test folds, and finally the aggregated AUC, where predic-
tions on 10 independent subsets were merged into a single vector. This method limits the
danger of overfitting and estimates how well the model can be generalized to independent
datasets. We compared model AUCs that included the above-mentioned clinical variables
with those that additionally contained the 24 directly measured I1gG glycans. All continuous
variables were standardized before they were included in the models for AUC calculation.

The term prediction is used in the statistical sense, i.e. the inference of an outcome
given the covariates. Specifically, we do not refer to forecasting of prospective outcomes,
and our predictions in the considered case-control setting refer to the time of the mea-

surements.
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Results

Cohort characteristics

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

Table 2: Correlations (continuous variables) and direction of effect in ANOVA (categorical vari-
ables) of clinical traits with 1gG glycan peaks in the discovery population.

Glycan peak Glycan structure Age Sex BMI Smoking HDLc NonHDLc Creatinine
GP1 FA1 0.26 NS NS NS NS NS 0.15
GP2 A2 0.19 a» NS NS NS NS NS
GP3 A2B 0.20 NS 0.12 NS -0.08 NS 0.10
GP4 FA2 0.37 ™ 0.15 N -0.10 -0.07 0.16
GP5 M5 0.11 NS NS NS NS NS NS
GP6 FA2B 0.37 ™ 0.16 ™ -0.12 -0.11 0.16
GP7 A2[3]G1 NS NS -0.10 NS 0.08 NS NS
GP8 A2BG1 FA2[6]G1 -0.23 NS -0.19 NS 0.17 0.13 -0.04
GP9 FA2[3]G1 -0.15 N2 -0.11 J 0.10 0.10 -0.16
GP10 FA2[6]BG1 NS NS NS ™ NS NS NS
GP11 FA2[3]BG1 0.14 NS 0.08 ™ NS NS 0.08
GP12 A2G2 -0.12 NS -0.08 ™ NS NS NS
GP13 A2BG2 -0.10 NS -0.07 ™ NS NS NS
GP14 FA2G2 -J, -0.11 P NS NS -0.16
GP15 FA2BG2 -0.25 N2 NS ™ NS NS NS
GP16 FA2[6]G1S1 FA2[3]G1S1 -0.09 N2 NS NS NS NS NS
GP17 A2G2S1 NS NS NS NS NS NS NS
GP18 A2BG2S1 FA2G2S1 -4, -0.08 NS NS NS -0.14
GP19 FA2BG2S1 NS NS -0.15 NS NS NS NS
GP20 FA2FG2S1 -0.10 NS NS NS NS NS NS
GP21 A2G2S2 NS NS -0.08 NS NS NS NS
GP22 A2BG2S2 NS NS NS NS NS NS NS
GP23 FA2G2S2 -0.23 N -0.09 N NS 0.07 -0.12
GP24 FA2BG2S2 NS NS -0.11 NS 0.07 NS -0.08

Bs are shown for continuous variables. Sex: 1, higher in females; {,, lower in females. Smoking: 1, higher in
current/former smokers; {,, lower in current/former smokers. A p-value < 8.62E-4 was considered statistically
significant. NS, not significant. Structure abbreviations: F, a-1,6-linked core fucose; A, number of antenna’s; B,
bisecting GlcNac B1-4 linked to B1-3 mannose; M, number of mannose residues; Gx, number of B1-4 linked
galactoses; [3]G1, galactose on the antenna of the a1-3 linked mannose; [6]G1, galactose on the antenna of
the al-6 linked mannose; Sx, number of sialic acids linked to galactose. Red background, positive association;
blue background, negative association.
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Clinical traits associated with type 2 diabetes or N-glycosylation

Correlations of clinical traits associated with type 2 diabetes or N-glycosylation with the
24 1gG glycan peaks are shown in table 2. I1gG glycan peaks show significant univariate

associations with more than one clinical trait and vice versa.

1gG glycan associations with type 2 diabetes

Illustrative IgG glycan profiles for type 2 diabetes and the non-diabetic state are shown in
figure 2; median and interquartile ranges of all peaks in both cohorts are shown in supple-
mentary table S2. Table 3 shows glycans that were significantly associated with type 2
diabetes after meta-analyses in the discovery and validation cohorts, adjusted for age and
sex. The strongest associations are for glycan peaks GP6, GP8 and GP9 (P meta-analyses
<2.22E-16). Additional adjustment for BMI did not substantially change significant associa-
tions (complete data on all outcomes in all models are shown in Supplementary tables
S3-S5).

2000 GP8b

GP14

GP19 GP23
GP24
a0 P21

7.00 800 900 1000 11.00 1200 1300 1400 15.00 168.00 17.00 1800 19.00 2000 21.00 2200 2300 24.00 2500 200
Time (minutes)

Figure 2. UPLC chromatogram of one individual with and one individual without type 2 diabe-
tes.

The 24 1gG glycan peaks are numbered and peaks associated with type 2 diabetes in the full model are high-
lighted in red. Black line, healthy control; blue line, individual with type 2 diabetes.

The associations with type 2 diabetes remained statistically significant for glycan peaks
GP6, GP8, GP9, GP10, and GP11 in the full model (adjusted for age, sex, BMI, HDL-choles-
terol, non-HDL-cholesterol, smoking and creatinine). Figure 3 shows boxplots for these IgG
glycan peaks; B- and p-values adjusted for the full model are shown in table 4. Excluding
participants using medication indicative of auto-immune, malignant, or inflammatory
conditions from the analyses did not change our results (data not shown). These glycans
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Figure 3. Distribution of 1gG glycan peaks associated with type 2 diabetes after adjustment for
the full model.

Upper half: distribution of glycan peaks in the discovery cohort. Bottom half: distribution of glycan peaks in
the replication cohort. Shown are the relative percentages of each peak for controls (grey) and cases (blue).
GP, glycan peak.

are reflective of increased presence of agalactosylated (GP6) and monogalactosylated
(GP10, GP11) FA2 glycans with bisecting N-Acetylglucosamine (GIcNAc) and decreased
presence of FA2[6] (GP8) and FA2[3] (GP9) monogalactosylated glycans. The derived traits
associated with type 2 diabetes show a decrease in the percentage of sialylation of all
fucosylated structures with bisecting GIcNAc (FBGS/(FB+FBG+FBGS)) and an increase of
bisecting GIcNAc in fucosylated disialylated structures (FBS2/FS2 and FBS2/(FS2+FBS2)).
There was a decrease in monogalactosylated structures (G1n). Furthermore, there was a
decrease in fucosylated structures without bisecting GIcNAc in neutral glycans (Fn) and in
agalactosylated (FGOn/GOn) and monogalactosylated (FG1n/G1n) structures. Finally, there
was an increase in fucosylated structures with bisecting GIcNAc (FBn, FBGOn/GOn, FBG1n/
G1n, FBG2n/G2n, FBn/Fn, FBn/Fntotal).

Area under the ROC curves for type 2 diabetes

The average AUCs for 24 IgG glycans without clinical variables was 0.73 and 0.75 for the
discovery and validation populations, respectively. Figure 4 shows ROC curves for the
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Figure 4. ROC curves for type 2 diabetes.
The AUC is shown for 1) IgG glycans alone (green); 2) age and sex (red); 3) age, sex, and IgG glycans (blue) in
A for the discovery cohort and in B for the replication cohort. AUCs for 4) the full model (red); and 5) the full

model with 1gG glycans (blue) are shown in C for the discovery cohort and in D for the replication cohort. AUC,
area under the curve.

predictive capacity of clinical variables with and without glycans for type 2 diabetes in the
case-control setting.

As shown in table 5, adding the 24 I1gG glycans to clinical variables led to improvement
of the AUC in all models. This improvement was most extensive in the model containing
age and sex (AUC 0.542 vs 0.734 for age and sex vs age, sex, and 24 IgG glycans). Similar
results were found in our validation cohort. Augmented AUCs were similar and differences
with average AUCs were negligible (data not shown).
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Table 5. Ten-fold cross validated AUCs standardized.

Model AUC without AUC with
24 1gG glycans 24 1gG glycans

DiaGene study

Glycans only 0.73
Age, sex 0.54 0.73
Age, sex, BMI 0.78 0.82
Age, sex, BMI, HDL-c, non-HDL-c, smoking 0.89 0.89
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking 0.89 0.90

CROATIA-Vis, CROATIA-Korcula, ORCADES population®

Glycans only 0.75
Age, sex 0.77 0.80
Age, sex, BMI 0.79 0.82
Age, sex, BMI, HDL-c, non-HDL-c, smoking 0.81 0.82
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking 0.81 0.82

All analyses in CROATIA-Vis, CROATIA-Korcula and ORCADES were adjusted for cohort ID. BMI, body mass
index; HDL-c, high-density lipoprotein-cholesterol; non-HDL-c, non-high-density lipoprotein cholesterol.

Discussion

In the present study, we are the first to describe the association and predictive poten-
tial of 1gG N-glycans in type 2 diabetes versus healthy individuals in a large case-control
study. We have found significant and replicated associations for GP6, GP8, GP9, GP10,
and GP11 and several derived IgG glycan traits associated with decreased galactosylation
and sialyation, an increase in fucosylated structures with bisecting GIcNAc and a decrease
in fucosylated structures without bisecting GIcNAc. AUCs showed slight improvement for
predicting type 2 diabetes in the case-control setting when IgG glycan peaks were added
to models with clinical characteristics. Remarkably, the AUC for IgG glycans by themselves
for type 2 diabetes was 0.73.

Type 2 diabetes is a multifactorial disorder in which genetics, environmental, and
metabolic influences interact at multiple levels. Glycans reflect all these influences,
which makes them attractive biomarkers for multifactorial diseases. In this study, the IgG
glycan profile showed significant associations with age, sex, BMI, lipid profile, smoking,
and kidney function. These associations are largely in line with previous reports on IgG
glycosylation and total N-glycome in these traits [6-8, 21, 24].

The associations we found in type 2 diabetes are reflective of an overall pro-inflamma-
tory state and biological aging [3, 7, 11, 25-28]. In the most extensive model, the associa-
tions were in concordance with a decrease in galactosylation and sialylation, an increase
in fucosylated structures with bisecting GlcNac, and a decrease in fucosylated structures
without bisecting GIcNAc.
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Galactosylation has been shown to influence the inflammatory potential of 1gG [25].
Lack of galactosylation is associated with a pro-inflammatory state of IgG through activa-
tion of the complement cascade [27]. Previous studies found a decrease in galactosylation
in rheumatoid arthritis (RA) [29, 30], systemic lupus erythematosus (SLE) [31], inflam-
matory bowel disease (IBD) [32]), chronic kidney disease (CKD) [21], hypertension [9],
colorectal cancer [33], and with increasing age [7] and BMI [6]. Contrarily, in Parkinson’s
disease, galactosylation increased [34]. The decreased IgG galactosylation found in most
studies followed the same patterns as in type 2 diabetes and thus seems a general feature
of pro-inflammatory disease. A possible explanation for this decreased galactosylation
are posttranslational modifications of the enzyme B4-galactosyltransferase-1 [35]. Inter-
estingly, Ercan et al. recently showed that estrogen increases galactosylation in IgG and
accounts for a difference between men and premenopausal women [24]. As the majority
of individuals in our discovery and replication cohorts were older than 50 and all models
were adjusted for sex, this is not expected to influence the findings in our study.

Sialylation also plays an important role in the inflammatory potential of IgG. Addition
of sialic acid to 1gG converts its function from pro- to anti-inflammatory by decreased
binding to Fcy receptors [11]. It should be noted that a lack of galactose also leads to
a lack of sialic acid, as sialic acid mainly binds to terminal galactose [35]. Similar to our
findings, a reduction in sialylation was recently described in SLE [31], IBD [32], CKD [21],
and colorectal cancer [33], while sialylation increased in hypertension [9]. Interestingly,
in our study, decreased sialylation was present in fucosylated bisecting structures mainly
due to decreased GP19 (FA2BG2S1). In contrast, in SLE and IBD, sialylation decreased in
general while GP19 increased [31, 32]; in CKD, sialylation was decreased in fucosylated
non-bisecting structures due to a decrease in GP18 (FA2G2S1; analysis adjusted for diabe-
tes). Decreased sialylation was seen in roughly the same glycan peaks in individuals with
colorectal cancer patients as in our study, although different derived traits were calculated.
Thus, although decreased IgG sialylation is seen in more diseases than type 2 diabetes, the
desialylated glycan structures differ and could thus be disease-specific changes.

Finally, core-fucosylation and bisecting GIcNAc exert important effects on IgG function.
Core fucosylation prevents antibody-dependent cytotoxicity [26, 28, 36], while the pres-
ence of bisecting GIcNAc is thought to have the opposite effect [37]. We observed de-
creased fucosylation in structures without bisecting GIcNAc and increased fucosylation in
structures with bisecting GIcNAc. Moreover, we found increased bisection in fucosylated
glycans, especially when sialylated. These changes indicate a higher antibody dependent
cytotoxic potential of I1gG in type 2 diabetes. Similar associations have been found in
increasing age, CKD [21], SLE.[31], colorectal cancer [33], and hypertension [9], although
small differences existed. In CKD, the strongest association with bisection was in fucosyl-
ated monosialylated structures, while in type 2 diabetes this was the case for fucosylated

disialylated structures. Furthermore, bisection of neutral structures was positively associ-
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ated with type 2 diabetes, while it was negatively associated with colorectal cancer [33]
and not at all with CKD [21]. If and how these differences in bisection and fucosylation
affect the efficacy of IgG in antibody-dependent cytotoxicity is unknown and should be
subject of future studies. A potential gene of interest for studying this is MGAT-3, which
encodes N-acetylglycosaminyltransferase 3, a glycosyltransferase that adds bisecting
GIcNAc to IgG glycans, and is associated with 1gG bisecting [38].

Recently, Testa et al described the total N-glycome in type 2 diabetes [39] and found a
reduction in monogalactosylation on the 3- and 6-arm of fucosylated diantennary glycans,
which is in line with our findings. In contrast with our findings, Itoh et al found [40] a small
increase in an N-glycan with al,6-core fucose in the total N-glycome in type 2 diabetes.
Findings of both studies are difficult to compare to ours, due to the different quantification
techniques for N-glycans. The method of Testa et al. does not allow for measurement
of sialylation and has lower resolution. Itoh et al. measured exact bi-antennary glycan
structures as single molecules, while our method divides IgG glycans in groups, reflecting
major structural characteristics (such as total core fucosylation, outer arm fucosylation,
degree of sialylation, etc.).In both studies, total N-glycome was measured, quantifying
glycans from all plasma proteins, while we quantified 1gG-specific glycans. Total plasma
N-glycome not only reflects N-glycosylation, but also the relative abundance of proteins
in the circulation.

Due to the case-control nature of our study it remains unclear whether the 1gG glycan
associations are a cause or a consequence of the disease. Notably, for RA it was shown
that a decrease in galactosylation precedes a flare of the disease rather than the other
way around [41]. In addition, the IgG glycans associated with type 2 diabetes in our study
showed high heritabilities in previous studies (35-76%) [19, 42]. Genome wide association
studies (GWAS) have identified several loci influencing N-glycosylation. Of interest, the
HNF1A gene, known for its causal role in monogenic types of diabetes and its common
variants associated with type 2 diabetes [12], is a genetic locus of significant association
with total plasma N-glycome as a regulator of fucosylation [43]. Moreover, HNF1A regu-
lates expression of FUT8 [43], a fucosyltransferase gene associated with 1gG core fucosyl-
ation [38], which was associated with type 2 diabetes in our study. In addition, GWAS on
1gG glycosylation found associations with the ST6GAL1 gene [38], which was previously
associated with type 2 diabetes in South Asians [44]. ST6GAL1, as well as B4GALT1 (encod-
ing sialyltransferase 6 and betal,4-galactosyltransferase 1, respectively), are associated
with IgG sialylation [38] and could therefore be candidate genes for future studies on
the role of IgG sialylation in type 2 diabetes pathophysiology. Besides these genetic links
between glycosylation and type 2 diabetes, the associations found between risk factors for
type 2 diabetes and IgG glycans support the hypothesis that pro-inflammatory IgG could
already at an early stage contribute to pathophysiology. Possibly, pro-inflammatory 1gG
could contribute to the pro-inflammatory state seen in obesity and type 2 diabetes [45],
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which leads to B-cell destruction and insulin resistance [46, 47]. A potential mechanism
is through complement activation, which has been shown to be associated with type 2
diabetes incidence and complications [48, 49] and is activated by agalactosylated IgG.
Taken together, these findings are supportive of the hypothesis that I1gG glycans play a
role in type 2 diabetes disease pathophysiology, rather than just reflective of changes the
disease brought on.

As glycan profiles are associated with genetic, metabolic and environmental influences,
this adds to their predictive potential. We observed a modest improvement when add-
ing the 1gG glycan profiles to clinical risk factors. However, the AUC of IgG glycans alone
was substantial compared to combined clinical risk factors, indicating that the 1gG glycan
profile captures much of the combined risk of these factors. This underlines its potential
as a biomarker of the complex inflammatory pathophysiological changes in type 2 dia-
betes. Future studies in prospective cohorts should be conducted to investigate whether
this biomarker potential could be used for personalized approaches in prevention and
treatment of the disease as well as its role in diabetes complications. Of note, because
of the case-control setting, the predictive capacity of clinical risk factors was high in both
cohorts, especially in the replication cohort where the cases were considerably older than
the controls. The discovery population was quite well-matched for age. A consideration
in the interpretation of our findings is that we have only looked at the glycan profile of
IgG. As many more glycoproteins are present in the circulation, the total N-glycome or a
combination of several glycoprotein profiles may give better results for prediction of type
2 diabetes.

Strengths of our study are the robust manner in which IgG N-glycans were measured,
the large size of our populations, and the fact that we included an independent replication
cohort. Also, we have calculated our AUC using 10-fold cross validation to limit overfitting
and get an accurate idea on how the models will perform in independent datasets. A
limitation is the lack of prospective follow-up for the outcome type 2 diabetes. Therefore,
no causal claims can be made and AUCs are to be interpreted in a case-control setting of
patients already treated for their disease. The case-control setting in general may lead to
overestimation, while the fact that patients are being treated for their disease may reduce
the contrast between the groups. The current setup does allow comparing how IgG glycans
add to the models and how important their relative contribution is on their own, but does
not give an absolute reflection of their predictive potential. Second, simple predictive mod-
els (logistic regression) were used. Residual confounding by yet unknown factors involved
in type 2 diabetes pathophysiology and the IgG glycome cannot be excluded. Third, we
cannot exclude an effect of glucose-lowering treatment on the associations between IgG
glycans and type 2 diabetes. In the discovery cohort, 19.2% was treated with diet alone,
64.9% took oral glucose-lowering agents, and 31.6 used insulin (alone or in combination
with oral medication); we do not have this data for the replication cohort. Collaborations
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to create larger sample sizes with glycomic and treatment information, preferably with a
prospective setup, will enable us to research these effects in future. Fourth, the method
used to measure IgG glycans does not allow to distinguish between Fc and Fab associated
glycans. As only 15%-20% of the Fab part of IgG is glycosylated, the associations are more
likely to be driven by differences in Fc glycans [50]. However, a contribution of changes in
Fab N-glycosylation cannot be excluded.

To conclude, we found robust associations of I1gG glycan peaks and traits with the pres-
ence of type 2 diabetes that reflect a pro-inflammatory and biologically aged state. Future
studies should be directed at in-depth pathophysiological insights that can be derived
from I1gG glycan associations with type 2 diabetes. Also, prospective follow-up studies and
genetic studies can shed light on the causality, its potential as a biomarker for complex
inflammatory processes, and true predictive capacity of IgG and other glycans in type 2
diabetes.
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Supplementary table S2. Median and interquartile ranges of glycan peaks for cases and controls
in the discovery and replication cohort.

Discovery cohort Replication cohort

Case Control Case Control

Median IQR Median IQR Median IQR Median IQR
GP1 0.092 0.074-0.117 0.094 0.075-0.118 0.155 0.109-0.242 0.119 0.080-0.119
GP2 0.750 0.506-1.064 0.759 0.514-1.073 0.821 0.530-1.202 0.548 0.352-0.851
GP3 0.119 0.098-0.145 0.112 0.096-0.138 0.319*  0.253-0.402* 0.258*  0.206-0.321*

GP4 26.430  22.380-30.534 24,709  21.501-28.223 22.672 18.760-26.673  19.116  15.288-23.656

GP5 0.129 0.105-0.154 0.132 0.108-0.154 0.285 0.226-0.348 0.252 0.209-0.313
GP6 7.159 5.979-8.486 6.244 5.307-7.338 6.252 5.320-7.342 4.781 3.701-6.016
GP7 0.337 0.239-0.479 0.376 0.269-0.516 0.604 0.446-0.918 0.561 0.397-0.801

GP8 18.162  16.911-19.300 19.260 17.948-20.412 16.185  14.741-17.452  17.978 16.304-19.897

GP9 9.328 8.392-10.235 9.854 8.940-10.862 7.967 7.103-8.751 8.594 7.699-9.510

GP10 5.634 4.840-6.470 5.358 4.594-6.170 4.979 4.352-5.927 4.796 4.229-5.474
GP11 0.713 0.617-0.805 0.678 0.588-0.766 0.819 0.720-0.877 0.709 0.619-0.810
GP12 0.501 0.341-0.731 0.535 0.372-0.742 0.849 0.598-1.192 0.799 0.552-1.115
GP13  0.185 0.157-0.215 0.190 0.165-0.218 0.276 0.215-0.341 0.311 0.239-0.383

GP14 11.004  9.133-13.092 11.841 10.016-13.515 10.294  8.551-12.104 12.880  10.108-15.950

GP15 1.622 1.401-1.884 1.618 1.433-1.835 1.454 1.288-1.685 1.524 1.298-1.785
GP16  2.805 2.502-3.117 2.840 2.532-3.141 3.179 2.900-3.471 3.259 2.953-3.604
GP17 0.758 0.671-0.868 0.751 0.678-0.855 2.270 1.209-3.317 1.235 0.863-2.615
GP18 7.319 6.171-8.696 1.572 6.546-8.840 8.144 7.027-9.284 9.777 8.021-12.030
GP19 1.759 1.548-2.013 1.834 1.602-2.107 2.310 2.022-2.719 2.233 1.959-2.591
GP20  0.203 0.170-0.243 0.211 0.177-0.247 0.464 0.339-0.667 0.408 0.315-0.579
GP21  0.475 0.422-0.539 0.495 0.448-0.562 2.979 1.025-4.471 0.978 0.695-3.432
GP22  0.087 0.070-0.111 0.088 0.071-0.109 0.301 0.177-0.381 0.186 0.118-0.339
GP23  1.299 1.051-1.574 1.373 1.148-1.651 1.808 1.420-2.285 1.975 1.577-2.389
GP24  1.667 1.444-1.932 1.701 1.460-1.956 2.525 2.175-3.057 2.341 1.924-2.804

GP, glycan peak; IQR, interquartile range. * In the replication cohort, GP3 was only measured in the ORCADES
study but not in the CROATIA-Vis or -Korcula studies. These values thus only represent GP3 in the ORCADES
study.
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Supplementary table S3. Associations of IgG glycans and derived traits adjusted for age and sex.

Direct glycan peaks

Discovery population

Replication population

Meta-analysis

Glycan peak  Glycan structure p-value B S.E. p-value B S.E. p-value
GP1 FA1 7.00E-01 -0.42 1.10 6.28E-01 0.28 0.58 9.17E-01
GP2 A2 2.27E-01 0.10 0.09 3.02E-01 0.11 0.11  1.15E-01
GP3 A2B 5.90E-05 -1.20 4.22E-02 -1.60 1.05E-05
GP4 FA2 2.05E-14 0.06 0.01 7.39E-01 0.01 0.02  8.97E-08
GP5 M5 3.39E-01 -1.01 1.05 5.31E-01 -0.53 0.84 2.69E-01
GP6 FA2B 1.21E-39 0.39 0.03 3.13E-06 0.27 0.06 <2.22E-16
GP7 A2[3]G1 2.05E-03 -0.62 0.20 5.71E-01 -0.14 0.24 1.32E-02
A2BG1
GP8 1.88E-41 -0.35 0.03 1.09E-05 -0.20 0.05 <2.22E-16
FA2[6]G1
GP9 FA2[3]G1 1.01E-23 -032 0.03 1.43E-03 -0.23 0.07 <2.22E-16
GP10 FA2[6]BG1 2.86E-08 0.20 0.04 8.02E-05 0.33 0.08  3.15E-11
GP11 FA2[3]BG1 2.76E-10 1.93 0.31 8.63E-03 1.23 0.47  7.05E-10
GP12 A2G2 1.05e-01 -0.18 0.11 6.51E-01 0.09 0.20 4.57E-01
GP13 A2BG2 9.44E-03 -0.92 1.43E-01 1.43 0.98 5.23E-01
GP14 FA2G2 3.32E-12 -0.11 0.02 8.76E-01 -0.01 0.03 1.95E-06
GP15 FA2BG2 8.78E-01 -0.02 0.13 1.63E-02 0.64 0.27  9.13E-02
FA2[6]G1S1
GP16 8.89E-03 -0.25 0.09 8.08E-02 -0.32 0.18 2.32E-03
FA2[3]G1S1
GP17 A2G2S1 5.16E-01 0.15 0.23  6.59E-01 0.03 0.06 4.46E-01
A2BG2S1
GP18 1.40E-05 -0.10 0.02 9.90E-01 0.00 0.04 3.86E-03
FA2G2S1
GP19 FA2BG2S1 2.00E-06 -0.51 0.11 1.80E-01 -0.23 0.17 3.31E-05
GP20 FA2FG2S1 3.22E-04 -0.70 450E-01 -0.22 030 3.07E-03
GP21 A2G2S2 1.40E-05 -148 0.34 5.42E-01 0.02 0.04  1.46E-02
GP22 A2BG2S2 6.76E-01  0.41 0.97 8.63E-01 0.13 0.73  6.83E-01
GP23 FA2G2S2 3.08e-09 -0.63 0.11 2.06E-02 -037 0.16 1.37E-08
GP24 FA2BG2S2 1.32e-01 -0.15 0.10 4.75E-01 -0.10 0.13 1.24E-01
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Discovery population Replication population Meta-analysis

Derived traits p-value B S.E. p-value B S.E. p-value
FGS/(FG+FGS) 1.99-03 0.051 0.016 5.21E-01 0.017 0.027 1.11E-02
FBGS/(FBG+FBGS) 3.74E-08 -0.040 0.007 1.00E-03 -0.045 0.014 9.35E-10
FGS/(F+FG+FGS) 8.92E-04 -0.050 0.015 9.10E-01 -0.003 0.025 2.15E-02
FBGS/(FB+FBG+FBGS) 1.54E-19 -0.086 0.009 2.75E-04 -0.058 0.016 <2.22E-16
FG1S1/(FG1+FG1S1) 1.26E-10 0.206 0.032 3.42E-01 0.044 0.047 5.87E-07
FG251/(FG2+FG2S1+FG2S2) 8.30E-09 0.099 0.017 4.37E-01 0.026 0.034 9.87E-06
FG2S2/(FG2+FG2S1+FG2S2) 8.16E-01 -0.005 0.024 4.75E-02 -0.068 0.034 1.03E-01
FBG2S1/(FBG2+FBG2S1+FBG2S2) 3.00E-06 -0.060 0.013 2.31E-02 -0.054 0.024 1.52E-06
FBG2S2/(FBG2+FBG2S1+FBG2S2) 1.386-01 0.017 0.011 3.40E-01 -0.018 0.019 7.81E-01
FtotalS1/FtotalS2 8.97E-01 -0.007 0.058 5.53E-02 0.168 0.088 1.80E-01
FS1/FS2 2.77E-04 0.086 0.024 9.98E-04 0.141 0.043 1.08E-06
FBS1/FBS2 6.80E-05 -1.149 0.288 5.93E-01 -0.293 0.547 2.26E-03
FBStotal/FStotal 3.21E-02 1.227 0.572 9.41E-01 0.065 0.882 1.38E-01
FBS1/FS1 6.43E-01 0.390 0.843 6.80E-01 -0.574 1.393 9.99E-01
FBS1/(FS1+FBS1) 6.21E-01 0.606 1.227 7.09E-01 -0.833 2.235 9.59E-01
FBS2/FS2 5.11E-10 0.861 0.138 3.086-03 0.623 0.210 2.16E-10
FBS2/(FS2+FBS2) 2.24E-10 -0.743 5.29E-03 -1.496 2.83E-10
GOn 1.56E-24 0.068 0.007 1.36E-01 0.018 0.012 2.22E-15
Gln 3.55E-39 -0.195 0.015 5.83E-04 -0.085 0.025 <2.22E-16
G2n 9.67E-10  -0.063 0.010 7.90E-01 0.005 0.019 1.06E-04
Fn total 3.49E-01 0.033 0.035 9.52E-01 -0.003 0.050 5.62E-01
FGOn total/GOn 2.43E-02 0.067 0.030 4.30E-01 -0.033 0.042 3.61E-01
FG1n total/G1n 2.06E-01 0.088 0.069 5.21E-01 0.045 0.071 1.86E-01
FG2n total/G2n 1.70E-01  -0.025 0.018 8.16E-01 -0.006 0.027 2.77E-01
Fn 4.55E-20 -0.116 0.013 8.07E-06 -0.106 0.024 <2.22E-16
FGONn/GOn 3.18E-09 -0.059 0.010 1.86E-05 -0.079 0.018 9.38E-13
FG1n/G1n 1.93E-24 -0.126 0.012 2.03E-07 -0.129 0.025 <2.22E-16
FG2n/G2n 1.19€-12  -0.105 0.015 2.09E-01 -0.025 0.020 1.39E-08
FBn 1.72E-26  0.157 0.015 8.74E-09 0.182 0.032 <2.22E-16
FBGOn/GOn 1.10E-14 0.092 0.012 3.99E-07 0.126 0.025 <2.22E-16
FBG1n/Gln 1.34E-26 0.137 0.013 1.78E-09 0.164 0.027 <2.22E-16
FBG2n/G2n 8.01E-21 0.218 0.023 5.93E-02 0.062 0.033 2.09E-14
FBn/Fn 2.73E-25 0.097 0.009 2.14E-06 0.119 0.025 <2.22E-16
FBn/Fn total 1.63E-25 0.147 0.014 2.45E-08 0.164 0.029 <2.22E-16

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis
are in bold font. Structure abbreviations are as follows: F, a-1,6-linked core fucose; A, number of antenna’s;
B, bisecting GlcNac B1-4 linked to B1-3 mannose; M, number of mannose residues; Gx, number of 1-4 linked
galactoses; [3]G1, galactose on the antenna of the al-3 linked mannose; [6]G1, galactose on the antenna of
the al-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between
glycan and clinical trait; blue: negative association.
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Supplementary Table S4. Associations of 1gG glycans and derived traits adjusted for age, sex
and BMI.

Direct glycan peaks Discovery population Replication population Meta-analysis
Glycan peak Glycan structure p-value B S.E. p-value B S.E. p-value
GP1 FA1 1.25E-01 -1‘255 6.70E-01 0.237 0.557  4.93E-01
GP2 A2 4.73E-01 0.070 0.098  4.42E-01 0.082 0.106  2.93E-01
GP3 A2B 3.13E-01 1.352 1.339  9.31E-02 -1.672 6.50E-02
GP4 FA2 3.16E-04 0.034 0.009  8.86E-01 -0.002 0.017  2.41E-02
GP5 M5 2.77E-01 -1.204 5.35E-01 -0.524  0.846  2.38E-01
GP6 FA2B 6.09E-22 0.312 0.032 1.96E-05 0.248 0.058  <2.22E-16
GP7 A2[3]G1 2.26E-01 -0.277  0.228  6.56E-01 -0.102  0.229  2.58E-01
GP8 A2BG1FA2[6]G1 3.37E-22 -0.281  0.029 1.59E-05 -0.202  0.047  <2.22E-16
GP9 FA2[3]G1 1.32€-15 -0.289  0.036  1.02E-03 -0.244  0.074  1.13E-14
GP10 FA2[6]BG1 1.00E-06 0.198 0.041 1.72E-04 0.314 0.084  1.70E-09
GP11 FA2[3]BG1 2.10E-05 1.432 0.337 1.69E-02 1.142 0.478  4.41E-06
GP12 A2G2 7.24E-01 0.045 0.126  3.65E-01 0.184 0.203  3.60E-01
GP13 A2BG2 4.03E-01 -0.889 1.063  8.51E-02 -0.987 4.53E-01
GP14 FA2G2 5.10E-04 -0.065  0.019  7.08E-01 0.012 0.033  4.57E-02
GP15 FA2BG2 3.81E-02 0.306 0.148  3.68E-03 0.778 0.268  3.82E-04
GP16 FA2[6]G1S1 FA2[3]G1S1 6.47E-02 -0.200  0.108  7.65E-02 -0.325 0.183 1.08E-02
GP17 A2G2S1 6.71E-02 0.473 0.258  4.51E-01 0.046 0.061  7.67E-02
GP18 A2BG2S1 FA2G2S1 1.60E-01 -0.038  0.027  5.53E-01 0.025 0.042  6.36E-01
GP19 FA2BG2S1 1.98E-01 -0.157 0.122  3.17E-01 -0.173 0.173 1.10E-01
GP20 FA2FG2S1 5.00E-03 -0.792 5.27E-01 -0.191 0.301  2.04E-02
GP21 A2G2S2 7.69E-03 -1.052 0395  6.73E-01 0.018 0.041 1.53E-01
GP22 A2BG2S2 6.63E-02 -1.091 7.98E-01 0.189 0.738 1.62E-01
GP23 FA2G2S2 1.23E-03 -0.389  0.121  3.51E-02 -0.341  0.162  2.06E-04
GP24 FA2BG2S2 1.83E-01 0.153 0.115  6.05E-01 -0.067  0.130  6.28E-01

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis
are in bold font. Structure abbreviations are as follows: F, a-1,6-linked core fucose; A, number of antenna’s;
B, bisecting GlcNac B1-4 linked to B1-3 mannose; M, number of mannose residues; Gx, number of $1-4 linked
galactoses; [3]G1, galactose on the antenna of the a1-3 linked mannose; [6]G1, galactose on the antenna of
the al-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between
glycan and clinical trait; blue: negative association.
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Discovery population

Replication population

Meta-analysis

Derived traits p-value B S.E. p-value B S.E. p-value
FGS/(FG+FGS) 5.78E-04 0.064 0.019 3.68E-01 0.024 0.027  3.30E-03
FBGS/(FBG+FBGS) 5.80E-03 -0.023 0.008 2.33E-03  -0.042 0.014  3.98E-05
FGS/(F+FG+FGS) 6.14E-01 -0.009 0.017 7.09E-01  0.009 0.025  9.60E-01
FBGS/(FB+FBG+FBGS) 4.81E-07 -0.054 0.011 1.13e-03  -0.052 0.016  8.37E-09
FG1S1/(FG1+FG1S1) 2.00E-06 0.172 0.036 3.65E-01  0.043 0.047 1.60E-04
FG2S1/(FG2+FG2S1+FG2S2) 1.30E-05 0.086 0.020 3.65E-01 0.031 0.034  3.96E-04
FG2S2/(FG2+FG251+FG2S2) 6.29E-01 -0.013 0.027 2.80E-02  -0.075 0.034  4.83E-02
FBG2S1/(FBG2+FBG2S1+FBG2S2) 1.45E-04 -0.055 0.015 2.38E-02  -0.054 0.024  2.69E-05
FBG2S2/(FBG2+FBG2S1+FBG2S2) 5.61E-02 0.025 0.013 2.51E-01  -0.022 0.019  6.98E-01
FtotalS1/FtotalS2 5.31E-01 -0.041 0.065 4.53E-02  0.175 0.087  2.72E-01
FS1/FS2 4.04E-03 0.076 0.027 7.79E-04  0.145 0.043  9.77E-06
FBS1/FBS2 2.18E-04 -1.212 0.328 6.55E-01  -0.245 0.548 5.71E-03
FBStotal/FStotal 1.40E-02 1.586 0.646 9.64E-01  0.040 0.902  9.97E-02
FBS1/FS1 3.41E-01 0.908 0.954 6.80E-01  -0.583 1.413  7.54E-01
FBS1/(FS1+FBS1) 3.34E-01 1.341 1.387 7.06E-01  -0.852 2.258  7.26E-01
FBS2/FS2 1.63E-08 0.877 0.155 2.46E-03  0.650 0.215  2.08E-09
FBS2/(FS2+FBS2) 6.68E-09 -0.843 5.68E-03 -1.514 3.80E-09
GOn 1.91E-09 0.046 0.008 3.35E-01  0.012  0.012  3.04E-06
Gln 1.79E-19 -0.149 0.017 1.49E-03  -0.079 0.025  <2.22E-16
G2n 1.21E-02 -0.030 0.012 3.69E-01 0.017 0.019  3.32E-01
Fn total 8.89E-01 -0.006 0.040 8.23E-01  -0.011 0.047  7.94E-01
FGOn total/GOn 2.23E-01 0.042 0.034 458E-01 -0.030 0.041  8.10E-01
FG1n total/G1n 9.72E-01 -0.003 0.079 5.91E-01  0.037 0.069  7.02E-01
FG2n total/G2n 7.37E-02 -0.037 0.021 8.22E-01 -0.006 0.027  1.79E-01
Fn 2.64E-14 -0.109 0.014 1.42E-05 -0.105 0.024  2.22E-16
FGONn/GOn 7.29E-09 -0.066 0.011 2.13E-05 -0.080 0.019  2.50E-12
FG1n/G1n 6.77E-16 -0.112 0.014 4.66E-07  -0.127 0.025  <2.22E-16
FG2n/G2n 8.60E-09 -0.095 0.017 2.00E-01  -0.026 0.020  2.08E-06
FBn 1.35E-17 0.141 0.016 2.37E-08  0.179  0.032  <2.22E-16
FBGOn/GOn 6.98E-13 0.096 0.013 2.60E-07 0.130 0.025  <2.22E-16
FBG1n/G1n 1.12E-16 0.119 0.014 5.50E-09 0.162 0.028  <2.22E-16
FBG2n/G2n 5.03E-12 0.181 0.026 5.21E-02  0.065 0.033  2.01E-09
FBn/Fn 3.96E-17 0.088 0.010 3.81E-06 0.117 0.025  <2.22E-16
FBn/Fn total 3.71E-17 0.133 0.016 5.66E-08 0.162 0.030  <2.22E-16
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Supplementary Table S5. Associations of 1gG glycans and derived traits adjusted for age, sex,
BMI, smoking, HDL-cholesterol, non-HDL-cholesterol, smoking and serum creatinine.

Direct glycan peaks

Discovery population

Replication population

Meta-analysis

Glycan peak Glycan structure p-value B S.E. p-value B S.E. p-value
GP1 FA1 4.27€-02 -1.534 6.34E-01  0.268 0.563 3.59E-01
GP2 A2 7.87E-01  0.033 0.121 3.61E-01  0.095 0.104 3.80E-01
GP3 A2B 7.77e-01  -0.473 1.667 8.23E-02 -1.718 3.55E-01
GP4 FA2 1.30E-01  0.017 0.012 8.71E-01  -0.003 0.017 4.03E-01
GPS M5 8.52E-01  0.283 1517 7.77E-01  -0.241 0.852 9.20E-01
GP6 FA2B 2.45E-08 0.228 0.041 3.89E-05 0.240 0.058 1.84E-11
GP7 A2[3]G1 3.89E-01  -0.246 0.285 7.24E-01  -0.079 0.224 4.12E-01
GP8 A2BG1 FA2[6]G1 1.59E-09 -0.215 0.036 2.10E-05 -0.201 0.047 1.10E-12
GP9 FA2[3]G1 4.30E-05 -0.189 0.046 3.16E-03  -0.222 0.075 1.08E-06
GP10 FA2[6]BG1 6.56E-03  0.142 0.052 4.93E-04 0.298 0.085 9.96E-06
GP11 FA2[3]BG1 3.13E-03  1.283  0.434 2.63E-02 1.101 0.496 3.28E-04
GP12 A2G2 8.23E-01  -0.035 0.158 4.44E-01  0.153 0.200 6.53E-01
GP13 A2BG2 3.59-01  -1.222 1.333 6.31E-02 -0.983 3.92E-01
GP14 FA2G2 6.86E-02  -0.042 0.023 8.82E-01 0.005 0.032 2.98E-01
GP15 FA2BG2 1.72E-01  0.256  0.187 1.02E-02  0.695 0.270 4.32E-03
GP16 FA2[6]G1S1 FA2[3]G1S1 8.96E-01  -0.018 0.137 1.37E-01  -0.273 0.184 2.18E-01
GP17 A2G2S1 3.30E-01 0312 0321 3.24E-01 0.061 0.061 1.68E-01
GP18 A2BG2S1 FA2G2S1 6.69E-01  -0.015 0.035 7.26E-01  0.014 0.041 9.99E-01
GP19 FA2BG2S1 7.04E-01  0.060 0.158 3.24E-01  -0.171 0.173 6.02E-01
GP20 FA2FG2S1 1.79e-01 -0.998 6.70E-01  -0.128 0.300 2.37E-01
GP21 A2G2S2 7.19E-02  :0.923 0.513 5.09E-01  0.028 0.042 5.28E-01
GP22 A2BG2S2 1.17€-01 -1.404 7.34E-01  0.250 0.736 2.09E-01
GP23 FA2G2S2 5.21E-01  -0.102 0.159 5.26E-02  -0.315 0.163 5.67E-02
GP24 FA2BG2S2 1.16E-02  0.382 0.151 6.78E-01  -0.055 0.132 2.01E-01
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Discovery population

Replication population

Meta-analysis

Derived traits p-value B S.E. p-value B S.E. p-value

FGS/(FG+FGS) 3.386-03  0.071 0.024 3.80E-01 0.024 0.027 1.11E-02
FBGS/(FBG+FBGS) 6.30E-01  -0.005 0.011 5.45E-03  -0.038 0.014 1.41E-02
FGS/(F+FG+FGS) 6.06E-01  0.011 0.022 7.34E-01  0.009 0.025 5.55E-01
FBGS/(FB+FBG+FBGS) 6.07E-02  -0.026 0.014 1.89E-03  -0.050 0.016 3.28E-04
FG1S1/(FG1+FG1S1) 3.49E-04 0.165 0.046 2.89E-01  0.050 0.047 2.01E-03
FG2S1/(FG2+FG2S1+FG2S2) 7.10E-03  0.067 0.025 4.38E-01  0.027 0.035 2.10E-02
FG2S52/(FG2+FG2S1+FG2S2) 431E-01  0.028 0.035 4.35E-02  -0.068 0.034 2.88E-01
FBG2S1/(FBG2+FBG2S1+FBG2S2) 2.59E-02  -0.041 0.018 3.07E-02  -0.053 0.024 2.05E-03
FBG2S2/(FBG2+FBG2S1+FBG2S2) 9.96E-03  0.043 0.017 3.91E-01 -0.017 0.019 3.31E-01
FtotalS1/FtotalS2 1.15e-01  -0.129 0.082 1.27E-01  0.140 0.092 8.57E-01
FS1/FS2 5.91E-01  0.018 0.034 4.70E-03  0.126  0.045 1.15E-02
FBS1/FBS2 1.38E-03 0.420 5.43e-01  -0.335 0.551 1.25E-02
FBStotal/FStotal 4.00E-02 0.826 9.83E-01  0.019 0.895 1.87E-01
FBS1/FS1 3.70E-01 1.093 1.219 6.43E-01  -0.654 1.412 8.33E-01
FBS1/(FS1+FBS1) 3.73e-01 1.571 1763 6.91E-01  -0.893 2.245 7.97E-01
FBS2/FS2 7.42E-04 0.680 0.201 5.89E-03  0.593 0.215 1.96E-05
FBS2/(FS2+FBS2) 6.27E-04 -1.089 8.62E-03 -1.530 2.67E-05
GOn 1.76E-03  0.029 0.009 3.23E-01  0.012 0.012 6.00E-03
Gln 1.00E-06  -0.097 0.020 2.75E-03  -0.075 0.025 7.40E-08
G2n 2.05E-01  -0.019 0.015 5.01E-01  0.012 0.018 7.77E-01
Fn total 8.60E-01  0.009 0.050 7.14E-01  -0.017 0.046 8.64E-01
FGOnN total/GOn 5.23E-01  0.027 0.043 3.75E-01  -0.035 0.040 7.79E-01
FG1n total/G1n 8.24E-01  0.022 0.098 6.74E-01  0.028 0.067 6.41E-01
FG2n total/G2n 6.78E-01  -0.011 0.026 7.30E-01  -0.009 0.027 5.96E-01
Fn 6.00E-06  -0.082 0.018 2.37E-05 -0.104 0.025 8.90E-10
FGON/GOn 4.06E-04  -0.051 0.014 2.76E-05 -0.080 0.019 4.16E-08
FG1n/Gln 2.00E-06 -0.084 0.018 1.92E-06 -0.122 0.026 2.36E-11
FG2n/G2n 4.54E-03  -0.058 0.021 2.19E-01  -0.025 0.020 5.94E-03
FBn 2.10E-07 0.109 0.021 9.07E-08 0.174 0.033 1.13E-13
FBGOn/GOn 1.00E-05 0.075 0.017 5.62E-07 0.130 0.026 2.65E-11
FBG1n/G1n 9.91E-07 0.089 0.018 4.086-08  0.155 0.028 2.04E-13
FBG2n/G2n 8.10E-05 0.129 0.033 8.35E-02  0.057 0.033 1.24E-04
FBn/Fn 3.79e-07 0.067 0.013 1.54E-05 0.111 0.026 5.25E-11
FBn/Fn total 3.42e-07 0.103 0.020 1.80E-07 0.159 0.030 3.63E-13

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis
are in bold font (p-value <8.62E-4). Structure abbreviations are as follows: F, a-1,6-linked core fucose; A,
number of antenna’s; B, bisecting GlcNac B1-4 linked to f1-3 mannose; M, number of mannose residues; Gx,
number of B1-4 linked galactoses; [3]G1, galactose on the antenna of the a1-3 linked mannose; [6]G1, galac-
tose on the antenna of the a1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive

association between glycan and clinical trait; blue: negative association. S.E., standard error.
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Supplementary figure S1. Correlation between measurements of replicated samples in the Dis-
covery cohort (69 samples out of 2688) per glycan peak.
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Supplementary figure S2. Variation in measurements of standard samples in the Discovery co-
hort (n=153, ca. 5 samples per plate) per glycan peak.
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CHAPTER S5

IODIXANOL ULTRACENTRIFUGATION AS A SUITABLE METHOD FOR
ISOLATING HDL TO TEST ITS ANTI-INFLAMMATORY FUNCTION

Manuscript in preparation



Abstract

The anti-inflammatory function of HDL may contribute to its protective role in cardio-
vascular disease. However, the method used to isolate HDL from plasma may affect the
result of in vitro readouts of HDL anti-inflammatory function. We compared three isolation
methods of HDL on its anti-inflammatory function, using tumor necrosis factor a (TNFa)-
induced expression of vascular cell adhesion molecule-1 (VCAM-1) by human coronary
artery endothelial cells as a readout. HDL was isolated by sequential salt density flotation,
removal of apoB-containing lipoproteins by precipitation with polyethylene glycol (PEG),
and by iodixanol density gradient ultracentrifugation. HDL isolated with all three methods
reduced the TNFa-induced VCAM-1 expression to a similar extent. DGUC with iodixanol is
a non-ionic, non-toxic, and faster method for isolating HDL than sequential salt density flo-
tation and isolates HDL presumably free from plasma proteins, in contrast to HDL isolation
by precipitating apolipoprotein-B containing particles with PEG. We conclude that isola-
tion of HDL with iodixanol density gradient ultracentrifugation is suitable for subsequent
testing of HDL anti-inflammatory function.
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Introduction

High-density lipoprotein-cholesterol (HDL-C) levels in plasma are inversely linked with
the risk of cardiovascular disease (CVD) '. However, accumulating evidence points at a
relationship between cardiovascular risk and impaired HDL function, rather than its
cholesterol concentration **. The anti-inflammatory function of HDL describes the abil-
ity to downregulate signals of endothelial inflammation and monocyte activation and to
reduce the migration of monocytes through the endothelium *®. This anti-inflammatory
function has been reported as disturbed in type 2 diabetes, acute myocardial infarction,
and end-stage renal disease "*°. To assess HDL anti-inflammatory function with ex vivo
readouts, HDL is isolated from plasma *. However, the influence of isolation methods on
these readouts is largely unknown ™.

Sequential salt density flotation by ultracentrifugation is the most used HDL isolation
method but exposes HDL to high centrifugal forces and high salt concentrations, thereby

L " and potentially also its function '*". Additionally,

altering the composition of HD
sequential flotation techniques are laborious and time-consuming, making them less
suitable for investigating HDL function in large cohorts. A frequently used faster method
for HDL isolation removes non-HDL lipoproteins, containing apolipoprotein(apo)-B, from
18-21

plasma with polyethylene glycol (PEG) . However, this method affects the composition
and size distribution of HDL particles ?. Density gradient ultracentrifugation (DGUC) in
iodixanol, a non-ionic, non-toxic medium, is an alternative relatively fast method of HDL
isolation 2***, For both these methods, it is unknown whether they affect readouts of HDL
anti-inflammatory function.

In this study, we compared the effect of HDL isolation with PEG-precipitation, iodixanol
DGUC, or conventional sequential salt density flotation by ultracentrifugation on HDL
anti-inflammatory function, using inhibition of tumor necrosis factor a (TNFa)-induced

VCAM-1 expression by endothelial cells as readout.

Methods

Plasma samples

Fasting blood samples were collected in EDTA tubes from healthy volunteers, who did not
smoke or use any medication. Blood was immediately centrifuged, and plasma was stored
at -80°C. After isolation, HDL was stored at 4°C until use for maximally 7 days unless stated
otherwise. All volunteers provided written informed consent.
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Materials

Optiprep™ (60% w/v iodixanol) and PEG-6000 were obtained from Sigma-Aldrich, Gilling-
ham, UK. Human coronary artery endothelial cells (HCAECs, Cat CC -2585) were purchased
from Lonza (Basel, Switzerland) and cultured in EBM-2-basal medium supplemented with
EGM-2-MV SingleQuots and fetal calf serum (FCS). Inhibitor of nuclear factor kappa-B
kinase 2-inhibitor (IKK2i) (SC514) was obtained from Calbiochem (Merck, Darmstadt, Ger-
many). Mouse anti-human VCAM-1 conjugated to phycoerythrin fluorochrome (CD106PE)
was obtained from eBioscience (San Diego, USA). TNFa was purchased from Bio-Techne
(Abingdon, Great Britain).

For ultracentrifugation, Quickseal polyallomer centrifugation tubes, a Beckman NVTi65.2
rotor, and an Optima XL-100K ultracentrifuge were used (Beckman Coulter, Palo Alto,
USA). The Canto-Il (Becton Dickinson, Franklin Lakes, USA) was used for flow cytometry.

Lipids and apolipoproteins were measured with commercially available kits (DiaSys Di-
agnostic Systems GmbH, Holzheim, Germany) on an automated Selectra-E analyzer (Vital
Scientific, Spankeren, The Netherlands).

Isolation of HDL

Method 1: sequential salt density flotation

HDL was isolated with sequential salt density flotation as described previously *. In the
first step, 2.1 mL of a KBr solution (density 1.063g/mL) was underlayered with 3 mL of
plasma brought to a density of 1.063 g/mL by dissolving KBr, and centrifuged for 20 hours
at 220,000g and 4°C in a NVTIi65.2 rotor. The floating lipid layer, containing VLDL, IDL,
and LDL, was discarded. Next, the density of the remaining HDL-containing solution was
adjusted to 1.23 g/mL by adding KBr. This HDL-solution was layered underneath the same
volume of a 1.21 g/mL KBr-solution and centrifuged for 44 h at 220,000g and 4°C. The
HDL-containing floating layer was collected into a fresh tube, adjusted to a density of 1.23
g/mL, layered under a 1.21 g/mL KBr solution, and recentrifuged (44 hours, 220,000g,
4°C). Thereafter, the HDL-containing floating layer was collected and dialyzed overnight
against PBS. This preparation is denoted as HDLg.

Method 2: HDL isolation by PEG precipitation

ApoB-containing lipoproteins were removed by mixing 0.6 mL plasma with 0.3 mL PEG-
solution (36% PEG-6000 in 10mM HEPES, pH 8.0), followed by 30 minutes incubation on
ice and centrifugation (30min, 2000g), as described previously *°. The HDL-containing
supernatant was collected and is denoted as HDLpgg,

Method 3: single-step iodixanol density gradient ultracentrifugation
HDL was isolated from plasma with a single ultracentrifugation step, using a self-generating
jodixanol gradient as previously described *, with some modifications. Optiprep™ (60%
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iodixanol w/v) was mixed with 1.5 mL plasma to obtain a final concentration of 12% iodixa-
nol (w/v) and was layered underneath Optiprep™ mixed with saline to a concentration of
9% iodixanol. The tubes were centrifuged for 2.5 hours (246,000g, 4°C) and then fraction-
ated from the bottom (aspiration speed 1.25mL/min, 20 fractions, 0.25mL/fraction). The
HDL-containing fractions (fractions 1-7) were pooled and will hereafter be referred to as
HDLIxDGUCl-

Method 4: two-step iodixanol density gradient ultracentrifugation

In the first step, HDL was separated from the apoB-containing lipoproteins: 1.5mL plasma
was mixed with Optiprep™ to a final iodixanol concentration of 14%, overlayered with 9%
iodixanol (w/v) in saline, and centrifuged for 2 hours (246.000g and 20°C). To separate
HDL from plasma proteins, the tubes were fractionated from the bottom (aspiration speed
1.18mL/min, 44 fractions, 0.1mL/fraction) and the first 16 fractions, containing the HDL,
were pooled. These fractions were mixed with the Optiprep™ solution to a final iodixanol
concentration of 38% (w/v), overlayered with a 38% (w/v) iodixanol solution in saline, and
centrifuged for 2 hours at 246.000g and 20°C. Again, the tubes were fractionated from the
bottom. Fractions 34-42 were pooled and are denoted from hereon as HDLpguca-

TNFa-induced VCAM1 expression by HCAEC

HCAECs were grown to confluence in gelatine-coated culture flasks with medium contain-
ing 10% FCS in a humidified chamber (37°C, 5% CO,). For experiments, HCAECs (passage
7-9) were seeded in 1% FCS-containing medium (0.2 million cells per well; 12-well
gelatine-coated plates) and incubated overnight. Cells were pre-incubated for 4 hours
with isolated HDL or the following experimental controls: 1) phosphate buffered saline
(PBS; pH 7.4); 2) isolation material solution without HDL; or 3) 100 uM IKK2i. Thereafter,
TNFa was added to the culture medium and the cells were incubated for an additional 17
hours. Subsequently, cells were prepared for the measurement of VCAM-1 expression. All
conditions were tested in triplicate unless stated otherwise.

Measurement of VCAM-1 expression by flowcytometry

Adherent cells were washed with PBS, collected by scraping, and centrifuged (3 min,
3000rpm). Cell pellets were suspended in staining buffer (1% BSA in PBS) and incubated
with CD106PE antibodies (1:20, 20min, in the dark at room temperature). Thereafter, cells
were washed once with staining buffer and analysed by flow cytometry (1x10* events per
sample). Viable cells were gated and cell populations assigned using the Infinicyt software.

Incubation of HDL in glucose

HDLypcuc; Was glycated in vitro by incubation with 800mM glucose for 7 days at 37°C,
followed by overnight dialysis against PBS. As controls, we used freshly isolated HDLpcuc2
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and HDL,pguc, stored for 7 days at 37°C in PBS without glucose, both also dialyzed over-
night against PBS.

Statistical analysis

Unless stated otherwise, the mean VCAM-1 expression of the TNF-a stimulated PBS
control was used as reference value and set at 100%. Outliers were identified with the
Rout method (Q set at 1%) and the data was tested for normality with the D’Agostino
and Pearson omnibus K2 test. Differences between the conditions were analyzed with a
one-way ANOVA and corrected for multiple comparisons with Tukey’s test. All analyses
were performed in Graphpad Prism, version 6 *°.

We constructed a univariate general linear model (SPSS, IBM statistics, version 22) with
the difference in VCAM-1 inhibition between HDL,pguc; and the iodixanol control as the
dependent variable, to test whether HDL,pguc, inhibited TNFa-induced VCAM-1 expres-
sion in a dose-dependent manner compared to the isolation material control. The three
HDL concentrations (0.71uM, 1.5uM, and 3.0uM) were entered as fixed factor and the
TNFa-induced VCAM-1 expression in the presence of the corresponding iodixanol isola-
tion material control as covariate.

Results

First, we tested the effect of HDL,pguc: and HDLyes on TNFa-induced VCAM-1 expression.
HDLocuc: and HDLyes reduced the VCAM-response by 21-34% (figure 1).

Next, we tested HDL isolated by the two-step iodixanol DGUC method, which theoreti-
cally also removes unbound plasma proteins. Figure 2 shows the distribution of choles-
terol, ApoA-I, and ApoB across the fractions for the two steps. ApoB-values in the pooled
HDL were below the detection limit of the assay (0.135g/L). HDL,pcuc> Suppressed the
TNFa-induced VCAM-1 expression in the range of 0.7-3 uM apoA-I (Figure 3). A dose-
response effect in TNF-a induced VCAM-1 inhibition was apparent for HDL compared to
the PBS control, but not compared to the isolation material control (p=0.72).

Then, we directly compared the effects of HDLpgucz, HDLpes, and HDLgeq 0n TNF-a-induced
VCAM-1 expression (Figure 4A). Irrespective of the isolation method, HDL decreased the
response to a similar extent (13-25%). At concentrations present in the HDL preparation,
iodixanol slightly decreased TNF-a-induced VCAM-1 expression, while PEG did not. In
Figure 4B, the effect of the HDL preparations relative to their respective controls is shown.
HDLes showed the strongest inhibition of TNFa-induced VCAM-1 expression (28%). HDL,,.
peucz and HDL,., were similarly effective (14 to 18% inhibition).

Finally, we examined whether the anti-inflammatory function of HDL,puc; Was reduced
by in vitro glycation. Figure 4B shows that incubation of HDL,pcuc; in excess glucose dimin-
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Figure 1. Effect of HDL isolated using IXDGUC1 or PEG on TNF-a induced VCAM-1 expression on
HCAEC.

VCAM-1 expression (mean = SEM) is shown in the absence or in the presence of TNFa (0.5ng/ml)and HDL,,p.
cuct (A) or HDLpgs (B). IKK2i was used as control to block TNF-a induced effects on VCAM-1 expression through
NFkB. HDL was isolated from plasma from 2 healthy individuals in 2 separate experiments (all conditions in
duplo). Mean ApoA-I concentration of four HDL preparations was 0.54uM in 2% HDLpcuc: and 0.66uM in 2%
HDLpgs. **, p-value <0.01 compared to PBS control (without HDL or isolation medium). P-values compared to
the corresponding isolation medium added in the same volume percentage: $ p<0.05; $$ p<0.01.
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Figure 2. HDL separation by two-step iodixanol density gradient centrifugation.

Cholesterol, ApoA-lI and ApoB concentrations in the fractions with decreasing density are shown (A). The
ApoA-I-containing fractions 1-16 were pooled for the second centrifugation step (B). Fractions 34-42 were
pooled and represent HDL,pguc,- In figure B, all apoB-measurements were below the detection limit (0.15g/L)
of the assay.

ished its ability to reduce the TNFa-induced VCAM-1 expression. Notably, a similar effect
was observed with HDL that had been stored without glucose for the same period of time
at 37°C.
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Figure 3. Dose-response effect of HDLIXDGUC2 on TNFa induced VCAM-1 expression.

VCAM-1 expression (mean + SEM) is shown primed by TNF-a (2ng/ml). The TNFa-induced VCAM-1 expression
in the presence of PBS was set at 100%. Results are the average of 3 independent experiments. HDL,pguc; Was
added in apoA-I concentrations of 0.71, 1.5, and 3.0 uM. As control, the iodixanol isolation solution was added
corresponding to the volume of the HDLpeuc,. Statistical significance compared to PBS control: ** p<0.01.
Statistical significance compared to corresponding isolation material control: $$ p<0.01.
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Figure 4. Comparison of the effect of HDLSeq, HDLIXDGUC2, and HDLPEG on TNF-a stimulated
VCAM-1 expression by HCAEC.

Results are the mean of 3 independent experiments with pooled HDL isolated from plasma of 3 healthy
volunteers. The concentration of HDL added was based on the ApoA-I concentration (0.71uM). A) VCAM-1
expression (mean = SEM) is shown in the absence or in the presence of TNF-a (10ng/ml) and PBS, iodixanol
(3.9 volume % isolation medium), and PEG (2 volume % isolation medium) as controls for HDLse,, HDLxpguc2
and HDLpgg, respectively. P-values compared to TNF-a stimulated PBS control: * p<0.05; ** p<0.0001. B) Inhi-
bition of TNF-a stimulated VCAM-1 expression (mean * SEM) in the presence of HDLseq, HDLpeuc2, and HDLpeg
relative to their respective controls; * p<0.05.

Discussion

Here we show that HDL isolated by iodixanol density gradient ultracentrifugation (DGUC)
showed similar anti-inflammatory function as HDL isolated with PEG-precipitation or
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Figure 5. Effect of glycation of HDLIXDGUC2 on its anti-inflammatory function.

VCAM-1 expression (mean + SEM) is shown primed by TNF-a (2ng/ml). The TNFa-induced VCAM-1 expression
in the presence of PBS was set at 100%. Results are the average of 3 independent experiments. HDL,pcucz
was added in a concentration of 3.0 UM apoA-I. Statistical significance compared to PBS control: ** p<0.01.
Statistical significance compared to corresponding isolation material control: $ p<0.05.

sequential salt density flotation, using TNFa induced VCAM-1 expression on HCAEC as a
readout. The inhibitory effect of HDL,pcuc; on the TNFa-induced VCAM-1 expression was
abolished by in vitro glycation or storage at 37°C for 7 days. Compared to sequential salt
density flotation, the two-step iodixanol DGUC is a relatively fast and mild method for iso-
lation of HDL free from both apoB-containing lipoproteins and unbound plasma proteins,
and suitable for testing HDL's anti-inflammatory function as we showed here.

Sequential salt density flotation is the conventional method for HDL isolation. The high
ionic strengths, prolonged centrifugation and dialysis time may lead to oxidative damage
and denaturation of HDL and HDL-bound proteins **?’. Advantages of the iodixanol DGUC
over the salt-based sequential flotation method are that iodixanol is non-toxic and non-
ionic, and isolation requires shorter centrifugation times (4 versus 50 hours, respectively)™.
It might therefore cause less changes in HDL composition *°. In addition, HDLpsuc, inhibited
TNFa-induced VCAM-1 expression at much lower apoA-I concentrations in our study than
routinely used in studies testing HDL isolated with other methods **°. Although increasing
concentrations of HDL,pguc; resulted in stronger VCAM-1 inhibition compared to the PBS
control, no dose-response effect was seen compared to the iodixanol control. Possible
explanations are the limited amount of measurements, an inhibiting effect of iodixanol
on TNFa induced VCAM-1 expression, or the relatively small range of HDL concentrations.
Currently, we are testing if the iodixanol DGUC method removes unbound plasma proteins
from the HDL during the second centrifugation step **'.

Previous studies have shown that in vitro treatment of HDL with excess glucose abol-

32,33

ishes its anti-inflammatory function , an effect that appeared to be preserved in HDL
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isolated by the two-step iodixanol DGUC. Since a similar loss of anti-inflammatory response
was also seen upon incubation at 37°C for 7 days without excess glucose, it is uncertain
whether this is due to the glucose incubation or to storage itself. We incubated HDL with a
supra-physiological glucose concentration. In the near future, we will investigate whether
physiological concentrations of glucose also result in loss of HDL anti-inflammatory func-
tion.

An even faster and less stringent method for HDL isolation is PEG-precipitation. This
method preserves pre-B-HDL, but fails to remove plasma proteins including albumin,
transferrin and haptoglobin ****. PEG has been reported to modify HDL composition, but
common readouts of HDL anti-oxidative function or cholesterol efflux were not affected .
Most of the PEG has been shown to remain behind in HDL isolated with PEG precipitation
22 Although high concentrations of PEG (1.2% v/v PEG in cell culture medium) decreased
VCAM-1 significantly by 25% (figure 1), PEG did not affect VCAM-1 expression at the lower
concentrations used in our further experiments (0.2% v/v PEG) (figure 4A). TNFa-induced
VCAM-1 expression was more strongly inhibited by HDLyg than by the other HDL prepara-
tions, which could be due to the HDL itself but might also be caused by the PEG and
plasma proteins remaining behind in the HDL preparation.

Strengths and limitations

We directly compared anti-inflammatory function of HDL that was isolated with three
different methods. HDL function research is a growing field and knowledge on how the
methodology affects the outcome is crucial for proper interpretation of the role of HDL
in disease. Certain limitations apply to our work. We used HDL isolated from plasma ob-
tained from a limited number of healthy volunteers. In addition, only one read-out for HDL
anti-inflammatory function was tested and therefore we cannot comment on the effects
of these isolation methods on other readouts or on tests for other HDL functions.

Conclusion

Our data show that the two-step iodixanol DGUC method it is a relatively fast method for
HDL isolation, resulting in HDL free from apoB-containing lipoproteins and presumably
also of unbound plasma proteins. In addition, less adverse effects on HDL composition
are expected than with sequential salt density flotation or PEG precipitation. Although
more research is necessary to confirm our findings and expand them to other read-outs of
HDL anti-inflammatory function, we believe iodixanol DGUC is a suitable method for HDL
isolation when testing HDL anti-inflammatory function.
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Abstract

Background: Inflammation is a pathophysiological factor in diabetes and its cardiovascular
complications. HDL suppresses inflammation in healthy individuals. The relationship of
HDL with diabetes and cardiovascular disease may be explained by HDL function rather
than by HDL cholesterol level. In diabetes, HDL seems to become dysfunctional.

Objective: We performed a systematic review to answer the following research questions:
Is the anti-inflammatory function of HDL diminished in individuals with diabetes and if so,
what causes this?

Methods: We systematically searched Medline and Embase and included original research
articles on the anti-inflammatory effects of HDL or HDL-based interventions in diabetes or
diabetes models. We assessed the risk of bias of all included studies.

Results: Fourteen studies were included. These showed great heterogeneity in method-
ology, study populations, and diabetes models. Overall, HDL from subjects with type 2
diabetes displayed a reduced ability to suppress inflammatory processes and inflamma-
tion markers. However, the mechanisms and the in vivo effects remain largely unknown.
No studies reported on HDL from individuals with other types of diabetes. In most studies,
the risk of bias was high or could not be assessed.

Conclusions: HDL isolated from individuals with type 2 diabetes showed a decreased
ability to suppress inflammation. However, the direction of causality and the underlying
mechanisms are unknown and should be investigated. For development of treatments
directed at restoring HDL anti-inflammatory function in diabetes, a standardized method
for assessing HDL anti-inflammatory function needs to be developed and in vivo biomark-
ers must be identified.
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Introduction

Diabetes is an increasing worldwide healthcare problem and a leading cause of kidney
failure, blindness and amputations *. Moreover, cardiovascular disease (CVD) is the most
common cause of death in diabetes % Diabetes and its vascular complications are largely

3,4

driven by inflammation ** which can be suppressed by HDL in healthy individuals®. HDL
has several functional effects. In diabetes, HDL shows a reduced capacity for protecting
the vascular system °. The molecular basis of this dysfunction, including the role of HDLs
anti-inflammatory capacity is unknown. Most of our knowledge on HDL function originates
from in vitro and ex vivo studies. Approaches and methods differ between research groups,
complicating the interpretation of data on HDL function. Therefore, clinical implications
remain unclear.

HDL is best-known for the inverse association of the HDL cholesterol content with CVD
7 and diabetes 2. However, recent studies suggest that these relationships are not causal,
since therapies aimed at increasing HDL-cholesterol have not been able to decrease CVD
risk °, nor did genetically decreased HDL-cholesterol increase the risk of CVD or diabetes
1011 ‘since the HDL particle consists of many constituents besides cholesterol *?, other, cur-
rently unknown factors may explain how HDL influences CVD risk. Of the many functions
of HDL, cholesterol retrieval from the vascular wall (cholesterol efflux) has been mostly
studied. HDL also inhibits oxidation and apoptosis, boosts endothelial nitric oxide produc-
tion **°, and inhibits activation of immune cells and migration through the endothelium
618 The latter characteristic is described as the anti-inflammatory function of HDL.

The anti-inflammatory function of HDL is most frequently measured as its effect on ad-
hesion of monocytes to, and migration through, the endothelial cell layer induced by oxi-
dized LDL, and as the expression of adhesion molecules on endothelial cells or monocytes.
These are all considered early steps in vascular inflammation *°. Potential determinants of
HDL's anti-inflammatory function are the particle size and composition. Plasma HDL is a
heterogeneous population of particles varying in size, number and lipid and protein com-
position *°. The size ranges from small dense HDL3 to large buoyant HDL2, and in diabetes
there appears to be a preponderance of HDL3 particles 2'. Moreover, lipid oxidation and
protein glycation with subsequent formation of advanced glycation end products (AGEs)
are well known pathogenic processes in diabetes as well %, which may affect HDL function.
Statins and fibrates, which are commonly used in T2D, have been reported to improve
HDL function ?*?, but whether they improve the anti-inflammatory function of HDL in
T2D is uncertain. Recent, experimental interventions aimed at improving HDL function are
performed with reconstituted HDL (rHDL) and apoA-1 mimetic peptides **.

We performed a systematic review describing the anti-inflammatory function of HDL in
diabetes. Our research questions are: Is the anti-inflammatory capacity of HDL diminished
in individuals with diabetes? If so, what are the underlying mechanisms? We restricted
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our review to the direct effects of HDL on inflammation and therefore do not describe
indirect effects through cholesterol efflux or oxidation or the relationship between HDL-
cholesterol of HDL and inflammation. We systematically searched Medline and Embase
databases and reviewed all original research articles investigating the effects of HDL or
HDL-based interventions on vascular inflammation or activation of circulating immune
cells in diabetes.

Materials and methods

Review protocol

The review protocol was drafted prior to the search process. The inclusion criteria were
the following: 1) original research article; 2) addressing the anti-inflammatory function
of HDL, defined as the effect of HDL or its main constituent, apolipoprotein Al (apoA-
1), on inflammation markers or immune cells; 3) studying diabetes, defined as diabetes
diagnosed by a physician, an established mouse model of diabetes, or an ex vivo diabetes
model; and 4) published in English or Dutch. Studies were excluded if less than 50% of the
study population had diabetes or if the full article could not be retrieved.

Literature search

We searched Medline (PubMed, 1966 — 2.2.2016) and Embase databases (OVID, 1974
— 2.2.2016) for eligible articles with the following search terms: diabetes; high density
lipoprotein; apolipoprotein Al; apolipoprotein A2; apolipoprotein A; anti-inflammat¥*;
inflammat*; pro-inflammat*; immunomodulat*; inflammatory index; propert*; function*®;
functional*; dysfunction®; quality. The search terms were broad to include all possibly
eligible publications. Appendix 1 shows the complete search strategies. We checked for
duplicate publications by juxtaposing author names and titles. Additionally, we hand-
searched the reference lists of all included articles and all review articles describing HDL
anti-inflammatory function in diabetes. The search was supervised by a senior librarian.

Study selection

Two independent researchers assessed eligibility by screening all titles and abstracts; in
case of disagreement, a third researcher was consulted and consensus was reached. Sub-
sequently, the full-text of the remaining articles was assessed by one researcher; when in
doubt, a second researcher was consulted and consensus was reached. When the full-text
of an article could not be retrieved from the internet, a copy was requested from the
authors.
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Data extraction and items

We developed a data extraction form that was pilot-tested on two included studies and
refined accordingly. Two researchers independently extracted data from the included
studies and discussed the findings. In case of disagreement, the findings were discussed
with a third researcher until consensus was reached.

Information was extracted on the following items which were deemed necessary to
evaluate study results: 1) study aim and design; 2) study population (source population,
in- and exclusion criteria, sample size, number of persons with diabetes); 3) outcome mea-
surement (method of measuring HDL anti-inflammatory function, HDL isolation method,
and cell type); 4) if applicable, type of intervention; 5) results, both regarding HDL anti-
inflammatory function and other outcome measurements; and 6) conclusions.

Risk of bias assessment

Two researchers independently assessed the risk of bias across several domains. This as-
sessment only applies to parts of the studies concerning HDL anti-inflammatory function
in diabetes. All intervention studies were reviewed with the Cochrane Collaboration’s
tool for assessing risk of bias ?°; random sequence generation, allocation concealment
and incomplete data were considered key domains. For observational studies, we used
a quality assessment form based on the Critical Appraisal Skills Programme checklists for
case-control and cohort studies *. The following items were evaluated for observational
studies: selection bias; bias in outcome measurement; classification bias; applicability
of results to individuals with diabetes; and appropriateness of the analyses. Selection of
cases and controls and analysis of results were considered key domains. The summary
assessment was based on the key domains. We did not exclude studies based on their risk
of bias.

Results

Study selection

Our systematic search resulted in 1179 unique articles. Out of the 122 articles selected
after screening the titles and abstracts, 6 fulfilled our inclusion criteria and 39 relevant re-
views were identified. Of 1 review no full-text could be retrieved; no papers were excluded
based on language. From the reference lists of these 45 articles, 7 additional original
research articles were identified and included. This resulted in 13 original research articles
describing 14 studies that were applicable to our research question. Figure 1 shows the
flow diagram.
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Figure 1. Flow diagram of literature selection.

Study description

Out of 14 included studies, 5 were randomized controlled trials in humans, 5 were ob-
servational, and 4 were placebo-controlled intervention studies in animals. Nine studies
tested HDL isolated from persons with type 2 diabetes (T2D) for its anti-inflammatory

effects ex vivo ?**. The other studies used mouse models ***

or in vitro glycated HDL,
apoA-1, or reconstituted HDL (rHDL) **%*°. The anti-inflammatory capacity of HDL was not
tested in relation to vascular disease, nor was its function in persons with type 1 diabetes
(T1D).

A variety of readouts were used to express the effects of HDL on inflammation. Most

frequently used were adhesion molecule expression by endothelial cells or monocytes

28,32,33,38 30,31,34,

and the HDL inflammatory index (HII) ; the latter assesses the effect of HDL
on trans-endothelial migration of monocytes induced by oxidized LDL. Across all studies,
three different endothelial cell types and three different kinds of monocytes were used
to assess the effect of HDL. The HDL isolation methods differed from density gradient
ultracentrifugation and fast protein liquid chromatography to apolipoprotein-B (apoB)-
depletion with polyethylene glycol. Because of this heterogeneity in methodology, we
deemed meta-analyzing the results not meaningful. A description per study is given in
table 1 and a summary of the risk of bias assessment in table 2. The risk of bias assessment
is specified in supplementary tables S1 and S2. In many studies, insufficient information
was supplied to determine the risk of bias regarding the anti-inflammatory function of HDL
in diabetes (unclear risk of bias).
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HDL anti-inflammatory function: diabetes versus healthy controls.

Three studies compared the anti-inflammatory properties of HDL between persons with
T2D and healthy controls. The largest study, a case-control study by Morgantini et al. *°,
showed an HIl above 1.0 for HDL from persons with T2D (pro-inflammatory HDL) and
an HIl below 1.0 for healthy subjects (anti-inflammatory HDL). Pro-inflammatory HDL in
persons with T2D was also described by Watson et al. (mean HI1>1.55) * and by Bloedon et
al. (mean HIl 1.18) ** in cohorts containing 76% and 70% of persons with diabetes, respec-
tively. Correspondingly, Liu et al. > showed that incubation of lipopolysaccharide (LPS)-
stimulated macrophages with HDL from persons with T2D resulted in a 50% higher TNF-a
concentration and an 83% higher IL-1B concentration than incubation with healthy HDL.
Also, HDL3 of persons with newly diagnosed diabetes was pro-inflammatory in the study
by Tong et al. ?®: compared to healthy HDL3, T2D-HDL3 increased monocyte adherence to
human umbilical vein endothelial cells (HUVEC) and increased expression of intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) by HUVEC

%8 The risk of bias in these studies was either unclear or high.

Determinants of the anti-inflammatory function of HDL in diabetes

Glycation
The influence of in vitro glycation on the anti-inflammatory function of HDL was inves-

29323839 of which one also investigated in vivo glycation *2. In vitro

tigated in 4 studies
glycated HDL or apoA-I was obtained by incubating isolated HDL or apoA-I from healthy
subjects with high concentrations of glucose, ribose, or methylglyoxal. Table 3 shows the
glycation protocol per study.

Liu et al.  found that in vitro glycation of HDL reduced its ability to suppress TNF-o and
IL-1B production by LPS-stimulated macrophages. In vitro glycated HDL no longer reduced
monocyte adhesion to human aortic endothelial cells induced by oxidized LDL, as shown by
Hedrick et al. *. The effect of glycating apoA-l was comparable to that of glycating HDL in
the studies by Hoang et al. ** and Liu et al. **: after in vitro glycation, apoA-I no longer dimin-
ished PMA-stimulated CD11b expression on monocytes *%, and delipidated HDL no longer
suppressed cytokine production by macrophages *°. In the study by Nobécourt et al. *,
rHDL containing glycated apoA-I did not decrease in vitro ICAM-1 and VCAM-1 expression,
while rHDL containing unmodified apoA-I did. In rabbits, carotid-artery inflammation de-
creased after infusion with unmodified apoA-l or rHDL, but less after infusion with glycated
apoA-l or rHDL and not at all after infusion with apoA-I obtained from persons with T2D *.

In these studies, HDL glycation was monitored by advanced glycation end products
(AGE) levels of the HDL. Three studies reported 1.5-10 fold higher AGE levels in T2D-HDL
than in healthy HDL ?****%, However, AGE levels of in vitro glycated HDL were even 5-150
fold higher than of T2D-HDL (Table 3).
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Table 1. Details of the included studies.

Source

Aim

Design

Inclusion criteria

Triolo 2014 %7

HDL function in T2D and
effect of lipid-lowering
therapy

randomized,
placebo-controlled
cross-over

T2D, nonsmoking, male, >18y old.

No insulin, lipid-lowering drugs,
thiazolidinediones or antihypertensives.
No CVD, hypertension, or disease

of thyroid or liver. No cholesterol
>9.0mmol/L, TG>4.5mmol/L., nor
albuminuria >20mg/L.

Tong 2013 * Al effect of HDLin T2D vs case-control Cases: T2D, 40-75y old, no T2D treatment
healthy controls before inclusion, no vascular disease, no
statins.
Controls: unknown
Liu 2012 % Al effect of HDL in T2D case-control and Cases: diabetes, no insulin, HbA1c>7.0%,

and after glycation

observational

no CVD.
Controls: normal glucose tolerance, no
family history of diabetes.

Morgantini 2011 *°

HDL function in T2D vs
healthy controls, and
effect of L-4F treatment
in vitro

case-control

Cases: T2D. No inflammatory disease,
recent CVD event, cancer, kidney or liver
disease, nor use of Al / antioxidant drugs.
Controls: healthy, age-and sex-matched.

Watson 2011 - IV study **

Safety and tolerability of
L-4F in CHD or equivalent

Randomized,
double-blind,
placebo-controlled
intervention

Stable CHD or equivalent, 18-75y old,
stable statin dose, HbAlc <9.0%.

Watson 2011 -SC study **

Safety and tolerability of
L-4F in CHD or equivalent

Randomized,
double-blind,
placebo-controlled
intervention

Stable CHD or equivalent, 18-75y old,
stable statin dose, HbAlc <9.0%.

Morgantini 2010 *®

Effect of D-4F on
atherosclerosis in mice
with diabetes

Case-control

study with
placebo-controlled
intervention in cases

apoE-/- mice
cases: streptozotocin-induced diabetes

Nobecourt 2010

Effect of glycation on Al
properties of apoA-|

1. in vivo:
randomized
placebo-controlled
intervention.

2. In vitro:
observational

In vivo: Chow-fed NZW male rabbits.
HDL isolate from T2D subjects with end-
stage renal disease or healthy humans.

Patel 2009 **

Effect of rHDL infusion on
HDL function in T2D

Randomized,
placebo-controlled,
double-blind, cross-
over intervention

T2D. No major illness incl. CHD, no PPAR
agonists, metformin, lipid-modifying
therapy, or anticoagulants
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Study Readout of HDL anti- HDL isolation Intervention Treatment Notes

subjects - #  inflammatory function duration
14 Ex vivo: thrombin-induced PEG-precipitation simvastatinand 4 x 8 weeks Experimental controls differed
(100% DM)  MCP1-mRNA expression  to deplete / or bezafibrate from patient HDL samples (did
by HUVEC plasma from (orally) not include isolation material
apoB (PEG))
No correction for amount of
HDL.
30 Ex vivo: ICAM-1 and DGUC; 1.13- n.a n.a. Only HDL3
(50% DM) VCAM-1 expression 1.21g/ml.
(HUVEC) and monocyte
adhesion (THP-1 cells)
12 Ex vivo and in vitro: DGUC; 1,063- n.a n.a. Crucial experiment only
(50% DM) LPS-stimulated IL1-B 1,21g/ml compares effect of HDL
and TNF-a production between cases and controls,
by macrophages (THP-1 does not compare effect of HDL
cells). with LPS alone.

Other experiments were not
done with patient material.

124 Ex vivo and in vitro: HII FPLC n.a n.a.
(75% DM) (HAEC)

72 Ex vivo: HII (HAEC) FPLC L-4F (IV) 7 days High intra-assay variability
(60% DM) (21%).
No power calculation.
No diabetes subgroup analysis.
Industry-sponsored.

108 Ex vivo: HIl (HAEC) FPLC L-4F (SC) 28 days High intra-assay variability
(76% DM) (21%).
No power calculation.
No diabetes subgroup analysis.
Industry-sponsored

20 mice (50% In vivo: Macrophage n.a. D-4F (orally) 8 weeks
DM) immunostaining in and

atherosclerotic plaque size

at aortic root

In vivo: 27 1. in vivo: neutrophil Sequential UC; lipid-free apoA-1 1 dose Patient apoA-I not used in in
rabbits. HDL infiltration, VCAM-1 + 1.063-1.21g/ml  or rHDL (IV) vitro experiments.

from6T2D  ICAM-1 expression in Glycation levels much higher in
patients carotid artery vitro than in vivo.

2. in vitro: TNF-a induced
VCAM-1 and ICAM-1
expression (HCAEC)

13 1. ex vivo: TNF-a sequential UC; rHDL (1V) 1 dose
(100% DM)  stimulated VCAM1 1.063-1.21g/ml

+I1CAM1 expression

(HCAEC)

2. invivo: CD11b
expression on patient
PBMCs
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Table 1. Details of the included studies. (continued)

Source

Aim

Design

Inclusion criteria

Bloedon 2008 **

1. D-4F safety, tolerability,
PK and PD in CHD or risk

equivalent.
2. D-4F effect on HDL
function.

Randomized,
placebo-controlled,
double-blind,
intervention

Stable CHD or risk equivalent, 21-75y
old, >4w statin use, HbAlc <10%. No
CHF, NYHA 11I/IV AP, or uncontrolled
hypertension. No niacin >500mg, fibrate,
increased CK, or albumin <2.5mg/dl.

Peterson 2008 *

L-4F effect on

inflammatory markers in

mice with diabetes

Placebo-controlled
intervention

Cases: ob/ob mice, 9w old, established
diabetes.
Controls: age- and sex-matched lean mice

van Linthout 2008 *

Effect of human apoA-I
gene transfer on diabetic

Case-control and
placebo-controlled

Streptozotocin-induced diabetes in
Sprague-Dawley rats, blood glucose

cardiomyopathy in rats intervention >300mg/dL
Hoang 2007 ** Effect of glycation on of 1. HDL function: Al effects: pooled plasma from healthy
HDL/apoA-I function observational donors.
2. Glycation status:  Glycation status: DM with nephropathy vs
case-control healthy volunteers.
Hedrick 2000 * Effect of glycation on HDL Observational Healthy human donors

function

Al: anti-inflammatory, AP: angina pectoris, apoB: apolipoprotein B, apoE: apolipoprotein E, CHF: congestive

heart failure, CVD: cardiovascular disease, DGUC: density gradient ultracentrifugation, DM: diabetes mellitus,

FPLC: fast protein liquid chromatography, HAEC: human aortic endothelial cells, HCAEC: human coronary
artery endothelial cells, HIl: HDL inflammatory index, ICAM-1: intercellular adhesion molecule 1, LPS:

lipopolysaccharide, MCP-1: monocyte chemoattractant protein-1, n.a.: not applicable, NYHA: New York Heart

Association, NZW: New-Zealand White, PBMC: peripheral blood mononuclear cell, PD: pharmacodynamics,

PEG: polyethylene glycol, PK: pharmacokinetics, PPAR: peroxisome proliferator-activated receptor, rHDL:
reconstituted HDL, T2D: type 2 diabetes, TG: triglycerides, UC: ultracentrifugation, VCAM-1: vascular cell

adhesion molecule 1.
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Study Readout of HDL anti- HDL isolation Intervention Treatment Notes
subjects - #  inflammatory function duration
50 Ex vivo and in vitro: HII FPLC D-4F (orally) 1 dose No diabetes subgroup analysis
(70% DM) (HAEC)
36 In vivo: plasma IL-6, IL-1B, n.a. L-4F (intra- 6 weeks
(55% DM) and adiponectin levels peritoneally)
18 In vivo: mRNA levels of n.a. human apoA-I 6 weeks
(67% DM) VCAM1, ICAM1 and TNF-a gene transfer

in cardiomyocytes
Glycation Ex vivo: CD11b expression Sequential UC n.a n.a Functional experiments not
status: 15 (THP-1 monocytes) (density range done with patient HDL.
(66.7% DM) not specified)
5 In vitro: LDL-stimulated DGUC (density  n.a n.a Functional experiments not
(no DM) monocyte adhesion range not done with patient HDL.

(HAEC, monocytes from  specified)
healthy subjects)
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Table 2a. Risk of bias summary for the included observational studies.

Nobecourt 2010 - in vitro arm *

Tong 2013 %
Morgantini 2011 *°

Liu 2012 %
van Linthout 2008 *’

Hoang 2007 *
Hedrick 2000 *

Selection cases

~
~
~
.
®
=]
@
S
@

Selection controls

+ 7 -+ ?
Outcome measurement - - - R R
Classification bias - 2 ? - - + -
Clinical applicability ? ? - + + o+ +
Analysis of results - - - - - - +
Overall risk of bias regarding our study question + o+ ? ? - + +

- = low risk of bias, + = high risk of bias, ? = insufficient information to evaluate risk of bias. l.v.: intravenous,
s.c.: subcutaneous, n.a. = not applicable. Key domains are underlined.

Table 2b. Risk of bias summary for the included intervention studies.

Triolo 2014 %7

Watson 2011 — i.v. study
Watson 2011 - s.c. study **
Morgantini 2010 **
Nobecourt 2010 *

Patel 2009 **

Bloedon 2008 **

Peterson 2008 *

van Linthout 2008 *

Random sequence generation

~
~
~
~
-~
~
+
+

Allocation concealment

)
~J
~J
BY)
~J
~J
+
+

Blinding of participants and personnel

Blinding of outcome measurement

Imcomplete outcome data

- - - ? - R - ?2?
Selective reporting ? - 20?2 2?2 0?2 2?2 2?2 2
Other sources of bias - - - - - + - -
Overall risk of bias regarding our study question ? F A 22 + o+

- = low risk of bias, + = high risk of bias, ? = insufficient information to evaluate risk of bias. I.v.: intravenous,
s.c.: subcutaneous, n.a. = not applicable. Key domains are underlined.
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Plasma levels of HbAlc reflect long-term in vivo glycation burden “°. Two studies re-
ported on the association between HDL anti-inflammatory function and HbAlc. HbAlc
levels correlated with monocyte chemotactic protein-1 (MCP-1) mRNA levels in thrombin-
stimulated macrophages %, but no correlation was found with the HIl *°. The risk of bias in

these studies was either unclear or high.

Other determinants of HDL anti-inflammatory function in diabetes
The concentration of HDL constituents was related to its anti-inflammatory function in one
study: the apoA-I and phospholipid concentrations in the HDL particle correlated nega-
tively with endothelial cell expression of VCAM-1 and ICAM-1 in the presence of HDL *.
Several systemic factors were considered as modulators of HDL anti-inflammatory func-
tion. Plasma levels of serum amyloid A, a marker of systemic inflammation, correlated with
the HII *°. Baseline BMI, waist circumference, total cholesterol, and apoB but not apoA-|
correlated with individual changes in thrombin-induced MCP-1 mRNA levels in HUVECs
after lipid-lowering treatment ?’. Risk of bias in these studies was unclear.

Interventions and anti-inflammatory function of HDL

Four studies investigated whether interventions with apoA-I mimetics, rHDL, statins, or
27,31,33,34

fibrates could improve the anti-inflammatory function of HDL in T2D , partly based

35-37

on results obtained with animal models of diabetes . The risk of bias was either unclear

or high in these studies.

I. ** studied the short-term effects of infusing persons with T2D with rHDL,

Patel et a
reconstituted from apoA-I and phospholipids. rHDL decreased plasma levels of soluble
VCAM-1 but not soluble ICAM-1 or C-reactive protein (CRP). It also significantly reduced
the expression of the adhesion molecule CD11b on circulating monocytes and adhesion of
neutrophils to a fibrinogen matrix. Moreover, 4 and 72 hours after rHDL infusion, isolated
HDL decreased TNF-a induced VCAM-1 expression in human coronary artery endothelial
cells more than after placebo infusion. This reduced VCAM-1 expression correlated with
an increase in plasma HDL after the rHDL infusion *. In rats with streptozotocin-induced
diabetes, raising apoA-I levels through gene transfer of human apoA-I decreased cardiac
expression of ICAM-1, VCAM-1 and TNF-a to levels similar to those in non-diabetic rats
. Simultaneously, apoA-I gene transfer decreased cardiac oxidative stress and apoptosis.

Two intervention studies used the apo-Al mimetic peptides D-4F or L-4F, which are based
on the a-helical amphipathic repeats in apoA-I that bind phospholipids **. In the study by

. **, D-4F treatment changed the HIl from a pro- to an anti-inflammatory

Bloedon et a
value 8 hours after a single oral dose, while placebo treatment did not. /In vitro treatment
of plasma from T2D individuals with D-4F also reduced the HIl. Watson et al. *! reported

that L-4F treatment of persons with CVD, of whom the majority had diabetes, did not
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improve the HIl nor did it suppress plasma levels of CRP. In vitro treatment of plasma from
T2D individuals with L-4F did reduce the HII ***,

In diabetic mice, D-4F treatment decreased the macrophage content of atherosclerotic
plaques as well as the lesion size **. L-4F treatment of diabetic mice decreased plasma
levels of IL-1B and IL-6 and increased adiponectin, coinciding with improved insulin sensi-
tivity and decreased oxidative stress *°.

Regarding lipid-lowering therapy, Triolo et al. ¥ found that treatment with simvas-
tatin, bezafibrate, or both failed to improve the anti-inflammatory function of HDL in
individuals with T2D, as measured ex vivo by thrombin-induced MCP1 mRNA expression
in HUVECs.

Discussion

The results from this systematic review indicate a diminished anti-inflammatory func-
tion of HDL in T2D subjects compared to healthy controls. The direction of causality and
the underlying mechanisms remain to be elucidated. Whether this dysfunction can be
extended to T1D or whether a relationship exists with vascular disease in diabetes has not
been investigated. Restoring the anti-inflammatory effects of HDL through rHDL infusion
or apoA-I mimetic peptides shows potential, but the evidence is limited and the effect on
clinical end-points in diabetes has not been studied.

Three studies concluded that the anti-inflammatory capacity of HDL in persons with
T2D was decreased compared to healthy subjects. A simplified overview of the current
evidence is given in figure 2. Considering that different outcome assessments were used,
and that no contradictory results have been published, this conclusion is robust. However,
the controls were slightly - although not statistically significant - younger than the cases in

two of the studies >

, possibly leading to an over-estimation of the difference. Moreover,
publication bias cannot be excluded. A decreased anti-inflammatory function of HDL
seems to be a common feature of diseases with a pro-inflammatory state, which has also
been reported for cardiovascular and chronic kidney disease °. Morgantini et al. excluded
subjects with kidney disease or other major diseases *°, showing that at least part of the
dysfunction is specific for T2D. It is unclear whether T2D causes dysfunctional HDL or vice
versa. HDL could become dysfunctional due to mechanisms such as inflammation or glyca-
tion in diabetes, or dysfunctional HDL could cause T2D through dysfunction of the B-cell.
Some evidence exists for the latter process **. However, to the best of our knowledge,

whether HDL influences the B-cell through an effect on inflammation is unknown.
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Figure 2. Schematic overview of HDLs loss of anti-inflammatory capacity in T2D.

In green: inflammatory processes that HDL normally inhibits, but does not or less so in T2D. A) expression of
the adhesion molecule CD11b expression on monocytes; B) adhesion of monocytes to endothelial cells; C) ex-
pression of the adhesion molecules VCAM-1 and ICAM-1 on endothelial cells; D) monocyte migration through
the endothelium; and E) cytokine release by macrophages. In orange: potential determinants of the loss of
HDL anti-inflammatory capacity in T2D, as described in this review. In blue: mechanisms through which HDL
may inhibit inflammation indirectly, but which are outside the scope of this review. Depicted are the effect
of HDL on 1) cholesterol removal from foam cells, making them less pro-inflammatory, and 2) LDL oxidation
in the subendothelial space, which is a pro-inflammatory trigger. All readouts reported in this review were
investigated in plasma, therefore the anti-inflammatory effects of HDL in the subendothelial space are not
exactly known. AGE: advanced glycation end products, apoA-I: apolipoprotein A-l, CE: cholesterol esters, HDL:
high density lipoprotein, ICAM: intercellular adhesion molecule-1, IL-1B: interleukin-1f, oxLDL: oxidated LDL,
P: protein, PL: phospholipids, SAA: serum amyloid A, TG: triacyl glycerols, TNF-a: tumor necrosis factor-a,
VCAM-1: vascular cell adhesion molecule-1.

To better understand why the anti-inflammatory capacity of HDL is decreased in diabetes,
its determinants need to be elucidated. Determinants that have been studied in diabetes
were non-enzymatic glycation, HDL composition, and systemic factors. HDL constitutes a
very heterogeneous population of particles. In healthy persons, small-dense HDL particles
(HDL3) are thought to express HDLs anti-atherogenic properties to a higher extent than
large HDL2 particles . However, large-scale clinical studies frequently suggest that large
HDL is anti-atherogenic and small HDL is pro-atherogenic **. Due to the strong associations
between the number of large HDL particles, HDL-cholesterol, the total number of HDL
particles and the total number of LDL particles, it is difficult to assign an anti-atherogenic
function to a specific HDL subpopulation **. Small and large HDL had a similar effect on
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oxidation of LDL, as a proxy of HDLs anti-inflammatory function, in healthy persons *.
Thus, which HDL particles are responsible for its anti-inflammatory capacity and how they
relate to the loss of function in T2D remains to be clarified.

Non-enzymatic glycation is a major pathophysiological process in diabetes complica-
tions *. There is evidence that in vitro glycation reduces HDL anti-inflammatory capacity
29323839 geyeral pathophysiological mechanisms may explain this finding. AGE formation
leads to changes in the conformation and surface charge of HDL apolipoproteins ** and
diminishes the activity of HDL-bound enzymes like lecithin-cholesterol acyltransferase **
and para-oxonase-1 (PON-1) *****’_ Furthermore, AGEs binding to the AGE-receptor gener-
ate pro-inflammatory signals “®. However, AGE levels in HDL after in vitro glycation were

29,32,38

5-150 fold higher than after in vivo glycation in T2D subjects , and no correlation
was seen between the HIl and HbA1c levels. Therefore, in vitro findings may not directly
translate to the in vivo situation. Whether in vivo glycation of HDL has a direct effect on
its anti-inflammatory effects in T2D cannot be concluded from the current literature. Of
note, in the study by Nobécourt et al. >, HDL was isolated from subjects with T2D who
also suffered from end-stage renal disease, which by itself renders HDL dysfunctional ***'.
Therefore, the contribution of glycation to the loss of HDLs anti-inflammatory function in
this study is unclear.

Patel et al. *

studied HDL composition as a determinant and found that apoA-I and
phospholipid concentration correlated positively with HDLs anti-inflammatory capac-
ity in T2D. Insights into the underlying molecular mechanisms are, however, limited. In
healthy subjects, HDL anti-inflammatory function correlated negatively with HDL content
of cholesteryl-esters, triglycerides, and sphingolipids, notably sphingomyelin and cerami-
des **2 In addition, sphingosine-1-phospate (S1P) has important signaling functions in
vascular and immune cell function, especially when bound to HDL ****. HDL-bound S1P
increased HDLs ability to protect endothelial cells in T2D ***° but was decreased by gly-
cation **®. Other potential determinants are the proteins bound to HDL. For example,
HDL-bound PON-1, an anti-oxidative protein, shows diminished activity in T2D *’, and the
total proteome is changed in CVD *%, Finally, the amount of oxidized phospholipids (oxPL)
bound to HDL correlated negatively to HDLs anti-oxidative function in T2D *°. Since all
these factors are associated with the anti-inflammatory function of HDL in healthy persons
or with other functions of HDL in T2D, changes in the lipidome, proteome or oxPL content
of HDL might also influence its anti-inflammatory function in diabetes.

Systemic inflammation * and body composition ” correlated with the anti-inflammatory
function of HDL in diabetes. Inflammation has been shown to change HDL from anti- to
pro-inflammatory in subjects undergoing cardiac surgery >°. Body fat in healthy young men
correlated negatively to HDLs anti-oxidative function %, which in turn is related to the anti-
inflammatory function ®*. The impact of these systemic factors on HDLs anti-inflammatory
function in diabetes need to be further elucidated.
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Insights into the mechanisms involved in HDLs anti-inflammatory dysfunction may lead to
new possibilities for intervention. The effects of intervention were investigated for rHDL,
apoA-l1 mimetics, and lipid-lowering medication. Remarkably, the basic question as to
whether loss of HDL anti-inflammatory capacity can be altered by glucose regulation in
diabetes has, to the best of our knowledge, not been reported. In men with metabolic
syndrome, however, weight loss through diet and exercise was shown to change HDL from
pro- to anti-inflammatory even though HDL-cholesterol levels decreased .

HDL-based interventions reduced inflammation in animal models of diabetes, and
improved the anti-inflammatory function of HDL from humans with T2D, although the
evidence in humans is less robust than in animal models of diabetes. rHDL infusions
increased the anti-inflammatory effects of HDL mainly through increasing the amount of
HDL in plasma *. In addition, it improved cholesterol efflux *, reduced fasting plasma
glucose and increased insulin levels . In a human cohort of whom less than 25% had dia-
betes, rHDL infusion improved atherosclerotic plaque composition and in vitro cholesterol
efflux ®®>. However, the therapy is expensive, rHDL has to be administered intravenously,
and the optimal composition for treatment of diabetes and its complications remains to
be defined .

Little evidence is available for the efficacy of apoA-I mimetic peptides in humans with
diabetes. The studies by Bloedon ** and Watson *' only showed an at most small beneficial
effect of apoA-I mimetic peptides in subjects of whom the majority had diabetes. After
these studies had been published, it became evident that the dosage of mimetic pep-
tide rather than the plasma levels determines its efficacy ©*°. Recent evidence in mice
shows that oral administration of transgenic tomatoes expressing the apoA-I mimetic
L-6F reduces systemic inflammation by reducing inflammatory oxPL in the intestine 7°. As
intestinal inflammation and gut microbiota may play a role in the development of diabetes
7 this supports the potential of apoA-I mimetics in individuals with diabetes.

Taken together, HDL-based therapies show potential in diabetes for decreasing inflam-
mation, but studies investigating hard clinical end-points and chronic effects are scarce.
Studies aiming at HDL metabolism thus far have not shown a reduction of clinical end-
points 2. Of note, these studies investigated apoA-I formulations or targeted HDL-choles-
terol, thereby disregarding other components of HDL. Since the biological effects of HDL
are broad, a more thorough understanding is needed for the development of HDL-based
interventions that could result in a reduction of clinical end-points 2.

Neither statin nor fibrate treatment improved the anti-inflammatory function of HDL in
diabetes, although it did improve cholesterol efflux %, This study included only men and
may have been underpowered for changes in anti-inflammatory function. In contrast,
simvastatin treatment did improve the HIl in persons with high CVD risk, especially in
the small subgroup of persons with diabetes ”. Statins down-regulate ATP-binding cas-
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sette transporter-1 expression, which not only regulates cholesterol efflux but also HDLs
anti-inflammatory function ®. More research is needed to investigate the effect of lipid-
lowering therapy on HDL function and the therapeutic consequences in diabetes.

This paper critically reviewed the evidence on the anti-inflammatory effects of HDL in
diabetes. The major strengths are the systematic approach and the quality assessment by
multiple independent researchers. A limitation is that study selection was difficult since
the anti-inflammatory function of HDL is inconsistently defined. Since no uniform assay
for measuring HDLs anti-inflammatory function exists, consensus on what the best assay
is remains to be sought. Moreover, it is unknown whether the in vivo anti-inflammatory
function of HDL is an independent trait, or secondary to for example its anti-oxidative
function. In this review, we have focused only on studies investigating the direct effects of
HDL on inflammation markers and processes.

Several limitations regarding the included studies need to be considered. First, most
studies were cross-sectional and therefore not suitable for assessing causality or reverse
causality of HDL dysfunction in diabetes. Second, there was huge heterogeneity in study
methodology and outcome measures, making meta-analyzing the results not meaningful.
Third, only a few studies have directly investigated patient-derived HDL. Where possible,
we have compared and discussed the in vitro and ex vivo outcomes. Finally, nearly all
included studies contained either insufficient information to determine the risk of bias, or
had a high risk of bias.

To summarize, this systematic review strongly supports the conclusion that the ability of
HDL to suppress inflammatory signals is diminished in T2D. However, the exact underlying
mechanisms, direction of causality, and consequences in vivo cannot be determined from
the current literature. Potential determinants modulating HDL function include in vivo
glycation of HDL, HDL size, HDL lipidome, and HDL proteome. ApoA-I mimetic peptides
and rHDL are potential treatment options for restoring HDL function in diabetes, but large
trials investigating clinically relevant outcomes in diabetes are lacking. Consensus about
the best method to measure HDL anti-inflammatory capacity needs to be reached. Subse-
quently, future research may reveal the in vivo implications of in vitro and ex vivo results,
and lead to identification of in vivo biomarkers for the effects of HDL on inflammation
in individuals with diabetes. Additional prospective studies are required for determining
causality. These results might clarify how HDL anti-inflammatory function is lost in diabe-
tes and establish its determinants and relation to vascular complications. This improved
knowledge on HDL biology could enable development of treatments directed at restoring
HDL function, which might eventually decrease the burden of disease.
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Appendix 1. Search strategy
PubMed

((((((diabet*[tiab] OR “Diabetes Mellitus”[Mesh]))) AND (((((((((“Lipoproteins, HDL”[Mesh]) OR HDL*[tiab])
OR high density lipoprotein[tiab]) OR apolipoprotein Al[tiab]) OR apolipoprotein A2[tiab]) OR “Apolipo-
proteins A”[Mesh]) OR apolipoprotein A[tiab])))) AND ((((((anti-inflammat*[tiab]) OR inflammat*[tiab]) OR
pro-inflammat*[tiab]) OR immunomodulat*[tiab]) OR Inflammatory index[tiab]))) AND ((propert*[tiab]) OR
((((((function[tiab]) OR functions[tiab]) OR functional*[tiab]) OR dysfunction*[tiab]) OR quality[tiab]))))

Embase
1 exp diabetes mellitus/
2 “diabet*”.ti,sh,ab.
3 lor2
4 exp high density lipoprotein/
5 exp apolipoprotein A/ or exp apolipoprotein A2/ or exp apolipoprotein A1/
6 “HDL*".ti,sh,ab.
7 high density lipoprotein.ti,sh,ab.
8 apolipoprotein A.ti,sh,ab.
9 apolipoprotein Al.ti,sh,ab.
10 apolipoprotein A2.ti,sh,ab.
11 4or5or6or7or8or9orl0
12 “anti-inflammat*”.ti,sh,ab.
13 “antiinflammat*”.ti,sh,ab.
14 “inflammat*”.ti,sh,ab.
15 “pro-inflammat*”.ti,sh,ab.
16 “proinflammat™*”.ti,sh,ab.
17 “immunomodulat*”.ti,sh,ab.
18 12or130r14or150ri16or17
19 “propert*”.ti,sh,ab.
20 “function*”.ti,sh,ab.
21 “dysfunction*”.ti,sh,ab.
22 quality.ti,sh,ab.
23 19 0or20o0r21or22
24 3and 11 and 18 and 23
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CHAPTER 7

SUMMARY







Summary

N-glycosylation
In part Il of this thesis, | studied patterns of protein N-glycosylation in type 2 diabetes. In
chapter 2, | presented the DiaGene study, a multi-centre, prospective, extensively pheno-
typed type 2 diabetes cohort study with concurrent inclusion of diabetes-free individuals
at baseline as controls in the city of Eindhoven, The Netherlands. Cases and controls were
as groups well-matched for age, which precludes that differences between cases and
controls are driven by age. | found considerable complication rates among the patients.
Even though the cardiovascular risk factors LDL-cholesterol and blood pressure were more
stringently treated at the outpatient clinics of the hospitals, the complication rates were
higher than in primary care. A selection of type 2 diabetes susceptibility variants was
tested in our study and had higher allele frequencies in cases than in controls as expected,
with the exception of the variant in the KCNJ11 gene. This multi-centre, prospective, type
2 diabetes cohort is well-suited for studying glycomics and other omics layers in the fu-
ture. Moreover, the prospective information on diabetes complications in this population
will enable investigating causal determinants of diabetes complications in future projects.
In this thesis, | examined whether and how N-glycan patterns in subjects with type 2 dia-
betes differed from those in healthy subjects. In chapter 3, | showed that several features
of the total plasma N-glycome were strongly associated with the presence of type 2 dia-
betes. In type 2 diabetes, changes in sialic acid linkage were found, with less triantennary
structures with a2,3-linked sialylation and more diantennary structures with a2,6-linked
sialylation. In addition, bisection of fucosylated and sialylated structures was higher in
cases than in controls. When studying protein-specific N-glycosylation of IgG in chapter 4,
| found less sialylation of bisecting fucosylated structures, more bisecting in fucosylated
structures, and less galactosylation in individuals with type 2 diabetes. Furthermore, with
IgG N-glycans it was possible to predict the presence of type 2 diabetes relatively well in
a cross-sectional exploration, capturing information of several combined clinical param-
eters. For both 1gG and total plasma N-glycans, glycosylation patterns in type 2 diabetes
showed pro-inflammatory characteristics that have been described in other inflammatory
diseases as well, but also previously unreported changes. Both the inflammatory and non-
inflammatory N-glycan patterns can be involved in the pathophysiology of type 2 diabetes
and its complications. Figure 1 summarizes the N-glycan features associated with type 2
diabetes in our study after correction for multiple clinical type 2 diabetes risk factors.
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Figure 1. N-glycan structures associated with type 2 diabetes.
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The anti-inflammatory function of HDL

In part Il of this thesis, | studied the effects of the HDL particle on inflammatory signals in
type 2 diabetes. In chapter 5, | showed that the method for isolating HDL, a crucial step in
ex vivo studies of its functionality, can affect in vitro signals of endothelial inflammation. |
found that HDL isolated with iodixanol density gradient ultracentrifugation (DGUC) is able
to inhibit TNF-a induced VCAM-1 expression on human coronary artery endothelial cells.
lodixanol DGUC is a good alternative for salt-based sequential DGUC for studying TNF-a
induced VCAM-1 expression as a readout of HDL anti-inflammatory function. Moreover,
this method is faster, less expensive, and less likely to alter HDL composition, which makes
it more feasible to study HDL anti-inflammatory function in larger populations. Of note,
since iodixanol itself might also decrease VCAM-1 expression, the isolation material with-
out HDL should always be used as an experimental control.

The anti-inflammatory effects of HDL are likely diminished or lost in type 2 diabetes,
as was shown in the systematic review in chapter 6. Figure 2 shows an overview of the
diminished anti-inflammatory effects of HDL in type 2 diabetes, as currently known from
literature, and potential mechanisms for this dysfunction. However, studies investigating
HDL anti-inflammatory function in type 2 diabetes are scarce, small, and not all of high
quality. The exact underlying mechanisms, directions of associations, and consequences
for the human in vivo situation are not convincingly present in the current literature.
Furthermore, whether the effects of HDL on inflammation are related to diabetes compli-
cations has not been studied extensively.
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Figure 2. Schematic overview of HDL’s loss of anti-inflammatory capacity in T2D.

In green: inflammatory processes that HDL normally inhibits, but does not or less so in T2D. A) expression of
the adhesion molecule CD11b expression on monocytes; B) adhesion of monocytes to endothelial cells; C) ex-
pression of the adhesion molecules VCAM-1 and ICAM-1 on endothelial cells; D) monocyte migration through
the endothelium; and E) cytokine release by macrophages. In orange: potential determinants of the loss of
HDL anti-inflammatory capacity in T2D, as described in this review. In blue: mechanisms through which HDL
may inhibit inflammation indirectly, but which are outside the scope of this review. Depicted are the effect
of HDL on 1) cholesterol removal from foam cells, making them less pro-inflammatory, and 2) LDL oxidation
in the subendothelial space, which is a pro-inflammatory trigger. All readouts reported in this review were
investigated in plasma, therefore the anti-inflammatory effects of HDL in the subendothelial space are not
exactly known. AGE: advanced glycation end products, apoA-I: apolipoprotein A-l, CE: cholesterol esters, HDL:
high density lipoprotein, ICAM: intercellular adhesion molecule-1, IL-1B: interleukin-1B, oxLDL: oxidated LDL,
P: protein, PL: phospholipids, SAA: serum amyloid A, TG: triacyl glycerols, TNF-a: tumor necrosis factor-a,
VCAM-1: vascular cell adhesion molecule-1.
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General discussion

Type 2 diabetes is a chronic disease with huge morbidity and excess mortality. Cur-
rently, approximately one million people suffer from this disease in the Netherlands *. The
pathophysiology of type 2 diabetes and its complications is still incompletely understood.
Furthermore, even with our best treatment efforts, we can only reduce the risk of vascu-
lar complications by approximately 50% **. In order to improve prediction, prevention,
and treatment we need to increase knowledge on the pathophysiology. In this thesis, |
explored two promising pathways linking metabolic and inflammatory disturbances in
type 2 diabetes. | investigated whether protein N-glycosylation and the anti-inflammatory
function of HDL are altered in type 2 diabetes and if so, how they might relate to type
2 diabetes pathophysiology. These pathophysiological insights could aid in finding new
therapeutic targets and contribute to personalized medicine. My findings are mostly
explorative in nature and offer a basis for further studies of these processes in type 2
diabetes and its complications. Here, | will discuss my main findings with their strengths
and limitations, hypothesize on how they might be related to the pathophysiology of type
2 diabetes, and propose directions for future research including hypotheses on how our
findings could be related to vascular complications and how they could aid in improving
personalized medicine.

N-glycosylation - General

N-glycans are sugar chains attached to proteins as posttranslational modifications.
Typically, 2-5 glycans are bound to a protein in the endoplasmic reticulum and extensively
modified in the Golgi system. Their synthesis is intricately regulated by hundreds of en-
zymes and influenced by genetic, epigenetic, and environmental factors, leading to a large
variability in glycans °. This large variability in glycans, their complexity, their stability in a
steady state within one individual but ability to quickly respond to changes in the body,
e.g. within 24 hours after surgery °, makes it possible for N-glycans to capture information
on pathophysiological processes. Figure 1 shows the most important structural features of
N-glycans as discussed in this thesis.

N-glycosylation - Pathophysiological insights

| found strong associations between N-glycans and type 2 diabetes for both the total
plasma N-glycome and the protein-specific N-glycosylation of IgG. This shows that not
only glycoprotein plasma levels but also the enzymatic regulation of N-glycosylation is
altered in type 2 diabetes. Strengths are that | investigated N-glycans with very detailed
and state-of-the art techniques, especially for studying sialylation, and that this study is
among the first studies of the N-glycome in type 2 diabetes. Moreover, our population is
currently the largest type 2 diabetes cohort in which the N-glycome has been measured.
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Figure 1. Glycan structures discussed in this thesis.

| studied N-glycans in prevalent type 2 diabetes and therefore cannot comment on
causality. Most likely, the relationship between N-glycans and type 2 diabetes reflects a
multitude of disturbances and their interactions. However, Keser et al. recently showed
N-glycan patterns in individuals at risk for type 2 diabetes that are similar to our findings in
type 2 diabetes, showing that already before onset of the disease some of these N-glycan
patterns are different from those in healthy people ’. A limitation is that unfortunately
parameters of systemic inflammation, such as C-reactive protein, were not available. In
addition, | studied N-glycans in individuals under treatment for their diabetes. If and how
diabetes treatment affects N-glycosylation is unknown. Our study lacked power to study
the effect of medication in cases alone, therefore we are currently extending our sample
size through collaborations. Notwithstanding these limitations, our findings are robust
and generate hypotheses for future studies. N-glycosylation had not been extensively
studied in diabetes before, but a few studies have suggested that factors that regulate or
are regulated by N-glycosylation modulate pathways relevant in the pathophysiology of
type 2 diabetes. These factors (presented in table 1) include glycosyltransferase activity,
glycan receptors, the unfolded protein response, and the complement system, and will be
discussed below.

198 CHAPTER 8



Table 1. Potential mechanisms linking N-glycans with type 2 diabetes as discussed in this thesis

N-glycan feature Potential pathways

Plasma N-glycan features in type 2 diabetes compared to healthy controls

Increased a2,6-linked sialic acid Activation of siglec-2 on the pancreatic B-cell
Activation of siglec-2 on the B-cell, thereby decreasing B-cell activation
Limiting adipogenesis and / or inflammation

Decreased a2,3- and increased a2,6-linked Modulation of siglec-3 and glucagon mRNA production in the a-cell
sialic acid
Increased N-glycan branching On glucagon receptor: decreased sensitivity for glucagon

Modulator between diet, obesity and disease

Altered N-glycosylation in general Modulatory role between endoplasmic reticulum stress and insulin
action
Decreased IgG galactosylation Activation of the complement system through the lectin pathway

(related to inflammation of adipose tissue and endothelium and to
insulin resistance)

Decreased IgG sialylation Regulation of the T-helper response

In my studies, the strongest associations between N-glycans and type 2 diabetes were
found for sialylation features, particularly the balance between a2,3- and a2,6-linked sialic
acid. Sialylation is also increased in individuals at risk for type 2 diabetes, as reported by
Keser et al. . Although this study did not differentiate the type of sialic acid linkage, |
would expect this to be due to increased a2,6-linked sialic acid, considering our own find-
ings. Alpha2,6-sialic acid is known to interact with sialic-acid-binding immunoglobulin like
lectin (siglec)-2 (CD22). Siglecs are sialic acid receptors previously thought to be present
on immune cells only 8, but siglec-2 (CD22) was recently discovered on the pancreatic
B-cell as well by Dharmadakari et al. °, as discussed in chapter 3. Its role on the B-cell is
not clear yet, but in immunity siglec-2 downregulates B-cell activation through binding to
the B-cell receptor on the same cell, thereby making it unavailable for activation, as well
as through binding Toll-like-receptors *°. A potential modulating role of the increased a2,6-
linked sialic acid which | found in type 2 diabetes in B-cell activation and inflammation
should be subject to future research.

In this same study, siglec-3, recognizing both a2,3- and a2,6-linked sialic acids **, was
found on pancreatic a-cells. Dharmadakari, et al., found increased siglec-3 expression
in pancreatic tissue of individuals with type 2 diabetes compared to pancreas tissue of
healthy controls, in addition to increased glucagon mRNA levels °. In future research,
it should be assessed how higher a2,6-linked but lower a2,3-linked sialic acid in type 2
diabetes than in healthy subjects relate to a-cell function and glucagon levels.

The genetic locus ST6GALI1 is associated with type 2 diabetes in South East Asians .
ST6GAL1 codes for the enzyme beta-galactoside a2,6-sialyltransferase-1 (ST6Gall), which
is responsible for attaching a2,6-linked sialic acid to glycoproteins. The intracellular ex-
pression of the enzyme ST6Gall is tissue specific, but ST6Gall is also present in the blood
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where it controls extracellular a2,6-sialylation. Circulating ST6Gall increases glycoprotein
a2,6-sialylation after glycoprotein secretion from the cell. Its plasma levels rise during
inflammation 3. It was recently reported that circulating ST6Gall controls the sialylation
of 1gG ™, although circulating ST6Gal1 levels were not associated with IgG sialylation in a
human aging study *. Our findings of increased a2,6-linked sialylation of the plasma N-
glycome are in line with increased ST6Gall activity, but how the decreased IgG sialylation
in type 2 diabetes relates to ST6Gall activity is unclear. Besides plasmatic ST6Gall activ-
ity, B-cell specific regulation of intracellular ST6Gall should be considered. As discussed
in chapter 3, an inflammation-limiting role of plasmatic ST6Gall has been proposed in
a human aging study ™. In addition, it down-regulates adipogenesis in visceral adipose
tissue of mice through a2,6-sialylation of integrin-B1, which inhibited preadipocyte dif-
ferentiation *°. In this mouse study, ST6Gall activity was glycoprotein specific and did not
affect sialylation of all glycoproteins in the adipose tissue *°. Altogether, these effects of
ST6Gall lead to the hypothesis that the increased a2,6-linked sialylation that we found
in type 2 diabetes could be protective through limiting adipogenesis, inflammation, or
both. However, to understand this better, glycoprotein specific effects of tissue-specific
as well as circulating ST6Gall activity should be assessed in future studies. The ST6GAL1
SNP rs16861329 was not associated with type 2 diabetes in Caucasians in the discovery
meta-analysis of the DIAGRAM consortium 7. We will need to study whether ST6GALI is
associated with type 2 diabetes in our study. If this is the case, a potential causal relation-
ship between a2,6-linked sialylation and type 2 diabetes can be studied with a Mendelian
randomization approach.

More N-glycan branching was present in individuals with or in those at risk for type
2 diabetes than in healthy subjects, both in my study and in the study by Keser et al.
7 N-glycan branching of the glucagon receptor and of glucose transporter 2 (GLUT-2)
can modulate glucose metabolism *?°. Johswitch et al. showed that knockout of N-
acetylglucosaminyltransferase (GnT)-V, the glycosyltransferase adding a 4th antenna to an
N-glycan, decreased N-glycan branching in mice, which reduced the sensitivity of the glu-
cagon receptor to glucagon. Glucagon normally increases glucose levels, and the reduced
glucagon receptor sensitivity through GnT-V knockout resulted in high glucagon levels but
also low insulin levels and hypoglycemia 2. A potential although speculative hypothesis
is that the increased N-glycan branching in type 2 diabetes is reflective of increased GnT-
V expression and related to increased branching of the glucagon receptor, resulting in
hyperglycemia through increased glucagon signaling. Ohtsubo, et al., observed that
decreased branching led to hyperglycemia in mice. They found that decreased expression
of the glycosyltransferase GnT-1Va, a glycosyltransferase that also increases glycan branch-
ing, reduced glycan branching of GLUT-2 on B-cells in both mice and humans, resulting in
GLUT-2 internalization. This increased GLUT-2 internalization impaired the glucose-sensing

abilities of the B-cell, which decreased insulin secretion and caused hyperglycemia **%.
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Intriguingly, in wild-type mice, a high-fat diet decreased GnT-IVa activity '°. However, in
humans, increased and not decreased N-glycan branching of plasma glycoproteins was
associated with type 2 diabetes both in our study (chapter 3) and in that of Keser, et al. ’.
Possibly, only specific glycoproteins with low plasma levels show decreased branching in
type 2 diabetes, or the altered GnT-IVa activity in the pancreas is tissue-specific and not
reflected in the total plasma N-glycome. In my study, the association between increased
N-glycan branching and type 2 diabetes lost most of its strength after adjustment for the
models that included BMI, indicating that this association might be modulated by obesity.
N-glycan branching might also act as a modulator between diet and disease, as was shown
by Ohtsubo, et al., in mice *°. Therefore, further studies are required on N-glycan branching
in type 2 diabetes to investigate the relationship with diet, obesity, and their interactions,
as well as tissue-specific alterations.

The unfolded protein response (UPR) also comprises a potential link between N-glycans
and type 2 diabetes. The UPR ensures proper functioning of the endoplasmic reticulum
(ER) after high-stress situations ** and is activated by erratic protein folding through erratic
N-glycosylation ?2. However, whether ER stress affects N-glycosylation is unclear. In type
2 diabetes, high free fatty acid levels, oxidation, inflammation, non-enzymatic glycation,
and insulin resistance all aggravate ER stress 2. With sustained ER stress, the UPR switches
from cell survival to apoptosis mode, insulin receptor signaling is disrupted, insulin sen-
sitivity decreased, and B-cell survival reduced **?. Sustained ER stress is also associated
with advanced atherosclerosis 2*?°. The N-glycosylation pattern in type 2 diabetes seems
to contain more subtle changes that are unlikely to be severe enough for direct activation
of the UPR through incorrect protein folding and sustained ER stress. More plausible is a
modulatory role for N-glycans between ER stress, insulin action, and atherosclerosis, or
between nutrient excess and disturbed glucose metabolism through sustained ER stress.
This is speculative but calls for further investigation.

In type 2 diabetes, | found lower IgG galactosylation and sialylation, which both make
IgG pro-inflammatory . It is tempting to speculate that the lower galactosylation of IgG
in type 2 diabetes compared to healthy subjects is pro-inflammatory through activation
of the complement system. Activation of the complement system is related to insulin
resistance, endothelial inflammation, and adipose tissue metabolism and inflammation
7 However, the complement system can be activated through different pathways and
the lectin pathway, which is activated by incompletely galactosylated IgG **?%, has actually
been suggested to have anti-atherosclerotic effects *’. Future studies should assess the
specific effects of incompletely galactosylated IgG on the complement system and its dif-
ferent activating pathways in type 2 diabetes.

The pro-inflammatory effects of decreased IgG sialylation are possibly mediated by
regulation of the T-helper type 2 response but the exact pathway is not entirely clear *°. As
discussed in chapter 4, 1gG N-glycan patterns in type 2 diabetes are not only different from
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patterns in healthy subjects, but also from those in subjects with other diseases including
chronic kidney disease and hypertension. For instance, in my study, decreased sialylation
in type 2 diabetes was mainly due to decreased sialylation of fucosylated bisecting struc-
tures, while in chronic kidney disease decreased sialylation was seen in fucosylated non-
bisecting structures *°. These differences in N-glycosylation patterns compared to subjects
with other diseases than type 2 diabetes are subtler than the differences compared to
healthy subjects, and their functional and clinical relevance remain to be elucidated.

The inflammatory potential of 1gG is also dependent on the IgG subclass *'. Recently,
differential N-glycosylation of 1gG1, 1gG2, and 1gG4 was studied in relation to parameters
of inflammatory and metabolic health *2. This study showed that decreased IgG sialylation
and galactosylation were associated with poor metabolic health. The associations were
stronger for IgG1 and IgG4 than for I1gG2 and it was suggested that IgG1 and IgG4 have
a more prominent role in inflammation than 1gG2 *. The role of IgG in the low-grade
inflammation in type 2 diabetes is largely unknown. Decreased total I1gG levels have been
reported in type 2 diabetes ** but also increased levels of IgG directed against gut bacteria
** . Information on N-glycosylation of the different IgG subclasses including 1gG3 in relation
to their different effector functions could contribute to our understanding of the role of
1gG and its N-glycosylation in type 2 diabetes.

To test these hypotheses on how altered N-glycosylation is related to type 2 diabetes
pathophysiology, multiple strategies can be combined. First of all, we need to understand
the direction of the associations between N-glycan patterns and type 2 diabetes. Whether
these associations are causal should be studied with prospective follow-up studies for
incident type 2 diabetes and with Mendelian randomization. Second, we need to know
how the plasma N-glycome patterns in type 2 diabetes are related to plasma levels of spe-
cific glycoproteins. This can be studied by investigating the plasma proteome in relation
to the plasma N-glycome. Third, coupling N-glycome and proteomics data to other omics
layers, including the metabolome, genome, and epigenome will increase insight in their
interactions and pathophysiological pathways. For studying these interactions, a systems
biology approach should be used, which analyzes biological processes as a whole instead
of as separate components **. Fourth, the functional effects of N-glycosylation patterns
of glycoproteins of interest should be investigated in type 2 diabetes, including those of
IgG. Eventually, the aim is to identify specific glycoproteins with altered N-glycosylation
affecting their function to increase insight in type 2 diabetes pathophysiology and identify
new therapeutic targets.

HDL anti-inflammatory function - General

For over 50 years, it has been known that a low HDL-cholesterol (HDL-c) concentration is
associated with increased cardiovascular risk **. However, the causality of this relationship
has been questioned in the last years, since genetically low HDL-c does not increase car-
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diovascular disease risk * and therapies increasing HDL-c do not decrease the incidence of
cardiovascular disease ***°. Low HDL-c is associated with inflammatory and metabolic dis-
turbances such as smoking, obesity, and type 2 diabetes “°. It has been proposed that low
HDL-cholesterol is a marker of other processes that increase cardiovascular risk ***°. HDL
function is a more likely characteristic of HDL through which it exerts protective effects **.
How good HDL functions in protecting the body against cardiovascular disease, is thought
to be based on its protein and lipid components ***. So far, over 100 different proteins

and over 200 lipid species have been identified as HDL constituents ***

and the proteome
composition is associated with cardiovascular disease **%. Since HDL is a small particle, it
cannot carry all these different lipids and proteins simultaneously, which means that what
we call HDL actually comprises an extremely heterogeneous group of particles **. This
compositional heterogeneity together with the continuous remodeling of circulating HDL
have contributed to the idea of a modulatory role of HDL in metabolism, inflammation,

and vascular disease.

HDL anti-inflammatory function - Pathophysiological insights

The role of HDL in modulating inflammation is of high interest since it directly relates
metabolic disturbances in type 2 diabetes to a pro-inflammatory state. However, HDL
represents a heterogeneous group of particles with a complex biology, which is currently
incompletely understood. | aimed to clarify the anti-inflammatory function of HDL in type
2 diabetes. However, before studying HDL anti-inflammatory function in a more transla-
tional or clinical setting, we first need to have a robust methodology of testing it, especially
when investigating the HDL structure-function relationship. The main strength of the work
in my thesis is that | have critically assessed the methodology of HDL anti-inflammatory
function experiments as well as the available literature on the anti-inflammatory function
of HDL in type 2 diabetes. | have thus created an overview of the current knowledge of
this topic and identified gaps in this field. Of note, since writing this systematic review, 2

49,50; none

more studies showed a loss of anti-inflammatory function in type 2 diabetes
were published that did not see a loss of anti-inflammatory function. The most important
limitation of my work on HDL anti-inflammatory function in type 2 diabetes is that of yet
| have not been able to study how these altered anti-inflammatory effects of HDL are
related to other HDL functions such as inhibiting LDL oxidation and removing cholesterol
from plaques. Although more indirectly, these HDL functions have also been related to
inflammation.

HDL function is thought to be modulated by its lipidome and proteome ****. The HDL

3152 and coronary artery disease *.

lipidome and proteome were altered in type 2 diabetes
Regarding the structure-function relationship, describing the effect of HDL components on
its function, the apoA-I and phospholipid content increased the ex vivo anti-inflammatory

function of HDL in type 2 diabetes >* while serum amyloid A (SAA) bound to HDL decreased
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the anti-inflammatory function *°. This structure-function relationship of HDL is of high
interest since reconstituted HDL (rHDL) is a therapeutic strategy under development for
cardiovascular disease. rHDL consists primarily of apoA-l and phospholipids, but can also
be enriched by specific proteins and especially lipids, which can greatly enhance its ef-
fect **. Knowing which HDL components are key to specific functional properties could
therefore have direct therapeutic consequences.

The effects of unhealthy diets and lack of exercise on HDL function could clarify HDL
dysfunction in type 2 diabetes. A healthy diet and physical activity are strategies that not
only improve glucose regulation but potentially also increase HDL-cholesterol and eventu-
ally decrease inflammation. Moreover, a number of studies have shown that these lifestyle
interventions can improve HDL anti-oxidative properties and increase cholesterol efflux,
possibly by changing HDL composition “>*>*%, Another aspect of interest is the enzymatic
glycosylation of the HDL proteome and lipidome. Krishnan et al. recently showed that
HDL glycoprotein levels as well as their specific O- and N-glycans in healthy individuals
differed from those of individuals with metabolic syndrome or type 2 diabetes undergo-
ing hemodialysis *°. For example, in HDL of subjects with metabolic syndrome compared
to healthy subjects, apoC-Ill without or with one sialic acid was increased while apoC-IlI
with two sialic acids was decreased, which has also been shown by Savinova, et al. *.
On the contrary, HDL of hemodialysis patients was in general enriched in apoC-Ill with
two sialic acids, although a specific disialylated glycan was lower in hemodialysis patients

*°_ Furthermore, isolated HDL with pro-inflammatory effects

than in healthy subjects
on monocytes had higher levels of apoClll, disialylated glycans on al-antitrypsin, and
of glycans without sialic acid on a2-HS-glycoprotein, while levels of apoClIl with 1 sialic
acid were lower than in HDL with anti-inflammatory effects. Thus, glycosylation patterns
on HDL glycoproteins were indicative of the inflammatory effects of HDL on monocytes
*°In the context of my findings on altered N-glycosylation in type 2 diabetes, it should
be investigated whether glycosylation of HDL apolipoproteins is associated with loss of
HDL anti-inflammatory function in type 2 diabetes. Measurement of the enzymatic glyco-
sylation of HDL glycoproteins could further increase our understanding of the effects of
HDL on inflammation. Moreover, their potential as biomarker for the anti-inflammatory
function of HDL should be assessed.

To improve the functional studies with HDL, consensus on the best methodology for ex
vivo experiments should become available. Currently, both HDL isolation and readouts of
anti-inflammatory function are laborious and have a large variability, therefore they are
not well-suited for analyses of large cohorts. As discussed in chapter 5, density gradient
ultracentrifugation with iodixanol could overcome the problem of laborious and detrimen-
tal isolation of HDL, which would make studying HDL anti-inflammatory function in large
cohorts more feasible. Of note, the suitability of iodixanol isolation for other readouts of
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the anti-inflammatory function of HDL and for other functions has not been studied and
should be clarified before using iodixanol DGUC in other experimental set-ups.

More studies investigating HDL isolated from patients with type 2 diabetes are neces-
sary, preferably in prospective settings or with a Mendelian randomization approach, using
HDL-bound proteins that are related to its functional effects. Furthermore, these studies
should aim to identify which components of HDL influence its effects on inflammation,
whether HDL composition is altered in type 2 diabetes, and how this altered composition
relates to loss of anti-inflammatory function. Ideally, HDL composition in relation to its
function should be investigated in a more dynamic setting as well, for instance by studying
potential alterations in HDL function in the postprandial state instead of in the fasting state

only.

Future research into complications of type 2 diabetes

N-glycosylation

The identified associations of N-glycans and type 2 diabetes might also be involved in
the pathophysiology of complications of type 2 diabetes. We have not been able to study
this yet but are currently including more subjects in our studies through collaborations
for this goal. Only a few reports are available about N-glycosylation and complications of
type 2 diabetes. In the study by Testa, et al., altered (desialylated) plasma glycan levels in
type 2 diabetes were more pronounced in individuals with diabetes complications than in
those without ®, although these differences were not statistically significant. Of course,
the sample size was relatively small, and these findings require further investigation pref-
erably with a method that also measures sialylation. N-glycosylation patterns have also
been related to diabetic retinopathy ® and to kidney function *°, although most subjects
in this latter study did not have diabetes. In addition to an influence on inflammation,
other mechanisms of interest in the link between N-glycans and diabetes complications
are sialylation of LDL and fibrinogen. Lowly sialylated LDL has been found to increase

LDL uptake in atherosclerotic plaques ***

and has been associated with coronary artery
disease ®. Sialylation of fibrinogen influences clot formation by affecting its solubility and
polymerization **%’. Regarding IgG glycosylation, a mechanism of interest in complications
of diabetes is activation of the complement system, which leads to increased deposition
of membrane attack compositions in target tissues and has been associated with micro-
and macrovascular complications of type 2 diabetes . Preferably, relationships between
N-glycan patterns and complications of type 2 diabetes should be tested in large, prospec-
tive studies. New insights in the pathophysiology of complications of diabetes are highly

needed to improve prediction and treatment .
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HDL anti-inflammatory function

Similarly, whether the effects of HDL on inflammation are related to vascular complications
of type 2 diabetes should be clarified. Recently, it was shown that the loss of anti-inflam-
matory function of HDL was related to coronary artery disease ** and diabetic nephropathy
*°. Up to date, HDL function has mostly been studied cross-sectional, and the relationship
of HDL anti-inflammatory function to incident cardiovascular disease or other diabetes
complications is unknown. However, one study found that cholesterol efflux, describing
the ability of HDL to take up cholesterol from peripheral tissues, was inversely correlated
with incident cardiovascular disease in a general population and was a better predictor of
cardiovascular disease than HDL-c °. In this thesis, | focused on the direct effects of HDL
on inflammatory parameters, but ultimately the different functions of HDL appear to be
interrelated, at least to some extent **. Comprehensive study methods are necessary to
determine the exact role of HDL in vascular inflammation and diabetes complications.

Future research into personalized medicine

N-glycosylation

Personalizing disease classification based on disease phenotypes and personalizing treat-
ment options in type 2 diabetes represent a challenge, since the disease encompasses
a large spectrum of metabolic disturbances and many pathways interact "*. Currently,
prediction models for type 2 diabetes and its complications, such as the UKPDS or the
Framingham score, are able to identify persons at high risk, but usually overestimate in-
dividual risk 7>7*. Although at the moment measuring N-glycans is complex and therefore
not likely to be implemented in present-day diabetes prediction, this could change with
future technical developments. The added value of N-glycans in personalized medicine lies
in their ability to capture interactions between genetics, epigenetics, and environmental
factors >’°. The high area under the curve of IgG N-glycans for predicting type 2 diabetes,
see chapter 4, provides circumstantial evidence for this capturing of the combination of
susceptibility and exposures and could improve personalized medicine in type 2 diabetes
7 The glycan signatures might identify which processes are disturbed in which patients,
paving the way for individualized decision making in treatment options, and a better iden-
tification of individuals at risk for type 2 diabetes or its complications.

N-glycans have been more extensively studied as biomarkers for cancer than for other
diseases. Fascinatingly, not only are there indications that specific plasma N-glycan patterns
are present in several cancers, but also that measuring N-glycosylation of known cancer
biomarkers improves their ability to differentiate cancer from benign disorders. Examples
of such glycoprotein biomarkers in cancer are a-fetoprotein for hepatocellular cancer and
prostate-specific antigen (PSA) for prostate cancer ’®. Biomarkers for risk prediction in
type 2 diabetes currently do not improve risk prediction for type 2 diabetes ”°, but similar
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to cancer biomarkers, it should be studied whether coupling N-glycan measurements to
plasma levels of these biomarkers improves their discriminative capacity.

First, to investigate the predictive potential of N-glycans, the relationship between
incident type 2 diabetes and total plasma and IgG N-glycans needs to be determined.
A parallel approach could be to investigate how the extremes in the N-glycan patterns
that | found in type 2 diabetes relate to disease phenotype, as these extreme phenotypes
could identify differential components within the disease ". Second, whether N-glycans
can improve current risk prediction models for complications of type 2 diabetes should
be studied. And third, N-glycan patterns need to be assessed in response to glucose- or
lipid-lowering treatment to explore tailoring of treatment decisions.

HDL anti-inflammatory function

HDL function is difficult to capture in one measurement and will not easily be integrated
in clinical diagnostics. The most promising surrogate for HDL function in personalized
medicine lies in compositional elements of HDL, thus HDL-bound proteins, lipids, and pos-
sibly also their glycans. As discussed above, HDL composition is related to its functional
effects “>*. A better understanding on how HDL composition is related to both HDL anti-
inflammatory function and clinical outcomes is necessary and needs to be studied in large,
prospective studies. Bio-active components of HDL that are related to its function and to
clinical outcomes offer a new chance for risk prediction.

Conclusion and perspectives

In this thesis, | examined N-glycosylation and the anti-inflammatory function of HDL in
type 2 diabetes. Although most findings in this thesis are explorative and cannot im-
mediately be translated to patient care, they do indicate that N-glycosylation and HDL
anti-inflammatory function are altered in type 2 diabetes. Both processes relate metabolic
disturbances in type 2 diabetes to a pro-inflammatory state, which most probably has
a major pathophysiological role in type 2 diabetes and its complications. Furthermore,
both N-glycans and HDL are complex and highly variable structures and are able to quickly
adapt to changes in the physiological environment. This complexity and diversity also
gives these structures more potential to actively contribute to the extremely complex
pathophysiology of type 2 diabetes and its complications. More knowledge on these
processes, especially when investigated in their totality with for instance systems biology
approaches, can increase our understanding of type 2 diabetes and might aid in early de-
tection of disease susceptibility and in identifying specific disease phenotypes. Moreover,
it can improve personalized medicine strategies and be translated or integrated into better
tailored therapeutic strategies. My findings on N-glycosylation and HDL anti-inflammatory
function are promising and warrant further investigation in this common and dire disease.
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Table 2. Overview of what this thesis has added to our knowledge.

What was known?

N-glycans

N-glycan patterns of plasma proteins and IgG are associated with type 2 diabetes risk factors, including BMI, lipids,
smoking, ageing, and inflammation

Monogalactosylated, core-fucosylated diantennary N-glycans are lower in individuals with type 2 diabetes than in
healthy controls

N-glycan sialylation, galactosylation and branching are increased in individuals at risk for type 2 diabetes

HDL

Multiple functions of HDL are decreased or lost in type 2 diabetes
HDL can diminish inflammation in healthy individuals, but does not seem to be able to do so in individuals with
type 2 diabetes

What does this thesis add?

N-glycans

Sialylation and bisection of plasma glycoproteins are higher in type 2 diabetes than in healthy individuals

In type 2 diabetes, a2,6-linked sialylation is higher and a2,3-linked sialylation lower than in healthy subjects

1gG sialylation and galactosylation are lower and bisection is higher in type 2 diabetes than in healthy individuals,
resulting in more pro-inflammatory 1gG

HDL
e lodixanol density gradient ultracentrifugation, a cheaper and quicker method than the conventional sequential
density gradient ultracentrifugation method, can be used to isolate HDL for testing HDL anti-inflammatory function
e  From analyzing all available literature, we can conclude that HDL anti-inflammatory function can be decreased in
type 2 diabetes, but larger and prospective studies of high quality are necessary to confirm this.
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N-glycosylatie

In deel 2 van dit proefschrift heb ik patronen van eiwit N-glycosylatie in type 2 diabe-
tes bestudeerd. In hoofdstuk 2 presenteer ik de DiaGene studie. In deze studie hadden
de mensen met type 2 diabetes en de gezonde controles een verglijkbare leeftijd, wat
voorkomt dat verschillen tussen de twee groepen niet toegeschreven kunnen worden
aan een verschil in leeftijd. Een aanzienlijk deel van de mensen met type 2 diabetes had
complicaties van hun ziekte. Ondanks een striktere behandeling van de cardiovasculaire
risicofactoren LDL-cholesterol en hoge bloeddruk hadden mensen die in de tweede lijn
door de specialist werden behandeld meer complicaties dan mensen die in de eerste lijn
door de huisarts werden behandeld. Afgezien van de variant in het KCNJ11 gen zag ik dat
genetische risicovarianten voor type 2 diabetes vaker voorkwamen in mensen met type 2
diabetes dan in de gezonde controles. Dit benadrukt dat dit multicenter type 2 diabetes
cohort goed geschikt is voor omics onderzoeken. Bovendien maakt de prospectieve data
voor diabetescomplicaties het mogelijk om causale determinanten van diabetescomplica-
ties te bestuderen in de toekomst.

In hoofdstuk 3 heb ik laten zien dat verschillende kenmerken van het totale plasma
N-glycoom sterk geassocieerd zijn met de aanwezigheid van type 2 diabetes. Met name
de verbinding van siaalzuur met de onderliggende glycaanstructuur was anders in type
2 diabetes, waarbij er minder structuren met a2,3-gelinkt en meer structuren met a2,6-
gelinkt siaalzuur werden gezien. Daarnaast was er meer bisectie van gefucosyleerde ge-
sialyleerde structuren in type 2 diabetes. Wat betreft eiwit-specifieke N-glycosylering van
I1gG, beschreven in hoofdstuk 4, was er minder sialylatie van bisecterende, gefucosyleerde
structuren, meer bisectie van gefucosyleerde structuren en minder galactosylatie in type
2 diabetes. Bovendien konden de N-glycanen van IgG de aanwezigheid van type 2 diabetes
in onze populatie relatief goed voorspellen, waarbij ze informatie van verschillende klini-
sche parameters leken te combineren. Voor zowel IgG en plasma N-glycanen reflecteerden
de glycosylatiepatronen in type 2 diabetes deels een pro-inflammatoire situatie, zoals
ook al beschreven in andere inflammatoire ziektes, en deels veranderingen die specifiek
zouden kunnen zijn voor diabetes. Natuurlijk kunnen zowel de inflammatoire als de niet-
inflammatoire veranderingen in glycosylatie betrokken zijn bij de pathofysiologie van type
2 diabetes en haar complicaties. Figuur 1 laat de N-glycanen zien die geassocieerd zijn met
type 2 diabetes in onze populatie.
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Figuur 1. N-glycanen die anders zijn in type 2 diabetes dan in gezonde personen.
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Paarse diamant, siaalzuur; gele cirkel, galactose; blauw vierkant, N-acetylglucosamine; groene cirkel, man-
nose; rode driehoek, fucose.

De anti-inflammatoire functie van HDL

In deel 3 van dit proefschrift heb ik de effecten van HDL op signalen van inflammatie
bestudeerd in type 2 diabetes. In hoofdstuk 5 laat ik zien dat de methode waarmee HDL
geisoleerd wordt, een cruciale stap in ex vivo studies van HDL functie, het effect van HDL
op signalen van endotheel-inflammatie kan beinvloeden. HDL geisoleerd met iodixanol
dichtheidsgradient ultracentrifugatie (DGUC) kan TNF-a geinduceerde VCAM-1 expressie
inhiberen op humane coronairarterie cellen. DGUC met iodixanol is een goed alternatief
voor DGUC met een zoutgradiént bij het bestuderen van de TNF-a geinduceerde VCAM-1
expressie als een maat voor de anti-inflammatoire functie van HDL. Bovendien is deze
methode sneller, minder duur, en beinvloedt zij de samenstelling van HDL minder, wat
het bestuderen van HDL in grotere populaties beter mogelijk maakt. Van belang is wel dat
iodixanol zonder HDL als experimentele controle wordt mee genomen aangezien iodixanol
mogelijk ook zelf VCAM-1 expressie enigszins kan verlagen.

De anti-inflammatoire effecten van HDL zijn waarschijnlijk verminderd of verloren in
type 2 diabetes, zoals ik laat zien in de systematische review in hoofdstuk 6. Figuur 2
laat een overzicht zien van de afgenomen anti-inflammatoire effecten van HDL in type 2
diabetes inclusief mogelijke mechanismen, voor zover op dit moment bekend in de litera-
tuur. Helaas zijn studies die de anti-inflammatoire effecten van HDL onderzoeken in type
2 diabetes schaars, klein, en niet allemaal van hoge kwaliteit. De precieze onderliggende
mechanismen, de richting van de associatie, en consequenties voor de in vivo situatie in
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mensen konden niet bepaald worden uit de bestaande literatuur. Bovendien is de relatie
van de anti-inflammatoire functie van HDL met diabetescomplicaties nauwelijks bestu-
deerd.

cb11b U

Monocyten
migratie

][ ] Endotheel

Macrofaag/
schuimcel

Cholesterol
efflux

Figuur 2. Schematisch overzicht van de verminderde anti-inflammatoire functie van HDL in type
2 diabetes.

Groen: inflammatoire processen die HDL normaal remt, maar niet of minder in type 2 diabetes. A) expressie

van het adhesiemolecuul CD11b op monocyten; B) adhesie van monocyten aan endotheelcellen; C) expressie
van de adhesie moleculen VCAM-1 en ICAM-1 op endotheelcellen; D) monocytenmigratie door het endo-
theel; en E) cytokine afgifte door macrofagen. Oranje: mogelijke determinanten van verminderde anti-in-
flammatoire capaciteit van HDL in type 2 diabetes. Blauw: mechanismen via welke HDL inflammatie mogelijk
indirect remt, maar die buiten de strekking van mijn onderzoek vallen. Afgebeeld zijn het effect van HDL op
1) cholesterolverwijdering uit schuimcellen, waardoor ze minder pro-inflammatoir worden, en 2) LDL oxidatie
in de subendotheliale ruimte, wat een pro-inflammatoire trigger is. Alle maten voor de anti-inflammatoire
functie van HDL zijn onderzocht in plasma, dus de precieze effecten van HDL in de subendotheliale ruimte zijn
niet bekend. AGE: advanced glycation end product, apoA-I: apolipoproteine A-l, CE: cholesterolesters, HDL:
high density lipoprotein, ICAM: intercellular adhesion molecule-1, IL-1B: interleukin-1B, oxLDL: geoxideerd
LDL, P: proteine, PL: fosfolipiden, SAA: serum amyloid A, TG: triacyl glycerols, TNF-a: tumor necrosis factor-a,
VCAM-1: vascular cell adhesion molecule-1.
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