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General introduction and outline of
the thesis



1. Endothelium: a key regulator in inflammation and Coagulation

The biological systems of coagulation and inflammation are intricately intertwined and
delicately balanced, with a great deal of crosstalk between each other. Whereby
inflammation not only leads to coagulation activation, but coagulation also considerably
affects inflammatory activity. When any one component is out of balance, the entire
balance is thrown off, resulting in a wide range of disorders with varying degrees of excess

inflammation and thrombosis.

The endothelium is the fundamental regulator in both systems. Quiescent endothelial cells
reveal an anti-coagulant surface phenotype by repressing tissue factor (TF) expression and
releasing anti-thrombogenic factors (e.g, TF pathway inhibitor). Endothelial cells become
activated and rapidly shift in response to inflammation in either acute illnesses such as
sepsis and COVID-19 or chronic inflammatory states such as diabetes and obesity,
disrupting the hemostatic balance which could lead to a procoagulant state [1]. TF plays a
critical role in procoagulant phenotype switching and endothelial dysfunction. In
experimental in vitro situations, a wide range of inflammatory cytokines, including tumor
necrosis factor (TNF)-q, IL-1, and IFN-I beta, together with C-reactive protein (CRP) and
lipopolysaccharides (LPS) have been shown to increase TF expression in endothelial cells
[2-5]. Such an increase in TF initiates the extrinsic coagulation pathway which allows
complex forming with circulating factor Vlla, enhancing the catalytic activity of the latter
and triggering coagulation by activating coagulation factor X [6, 7] and participating in the
prothrombinase complex (FVa: FXa). The prothrombinase complex (FVa: FXa) activates
prothrombin (PT) to thrombin. Once the generated thrombin concentration exceeds a
threshold beyond physiological conditions, it leads to a pro-inflammatory state and
triggers a wide spectrum of endothelial responses [8]. This includes the induction of
adhesion molecules that facilitate leukocyte binding and transmigration, such as E-
selectin, P-selectin, intracellular cell adhesion molecule-1 (ICAM-1), and vascular cell
adhesion molecule-1 (VCAM-1), as well as the disruption of the endothelial barrier

function, the release of proinflammatory cytokines and complement activation [9-13].



Additionally, previous studies showed that the TF-FVlla complex could stimulate
proteinase-activated receptor (PAR) signaling, which induces the release of inflammatory

cytokines and chemokines [14].

Endothelial cells of all blood vessels are covered with an endothelial glycocalyx, a tight
matrix of glycosaminoglycans, such as heparan sulfate (HS) and chondroitin sulfate (CS)
anchored in the cell membrane by a protein backbone, together as proteoglycans, and
intertwined with hyaluronan (HA), a glycosaminoglycan not covalently linked [15, 16]. The
endothelial glycocalyx together with associated proteins, such as lipase, growth factors,
and chemokines, forming a bioactive surface layer [17], and plays a critical role in
maintaining vascular integrity and homeostasis, regulating endothelial

mechanotransduction, vascular permeability, coagulation, and inflammation [18, 19].

Under physiological conditions, the endothelial glycocalyx composition inhibits blood
coagulation. For example, 3-0 sulfate modification of HS inhibits Factor Xa activity, and
further blocks thrombin generation [20]; besides, other components such as syndecan-1
and hyaluronic acid also interfere with clot formation (inhibits both intrinsic and extrinsic
pathway) and affect fibrin polymerization [21]. Tissue factor pathway inhibitor (TFPI) in
turn, binds to endothelial cells via HS and as such prevents initiation of coagulation by
blocking the actions of the FVIla-TF complex. HS binding and sequestering protein anti-
thrombin 111 (ATIII) to the cell surface is capable of inhibiting thrombin activity produced by
the coagulation cascade, whereas thrombomodulin (TM), also bound to HS binds
thrombin, inhibiting fibrin generation. Subsequently, thrombin-TM complexes activate
protein C, and activated protein C (APC) inactivates coagulation factors Va and Vllla,
thereby inhibiting further thrombin generation [22]. Intracellular Weibel-Palade bodies
(WPB) in endothelial cells store von Willebrand factor (vWF), a protein enhancing the
interaction with platelets. HS chains are reported to act as a relevant binding factor for
VWEF fibers at the endothelial cell surface [23]. In addition to its anti-coagulation function,
the endothelial glycocalyx is involved in inflammation. As HS compositional changes can

induce binding and signaling in inflammatory conditions, numerous studies have shown



that HS, via its protein-binding properties, regulates inflammatory responses [24-27]. For
example, CCL2 is a well-known proinflammatory chemokine, playing a critical role in
macrophage recruitment and polarization during inflammation [28]. HS, particularly 3-O-
sulfated HS domains, can interact with C-C Motif Chemokine Ligand 2 (CCL2), which
further regulates vascular integrity and homeostasis through the CCL2/CCR2 signaling
pathway [29, 30]. Also, N- and 6-O-sulfated HS domains were remarkably increased on
glomerular endothelium under inflammatory conditions, enhancing leukocyte adhesion in
vitro [31]. Finally, loss of HA could lead to impaired microvascular perfusion and
endothelial stability via disturbed angiopoietinl- TEK receptor tyrosine kinase (TIE2)

signaling, stabilizing VE-cadherin cell-cell interactions [32].

Impairment of the endothelial glycocalyx during various pathological conditions,
therefore, can result in the initiation of both the inflammation and coagulation system
which results in thromboinflammation. Thromboinflammation, the activating interplay of
thrombosis and inflammation not only drives cardiovascular disease but also induces
acute severe illness, such as sepsis, acute respiratory distress syndrome (ARDS), and
disseminated intravascular coagulation (DIC). In the current thesis, | specifically will
discuss the role of thromboinflammation in the participants of the Netherlands
Epidemiology of Obesity (NEO) study and high-risk patient populations during the COVID-
19 pandemic and South-Asian Surinamese participants with type 2 diabetes mellitus

(T2DM).

2. Thromboinflammation and gender

Accumulating evidence shows that sex-specific pathophysiological mechanisms play a
growing role in the development of cardiovascular disease (CVD). Thromboinflammation,

as one of the risk factors for CVD, also exhibits certain sex differences.



C-reaction protein (CRP), the most studied inflammatory marker, is primarily released
from the liver following cytokine stimulation [33]. CRP has been shown to predict
cardiovascular events in both men and women independently [34, 35]. However, various
groups have reported remarkable sex differences in CRP, in which the CRP concentration
in women is much higher than in men [36-42]. The well-documented sex differences in
body fat distribution and sex hormone concentrations might be key determinants in sex
dimorphism [43, 44]. For instance, CRP concentration was found to be higher in
premenopausal women than in men, owing to the increasing effect of estrogens [36].
Meanwhile, the use of oral contraceptive drugs and postmenopausal hormone
replacement therapy was also able to raise CRP levels [45, 46]. CRP is tightly correlated
with both subcutaneous and visceral adipose tissue. Postmenopausal and perimenopausal
women have more ectopic fat accumulation (i.e., visceral adipose tissue) than
premenopausal women, and women have more subcutaneous fat than men, which

contributes to higher CRP concentrations in women [47].

Women not only appear to have higher plasma levels of inflammatory factors, but they
also have higher fibrinogen plasma levels than men of the same age and ethnic group [48],
pushing the balance from fibrinolysis to clotting [49]. Plasma fibrinogen was reported to
be associated with morbidity and mortality in coronary heart disease (CHD) patients [50-
52] and to the extent of coronary atherosclerosis [53]. Besides, the levels of coagulation
factors Il, VII, X, IX, XI, and XIl are higher in women than in men [54]. These elevated
coagulation factors have been associated with an increased risk of CHD in multiple studies

[55, 56].

Sex differences in presence of inflammatory- and coagulation factors therefore might lead
to differences in microvascular health and contribute to a different clinical presentation
and outcome of CVD. In previous decades, men were thought to be more susceptible to
coronary heart disease (CHD) than women [57]. However, the risk of CHD in women is
frequently underestimated due to the under-recognition of CHD and distinct clinical

presentations, which eventually when discovered resulted in a poor prognosis [58].



Therefore, it is important to study the significance of microvascular dysfunction in the

pathophysiology of CHD and how this may differ by sex.

3. Thromboinflammation and diabetes

T2DM is characterized by insulin resistance and insufficient compensatory insulin

secretion, the mechanism of which varies by ethnicity.

Thromboinflammation is commonly observed in patients with diabetes [59]. A previous
epidemiological study in the general population demonstrated that increased levels of
fasting glucose, HbAlc, and postprandial glucose response were associated with higher
activity of FVIII, FIX, and FXI, and to some extent also with increased concentration of
fibrinogen, which provided some evidence between hyperglycemia and coagulation [60].
Another study revealed that platelets of patients with diabetes had an increased capacity
of mediating microvascular thrombosis and inflammation during ischemia-reperfusion

injury [61].

Several mechanisms might be involved in the diabetes-associated thromboinflammation
process. One mechanism is associated with platelet aggregation/activation, such as
platelet-derived chemokine C-X- C motif ligand 14 (CXCL14). CXCL14 is one of the potential
players in the development of thromboinflammation in diabetes expressing
proinflammatory properties through its involvement in thrombus formation, platelet
migration, and monocyte migration [62, 63]. Besides, platelets can interact with
inflammatory cells by regulating lipids in a paracrine manner [64]. A recent study showed
that the platelet atypical chemokine receptor 3 (ACKR3)/ CXC-chemokine receptor 7
(CXCR7) interaction is capable of favoring antiplatelet lipids over an atherothrombotic

lipidome and regulating thromboinflammation [65].



Another mechanism at play in diabetes involves the endothelial glycocalyx in platelet
adhesion to the endothelium of damaged vessels [66]. Our previous study showed that
loss of endothelial hyaluronan, a key component of the extracellular matrix, could lead to
disturbed glomerular endothelial stabilization [18]. Besides, the endothelial glycocalyx is
perturbed upon treatment with human diabetic serum [67]. The impaired endothelial
glycocalyx could lead to increased ICAM1 and decreased eNOS expression [68], which
might contribute to platelet activation [69, 70], thus forming a procoagulant cell surface

and further promoting thromboinflammation.

Increasing studies investigate the biological functions of high-density lipoproteins (HDL) in
pathophysiological conditions including cholesterol efflux mediation, capacity of anti-
oxidation, anti-inflammation, and anti-thrombosis [71, 72]. Given the causal relationship
between HDL function and diabetes [73-76], it may yet be another novel mechanism
causing thromboinflammation in subjects with diabetes. Numerous epidemiological
studies have shown that low levels of plasma HDL cholesterol (HDL-C) were associated
with an elevated risk of T2DM and cardiovascular disease [77-79]. Also, the function of
HDL was associated with incidence of cardiovascular disease and prognosis of heart failure
[80-82]. Interestingly, accumulation of symmetric dimethylarginine, a marker associated
with diabetes, could lead to HDL dysfunction, switching to an endothelial-damaging

phenotype, and then mediating glycocalyx breakdown [83].

4, Thromboinflammation and COVID-19

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection caused the
coronavirus disease 2019 (COVID-19), and its worldwide spreading led to a global
pandemic since late 2019 [84]. Although the majority of COVID-19 patients are
asymptomatic or only showed mild symptoms [85], it is worth noting that part of the

patients suffered from respiratory iliness in the early disease stage, and rapidly progressed



into respiratory failure [86, 87]. Additionally, there was an increased incidence of
thromboembolism events during hospitalization in the intensive care unit (ICU) [88]. ARDS
and coagulopathy are major contributors to the mortality of COVID-19 [89], while
endothelial dysfunction is reported to participate in both ARDS and coagulopathy [90, 91].
Severe pulmonary endothelial damage was observed in autopsy of COVID-19 non-
survivors [92], therefore, COVID-19 could be regarded as an endothelial disease.
Endothelial dysfunction with subsequent COVID-19-related thromboinflammation might

play a vital role in the pathogenesis of ARDS and coagulopathy.

Hyperinflammation is involved in the severe illness of COVID-19 resulting in a cytokine
storm regarding to increased levels of pro-inflammatory cytokines [85, 93-97]. Although
the observed cytokine storm in COVID-19 patients was lower than those with non-COVID-
19 severe cases with ARDS, sepsis, and influenza virus infection [98, 99], COVID-19
patients exhibited decreased innate antiviral defenses accompanied by exploded
inflammatory cytokine production [100]. NLR family pyrin domain containing 3 (NLRP3)
inflammasome was activated by SARS-CoV-2 in the lungs of patients who died from
COVID-19-associated ARDS. In vitro studies on primary human monocytes revealed that
SARS-CoV-2 infection activated the NLRP3 inflammasome [101, 102]. Furthermore, IL-1
and IL-18, products of NLRP3 inflammasome, are elevated in the COVID-19 patients with

critical illness and are associated with poor clinical outcomes [102].

In addition to the hyperinflammation, SARS-CoV-2 infection could also lead to a
prothrombotic state. Patients with severe COVID-19 were associated with endogenous
activation of coagulation and fibrinolysis; but different from sepsis-induced
hypercoagulant status, patients with COVID-19 showed a loss of coagulation-initiating
mechanisms [103]. Moreover, emerging evidence demonstrated that the complement
system had a role in the maladaptive immune response that promotes hyperinflammation
and thrombotic microangiopathy, increasing COVID-19 mortality [104]. SARS-CoV-2 was
found to trigger complement-mediated endothelial damage, cause deregulations of the

coagulation cascade, and further result in adverse clinical presentations [105-107]. Despite



the indirect effect of the complement activation, COVID-19-associated coagulopathy is
also suggested to be caused by endothelial dysfunction. Endothelial activation markers
such as von Willebrand factor (vVWF) and Angiopoietin 2 (ANG2) were elevated in patients
with SARS-CoV-2 infection and associated with disease severity [108, 109]. In COVID-19
patients, elevated circulating ANG2 levels have been linked to decreased respiratory
function, hypercoagulable status, acute kidney injury, and increased mortality [109-112].
ANG?2 also was shown to mediate the endothelial glycocalyx breakdown [113], and the
MYSTIC study revealed that glycocalyx health, as measured by perfused boundary region
(PBR), an inversed reflection of endothelial glycocalyx layer, was a prognostic predictor for

COVID-19 and disease severity [109].

Early studies of lipid metabolism in patients revealed a role for high-density lipoproteins
(HDL) protective factors in a variety of endothelial functions such as antioxidant, anti-
inflammatory, anti-thrombotic, and even anti-infectious properties [114, 115].
Thromboinflammation in COVID-19 might be also induced by HDL dysregulation. Recently,
it was observed that the metabolic lipid profile in COVID-19 patients in the ICU was
different when compared to healthy controls or patients with cardiogenic shock in ICU
[116]. It is worth noting that increasing evidence suggested that low serum HDL-
cholesterol (HDL-C) levels at hospital admission are associated with disease severity and
mortality in COVID-19 [117, 118]. However, other studies revealed that the HDL lipidome
and proteome rather than quantitative HDL-C concentration play a more representative
role in HDL function during disease [80, 119]. In addition to HDL-C concentrations in
COVID-19, several studies showed significant inflammatory remodeling of the HDL
proteome, associated with COVID-19 disease severity in both adult and pediatric COVID-
19 patients [119-121].



Outline of this thesis

In this thesis, we address the role of thromboinflammation in different high-risk
populations, such as women versus men in the general Dutch population, type 2 diabetes

mellitus, and COVID-19 patients.

Recent research reveals that microvascular dysfunction more commonly in women is a
growing determinant of sex difference in coronary heart disease. In Chapter 2, we
examined the sex differences in the relationship between microvascular health and
coagulation parameters in a middle-aged Dutch population and revealed a hitherto
unreported sex-specific association between microcirculatory health and procoagulant
status, which suggests considering microvascular health in the early development of

coronary heart disease in women.

HDL particles exhibit large heterogeneity in size, density, and composition. The
composition of HDL can partly affect various functions including mediating cholesterol
efflux, anti-oxidation, anti-inflammation, and anti-thrombotic processes, which is
becoming an important determinant in the development of microvascular complications
in T2DM. In Chapter 3, we used H nuclear magnetic resonance (NMR) spectroscopy and
Bruker IVDr Lipoprotein Subclass Analysis (B.I.LISA™) software to determine the changes
in plasma HDL (both particle size and lipid composition) in healthy individuals (Dutch white
Caucasian [DwC], Dutch South Asian [DSA]) and individuals with T2DM. We also
investigated the role of HDL in anti-thrombotic capacity, determined as the ability to

suppress TNF-a induced thrombin generation in endothelial cells in vitro.

Lipids play an essential role in both the intrinsic and extrinsic pathways of prothrombin
activation and dyslipidemia is one of the hallmarks of T2DM. Oxidized lipids could
contribute to thrombus initiation and growth in oxidative stress-induced cardiovascular
diseases. Following the previous study, in Chapter 4, we used the LC/MS-based Lipidyzer™

platform to measure the same participants mentioned above to study the biological



mechanisms underlying the link between dyslipidemia and T2DM in different ethnic

groups.

Evidence of pulmonary microvascular thrombosis and inflammation were found on
autopsy of COVID-19 non-survivors, leading to the increasing concern on
thromboinflammation in the disease pathogenesis. In Chapter 5, we explored how serum
factors affect vascular integrity in patients with severe COVID-19 (glycocalyx function,
barrier function, and anti-coagulation capacity). Serum from COVID-19 patients in the ICU
could induce endothelial dysfunction, characterized by endothelial glycocalyx degradation,
endothelial barrier failure, and hypercoagulable status, which could be targeted earlier in
the disease by supplementation of heparin sulfate mimetics. As HDL has both anti-
inflammatory and anti-thrombotic capacity regarding thromboinflammation, therefore, in
Chapter 6, we measured blood HDL subclasses and lipid content concentrations in
longitudinally collected serum samples from ICU and non-ICU, together with age-matched
healthy controls using *H NMR spectroscopy and the validated B.I.LISA™ software to
identify HDL composition concerning disease progression, and endothelial function, and
investigate whether specific HDL compositional changes could lead to different outcomes

in the course of the disease.

In Chapter 7, we summarize and discuss the observations in this thesis, as well as future

perspectives.
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Abstract

Background: Microvascular dysfunction is a growing determinant of sex difference in
coronary heart disease (CHD). The dysregulation of the coagulation system is involved in
CHD pathogenesis and can be induced by endothelial glycocalyx (EG) perturbation. However,
little is known about the link between EG function and coagulation parameters in

population-based studies on sex specificity.

Objectives: We sought to examine sex differences in the relationship between EG function

and coagulation parameters in a middle-aged Dutch population.

Methods: Using baseline measurements of 771 participants from the Netherlands
Epidemiology of Obesity (NEO) study (age: 56 [IQR: 51-61] years, 53% women, BMI: 27.9
[IQR: 25.1-30.9] kg/m?), associations between glycocalyx-related perfused boundary region
(PBR) derived from sidestream dark-field imaging and coagulation parameters (factor
VIII/IX/X], thrombin generation parameters, and fibrinogen) were investigated using linear
regression analyses, adjusting for possible confounders (including CRP, leptin, and GlycA),

followed by sex-stratified analyses.

Results: There was a sex difference in the associations between PBR and coagulation
parameters. Particularly in women, one SD PBR (both total and feed vessel, indicating
poorer glycocalyx status) was associated with higher FIX activity (1.8%, 95% Cl: 0.3-3.3, and
2.0%, 95% Cl: 0.5-3.4) and plasma fibrinogen levels (5.1 mg/dL, 95% Cl: 0.4-9.9, and 5.8
mg/dL, 95% Cl: 1.1-10.6). Furthermore, one SD PBRcapilary Was associated with higher FVIII
activity (3.5%, 95% Cl: 0.4-6.5) and plasma fibrinogen levels (5.3 mg/dL, 95% Cl: 0.6-10.0).

Conclusion: We revealed a sex-specific association between microcirculatory health and
procoagulant status, which suggests considering microvascular health in the early

development of CHD in women.

Keywords: coagulation factors, thrombin generation, fibrinogen, endothelial glycocalyx

(EG), perfused boundary region (PBR)



Essentials

. Little is known about the link between microvascular health and coagulation

parameters in population-based studies on sex specificity.

. We studied sex differences in relation between endothelial glycocalyx function and

coagulation parameters in a middle-aged Dutch population.

. Particularly in women, associations between endothelial glycocalyx health and

coagulation parameters were observed.

. Microcirculatory changes together with coagulation factors provide possible cues to

prevent development of CHD in women.



Introduction

In previous decades, men were thought to be more susceptible to coronary heart disease
(CHD) than women [1]. However, the risk of CHD in women is frequently underestimated
due to the under-recognition of CHD and distinct clinical presentations, which resulted in a
poor prognosis [2]. Nowadays, the systemic non-obstructive microvascular dysfunction,
causing problems in small blood vessels feeding the muscular tissue, which can result in
CHD, is believed to be more common in women than men. Therefore, this type of
dysfunction is becoming a growing determinant of sex difference in CHD patients with

normal or near normal coronary angiographic assessment [3, 4].

Previously, we examined endothelial surface perturbation using the non-invasive
sidestream dark-field (SDF) imaging technique in a subpopulation of the Netherlands
Epidemiology of Obesity (NEO) study [5-7]. While SDF imaging provides high contrast
images of the sublingual microvasculature allowing to determine lateral red blood cell (RBC)
movement within the vessels of interest, with the newly developed software automatic
analysis of RBC velocity allows to include flow changes between feed vessels (10-25um) and
capillaries (< 10um) to be coupled to the perfused boundary region (PBR), vessel density,
and capillary blood volume [8, 9]. Already in various studies, it was previously shown that
the detected changes in PBR, inversely related to the endothelial glycocalyx thickness,
correlated with glycocalyx degradation products including circulating Syndecan-1, heparan
sulfate (HS), hyaluronan, and soluble thrombomodulin and endothelial activation markers
such as E-selection, soluble angiopoietin-2, and soluble Tie-2 [10-13]. It was also found to
be negatively correlated with coronary flow reserve (CFR), an assessment to evaluate
coronary microvascular dysfunction (CMD). Besides, according to miCRovascular
rarefaction in vascUlar Cognitive Impairment and heArt faiLure (CRUCIAL) study protocol
[14], SDF imaging technique will be used to quantify microvascular health of cerebral and
cardiac microvasculature, suggesting that this technique is a valid surrogate for cardiac

microvasculature health examination [15].



The endothelial glycocalyx (EG) is a negatively charged gel-like surface matrix of
proteoglycans and covalently bound glycosaminoglycans, glycoproteins, and glycolipids [16],
and exerts an anti-inflammatory and antithrombotic role by covering various glycoprotein
adhesion receptors for leukocytes [17], and platelets [18], or aiding in the sequestration of
anti-adhesion factors [19]. EG perturbation acts as a representative of impaired
microvascular function [6, 9, 20, 21]. In particular, several EG-bound proteins including
specific sulfation patterns of HS proteoglycans or HS binding proteins such as anti-thrombin
Il (ATIII) and tissue factor pathway inhibitor (TFPI) could prevent the coagulation cascade
in vitro and in vivo [22-24]. In disease cases such as nephrotic syndrome, sepsis, brain injury,
and severe COVID-19, derangement of EG induced by microvascular dysfunction could

accelerate hypercoagulation [8, 25-28].

Specifically, women were found to have already higher fibrinogen plasma levels than men
of the same age and ethnic group [29]. Increased fibrinogen levels could push the balance
from fibrinolysis to clotting [30] and have been reported as a potential risk factor for CHD
[31-34]. Furthermore, other coagulation factors were also associated with increased risk of
CHD [33, 35]. However, little is known about the link between EG function and coagulation
parameters in population-based studies as well as whether a sex-specific determinant is
present. Based on in vitro and in vivo evidence, we hypothesized that poorer endothelial
glycocalyx function could lead to a procoagulant state in a population-based study, which
might demonstrate sex specificity and be involved in the risk of CHD. The aim of our study
was therefore to investigate the association between microvascular health, assessed by the
new SDF imaging parameters, and levels of procoagulant factor activities (Factor VIII [FVIII],
FIX, and FXIl), fibrinogen concentration, and thrombin generation parameters in the general
Dutch population and to further perform analyses stratified by sex, revealing sex differences

in vascular vulnerability and its potential roles in the risk of CHD.



Materials and methods
Study population and study design

This study was performed in a population-based prospective cohort, the Netherlands
Epidemiology of Obesity (NEO) study [7]. All 6,671 participants gave written informed
consent, and the Medical Ethical Committee of the Leiden University Medical Center (LUMC)
approved the study design. Initiated in 2008, the NEO study was designed to study pathways
that lead to obesity-related diseases. Detailed information about the study design and data
collection have been described elsewhere [7]. Briefly, men and women aged between 45
and 65 years with a self-reported body mass index (BMI) of 27 kg/m? or higher living in the
greater area of Leiden (in the west of the Netherlands) were eligible to participate in the
NEO study. In addition, all inhabitants aged between 45 and 65 years from one municipality
(Leiderdorp) were invited irrespective of their BMI, representing the BMI distribution of the
Dutch general population. Prior to their visits, participants completed questionnaires at
home with demographic, lifestyle, and clinical information. At the baseline visit, fasting
blood samples were drawn from the antecubital vein after the NEO participants had rested
for 5 minutes. The present study is a cross-sectional analysis using a subpopulation of 918
NEO participants in whom SDF imaging was performed between January and October 2012,
as part of the baseline visit at the Leiden University Medical Center NEO study center.
Individuals were excluded from the analyses (Figure 1), when: 1) with missing SDF imaging
parameters (n = 110); 2) with missing values of confounding factors (n = 8); 3) with current
use of anticoagulant therapy (using vitamin K antagonists or heparin) (n = 7); 4) with missing
values of coagulation parameters (n = 18); 5) with outliers values (z score > 5) in outcomes
(i.e., coagulation factors and thrombin generation parameters) (n = 4), and 771 participants

were included for all analyses using coagulation parameters as outcomes.



Total NEO participants
(n=6671)

With SDF imaging
measurements Exclusion:
(n=918) Missing SDF imaging parameters (n = 110)
Missing confounding factors (n = 8)

Current use of anti-coagulant therapy (n = 7)
Participants of present Missing values of coagulation parameters (n = 18)
study Outliers (|z score| > 5) (n = 4)

(n=771)

Figure 1. Study Flow chart.

SDF microcirculation imaging

Intravital microscopy was performed earlier on individuals in a supine position using an SDF
camera (MicroVision Medical Inc.,, Wallingford, Pennsylvania) and acquired using
Glycocheck software (Microvascular Health Solutions Inc., Salt Lake City, Utah) as described
elsewhere [6, 9]. The software automatically identifies all available measurable
microvessels distributed at a 1um interval between 4-25um and RBC velocity was included
as a new parameter using the new software. After reanalyzing, the following validated
parameters [8] were included in this study, divided into two categories: glycocalyx-related
parameters, i.e., total PBR (PBRrotal, 4-25um), PBR feed vessel (PBRfeed vessel, 10-19um), and
PBR capillary (PBRcapillary, 4-9um); microcirculatory-perfusion-related parameters, i.e., feed
vessel RBC velocity (RBCVfeed vessel), capillary RBC velocity (RBCVcapillary), total valid vessel
density (with measurable RBC velocity; Drotal), perfused feed vessel density (Dfeed vessel),

perfused capillary density (Dcapilary), and capillary blood volume (CBVstatic). Detailed



information about the new software used in the NEO study is described previously [8].
PBRrotal, PBRfeed vessel, and PBRcapilary Were expressed in um. Levels of RBCVfeed vessel and
RBCVcapillary were expressed in um/s. Levels of Drotal, Dfeed vessel, and Dcapillary were expressed in

um /mm2. CBVstatic was expressed in pL/mm?2,

Coagulation factor activity

Blood samples for measurements of coagulation factors activity were collected and
processed within 4 hours and drawn into tubes containing 0.106M trisodium citrate
(Sarstedt, Etten Leur, the Netherlands) without the measurement of residual platelets, as
discussed earlier [7]. Fasting fibrinogen levels were measured according to the method of
Clauss, as described earlier [36]. Fasting FVIII, FIX, and FXI activity were measured with a
coagulometric clot detection method on an ACL TOP 700 analyzer (Werfen, Barcelona,
Spain), and the Werfen plasma was used as reference plasma to calibrate factor
measurements (Werfen). Levels of FVIII, FIX, and FXI activity were expressed in percentages

(%). Levels of fibrinogen were expressed in mg/dL.

Thrombin generation

All blood samples were collected and processed within 4hrs. Tubes were centrifuged for 10
minutes at 2500g at 18°C and aliquoted plasma was stored at -80°C until further use, only
after first time thawing for 3 min 37°C (waterbath), as discussed earlier [7]. Thrombin
generation was measured according to the protocols earlier described by Hemker et al. [37]:
calibrated automated thrombogram (CAT; Thrombinoscope BV, Maastricht, the
Netherlands). Briefly, 20 uL of PPP-Reagent LOW (86194,TS31.00, STAGO, France) and
thrombin calibrator (86192, TS30.00, STAGO, France) were dispensed into the wells of a

round-bottom 96-well plate (#3655, Thermo Scientific, Uden, the Netherlands).



Thermostable inhibitor of contact activation (TICA, PS-0177-oxoxox, Maastricht, the
Netherlands) was added to plasma samples from participants in the NEO study and normal
pooled plasma (NPP, as an internal control for each plate). Then 80 pL of mixed plasma was
added to the plate and the plate was placed in the Fluorometer for a 10-minute, 37°C
incubation. Thrombin formation was initiated by adding 20 pL of the fluorogenic substrate
with calcium (FluCa-kit, 86197, TS 50.00, STAGO, France). The final reaction volume was
120 pL. Thrombin formation was determined every 10 seconds for 50 minutes and
corrected for the calibrator using Thrombinoscope software. Thrombin generation
parameters included lag time, time to Peak (ttPeak), peak thrombin generation (Peak),
endogenous thrombin potential (ETP), and thrombin generation velocity (Vellndex). Levels
of lag time and ttPeak were expressed in minutes (min); levels of Peak height were
expressed in nM; levels of ETP were expressed in nM x min; levels of Vellndex were

expressed in nM/min.

Serum inflammatory markers

Serum concentrations of C-reactive protein (CRP) were determined using a high sensitivity
CRP assay (hs-CRP, TINA-Quant CRP HS system, Roche, Germany and Modular P800, Roche,
Germany) [36]. Serum leptin concentration was measured using a human leptin competitive
RadiolmmunoAssay (RIA) (HL-81HK, Merck Millipore, Darmstadt, Germany). The leptin
concentration was counted using a gamma counter, as described elsewhere [38].
Glycoprotein acetyls (GlycA) concentrations were measured in plasma that had undergone
one previous freeze-thaw cycle, using a high-throughput proton nuclear magnetic

resonance (NMR) spectroscopy (Nightingale Health Ltd., Helsinki, Finland) [39].



Statistical analyses

Descriptive baseline characteristics of the study population were expressed as median with
interquartile range (IQR) for non-normally distributed variables, mean with standard
deviation (SD) for normally distributed variables, or percentages (%) for dichotomous

variables.

First, the distributions of confounding factors and SDF imaging parameters were evaluated,
and z-transformation (i.e., with mean=0 and SD=1) was performed on age, BMI, and SDF
imaging parameters. After checking the distributions of outcome variables, thrombin
generation velocity (Vellndex) showed a right-skewed distribution and, logz transformation
was performed on Vellndex. Afterwards, linear regression analysis was used to investigate
the associations between SDF imaging parameters (exposures) and pro-coagulation factors
(i.e., FVIII, FIX, and FXI), fibrinogen, and thrombin generation parameters (outcomes). The
analyses were adjusted for several potential confounding factors. First, crude analyses were
performed (model 1). Second, we adjusted the models for the confounding factors age (unit:
years, continuous variable) and sex (categories: women and men, dichotomous variable)
(model 2). Third, models were adjusted for other confounding factors: BMI (unit: kg/m?,
continuous variable), current smoking status (categories: current users and non-current
users, dichotomous variable), menopausal status (categories: premenopausal and
postmenopausal, dichotomous variable), current use of the oral contraceptive pill
(categories: current users and non-current users, dichotomous variable), and current use of
hormone replacement therapy (categories: current users and non-current users,
dichotomous variable) (model 3). Fourth, we adjusted for serum C-reactive protein (CRP)
(unit: mg/L, continuous variable), serum leptin concentration (unit: pg/L, continuous
variable) and glycoprotein acetyls (GlycA, unit: mmol/L, continuous variable) in a separate
model as these systemic inflammation markers might be potential confounders of the
association between microvascular health and coagulation parameters (model 4). We
calculated differences in the mean levels of fibrinogen, FVIII, FIX, FXI, and thrombin

generation parameters, with 95% confidence intervals (Cl), associated with SDF imaging



parameters. Furthermore, the association between SDF imaging parameters and
coagulation factor levels was examined through sex-stratified analysis. Mean coagulation
factor levels were calculated for sex-stratified SDF imaging parameters. As a sensitivity
analysis, all analyses were performed separately in premenopausal and postmenopausal

women.

To our knowledge, the present study is the first to investigate the association between the
microvascular health index derived from SDF imaging and the levels of coagulation factors
as well as the parameters of thrombin generation on a population level; we have no prior
information on effect sizes to perform a power calculation. Noteworthy, most of previous
studies with relatively small sample sizes have identified associations between the
microvascular health index and disease outcomes, e.g., COVID-19 in 38 participants [13],
coronary artery disease in 115 participants [40], and sepsis in 51 participants [8]. To address
the power that we could achieve using 771 individuals, we used the following setting:
significant level 0.05, power 80%, with the linear regression PBRrota™ fibrinogen as an
example; we may need 394, 54, and 24 samples for a small, medium and large effect size,
respectively [41]. Therefore, a sample size of 771 individuals may have the statistical power

to capture even small effect sizes.

Results
Participant characteristics

Table 1 shows the characteristics of individuals included in the present study. Of 771
included participants, 53% were women, with a median age of 56 years (interquartile range,
51-61 years), and 12.5% were current smokers. Participants had a median BMI of 27.9
kg/m? (interquartile range, 25.1-30.9). Among women, 84% had a postmenopausal status,
7.6% used oral contraceptives, and 3.4 % hormone replacement therapy. Apart from this,

we observed a higher level of inflammatory markers and procoagulant status. While



capillary glycocalyx is very important for proper endothelial function, the PBR dimensions
are measured in vessels with diameters ranging from 4 — 25 microns Therefore the
contribution of capillary glycocalyx to PBRtotal is very limited. PBRtotal is comparable to PBRfeed
vessel and both are the main parameters presenting possible disturbances of the endothelial
surface layer, which in women are both significantly increased (median, women vs. men:
PBRiotal, 2.35 vs. 2.3; PBRfeed vessel, 2.31 vs. 2.24). The density of perfused capillaries is higher
in women vs. men, as measured by both a higher capillary density (Dcapilary) and higher
capillary blood volume (CBVstatic), which is associated with a lower capillary RBC velocity

(RBCVcapillary), suggests a more advantages capillary presence in women.

Association between microvascular health and levels of coagulation parameters in the

total population

Linear regression analyses were used to investigate the association between one standard
deviation (SD) difference in microvascular parameters and the coagulation factors. In model
3 of the total population, both glycocalyx-related parameters, PBRtotaland PBRreed vessel Were
associated with higher fibrinogen levels (Table S1). Nevertheless, with an additional
adjustment for systemic inflammatory markers (model 4), only the association of the PBReed
vessel remained (Table S1 and Figure S1) and we observed that one SD (i.e., 0.3um) in the
PBRfeed vessel Was associated with an higher fibrinogen concentration of 3.2 mg/dL (95% Cl:
0.02-6.4). Interestingly, the microcirculatory perfusion parameters, in particular all three
vessel density parameters, were positively associated with the endogenous thrombin
potential (ETP) in all models with very similar effect size estimations between model 3 and
model 4 (Table S2 and Figure S2). In model 4 of the total population, one SD in vessel density
(Drotal, Dreed vessel, Deapillary; 65.84, 42.17, 41.39 um/mm?, respectively), corresponded to higher
ETP levels (31.9 nM x min, 95% Cl: 9.6-54.2; 23.7 nM x min, 95% Cl: 1.2-46.2; 25.2 nM x min,
95% Cl: 2.9-47.5, respectively).



Table 1. Characteristics of the study population

Total (100%)

Women (53%)

Men (47%)

Demographic

Age,y

BMI, kg/m”

Tobacco smoking (% current user)
Menopause status (% of female

postmenopausal/perimenopausal)

Medication (current use)
Oral contraceptive pill (% of females)

HRT (% of female)

Systemic inflammatory markers
C-reactive protein, mg/L
Leptin, pg/L

Glycoprotein acetyls, mmol/L

Coagulation parameters
Fibrinogen, mg/dL
Factor VIII (%)

Factor IX (%)

Factor XI (%)

Lag time, min

ttPeak, min

Peak, nM

ETP, nM-min

Vellndex, nM/min

SDF imaging parameters

PBR of total vessels, um

PBR of feed vessels, um

PBR of capillaries, um

RBC velocity in feed vessels, um/s
RBC velocity in capillaries, pm/s
Total vessel density, um/mm?
Feed vessel density, pm/mm?
Capillary density, um/mm?

Capillary blood volume, pL/mm?

56 (51-61)
27.93 (25.08-30.91)
125

NA

NA
NA

1.37 (0.74-3.06)
14.7 (8-27.15)
1.23 (1.13-1.34)

289.32 (257.77-330.88)
122.98 (101.39-147.01)
119.31 (108.41-134.28)
116.77 (103.75-129.16)
6.72 (6-7.75)

14.75 (13.46-16.08)
83.27 (62.1-106.28)
1149.22 (915.56-1396.66)
10.42 (7.47-14.63)

2.33(2.19-2.5)

2.28 (2.09-2.48)

1.2 (1.13-1.27)

55.85 (43.93-68.91)
55.74 (41.94-70.55)
257.02 (209.81-309.06)
131.57 (107.1-160.52)
100.71 (79.69-131.2)
2.52 (1.4-4.35)

56 (50.75-61)
27.75 (24.52-31.25)
8.1

83.8

7.6
34

1.61 (0.8-3.5) ***
25.2 (16-37) ****
1.21(1.11-1.32) *

300.55 (265.66-346.02) ****
123.53 (102.05-148.34)
119.31 (107.27-136.11)
120.02 (107.58-134.01) ****
6.5 (5.75-7.58) ****

14.36 (13.19-15.75) ****
84.77 (61.11-111.09)
1175.06 (916.94-1439.8) *
10.79 (7.36-15.32)

2.35(2.2-2.54) **
2.31(2.11-2.52) **

1.2 (1.14-1.27)

51.24 (39.7-64.4) *¥***
50.77 (37.78-66.86) ****
255.58 (206.18-309.23)
129.5 (103.51-158.26) *
104.25 (81.76-137.28) *
2.81(1.41-4.76) *

57 (51-61)
27.99 (25.73-30.59)
17.4

NA

NA
NA

1.25 (0.64-2.26)
8.4 (5.55-12.9)
1.24 (1.14-1.35)

278.98 (247.19-312.78)
122.98 (101.39-145.04)
119.31 (110.74-131.41)
111.56 (100.06-123.93)
7.08 (6.17-7.92)

15.04 (13.83-16.33)
81.69 (63.92-102.77)
1124.76 (914.49-1329.16)

10.18(7.76-13.8)

2.3(2.17-2.44)

2.24 (2.06-2.44)

1.2 (1.13-1.26)

60.26 (49.5-73.13)
60.45 (47.77-72.65)
259.16 (213.37-306.45)
134.83 (110.94-165.09)
96.82 (74.81-121.83)
2.29 (1.38-3.92)

Data are shown as mean (+ SD), median (25th percentile—75th percentile), or percentage.



Abbreviations: BMI, body mass index; ETP, endogenous thrombin potential; HRT, hormonal
replacement therapy; NA, not applicable; PBR, perfused boundary region; Peak, peak
thrombin generation; ttPeak, time to peak; Vellndex, thrombin generation velocity.

Non-paired t-test or Wilcoxon test were performed between women and men; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Effect modification by sex of the association between microvascular health and

coagulation factors

After sex stratification, we observed differences between men and women between the
glycocalyx-related parameters and coagulation factor levels (Figure 2 and Figure 3).
Consistent associations were found between PBRotal and PBRfeed vessel and FIX activity as well
as plasma fibrinogen concentration specifically in women, which remained after adjusting
for inflammatory markers: one SD in PBRrtotat Or PBRfeed vessel (0.25 pm and 0.3 pm,
respectively) was associated with higher fibrinogen levels (5.1 mg/dL, 95% Cl: 0.4-9.9 and
5.8 mg/dL, 95% Cl: 1.1-10.6; respectively) and higher FIX activity (1.8%, 95% Cl: 0.3-3.3 and
2.0%, 95% Cl: 0.5-3.4; respectively) (Figure 2 and Table S3); while no associations were
observed in men (Figure 3 and Table S4). For PBRcapillary, in addition to the association with
fibrinogen concentration, PBRcapillary Was also associated with FVIII activity, which remained
after further adjustment for systemic inflammatory markers (model 4): one SD in PBRcapillary
(0.11 um) was associated with higher fibrinogen levels (5.3 mg/dL, 95% Cl: 0.6-10.0) and
FVIII activity (3.5%, 95% Cl: 0.4-6.5) (Figure 2 and Table S3).

There were differences in the associations between microcirculatory-perfusion-related
parameters and coagulation factor levels stratified by sex. For women, the associations
between vessel density and ETP were observed in the crude and age- and sex-adjusted
model (Figure S3 and Table S5); however, only Dcapilary Was positively associated with ETP
after further adjusting for demographic and lifestyle factors (model 3) and systemic
inflammatory markers (model 4), in which one SD of Dcapillary (42.26 um/mm?) was associated

with higher levels of ETP (32.0 nM x min, 95% Cl: 0.1-63.8). In men, only one consistent



negative association was observed between the RBCVfeed vessel and thrombin generation
parameter time to peak (ttPeak) (Figure S4 and Table S6), in which one SD of the RBCVfeed
vessel (61.52 um/s) was associated with lower levels of ttPeak (-0.2, 95% ClI: -0.4- -0.02). In
addition, one SD of Drotal (68.08 um/mm?) was associated with higher ETP levels (31.9 nM x
min, 95% Cl: 1.3-62.6).

Sensitivity analyses were performed to test the robustness. Using premenopausal women
yielded even more notable results than the main analysis for total women that PBR
difference was associated with higher fibrinogen concentration, higher FXI and FVIII activity,
and higher thrombin generation parameters (ETP, peak, and Vellndex) (Figure S5, Table S7,
Figure S7, and Table S9). However, the results in postmenopausal women were less
significant but comparable to the main analysis for all women (Figure S6, Table S8, Figure

S8, and Table S10).
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Figure 2. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in women. After sex stratification, differences in women between
the glycocalyx-related parameters and coagulation factor levels can be observed. Model 1:
crude model; Model 2 = model 1 + age; Model 3: model 2 + BMI, current smoking status,
menopausal status, current use of the oral contraceptive pill, and current use of hormone
replacement therapy; Model 4 = model 3 + serum CRP, serum leptin concentration, and
serum GlycA concentration. The effect size and 95% confidence interval were depicted by a
horizontal line with a dot. A non-significant association was represented by the color grey,
and a substantial positive association was represented by the color red. Abbreviations:
PBRrotal: PBR of total vessels from 4-25um; PBRfeed vessel: PBR of feed vessels from 10-19um;
PBRcapillary: PBR of capillaries from 4-9um.



FXI activity FIX activity FVIIl activity | Lag time ttPeak [ Peak Vellndex ETP Fibrinogen

Model 1+ o | o ! | o} | e | o | | o ! ol '3 1 ¢
Model 2 ! ! ! ! ! ! 1 ! o 3
Model 3 | | | | | | | | L i

| | | | | | 1 I [} =
Model 4 4 - *— . I . 0 ] . 0 ] . I r
Model 1| o P P -l -t P ] Pa— Y z
Model 2 - < -—! ! | ! e o) ! ° L o o
Model 3| 4 o ! -t o ol o o o ! : §
Model 4 { | 1 0 0 I 0 1 0 hi £
Model 1 - | o ol ot ! + | 1 o1 ° I o b ]
Model 2 - | o ol ol o | b s 1 P - 1 . 3
Model 3 { : 4 ! ! b ! 1 ! ) g

I | I I | I 1 | | ;
Model 4 { — . . e p— *~ e ]

*‘2 0 2 *’2 *’1 0 1 *‘50 *IZS 0.0 é5*62*61 0.0 0‘1 -0 v2(]‘1[]00’10‘2 *‘10 *’2 0 2-0 ‘10*0'05000,0’5*’60 *’40 *‘20 0 *’5 0 5

Regression coefficient

Figure 3. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in men. After sex stratification, differences in men between the
glycocalyx-related parameters and coagulation factor levels can be observed. Model 1:
crude model; Model 2: model 1 + age; Model 3: model 2 + BMI + current smoking status;
Model 4: model 3 + serum CRP, serum leptin concentration, and serum GlycA concentration.
The effect size and 95% confidence interval were depicted by a horizontal line with a dot. A
non-significant association was represented by the color grey, and a substantial positive
association was represented by the color red. Abbreviations: PBRrota: PBR of total vessels
from 4-25um; PBRfeed vessel: PBR of feed vessels from 10-19um; PBRcapillary: PBR of capillaries
from 4-9um.

Discussion

In this population-based cross-sectional study the PBR in feed vessels was positively
associated with plasma fibrinogen levels in the total population. Remarkably, we discovered
a sex difference in the associations between PBR and coagulation parameters, in which
higher PBR (both total and feed vessel, indicating perturbed glycocalyx) was associated with
higher FIX activity and plasma fibrinogen levels in women. Furthermore, in women, higher
PBRcapillary (i.€., poorer glycocalyx status in capillaries) was associated with higher FVIII
activity and fibrinogen levels and higher Dcapilary Was associated with higher levels of ETP,

while none of these associations were present in men.

SDF imaging technique could provide two types of parameters concerning endothelial
glycocalyx and microcirculatory perfusion function. We proposed that the change in the
endothelial surface properties, i.e., the endothelial glycocalyx layer (PBR), is a likely

functional unit that could present as a marker for microvascular dysfunction. In the present



study, we observed an association between early (pre-clinical) microvascular health
changes and coagulation factor activation and discovered a striking sex difference in
microvascular health, in which women showed a perturbed EG concomitant with a more
pro-coagulable endothelial surface. This association was not observed in men. These

findings highlight the importance of sex differences in microcirculatory perturbation in CHD.

Previously, studies reported the association between CHD and the underlying systemic
presence of a hypercoagulable state [42-44]. Our results showed that in women, one SD in
PBRrotal and PBRfeed vessel Was associated with a 5.1 and 5.8 mg/dL increase in fibrinogen
concentration. Based on a large individual participant meta-analysis study that assessed the
association between fibrinogen concentration and CHD risk [45], such increase in PBR would
suggest a 12-14% increase in CHD risk in women, which could be clinically relevant. In line
with our observations, Brands et al. reported that reduced endothelial glycocalyx barrier
properties were only found in women with CHD, while not present in men [40]. In addition,
in the REasons for Geographic and Racial Differences in Stroke Study (REGARDS), a large
population-based observational study, higher levels of FVIII and FIX were associated with
increased risk of CHD [35, 46]. According to these associations, per SD difference in PBR
could correspond to a 2-5% increase in the risk of CHD in women. FVIII and vWF are two
distinct but related glycoproteins that circulate in plasma as a tightly bound complex
(FVIII/VWEF) [47]. As one of the endothelial activation markers, VWF can bind to HS at the
endothelial cell surface [26, 48]. Based on the observed tight correlation between FVIIl and
VWEF in the Multiple Environmental and Genetic Assessment of risk factors for venous
thrombosis (MEGA) study [49], we deduced an association between EG health and vVWF in
our present study, to further indicate the link between EG dysfunction and endothelial
activation. Our current findings imply a role of microvascular health in CHD risk in women
through the association between higher microvascular PBR (perturbed glycocalyx) and
differences in both FIX and FVIII activity, together with the already high plasma fibrinogen

levels (Figure 4).
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Figure 4. Proposed pathophysiologic concept on the association between microvascular
health and endothelial response to coagulation. Here a healthy glycocalyx (i.e., PBRlow,
marked by the arbitrary dotted lines) provides a robust anti-coagulant barrier through
binding of AT-Ill [22], presence of thrombomodulin [26], PAI-1 [54] and TFPI [23] to HS
proteoglycans [19]. The thrombin-TM complex activates protein C to produce APC, which
inactivates factors Vllla and Va in the presence of protein S, thereby inhibiting further
thrombin (F-11) formation [55].The pro-coagulant endothelial surface is a result of multiple
mechanisms involving effects such as, gene transcription, protein expression and release.
We hypothesized that in the event of a perturbed glycocalyx (i.e., PBRhigh, marked by
arbitrary dotted lines further apart), a pro-coagulant surface appears, with increasing
binding possibilities of fibrinogen (interacting with ICAM1) [56, 57], FXI [58, 59] and F-VIII
(to surface expressed von Willebrand factor, vWF) [47] and reduced presence of the anti-
coagulant factors. While F-IX can bind directly to the cell surface or abluminal collagen,
fibrinogen and F-VIII binding to the surface depends more on the activation state of the
endothelial cells. This increased interaction of coagulation factor IX and VIII activity and
fibrinogen concentration, as observed in the present study, together with possible
diminished surface anti-coagulation pathways, would especially in women play a critical role
in increased systemic microvascular dysfunction and development of coronary heart
disease (CHD).

The present study also included various thrombin generation parameters which represent
the global coagulation cascade in addition to coagulation factor activity. Interestingly, no

associations were observed between the microvascular health parameters measured and



the dynamic parameters of thrombin generation (such as lag time and time to peak); except
for an association between vessel density and ETP. Thrombin was found to be involved in
both pro-thrombotic and inflammatory endothelial processes [50]. While previous studies
reported an association between in vivo thrombin generation potential and severity of
coronary vessel disease [51], increased thrombin generation potential was a characteristic
in patients with clinically stable CHD [52]. Although we found sex differences in the
association between vessel density and ETP, when we compared the findings in the total
population, men, and women, we found that the associations in men and women were close
to significance; therefore, this observation might reflect a general feature of microvascular
health and thrombin formation rather than a sex specific feature. Furthermore, comparing
with previous studies using thrombin generation assay, the participants in the present study
were preclinical and did not have CHD yet, which might limit the effect of thrombin and
findings related to thrombin generation. In the context with the associations between
endothelial glycocalyx (PBR) and coagulation factors, the associations between vessel

densities and ETP were very marginal.

To the best of our knowledge, this is the first study to show the association between
microvascular health derived from SDF imaging and the levels of coagulation factors and
thrombin generation parameters in a large population-based study. In addition, adjustment
for extensive potential confounding factors including systemic inflammatory markers
strongly suggested a sex-specific role in monitoring microvascular health change in women.
Additionally, the present study used the new software with red blood cell (RBC) velocity

being included as a new parameter to better quantify the microcirculatory difference.

Limitations of the present study should also be addressed. First, it is an observational, cross-
sectional study and residual confounding may still be present. Second, the present study
population is mainly comprised of European white participants in middle age (i.e., between
45 and 65 years). Therefore, it is not clear whether the results of the present study can be
generalizable to other ethnicities or age groups. Third, the majority of women are

postmenopausal; although sensitivity analysis revealed similar findings in premenopausal



women, future studies including more premenopausal women need to be done. Fourth, a
recent study reported the variability of microcirculatory measurements in healthy
volunteers [53] showing that when three consecutive measurements are averaged, SDF
imaging with GlycoCheck software can be used with acceptable reliability and
reproducibility for microcirculation measurements on a population level. In our current
study, repeated measurement of SDF imaging was not performed for each participant and
limited information was extracted from the smallest capillaries (diameter 4 um). However,
the measurement by itself is already an average from at least ten recordings on one
individual at the same time point rather than averaging three consecutive measurements
on the same individual, which could only lead to random error and subsequent
underestimation of the effect size. Fifth, due to the technical limitation of the ex vivo
thrombin generation assay, we could not avoid batch effects and this assay could not
represent the real circumstances of the coagulation cascade in humans. Sixth, as a result of
sample availability to measure the circulating EG disruption and EC activation markers, our
study lacks possible mechanistic correlations between EG dysfunction, increased
procoagulant state and increased CHD risk in females. Seventhly, although we focussed on
the role of EG perturbation in coagulation in the present study, it is important to note that
the formation of a pro-coagulant surface is a result of multiple mechanisms, among others,
such as gene transcription changes and protein expression and release. Finally, in model 4
we adjusted for systemic inflammatory markers (such as CRP, leptin, and GlycA) in the
association between microvascular health and coagulation factor levels. It should be noted
that these systemic inflammatory markers could act as mediators instead of confounders in
the estimated associations. If so, adjustment for systemic inflammatory markers could lead
to an underestimation of the association between microvascular health and coagulation

factor levels.

In conclusion, our data reveal a hitherto unreported sex-specific association between
microcirculatory health and procoagulant status. Microcirculatory differences between

men and women identified in our study implied that microvascular health changes might be



the earliest detectable clue prior to the general higher procoagulant status in women
ultimately developing CHD, which is also independent of increased systemic inflammatory
state (Figure 4). Our study suggested the potential clinical utility of monitoring

microcirculatory change specifically in women to prevent the development of CHD.
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Figure S1. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in total population. Differences in the total population between

the glycocalyx-related parameters and coagulation factor levels can be observed. Model 1:

crude model; Model 2: model 1 + sex + age; Model 3: model 2 + BMI, current smoking

status, menopausal status, current use of the oral contraceptive pill, and current use of

hormone replacement therapy; Model 4: model 3 + serum CRP, serum leptin
concentration, and serum GlycA concentration. The effect size and 95% confidence
interval were depicted by a horizontal line with a dot. A non-significant association was

represented by the color grey, and a substantial positive association was represented by
the color red. Abbreviations: PBRtotal: PBR of total vessels from 4-25um; PBRfeed vessel: PBR
of feed vessels from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.



Table S1. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in total population.

FXI activity FIX activity FVIII activity Lag time ttPeak Peak ETP Velindex Fibrinogen
Model
PBRyotal 1 0.3(-1.2-1.7) 0.3(-1.1-1.7) 0(-2.3-2.4) -0.1(-0.2-0) -0.1(-0.3-0) 1.4(-1.2-3.9) 8.2(-16.7-33.1) 0(0-0.1) 4(-0.1-8)
Model
N -0.2(-1.7-1.2)  0.3(-1.1-1.7) 0.2 (-2.2-2.5) -0.1(-0.2-0) -0.1(-0.2-0) 0.8(-1.7-3.3) 1.7(-22.9-26.3) 0(0-0.1) 3(-0.9-7)
Model
5 0.1(-1.3-1.6)  0.9(-04-2.1)  0(-2.3-2.4) 0(-01-0.1)  -0.1(-0.2-0.1)  1(-1.3-3.2) 3.4(-19.5-264)  0(0-0.1) 4.4(0.7-8.1)
Model -0.8
0(-1.4-1.4) 0.5(-0.5-1.6) -0.3(-2.6-1.9) -0.1(-0.1-0) -0.1(-0.2-0.1)  0.5(-1.7-2.8) 0(0-0.1) 3(-0.3-6.2)
4 (-23.2-21.6)
PBRreed Model
1 0.9 (-0.6-2.3) 0.2 (-1.2-1.6) 0.2 (-2.2-2.5) -0.1(-0.2-0) -0.1(-0.3-0) 1.1(-143.7) 6.1(-18.8-31) 0(0-0.1) 3.7(-0.4-7.7)
vessel
Model
5 04(-1.1-1.8) 02(-1.2-1.5) 02(-2.1-2.6)  -0.1(-0.2-0)  -0.1(-0.2-0)  0.6(-1.9-3.1) 0.2(-24.4-24.9)  0(0-0.1) 2.6 (-1.4-6.6)
Model
5 0.7(-0.7-21)  0.7(-0.5-1.9) 0.2(-2.1-26)  0(-0.1-0.1) 01(-02-0) 09(-1.432) 3(-19.9-25.9) 0(0-0.1) 3.9(0.2-7.6)
Model
4 0.7 (-0.7-2) 0.6 (-0.5-1.7) 0(-2.3-2.3) 0(-0.1-0.1) -0.1(-0.2-0.1) 0.6(-1.6-2.8)  0(-22.4-22.3) 0(0-0.1) 3.2(0-6.4)
PBR Model 0.2 (-1.6-1.3)  0.1(-1.3-1.4) 1.1(-1.2-3.9) 0(-0.1-0.1) 0(-0.1-0.1) 1.5 (-4-1) 12 0(-0.1-0) 0.7 (-3.3-4.8)
contleny 1 ’ o ' o ' o o o . (-36.9-12.9) ’ ’ o
Model
5 0(-1.5-1.4)  0.2(-1.2-1.5) 1.5(-0.83.8)  0(-0.1-0.1) 0(-0.1-0.2)  -1.9(-4.4-0.6) -16(-40.5-8.5)  0(-0.1-0) 1.5 (-2.5-5.4)
Model -10.9
0.1(-1.3-1.5) 0.5(-0.7-1.7) 1.4(-0.9-3.7) 0(-0.1-0.1) 0(-0.1-0.1) -1.4(-3.7-0.9) 0(-0.1-0) 2.3(-1.4-6)
3 (-33.7-11.9)
Model -10.6
0.1(-12-1.5) 05(-0.6-1.6) 1.4(-0.8-3.7)  0(-0.1-0.1) 0(-0.1-0.1)  -1.4(-3.6-0.8) 0(-0.1-0) 2.1(-1.1-5.3)
4 (-32.8-11.6)

Results are based on linear regression analyses of the general Dutch population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.
Model 2 = model 1 + sex + age.

Model 3 = model 2 + BMI, current smoking status, menopausal status, current use of the
oral contraceptive pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: PBRvotal: PBR of total vessels from 4-25um; PBRfeed vessel: PBR of feed vessels
from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.
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Figure S2. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in total population. Differences in the
total population between the microcirculatory-perfusion-related parameters and
coagulation factor levels can be observed. Model 1: crude model; Model 2: model 1 + sex
+ age; Model 3: model 2 + BMI, current smoking status, menopausal status, current use of
the oral contraceptive pill, and current use of hormone replacement therapy; Model 4:
model 3 + serum CRP, serum leptin concentration, and serum GlycA concentration. The
effect size and 95% confidence interval were depicted by a horizontal line with a dot. A
non-significant association was represented by the color grey, and a substantial positive
association was represented by the color red. Abbreviations: RBCVfeed vessel: feed vessel RBC
velocity; RBCVcapillary: capillary RBC velocity; Drotal: total valid vessel density with
measurable RBC velocity; Dreed vessel: perfused feed vessel density; Dcapillary: perfused
capillary density; CBVstatic: capillary blood volume.



Table S2. Association between microcirculatory-perfusion-related SDF imaging parameters
and levels of coagulation parameters in total population.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen
RBCViwequesr  Model 1 0(-1.5-1.4) 1.6(0.2-2.9) 2(-03-43) 0.1(0-02) 0(-0.1-0.2) 18(-0.7-4.4)  20.6 (-4.3-45.4) 0(0-0.1) -0.1(-4.1-4)
Model2  1.1(-0.4-2.5) 1.8(0.4-3.2) 2.1(-0.3-4.5) 0(-0.1-0.1) 0.1(-02-01)  29(0.4-55)  33.4(8.3-585)  0.1(0-0.1) 2.6(-1.5-6.6)
Model3  0.5(-0.9-2) 0.5(-0.8-1.8) 2(-0.4-4.4) 0(-0.1-0.1) -0.1(-0.2-0) 18(-0542)  21.6(-2452) 0(0-0.1) -0.3(-4.2-3.5)
Model4 03 (-1.1-1.7) 01(1-12) 1.9 (-0.5-4.2) 0.1(-0.2-0) 0.1(-03-0) 1.8(-0.4-4.1) 22(-1.1-45) 0(0-0.1) 1.3 (-4.7-2)
RBCVepiay  Modell  -0.1(-16-13)  12(-0.1-2.6)  1.8(-0.54.2) 0.1(0-02) 0(-0.1-0.2) 14(-1.1-4) 16.1(-8.7-41) 0(0-0.1) 0.1(-4-4.1)
Model2 0.9 (-0.6-2.4) 1.4(0-2.8) 2(-0.4-4.4) 0(-0.1-0.1) 0.1(-02-01)  23(-0.2-4.9) 27(1.9-52) 0(0-0.1) 2.7(-13-6.7)
Model3  0.5(-1-1.9) 04(-0.817)  19(-0.54.3) 0(-0.1-0.1) 0.1(-0.2-0.1) 13(1-37)  17.1(-6.3-40.5) 0(0-0.1) 0.7 (-3.1-4.6)
Model4  0.4(-1-1.8) 03(-0.8-1.4)  19(-0.4-4.2) 0(-0.1-0.1) 0.1(-02-01)  14(-0936)  17.5(-5.3-40.4) 0(0-0.1) 0.4(-2.9-3.6)
Diota Model1  07(-0.7-22)  11(-0325)  22(-0.14.5) 0(-0.1-0.1) 0(-0.1-0.2) 27(0.2-53)  39.5(14.7-64.2) 0(0-0.1) 3.2(-087.3)
Model2 0.7 (-0.7-2.2) 1(-03-2.4) 1.8(-0.5-4.1) 0(-0.1-0.1) 0(-0.1-0.1) 33(0.8-58)  453(21-69.7) 0(0-0.1) 2.7(-1.2:6.7)
Model3 0.3 (-1.1-1.7) 0(-1.2-12) 1.6 (-0.7-4) 0(-0.1-0.1) 0(-0.1-0.1) 19(-03-42)  32.8(10-55.7) 0(0-0.1) 0.8(-3-4.5)
Model4 03 (-1.1-1.7) 0(-1.1-1.1) 1.6(-0.7-3.9) 0(-0.1-0.1) 0(-0.1-0.1) 19(-0.4-4.1)  31.9(9.6-54.2) 0(0-0.1) 0.7(-2.6-3.9)
Diccguessst~ Model 1 0.5(-0.9-2) 1.6(0.33) 2.4(0-4.7) 0.1(0-02) 0.1(0-0.2) 17(-0.842)  28.9(4.1-53.7) 0(0-0.1) 29(-1.17)
Model2  0.8(-0.7-2.2) 1.6(0.2-2.9) 1.9 (-0.5-4.2) 0(-0.1-0.1) 0.1(-0.10.2) 2.6(0.15.1) 386 (14.1-63.1) 0(0-0.1) 29(-1-6.9)
Model3  0.4(-11-18)  0.5(-0.8-17) 1.7 (-0.7-4) 0(-0.1-0.1) 0.1(-01-0.2)  11(-12-34)  25.4(2.4-48.4) 0(0-0.1) 1(-2.7-4.8)
Model4  02(-12-1.6)  01(-0.9-1.2)  14(-0.93.7) 0(-0.1-0.1) 01(-01-0.2)  09(-1332)  23.7(1.2-46.2) 0(0-0.1) 0.7 (-2.6-3.9)
Depitay ~ Model1  0.6(0.82.1)  -01(1512)  08(1.63.1) 0.1(-02:0)  -0.1(-02-0.1) 2.5 (0-5) 32.6 (7.8-57.4) 0(0-0.1) 22(-1.9:6.2)
Model2  03(-12-17)  -02(-16-1.2) 0.7 (-1.63) 0(-0.1-0) 0(-0.2:0.1) 23(-0.2-4.8)  30.2(5.8-54.6) 0(0-0.1) 12(-2.7-5.2)
Model3  0.1(-13-15)  -0.6(-18-0.6) 0.6(-1.7-3) 0.1(-0.2-0) 0(-0.2-0.1) 18(054)  24.5(1.7-47.3) 0(0-0.1) 03 (-3.4-4)
Model4  03(-11-17)  -02(-13-0.8)  08(-1.4-3.1) 0(-0.1-0.1) 0(-0.2:0.1) 18(-0.4-4.1)  25.2(2.9-47.5) 0(0-0.1) 05 (-2.7-3.7)
CBVywe  Modell -0.3(-1.7-12)  -15(-29-0.1)  -0.2(-2.5-2.1) 0(-0.1-0.1) 0(-02-0.1) 06(-1.93.1)  2.6(223-27.5) 0(0-0.1) 0.7 (3.4-4.7)
Model2  -07(-21-0.7)  -1.6(3-02)  -0.5(-2.8-1.9) 0(-0.1-0.1) 0(-0.2-0.1) 06(-1.93.1)  2(22.5-26.6) 0(0-0.1) -0.6(-4.6-3.3)
Model3  -0.6(-2-0.8) -1(-22-02) 0.4 (-2.7-2) 0(-0.1-0.1) 0(-0.2-0.1) 15(-0.8-3.8)  10.5(-12.3-33.4) 0(0-0.1) 0.5 (-3.3-4.2)
Model4  -04(-1.7-1)  -06(-17-0.4)  -02(-2.52.1) 0(-0.1-0.1) 0(-0.1-0.1) 15(-0.7-3.7)  10.5(-11.8-32.9) 0(0-0.1) 0.8(-2.4-4)

Results are based on linear regression analyses of the general Dutch population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.
Model 2 = model 1 + sex + age.

Model 3 = model 2 + BMI, current smoking status, menopausal status, current use of the
oral contraceptive pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: RBCVfeed vessel: feed vessel RBC velocity; RBCVcapillary: capillary RBC velocity;
Drotal: total valid vessel density with measurable RBC velocity; Dreed vessel: perfused feed
vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood volume.



Table S3. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in women.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Velindex Fibrinogen
PBRis  Model1  0.4(-1.72.6)  1.2(-0.9-3.2) 0.8(-2.3-4) 0.1(-02-0.1)  -0.1(-03-0.1) 3(-0.9-6.9) 29 (-8.6-66.7) 0(0-0.1) 5(-0.8-10.7)
Model2  07(-1.5-28)  13(-0.83.4)  14(-1.7-4.6) 0(-0.20.1) 0.1(03-0.1)  19(1957)  16.3(-20-52.6) 0(0-0.1) 5.5(-0.3-11.3)
Model3  1.2(-0.8-3.3) 2.3(0.5-4) 13(-1.9-4.5) 0(-0.20.1) 0.1(-02-01)  26(-0759)  22.8(-10-55.6) 0(0-0.1) 7.5(2.2-12.9)
Model 4 1.2(-0.9-3.2) 1.8(0.3-3.3) 0.5 (-2.5-3.6) 0(-0.2:0.1) 0(-0.2:0.1) 18(-15-5)  15.5(-16.8-47.8) 0(0-0.1) 5.1(0.4-9.9)
PBRccavessel  Model 1 0.9(-1.2:3.1) 1(-1.13.1) 13(-1.9-44)  -01(0.2:01) -0.1(-0301) 28(1167) 25.8(-11.9-635) 0(0-0.1) 4.5(-1.2-103)
Model2  1.1(-1-33) 11(-13.2) 1.8(-1.3-4.9) 0(-0.2-0.1) 0.1(-03-0.1) 18(-25.6) 143 (-21.9-50.6) 0(0-0.1) 5(-0.8-10.8)
Model3  1.7(-0.4-3.7) 2.2(0.4-3.9) 1.8(-1.3-5) 0(-0.2-0.1) 0.1(-03-0.1)  28(-05-6.1)  24(-8.7-56.7) 0(0-0.1) 7.1(1.7-12.4)
Model 4 1.7(-0.4-3.7) 2(0.5-3.4) 1.4(-1.7-4.5) 0(-0.2-0.1) 0.1(-03-0.1) 22(-1-5.4) 19 (-13.1-51) 0(0-0.1) 5.8 (1.1-10.6)
PBRupioy Modell -1.1(32-11)  0.4(-17-2.5) 3(-0.1-6.2) 0(-0.2:0.1) 0(-0.2:0.2) 05(-4.4-3.4)  0.1(37.7-37.8)  0(-0.1-0.1) 3.7(-29.5)
Model2  -1(-3.1-12) 0.5 (-1.6-2.6) 3.4(0.2-6.5) 0(-0.1-0.1) 0(-0.2:0.2) 12(-49-26) -7.5(-436-28.6)  0(-0.1-0.1) 4(-1.7-9.8)
Model3  -0.7(-2.7-1.4) 1(-0.7-2.8) 33(0.2-6.4) 0(-0.1-0.1) 0(-0.2:0.2) 0.4(3729) -05(-331-32.1)  0(-0.1-0.1) 5(-0.4-103)
Model4  -0.5(-26-15)  1.3(-0.2-2.8) 3.5(0.4-6.5) 0(-0.1-0.1) 0(-0.2:0.2) 03(-3529) 03(316-32.2)  0(-0.1-0.1) 5.3(0.6-10)

Results are based on linear regression analyses of the Dutch women population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, menopausal status, current use of the
oral contraceptive pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: PBRtotal: PBR of total vessels from 4-25um; PBRyeed vessel: PBR of feed vessels
from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.



Table S4. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in men.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Velindex Fibrinogen
PBRis  Modell  -11(-3-0.7)  -0.9(-27-08)  -12(-47-23) -01(-02-01) -0.1(-0301) -15(4516) -26.8(-58.1-4.5) 0(-0.1-0) 0.1(-5.65.3)
Model2  -1.1(-2.9-0.8)  -0.9(-27-0.8)  -14(492)  -01(0201) -01(-0301) -14(-4516) -27(58.4-4.4) 0(-0.1-0) 0.6 (-5.9-4.8)
Model3  -1(-2.8-0.9) 0.7(-2.4-1) -15(-5-19)  -0.1(-02-01) -01(-0301) -1.3(-44-18) -25.1(-56.3-6.2) 0(-0.1-0) 0.2(-4.9-5.3)
Model4  -1.1(-2.8-07)  -0.8(-23-0.7)  -15(4.9-19)  -0.1(-02-0.1)  -01(-030.1) -1.3(-43-18)  -24.5(-55-6) 0(-0.1-0) 0.2 (-4-4.4)
PBRiccavesser  Model1l  -03(-21-16)  -0.9(-2.60.9)  -1.3(-4.8-2.2) 0(-0.2-0.1) 0.1(-03-0.1)  -15(-46-15) -25.8(-57.1-5.5) 0(-0.1-0) 0.1(-5.65.3)
Model2  -0.2(-2-16)  -0.9(-2.708)  -15(-5-19) 0(-0.2-0.1) 0.1(-03-0.1)  -15(-46-16)  -26(-57.4-5.4) 0(-0.10.1) 0.6 (-6-4.7)
Model3  -0.2(2-17)  -0.8(2509)  -16(-5-19) 0(-0.2-0.1) 0.1(-03-0.1)  -15(-45-16) -249(-56.16.3)  0(-0.1-0.1) 0.1(-5.2-5)
Model4  -0.1(-19-16)  -0.8(-2.30.7)  -1.7(-5.1-1.8) 0(-0.2-0.1) 0.1(-02-0.1)  -15(-46-15) -25.6(-56.1-4.9) 0(-0.1-0) 0.3 (-4.5-3.9)
PBRupiay Modell  1.2(-0.7-3) 03(2.1-14)  -11(-4624) -0.1(-02-01) 0(-0.2:0.2) 2.6(-5.7-0.4)  -24.8(-56.1-6.5) 0(-0.1-0) 2.4(-7.83.1)
Model2  1(-0.8-2.9) 02(-2-15) 0.7 (-4.1-2.8) 0(-0.2:0.1) 0(-0.2:0.2) 2.7(-5.80.4)  -24.7(-56.1-6.8) 0(-0.1-0) -1.5(-6.8-3.9)
Model3  1.1(-0.7-3) 0.1(-17-16)  -0.8(-43-27) 0(-0.2:0.1) 0(-0.2:0.2) 25(-5.6:0.6)  -22.5(-53.9-8.9) 0(-0.1-0) 0.8(-5.9-4.3)
Model4  09(-0.92.7)  -03(-1.8-12)  -0.8(4326  -0.1(-02-0.1) 0(-0.2:0.2) 2.6(-5.6:0.4)  -23.5(-54.2-7.2) 0(-0.1-0) -1.6 (-5.8-2.6)

Results are based on linear regression analyses of the Dutch men population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI + current smoking status.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: PBRtotal: PBR of total vessels from 4-25um; PBRyeed vessel: PBR of feed vessels
from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.
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Figure S3. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in women. After sex stratification,
differences in women between the microcirculatory-perfusion-related parameters and
coagulation factor levels can be observed. Model 1: crude model; Model 2: model 1 + age;
Model 3: model 2 + BMI, current smoking status, menopausal status, current use of the
oral contraceptive pill, and current use of hormone replacement therapy; Model 4: model
3 + serum CRP, serum leptin concentration, and serum GlycA concentration. The effect
size and 95% confidence interval were depicted by a horizontal line with a dot. A non-
significant association was represented by the color grey, and a substantial positive
association was represented by the color red. Abbreviations: RBCVfeed vessel: feed vessel RBC
velocity; RBCVcapillary: capillary RBC velocity; Drotal: total valid vessel density with
measurable RBC velocity; Dreed vessel: perfused feed vessel density; Dcapillary: perfused
capillary density; CBVstatic: capillary blood volume.



Table S5. Association between microcirculatory-perfusion-related SDF imaging parameters
and levels of coagulation parameters in women.

FXI activity FIX activity FVIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen
RBCViceq vt Model 1 16(-0.63.7)  2.2(0.1-4.2) 22(-153) 0(-0.10.2) 0(-0.20.2) 23(-16-62)  29.3(-8.3-67) 0(0-0.1) 3.1(-2.7-8.8)
Model2  1.6(-0.63.7)  2.2(0.1-4.2) 2.1(-15.2) 0(-0.1-0.2) 0(-0.2-0.2) 24(1.461)  30.7(-5.2-66.7) 0(0-0.1) 3(-2.7-8.8)
Model3  07(-14-2.7)  0.6(-1.2-2.3) 1.8(-1.3-5) 0(-0.10.1) 0(-0.20.2) 07(-26-4)  14.8(-1847.7)  0(-0.10.1) 0.2(-5.6-5.3)
Model4  0.1(-1.9-2.2) 0.6 (-2-0.9) 1.5 (-1.6-4.6) 0(-0.2:0.1) 0(-0.2-0.2) 07(-25-4)  15.6(-169-48)  0(-0.10.1) -23(-7.1-2.5)
RBCVepiay  Modell  15(-06-3.7)  1.6(-0.5-3.6) 22(-1-53) 0(-0.10.2) 0(-0.2-0.2) 16(-2.35.6) 24.6(-13.1-62.3)  0(-0.1-0.1) 2.7(-3.1-8.5)
Model2  15(-0.6-3.6)  1.5(-0.5-3.6) 2(-1.15.1) 0(-0.1-02) 0(-0.20.2) 19(-1.85.7)  27.9(-8.1-63.9) 0(0-0.1) 2.6(-3.28.3)
Model3  0.8(-1.3-2.8) 03(-1.52) 1.8 (-1.4-4.9) 0(-0.10.1) 0(-0.1-0.2) 02(-3135) 12.6(-20.1453)  0(-0.1-0.1) 0.5 (-4.9-5.9)
Model4  05(-16-2.5)  -0.4(-19-11)  1.5(-16-4.6) 0(-0.1-0.1) 0(-0.20.2) 02(-3134) 126(-19544.7)  0(-0.1-0.1) -1(-5.83.7)
Drota Model1  1(-1.1-32) 2(-0.1-4) 1.7 (-1.5-4.9) 0(-0.1-02) 0(-0.20.2) 35(-0.4-7.4)  46.2(8.7-83.7) 0(0-0.1) 3.9(-1.8:9.7)
Model2  09(-1.3-3) 1.9 (-0.2-4) 1.3 (-1.8-4.5) 0(-0.1-0.1) 0(-0.2:0.2) 43(0.5-8.1) 553(19.5-91.1)  0.1(0-0.1) 3.7(-2.1-9.4)
Model3  0(-2.1-2.1) 02(-1.52) 0.9 (-2.3-4) 0(-0.2:0.1) 0(-0.20.2) 18(-1.65.1)  33.2(0.3-661)  0(-0.10.1) 1(-4.5-6.4)
Model4  -0.1(-2.2-1.9) 0(-1.5-1.5) 0.6(-2.5-3.7) 0(-0.2:0.1) 0(-0.20.2) 15(-1.74.8)  31(-12-633) 0(-0.10.1) 0.6 (-4.2-5.4)
Diccgvessst ~ Model 1 1.4(-0.8-35)  2.5(0.5-4.6) 23(-0855  01(010.2)  01(-0.10.3) 21(-1.8-6) 34.4(3.2-72) 0(-0.10.1) 3.4(-23-9.2)
Model2  1.2(1-33) 2.5 (0.4-4.5) 18(-1.3-5) 0(-0.10.2) 0.1(-01-03)  33(-0.57.1)  46.9(10.9-82.9) 0(0-0.1) 3(-2.8-8.8)
Model3  03(-1.8-2.4)  06(-11-2.4)  13(-18-4.5) 0(-0.10.2) 0.1(-01-03)  05(-29-38) 22.8(-10.3-55.8)  0(-0.1-0.1) 03(-5.2-5.7)
Model4  0.1(2-2.1) 01(-14-16)  0.8(-2.3-3.9) 0(-0.1-0.1) 01(-01-03)  -01(-33-32) 17.8(-147503)  0(-0.1-0) 0.5(-5.3-4.3)
Depitay~ Model 1 0.1(-2-2.3) 04(-17-24)  -03(-3429) -01(-02:01) -01(-03-01) 3.6(-0375  40.7(3.1783)  0.1(0-0.) 3.2(-2.6-8.9)
Model2  0.1(2-23) 04(-17-24)  -02(-34-29) -01(-02:01) -0.1(-03-01)  35(-027.3)  40(4.2-75.9) 0.1(00.1) 32(-2.5-9)
Model3 -0.4(-24-17)  -03(-21-14)  -05(-36-27)  -01(0.20)  -01(-03-01)  25(-0.8-57)  303(-23-62.9) 0(0-0.1) 1.9(-3.47.3)
Model4  -0.2(-23-18) 0(-1.5-1.4) 03(-34-28)  -01(0.20)  -0.1(-03-01)  26(-06-58  32(0.1-63.8) 0(0-0.1) 22(2.57)
CBVyye ~ Modell -0.6(-2.7-1.6)  -16(3.70.5)  -1(-4.1-2.2) 0(-0.10.1) 0(-0.20.2) 07(-3.2-4.6) 0.9(369387)  0(-01-0.1) 0.1(-5.6-5.9)
Model2  -0.7(-2.9-14)  -17(3.704)  -13(-4.5-18) 0(-0.2-0.1) 0(-0.2-0.2) 15(-2353)  9.1(-27-453) 0(-0.1-0.1) 0.2(-5.9-5.6)
Model3  -05(-26-15)  -0.8(-2.5-1) -1.2(-4.3-2) 0(-0.2:0.1) 0.1(-02-01)  28(-05-6.1) 21.1(-11.5-53.8) 0(0-0.1) 1.2 (-4.2-6.6)
Model4 -03(-23-18)  -02(-16-13)  -0.8(-3.9-2.3) 0(-0.1-0.1) 0(-0.2-0.1) 31(-0.162) 235(-85555)  0.1(0-0.1) 2.7(-2.1-7.4)

Results are based on linear regression analyses of the Dutch men population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, menopausal status, current use of the
oral contraceptive pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: RBCVseed vessel: feed vessel RBC velocity; RBCVcapillary: capillary RBC velocity;
Drotal: total valid vessel density with measurable RBC velocity; Dreed vessel: perfused feed
vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood volume.
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Figure S4. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in men. After sex stratification,
differences in men between the microcirculatory-perfusion-related parameters and
coagulation factor levels can be observed. Model 1: crude model; Model 2: model 1 + age;
Model 3: model 2 + BMI + current smoking status; Model 4: model 3 + serum CRP, serum
leptin concentration, and serum GlycA concentration. The effect size and 95% confidence
interval were depicted by a horizontal line with a dot. A non-significant association was
represented by the color grey, and a substantial positive association was represented by
the color red. Abbreviations: RBCVfeed vessel: feed vessel RBC velocity; RBCVcapillary: capillary
RBC velocity; Drotal: total valid vessel density with measurable RBC velocity; Dfeed vessel:
perfused feed vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood
volume.



Table S6. Association between microcirculatory-perfusion-related SDF imaging parameters
and levels of coagulation parameters in men.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen
RBCViceqvessl  Model1  05(-13-24)  13(-04-31)  23(1257)  -01(-02:0.1)  -0.2(-03-0) 3(0.16.1)  30.4(0.9616)  0.1(0-0.1) 25(-2.9-7.9)
Model 2 0.6(-1.2-2.5) 1.2(-0.5-3) 19(-155.4)  -01(-0.20.1)  -0.2(-0.4-0) 3(0-6.1) 303(-1.1617)  0.1(0-0.1) 1.7 (3.67.1)
Model3  05(-14-23)  05(-12-22)  2.1(-1.4-56) 0.1(-02:0) 0.2(-0.4-0) 2.9(-0.2-6) 26.5 (-5.1-58) 0.1(0-0.1) 0.6 (-5.7-4.6)
Model4  0.4(-14-22)  0.4(-1.1-19) 2(-1.5-5.4) -0.1(-0.2:0) 0.2(-0.4-0) 2.8(-035.8)  255(-54-563)  0.1(0-0.1) -1(-5.2-3.3)
RBCVepiay ~ Modell  02(-1.7-2) 1.2(-0.5-3) 2(-1.5-5.5) 0(-0.2:0.1) 0.1(-03-01)  27(-04-58)  25(:6.3563) 0.1(0-0.1) 2.9(-25-8.3)
Model2  02(-16-21)  12(-0629)  19(-1.653) 0(-0.2:0.1) 0.1(-03-01)  27(-04-58)  25(-6.4-56.3) 0.1(0-0.1) 27(-2.68)
Model3  0.1(-1.7-2) 0.6(-1-23) 2(-1.5-5.4) 0.1(-02-01)  -02(-0.4-0) 26(-0.55.7)  227(-87-541)  0.1(0-0.1) 11(-4-6.2)
Model4  03(-15-21)  0.8(-0.7-2.4) 2(-1.5-5.4) 0(-0.2:0.1) -0.2(-0.3-0) 27(:045.7)  23(7.7-53.8) 0.1(0-0.1) 1.6(-2.7-5.8)
Drota Model1  0.4(-14-23)  0.1(-17-18)  2.8(-0.7-63) 0(-0.1-0.2) 0(-0.2:0.2) 19(1.25)  32.2(0.9-63.4) 0(0-0.1) 2.6(-2.98)
Model 2 0.6(-1.3-2.4) 0(-1.8-1.8) 23(-1.15.8) 0(-0.1-0.2) 0(-02-0.2) 2(-115.1)  32.2(0.7-63.6) 0(0-0.1) 1.6(-3.8-6.9)
Model3 0.5 (-1.3-2.4) 0.3 (-2-1.3) 2.4(-1.1-5.9) 0(-0.1-0.1) 0(-0.2:0.2) 19(1.25)  30.8(-0.5-62.2) 0(0-0.1) 0.6(-4.6-5.7)
Model4  06(-11-24)  -0.1(-17-14)  2.7(-0.7-6.1) 0(-0.1-0.1) 0(-0.2:0.2) 21(-15.1)  31.9(1.3-62.6) 0(0-0.1) 1(-3.2:53)
Dicegvessst~ Model 1 0.2(-1.7-2) 0.6 (-1.1-2.4) 2.5(-1-6) 0(-0.1-0.2) 0(-0.1-0.2) 16(-1.54.7)  27.4(-3.9-58.7) 0(0-0.1) 4(-1.4-9.4)
Model2  0.4(-15-22)  05(-12-23)  1.9(-1.65.4) 0(-0.1-0.2) 0(-0.2-0.2) 17(-1.4-48)  27.4(-4.2-59) 0(0-0.1) 27(-27-8.1)
Model3  03(-15-22)  02(-15-19)  19(-1.6:5.4) 0(-0.1-0.2) 0(-0.2:0.2) 17(-1.44.8)  26.4(-5.1-57.9) 0(0-0.1) 18(3.3-7)
Model4  0.2(-1.6-2) 02(-13-18)  21(-14-55) 0(-0.1-0.1) 0(-02-0.2) 19(-1.15)  29.6(-1.2-60.4) 0(0-0.1) 25(-1.7-6.8)
Deiiary  Model 1 05(-1.4-2.3)  -0.8(-26-09)  1.9(-16-5.3) 0(-0.2:0.1) 0(-0.2:0.2) 0.8(-23-3.9) 17.1(-14.3-48.4)  0(-0.1-0.1) -1.1(-6.5-4.4)
Model2  05(-14-23)  -0.9(-26-09)  18(-1.7-52) 0(-0.2-0.1) 0(0.2-02) 0.8(-23-3.9)  17(-144-484)  0(-0.1-0.1) 12(-6.5-4.1)
Model3 0.4 (-1.4-2.3) -1(-2.7-0.7) 1.8(-1.65.3) 0(-0.2:0.1) 0(-0.2:0.2) 07(-23-38)  162(-15-47.5)  0(-0.1-0.1) 1.6 (-6.7-3.4)
Model4 0.7 (-1-2.5) 0.6(21-09)  2.2(-1.2:5.6) 0(-0.1-0.1) 0(-0.2-0.2) 07(-23-38) 15.4(-154-462)  0(-0.1-0.1) -1.4(-5.6-2.8)
CBVywe  Modell  -0.8(2.7-1)  -15(3.3-02)  06(2.84.1) 0(-0.1-0.2) 0(-02-0.2) 0.1(323) -22(-33629.2)  0(-0.1:0.1) 0.9 (-6.3-4.5)
Model2  -0.8(-2.6-1)  -1.5(-33-02)  0.6(-2.8-4.1) 0(-0.1-0.2) 0(-0.2:0.2) 0.1(323) -22(-33729.2)  0(-0.1-0.1) -1(-6.3-4.4)
Model3  -0.8(-26-11)  -13(-3-0.4) 0.6(-2.9-4.1) 0(-0.1-0.2) 0(-0.2:0.2) 0.1(323) -15(-32.829.8)  0(-0.1-0.1) -0.4(-5.4-4.7)
Model4 -0.7(-25-11)  -1.3(-2.8-03)  0.7(2.7-4.1) 0(-0.1-0.2) 0(-0.2-02) 04(-35-27) -59(36824.9)  0(-0.1-0.1) -15(-5.7-2.7)

Results are based on linear regression analyses of the Dutch men population. The beta
coefficient (95% Cl) can be interpreted as differences in coagulation parameter levels per
SD change in PBR.

Model 1 = crude model.
Model 2 = model 1 + age.
Model 3 = model 2 + BMI + current smoking status.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: RBCVseed vessel: feed vessel RBC velocity; RBCVcapillary: capillary RBC velocity;

Drotal: total valid vessel density with measurable RBC velocity; Dreed vessel: perfused feed
vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood volume.
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Figure S5. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in premenopausal women. After stratification for menopausal
status, differences in premenopausal women between the glycocalyx-related parameters
and coagulation factor levels can be observed. Model 1: crude model; Model 2: model 1 +
age; Model 3: model 2 + BMI, current smoking status, current use of the oral
contraceptive pill, and current use of hormone replacement therapy; Model 4: model 3 +
serum CRP, serum leptin concentration, and serum GlycA concentration. The effect size
and 95% confidence interval were depicted by a horizontal line with a dot. A non-
significant association was represented by the color grey, and a substantial positive
association was represented by the color red. Abbreviations: PBRtotal: PBR of total vessels
from 4-25um; PBRfeed vessel: PBR of feed vessels from 10-19um; PBRcapillary: PBR of capillaries
from 4-9um.



Table S7. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in premenopausal women.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen
PBRrow  Modell 3.3(-18-8.4)  56(0.2-113)  62(-2-14.4) 0(-0.30.3) 03(-09-03) 122(-0.5-249)  108.8(4.1-213.5) 02(00.4)  13.8(-1.1-28.7)
Model2  2.9(2.38.1)  41(16-98) 37(43116)  0(-0.4-03) 02(-08-04) 109(-21-239)  107.4(-0.7-215.5) 0.2 (0-0.4) 11 (-4-26.1)
Model3  3(-2.1-8.2) 4.1(-04-86)  49(-3-128) 0(-0.30.3) 02(-0.7-03)  10.1(-04-205)  89.3(-1.1-179.6) 02(00.4)  10.1(-3.623.8)
Model4  3.3(-2-8.6) 55(19-9.2)  8.4(12-15.7) 0(-0.20.3) 03(-08-0.2) 142(4.2-242) 1189(31.9-2058)  0.2(0.1-04)  12.4(1.2-23.7)
PBRicqvess Model1  3.8(-1.289)  63(0.6-12.1)  5.8(-2.5-14) 0(-0.3-0.3) 03(-08-03)  12(-0.6-247)  99.5(-5.8-204.7) 0.2 (0-0.4) 13 (-2-27.9)
Model2  3.5(-1.7-8.7) 5(0.6-10.6)  3.4(-4.5-113)  0(-03-03) 02(-08-04) 10.8(-22-237) 97.4(-109-2057)  02(-01-04)  10.3(-4.7-25.3)
Model3 3.4 (-1.7-8.5) 4.6(0.2-9) 47(-32-125)  0(-03-03) 02(-0.7-03)  10(-0.3-20.4)  80.4(-9.5-170.4) 0.2(00.3) 8.2(-5.5-21.9)
Model4  4(-1.2-9.1) 5.7(2.2:9.3) 7(02141)  01(02:03)  -02(-07-03)  12(2.1-21.9) 94.5 (7.9-181.1) 0.2 (0-0.4) 85 (-2.8-19.7)
PBRupilay Model1 0.8 (-4.3-6) -2.1(-83.8) 0.8(-7.5-9.2) 0(-0.3-0.3) 02(-04-0.7)  -11.3(-24-1.4) -115.6(-219.9-11.4)  -02(-0.4-0)  4.6(-10.7-19.8)
Model2 0.6 (-4.5-5.8) 27(-833) 0.1(-87.7) 0(-0.3-0.3) 02(-0.4-0.8)  -12(-24.70.6) -118.6(-223.6-13.7)  -02(-0.40)  3.4(-116-18.4)
Model3  17(3.3-6.8)  -0.4(494.1)  -1(-886.8) 0(-0.3-0.3) 0.1(-04-0.6)  -8.8(-19.1-1.4)  -94(-181.4-6.5) 0.1(-0.3-0) 7(-6.4-20.5)
Model 4 2.4(2.7-7.6) 1(-2.8-4.8) 19(559.2)  01(-02-04)  0.1(-04-06)  -7.1(-17.33)  -828(-169.7-4.1)  -0.1(-03-0.1)  81(3.119.2)

Results are based on linear regression analyses of the Dutch premenopausal women
. The beta coefficient (95% Cl) can be interpreted as differences in coagulation
parameter levels per SD change in PBR.

population

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, current use of the oral contraceptive

pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA

concentrat

ion.

Abbreviation: PBRtotal: PBR of total vessels from 4-25um; PBRyeed vessel: PBR of feed vessels
from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.



Model 2 4

Model 41 —&——

Model 1 -
Model 24

Model 4 4

Model 14
Model 2 <
Model 3 4
Model 4 4

Model 14
Model 2 {
Model 3 4
Model 4 4

Model 14 —a——

Model 2 4

Model 3 1 ——e——
Model 4 { ——eo——

Model 1 4

Model 2 4

Model 3{ —et—
Model 4 1 —e——

FIX Fvin Lag ttPeak Peak Vellndex ETP Fib
Model 1] —o— JL ! \ ! ! ! ! 2
I I L [l [l | [ @
I r 1 P i i i I 2
Model 31 — 44— — — — — — e — e P l— §
—= i ——— | e == —— &
i T I T T 1 1 I
1 ) T | [l [l | I Z
T ™ * T T 1 T i 0
Model 3 1 —te— ||—e— T —— —— —le— —— —le— S 18
T T 1 T T T T T ™
. . . . . - . .
| I i [ i [l I |
| re * o1 7% e | 9 ! |
lo le le » le le Le l—e— |§
+ g i . i i e It
T T T T T T T T
- - - . - - —_—
| ] i i [l [l I | ol
- L T e * e 1 — (EEE
- le- - I o ol ol o I e ;
d I L, L, o o L NIMENESE
1 L 1 1 1 1 1 1
| |[— | i i l |
I 1 1 1 | | | I °
—le— —e—— || —e— —e—— . e —— |—e—- [N
—+- —— = wEM = mnan
i T T T T 1 1 i |
I ] I 1 1 | I I a
T L4 T T T T T T @
e —de—— || —o1— —e—1 e e - - 5<
£
— —— Il — T el | |
-5 5 -5 0 5 10-10-5 0 5 10-0.250.000.25 -1.0-0500 05 -100 10 20 -0.250.00 025 -100 O 100 200-100 10 20 30

Regression coefficient

Figure S6. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in premenopausal women. After

stratification for menopausal status, differences in premenopausal women between the

microcirculatory-perfusion-related parameters and coagulation factor levels can be
observed. Model 1: crude model; Model 2: model 1 + age; Model 3: model 2 + BMI,
current smoking status, current use of the oral contraceptive pill, and current use of
hormone replacement therapy; Model 4: model 3 + serum CRP, serum leptin
concentration, and serum GlycA concentration. The effect size and 95% confidence
interval were depicted by a horizontal line with a dot. A non-significant association was

represented by the color grey, and a substantial positive association was represented by

the color red. Abbreviations: RBCVfeed vessel: feed vessel RBC velocity; RBCV apillary: capillary
RBC velocity; Drotal: total valid vessel density with measurable RBC velocity; Dfeed vessel:

perfused feed vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood

volume.



Table S8. Association between microcirculatory-perfusion-related SDF imaging parameters
and levels of coagulation parameters in premenopausal women.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen

RBCVieegveser  Model 1 1.5 (-3.7-6.6) 3(2.9-89) 02(-8285)  0.1(-0.2:0.4) 0(0506)  3.7(-93-167) 48.9(585-1563) 0.1(-0.2:0.3)  217(7.4-36)

Model2  15(3.66.7)  32(2.488  05(7.383)  01(-0.2:04) 0(-0.5-0.6) 39(9-16.9)  49.7(-58.4-157.7) 0.1(0.2-03)  22.1(8.2-36)

Model3  0.1(-5.25.3)  0.2(-4.54.8) 0.1(-8.1-8) 0(-0.303) 0(-0.5-05) 19(912.7)  17.6(-76.1-111.2)  0(-0.20.2) 15(1.6-28.5)
Model4  -03(5.65)  -12(5.127)  -0.6(-817) 0(-0.30.3) 0.1(-05-04)  14(9.112)  6.6(-84.9-98.1) 0(0.2:02)  10.3(-09-21.6)

RBCVapiay  Modell 3.3 (-1.883)  2.3(-3.6-8.2) 13(7-9.7) 0(-0.30.3) 0.1(-0.7-04)  62(-68-19.1) 63.2(-43.8-170.2) 0.1(-0.1-03)  15.2(0.4-30)
Model 2 3.2(-1.9-8.3) 2(3.67.7) 0.9(-6.9-8.7) 0(-0.3-0.3) 0.1(-0.7-05)  59(7-188)  62.2(-455-169.9) 0.1(-0.1-03)  14.7 (0.2-29.2)
Model3  1.8(3.4-7) 0.8(-5.4-37)  -02(-8.2-7.8) 0(-0.30.3) 0(-0.5-05) 19(-88126) 23.1(-69.6-115.8)  0(-02-02)  10.1(-3.6-23.7)

Model4  2.3(3-7.5) 0.4(-43-35)  17(-5.89.2) 0(-0.2-0.3) 0(-0.5-0.5) 3.1(-7.4-136)  289(622-120)  01(-0.1-02)  8(-3.4-19.4)
Drotal Model1 ~ 23(2.97.4)  59(0.2-11.7)  1.2(-7.1-9.6) 0(-0.3-0.3) -02(-0.7-04) 125(-0.2-25.1) 126(22.6-229.5) 0.2 (0-0.4) 229 (8.7-37.1)

127.5
Model2  2.4(2.7-7.5)  63(0.8-11.7) 1.8(-6-9.6) 0(-0.30.3) 02(-08-04)  12.9(0.3-25.4) 0.2(0-0.4) 23.6(9.8-37.3)
(23.5-231.6)

Model3  -0.4(-6-5.2) 12(386.1)  17(-68103) 01(0.2:04)  01(-0.4-06) 39(7.5154) 425(566-1417) 0.1(-01-03)  17.7(3.53L9)
Model 4 -1(-6.5-4.6) -0.1(-4.2-4) 09(7.188)  0.1(-0.2-0.4) 0(-0.5-0.6) 35(7.6146) 332(-63.1-129.4) 0.1(-0.1-0.3)  14.5(2.8-26.1)

Dicgvessel ~ Model 1 3.9(-1.1-9) 52(:0.6-11)  21(-63-10.4)  0.1(-0.2:0.4) 0(-0.5-0.6) 71(5.820) 91.4(-14.4-197.1) 01(-0.1-03)  18(3.4-32.7)
Model2  3.8(-1.289)  49(-0.6-104)  15(6.39.4)  01(0.204)  01(-0506) 68(6.1-19.6) 90.3(-162-196.7) 0.1(-0.1-0.3)  17.4(3.1-317)
Model3  17(3.77.1)  04(-44-52)  12(7.195)  02(-01-05  04(0.109)  -28(-1483) 9.4(-87.4-106.1) -0.1(-03-0.1) 12.4(-1.7-26.6)
Model4  1(-4.5-6.4) 0.4(-44-36)  08(-6.9-86)  01(-0.1-04)  03(-0.2:0.8) -21(-12.987) 11.6(-82.4-1057)  0(0.20.1)  12.8(1.4-24.2)

Deapiltary Model 1 -0.4(-5.5-4.8) 4.7 (-1.1-10.5) -0.1(-8.4-8.3) -0.1(-0.4-0.2) -0.4(-0.9-0.2) 13.3(0.7-25.9) 112 (7.6-216.5) 0.2 (0-0.5) 21.2(6.8-35.6)

Model2  -0.2(-5.3-5) 5.4(-0.1-11) 11(67-89)  -01(-04-03)  -04(-10.2)  14.2(17-26.7) s 02(0-0.5  22.8(8.9-36.7)
(10.5-221.1)

Model3  -2.6(-8-2.7) 12(3.56) 14(6.996)  -01(-04-03) -03(-0.802) 86(23194) 50.2(451-1454)  0.2(0-04)  15.7(1.9-29.5)

Model4  -27(-81-2.8)  01(3.944.1)  0.7(7.184) 0(-0.30.2) 03(-0802)  7.3(3.418)  33.1(-60.9-127.1) 01(-0.1-03)  9.6(2.1-21.2)
CBVywc  Modell  -2.1(7.3-3) 14(-4573)  -16(-1067)  -01(0.402) -03(-0903) 83(45212) 37.4(-703-1452) 02(-0.1-04)  6.3(-8.9-21.6)

Model2  -1.8(-7-3.4) 26(3.183)  03(7.682)  -01(0402) -0.4(0902)  99(-3227) 429(666-1524)  0.2(0-04) 8.8(-6.1-23.8)

Model3  -22(-7.32.9)  18(-2763)  14(6593)  -01(0.4-02) -04(-09-0.1)  97(-06-20) 458(-454-136.9)  0.2(0-0.4) 8(-5.6-21.6)

Model4  -2.4(-7.5-2.7)  07(3.1-4.4)  -02(7.57.2) -01(0401) -0.4(0.90.1) 8(2-181)  29.2(-59.6-118) 0.2(0-0.4) 4.1(-7.1-15.4)

Results are based on linear regression analyses of the Dutch premenopausal women
population. The beta coefficient (95% Cl) can be interpreted as differences in coagulation
parameter levels per SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, current use of the oral contraceptive
pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: RBCVfeed vessel: feed vessel RBC velocity; RBCVcapillary: capillary RBC velocity;
Drotal: total valid vessel density with measurable RBC velocity; Dreed vessel: perfused feed
vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood volume.
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Figure S7. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in postmenopausal women. After stratification for menopausal
status, differences in postmenopausal women between the glycocalyx-related parameters
and coagulation factor levels can be observed. Model 1: crude model; Model 2: model 1 +
age; Model 3: model 2 + BMI, current smoking status, current use of the oral
contraceptive pill, and current use of hormone replacement therapy; Model 4: model 3 +
serum CRP, serum leptin concentration, and serum GlycA concentration. The effect size
and 95% confidence interval were depicted by a horizontal line with a dot. A non-
significant association was represented by the color grey, and a substantial positive
association was represented by the color red. Abbreviations: PBRtotal: PBR of total vessels
from 4-25um; PBRfeed vessel: PBR of feed vessels from 10-19um; PBRcapillary: PBR of capillaries
from 4-9um.



Table S9. Association between glycocalyx-related SDF imaging parameters and levels of
coagulation parameters in postmenopausal women.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen
PBRw  Modell 02(-21-26)  05(-17-27)  02(-32:36)  -0.1(-02-0.1) 0(-03-02) 03(-3.4-41)  3.9(34.4-422)  0(0.1:0.1) 4(-23-10.2)
Model2 0.3 (-2-2.7) 0.5 (-1.7-2.7) 0.6 (-2.8-4) 0(-02-0.1) 0(-02-02) 0.4(-4.1-33) -41(-41733.4)  0(-0.1-0.1) 4.1(-2.2-10.4)
Model3  1(-14-33) 1.9 (0-3.8) 0.8(-2.7-4.2) 0(-02-0.1) 0(-02-02) 11(-2.4-46) 105(-251-46.1)  0(-0.1-0.1) 6.5 (0.6-12.4)
Model 4 0.8(-1.5-3.1) 13(-0.33) 0.2(-3.63.2) 0(-02-0.1) 0(-02-02) 02(-32:36)  2(-33.3:373) 0(-0.1-0.1) 3.6(-1.8-9)
PBRiccdvesser Model1 0.6 (-1.7-3) 0.2 (-2-2.4) 07(2741)  -01(02:01) -01(0301) 06(3243) 63(-31.9-446)  0(-0.1-0.1) 3.5(-2.89.7)
Model 2 0.7(-16-3.1) 0.2(-2-2.4) 1.1(-2.3-4.6) 0(-02-0.1) 0.1(-030.1)  -0.2(-3.936) -19(-39.5-357)  0(-0.1-0.1) 3.6 (-2.69.9)
Model3  14(-0.937)  17(-0.2-36)  15(-19-49) 0(-02-0.1) 0.1(-03-0.1) 14(-249)  13.2(-223-488)  0(-0.1-0.1) 6.2(0.3-12.1)
Model 4 1.3(-1-3.6) 1.4(-0.23) 1(-2.3-4.4) 0(-02-0.1) 0.1(-030.1)  09(2543)  7.9(27.1-43) 0(-0.1-0.1) 5.1(-0.2-10.4)
PBRupiey Model 1 -13(-3.7-1) 0.8(-1.5-3) 3.4(-0.1-6.8) 0(-0.2-0.1) 0(-02-02) 09(-29-47) 14.6(-23.7-52.8)  0(-0.1-0.1) 3.7(-2.5-10)
Model 2 -1.3(-3.6-1.1) 0.8(-1.5-3) 3.7(03-7.1) 0(-02-0.1) 0(-02-02) 03(3.4-4)  83(29.2-457)  0(-0.1-0.1) 3.8(-2.4-10.1)
Model3  -1(-33-13) 12(-0.7-3.1) 3.7(03-7) 0(-02-0.1) 0(-02-02) 0.6(-284.1) 11.6(-236-46.9)  0(0.1-0.1) 4.6 (-1.2-10.5)
Model4 -0.9(-32-13)  13(-0.3-29) 3.7(0.4-7) 0(-01-0.1) 0(-02-02) 07(-27-4)  119(-22.7-465)  0(-0.1-0.1) 4.8(-0.4-10.1)

Results are based on linear regression analyses of the Dutch postmenopausal women
population. The beta coefficient (95% Cl) can be interpreted as differences in coagulation
parameter levels per SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, current use of the oral contraceptive
pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: PBRtotal: PBR of total vessels from 4-25um; PBRyeed vessel: PBR of feed vessels
from 10-19um; PBRcapillary: PBR of capillaries from 4-9um.
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Figure S8. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in postmenopausal women. After
stratification for menopausal status, differences in postmenopausal women between the
microcirculatory-perfusion-related parameters and coagulation factor levels can be
observed. Model 1: crude model; Model 2: model 1 + age; Model 3: model 2 + BMI,
current smoking status, current use of the oral contraceptive pill, and current use of
hormone replacement therapy; Model 4: model 3 + serum CRP, serum leptin
concentration, and serum GlycA concentration. The effect size and 95% confidence

interval were depicted by a horizontal line with a dot. A non-significant association was
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represented by the color grey, and a substantial positive association was represented by
the color red. Abbreviations: RBCVfeed vessel: feed vessel RBC velocity; RBCVcapillary: capillary
RBC velocity; Drotal: total valid vessel density with measurable RBC velocity; Dfeed vessel:

perfused feed vessel density; Deapillary: perfused capillary density; CBVstatic: capillary blood

volume.



Table S10. Association between microcirculatory-perfusion-related SDF imaging
parameters and levels of coagulation parameters in postmenopausal women.

FXI activity FIX activity FVIIl activity Lag time ttPeak Peak ETP Vellndex Fibrinogen

RBCVieequess Model 1 1.5 (-0.8-3.9) 2(-0.2-4.2) 2.5(-0.9-5.9) 0(-0.10.2) 0(-0.2-02) 22(-16-6)  28.1(-10.1-66.2) 0(0-0.1) 0.2(-6.5-6)
Model 2 1.5(-0.8-3.9) 2(-0.2-42) 2.5(-0.9-5.9) 0(-0.1:0.2) 0(-0.2:0.2) 23(-14-59)  28.6(-8.6-65.8) 0(0-0.1) 0.3 (-6.5-6)
Model3 0.7 (-1.63) 05(-14-24)  2.1(-1.4-55) 0(-0.1-0.1) 0(-0.2:02) 05(-29-3.9) 12.7(-22.8-482)  0(-0.1-0.1) -2.8(-8.7-3.1)
Model4  02(-21-25)  -05(21-11)  1.9(1553) 0(-0.2:0.1) 0(-0.2:02) 07(-27-41) 15.8(-19.4-50.9)  0(-0.1-0.1) 4.4 (-9.7-1)

RBCVepioy  Modell — 1.2(-113.6)  14(0.836)  22(12:5.7) 0(-0.1-0.2) 01(0.203)  11(27-49) 204(17.8586)  0(-0.1-0.1) 0.5(-5.8-6.7)

Model2  12(-12-35)  14(-0836)  2.2(-1.2-56) 0(-0.10.2) 0(-0.2:02) 13(2.45)  22.2(151-59.4)  0(-0.1-0.1) 0.5 (-5.8-6.7)

Model3  06(-1.7-2.8)  03(-1622)  19(-1.653) 0(-0.10.2) 0.1(-01-03)  -0.1(3533) 10(-253-453)  0(-0.1-0.1) -12(-7.1-4.6)

Model4  02(-2.1-2.5) 0.4 (-2-1.2) 17(-1.7-5) 0(-0.1-0.1) 0(-0.2:02) 0(3.433)  113(-235462)  0(-0.1-0.1) -2.6(-7.9-2.7)
Drota Model1  08(-15-3.1)  13(-0935)  18(17-52) 0(-0.10.2) 0.1(-02-03)  21(-1759)  34.1(4-72.2) 0(-0.1-0.1) 0.8(-5.57)
Model2  07(-16-3.1)  1.3(-0.9-35) 1.4(-2-4.8) 0(-0.2:0.1) 0(-0.2:02) 28(-0.965)  42(4.7-79.3) 0(0-0.1) 0.7(-5.67)

Model3  0.1(-22-24)  0.2(-17-2.1) 1(-2.4-4.4) 0(-0.2:0.1) 0(-0.2:02) 17(1.85.1)  322(-32:675)  0(-0.1-0.1) 15 (-7.4-4.4)

Model4  0.1(-22-23)  02(-15-18)  0.9(2.4-43) 0(-0.2:0.1) 0(-0.2:02) 15(-1.9-49)  30.1(-4.7-649)  0(-0.1-0.1) -1.3(-6.7-4)

Diccgvesst ~ Model1  0.8(-15-3.2)  2.1(-01-43)  23(1257)  01(0.102)  01(0103)  19(-1857) 31.2(-6.9-69.3)  0(-0.1-0.1) 0.9 (-5.4-7.1)
Model2  07(-16-3.1)  2.1(-01-43)  19(1553) 0(-0.10.2) 0.1(-01-03)  27(1.16.4) 39.5(2.276.8)  0(-0.1-0.1) 0.8(-5.5-7.1)

Model3  0.1(-22-24)  07(12-26)  13(-2.1-4.8) 0(-0.10.2) 0.1(-0.1-0.3) 1(-2.4-45)  24.9(-106-60.5)  0(-0.1-0.1) -1.6(-7.5-4.4)

Model4 -0.1(-23-22)  02(-14-19)  0.8(254.2) 0(-0.1-0.1) 0.1(-0.1-03) 04(-338)  189(162-54)  0(-0.1-0.1) -25(-7.9-2.8)

Deitay ~ Model1 03 (-22.7) 03(2519)  -02(3.633)  -0.1(-02:0.) 0(-0.2:02) 14(235.2) 233(-14.9615)  0(-0.1-0.1) 0.5(-5.8-6.7)
Model2  03(2-27) 03(2519)  03(373.1)  -01(-02:01) 0(-0.2-02) 16(2.153) 257(11663)  0(-0.1-0.1) 0.4(-5.8-6.7)

Model3  0(-23-23) 0.4(-23-15)  -03(37-31)  -0.1(-02-0.1) -01(-030.1)  18(1652)  27.1(-81-623) 0(0-0.1) -0.3(-6.2-5.6)

Model4  0.2(-2-2.5) 0.1(-15-17)  01(3.2:35)  -0.1(-0.2:0.1) 0(-0.2:0.2) 21(-12-55)  30.2(-4.4-64.7) 0(0-0.1) 1.1(-4.2-6.4)

CBViye  Modell -0.5(2.819)  -2(-43-02) -1(-4.4-2.4) 0(-0.1:0.1) 0(-0.2:02) 02(-363.9) 06(37.6389)  0(-0.1:0.1) 0.9 (-7.2-5.3)
Model2  -05(-29-18)  -2.1(-43-01)  -1.3(-4.7-2.1) 0(-0.2:0.1) 0(-0.2:0.2) 0.7 (-3-4.4) 6.5 (-31-44) 0(-0.1-0.1) -1(-7.3-5.3)

Model3  -0.3(-2.62) -1(-2.9-0.9) -1(-4.4-2.4) 0(-0.2:0.1) 0(-0.2:02) 2(-1.45.5)  19.3(-16.1-54.7) 0(0-0.1) 0.6(-5.3-6.5)

Model4  0(-2.2-23) 02(-18-14)  -05(-3.9-2.9) 0(-0.1:0.2) 0(-0.2:02) 23(-15.7)  21.5(-13.4-56.4) 0(0-0.1) 2.4(-2.97.8)

Results are based on linear regression analyses of the Dutch postmenopausal women
population. The beta coefficient (95% Cl) can be interpreted as differences in coagulation
parameter levels per SD change in PBR.

Model 1 = crude model.

Model 2 = model 1 + age.

Model 3 = model 2 + BMI, current smoking status, current use of the oral contraceptive
pill, and current use of hormone replacement therapy.

Model 4 = model 3 + serum CRP, serum leptin concentration, and serum GlycA
concentration.

Abbreviation: RBCVseed vessel: feed vessel RBC velocity; RBCVcapillary: capillary RBC velocity;
Drotal: total valid vessel density with measurable RBC velocity; Dreed vessel: perfused feed
vessel density; Dcapillary: perfused capillary density; CBVstatic: capillary blood volume.
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Abstract

Background: Composition of high-density lipoproteins (HDL) is emerging as an important
determinant in the development of microvascular complications in type 2 diabetes mellitus
(T2DM). Dutch South Asian (DSA) individuals with T2DM display an increased risk of
microvascular complications compared to Dutch white Caucasian (DwC) individuals with
T2DM. In this study, we aimed to investigate whether changes in HDL composition associate
with increased microvascular risk in this ethnic group and lead to new lipoprotein

biomarkers.

Methods: Using H nuclear magnetic resonance (NMR) spectroscopy and Bruker IVDr
Lipoprotein Subclass Analysis (B.I.LISA™) software, plasma lipoprotein changes were
determined in 51 healthy individuals (30 DwC, 21 DSA) and 92 individuals with T2DM (45
DwC, 47 DSA) in a cross-sectional, case-control study. Differential HDL subfractions were
investigated using multinomial logistic regression analyses, adjusting for possible

confounders including BMI and diabetes duration.

Results: We identified HDL compositional differences between healthy and diabetic
individuals in both ethnic groups. Specifically, levels of ApoA2 and HDL-4 subfractions were
lower in DSA compared to DwC with T2DM. ApoA2 and HDL-4 subfractions also negatively
correlated with waist circumference, waist-to-hip ratio, HbAlc, glucose levels, and disease
duration in DSA with T2DM, and associated with increased incidence of microvascular

complications.

Conclusion: While HDL composition differed between controls and T2DM in both ethnic
groups, the lower levels of lipid content in the smallest HDL subclass (HDL-4) in DSA with
T2DM appeared to be more clinically relevant, with higher odds of having diabetes-related
pan-microvascular complications such as retinopathy and neuropathy. These typical

differences in HDL could be used as ethnicity-specific T2DM biomarkers.

Keywords: High-density lipoprotein composition, NMR, Dutch South Asians, type 2 diabetes

mellitus, microvascular complications



Introduction

The worldwide rising prevalence of type 2 diabetes mellitus (T2DM) is one of the major
challenges to public health in the 21 century *. Being overweight and obese are the most
prominent risk factors for T2DM. However, South Asians (SA) have a significantly higher risk
of developing T2DM compared to white Caucasians (wC) even with a body mass index (BMI)
of around 23, which strongly suggests that different pathophysiological pathways in this
particular ethnic group may lead to T2DM progression 2. Additionally, compared to other
ethnic groups, SAs tend to develop T2DM 5 to 10 years earlier 2, and SA patients with T2DM
are more prone to develop microvascular complications such as diabetic retinopathy, with
a faster progression and greater disease severity compared to West European patients with

T2DM 35,

Previous studies showed that since the reduction of in particular low-density lipoproteins
(LDL) by statins was associated with insulin resistance and increased risk of hyperglycaemic
complications in T2DM, high-density lipoproteins (HDL) may be a better biomarker in

&8 HDL is composed of various lipids and proteins including

diabetes progression
apolipoproteins, enzymes, and lipid transfer factors, and exhibit large heterogeneity in size,
density, and composition. The various HDL fractions have different functionalities with
respect to mediating cholesterol efflux, anti-oxidation, anti-inflammation, and anti-
thrombotic processes *°. Low plasma HDL cholesterol (HDL-C) levels, for instance, were
found associated with an increased risk of T2DM and cardiovascular disease 113, while also
the importance of HDL functionality to cardiovascular disease incidence and prognosis of
heart failure was observed %16, one of the main complications among T2DM patients.

Emerging evidence further indicated that HDL particle quality has a causative impact on

diabetes 1729,

The majority of these studies were performed in Western populations, however, very little
is known about HDL functional changes in individuals with T2DM from other ethnic groups.

Given that SA represent a unique high-risk population with different pathophysiological



pathways to T2DM progression, dysfunction of HDL might be an important aspect
overlooked in this population. Therefore, we hypothesized that specific differences in HDL
composition in Dutch SA (DSA) with T2DM relate to their increased vulnerability to diabetes-
related microvascular complications. In the present study, we aimed to investigate whether
differences in plasma HDL composition in DSA with T2DM in relation to Dutch wC (DwC)
with T2DM and their respective non-diabetic controls are associated with diabetes-related
microvascular complications to provide possible new biomarkers. For this, we used H
nuclear magnetic resonance (NMR) spectroscopy and the validated Bruker IVDr Lipoprotein
Subclass Analysis (B.I.LISA™) software 2'2® to measure plasma HDL subclass and lipid
concentrations for HDL composition determination in DSA individuals with and without

T2DM, compared with DwC without or with T2DM.

Material and methods

Study population. For the present cross-sectional study, baseline samples were used from
the MAGNetic resonance Assessment of VICTOza efficacy in the Regression of
cardiovascular dysfunction in type 2 diAbetes mellitus (MAGNA VICTORIA) study from two
previous randomized controlled trials (RCT, ClinicalTrials.gov NCT01761318 2?7 and
NCT02660047 28, respectively), together with age and gender matched healthy controls
from both ethnic groups ?°. In the first trial, 50 DwC with T2DM were recruited while 51 DSA
with T2DM were recruited in the second trial. TLDM patients were excluded in both trials.
One DwC-T2DM and four DSA-T2DM patients withdrew from the RCTs. Healthy controls
were recruited by advertisement in Leiden University Medical Center (Leiden, The
Netherlands) and local newspapers, as mentioned elsewhere 2°. Additionally, 51 healthy
non-diabetic control participants (30 DwC-C and 21 DSA-C) were prospectively enrolled with
a similar age and sex distribution to the corresponding T2DM patients. Ethnicity was based
on the self-identified and self-reported biological parents' and ancestors' origins.

Participants with complete informed consent were included. The study conformed to the



revised Declaration of Helsinki and ethical approval was obtained from the Institutional

Review Board (Leiden University Medical Center, Leiden, the Netherlands).

For the present study, we excluded participants of whom plasma samples were not available.

Sample preparation for H nuclear magnetic resonance (NMR) spectroscopy. Sample
preparation was performed consistently with the requirements of the Bruker B.L.LISA
lipoprotein analysis protocol. The EDTA plasma samples were thawed at room temperature
and immediately homogenized by inverting the tubes 10 times. Next, 200 pL of plasma was
manually transferred to a Ritter 96 deep-well plate. A Gilson 215 liquid handler robot was
used to mix 120 pL of plasma with 120uL, 75 mM disodium phosphate buffer in H.0/D.0
(80/20) with a pH of 7.4 containing 6.15 mM NaNs and 4.64 mM sodium 3-[trimethylsilyl]
d4-propionate (Cambridge Isotope Laboratories). Using a modified second Gilson 215 liquid
handler, 190 pL of each sample was transferred into 3 mm Bruker Samplelet NMR tubes.
Subsequently, the tubes were sealed by POM ball insertion and transferred to the Samplelet

autosampler where they were kept at 6°C while queued for acquisition.

NMR spectroscopy measurement and processing. All proton nuclear magnetic resonance
(*H-NMR) experiments were acquired on a 600 MHz Bruker Avance Neo spectrometer
(Bruker Corporation, Billerica, USA) equipped with a 5-mm triple resonance inverse (TCl)

cryogenic probe head with a Z-gradient system and automatic tuning and matching.

The NMR spectra were acquired following the Bruker B.l.Methods protocol. Before the
measurements, a standard 3 mm sample of 99.8% methanol-d4 (Bruker) was used for
temperature calibration 3°. A standard 3 mm QuantRefC sample (Bruker) was measured as
the quantification reference and for quality control. All experiments were recorded at 310

K. The duration of the /2 pulses was automatically calibrated for each sample using a



homonuclear-gated nutation experiment on the locked and shimmed samples after
automatic tuning and matching of the probe head 3. For water suppression, presaturation
of the water resonance with an effective field of yB1 = 25 Hz was applied during the

relaxation delay and the mixing time of the NOESY1D experiment 32,

The NOESY1D experiment was recorded using the first increment of a NOESY pulse
sequence with a relaxation delay of 4 s and a mixing time of 10 ms 33, After applying 4

dummy scans, 32 scans of 98,304 points covering a sweep width of 17,857 Hz were recorded.

The lipoprotein values were extracted from the NOESY1D plasma spectra by submitting the
data to the commercial Bruker IVDr Lipoprotein Subclass Analysis (B.I.LISA) platform 226,
This approach extracts information about lipoproteins and lipoprotein subfractions in
plasma. In the current study, we focused on the HDL particles; dissected into four subclasses
(sorted according to increasing density and decreasing size; i.e., HDL-1, HDL-2, HDL-3, and
HDL-4), component concentration and composition. Lipid content including total
cholesterol, free cholesterol, phospholipids, and triglycerides within total HDL and HDL

subclasses represents the composition of HDL, called HDL main fractions and subfractions.

The calculated esterified cholesterol was not included in the present study.

Isolation of primary human umbilical vein endothelial cells (HUVEC). Primary HUVECs
were isolated from human umbilical cords obtained at the Leiden University Medical Center
after written informed consent was obtained and the umbilical cord was collected and
processed anonymously. The umbilical cord was rinsed with PBS to remove any remaining
blood. To detach the endothelial cells from the umbilical cord, trypsin/EDTA (BE17-161E,
Lonza, B-4800 Verviers, Belgium) was used. After 20 minutes of incubation at 37°C, the
trypsin was inactivated with 20% FCS in PBS, and the entire solution in the umbilical cord
was collected. The umbilical vein was flushed with PBS one more time to ensure that all

detached cells were collected before centrifugation at 1200 rpm for 7 minutes. Cells were



then cultured in 1% gelatin pre-coated flasks in endothelial growth medium (EGM2 medium,
C-22011 supplemented with SupplementMix, Promocell, Heidelberg, Germany) with 1%
antibiotics (penicillin/streptomycin, 15070063, Gibco, Paisley, UK). We cultured HUVECs
from two different donors (one boy and one girl). We pooled them together and froze them

in several vials for future experiments once they were confluent.

HDL isolation. Leftover plasma samples from 'H NMR measurements were used to isolate
HDL based on the protocol from a previous study by Mulder et al. 3* First, a 1:2 mixture of
36% polyethylene glycol (PEG 6000, 442714K, VWR International, Lutterworth, UK) in 10
mM HEPES (pH 8, H3375, Sigma Aldrich, the Netherlands) and plasma was prepared.
Following that, samples were incubated for 30 min on ice to precipitate ApoB-containing
lipoproteins, and centrifuged for 30 minutes at 2200 g. The HDL-containing supernatants

were collected, kept at 4°C, and used the following day for HDL functionality tests.

HDL anti-thrombotic capacity. Primary HUVECs were used to test HDL's anti-thrombotic
properties. In the 96-well plate, HUVECs (passage 3) were seeded at a density of 4x10°
cells/well. The following day, HUVECs were pre-incubated for 30 min with 2% ApoB-
depleted plasma or an equal volume of precipitation reagent in HEPES as a control. Tumor
necrosis factor a (TNF-a, H8916, Sigma Aldrich, the Netherlands) was then added at a
concentration of 10 ng/mL. After another 5 h of incubation, the cell surface was washed
once with HBSS, no calcium, and no magnesium (14170120, Gibco™, Paisley, UK). Each well
received 50 pL of normal pooled plasma before being placed in the Fluorometer for a 10-
min incubation at 37°C. The formation of thrombin was started by mixing 10 pL of the
fluorogenic substrate with calcium (TS50.00 FluCa-kit; Thrombinoscope BV, Maastricht, the
Netherlands). The final reaction volume was 60 pL. Thrombin formation was measured

every 20 sec for 60 min and calibrated using Thrombinoscope software (Supplemental



Figure S4a). To assess HDL anti-thrombotic capacity, endogenous thrombin potential (ETP)
was measured. To limit potential variation due to different plate conditions, HDL anti-
thrombotic capacity measurements were performed at the same time using the same batch
of pooled HUVECs and reagents. For each individual, measurements were taken in three

technical replicates. To avoid batch effects, each plate contains samples from four groups.

Statistical analyses. Differences in baseline characteristics were tested between 4 groups,
namely DwC healthy controls (DwC-C), DwC-T2DM, DSA healthy controls (DSA-C), and DSA-
T2DM. Categorical variables were expressed as total number (percentage, %) and
differences between groups were tested with the Chi-square test or Fisher's exact test.
Normally distributed continuous variables were expressed as mean (standard deviation, SD),
and differences were evaluated by post hoc tests of unpaired One-way ANOVA test; skewed
continuous variables were presented as median (25-75 percentile) and differences were

assessed using the Kruskal-Wallis test.

Based on *H NMR spectroscopy, a total of 112 lipoprotein main fractions and subfractions
were extracted. To confirm the reliability of the NMR measurements, correlation analyses
were performed between clinical routine measurements and corresponding parameters
from NMR. We first extracted concentrations of all lipoprotein subclasses and performed a
Pearson’s correlation between clinical routine measurements (total triglycerides, total

cholesterol, LDL-cholesterol [LDL-C], and HDL-C) and corresponding parameters from NMR.

Four groups (DSA-T2DM, DSA-C, DwC-T2DM, and DwC-C) were considered as four outcomes,
and concentrations of HDL main fractions and subfractions were scaled (z-normalization,
i.e., with mean=0 and SD=1) to identify lipoproteins with different concentrations, and
multinomial logistic regression analysis (MLR) was used. We set a specific reference for each
comparison: between DSA-T2DM and DSA-C, DSA-C was the reference; between DwC-
T2DM and DwC-C, DwC-C was the reference; between DSA-T2DM and DwC-T2DM, DwC-



T2DM was the reference; between DSA-C and DwC-C, DwC-C was the reference. The
analyses were adjusted for several potential confounding factors. First, age (continuous
variable), sex (dichotomous variable), and current smoking status (dichotomous variable)
were adjusted for model 1. Second, model 1 was further adjusted for BMI (continuous
variable) (model 2). Third, when comparing T2DM individuals from two ethnic groups, we
set the disease duration of healthy individuals as zero and adjusted the diabetes duration
(continuous variable) (model 3). We considered a p-value < 0.05 as significant. The results
were expressed as regression coefficient (), and odds ratios (ORs) with a 95% confidence
interval (Cl) to evaluate the differences between concentrations of HDL main fractions and

subfractions and different groups. We followed the STROBE guidelines to report our findings.

Next, based on HDL main fractions and subfractions, supervised dimension reduction
analysis called sparse partial least squares discriminant analysis (sPLS-DA) was performed
by using the “mixOmics” package in R 3°. sPLS-DA enables the selection of the most
predictive or discriminative features in the data to classify the samples. Thus, by using this
analysis, we aimed to rank and validate the features according to their contribution
between DSA-T2DM and DSA-C, DwC-T2DM and DwC-C, DSA-T2DM and DwC-T2DM, and
DSA-C and DwC-C. We then compared the rank of features determined by sPLS-DA and
those generated from multinomial logistic regression by using Spearman’s correlation to
further validate the findings. The contribution of loading features was calculated based on

two components for each sPLS-DA model.

Pearson’s correlation analyses were performed to reveal associations between differential
HDL subfractions and laboratory markers including fasting levels of gamma-glutamyl
transferase (GGT), haemoglobin Alc (HbAlc), and glucose and anthropometrics markers

including visceral adipose tissue (VAT), waist circumference, and waist-to-hip ratio.

We then investigated the correlation between disease duration and differential HDL
subfractions, and further examined the associations between HDL subfractions and pan-

microvascular-related complications, which were defined as composite diabetes-related



complications including diabetic nephropathy, diabetic neuropathy, and diabetic
retinopathy. A T2DM participant with one or more of these complications was considered
as having a pan-microvascular-related complication. This analysis was performed separately
for DSA and DwC populations, and the Mann-Whitney-Wilcoxon test was used to assess the
statistical differences between the cases (e.g., with pan-microvascular-related
complications) and controls (e.g., without pan-microvascular-related complications) for
each ethnic group. Statistical analyses were performed in R (version 4.1.0) and GraphPad

Prism version 8 (Graphpad Inc., La Jolla, CA, USA).

Results

Clinical characteristics. After consecutive exclusion of one T1DM individual from the
MAGNA VICTORIA study, 5 individuals who withdrew from the RCT, and 3 individuals with
missing plasma samples, 92 individuals with T2DM were included. None of the healthy
controls were excluded (Figure 1). In total, 143 individuals were included in the present
study: 47 DSA-T2DM subjects (19 men/28 women), 21 DSA-C (9 men/15 women), 45 DwC-
T2DM subjects (25 men/20 women), and 30 DwC-C (16 men/14 women), (Table 1).

Compared to DSA-C, systolic blood pressure, body surface area (BSA), BMI, waist
circumference, waist-to-hip ratio, fasting glucose, HbAlc, triglyceride levels, and VAT were
higher in DSA-T2DM; while total cholesterol, HDL-C, and LDL-C were lower (Table 1). In the
DwC-T2DM group, BSA, BMI, waist circumference, waist-to-hip ratio, total cholesterol, LDL-
C, total body fat, and SAT were higher compared to DwC-C, together with a higher
proportion of current smokers. Comparing individuals with T2DM between the ethnic
groups, DSA subjects had a longer diabetes duration, a higher incidence of vascular-related
complications (e.g., retinopathy and macrovascular problems), and a higher

albumin/creatine ratio compared to DwC subjects.



MAGNA VICTORIA study
(n=101)
Exclusion:
- TIDM (n=1)
- Withdraw RCT (n = 5)

Total T2DM participants Total healthy participants
(n=95) (n=51)
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- Without plasma (n = 3)

Participants of present study
(n=143)

'H Nuclear magnetic resonance (NMR)
spectroscopy
HDL composition measurement

Multinomial logistic regression model for HDL
composition alterations between T2DM
cases and controls in two ethnicities

Linear regression model
Association between HDL composition and
clinical features

Association between HDL composition
changes and diabetes-related complications

Figure 1. Flow chart of the study



Table 1. Clinical Characteristics of study participants.

Dutch South Asian T2DM vs

Dutch South Asian Dutch white Caucasian Dutch white Caucasian T2DM
Control (n=21) T2DM (n=47) p-value® Control (n=30) T2DM (n=45) p-value* p-value?
Demographics
Age (years) 48.3(8.1) 54.9(10.1) 0.0367 57.9(7.9) 59.0(6.5) ns ns
Women (no, %) 15(71.4%) 28(59.6%) ns 14 (46.7%) 20(44.4%) ns ns
Currentsmoker (no, %) 3(14.3%) 7(14.9%) ns 1(3.3%) 9(20.0%) 0.0437 ns
Medical history diabetes
Duration diabetes mellitus (years) - 17.9(10) - - 10.3(6.0) - <0.0001
Nephropathy (n, %) - 10(21.3%) - 11(23.4%) - ns
Neuropathy (n, %) - 14(29.8%) - - 15(31.9%) - ns
Retinopathy (n, %) - 24(51.1%) - - 5(10.6%) - <0.0001
Macrovascular (n, %) 13(27.7%) 2 (4.3%) - 0.0037
Medication use - -
Metformin (n, %) - 45 (95.7%) - - 45(100%) - ns
Sulfonylurea derivatives (n, %) - 8(17.0%) - - 13(28.9%) - ns
Insulin (n, %) - 36 (76.6%) 29(64.4%) - ns
Anti-hypertensive medication (n, %) - 34(72.3%) 34(75.6%) - ns
ACE-inhibitors (n, %) - 13(27.7%) 17(37.8%) - ns
Statins (n, %) 36 (76.6%) 36(80.0%) - ns
Blood pressure
Systolic blood pressure (mmHg) 123.5(13.7) 144.6(21.5) 0.0003 126.2(12.1) 141.3(15.0) 0.0007 ns
Diastolic blood pressure (mmHg) 80.2(11.8) 85.3(10.0) ns 80(77-83) 86.9(8.8) 0.0158 ns
Anthropometrics
BSA, m? 1.7(0.2) 1.9(0.2) <0.0001 1.9(0.2) 2.2(0.2) <0.0001 <0.0001
BMI (kg/m?) 23.5(3.0) 29.5(4.0) <0.0001 243(3.3) 32.3(3.9) <0.0001 0.0018
Waist circumference, cm 82.0(7.4) 101.0(9.5) <0.0001 86.6(9.1) 110.4(8.9) <0.0001 <0.0001
Waist-to-hip ratio 0.9(0.1) 1(0.1) <0.0001 0.9(0.1) 1(0.1) <0.0001 0.0039
Laboratory markers
Fasting glucose (mmol/L) 5.0(0.3) 8.1(3.0) <0.0001 5.2(0.5) 7.8(2.1) <0.0001 ns
HbA1c (mmol/mol) 35.5(2.4) 67.8(11.3) <0.0001 35.5(2.7) 64.9(10.7) <0.0001 ns
GGT (1U/L) - 28(18-37.5) - - 32(21-45) - ns
Total cholesterol (mmol/L) 5.4(0.8) 4.2(0.9) <0.0001 5.7(1.1) 4.8(1.0) 0.0018 0.0226
HDL-cholesterol (mmol/L) 1.6(0.3) 1.2(0.3) 0.0028 1.9(0.5) 1.3(0.3) <0.0001 ns
LDL-cholesterol (mmol/L) 3.4(0.7) 2.1(0.8) <0.0001 3.3(1.0) 2.6(0.8) 0.0017 0.0416
Triglycerides (mmol/L) 0.9(0.3) 1.8(1.4) 0.0031 0.9(0.7-1.2) 2.1(1.3) <0.0001 ns
Serum creatinine (pmol/mL) 68.0(60.0-79.0) 67.0(59.0-83.5) ns 73.0(68.0-85.0) 68.0(57.0-80.0) ns ns
Urinary markers
Albumin/creatine ratio (mg/mmol) - 2.7(0.55-8.45) - - 0.7(0-2.5) - 0.0037
Micro-albuminuria (n, %) - 15(31.9%) - - 7 (15.6%) -
Macro-albuminuria (n, %)h - 7(14.9%) - - 1(2.2%)
Radiology based markers
Total body fat (%) 32.4(7.1) 37.1(9.1) ns 32.5(7.1) 37.2(9.3) <0.0001 ns
VAT, cm? 73.2(29.8) 166.4(55.8)  <0.0001 74.7(34.1) 205.6(75.6)  <0.0001 ns
SAT, cm? 233.2(195.9-258.8) 300.1(228.3-371.4) 0.0561 189.7 (148.8-238.6) 335.7 (262.4-419.5) <0.0001 ns

Data are presented as mean (SD), median (25-75 percentile), or percentage.

Abbreviations: ACE Angiotensin-converting enzyme, BMI body mass index, BSA body
surface area, HDL high-density lipoprotein, LDL low-density lipoprotein, ns not-significant,
SAT subcutaneous adipose tissue, VAT visceral adipose tissue.

1Post hoc tests of unpaired One-way ANOVA, Kruskal-Wallis test or Chi-square test, p<0.05

2Post hoc tests of unpaired One-way ANOVA or Kruskal-Wallis test, Chi-square test or
Fisher's exact test, p<0.05

aAlbumin-creatinine ratio between 3.0 — 30 mg/mmol. PAlbumin-creatinine ratio > 30
mg/mmol

Most of these data have been published before 272,



Comparison between NMR-based results vs clinical chemistry approach. NMR-based
lipoprotein subclass measurements are shown in Figure 2a. To verify the quality of the NMR
measurements we compared: total triglycerides, total cholesterol, HDL-C, and LDL-C to the
clinical chemistry measurements revealing a high correlation in the total cohort (R = 0.81-

0.99, p-value < 2e-16) as well as any single group (Supplemental Figure S1).

Different HDL compositions between healthy and diabetic individuals in two ethnic
groups. To identify differences in HDL composition between the various groups, 32 HDL
main fractions and subfractions were tested (Supplemental Table S1) using multinomial
logistic regression analyses. Comparing healthy and diabetic individuals in Dutch South
Asians, we found that 14 HDL subfractions were different (5 higher and 9 lower) in DSA-
T2DM compared to DSA-C (Figure 2b and Supplemental Table S2, model 1); 21 HDL
subfractions were different (4 higher and 17 lower) in DwC-T2DM compared to DwC-C
(Figure 2c and Supplemental Table S3, model 1). After the adjustment of BMI (model 2),
only 4 HDL subfractions remained significant (ApoA2 content in HDL-2 was higher and free
cholesterol content in total HDL, HDL-3, and HDL-4 were lower) in DSA-T2DM (Figure 2b and
Supplemental Table S2, model 2); 10 HDL subfractions persisted (triglyceride content in
HDL-4 was higher and HDL-1 subfractions except H1TG and free cholesterol content in HDL
were lower) in DwWC-T2DM (Figure 2c and Supplemental Table S3, model 2). As multinomial
logistic regression analysis was used to evaluate the association between HDL composition
and the odds of having T2DM, the common trend in both ethnic groups showed that higher
free cholesterol content in most HDL subclasses was associated with lower odds of having
T2DM (Supplemental Table S2 and S3). Specifically, higher ApoA2 content in HDL-2 was
associated with higher odds of having T2DM in DSA. In DwC, higher HDL-1 subfractions were
associated with lower odds of having T2DM and higher triglyceride content in the smallest
and dense HDL (i.e., HDL-4) was associated with higher odds of having T2DM (Supplemental
Table S2 and S3).



Furthermore, sPLS-DA, a supervised machine learning method combining variable selection
and classification in a one-step procedure was performed by using HDL-related features. A
clear separation between T2DM and healthy controls was observed in both ethnicities, and
the top 5 ranked features in DSA-T2DM were free cholesterol content in total HDL and
subclasses (HDL-2, HDL-3, and HDL-4) and ApoA2 in HDL-4 (HDFC, H2FC, H3FC, H4FC, and
H4A2). Those in DWC-T2DM were free cholesterol content in total HDL and subclasses (HDL-
1, HDL-2, and HDL-4) and ApoAl in HDL1 (HDFC, H1FC, H2FC, H3FC, and H1A1l),
(Supplemental Figure S2c-d). The ranks generated from MLR and sPLS-DA tightly correlated
in both ethnic groups (Supplemental Figure S2e-f). Our findings revealed ethnic differences
in HDL composition between healthy and diabetic individuals that were not detectable by

routine lipid or laboratory assessments.

Figure 2. The ethnicity-specific distinction of HDL composition between Dutch South
Asians and Dutch white Caucasians based on *H NMR. (a) Scheme of *H nuclear magnetic
resonance in the present study. (b) Forest plot of differential lipoprotein subfractions
between DSA-C and DSA-T2DM. (c) Forest plot of differential lipoprotein subfractions
between DwC-C and DwC-T2DM. (d) Forest plot of differential lipoprotein subfractions
between DSA-T2DM and DwC-T2DM. The regression coefficient and 95% confidence
interval were depicted by a horizontal line with a dot. A non-significant association was
represented by the color grey, a positive association was represented by the color red, and
a substantial negative association was represented by the color blue. Model 1: adjusted age,
gender, and current smoking status; Model 2 = model 1 + BMI; Model 3: model 2 + diabetes
duration.

Abbreviations: Al: apolipoprotein Al; A2: apolipoprotein A2; CH: cholesterol; FC: free
cholesterol; PL: phospholipid; TG: triglyceride. Abbreviations of lipoprotein main fractions
and subfractions are shown in Supplemental Table S1.
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HDL composition in plasma revealed ethnicity specificity in individuals with and without
T2DM in two ethnic groups. When we compared T2DM subjects between DSA and DwC,
notable differences were observed in HDL-4 subclass composition. Total ApoAl and ApoA2,
and phospholipid content in total HDL (HDPL) were lower in DSA-T2DM when compared to
DwC-T2DM; whereas large HDL subclass composition such as ApoAl, cholesterol, and
phospholipid content in HDL-1 (H1A1, H1CH, and H1PL) were higher in DSA-T2DM
compared to DwC-T2DM (Supplemental Table S4 and Figure 2d, Model 1). After further
adjustment for BMI and diabetes duration, the regression coefficient of differential HDL
subfractions, albeit attenuated, remained different (Supplemental Table S4 and Figure 2d,
Model 2 and Model 3), particularly the HDL-4 subclass composition and ApoA2 presence.
Moreover, a significant difference in T2DM was observed between the two ethnic groups
when using sPLS-DA (Figure 3a). Ranking HDL-related feature measurements by
discriminating capability, we found that HDL-4 subclass composition and ApoA2 presence
had the greatest contribution (Figure 3b). Notably, the rank generated from MLR and sPLS-
DA highly correlated (p = 0.97, p-value < 2.2e-16, Figure 3c), which further validated our

previous findings.

Considering the higher prevalence of T2DM in DSA, we also compared HDL composition
among healthy individuals of both ethnicities and found that the majority of the HDL
compounds were lower in DSAs, with only the triglyceride content in the HDL subclasses
showing comparable distributions (Supplemental Table S5 and Supplemental Figure S3a).
Meanwhile, similar but less profound findings generated from sPLS-DA were found in
healthy individuals between the two ethnic groups (Supplemental Figure S2b-d). These
results suggested that ApoA2 and the HDL-4 subclass composition were different in T2DM

and had ethnic specificity.
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Figure 3. Sparse partial least squares discriminant analysis (sPLS-DA) differentiates DSA-
T2DM from DwC-T2DM. (a) sPLS-DA performed on HDL main fractions and subfractions
separates DSA-T2DM from DwC-T2DM. (b) Loading values of features with the contribution
to differentiating DSA-T2DM from DwC-T2DM in the sPLS-DA. (c) Spearman’s correlation
between the rank generated from MLR and sPLS-DA. Dot color represents the p-value of
MLR, and dot size represents the absolute value of regression coefficient.

Abbreviations of lipoprotein main fractions and subfractions are shown in Supplemental
Table S1.

HDL anti-thrombotic capacity reduction in T2DM in both ethnicities. Anti-thrombotic
capacity was measured in 142 subjects to evaluate HDL functionality (47 DSA-T2DM, 21
DSA-C, 45 DwWC-T2DM, and 29 DwC-C). Based on the thrombin generation curve, diabetic

plasma generated more thrombin than non-diabetic plasma samples in both ethnic groups



(Supplemental Figure S4b and d). Furthermore, the endogenous thrombin potential (ETP)
was significantly higher in T2DM patients versus healthy controls in both ethnicities
(Supplemental Figure S4c and e), revealing that HDL functionality in anti-thrombin

formation was impaired both in DSA and DwC with T2DM.

Associations between differential HDL subfractions and clinical outcomes. We further
investigated the associations between differential HDL subfractions (ApoA2 and HDL-4
subclass composition) and clinical outcomes (laboratory and anthropometric markers). In
DSA-T2DM, except H4TG, the other lipid content in HDL-4 subclass negatively correlated
with waist-to-hip ratio and waist circumference; ApoAl and ApoA2, cholesterol and
phospholipid content in HDL-4 (H4A1, H4A2, H4CH, and H4PL) revealed a negative
correlation with VAT; HACH, H4FC, and H4PL negatively correlated with HbAlc and H4FC
and H4PL negatively correlated with fasting glucose. Interestingly, H4A1 and H4A2

positively correlated with GGT (Supplemental Figure S5a).

In DWC-T2DM, TPA2 and HDA2 negatively correlated with waist-to-hip ratio; HDA2 and
H4A2 correlated negatively with waist circumference while H4FC showed a negative
correlation with fasting glucose levels (Supplemental Figure S5b). These results suggested
that changes in HDL composition were clinically relevant, especially in DSA-T2DM which

could partly reflect long-term dysregulated blood-glucose control.

Associations between differential HDL subfractions and pan-microvascular-related
complications. As a longer disease duration may lead to a higher incidence of complications
(Figure 4a and b), we examined the correlation between HDL subfractions and diabetes
duration in cases of both ethnicities. Notably, we discovered that ApoA2 and all HDL-4
subfractions except H4TG negatively associated with diabetes duration in DSA-T2DM while

we did not find these associations in DwC-T2DM (Figure 4c and d).



Given glycaemic control is associated with multiple diabetes-related complications,
especially microvascular problems; we then investigated the associations between
differential HDL subfractions (ApoA2 and HDL-4 subclass composition) and microvascular
complications. Interestingly, there was no association between HDL subfractions and pan-
microvascular-related complications in white Caucasian subjects with T2DM; while, in DSA-
T2DM, we observed that total ApoA2, HDA2, H4A1, HAFC, and H4PL were lower in patients
with pan-microvascular-related complications. When we compared single complications,
TPA2, HDA2, H4A1, H4A2, and H4FC were significantly lower in DSA-T2DM with retinopathy,
while H4FC was higher in DwC-T2DM with retinopathy (Figure 4b). In DSA-T2DM, TPA2,
H4A1, H4A2, HACH, H4FC, and H4PL were significantly lower in diabetic neuropathy while
none of these HDL subfractions were associated with diabetic neuropathy in DwC-T2DM
(Figure 4e and f). None of the differential HDL subfractions changed between groups with
and without diabetic nephropathy. These data suggest that changes in HDL composition,
especially TPA2 and HDL-4 subclass composition (except H4TG in DSA), were associated with

diabetes-related microvascular complications such as neuropathy and retinopathy.
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Figure 4. Associations between differential HDL subfractions and diabetes-related
microvascular complications. (a) Association between disease duration and presence of
diabetes-related microvascular complications in DSA-T2DM. (b) Association between
disease duration and presence of diabetes-related microvascular complications in DwC-
T2DM. (c) Pearson’s correlation between diabetes duration and differential HDL
subfractions in DSA-T2DM. (d) Correlation between diabetes duration and differential HDL
subfractions in DWC-T2DM. Pearson’s correlation analysis was performed. The color of scale
bar represented Pearson’s correlation R. ¥*p<0.05; **p<0.01. (e) Summary heatmap showing
the associations between differential HDL subfractions and diabetes-related microvascular
complications in DSA-T2DM. (f) Summary heatmap showing the associations between
differential HDL subfractions and diabetes-related microvascular complications in DSA-
T2DM.

Abbreviations of lipoprotein main fractions and subfractions are shown in Supplemental
Table S1.



Discussion

In the present study, we observed HDL compositional differences between healthy and
diabetic individuals in both ethnic groups. Specifically, we discovered that lower ApoA2
presence and HDL-4 subclass compositional changes in DSA individuals with T2DM were
associated with a higher incidence of diabetes-related pan-microvascular complications
such as retinopathy and neuropathy compared to DwC individuals with T2DM. These results
indicated that differences in HDL composition might be used as an ethnicity-specific
biomarker for DSA with T2DM and may provide a mechanism underlying the increased risk

of microvascular complications in DSA.

Previous studies investigating HDL particle subspecies did not account for the HDL
composition, particularly the lipid content, and the majority of these studies were
conducted on white ethnic groups 3*3’. Only a single study showed HDL-2 and HDL-3 were
associated with insulin resistance and beta cell function in South Asians at risk of T2DM 3,
In our study, we included both DSA and DwC populations and generated HDL main fractions
and subfractions including 32 features, providing a higher resolution of HDL lipoprotein
fraction than HDL-C alone. Sparse partial least squares discriminant analysis (sPLS-DA)
based on HDL composition could not only distinguish healthy controls from T2DM in both
ethnic groups but also show the distinction between T2DM in these two ethnic groups. This
suggested that this technique may be clinically meaningful beyond the measurement of

HDL-C, especially in different ethnicities.

We observed ethnicity-specific associations between HDL composition and T2DM and
found a loss of large HDL subclass and higher triglycerides in the smallest HDL subclass in
DwC with T2DM, consistent with the finding of the PREVEND study that HDL size is inversely
associated with T2DM risk 3. Interestingly, in DSA with T2DM, we observed an opposite
trend that the lipid content in the smallest HDL subclass was specifically lower and
triglycerides were higher in the largest HDL subclass when adjusting for age, gender, and

current smoking status. After BMI adjustment, only free cholesterol content in HDL



persisted, suggesting that BMI plays a vital role in affecting HDL composition in DSA-T2DM
and highlighting the importance of ethnic-specific guidelines for BMI. Furthermore, a
randomised trail proved that a structured weight management programme incorporating a
total diet replacement weight loss phase was acceptable to individuals of SA ethnicity and
could achieve T2DM remissions similarly to other populations, indicating the favourable

aspects of dietary weight-management in this high-risk population 3°.

In our study, with individuals with T2DM of both ethnicities receiving similar medical care,
we still discovered that total ApoAl and ApoA2, as well as HDL-4 subclass composition, were
significantly lower in DSA with T2DM than DwC with T2DM. Specifically small HDL particles
played a role in cellular cholesterol efflux, and had antioxidative, antithrombotic, anti-
inflammatory, and antiapoptotic capacities “%*!. These observations support our findings in
DSA and we hypothesize that in DSA with T2DM, impaired HDL function might be explained
by the loss of functional small HDL subfractions; while in DwC with T2DM, increased
triglyceride content in small HDL subclass might lead to HDL dysfunction. Our in-house HDL
functional assay revealed that individuals with T2DM in both ethnic groups had significantly
reduced anti-thrombotic capacity due to impaired HDL function, which is also consistent
with earlier findings showing that individuals with T2DM had impaired HDL function in terms
of its capacity to suppress TNF-induced vascular cell adhesion molecule-1 (VCAM-1)
expression in endothelial cells in vitro *°. A previous study by Bakker et al. reported that in
obese DSA, without T2DM, only the ability of HDL to prevent LDL oxidation was reduced in
overweight DSA when compared to obese DwC (without T2DM) %°. Following these findings,
we discovered that obese DSA with T2DM had a specific change in HDL composition,
implying that T2DM could be an additional ethnicity-specific risk factor for cardiovascular

disease.

HDL-4 subfractions in DSA with T2DM had the most clinical relevance, but not in DwC with
T2DM. There were notable associations between HDL-4 subfractions with both waist
circumference and waist-to-hip ratio, which were reported in the HELIUS study as critical

predictors for T2DM regardless of ethnic background #2. Additionally, lipid content of HDL-



4 was discovered to have associations with glycemic control parameters, which were risk
factors for diabetes progression 3%, In the current study, we also observed that HDL-4
subfractions negatively correlated with diabetes duration in DSA, and exhibited remarkable
differences between patients with and without pan-microvascular complications,
particularly neuropathy and retinopathy. In contrast, there was no link between HDL
compositional differences and diabetes-related complications in DwC subjects with T2DM.
This could indicate that changes in HDL composition occur as a consequence of
hyperglycemia and disease duration rather than as a driving factor associated with diabetes-
related complications. HDL-related pharmacological strategies that have been tested
involving HDL-mimetic peptides, showed remarkable effects on reducing inflammation,
preventing oxidation, and promoting cholesterol efflux %%, We found that HDL-4
subfractions were associated with disease duration in DSA with T2DM, suggesting the
necessity of future studies to test the HDL-mimetic peptide effects on T2DM in individuals

of SA descent.

The strength of our study is that we measured the HDL composition in detail in two ethnic
groups of diabetic and non-diabetic individuals. Our findings further indicated impaired HDL
function in T2DM, linking it with diabetes-related complications. Meanwhile, we revealed
ethnic differences in HDL composition. Of note, there are still several limitations to our
study. First, our study is a cross-sectional study, which precludes statements on causality.
Second, sample sizes are relatively small, which might limit generalization potential and
preclude stratification analyses. Third, Dutch South Asians with T2DM have longer disease
duration than Dutch white Caucasians with T2DM in our study, which may affect incidence
of complications. However, DSA-T2DM showed much faster disease progression than DwC-
T2DM, which is a typical ethnic hallmark; future studies with larger sample size and multiple
ethnicities are needed to verify our observations. Fourth, statin use could also affect HDL
concentration, composition, and function 4*°°, suggesting that differences in HDL
composition between healthy controls and T2DM may not be solely due to diabetes status.

Fifth, due to limited plasma availability, we were only able to perform an in-house HDL anti-



thrombotic capacity assay, without performing cholesterol efflux capacity, anti-oxidation
capacity, or anti-inflammatory capacity measurements. Besides, we could not perform
experiments to evaluate the anti-thrombotic capacity between large/buoyant HDL and
small dense HDL. Sixth, the biological response of HUVECs is variable; therefore, our in-

house assay is not comparable to clinical chemistry determinations.

Conclusions

In conclusion, Dutch T2DM patients of both white Caucasian and South Asian descent
exhibited altered HDL composition when compared to healthy individuals, but revealed a
distinct phenotype. In Dutch South Asian subjects, lower ApoA2 and HDL-4 were associated
with higher incidence of diabetes-related complications such as retinopathy and
neuropathy, suggesting that they could be used as ethnicity-specific biomarkers for T2DM

patients.
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Figure S1. Association between lipids and apolipoproteins measured by NMR
spectroscopy vs clinical chemistry approach. Pearson's correlation between routine total
triglyceride levels (mmol/L) and NMR extracted total triglyceride concentrations (TPTG,
mg/dL) in (a) the total cohort and (b) the individual groups. Pearson's correlation between
routine total cholesterol (mmol/L) levels and NMR extracted total cholesterol (TPCH,
mg/dL) concentrations in (c) the total cohort and (d) the individual groups. Pearson's



correlation between routine LDL-cholesterol (mmol/L) levels and NMR extracted LDL-
cholesterol (LDCH, mg/dL) concentrations in (e) the total cohort and (f) the individual
groups. Pearson's correlation between routine HDL-cholesterol levels (mmol/L) and NMR
extracted HDL-cholesterol concentrations (mg/dL) in (g) the total cohort and (h) the
individual groups.

Abbreviations of lipoprotein main fractions and subfractions are shown in Supplemental
Table S1.
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Figure S2. Sparse partial least squares discriminant analysis (sPLS-DA) differentiates
patients with T2DM from healthy controls and T2DM in two ethnicities. sPLS-DA
performed on HDL-related features separates patients with T2DM from healthy controls in
(a) Dutch South Asians and (b) Dutch white Caucasians. Loading values of features in (c)
Dutch South Asians and (d) Dutch white Caucasians with the contribution to differentiating
T2DM from healthy control using sPLS-DA. Spearman’s correlation between the rank
generated from multinomial logistic regression (MLR) and sPLS-DA in (e) Dutch South Asians
and (f) Dutch white Caucasians. Dot color represents the p-value of MLR, and dot size
represents the absolute value of regression coefficient.

Abbreviations of lipoprotein main fractions and subfractions are shown in Supplemental
Table S1.
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Figure S3. Different HDL composition between health individuals of Dutch South Asian
and Dutch white Caucasian. (a) Forest plot of differential lipoprotein subfractions between
health individuals of Dutch South Asian and Dutch white Caucasian. Regression coefficients
and 95% confidence intervals are depicted by horizontal lines with dots. Non-significant
associations are represented in grey, and substantial negative associations are represented
in blue. (b) sPLS-DA performed on HDL-related features separates healthy individuals of
Dutch South Asians from those of Dutch white Caucasians. (c) Loading values of features
with the contribution to differentiating ealthy individuals of Dutch South Asians from those
of Dutch white Caucasians using sPLS-DA. (d) Spearman’s correlation between the rank
generated from multinomial logistic regression (MLR) and sPLS-DA. Dot colors represent p-
values of MLR, and dot sizes represent the absolute values of regression coefficients.



Abbreviations: Al: apolipoprotein Al; A2: apolipoprotein A2; CH: cholesterol; FC: free
cholesterol; PL: phospholipid; TG: triglyceride. Abbreviations of lipoprotein main fractions
and subfractions are shown in Supplemental Table S1.

normal substrate
2% HDL TNFa pooled buffer
plasma (FluCa)

(0.5n)

T

=3 =

d il

) [
£
-E —
£ ElAA
[
Time (min)
b (3 d e
Dutch South Asian Dutch South Asian Dutch white Caucasian Dutch white Caucasian
40 * 40
- — Control 800 — — — Control
Z 30 —T2DM T ol Z 30 — T2DM
= € 600 =
S 20 s 520
S < 400 - £
=10 o =10
= i 200 % =
o 0 F ’ D T T T T T T 1
0 10 20 30 40 50 €0 > 0 10 20 30 40 50 60
. . & Q) " .
Time (min) 000 <P Time (min)

Figure S4. Impaired HDL anti-thrombotic capacity in T2DM in both ethnicities. (a) Scheme
of HDL anti-thrombotic capacity assay. (b) Anti-thrombotic capacity between healthy and
diabetic indivuduals in Dutch South Asian visualzied by thrombin generation curve. (c)
Difference of endogenous thrombin potential (ETP) between T2DM and control in Dutch
South Asians. (d) Anti-thrombotic capacity measurement between healthy and diabetic
indivuduals in Dutch white Caucasian visualzied by thrombin generation curve. (e)
Difference of ETP between T2DM and control in Dutch white Caucasians. Graphs represent
means = SEM for the thrombin generation curve and means * SD for the dot plots. Non-
paired two-tailed Mann-Whitney-Wilcoxon tests were performed; *p<0.05, **p<0.01.
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Figure S5. Correlation between differential HDL composition and clinical outcomes.
Pearson’s Correlation between the levels of VAT, waist circumference, waist-to-hip ratio,
glucose, HbAlc, and GGT with differential HDL composition in (a) Dutch South Asians and
(b) Dutch white Caucasians. Pearson’s correlation analysis was performed. The color of scale
bar represented Pearson’s correlation R. *p<0.05; **p<0.01.

Abbreviations: GGT: gamma-glutamyl transferase; HbAlc: hemoglobin Alc; VAT: visceral
adipose tissue. Abbreviations of lipoprotein main fractions and subfractions are shown in
Supplemental Table S1.



Table S1: Quantified HDL lipoprotein main fractions and subfractions.

Abbreviation

Lipoprotein subfraction

TPA1

TPA2

HDA1
HDA2
HDCH
HDFC
HDPL
HDTG
H1A1l
H1A2
H1CH
H1FC
H1PL

H1TG
H2A1
H2A2
H2CH
H2FC
H2PL

H2TG
H3Al
H3A2
H3CH
H3FC
H3PL
H3TG

Total apolipoprotein Al (ApoAl)

Total apolipoprotein A2 (ApoA2)

ApoAl content in total HDL

ApoA2 content in total HDL

Cholesterol content in total HDL

Free Cholesterol content in total HDL
Phospholipid content in total HDL
Triglyceride content in total HDL

ApoA1l content in HDL-1 subclass

ApoA2 content in HDL-1 subclass
Cholesterol content in HDL-1 subclass
Free Cholesterol content HDL-1 subclass
Phospholipid content in HDL-1 subclass
Triglyceride content in HDL-1 subclass
ApoAl content in HDL-2 subclass
ApoA2 content in HDL-2 subclass
Cholesterol content in HDL-2 subclass
Free Cholesterol content HDL-2 subclass
Phospholipid content in HDL-2 subclass
Triglyceride content in HDL-2 subclass
ApoAl content in HDL-3 subclass
ApoA2 content in HDL-3 subclass
Cholesterol content in HDL-3 subclass
Free Cholesterol content HDL-3 subclass
Phospholipid content in HDL-3 subclass

Triglyceride content in HDL-3 subclass



H4A1
H4A2
HA4CH
H4FC
Ha4PL
HATG

ApoA1l content in HDL-4 subclass
ApoA2 content in HDL-4 subclass
Cholesterol content in HDL-4 subclass
Free Cholesterol content HDL-4 subclass
Phospholipid content in HDL-4 subclass

Triglyceride content in HDL-4 subclass




Table S2. Differential HDL composition between DSA-T2DM and DSA-C based on
multinomial logistic regression analysis. (Reference: healthy controls DSA-C)

Model 1: adjusted for age. gender, current smoking status

Model 2: Model 1 + BMI

HDL Regression coefficient (B) QOdds ratio (OR) P_value HDL Regression coefficient (B) QOdds ratio (OR) P-value

composition B Cl25 Cl975 OR CI2.5 Cl97.5 composition B Cl2.5 CI97.5 OR Cl2.5 CIg7.5
HDCH -070 -141 o001 050 0.25 101 535E-02 HDCH -003 -088 083 097 041 229 9.52E-01
TPAL -036 -104 033 070 035 140 311E-01 TPAL 038 -0.58 135 147 0.56 385  4.36E-01
TPA2 -069 -136 -002 050 026 098  433E-02 TPA2 -008 -096 080 092 038 222 852E-01
HDTG 1.00 0.25 175 272 128 5.76 9.19E-03 HDTG 0.67 -0.21 155 196 081 472 1.36E-01
HDFC -145 -229 -062 023 0.10 054 6.63E-04 HDFC -118 -220 -0.15 031 011 086 2.44E-02
HDPL -028 -099 042 075 037 153 432E-01 HDPL 019 -069 107 121 050 292 6.66E-01
HDA1 -049 -119 021 061 031 123 167E-01 HDAL 020 -0.75 114 122 047 313 6.84E-01
HDAZ2 -041  -105 022 0.66 035 125 2.02E-01 HDAZ 017 -0.69 103 119 050 281 6.99E-01
H1TG 121 0.23 218 3.34 126 8.83 149E-02 HITG 114 -0.06 235 3.14 0.94 1044 6.25E-02
H2TG 0.97 027 167 263 131 529 6.72E-03 H2TG 060 -023 144 183 0.:80 420 1.55E-01
H3TG 0.85 019 151 234 121 451 112E-02 H3TG 052 -027 132 169 076 374 197E-01
HATG 045 -019 109 157 083 297 166E-01 HATG 021 -0.60 102 123 055 276 6.11E-01
HICH 0.00 -0.62 063 100 0.54 188 9.92E-01 HICH 0.39 -0.45 122 147 0.64 3.40 3.67E-01
H2CH 011 -055 078 112 0.57 218 7.39E-01 H2CH 034 -047 114 140 062 314 4.14E-01
H3CH -031 -094 031 073 0.39 137 3.28E-01 H3CH 0.04 -0.75 082 104 047 227 9.25E-01
H4CH -125 -209 -042 029 012 0.66 3.39E-03 HACH -057 -162 049 057 0.20 163 2.92E-01
H1FC -126 -207 -046 028 013 063 2.14E-03 HI1FC -082 -179 016 044 017 117 1.00E-01
H2FC -107 -183 -030 034 0.16 0.74 6.30E-03 H2FC -087 -1l84 0.10 042 0.16 110 7.84E-02
H3FC -198 -293 -104 014 0.05 035 3.76E-05 H3FC -232 -372 -092 010 00z 040 1.13E-03
H4FC -206 -300 -112 013 0.05 033 169E-05 H4FC -212  -338 -0.85 012 003 043 1.08E-03
HI1PL 012 -057 082 113 0.56 226 7.31E-01 HI1PL 044 -0.44 132 155 0.64 373 331E-01
HZPL 0.50 -014 114 165 0.87 3.14 1.24E-01 H2PL 0.57 -0.19 134 178 0.83 3.81 141E-01
H3PL 0.13 -045 071 114 0.64 203 6.69E-01 H3PL 035 -040 110 142 067 301 3.63E-01
H4PL -076 -159 007 047 0.20 107 7.20E-02 H4PL -015  -112 081 086 033 2.26 7.57E-01
H1AL 001 -064 067 101 053 195 9.70E-01 H1A1 0.25 -0.60 111 129 0.55 3.03 5.64E-01
H2A1 047 -018 112 160 0.84 3.06 154E-01 H2A1 07z -0.06 149 2.05 094 445 713E-02
H3AL 0.20 -039 079 122 0.68 221 5.04E-01 H3AL 0.34 -0.40 109 141 0.67 298 3.66E-01
H4Al -107 -190 -024 034 0.15 079 117e-02 H4AL -063 -171 045 053 018 157 252E-01
H1A2 0.50 -024 125 166 079 348 184E-01 H1A2 086 -0.09 181 2.35 091 6.08 7.70E-02
H2A2 098 021 176 267 123 579 1.26E-02 H2A2 117 022 211 321 124 828 1.59E-02
H3A2 0.28 -031 087 132 073 2.38 3.58E-01 H3A2 045 -0.29 119 157 0.75 3.30 2.30E-01
H4A2 -141  -224 -059 024 0.11 0.56 8.18E-04 H4A2 -095  -205 016 039 013 117 9.25E-02

Table S3. Differential HDL composition between DwC-T2DM and DwC-C based on

multinomial logistic regression analysis. (Reference: DwC-C)

Model 1: adjusted for age, gender, current smoking status Meodel 2: Model 1 +BMI
HDL Regression coefficient (B) Odds ratio (OR) pvalue HDL Regression coefficient (B) Odds ratio (OR) pvalue

composition B Cl25 CI97.5 OR Cl2.5 CI97.5 compaosition B C12.5 Cl97.5 OR Cl2.5 Cl97.5

HDCH 099 -159 -0.38 0.37 0.20 0.68 1.40E-03 HDCH 037 -111 0.37 0.69 033 1.45 3.29E-01
TPA1 097 -160 -0.33 0.38 0.20 0.72 3.03e-03 TPAL 062 -138 0.12 0.53 0.25 112 9.76E-02
TPA2 -0.44 -0.97 0.09 0.65 038 1.10 1.078-01 TPA2 -0.14 -0.87 0.58 0.87 0.42 1.79 7.01E-01
HDTG 0.60 0.00 1.20 1.82 1.00 331 4.90E-02 HDTG 0.18 -0.58 0.94 1.20 0.56 2.57 6.43E-01
HDFC 272 -370 -1.74 0.07 0.02 0.18 5.86E-08 HDFC -257 -375 -1.39 0.08 0.02 0.25 1.91E-05
HDPL -105  -1.68 -0.42 0.35 0.19 0.66 1.14E-03 HDPL 058 -1.39 0.22 0.56 0.25 1.25 1.56E-01
HDA1 -1.06 -1.74 -0.38 035 0.18 0.68 2.12E-03 HDA1 -0.68 47 0.10 0.50 0.23 1.10 8.72E-02
HDA2 -0.21 -0.71 0.29 0.81 0.49 133 4.06E-01 HDA2 0.07 -0.65 0.79 1.07 0.52 2.20 8.52E-01
H1TG -0.06 -0.62 0.50 0.95 0.54 1.66 8.44E-01 H1TG 023  -097 0.51 0.79 0.38 1.67 5.42E-01
H2TG 0.73 0.02 144 2.07 102 4.20 4.296-02 H2TG 0.14 -0.77 1.04 115 0.46 2.84 7.70E-01
H3TG 1.23 047 1.99 3.42 1.60 7.31 1.47E-03 H3TG 0.59 -0.30 1.48 1.80 0.74 441 1.95E-01
H4TG 1.48 0.78 217 4.39 2.19 8.79 3.11E-05 H4T1G 117 0.25 2.09 3.21 1.28 8.08 1.31E-02
H1CH -1.19  -1.84 -0.54 0.30 0.16 0.58 3.10E-04 H1CH -0.85 -163 -0.08 0.43 0.20 0.92 3.09E-02
H2CH 081 -139 -0.24 0.44 0.25 0.79 5.70E-03 H2CH 064 -142 0.14 0.53 0.24 115 1.06E-01
H3CH -0.67 -1.22 -0.13 0.51 0.30 0.88 1.58E-02 H3CH -0.43 -1.13 0.28 0.65 032 1.32 2.338-01
H4aCcH -0.37 -0.99 0.25 0.69 037 1.28 2.42E-01 H4CH -0.14 -0.97 0.69 0.87 0.38 1.99 7.35E-01
H1FC -2.91 -3.94 -1.89 0.05 0.02 0.15 2.70E-08 H1FC -2.60 -3.81 -1.40 0.07 0.02 0.25 2.38E-05
H2FC -2.62  -3.64 -162 0.07 0.02 0.20 3.31E-07 H2FC -245 61 -1.28 0.09 0.03 0.28 3.81E-05
H3FC -2.35 -3.31 -1.39 0.10 0.04 0.25 1.56E-06 H3FC -2.73 -4.13 -1.32 0.07 0.02 0.27 1.45E-04
H4FC -1.44 -2.23 -0.66 0.24 0.11 0.52 3.21E-04 H4FC -1.72 -2.84 -0.59 0.18 0.06 0.55 2.81E-03
H1PL -1.52 -2.24 -0.80 0.22 0.11 0.45 3.34E-05 H1PL -1.33 -2.24 -0.43 0.26 0.11 0.65 3.95E-03
H2PL 069 -126 -0.12 0.50 0.28 0.89 1.82E-02 H2PL 065 -142 0.12 0.52 0.24 112 9.67E-02
H3PL -0.35 -0.89 0.19 0.70 0.41 1.21 2.01E-01 H3PL -0.23 -0.95 0.49 0.80 039 1.64 5.38E-01
H4PL -0.20 -0.85 0.45 0.82 0.43 1.56 5.42E-01 H4PL -0.16 -1.08 0.75 0.85 0.34 213 7.30E-01
H1A1l -1.69 -2.44 -0.95 0.18 0.09 0.39 8.99E-06 H1A1 -1.63 -0.67 0.20 0.07 0.51 8.73E-04
H2A1 058 -115 -0.01 0.56 0.32 0.99 4.43E-02 H2A1 -0.24 0.51 0.79 037 1.66 5.29E-01
H3AL 034 -0.86 0.17 071 0.43 118 1.89E-01 H3A1 037 -103 0.30 0.69 0.36 134 2.76E-01
H4A1 -0.14 -0.71 0.42 0.87 0.49 1.52 6.16E-01 H4A1 -0.13 -0.94 0.68 0.88 039 1.97 7.49E-01
H1A2 -1.00 -1.60 -0.40 0.37 0.20 0.67 1.09E-03 H1A2 -0.76 49 -0.03 0.47 0.23 0.97 4.13E-02
H2A2 013 -059 0.34 0.88 0.55 141 6.00E-01 H2A2 -0.18 -077 0.42 0.84 0.46 1.51 5.60E-01
H3A2 0.08 -0.39 0.56 1.09 0.68 175 7.30E-01 H3A2 0.02 -0.61 0.65 1.02 0.54 191 9.52E-01
H4A2 -0.07 -0.60 0.47 0.94 0.55 1.59 8.09E-01 H4A2 0.17 -0.69 1.03 1.19 0.50 2.79 6.98E-01




Table S4. Differential HDL composition between DSA-T2DM and DwC-T2DM based on
multinomial logistic regression analysis. (Reference: DwC-T2DM)

Model 1: adjusted for age, gender, current smoking status

Model 2: Model 1+ BMI

Model 3: Model 2 + Diabetes duration

HDL Regression coefficient (B) Pvalue HDL pvalue HDL Regression coefficient () pvalue
composition B Cl2.5 CI97.5 composition B . Cl97.5 composition B Cl2.5 Cl97.5
HDCH -0.58 -1.18 001 5.37E02 HDCH -0.78 -1.44 -0.12 1.99€-02 HDCH 041 -1.07 0.24 2.18E-01
TPAl -0.61 -1.15  -0.06 2.88E-02 TPAL -0.63 -1.20 -0.05 3.18E-02 TPA1 -0.36 -0.92 0.20 2.05E-01
TPA2 -1.17 -1.75 -0.60 6.77E-05 TPA2 -1.20 -1.96 -0.63 1.46E-04 TPA2 -0.93 -1.63 -0.23 9.07E-03
HDTG -0.06 -0.46 035 7.84E-01 HDTG 0.09 -0.37 0.54 7.12E-01 HDTG 012 -0.38 0.63 6.35E-01
HDFC 032 027 091 2.93E-01 HDFC 0.33 -0.33 0.98 3.29€-01 HDFC 037 -0.35 1.09 3.12E-01
HDPL -0.61 -1.19  -0.03 3.80E-02 HDPL -0.71 -1.37 -0.04 3.64E-02 HDPL -0.44 -116 0.28 2.32E-01
HDA1 072 129 -015 131E02 HDA1 -0.74 -1.34 -0.13 1.67E-02 HDA1 042 -101 0.17 1.64E-01
HDA2 -111 -1.66  -0.56 8.19E-05 HDA2 -1.24 -1.89 -0.59 1.77E-04 HDA2 -0.91 -1.59 -0.23 8.36E-03
HITG 0.37 -0.11 0.85 1.32E-01 HITG 0.42 -0.10 0.94 1.13E-01 H1TG 045 -0.15 1.06 1.41E-01
H2TG 0.37 -0.10 0.83 1.19E-01 H2TG 0.64 0.06 1.22 3.178-02 H2TG 063 -0.03 1.29 5.98E-02
H3TG -0.01 -0.43 041 9.57E-01 H3TG 0.19 -0.30 0.67 4.59E-01 H3TG 0.18 -0.35 071 5.02E-01
HATG -1.36 -1.88 -0.73 2.03E05 H4ATG -1.26 -1.93 -0.59 2.26E-04 H4TG -1.34 -2.18 -0.50 1.76E-03
H1CH 0.64 0.03 125 4.06E-02 H1CH 0.46 -0.20 111 1.69E-01 H1CH 046 -0.26 117 2.09E-01
H2CH 009 -0.44 062 7.31E01 H2CH 0.11 -0.52 0.74 7.24E-01 H2CH 030 -042 1.03 4.14E-01
H3CH -0.44 -0.94 0.06 8.79E-02 H3CH -0.47 -1.03 0.09 9.76E-02 H3CH -0.31 -0.90 0.29 3.13E-01
H4CH -1.45 -212 -0.77  2.59E-05 H4CH -1.61 -2.38 -0.84 4.58E-05 H4CH -1.13 -1.88 -0.38 3.13E-03
HIFC 0.64 -0.06 135 7.37E-02 H1FC 0.65 -0.16 1.46 1.15E-01 H1FC 0.58 -0.25 1.40 1.71E-01
H2FC 0.28 -0.26 0.83  3.09e-01 H2FC 035 -0.27 0.98 2.65E-01 H2FC 046 -0.26 118 2.10E-01
H3FC -0.20 -0.72 0.32  4.46E-01 H3FC -0.24 -0.79 031 3.96E-01 H3FC 015 -0.79 0.48 6.38E-01
HA4FC -0.86 -145  -0.27 4.22E03 H4FC -0.98 -1.64 -0.32 3.83E-03 H4FC 075 -143 -0.06 3.36E-02
H1PL 0.82 0.16 148 155E-02 H1PL 0.78 0.02 154 4.38E-02 H1PL 0.82 -0.05 170 6.48E-02
H2PL 021 -031 072 432E-01 H2PL 0.28 -0.32 0.89 3.57E-01 H2PL 042 -0.30 114 2.54E-01
H3PL -0.43 -0.92 005 7.91E-02 H3PL -0.43 -0.97 0.11 1.19e-01 H3PL -0.36 -0.97 0.26 2.56E-01
H4PL -1.80 -2.60 -1.00 9.58E-06 H4PL -1.80 -2.68 -0.93 5.52E-05 H4PL -1.22 -2.02 -0.42 2.92E-03
H1A1 0.88 0.20 156 1.09e-02 H1A1 095 0.16 1.74 1.78e-02 H1A1 112 021 204 1.60E-02
H2A1 -0.40 -0.93 0.13  1.37E-01 H2A1 -0.51 -1.12 0.10 1.04E-01 H2A1 -0.31 -0.98 0.36 3.60E-01
H3A1 -0.21 -0.69 0.26 3.75E-01 H3A1 -0.18 -0.68 033 4.93E-01 H3A1 -0.14 -0.68 0.39 5.99E-01
H4A1 -1.57 -2.25 -0.89 6.14E-06 H4A1 -1.63 -2.41 -0.85 4.10E-05 H4A1 -1.14 -1.90 -0.38 3.25E-03
H1A2 0.29 -0.28 0.86 3.19E-01 H1A2 0.20 -0.44 0.83 5.41E-01 H1A2 026 -0.43 0.95 4.61E-01
H2A2 003 -042 0.48 8.95E-01 H2A2 0.05 -0.43 052 8.45E-01 H2A2 0.02 -0.50 0.54 9.33E-01
H3A2 042 -0.88 0.05 7.78E-02 H3A2 -0.37 -0.86 0.12 1.38E-01 H3A2 031 -0.84 0.22 2.54E-01
H4A2 -1.77 -2.47  -1.07 8.22E-07 H4A2 -2.05 -2.93 -1.17 4.92E-00 H4A2 -1.78 -2.83 -0.73 9.27E-04




Table S5. Differential HDL composition between DSA-C and DwC-C based on multinomial
logistic regression analysis. (Reference: DwC-C)

Model 1: adjusted for age, gender, current smoking status Model 2: Model 1+ BMI

HDL Regression coefficient (B) HDL Regression coefficient (B)

o P-value o P-value

composition B Cl2.5 CI97.5 composition B CI2.5 Cl97.5

HDCH -0.87 -1.60 -0.15 1.77E-02 HDCH -1.12 -1.95 -0.30 7.84E-03
TPA1l -1.22 -2.03 -0.40 3.42E-03 TPAl -1.65 -2.66 -0.63 1.43E-03
TPA2 092 -1.67 -0.17 1.57E-02 TPA2 -1.35 -2.25 -0.45 3.18E-03
HDTG 045 -1.29 0.38 2.88E-01 HDTG -0.40 -1.25 0.44 3.49E-01
HDFC 095 -1.86 -0.03 4.19E-02 HDFC -1.07 -2.04 -0.10 3.07E-02
HDPL -1.38  -2.20 -0.56 9.91E-04 HDPL -1.48 -2.39 -0.58 1.23E-03
HDA1 -1.29 -2.14 -0.44 2.90E-03 HDA1 -1.62 -2.62 -0.62 1.52E-03
HDA2 091 -1.63 -0.18 1.44E-02 HDA2 -1.34 -2.23 -0.45 3.06E-03
HI1TG 090 -191 0.12 8.40E-02 HI1TG -0.95 -2.13 0.23 1.13E-01
H2TG 0.13 -0.72 0.98 7.62E-01 H2TG 0.17 -0.69 1.03 6.98E-01
H3TG 0.37 -0.48 1.22 3.95E-01 H3TG 0.25 -0.59 1.09 5.58E-01
H4TG 033 -1.05 0.40 3.76E-01 HATG -0.30 -1.04 0.43 4.15E-01
H1CH -0.56 -1.21 0.09 9.32E-02 H1CH -0.78 -1.57 0.01 5.29E-02
H2CH -0.83 -156 -0.10 2.53E-02 H2CH -0.87 -1.63 -0.10 2.70E-02
H3CH -0.79 -1.50 -0.09 2.67E-02 H3CH -0.94 -1.71 -0.17 1.69E-02
H4CH -0.57 -1.45 0.32 2.11E-01 H4CH -1.19 -2.27 -0.11 3.08E-02
H1FC -1.01  -1.83 -0.19 1.59E-02 H1FC -1.14 -2.02 -0.26 1.10E-02
H2FC -1.28 -2.29 -0.26 1.41E-02 H2FC -1.23 -2.23 -0.22 1.65E-02
H3FC -0.57 -1.53 0.40 2.50E-01 H3FC -0.65 -1.68 0.39 2.21E-01
HAFC -0.24 -1.14 0.65 5.91E-01 HAFC -0.58 -1.64 0.48 2.84E-01
H1PL -0.83 -1.56 -0.10 2.65E-02 H1PL -0.98 -1.81 -0.16 1.92E-02
H2PL 099 -1.71 -0.26 7.76E-03 H2PL -0.94 -1.70 -0.18 1.52E-02
H3PL 091 -1.60 -0.22 9.55E-03 H3PL -1.00 -1.77 -0.24 1.03E-02
H4PL -1.24  -2.23 -0.26 1.35E-02 H4PL -1.81 -2.97 -0.65 2.23E-03
H1A1 0.82 -1.52 -0.13 2.08E-02 H1Al -0.93 -1.71 -0.16 1.85E-02
H2A1 -1.45 -2.23 -0.67 2.54E-04 H2A1 -1.46 -2.29 -0.63 5.63E-04
H3Al 076  -1.43 -0.09 2.72E-02 H3Al -0.89 -1.64 -0.14 2.07E-02
H4A1 -0.65 -1.52 0.22 1.46E-01 H4Al -1.13 -2.18 -0.09 3.38E-02
H1A2 -1.21 -2.01 -0.41 3.12E-03 H1A2 -1.42 -2.35 -0.48 2.94E-03
H2A2 -1.08 -1.89 -0.27 9.32E-03 H2A2 -1.30 -2.24 -0.35 7.31E-03
H3A2 -0.61 -1.27 0.04 6.78E-02 H3A2 -0.81 -1.55 -0.06 3.34E-02
H4A2 -0.42 -1.22 0.38 3.01E-01 H4A2 -0.93 -1.92 0.07 6.78E-02
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Abstract

Objective: Type 2 diabetes mellitus (T2DM) confers a higher risk for complications in South
Asian individuals as compared to other ethnic groups. It has been hypothesized that altered
lipid metabolism may at least partly mediate this risk. Here we investigate lipidomic changes
between Dutch South Asians (DSA) and Dutch white Caucasians (DwC) with and without

T2DM and their association with clinical features.

Methods: Plasma samples were measured using the targeted quantitative LC/MS-based
Shotgun Lipidomics Assistant (SLA) platform in a cross-sectional study, including 51 healthy
participants (21 DSA, 30 DwC) and 92 participants with T2DM (47 DSA, 45 DwC), resulting
in a comprehensive mapping of the circulating lipidome. Unbiased weighted correlation
network analysis was used to identify clinically relevant lipid modules (lipid clusters

associated with disease) and key mediatory lipids.

Results: In both the DSA and DwC populations, differences in lipidomic profiles (lipid classes
and lipid species) between T2DM patients and healthy controls were found. DSA-T2DM lipid
changes correlated to clinical features, particularly diacylglycerols (DGs), and associated
with glycemic control and renal function. Furthermore, when compared to DwC controls,

DSA controls already had a diabetes-prone lipid profile in their circulation at baseline.

Conclusions: This study demonstrates ethnic disparities in the circulating lipidomic profiles
of T2DM patients and healthy controls. Our results revealed an ethnic distinction of lipid
modules in relation to clinical outcomes. Additionally, we have identified specific
diacylglycerols, particularly DG 18:1_18:2, as potential biomarkers for glycemic control and

renal function in DSA-T2DM.

Keywords: Lipidomics, Dutch South Asian, Dutch white Caucasian, type 2 diabetes mellitus,

diabetic nephropathy



Introduction

One of the major challenges to public health in the twenty-first century is the worldwide
rise in type 2 diabetes mellitus (T2DM) prevalence. T2DM is characterized by insulin
resistance and insufficient compensatory insulin secretion, the mechanism of which varies
by ethnicity . South Asians (SAs), as one of the high-risk populations, have a higher T2DM
incidence than other ethnic groups 2. As a result the South Asian (SA) population with T2DM
tend to develop the disease at an earlier age, around 5-10 years ahead, and often with a
lower body mass index (BMI), compared to white Caucasians (wC), thus revealing a distinct
disease phenotype 2. SAs possess a distinct body composition characterized by a higher
prevalence of abdominal obesity and a larger proportion of visceral fat 3. This unique
phenotype contributes to the production and secretion of specific inflammatory cytokines,
which can result in an elevated chronic low-grade inflammatory state and increasing the
risk of developing T2DM among this population #>. Furthermore, SA patients with T2DM
were found to be more prone to develop microvascular complications such as diabetic
nephropathy (DN), as well as progressing to end-stage renal disease at a faster rate than

Caucasian European patients with T2DM &7,

While emerging lipidomic approaches generally revealed specific molecular lipid changes
leading to T2DM (6-8), most of these studies were only performed in single ethnicity lacking
differential information on T2DM development between different ethnic groups. Of note, a
number of epidemiological studies highlighted the role of dyslipidemia in relation to the
incidence of T2DM & %, hinting that development of dyslipidemia may be a sign of future
T2DM. Additionally, several studies found that dyslipidemia was associated with an
increased risk of diabetes-related microvascular complications such as nephropathy,
neuropathy, and retinopathy 112, Given that dyslipidemia patterns differ by race/ethnicity
13 and may influence disease outcome 14, it suggests that lipid metabolism may play a vital
role in ethnic differences in risk and progression of T2DM. In the present study, we
measured lipidomic phenotypes in Dutch South Asian (DSA) and Dutch white Caucasian

(DwC) participants, with or without T2DM, using the differential mobility mass



spectrometry (DMS/MS)-based Shotgun Lipidomics Assistant (SLA) platform °. Based on
this platform, we sought to investigate differences in lipid class and lipid species correlating

with disease risk and progression between these two ethnic groups.

Material and methods

Study population

For the present cross-sectional study, baseline samples were used from the MAGNetic
resonance Assessment of VICTOza efficacy in the Regression of cardiovascular dysfunction
in type 2 dlAbetes mellitus (MAGNA VICTORIA) study from two previous randomized
controlled trials (RCT, ClinicalTrials.gov [NCT01761318] % and [NCT02660047] Y7,
respectively), together with age and gender matched healthy controls from both ethnic
groups '8 The details of both trials can be found elsewhere ® 7, Both trials had the
following inclusion criteria: BMI > 23, age between 18 and 74 years, and HbAlc levels
between 6.5% and 11.0% (> 47.5 and < 96.4 mmol/mol). Patients were allowed to take
specific glucose-lowering medication (metformin, sulfonylurea derivatives, or insulin) at a
stable dosage for at least 3 months prior to participating in the study. They could also use
antihypertensives and statins. Exclusion criteria included the use of glucose-lowering
medication other than those specified, renal disease, congestive heart failure (NYHA class
I11-1V), uncontrolled hypertension (systolic blood pressure > 180 mm Hg and/or diastolic
blood pressure > 110 mm Hg), or recent acute coronary or cerebrovascular events within
30 days before study enrolment. We excluded samples with missing plasma, diagnosed with
T1DM, and individuals who withdraw from the randomized clinical trial. In total, 47 DSA
with T2DM (DSA-T2DM, age 54.9 [SD: 10.1] years, 59.6% women, BMI: 29.5 [4.0] kg/m?), 21
DSA healthy individuals (DSA-C, age 48.3 [SD: 8.1] years, 71.4% women, BMI: 23.5 [3.0]
kg/m?), 45 DwC with T2DM (DwC-T2DM, age 59.0 [SD: 6.5] years, 44.4% women, BMI: 32.3
[3.9]1 kg/m?), and 30 DwC healthy individuals (DWC-C, age 57.9 [SD: 7.9] years, 46.7% women,



BMI: 24.3 [3.3] kg/m?) were included. Ethnicity was based on the self-identified and self-
reported biological parents' and ancestors' origins. Participants with complete informed
consent were included. The study was conducted in accordance with the revised Helsinki
Declaration, and the Institutional Review Board granted ethical approval (Leiden University

Medical Center, Leiden, the Netherlands).

Lipidomics profiling using the SLA platform

Plasma samples were prepared according to Ghorasaini et al '°, and analyzed on the SLA
platform (Figure 1). The SLA consists of a SCIEX QTRAP 5500 mass spectrometer with a
SelexION differential mobility spectroscopy (DMS) interface and a Nexera X2 ultrahigh-
performance liquid chromatography system that is controlled by the SLA software. Detailed

protocols on its operation can be found elsewhere > 1°,

Statistical analyses

For the SLA data pre-processing we first calculated the missing values per lipid class for all
individuals per group (DSA-T2DM, DSA-C, DwC-T2DM, and DwC-C). Per lipid class, specific
lipids with more than 30% missing values in each group were excluded. Missing values were

imputed with half of the minimum concentration per lipid class (Figure S1 and Table S2).

Next, to determine the relative abundance of each lipid class, we performed a calculation
by normalizing the concentration of each lipid class. This involved summing up the
concentrations of all lipid species within each class and dividing it by the total concentration
across all lipid classes. By applying this normalization process, a more accurate
understanding of how each lipid class contributes to the overall lipid composition is
obtained and allows to clearly assess the proportional representation of different lipid

classes. Subsequently, principle component analysis (PCA) and hierarchical cluster analysis



(HCA) were performed in all participants in both ethnicities based on relative lipid class
abundance. Differences in relative lipid class abundance between healthy controls and
T2DM, as well as between healthy individuals and T2DM from two ethnic groups were

examined.

Multinomial logistic regression analysis (MLR) was used to differentiate the various specific
lipids. The four groups were considered as outcomes (DSA-T2DM, DSA-C, DwC-T2DM, and
DwC-C). The lipid concentrations were scaled (z-score normalization). When comparing
DSA-T2DM to DSA-C, we used DSA-C as reference, and when comparing DWC-T2DM to
DwC-C, we used DwC-C as reference. Age (continuous variable), sex (dichotomous variable),
and current smoking status (dichotomous variable) were adjusted for the complete model.
Multiple testing corrections were used, with a false discovery rate (FDR) of 0.05 considered
significant. To assess the relationship between lipid concentrations and T2DM, the results

were expressed as a regression coefficient (B) with a 95% confidence interval (Cl).

For weighted correlation network analysis, the "WGCNA" R package was used to investigate
the role of lipid species in association with observed clinical features 2°. Using this algorithm,
a proper soft threshold was first chosen and lipids with similar concentration patterns could
be grouped into multiple modules, each of which was linked to a concomitant clinical
feature. These modules were tagged with colour codes. This makes it possible to identify
some clinically relevant lipids within potential lipid modules in relation to respective clinical
features. Diabetes-related complications-associated lipid modules were considered key
modules in this study. Key mediatory lipids that correspond to the clinical parameters were
derived from key lipid modules and the differentiated lipids (between the various groups,
Figure S4). Pearson's correlation analysis was used to determine the relationship between
those key mediatory lipids and clinical parameters related to dyslipidaemia, kidney function,

and glycemic control.

To validate our observations, we used a published external dataset of Chinese IgA

nephropathy patients to investigate the relation between commonly changed lipids and



renal function 2. To this end, we first examined the changes in these lipids between healthy
controls and IgA nephropathy patients. Next, the relationship between these lipids and

idney function parameters was determined using Pearson's correlation analysis.
kidney funct t det d P ! lat ly

For each ethnic group, the Wilcoxon signed-rank test was used to assess the statistical
differences between cases (i.e., those with diabetes-related complications) and controls
(i.e., those without diabetes-related complications). R (version 4.1.0) and GraphPad Prism

version 8 (Graphpad Inc., La Jolla, CA, USA) were used for statistical analysis.
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Results

Pre-processing of plasma lipidome profiles of individuals with T2DM vs. healthy

participants

Targeted lipidomic analysis quantified lipids from 17 different lipid classes (Figure 1). After
exclusion of lipids with 30% missing values, we distinguished 689, 686, 679, 699, and 668
lipids in DSA-T2DM, DSA-C, DwC-T2DM, and DwC-C, respectively (Figure S1), of which 654
common lipid species across lipid classes (CE, cholesteryl ester; CER [Cer d18:1/FA],
ceramide; DG, diacylglyceride; DCER [Cer d18:0/FA], dihydroceramide; FA, fatty acid;
HexCER, hydroxyceramide; LacCER, lactosylceramide; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; SM,

sphingomyelin; TG, triglyceride) were chosen for further analysis (Figure S1 and Table S2).

Healthy individuals of Dutch South Asian ethnicity reveal a pre-diabetes lipid class profile

We first applied PCA analysis to identify clusters of subjects based upon similarities in their
relative abundance of lipid classes in both ethnic groups, regardless of their prespecified
group. Although the distinction was not perfect, we observed that relative lipid class
abundance had better power to distinguish patients with T2DM from healthy controls in
DwC than in DSA (Figure S2A, B). Hierarchical cluster analysis revealed that in DSA, all
subjects were clustered into two main subclusters, one with patients with T2DM only and
the other with patients with T2DM and healthy individuals; whereas in DwC, most of the
healthy subjects were clustered together and separated from patients with T2DM (Figure
2). Between DSA-T2DM and DSA-C, 10 lipid classes (9 lower and 1 higher), and between
DwC-T2DM and DwC-C, 11 lipid classes (10 lower and 1 higher) were changed significantly
(Figure S2C, D). When DSA-T2DM and DwC-T2DM were compared, the DG lipid class was

found to be more abundant, with the greatest relative difference, in DSA with T2DM than



in DwWC with T2DM (Figure S2E). Similarly, we also found that the abundance of DG lipid class
was higher in DSA than DwC among healthy individuals (Figure S2F). These findings
indicated that based on lipid class abundance, DSA-C already had a phenotype more closely
related to DSA-T2DM; there were marginal differences in lipid class abundance between

T2DM in the two ethnic groups.

Dutch South Asian Dutch white Caucasian

= HC
= T2DM

0 20 40 60 80 100 0 20 40 60 80 100
Relative Abundance Relative Abundance

Fig. 2. Lipid class abundance between patients with T2DM and healthy controls. (A) Stack
plot with the hierarchical cluster in Dutch South Asian. (B) Stack plot with the hierarchical
cluster in Dutch white Caucasian.

Abbreviations: CE cholesteryl ester; CER ceramide; DCER dihydroceramide; DG
diacylglyceride; FA fatty acid; HC healthy control; HexCER hydroxyceramide; LacCER
lactosylceramide; LPC lysophosphatidylcholine; LPE lysophosphatidylethanolamine; PA
phosphatidic acid; PC phosphatidylcholine; PE phosphatidylethanolamine; P/
phosphatidylinositol; PS phosphatidylserine; SM sphingomyelin; T2DM type 2 diabetes
mellitus; TG triglyceride.



Comparison of differential lipids between patients with T2DM and healthy controls in two

ethnicities

After multinomial logistic regression analyses and multiple testing corrections, we found
436 differential lipids (396 higher and 40 lower) in DSA-T2DM compared to DSA-C (Figure
3A and Table S3); 519 differential lipids (471 higher and 48 lower) in DwWC-T2DM compared
to DwC-C (Figure 3A and Table S4). To further investigate the significance of each lipid
change between two ethnicities, we compared the regression coefficients (T2DM vs healthy
controls) and discovered that lipids from the DGs and TGs classes in DSA showed higher
regression coefficients than those in DwC, while the CEs in DwC showed lower regression

coefficients; the remaining lipids behaved similarly (Figure 3A).

We found 9 lipids that were specifically lower in DSA-T2DM (mostly from the CEs and LPCs)
and 17 lipids that were specifically lower in DwC-T2DM (including lipids from the FAs, PCs,
SMs, and TGs) (Figure 3B, D, and Table S5). Furthermore, 13 lipids were specifically higher
in DSA-T2DM (primarily from the DGs, PEs, and TGs), while 88 lipids were specifically higher
in DWC-T2DM (primarily from the CEs, DGs, PCs, PEs, and TGs) (Figure 3C, E and Table S5).
These findings indicate that different lipid metabolism phenotypes were found in both
ethnicities, and differential lipids, particularly DGs and TGs, contributed more to the risk of

T2DM in DSA.
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Fig. 3. Comparison of differential lipids between patients with T2DM and healthy controls
in two ethnicities. (A) Differential lipids per lipid class between patients with T2DM and
healthy controls, as well as a comparison across two ethnicities. The color grey represents



lipids with no significance (FDR > 0.05), the color blue represents lipids lower in T2DM, and
the color red represents lipids higher in T2DM. The dot size represents -log2FDR. Venn
diagram of (B) lipids lower in T2DM and (C) higher in T2DM than healthy controls (HC) in
DSA and DwC. Heatmap of lipids that are commonly/uncommonly (D) lower and (E) higher
in DSA and DwC with T2DM.

Abbreviations: CE cholesteryl ester; CER ceramide; DCER dihydroceramide; DG
diacylglyceride; DwC Dutch white Caucasian; DSA Dutch South Asian; FA fatty acid; FDR false
discovery rate; HexCER  hydroxyceramide; LacCER lactosylceramide; LPC
lysophosphatidylcholine; LPE lysophosphatidylethanolamine; PA phosphatidic acid; PC
phosphatidylcholine; PE  phosphatidylethanolamine; Pl phosphatidylinositol; PS
phosphatidylserine; SM sphingomyelin; TG triglyceride.

Ethnic distinction in associations of lipid correlation network modules with clinical

features

To identify highly connected lipid modules and the relevance between baseline clinical traits
and each lipid module, we performed a weighted correlation network analysis (WGCNA,
Figure S3). Except for the grey module, which corresponded to the set of lipids that were
not clustered in any module, the other lipids in both ethnicities were clustered into 12

modules.

Total TG concentration measured on the SLA platform matched the clinical routine
measurements. In both ethnic groups, we did observe lipid modules consisting of TG species
that had a positive correlation with total TG concentration (Figure 4). Surprisingly, there
were noticeable differences between the two ethnic groups. In DSA-T2DM, the lipid
modules were positively correlated with glycemic control parameters, and negatively
correlated with HDL-cholesterol (Figure 4A). While in DwC-T2DM, the lipid modules showed
positive correlations with anthropometric parameters, total cholesterol, and LDL-
cholesterol and negative correlations with blood pressure and kidney function (Figure 4B).
We also found several modules associated with diabetes-related complications. In DSA-

T2DM, the ‘royal blue’ module, as only module, was correlated with diabetic nephropathy



(DN); whereas in DwC-T2DM, the ‘light green’, ‘black’, and ‘grey60’ modules were

associated with diabetic retinopathy (DR) and DN, respectively (Figure 4).

By combining lipids in diabetes-related-complications modules with differential lipids, we
identified 7 lipids from the DG class (two lipids showed ethnicity-specific difference) in DSA
and 5 lipids from the CEs, TGs, and DG classes in DwC (Figure S4), which we considered as
key mediatory lipids. Our findings revealed ethnic differences in the associations between
lipid modules and clinical features, particularly in DSA-T2DM, where lipid modules were

correlated with high TGs, low HDL-cholesterol, and poor glycemic control.
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Fig. 4. Association of lipid correlation network modules with clinical features in (A) Dutch
South Asians with T2DM and (B) Dutch white Caucasians with T2DM. The color grey
denotes a lipid cluster with no significant associations with clinical features, the color blue
denotes a lipid cluster with a negative association with clinical features, and the color red



denotes a lipid cluster with a positive association with clinical features. The correlation
coefficients are represented by the size of the dots (Spearman's rank correlation test).

Abbreviations: BP blood pressure; BMI body mass index; HbA1c hemoglobin Alc; HDL high-
density lipoprotein; LBM lean body mass; LDL low-density lipoprotein; SAT subcutaneous
adipose tissue; VAT visceral adipose tissue.

Clinical relevance screening for key mediatory lipids from two ethnicities

The key mediatory lipids of DSA were first investigated in relation to clinical features such
as dyslipidaemia, kidney function, and glycemic control parameters in both ethnicities.
These lipids correlated positively with total TGs, total cholesterol, albumin/creatine ratio,
and HbA1lc in DSA-T2DM, but negatively with HDL-cholesterol and LDL-cholesterol (Figure
5A). Since these lipids were derived from a DN-related module, we next compared the lipid
concentrations in patients with and without DN. All the lipids, except DG 18:2_20:4, were
higher in DN than T2DM in DSA (Figure 5B). However, we found only a few correlations
between these lipids and LDL-cholesterol in DwC-T2DM (Figure 5C). In DwC, between T2DM

and DN, those lipids exhibited the opposite behaviour (Figure 5D).

Key mediatory lipids derived from modules in DwC were then examined. Only limited
correlations with clinical parameters could be observed in both ethnic groups (Figure S4A,
C). None of them showed associations with DR or DN in either ethnicity (Figure S4B, D).
These findings suggested that DGs were more strongly associated with DSA-T2DM than
DwC-T2DM and with DN and kidney function.

We finally investigated key mediatory lipids of DSA in an external Chinese cohort of patients
with IgA nephropathy and found that they were all higher in patients with IgA nephropathy
than in healthy controls, with DG 18:1_18:2 showing the strongest correlation with renal

function parameters (Figure S5).
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Fig. 5. Correlations between key mediatory lipids in diabetic nephropathy-associated
module of Dutch South Asians and lipoproteins, kidney function, and glycemic control. (A)



Bubble plot depicting the correlations of lipids with lipoproteins, kidney function, and
glycemic control in Dutch South Asians with T2DM. (B) Violin plots of lipids between T2DM
with and without diabetic nephropathy in Dutch South Asians. (C) Bubble plot depicting the
correlations of lipids with lipoproteins, kidney function, and glycemic control in Dutch white
Caucasians with T2DM. (D) Violin plots of lipids between T2DM with and without DN in
Dutch white Caucasians. Lipids in bold indicated that they were specifically different in
Dutch South Asians. The color grey indicates no significant correlations with clinical features;
the color blue indicates a negative correlation with clinical features, and the color red
indicates a positive correlation with clinical features. The size of the dots represents the
correlation coefficients (Pearson's correlation). The Wilcoxon signed-rank test was
performed; *p<0.05, **p<0.01.

Abbreviations: DG diacylglyceride; DN diabetic nephropathy; HbAlc hemoglobin Alc; HDL
high-density lipoprotein; LDL low-density lipoprotein; T2DM type 2 diabetes mellitus.

Discussion

In the current lipidomic phenotyping study, we discovered differences in lipid classes and
lipid species between patients with T2DM and healthy individuals in both the Dutch South
Asian (DSA) and Dutch white Caucasian (DwC) populations. Specifically, lipid changes in
individuals with T2DM of DSA were found to be more strongly associated with clinical
parameters than DwC, with diacylglycerols (DGs) showing strong associations to diabetic
nephropathy and renal function. Furthermore, we observed that healthy DSA individuals
already had a diabetes-prone lipid distribution. These findings imply that impaired DG
metabolism in DSA could be a potential hallmark and that lipidomic phenotyping could
provide detailed insights into lipid metabolic complexity and interindividual variations

among T2DM patients of various ethnic groups.

Previous studies suggested that SAs may have a lower ability to secrete insulin, lower
muscle mass and a higher ectopic fat deposition which contributed to the higher T2DM
prevalence 22, In the current study, it is worth noting that healthy DSA individuals already
revealed a diabetic lipid distribution, which partly could predict the higher risk in developing
T2DM in this population. Additionally, our study revealed remarkable differences in

lipidomic profiles between both ethnic groups, lending credence to previously established



associations between T2DM and dysregulated lipoprotein composition using 'H NMR
lipoprotein profiling 2. Our results demonstrate distinct differences in the lipidome
between patients with T2DM and healthy controls, mainly related to CE, DG, PE, SM, and
TG metabolism. This was consistent with previous findings observed in the case-cohort
study nested within the PREDIMED trial 24 and the longitudinal METSIM study 2°. However,
conflicting results were reported in two studies based on Chinese populations 2 ?7; for
instance, compared to healthy controls, FFA, SM and LPC lipid species were higher in
Chinese patients with T2DM, whereas we found opposite results in Dutch patients with

T2DM, further highlighting the variability in lipidomics profile between ethnicities.

The comprehensive analysis for lipidomics profiling performed in the current study allows
for testing clinically relevance. As a hallmark of T2DM, insulin resistance affects regulation
of lipid and lipoprotein metabolism 2% 2°, In line with previous studies, we found that lipid
modules in DSA-T2DM positively correlated with TG, total cholesterol and negatively
correlated with HDL-C; whereas lipid modules in DwC-T2DM correlated with total TG,
cholesterol, and LDL-C, suggesting an ethnic preference in correlation with dyslipidemia
patterns. Insulin resistance also impairs glucose metabolism and TG metabolism 3032,
Interestingly, we discovered ethnicity differences in lipid modules (mainly consisting of TGs
and DGs) demonstrating a correlation with both short- and long-term glycemic control
exclusively in DSA-T2DM, rather than in the DwC-T2DM population. Also, our observation
that certain lipid modules correlated with DN in both ethnic groups was in line with the
reported dyslipidemia as a hallmark of chronic kidney disease (CKD) 33. Moreover, a previous
study revealed that patients with CKD had abnormalities in glycerolipid metabolism such as
monoradylglycerolipids (MG), DGs, and TGs 3, which is also consistent with our findings in
DSA-T2DM. However, we did not observe these associations in DwWC-T2DM; one possible
hypothesis might be a shorter duration in diabetes, which resulted in the more excessive

changes in lipid metabolism.

By combining lipid abundance and lipid species analysis, we have identified a specific lipid

class, DG, which contributes to the increased risk in development and progression of T2DM



among SAs. DG is derived from lipoprotein lipase (LPL)-mediated hydrolysis of TGs, and our
observations reveal low DG abundance alongside high TG levels in T2DM in both ethnicities.
However, DG lipid class abundance was much higher in DSA than DwC in both healthy and
diabetic individuals, hinting to possible lipolysis dysregulation in SAs. Insulin resistance, a
crucial factor in T2DM development, has been found to be higher in SAs than in wCs 3> 35,
LPL has been associated with insulin resistance 3”3, and this could potentially explain the
higher proportion of DG observed in our study, as higher insulin resistance in SAs impairs
the ability of insulin to suppress lipolysis, leading to an increased release of fatty acids that
are subsequently converted to DGs. Previous research has reported the impact of DGs on
hepatic insulin resistance. Increased levels of DGs are commonly observed in animal models
of lipid-induced hepatic insulin resistance 3% %, Furthermore, several human studies have
demonstrated significant associations between total hepatic DG content or specific DG
species and insulin resistance markers, such as homeostasis model assessment-estimated
insulin resistance (HOMA-IR) #**. These associations were found to be stronger than those
observed with variables like body mass index, ceramide content, and markers of
endoplasmic reticulum stress #!. Interestingly, DGs and their targets protein kinase C (PKC)
and protein kinase D (PKD) have been shown to regulate multiple critical cellular responses
45 which might be a plausible mechanism for inhibition of insulin signalling leading to
hepatic insulin resistance. Once DG accumulates, it could lead to hyperactivation of
PKC/PKD and play an important role in development of diabetic nephropathy ¢ #’. Our
observation that DG metabolism in the circulation was disturbed, with a higher correlation
to clinical outcomes, may argue that a dysregulated DG-PKC/PKD signalling network could
disrupt the redox balance and lead to more oxidative stress #7, and in part could explain why

DSA-T2DM patients are more vulnerable to diabetic nephropathy progression.

The strength of our study is that we measured detailed lipidomic profiles in two ethnic
groups of diabetic and healthy individuals. Our findings confirmed lipidomic perturbations
in patients with T2DM in both ethnic groups; meanwhile, we revealed an ethnic distinction

of lipid modules in relation to clinical outcomes (e.g., glycemic control). Notably, there are



still several limitations to our study. First, our study is a cross-sectional study; therefore, we
cannot address issues of causality in the association of T2DM. Second, the relatively small
sample size limits the power of generalization and precludes stratification analyses. Third,
as waist-to-hip ratio was found to be the most reliable predictor of T2DM in the HELIUS
study, regardless of ethnicity ¢, lack of a WHR matching design might be a shortcoming in
our study. Fourth, oxidized lipids induced by oxidative stress play a critical role in the
development and progression of T2DM %% %, however, we were not able to detect high-
throughput oxidized lipids by using this platform. Fifth, for renal function validation we only
used an external cohort of patients with IgA nephropathy instead of diabetic nephropathy,
and in a singular ethnic group. Therefore, further longitudinal studies with multiple ethnic

groups and larger sample sizes are needed to verify our findings.

Conclusions

In conclusion, Dutch patients with T2DM of both white Caucasian and South Asian descent
exhibited altered circulating lipidomes when compared to healthy individuals of the same
ethnicity. In DSA the lipid changes of especially DGs, were clinically more relevant than in
DwC. These DGs, particularly DG 18:1_18:2, were associated with glycemic control and renal
function in DSA patients with T2DM and Chinese patients with IgA nephropathy (validation
cohort). These observations suggest that they could be used as ethnicity-specific biomarkers
for diabetic nephropathy patients. In addition, lipidomics phenotyping provides detailed
insight into lipid metabolic complexity and interindividual variations among patients with

T2DM from various ethnic groups.
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Fig. S1. Lipid species selected for analysis. Missing value percentage quantification per lipid
class in total individuals, Dutch South Asians with T2DM (DSA-T2DM), Healthy Dutch South
Asians (DSA-C), Dutch white Caucasians with T2DM (DwC-T2DM), and healthy Dutch white
Caucasians (DwC-C). Details of missing values are shown in Additional file 2: Table S2.
Common lipids with a missing value percentage of less than 30%.

Abbreviations: DSA Dutch South Asian; DwC Dutch white Caucasian; T2DM type 2 diabetes
mellitus; TG triglyceride.
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Fig. S2. Lipid abundance comparison between individuals from two ethnic groups.
Principle component analysis using lipid class abundance in (A) Dutch South Asians and (B)
Dutch white Caucasians. (C) Violin plot of lipid class abundance between patients with



T2DM and healthy controls in Dutch South Asians. (D) Violin plot of lipid class abundance
between patients with T2DM and healthy controls in Dutch white Caucasians. (E) Violin plot
of lipid class abundance between Dutch South Asians with T2DM and Dutch white
Caucasians with T2DM. (F) Violin plot of lipid class abundance in healthy individuals
between Dutch South Asians and Dutch white Caucasians. Wilcoxon signed-rank test was
performed; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Abbreviations: CE cholesteryl ester; CER ceramide; DCER dihydroceramide; DG
diacylglyceride; DSA Dutch South Asian; DwC Dutch white Caucasian; FA fatty acid; HC
healthy  control; HexCER  hydroxyceramide; LacCER lactosylceramide; LPC
lysophosphatidylcholine; LPE lysophosphatidylethanolamine; PA phosphatidic acid; PC
phosphatidylcholine; PE  phosphatidylethanolamine; Pl phosphatidylinositol; PS
phosphatidylserine; SM sphingomyelin; T2DM type 2 diabetes mellitus; TG triglyceride.
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Fig. S3. Step-by-step WGCNA analysis. (A) Workflow of WGCNA analysis using the
lipidomics profiles. Step 1 and Step 2 of WGCNA analysis in (B) Dutch South Asian and (C)
Dutch white Caucasian.
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Fig. S4. Identification of key mediatory lipids. (A) Key mediatory lipid species (from diabetic
nephropathy [DN] and glycemic control associated module, ‘royal blue’ module) in Dutch
South Asians. (B) Key mediatory lipid species (from DR-associated module, ‘light green’
module) in Dutch white Caucasians. (C) Key mediatory lipid species (from diabetic
retinopathy [DR]-associated module, ‘black’ module) in Dutch white Caucasians. (D) Key
mediatory lipid species (diabetic nephropathy [DN]-associated module, ‘grey60’ module) in
DwC. Bold lipids indicated that they were specifically different in DSA/DwC.

Abbreviations: CE cholesteryl ester; DG diacylglyceride; DN diabetic nephropathy; DR
diabetic retinopathy; DSA Dutch South Asian; DwC Dutch white Caucasian; HC healthy
control; T2DM type 2 diabetes mellitus; TG triglyceride.
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Fig. S5. Correlations between key mediatory lipids in Dutch white Caucasians and
dyslipidemia, kidney function, and glycemic control. (A) A bubble plot depicting the
correlations of lipids with lipoproteins, kidney function, and glycemic control in Dutch South
Asians with T2DM. (B) Violin plot of lipids between T2DM with and without DN/DR in Dutch
South Asians. (C) A bubble plot depicting the correlations of lipids with lipoproteins, kidney
function, and glycemic control in Dutch South Asians with T2DM. (D) Violin plot of lipids
between T2DM with and without DN/DR in Dutch South Asians. The color grey indicates no
significant correlations with clinical features, the color blue indicates a negative correlation
with clinical features, and the color red indicates a positive correlation with clinical features.
The size of the dots represents the correlation coefficients (Pearson's correlation). The
Wilcoxon signed-rank test was performed.

Abbreviations: CE cholesteryl ester; DG diacylglyceride; DN diabetic nephropathy; DR
diabetic retinopathy; HbA1c hemoglobin Alc; HDL high-density lipoprotein; LDL low-density
lipoprotein; ns not significant; T2DM type 2 diabetes mellitus; TG triglyceride.
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Fig. S6. The role of key mediatory lipids in DN-associated module of DSA in IgA
nephropathy and their relationships with kidney function. (A) Violin plot of lipid
differences between healthy controls and IgA nephropathy. (B) A bubble plot illustrating
the relationships between the key mediatory lipids of Dutch South Asians and kidney
function parameters in IgA nephropathy. The color grey denotes no significant correlations
with clinical features, the color blue denotes a negative correlation with clinical features,
and the color red denotes a positive correlation with clinical features. The correlation
coefficients (Pearson's correlation) are represented by the size of the dots. The Wilcoxon
signed-rank test was performed; ****p<0.0001.

Abbreviations: CE cholesteryl ester; DG diacylglyceride; eGFR estimated glomerular
filtration rate; HC healthy control; IgAN IgA nephropathy.



Table S1. Clinical characteristics of study participants

Dutch South Asian Dutch white Caucasian DSA-T2DMvs DwC-T2DM
Control(n=21)  T2DM(n=47) p-valug’ Control(n=30)  T2DM(n=45) p-value* p-value®
Demographics
Age (years) 48.3(8.1) 549(101)  0.0367 57.0(7.9) 500(65)  >0.9999 01606
Women (no, %) 15 (71.4%) 28(506%) 03489 14 (46.7%) 20(444%) 08498 0.1464
Current smoker (no, %) 3 (14.3%) 7 (14.9%) 1.0000 1(3.3%) 9 (20.0%) 00437 07108
Medical history diabetes
Duration diabetes mellitus (years) - 17.9(10) - - 10.3(6.0) - <0.0001
Pan-microvascular (n, %) 30 (63.8%) - 24 (51.1%) - 03067
Nephropathy (n, %) - 10 (21.3%) - - 11 (23.4%) - 07174
Neuropathy (n, %) - 14 (29.8%) - - 15(31.9%) - 07144
Retinopathy (n, %) - 24 (51.1%) - - 5 (10 6%) - <0.0001
Macrovascular (n, %) - 13 (27.7%) - - 2 (4.3%) - 0.0037
Medication use - -
Metformin (n, %) - 45 (95.7%) - - 45 (100%) - 04947
Sulfonylurea derivatives (n, %) - 8 (17.0%) - - 13 (28.9%) - 02682
Insulin (n, i) - 36 (76.6%) - - 29 (64.4%) - 02935
Anti-hypertensive medication (n, %) - 34 (72.3%) - - 34 (75.6%) - 0.7255
ACE-inhibitors (n, %) - 13 (27.7%) - - 17 (37.8%) - 04165
Statins (n, %) - 36 (76.6%) - - 36 (80.0%) - 0.8864
Blood pressure
Systolic blood pressure (mmHg) 1235(13.7) 1446(21.5) 0.0003 1262(12.1) 1413(15.0) 0.0007 >0.9999
Diastolic blood pressure(mmHg) 80.2 (11.8) 853(100) 01746 80 (77-83) 86.9(88) 00158 08458
Anthropometrics
Weight 63.6(9.9) 797(117) <0.0001 73.3(10.5) 96.4(13.6) <0.0001 <0.0001
BMI (ka/m") 235(30) 295(4.0) <0.0001 243(33) 323(39) <0.0001 00018
Total body fat (%) 324(7.1) 37.1(9.1) 0.1576 325(7.1) 372(93) <0.0001 0.9998
Waist circumference, cm 82.0(74) 101.0(9.5) <0.0001 86.6(9.1) 1104 (8.9) <0.0001 <0.0001
Hip circumference, cm 952(7.3) 1041(80) <0.0001 982(6.1) 107.6(7.5) <0.0001 01264
Waist-to-hipratio 09(0.1) 101 <0.0001 09(0.1) 101 <0.0001 0.0039
VAT, cm”® 73.2(29.8) 166.4(55.8)  <0.0001 74.7 (34.1) 2056(75.6)  <0.0001 04342
SAT o IR OLE osser R P A S S T >00999
VAT-SAT ratio 03(02-04) 05(04-0.7) 00017 04(03-06) 06(04-09) 0.0064 >0.9999
Glycemic control
Fasting glucose (mmol/L) 50(0.3) 8.1(3.0) <0.0001 52(05) 78(2.1) <0.0001 >0.9999
HbAlc (mmol/mol) 355(24) 67.8(11.3) <0.0001 355(2.7) 64.9(10.7) <0.0001 >0.9999
Lipid panels
Total cholesterol (mmol/L) 54(08) 42(0.9) <0.0001 57(11) 43(1.0) 0.0018 0.0226
HDL-cholesterol (mmol/L) 16(03) 12(03) 00028 19(05) 13(03) <0.0001 0.9008
LDL-cholesterol (mmol/L) 34(0.7) 21008 <0.0001 3.3(10) 261(0.8) 0.0017 0.0416
Total Triglycerides (mmol/L) 09(03) 18(14) 0.0031 00(0.7-1.2) 21(13) <0.0001 02758
Kidney function panels
Serum creatinine (umol/mL) 68.0(600-79.0) 670(59.0-83.5) 04096 73.0(68.0-850) 680(57.0-80.0) 09582 09823
Albumin/creatine ratio (mg/mmol) - 2.7(055-8.45) - - 0.7(0-2.5) - 0.0037
Micro-albuminuria (n, %)* - 15(31.9%) - - 7 (15.6%) - -
Macro-albuminuria(n, %)° - 7 (14.9%) - - 1(2.2%) - -

Data are presented as mean (SD), median (25-75 percentile), or percentage.
Abbreviations: ACE Angiotensin-converting enzyme, BMI body mass index, HbA1c
Hemoglobin Alc, HDL high-density lipoprotein, LDL low-density lipoprotein, SAT
subcutaneous adipose tissue, VAT visceral adipose tissue.

1Post hoc tests of unpaired One-way ANOVA, Kruskal-Wallis test, or Chi-square test,
p<0.05

2Post hoc tests of unpaired One-way ANOVA or Kruskal-Wallis test, Chi-square test, or
Fisher's exact test, p<0.05

aAlbumin-creatinine ratio between 3.0 — 30 mg/mmol. PAlbumin-creatinine ratio > 30
mg/mmol

Most of these data have been published before 115,
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Abstract

Accumulating evidence proves that endothelial dysfunction is involved in COVID-19
progression. We previously demonstrated that the endothelial surface glycocalyx has a
critical role in maintenance of vascular integrity. Here we hypothesized that serum factors

of severe COVID-19 patients affect the glycocalyx and result into endothelial dysfunction.

We included blood samples of 32 COVID-19 hospitalized patients at the Leiden University
Medical Center: of which 26 from intensive care unit (ICU), 6 non-ICU, 18 convalescent
samples 6 weeks after hospital discharge, and of 12 age-matched healthy donors (control)
during the first period of the outbreak. First, we determined endothelial (angiopoietin 2,
ANG?2) and glycocalyx degradation (soluble thrombomodulin, sTM and syndecan-1, sSDC1)

markers in plasma.

In plasma of COVID-19 patients, circulating ANG2 and sTM were elevated in patients on
the ICU. Primary lung microvascular endothelial cells (HPMEC) and human glomerular
microvascular ECs (GEnCs) cultures in the presence of these sera led to EC glycocalyx
degradation, barrier disruption, inflammation and increased coagulation on the
endothelial surface, significantly different compared to healthy control and non-ICU

patient sera. These changes all could be restored in the presence of fucoidan.

In conclusion, our data highlight the link between endothelial glycocalyx degradation,
barrier failure and induction of a procoagulant surface in COVID-19 patients on ICU which

could be targeted earlier in disease by the presence of heparan sulfate (HS) mimetics.

Keywords: SARS-CoV-2 disease, COVID-19, endothelial dysfunction, glycocalyx, endothelial

barrier, coagulation, fucoidan



Introduction

The coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) has rapidly spread worldwide that lead to an unprecedented
global pandemic since late 2019 [1]. Most of the COVID-19 cases are asymptomatic or
cause only mild illness [2]. However, in a considerable proportion of patients, respiratory
illness that require hospitalization occurred, which might develop into progressive disease
and lead to hypoxemic respiratory failure, requiring long-term ventilatory support [3, 4].
Besides severe respiratory symptoms during hospitalization at the intensive care unit
(ICU), a high incidence of thromboembolism events was observed [5]. Acute respiratory
distress syndrome and coagulopathy are leading causes of COVID-19 patient mortality [6],
while endothelial dysfunction is reported to be involved in both acute respiratory distress
syndrome (ARDS) and coagulopathy [7, 8]. Consistent with autopsy findings that severe
lung endothelial injury was observed in patients who succumbed to COVID-19 [9], COVID-
19 could be considered as a vascular disease and vascular dysfunction might play a critical

role in the pathogenesis of ARDS and coagulopathy.

The glycocalyx is a key regulator of endothelial cell integrity and homeostasis, it regulates
vascular barrier permeability, prevents inflammation and ensures vessel patency [10-13].
It's a gel-like layer composed of the glycosaminoglycans heparan sulfate, hyaluronan (HA),
chondroitin sulfate, and associated proteins, that covers the luminal surface of vascular
endothelial cells [14]. Inflammation-induced glycocalyx degradation can lead to
hyperpermeability of blood vessels, vasodilation disorders, microvascular thrombosis and
increased leukocyte adhesion [15]. In previous studies, glycocalyx destruction and
dysfunction was observed in sepsis, acute kidney injury and ARDS, and was associated
with worse patient outcome [15, 16]. Recently, it was reported that the endothelial
glycocalyx-degrading enzyme heparanase contributed to vascular leakage and
inflammation, and its activity was associated with disease severity in COVID-19 patients
[11, 17]. Meanwhile, the MYSTIC study also provided evidence that glycocalyx health, as

measured by changes in the perfused boundary region (PBR), was a predictive prognostic



marker for COVID-19 septic patients [18].

Here we test whether preservation of the endothelial glycocalyx might be an effective
intervention to improve vascular health. For this, we examined the possible beneficial
effects of the heparan sulfate mimetic fucoidan [19], in restoring the endothelial

functionality.

Material and methods

For detailed information see supplemental information

BEAT-COVID cohort study population and study design

A prospective observational cohort study was set up, in which patients with PCR-
confirmed SARS-CoV-2 infection after hospital admission were recruited from April 2020
until August 2020, before the use of medication such as dexamethasone and vaccines
were implemented (supplementary figure S1). Plasma and serum samples were collected
from 32 patients, of which 26 were hospitalized in the ICU and 6 in a non-ICU medical
floor. In 18 of the 32 included patients, follow-up data was obtained 6 weeks after
discharge from the hospital. In addition, samples of 12 age-matched controls were
obtained. Patient characteristics are shown in supplementary Table 1. Due to the limited
amount of material per sample that could be obtained pooled sera were used in some
experiments as indicated. The trial was registered in the Dutch Trial Registry (NL8589). 12
Age-matched healthy donors with a male: female ratio of 2:1, were included after
confirmed negative SARS-CoV-2 IgG. Ethical approval was obtained from the Medical
Ethical Committee Leiden-Den Haag-Delft (NL73740.058.20).



Circulating markers of endothelial dysfunction and glycocalyx shedding

Plasma samples were used to measure angiopoietin 2 (Ang-2, DANG20, R&D Systems,
Abingdon, UK), soluble thrombomodulin (sTM, M850720096, Diaclone, Besangon, France)
and soluble syndecan-1 (sSDC1, DY2780, R&D Systems) according to manufacturer’s

respective protocols.

Endothelial barrier function assay

Endothelial barrier function analysis was performed with impedance-based cell
monitoring using the electric cell-substrate impedance sensing system (ECIS 28, Applied
Biophysics, New York, USA). ECIS plates (96W20idf PET, Applied Biophysics) were pre-
treated with 10 mM L-cysteine and coated with 1% gelatine for primary human glomerular
microvascular ECs (GEnCs; ACBRI-128, Cell Systems, Kirkland, WA, USA) or without 1%
gelatine for primary pulmonary microvascular endothelial cells (HPMECs; PromocCell,
Heidelberg, Germany). HPMECs (p5) were seeded at a concentration of 4.5x10° cells/well
and for GEnCs (p5), the concentration was 3x10° cells/well in EGM medium (basal medium
MV, C-22220, PromoCell) supplemented with C-39220 (PromoCell) and 1% antibiotics
(penicillin/streptomycin, 15070063, Gibco, Paisley, UK) at 37°C and 5% COa.

Initial baseline resistance was measured for 2 hours before endothelial cells were seeded
into the plate. Multiple frequency/time mode was used for the real-time assessment of
the barrier function. Once the stable monolayer was formed, endothelial cells were
incubated with 10% serum (healthy (n=12), COVID-19 non-ICU (n=8) and ICU (n=26)) and
measured for 20 hours. Afterwards, modelling data Rb which represents barrier function

could be generated.

In additional experiments, HPMECs were exposed to 10% healthy serum (n=12), COVID-19

ICU serum (n=26) with or without fucoidan (10 pug/mL, gift from MicroVascular Health



Solutions LLC, Alpine, UT, USA). The natural fucoidan provided (Iso 9000 and GMP certified
from Omnipharm, S.A.S, Chambéry, France) was extracted from Laminaria japonica as a
powder of 91.20% purity and further tested, for instance, on the presence of heavy metals
(arsenic, lead, cadmium, mercury) or microbiology parameters (European Pharmacopoeia
VI, Ed 2,6,12: total plate count, yeast, mold, E. coli, Salmonella spp.). A 50x times stock
solution was prepared by dissolving the appropriate amount of powder in milliQ water

and passed through a 0.22um filter before use.

RNA isolation and RT-PCR

RNA of cultured cells is isolated using RNeasy Mini Kit (74106, Qiagen, Venlo, The

Netherlands) according to manufacturer’s protocol RT-PCR analysis was conducted using
SYBR Select Master Mix (4472908, Applied Biosystems, Landsmeer, The Netherlands) and
specific primers as indicated in supplementary table s2. Gene expression was normalized

to GAPDH of 5 separate experiments.

Immunoblotting analysis

Western blots were performed from protein extracts of HPMECs [12]. 10% Mini-
PROTEAN® TGX™ Protein Gels (4561031, Bio-Rad Laboratories, Veenendaal, The
Netherlands) were used for protein size separation and proteins were transferred to PVDF
membranes (1704156, Bio-Rad). Membranes were blocked in 5% milk in PBST at room
temperature for 1 hour and further incubated with primary antibody rabbit anti-human
ICAM1 (4915, Cell Signalling Technology), rabbit anti-human total NF-kB p65 (8242, Cell
Signalling Technology), rabbit anti-human phosphor-NF-kB p65 (Ser536) (3033, Cell
Signalling Technology) or mouse anti-human GAPDH (MA5-15738, ThermoFisher)
overnight at 4°C. Protein was detected using HRP-conjugated antibody (P0447 and P0448,



Dako, Amstelveen, The Netherlands) and Western Lightning Plus-ECL, Enhanced
Chemiluminescence Substrate (NEL103001EA, PerkinElmer, Groningen, The Netherlands).
Intensity of the bands were analysed using ImageJ software. Relative intensity was

determined by levels of GAPDH.

Immunofluorescence of cultured cells

HPMECs (p5) were cultured in 8-well chamber slides (ibiTreat, u-Slide 8 Well). Confluent
monolayers were incubated with 10% pooled serum (healthy control (pooled n = 12), non-
ICU (pooled n = 8) and ICU (pooled n = 26) in no FCS medium for 24 hours. Next, cells were
fixed with 4% PFA and 0.2% Triton-X100 in HBSS or 4% PFA in HBSS (for HS and LEA
staining) for 10 minutes at room temperature, blocked with 3% goat serum in HBSS and
incubated with FITC labelled Lycopersicon esculentum (LEA-FITC, L0401, Sigma, Houten,
The Netherlands), Mouse Anti-Human VE cadherin (55-7H1; BD Biosciences), Mouse Anti-
heparan sulfate (10E4, 370255-1, AMSBIO, Abingdon, UK) or Mouse Anti-TM (MA5-11454,
ThermoFisher) at 4°C overnight, followed by an appropriate secondary antibody and
phalloidin-TRITC (VE-cadherin samples) for 1 hour. Finally, Hoechst 33528 (1/1,000) was
added and cells using a LEICA SP8 WLL confocal microscope (Leica, Rijswijk, the
Netherlands). Fluorescent images were analysed using Image J software. Quantification is

descripted in Supplementary info.

FX activation by extrinsic tenase complex (TF-FVlla)

Confluent HPMECs were incubated with 10% control (n=12), COVID-19 non-ICU (n=8) and
ICU serum (n=26, with or without presence of fucoidan) in no FCS medium for 24 hours.
Cell culture supernatants were collected and centrifuged for ELISA assays. Factor Vlla (80

pL, 10 nM, HCVIIA-0031, Haematologic Technologies, Huissen, The Netherlands) was



added and incubated for 15 minutes at 37°C and 5%CO.. The reaction was initiated by
adding factor X (80 uL, 400 nM, HCX-0050, Haematologic Technologies) to detect the
production of active factor X. Aliquots were quenched in HBS supplemented with 50mM

EDTA to stop the reaction and determined by SpecXa conversion (250 uM), at 405 nm.

Thrombin generation Assay

Confluent HPMECs were incubated with 10% healthy (n=12), COVID-19 non-ICU (n=8) and
ICU serum (n=26, with or without presence of fucoidan) in no FCS medium for 24 hours.
Thrombin generation curves were obtained by supplementing normal pooled plasma.
Thrombin formation was initiated by adding substrate buffer (FluCa-kit, 86197,
Thrombinoscope BV, Leiden, The Netherlands) to the plasma. Thrombin formation was

determined using Thrombinoscope software.

Markers of endothelial dysfunction and glycocalyx shedding in cell cultured supernatant

Supernatants collected were used to measure Ang-2, sTM, IL-6 (M9316, Sanquin,

Amsterdam, The Netherlands) and VWF (A0082, Dako).

Statistics

Data are presented as mean * SD, unless indicated otherwise. For all experiments, 3to 5
independent experiments were performed. Shapiro-Wilk test and Levene test were
performed to evaluate the normality and variances first. Then non-paired/paired 2-tailed t
test were used to assess the differences between two groups. One-way ANOVA followed
by Tukey's multiple comparisons test and Kruskal-Wallis test followed by Dunn's multiple

comparisons test were assessed for multiple groups. Statistical analysis were performed



using SPSS statistical software version 25 (SPSS Inc., Chicago, IL) and GraphPad Prism
version 8 (Graphpad Inc., La Jolla, CA, USA). A significance level of 0.05 was considered

statistically significant.

Results

COVID-19 leads to endothelial dysfunction and glycocalyx degradation

Overall endothelial health in COVID-19 patients was assessed by measuring plasma ANG2
concentrations which were found to be significantly increased in COVID-19 patients on the
ICU (figure 1a). ANG2 levels of non-ICU patients were not distinguishable from control
levels or recovered patients 6 weeks after discharge. Circulating fragments of
thrombomodulin (sTM), one of the glycocalyx components, were also markedly increased
in COVID-19 ICU patients compared to healthy controls, non-ICU patients, and after
recovery (figure 1b). Shedding of the glycocalyx core protein, syndecan-1 (sSDC1), was
found not to be significantly raised in COVID-19 ICU patients in comparison to healthy
controls or non-ICU patients (figure 1c). Pearson’s correlation between each of 2 markers
was analysed and showed that ANG2 moderately correlated with sTM and sSDC1 (R=0.49,
p<0.0001 and R=0.33, p=0.015 respectively), and sTM positively correlated with sSDC1
(R=0.50, p=0.0002) indicating that endothelial dysfunction could lead to glycocalyx
shedding (figure 1d-f).
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Figure 1 Comparison and association of endothelial dysfunction and glycocalyx shedding
related markers in COVID-19 patients and healthy controls. Levels of a) angiopoietin 2
(ANG2), b) soluble thrombomodulin (sTM) and c) soluble syndecan-1 (sSDC1) between
healthy controls (grey, n = 12), COVID-19 non-ICU patients (blue, n = 8), COVID-19 ICU
patients (red, n = 26) and recovered patients (green, n = 18). Pearson’s correlation
between d) ANG2 and sTM, e) ANG2 and sSDC1, f) sTM and sSDC1. Graphs represent the
mean * SD. One-way ANOVA followed by Tukey's multiple comparisons test and Pearson’s
correlation analysis were performed; *p<0.05, **p<0.01, ***p<0.001.

Endothelial glycocalyx degradation in presence of COVID-19 ICU serum

To determine the effect of systemic blood factors during COVID-19 disease on endothelial
surface glycocalyx expression, HPMECs were cultured in the presence of 10% pooled
serum of either healthy controls, COVID-19 non-ICU and COVID-19 ICU patients for 24
hours and stained for overall glycocalyx presence (LEA-FITC), for heparan sulfates (HS) and

thrombomodulin (TM). The COVID-19 ICU group showed a marked reduced surface



expression of LEA-FITC (figure 2a,b), TM (figure 2a,c) and HS (figure S2a,b), compared to

healthy control- and COVID-19 non-ICU groups.
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Figure 2 Loss of glycocalyx in primary human pulmonary microvascular endothelial cells
in presence of serum of COVID-19 patients on ICU. a) Representative fluorescence
confocal images of Lycopersicon esculentum-FITC (LEA) or anti-thrombomodulin (TM)
staining on the surface of primary human pulmonary microvascular endothelial cells
(HPMECGs) in the presence of 10% serum of pooled- healthy controls (n = 12), COVID-19
non-ICU (n = 8) and COVID-19 ICU (n = 26) samples for 24hrs. HPMEC surface expression
quantification of b) LEA-FITC and c) TM in the presence of 10% pooled- healthy control,
COVID-19 non-ICU and COVID-19 ICU serum for 24hrs  All values are givenas mean £
SD of 4 independent experiments. One-way ANOVA followed by Tukey's multiple



comparisons test was performed; ***p<0.001.

COVID-19 ICU serum induced loss of endothelial cell barrier function

Next, the ability of COVID-19 serum to disrupt the barrier integrity of primary human
microvascular endothelial cells was tested. In contrast to healthy controls and COVID-19
non-ICU patients, serum from COVID-19 ICU patients induced a reduction in resistance of
both HPMECs and GEnCs (figure 3a,c). The calculated areas under curve for the final 15
hours, showed that the COVID-19 ICU samples were significantly below healthy control
samples, especially in HPMECs (figure 3b,d). The modelling value for barrier function, Rb,
representing cell-cell-contacts, resulted in a similar reduction upon exposure to serum of
COVID-19 ICU patients (figure 3e-h). Interestingly, we could find differences in vascular
bed susceptibility in response to COVID-19 ICU patient sera, showing that the lung
originating HPMECs were more sensitive than the kidney isolated GEnCs. While resistance
and barrier function decreased in HPMECs during the entire incubation time, in GEnCs,
both factors started to recover after 15 hours (figure 3a,c,e,g). Reduction of VE-cadherin,
together with reduced cellular junction area, and increasing stress fibre formation in
response to COVID-19 ICU patient serum in comparison to COVID-19 non-ICU and healthy
control sera confirmed this EC barrier loss (figure 3i,j). This observed barrier function
reduction correlated with the increased plasma levels of ANG2, sTM and sSDC1, linking EC
activation and glycocalyx shedding to possible endothelial loss of barrier function in

patients (figure 3k).
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Figure 3 Serum mediators of COVID-19 patients on ICU induce microvascular barrier
disruption. Barrier integrity parameter, resistance of a + b) primary human pulmonary
microvascular endothelial cells (HPMECs) and ¢ + d) primary human glomerular
microvascular ECs (GEnCs) assessed by electric cell-substrate impedance sensing system
(ECIS ZB) in response to stimulation with 10% serum (at t=0hr) of healthy controls (n=12,
grey dotted line), COVID-19 non-ICU (n=8, blue line) and COVID-19 ICU (n=26, red line).
Cell-cell contact parameter, Rb of e + f) HPMECs and g + h) GEnCs assessed by ECIS Z68 in
response to stimulation with 10% serum (at t=0hr) of healthy controls (n=12, grey dotted
line), COVID-19 non-ICU (n=8, blue line) and COVID-19 ICU (n=26, red line). In some cases,
multiple samples (in ICU and out of ICU) from the same patient at different time points
were obtained. Data of raw resistance and Rb values were shown and presented as mean
+ SEM. Quantification of barrier integrity was based on the measurements of area under
curve over the final 15 hours of b) HPMECs and d) GEnCs. Quantification of cell-cell
contact was based on the measurements of area under curve over the final 15 hours of f)
HPMECs and h) GEnCs. i) Representative confocal images of VE-cadherin (green) and F-
actin (red) staining on HPMECs in the presence of 10% pooled- healthy control (n = 12),
COVID-19 non-ICU (n = 8) and COVID-19 ICU (n = 26) serum for 24hrs (scale bar = 20 um).
j) Quantification of adhesion junction percentage of HPMECs in the presence of 10%
pooled- healthy control, COVID-19 non-ICU and COVID-19 ICU serum for 24hrs of 4
independent experiments. Graphs represent the mean + SD. k) Pearson’s correlation
heatmap between endothelial dysfunction and glycocalyx shedding related markers
(angiopoietin 2, soluble thrombomodulin and soluble syndecan-1) and barrier function
related parameters (last 15hrs AUC of R and Rb in HPMECs and GEnCs). Colours represent
correlation, blue means negative correlation and red means positive correlation. Blank
means no significance. One-way ANOVA followed by Tukey's multiple comparisons test



and Kruskal-Wallis test followed by Dunn's multiple comparisons test and were
performed; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Fucoidan restores glycocalyx and ameliorates endothelial cell activation induced by

COVID-19 serum

To test whether loss of surface glycocalyx could be restored, we cultured HPMECs in the
presence of both ICU patient sera and the HS mimetic fucoidan (10 pg/mL).
Supplementation of fucoidan during culture in the presence of ICU serum dramatically
restored the glycocalyx as was shown by LEA-FITC staining (figure 4a,b) and TM expression

(figure 4a,c).

One of the mechanisms of glycocalyx loss is through enzymatic HS degradation by
heparanase (HPSE-1), which is elevated in plasma of COVID-19 patients [17]. In our in vitro
cultured HPMECs in the presence of 10% pooled patient or healthy control serum we
observed significantly induced HPSE-1 gene expression in cells from the ICU patient group
without a change in the non-ICU group (supplementary figure S3a). Mechanistically, we
observed that addition of fucoidan showed a trend of decreasing HPSE-1 gene expression
(supplementary figure S3a) in the ICU patient group, which coincided with reduced
syndecan-1 gene expression (SDC1) and was significantly restored after fucoidan

supplementation (supplementary figure S3b).

Further evaluation of endothelial cell dysfunction in the presence of patient sera showed
that compared to healthy controls, gene expression of ANGPT2, ICAM-1 and IL-6 were
significantly up regulated in the presence of COVID-19 ICU sera (figure S3c-e), while no
effect was found with COVID-19 non-ICU samples. At protein level, ICAM-1 expression was
also increased in presence of COVID-19 ICU serum (figure 4d,e). Since endothelial
activation could induce NFkB activation, we then detected the NFkB phosphorylation
levels and found a marked activation of these factors in ECs in the presence of COVID19

ICU sera, without significant changes between healthy control, COVID-19 non-ICU and



fucoidan supplementation groups (figure 4d,f). This increased endothelial activation was
further corroborated by the induced amount of released von Willebrand factor (VWF) and
ANG2, from the Weibel-Palade bodies (WPBs) upon activation and secretion of IL-6 and
shedding of sTM by these cells (supplementary figure S4). When comparing the response
on individual patient serum level, fucoidan reduced these markers significantly (figure 4g-

j), in line with the observed normalization of ICAM-1 expression (figure 4d,e).
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Figure 4 Fucoidan restores glycocalyx thickness on HPMECs and reduces endothelial
activation. a) Representative confocal images of Lycopersicon esculentum-FITC (LEA) or
anti-thrombomodulin (TM) staining on the surface of primary human pulmonary
microvascular endothelial cells (HPMECs) in the presence of 10% pooled COVID-19 ICU (n



= 26) serum with and without fucoidan (10 ug/mL) for 24hrs. Quantification of HPMECs
surface b) LEA and c) TM expression in the presence of 10% pooled COVID-19 ICU serum
with and without fucoidan (10 pg/mL) for 24hrs of 4 independent experiments. d)
Western blot images of ICAM1, p-P65, t-P65 protein expression. Quantification of e)
ICAM1/GAPDH ratio and f) p-P65/t-P65 ratio in HPMECs in response to 10% pooled-
healthy control (n = 12), COVID-19 non-ICU (n = 8) and COVID-19 ICU (n = 26) serum with
and without fucoidan (10 pg/mL) for 24hrs of 4 independent experiments, presented as
fold change expression normalized to healthy control. Secreted g) VWF, h) angiopoietin 2,
i) IL6 and j) soluble thrombomodulin of HPMECs stimulated  with 10% individual COVID-
19 ICU sera (n = 26) with and without fucoidan (10 pg/mL) for 24hrs. One-way ANOVA
followed by Tukey's multiple comparisons test, Kruskal-Wallis test followed by Dunn's
multiple comparisons test and paired two-tailed Student t test were performed; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Glycocalyx restoration could protect endothelial cell barrier function

As fucoidan supplementation could restore the glycocalyx and reduce inflammation we
used ECIS to further investigate the effects of fucoidan on protection of the endothelial
barrier function. After 24hrs of culturing the HPMECs with the various serum samples,
addition of fucoidan had no effect during the first 7-8hrs. However, in the following time
period, endothelial barrier integrity of HPMECs exposed to serum from COVID-19 ICU
patients recovered significantly (figure 5a-d). Several samples even reached similar levels
as control samples (figure 5b,d). Additionally, VE-cadherin and F-actin staining also
showed a similar trend that fucoidan could strengthen the cell-cell contacts against

COVID-19 ICU serum exposure (figure 5e,f).
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Figure 5 Fucoidan could ameliorate endothelial cell barrier function in presence of serum
of COVID-19 ICU patients. a) Barrier integrity parameter, resistance of a) primary human
pulmonary microvascular endothelial cells (HPMECs) assessed by ECIS in response to
stimulation with 10% serum (at t=0hr) of healthy controls (n=12, grey line), COVID-19 ICU
(n=26, red line) and COVID-19 ICU with fucoidan (n=26, blue line). Cell-cell contact
parameter, Rb of c) primary human pulmonary microvascular endothelial cells (HPMECs)
assessed by ECIS in response to stimulation with 10% serum (at t=0hr) of healthy controls
(n=12, grey line), COVID-19 ICU (n=26, red line) and COVID-19 ICU with fucoidan (n=26,
blue line). Data were normalized to the baseline resistance or Rb to calculate the relative
resistance or Rb to baseline (%) and presented as mean + SEM. b) Quantification of barrier



integrity was based on the measurements of area under curve of final 15 hours. d)
Quantification of cell-cell contact was based on the measurements of area under curve of
final 15 hours. e) Representative confocal images of VE-cadherin (green) and F-actin (red)
staining on HPMECs in the presence of 10% pooled COVID-19 ICU serum with and without
fucoidan (10 pg/mL) for 24hr (scale bar = 20 um). f) Quantification of adhesion junction
percentage of HPMECs in the presence of 10% pooled COVID-19 ICU serum with and
without fucoidan (10 pg/mL) for 24hr of 4 independent experiments. Graphs represent
the mean £ SD. Nonpaired and paired two-tailed Student t test were performed;
***%p<0.0001.

Fucoidan inhibits the formation of a procoagulant cell surface upon COVID-19 serum

treatment

To test whether serum from COVID-19 ICU patient is capable of inducing a procoagulant
cell surface, explaining the reported high incidence of (micro)thrombosis in COVID-19 ICU
patients [20], we first examined tissue factor (TF) gene expression (F3) changes. Indeed, F3
was significantly upregulated in COVID-19 ICU patient samples (supplementary figure S5a)
and the presence of fucoidan normalized this expression again to control levels. Next, the
production of factor Xa on endothelial cell surface was induced by 10% serum from
healthy controls and COVID-19 patients (figure 6a) which resulted in a significant increase
in factor Xa production in COVID-19 ICU samples compared to samples from healthy
controls and COVID-19 non-ICU, indicating the formation of procoagulant cell surface
(supplementary figure S5b,c). Consistent with the observed reduction in F3 mRNA
expression with fucoidan present, FX activation was considerably reduced within 1 hour

and 2 hours (figure 6b,c).

Thrombin release (figure 6d), another product of the common coagulation pathway, was
significantly increased in the COVID-19 ICU group, indicating serum from ICU patients

could lead to EC hypercoagulable state (supplementary figure S5d). When comparing the
COVID-19 ICU groups with and without fucoidan added, thrombin peak height, similar to
the phenotype in Xa generation assay, showed a significant decrease in fucoidan treated

COVID-19 ICU samples (figure 6f). Correlating FXa and thrombin generation with the



plasma levels of ANG2, sTM and sSDC1, we found there’s a link between endothelial

activation, glycocalyx degradation and EC surface coagulable state (figure 6g).
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Figure 6 Fucoidan inhibits the formation of procoagulant cell surface in response to
serum of COVID-19 ICU patients. a) Schematic overview showing how to detect FX
activation on HPMEC cell surface in response to 10% healthy control or COVID-19 serum.



FXa production (nM) in b) first hour and c) second hour on HPMECs surface in the
presence of 10% individual COVID-19 ICU sera (n = 26) with and without fucoidan (10
ug/mL) for 24hrs. d) Schematic overview showing how to detect thrombin generation on
HPMECs cell surface in response to 10% healthy control or COVID-19 serum. e)
Representative graph of thrombin generation assay in the presence of 10% healthy
control, COVID-19 non-ICU, and COVID-19 ICU with and without fucoidan (same serum
induced cell surface ). f) Thrombin generation peak height (nM) measured on HPMECs
surface in the presence of 10% individual COVID-19 ICU serum (n = 26) with and without
fucoidan (10 pg/mL) for 24hrs. g) Pearson’s correlation heatmap between endothelial
dysfunction and glycocalyx shedding related markers (angiopoietin-2, soluble
thrombomodulin and soluble syndecan-1) and coagulation assay parameters (FXa 1hr, FXa
2hr and thrombin peak height). Colours represent correlation, blue means negative
correlated and red means positive correlated. Blank means no significance. Graphs
represent the mean + SD and paired two-tailed Student t test were performed; *p<0.05,
**¥%**n<0.0001.

Discussion

Our current study underpins the critical role for loss of the endothelial glycocalyx in severe
COVID-19 infections. At a patient level, the endothelial activation marker ANG2 and
glycocalyx shedding related markers sTM and sSDC1 were all increased in COVID-19
patients in ICU. At a cellular level, the loss of the endothelial glycocalyx induced by sera of
these patients resulted in cellular activation, increased permeability and a
hypercoagulable surface. Intervention with the HS-mimetic fucoidan restored not only the
endothelial glycocalyx but subsequently reduced the endothelial activation state and

restored the permeability barrier and anti-coagulant cell surface.

Increased circulating ANG2 levels have been associated with diminished respiratory
function, increased coagulation activity, acute kidney injury and higher mortality in COVID-
19 patients [18, 21-23]. Inhibition of the protective ANG1/TIE2 signalling cascade by ANG2
is a central regulator in protecting the vasculature against thrombus formation and
vascular stabilization [24, 25]. Consistent with our findings, a decrease in plasma ANG2
levels upon recovery argues for ANG2 as a sensitive marker for acute endothelial

dysfunction. The observed lower ANG2 levels in our study, together with the relative low



levels of sTM and sSDC1, in comparison to non-COVID-19 septic ICU patients, could argue
that COVID-19 is a more locally presenting disease [26]. sTM has been reported to be
associated with COVID-19 adverse outcome [27] and loss of endothelial surface TM was
observed in COVID-19 lung autopsies [28]. We observed that once the microvascular lung
endothelial cells were activated, the relatively highly expressed TM (supplementary figure
S6) was shed, resulting in a procoagulant cell surface that indicates possible local

vulnerability of lung microvessels.

We previously revealed that increased breakdown of HS by heparanase could lead to
diminished glycocalyx coverage [29]. Further studies suggest that heparanase activity, the
only mammalian enzyme which could degrade HS, was elevated in COVID-19 patients and
associated with disease severity [17, 30]. Our observation of increased HPSE-1 mRNA
expression upon ICU COVID-19 serum treated ECs corresponded with reduced LEA-FITC,
HS and TM surface expression [31], the induced upregulation of ANG2 and heparanase
and loss of EC barrier function. These findings provide increasing evidence linking
endothelial glycocalyx as an additional component of vascular barrier with the ANG/TIE2
signalling pathway to maintain EC homeostasis. Additionally, lung microvascular
endothelial cells were more sensitive to COVID-19 ICU serum than glomerular
microvascular endothelial cells, emphasizing that organs are differently affected by
COVID-19 infection. Notably, the indirect effect by serum mediators, as was also
suggested in recent papers [32, 33] in addition to possible direct viral infection, might
contribute to patients’ longer hospitalization or driving the disease progression to severe

ARDS.

Coagulation disorder is often seen in COVID-19, especially in severe cases [34]. The
endothelial glycocalyx is a crucial compartment for binding and regulating enzymes
involved in the coagulation cascade [35]. Tissue factor is a primary trigger of extrinsic
coagulation and plays an essential role in haemostasis, which is increased as a result of
glycocalyx damage [36, 37]. Combining with our data, the increased endothelial F3

expression corresponded with loss of the endothelial anticoagulant factors, such as TM, in



response to incubation with COVID-19 ICU patient serum. This may be a driver of COVID-
19 related coagulopathy, which is corroborated by two different ex vivo assays (thrombin

generation and Xa generation on endothelial cell surface).

Here we observed that restoration of glycocalyx components by fucoidan leads to
reduction of endothelial activation through inactivation of NFkB signalling pathway and
downstream ICAM1 expression. Additionally, supplementary fucoidan induced endothelial
barrier function recovery which might open a new therapeutic strategy to treat or prevent
respiratory dysfunction. Moreover, fucoidan supplementation has beneficial effect for
anticoagulation. First of all, fucoidan leads to EC surface TF reduction. Two preprint
studies suggested that ANG2 has additional and direct effects on coagulation in COVID-19
[28, 38], and our data demonstrates that fucoidan has a strong effect on decreasing ANG2
expression, preventing TIE2 inactivation. These findings reveal that glycocalyx
preservation has promising effects on controlling COVID-19 injury and our in vitro
experiments show fucoidan as a novel HS mimetic could be a potential therapeutic

substance.

Our study had some limitations due to the time of hospitalization of COVID-19 patients
and official ethical approval. The present study only presents a limited group of patients
who presented at the LUMC during the first wave before major changes in therapeutic
interventions occurred, such as the inclusion of dexamethasone treatment. In addition, no
non-COVID-19 ARDS ICU patients were included, limiting the attribution of our data as
COVID-19 specific effects. However, similar lung mechanics and increased extravascular
lung edema in COVID-19 related ARDS in comparison to non-COVID-19 ARDS have been
found, indicating a similar contribution found in our study [39]. In addition, the Fucoidan
we used in the present study, by itself was not intended to be for clinical use, but to

exemplify possible glycocalyx restoring mechanisms and endothelial cell functionality.

In conclusion, our present study supports the concept that endothelial cell dysfunction

and loss of endothelial glycocalyx might drive worse outcomes like ARDS or coagulopathy



in severe COVID-19 at later disease stage. Fucoidan restored the endothelial glycocalyx,
ameliorated endothelial activation, which led to protection of endothelial barrier function
and induced antithrombotic effects. Our findings support further validation whether
glycocalyx preservation or restoration could prevent progression to severe COVID-19 and
encourage more clinical trials to evaluate the efficacy of glycocalyx preservation for

treatment of more severe forms of COVID-19.
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Supporting information

Supplementary Material and methods

Circulating markers of endothelial dysfunction and glycocalyx shedding

Plasma samples were thawed at room temperature. All plasma analytes were measured
with immunoassays in duplicate according to manufacturer’s recommendation. Samples
were diluted in diluent reagent according to manufacturer’s protocol. Analytes measured
include angiopoietin 2 (Ang-2, DANG20, R&D Systems, Abingdon, UK), soluble
thrombomodulin (sTM, M850720096, Diaclone, Besangon, France) and soluble syndecan-1
(sSDC1, DY2780, R&D Systems). For angiopoietin 2 and soluble thrombomodulin,
commercial control samples were included in each plate to confirm the amount of protein

level.

In Vitro Culture Experiments

Primary human pulmonary microvascular endothelial cells (HPMECs) were purchased from
PromocCell (Lot no. 4552003, Heidelberg, Germany) and primary human glomerular
microvascular ECs (GEnCs) were purchased from Cell Systems (ACBRI-128; Kirkland, WA,
USA) and were both cultured in endothelial growth medium (basal medium MV, C-22220,
PromoCell) supplemented with C-39220 (PromoCell) and 1% antibiotics
(penicillin/streptomycin, 15070063, Gibco, Paisley, UK) at 37°C and 5% CO.. For each cell

line, passage 5 were used for experiments.

Endothelial barrier function assay

Endothelial barrier function analysis was performed with impedance-based cell

monitoring using the electric cell-substrate impedance sensing system (ECIS Z8, Applied



Biophysics, New York, USA). ECIS plates (96W20idf PET, Applied Biophysics) were pre-
treated with 10 mM L-cysteine and coated with 1% gelatine (for GEnCs) or without 1%
gelatine (for HPMECs). HPMECs (p5) were seeded at a concentration of 4.5x10° cells/well
and for GEnCs (p5), the concentration was 3x10° cells/well. Medium was refreshed after
24 hours. Initial baseline resistance was measured for 2 hours before endothelial cells
were seeded into the plate. Multiple frequency/time mode was used for the real-time
assessment of the barrier function. Additionally, the real-time resistance was generated
every 350 seconds. Once the stable monolayer was formed, endothelial cells were
incubated with 10% serum (healthy (n=12), COVID-19 non-ICU (n=8) and ICU (n=26)) and
measured for 20 hours. Afterwards, modelling data Rb which represents barrier function

could be generated.

In additional experiments, HPMECs were exposed to 10% healthy serum (n=12), COVID-19
ICU serum (n=26) with or without fucoidan (10 pug/mL, gift from MicroVascular Health
Solutions LLC, Alpine, UT, USA) and measured on the ECIS machine for 20 hours. The
natural fucoidan provided (Iso 9000 and GMP certified from Omnipharm, S.A.S, Chambéry,
France) was extracted from Laminaria japonica as a powder of 91.20% purity and further
tested, for instance, on the presence of heavy metals (arsenic, lead, cadmium, mercury) or
microbiology parameters (European Pharmacopoeia VIII, Ed 2,6,12: total plate count,
yeast, mold, E. coli, Salmonella spp.). A 50x times stock solution was prepared by
dissolving the appropriate amount of powder in milliQ water and passed through a
0.22um filter before use. Cell culturing supernatant and 10% serum in no FCS medium

were collected and centrifuged for VWF ELISA assay.

RNA isolation and RT-PCR

Cells were harvested in TRIzol and total RNA was isolated using RNeasy Mini Kit (74106,

Qiagen, Venlo, The Netherlands) according to its protocol. cDNA synthesis was transcribed



using GoScript™ Reverse Transcriptase kit (A5001, Promega, Leiden, The Netherlands). RT-
PCR analysis was conducted using SYBR Select Master Mix (4472908, Applied Biosystems,
Landsmeer, The Netherlands) and specific primers as indicated in supplementary table s2.

Gene expression was normalized to GAPDH of 5 separate experiments.

Immunoblotting analysis

Western blots were performed from protein extracts of HPMECs. Cells were washed once
with cold PBS and lysed in lysis buffer mentioned in our previous study[1]. After
centrifugation of the samples at 12,000 rpm for 15 min at 4°C, supernatant was collected
and protein concentration was measured using the Pierce BCA Protein Assay Kit (23255,
ThermoFisher, Landsmeer, The Netherlands). Equal amounts of protein were denatured
using DTT and incubated at 95°C for 10 minutes. 10% Mini-PROTEAN® TGX™ Protein Gels
(4561031, Bio-Rad Laboratories, Veenendaal, The Netherlands) were used for protein size
separation and proteins were transferred to PVDF membranes (1704156, Bio-Rad) using
the Trans-Blot Turbo system. Afterwards, the membrane was blocked in 5% milk in PBST
at room temperature for 1 hour. Primary antibody rabbit anti-human ICAM1 (4915, Cell
Signalling Technology), rabbit anti-human total NF-kB p65 (8242, Cell Signalling
Technology), rabbit anti-human phosphor-NF-kB p65 (Ser536) (3033, Cell Signalling
Technology) and mouse anti-human GAPDH (MA5-15738, ThermoFisher) were incubated
overnight at 4°C. Incubation with a secondary HRP-conjugated antibody (P0447 and
P0448, Dako, Amstelveen, The Netherlands) and visualization using Western Lightning
Plus-ECL, Enhanced Chemiluminescence Substrate (NEL103001EA, PerkinElmer,
Groningen, The Netherlands). Intensity of the bands were analysed using Imagel software.

Relative intensity was determined by levels of GAPDH.

Immunofluorescence of cultured cells



HPMECs (p5) were cultured in 8-well chamber slides (ibiTreat, p-Slide 8 Well). Medium
was refreshed after 24 hours to remove non-attached cells. When HPMECs formed a
confluent monolayer after 48 hours, they were incubated with 10% pooled serum (healthy
control (pooled n = 12), non-ICU (pooled n = 8) and ICU (pooled n = 26) in no FCS medium
for 24 hours. Next, cells were fixed with 4% PFA and 0.2% Triton-X100 in HBSS or 4% PFA
in HBSS (for HS and LEA staining) for 10 minutes at room temperature, washed twice with
1% BSA in HBSS, and blocked with 3% goat serum in HBSS for 1 hour at room temperature.
Then, cells were incubated with FITC labelled Lycopersicon esculentum (LEA-FITC, L0401,
Sigma, Houten, The Netherlands), primary monoclonal Mouse Anti-Human VE cadherin
(55-7H1; BD Biosciences), monoclonal Mouse Anti-heparan sulfate (10E4, 370255-1,
AMSBIO, Abingdon, UK) and monoclonal Mouse Anti-TM (MA5-11454, ThermoFisher) at
4°C overnight, followed by an appropriate secondary antibody and phalloidin-TRITC (VE-
cadherin samples) for 1 hour, all in blocking buffer. Cells were subsequently washed and

incubated with Hoechst 33528 (1/1,000) for 10 minutes at room temperature.

Cells were imaged using a LEICA SP8 WLL confocal microscope (Leica, Rijswijk, the
Netherlands) to create image stacks. Fluorescent images were analysed using Image J
software. To quantify the total area of VE-cadherin staining, all VE-cadherin derived
fluorescent signal below a threshold was included in a mask. The value for the threshold
intensity was kept the same for each field and then the positive area of VE-cadherin is
quantified as adhesion junction area. 10 fields per experiment were imaged for every
condition for further analysis to quantify the glycocalyx coverage, endothelial nuclear
region was selected and the thickness of the glycocalyx was quantified by calculating the
distance from the half-maximum signal of the nuclear staining at the luminal side to the
half-maximum signal at the luminal end of the staining in the z-direction. Fluorescence
intensity was calculated based on the average fluorescence intensity from the half-
maximum signal of the nuclear staining at the luminal side to the half-maximum signal at
the luminal end of the staining in the z-direction. Surface amount of glycocalyx was

presented as mean fluorescence intensity (Mean FL) times luminal thickness.



FX activation by extrinsic tenase complex (TF-FVIla)

Primary human pulmonary microvascular endothelial cells at passage 5 were seeded into
96 wells plates at a concentration of 2.5x10* cells/well. Medium was refreshed after 24
hours and after 48 hours, HPMECs were incubated with 10% control (n=12), COVID-19
non-ICU (n=8) and ICU serum (n=26, with or without presence of fucoidan) in no FCS
medium for 24 hours. Cell culture supernatants were collected and centrifuged for ELISA
assays. Afterwards, cells were washed once with prewarmed HBSS with Ca?*. Factor Vlla
(80 uL, 10 nM, HCVIIA-0031, Haematologic Technologies, Huissen, The Netherlands) was
added and incubated for 15 minutes at 37°C and 5%CO.. Then the reaction system was
initiated by adding factor X (80 pL, 400 nM, HCX-0050, Haematologic Technologies). The
plate was kept in incubator to keep the reaction continuous and 2 time points were
selected (1 hour and 2 hours) to detect the production of active factor X. Aliquots were
taken and quenched in HBS supplemented with 50mM EDTA to stop the reaction. The
amidolytic activity of each sample was determined by SpecXa conversion (250 uM),
measuring the absorbance at 405 nm and the initial rates of chromogenic substrate
hydrolysis were converted to nanomolar of product by reference to a corresponding FXa

standard curve.

Thrombin generation Assay

Primary human pulmonary microvascular endothelial cells at passage 5 were seeded into
96 wells plates at a concentration of 2.5x10* cells/well. Medium was refreshed after 24
hours and after 48 hours, HPMECs were incubated with 10% healthy (n=12), COVID-19
non-ICU (n=8) and ICU serum (n=26, with or without presence of fucoidan) in no FCS
medium for 24 hours. Warm HBSS without Ca?* was used to wash the cells once. Thrombin

generation curves were obtained by supplementing normal pooled plasma. Thrombin



formation was initiated by adding substrate buffer (FluCa-kit, 86197, Thrombinoscope BV,
Leiden, The Netherlands) to the plasma. The final reaction volume was 120 uL, of which 80
uL was plasma, 20 pL was HBSS/calibrator and 20 pL was substrate. Thrombin formation
was determined every 30 s for 120 min and corrected for the calibrator using

Thrombinoscope software.

Markers of endothelial dysfunction and glycocalyx shedding in cell cultured supernatant

Supernatants collected from experiments mentioned above and stored at -80°C were
measured with immunoassays in duplicate according to manufacturer’s recommendation.
Analytes measured include angiopoietin 2 (Ang-2, DANG20, R&D Systems), soluble
thrombomodulin (TM, M850720096, Diaclone), IL-6 (M9316, Sanquin, Amsterdam, The
Netherlands) and VWF (A0082, Dako). Samples were diluted 1:100, 1:5, 1:10 and 1:200
respectively in diluent reagent. For angiopoietin 2 and soluble thrombomodulin,
commercial control samples were included in each plate to confirm the amount of protein

level.

Public database mining

To further study the role of thrombomodulin in endothelial cells from different vascular

beds, datasets from EC atlas (https://endotheliomics.shinyapps.io/ec atlas/ [2]) and NCBI

Gene expression Omnibus (https://www.ncbi.nIm.nih.gov/geo/) were downloaded. We

then determined Thbd expression in mice ECs from 11 organs. For human ECs, 2 datasets
(GSE43475 [3] and GSE21212 [4]) were downloaded and processed with RMA background
correction, log2 transformation and normalization in R. For annotation, we chose the gene
with the highest expression as the gene symbol and annotated it via different annotation

packages. Then THBD expression was detected in different EC lines.


https://endotheliomics.shinyapps.io/ec_atlas/
https://www.ncbi.nlm.nih.gov/geo/
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Under homeostatic conditions (healthy), intact endothelial glycocalyx maintains a stable
endothelial barrier. COVID-19 serum of patients on ICU induces endothelial activation
(cytokine release, ANG2 and VWF and shedding of thrombomodulin), glycocalyx
degradation, loss of endothelial barrier function and EC procoagulable state (increased
tissue factor expression). Supplementation of the heparan sulfate mimetic fucoidan
restores the endothelial glycocalyx and barrier function and reverses the endothelial

procoagulable state.
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Supplementary figure S1 Patient’s hospitalization timelines and blood sampling dates.
For each included patient, hospitalization on non-ICU (blue bar), and on ICU (red bar) are
indicated, aligned to the day of admission. * represent blood sampling date. For some of
the patients, blood samples were collected during the whole hospitalization (ICU and non-
ICU) and recovery state (discharge after 6 weeks).
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Supplementary figure S2 Loss of heparan sulfate in primary human pulmonary
microvascular endothelial cells in presence of COVID-19 ICU serum. a) Representative
confocal images of anti-heparan sulfate (HS, 10E4 clone) staining on the surface of primary
human pulmonary microvascular endothelial cells (HPMECs) in the presence of 10%
pooled- healthy control (n = 12), COVID-19 non-ICU (n = 8) and COVID-19 ICU (n = 26)
serum for 24hrs. b) Quantification of HPMECs surface HS (10E4 clone) in the presence of



10% pooled- healthy control, COVID-19 non-ICU and COVID-19 ICU serum for 24hrs,
presented as mean fluorescence times thickness of 3 independent experiments. Graphs
represent the mean + SD. One-way ANOVA followed by Tukey's multiple comparisons test
were performed; **p<0.01
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Supplementary figure S3 Fucoidan reduces mRNA expression of endothelial activation
related markers. Gene expression data a) heparanase (HPSE-1), b) syndecan-1 (SDC1), c)
ICAM1, d) angiopoietin 2 (ANGPT2) and e) IL6 expression in response to 10% pooled-
healthy control (n = 12), COVID-19 non-ICU (n = 8) and COVID-19 ICU (n = 26) serum with
and without fucoidan (10 pug/mL) for 24hrs, presented as fold change expression
normalized to healthy control of 5 independent experiments. Graphs represent the
mean * SEM. One-way ANOVA followed by Tukey's multiple comparisons test were
performed; *p<0.05, **p<0.01, ***p<0.001
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Supplementary figure S4 Comparison of endothelial dysfunction and glycocalyx shedding
related markers in cell culture supernatants. Levels of a) secreted von Willebrand factor
(VWEF), b) secreted IL6, c) secreted angiopoietin 2 (ANG2) and d) secreted soluble
thrombomodulin (sTM) in cell culture supernatants of primary human pulmonary
microvascular endothelial cells (HPMECS) in the presence of serum of healthy controls
(grey, n = 12) and COVID-19 ICU patients (red, n = 26). Nonpaired two-tailed Student t test
were performed; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Supplementary figure S5 Serum mediators of COVID-19 patients on ICU promote
activation of coagulation on endothelial cells. a) Gene expression of F3 (tissue factor) in
response to 10% pooled healthy control (n = 12), COVID-19 non-ICU (n = 8) and COVID-19
ICU (n = 26) serum with and without fucoidan (10 pg/mL) for 24hrs, presented as fold
change expression normalized to healthy control of 5 independent experiments. Factor X a
(FXa) production (nM) in b) first hour and c) second hour on HPMECs surface in the
presence of 10% individual healthy control (n=12), COVID-19 non-ICU (n=8) and COVID-19
ICU (n=26) serum for 24hrs . d) Thrombin generation peak height (nM) measured on
HPMECs surface in the presence of 10% individual healthy control (n=12), COVID-19 non-
ICU (n=8) and COVID-19 ICU (n=26) serum for 24hrs . One-way ANOVA followed by Tukey's
multiple comparisons test were performed; *p<0.05, **p<0.01, ***p<0.001,
**%**n<0.0001.
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Supplementary figure S6 Thrombomodulin expression levels in different vascular beds.

a) tSNE plot revealing gene variation in

11 types of endothelial cells from mice based on

EC atlas (https://endotheliomics.shinyapps.io/ec_atlas/). b) Thrombomodulin (Thbd) gene
expression in 11 types of endothelial cells from mice. THBD expression from different
human vascular beds based on databases c) GSE43475 and d) GSE21212.



Supplementary table S1. Demographic, clinical, and outcome data of patients in BEAT-
COVID cohort

Hospitalized ICU Non-ICU Healthy control
(n=32) (n =26) (n=6) (n=12)
Age - years median (IQR) 61(57-70) 62 (58-71) 56 (47-65) 60 (60-60)
Male sex - n (%) 26(81) 21(81) 5(83) 8(75)
BMI - kg/m2 median (IQR) 28(24-30) 29 (26-30) 25(20-32) -
Admission Glasgow Coma Score - points
) 3(3-15) 3(3-15) 15 (15-15)
median (IQR)
Days since hospital admission - median (IQR) 36(14-47) 43(22-52) 7 (5-11) -
Days in ICU - median (IQR) 31(19-43) 31(19-43) - -
In-hospital mortality - n (%) 7(21.9) 7(26.9) 0(0) -
Glasgow Coma Score - points median (IQR) 3(3-11.8) 3(3-5.8) 15 (15-15)
SOFA score - median (IQR) 7(7-11) 7(7-11) - -
LUMC severity score - median (IQR) 12(9.8-14) 13 (12-14) 3(1.5-3.8) -
Comorbidities
Chronic cardiac disease - n (%) 7(21.9) 6(23.1) 1(16.7) -
Hypertension - n (%) 8(25) 7(26.9) 1(16.7) -
Chronic pulmonary disease - n (%) 3(9.4) 3(11.5) 0(0) -
Asthma - n (%) 6(18.8) 6(23.1) 0(0) -
Chronic kidney disease - n (%) 1(3.1) 1(3.9) 0(0) -
Chronic neurological disorder - n (%) 3(9.4) 2(7.7) 1(16.7) -
Diabetes 13 (40.6) 9(34.6) 4(66.7) -
Smoking history - n (%) 10(31.3) 10(38.5) 0(0) -
Thromboembolic event - n (%) 4(12.5) 4(15.4) 0(0) -
Coagulopathy - n (%) 1(3.1) 1(3.9) 0(0) -
Respiratory function
Respiratory rate - median (IQR) 26.5(24-30) 28.5(25-32) 20.5(17-23) -
Sp02 - % median (IQR) 90(89-92) 89.5(88-90) 94.5 (94-96) -
FiO2 - % median (IQR) 60 (41-100) 60 (41-100) - -
Pa02/Fi02 ratio - median (IQR) 17 (12.7-20.8) 17 (12.7-20.8) - -
Non-invasive ventilation - n (%) 8(25) 7(27) 1(17)* -
Invasive ventilation - n (%) 17 (53) 16 (62) 1(17)* -
Coagulation
Platelets - 1079/L median (IQR) 230 (200-302) 2245 (194-309) 253 (223-274) -
aPTT - seconds median (IQR) 37.5(33.6-39.9) 37.8(34.4-40.3) 33.5(31.5-35.5) -
PT - seconds median (IQR) 16.1(14.8-16.8) 15.6 (14.7-16.7) 16.65 (16.6-16.7) -
INR - median (IQR) 1.2(1.1-1.2) 1.2 (1.1-1.2) 1.2(1.2-1.2) -
D-dimer - mg/L median (IQR) 2.24(1.03-3.96) 2.24(1.03-3.96) - -
Inflammation markers
CRP - mg/L median (IQR) 164.4 (58.5-245.1) 1855 (55.1-255.5)  128.8(76.6-170.9) -
Urea - mmol/Lmedian (IQR) 13.4(5.9-16.8) 15.2 (11.5-17.1) 5(4.5-5.2) -

* This patient was first in ICU when treated with non-invasive or invasive ventilation, and
stopped ventilation when in non-ICU unit. Blood sampling for this patient was during non-
ICU hospitalization.

BMI, body mass index; IQR, interquartile range.



Supplementary table S2. Primer sequences

Gene Forward sequence Reverse sequence

GAPDH CCTGCACCACCAACTGCTTA GGCCATCCACAGTCTTCTGAG
HPSE TCCTGCGTACCTGAGGTTTG CCATTCCAACCGTAACTTCTCCT
SDC1 CCACCATGAGACCTCAACCC GCCACTACAGCCGTATTCTCC
ICAM1 GTATGAACTGAGCAATGTGCAAG GTTCCACCCGTTCTGGAGTC
ANGPT2 CTCGAATACGATGACTCGGTG TCATTAGCCACTGAGTGTTGTTT
IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC

F3 (TF) CCCAAACCCGTCAATCAAGTC CCAAGTACGTCTGCTTCACAT
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Abstract

Background: Previous studies showed that endothelial dysfunction is involved in COVID-19
progression and high-density lipoproteins (HDL) have a variety of endothelial-protective
properties. When considering that HDL composition is more representative of HDL function
than HDL cholesterol (HDL-C) levels alone, we sought to investigate whether changes in HDL
composition is associated with endothelial function and disease outcome in COVID-19

patients and lead to new risk stratification biomarkers.

Methods: Using 'H nuclear magnetic resonance (NMR) spectroscopy and Bruker [VDr
Lipoprotein Subclass Analysis (B.I.LISA™) software, an in-depth analysis of plasma
lipoproteins was undertaken in a longitudinal study of COVID-19 patients with samples of

healthy individuals as control.

Results: Higher triglyceride content in all HDL subclasses and lower HDL-4 plasma
concentrations were found in COVID-19 patients compared to control, correlating with
sequential organ failure assessment, circulating endothelial activation markers, and in vitro

endothelial functional assay parameters.

Conclusion: The observed changes in HDL composition in COVID-19 patients which are
associated with disease progression and possible survival suggest that these findings might

be used as prognostic biomarkers in hospitalized COVID-19 patients.

Keywords: High-density lipoprotein composition, NMR, longitudinal, COVID-19, endothelial

function



Introduction

The new coronavirus disease (COVID-19) caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) led to a major worldwide pandemic characterized by acute
lung injury and rapidly progressing to acute respiratory distress syndrome (ARDS) ™.
Previously, we showed that endothelial dysfunction, leading to endothelial glycocalyx
degradation, barrier failure, and procoagulant surface formation was involved in COVID-19
progression 2. In addition, early studies of lipid metabolism in patients revealed a role for
high-density lipoproteins (HDL) protective factors in a variety of endothelial functions such
as antioxidant, anti-inflammatory, anti-thrombotic, and even anti-infectious properties 3*.
Recently, it was observed that the metabolic lipid profile in COVID-19 patients in the
intensive care unit (ICU) was different when compared to healthy controls but also from

patients with cardiogenic shock in ICU. >

Increasing evidence suggested that low serum HDL-cholesterol (HDL-C) levels at hospital
admission is associated with disease severity and mortality in COVID-19 ®’. However,
other studies revealed that the HDL lipidome and proteome rather than quantitative HDL-
C concentration played a more representative role in HDL function during disease °. In
addition to HDL-C concentrations in COVID-19, several studies showed significant
inflammatory remodeling of the HDL proteome, associated with COVID-19 disease severity

in both adult and pediatric COVID-19 patients >,

However, limited studies are still available that show an association between COVID-19
related endothelial dysfunction and HDL composition and function. Furthermore, data is
lacking whether the endothelial function related HDL composition is associated with
disease outcome. Therefore, in the current study we used H Nuclear magnetic resonance
(NMR) spectroscopy and the validated Bruker IVDr Lipoprotein Subclass Analysis
(B.I.LISA™) software %17 to measure blood HDL subclasses and lipid content
concentrations in longitudinally collected serum samples from ICU and non-ICU, together

with age-matched healthy controls. With the help of this in-depth analysis, we aimed to



identify changes in HDL composition in COVID-19 patients compared to healthy individuals
and disease progression, screen for endothelial function related HDL composition, and
investigate whether specific HDL compositional changes could lead to different outcomes

in the course of the disease.

Material and methods

Study population.

A prospective observational cohort study was set up, in which patients with PCR-confirmed
SARS-CoV-2 infection after hospital admission were recruited from April 2020 until August
2020, before the use of medication such as dexamethasone and vaccines were
implemented. In the present study longitudinally collected plasma and serum samples from
37 patients with confirmed SARS-CoV-2 infection together with 12 age-matched controls
were used (Figure 1A and supplemental figure S1). Patient characteristics are shown in
supplemental table S1. Age-matched healthy donors with a male: female ratio of 2:1, were
included after confirmed negative for SARS-CoV-2 IgG. The trial was registered in the Dutch
Trial Registry (NL8589). Ethical approval was obtained from the Medical Ethical Committee
Leiden-Den Haag-Delft (NL73740.058.20).

Sample preparation for 'H nuclear magnetic resonance (NMR) spectroscopy.

Sample preparation was performed consistently with the requirements of the Bruker
B.I.LISA lipoprotein analysis protocol. The EDTA plasma samples were thawed at room
temperature and immediately homogenized by inverting the tubes 10 times. Next, 200uL
of plasma was manually transferred to a Ritter 96 deep-well plate. A Gilson 215 liquid
handler robot was used to mix 120uL of plasma with 120uL, 75 mM disodium phosphate
buffer in H20/D20 (80/20) with a pH of 7.4 containing 6.15 mM NaNs and 4.64 mM sodium



3-[trimethylsilyl] d4-propionate (Cambridge Isotope Laboratories). Using a modified second
Gilson 215 liquid handler, 190uL of each sample was transferred into 3 mm Bruker
Samplelet NMR tubes. Subsequently, the tubes were sealed by POM ball insertion and
transferred to the Samplelet autosampler where they were kept at 6°C while queued for

acquisition.

NMR spectroscopy measurement and processing.

All proton nuclear magnetic resonance (*H-NMR) experiments were acquired on a 600 MHz
Bruker Avance Neo spectrometer (Bruker Corporation, Billerica, USA) equipped with a 5-
mm triple resonance inverse (TCl) cryogenic probe head with a Z-gradient system and

automatic tuning and matching.

The NMR spectra were acquired following the Bruker B.l.Methods protocol. Before the
measurements, a standard 3 mm sample of 99.8% methanol-d4 (Bruker) was used for
temperature calibration 8. A standard 3 mm QuantRefC sample (Bruker) was measured as
the quantification reference and for quality control. All experiments were recorded at 310
K. The duration of the m/2 pulses was automatically calibrated for each sample using a
homonuclear-gated nutation experiment on the locked and shimmed samples after
automatic tuning and matching of the probe head °. For water suppression, presaturation
of the water resonance with an effective field of yB1 = 25 Hz was applied during the

relaxation delay and the mixing time of the NOESY1D experiment %°.

The NOESY1D experiment was recorded using the first increment of a NOESY pulse
sequence with a relaxation delay of 4 s and a mixing time of 10 ms 21, After applying 4

dummy scans, 32 scans of 98,304 points covering a sweep width of 17,857 Hz were recorded.

The lipoprotein values were extracted from the NOESY1D plasma spectra by submitting the

data to the commercial Bruker IVDr Lipoprotein Subclass Analysis (B.l.LISA) platform 217,



This approach extracts information about lipoproteins and lipoprotein subfractions in
plasma. In the current study, we focused on the HDL particles; dissected into concentration,
composition, and four subclasses (sorted according to increasing density and decreasing
size), and accompanying lipids within the lipoprotein subclasses including total cholesterol,
free cholesterol, phospholipids, and triglycerides. The calculated esterified cholesterol was
not included in the present study. Details about the measured HDL subfractions were listed

in supplemental table S2.

HDL functional assay.

Primary human umbilical vein endothelial cells were isolated according to the previous
protocol and cultured in 1% gelatin pre-coated flasks in endothelial growth medium
(EGM2 medium, C-22011 supplemented with SupplementMix, Promocell, Heidelberg,
Germany) with 1% antibiotics (penicillin/streptomycin, 15070063, Gibco, Paisley, UK). HDL
isolation was isolated from 7 COVID-19 ICU individuals, pooled healthy control serum
(pooled serum from 12 samples), and pooled non-ICU COVID-19 serum (pooled serum
from 8 samples) based on the protocol from a previous study by Mulder et al. %2, stored on
ice, and used the following day for HDL functionality tests. Primary human umbilical vein
endothelial cells (HUVECs) were used to test HDL's anti-thrombotic properties. In the 96-
well plate, HUVECs (passage 3) were seeded at a density of 4x10° cells/well. The following
day, HUVECs were pre-incubated for 30 minutes with 2% apoB-depleted plasma or an
equal volume of precipitation reagent in HEPES as a control. Tumor necrosis factor a (TNF-
a, H8916, Sigma Aldrich, the Netherlands) was then added at a concentration of 10ng/mL.
After another 5 hours of incubation, the cell surface was washed once with HBSS, no
calcium, and no magnesium (14170120, Gibco™, Paisley, UK). Each well received 50uL of
normal pooled plasma before being placed in the Fluorometer for a 10-minute incubation
at 37°C. The formation of thrombin was started by mixing 10uL of the fluorogenic

substrate with calcium (TS50.00 FluCa-kit; Thrombinoscope BV, Maastricht, the



Netherlands). The final reaction volume was 60pL. Thrombin formation was measured
every 20 seconds for 60 minutes and calibrated using Thrombinoscope software
(Additional file 1: Fig. S4a). To assess HDL anti-thrombotic capacity, we included all the
parameters including thrombin peak height (Peak), endogenous thrombin potential (ETP),
lag time, time to peak (ttPeak), and velocity of thrombin generation (Vellndex). To limit
potential variation due to different plate conditions, HDL anti-thrombotic capacity
measurements were performed at the same time using the same batch of pooled HUVECs

and reagents. For each individual, measurements were taken in three technical replicates.

Statistical analyses.

Descriptive clinical and in vitro experimental characteristics of the study population were
expressed as median with interquartile range (IQR) for non-normally distributed variables,
mean with standard deviation (SD) for normally distributed variables, or percentages (%)
for dichotomous variables. One-way ANOVA followed by Tukey's multiple comparisons test
or Kruskal-Wallis followed by Dunn's multiple comparisons test were assessed for multiple

groups. P <0.05 were considered statistically significant.

Principle component analysis (PCA) was performed between healthy controls, non-ICU

COVID-19 patients, and ICU COVID-19 patients based on HDL-related features.

Healthy control, non-ICU COVID-19, and ICU COVID-19 were considered as three outcomes,
and concentrations of HDL-related features were scaled (z-normalization, i.e., with mean=0
and SD=1) to identify lipoproteins with different concentrations, and multinomial logistic
regression analysis (MLR) was used. We set a specific reference for each comparison:
between healthy control and non-ICU COVID-19, healthy control was the reference;
between healthy control and ICU COVID-19, healthy control was the reference; between
non-ICU COVID-19 and ICU COVID-19, non-ICU COVID-19 was the reference. We considered

a p-value < 0.05 as significant. The results were expressed as a regression coefficient (f3)



with a 95% confidence interval (Cl) to evaluate the association between concentrations of

HDL-related features and COVID-19.

Pearson’s correlation analysis was performed between HDL-related features and clinical
parameters, circulating markers (including soluble thrombomodulin, angiopoietin 2, and
soluble syndecan-1), and in vitro endothelial functional assay parameters (including factor
X activation, thrombin generation, endothelial barrier function, and supernatant

endothelial activation markers) from our previously published paper 2.

We next stratified ICU COVID-19 patients into survivors and non-survivors and investigated
HDL composition changes during disease development. The trend line for the longitudinal
changes in HDL composition was performed according to loess regression. Additionally, we
compared the changes in HDL subclasses between the first collected sample and the last
sample during hospitalization. Statistical analyses were performed in R (version 4.1.0) and

GraphPad Prism version 8 (Graphpad Inc., La Jolla, CA, USA).

Results

Clinical characteristics and experimental characteristics of the study population .

Supplemental table S1 shows the clinical and experimental characteristics of individuals in
the present study. Of 37 included COVID-19 patients, 18.92% were women, with a median
age of 61 years (interquartile range, 57—70 years). Among 37 COVID-19 patients, there were
5 non-ICU COVID-19 patients and 32 ICU COVID-19 patients (26 survivors and 6 non-
survivors). Compared to non-ICU COVID-19 patients and healthy individuals, both ICU
COVID-19 survivors and non-survivors had higher endothelial activation, higher disease
severity, and higher in vitro serum induced endothelial activation. Notably, although not
significant, ICU non-survivors revealed a more profound endothelial dysfunction phenotype

than ICU survivors.



HDL anti-thrombotic capacity reduction in ICU COVID-19 patients.

The effect of purified HDL serum fractions of healthy individuals (n = 12, pooled), non-ICU
COVID-19 patients (n =5, pooled) and 7 survivor COVID-19 individuals in ICU was tested for
its anti-thrombotic capacity on cultured endothelial cells. Based on the thrombin generation
curve, the curves of most ICU COVID-19 patients were higher than the healthy control and
non-ICU COVID-19 patient curves (supplemental Fig. S2A). Furthermore, the thrombin peak
height, endogenous thrombin potential (ETP), and Vellndex were all higher in the ICU
COVID-19 patients tested; whereas lag time and ttPeak were lower in ICU COVID-19 patients
tested (supplemental Fig. S2B-F). These results that HDL functionality in anti-thrombin

formation already could be impaired in COVID-19 patients when admitted to the ICU.

HDL composition in plasma can differentiate patients with COVID-19 from healthy

controls.

PCA analysis on HDL-related features of all the samples (including controls, non-ICU and ICU
patients), using the “ggfortify” R package revealed good separation of COVID-19 patients
from healthy individuals (Fig. 1B). Further hierarchical clustering revealed that this division
in HDL composition presented that triglyceride content in all HDL subclasses was standing

out as a cluster with an increasing trend with disease severity (Fig. 1C).
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Figure 1. HDL composition between healthy individuals and COVID-19 patients based on
1H NMR. (A) Scheme of study design and *H NMR in the present study. (B) Principal
component analysis using HDL composition for longitudinally collected serum samples
from ICU COVID-19 patients (yellow), non-ICU COVID-19 patients (grey), and samples from
healthy controls (blue). (C) Heatmap showing overview of HDL composition in the present
study indicating that triglyceride content in HDL subclasses increased with the disease
progression whereas the rest of HDL composition such as HDL-4 subfractions decreased
with the disease progression.

Distinct HDL composition between healthy controls, non-ICU COVID-19 patients, and ICU
COVID-19 patients.

To identify further differences in HDL composition between the three groups multinomial

logistic regression analysis was used. This analysis revealed that all HDL compositions (27



lower and 5 higher) were significantly different between healthy controls and non-ICU
COVID-19 patients (Fig 2A, B and supplemental table S3) while 27 HDL subfractions (22
lower and 5 higher) differed significantly between healthy controls and ICU COVID-19
patients (Fig 2C, D and supplemental table S4). Comparing non-ICU and ICU COVID-19
patients showed notable changes in all the small and dense HDL subfractions which were
lower in ICU COVID-19 patients and with a much higher triglyceride content in most HDL
subclasses (Fig 2E, F and supplemental table S5). In addition, between COVID19 patients in
ICU and not in ICU the HDL1-3 subfractions were significantly increased (Fig 2E, F and

supplemental table S5).
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Figure 2. Differential HDL composition between ICU COVID-19, non-ICU COVID-19
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Volcano plot and (D) Bubble plot of differential lipoprotein subfractions between ICU
COVID-19 patients and healthy controls. (E) Volcano plot and (F) Bubble plot of differential
lipoprotein subfractions between ICU COVID-19 patients and non-ICU COVID-19 patients.
Dot size of the bubble plot represented the absolute value of effect size based on MLR.
The red color represented a higher concentration in the reference group, while the blue
color represented a lower concentration in the reference group.



Associations between HDL composition and clinical and experimental parameters.

We next investigated the associations between HDL composition and clinical and
experimental parameters (i.e, circulating markers, clinical assessment parameters, and in
vitro endothelial functional assay parameters) using Pearson’s correlation analysis. A
positive correlation was observed between HDL-1-3 subclass triglyceride content and
circulating endothelial activation markers angiopoietin 2, sequential organ failure
assessment (SOFA) score, LUMC severity score, and respiratory failure assessment (Fig 3).
These observations were also observed with the in vitro endothelial coagulation data from
the Xa and thrombin generation measurements, endothelial activation markers in the
supernatant, and endothelial barrier function loss. The HDL-4 subfraction only showed
negative correlations with circulating and in vitro endothelial activation parameters.
Furthermore, apolipoprotein Al (ApoA1l), total cholesterol, and free cholesterol content in
each of the HDL subclasses were found to be negatively associated with endothelial

activation and disease severity.
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Figure 3. Correlation heatmap of circulating markers, clinical parameters, in vitro
endothelial functional assay parameters, and HDL composition. The red indicated a
positive correlation, while the blue indicated a negative correlation. Shading color and
asterisks represented the value of corresponding correlation coefficients (*p < 0.05; **p <
0.01).

Triglyceride content in HDL subclasses showed distinct longitudinal changes between non-

ICU COVID-19 patients, ICU COVID-19 survivors, and ICU COVID-19 non-survivors.

Since triglyceride content in all the HDL subclasses was increased in COVID-19 patients
compared to healthy individuals and associated with disease severity and clinical

parameters, we then made the stratification analysis and evaluated the changes in disease



course. We found that most of the triglyceride content in HDL subclasses except in HDL-4,
was initially higher in ICU non-survivors than in ICU survivors and non-ICU patients, and
when it reached the peak (almost twice the levels of healthy individuals) and remained
higher over time than in ICU survivors and non-ICU patients until the patients died (Fig 4A,
C,E, G, I). Compared to the first collected sample in ICU with the last collected sample during
hospitalization, only HDTG, H1TG, and HATG were higher in the last collected samples than
in the first collected samples in the ICU non-survivor group; H2TG and H3TG remained or
decreased a bit. It is worth noting that all HDL subclass triglyceride was much higher in ICU

non-survivors than in ICU survivors and non-ICU patients (Fig 4B, D, F, H, J).
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Figure 4. Changes of triglyceride content in HDL subclasses in the course of the disease
of ICU survivors, non-survivors, and non-ICU patients. (A) HDTG changes during
hospitalization. (B) HDTG changes between the first and last collected samples during
hospitalization. (C) H1TG changes during hospitalization. (D) H1TG changes between the
first and last collected samples during hospitalization. (E) H2TG changes during
hospitalization. (F) H2TG changes between the first and last collected samples during
hospitalization. (G) H3TG changes during hospitalization. (H) H3TG changes between the
first and last collected samples during hospitalization. (1) HATG changes during
hospitalization. (J) H4TG changes between the first and last collected samples during
hospitalization. The dashed line represented the average concentration of triglyceride
content in HDL subclasses in healthy individuals.

HDL-4 subfraction showed distinct longitudinal changes between non-ICU COVID-19
patients, ICU COVID-19 survivors, and ICU COVID-19 non-survivors.

The HDL-4 subfraction was lower in ICU COVID-19 patients than in non-ICU COVID-19
patients. Investigating HDL-4 subfraction changes during the disease progression revealed
that both concentrations continuously increased over time in non-ICU and ICU survivors (Fig
5). In ICU non-survivors, the levels first decreased then increased a little bit which were
much lower than those in healthy individuals, especially H4A1. We also noticed that
although the concentrations of HDL-4 subfractions increased in non-ICU and ICU survivors,
they were still much lower than in healthy individuals (Fig 5A, C, E, G, 1). We did not find any
difference in HDL-4 subfractions at the initial time point, but we discovered that there were
notable differences between the three groups in the last collected samples regarding the
highest concentrations of HDL-4 subfractions in non-ICU and lowest concentrations of HDL-

4 subfractions in ICU non-survivors (Fig 58, D, F, H, J).
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Figure 5 Changes of HDL-4 subfractions in the course of the disease of ICU survivors,
non-survivors, and non-ICU patients. (A) H4A1 changes during hospitalization. (B) H4A1
changes between the first and last collected samples during hospitalization. (C) H4A2
changes during hospitalization. (D) H4A2 changes between the first and last collected
samples during hospitalization. (E) H4CH changes during hospitalization. (F) H4CH changes
between the first and last collected samples during hospitalization. (G) H4FC changes
during hospitalization. (H) H4FC changes between the first and last collected samples
during hospitalization. (1) H4PL changes during hospitalization. (J) H4PL changes between
the first and last collected samples during hospitalization. The dashed line represented the
average concentration of HDL-4 subfractions in healthy individuals.



Discussion

In the current study, we found that increased levels of triglycerides in all HDL subclasses and
decreased levels of HDL-4 subfractions with disease progression. Altered HDL composition
was correlated with SOFA score, circulating endothelial activation markers, and in vitro
endothelial functional assay parameters, and was associated with distinct disease outcomes.
Our findings indicate that changes in HDL composition might be used for risk stratification

in disease progression in COVID-19 patients.

In general, higher triglyceride content in most of the HDL subclasses and HDL-4 subfractions
were found in COVID-19 patients. These HDL compositional changes that we observed for
COVID-19 compared with healthy individuals were in line with previous studies in Germany,
Spain, and Australia 224, This finding further confirmed previous studies and proved that
the NMR-based lipoprotein profiling technique was quite robust and may be clinically

meaningful beyond the routine clinical chemistry measurement.

Our study, for the first time, linked the HDL composition with the in vitro endothelial
functional assay parameters and identified the specific endothelial function related to HDL
composition. Accumulating evidence suggested that hypertriglyceridemia was an

independent risk factor for endothelial dysfunction

. We observed that triglyceride
content in HDL subclasses was positively correlated with circulating endothelial activation
marker Angiopoietin 2 which was relevant in respiratory and thrombotic related disorders
in COVID-19 ICU patients, showing unfavorable prognostic value ?6. Syndecan 1, one of the
endothelial glycocalyx core proteins, was reported as a marker for disease progression and
severity classification of COVID-19 27-2°, Also, we discovered that triglyceride content in HDL-
1 showed a positive correlation with soluble Syndecan 1, implying that triglyceride content
in large HDL may lead to more aggressive endothelial activation. Moreover, a comparison
between non-ICU and ICU COVID-19 patients and the longitudinal changes concerning

triglyceride content in HDL subclasses showed clear differences between non-ICU and ICU

as well as ICU survivors and non-survivors, further supporting this concept.



Small and dense HDL particles are essential for cellular cholesterol efflux, antioxidative,
antithrombotic, anti-inflammatory, and antiapoptotic functions 3%31. Interestingly, our
findings revealed that HDL-4 subfractions were lower in COVID-19 patients (both non-ICU
and ICU) compared to healthy individuals. Moreover, COVID-19 patients in ICU even showed
much lower concentrations of HDL-4 subfractions. Given that HDL-4 subfractions were
negatively correlated with endothelial dysfunction, we hypothesized that a lack of specific
vasoprotective HDL compositions would lead to disease progression, which was supported
by the longitudinal changes in HDL-4 subfractions in COVID-19 patients with different

outcomes.

Either higher triglyceride content in HDL subclasses or lower HDL-4 subfractions would
cause dysfunction of HDL (data unpublished). The ICU non-survivors showed lower levels of
HDL-4 subfractions and higher triglyceride content in HDL subclasses over time, which to
some extent, implied that impaired HDL function with less vasoprotective functions might
contribute to the worse outcome. Here, our in-house pilot HDL functional assay
demonstrated that COVID-19 patients had impaired HDL function in terms of its capacity to
suppress TNFoa-induced procoagulant cell surface in endothelial cells which is also
consistent with earlier findings that HDL from COVID-19 patients was less protective in
endothelial cells stimulated by TNFa (permeability, VE-cadherin disorganization, and
apoptosis) 2. Following these findings, we discovered that COVID-19 patients showed
greater changes in HDL composition, particularly triglyceride content in HDL subclasses and

HDL-4 subfractions, which contributed to risk stratification for COVID-19.

The strength of our study is that we measured detailed HDL compositions in a longitudinal
population with different disease severity and our study was the first to link HDL
compositional changes with serum-induced endothelial functional assay parameters. Our
findings further confirmed altered HDL composition in COVID-19 patients with regard to
reduced HDL anti-thrombotic capacity, linking it with disease severity assessment and
endothelial activation markers; meanwhile, we revealed disease outcome related HDL

compositional changes. However, the present study has some limitations mainly related to



the relatively small sample size of the cohort, which might limit generalizability and
eliminate the possibility of stratification analyses. In addition, we did not include any ICU
patients without COVID-19 to compare whether our findings were general changes for
patients ending up in ICU or disease specific changes. Besides, medication use such as lipid
lowering medications could affect HDL concentration, composition, and function 3334, which
indicated that the changes in HDL composition were not solely affected by the disease.
Another limitation is that we only performed a pilot in-house HDL functional assay, which,
while promising, was insufficiently conclusive, and more experiments with more time points

and patients were required.

Conclusions

To conclude, compared to healthy individuals, non-ICU and ICU COVID-19 patients had
altered HDL composition, and lower HDL-4 subfractions and higher triglyceride content in
HDL subclasses were associated with endothelial function and disease progression, which

might be useful for risk stratification for patients with COVID-19 in ICU.
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Supplemental figure S1. Timeline of the longitudinal sample collection in the present
study.
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Supplemental figure S2. Impaired HDL anti-thrombotic capacity in COVID-19 patients. (A)
Thrombin generation curve of pooled healthy control (n = 1), pooled non-ICU COVID-19 (n
=1), and ICU COVID-19 patients (n = 7). (B) Difference of thrombin peak height between
pooled healthy control, pooled non-ICU COVID-19, and ICU COVID-19 patients. (C)
Difference of ETP between pooled healthy control, pooled non-ICU COVID-19, and ICU
COVID-19 patients. (E) Difference of lag time between pooled healthy control, pooled non-
ICU COVID-19, and ICU COVID-19 patients. (F) Difference of time to peak between pooled
healthy control, pooled non-ICU COVID-19, and ICU COVID-19 patients. (G) Difference of
thrombin generation velocity between pooled healthy control, pooled non-ICU COVID-19,
and ICU COVID-19 patients.



Supplemental table S1.

Clinical and experimental characteristics of the study population.

COVID-19 patients non-1ICU ICU survivors ICU non-survivors Healthy controls
(n=37) (n=5) (n=26) (n=6) (n=12)

Demographic
Sex (% women) 18.92 20 19.23 16.67 25
Age, y 61(57-70) 50(46-61) 65(59-71) 60(58-64) 60 (60-60)
Respiratory function
Respiratory rate 27.24(7.53) 19.6(4.56) 27.09(6.49) 34.17(7.25)
Sp02 90.36(2.76) 94.8(1.64) 90.05(1.96) 87.83(1.6)
FiO; 60(41-100) - 53(40-85) 88(64-100)
Pa0/FiO; 16.7(5.27) 17.85(4.78) 13.08(5.49)
Disease severity score
GCS 3(3-14) 15(15-15) 4(3-11) 3(3-3)
LUMC severity score 12(9-14) 3(1-4) 12(11-13) 16(13-17)
SOFA score 7(7-11) - 8(6-11) 7(7-10)
Circulating markers
Urea, mg/L 13(5.15-16.8) 4.75(4.32-5.05) 14.6(7.35-17.78) 14.1(12.85-15.5)
CRP, mmal/L 164.35(61.77-243.7) 102.7(70.05-139.33) 145(48.05-239.08) 240.25(181.45-259.75) -
Circulating Angiopoietin 2, ng/mL 8.2(6.21-16.4) 6.3(4-6.55) 8.36(5.86-17.09)* 11.2(8.16-19.49)* 4.45(2.4-553)
Circulating soluble thrombomodulin, ng/mL 14.46(9.9-19.95) 9.2(7.75-11.05) 16.51(11.04-21.58)* 16.06(9.77-19.69) 6.4(5.38-8)
Circulating soluble Syndecan 1, ng/mL 9.8(7.88) 4.3(3.3) 9.32(7.35) 14.85(10.51) 6.26(5.14)
in doth | assay
Supernatant Angiopoietin 2, ng/mL 27.39(10.55) 14.63(1.62) 29.06 (9.08)*4 32.44(12.19)*# 13.63(1.09)
Supernatant Interleukin 6, pg/mL 256.13(146.4) 71.36(16.84) 262.44(121.31)*% 389.08(130.15)*# 68.11(13.95)
Supernatant soluble thrembomedulin, ng/mL 2.6(1.21) 1.19(0.46) 2.65(0.88)*# 3.59(1.59)*# 1.1(0.21)
Supernatant Von Willebrand factor, U/ml 27.8(22.9-46.46) - 30.07 (14.14)*# 49.01(23.67)*#% 3.51(2.04)
Xa generation 1hr, nM 0.22(0.04) 0.15(0.01) 0.22(0.03)*# 0.25(0.03)*# 0.14(0.02)
Xa generation 2hrs,nM 0.23(0.06) 0.15(0.02) 0.23(0.05)*# 0.27(0.05)*# 0.15(0.02)
Thrombin peak height, nM 7.51(2.87-11.5) 0.74(0.56-1.03) 8.39(5.1-14.08)* 8.89(6.76-10.64)* 0.7(0.59-0.9)
ECIS HPMEC resistance, AUC 17160 (15802-18544) 19085 (19046-19727) 17160 (15589-18321)* 16193 (15366-16766)%# 19252 (18761-19558)
ECISHPMECRb, AUC 131.1(118-143) 145(145-154) 134(116-141)* 120(115-127)*# 146 (144-149)
ECIS GENC resistance, AUC 8577.52(690.87) 9348.6(197.52) 8497.9 (688.04)* 8200.33(493.03)*# 9195.42(547.29)
ECIS GEnC Rb, AUC 44,62 (5.89) 51.78(2.31) 43.48 (5.87)*4 42.48(3.33)# 49,65 (3.95)

Data are shown as mean (+ SD), median (25th percentile—75th percentile), or percentage.
One-way ANOVA followed by Tukey's multiple comparisons test or Kruskal-Wallis followed
by Dunn's multiple comparisons test were performed; healthy control as reference:
*p<0.05; non-ICU as reference: #p<0.05.

Abbreviations: CRP C-reaction protein; ECIS Electric cell-substrate impedance sensing

system; FiO; Fraction of inspired oxygen; GCS Glasgow Coma Scale; PaO: Partial pressure
of oxygen; Rb Resistance between cells; SOFA score Sequential organ failure assessment
score; SpO2 Oxygen saturation.



Supplemental table S2. Quantified HDL-related lipoprotein subfractions.

Abbreviation

Lipoprotein subfraction

TPA1
TPA2
HDA1
HDA2
HDCH
HDFC
HDPL
HDTG
H1A1l
H1A2
H1CH
H1FC
H1PL
H1TG
H2A1
H2A2
H2CH
H2FC
H2PL
H2TG
H3Al
H3A2
H3CH
H3FC
H3PL
H3TG

Total apolipoprotein Al (ApoAl)
Total apolipoprotein A2 (ApoA2)
ApoAl content in total HDL
ApoA2 content in total HDL
Cholesterol content in total HDL
Free Cholesterol content in total HDL
Phospholipid content in total HDL
Triglyceride content in total HDL
ApoA1l content in HDL-1 subclass
ApoA2 content in HDL-1 subclass
Cholesterol content in HDL-1 subclass
Free Cholesterol content HDL-1 subclass
Phospholipid content in HDL-1 subclass
Triglyceride content in HDL-1 subclass
ApoA1l content in HDL-2 subclass
ApoA2 content in HDL-2 subclass
Cholesterol content in HDL-2 subclass
Free Cholesterol content HDL-2 subclass
Phospholipid content in HDL-2 subclass
Triglyceride content in HDL-2 subclass
ApoAl content in HDL-3 subclass
ApoA2 content in HDL-3 subclass
Cholesterol content in HDL-3 subclass
Free Cholesterol content HDL-3 subclass
Phospholipid content in HDL-3 subclass

Triglyceride content in HDL-3 subclass



H4A1
H4A2
H4CH
H4FC
H4PL
HATG

ApoA1l content in HDL-4 subclass
ApoA2 content in HDL-4 subclass
Cholesterol content in HDL-4 subclass
Free Cholesterol content HDL-4 subclass
Phospholipid content in HDL-4 subclass

Triglyceride content in HDL-4 subclass




Supplemental table S3. Differential HDL composition between non-ICU COVID-19 patients
and healthy controls based on multinomial logistic regression analysis. (Reference: healthy
controls)

HDL Regression coefficient (B) P
composition B 25 Cl975 value

HDCH -2.42 -3.10 -1.73  4.11E-12
TPAL -2.29 -2.95 -1.63  1.14E-11
TPA2 -2.96 -3.84 -2.09 3.32E-11
HDTG 1.10 0.53 1.67 1.38E-04
HDFC -1.33 -1.77 -0.89  2.57E-09
HDPL -1.42 -1.85 -0.99 1.36E-10
HDA1 -2.41 -3.10 -1.73  5.08E-12
HDA2 -2.41 -3.06 -1.76  3.10E-13
H1TG 0.93 0.39 147 7.62E-04
H2TG 2.07 1.25 2.89  7.53E-07
H3TG 1.21 0.67 1.75 1.07E-05
H4TG 0.77 0.35 1.20 3.89E-04
H1CH -0.53 -0.88 -0.18 2.96E-03
H2CH -1.34 -1.78 -0.90 1.75E-09
H3CH -2.85 -3.64 -2.06 1.66E-12
H4CH -3.93 -5.25 -2.61 6.01E-09
H1FC -1.03 -1.41 -0.65 1.40E-07
H2FC -1.60 -2.06 -1.14  7.35E-12
H3FC -2.00 -2.53 -1.46  2.74E-13
H4FC -1.56 -2.09 -1.03  8.94E-09
H1PL -0.48 -0.85 -0.10 1.32E-02
H2PL -1.04 -1.47 -0.60 3.31E-06
H3PL -1.58 -2.04 -1.13  8.96E-12
H4PL -1.71 -2.28 -1.14  4.83E-09
H1Al -0.51 -0.88 -0.14  7.03E-03
H2A1 -1.78 -2.26 -1.30 3.48E-13
H3A1 -1.87 -2.37 -1.37 2.98E-13
H4Al -3.23 -4.30 -2.16  2.95E-09
H1A2 -0.69 -1.11 -0.27 1.18E-03
H2A2 -0.78 -1.18 -0.38 1.39E-04
H3A2 -1.29 -1.71 -0.87 1.59E-09

H4A2 -3.16 -4.19 -2.13  2.02E-09




Supplemental table S4. Differential HDL composition between ICU COVID-19 patients and
healthy controls based on multinomial logistic regression analysis. (Reference: healthy
controls)

HDL Regression coefficient (B) P
composition B 25 Cl97.5 value

HDCH -2.38 -3.04 -1.73  9.19E-13
TPAL -2.59 -3.24 -1.94 8.22E-15
TPA2 -3.11 -3.97 -2.25 1.50E-12
HDTG 1.77 1.21 2.33  6.06E-10
HDFC -1.33 -1.73 -0.93 7.41E-11
HDPL -0.83 -1.18 -0.48 3.02E-06
HDA1 -2.59 -3.26 -1.92 2.98E-14
HDA2 -2.26 -2.87 -1.66  2.63E-13
H1TG 1.50 0.98 2.03  1.88E-08
H2TG 3.82 2.90 4.74 4.44E-16
H3TG 2.04 1.48 2.59 5.53E-13
H4ATG 0.74 0.35 1.14  2.32E-04
H1CH -0.36 -0.65 -0.07 1.56E-02
H2CH -0.59 -0.95 -0.23  1.44E-03
H3CH -2.75 -3.51 -1.99 1.44E-12
H4CH -5.18 -6.56 -3.81 1.72E-13
H1FC -0.95 -1.27 -0.62  1.15E-08
H2FC -0.75 -1.12 -0.39 6.11E-05
H3FC -1.72 -2.19 -1.25 1.10E-12
H4FC -2.42 -2.99 -1.85 0.00E+00
H1PL -0.03 -0.33 0.27 8.46E-01
H2PL 0.34 -0.01 0.68  5.85E-02
H3PL -0.63 -0.97 -0.30 2.32E-04
H4PL -2.35 -2.94 -1.77  3.11E-15
H1A1 -0.12 -0.41 0.17 4.12E-01
H2A1 -0.69 -1.04 -0.33  1.52E-04
H3Al -1.46 -1.89 -1.02  5.58E-11
HA4A1 -4.62 -5.76 -3.48 2.00E-15
H1A2 0.13 -0.18 0.44  4.20E-01
H2A2 0.01 -0.31 0.33 9.67E-01
H3A2 -0.68 -1.00 -0.36  3.90E-05

H4A2 -4.16 -5.23 -3.09 3.02E-14




Supplemental table S5. Differential HDL composition between non-ICU COVID-19 patients
and ICU COVID-19 patients based on multinomial logistic regression analysis. (Reference:
non-ICU COVID-19 patients)

HDL Regression coefficient (B) P
composition B 25 Cl97.5 value

HDCH 0.03 -0.28 0.34 8.35e-01
TPAL -0.30 -0.63 0.03 7.46E-02
TPA2 -0.15 -0.48 0.18 3.86E-01
HDTG 0.67 0.33 1.00 1.09E-04
HDFC 0.01 -0.29 0.30 9.73E-01
HDPL 0.59 0.27 0.91 2.49E-04
HDA1 -0.18 -0.50 0.14 2.73E-01
HDA2 0.15 -0.18 0.47 3.79E-01
H1TG 0.57 0.26 0.89 3.41E-04
H2TG 1.75 1.19 2.31 8.86E-10
H3TG 0.83 0.47 1.19  6.46E-06
H4ATG -0.03 -0.29 0.23  8.22E-01
H1CH 0.17 -0.11 0.46  2.34E-01
H2CH 0.75 0.45 1.05 1.28E-06
H3CH 0.10 -0.22 0.41 5.45E-01
H4CH -1.25 -1.66 -0.85 1.13E-09
H1FC 0.08 -0.23 0.39 5.99E-01
H2FC 0.85 0.53 1.17  2.32E-07
H3FC 0.28 -0.05 0.61 9.84E-02
H4FC -0.86 -1.21 -0.52  9.54E-07
H1PL 0.45 0.14 0.75 4.20E-03
H2PL 1.37 1.00 1.75 1.06E-12
H3PL 0.95 0.60 1.30 1.17E-07
H4PL -0.64 -0.98 -0.31 1.38E-04
H1A1 0.39 0.08 0.69  1.23E-02
H2A1 1.10 0.73 146  3.74E-09
H3Al 041 0.10 0.72 9.87E-03
HA4A1 -1.39 -1.81 -0.97 1.05E-10
H1A2 0.82 0.47 1.17 4.53E-06
H2A2 0.79 0.46 1.11  2.10E-06
H3A2 0.61 0.29 0.93 2.07E-04

H4A2 -1.00 -1.37 -0.63  1.38E-07




CHAPTER




Summary, general discussion,and
future perspectives



Thromboinflammation, which is a main trigger for endothelial dysfunction, has emerged
as a new term to describe the interconnection between the simultaneous activation of the
coagulation pathway and immune response. In the present thesis, the role of
thromboinflammation in different high-risk populations, such as women vs. men in the
general Dutch population, patients with T2DM from different ethnicities, and COVID-19

patients are highlighted.

Thromboinflammation, gender differences, and cardiovascular disease

Thromboinflammation exhibits sex differences, contributing to the risk of cardiovascular
disease. Endothelial glycocalyx, a key regulator of thromboinflammation, is also involved

in various vascular complications.

In the present thesis, in Chapter 2, we observed an association between early (pre-clinical)
microvascular health changes measured by SDF imaging and coagulation factor activation
and discovered a striking sex difference in microvascular health, in which women showed
a perturbed endothelial glycocalyx concomitant with a more procoagulable endothelial
surface, and this association was not observed in men. Based on previous studies [1-3],
specifically in women, an increase in endothelial glycocalyx is associated with an increased
risk of CHD. These findings highlight the importance of sex differences in microcirculatory
perturbation in CHD, suggesting the potential clinical utility of monitoring microcirculatory
change specifically in women to prevent the development of CHD. In line with these
findings are earlier studies revealing that women who were suspected of or had confirmed
clinical ischaemic heart disease have less atherosclerosis than men and a lower prevalence
of obstructive coronary artery disease (CAD), especially when they are young [4].
Additionally, more than 50% of women with angina tested negative for coronary

angiography, further indicating sex differences in CHD development [5]. Therefore, based



on these previous findings, accumulating evidence shows that perturbation of the

microcirculation is more evident to contribute to CHD in women [6].

Perturbation of the endothelial glycocalyx could lead to procoagulant status [7], and
together with previous studies demonstrating that the underlying systemic presence of a
hypercoagulable state was associated with the incidence of CHD [8-10], hints toward an
association between endothelial glycocalyx health and CHD which is mediated by
coagulation activation. From the Tromsg Study, a case-cohort design with 1495
participants included, revealed that Syndean-4, one of the core proteins of endothelial
glycocalyx, was associated with myocardial infarction incidence. The observed association
was also stronger in women than men, indicating the link between endothelial glycocalyx
and CHD as well as gender differences [11]. Interestingly, such a sex-dependent
association between CHD and impaired sublingual microvascular glycocalyx barrier

function in women was also found in a study by Brands et al. [12].

Thromboinflammation, diabetes in different ethnicities, and HDL function and

dyslipidemia

HDL exhibits functions including anti-inflammatory and anti-thrombotic capacities, which
can regulate thromboinflammation in pathophysiological conditions [13]. In chronic
situations such as CHD, diabetes, and chronic kidney disease, HDL could lose its protective
function and even gain adverse functionality further exacerbating the disease progression

[14-17].

The mechanism of T2DM disease progression varies in different ethnicities [18] and recent
studies showed that changes in HDL function may be one of the underlying mechanisms
resulting in disease development and progression. Given that reduction of low-density

lipoproteins (LDL) by statin use is associated with insulin resistance and an increased risk



of hyperglycemic complications in T2DM, particularly HDL functionality, may therefore be

a better candidate to monitor diabetes progression [19-21].

A study comparing HDL function in Dutch South Asians to Dutch white Europeans within
three age groups (neonates, adolescents, and adults), reported that in the absence of
T2DM, only the ability of HDL to prevent LDL oxidation was decreased in overweight Dutch
South Asians when compared to obese Dutch white Caucasians [22]. Another single-center
study in Rotterdam assessing the relation between the development of dyslipidemia and
glucose intolerance found that small HDL fractions were associated with insulin resistance

and beta-cell dysfunction in South Asian families at risk of T2DM [15].

In Chapter 3, we compared HDL composition in healthy individuals and patients with
T2DM of Dutch South Asian and Dutch white Caucasian ethnicity. Here we observed that
between both ethnic groups, HDL composition differed. The impaired HDL functionality
found in Dutch South Asians with T2DM might be because of loss of the smallest HDL
subfractions; while in Dutch white Caucasians with T2DM, increased triglyceride content in
the smallest HDL fraction contributes to HDL dysfunction. In line with these findings, small
and dense HDL particles have been shown to play a vital role in multiple functions, such as
cellular cholesterol efflux mediation, anti-oxidative, anti-thrombotic, anti-inflammatory,
and anti-apoptotic capacities [16]. In our current study, we found that concentrations of
the smallest HDL subfractions except triglyceride content were negatively associated with
disease duration in Dutch South Asians with T2DM rather than in Dutch white Caucasian,
suggesting a more vulnerable HDL composition phenotype. Moreover, T2DM patients in
both ethnic groups showed significantly reduced anti-thrombotic capacity due to impaired
HDL function. Consistent with an earlier finding, impaired HDL function in T2DM patients
in terms of the capacity to suppress TNF-induced vascular cell adhesion molecule-1
(VCAM-1) expression in endothelial cells in vitro was observed [23]. According to our
findings, HDL dysfunction induced thromboinflammation deregulation might contribute to

a higher risk of disease development and progression in South Asians with T2DM.



In oxidative stress-induced cardiovascular disease, oxidized lipids can activate platelets via
CD36, demonstrating a link between dysregulated lipoprotein metabolism, oxidative
stress, and thrombus formation [24]. Lipids are involved in both the intrinsic and extrinsic
pathways of prothrombin activation and dyslipidemia is one of the hallmarks of T2DM. In
Chapter 4, using a novel targeted quantitative LC/MS-based Shotgun Lipidomics Assistant
(SLA) platform, we generated a comprehensive mapping of the circulating lipidome in
Dutch South Asians and Dutch white Caucasians with or without T2DM. Based on
lipidomics phenotyping, we observed detailed insight into the complexity of lipid
metabolism and the interindividual variations within the various ethnic groups. It is worth
noting that there were distinct differences in the lipidome mainly related to the
metabolism of cholesteryl esters (CEs), diacylglycerides (DGs), phosphatidylethanolamines
(PEs), sphingomyelins (SMs), and triglycerides (TGs) between T2DM and healthy controls
in our study population, which were consistent with previous findings observed in the
case-cohort study nested within the PREDIMED trial [25] and the longitudinal METSIM
study [26]. However, with conflicting results as reported in these two studies based on
Chinese populations that FFA, SM, and LPC lipid species were higher in Chinese with
T2DM, whereas we found opposite results in Dutch with T2DM, the high variability in

lipidomics profile between ethnicities is further indicated.

Thromboinflammation and diabetes-related complications

Lipoprotein and lipid metabolism in patients with T2DM could lead to the deregulation of
thromboinflammation and further affect the development or exacerbation of diabetes-
related complications. Several studies discovered that dyslipidemia was linked to an
increased risk of diabetes-related microvascular complications such as neuropathy and
retinopathy [27-29]. South Asians have a higher prevalence of diabetic retinopathy than
white Caucasians and a shorter aggravation time, and the diabetic retinopathy lesions [30]

tend to be distributed more centrally [31]. In Chapter 3, we specifically observed that



lower ApoA2 and HDL-4 subclass concentrations in Dutch South Asian individuals with
T2DM were associated with higher odds of having diabetes-related pan-microvascular

complications such as retinopathy and neuropathy.

In addition to diabetic neuropathy and retinopathy, South Asian patients with T2DM are
more likely to develop microvascular complications such as diabetic nephropathy, with a
higher incidence of micro- and macroalbuminuria in South Asians as compared to white
European Caucasians with T2DM and a faster progression to end-stage renal disease [32,
33]. This could be because these patients have a higher burden of systemic and glomerular
inflammation. Additionally, South Asians have a unique body composition, with a more
abdominally obese phenotype and a high percentage of visceral fat, which is dominant in
the production and secretion of certain inflammatory cytokines, that contribute to the
chronic low-grade inflammatory state [34]. Meanwhile, in Chapter 4, we identified a
unique lipid species, DG, which was associated with diabetic nephropathy and renal
functions. The DG- protein kinase C (PKC)/ protein kinase D (PKD) signaling network could
regulate redox balance and induce oxidative stress [35]. In T2DM, DG concentration
increases and the accumulation of DG further activates the PKC/PKD, thus resulting in
diabetic nephropathy [36]. It was notable that DG 18:1_18:2 was higher in diabetic
nephropathy, particularly in South Asians with T2DM, and had the most correlations with
various clinical parameters. Even in an external cohort of Chinese subjects with IgA
nephropathy, the correlations with renal function persisted. Future studies concerning
diabetic nephropathy in multiple ethnic groups with large sample sizes are needed to

verify our findings.

Thromboinflammation and COVID-19

Hyperinflammation is a hallmark of COVID-19, and the inflammatory response to SARS-

CoV-2 infection frequently causes remarkable activation of the coagulation cascade. The



subsequent process called thromboinflammation is characterized by systemic endothelial

damage and loss of proper anti-coagulant properties [37, 38].

Hyperinflammation induced by COVID-19 could disrupt vascular integrity. The glycocalyx is
capable of regulating endothelial cell integrity and homeostasis through vascular barrier
permeability protective function, anti-inflammation, and anti-coagulation capacity.
Buijsers et al. observed that the activity of endothelial glycocalyx-degrading enzyme
heparanase, which was involved in vascular leakage and inflammation, was increased in
COVID-19 patients and was associated with disease severity [39]. Additionally, Kimpers et
al. revealed that non-anticoagulant heparin fragments could inhibit the activity of
heparanase and prevent endothelial glycocalyx injury in response to COVID-19 serum [40].
Meanwhile, the MYSTIC study revealed that glycocalyx health, as measured by perfused
boundary region (PBR), an inversed reflection of endothelial glycocalyx layer, was a
prognostic predictor for COVID-19 and disease severity [41]. In Chapter 5, we showed that
loss of endothelial glycocalyx in response to serum from ICU COVID-19 patients induced
endothelial dysfunction through increased IL-6, ICAM1, ANG2, and HPSE1 gene expression
and activation of the NF-kB signaling pathway. In addition, damaged endothelial glycocalyx

resulted in vascular leakage and disturbed cell-cell contact.

Inhibition of the protective ANG1/TIE2 signaling cascade by ANG2 is a central regulator in
protecting the vasculature against thrombus formation and vascular stabilization [42, 43].
A number of studies indicated that circulating ANG2 levels were increased in COVID-19
and associated with a worse prognosis [44-46]. In line with these findings, we also found
that ANG2 levels were increased in ICU COVID-19 patients (Chapter 5). The presence of
endothelial glycocalyx is required for anti-coagulation property and maintenance of
endothelial quiescence. We also showed that loss of endothelial glycocalyx in response to
serum from ICU COVID-19 patients could form a pro-coagulant cell surface through
increased tissue factor expression and increased secretion of ANG2 and vWF (Chapter 5).
To further validate our hypothesis that glycocalyx damage contributed to

thromboinflammation in COVID-19, we tested whether preservation of the endothelial



glycocalyx might be an effective intervention to improve vascular health. We found that
the heparan sulfate mimetic fucoidan could restore endothelial functionality including
restoration of the endothelial glycocalyx, ameliorating endothelial activation, and leading
to protection of the endothelial barrier function and induced anti-thrombotic effects

(Chapter 5).

Michalick et al. discovered that plasma mediators in patients with severe COVID-19 could
lead to lung endothelial barrier failure [47]. Meanwhile, Stahl et al. showed that blood
composition in critically ill COVID-19 patients could cause endothelial injury involving
glycocalyx integrity loss and vascular destabilization [48]. A number of cytokines and
chemokines were increased in COVID-19 patients; however, the observed cytokine storm
in COVID-19 patients was lower than observed in non-COVID-19 severe cases with ARDS,
sepsis, and influenza virus infection [49, 50]. The discrepancy suggests that other
mediators such as oxidized lipids or dysfunctional lipoproteins might contribute to COVID-
19 pathogenesis. Given that COVID-19, in the end, is an endothelial disease, in Chapter 6,
we fulfill the missing puzzle of blood mediators leading to endothelial dysfunction in
COVID-19. We found that increased levels of HDL triglyceride content and decreased
levels of the smallest HDL subclass were associated with endothelial dysfunction and
COVID-19 disease severity. Besides, dysfunctional HDL in COVID-19 patients had less anti-
thrombotic capacity than healthy individuals, suggesting a higher risk of
thromboinflammation. These findings were also in line with our previous observations
that a disturbed endothelial glycocalyx in COVID-19 patients resulted in the formation of a

pro-coagulant cell surface (Chapter 5).



Future perspectives and open questions

In this thesis, we emphasize thromboinflammation in high-risk populations such as
females, South Asians, T2DM, and COVID-19 patients. We also show that perturbation of
endothelial glycocalyx, dysfunction of HDL, and dysregulation of lipid metabolism can lead
to thromboinflammation, which all can play a critical role in acute or chronic disease

development.

In Chapter 2, we showed that glycocalyx function together with pro-coagulation factors
could contribute to early CHD development in women. However, we still lack a detailed
mechanism and follow-up information on non-obstructive CHD, which needs to be
investigated. In Chapter 3, we showed the HDL compositional and functional changes in
South Asians with T2DM. HDL function depended on both lipidome and proteome.
Therefore, specific determination of the proteome in isolated HDL particles is the next
step in unraveling the underlying mechanisms in HDL functional changes. In Chapter 4, we
found a specific lipid that only appeared in renal diseases (diabetic nephropathy and IgA
nephropathy). However, the concentration of this lipid is quite low, necessitating a more
precise and in-depth measurement and analysis method on a renal disease cohort with a
larger sample size. In Chapter 5 and Chapter 6, we only compared healthy individuals with
ICU COVID-19 patients; however, whether our findings were specifically characteristic of
COVID-19 is still unknown, emphasizing the need for the inclusion of non-COVID-19 ICU

patient samples.

We showed a reduction of HDL subfractions in diabetes and COVID-19. However, it is still
unknown whether supplementation of HDL mimetic or HDL-raising agents could be a
potential therapeutic strategy for COVID-19, diabetes, and diabetes-related complications,

which needs to be explored further.
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Thromboinflammatie, een belangrijke trigger voor endotheliale dysfunctie, is een nieuwe
term om de verbinding tussen de gelijktijdige activatie van de stollingsroute en
immuunrespons te beschrijven. In dit proefschrift wordt de rol van thromboinflammatie
bij verschillende hoog risico populaties, zoals vrouwen versus mannen in de algemene
Nederlandse bevolking, patiénten met type 2 diabetes mellitus (T2DM) van verschillende

etniciteit en COVID-19-patiénten, belicht.

Thromboinflammatie, gender verschillen en hart- en vaatziekten

Thromboinflammatie vertoont geslachtsverschillen en draagt bij aan het risico op hart- en
vaatziekten. De endotheliale glycocalyx, een belangrijke regulator van

thromboinflammatie, is ook betrokken bij verschillende vasculaire complicaties.

In hoofdstuk 2 van dit proefschrift hebben we een verband waargenomen tussen vroege
(preklinische) microvasculaire gezondheidsveranderingen, gemeten met sidestream dark-
field (SDF)-imaging, en activatie van coagulatie factoren. We ontdekten een opvallend
geslachtsverschil in microvasculaire gezondheid, waarbij vrouwen een verstoord
endotheliale glycocalyx vertoonden in combinatie met een meer procoagulant endotheel
oppervlak. Deze associatie niet werd waargenomen bij mannen. Op basis van eerdere
studies [1-3], met name bij vrouwen, wordt een verstoring van de endotheliale glycocalyx
geassocieerd met een verhoogd risico op cardiovasculaire hartziekten (CHD). Deze
bevindingen benadrukken het belang van geslachtsverschillen in micro circulatoire
verstoringen bij CHD, en suggereert dat het monitoren van microcirculatoire
veranderingen specifiek bij vrouwen potentieel klinisch nuttig kan zijn om de ontwikkeling
van CHD te voorkomen. In lijn met deze bevindingen zijn eerdere studies die aantoonden
dat vooral premenopauzale vrouwen die verdacht werden van, of een bevestigde klinische
ischemische hartziekte hebben, minder atherosclerose vertonen dan mannen met ook een

lagere prevalentie van obstructieve coronaire hartziekte (CAD) [4]. Bovendien testte meer



dan 50% van de vrouwen met angina negatief voor coronaire angiografie, wat verdere
aanwijzingen geeft voor geslachtsverschillen in de ontwikkeling van CHD [5]. Op basis van
deze eerdere bevindingen toont toenemend bewijs aan dat verstoring van de

microcirculatie duidelijker bijdraagt aan CHD bij vrouwen [6].

Verstoring van de endotheliale glycocalyx kan leiden tot een procoagulante toestand [7],
en samen met eerdere studies die aantoonden dat de onderliggende systemische
aanwezigheid van een hyper-coagulante toestand geassocieerd was met de incidentie van
CHD [8-10], wijst dit op een verband tussen de gezondheid van de endotheliale glycocalyx
en CHD welke is gemedieerd door coagulatie activatie. Vanuit de Tromsg Studie, een case-
cohort studie design met 1495 geincludeerde participanten, kwam naar voren dat
Syndecan-4, een van de core-eiwitten waaraan heparaan sulfaat (HS) ketens verbonden
zijn, in de endotheliale glycocalyx geassocieerd was met myocard infarct incidentie. Deze
associatie was ook sterker in vrouwen dan in mannen, wat een link indiceert tussen de
endotheliale glycocalyx en CHD als ook gender verschillen [11]. Een interessant gegeven
zoals een seks-afhankelijke associatie tussen CHD en verminderde sublinguale
microvasculaire glycocalyx barriére functie in vrouwen was ook gevonden in een studie

van Brands et al. [12].

Thromboinflammatie, diabetes in verschillende etniciteiten, en HDL functie in

dyslipidemie.

HDL heeft functies zoals ontstekingsremmende en antitrombotische eigenschappen, die
thromboinflammatie kunnen reguleren in pathologische omstandigheden [13]. In studies
naar chronische situaties zoals CHD, diabetes en chronische nierziekte kan HDL zijn
beschermende functie verliezen en zelfs schadelijke eigenschappen krijgen, waardoor de

progressie van de ziekte verergert [14-17].



Het mechanisme van T2DM-ziekteprogressie varieert bij verschillende etniciteiten [18] en
recente studies hebben aangetoond dat veranderingen in de HDL-functie een van de
onderliggende mechanismen kunnen zijn die leiden tot de ontwikkeling en progressie van
de ziekte. Aangezien het verlagen van lipoproteinen met een lage dichtheid (LDL) door het
gebruik van statines geassocieerd is met insuline resistentie en een verhoogd risico op
hypoglycemische complicaties bij T2DM, kan met name de functionaliteit van HDL een

betere kandidaat zijn om de progressie van diabetes te monitoren [19-21].

Een studie die de HDL-functie vergeleek bij Zuid-Aziaten van Nederlandse afkomst en
Nederlandse blanke Europeanen binnen drie leeftijdsgroepen (pasgeborenen,
adolescenten en volwassenen), rapporteerde dat bij afwezigheid van T2DM alleen het
vermogen van HDL om oxidatie van LDL te voorkomen verminderd was bij te zware Zuid-
Aziaten van Nederlandse afkomst in vergelijking met obese Nederlandse blanke
Europeanen [22]. Een andere single-center studie in Rotterdam die de relatie tussen de
ontwikkeling van dyslipidemie en glucose-intolerantie onderzocht, vond dat kleine HDL-
fracties geassocieerd waren met insulineresistentie en beta-cel dysfunctie bij Zuid-

Aziatische families met risico op T2DM [14].

In hoofdstuk 3 hebben we de HDL-samenstelling vergeleken tussen gezonde individuen en
patiénten met T2DM van Nederlandse Zuid-Aziatische en Nederlandse blanke Kaukasische
afkomst. Hier zagen we dat de HDL-samenstelling tussen beide etnische groepen
verschilde. De verminderde HDL-functionaliteit die werd gevonden bij Nederlandse Zuid-
Aziaten met T2DM kan worden verklaard door het verlies van de kleinste HDL-subfracties;
terwijl bij Nederlandse blanke Kaukasiérs met T2DM een verhoogd triglyceridegehalte in
de kleinste HDL-fractie een belangrijke rol speelt bij HDL-dysfunctie. In lijn met deze
bevindingen hebben kleine en dichte HDL-deeltjes aangetoond dat ze een vitale rol spelen
bij meerdere functies, zoals cellulair cholesterol-efflux, anti oxidatieve-, anti
thrombotische-, anti inflammatoire- en anti apoptotische capaciteiten [15]. In onze
huidige studie hebben we gevonden dat concentraties van de kleinste HDL-subfracties,

behalve het triglyceridegehalte, negatief geassocieerd waren met de duur van de ziekte bij



Nederlandse Zuid-Aziaten met T2DM in plaats van bij Nederlandse blanke Kaukasiérs. Dit
suggereert een kwetsbaarder HDL-samenstelling fenotype. Bovendien toonde de in-house
HDL functionaliteitstest aan dat T2DM-patiénten in beide etnische groepen een significant
verminderde antitrombotische capaciteit hadden als gevolg van een gestoorde HDL-
functie. Consistent met een eerdere bevinding werd een gestoorde HDL-functie bij T2DM-
patiénten waargenomen in termen van de capaciteit om TNF-geinduceerde vasculaire cel
adhesie molecule-1 (VCAM-1) expressie in endotheelcellen in vitro te onderdrukken [23].
Volgens onze bevindingen kan HDL-dysfunctie geinduceerde thromboinflammatoire
deregulatie bijdragen aan een hoger risico op ziekteontwikkeling en -progressie bij Zuid-

Aziaten met T2DM.

Bij door oxidatieve stress veroorzaakte cardiovasculaire ziekte kunnen geoxideerde lipiden
via CD36 de activering van bloedplaatjes veroorzaken, wat een verband aantoont tussen
ontregelde lipoproteinemetabolisme, oxidatieve stress en thrombusvorming [24]. Lipiden
zijn betrokken bij zowel de intrinsieke als extrinsieke routes van prothrombine-activatie en
dyslipidemie is een van de kenmerken van T2DM. In hoofdstuk 4 hebben we met behulp
van een nieuwe gerichte kwantitatieve LC/MS-gebaseerde Shotgun Lipidomics Assistant
platform een uitgebreide mapping van het circulerende lipidoom gegenereerd bij
Nederlandse Zuid-Aziaten en Nederlandse blanke Kaukasiérs met of zonder T2DM. Op
basis van lipidomics-fenotypering kregen we gedetailleerd inzicht in de complexiteit van
het lipidenmetabolisme en de interindividuele variaties binnen de verschillende etnische
groepen. Het is vermeldenswaardig dat er duidelijke verschillen waren in het lipidoom,
voornamelijk gerelateerd aan het metabolisme van cholesteryl-esters (CEs),
diacylglyceriden (DGs), fosfatidylethanolaminen (PEs), sfingomyelinen (SMs) en
triglyceriden (TGs) tussen T2DM en gezonde controles in onze studie populatie. Dit was
consistent met eerdere bevindingen die waren waargenomen in de case-cohortstudie die
was ingebed in de PREDIMED-trial [25] en de longitudinale METSIM-studie [26]. Er waren
echter ook tegenstrijdige resultaten gemeld in deze twee studies op basis van Chinese

populaties waarbij FFA-, SM- en LPC-lipide soorten verhoogd waren bij Chinezen met



T2DM, terwijl wij tegengestelde resultaten vonden bij Nederlandse patiénten met T2DM,
de hoge variabiliteit in de verschillende lipidoom profielen tussen de etniciteiten kan

hierbij een rol spelen.

Thromboinflammatie en diabetes-gerelateerde complicaties

Lipoproteine- en lipidenmetabolisme bij patiénten met T2DM kunnen leiden tot de
ontregeling van thromboinflammatie en verder de ontwikkeling of verergering van
diabetes-gerelateerde complicaties beinvloeden. Verschillende studies ontdekten dat
dyslipidemie geassocieerd was met een verhoogd risico op diabetes-gerelateerde
microvasculaire complicaties zoals neuropathie en retinopathie [27-29]. Zuid-Aziaten
hebben een hogere prevalentie van diabetische retinopathie dan witte Europeanen en
een kortere verergeringstijd, en de diabetische retinopathie-laesies [30] hebben de
neiging om meer centraal te worden verdeeld [31]. In hoofdstuk 3 observeerden we
specifiek dat lagere totale ApoA2- en HDL-4-subklasseconcentraties bij Nederlandse Zuid-
Aziatische personen met T2DM geassocieerd waren met een hogere kans op diabetes-

gerelateerde pan-microvasculaire complicaties zoals retinopathie en neuropathie.

Naast diabetische neuropathie en retinopathie hebben Zuid-Aziatische patiénten met
T2DM meer kans op het ontwikkelen van microvasculaire complicaties zoals diabetische
nefropathie, met een hogere incidentie van micro- en macroalbuminurie bij Zuid-Aziaten
in vergelijking met witte Europese Kaukasiérs met T2DM en een snellere progressie naar
eindstadium nierziekte [32, 33]. Dit zou kunnen komen doordat deze patiénten een
hogere belasting hebben van systemische en glomerulaire ontstekingen. Bovendien
hebben Zuid-Aziaten een unieke lichaamssamenstelling, met een meer abdominaal
obesitas fenotype en een hoog percentage visceraal vet, dat dominant is in de productie
en secretie van bepaalde inflammatoire cytokines die bijdragen aan de chronische

laaggradige inflammatoire toestand [34]. Ondertussen hebben we in hoofdstuk 4 een



unieke lipide soort, diacylglycerol (DG), geidentificeerd die geassocieerd was met
diabetische nefropathie en verslechterde renale functies. Het DG-proteine kinase C (PKC) /
proteine kinase D (PKD) signaleringsnetwerk kan de redoxbalans reguleren en oxidatieve
stress veroorzaken [35]. Bij T2DM neemt de concentratie DG toe en de ophoping van DG
activeert het PKC / PKD, wat resulteert in diabetische nefropathie [36]. Het was
opmerkelijk dat DG 18:1_18:2 hoger was bij diabetische nefropathie, vooral bij Zuid-
Aziaten met T2DM, en correleerde met de meeste klinische parameters. Zelfs in een
extern cohort van Chinese patiénten met IgA-nefropathie bleven deze correlaties met
nierfunctie bestaan. Het verdiend de aanbeveling om toekomstige studies over
diabetische nefropathie bij meerdere etniciteiten uit te voeren met grotere aantallen

deelnemers om deze bevindingen te verifiéren.

Thromboinflammatie en COVID-19

Hyperinflammatie is een kenmerk van COVID-19 en de inflammatoire respons op SARS-
CoV-2-infectie veroorzaakt vaak een opmerkelijke activering van de stollingscascade. Het
daaropvolgende proces genaamd thromboinflammatie wordt gekenmerkt door

systemische endotheliale beschadiging en verlies van antistolling eigenschappen [37, 38].

Hyperinflammatie veroorzaakt door COVID-19 kan de vasculaire integriteit verstoren. De
endotheliale glycocalyx reguleert cel integriteit en homeostase door middel van de
beschermende permeabiliteit functie van de vasculaire barriére, anti-inflammatie en
antistolling capaciteit. Buijsers et al. merkten op dat de activiteit van het endotheliale
glycocalyx-afbrekende enzym heparanase, dat betrokken was bij vasculaire lekkage en
ontsteking, verhoogd was bij COVID-19-patiénten en geassocieerd was met de ernst van
de ziekte [39]. Bovendien toonden Kiimpers et al. aan dat niet-antistolling heparine
fragmenten de activiteit van heparanase konden remmen en zo endotheliale glycocalyx

beschadiging konden voorkomen in reactie op COVID-19-serum [40]. Ondertussen leverde



de MYSTIC-studie ook bewijs dat de gezondheid van de glycocalyx, gemeten door
veranderingen in de perfusie grensregio op het endotheel oppervlak (PBR) in kleine
bloedvaten, een voorspellende prognostische marker was voor COVID-19-septische
patiénten [41]. In hoofdstuk 5 hebben we aangetoond dat verlies van de endotheliale
glycocalyx als reactie op serum van COVID-19-patiénten op de intensieve care (ICU)
endotheliale dysfunctie induceerde door verhoogde IL-6, ICAM1, ANG2 en HPSE1
genexpressie en activering van de NF-kB signaal route. Bovendien leidde beschadiging van

het endotheliale glycocalyx tot vasculaire lekkage en een verstoord cel-cel contact.

Remming van de beschermende ANG1/TIE2 signaal route door ANG2 is een centrale
regulator bij de bescherming van de bloedvaten tegen thrombus vorming en reguleert
vasculaire stabilisatie [42, 43]. Een aantal studies toonde aan dat circulerende ANG2-
niveaus verhoogd waren bij COVID-19 en geassocieerd werden met een slechtere
prognose [44-46]. In lijn met deze bevindingen vonden we ook dat ANG2-niveaus
verhoogd waren bij ICU COVID-19-patiénten (Hoofdstuk 5). De aanwezigheid van het
endotheliale glycocalyx is vereist voor antistolling eigenschappen en het normaal
functionerend endotheel. We hebben ook aangetoond dat verlies van het endotheliale
glycocalyx als reactie op serum van ICU COVID-19-patiénten een pro-coagulant cel
oppervlakte vormt door verhoogde expressie van tissue factor en verhoogde secretie
vanANG2 en vWF (Hoofdstuk 5). Om verder de hypothese te valideren dat een
beschadigde glycocalyx bijdraagt aan thromboinflammatie in COVID-19, hebben we getest
of preservatie van de endotheliale glycocalyx een effectieve interventie kan zijn en
vasculaire gezondheid kan bevorderen. We hebben gevonden dat de aanwezigheid van
het HS-mimeticum fucoidan endotheel functionaliteit kan herstellen, inclusief de
endotheliale glycocalyx. Hierdoor wordt endotheliale activiteit vermindert wat leidt tot
bescherming van de endotheliale barriere functie en herstel van de anti thrombotisch

oppervlak (Hoofdstuk 5).

Michalick et al. ontdekten dat plasma mediatoren bij patiénten met ernstige COVID-19

konden leiden tot falen van de pulmonaire endotheel barriere [47]. Ondertussen toonde



Stahl et al. aan dat de bloed samenstelling bij ernstig zieke COVID-19 patiénten endotheel
letsel kon veroorzaken, waaronder verlies van glycocalyx integriteit en vasculaire
destabilisatie [48]. Naast verhoging van een aantal cytokines en chemokines bij COVID-19
patiénten blijkt de waargenomen cytokinestorm lager dan bij niet-COVID-19 patiénten
met bijvoorbeeld ernstige gevallen met acuut nierfalen (ARDS), sepsis en influenza
virusinfectie [49, 50]. Deze discrepantie suggereert dat andere mediatoren, zoals
geoxideerde lipiden of dysfunctionele lipoproteinen, mogelijk bijdragen aan COVID-19
pathogenese. Aangezien COVID-19 uiteindelijk een endotheel ziekte is, vullen we in
hoofdstuk 6 het ontbrekende puzzelstukje van bloedmediatoren die leiden tot endotheel
dysfunctie bij COVID-19 in. We vonden dat verhoogde niveaus van HDL-triglyceriden en
verminderde hoeveelheden van de kleinste HDL-subklasse geassocieerd waren met
endotheel dysfunctie en de ernst van COVID-19. Bovendien had dysfunctioneel HDL bij
COVID-19-patiénten minder antithrombotische capaciteit dan bij gezonde individuen, wat
wijst op een hoger risico op thromboinflammatie. Deze bevindingen waren ook in lijn met
onze eerdere waarnemingen dat een verstoorde endotheliale glycocalyx bij COVID-19-

patiénten leidde tot de vorming van een pro-coagulant celoppervlak (Hoofdstuk 5).

Toekomstperspectieven en open vragen

In dit proefschrift benadrukken we thromboinflammatie bij hoog risico populaties zoals
vrouwen, Zuid-Aziaten, T2DM patiénten en COVID-19 patiénten. We laten ook zien dat
verstoring van de endotheliale glycocalyx, HDL dysfunctie en ontregeling van het lipiden
metabolisme kunnen leiden tot thromboinflammatie, die allemaal een kritieke rol kunnen
spelen bij acute of chronische ziekte ontwikkeling. In hoofdstuk 2 toonden we aan dat
verandering van de glycocalyx functie samen met pro-coagulatiefactoren kon bijdragen
aan de vroege ontwikkeling van CHD bij vrouwen. We missen echter nog een gedetailleerd
mechanisme en follow-up informatie over deze vorm van niet-obstructieve CHD, dat moet
worden onderzocht. In hoofdstuk 3 toonden we de veranderingen in HDL-compositie en -
functie bij Zuid-Aziaten met T2DM aan. HDL-functie was afhankelijk van zowel het

lipidoom als het proteoom. Daarom is de specifieke bepaling van het proteoom in



geisoleerde HDL-deeltjes de volgende stap om het onderliggende mechanisme van HDL
dysfunctie te ontdekken. In hoofdstuk 4, vonden we dat een specifiek lipide alleen te
vinden was bij nierziekten (diabetische nefropathie en IgA-nefropathie). Alhoewel, de
concentratie van dit lipide vrij laag is, dit maakt het noodzakelijk dat er preciezer en een
meer in-depth metingen en analyse uitgevoerd moet worden in een groter nierziekte
cohort om dit lipide als biomarker aan te kunnen merken. In hoofdstuk 5 en hoofdstuk 6
hebben we alleen gezonde controles met COVID-19 patiénten op de ICU getest. Om dit
specifiek aan deze patienten toe te schrijven is het noodzakelijk om in een vervolg studie

niet-COVID-19 patiénten op de ICU te includeren.

We hebben laten zien dat bepaalde HDL subfracties in diabetes en COVID-19 verlaagd zijn.
Echter, weten we nog niet of HDL mimeticum HDL verhogende medicatie toediening een
potentieel therapeutische strategie kan zijn voor patienten met COVID-19, diabetes, of

diabetes gerelateerde complicaties, dat zal nog verder onderzocht moeten worden.
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