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Introductory summary

1. Background

Cardiometabolic health represents important health conditions predominantly

influenced by the cardiovascular and metabolic systems [1]. Within a wide

spectrum of health concerns, type 2 diabetes (T2D), coronary heart disease

(CHD), and mortality stand out as critical outcomes with profound impacts on

individuals and global health. Investigating into molecular aspects, such as

protein biomarkers, of cardiometabolic health outcomes not only contributes to

understanding the underlying pathophysiological pathways but also facilitates the

identification of novel drug targets and interventions [2]. Moreover, such

exploration enhances the development of tailored interventions and personalized

medicine approaches, providing promise for improving the quality of life for

individuals and communities on a global scale.

1.1 Cardiometabolic outcomes and its challenges

1.1.1 Type 2 diabetes

T2D is a complex and multifactorial condition characterized by hyperglycaemia,

mainly resulting from several factors such as impaired beta cell function, insulin

resistance, and adiposity [3]. The global incidence of diabetes has exhibited a

notable rise, affecting around one in ten individuals (537 million) aged 20 to 79

years in 2021, with a substantial projected rise to one in eight individuals (783

million) by 2045 [4]. Moreover, diabetes-related mortality remains significant, with

approximately 6.7 million deaths attributed to the disease in 2021, positioning it

among the leading causes of death worldwide. Moreover, T2D significantly

increases the risk of various complications, which substantially reduce quality of

life and elevate mortality risk. Notably, cardiovascular disease (CVD) and cancer

emerge as the leading causes of mortality among individuals with T2D [5-8]. In

addition to direct physiological effects, T2D imposes a considerable economic

burden, such as treatment costs, complication management, and lost productivity

that stress the healthcare system. Evidence indicates that early implementation
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of preventive measures can effectively delay or even prevent the onset of T2D in

patients with impaired glucose tolerance [9-11]. This proactive approach not only

reduces long-term morbidity and mortality but also underscores the advantages

of implementing targeted strategies for individuals at high risk.

1.1.2 Coronary heart disease

CHD is primarily caused by narrowing or blockage of the coronary arteries due to

atherosclerosis. In 2021, approximately 9.0 million people died from CHD

worldwide, accounting for 13.2% of all deaths [12]. Despite observed reductions

in CHD incidence across various countries in recent years, it remains the primary

cause of morbidity and mortality worldwide [12]. However, it is noteworthy that up

to 80% of premature CHD-related deaths are preventable by managing

modifiable risk factors such as physical inactivity, use of tobacco, and unhealthy

diet [12, 13]. Therefore, identifying individuals at high risk of CHD and the

implementation of appropriate lifestyle interventions, along with suitable

treatment, are expected to prevent premature deaths associated with CHD.

1.1.3 Mortality

Mortality, encompassing both all-cause and cause-specific deaths, serves as a

crucial indicator of population health, reflecting various factors influencing life

expectancy and overall well-being. In 2021, out of 68.3 million global deaths, CVD

accounted for the highest number with 19.2 million (28.1%), followed by cancer-

related deaths with 9.8 million (14.3%), collectively representing about half of all

deaths [12]. Over the past two decades, a significant increase of approximately

35% in cardiovascular deaths and 43% in cancer-related deaths worldwide has

been found [12]. Despite advancements in healthcare and disease prevention,

high premature mortality rates remain a significant global concern, with certain

diseases disproportionately burdening populations. Therefore, conducting a

comprehensive analysis of the determinants of all-cause and cause-specific

mortality is crucial for developing effective interventions aimed at reducing

premature deaths and improving overall population health.
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1.1.4 The role of type 2 diabetes in coronary heart disease and mortality

Diabetes is widely acknowledged as an independent risk factor for both CHD and

mortality [14, 15]. T2D was reported to be associated with an earlier onset of CHD

increasing the risk by 2–4 times compared to those without T2D [16, 17]. This

heightened risk is attributed to factors such as endothelial dysfunction, oxidative

stress, inflammation, and abnormal lipid metabolism, all of which contribute to the

progression of atherosclerosis [7]. Individuals with T2D also face an elevated risk

of premature mortality, particularly from cardiovascular and cancer-related

causes, with risks 1.27–4.26 times higher than those without T2D [18].

Additionally, reported classical risk factors, such as smoking, physical inactivity,

serum cholesterol level, and blood pressure, show stronger associations with

CHD or mortality in individuals with diabetes compared to those without [19-21].

Hence, understanding the underlying mechanisms influencing CHD and mortality

among persons with and without T2D is essential for implementing tailored

preventive strategies targeting these specific subgroups.

1.2 The role of protein biomarkers in health and diseases

Proteins play a crucial role in regulating cellular function, serving as key indicators

that integrate inputs from a variety of tissues and factors such as genes, disease

status, medication, and lifestyle [22, 23]. This multifaceted role provides avenues

for transformative research with profound clinical implications. Notably, given that

many medications target proteins, plasma proteins emerge as pivotal targets for

pharmaceutical interventions [24]. Over 150 Food and Drug Administration

(FDA)-approved biomarkers and diagnostic tools rely on plasma proteins,

highlighting the clinical potential in the realm of protein biomarkers [2].

1.2.1 Application of high-throughput proteomics

Proteomic technologies have revolutionized the field by significantly increasing

the speed and scale of protein analysis [25, 26]. Compared to traditional

proteomic methods, high-throughput approaches offer broader coverage of the

proteome and improved detection sensitivity. Particularly beneficial for examining

complex biological samples like plasma, high-throughput proteomic techniques

14



enable the simultaneous analysis of thousands of proteins, facilitating

comprehensive biomarker discovery and characterization [25]. Moreover, their

scalability and reproducibility render them suitable for large-scale studies and

clinical applications, potentially transforming personalized medicine and disease

diagnosis in the future.

1.2.2 Comparison of current proteomics technologies

Current proteomic technologies are generally categorized into mass

spectrometry (MS) and affinity-based assays [25, 27]. MS techniques, including

untargeted or targeted approaches, offer extensive coverage of protein

biomarkers and serve as the gold standard for the detection of proteins and the

identification of post-translational modifications [28]. However, despite their high

specificity, MS-based approaches are limited in throughput and its main focus on

plasma proteins with medium to high abundance, poses challenges for large-

scale epidemiological studies due to their labour-intensive workflows [28, 29].

In contrast, affinity-based technologies, such as Olink® and SomaLogic® offer

promising alternatives by improved sensitivity and multiplexing capabilities [30,

31]. SomaLogic® uses multiplex aptamer-based microarrays, enabling

simultaneous analysis of thousands of proteins with short single-stranded

oligonucleotides [31]. However, its applicability may be limited by the specificity

of the measured proteins. On the other hand, Olink® using proximity extension

assay (PEA) technology and employing multiple polyclonal antibody pairs

coupled to complementary oligonucleotides, is precise, especially for low

abundant plasma proteins, and well-suited for targeted investigations [30, 32].

Despite their throughput advantages, affinity-based assays may encounter

challenges with specific affinity reagent availability and post-translational

modification detection limitations.

As each proteomic method brings its own strengths and limitations [25, 26], the

selection of a high-throughput proteomic platform should align with the research

goals and study requirements. In this thesis, we chose the Olink® assays due to

their precision, and their capability to deliver robust and reproducible results.

Furthermore, the selection of targeted protein panels was based on their
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relevance to inflammation and CVD, making them ideal for exploring the

proteomic landscape associated with cardiometabolic health.

1.3 Epidemiological evidence linking high-throughput
proteomics with cardiometabolic outcomes

Exploring associations between protein biomarkers assessed by high-throughput

proteomics and cardiometabolic outcomes is a rapidly developing field.

1.3.1 Studies on type 2 diabetes and glucose- and insulin-related traits

Several epidemiological studies investigated the association of high-throughput

proteomics with T2D [33-41], insulin resistance [37], and beta cell function [42].

Some studies have explored the causal relationship between protein biomarkers

and T2D via Mendelian randomization analysis [33, 34, 36, 37]. However, the

limited longitudinal proteomics studies have identified a limited number of protein

biomarkers to be associated with incident T2D [33, 36-40]. Additionally, most

current studies on diabetes-related traits are cross-sectional [37, 42], lacking the

ability to establish temporality. While some studies suggest that newly identified

biomarkers enhance T2D prediction models [36-39, 43, 44], replication is lacking,

and consensus on a specific biomarker set for improving T2D prediction remains

elusive.

1.3.2 Studies on coronary heart disease

Several studies using high-throughput proteomics have reported associations

with incident CHD [45-49], but only one study has explored the predictive effect

of protein biomarkers for incident CHD [45]. None of them have examined the

causal effect of protein biomarkers on CHD development using Mendelian

randomization. Although efforts have been made to develop protein-based

models for incident CVD or major adverse cardiovascular events [49, 50],

consensus on reliable predictors for clinical care and treatment guidelines or

protein sets to improve the prediction of CHD remains limited [51, 52].

Additionally, given the above reported association and potential causal link

between T2D and protein levels [33-41], it is likely that T2D might affect protein–

CHD associations. The potential influence of T2D on protein–CHD associations
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has not been thoroughly investigated to date, suggesting further research to

compare differences between persons with and without baseline T2D.

1.3.3 Studies on mortality

Previous studies employing high-throughput proteomics have explored

associations [45, 47, 53-65] with all-cause mortality and also cause-specific

mortality outcomes and assessed predictive model performance [45, 53, 56-60,

62, 63]. However, these studies have mainly targeted the general population [47,

53-56, 65] or patients with cardiovascular [45, 57-62] or renal diseases [63],

neglecting investigations in persons with and without T2D at baseline. Given the

potential influence of T2D on protein–mortality associations, further studies are

needed to examine differences between persons with and without T2D for all-

cause mortality and cause-specific mortality.

17



2. Aims and outline of this thesis

The primary objective of this thesis is to provide proteomic insights into

cardiometabolic health, specifically focusing on T2D, CHD, and mortality. This

research aimed to investigate the etiological role of protein biomarkers in T2D,

CHD, and mortality and to assess the potential contribution of protein biomarkers

to the prediction of these outcomes. Moreover, this thesis explored whether the

importance of protein biomarkers for CHD and mortality depends on the presence

of baseline T2D. The research topics covered by the three papers included in this

thesis are illustrated in Figure 1.

In Paper I, our aims were:

(1) To examine the cross-sectional and longitudinal associations of protein

biomarkers with prevalent prediabetes and newly diagnosed T2D, incident

T2D, and six glucose- and insulin-related traits (fasting glucose, 2-hour

glucose, glycated haemoglobin [HbA1c], fasting insulin, homeostasis

model assessment of beta cell function [HOMA-B], and insulin resistance

[HOMA-IR]), with repeated measurements.

(2) To explore the causal effect of the identified protein biomarkers on T2D

and their associated glucose- or insulin-related traits using Mendelian

randomization analysis.

(3) To evaluate the extent to which protein biomarkers could enhance the

prediction of incident T2D compared to classical risk factors of T2D.

In Paper II, building upon the findings of Paper I, which suggested the potential

influence of T2D on the association between protein biomarkers and CHD,

participants were stratified based on their baseline T2D status. Employing a

discovery–validation strategy across two prospective cohorts, our aims were:

(1) To explore the associations of protein biomarkers with incident CHD

among persons with and without baseline T2D.

(2) To investigate the potential causal effect of the validated protein

biomarkers on incident CHD using Mendelian randomization analysis.
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(3) To assess the predictive performance of a protein-enriched model among

persons with and without baseline T2D compared to a model with classical

risk factors of CHD.

(4) To examine whether the presence of baseline T2D modifies the

association between protein biomarkers and incident CHD and the

predictive role of proteins in CHD.

In Paper III, building upon the findings of Paper I, participants were stratified

according to their baseline T2D status. Applying a discovery–validation strategy

across two prospective cohorts, our aims were:

(1) To investigate the associations of protein biomarkers with all-cause

mortality among persons with and without baseline T2D.

(2) To investigate the associations of protein biomarkers related to all-cause

mortality with cause-specific mortality (cardiovascular, cancer-related, and

other-cause mortality).

(3) To evaluate the impact of protein biomarkers on the prediction of all-cause

mortality compared to a classical risk factor-based model.

(4) To examine whether the presence of baseline T2D modifies the

association between protein biomarkers and mortality outcomes and the

predictive role of proteins in all-cause mortality.
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3. Methods

3.1 Study population

Data for this thesis were obtained from two prospective cohort studies conducted

within the frame of the population-based Cooperative Health Research in the Region

of Augsburg (KORA). Paper I [66] used data from the KORA S4 study as baseline

and its 1st follow-up examination F4 and its 2nd follow-up examination FF4. This

information was supplemented with additional follow-up information on the

development of T2D until 2016 obtained by questionnaires with subsequent

validation for participants who did not participate in both F4 and FF4 examinations.

Papers II [67] and III [68] used the KORA S4 study as the discovery cohort and the

KORA-Age1 study as the validation cohort, with data on incident CHD and mortality

assessed until 2016 for both cohorts. Details of the studies included in this thesis

are depicted in Figure 2.

Figure 2 Studies and primary measurements included in this thesis. Dashed lines indicate that the
data from these studies were not incorporated into this cumulative thesis.

3.1.1 KORA S4 / F4 / FF4

The KORA S4 study (n=4261) was conducted in 1999–2001 among individuals

aged 25–74 years, followed by the 1st follow-up F4 (n=3080) in 2006–2008, and the
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2nd follow-up FF4 (n=2279) in 2013–2014 [69]. For the analysis in Papers I, II, and

III, only participants aged 55–74 (n=1653) in KORA S4 were included due to

proteomics data being available only in this age group.

After exclusions, Paper I included a final sample of 1300 participants for the cross-

sectional analysis of prevalent prediabetes and T2D and 1143 participants for the

longitudinal analysis of incident T2D. Additionally, 840–896 participants were

included for the longitudinal analysis of fasting glucose, 2-hour glucose, HbA1c,

fasting insulin, HOMA-B, and HOMA-IR. Paper II included 1492 participants for the

longitudinal analysis of incident CHD, while Paper III included 1545 participants for

the longitudinal analysis of all-cause mortality and cardiovascular, cancer-related,

and other-cause mortality.

3.1.2 KORA-Age1

KORA-Age1 comprises 9197 participants from the four independent cross-sectional

Monitoring of Trends and Determinants in Cardiovascular Diseases (MONICA) /

KORA surveys conducted in 1984–1985 (Survey S1), 1989–1990 (Survey S2),

1994–1995 (Survey S3), and 1999–2001 (Survey S4), who were born in 1943 or

earlier [70]. Out of them, in 2008–2009, 1079 individuals aged 65–93 years

underwent an extensive examination, including a blood sample collection for

proteomics measurements.

For validation purposes in Papers II and III, data from the KORA-Age1 study were

used. After exclusions, Paper II included 888 participants for the longitudinal

analysis of incident CHD, while Paper III included 1031 participants for the

longitudinal analysis of all-cause mortality and cause-specific mortality.

3.2 Assessment of type 2 diabetes, and glucose- and insulin-
related traits

In Paper I, in KORA S4, prevalent prediabetes and T2D were defined based on the

1999/2006 World Health Organization (WHO) criteria using an oral glucose

tolerance test (OGTT) [71]. Of note, prevalent diabetes in this paper comprised only

newly diagnosed T2D. Incident T2D was examined through self-report at F4 and

FF4 examinations, as well as questionnaire responses during follow-up and
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subsequently validated [72]. Furthermore, data on fasting glucose, 2-hour glucose,

HbA1c, fasting insulin, HOMA-B and HOMA-IR in KORA S4, F4 and FF4 were

available for analysis.

In Papers II and III, prevalent T2D in KORA S4 included individuals with self-

reported and subsequently validated T2D, as well as those with baseline HbA1c

levels ≥ 6.5% and newly diagnosed T2D based using the OGTT criteria mentioned

above. In KORA-Age1, due to the lack of OGTT data, prevalent T2D was defined

based on self-report with subsequent validated T2D and baseline HbA1c levels ≥

6.5%.

3.3 Assessment of coronary heart disease

In Paper II, CHD outcomes in KORA S4 and KORA-Age1 included nonfatal

myocardial infarction (MI), coronary death, as well as sudden death, as classified by

the 9th Revision International Classification of Disease (ICD) (ICD codes: 410–414

and 798). Incident CHD cases were identified through the KORA Augsburg MI

registry [73] and through validated self-reported information if participants exceeded

the age range of the MI registry or were living outside the study region until 2016.

3.4 Assessment of mortality

In Paper III, participants from the KORA S4 and KORA-Age1 studies were followed

for all-cause and cause-specific mortality until 2016, using death certificates coded

according to the ICD 9th Revision. Cardiovascular mortality included circulatory

system diseases (ICD codes 390–459) and sudden death with unknown cause (ICD

code: 798), while cancer-related mortality consists of neoplasms (ICD codes: 140–

208). Other-cause mortality included various remaining causes of death.

3.5 Proteomics measurements

Targeted high-throughput proteomics measured with the PEA technology by Olink®

in plasma samples collected during KORA S4 and KORA-Age1 were analysed in

Papers I, II, and III. Three panels (named CVD II, CVD III, and Inflammation) of 92

proteins each were tested [66-68]. The same quality control criteria were applied
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across all papers. After exclusions, we incorporated the same 233 protein

biomarkers of the KORA S4 study into the analysis of all three papers included in

this thesis.

3.6 Statistical methods

In Paper I, three main analyses were performed. Firstly, logistic regression was

applied to assess the cross-sectional associations between protein biomarkers and

prevalent prediabetes and T2D, while Cox regression was applied to evaluate the

longitudinal associations with incident T2D, adjusting for Framingham Offspring

Risk Score (FORS) variables for diabetes [74]. FORS variables, including sex, age,

body mass index (BMI), waist circumference, systolic blood pressure, triglycerides,

high-density lipoprotein cholesterol (HDL-cholesterol), and parental history of

diabetes, were used in the association analyses, with fasting glucose added only for

the prediction analysis. The identified proteins for diabetes-related outcomes

(prevalent prediabetes, prevalent T2D, and incident T2D) were further included into

the longitudinal analysis of continuous outcomes (fasting glucose, 2-hour glucose,

HbA1c, fasting insulin, HOMA-B, and HOMA-IR) using two-level growth models [75].

Secondly, a two-sample Mendelian randomization analysis was conducted to

explore the causal effect of the identified proteins on T2D and associated continuous

outcomes. Published genome-wide association study (GWAS) data were used to

extract instrumental variables for identified proteins, T2D, and continuous

outcomes. The Wald ratio method was used when only one instrumental variable

was identified, while the inverse variance-weighted method was performed when at

least two instrumental variables were identified [76, 77]. Details of procedures of

Mendelian randomization analysis are discussed in Paper I [66]. Thirdly, priority-

Lasso, an intuitive analysis strategy based on the least absolute shrinkage and

selection operator (Lasso) [77, 78], was applied in the prediction analysis to develop

a protein-enriched model on top of the FORS variables. Proteins nominally

associated with incident T2D were included in the prediction analysis for incident

T2D. Harrel's concordance index (C-index) [79] was employed to evaluate the

predictive performance of built models through bootstrapped internal cross-

validation. The model showing the highest C-index and significant improvement over

the basic model was considered as the best model for incident T2D.
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In Paper II, Cox regression was employed to assess associations between protein

biomarkers and incident CHD for persons with and without T2D, adjusting for

variables from the Framingham Risk Score (FRS) for fatal and nonfatal CVD [15] –

age, sex, use of antihypertensive medication, systolic blood pressure, smoking

status, HDL-cholesterol, and total cholesterol. Proteins with nominal significance in

the KORA S4 discovery cohort were subsequently validated in the KORA-Age1

validation cohort and further included in the prediction analysis. Additionally, two-

sample Mendelian randomization analysis was applied to explore the potential

causal relationship between validated protein biomarkers and incident CHD.

Detailed procedures of the Mendelian randomization analysis are discussed in

Paper II [67]. In the prediction analysis, FRS variables formed the basic model for

the prediction of incident CHD. In the KORA S4 discovery cohort, the protein-

enriched model was developed for both T2D groups separately using priority-Lasso

on top of the basic model. Parameters, including C-index [79], the category-free net

reclassification index (cfNRI) [80], and the absolute integrated discrimination

improvement (IDI) [81], with all effect estimates calculated through bootstrapped

internal cross-validation, were used to compare the protein-enriched models with

the basic models in both the discovery and validation cohorts.

In Paper III, Cox regression was performed to examine associations of protein

biomarkers with all-cause and cause-specific mortality among participants with and

without T2D. Due to the absence of a commonly used model for all-cause mortality,

variables from the FRS [15] were used, supplemented by adding mortality-relevant

factors like education years, alcohol consumption, physical activity, and BMI for

association and prediction analyses (as clinical model). Proteins showing

significance in KORA S4 underwent validation in KORA-Age1. Validated proteins of

all-cause mortality were further assessed for their association with cardiovascular,

cancer-related, and other-cause mortality in the pooled dataset of KORA S4 and

KORA-Age1 to enhance robustness. A protein-based model, a clinical model, and

a combined model were constructed for groups with and without baseline T2D for

all-cause mortality in the discovery cohort. The protein-based model was developed

based on all-cause mortality associated 47 / 79 proteins using Lasso [82] to address

multicollinearity in the corresponding baseline T2D group. The combined model

integrated classical risk factors and selected proteins. The same parameters
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including C-index, cfNRI, and IDI were applied to evaluate the predictive

performance of each model in both the discovery and validation cohorts.

Furthermore, in all included papers, protein-protein interaction analysis within the

identified protein biomarker sets of the corresponding outcomes and pathway

analyses based on enriched networks were conducted to illustrate the inter-

biomarker physical and functional correlations, and to explore the potential involved

biological processes using STRING database (version 11.5 for Paper I and version

12.0 for Papers II and III) and Cytoscape (version 3.4.0 for Paper I).

In all included papers, statistical significance was determined at p-value below 0.05

in the association analysis, using false discovery rate (FDR) (Benjamini–Hochberg

method). As for the Mendelian randomization analysis in Papers I and II,

significance was determined at p-value below 0.05 divided by the number of tested

proteins, applying Bonferroni correction. The software R (version 4.1 for Paper I,

and version 4.3 for Papers II and III) was used to perform the analyses reported in

the papers included in the current thesis.
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4. Results

Key findings 1 (Paper I): Twenty-eight protein biomarkers, including five novel
protein candidates, were identified for the development of T2D. Associations
with six glucose- and insulin-related traits were observed for the identified
proteins. The built protein-enriched model significantly improved the
prediction of incident T2D beyond classical risk factors.

Among 1300 participants, 344 had prevalent prediabetes, 116 had newly diagnosed

T2D, and 840 were normoglycemic. During a median 13.5-year follow-up among

1143 participants, 178 developed incident T2D.

Fourteen, 24, and four protein biomarkers were associated with prevalent

prediabetes, prevalent newly diagnosed T2D, and incident T2D, respectively.

Notably, five protein biomarkers, including interleukin-17D, matrix extracellular

phosphoglycoprotein, carbonic anhydrase 5A, interleukin-1 receptor type 2, and

interleukin-18 receptor 1, were reported for the first time being associated with

prevalent (pre)diabetes or incident T2D, see Figure 3.

Figure 3 Five novel protein biomarkers and their association with prevalent prediabetes, prevalent
newly diagnosed type 2 diabetes, and incident type 2 diabetes.
Abbreviations: CA5A, carbonic anhydrase-5A; IL-17D, interleukin-17D; IL-18R1, interleukin-18
receptor 1; IL1-RT2, interleukin-1 receptor type 2; MEPE, matrix extracellular phosphoglycoprotein.
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Insulin-like growth factor binding protein 2 (IGFBP-2, hazard ratio [HR] = 0.65, 95%

confidence interval [CI] = 0.53–0.79), lipoprotein lipase (LPL, HR = 0.73, 95% CI =

0.61–0.87), paraoxonase 3 (PON3, HR = 0.76, 95% CI = 0.65–0.88), and fibroblast

growth factor 21 (HR = 1.32, 95% CI = 1.13–1.54) were associated with incident

T2D. Longitudinally, IGFBP-2 and PON3 were associated with both changes in

glucose- and insulin-related traits, while LPL was associated with changes in

glucose-related traits only. Notably, LPL showed a significant causal effect on T2D

(b = -0.36) and fasting insulin (b = -0.08) in the Mendelian randomization analysis.

Moreover, a combination of 12 selected proteins (see Paper I) with the FORS

variables yielded the most substantial improvement in T2D prediction, increasing

the C-index by 2.9% (ΔC-index = 0.022) compared to the model with FORS

variables alone (C-index = 0.748).

Notably, given our findings from Paper I on the associations and the potential causal

effect between protein biomarkers and T2D, the CHD–protein or mortality–protein

associations might be affected by the presence of T2D, therefore, in the Papers II

and III, we stratified participants based on their baseline T2D status.

Key findings 2 (Paper II): For incident CHD, 29 protein biomarkers were
validated in individuals without baseline T2D, while only two were validated in
those with T2D, with six being novel candidates. The built protein-enriched
model in the groups with and without T2D improved the prediction of incident
CHD beyond classical risk factors.

In the KORA S4 discovery study (n=1492), 45 among 228 participants with baseline

T2D and 102 among 1264 participants without baseline T2D experienced incident

CHD, during a median 15.6-year follow-up period. In the KORA-Age1 validation

study (n=888), 19 among 165 participants with baseline T2D and 51 among 723

participants without baseline T2D participants developed incident CHD, during a

median 6.9-year follow-up period.

Only two proteins (C-X-C motif chemokine 9 [CXCL9] and interleukin-2 receptor

subunit alpha) were validated for incident CHD in persons with baseline T2D, while

29 were validated in those without baseline T2D, respectively. Among the 31

identified proteins, six proteins (CXCL9, eukaryotic translation initiation factor 4E-

binding protein 1, transforming growth factor-alpha, C-X-C motif chemokine 11,
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thrombospondin-2, and tumor necrosis factor ligand superfamily member 13B) were

novel candidates for incident CHD, see Figure 4. Notably, hepatocyte growth factor

(HGF) exhibited a significant causal effect on CHD (b = 0.34) based on the

Mendelian randomization analysis.

Figure 4 Six novel protein biomarkers and their association with incident coronary heart disease
among individuals with and without baseline type 2 diabetes in KORA S4 and KORA-Age1.
Abbreviations: CXCL9, C-X-C motif chemokine 9; CXCL11, C-X-C motif chemokine 11; TGF-alpha,
transforming growth factor-alpha; THBS2, thrombospondin-2; TNFRSF13B, tumor necrosis factor
ligand superfamily member 13B; T2D, type 2 diabetes; 4E-BP1, eukaryotic translation initiation factor
4E-binding protein 1.

In the prediction analysis, in the group with T2D, the protein-extended model,

including four selected proteins (see Paper II) and FRS variables, showed an

improved predictive performance in the KORA S4 discovery cohort by ΔC-index,

cfNRI and IDI compared to the model containing only the FRS variables, while in

the KORA-Age1 validation cohort, the protein-extended model improved only the

cfNRI with a value of 0.633 which was mainly caused by cfNRIcontrols (0.506, 95% CI

= 0.288–0.796). In the group without T2D, the protein-extended model included 12

selected proteins (see Paper II) in addition to the FRS variables, improving

predictive performance in both the KORA S4 and KORA-Age1 datasets compared

to the basic model containing the FRS variables only. In the KORA-Age1 validation

cohort, the following improved model performance measures were observed: ΔC-
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index (0.038, 95% CI = 0.024–0.133); cfNRI (0.465, 95% CI = 0.027–0.741);

cfNRIcontrols (0.380, 95% CI = 0.273–0.533).

Key findings 3 (Paper III): For all-cause mortality, 35 and 62 protein biomarkers
were validated in persons with and without baseline T2D, respectively, with
29 proteins overlapping. Four of these proteins were novel candidates for all-
cause mortality. All identified 68 protein biomarkers were associated with at
least one of the examined cause-specific outcomes, including cardiovascular,
cancer-related, and other-cause mortality. The combined models built among
persons with and without baseline T2D, including selected proteins and
classical risk factors, improved the prediction of all-cause mortality beyond
the classical risk factor-based models.

In the KORA S4 discovery cohort (n=1545) with a median follow-up time of 15.6

years, 244 individuals with T2D experienced 116 total deaths (62 cardiovascular, 31

cancer-related and 23 other-cause deaths), while 1301 individuals without T2D

experienced 321 total deaths (114 cardiovascular, 120 cancer-related and 87 other-

cause deaths). The KORA-Age1 validation cohort (n=1031) with a median follow-up

time of 6.9 years, included 76 total deaths (45 cardiovascular, 19 cancer-related and

12 other-cause deaths) among 203 individuals with T2D and 169 total deaths (74

cardiovascular, 39 cancer-related and 56 other-cause deaths) among 828

individuals without T2D.

Among individuals with T2D, 35 proteins were associated with all-cause mortality,

while 62 proteins were identified in those without T2D, with 29 overlapping protein

biomarkers. Common pathways, such as immune- and inflammatory-related

pathways, were observed in both groups, while regulation of IGF transport and

IGFBPs emerged as unique pathways in the T2D group. All the identified proteins

linked to all-cause mortality demonstrated associations with the examined cause-

specific outcomes, including cardiovascular, cancer-related, and other-cause

mortality in the pooled KORA S4 / KORA-Age1 sample. Four proteins associated

with all-cause mortality can be regarded as novel candidates since the present

paper is the first epidemiological study to observe significant associations with all-

cause mortality after correction for multiple testing. These novel candidates are:
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tyrosine-protein kinase Mer, interleukin-27, chemotactic protein-3, and lymphotoxin-

beta receptor, see Figure 5.

Figure 5 Four novel protein biomarkers of all-cause mortality and their association with all-cause,
cardiovascular, cancer-related, and other-cause mortality among participants with and without
baseline type 2 diabetes in the pooled sample of the KORA S4 and KORA-Age1 studies.
Abbreviations: IL-27, interleukin-27; LTβR, lymphotoxin-beta receptor; MCP-3, chemotactic protein-
3; MERTK, tyrosine-protein kinase Mer; T2D, type 2 diabetes.

In the prediction analysis, in the group with T2D, five proteins (see Paper III) were

selected for inclusion in the protein-based model and combined model, resulting in

a similar predictive performance for the protein-based model and an enhanced

predictive performance for the combined model in both the KORA S4 and KORA-

Age1 datasets compared to the clinical model. Model improvements were

particularly apparent for the combined model: In the KORA-Age1 validation cohort,

the combined model demonstrated an improved ΔC-index (0.045, 95% CI = 0.005–

0.114), cfNRI (0.436, 95% CI = 0.191–0.761), cfNRIsurvivors (0.340, 95% CI = 0.222–

0.627), and IDI (0.085, 95% CI = 0.032–0.179).

In the group without T2D, 12 proteins (see Paper III) were selected for the inclusion

in the protein-based model and combined model, with the combined model

demonstrating superior predictive performance compared to the model with

classical risk factors in both the KORA S4 and KORA-Age1 studies. In the KORA-

Age1 validation cohort, the combined model showed significant improvements in

ΔC-index (0.049, 95% CI = 0.020–0.077), cfNRI (0.448, 95% CI = 0.237–0.635),

cfNRIsurvivors (0.395, 95% CI = 0.252–0.472), and IDI (0.040, 95% CI = 0.023–0.082),

compared to the model including classical risk factors only.
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5. Discussion

This work reveals novel protein candidates and confirms previously reported

associations with T2D, CHD, and mortality, highlighting the crucial role of protein

biomarkers in understanding the underlying molecular mechanisms for these

conditions. The overlapping protein profiles across these conditions indicate a

molecular linkage among these health outcomes, providing insights into shared

pathophysiological pathways. Moreover, our data show that the integration of

protein biomarkers alongside established risk factors may enhance the prediction of

T2D, CHD, and premature mortality.

The research presented in this thesis is the first to apply high-throughput proteomics

technology in assessing the risk of incident CHD and mortality separately among

persons with and without T2D, revealing shared and unique proteins in both groups

and uncovering the complex dynamics of CHD and mortality across different

baseline T2D status. Our findings emphasize the importance of proteins in

predicting CHD and premature mortality beyond clinical risk factors and

demonstrate differences by T2D status, highlighting the potential benefit of tailored

predictive models specific to different disease conditions.

5.1 Interplay between type 2 diabetes, coronary heart disease,
and mortality based on proteomic profiling

The identification of overlapping proteins suggests common pathways and

mechanisms contributing to the development T2D, CHD, and premature mortality.

Understanding these shared protein signatures can provide insights into common

pathophysiology and inform targeted interventions. A striking observation from the

proteins identified across the three papers is their convergence on pathways

associated with inflammation and immune functions, such as interleukins and

chemokines. For example, interleukin-6 was associated with prevalent T2D in Paper

I [66] and all-cause, cardiovascular, and cancer-related mortality in Paper III [68],

underscoring its potential as a common biomarker across these conditions.

Consistent with our findings, these pathways have long been reported to be involved

in the pathogenesis of T2D and CHD, and to contribute to vascular complications
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and adverse cardiovascular events [7, 83, 84]. This underscores the importance of

chronic inflammation and immune functions in driving the pathophysiology of these

conditions, suggesting promising therapeutic targets. However, it is important to

note that the protein panels examined were specifically selected to focus on

inflammation and CVD, which may have influenced the observed associations.

Moreover, a significant finding was the identification of LPL as a potential causal

factor for T2D and fasting insulin levels, as indicated by Mendelian randomization

analysis in Paper I [66]. Although LPL has conventionally been recognized for its

role in lipid metabolism, where it hydrolyses triglyceride-rich particles in various

tissues such as muscle, adipose tissue, and macrophages [85, 86], recent literature

has shed light on its involvement in glucose homeostasis and insulin sensitivity [87,

88]. Intriguingly, emerging genetic evidence suggests a causal association between

LPL and CHD [88-90], indicating that changes in LPL activity may contribute to the

development of both T2D and CHD [34]. Additionally, the Mendelian randomization

analysis in Paper II hinted at a potential causal effect of HGF on CHD [67], alongside

its association with an elevated risk of prevalent T2D in Paper I [66], as well as all-

cause and cardiovascular mortality, particularly among individuals with T2D in Paper

III [68]. While HGF is primarily known as a mesenchyme-derived pleiotropic factor

involved in regulating cell growth, motility, and morphogenesis across various cell

types [91, 92], other studies have suggested its involvement in glucose metabolism

and insulin signalling pathways, thereby contributing to insulin resistance and

diabetes [93-95]. This reciprocal relationship suggests that HGF levels may impact

the onset and progression of both CHD and T2D. These findings underscore the

intricate interplay between metabolic and cardiovascular pathways, underscoring

the necessity for further research to elucidate the underlying mechanisms linking

LPL, HGF, T2D, CHD, and mortality outcomes. Such insights may pave the way for

innovative therapeutic strategies targeting shared pathways to alleviate the burden

of both T2D and CHD.

Other proteins, such as IGFBP-2, were inversely associated with T2D-related

outcomes (prevalent prediabetes and T2D, and incident T2D) in Paper I [66], but

positively associated with all-cause mortality and also cardiovascular mortality in

Paper III [68]. This finding suggests complex relationships between protein
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biomarkers and different health outcomes, possibly reflecting their diverse

physiological roles.

5.2 Strengths and limitations

Strengths

The strength of the three papers in this thesis lies in their comprehensive

examination of a large number of proteins using advanced targeted proteomics by

PEA technology. Additionally, all three papers used a prospective cohort study

design which facilitated the elucidation of temporal relationships between exposures

and outcomes. Standardized epidemiological and laboratory procedures ensure the

acquisition of high-quality data, allowing for comprehensive adjustments for various

risk factors associated with T2D, CHD, and mortality. Paper I benefits from the

availability of OGTT information at baseline and its follow-up examinations, allowing

prospective exploration of associations between protein biomarkers and glucose-

and insulin-related traits over time, as well as comparisons between normoglycemia,

prediabetes, and newly identified T2D. Furthermore, Papers I and II included two-

sample Mendelian randomization analyses, enhancing the robustness of the results

by reducing biases possibly present in observational studies and allowing for causal

inferences about exposure effects on outcomes [96]. In Papers II and III, the

robustness of the statistical analysis was strengthened by validating the identified

proteins and established prediction models. Furthermore, exploring protein–CHD

and protein–mortality associations stratified by different baseline T2D status

provides insights into the mechanisms underlying the development of CHD as well

as premature mortality in persons with and without T2D.

Limitations

The applied PEA approach yields relative, rather than absolute, protein

concentrations. While this does not impact the reported associations and model

performance measures, it limits direct clinical translation of the developed prediction

models. Additionally, since proteomics measurements were only available at

baseline, the effect of changes in protein concentrations on the progression toward

T2D, CHD, and mortality could not be evaluated. The limited number of cases, such

as incident CHD in Paper II and mortality outcomes in Paper III, particularly in
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individuals with T2D, lowered the statistical power for detecting associations with

CHD and mortality outcomes, respectively. Moreover, due to the lack of GWAS for

the examined mortality outcomes, Mendelian randomization analysis was not

performed in Paper III to explore the causal relationships. Paper I did not include a

discovery–validation approach due to the lack of KORA-Age1 proteomics data at

the time of study. Furthermore, the selected KORA-Age1 validation cohort used in

Papers II and III entails some limitations. Firstly, the lack of OGTT data failed to

identify previously unknown diabetes and secondly, the older age range could have

caused a lack of replication for certain proteins if protein–CHD associations were

modified by age. Thirdly, there was some overlap between the KORA S4 and

KORA-Age1 participants, although overlapping participants were examined twice at

different time points and excluding them did not substantially change results. Finally,

the shorter follow-up duration of the validation cohort compared to the discovery

cohort could have impacted the findings. Thus, further validation of our results

across diverse regions, ethnicities and age groups is imperative to ensure a broader

applicability of our findings.

5.3 Implications for clinical practice and future directions

5.3.1 Protein biomarkers as potential targets for prevention and treatment

The identification of potential targets for the prevention and treatment of T2D, CHD,

and premature mortality represents a critical step towards personalized medicine

and precision healthcare. By elucidating the molecular pathways underlying disease

development and progression as well as premature mortality, protein biomarkers

offer valuable insights into therapeutic targets and intervention strategies. Proteins

identified in all three examined outcomes (T2D, CHD and mortality), such as HGF,

thrombospondin-2, and ST2 protein, or those with potential causal roles in the

development of T2D and CHD, such as LPL and HGF, could serve as targets for

novel therapies and interventions aimed at reducing disease risk and improving

health outcomes.
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5.3.2 Integration of protein biomarkers into risk prediction models

The integration of protein biomarkers into widely used predictive models has the

potential to enhance risk stratification and improve clinical decision-making for

individuals at high risk of developing T2D, CHD, and premature mortality. By

incorporating these protein biomarkers into existing risk assessment tools, clinicians

can more accurately identify individuals at heightened risk and tailor preventive

strategies accordingly. In general, the development of protein-enriched models that

integrate traditional risk factors with novel biomarkers may improve prognostic

model performance and facilitate early intervention, ultimately leading to better

health conditions for individuals.

5.3.3 Risk stratification for coronary heart disease and mortality based on
type 2 diabetes status

Our findings underscore the potential of tailored risk stratification strategies based

on T2D status. Distinct protein biomarkers associated with CHD and mortality

outcomes among participants with and without T2D highlight the potential for

personalized approaches to risk management. Understanding the differing

pathways to CHD and mortality among individuals with varying T2D status may

enable healthcare providers to identify high-risk individuals more accurately in the

future. Tailoring preventive and treatment interventions based on T2D status might

improve outcomes and alleviate the burden of CHD and mortality, particularly in

individuals with T2D.

5.3.4 Future research directions

Future research could prioritize validating the protein biomarkers identified in this

present thesis using larger cohorts with more incident cases, particularly among

individuals with T2D, and elucidating the underlying mechanisms driving the

observed associations through cell or animal experiments. In addition, the

development of prediction models that integrate traditional risk factors with novel

biomarkers holds promise for refining risk stratification algorithms and guiding

clinical decision-making. However, before clinical implementation, future studies

could establish consensus on the most promising protein biomarker sets by
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including participants from diverse geographic regions, a broad range of age groups,

ethnicities, and socioeconomic backgrounds.
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6. Conclusions

This thesis delved into proteomic profiling concerning cardiometabolic health, with

a specific focus on T2D, CHD, and various mortality outcomes. The findings yielded

significant insights into the pivotal role of protein biomarkers in unravelling the

underlying pathophysiological pathways leading to the development of these

outcomes, thereby offering promising avenues for targeted treatments.

Furthermore, the observed enhancement in predictive model performance,

evidenced by improvements in C-index, cfNRI, and IDI upon integrating protein

biomarkers into classical risk models, underscores the potential of the developed

protein-enriched models for future clinical application. Moreover, the exploration of

how protein biomarkers impact the prediction of CHD and premature mortality,

across individuals with and without baseline T2D, provides valuable insights for the

development of more tailored T2D-specific prediction models.
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Abstract
Aims/hypothesis This study aimed to elucidate the aetiological role of plasma proteins in glucose metabolism and type 2 
diabetes development.
Methods We measured 233 proteins at baseline in 1653 participants from the Cooperative Health Research in the Region of 
Augsburg (KORA) S4 cohort study (median follow-up time: 13.5 years). We used logistic regression in the cross-sectional 
analysis (n=1300), and Cox regression accounting for interval-censored data in the longitudinal analysis (n=1143). We 
further applied two-level growth models to investigate associations with repeatedly measured traits (fasting glucose, 2 h 
glucose, fasting insulin, HOMA-B, HOMA-IR,  HbA1c), and two-sample Mendelian randomisation analysis to investigate 
causal associations. Moreover, we built prediction models using priority-Lasso on top of Framingham-Offspring Risk Score 
components and evaluated the prediction accuracy through AUC.
Results We identified 14, 24 and four proteins associated with prevalent prediabetes (i.e. impaired glucose tolerance 
and/or impaired fasting glucose), prevalent newly diagnosed type 2 diabetes and incident type 2 diabetes, respectively 
(28 overlapping proteins). Of these, IL-17D, IL-18 receptor 1, carbonic anhydrase-5A, IL-1 receptor type 2 (IL-1RT2) 
and matrix extracellular phosphoglycoprotein were novel candidates. IGF binding protein 2 (IGFBP2), lipoprotein lipase 
(LPL) and paraoxonase 3 (PON3) were inversely associated while fibroblast growth factor 21 was positively associated 
with incident type 2 diabetes. LPL was longitudinally linked with change in glucose-related traits, while IGFBP2 and 
PON3 were linked with changes in both insulin- and glucose-related traits. Mendelian randomisation analysis suggested 
causal effects of LPL on type 2 diabetes and fasting insulin. The simultaneous addition of 12 priority-Lasso-selected bio-
markers (IGFBP2, IL-18, IL-17D, complement component C1q receptor, V-set and immunoglobulin domain-containing 
protein 2, IL-1RT2, LPL, CUB domain-containing protein 1, vascular endothelial growth factor D, PON3, C-C motif 
chemokine 4 and tartrate-resistant acid phosphatase type 5) significantly improved the predictive performance (ΔAUC 
0.0219; 95% CI 0.0052, 0.0624).
Conclusions/interpretation We identified new candidates involved in the development of derangements in glucose metabo-
lism and type 2 diabetes and confirmed previously reported proteins. Our findings underscore the importance of proteins 
in the pathogenesis of type 2 diabetes and the identified putative proteins can function as potential pharmacological targets 
for diabetes treatment and prevention.

Keywords Cohort study · Mendelian randomisation · Proteomics · Traits of glucose and insulin · Type 2 diabetes
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NPX  Normalised protein expression
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p_FDR  p value after controlling for FDR
PON3  Paraoxonase 3
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Introduction

Type 2 diabetes burden remains a major public health 
concern with a considerable impact on quality of life 
and health expenditures. Early diabetes screening and 
lifestyle interventions provide an opportunity to halt or 
delay disease onset [1]. Despite intense research on the 
pathophysiology of diabetes, the underlying mechanisms 
are not fully elucidated. Identification of novel biomark-
ers linked to the development of type 2 diabetes and 

early derangements in glucose metabolism may offer the 
opportunity to further advance our knowledge not only 
in uncovering aetiology, but also in improving disease 
prevention and prediction.

Proteins are the crucial functional units in biological pro-
cesses. Most previous studies linked single proteins to type 
2 diabetes, limiting the possibility to identify novel inter-
connected pathways. Advances in proteomic technology 
make it possible to simultaneously measure a large number 
of proteins, opening new avenues in biomarker discovery. 
Previous epidemiological studies using high-throughput 
proteomic technologies have identified up to 142 plasma 
proteins associated with prevalent type 2 diabetes [2–6], 
and additional ones for prevalent prediabetes (i.e. impaired 
glucose tolerance and/or impaired fasting glucose) [7, 8] or 
insulin resistance [9, 10]. However, most of the studies until 
now were of a cross-sectional nature, without the opportu-
nity to elucidate temporality. Of note, the limited number of 
longitudinal proteomics studies [2, 5, 9, 11–13] generally 
identified only a few proteins to be statistically significantly 
associated with incident type 2 diabetes. Given the dynamic 
nature of glucose and insulin metabolism prior to diabetes 
development, it is also important to investigate the role of 
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proteomics in longitudinal changes in glucose and related 
traits. Furthermore, although several studies have shown that 
the addition of newly identified biomarkers improves predic-
tion models of type 2 diabetes [5, 9, 11, 12, 14, 15], most 
studies lacked replication and there is still little consensus 
on a specific biomarker set that would be most relevant to 
improving type 2 diabetes prediction.

Therefore, using the proximity extension assay (PEA) 
technology, we aimed to investigate the association of 233 
plasma proteins with prevalent prediabetes as well as newly 
diagnosed type 2 diabetes and with type 2 diabetes devel-
opment and six closely related traits (fasting glucose, fast-
ing insulin, 2 h glucose, HOMA-IR, HOMA-B and  HbA1c), 
in a cohort with up to three repeated measurements of the 
examined traits. Moreover, we performed Mendelian ran-
domisation (MR) analysis to investigate the directionality 
of the observed associations. Lastly, we investigated type 2 
diabetes prediction performance of the identified biomark-
ers on top of the Framingham-Offspring Risk Score (FORS) 
variables [16].

Methods

Study population

We used data from the population-based Cooperative Health 
Research in the Region of Augsburg (KORA) S4 survey 
(1999–2001) (n=4261), F4 (2006–2008) (n=3080) and FF4 
(2013/2014) (n=2279) [17]. The present study population 
was restricted to participants aged 55–74 in the S4 study 
(n=1653) due to data availability. Participants with known 
diabetes or unclear diabetes diagnoses were excluded from 
the cross-sectional analysis. Furthermore, we excluded those 
who were non-fasting and had missing data as shown in 
electronic supplementary material (ESM) Fig. 1. Thus, the 
cross-sectional analysis finally included 1300 participants. 
For the prospective analysis, we additionally excluded those 
who were newly diagnosed with type 2 diabetes based on 
OGTT at baseline (S4). After further exclusion of 41 partici-
pants with unclear information on the diagnosis of diabetes 
during follow-up, 1143 participants remained for prospec-
tive analyses regarding incident type 2 diabetes (n=178). 
Of these, 881 participants attended the KORA F4 and/or 
FF4 follow-up examinations and had complete information 
to ascertain diabetes status. In addition to the follow-up 
examinations F4 and FF4, written questionnaires were dis-
tributed to all participants to assess their diabetes status, date 
of diagnosis and whether the disease had been diagnosed 
by a physician in 2008/2009 and 2016 [17]. Information 
from these questionnaires was used for another 262 partici-
pants to assess diabetes status. The longitudinal analyses 
of the traits of blood glucose and insulin were restricted 

to 840–896 participants with baseline data and at least one 
additional measurement at F4 or FF4 of the respective trait 
(see ESM Fig. 1).

Proteomics measurements

Protein levels were measured in plasma samples from 
KORA S4 using the PEA technology developed by Olink 
(Olink Proteomics, Uppsala, Sweden). Three panels (CVD-
II, CVD-III and Inflammation), each comprising 92 protein 
biomarkers, were measured as described previously [18]. 
The panels of biomarkers were selected due to the potential 
importance of CVD and inflammation for type 2 diabetes 
pathophysiology based on prior knowledge from experimen-
tal and epidemiological studies. Briefly, the Olink platform 
provided  log2-normalised protein expression (NPX) values 
and these were divided by their respective SDs, calculated 
in the complete dataset prior to exclusions. We excluded 29 
biomarkers with values below the limit of detection (LOD) 
in >25% of all participants (all remaining values <LOD 
were retained in the data and were not substituted), nine 
biomarkers duplicated in two panels (four of CVD-II, three 
of CVD-III and two of Inflammation; the duplicate with 
more values below the LOD value and a higher inter-assay 
coefficient of variation was excluded) and five biomarkers 
that had missing values. Finally, 233 proteins were included 
in the present analysis.

Outcomes

A detailed description of the measurement methods of out-
comes and covariates can be found in the ESM Methods.

All participants without known diabetes received a stand-
ard 75 g OGTT after an overnight fast of at least 8 h [11]. 
To avoid the influence of glucose-lowering drug intake 
and long-term hyperglycaemia, participants with known 
diabetes were excluded from the cross-sectional analysis. 
Therefore, unlike in other studies, prevalent diabetes com-
prises only newly diagnosed diabetes by OGTT test in S4. 
Prevalent prediabetes and newly diagnosed type 2 diabetes 
in S4 were defined according to the 1999/2006 WHO cri-
teria (see the ESM Methods). Incident type 2 diabetes was 
defined by a validated clinical diagnosis of type 2 diabetes 
initially assessed through self-report at F4, FF4 or question-
naire responses during the follow-up period in participants 
without prevalent diabetes at baseline. In addition, all par-
ticipants fulfilling the criteria for newly diagnosed diabetes 
described above at either F4 or FF4 were considered to have 
incident type 2 diabetes. At baseline and during follow-up, 
self-reported information regarding a medical diagnosis of 
diabetes and the date of diagnosis was validated by contact-
ing the treating physician or medical chart review, and only 
those without confirmed diabetes received an OGTT [19]. 
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The status changes of participants from KORA S4 to F4 and 
FF4 are presented in ESM Fig. 2.

Covariates

All participants took part in standard physical and medi-
cal examinations at KORA S4. Information about age, 
sex, parental history of diabetes and medical history was 
assessed during a standardised interview by trained medical 
staff. Parental history of diabetes was categorised as positive 
(at least one parent with diabetes), negative (both parents 
without diabetes) or unknown diabetes status (other). HDL-
cholesterol and triglycerides were measured by standard 
clinical methods. Waist circumference was evaluated at the 
minimum abdominal girth. Body weight and height were 
measured in light clothing by trained investigators. BMI 
was calculated as body weight (kg) divided by the square 
of height (m).

Statistical analysis

The analysis strategy of the study is shown in Fig. 1.

Baseline characteristics Characteristics of the study popu-
lation are shown as mean±SD or median (25th and 75th 

percentiles) for normally or not normally distributed con-
tinuous variables, respectively, and as numbers (percentages) 
for categorical variables.

Proteome‑wide analysis Multivariable logistic regression 
was used to estimate the associations between each protein 
and prevalent prediabetes and prevalent newly diagnosed 
type 2 diabetes (vs normoglycaemia). Cox regression 
accounting for interval-censoring was used to explore the 
associations with incident type 2 diabetes. The association 
analyses were adjusted for important baseline diabetes risk 
factors, i.e. sex and age (model 1), plus parental history of 
diabetes, systolic blood pressure, BMI, HDL-cholesterol, tri-
glycerides and waist circumference (model 2). These covari-
ates, together with fasting glucose, are components of the 
FORS clinical prediction model [16]. As fasting glucose is a 
defining feature of diabetes, we excluded it from the associa-
tion analyses and only included it in the prediction analysis. 
We used the false discovery rate (FDR) (Benjamini–Hoch-
berg method) for each outcome to account for multiple test-
ing. An association was considered statistically significant 
at a p value<0.05 after controlling for the FDR (p_FDR).

The significant proteins for prevalent prediabetes, prev-
alent newly diagnosed type 2 diabetes and incident type 2 

Prediction analysisType 2 diabetes-related biomarker discovery

233 proteins

Prediabetes (n=344) Newly diagnosed type 2 
diabetes (n=116)

14 proteins 
p_FDR<0.05

24 proteins 
p_FDR<0.05

Traits with repeated measurements (n=897)

100 random 
repeats of tenfold cross-validation

Training data Test data

Fasting glucose (n=892) 

2 h glucose (n=840) 

Fasting insulin (n=865)  

HOMA-IR (n=865)           

HOMA-B (n=865) 

HbA1c (n=896)              

17 proteins p_FDR<0.05

6 proteins p_FDR<0.05

20 proteins p_FDR<0.05

21 proteins p_FDR<0.05

14 proteins p_FDR<0.05

7 proteins p_FDR<0.05

1st    2nd   3rd    4th    5th    6th    7th    8th    9th  10th

Mechanistic exploration
PPI network analysis
Enrichment analysis

1000 times × priority-Lasso 
22 proteins (incident type 2 diabetes associated p<0.05) 

On top of FORS variables

AUC

Cross-sectional analysis (n=1300) Longitudinal analysis (n=1143)

Incident type 2 diabetes 
(n=178)

4 proteins 
p_FDR<0.05

Mendelian randomisation analysis

SNPs related 
to proteins

Type 2 diabetes
Fasting glucose 
2 h glucose 
Fasting insulin 
HOMA-IR 
HOMA-B 
HbA1c

Proteins
p_FDR<0.05

IVs Exposure Outcomes

28 proteins

Best prediction model
The top 12 proteins + FORS variables

Fig. 1  Flow chart illustrating the analysis strategy
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diabetes were defined as diabetes-related protein biomark-
ers and were included in the longitudinal analysis of traits 
of blood glucose and insulin. Protein–protein interaction 
(PPI) network analysis and enrichment analysis (see the 
ESM Methods) were conducted for these biomarkers. Two‐
level growth models [20] (see the ESM Methods) were 
used to investigate the relationship between the protein 
biomarkers at S4 and the rate of change from S4 to F4 and 
FF4 for continuous outcomes. The continuous outcomes 
(fasting glucose, 2 h glucose, fasting insulin, HOMA-B, 
HOMA-IR,  HbA1c) were log-transformed. Extreme out-
lier values of fasting insulin at baseline, defined as values 
above the 98th percentile of the distribution of all insulin 
measurements at any time point (i.e. >324 pmol/l), were 
excluded. Models were adjusted for the same covariates 
as described above.

In sensitivity analyses, we adjusted models regarding 
incident type 2 diabetes for other diabetes-related lifestyle 
factors including smoking, physical activity, alcohol use, 
consumption of whole-grain bread and muesli, consump-
tion of meat and consumption of coffee [14]. Furthermore, 
in order to explore the potential impact of drug use, we 
further adjusted for use of lipid-lowering medication at 
baseline on the incident type 2 diabetes–protein associa-
tions and the use of glucose-lowering medication during 
follow-up on the continuous traits–protein associations. In 
addition, we excluded the 262 participants who did not 
participate in F4 or FF4 and only had questionnaire-based 
information regarding the development of incident type 2 
diabetes. We further considered death as a competing risk 
and used the Fine–Gray subdistribution hazard model to 
estimate the incidence of type 2 diabetes over time in the 
presence of death risks. To overcome the effect of early 
derangements in glucose metabolism, we conducted an 
association analysis among 840 normoglycaemic individu-
als at baseline.

Two‑sample MR analysis We applied a two-sample MR 
using published large-scale European genome-wide asso-
ciation studies (GWAS) for selecting instrumental variables 
(IVs). The details regarding the choice of the GWAS data-
base are shown in the ESM Methods and MR processes 
are presented in ESM Fig. 3. First, we selected IVs associ-
ated with proteins at p value <5×10−8 and restricted these 
to those in cis regions. Second, we clumped the SNPs by 
using the cut-off r2=0.01, which removed SNPs in link-
age disequilibrium with the lead SNP. Third, we removed 
ambiguous palindromic SNPs (SNPs with A/T or G/C 
alleles). Finally, we extracted the results of these IVs from 
the outcome’s GWAS.

The Wald ratio test was performed when only one IV was 
available, whereas the inverse variance-weighted method 
was performed for proteins with at least two IVs [21, 22]. 

Cochran’s Q test and MR-Egger regression were used to test 
instrument heterogeneity and directional horizontal pleiot-
ropy. The significance p value was defined as 0.05 divided 
by the number of tested proteins (Bonferroni correction).

Prediction of incident type 2 diabetes We performed prior-
ity-Lasso to deal with the multicollinearity of included var-
iables [23]. Priority-Lasso is a least absolute shrinkage and 
selection operator (Lasso)-based intuitive analysis strategy 
that constructs a prediction model for a clinical outcome by 
defining the blocks of different types of predictor variables. 
In this study, we defined the nine clinical FORS variables 
as block 1 and forced block 1 in each repeat, while all 22 
proteins nominally significantly associated with incident 
type 2 diabetes in model 2 were defined as block 2. The 
penalisation parameter λ values were determined as values 
with maximum AUC estimated in a tenfold cross-valida-
tion. The biomarkers were ranked according to the selec-
tion times on the priority-Lasso path. The proteins with a 
selection frequency >20% among 1000 selection rounds 
were subsequently added consecutively to the FORS model 
(with nine clinical variables). To quantify the predictive 
performance of each built model, the AUC of the FORS 
model (AUC basic), a model additionally including protein 
markers (AUC extended) and ΔAUC (AUC extended−AUC basic) 
were estimated through tenfold cross-validation [24]. To 
account for the randomness in the selection process and 
to reduce the chance of overfitting, the whole process was 
bootstrapped 100 times.

Data analysis was conducted by using R version 4.1 
(https:// www.r- proje ct. org/).

Results

Description of the study population

The median follow-up time of this study was 13.5 years. 
Table 1 presents the characteristics of the study participants 
at baseline. Among the 1300 participants, 344 and 116 par-
ticipants had prevalent prediabetes and newly diagnosed type 
2 diabetes, respectively, whereas 840 participants were nor-
moglycaemic. Detailed information on six outcome traits in 
KORA S4, F4 and FF4 is shown in ESM Table 1.

Associations with three type 2 diabetes‑related 
outcomes

Fourteen, 24 and four protein biomarkers were statistically 
significantly associated with prevalent prediabetes, preva-
lent newly diagnosed type 2 diabetes and incident type 2 
diabetes at p_FDR <0.05, respectively (ESM Tables 2, 
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3). IGF binding protein 2 (IGFBP2), lipoprotein lipase 
(LPL) and paraoxonase 3 (PON3) were inversely associ-
ated while fibroblast growth factor 21 (FGF21) was posi-
tively associated with incident type 2 diabetes. The ORs/
HRs and the 95% CIs of the identified 28 protein mark-
ers and the overlap of statistically significant markers are 
shown in Fig. 2. The correlation between the identified 28 
protein biomarkers is shown in ESM Fig. 4. The results 
of PPI network and enrichment analyses are shown in the 
ESM Fig. 5, 6.

We performed several sensitivity analyses regarding 
incident type 2 diabetes as the outcome. After adjusting for 
diabetes-related lifestyle factors, associations for LPL and 
FGF21 lost significance (p_FDR=0.054) (ESM Table 3). 
All associations remained statistically significant after 
consideration of 206 deaths as a competing risk and after 
adjusting for use of lipid-lowering medication at baseline. 
When we excluded the 262 participants who only had ques-
tionnaire-based information regarding the development 
of incident type 2 diabetes, PON3 was not significantly 
associated with incident type 2 diabetes (p_FDR=0.658) 
(ESM Table 4). Among normoglycaemic participants at 
baseline, the effect estimates of the four incident type 2 
diabetes-related proteins went in the same direction but lost 
statistical significance, most likely due to power limitations 
(ESM Table 5).

Associations of proteins with continuous outcomes

The identified 28 diabetes-related proteins were further 
included in the analysis of traits of blood glucose and insu-
lin resistance and secretion. The trajectories of all six traits 
are shown in Fig. 3 stratified by diabetes status by the end 
of follow-up. We found six to 21 proteins associated with 
fasting glucose, 2 h glucose, fasting insulin, HOMA-IR, 
HOMA-B or  HbA1c (Fig. 4 and ESM Tables 6, 7). IGFBP2, 
LPL, hepatocyte growth factor and IGF binding protein 1 
were found to be associated with all traits either cross-
sectionally or longitudinally. In the longitudinal results, of 
the four incident type 2 diabetes-related proteins, LPL was 
associated with fasting glucose and  HbA1c, while IGFBP2 
and PON3 were associated with both glucose- and insulin-
related traits.

In a sensitivity analysis adjusting for glucose-lowering 
medication intake, similar associations between proteins 
and continuous outcomes were observed (ESM Tables 8, 
9), except for the cross-sectional results of fasting glu-
cose. Here only one of 12 proteins (hydroxyacid oxidase 
1) remained statistically significant. IL-1 receptor type 
2 (IL-1RT2) lost statistical significance with HOMA-
IR cross-sectionally after adjusting for glucose-lowering 
medication.

Comparison of identified diabetes‑related markers 
with previous studies

We assessed the overlap between our identified proteins and 
previously reported diabetes-related markers by searching the 
Human Diabetes Proteome Project published in 2014 [25] and 
additional epidemiological publications after 2013 [3, 4, 12, 13, 
26, 27]. The three searching strategies employed in the present 
study and the summarised results can be found in ESM Table 10.

In summary, we observed that five of our identified pro-
teins, namely IL-17D, IL-18 receptor 1 (IL-18R1), carbonic 
anhydrase-5A (CA5A), IL-1RT2 and matrix extracellular 
phosphoglycoprotein (MEPE), have not been previously 
reported to be associated with either prevalent or incident 
type 2 diabetes or prediabetes.

Causal effects of top proteins on type 2 diabetes 
and continuous traits

We found 177 cis-acting genetic IVs for our top 28 diabetes-
related proteins from previously published GWAS, and exam-
ined possible causal effects (ESM Table 11). LPL was the only 
protein for which we observed a statistically significant causal 
effect on type 2 diabetes (Wald ratio, b = −0.3564; p value = 
7.23×10−7) and fasting insulin (Wald ratio, b = −0.0752; p 
value = 0.0027). Regarding MR analysis on other traits, we 
found no evidence of a causal association between the IVs 
and respective outcomes after adjusting for multiple testing.

Prediction of incident type 2 diabetes

The top 14 priority-Lasso-selected proteins (selection fre-
quency >20%) were added consecutively to the basic FORS 
model. The best set of predictors for incident type 2 diabetes 
consisted of the top 12 proteins (IGFBP2, IL-18, IL-17D, com-
plement component C1q receptor [CD93], V-set and immu-
noglobulin domain-containing protein 2 [VSIG2], IL-1RT2, 
LPL, CUB domain-containing protein 1 [CDCP1], vascular 
endothelial growth factor D [VEGFD], PON3, C-C motif 
chemokine 4 [CCL4] and tartrate-resistant acid phosphatase 
type 5 [TR-AP]) (ESM Table 12). The mean AUC value of 
this set of predictors for incident type 2 diabetes was 0.7699, 
which was 2.9% (ΔAUC [95% CI]=0.0219 [0.0052, 0.0624]) 
higher than the corresponding AUC value of the FORS model 
(0.7480). Moreover, IGFBP2 was the most important protein 
and was selected in 847 over 1000 repeats (ESM Table 13).

Discussion

This study provides a comprehensive large-scale analysis of 
proteomics data, identifying novel biomarkers and replicat-
ing previously identified proteins possibly involved in the 
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pathophysiology of derangements in glucose metabolism and 
type 2 diabetes development. Specifically, we identified 28 
diabetes-related proteins and five of them, including IL-17D, 
IL-18R1, CA5A, IL-1RT2 and MEPE, were reported for the 
first time. Four proteins were found to be associated with 
incident type 2 diabetes (IGFBP2, LPL, PON3 and FGF21). 

Longitudinally, these biomarkers were associated with 
changes in glucose-related traits only (LPL), or both glucose-
related traits and insulin-related traits (IGFBP2 and PON3). 
MR analysis provided suggestive evidence for a causal rela-
tionship between LPL and type 2 diabetes. The combination 

Table 1  Baseline characteristics 
of the study population 
(n=1300)

Continuous variables are presented as mean±SD for normally distributed data and as median (25th, 75th) 
for data not normally distributed. Categorical variables are presented as n (%)
a Data were calculated in 1297 participants at baseline (840 normoglycaemia, 344 prediabetes and 113 type 
2 diabetes)
b Data were calculated in 1296 participants at baseline (839 normoglycaemia, 342 prediabetes and 115 type 
2 diabetes)
c Data were calculated in 1299 participants at baseline (840 normoglycaemia, 343 prediabetes and 116 type 
2 diabetes)
d Data were calculated in 1298 participants at baseline (839 normoglycaemia, 343 prediabetes and 116 type 
2 diabetes)

Characteristic Normoglycaemia
(n=840)

Prediabetes
(n=344)

Newly diagnosed 
type 2 diabetes
(n=116)

Age (years) 63.4±5.5 65.0±5.2 65.0±5.4
Male 401 (47.7) 203 (59.0) 71 (61.2)
Parental diabetes
 Yes 178 (21.2) 85 (24.7) 48 (41.4)
 No 494 (58.8) 186 (54.1) 42 (36.2)
 Unknown 168 (20.0) 73 (21.2) 26 (22.4)
BMI (kg/m2) 27.6±4.1 29.6±4.1 30.0±3.9
Systolic BP (mmHg) 131.6±18.9 140.2±19.1 145.9±22.1
Diastolic BP (mmHg) 78.8±10.0 81.8±10.4 81.6±10.1
Waist circumference (cm) 93.2±11.2 99.3±10.4 101.8±10.8
HDL-cholesterol (mmol/l) 1.56±0.42 1.43±0.40 1.35±0.42
Triglycerides (mmol/l) 1.21 (0.90, 1.65) 1.42 (1.05, 2.00) 1.61 (1.22, 2.17)
Fasting glucose (mmol/l) 5.28 (5.06, 5.61) 6.11 (5.61, 6.33) 7.11 (6.33, 7.83)
2 h glucose (mmol/l)a 5.72 (4.83, 6.56) 8.39 (7.10, 9.50) 12.39 (11.17, 14.00)
Fasting insulin (pmol/l)b 52.2 (37.8, 73.8) 74.7 (55.8, 109.8) 86.4 (54.5, 125.1)
HOMA-IRb 2.06 (1.49, 2.95) 3.36 (2.36, 5.00) 4.69 (2.62, 7.58)
HOMA-Bb 100.0 (72.0, 138.4) 105.7 (77.7, 140.0) 77.0 (51.3, 117.7)
HbA1c (mmol/mol)c 38.0 (34.0, 40.0) 38.0 (36.0, 41.0) 42.0 (39.0, 46.0)
HbA1c (%)c 5.6 (5.3, 5.8) 5.6 (5.4, 5.9) 6.0 (5.7, 6.4)
Medication use
 Antihypertensive medication use 237 (28.2) 164 (47.7) 47 (40.5)
 Statin use 73 (8.7) 35 (10.2) 13 (11.2)
 Lipid-lowering drug treatment 87 (10.4) 39 (11.3) 18 (15.5)
Physically  actived 396 (47.2) 129 (37.6) 38 (32.8)
Smoking
 Never smoker 410 (48.8) 162 (47.1) 45 (38.8)
 Former smoker 309 (36.8) 143 (41.6) 51 (44.0)
 Current smoker 121 (14.4) 39 (11.3) 19 (16.4)
Alcohol intake (g/day)d 6.29 (0, 22.86) 13.20 (0, 26.80) 6.60 (0, 25.71)
Meat consumption (frequency/day)d 0.50 (0.14, 0.50) 0.50 (0.14, 0.50) 0.50 (0.14, 0.50)
Whole-grain bread/muesli consump-

tion (frequency/day)d
1.00 (0.50, 1.07) 1.00 (0.21, 1.03) 0.61 (0.14, 1.00)

Coffee consumption (cups/day)d 2 (2, 4) 2 (1, 4) 2 (1, 4)
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a

b p_FDR1 p_FDR2 p_FDR3

1.68 ×10-5*** 1.21 ×10-5*** 4.80 ×10-3**
4.14 ×10-6*** 1.21 ×10-5*** 2.90 ×10-2*
3.86 ×10-2* 8.77 ×10-1 6.26 ×10-2

2.09 ×10-4*** 5.54 ×10-5*** 2.90 ×10-2*
1.45 ×10-2* 8.46 ×10-5*** 4.77 ×10-1

3.25 ×10-2* 3.57 ×10-5*** 4.77 ×10-1

4.96 ×10-2* 6.84 ×10-1 7.26 ×10-1

2.72 ×10-2* 4.44 ×10-1 6.69 ×10-1

4.96 ×10-2* 1.13 ×10-1 7.09 ×10-1

2.72 ×10-1 6.20 ×10-3** 8.23 ×10-1

8.58 ×10-1 2.42 ×10-2* 8.35 ×10-1

1.67 ×10-1 1.30 ×10-3** 9.84 ×10-1

2.65 ×10-1 1.01 ×10-2* 9.09 ×10-1

6.23 ×10-1 6.20 ×10-3** 9.09 ×10-1

2.11 ×10-1 1.40 ×10-3** 8.23 ×10-1

3.25 ×10-2* 8.19 ×10-5*** 8.23 ×10-1

4.90 ×10-1 7.60 ×10-4*** 8.16 ×10-1

1.90 ×10-1 5.08 ×10-4*** 7.74 ×10-1

1.90 ×10-1 2.42 ×10-2* 7.06 ×10-1

3.07 ×10-1 3.34 ×10-4*** 7.09 ×10-1

8.78 ×10-2 8.19 ×10-5*** 6.25 ×10-1

4.39 ×10-1 8.50 ×10-3** 5.47 ×10-1

6.34 ×10-1 1.78 ×10-2* 5.36 ×10-1

2.98 ×10-2* 3.58 ×10-5*** 4.77 ×10-1

8.23 ×10-4*** 1.64 ×10-7*** 4.77 ×10-1

2.90 ×10-3** 3.97 ×10-7*** 2.11 ×10-1

2.72 ×10-2* 5.69 ×10-4*** 2.03 ×10-1

8.96 ×10-2 4.60 ×10-3** 2.90 ×10-2*

IGFBP2
LPL
IL-17D
PON3
TWEAK
SCF
IGFBP1
COL1A1
MEPE
PTX3
OPG
SELE
ST2
VWF
CHI3L1
CA5A
THBS2
Gal4
IL-6
HGF
REN
IL-1RA
PSGL1
IL-1RT2
ACE2
HAOX1
IL-18R1
FGF21

HR / OR and 95% CI

Prevalent prediabetes Prevalent newly diagnosed type 2 diabetes Incident type 2 diabetes

Markers

0 1.0 1.5 2.0 2.5 3.00.5

Prevalent prediabetes

Incident type 2 diabetes

Prevalent newly diagnosed type 2 diabetes

4

13

7

3

1IGFBP2, LPL, PON3
FGF21

ACE2, HAOX1, SCF, 
TWEAK, IL-1RT2, CA5A, 

IL-18R1 REN, SELE, IL-6, Gal4, 
CHI3L1, ST2, PTX3, HGF, 

IL-1RA, THBS2, VWF, 
PSGL1, OPG

COL1A1, IGFBP1, 
IL-17D , MEPE
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of 12 selected proteins yielded the best improvement in type 
2 diabetes prediction beyond classical diabetes risk factors.

Novel markers for prevalent prediabetes and type 2 
diabetes

Among the five new candidates related to prediabetes and/or 
type 2 diabetes, three (IL-1RT2, CA5A and IL-18R1) were 
positively associated with prevalent prediabetes and type 2 
diabetes. IL-1RT2 is an IL-1 family receptor, involved in the 
regulation of immune and inflammatory responses. It was 
included in type 2 diabetes-associated coexpression genes 
(module) enriched for IL-1-related genes [28]; however, our 
study is the only epidemiological study connecting IL-1RT2 
to type 2 diabetes and implicating IL-1RT2 to be involved 
in altered glucose metabolism and insulin resistance. CA5A 
is a ubiquitous zinc metalloenzyme, playing a vital role in 
various biosynthetic processes such as gluconeogenesis and 
lipogenesis [29], and increases in carbonic anhydrase (CA) 
activity have been reported to increase the production of 
hepatic glucose in type 2 diabetes [30]. In line with this, 
our study showed that higher CA5A was associated with a 
higher level of fasting glucose. IL-18R1 is a subunit of the 
proinflammatory factor IL-18 receptor and exists in mem-
brane-bound and soluble forms. Elevated levels of IL-18 
have been linked to an increased risk of type 2 diabetes [19, 
31] and previous epidemiological studies have reported posi-
tive associations of plasma IL-18R1 with the metabolic syn-
drome [32] and obesity [33]. Similarly, Mahdi et al observed 

an association between the expression of IL18R1 and  HbA1c 
levels among people without diabetes [28].

In the present study, IL-17D and MEPE were inversely 
associated with prevalent prediabetes. IL-17D, a member of 
the IL-17 cytokine family highly expressed in the brain and 
skeletal muscle, has previously been associated with auto-
immune and inflammatory diseases [34]. Moreover, DNA 
methylation at IL17D was associated with maternal early-
pregnancy glucose concentrations [35]. Of note, IL-17D is 
required for maintaining intestinal homeostasis so reduced 
IL-17D levels could be related to dysbiosis and higher pre-
diabetes risk [36]. MEPE is involved in the formation of the 
extracellular matrix of bone and the renal regulation of bone 
mineralisation including phosphate homeostasis [37]. New 
evidence has implicated this protein in pathways related to 
diabetes and obesity [38].

Known markers for incident type 2 diabetes

In agreement with previous reports, we found associations of 
LPL, IGFBP2, FGF21 and PON3 with incident type 2 diabe-
tes. LPL is an important enzyme in triglyceride metabolism 
and has been shown to impact type 2 diabetes development 
via improvements of insulin resistance and regulation of dys-
lipidaemia [39, 40]. Our MR analysis revealed a suggestive 
causal protective association between LPL and type 2 diabe-
tes, with a consistent directionality also for an inverse effect 
on fasting insulin. Previous studies support both our obser-
vational and MR analysis findings [3]. The inverse associa-
tion between IGFBP2 and incident type 2 diabetes observed 
in our study aligns with evidence from epidemiological stud-
ies [14, 41] and experimental work in mice [42]. FGF21 has 
been reported to be an important endocrine factor, regulating 
glucose and lipid metabolism, increasing insulin sensitivity 
and improving islet beta cell secretion and proliferation, with 
the potential to be a target for diabetes treatment [43–45]. 
However, in line with the present study, elevated FGF21 
concentrations were observed in patients with diabetes or 
obesity, possibly to compensate insulin deficiency [43, 46, 
47]. PON3 is bound to HDL-cholesterol in the circulation 
and is closely related to insulin resistance, lipid metabolism 
and obesity [48]. Previous epidemiological reports confirm 
our results of an inverse association with prevalent/incident 
type 2 diabetes [3, 12].

Prediction of incident diabetes

The addition of the top 12 selected proteins yielded the 
highest improved predictive performance with a ΔAUC 
of 0.0219, but, of note, the addition of the top nine pro-
teins had a ΔAUC of 0.0218 which was only margin-
ally lower. When we excluded fasting glucose from the 

Fig. 2  Twenty-eight identified proteins and their associations with 
prevalent prediabetes, prevalent newly diagnosed diabetes and inci-
dent type 2 diabetes. (a) The overlap between proteins associated 
with prevalent prediabetes (light grey), prevalent newly diagnosed 
type 2 diabetes (dark grey) and incident type 2 diabetes (red), respec-
tively. The novel diabetes-related proteins are marked in bold. (b) 
Forest plot summarising the results of the main analyses in model 
2. Effect estimates have been calculated per 1 SD increase in NPX 
values on a  log2 scale. The grey dashed line, the black dashed line 
and the red line represent OR and 95% CI of prevalent prediabetes 
and prevalent newly diagnosed type 2 diabetes, and the HR and 95% 
CI of incident type 2 diabetes, respectively. p_FDR1, p_FDR2 and 
p_FDR3 present the p values for prevalent prediabetes, prevalent 
newly diagnosed type 2 diabetes and incident type 2 diabetes after 
controlling for the FDR, respectively. Model 2 was adjusted for age, 
sex, parental history of diabetes, systolic blood pressure, BMI, HDL-
cholesterol, triglycerides and waist circumference. Protein biomark-
ers are sorted by strength of association for incident type 2 diabetes. 
*p<0.05, **p<0.01, ***p<0.001. CHI3L1, chitinase-3-like protein 
1; COL1A1, collagen alpha-1(I) chain; HAOX1, hydroxyacid oxi-
dase 1; HGF, hepatocyte growth factor; IGFBP1, IGF binding protein 
1; OPG, osteoprotegerin; PSGL1, P-selectin glycoprotein ligand 1; 
PTX3, pentraxin-related protein 3; REN, renin; SCF, stem cell fac-
tor; SELE, E-selectin; ST2, ST2 protein; THBS2, thrombospondin-2; 
TWEAK, tumor necrosis factor (Ligand) superfamily member 12; 
VWF, von Willebrand factor

◂
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reference model, we found a ΔAUC of 0.0477 (AUC 
of the corresponding basic model was 0.7040). Previ-
ous studies have tried to improve prediction models 
for type 2 diabetes using biomarkers [5, 9, 11, 12, 14, 
15]; however, only three of them showed improvement 
in discrimination by adding selected proteins to a clini-
cal model, and the magnitude of model improvement 
was moderate with ΔAUC values ranging from 0.012 to 
0.034 [11, 14, 15]. The direct comparisons of ΔAUC are 
restricted due to differences in baseline clinical models, 
available biomarker panels and analytical approaches. Of 
note, the ΔAUC was the lowest (0.012) in the study of 
Salomaa et al [15] which also included fasting glucose in 
the basic model. Moreover, when Huth et al [11] added 
 HbA1c to the basic non-invasive risk factor model, their 
extended protein model showed a ΔAUC of 0.005. Up 
to now, there is still little consensus regarding specific 
sets of biomarkers that would improve diabetes predic-
tion. Therefore, further prospective studies with larger 
samples are needed to validate the protein set identified 
in the present analysis.

Study strengths and limitations

The strengths of the present study include the examina-
tion of a large number of proteins by PEA technology 
with regard to type 2 diabetes and related traits in a popu-
lation-based study population. The availability of OGTT 
data at baseline and at up to two follow-up examinations 
characterises well changes in a wide range of diabetes-
related outcomes/traits. Finally, we were able to evalu-
ate the causal relationship using publicly available data 
on genetic associations of identified proteins with type 2 
diabetes and related traits.

The present study also has some limitations. First, the 
PEA approach provided only relative and not absolute pro-
tein concentrations, which, however, does not affect the 
reported associations. Second, proteomics measurements 
were only performed at baseline, precluding us from taking 
into consideration the impact of changes in protein concen-
trations on the progression towards type 2 diabetes. Third, 
we lack comprehensive dietary data to capture overall 
diet quality. Finally, although this study used an internal 

Fig. 3  Descriptive figure showing the trajectories of traits of blood glucose and insulin resistance and secretion during 14 years of follow-up 
grouped by incident type 2 diabetes. The red line and the black line represent participants with and without type 2 diabetes, respectively

55



1665Diabetologia (2023) 66:1655–1668 

1 3

Fig. 4  Chord diagram showing 
significant associations of traits 
of blood glucose and insulin 
resistance and secretion with 
circulating protein levels. (a) 
Significant proteins cross-sec-
tionally associated with traits of 
blood glucose and insulin resist-
ance and secretion. (b) Sig-
nificant proteins longitudinally 
associated with traits of blood 
glucose and insulin resistance 
and secretion. The ‘+’ indicates 
positive association, while ‘−’ 
indicates inverse association. 
HAOX1, hydroxyacid oxidase 
1; HGF, hepatocyte growth 
factor; OPG, osteoprotegerin; 
PSGL1, P-selectin glycoprotein 
ligand 1; REN, renin; SCF, stem 
cell factor; SELE, E-selectin; 
ST2, ST2 protein; THBS2, 
thrombospondin-2; TWEAK, 
tumor necrosis factor (Ligand) 
superfamily member 12; VWF, 
von Willebrand factor
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cross-validation method to evaluate the predictive perfor-
mance, external replication studies are needed to validate 
our findings regarding the prediction of type 2 diabetes 
and to confirm the relevance of novel protein candidates 
for type 2 diabetes.

In summary, we identified five novel candidates possi-
bly involved in the pathophysiology of type 2 diabetes and 
replicated previously reported associations with type 2 dia-
betes. Our results provide new insight into the aetiological 
roles of plasma proteins in glucose and insulin metabolism 
and type 2 diabetes. Further characterisation of the novel 
biomarkers identified in this study offers the potential to 
help us uncover new mechanisms that lead to type 2 diabe-
tes and discover new drug targets.
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ESM Methods

Measurements of continuous outcomes and covariates

Glucose was examined by a hexokinase method in the Cooperative Health Research in the

Region of Augsburg (KORA) S4 (Gluco-quant; Siemens Healthcare Diagnostics Inc., Newark, 

USA) and KORA F4 (GLU Flex, Dade Behring, Deerfield, Illinois, USA). In KORA FF4, an

enzymatic, colorimetric method (GLU assay) on a Dimension Vista 1500 instrument (Siemens

Healthcare Diagnostics Inc., Newark, USA) or GLUC3 assay on a Cobas c702 instrument

(Roche Diagnostics GmbH, Mannheim, Germany) was used. Insulin was evaluated by a

microparticle enzyme immunoassay (Abbott Laboratories, Wiesbaden, Germany) in KORA S4,

an electrochemiluminescence immunoassay on a Cobas e602 instrument (Roche Diagnostics

GmbH, Mannheim, Germany) in KORA F4 and a solid-phase enzyme-labeled

chemiluminescent immunometric assay on an Immulite 2000 systems analyzer (Siemens

Healthcare Diagnostics Inc., Newark, USA) or with electrochemiluminescence immunoassay

on a Cobas e602 (Roche Diagnostics GmbH, Mannheim, Germany) in KORA FF4 [1, 2].

Details regarding the calibration of FF4 measurements performed with the methods of Siemens

and Roche can be found elsewhere [2]. HbA1c was measured by a turbidimetric immunologic

assay (Tina-quant, Roche Diagnostics GmbH, Mannheim, Germany) in KORA S4, a cation-

exchange high-performance liquid chromatography using the Adams HA 8160 Hemoglobin

Analysis System (Arkray, distributed by A. Menarini Diagnostics, Florence, Italy) in KORA F4

and the Variant II Turbo HbA1c Kit-2.0 (BioRad Laboratories, Hercules, USA) in KORA FF4.

At baseline (S4), HDL-cholesterol was tested by the enzymatic, photometric CHOL

assay on a Hitachi 717 instrument after precipitation of non-HDL- cholesterol by HDL-

cholesterol reagents (Roche Diagnostics GmbH, Mannheim, Germany). Blood pressure was

measured three times on the right arm in a sitting position after a fifteen-minute rest using an

automatic device (HEM-705CP, Fa. OMRON HEALTHCARE GmbH) and the mean of the

second and third measurements was used for analysis. Triglycerides were measured using the

Boehringer GPO-PAP assay [3].

Furthermore, the homeostasis model assessment of insulin resistance (HOMA- IR) was

calculated by the following formula: (fasting insulin (mU/l)×fasting glucose (mmol/l))/22.5,

and homeostasis model assessment of beta-cell function (HOMA-B) by the following formula:

(fasting insulin (mU/l)×20)/(fasting glucose (mmol/l)–3.5).
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Physical activity was assessed using a questionnaire about weekly exercise frequency

and duration in summer and winter and coded into 2 categories as active and inactive [4]. A

participant was considered active if he or she participated in sports in summer and in winter and

for more than 1 hour per week in at least 1 season. Smoking status was categorized into 3

categories (never, former and current). Coffee consumption was assessed as cups per day. Intake

of meat and whole-grain bread and muesli consumption were assessed by a food frequency

questionnaire and analyzed as the frequency of daily intake [5]. Participants were asked to bring

the original packaging of the pharmaceutical products taken during the last 7 days prior to the

examination. Furthermore, Anatomical Therapeutic Chemical Classification System codes

were assigned to define the use of medication, such as antihypertensive, glucose-lowering, and

lipid-lowering medication [3].

Definition of prediabetes and diabetes

Prevalent prediabetes and type 2 diabetes were defined according to the 1999/2006 WHO

criteria [6]: Normal blood glucose (i.e. fasting glucose < 6.1 mmol/l and 2 h glucose < 7.8

mmol/l); prediabetes (fasting glucose ≥ 6.1 mmol/l but < 7.0 mmol/l, and 2 h glucose < 7.8 

mmol/l [isolated impaired fasting glucose (IFG)] or fasting glucose < 6.1 mmol/l and 2 h

glucose ≥ 7.8 mmol/l but < 11.1 mmol/l [isolated impaired glucose tolerance (IGT)], or both

[IFG and IGT]); and newly diagnosed diabetes (fasting glucose ≥ 7.0 mmol/l or 2 h glucose ≥ 

11.1 mmol/l).

Explanation of two‐level growth models

In this study, we investigated the relationship of the serum level of markers with blood glucose

and insulin traits in S4 and their rate of change from S4 to F4/FF4. We began by adding the

serum level of markers as a Level Two predictor for both intercept and slope. Level One,

referred to as the longitudinal (within-subject) effect, represented the association between

proteins and the rate of change in continuous outcomes over time, while Level Two, referred to

as the cross‐sectional (between-subjects) effect, indicated the cross‐sectional association

between proteins and continuous outcomes [7].

• Level One (within subject—changes over time):

Yij=ai+biyearij+ϵij

•  Level Two (between subjects—effects of subject-specific covariates on baseline traits

and rate of change from S4 to F4/FF4):
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ai=α0+α1markeri+ui

bi=β0+β1markeri+vi

The composite model is then:

Yij=[α0+α1markeri+β0yearij+β1markeriyearij]+[ui+viyearij+ ϵij]

Yij is a trait of the ith subject in year j. ai represents the true intercept for subjecti, i.e., the

expected trait level for subjecti when time is zero (S4) -while bi represents the true slope for

subjecti, i.e., the expected yearly rate of change in trait for subjecti over the three-times

observation period. ϵij∼N(0,σ2). The ϵij terms represent the deviation of subjecti ’s actual trait

from the expected results under linear growth -the part of subjecti’ s trait at time j that is not

explained by linear changes over time. The variability in these deviations from the linear model

is given by σ2.

The longitudinal effect estimates can be interpreted as follows: a 1% SD increase in

normalized protein expression values on a log2 scale in protein biomarkers at baseline is

associated with a β1 percent change in the rate of change over the years of observation for the

continuous outcomes. The cross‐sectional effect estimate corresponds to an α1 percent change

of the continuous outcome on the original scale (baseline) per 1%SD increase in normalized

expression values on a log 2 scale.

Protein-protein interaction (PPI) network analysis and enrichment analysis

We selected all proteins statistically significantly associated with prevalent prediabetes or

prevalent newly diagnosed or incident type 2 diabetes based on the regression analysis. We

conducted network analysis to depict the inter-biomarker physical and function correlations and

based on the enriched network, gene ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analyses were further conducted to explore the potential

involvement in biological processes through the online server STRING (https://string-db.org/,

last accessed October 18th, 2022). Cytoscape version 3.4.0 was used to visualize the

relationship.

We enriched the 28 type 2 diabetes-related protein networks with protein-protein

relationships. The network analysis showed that IL6 had the highest clustering coefficients,

with a central role in the network (ESM Fig. 5). The top enrichment biological processes

(p_FDR > 0.01) are shown in ESM Fig. 6a. Furthermore, we ranked the top 10 pathways

enriched for the 28 type 2 diabetes-related proteins (ESM Fig. 6b). Cytokine-cytokine receptor

64

https://string-db.org/


ESM1 Page 6

and PI3K-Akt signalling pathways were the most important pathways related to the identified

proteins.

Detailed description of two-sample Mendelian randomization (MR)

Specifically, we extracted the instrumental variables (IVs) for the proteins from (1) one Olink–

based GWAS database: Sun et al. (n = 35,571) [8]; (2) one SOMAscan-based Genome-wide

association study (GWAS): Emilsson et al. [9] (n = 5,457); and from (3) the GWAS Catalog 

website: https://www.ebi.ac.uk/gwas/. For type 2 diabetes GWAS, we obtained the IVs from

Mahajan et al. [10] (48,286 cases and 250,671 controls) and Bonas-Guarch et al. [11] (12,931

cases and 57,196 controls). For the continuous outcomes, we used the summary GWAS data

from the Meta-Analysis of Glucose and Insulin-related traits Consortium (MAGIC): Dupuis et

al. [12] for fasting glucose (n = 46,186), HOMA-IR (n = 36,466) and HOMA-B (n = 36,466); 

Scott et al. [13] (n = 108,557) and Manning et al. [14] (n = 51,750) for fasting insulin; Soranzo 

et al. [15] for HbA1c (n = 46,368), and Saxena et al. [16] for 2 h glucose (n = 15,234). The

database which possessed a larger sample size had the priority.
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ESM Figure

ESM Fig. 1 Study flow chart
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ESM Fig. 3 Flow chart of the two-sample Mendelian randomisation approach. GWAS, 

genome-wide association studies
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ESM Fig. 4 Correlation between the identified 28 type 2 diabetes-related protein biomarkers. 
The correlation coefficients ranged from -0.34 to 0.62. 219 out of 378 pairs of correlation 

were significant (p-value < 0.05). CA5A, carbonic anhydrase-5A; CHI3L1, chitinase-3-like 
protein 1; COL1A1, collagen alpha-1(I) chain; FGF21, fibroblast growth factor 21; Gal 4, 

Galectin-4; HAOX1, hydroxyacid oxidase 1; HGF, hepatocyte growth factor; IL-18R1, IL-18 
receptor 1; IL-1RT2, IL-1 receptor type 2; IGFBP, IGF binding protein; LPL, lipoprotein 
lipase; MEPE, matrix extracellular phosphoglycoprotein; OPG, osteoprotegerin; PON3, 

paraoxonase-3; PSGL1, P-selectin glycoprotein ligand 1; PTX3, pentraxin-related protein 3; 
REN, renin; SCF, stem cell factor; SELE, E-selectin; ST2, ST2 protein; THBS2, 

thrombospondin-2; TWEAK, tumor necrosis factor (Ligand) superfamily member 12; VWF, 
von Willebrand factor 
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ESM Fig. 5 Network analysis using STRING between 28 type 2 diabetes-related-proteins 
based on physical and functional associations. The thickness of the connecting lines 

represents the strength of the relationship, and the size represents the centrality of the 
network. The red color depicts a positive association with incident type 2 diabetes and the 

green color depicts a negative association with incident type 2 diabetes in the present study. 
CA5A and HAOX1 are not shown because of the low interaction score (< 0.01) in the 

network.
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HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR
ACE2 1.4290 1.2184 1.6756 0.0000 0.0003 1.1620 0.9658 1.3976 0.1117 0.7436 1.2100 1.0234 1.4307 0.0257 0.3618

ADAMTS13 1.1060 0.9315 1.3131 0.2504 0.4647 1.0810 0.8960 1.3038 0.4168 0.9687 1.1174 0.9300 1.3426 0.2359 0.6317
ADM 1.3400 1.1378 1.5793 0.0005 0.0063 1.0670 0.8846 1.2874 0.4974 0.9687 0.9720 0.8262 1.1436 0.7324 0.9481
AGRP 1.0100 0.8429 1.2112 0.9106 0.9600 0.9316 0.7600 1.1420 0.4953 0.9687 0.8982 0.7655 1.0538 0.1877 0.5964
AMBP 1.0700 0.8734 1.3105 0.5142 0.6583 0.9770 0.7971 1.1976 0.8230 0.9813 0.9150 0.7724 1.0838 0.3038 0.7225

ANGPT1 0.9959 0.8484 1.1692 0.9604 0.9772 0.9714 0.8247 1.1441 0.7279 0.9813 0.9925 0.8446 1.1662 0.9267 0.9996
BMP6 1.1430 0.9816 1.3308 0.0852 0.2481 1.0460 0.8870 1.2325 0.5952 0.9687 1.0559 0.9014 1.2369 0.5004 0.8328
BOC 0.8542 0.7189 1.0150 0.0734 0.2249 0.8454 0.7080 1.0094 0.0634 0.5679 0.8248 0.6958 0.9777 0.0264 0.3618

CA5A 1.3300 1.1448 1.5454 0.0002 0.0032 1.0900 0.9096 1.3052 0.3517 0.9687 1.1105 0.9452 1.3047 0.2023 0.6045
CCL17 1.0310 0.8764 1.2123 0.7141 0.8064 0.9858 0.8299 1.1710 0.8709 0.9813 0.9901 0.8479 1.1562 0.9000 0.9991

CD4 1.1480 0.9915 1.3298 0.0649 0.2071 1.0540 0.8849 1.2563 0.5535 0.9687 1.0349 0.8804 1.2166 0.6771 0.9226
CD40L 1.0600 0.8955 1.2543 0.4992 0.6498 1.0170 0.8484 1.2182 0.8583 0.9813 1.0234 0.8650 1.2107 0.7878 0.9566
CD84 1.0350 0.8661 1.2371 0.7041 0.8042 1.0100 0.8506 1.1996 0.9085 0.9813 1.0226 0.8711 1.2004 0.7846 0.9566

CEACAM8 1.2290 1.0078 1.4992 0.0417 0.1591 1.0910 0.8858 1.3431 0.4133 0.9687 1.0057 0.8468 1.1944 0.9487 0.9996
CTRC 0.8974 0.7317 1.1006 0.2986 0.5020 0.8671 0.7144 1.0525 0.1493 0.8090 0.9261 0.7869 1.0899 0.3555 0.7225
CTSL1 1.0760 0.9053 1.2794 0.4051 0.5852 0.9414 0.7815 1.1341 0.5253 0.9687 0.8962 0.7579 1.0596 0.1997 0.6045
DCN 0.9360 0.7882 1.1116 0.4509 0.6017 0.8915 0.7417 1.0716 0.2211 0.9027 0.8666 0.7333 1.0241 0.0929 0.5101

DECR1 1.0880 0.9294 1.2730 0.2946 0.5010 1.0520 0.8686 1.2729 0.6063 0.9687 1.0707 0.9000 1.2736 0.4408 0.7722
DKK1 1.0480 0.8830 1.2427 0.5945 0.7215 0.9959 0.8271 1.1991 0.9652 0.9987 1.0149 0.8610 1.1964 0.8600 0.9774
FABP2 1.0000 0.8735 1.1453 0.9978 0.9997 1.0260 0.8703 1.2094 0.7604 0.9813 1.0024 0.8560 1.1737 0.9767 0.9996
FGF23 1.0800 0.9078 1.2853 0.3846 0.5765 1.0390 0.8468 1.2742 0.7152 0.9813 0.9799 0.8363 1.1483 0.8020 0.9566

FS 1.0760 0.9099 1.2718 0.3925 0.5765 1.0060 0.8516 1.1887 0.9426 0.9894 0.9559 0.8073 1.1318 0.6008 0.8859
GAL9 1.2080 1.0355 1.4095 0.0162 0.0970 1.0450 0.8692 1.2569 0.6385 0.9687 1.0019 0.8543 1.1749 0.9815 0.9996
GDF2 0.8185 0.6741 0.9938 0.0431 0.1618 0.9292 0.7840 1.1013 0.3970 0.9687 0.9839 0.8361 1.1579 0.8454 0.9774

GH 0.7995 0.6796 0.9405 0.0069 0.0490 0.8988 0.7490 1.0785 0.2512 0.9431 0.8608 0.7174 1.0328 0.1068 0.5316
GIF 1.0940 0.9115 1.3141 0.3337 0.5372 1.1280 0.9417 1.3502 0.1913 0.8511 1.1683 0.9633 1.4169 0.1141 0.5316

GLO1 1.1410 0.9705 1.3413 0.1101 0.2819 1.1010 0.9106 1.3305 0.3211 0.9687 1.1337 0.9485 1.3551 0.1678 0.5964
GT 0.9706 0.8296 1.1355 0.7093 0.8062 0.9306 0.7747 1.1179 0.4422 0.9687 0.8895 0.7555 1.0471 0.1594 0.5964

HAOX1 1.3330 1.1488 1.5474 0.0002 0.0028 1.2060 1.0321 1.4093 0.0184 0.4331 1.2461 1.0730 1.4473 0.0039 0.1149
HBEGF 1.0470 0.8846 1.2403 0.5909 0.7208 0.9829 0.8354 1.1565 0.8355 0.9813 0.9884 0.8459 1.1548 0.8830 0.9969

HO1 1.0800 0.9230 1.2639 0.3366 0.5372 0.9849 0.8207 1.1819 0.8698 0.9813 0.9991 0.8495 1.1749 0.9909 0.9996
HOSCAR 0.9904 0.8569 1.1448 0.8964 0.9560 0.9483 0.7982 1.1267 0.5464 0.9687 0.9007 0.7832 1.0358 0.1423 0.5694

HSP27 0.9580 0.8338 1.1006 0.5443 0.6746 1.0120 0.8694 1.1769 0.8820 0.9813 1.0110 0.8712 1.1731 0.8857 0.9969
IDUA 1.2240 1.0238 1.4624 0.0265 0.1261 1.0440 0.8692 1.2550 0.6427 0.9687 1.0330 0.8760 1.2182 0.6996 0.9261
IGGFC 1.0790 0.9346 1.2459 0.2995 0.5020 1.0860 0.9110 1.2940 0.3583 0.9687 1.0441 0.9034 1.2066 0.5591 0.8631
IL-16 1.0720 0.9032 1.2717 0.4272 0.5996 0.9889 0.8079 1.2105 0.9139 0.9813 0.9931 0.8297 1.1886 0.9397 0.9996

IL-17D 0.6800 0.5250 0.8808 0.0035 0.0280 0.6858 0.5537 0.8494 0.0005 0.0366 0.6655 0.5275 0.8396 0.0006 0.0328
IL-18 1.3890 1.1480 1.6796 0.0007 0.0093 1.2180 0.9765 1.5179 0.0803 0.6451 1.2220 1.0164 1.4693 0.0330 0.3883

IL-1RA 1.5050 1.2740 1.7777 0.0000 0.0000 1.1870 0.9628 1.4640 0.1084 0.7429 1.1684 0.9689 1.4090 0.1033 0.5316
IL-1RL2 1.1880 0.9966 1.4152 0.0547 0.1925 1.0980 0.9158 1.3157 0.3135 0.9687 1.0895 0.9202 1.2901 0.3199 0.7225

IL-27 0.8983 0.7775 1.0379 0.1456 0.3462 0.8955 0.7534 1.0644 0.2107 0.8926 0.8577 0.7330 1.0036 0.0554 0.4075
IL-4RA 0.8239 0.6886 0.9859 0.0344 0.1474 0.8604 0.7291 1.0154 0.0753 0.6265 0.8292 0.7054 0.9746 0.0231 0.3583

ITGB1BP2 1.0740 0.9172 1.2574 0.3755 0.5681 1.0410 0.8718 1.2419 0.6597 0.9687 1.0547 0.8906 1.2489 0.5373 0.8555
KIM1 1.2050 1.0108 1.4364 0.0376 0.1484 1.1020 0.8955 1.3556 0.3595 0.9687 1.0009 0.8319 1.2042 0.9922 0.9996
LEP 2.0570 1.6770 2.5243 0.0000 0.0000 1.2600 0.9530 1.6663 0.1047 0.7400 1.1864 0.9288 1.5153 0.1711 0.5964

LOX1 1.0960 0.8664 1.3876 0.4433 0.6001 1.0140 0.8125 1.2656 0.9020 0.9813 0.9537 0.7691 1.1828 0.6663 0.9183
LPL 0.6252 0.5184 0.7541 0.0000 0.0000 0.6692 0.5432 0.8243 0.0002 0.0186 0.6731 0.5584 0.8114 0.0000 0.0038

MARCO 1.1630 0.9840 1.3740 0.0766 0.2317 1.0470 0.8707 1.2581 0.6273 0.9687 1.0508 0.8901 1.2405 0.5585 0.8631
MERTK 0.8785 0.7563 1.0205 0.0901 0.2501 0.8734 0.7416 1.0286 0.1048 0.7400 0.8593 0.7424 0.9946 0.0422 0.4075
MMP12 1.1210 0.9178 1.3697 0.2628 0.4710 1.0460 0.8566 1.2774 0.6585 0.9687 0.9520 0.7988 1.1347 0.5832 0.8824
MMP7 1.1180 0.9388 1.3317 0.2105 0.4302 1.0990 0.8985 1.3454 0.3571 0.9687 1.0232 0.8641 1.2116 0.7904 0.9566
NEMO 1.0920 0.9309 1.2811 0.2797 0.4804 1.0540 0.8769 1.2679 0.5730 0.9687 1.0790 0.9067 1.2841 0.3916 0.7225
PAR1 1.0700 0.9168 1.2490 0.3904 0.5765 1.0310 0.8529 1.2456 0.7543 0.9813 1.0332 0.8706 1.2261 0.7086 0.9277

PARP1 1.0750 0.9101 1.2707 0.3934 0.5765 1.0130 0.8222 1.2477 0.9043 0.9813 1.0370 0.8635 1.2453 0.6976 0.9261
PDGFB 1.0440 0.8799 1.2375 0.6243 0.7498 1.0110 0.8424 1.2129 0.9078 0.9813 1.0350 0.8757 1.2234 0.6865 0.9247
PDL2 1.0370 0.8925 1.2045 0.6360 0.7561 1.0230 0.8672 1.2057 0.7905 0.9813 0.9992 0.8543 1.1687 0.9922 0.9996
PGF 1.0940 0.8907 1.3430 0.3926 0.5765 0.9518 0.7607 1.1908 0.6655 0.9687 0.8823 0.7562 1.0294 0.1113 0.5316

PLGR 1.0600 0.9142 1.2292 0.4403 0.6001 1.0640 0.9024 1.2556 0.4585 0.9687 0.9781 0.8401 1.1387 0.7752 0.9566
PRELP 0.9998 0.8301 1.2043 0.9983 0.9997 0.9461 0.7825 1.1438 0.5672 0.9687 0.9319 0.8407 1.0331 0.1801 0.5964
PRSS27 0.8708 0.7312 1.0371 0.1207 0.2992 0.9118 0.7607 1.0928 0.3174 0.9687 0.9076 0.7760 1.0615 0.2251 0.6170
PRSS8 1.4560 1.1906 1.7796 0.0003 0.0039 1.2310 1.0127 1.4975 0.0370 0.4936 1.1582 0.9686 1.3850 0.1074 0.5316
PSGL1 1.2680 1.0227 1.5720 0.0304 0.1388 1.2190 0.9847 1.5102 0.0689 0.5949 1.2177 1.0277 1.4428 0.0229 0.3583
PTX3 0.8821 0.7300 1.0660 0.1941 0.4046 0.9070 0.7553 1.0891 0.2959 0.9687 0.8449 0.7101 1.0053 0.0574 0.4075
RAGE 0.7676 0.6404 0.9200 0.0042 0.0327 0.8671 0.7169 1.0488 0.1417 0.8090 0.8480 0.7261 0.9904 0.0373 0.3953
REN 1.2610 1.0699 1.4854 0.0057 0.0425 1.2150 1.0064 1.4662 0.0428 0.4936 1.1283 0.9509 1.3388 0.1666 0.5964
SCF 0.7276 0.6023 0.8789 0.0010 0.0099 0.8772 0.7253 1.0608 0.1766 0.8398 0.8805 0.7453 1.0402 0.1345 0.5694

SERPINA12 1.1750 1.0163 1.3585 0.0294 0.1369 1.0770 0.9112 1.2722 0.3855 0.9687 1.1058 0.9606 1.2729 0.1615 0.5964
SOD2 1.1620 0.9475 1.4252 0.1492 0.3476 1.1320 0.9224 1.3898 0.2350 0.9126 1.1525 0.9771 1.3595 0.0919 0.5101

SORT1 1.0820 0.8984 1.3025 0.4069 0.5852 0.9972 0.8287 1.1999 0.9762 0.9987 1.0023 0.8480 1.1846 0.9788 0.9996
SPON2 1.0690 0.8988 1.2708 0.4519 0.6017 0.9880 0.8330 1.1719 0.8898 0.9813 0.9435 0.8051 1.1056 0.4723 0.8032

SRC 1.0500 0.9000 1.2239 0.5376 0.6746 1.0620 0.8952 1.2597 0.4905 0.9687 1.0784 0.9097 1.2784 0.3846 0.7225

Model 1 a Model 2 a Model 5 a
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HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR

Model 1 a Model 2 a Model 5 a

Protein
STK4 1.0910 0.9221 1.2909 0.3102 0.5126 1.0790 0.8991 1.2940 0.4154 0.9687 1.1004 0.9225 1.3126 0.2874 0.7225

TF 0.9033 0.7514 1.0859 0.2788 0.4804 0.9611 0.8019 1.1520 0.6678 0.9687 0.9446 0.8030 1.1112 0.4916 0.8240
TGM2 1.0870 0.9383 1.2583 0.2672 0.4752 0.9599 0.8077 1.1408 0.6425 0.9687 0.9609 0.8199 1.1261 0.6220 0.8946
THBS2 1.3050 1.0966 1.5535 0.0027 0.0235 1.1020 0.9089 1.3352 0.3238 0.9687 1.0161 0.8569 1.2050 0.8540 0.9774
THPO 0.8613 0.7210 1.0290 0.0999 0.2615 0.9410 0.7817 1.1328 0.5206 0.9687 0.9205 0.7889 1.0740 0.2924 0.7225
TIE2 1.0540 0.9140 1.2143 0.4719 0.6247 1.0100 0.8620 1.1826 0.9053 0.9813 0.9844 0.8401 1.1536 0.8464 0.9774
TM 0.9676 0.8034 1.1653 0.7284 0.8159 0.9148 0.7515 1.1137 0.3750 0.9687 0.8945 0.7736 1.0344 0.1326 0.5694

TNFRSF10A 1.1630 1.0097 1.3404 0.0363 0.1484 1.0010 0.8442 1.1871 0.9901 0.9987 0.9577 0.8019 1.1438 0.6332 0.8964
TNFRSF11A 1.2030 1.0242 1.4130 0.0243 0.1233 1.0350 0.8573 1.2487 0.7226 0.9813 0.9352 0.8163 1.0714 0.3340 0.7225
TNFRSF13B 1.1200 0.9385 1.3371 0.2086 0.4301 0.9870 0.8102 1.2023 0.8963 0.9813 0.9270 0.7897 1.0880 0.3534 0.7225

TRAILR2 1.1130 0.8948 1.3848 0.3359 0.5372 1.0380 0.8686 1.2401 0.6825 0.9687 0.9241 0.7759 1.1007 0.3764 0.7225
VEGFD 0.8135 0.7093 0.9329 0.0031 0.0262 0.8529 0.7382 0.9854 0.0308 0.4936 0.8062 0.7062 0.9204 0.0014 0.0478
VSIG2 1.2620 1.0609 1.5020 0.0086 0.0591 1.2560 1.0694 1.4751 0.0055 0.2127 1.1526 1.0016 1.3265 0.0475 0.4075
XCL1 1.0060 0.8761 1.1549 0.9334 0.9695 0.9309 0.7905 1.0961 0.3903 0.9687 0.9171 0.7777 1.0814 0.3032 0.7225
4EBP1 1.1650 0.9745 1.3926 0.0937 0.2539 1.0920 0.8996 1.3267 0.3724 0.9687 1.0879 0.9096 1.3010 0.3563 0.7225
ADA 1.1390 0.9676 1.3406 0.1178 0.2951 1.0430 0.8456 1.2866 0.6935 0.9734 1.0246 0.8658 1.2124 0.7774 0.9566

AXIN1 1.1040 0.9334 1.3054 0.2482 0.4647 1.0580 0.8835 1.2673 0.5390 0.9687 1.0840 0.9106 1.2905 0.3642 0.7225
CASP8 1.1680 0.9760 1.3973 0.0902 0.2501 1.0980 0.8863 1.3602 0.3922 0.9687 1.0903 0.9032 1.3161 0.3681 0.7225
CCL11 0.9961 0.8700 1.1405 0.9553 0.9772 1.0140 0.8724 1.1785 0.8564 0.9813 0.9910 0.8505 1.1548 0.9081 0.9996
CCL19 0.9911 0.8552 1.1485 0.9053 0.9588 0.9019 0.7645 1.0639 0.2206 0.9027 0.8679 0.7355 1.0241 0.0933 0.5101
CCL20 1.0820 0.9375 1.2497 0.2804 0.4804 1.0190 0.8552 1.2143 0.8329 0.9813 0.9965 0.8529 1.1642 0.9645 0.9996
CCL23 1.0450 0.8925 1.2246 0.5821 0.7138 1.0350 0.8778 1.2204 0.6818 0.9687 0.9596 0.8243 1.1172 0.5954 0.8859
CCL25 0.9590 0.8380 1.0974 0.5427 0.6746 0.9771 0.8545 1.1172 0.7344 0.9813 0.9459 0.8221 1.0882 0.4365 0.7710
CCL28 0.9048 0.7820 1.0469 0.1788 0.3893 0.9782 0.8248 1.1602 0.8005 0.9813 0.9689 0.8211 1.1434 0.7087 0.9277
CCL3 1.2410 1.0892 1.4150 0.0012 0.0112 1.1700 0.9934 1.3774 0.0601 0.5622 1.1348 0.9966 1.2922 0.0564 0.4075
CCL4 1.2600 1.0981 1.4447 0.0010 0.0099 1.1850 1.0250 1.3702 0.0218 0.4622 1.1851 1.0377 1.3533 0.0122 0.2582
CD244 1.1770 0.9955 1.3905 0.0565 0.1936 1.0640 0.9024 1.2553 0.4592 0.9687 1.0828 0.9161 1.2798 0.3510 0.7225
CD40 1.1310 0.9502 1.3473 0.1655 0.3673 1.0870 0.9092 1.3000 0.3596 0.9687 1.0709 0.9048 1.2676 0.4256 0.7688
CD5 1.1460 0.9791 1.3414 0.0898 0.2501 1.0500 0.8846 1.2464 0.5766 0.9687 1.0277 0.8677 1.2172 0.7518 0.9566
CD6 1.1660 0.9910 1.3721 0.0642 0.2071 1.0980 0.9316 1.2949 0.2640 0.9611 1.0862 0.9281 1.2711 0.3028 0.7225

CD8A 1.2390 1.0383 1.4780 0.0175 0.1016 1.1170 0.9260 1.3473 0.2476 0.9431 1.0400 0.8826 1.2254 0.6398 0.8964
CDCP1 1.1710 1.0129 1.3541 0.0330 0.1449 1.1300 0.9555 1.3366 0.1530 0.8102 1.1444 0.9772 1.3401 0.0941 0.5101
CSF1 1.1060 0.9236 1.3251 0.2726 0.4804 1.0110 0.8431 1.2112 0.9096 0.9813 0.9343 0.8047 1.0848 0.3726 0.7225
CST5 1.0420 0.8790 1.2358 0.6339 0.7561 1.0870 0.9112 1.2962 0.3545 0.9687 1.0414 0.9054 1.1977 0.5702 0.8740

CX3CL1 0.8812 0.7621 1.0189 0.0878 0.2501 0.9249 0.7560 1.1316 0.4481 0.9687 0.8842 0.7667 1.0198 0.0909 0.5101
CXCL1 1.1240 0.9433 1.3402 0.1906 0.4037 1.0900 0.9155 1.2975 0.3332 0.9687 1.1035 0.9231 1.3192 0.2796 0.7225

CXCL10 1.1410 0.9920 1.3121 0.0646 0.2071 1.0250 0.8701 1.2085 0.7642 0.9813 1.0219 0.8741 1.1948 0.7854 0.9566
CXCL11 1.0590 0.9175 1.2225 0.4330 0.6001 0.9928 0.8452 1.1660 0.9295 0.9857 1.0058 0.8530 1.1861 0.9449 0.9996
CXCL5 1.0860 0.9077 1.2983 0.3685 0.5612 1.0610 0.8910 1.2634 0.5063 0.9687 1.0738 0.9110 1.2658 0.3957 0.7225
CXCL6 1.0980 0.9423 1.2785 0.2313 0.4529 1.0420 0.8852 1.2258 0.6227 0.9687 1.0469 0.8820 1.2427 0.6000 0.8859
CXCL9 1.0140 0.8905 1.1558 0.8288 0.9013 0.9803 0.8379 1.1470 0.8042 0.9813 0.9364 0.8126 1.0791 0.3640 0.7225
DNER 0.9087 0.7899 1.0454 0.1805 0.3894 0.9961 0.8550 1.1604 0.9597 0.9987 1.0002 0.8661 1.1549 0.9984 0.9996

ENRAGE 1.1420 0.9344 1.3958 0.1945 0.4046 1.1120 0.9090 1.3613 0.3013 0.9687 0.9895 0.8171 1.1983 0.9140 0.9996
FGF19 0.9798 0.8304 1.1562 0.8094 0.8896 0.9719 0.7979 1.1839 0.7771 0.9813 0.9949 0.8390 1.1799 0.9535 0.9996
FGF21 1.4260 1.2145 1.6753 0.0000 0.0004 1.3060 1.1208 1.5227 0.0006 0.0366 1.2972 1.1134 1.5114 0.0008 0.0328
FLT3L 1.0930 0.9417 1.2690 0.2417 0.4616 0.9503 0.8039 1.1234 0.5506 0.9687 0.9438 0.8265 1.0778 0.3930 0.7225
HGF 1.5700 1.3060 1.8881 0.0000 0.0000 1.2320 1.0017 1.5144 0.0481 0.4936 1.1371 0.9497 1.3614 0.1621 0.5964

IFN-gamma 1.0690 0.9276 1.2312 0.3579 0.5597 1.0600 0.8931 1.2581 0.5047 0.9687 1.0326 0.8837 1.2065 0.6866 0.9247
IL-10 1.0970 0.9655 1.2453 0.1560 0.3599 1.0730 0.8958 1.2859 0.4432 0.9687 1.0042 0.8837 1.1411 0.9485 0.9996

IL-10RB 1.0850 0.9089 1.2950 0.3671 0.5612 0.9594 0.7766 1.1853 0.7009 0.9779 0.9168 0.7870 1.0680 0.2649 0.7014
IL-12B 1.1070 0.9073 1.3515 0.3159 0.5147 0.9408 0.7527 1.1759 0.5917 0.9687 0.9164 0.7723 1.0873 0.3168 0.7225

IL-15RA 1.0650 0.9130 1.2418 0.4238 0.5996 1.0410 0.8559 1.2668 0.6860 0.9687 0.9436 0.8166 1.0904 0.4316 0.7710
IL-18R1 1.5790 1.3148 1.8968 0.0000 0.0000 1.2950 1.0599 1.5830 0.0115 0.3655 1.1827 0.9895 1.4136 0.0651 0.4336

IL-6 1.2100 1.0737 1.3639 0.0018 0.0159 1.1030 0.9553 1.2743 0.1809 0.8430 1.0714 0.9330 1.2302 0.3284 0.7225
IL-7 1.0890 0.9227 1.2841 0.3143 0.5147 1.0470 0.8959 1.2246 0.5610 0.9687 1.0870 0.9224 1.2810 0.3195 0.7225
IL-8 1.1140 0.9478 1.3101 0.1900 0.4037 1.0470 0.8736 1.2542 0.6205 0.9687 1.0179 0.8643 1.1989 0.8313 0.9774

LAP TGF-beta-1 1.1270 0.9586 1.3243 0.1478 0.3476 1.0400 0.8809 1.2284 0.6420 0.9687 1.0386 0.8841 1.2201 0.6450 0.8964
LIF-R 1.1030 0.9430 1.2901 0.2203 0.4391 1.0390 0.8740 1.2344 0.6666 0.9687 0.9971 0.8582 1.1584 0.9694 0.9996
MCP1 1.1090 0.9805 1.2551 0.0994 0.2615 1.0800 0.9300 1.2538 0.3137 0.9687 1.0815 0.9334 1.2532 0.2970 0.7225
MCP2 1.0860 0.9442 1.2491 0.2478 0.4647 0.9986 0.8574 1.1630 0.9851 0.9987 0.9814 0.8458 1.1387 0.8047 0.9566
MCP3 1.1510 0.9892 1.3381 0.0689 0.2139 1.1000 0.9433 1.2823 0.2247 0.9027 1.0229 0.8770 1.1932 0.7728 0.9566
MCP4 1.0420 0.8768 1.2381 0.6413 0.7585 1.0240 0.8582 1.2218 0.7922 0.9813 1.0355 0.8559 1.2529 0.7194 0.9364
MMP1 0.9955 0.8390 1.1813 0.9592 0.9772 0.9998 0.8447 1.1834 0.9981 0.9987 0.9898 0.8499 1.1528 0.8953 0.9991

MMP10 0.9916 0.8466 1.1615 0.9170 0.9624 1.0140 0.8834 1.1631 0.8470 0.9813 0.9921 0.8523 1.1547 0.9181 0.9996
NT3 0.8639 0.7162 1.0420 0.1261 0.3061 0.9430 0.7657 1.1614 0.5807 0.9687 0.9011 0.7627 1.0647 0.2211 0.6170
OPG 1.0430 0.8871 1.2255 0.6122 0.7391 0.9456 0.7767 1.1512 0.5776 0.9687 0.9218 0.7846 1.0830 0.3221 0.7225
OSM 1.2720 1.0684 1.5134 0.0068 0.0490 1.1610 0.9496 1.4201 0.1453 0.8090 1.0897 0.8973 1.3234 0.3860 0.7225
PDL1 1.0880 0.9064 1.3068 0.3645 0.5612 1.0190 0.8570 1.2119 0.8307 0.9813 0.9507 0.8038 1.1246 0.5555 0.8631
SIRT2 1.1030 0.9314 1.3062 0.2560 0.4660 1.0530 0.8709 1.2729 0.5944 0.9687 1.0682 0.8959 1.2737 0.4622 0.7918
ST1A1 1.0640 0.9086 1.2465 0.4406 0.6001 1.0200 0.8443 1.2322 0.8378 0.9813 1.0455 0.8795 1.2429 0.6137 0.8946

STAMBP 1.0920 0.9224 1.2921 0.3074 0.5116 1.0410 0.8639 1.2538 0.6740 0.9687 1.0574 0.8910 1.2550 0.5229 0.8520
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HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR

Model 1 a Model 2 a Model 5 a

Protein
TGF-alpha 1.2260 1.0469 1.4368 0.0115 0.0743 1.1580 0.9790 1.3702 0.0868 0.6740 1.0649 0.9009 1.2587 0.4612 0.7918

TNF 1.0800 0.9670 1.2060 0.1725 0.3792 1.0140 0.8684 1.1840 0.8609 0.9813 0.9829 0.8593 1.1243 0.8015 0.9566
TNFB 1.1050 0.9393 1.2988 0.2291 0.4524 1.0000 0.8405 1.1904 0.9976 0.9987 1.0080 0.8534 1.1906 0.9253 0.9996

TNFRSF9 1.0780 0.9011 1.2904 0.4102 0.5864 1.0290 0.8381 1.2622 0.7877 0.9813 0.9151 0.7934 1.0554 0.2228 0.6170
TNFSF14 1.2280 1.0299 1.4635 0.0221 0.1166 1.1280 0.9372 1.3588 0.2022 0.8725 1.1175 0.9405 1.3279 0.2066 0.6049

TRAIL 1.1630 1.0220 1.3236 0.0221 0.1166 1.1060 0.9725 1.2575 0.1249 0.7884 1.0746 0.9288 1.2433 0.3337 0.7225
TRANCE 1.1580 0.9999 1.3407 0.0502 0.1828 1.0660 0.9248 1.2293 0.3769 0.9687 1.0320 0.8929 1.1927 0.6700 0.9183
TWEAK 0.7559 0.6416 0.8905 0.0008 0.0099 0.8202 0.6954 0.9674 0.0186 0.4331 0.8560 0.7261 1.0091 0.0641 0.4336

uPA 1.0170 0.8694 1.1906 0.8295 0.9013 1.0150 0.8522 1.2100 0.8635 0.9813 0.9624 0.8371 1.1064 0.5900 0.8859
VEGFA 1.1810 0.9962 1.3994 0.0554 0.1925 1.0690 0.8789 1.3006 0.5037 0.9687 0.9621 0.8156 1.1348 0.6463 0.8964
ALCAM 0.8798 0.7468 1.0364 0.1256 0.3061 0.9033 0.7637 1.0683 0.2348 0.9126 0.8797 0.7487 1.0336 0.1191 0.5442

APN 0.9883 0.8250 1.1840 0.8986 0.9560 1.0070 0.8414 1.2043 0.9427 0.9894 1.0043 0.8513 1.1849 0.9593 0.9996
AXL 1.0960 0.9365 1.2818 0.2541 0.4660 1.0600 0.8797 1.2773 0.5402 0.9687 1.0000 0.8621 1.1599 0.9996 0.9996

CASP3 1.0700 0.9144 1.2529 0.3974 0.5787 1.0480 0.8770 1.2532 0.6041 0.9687 1.0564 0.8955 1.2463 0.5152 0.8453
CCL15 1.1490 1.0015 1.3184 0.0475 0.1758 1.1920 1.0071 1.4106 0.0411 0.4936 1.1244 0.9747 1.2971 0.1079 0.5316
CCL16 1.2750 1.0627 1.5295 0.0089 0.0594 1.1640 0.9295 1.4564 0.1862 0.8507 1.0846 0.9258 1.2707 0.3148 0.7225
CCL24 0.8703 0.7264 1.0428 0.1321 0.3173 0.8756 0.7389 1.0376 0.1252 0.7884 0.8776 0.7427 1.0370 0.1251 0.5604
CD163 1.3780 1.1872 1.6001 0.0000 0.0005 1.1750 0.9670 1.4266 0.1048 0.7400 1.1094 0.9413 1.3074 0.2156 0.6170
CD93 0.7795 0.6734 0.9024 0.0009 0.0099 0.8016 0.6739 0.9536 0.0126 0.3655 0.7646 0.6546 0.8931 0.0007 0.0328
CDH5 0.9334 0.8098 1.0759 0.3416 0.5414 0.9104 0.7677 1.0796 0.2803 0.9687 0.9018 0.7728 1.0522 0.1891 0.5964

CHI3L1 1.2050 1.0222 1.4197 0.0263 0.1261 1.1100 0.9076 1.3583 0.3090 0.9687 1.0555 0.8881 1.2546 0.5397 0.8555
CHIT1 0.9135 0.7924 1.0531 0.2124 0.4303 0.8979 0.7703 1.0467 0.1687 0.8349 0.9169 0.7956 1.0566 0.2305 0.6245
CNTN1 0.8330 0.7017 0.9889 0.0369 0.1484 0.8748 0.7319 1.0456 0.1417 0.8090 0.8956 0.7544 1.0632 0.2077 0.6049
COL1A1 0.8621 0.7354 1.0106 0.0673 0.2120 0.9310 0.7795 1.1119 0.4301 0.9687 0.8995 0.7702 1.0505 0.1811 0.5964

CPA1 0.9712 0.8042 1.1730 0.7618 0.8452 0.9776 0.8206 1.1645 0.7994 0.9813 0.9774 0.8294 1.1518 0.7846 0.9566
CPB1 1.0130 0.8376 1.2244 0.8962 0.9560 0.9919 0.8251 1.1924 0.9307 0.9857 0.9824 0.8281 1.1655 0.8387 0.9774
CSTB 1.1680 0.9810 1.3899 0.0812 0.2425 1.0580 0.8898 1.2589 0.5213 0.9687 1.0059 0.8590 1.1779 0.9420 0.9996
CTSZ 1.1500 0.9466 1.3972 0.1593 0.3635 1.0280 0.8521 1.2412 0.7701 0.9813 0.9490 0.8035 1.1209 0.5375 0.8555

CXCL16 0.9958 0.8540 1.1611 0.9570 0.9772 1.0010 0.8410 1.1912 0.9916 0.9987 0.9519 0.8162 1.1103 0.5305 0.8555
DLK1 0.9397 0.8059 1.0956 0.4270 0.5996 0.8583 0.6975 1.0562 0.1489 0.8090 0.8519 0.7219 1.0053 0.0577 0.4075
EGFR 0.8514 0.7228 1.0028 0.0541 0.1925 0.9235 0.7895 1.0802 0.3196 0.9687 0.9321 0.7976 1.0894 0.3770 0.7225

EpCAM 1.1270 0.9708 1.3075 0.1165 0.2950 1.1880 1.0123 1.3938 0.0349 0.4936 1.1941 1.0141 1.4061 0.0333 0.3883
EPHB4 0.8733 0.7445 1.0243 0.0960 0.2570 0.8835 0.7398 1.0552 0.1717 0.8349 0.8395 0.7242 0.9731 0.0202 0.3583
FABP4 1.5370 1.2573 1.8790 0.0000 0.0005 1.0900 0.8865 1.3397 0.4142 0.9687 0.9704 0.8026 1.1732 0.7562 0.9566

FAS 1.1450 1.0097 1.2983 0.0348 0.1474 1.0820 0.9284 1.2621 0.3120 0.9687 1.0389 0.8946 1.2065 0.6170 0.8946
Gal4 1.2400 1.0996 1.3983 0.0004 0.0063 1.1710 1.0018 1.3690 0.0474 0.4936 1.1225 0.9734 1.2945 0.1120 0.5316

GDF15 1.1340 0.9217 1.3958 0.2341 0.4545 1.1020 0.9068 1.3402 0.3280 0.9687 0.9342 0.7869 1.1090 0.4368 0.7710
GP6 1.0650 0.9058 1.2528 0.4447 0.6001 1.0450 0.8809 1.2390 0.6153 0.9687 1.0458 0.8938 1.2237 0.5763 0.8776
GRN 0.9514 0.8204 1.1034 0.5101 0.6583 0.9303 0.7781 1.1124 0.4284 0.9687 0.8841 0.7536 1.0370 0.1301 0.5694

ICAM2 0.9113 0.7775 1.0680 0.2513 0.4647 0.8996 0.7669 1.0552 0.1936 0.8511 0.8962 0.7737 1.0382 0.1442 0.5694
IGFBP1 0.5930 0.4926 0.7140 0.0000 0.0000 0.8026 0.6487 0.9930 0.0429 0.4936 0.7698 0.6387 0.9278 0.0060 0.1557
IGFBP2 0.5034 0.4208 0.6022 0.0000 0.0000 0.6530 0.5417 0.7870 0.0000 0.0018 0.5897 0.4909 0.7084 0.0000 0.0000
IGFBP7 0.9681 0.8252 1.1358 0.6909 0.8042 0.9409 0.7833 1.1301 0.5147 0.9687 0.8753 0.7495 1.0223 0.0927 0.5101
IL-17RA 1.0350 0.8688 1.2328 0.7007 0.8042 1.0200 0.8738 1.1917 0.7984 0.9813 0.9861 0.8450 1.1508 0.8594 0.9774
IL-18BP 0.9417 0.8097 1.0952 0.4354 0.6001 0.9088 0.7606 1.0859 0.2924 0.9687 0.8621 0.7450 0.9976 0.0463 0.4075
IL-1RT1 0.8714 0.7385 1.0281 0.1028 0.2661 0.9457 0.8029 1.1138 0.5035 0.9687 0.9034 0.7762 1.0514 0.1894 0.5964
IL-1RT2 1.2240 1.0450 1.4326 0.0122 0.0767 1.2200 1.0011 1.4868 0.0487 0.4936 1.2169 1.0207 1.4507 0.0286 0.3704
IL-2RA 1.0300 0.8839 1.2005 0.7038 0.8042 0.9845 0.8307 1.1668 0.8570 0.9813 0.9171 0.7978 1.0542 0.2235 0.6170
IL-6RA 1.0390 0.8746 1.2348 0.6619 0.7750 1.0580 0.8871 1.2617 0.5307 0.9687 1.0100 0.8647 1.1796 0.9005 0.9991
ITGB2 1.0520 0.8928 1.2406 0.5423 0.6746 1.0000 0.8524 1.1737 0.9976 0.9987 0.9660 0.8334 1.1197 0.6459 0.8964
JAMA 1.1000 0.9387 1.2886 0.2389 0.4600 1.0750 0.9030 1.2801 0.4156 0.9687 1.0711 0.9137 1.2556 0.3969 0.7225
KLK6 0.8311 0.6832 1.0110 0.0642 0.2071 0.9503 0.7803 1.1574 0.6124 0.9687 0.9123 0.7624 1.0917 0.3165 0.7225

LDL_RC 1.1680 1.0192 1.3393 0.0256 0.1261 0.9582 0.7797 1.1776 0.6846 0.9687 0.9655 0.8107 1.1498 0.6936 0.9261
LTBR 0.9448 0.7724 1.1558 0.5810 0.7138 0.9301 0.7668 1.1282 0.4620 0.9687 0.8648 0.7319 1.0218 0.0878 0.5101
MB 0.9751 0.8086 1.1758 0.7917 0.8742 0.9202 0.7258 1.1667 0.4923 0.9687 0.8913 0.7650 1.0385 0.1401 0.5694

MEPE 0.8800 0.7585 1.0211 0.0920 0.2521 0.9218 0.7692 1.1046 0.3776 0.9687 0.9105 0.7957 1.0418 0.1726 0.5964
MMP2 0.8442 0.7198 0.9902 0.0374 0.1484 0.8545 0.7252 1.0068 0.0603 0.5622 0.8105 0.6891 0.9534 0.0112 0.2582
MMP3 0.7973 0.6609 0.9617 0.0179 0.1016 0.8627 0.7002 1.0629 0.1654 0.8349 0.8247 0.6794 1.0011 0.0513 0.4075
MMP9 1.0670 0.8879 1.2821 0.4890 0.6401 1.0150 0.8312 1.2396 0.8834 0.9813 0.9543 0.7934 1.1479 0.6199 0.8946
MPO 1.0780 0.9159 1.2678 0.3677 0.5612 1.0140 0.8604 1.1958 0.8654 0.9813 0.9638 0.8281 1.1217 0.6336 0.8964

Notch3 0.7984 0.6595 0.9665 0.0209 0.1159 0.8171 0.6771 0.9861 0.0352 0.4936 0.7938 0.6610 0.9532 0.0134 0.2599
NT-proBNP 0.8834 0.7428 1.0505 0.1607 0.3635 0.9431 0.7889 1.1276 0.5206 0.9687 0.8565 0.7341 0.9992 0.0488 0.4075

OPN 0.9329 0.7804 1.1152 0.4456 0.6001 1.0040 0.8352 1.2080 0.9622 0.9987 0.8985 0.7662 1.0538 0.1882 0.5964
PAI 1.3340 1.1225 1.5864 0.0011 0.0105 1.1520 0.9588 1.3834 0.1310 0.8032 1.1658 0.9891 1.3742 0.0674 0.4360

PCSK9 1.0000 0.8359 1.1964 0.9997 0.9997 1.0170 0.8408 1.2309 0.8598 0.9813 0.9432 0.8029 1.1080 0.4765 0.8045
PDGFA 1.0070 0.8501 1.1928 0.9362 0.9695 0.9718 0.8197 1.1520 0.7415 0.9813 0.9762 0.8303 1.1477 0.7701 0.9566

PECAM1 1.1020 0.9435 1.2865 0.2205 0.4391 1.0660 0.9061 1.2551 0.4388 0.9687 1.0609 0.9095 1.2376 0.4519 0.7857
PGLYRP1 1.0550 0.8898 1.2511 0.5369 0.6746 1.0000 0.8189 1.2215 0.9987 0.9987 0.9302 0.7924 1.0919 0.3763 0.7225

PLC 1.0570 0.8925 1.2508 0.5225 0.6653 0.9613 0.8020 1.1523 0.6694 0.9687 0.8948 0.7679 1.0426 0.1540 0.5964
PON3 0.6105 0.5322 0.7003 0.0000 0.0000 0.7575 0.6387 0.8983 0.0014 0.0658 0.7637 0.6531 0.8930 0.0007 0.0328
PSPD 1.0080 0.8536 1.1909 0.9227 0.9641 0.9925 0.8538 1.1537 0.9219 0.9853 0.9818 0.8397 1.1480 0.8183 0.9678
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HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR HR Lower CI Upper CI p value p _FDR

Model 1 a Model 2 a Model 5 a

Protein
RARRES2 1.2100 1.0272 1.4247 0.0225 0.1166 1.1020 0.9325 1.3016 0.2550 0.9431 1.0419 0.9078 1.1957 0.5594 0.8631

RETN 0.9632 0.7973 1.1635 0.6973 0.8042 0.8698 0.7121 1.0625 0.1720 0.8349 0.8305 0.6955 0.9917 0.0402 0.4073
SCGB3A2 0.7828 0.6253 0.9800 0.0326 0.1449 0.9823 0.8139 1.1855 0.8524 0.9813 0.9149 0.7514 1.1140 0.3759 0.7225

SELE 1.2010 1.0364 1.3919 0.0149 0.0914 1.0580 0.8958 1.2496 0.5068 0.9687 1.0748 0.9182 1.2582 0.3693 0.7225
SELP 1.0910 0.9327 1.2760 0.2765 0.4804 1.0610 0.9010 1.2491 0.4785 0.9687 1.0543 0.8993 1.2360 0.5144 0.8453

SHPS1 0.9684 0.8144 1.1515 0.7164 0.8064 0.9317 0.7792 1.1141 0.4381 0.9687 0.9003 0.7667 1.0573 0.2003 0.6045
ST2 1.1090 0.9584 1.2825 0.1649 0.3673 1.0920 0.8963 1.3304 0.3827 0.9687 1.0215 0.8660 1.2050 0.8006 0.9566
TFPI 0.8598 0.7326 1.0090 0.0642 0.2071 0.9337 0.7883 1.1058 0.4266 0.9687 0.9016 0.7728 1.0519 0.1879 0.5964

TIMP4 1.0330 0.8542 1.2504 0.7348 0.8192 1.0370 0.8562 1.2550 0.7126 0.9813 0.9846 0.8294 1.1687 0.8589 0.9774
TLT2 0.9832 0.8306 1.1639 0.8443 0.9107 0.9485 0.7940 1.1331 0.5602 0.9687 0.9213 0.7862 1.0796 0.3111 0.7225

TNFR1 1.1060 0.9277 1.3177 0.2621 0.4710 0.9732 0.7830 1.2098 0.8069 0.9813 0.8925 0.7663 1.0394 0.1435 0.5694
TNFR2 1.0630 0.8994 1.2552 0.4758 0.6263 0.9763 0.8037 1.1860 0.8090 0.9813 0.9099 0.7874 1.0516 0.2011 0.6045

TNFRSF10C 1.0670 0.9309 1.2233 0.3514 0.5532 1.0580 0.8926 1.2530 0.5176 0.9687 1.0196 0.8782 1.1836 0.7992 0.9566
TNFRSF14 1.0400 0.8801 1.2287 0.6461 0.7603 0.9897 0.8321 1.1772 0.9072 0.9813 0.9280 0.7954 1.0828 0.3426 0.7225
TNFSF13B 1.0190 0.8536 1.2175 0.8317 0.9013 0.9820 0.8368 1.1524 0.8236 0.9813 0.9198 0.7906 1.0702 0.2793 0.7225

tPA 1.3330 1.1241 1.5803 0.0009 0.0099 1.2050 1.0206 1.4223 0.0277 0.4936 1.1784 1.0104 1.3742 0.0364 0.3953
TR 0.9980 0.8071 1.2340 0.9850 0.9978 0.9444 0.7695 1.1591 0.5840 0.9687 0.9084 0.7494 1.1012 0.3280 0.7225

TR-AP 1.1870 1.0081 1.3967 0.0397 0.1540 1.1840 1.0098 1.3887 0.0375 0.4936 1.1590 0.9957 1.3490 0.0569 0.4075
UPAR 1.0600 0.8913 1.2598 0.5118 0.6583 1.0090 0.8550 1.1915 0.9125 0.9813 0.9305 0.7915 1.0938 0.3823 0.7225
vWF 1.1390 0.9823 1.3202 0.0849 0.2481 1.0590 0.8890 1.2606 0.5227 0.9687 0.9932 0.8571 1.1511 0.9282 0.9996

a calculated using interval-censored cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.
 Model 1: adjusted for age and sex
 Model 2: adjusted for variables in model 1+ parental history of diabetes, systolic blood pressure, BMI, HDL-cholesterol, triglycerides, waist circumference

 The boldly printed protein names refer to the proteins significantly associated with incident type 2 diabetes in Model 2.

 Model 5: Fine-Gray model (adjusted for same variables as model 2) (n =1124): Death was defined as a competing risk in this study; 17 participants who died during the
follow-up time were additionally included. This analysis included 178 participants with incident type 2 diabetes, 776 participants who did not develop diabetes, and 206
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HR Lower CI Upper CI p value p _FDR
ACE2 1.1240 0.8524 1.4828 0.4071 0.9764

ADAMTS13 0.9627 0.7451 1.2439 0.7712 0.9894
ADM 1.0860 0.7790 1.5147 0.6258 0.9785
AGRP 1.1100 0.8783 1.4023 0.3828 0.9764
AMBP 0.8613 0.5875 1.2627 0.4443 0.9764

ANGPT1 0.9361 0.6751 1.2979 0.6920 0.9785
BMP6 0.9816 0.7425 1.2976 0.8960 0.9894
BOC 0.9604 0.6811 1.3543 0.8177 0.9894

CA5A 1.0000 0.6532 1.5318 0.9991 0.9991
CCL17 0.9575 0.7176 1.2778 0.7682 0.9894

CD4 0.8762 0.6814 1.1267 0.3028 0.9764
CD40L 0.9643 0.7062 1.3167 0.8191 0.9894
CD84 1.0710 0.8130 1.4121 0.6242 0.9785

CEACAM8 0.9278 0.6734 1.2784 0.6469 0.9785
CTRC 0.9445 0.7227 1.2342 0.6756 0.9785
CTSL1 0.9236 0.6687 1.2756 0.6295 0.9785
DCN 0.9334 0.6466 1.3474 0.7129 0.9894

DECR1 1.0670 0.7956 1.4306 0.6656 0.9785
DKK1 1.0020 0.7275 1.3791 0.9919 0.9991
FABP2 0.9934 0.7049 1.4000 0.9699 0.9991
FGF23 1.0140 0.7334 1.4023 0.9324 0.9954

FS 0.9630 0.6897 1.3447 0.8250 0.9894
GAL9 0.9798 0.7781 1.2338 0.8622 0.9894
GDF2 0.9941 0.7357 1.3431 0.9692 0.9991

GH 0.9118 0.6499 1.2791 0.5928 0.9785
GIF 1.1090 0.7961 1.5451 0.5406 0.9785

GLO1 1.0810 0.7839 1.4915 0.6337 0.9785
GT 0.9816 0.7534 1.2788 0.8906 0.9894

HAOX1 0.9633 0.7057 1.3150 0.8140 0.9894
HBEGF 0.9367 0.6827 1.2850 0.6851 0.9785

HO1 0.8738 0.6346 1.2032 0.4086 0.9764
HOSCAR 0.9484 0.7292 1.2335 0.6929 0.9785

HSP27 0.9975 0.7349 1.3539 0.9870 0.9991
IDUA 0.9719 0.7255 1.3020 0.8484 0.9894

IGGFC 0.9112 0.6613 1.2554 0.5695 0.9785
IL-16 0.9077 0.6606 1.2473 0.5503 0.9785

IL-17D 0.8110 0.5239 1.2555 0.3474 0.9764
IL-18 1.1300 0.8114 1.5749 0.4688 0.9764

IL-1RA 1.0680 0.7776 1.4669 0.6845 0.9785
IL-1RL2 1.1070 0.8084 1.5160 0.5261 0.9785

IL-27 0.8121 0.6076 1.0855 0.1598 0.9764
IL-4RA 0.8466 0.6244 1.1480 0.2839 0.9764

ITGB1BP2 1.1340 0.8511 1.5097 0.3913 0.9764
KIM1 1.2410 0.9012 1.7097 0.1857 0.9764
LEP 0.8124 0.5071 1.3013 0.3874 0.9764

ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline)

Model 2 a

Protein
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ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline) (Continued)

Model 2 a

Protein
LOX1 0.8714 0.6109 1.2429 0.4472 0.9764
LPL 0.7242 0.5073 1.0340 0.0757 0.9764

MARCO 1.1530 0.8332 1.5948 0.3907 0.9764
MERTK 0.8188 0.6343 1.0570 0.1249 0.9764
MMP12 1.1090 0.8458 1.4549 0.4535 0.9764
MMP7 1.1220 0.8682 1.4510 0.3783 0.9764
NEMO 1.0530 0.7954 1.3939 0.7183 0.9894
PAR1 1.1440 0.8846 1.4795 0.3051 0.9764

PARP1 0.9601 0.7146 1.2901 0.7872 0.9894
PDGFB 0.9195 0.6632 1.2749 0.6148 0.9785
PDL2 0.9911 0.7164 1.3710 0.9567 0.9991
PGF 0.8890 0.6553 1.2061 0.4497 0.9764

PLGR 1.0300 0.7532 1.4080 0.8540 0.9894
PRELP 0.8977 0.5757 1.3998 0.6341 0.9785
PRSS27 0.9760 0.7234 1.3168 0.8737 0.9894
PRSS8 1.0370 0.7578 1.4199 0.8192 0.9894
PSGL1 1.1590 0.8240 1.6290 0.3973 0.9764
PTX3 0.9523 0.7045 1.2874 0.7509 0.9894
RAGE 0.7946 0.5706 1.1064 0.1734 0.9764
REN 1.3280 0.9929 1.7755 0.0559 0.9764
SCF 1.0250 0.7205 1.4583 0.8906 0.9894

SERPINA12 1.1030 0.8612 1.4123 0.4378 0.9764
SOD2 1.2010 0.8762 1.6455 0.2550 0.9764

SORT1 1.0930 0.8158 1.4634 0.5524 0.9785
SPON2 0.9250 0.6970 1.2275 0.5890 0.9785

SRC 1.1710 0.8432 1.6270 0.3457 0.9764
STK4 1.1490 0.8306 1.5889 0.4018 0.9764

TF 0.8593 0.6303 1.1716 0.3378 0.9764
TGM2 0.9525 0.7546 1.2024 0.6823 0.9785
THBS2 1.0920 0.7329 1.6275 0.6649 0.9785
THPO 1.0450 0.7590 1.4387 0.7873 0.9894
TIE2 0.9259 0.7082 1.2106 0.5738 0.9785
TM 0.8647 0.6434 1.1620 0.3349 0.9764

TNFRSF10A 0.9813 0.6383 1.5086 0.9314 0.9954
TNFRSF11A 0.9646 0.7420 1.2539 0.7876 0.9894
TNFRSF13B 1.0240 0.7879 1.3298 0.8613 0.9894

TRAILR2 0.9520 0.6398 1.4164 0.8083 0.9894
VEGFD 0.7879 0.6026 1.0302 0.0814 0.9764
VSIG2 1.2480 0.9407 1.6550 0.1245 0.9764
XCL1 0.9604 0.7138 1.2922 0.7897 0.9894
4EBP1 1.1040 0.8115 1.5012 0.5295 0.9785
ADA 0.9585 0.7056 1.3021 0.7863 0.9894

AXIN1 1.0340 0.7897 1.3538 0.8082 0.9894
CASP8 1.1220 0.8282 1.5206 0.4568 0.9764
CCL11 1.0380 0.7888 1.3646 0.7923 0.9894
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ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline) (Continued)

Model 2 a

Protein
CCL19 0.8502 0.6081 1.1885 0.3422 0.9764
CCL20 0.8785 0.6363 1.2130 0.4313 0.9764
CCL23 1.0430 0.7952 1.3673 0.7624 0.9894
CCL25 1.0510 0.8152 1.3547 0.7015 0.9846
CCL28 1.0640 0.8360 1.3552 0.6127 0.9785
CCL3 1.1940 0.9625 1.4812 0.1068 0.9764
CCL4 1.3150 1.0615 1.6280 0.0122 0.9764
CD244 0.9735 0.7423 1.2767 0.8461 0.9894
CD40 1.1090 0.8350 1.4731 0.4746 0.9764
CD5 0.8611 0.6332 1.1710 0.3404 0.9764
CD6 0.9383 0.7064 1.2464 0.6604 0.9785
CD8A 1.2350 0.9376 1.6265 0.1333 0.9764

CDCP1 1.1130 0.8535 1.4519 0.4287 0.9764
CSF1 0.9884 0.7448 1.3117 0.9356 0.9954
CST5 1.0900 0.8088 1.4679 0.5725 0.9785

CX3CL1 0.7600 0.5819 0.9925 0.0439 0.9764
CXCL1 1.1260 0.8157 1.5545 0.4706 0.9764
CXCL10 0.9476 0.7706 1.1653 0.6100 0.9785
CXCL11 1.2150 0.8501 1.7353 0.2857 0.9764
CXCL5 0.9778 0.7073 1.3516 0.8918 0.9894
CXCL6 1.0340 0.7570 1.4124 0.8334 0.9894
CXCL9 1.0140 0.8079 1.2721 0.9062 0.9896
DNER 1.1410 0.8527 1.5279 0.3739 0.9764

ENRAGE 0.8825 0.5965 1.3055 0.5315 0.9785
FGF19 1.0110 0.7781 1.3142 0.9332 0.9954
FGF21 1.1520 0.8581 1.5473 0.3461 0.9764
FLT3L 0.8983 0.7099 1.1366 0.3716 0.9764
HGF 1.0240 0.7282 1.4392 0.8927 0.9894

IFN-gamma 1.0090 0.7216 1.4112 0.9575 0.9991
IL-10 1.2020 0.9773 1.4785 0.0814 0.9764

IL-10RB 0.9667 0.7114 1.3137 0.8287 0.9894
IL-12B 1.2130 0.9002 1.6347 0.2044 0.9764

IL-15RA 0.9394 0.6940 1.2715 0.6855 0.9785
IL-18R1 1.1930 0.8788 1.6209 0.2574 0.9764

IL-6 1.1010 0.8880 1.3641 0.3814 0.9764
IL-7 1.0880 0.8045 1.4721 0.5833 0.9785
IL-8 0.9508 0.6968 1.2974 0.7506 0.9894

LAP TGF-beta-1 1.0650 0.8033 1.4113 0.6625 0.9785
LIF-R 1.0460 0.7666 1.4260 0.7785 0.9894
MCP1 1.0050 0.7485 1.3499 0.9726 0.9991
MCP2 0.9993 0.7860 1.2705 0.9956 0.9991
MCP3 1.1530 0.9109 1.4585 0.2369 0.9764
MCP4 0.9463 0.6691 1.3385 0.7552 0.9894
MMP1 1.1100 0.8419 1.4634 0.4596 0.9764

MMP10 1.2580 0.9372 1.6891 0.1263 0.9764
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ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline) (Continued)

Model 2 a

Protein
NT3 0.9910 0.7563 1.2986 0.9476 0.9991
OPG 1.0040 0.7334 1.3740 0.9810 0.9991
OSM 0.9486 0.6500 1.3844 0.7845 0.9894
PDL1 0.8675 0.6113 1.2310 0.4260 0.9764
SIRT2 1.1240 0.8228 1.5365 0.4619 0.9764

ST1A1 1.0680 0.8060 1.4156 0.6463 0.9785
STAMBP 1.0630 0.7975 1.4177 0.6759 0.9785
TGF-alpha 1.1230 0.8843 1.4271 0.3406 0.9764

TNF 1.0150 0.8187 1.2575 0.8942 0.9894
TNFB 1.0290 0.7308 1.4487 0.8700 0.9894

TNFRSF9 1.0880 0.8673 1.3641 0.4670 0.9764
TNFSF14 1.0220 0.7512 1.3899 0.8906 0.9894

TRAIL 1.2850 0.9380 1.7610 0.1184 0.9764
TRANCE 1.1410 0.8294 1.5703 0.4174 0.9764
TWEAK 0.8939 0.6197 1.2893 0.5483 0.9785

uPA 1.0160 0.7719 1.3377 0.9089 0.9896
VEGFA 1.1460 0.8212 1.5987 0.4233 0.9764
ALCAM 0.8596 0.6565 1.1254 0.2711 0.9764

APN 1.1790 0.9270 1.4985 0.1798 0.9764
AXL 1.0210 0.7974 1.3084 0.8666 0.9894

CASP3 1.1170 0.8364 1.4906 0.4544 0.9764
CCL15 1.2000 0.9003 1.5986 0.2140 0.9764
CCL16 1.0760 0.7958 1.4549 0.6339 0.9785
CCL24 0.9262 0.7398 1.1594 0.5033 0.9785
CD163 1.2790 0.9646 1.6957 0.0873 0.9764
CD93 0.7400 0.5588 0.9800 0.0356 0.9764
CDH5 0.8154 0.6084 1.0927 0.1718 0.9764

CHI3L1 0.9254 0.6634 1.2909 0.6480 0.9785
CHIT1 0.7423 0.5961 0.9244 0.0078 0.9764
CNTN1 0.8824 0.6647 1.1714 0.3868 0.9764
COL1A1 0.9614 0.7458 1.2393 0.7610 0.9894

CPA1 0.8476 0.6407 1.1214 0.2470 0.9764
CPB1 0.8708 0.6418 1.1817 0.3745 0.9764
CSTB 1.0410 0.7306 1.4820 0.8256 0.9894
CTSZ 0.8484 0.5997 1.2002 0.3528 0.9764

CXCL16 0.9127 0.7084 1.1759 0.4798 0.9764
DLK1 0.7592 0.5401 1.0670 0.1126 0.9764
EGFR 0.8788 0.6722 1.1488 0.3445 0.9764

EpCAM 0.9382 0.6986 1.2599 0.6714 0.9785
EPHB4 0.7636 0.5980 0.9750 0.0306 0.9764
FABP4 0.9253 0.6016 1.4233 0.7239 0.9894

FAS 1.1420 0.8816 1.4796 0.3144 0.9764
Gal4 1.1440 0.8004 1.6342 0.4609 0.9764

GDF15 0.9971 0.7565 1.3143 0.9838 0.9991
GP6 1.1370 0.8322 1.5529 0.4203 0.9764
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ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline)(Continued)

Model 2 a

Protein
GRN 0.9149 0.6793 1.2323 0.5585 0.9785

ICAM2 0.8895 0.7015 1.1279 0.3337 0.9764
IGFBP1 0.8600 0.6170 1.1987 0.3733 0.9764
IGFBP2 0.8544 0.6662 1.0959 0.2154 0.9764
IGFBP7 0.9593 0.7416 1.2410 0.7518 0.9894
IL-17RA 1.1190 0.8347 1.5001 0.4522 0.9764
IL-18BP 0.8489 0.6793 1.0609 0.1498 0.9764
IL-1RT1 0.8562 0.6626 1.1063 0.2350 0.9764
IL-1RT2 1.1050 0.8372 1.4573 0.4819 0.9764
IL-2RA 0.8793 0.6909 1.1191 0.2958 0.9764
IL-6RA 1.1140 0.8612 1.4414 0.4108 0.9764
ITGB2 1.1100 0.8315 1.4830 0.4777 0.9764
JAMA 1.1260 0.8511 1.4892 0.4063 0.9764
KLK6 0.7949 0.5893 1.0722 0.1328 0.9764

LDL_RC 0.8276 0.6160 1.1117 0.2089 0.9764
LTBR 0.8682 0.6084 1.2388 0.4359 0.9764
MB 0.8890 0.6323 1.2500 0.4986 0.9785

MEPE 0.9497 0.7438 1.2125 0.6787 0.9785
MMP2 0.8276 0.6474 1.0581 0.1312 0.9764
MMP3 0.7406 0.5127 1.0699 0.1096 0.9764
MMP9 0.9360 0.6853 1.2785 0.6778 0.9785
MPO 1.1070 0.7946 1.5417 0.5483 0.9785

Notch3 0.8338 0.6210 1.1194 0.2265 0.9764
NT-proBNP 1.1400 0.8532 1.5224 0.3762 0.9764

OPN 0.9367 0.7205 1.2177 0.6253 0.9785
PAI 1.1410 0.8659 1.5029 0.3490 0.9764

PCSK9 0.9075 0.6700 1.2292 0.5306 0.9785
PDGFA 0.9854 0.7152 1.3577 0.9284 0.9954

PECAM1 1.1080 0.8380 1.4649 0.4718 0.9764
PGLYRP1 0.8132 0.5740 1.1520 0.2446 0.9764

PLC 0.8945 0.6819 1.1734 0.4207 0.9764
PON3 0.8881 0.6594 1.1961 0.4347 0.9764
PSPD 0.8840 0.6714 1.1640 0.3799 0.9764

RARRES2 1.2060 0.9505 1.5308 0.1230 0.9764
RETN 0.8960 0.5996 1.3389 0.5920 0.9785

SCGB3A2 0.8464 0.6552 1.0935 0.2019 0.9764
SELE 0.9339 0.6733 1.2955 0.6822 0.9785
SELP 1.1460 0.8563 1.5333 0.3596 0.9764

SHPS1 0.9335 0.7110 1.2257 0.6204 0.9785
ST2 1.1790 0.8637 1.6097 0.2996 0.9764
TFPI 0.8624 0.6436 1.1555 0.3213 0.9764

TIMP4 0.9889 0.7166 1.3647 0.9457 0.9991
TLT2 1.0030 0.7419 1.3559 0.9848 0.9991

TNFR1 0.8345 0.6093 1.1429 0.2595 0.9764
TNFR2 0.8816 0.6761 1.1495 0.3519 0.9764
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ESM Table 5 Sensitivity analysis: longitudinal association between single protein biomarkers and
incident type 2 diabetes (among normoglycaemic individuals at baseline)(Continued)

Model 2 a

Protein
TNFRSF10C 0.8495 0.6457 1.1177 0.2439 0.9764
TNFRSF14 1.0180 0.7694 1.3461 0.9021 0.9896
TNFSF13B 1.0670 0.8340 1.3658 0.6049 0.9785

tPA 1.2810 0.9972 1.6463 0.0526 0.9764
TR 0.9030 0.7003 1.1644 0.4315 0.9764

TR-AP 1.2180 0.9331 1.5898 0.1469 0.9764
UPAR 1.0390 0.7763 1.3894 0.7990 0.9894
vWF 1.1300 0.8789 1.4536 0.3399 0.9764

a calculated using interval-censored cox regression analysis. Effect estimates have been calculated per 1
SD increase in normalized protein expression values on a log2 scale.
 Model 2: adjusted for variables in model 1+ parental history of diabetes, systolic blood pressure, BMI,
HDL-cholesterol, triglycerides, waist circumference
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Rank Protein names Selected times
1 IGFBP2 847
2 IL-18 625
3 IL-17D 585
4 CD93 564
5 VSIG2 468
6 IL-1RT2 426
7 LPL 362
8 CDCP1 338
9 VEGFD 318

10 PON3 298
11 CCL4 281
12 TR-AP 279
13 Notch3 226
14 FGF21 212
15 TPA 197
16 IL-18R1 197
17 SCF 179
18 EPHB4 166
19 MMP2 149
20 TWEAK 124
21 HAOX1 123
22 ACE2 98

ESM Table 13 Selection frequency for the incident type 2
diabetes nominally associated 22 proteins over 1000
selection rounds

ESM Table 13 Page 32
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Abstract
Background Coronary heart disease (CHD) is a major global health concern, especially among individuals with type 
2 diabetes (T2D). Given the crucial role of proteins in various biological processes, this study aimed to elucidate the 
aetiological role and predictive performance of protein biomarkers on incident CHD in individuals with and without 
T2D.

Methods The discovery cohort included 1492 participants from the Cooperative Health Research in the Region of 
Augsburg (KORA) S4 study with 147 incident CHD cases (45 vs. 102 cases in the group with T2D and without T2D, 
respectively) during 15.6 years of follow-up. The validation cohort included 888 participants from the KORA-Age1 
study with 70 incident CHD cases (19 vs. 51 cases in the group with T2D and without T2D, respectively) during 6.9 
years of follow-up. We measured 233 plasma proteins related to cardiovascular disease and inflammation using 
proximity extension assay technology. Associations of proteins with incident CHD were assessed using Cox regression 
and Mendelian randomization (MR) analysis. Predictive models were developed using priority-Lasso and were 
evaluated on top of Framingham risk score variables using the C-index, category-free net reclassification index (cfNRI), 
and relative integrated discrimination improvement (IDI).

Results We identified two proteins associated with incident CHD in individuals with and 29 in those without baseline 
T2D, respectively. Six of these proteins are novel candidates for incident CHD. MR suggested a potential causal role 
for hepatocyte growth factor in CHD development. The developed four-protein-enriched model for individuals with 
baseline T2D (ΔC-index: 0.017; cfNRI: 0.253; IDI: 0.051) and the 12-protein-enriched model for individuals without 
baseline T2D (ΔC-index: 0.054; cfNRI: 0.462; IDI: 0.024) consistently improved CHD prediction in the discovery cohort, 

Association of plasma proteomics 
with incident coronary heart disease 
in individuals with and without type 2 
diabetes: results from the population-based 
KORA study
Hong Luo1,2, Marie-Theres Huemer1, Agnese Petrera3, Stefanie M. Hauck3,4, Wolfgang Rathmann5,6, 
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Background
Globally, coronary heart disease (CHD) is the lead-
ing cause of morbidity and mortality, particularly in 
Europe, where it accounts for nearly half of all deaths [1]. 
Although CHD incidence has declined in many coun-
tries in recent years, it continues to be a significant public 
health challenge. Type 2 diabetes (T2D) has been linked 
to an early onset of CHD and in middle-aged adults the 
risk of developing CHD is 2–4 times greater in persons 
with T2D than in those without T2D [2]. Moreover, 
established classical risk factors for CHD such as blood 
pressure, serum cholesterol, and smoking are more 
strongly associated with CHD in persons with diabetes 
than in those without [3, 4]. Thus, for the effective pre-
vention and management of incident CHD, it is crucial 
to understand the underlying mechanisms leading to 
CHD in persons with and without diabetes in the general 
population.

Advanced proteomics methods such as proximity 
extension assay (PEA) technology allow the simultaneous 
measurement of hundreds and even thousands of protein 
biomarkers [5], which can contribute to the elucidation 
of unknown biochemical activities and pathways related 
to disease development and progression. Although sev-
eral proteomics studies have been conducted for inci-
dent CHD [6–10], only a few biomarkers are considered 
as reliable predictors in clinical practice and treatment 
guidelines [1, 11] and studies stratifying by diabetes sta-
tus are lacking. As our and other studies have previously 
shown, prevalent T2D is strongly associated with vari-
ous protein biomarkers [12–16]. Furthermore, Elhadad et 
al. conducted a bidirectional Mendelian randomization 
(MR) analysis, providing further evidence regarding the 
influence of T2D on protein levels [13]. Thus, it seems 
likely that protein–CHD associations could be affected 
by diabetes status.

Hence, the present study, conducted in the Cooperative 
Health Research in the Region of Augsburg (KORA) S4 
cohort with a 16-year follow-up, explored the potential 
associations between protein biomarkers and incident 
CHD separately in individuals with and without T2D. 
This endeavor aimed to identify both unique and shared 
pathophysiological pathways and biomarkers potentially 
involved in the development of CHD in different diabetes 
states. In addition, we performed MR analysis to further 

elucidate possible causal effects of the identified biomark-
ers on incident CHD. Lastly, we evaluated if the identified 
protein biomarkers improved the predictive performance 
of incident CHD on top of traditional risk factors for 
CHD [17]. Our findings were subsequently validated in 
the prospective KORA-Age1 cohort study among older 
participants from the general population followed for up 
to 7.6 years.

Methods
Study population
The discovery sample was derived from the population-
based KORA S4 cohort study comprising 4261 partici-
pants at baseline (1999 to 2001) [18]. The present analysis 
was confined to individuals aged 55–74 years due to the 
availability of proteomics data, resulting in a sample of 
1653 participants who were followed for a median dura-
tion of 15.6 years. After exclusion of participants with 
missing proteomics data and those with non-T2D (type 
1 diabetes and drug-induced diabetes), unclear diabetes 
status, missing covariables of the main model in the asso-
ciation analysis, prevalent CHD, and those lost to follow-
up, a total of 1492 participants remained for analysis (see 
Supplementary Fig.  1, Additional file 1). Prevalent T2D 
comprised persons with self-reported and subsequently 
validated clinically diagnosed T2D and persons with 
newly diagnosed T2D based on an oral glucose tolerance 
test (OGTT) using the WHO criteria [19] or baseline gly-
cated hemoglobin (HbA1c) levels ≥ 6.5%. Self-reported 
T2D was confirmed through questionnaires sent to treat-
ing physicians or through medical record reviews. Partic-
ipants were classified as having clinically diagnosed T2D 
only if the treating physician reported a diagnosis of T2D, 
if T2D was documented in the medical records, or if the 
participants reported taking antidiabetic medication. 
Finally, the discovery study comprised 228 participants 
with T2D and 1264 participants without T2D.

For validation, data from the KORA-Age1 study was 
used. This study includes all participants of the four 
cross-sectional Monitoring of Trends and Determinants 
in Cardiovascular Disease (MONICA) Augsburg / KORA 
surveys conducted in 1984/85 (Survey S1), 1989/90 (Sur-
vey S2), 1994/95 (Survey S3), and 1999/2001 (Survey S4), 
who were born in 1943 or earlier, comprising 9197 partic-
ipants [20]. Out of these, a sex- and age-stratified random 

while in the validation cohort, significant improvements were only observed for selected performance measures (with 
T2D: cfNRI: 0.633; without T2D: ΔC-index: 0.038; cfNRI: 0.465).

Conclusions This study identified novel protein biomarkers associated with incident CHD in individuals with and 
without T2D and reaffirmed previously reported protein candidates. These findings enhance our understanding of 
CHD pathophysiology and provide potential targets for prevention and treatment.

Keywords Proteomics, Coronary heart disease, Type 2 diabetes, Cohort study, Mendelian randomization
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sample of 1079 individuals was extensively examined in 
2009 including the collection of blood samples. In the 
present analysis, data from these participants were used 
for the validation of the results of the KORA S4 study. 
After exclusions (see Supplementary Fig.  1, Additional 
file 1), 888 participants aged 65–93 years who were fol-
lowed for a median duration of 6.9 years remained for 
analysis. In the validation study, prevalent T2D was 
defined based on self-report with subsequent validation 
as described above, and baseline HbA1c levels ≥ 6.5% 
only, since no OGTT was conducted in the KORA-Age1 
study. Finally, the validation study included 165 partici-
pants with T2D and 723 participants without T2D. Out 
of the 888 participants of KORA-Age1, 206 participants 
are also part of the KORA S4 discovery sample, since 
the S4 participants falling into the respective age range 
were also invited to be part of KORA-Age1 at a later time 
point as described above.

Proteomics measurements
At the baseline examinations, venous blood samples were 
collected while sitting. Plasma samples were stored in 
liquid nitrogen at − 196  °C until proteomics analysis in 
2019–2020 for KORA S4 and in 2023 for KORA-Age1.

The PEA technology by Olink® (Olink Proteomics, 
Uppsala, Sweden) was used to measure 276 EDTA 
plasma proteins related to cardiovascular diseases (CVD) 
and inflammation (CVD-II, CVD-III, and Inflammation 
panels) in both KORA S4 and KORA-Age1. Detailed 
measurement procedures were previously outlined [21]. 
Log2-normalized protein expression values were pro-
vided and were normalized by their respective standard 
deviations within the complete dataset before apply-
ing exclusions. Consistent quality control criteria were 
applied to both the KORA S4 and KORA-Age1 pro-
teomics data. Proteins with over 25% of values below the 
limit of detection (LOD) were excluded, and proteins 
measured in duplicate were resolved by retaining the 
duplicate with fewer LOD values and a lower inter-assay 
coefficient of variation. Additionally, proteins with miss-
ing values were excluded. In the KORA S4 cohort, a total 
of 233 protein biomarkers were finally included. 76 iden-
tified biomarkers associated with incident CHD in the 
KORA S4 dataset were relevant for the KORA-Age1 vali-
dation analysis, and 75 of these biomarkers were included 
after quality control.

Outcomes
The combined outcome of CHD encompassed nonfatal 
myocardial infarction (MI), coronary death, and sudden 
death, as classified by the International Classification of 
Disease 9th Revision (410–414 and 798). Until Decem-
ber 2000, the diagnosis of major nonfatal MI was based 
on the MONICA study algorithm, which considered 

factors such as symptoms, cardiac enzyme levels (includ-
ing creatine kinase, aspartate aminotransferase, and lac-
tate dehydrogenase), 12-lead electrocardiograms (ECGs), 
autopsy results, and history of CHD in fatal cases [22]. 
From January 2001 onwards, the criteria for diagnosing 
MI followed the guidelines established by the European 
Society of Cardiology and the American College of Car-
diology [23].

Cases of incident CHD were identified through the 
KORA Augsburg MI registry, which systematically 
tracked all fatal and nonfatal MI, in or out of hospital, 
among residents within the study region aged 25 to 84 
years from 2009 onwards [24]. Additionally, regular fol-
low-up questionnaires were administered to the partici-
pants. Self-reported incident cases occurring outside the 
study area and those with self‐reported date of diagnosis 
falling out of the age range that was covered by the MI 
registry were further validated using hospital records or 
by contacting the treating physician. Validation for all 
coronary deaths was performed through autopsy reports, 
death certificates, chart reviews or information from the 
last treating physician. During the study period, KORA 
S4 study participants underwent two follow-up examina-
tions in 2006–2008 and 2013–2014, which included self-
reported information on health status. To further enrich 
the dataset, postal questionnaires soliciting self-reported 
health details were dispatched to S4 participants in 
2008–2009 and 2016. In contrast, KORA-Age1 partici-
pants experienced a singular follow-up examination in 
2012 and received postal questionnaires in 2016.

Baseline measurements / covariates
All participants underwent standard physical and medi-
cal examinations at KORA S4 and KORA-Age1 [20, 
25]. Trained medical staff conducted interviews to col-
lect information on age, sex, education, smoking habits, 
alcohol consumption, physical activity, and medical his-
tory. Educational attainment was recorded as completed 
years of schooling. Smoking status was categorized as 
either current smoker or non-smoker (including never 
and former smokers). Alcohol intake was categorized 
into three groups: no consumption (0  g/day), moderate 
consumption (men: 0.1–39.9  g/day, women: 0.1–19.9  g/
day), and high consumption (men: ≥40  g/day, women: 
≥20 g/day), based on their self-reported consumption of 
beer, wine, and liquor on two weekdays and the weekend. 
Physical activity was assessed as either active or inactive, 
factoring in the frequency and duration of weekly exer-
cise across different seasons. Medication usage, such as 
antihypertensive and lipid-lowering drugs, was defined 
using Anatomical Therapeutic Chemical Classification 
System codes. Enzymatic methods were used to mea-
sure total cholesterol and high-density lipoprotein cho-
lesterol (HDL-cholesterol). Body mass index (BMI) was 
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calculated as weight (kg) divided by height squared (m²). 
Systolic and diastolic blood pressure were measured on 
the right arm in a sitting position following the World 
Health Organization MONICA protocol [26]. Partici-
pants without diabetes received a standard 75  g OGTT 
test in KORA S4. Their blood samples to measure diabe-
tes parameters were taken without stasis after an over-
night fast of ≥ 8 h as well as 2 h after the glucose solution 
ingestion [18].

Statistical analysis
The analysis strategy of the study is shown in Fig. 1.

Association analyses of protein biomarkers with coronary 
heart disease
Associations between each plasma protein level and time 
to incident CHD were assessed for participants with and 
without T2D at baseline using Cox proportional hazard 
regression models. The association analysis was adjusted 
for important CHD risk factors at baseline: Model 1 
(main model) was adjusted for age, sex, total choles-
terol, HDL-C, systolic blood pressure, smoking status, 
and antihypertensive medication usage. These covari-
ates, along with diabetes status, constitute the Framing-
ham Risk Score (FRS) for CHD [17]. Model 2 was further 

adjusted for additional cardiovascular-related risk factors 
including BMI, education years, physical activity, alco-
hol consumption, and lipid-lowering medication usage. 
Model 3 included fasting status as an independent vari-
able in addition to model 1. The interaction effect of dia-
betes status was examined by adding diabetes status and 
the term (protein×diabetes status) to model 1 among 
the whole KORA S4 participants. Nominally significant 
(p-value < 0.05) proteins in model 1 were validated in the 
KORA-Age1 study using the same model 1. Proteins with 
validated significance at the false discovery rate (FDR) 
lower than 0.05 (p_FDR < 0.05), calculated based on the 
number of nominally significant proteins in KORA S4 
(4 for the group with T2D and 71 for the group without 
T2D), were selected.

To assess whether death as a competing risk influenced 
the validated associations, we performed a sensitiv-
ity analysis using the Fine-Gray subdistribution hazard 
model to estimate the CHD incidence over time in the 
presence of death as a competing risk. In another sensi-
tivity analysis, we excluded the overlapping participants, 
who participated in both the KORA S4 and KORA-Age1 
study, from the KORA-Age1 analysis (n = 37 in the group 
with T2D and n = 169 in the group without T2D).

Fig. 1 Analysis strategy. CHD: coronary heart disease; C-index: concordance index; FDR: false discovery rate; IDI: integrated discrimination improvement; 
IV: instrumental variable; NRI: net reclassification index; SNP: single nucleotide polymorphism; T2D: type 2 diabetes
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Two-sample mendelian randomization analysis
A two-sample MR was applied using the published avail-
able genome-wide association study (GWAS) data of 
European ancestry to explore the potential causal links 
between biomarkers and incident CHD. For the validated 
protein biomarkers, the instrumental variables (IVs) were 
extracted from the Olink-based GWAS database, which 
included 54,219 participants from the UK biobank [27]. 
Incident CHD GWAS data were from Mbatchou J et 
al., involving 352,063 participants from the UK Biobank 
dataset (case-control ratio = 1:11) [28]. The IV selection 
involved identifying SNPs associated with proteins at 
a significance threshold of p-value < 5 × 10− 8, focusing 
on cis regions, and eliminating ambiguous palindromic 
SNPs with A/T or G/C alleles. To test the assumption 
of MR, SNP independence was verified via PhenoScan-
ner V2 database (http://www.phenoscanner.medschl.
cam.ac.uk/), and SNPs associated with traditional CHD 
risk factors were removed. The remaining SNPs were 
clumped using an r2 = 0.001 threshold to eliminate the 
linkage disequilibrium with the lead SNP. SNPs were then 
extracted as IVs from the outcome’s GWAS.

For causal assessment, the Wald ratio test was per-
formed when only one IV was available, and the inverse 
variance-weighted method was used for proteins with 
at least two IVs [29, 30]. The significant threshold was 
adjusted using the Bonferroni correction (p-value = 0.05 
divided by the number of tested proteins). Sensitivity 
analyses evaluated instrument heterogeneity and direc-
tional horizontal pleiotropy using Cochran’s Q test and 
MR-Egger regression.

Network analysis and enrichment analysis
To elucidate potential connections and mechanisms of 
the selected proteins, we annotated the above validated 
two proteins in the group with T2D and 29 proteins in 
the group without T2D, respectively, using the STRING 
database version 12.0 (https://string-db.org/). Based on 
the built network of identified proteins, enrichment anal-
ysis was performed to detect pathways linked to CHD 
based on the Reactome pathway knowledgebase [31]. 
Given the limited pool of identified proteins (n = 2) in the 
group with T2D, the enrichment analysis was performed 
only for the 29 proteins identified in the group without 
T2D.

Prediction of incident coronary heart disease
KORA S4 served as the discovery dataset, while KORA-
Age1 was used as the validation dataset in the predic-
tion analysis. The components of the FRS (model 1 in the 
association analyses) were used as the basic model for 
CHD prediction.

To enhance the accuracy and effectiveness of con-
structing a predictive model, only the protein biomarkers 

significantly associated with incident CHD in the discov-
ery analysis were included in the predictor selection for 
the extended model (basic model + protein biomarkers) 
using the priority-Lasso which is a least absolute shrink-
age and selection operator (LASSO)-based intuitive 
analysis strategy and constructs a prediction model for a 
clinical outcome by defining the blocks of different types 
of predictor variables [32]. There were five and 72 pro-
teins selected for participants with T2D and without T2D 
in KORA S4, respectively, of which one in both groups 
(melusin [ITGB1BP2]) failed quality control in KORA-
Age1 and was therefore excluded from further analyses. 
The penalization parameter λ was determined by five-
fold cross-validation with Cox regression design. In the 
discovery dataset, we fixed the seven FRS variables as 
block 1 to prevent any shrinkage by priority-Lasso, while 
the identified proteins (4 / 71 proteins) were incorpo-
rated as block 2 for their respective T2D status groups. 
The performance of the priority-Lasso protein-extended 
model was compared to the basic model in both the 
KORA S4 dataset and the KORA-Age1 dataset. The per-
formance of the basic and extended model was evaluated 
through three measures: (1) Harrel’s concordance index 
(C-index) for the basic model, the protein-extended 
model, and their difference (ΔC‐index = C‐index extended 
- C‐index basic) [33]; (2) the category-free net reclas-
sification index for all participants combined (cfNRI), 
for incident CHD cases (cfNRIcases), and for non-CHD 
controls (cfNRIcontrols) [34]; (3) the absolute integrated 
discrimination improvement (IDI) [35]. All effect esti-
mates were calculated as the arithmetic mean of these 
measures using five-fold cross-validation. Their corre-
sponding confidence intervals were calculated using 100x 
bootstrapping.

The R version 4.3 (https://www.r-project.org/) was 
used for all analyses.

Results
Baseline characteristics of the study participants
Table  1 presents the characteristics of the study par-
ticipants at baseline. In the KORA S4 study, 45 and 102 
participants had incident CHD in the group with and 
without T2D at baseline (15.5 vs. 5.6 per 1000 person-
years), respectively. In the KORA-Age1 study, 19 and 51 
participants had incident CHD in the group with and 
without T2D at baseline (18.7 vs. 10.7 per 1000 person-
years), respectively.

Associations of protein biomarkers with coronary heart 
disease
In the KORA S4 study, five protein biomarkers showed 
nominally significant associations with incident CHD 
in the group with T2D, whereas a total of 72 biomark-
ers were significant in the group without T2D in model 
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1 (see Supplementary Table 1, Additional file 2). ITG-
B1BP2 failed the quality control in KORA-Age1 and 
was consequently excluded from the validation study. Of 
the remaining 4 and 71 biomarkers, two and 29 protein 

biomarkers, respectively, were successfully validated in 
the KORA-Age1 dataset after correction for multiple 
testing (see Fig.  2 and Supplementary Table 2, Addi-
tional file 2). The correlations between these 31 validated 

Fig. 2 Association of 233 proteins with incident coronary heart disease in individuals (a) with type 2 diabetes (T2D), and (b) without T2D at baseline. 
Hazard ratios have been calculated per 1 SD increase in normalized protein expression values on a log2 scale. Effect estimates and p-values were derived 
from Cox regression analysis adjusted for age, sex, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, antihypertensive medi-
cation use, and current smoking (Model 1). The red triangles represent the validated proteins in the validation study, identified using the false discovery 
rate (p_FDR < 0.05). The black dots represent significant proteins at the uncorrected level (p < 0.05) in the discovery study which were not replicated in the 
validation study. (c) Forest plot of validated proteins in KORA S4 and KORA-Age1 cohorts stratified by T2D status
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protein biomarkers are illustrated in Supplementary 
Fig. 2, Additional file 1. Notably, there was no overlap in 
significant proteins between the two distinct diabetes sta-
tus groups in the validation study.

After further adjusting for other lifestyle factors in 
model 2, five of the validated proteins (osteoclast-associ-
ated immunoglobulin-like receptor [HOSCAR], placenta 
growth factor [PGF], thrombospondin-2 [THBS2], ST2 
protein, and tumor necrosis factor receptor 1 [TNF-R1]) 
lost significance in the group without T2D. After further 
accounting for baseline fasting status in model 3, all asso-
ciations from model 1 remained significant (see Supple-
mentary Table 1, Additional file 2). In the KORA S4 study 
population which was used as the discovery study, 51 
proteins showed significant interactions with T2D sta-
tus supporting our hypothesis that associations of pro-
teins with CHD may be modified by the presence of T2D. 
Eight out of the 33 validated proteins displayed a signifi-
cant interaction effect with diabetes status in the discov-
ery study (see Supplementary Table 1, Additional file 2), 
but none of these interaction effects were validated in the 
KORA-Age1 study.

Considering death as a competing risk, two of the vali-
dated proteins (tumor necrosis factor receptor superfam-
ily member 9 [TNFRSF9], and fatty acid-binding protein 
4 [FABP4]) were no longer significantly associated with 
incident CHD in both cohorts in those without T2D (see 
Supplementary Table 3, Additional file 2). After exclud-
ing overlapping KORA S4 participants from the KORA-
Age1 sample, eight proteins (C-X-C motif chemokine 9 
[CXCL9], interleukin-2 receptor subunit alpha [IL-2RA], 
follistatin [FS], matrix metalloproteinase-12 [MMP-12], 
hepatocyte growth factor [HGF], oncostatin-M [OSM], 
TNFRSF9, and scavenger receptor cysteine-rich type 1 
protein M130 [CD163]) lost significance after multiple 
testing regarding their association with incident CHD 
(see Supplementary Table 4, Additional file 2).

Causal effects of validated proteins on coronary heart 
disease
Cis-acting genetic IVs were identified for 29 validated 
CHD-associated proteins from previous GWAS data and 
their potential causal effects were assessed (see Fig.  3 
and Supplementary Table 5, Additional file 2). Two pro-
teins (eukaryotic translation initiation factor 4E-binding 

Fig. 3 Mendelian Randomization analysis results of the validated proteins as exposure and coronary heart disease as outcome.* The protein remained 
significant after correction for multiple testing using the Bonferroni method (psignificant = 0.05/29 = 0.00172)
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protein 1 [4E-BP1] and CD163) lacked qualified IVs. 
HGF was the only protein with a statistically significant 
causal effect on CHD after correction for multiple test-
ing (Wald ratio, b = 0.3422; p-value = 0.0004), while PGF 
lost significance following correction for multiple testing 
(Wald ratio, b = 0.1607; p-value = 0.0068).

Network and related pathways of identified proteins
To unravel biological insights, network analysis and path-
way analysis were performed on the 29 validated pro-
teins in the group without T2D at baseline. The following 
Reactome pathways (number of involved proteins) were 
overrepresented in the protein biomarker set: immune 
system (n = 15), cytokine signaling in immune system 
(n = 11), signaling by interleukins (n = 8), and TNFR2 
non-canonical NF-kB pathway (n = 4) and PI5P, PP2A 
and IER3 regulate PI3K/AKT signaling (n = 4). The result-
ing protein-protein interaction network is visualized in 
Fig. 4. TNF-R1 was involved in the top four pathways and 
emerged as a central player within the network.

Prediction of incident coronary heart disease
In the group with T2D, the four identified proteins 
(carboxypeptidase A1 [CPA1], IL-2RA, CXCL9, and 
neurotrophin-3 [NT-3]) were all selected by priority-
Lasso on top of the basic model. While the basic model 
yielded a C-index of 0.693 (95% CI = 0.563–0.774), the 
protein-extended model showed improved predictive 
performances with ΔC-index of 0.017 (95% CI = 0.006–
0.145), cfNRI of 0.253 (95% CI = 0.024–0.497) and IDI 
of 0.051 (95% CI = 0.014–0.124) in the KORA S4 sam-
ple. In the KORA-Age1 sample, the protein-extended 
model improved only the cfNRI with a value of 0.633 
(95% CI = 0.139–1.075) which was mainly driven by an 
increased cfNRIcontrols (0.506, 95% CI = 0.288–0.796).

In the group without T2D, 12 proteins (CD163, epi-
thelial cell adhesion molecule [Ep-CAM], osteopon-
tin [OPN], TNF-R1, kidney injury molecule 1 [KIM1], 
proheparin-binding EGF-like growth factor [HB-EGF], 
MMP-12, protein-glutamine gamma-glutamyltransferase 
2 [TGM2], vascular endothelial growth factor A [VEGF-
A], interleukin-6 [IL-6], IL-10, and protein S100-A12 
[EN-RAGE]) were selected alongside the basic FRS vari-
ables in the priority-Lasso analysis. The basic model 
yielded a C-index of 0.700 (95% CI = 0.657–0.760) in the 
KORA S4 sample and 0.683 (95% CI = 0.564–0.769) in the 
KORA-Age1 sample, respectively. This augmented model 
led to improved predictive performances in both the 
KORA S4 and KORA-Age1 datasets, yielding enhanced 
ΔC-index (0.038, 95% CI = 0.024–0.133) and over-
all cfNRI (0.465, 95% CI = 0.027–0.741) in the KORA-
Age1 sample which was mainly driven by an increased 
cfNRIcontrols (0.380, 95% CI = 0.273–0.533) as depicted in 
Table 2. The estimates of the extended model for incident 

CHD in KORA S4 are presented in Supplementary Tables 
6–7, Additional file 2.

In the sensitivity analysis excluding 206 overlapping 
participants from the KORA-Age1 sample, prediction 
results were very similar. In the group with T2D, the 
established model showed improved predictive perfor-
mances based on cfNRI (0.522 [95% CI = 0.363–0.925]) 
which was mainly driven by the cfNRIcontrols (0.488 [95% 
CI = 0.329–0.625]), while in the group without T2D, an 
enhanced ΔC-index of 0.048 (95% CI = 0.029–0.130) and 
an overall cfNRI of 0.262 (95% CI = 0.003–0.760) were 
observed (see Supplementary Table 8, Additional file 2).

Discussion
We conducted a longitudinal analysis to investigate the 
proteomic profile of incident CHD among individuals 
with different baseline diabetes status. Only two validated 
proteins were identified for incident CHD in individu-
als with T2D, while twenty-nine validated proteins were 
identified in those without T2D, respectively. Among the 
31 proteins, six proteins (TNFRSF13B, THBS2, trans-
forming growth factor-alpha [TGF-alpha]), CXCL9, 
CXCL11, and 4E-BP1) are novel candidate biomarkers 
for CHD. Additionally, the two-sample MR approach 
provided suggestive evidence for a causal effect of HGF 
on CHD.

Novel protein biomarkers associated with CHD
Several novel incident CHD-related protein biomark-
ers identified in the present study have previously been 
demonstrated to be related to atherosclerosis and CHD 
progression. Among these, increased serum levels of 
TNFRSF13B, a TNF superfamily receptor, have been 
linked to the presence of plaque, i.e. subclinical CHD 
[36]. Furthermore, we identified THBS2 as a marker of 
incident CHD, which is a matricellular protein facilitat-
ing cell-matrix interactions, that was positively associ-
ated with both incident heart failure (HF) hospitalization 
and deterioration in diastolic function in a recent study 
[37]. TGF-alpha, which directly activates the transcrip-
tion factor NF-κB through the epidermal growth factor 
receptor pathway, was previously found to be associated 
with higher cardiovascular mortality in patients with 
chronic CHD [38].

Other novel biomarkers identified by our study include 
CXCL9 and CXCL11, which are inflammatory chemo-
kines known to induce immune cell infiltration through 
the C-X-C motif chemokine receptor 3 (CXCR3). Previ-
ous investigations have suggested the involvement of 
CXCLs and CXC receptors in distal sensorimotor poly-
neuropathy, various CVDs as well as T2D [39–41]. This 
may partly elucidate the specific role of CXCL9, par-
ticularly in individuals with baseline T2D in the con-
text of incident CHD. Furthermore, we found a positive 
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association between 4E-BP1 and incident CHD, which is 
a substrate of the mTOR-containing multiprotein com-
plex-1 (mTORC1) with the capacity to inhibit translation 
initiation. This protein has been assumed to play a crucial 
role in regulating the viability of cardiomyocytes, partic-
ularly in the context of heart failure [42]. This novel set 
of protein biomarkers presents new avenues for exploring 
potential prevention strategies and therapeutic targets 
addressing CHD.

Confirmed protein biomarkers associated with CHD
Our validated CHD-related biomarkers align with pre-
vious investigations of proteomic biomarkers using the 
same Olink panels to identify associations with incident 
CHD [6–9, 43, 44]. It is noteworthy that the aforemen-
tioned studies predominantly assessed associations of 
proteins with incident CHD in population-based sam-
ples comprising participants with and without diabe-
tes together, whereas our study stands out as the first 

Fig. 4 Protein-protein interaction network of validated coronary heart disease-associated proteins among participants without type 2 diabetes at base-
line. The edges between protein nodes represent the interaction score between the proteins from the STRING database considering all types of evidence. 
Only edges featuring interaction scores > 0.15 are displayed. The thickness of edges corresponds to the strength of data support. Node color signifies the 
Reactome pathway the protein is associated with. The 5 most enriched Reactome pathways are displayed
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to identify biomarkers specifically according to baseline 
T2D status. Growth differentiation factor-15 (GDF-15), 
a member of the transforming growth factor-β cytokine 
superfamily, is known to severely increase during oxida-
tive stress and inflammation, which suggests GDF-15 as 
a credible marker for the increased risk of incident CHD 
[6, 9]. TNF-related apoptosis inducing receptor 2, a TNF 
superfamily member, has been associated with a higher 
risk of incident MI, possibly due to its role in inflam-
mation and apoptosis [6]. One of the metalloproteases 
involved in the breakdown of collagen and elastin, MMP-
12, has also been positively associated with both incident 
MI and HF [6, 9]. Another of the identified proteins that 
plays a role in inflammation is urokinase plasminogen 
activator surface receptor, which is closely linked with 
immune and inflammatory activation and was associated 
with an increasing risk of incident MI [6]. FABP4, which 
is secreted by adipocytes, has well-documented impli-
cations for insulin resistance and atherosclerosis, con-
sistently showing elevated levels in persons developing 
incident CHD [7]. Similar results in studies on incident 
CHD and cardiovascular mortality have been reported 
for CD163, a marker involved in macrophage activation 
[7, 8]. Additionally, FS is secreted from the liver and was 
reported to be associated with a higher risk of incident 
coronary events, independently of established risk factors 
including diabetes, using PEA technology [43]. Cystatin 
B, an inhibitor of cathepsin L, was associated with an ele-
vated risk of incident CHD in the highest tertile [44].

Similar findings for incident CHD were observed 
regarding HGF, TNF-R1, PGF, EN-RAGE, and IL-2RA 

when proteins were measured using other methods, such 
as ELISAs. HGF in particular, emerges as a pivotal pro-
tein known for its effects on CVD, activating pathways 
that counteract apoptosis, inflammation, oxidation, and 
fibrosis [45]. Our MR analysis revealed a suggestive posi-
tive causal association of HGF on incident CHD in the 
general population, with a consistent directionality with 
our findings of association analysis in individuals with-
out baseline T2D. Previous study supported our observa-
tional and MR analysis findings [46]. Of note, this is the 
first study that provides suggestive evidence for a causal 
association between HGF and incident CHD. TNF-R1, a 
crucial proinflammatory cytokine mediator, was associ-
ated with an increased risk of incident CHD, especially 
in women [47]. PGF, a VEGF homologue and EN-RAGE, 
an endogenously produced inflammatory ligand, were 
associated with a higher risk of incident CHD [48, 49]. 
Moreover, serum IL-2RA, a marker of T lymphocyte acti-
vation, was significantly positively associated with inci-
dent CHD in participants with T2D in the present study. 
In line with our findings, an increased risk for incident 
CHD as well as prevalent T2D was reported in older 
adults, but the effect of IL-2RA was not specifically tested 
on incident CHD in persons with baseline T2D [50].

In line with our findings, cathepsin L1, gal-9, spon-
din-2, and TNFRSF11A measured using PEA technology 
were significantly altered in patients with prevalent CHD 
compared to participants without CHD [51]. Addition-
ally, other proteins including HB-EGF, IL-27, sortilin, 
matrix metalloproteinase-1, OSM, ST2, TNFRSF9, and 
HOSCAR were reported to show higher concentrations 

Table 2 Predictive performance of selected protein biomarkers for incident coronary heart disease on top of framingham risk score 
(FRS) components
Baseline status KORA S4 KORA-Age1

Basic model Extended model Basic model Extended model
With T2Da

C-index 0.693 [0.563; 0.774] 0.711 [0.656; 0.810] 0.642 [0.545; 0.861] 0.667 [0.652; 0.876]
ΔC-index - 0.017 [0.006; 0.145] - 0.025 [-0.037; 0.142]
cfNRI - 0.253 [0.024; 0.497] - 0.633 [0.139; 1.075]
cfNRIcases - 0.038 [-0.022; 0.401] - 0.127 [-0.373; 0.493]
cfNRIcontrols - 0.215 [0.116; 0.465] - 0.506 [0.288; 0.796]
IDI - 0.051 [0.014; 0.124] - 0.017 [-0.045; 0.174]

Without T2Db

C-index 0.700 [0.657; 0.760] 0.754 [0.729; 0.817] 0.683 [0.564; 0.769] 0.721 [0.627; 0.812]
ΔC-index - 0.054 [0.026; 0.102] - 0.038 [0.024; 0.133]
cfNRI - 0.462 [0.325; 0.742] - 0.465 [0.027; 0.741]
cfNRIcases - 0.087 [-0.002; 0.321] - 0.085 [-0.312; 0.268]
cfNRIcontrols - 0.375 [0.292; 0.462] - 0.380 [0.273; 0.533]
IDI - 0.024 [0.020; 0.076] - 0.006 [-0.005; 0.076]

Abbreviations: C-index: concordance Index; cfNRI: category‐free net reclassification index; IDI: independent discrimination improvement; T2D: type 2 diabetes
a Basic model (FRS components): age, sex, total cholesterol, HDL-cholesterol, systolic blood pressure, antihypertensive medication use, and current smoking. 
Extended model: Basic model + CPA1 + IL2RA + CXCL9 + NT-3
b Basic model (FRS components): age, sex, total cholesterol, HDL-cholesterol, systolic blood pressure, antihypertensive medication use, and current smoking. 
Extended model: Basic model + CD163 + Ep-CAM + OPN + TNF-R1 + KIM1 + HB-EGF + MMP-12 + TGM2 + VEGF-A + IL-6 + IL-10 + EN-RAGE
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in blood samples from individuals with CHD compared 
with healthy controls or non-CHD participants [52–59].

Our pathway and network analysis for the 29-incident 
CHD-related protein biomarkers among individuals 
without baseline T2D revealed insights into the mecha-
nistic underpinnings of CHD pathogenesis. Notably, 
the enrichment of pathways such as the immune sys-
tem, cytokine signaling in the immune system, signaling 
by interleukins, and the TNFR2 non-canonical NF-kB 
pathway underscored the role of inflammatory processes 
in CHD development. This aligned with established lit-
erature highlighting the significance of immune response 
and cytokine signaling in the development of CHD [60, 
61]. Importantly, TNF-R1, a central player in our identi-
fied pathways, has been implicated in mediating inflam-
matory responses, reinforcing its potential key role in the 
pathogenesis of incident CHD. Our findings exhibited 
substantial overlap with previously identified pathways 
[60, 61], providing further support for the involvement of 
inflammatory mechanisms in CHD development.

Prediction of CHD through protein biomarkers
Our study is the first to establish proteomics-enriched 
predictive models for incident CHD separately for those 
with and without prevalent T2D. However, it is notewor-
thy that in the validation study, protein-enriched mod-
els significantly improved the predictive performance 
based on selected performance measures only, particu-
larly among those with T2D. Among participants with-
out T2D, the model enriched with 12 proteins improved 
discrimination of incident CHD by 5.6% based on the 
C-index (delta C-index = 0.038) compared with traditional 
CHD risk factors in the validation study. Our findings 
partly coincide with those of Lind et al., who utilized the 
Olink CVD I panels to derive a 7-protein enriched model 
for the prediction of the 15-year risk of incident CVD 
(including MI, ischemic stroke and HF) [6] in a popula-
tion including about 11% of persons with prevalent dia-
betes. This approach resulted in a 7.3% improvement 
compared with traditional risk factors in the replication 
sample. Hereby, EN-RAGE was the only biomarker that 
overlapped with our selected proteins. Similarly, McCar-
thy et al. established a protein model measured using the 
Luminex xMAP platform and reported a 3.6% improve-
ment in predicting incident major adverse cardiovascular 
events (including cardiovascular death, MI, and stroke) 
during a 3.6-year follow-up period [62]. However, the 
application of these models in clinical practice needs 
careful consideration, given the differences in biomark-
ers, populations, and methodologies across studies.

Study strengths and limitations
We used advanced targeted proteomics technology to 
examine a wide range of proteins linked to CHD. A major 

strength of the statistical analysis constitutes the valida-
tion of the identified proteins in another cohort study. 
Specifically exploring protein-CHD associations by dia-
betes status provided evidence of the underlying mecha-
nisms leading to CHD in persons with and without T2D. 
By analyzing genetic data using a Mendelian randomiza-
tion approach, we gained insights into potential causal 
relationships between proteins and CHD risk.

However, there are some limitations to consider. First, 
due to the limited number of incident CHD cases, our 
analyses may not be sufficiently powered to detect a dif-
ference in CHD vs. no CHD groups, particularly in the 
group with T2D at baseline. Along these lines, due to the 
limited number of validated proteins in those with T2D, 
pathway analyses had to be restricted to those without 
T2D. Adjusting for multiple testing was necessary due to 
the numerous analyses, but could have caused overcor-
rection. Additionally, we lacked OGTT data to identify 
previously unknown diabetes in the validation cohort. 
However, the differences in effect estimates were rela-
tively small when shifting those with newly diagnosed 
diabetes from the group with diabetes to the group with-
out diabetes in KORA S4 (see Supplementary Table 9, 
Additional file 2). While validation in the KORA-Age1 
cohort strengthens the results for the validated proteins, 
we may have lacked replication for some proteins particu-
larly if their impact was modified by age since the KORA-
Age1 study participants were all older than 65 years. It 
is worth noting that there is some overlap between the 
participants in KORA-Age1 and KORA S4 cohort. How-
ever, these overlapping participants were examined twice 
at different time points. Importantly, when we excluded 
these overlapping participants from our analyses, the 
results did not show substantial changes. In addition, the 
shorter follow-up duration in KORA-Age1 (median fol-
low-up time: 6.9 years) compared to KORA S4 (median 
follow-up time: 15.6 years) should be acknowledged as a 
limitation in interpreting our findings. To ensure broader 
applicability, further validation across diverse age groups, 
ethnicities, and regions are necessary. Moreover, due to 
the limitations of the GWAS database of incident CHD, 
the MR analysis performed in this study verified the 
causal impact of protein biomarkers in the general popu-
lation rather than in populations with different baseline 
diabetes status. Additionally, the practical value of the 
identified proteomic markers for predicting CHD risk 
needs to be tested in larger studies covering a wider age 
range.

Conclusions
In summary, we identified two and 29 validated protein 
candidates possibly involved in the pathophysiology of 
CHD among individuals with and without baseline T2D, 
respectively. Our results provide new insights into a 
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possible causal role of plasma HGF on CHD development 
and additional support for the involvement of inflamma-
tory processes in CHD development particularly among 
those without T2D at baseline. Moreover, we established 
a protein-enriched CHD risk factor-based model which 
improved the predictive performance of incident CHD in 
persons with or without T2D compared to the traditional 
CHD risk factor model. Further research examining 
larger numbers of T2D patients will be crucial to verify 
the importance of specific pathways in those with T2D.
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Supplementary Table 2 Longitudinal association between selected protein biomarkers and incident coronary 
heart disease

HR Lower CI Upper CI p -value HR Lower CI Upper CI p -value p _FDR

Melusin ITGB1BP2 Q9UKP3 CVD II 0.7008 0.5000 0.9823 0.0390

C-X-C motif chemokine 9 CXCL9 Q07325 Inflammation 1.4337 1.0845 1.8953 0.0114 1.8888 1.2076 2.9543 0.0053 0.0133

Neurotrophin-3 NT-3 P20783 Inflammation 0.6093 0.4058 0.9147 0.0169 0.9858 0.5553 1.7500 0.9611 0.9611

Carboxypeptidase A1 CPA1 P15085 CVD III 0.7932 0.6357 0.9898 0.0403 0.8249 0.5611 1.2128 0.3277 0.5461

Interleukin-2 receptor subunit alpha IL-2RA P01589 CVD III 1.4702 1.0741 2.0124 0.0161 1.6835 1.1822 2.3976 0.0039 0.0133

Alpha-1-Microglobulin/Bikunin Precursor AMBP P02760 CVD II 1.2363 1.0082 1.5161 0.0415 1.1692 0.8482 1.6118 0.3398 0.4218

CD40 ligand CD40-L P29965 CVD II 1.2869 1.0540 1.5714 0.0133 1.1783 1.0102 1.3743 0.0366 0.0733

Cathepsin L1 CTSL1 P07711 CVD II 1.2865 1.0556 1.5678 0.0125 1.7967 1.3612 2.3716 3.51E-05 0.0006

Dickkopf-related protein 1 Dkk-1 O94907 CVD II 1.3193 1.0824 1.6080 0.0061 1.3452 1.0387 1.7422 0.0246 0.0537

Follistatin FS P19883 CVD II 1.3040 1.0769 1.5790 0.0066 1.4582 1.1222 1.8948 0.0048 0.0156

Galectin-9 Gal-9 O00182 CVD II 1.2987 1.0617 1.5886 0.0110 2.1885 1.5756 3.0399 2.99E-06 0.0002

Proheparin-binding EGF-like growth factor HB-EGF Q99075 CVD II 1.3829 1.1621 1.6455 0.0003 1.3827 1.1369 1.6816 0.0012 0.0050

Osteoclast-associated immunoglobulin-like receptor HOSCAR Q8IYS5 CVD II 1.2379 1.0035 1.5270 0.0463 1.7396 1.2545 2.4125 0.0009 0.0041

Alpha-L-iduronidase IDUA  P35475 CVD II 1.2927 1.0473 1.5955 0.0168 1.0501 0.7875 1.4004 0.7390 0.8061

Interleukin-18 IL-18  Q14116 CVD II 1.2584 1.0617 1.4915 0.0080 1.3059 1.0005 1.7044 0.0496 0.0900

Interleukin-1 receptor antagonist protein IL-1RA  P18510 CVD II 1.3827 1.1313 1.6901 0.0016 1.2952 0.9777 1.7160 0.0715 0.1196

Interleukin-27 IL-27  Q8NEV9, Q14213 CVD II 1.2517 1.0293 1.5221 0.0245 1.8550 1.3591 2.5319 9.89E-05 0.0011

Melusin ITGB1BP2 Q9UKP3 CVD II 1.2450 1.0241 1.5135 0.0279

Kidney Injury Molecule KIM1 Q96D42 CVD II 1.3752 1.1381 1.6617 0.0010 1.3752 1.0454 1.8090 0.0228 0.0529

Macrophage receptor MARCO MARCO Q9UEW3 CVD II 1.3479 1.0946 1.6597 0.0049 0.9935 0.7139 1.3826 0.9690 0.9798

Matrix metalloproteinase-12 MMP-12 P39900 CVD II 1.4239 1.1895 1.7044 0.0001 1.5156 1.0748 2.1372 0.0177 0.0456

Platelet-derived growth factor subunit B PDGFB P01127 CVD II 1.3100 1.0376 1.6539 0.0232 1.0710 0.8002 1.4334 0.6448 0.7254

Placenta growth factor PGF P49763 CVD II 1.1934 1.0042 1.4183 0.0447 1.6106 1.2052 2.1525 0.0013 0.0051

Serine protease 27 PRSS27 Q9BQR3 CVD II 1.2860 1.0611 1.5585 0.0103 1.2819 0.9583 1.7147 0.0943 0.1478

Pentraxin-related protein PTX3 PTX3 P26022 CVD II 1.3035 1.0504 1.6177 0.0161 1.2073 0.9681 1.5055 0.0944 0.1478

Sortilin SORT1 Q99523 CVD II 1.3444 1.1091 1.6297 0.0026 1.7191 1.3445 2.1980 1.55E-05 0.0005

Spondin-2 SPON2 Q9BUD6 CVD II 1.3449 1.0771 1.6794 0.0089 1.7407 1.2608 2.4033 0.0008 0.0039

Protein-glutamine gamma-glutamyltransferase 2 TGM2 P21980 CVD II 1.3498 1.0983 1.6590 0.0044 1.1742 0.8794 1.5678 0.2764 0.3685

Thrombospondin-2 THBS2 P35442 CVD II 1.2956 1.0409 1.6125 0.0204 1.6678 1.2669 2.1957 0.0003 0.0019

Thrombopoietin THPO P40225 CVD II 1.2291 1.0151 1.4883 0.0346 1.1590 0.8801 1.5262 0.2936 0.3843

Thrombomodulin TM P07204 CVD II 1.2558 1.0347 1.5242 0.0212 1.3807 1.0289 1.8527 0.0316 0.0649

Tumor necrosis factor receptor superfamily member 10ATNFRSF10A O00220 CVD II 1.2679 1.1069 1.4524 0.0006 1.0796 0.8841 1.3184 0.4523 0.5252

Tumor necrosis factor receptor superfamily member 11ATNFRSF11A Q9Y6Q6 CVD II 1.2245 1.0387 1.4436 0.0159 1.8395 1.3517 2.5033 0.0001 0.0011

TNF-related apoptosis-inducing ligand receptor 2 TRAIL-R2 O14763 CVD II 1.1575 1.0331 1.2969 0.0117 1.2873 1.1172 1.4834 0.0005 0.0029

Eukaryotic translation initiation factor 4E-binding protein 14E-BP1 Q13541 Inflammation 1.2876 1.0411 1.5926 0.0198 1.7268 1.3424 2.2214 2.12E-05 0.0005

Adenosine Deaminase ADA P00813 Inflammation 1.2395 1.0288 1.4935 0.0239 1.1026 0.8261 1.4717 0.5071 0.5796

Axin-1 AXIN1 O15169 Inflammation 1.2323 1.0049 1.5112 0.0447 1.3193 1.0361 1.6799 0.0246 0.0537

C-C motif chemokine 3 CCL3  P10147 Inflammation 1.2087 1.0243 1.4264 0.0248 1.1292 0.8615 1.4802 0.3788 0.4471

Natural killer cell receptor 2B4 CD244 Q9BZW8 Inflammation 1.2333 1.0317 1.4741 0.0213 1.1821 0.9056 1.5430 0.2184 0.3084

Macrophage colony-stimulating factor 1 CSF1 P09603 Inflammation 1.3915 1.1219 1.7258 0.0026 1.0134 0.7491 1.3710 0.9310 0.9575

C-X-C motif chemokine 11 CXCL11 O14625 Inflammation 1.2029 1.0135 1.4276 0.0345 1.4658 1.1435 1.8790 0.0025 0.0092

Protein S100-A12 EN-RAGE P80511 Inflammation 1.4053 1.1888 1.6611 0.0001 1.4245 1.1573 1.7534 0.0008 0.0040

Hepatocyte growth factor HGF P14210 Inflammation 1.5563 1.2834 1.8872 0.0000 1.5534 1.1493 2.0995 0.0042 0.0143

Interleukin-10 IL-10 P22301 Inflammation 1.2141 1.0391 1.4185 0.0145 1.0243 0.7791 1.3467 0.8633 0.9008

Interleukin-6 IL-6 P05231 Inflammation 1.2877 1.1055 1.5000 0.0012 1.1732 0.9015 1.5269 0.2347 0.3249

Interleukin-7 IL-7 P13232 Inflammation 1.2126 1.0054 1.4626 0.0438 1.1330 0.8842 1.4518 0.3235 0.4087

Interleukin-8 IL-8 P10145 Inflammation 1.2086 1.0094 1.4470 0.0392 1.1556 0.9008 1.4825 0.2552 0.3467

Latency-associated peptide transforming growth factor beta-1LAP TGF-beta-1 P01137 Inflammation 1.2918 1.0767 1.5498 0.0059 1.2355 0.9612 1.5880 0.0987 0.1513

Monocyte chemotactic protein 2 MCP-2 P80075 Inflammation 1.2489 1.0394 1.5008 0.0177 1.0538 0.8228 1.3495 0.6782 0.7513

Monocyte chemotactic protein 3 MCP-3 P80098 Inflammation 1.3728 1.1546 1.6321 0.0003 0.9964 0.7522 1.3199 0.9798 0.9798

Matrix metalloproteinase-1 MMP-1 P03956 Inflammation 1.2290 1.0106 1.4945 0.0389 1.5371 1.1636 2.0305 0.0025 0.0092

Osteoprotegerin OPG O00300 Inflammation 1.3212 1.0902 1.6012 0.0045 1.2960 0.9272 1.8117 0.1292 0.1898

Oncostatin-M OSM P13725 Inflammation 1.3692 1.1301 1.6589 0.0013 1.4316 1.1143 1.8393 0.0050 0.0157

Programmed cell death 1 ligand 1 PD-L1 Q9NZQ7 Inflammation 1.2630 1.0625 1.5014 0.0081 1.2437 1.0000 1.5468 0.0500 0.0900

Transforming growth factor alpha TGF-alpha P01135 Inflammation 1.2584 1.0584 1.4961 0.0093 1.2416 1.0490 1.4696 0.0119 0.0329

Tumor necrosis factor receptor superfamily member 9 TNFRSF9 Q07011 Inflammation 1.2575 1.0525 1.5025 0.0116 1.5191 1.1210 2.0585 0.0070 0.0210

Tumor necrosis factor ligand superfamily member 14 TNFSF14 O43557 Inflammation 1.2501 1.0333 1.5125 0.0216 1.2225 0.9528 1.5685 0.1141 0.1712

Vascular endothelial growth factor A VEGF-A P15692 Inflammation 1.3928 1.1915 1.6283 0.0000 1.3823 1.0302 1.8549 0.0309 0.0649

C-C motif chemokine 16 CCL16 O15467 CVD III 1.2785 1.0180 1.6058 0.0346 1.1651 0.8658 1.5680 0.3131 0.4025

Scavenger receptor cysteine-rich type 1 protein M130 CD163 Q86VB7 CVD III 1.3827 1.1316 1.6895 0.0015 1.4006 1.0695 1.8342 0.0144 0.0383

Cystatin-B CSTB P04080 CVD III 1.2798 1.0783 1.5189 0.0048 1.5636 1.2147 2.0126 0.0005 0.0029

Cathepsin Z CTSZ Q9UBR2 CVD III 1.2508 1.0312 1.5173 0.0231 1.3069 0.9847 1.7345 0.0639 0.1095

Epithelial cell adhesion molecule Ep-CAM P16422 CVD III 1.3211 1.0795 1.6167 0.0069 1.0371 0.7844 1.3713 0.7981 0.8450

Fatty acid-binding protein 4 FABP4 P15090 CVD III 1.3367 1.0679 1.6731 0.0113 1.4526 1.0646 1.9818 0.0185 0.0460

Growth/differentiation factor 15 GDF-15 Q99988 CVD III 1.3372 1.0916 1.6380 0.0050 1.6875 1.2865 2.2136 0.0002 0.0013

Matrix metalloproteinase-3 MMP-3 P08254 CVD III 1.2813 1.0458 1.5699 0.0168 1.3308 0.9900 1.7888 0.0583 0.1023

Matrix metalloproteinase-9 MMP-9 P14780 CVD III 1.2745 1.0557 1.5386 0.0116 1.2842 1.0051 1.6406 0.0454 0.0862

Osteopontin OPN P10451 CVD III 1.5103 1.2488 1.8264 0.0000 1.3596 1.0062 1.8371 0.0455 0.0862

Plasminogen activator inhibitor 1 PAI P05121 CVD III 1.2316 1.0036 1.5113 0.0461 0.9559 0.7055 1.2952 0.7710 0.8286

(did not pass quality control)

With type 2 diabetes at baseline

(did not pass quality control)

Without type 2 diabetes at baseline

KORA S4 KORA-Age1
ProteinFull name Uniprot ID Panel
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Supplementary Table 2 Longitudinal association between selected protein biomarkers and incident coronary 
heart disease (Continued)

HR Lower CI Upper CI p -value HR Lower CI Upper CI p -value p _FDR

KORA S4 KORA-Age1
ProteinFull name Uniprot ID Panel

Proprotein convertase subtilisin/kexin type 9 PCSK9 Q8NBP7 CVD III 1.2533 1.0260 1.5309 0.0270 1.2300 0.9726 1.5554 0.0839 0.1373

Platelet-derived growth factor subunit A PDGFA P04085 CVD III 1.2804 1.0479 1.5645 0.0156 1.1309 0.8632 1.4817 0.3720 0.4464

Retinoic acid receptor responder protein 2 RARRES2 Q99969 CVD III 1.2809 1.0355 1.5844 0.0225 1.1502 0.8548 1.5477 0.3555 0.4339

ST2 protein ST2 Q01638 CVD III 1.2416 1.0027 1.5374 0.0471 1.4156 1.0859 1.8455 0.0102 0.0294

Tissue factor pathway inhibitor TFPI P10646 CVD III 1.3434 1.0845 1.6640 0.0069 1.2076 0.9083 1.6055 0.1942 0.2797

Tumor necrosis factor receptor 1 TNF-R1 P19438 CVD III 1.1968 1.0101 1.4181 0.0379 1.5820 1.2489 2.0039 0.0001 0.0013

Tumor necrosis factor ligand superfamily member 13BTNFSF13B Q9Y275 CVD III 1.2413 1.0349 1.4890 0.0198 1.4955 1.2304 1.8177 5.27E-05 0.0008

Urokinase plasminogen activator surface receptor U-PAR Q03405 CVD III 1.1925 1.0218 1.3917 0.0255 1.4793 1.1943 1.8323 0.0003 0.0022

 HR was calculated using cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.

 HR was calculated based on model 1 (adjusted for age, sex, total cholesterol, high‐density lipoprotein cholesterol, systolic blood pressure, current smoking, and antihypertensive medication use).

 Red means value lower than 0.05.

 Bold means have significant association with incident CHD in both baseline group.

Supplementary Table2 Page 8

132



Su
pp

le
m

en
ta

ry
 T

ab
le

 3
 S

en
si

tiv
ity

 a
na

ly
si

s c
on

si
de

ri
ng

 d
ea

th
 a

s c
om

pe
tin

g 
ri

sk

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

p
_F

D
R

M
el

us
in

IT
G

B
1B

P2
Q

9U
K

P3
C

V
D

 II
0.

66
17

0.
48

93
0.

89
49

0.
00

73

C
-X

-C
 m

ot
if 

ch
em

ok
in

e 
9

C
X

C
L9

Q
07

32
5

In
fla

m
m

at
io

n
1.

33
67

0.
99

19
1.

80
13

0.
05

70
1.

93
72

1.
27

53
2.

94
27

0.
00

19
0.

00
50

N
eu

ro
tro

ph
in

-3
N

T-
3

P2
07

83
In

fla
m

m
at

io
n

0.
62

11
0.

45
28

0.
85

21
0.

00
32

1.
02

11
0.

60
73

1.
71

67
0.

94
00

0.
94

00

C
ar

bo
xy

pe
pt

id
as

e 
A

1
C

PA
1

P1
50

85
C

V
D

 II
I

0.
85

18
0.

70
93

1.
02

30
0.

08
60

0.
80

29
0.

53
85

1.
19

72
0.

28
00

0.
46

67

In
te

rle
uk

in
-2

 re
ce

pt
or

 su
bu

ni
t a

lp
ha

IL
-2

R
A

P0
15

89
C

V
D

 II
I

1.
43

54
1.

01
37

2.
03

25
0.

04
20

1.
67

61
1.

20
74

2.
32

66
0.

00
20

0.
00

50

A
lp

ha
-1

-M
ic

ro
gl

ob
ul

in
/B

ik
un

in
 P

re
cu

rs
or

A
M

BP
P0

27
60

C
V

D
 II

1.
19

02
0.

97
55

1.
45

22
0.

08
60

1.
13

33
0.

77
83

1.
65

03
0.

51
00

0.
61

20

C
D

40
 li

ga
nd

C
D

40
-L

P2
99

65
C

V
D

 II
1.

27
80

1.
03

44
1.

57
90

0.
02

30
1.

19
36

0.
99

57
1.

43
07

0.
05

60
0.

12
07

C
at

he
ps

in
 L

1
C

TS
L1

P0
77

11
C

V
D

 II
1.

21
68

1.
03

03
1.

43
70

0.
02

10
1.

65
92

1.
21

53
2.

26
52

0.
00

14
0.

00
90

D
ic

kk
op

f-
re

la
te

d 
pr

ot
ei

n 
1

D
kk

-1
O

94
90

7
C

V
D

 II
1.

30
77

1.
08

48
1.

57
63

0.
00

49
1.

33
98

0.
97

90
1.

83
35

0.
06

80
0.

12
88

Fo
lli

st
at

in
FS

P1
98

83
C

V
D

 II
1.

27
68

1.
06

78
1.

52
68

0.
00

74
1.

43
31

1.
09

40
1.

87
73

0.
00

90
0.

03
09

G
al

ec
tin

-9
G

al
-9

O
00

18
2

C
V

D
 II

1.
24

60
1.

01
49

1.
52

97
0.

03
60

1.
98

33
1.

40
48

2.
79

99
0.

00
01

0.
00

40

Pr
oh

ep
ar

in
-b

in
di

ng
 E

G
F-

lik
e 

gr
ow

th
 fa

ct
or

H
B

-E
G

F
Q

99
07

5
C

V
D

 II
1.

37
58

1.
16

90
1.

61
91

0.
00

01
1.

38
47

1.
11

05
1.

72
65

0.
00

38
0.

01
71

O
st

eo
cl

as
t-a

ss
oc

ia
te

d 
im

m
un

og
lo

bu
lin

-li
ke

 re
ce

pt
or

H
O

SC
A

R
Q

8I
Y

S5
C

V
D

 II
1.

20
43

0.
97

54
1.

48
69

0.
08

40
1.

69
32

1.
16

97
2.

45
09

0.
00

53
0.

02
24

A
lp

ha
-L

-id
ur

on
id

as
e

ID
U

A
 P

35
47

5
C

V
D

 II
1.

25
89

0.
99

78
1.

58
83

0.
05

20
1.

03
88

0.
77

34
1.

39
53

0.
80

00
0.

85
97

In
te

rle
uk

in
-1

8
IL

-1
8

 Q
14

11
6

C
V

D
 II

1.
24

93
1.

07
81

1.
44

77
0.

00
31

1.
28

14
0.

93
81

1.
75

02
0.

12
00

0.
19

64

In
te

rle
uk

in
-1

 re
ce

pt
or

 a
nt

ag
on

ist
 p

ro
te

in
IL

-1
R

A
 P

18
51

0
C

V
D

 II
1.

32
16

1.
10

12
1.

58
61

0.
00

27
1.

22
60

0.
98

86
1.

52
04

0.
06

40
0.

12
45

In
te

rle
uk

in
-2

7
IL

-2
7

 Q
8N

EV
9,

 Q
14

21
3

C
V

D
 II

1.
20

95
1.

00
60

1.
45

42
0.

04
30

1.
68

68
1.

24
73

2.
28

12
0.

00
07

0.
00

62

M
el

us
in

IT
G

B
1B

P2
Q

9U
K

P3
C

V
D

 II
1.

25
13

1.
00

82
1.

55
31

0.
04

20

K
id

ne
y 

In
ju

ry
 M

ol
ec

ul
e

K
IM

1
Q

96
D

42
C

V
D

 II
1.

29
08

1.
08

82
1.

53
11

0.
00

34
1.

25
71

0.
95

90
1.

64
78

0.
09

80
0.

17
21

M
ac

ro
ph

ag
e r

ec
ep

to
r M

A
R

C
O

M
A

RC
O

Q
9U

EW
3

C
V

D
 II

1.
30

00
1.

06
78

1.
58

27
0.

00
90

0.
94

79
0.

69
00

1.
30

21
0.

74
00

0.
81

97

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-1
2

M
M

P-
12

P3
99

00
C

V
D

 II
1.

33
75

1.
11

88
1.

59
89

0.
00

14
1.

34
93

1.
00

89
1.

80
46

0.
04

30
0.

10
32

Pl
at

el
et

-d
er

iv
ed

 g
ro

w
th

 fa
ct

or
 su

bu
ni

t B
PD

G
FB

P0
11

27
C

V
D

 II
1.

31
82

1.
02

25
1.

69
93

0.
03

30
1.

06
74

0.
74

24
1.

53
46

0.
72

00
0.

81
00

Pl
ac

en
ta

 g
ro

w
th

 fa
ct

or
PG

F
P4

97
63

C
V

D
 II

1.
10

90
0.

94
77

1.
29

77
0.

20
00

1.
55

21
1.

10
63

2.
17

76
0.

01
10

0.
03

44

Se
rin

e 
pr

ot
ea

se
 2

7
PR

SS
27

Q
9B

Q
R

3
C

V
D

 II
1.

26
92

1.
05

11
1.

53
24

0.
01

30
1.

27
73

0.
97

60
1.

67
16

0.
07

50
0.

13
85

Pe
nt

ra
xi

n-
re

la
te

d 
pr

ot
ei

n 
PT

X
3

PT
X

3
P2

60
22

C
V

D
 II

1.
23

43
1.

02
40

1.
48

78
0.

02
70

1.
16

79
0.

95
21

1.
43

28
0.

14
00

0.
22

40

(d
id

 n
ot

 p
as

s q
ua

lit
y 

co
nt

ro
l)

K
O

R
A

-A
ge

1

W
ith

 ty
pe

 2
 d

ia
be

te
s a

t b
as

el
in

e

(d
id

 n
ot

 p
as

s q
ua

lit
y 

co
nt

ro
l)

W
ith

ou
t t

yp
e 

2 
di

ab
et

es
 a

t b
as

el
in

e

Fu
ll 

na
m

e
Pr

ot
ei

n
U

ni
pr

ot
 ID

Pa
ne

l
K

O
R

A
 S

4

Su
pp

le
m

en
ta

ry
 T

ab
le

3 
Pa

ge
 9

133



Su
pp

le
m

en
ta

ry
 T

ab
le

 3
 S

en
si

tiv
ity

 a
na

ly
si

s c
on

si
de

ri
ng

 d
ea

th
 a

s c
om

pe
tin

g 
ri

sk
 (C

on
tin

ue
d)

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

p
_F

D
R

K
O

R
A

-A
ge

1
Fu

ll 
na

m
e

Pr
ot

ei
n

U
ni

pr
ot

 ID
Pa

ne
l

K
O

R
A

 S
4

So
rti

lin
SO

R
T1

Q
99

52
3

C
V

D
 II

1.
33

19
1.

10
00

1.
61

26
0.

00
33

1.
69

35
1.

29
60

2.
21

29
0.

00
01

0.
00

40

Sp
on

di
n-

2
SP

O
N

2
Q

9B
U

D
6

C
V

D
 II

1.
29

69
1.

04
57

1.
60

85
0.

01
80

1.
65

57
1.

20
62

2.
27

28
0.

00
18

0.
01

00

Pr
ot

ei
n-

gl
ut

am
in

e 
ga

m
m

a-
gl

ut
am

yl
tra

ns
fe

ra
se

 2
TG

M
2

P2
19

80
C

V
D

 II
1.

34
92

1.
12

47
1.

61
85

0.
00

13
1.

13
27

0.
86

75
1.

47
91

0.
36

00
0.

47
13

Th
ro

m
bo

sp
on

di
n-

2
TH

B
S2

P3
54

42
C

V
D

 II
1.

23
02

1.
00

51
1.

50
57

0.
04

40
1.

66
73

1.
25

09
2.

22
22

0.
00

05
0.

00
60

Th
ro

m
bo

po
ie

tin
TH

PO
P4

02
25

C
V

D
 II

1.
21

71
1.

01
15

1.
46

44
0.

03
70

1.
13

62
0.

87
32

1.
47

84
0.

34
00

0.
45

33

Th
ro

m
bo

m
od

ul
in

TM
P0

72
04

C
V

D
 II

1.
20

32
0.

97
73

1.
48

14
0.

08
10

1.
37

26
0.

99
80

1.
88

78
0.

05
10

0.
11

85

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 re
ce

pt
or

 su
pe

rf
am

ily
 m

em
be

r 1
0AT

N
FR

SF
10

A
O

00
22

0
C

V
D

 II
1.

15
87

1.
03

42
1.

29
83

0.
01

10
1.

06
98

0.
90

40
1.

26
61

0.
43

00
0.

53
38

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 re
ce

pt
or

 su
pe

rf
am

ily
 m

em
be

r 1
1AT

N
FR

SF
11

A
Q

9Y
6Q

6
C

V
D

 II
1.

14
40

0.
98

30
1.

33
13

0.
08

20
1.

76
91

1.
23

03
2.

54
40

0.
00

21
0.

01
08

TN
F-

re
la

te
d 

ap
op

to
sis

-in
du

ci
ng

 li
ga

nd
 re

ce
pt

or
 2

TR
A

IL
-R

2
O

14
76

3
C

V
D

 II
1.

11
49

1.
00

48
1.

23
70

0.
04

00
1.

26
64

1.
09

45
1.

46
54

0.
00

15
0.

00
90

Eu
ka

ry
ot

ic
 tr

an
sla

tio
n 

in
iti

at
io

n 
fa

ct
or

 4
E-

bi
nd

in
g 

pr
ot

ei
n 

1
4E

-B
P1

Q
13

54
1

In
fla

m
m

at
io

n
1.

28
36

1.
02

19
1.

61
24

0.
03

20
1.

59
72

1.
22

63
2.

08
03

0.
00

05
0.

00
60

A
de

no
si

ne
 D

ea
m

in
as

e
A

D
A

P0
08

13
In

fla
m

m
at

io
n

1.
21

53
1.

01
99

1.
44

81
0.

02
90

1.
03

82
0.

78
75

1.
36

85
0.

79
00

0.
85

97

A
xi

n-
1

A
X

IN
1

O
15

16
9

In
fla

m
m

at
io

n
1.

24
93

0.
98

46
1.

58
51

0.
06

70
1.

29
75

1.
04

08
1.

61
76

0.
02

10
0.

05
40

C
-C

 m
ot

if 
ch

em
ok

in
e 

3
CC

L3
 P

10
14

7
In

fla
m

m
at

io
n

1.
19

51
1.

01
73

1.
40

40
0.

03
00

1.
08

60
0.

82
16

1.
43

56
0.

56
00

0.
65

03

N
at

ur
al

 k
ill

er
 c

el
l r

ec
ep

to
r 2

B
4

C
D

24
4

Q
9B

ZW
8

In
fla

m
m

at
io

n
1.

23
47

1.
02

29
1.

49
05

0.
02

80
1.

15
08

0.
88

38
1.

49
84

0.
30

00
0.

41
54

M
ac

ro
ph

ag
e c

ol
on

y-
sti

m
ul

at
in

g 
fa

ct
or

 1
C

SF
1

P0
96

03
In

fla
m

m
at

io
n

1.
32

59
1.

04
25

1.
68

63
0.

02
10

0.
98

01
0.

65
23

1.
47

27
0.

92
00

0.
92

00

C
-X

-C
 m

ot
if 

ch
em

ok
in

e 
11

C
X

C
L1

1
O

14
62

5
In

fla
m

m
at

io
n

1.
20

91
1.

03
06

1.
41

86
0.

02
00

1.
41

09
1.

07
64

1.
84

93
0.

01
30

0.
03

90

Pr
ot

ei
n 

S1
00

-A
12

EN
-R

A
G

E
P8

05
11

In
fla

m
m

at
io

n
1.

30
71

1.
12

52
1.

51
85

0.
00

05
1.

37
83

1.
13

37
1.

67
57

0.
00

13
0.

00
90

H
ep

at
oc

yt
e 

gr
ow

th
 fa

ct
or

H
G

F
P1

42
10

In
fla

m
m

at
io

n
1.

44
18

1.
19

85
1.

73
45

0.
00

01
1.

43
69

1.
06

61
1.

93
67

0.
01

70
0.

04
90

In
te

rle
uk

in
-1

0
IL

-1
0

P2
23

01
In

fla
m

m
at

io
n

1.
20

58
1.

03
49

1.
40

50
0.

01
60

1.
02

31
0.

77
33

1.
35

36
0.

87
00

0.
89

24

In
te

rle
uk

in
-6

IL
-6

P0
52

31
In

fla
m

m
at

io
n

1.
27

77
1.

11
14

1.
46

89
0.

00
06

1.
10

64
0.

86
24

1.
41

95
0.

43
00

0.
53

38

In
te

rle
uk

in
-7

IL
-7

P1
32

32
In

fla
m

m
at

io
n

1.
23

86
1.

03
05

1.
48

88
0.

02
30

1.
14

08
0.

88
36

1.
47

28
0.

31
00

0.
42

11

In
te

rle
uk

in
-8

IL
-8

P1
01

45
In

fla
m

m
at

io
n

1.
17

60
0.

99
66

1.
38

76
0.

05
50

1.
11

07
0.

87
46

1.
41

05
0.

39
00

0.
50

14

La
te

nc
y-

as
so

ci
at

ed
 p

ep
tid

e 
tra

ns
fo

rm
in

g 
gr

ow
th

 fa
ct

or
 b

et
a-

1
LA

P 
TG

F-
be

ta
-1

P0
11

37
In

fla
m

m
at

io
n

1.
28

50
1.

07
37

1.
53

79
0.

00
62

1.
20

94
0.

92
23

1.
58

59
0.

17
00

0.
26

04

M
on

oc
yt

e 
ch

em
ot

ac
tic

 p
ro

te
in

 2
M

C
P-

2
P8

00
75

In
fla

m
m

at
io

n
1.

24
35

1.
05

18
1.

47
01

0.
01

10
1.

06
46

0.
79

65
1.

42
30

0.
67

00
0.

76
57

M
on

oc
yt

e 
ch

em
ot

ac
tic

 p
ro

te
in

 3
M

C
P-

3
P8

00
98

In
fla

m
m

at
io

n
1.

31
64

1.
12

29
1.

54
33

0.
00

07
0.

97
53

0.
71

19
1.

33
63

0.
88

00
0.

89
24

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-1
M

M
P-

1
P0

39
56

In
fla

m
m

at
io

n
1.

24
00

1.
02

50
1.

49
99

0.
02

70
1.

46
83

1.
10

08
1.

95
84

0.
00

90
0.

03
09

O
st

eo
pr

ot
eg

er
in

O
PG

O
00

30
0

In
fla

m
m

at
io

n
1.

24
78

1.
04

56
1.

48
91

0.
01

40
1.

18
89

0.
89

59
1.

57
77

0.
23

00
0.

34
50

O
nc

os
ta

tin
-M

O
SM

P1
37

25
In

fla
m

m
at

io
n

1.
32

41
1.

09
92

1.
59

52
0.

00
31

1.
41

02
1.

10
55

1.
79

89
0.

00
57

0.
02

28

Su
pp

le
m

en
ta

ry
 T

ab
le

3 
Pa

ge
 1

0

134



Su
pp

le
m

en
ta

ry
 T

ab
le

 3
 S

en
si

tiv
ity

 a
na

ly
si

s c
on

si
de

ri
ng

 d
ea

th
 a

s c
om

pe
tin

g 
ri

sk
 (C

on
tin

ue
d)

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

H
R

L
ow

er
 C

I
U

pp
er

 C
I

p
-v

al
ue

p
_F

D
R

K
O

R
A

-A
ge

1
Fu

ll 
na

m
e

Pr
ot

ei
n

U
ni

pr
ot

 ID
Pa

ne
l

K
O

R
A

 S
4

Pr
og

ra
m

m
ed

 c
el

l d
ea

th
 1

 li
ga

nd
 1

PD
-L

1
Q

9N
ZQ

7
In

fla
m

m
at

io
n

1.
22

78
1.

04
77

1.
43

89
0.

01
10

1.
22

65
0.

99
78

1.
50

77
0.

05
30

0.
11

93

Tr
an

sf
or

m
in

g 
gr

ow
th

 fa
ct

or
 a

lp
ha

TG
F-

al
ph

a
P0

11
35

In
fla

m
m

at
io

n
1.

21
39

1.
03

07
1.

42
97

0.
02

00
1.

22
63

1.
05

61
1.

42
38

0.
00

74
0.

02
80

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 re
ce

pt
or

 su
pe

rf
am

ily
 m

em
be

r 9
TN

FR
SF

9
Q

07
01

1
In

fla
m

m
at

io
n

1.
17

26
0.

96
66

1.
42

24
0.

11
00

1.
41

96
1.

02
20

1.
97

18
0.

03
70

0.
09

19

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 li
ga

nd
 su

pe
rf

am
ily

 m
em

be
r 1

4
TN

FS
F1

4
O

43
55

7
In

fla
m

m
at

io
n

1.
23

25
1.

03
00

1.
47

48
0.

02
20

1.
20

16
0.

88
01

1.
64

06
0.

25
00

0.
36

00

V
as

cu
la

r e
nd

ot
he

lia
l g

ro
w

th
 fa

ct
or

 A
V

EG
F-

A
P1

56
92

In
fla

m
m

at
io

n
1.

31
98

1.
14

91
1.

51
57

0.
00

01
1.

30
37

0.
94

16
1.

80
52

0.
11

00
0.

18
86

C
-C

 m
ot

if 
ch

em
ok

in
e 

16
CC

L1
6

O
15

46
7

C
V

D
 II

I
1.

21
72

0.
95

57
1.

55
04

0.
11

00
1.

17
63

0.
89

69
1.

54
28

0.
24

00
0.

35
27

Sc
av

en
ge

r r
ec

ep
to

r c
ys

te
in

e-
ric

h 
ty

pe
 1

 p
ro

te
in

 M
13

0
C

D
16

3
Q

86
V

B
7

C
V

D
 II

I
1.

30
20

1.
07

91
1.

57
11

0.
00

59
1.

37
60

1.
05

20
1.

79
98

0.
02

00
0.

05
33

C
ys

ta
tin

-B
C

ST
B

P0
40

80
C

V
D

 II
I

1.
23

35
1.

05
69

1.
43

95
0.

00
78

1.
48

14
1.

13
87

1.
92

72
0.

00
34

0.
01

63

C
at

he
ps

in
 Z

C
TS

Z
Q

9U
B

R
2

C
V

D
 II

I
1.

20
48

0.
97

89
1.

48
28

0.
07

90
1.

30
01

0.
96

35
1.

75
42

0.
08

60
0.

15
48

Ep
ith

el
ia

l c
el

l a
dh

es
io

n 
m

ol
ec

ul
e

Ep
-C

A
M

P1
64

22
C

V
D

 II
I

1.
33

11
1.

09
29

1.
62

14
0.

00
45

1.
02

80
0.

77
59

1.
36

21
0.

85
00

0.
89

24

Fa
tty

 a
ci

d-
bi

nd
in

g 
pr

ot
ei

n 
4

FA
B

P4
P1

50
90

C
V

D
 II

I
1.

22
71

0.
97

76
1.

54
01

0.
07

80
1.

41
20

0.
98

48
2.

02
44

0.
06

10
0.

12
40

G
ro

w
th

/d
iff

er
en

tia
tio

n 
fa

ct
or

 1
5

G
D

F-
15

Q
99

98
8

C
V

D
 II

I
1.

18
61

0.
99

49
1.

41
42

0.
05

70
1.

58
91

1.
19

55
2.

11
23

0.
00

14
0.

00
90

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-3
M

M
P-

3
P0

82
54

C
V

D
 II

I
1.

22
76

1.
01

12
1.

49
04

0.
03

80
1.

32
21

0.
98

65
1.

77
19

0.
06

20
0.

12
40

M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

-9
M

M
P-

9
P1

47
80

C
V

D
 II

I
1.

23
73

1.
04

10
1.

47
06

0.
01

60
1.

27
92

0.
99

30
1.

64
80

0.
05

70
0.

12
07

O
st

eo
po

nt
in

O
PN

P1
04

51
C

V
D

 II
I

1.
36

81
1.

13
36

1.
65

10
0.

00
11

1.
23

69
0.

91
86

1.
66

55
0.

16
00

0.
25

04

Pl
as

m
in

og
en

 a
ct

iv
at

or
 in

hi
bi

to
r 1

PA
I

P0
51

21
C

V
D

 II
I

1.
22

56
1.

00
73

1.
49

12
0.

04
20

0.
96

70
0.

62
30

1.
50

11
0.

88
00

0.
89

24

Pr
op

ro
te

in
 c

on
ve

rta
se

 su
bt

ili
si

n/
ke

xi
n 

ty
pe

 9
PC

SK
9

Q
8N

B
P7

C
V

D
 II

I
1.

22
48

0.
98

14
1.

52
87

0.
07

30
1.

21
07

0.
95

09
1.

54
16

0.
12

00
0.

19
64

Pl
at

el
et

-d
er

iv
ed

 g
ro

w
th

 fa
ct

or
 su

bu
ni

t A
PD

G
FA

P0
40

85
C

V
D

 II
I

1.
28

36
1.

04
99

1.
56

94
0.

01
50

1.
12

19
0.

80
57

1.
56

21
0.

50
00

0.
61

02

R
et

in
oi

c 
ac

id
 re

ce
pt

or
 re

sp
on

de
r p

ro
te

in
 2

RA
R

RE
S2

Q
99

96
9

C
V

D
 II

I
1.

24
78

1.
00

25
1.

55
32

0.
04

70
1.

12
61

0.
78

54
1.

61
46

0.
52

00
0.

61
38

ST
2 

pr
ot

ei
n

ST
2

Q
01

63
8

C
V

D
 II

I
1.

17
41

0.
94

01
1.

46
62

0.
16

00
1.

38
36

1.
07

81
1.

77
57

0.
01

10
0.

03
44

Ti
ss

ue
 fa

ct
or

 p
at

hw
ay

 in
hi

bi
to

r
TF

PI
P1

06
46

C
V

D
 II

I
1.

32
00

1.
04

76
1.

66
33

0.
01

90
1.

17
34

0.
87

80
1.

56
82

0.
28

00
0.

39
53

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 re
ce

pt
or

 1
TN

F-
R

1
P1

94
38

C
V

D
 II

I
1.

12
72

0.
95

19
1.

33
48

0.
16

00
1.

56
09

1.
22

47
1.

98
93

0.
00

03
0.

00
60

Tu
m

or
 n

ec
ro

sis
 fa

ct
or

 li
ga

nd
 su

pe
rf

am
ily

 m
em

be
r 1

3B
TN

FS
F1

3B
Q

9Y
27

5
C

V
D

 II
I

1.
21

84
1.

02
59

1.
44

70
0.

02
40

1.
46

69
1.

17
91

1.
82

48
0.

00
06

0.
00

60

U
ro

ki
na

se
 p

la
sm

in
og

en
 a

ct
iv

at
or

 su
rf

ac
e 

re
ce

pt
or

U
-P

A
R

Q
03

40
5

C
V

D
 II

I
1.

15
65

1.
00

27
1.

33
39

0.
04

60
1.

46
00

1.
18

54
1.

79
83

0.
00

04
0.

00
60

 H
R

 w
as

 c
al

cu
la

te
d 

us
in

g 
co

x 
re

gr
es

si
on

. E
ff

ec
t e

st
im

at
es

 h
av

e b
ee

n 
ca

lc
ul

at
ed

 p
er

 1
 S

D
 in

cr
ea

se
 in

 n
or

m
al

iz
ed

 p
ro

te
in

 e
xp

re
ss

io
n 

va
lu

es
 o

n 
a 

lo
g2

 sc
al

e.
 H

R
 w

as
 c

al
cu

la
te

d 
ba

se
d 

on
 m

od
el

 1
 (a

dj
us

te
d 

fo
r a

ge
, s

ex
, t

ot
al

 c
ho

le
st

er
ol

, h
ig

h‐
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l, 

sy
st

ol
ic

 b
lo

od
 p

re
ss

ur
e,

 c
ur

re
nt

 sm
ok

in
g,

 a
nd

 a
nt

ih
yp

er
te

ns
iv

e 
m

ed
ic

at
io

n 
us

e.
 R

ed
 m

ea
ns

 v
al

ue
 lo

w
er

 th
an

 0
.0

5.
 B

ol
d 

m
ea

ns
 h

av
e 

si
gn

ifi
ca

nt
 a

ss
oc

ia
tio

n 
w

ith
 in

ci
de

nt
 C

H
D

 in
 b

ot
h 

ba
se

lin
e 

gr
ou

p.
 D

is
cr

ep
an

ci
es

 in
 th

e 
si

gn
ifi

ca
nc

e 
of

 v
al

id
at

ed
 p

ro
te

in
s c

om
pa

re
d 

to
 o

ur
 m

ai
n 

an
al

ys
is

 a
re

 m
ar

ke
d 

in
 y

el
lo

w
.

Su
pp

le
m

en
ta

ry
 T

ab
le

3 
Pa

ge
 1

1

135



HR Lower CI Upper CI p -value p _FDR

Melusin ITGB1BP2 Q9UKP3 CVD II

C-X-C motif chemokine 9 CXCL9 Q07325 Inflammation 1.6802 0.9944 2.8392 0.0525 0.1313

Neurotrophin-3 NT-3 P20783 Inflammation 0.8343 0.4161 1.6727 0.6097 0.6097

Carboxypeptidase A1 CPA1 P15085 CVD III 0.8681 0.5541 1.3600 0.5367 0.6097

Interleukin-2 receptor subunit alpha IL-2RA P01589 CVD III 2.2543 1.1574 4.3908 0.0169 0.0843

Alpha-1-Microglobulin/Bikunin Precursor AMBP P02760 CVD II 1.3193 0.9235 1.8846 0.1278 0.2103

CD40 ligand CD40-L P29965 CVD II 1.1776 1.0042 1.3809 0.0442 0.0885

Cathepsin L1 CTSL1 P07711 CVD II 1.6592 1.2263 2.2449 0.0010 0.0082

Dickkopf-related protein 1 Dkk-1 O94907 CVD II 1.3696 1.0500 1.7866 0.0204 0.0543

Follistatin FS P19883 CVD II 1.3726 1.0305 1.8283 0.0304 0.0665

Galectin-9 Gal-9 O00182 CVD II 2.1845 1.5301 3.1187 1.70E-05 0.0012

Proheparin-binding EGF-like growth factor HB-EGF Q99075 CVD II 1.3798 1.1285 1.6870 0.0017 0.0102

Osteoclast-associated immunoglobulin-like receptor HOSCAR Q8IYS5 CVD II 1.7203 1.2068 2.4522 0.0027 0.0139

Alpha-L-iduronidase IDUA  P35475 CVD II 0.9058 0.6669 1.2303 0.5266 0.6215

Interleukin-18 IL-18  Q14116 CVD II 1.1423 0.8355 1.5618 0.4044 0.5286

Interleukin-1 receptor antagonist protein IL-1RA  P18510 CVD II 1.1768 0.8570 1.6159 0.3143 0.4351

Interleukin-27 IL-27  Q8NEV9, Q14213 CVD II 1.7667 1.2477 2.5015 0.0013 0.0091

Melusin ITGB1BP2 Q9UKP3 CVD II

Kidney Injury Molecule KIM1 Q96D42 CVD II 1.3890 1.0488 1.8395 0.0219 0.0544

Macrophage receptor MARCO MARCO Q9UEW3 CVD II 0.9731 0.6774 1.3979 0.8827 0.8981

Matrix metalloproteinase-12 MMP-12 P39900 CVD II 1.5486 1.0786 2.2235 0.0178 0.0512

Platelet-derived growth factor subunit B PDGFB P01127 CVD II 1.0426 0.7592 1.4319 0.7964 0.8628

Placenta growth factor PGF P49763 CVD II 1.5473 1.1295 2.1197 0.0066 0.0278

Serine protease 27 PRSS27 Q9BQR3 CVD II 1.4231 1.0395 1.9482 0.0277 0.0643

Pentraxin-related protein PTX3 PTX3 P26022 CVD II 1.1238 0.8576 1.4726 0.3976 0.5286

Sortilin SORT1 Q99523 CVD II 1.6671 1.2743 2.1810 0.0002 0.0047

Spondin-2 SPON2 Q9BUD6 CVD II 1.7039 1.1852 2.4497 0.0040 0.0193

Protein-glutamine gamma-glutamyltransferase 2 TGM2 P21980 CVD II 1.0247 0.7347 1.4293 0.8856 0.8981

Thrombospondin-2 THBS2 P35442 CVD II 1.5067 1.1091 2.0468 0.0087 0.0314

Thrombopoietin THPO P40225 CVD II 1.1898 0.9143 1.5485 0.1960 0.2822

Thrombomodulin TM P07204 CVD II 1.4766 1.0668 2.0438 0.0188 0.0520

Tumor necrosis factor receptor superfamily member 10ATNFRSF10A O00220 CVD II 1.0277 0.8098 1.3042 0.8222 0.8628

Tumor necrosis factor receptor superfamily member 11ATNFRSF11A Q9Y6Q6 CVD II 1.8844 1.3504 2.6295 0.0002 0.0047

TNF-related apoptosis-inducing ligand receptor 2 TRAIL-R2 O14763 CVD II 1.2781 1.0919 1.4961 0.0023 0.0125

Eukaryotic translation initiation factor 4E-binding protein 14E-BP1 Q13541 Inflammation 1.6615 1.2527 2.2038 0.0004 0.0052

Adenosine Deaminase ADA P00813 Inflammation 1.0453 0.7323 1.4922 0.8071 0.8628

Axin-1 AXIN1 O15169 Inflammation 1.3367 1.0208 1.7505 0.0349 0.0718

C-C motif chemokine 3 CCL3  P10147 Inflammation 1.0440 0.7664 1.4222 0.7849 0.8628

Natural killer cell receptor 2B4 CD244 Q9BZW8 Inflammation 1.1114 0.8138 1.5178 0.5066 0.6079

Macrophage colony-stimulating factor 1 CSF1 P09603 Inflammation 0.9228 0.6779 1.2560 0.6093 0.7076

C-X-C motif chemokine 11 CXCL11 O14625 Inflammation 1.4637 1.0951 1.9563 0.0101 0.0345

Protein S100-A12 EN-RAGE P80511 Inflammation 1.4025 1.1024 1.7842 0.0059 0.0265

Hepatocyte growth factor HGF P14210 Inflammation 1.4801 1.0593 2.0681 0.0216 0.0544

Interleukin-10 IL-10 P22301 Inflammation 0.9986 0.7098 1.4050 0.9936 0.9936

Interleukin-6 IL-6 P05231 Inflammation 1.0496 0.7589 1.4515 0.7700 0.8628

Interleukin-7 IL-7 P13232 Inflammation 1.2088 0.9140 1.5988 0.1837 0.2700

Interleukin-8 IL-8 P10145 Inflammation 1.2701 0.9285 1.7373 0.1347 0.2108

Latency-associated peptide transforming growth factor beta-1LAP TGF-beta-1 P01137 Inflammation 1.2300 0.9419 1.6063 0.1285 0.2103

Monocyte chemotactic protein 2 MCP-2 P80075 Inflammation 0.9663 0.7104 1.3143 0.8269 0.8628

Monocyte chemotactic protein 3 MCP-3 P80098 Inflammation 0.8718 0.6205 1.2249 0.4290 0.5325

Matrix metalloproteinase-1 MMP-1 P03956 Inflammation 1.4604 1.0843 1.9670 0.0127 0.0415

Osteoprotegerin OPG O00300 Inflammation 1.1745 0.8127 1.6973 0.3920 0.5286

Oncostatin-M OSM P13725 Inflammation 1.3760 1.0260 1.8455 0.0331 0.0701

Programmed cell death 1 ligand 1 PD-L1 Q9NZQ7 Inflammation 1.2692 0.9785 1.6463 0.0724 0.1304

Transforming growth factor alpha TGF-alpha P01135 Inflammation 1.5839 1.2264 2.0456 0.0004 0.0052

Tumor necrosis factor receptor superfamily member 9TNFRSF9 Q07011 Inflammation 1.4619 1.0510 2.0334 0.0241 0.0578

Tumor necrosis factor ligand superfamily member 14 TNFSF14 O43557 Inflammation 1.1261 0.8446 1.5015 0.4185 0.5286

Vascular endothelial growth factor A VEGF-A P15692 Inflammation 1.3983 1.0321 1.8945 0.0305 0.0665

C-C motif chemokine 16 CCL16 O15467 CVD III 1.2077 0.8743 1.6683 0.2523 0.3561

Scavenger receptor cysteine-rich type 1 protein M130 CD163 Q86VB7 CVD III 1.2961 0.9425 1.7823 0.1106 0.1895

Cystatin-B CSTB P04080 CVD III 1.5982 1.2177 2.0977 0.0007 0.0075

Cathepsin Z CTSZ Q9UBR2 CVD III 1.2963 0.9520 1.7651 0.0994 0.1745

Supplementary Table 4 Sensitivity analysis after exclusion of overlapping KORA S4 partici-
pants (n=206) from the KORA-Age1 sample in the association analysis (n=682 analysed par-
ticipants)

(did not pass quality control)

With type 2 diabetes at baseline

(did not pass quality control)

Without type 2 diabetes at baseline

Full name Protein Uniprot ID Panel
KORA-Age1
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HR Lower CI Upper CI p -value p _FDR

Supplementary Table 4 Sensitivity analysis after exclusion of overlapping KORA S4 partici-
pants (n=206) from the KORA-Age1 sample in the association analysis (n=682 analysed par-
ticipants) (Continued)

Full name Protein Uniprot ID Panel
KORA-Age1

Epithelial cell adhesion molecule Ep-CAM P16422 CVD III 1.0786 0.7846 1.4828 0.6413 0.7329

Fatty acid-binding protein 4 FABP4 P15090 CVD III 1.5455 1.1195 2.1336 0.0081 0.0309

Growth/differentiation factor 15 GDF-15 Q99988 CVD III 1.6532 1.2299 2.2223 0.0009 0.0078

Matrix metalloproteinase-3 MMP-3 P08254 CVD III 1.4815 1.0855 2.0221 0.0132 0.0415

Matrix metalloproteinase-9 MMP-9 P14780 CVD III 1.2960 0.9901 1.6964 0.0591 0.1101

Osteopontin OPN P10451 CVD III 1.3592 0.9876 1.8705 0.0596 0.1101

Plasminogen activator inhibitor 1 PAI P05121 CVD III 0.8831 0.6352 1.2276 0.4594 0.5606

Proprotein convertase subtilisin/kexin type 9 PCSK9 Q8NBP7 CVD III 1.2124 0.9274 1.5848 0.1589 0.2434

Platelet-derived growth factor subunit A PDGFA P04085 CVD III 1.1268 0.8438 1.5047 0.4185 0.5286

Retinoic acid receptor responder protein 2 RARRES2 Q99969 CVD III 1.2870 0.9257 1.7895 0.1335 0.2108

ST2 protein ST2 Q01638 CVD III 1.4662 1.1093 1.9378 0.0072 0.0287

Tissue factor pathway inhibitor TFPI P10646 CVD III 1.2417 0.9132 1.6883 0.1673 0.2510

Tumor necrosis factor receptor 1 TNF-R1 P19438 CVD III 1.5721 1.2219 2.0225 0.0004 0.0052

Tumor necrosis factor ligand superfamily member 13BTNFSF13B Q9Y275 CVD III 1.3663 1.0636 1.7550 0.0146 0.0437

Urokinase plasminogen activator surface receptor U-PAR Q03405 CVD III 1.4596 1.1575 1.8406 0.0014 0.0091

HR was calculated using cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.

 HR was calculated based on model 1 (adjusted for age, sex, total cholesterol, high‐density lipoprotein cholesterol, systolic blood pressure, current smoking, and antihypertensive medication use).

 Red means value lower than 0.05.

 Discrepancies in the significance of validated proteins compared to our main analysis are marked in yellow.
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Predictor Estimate Lower CI Upper CI

Age 0.0677 0.0026 0.1329

Sex (male) 1.4720 0.6881 2.2560

Total cholesterol 0.0022 -0.0054 0.0099

High‐density lipoprotein cholesterol 0.0024 -0.0240 0.0289

Systolic blood pressure -0.0116 -0.0270 0.0038

Antihypertensive medication user 0.2897 -0.3864 0.9658

Current smoking 0.7582 -0.0393 1.5557

CPA1 -0.2295 -0.4628 0.0040

IL-2RA 0.2986 -0.0323 0.6296

CXCL9 0.2494 -0.0456 0.5444

NT-3 -0.5543 -1.0156 -0.0930
Note: The estimates were obtained from cox regression.

Supplementary Table 6 Estimates of the selected predictors for incident coronary heart disease in 
individuals with type 2 diabetes at baseline in the KORA S4 sample
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Predictor Estimate Lower CI Upper CI
Age 0.0798 0.0379 0.1213
Sex (male) 0.8026 0.3343 1.2709
Total cholesterol 0.0004 -0.0045 0.0050
High‐density lipoprotein cholesterol -0.0048 -0.0189 0.0090
Systolic blood pressure 0.0071 -0.0033 0.0178
Antihypertensive medication user 0.4759 0.0502 0.9014
Current smoking 0.4575 -0.1259 1.0410
CD163 0.1886 -0.0433 0.4207
Ep-CAM 0.2773 0.0674 0.4874
OPN 0.3915 0.1336 0.6492
TNF-R1 -0.4560 -0.7352 -0.1767
KIM1 0.1521 -0.0652 0.3695
HB-EGF 0.2413 0.0339 0.4485
MMP-12 0.2361 0.0186 0.4536
TGM2 0.2151 0.0151 0.4154
VEGF-A 0.1833 -0.0493 0.4161
IL-6 0.1125 -0.0911 0.3163
IL-10 0.1685 -0.0086 0.3457
EN-RAGE 0.1288 -0.0815 0.3393
Note: The estimates were obtained from cox regression.

Supplementary Table 7 Estimates of the selected predictors for incident coronary heart disease in indi-
viduals without type 2 diabetes at baseline in the KORA S4 sample
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Basic model Extended model

With type 2 diabetes at baselinea

  C‐index 0.652 [0.549; 0.854] 0.662 [0.580; 0.879]

  ΔC‐index 0.010 [-0.051; 0.069]

  cfNRI 0.522 [0.363; 0.925]

  cfNRIcases 0.033 [-0.167; 0.300]

  cfNRIcontrols 0.488 [0.329; 0.625]

  IDI 0.010 [-0.056; 0.213]

Without type 2 diabetes at baselineb

  C‐index 0.674 [0.567; 0.780] 0.722 [0.614; 0.831]

  ΔC‐index 0.048 [0.029; 0.130]

  cfNRI 0.262 [0.003; 0.760]

  cfNRIcases -0.098 [-0.400; 0.202]

  cfNRIcontrols 0.360 [0.286; 0.590]

  IDI 0.012 [-0.006; 0.115]

Supplementary Table 8 Sensitivity analysis after exclusion of overlapping KORA S4
participants (n=206) from the KORA-Age1 sample in the prediction analysis (n=682
analysed participants)

Abbreviations: C‐index, concordance Index; cfNRI, category‐free net reclassification index; IDI, independent
discrimination improvement.
a Basic model (FRS components): age, sex, total cholesterol, HDL-cholesterol, systolic blood pressure,
antihypertensive medication use, and current smoking. Extended model: Basic model + CPA1 + IL2RA +
CXCL9 + NT-3.
b Basic model (FRS components): age, sex, total cholesterol, HDL-cholesterol, systolic blood pressure,
antihypertensive medication use, and current smoking. Extended model: Basic model + CD163 + Ep-CAM +
OPN + TNF-R1 + KIM1 + HB-EGF + MMP-12 + TGM2 + VEGF-A + IL-6 + IL-10 + EN-RAGE.

Baseline status
KORA-Age1
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Supplementary Table 9 Shifting those with newly diagnosed diabetes based on oral glucose tolerance tests 
from the group with diabetes to the group without diabetes in KORA S4 sample

HR Lower CI Upper CI p -value
 (sig. n=7) HR Lower CI Upper CI p -value

 (sig. n=79)
Angiotensin-converting enzyme 2 ACE2 Q9BYF1 CVD II 0.9718 0.7196 1.3125 0.8522 0.9848 0.7971 1.2167 0.8869
A disintegrin and metalloproteinase with thrombospondin motifs 13ADAM-TS13 Q76LX8 CVD II 0.9090 0.6346 1.3020 0.6027 0.9182 0.7586 1.1114 0.3811
Adrenomedullin ADM P35318 CVD II 1.1371 0.8118 1.5928 0.4548 1.1816 0.9544 1.4630 0.1257
Agouti-related protein AGRP O00253 CVD II 1.0228 0.7035 1.4871 0.9060 0.9642 0.7933 1.1720 0.7143
Protein AMBP AMBP P02760 CVD II 1.1052 0.8035 1.5201 0.5386 1.2292 1.0092 1.4971 0.0403
Angiopoietin-1 ANGPT1 Q15389 CVD II 0.7793 0.5848 1.0386 0.0888 1.2021 0.9765 1.4799 0.0826
Bone morphogenetic protein 6 BMP-6  P22004 CVD II 0.7895 0.5720 1.0897 0.1506 1.1708 0.9762 1.4043 0.0892
Brother of CDO BOC Q9BWV1 CVD II 1.1147 0.8153 1.5239 0.4962 1.0876 0.8929 1.3249 0.4040
Carbonic anhydrase 5A, mitochondrial CA5A P35218 CVD II 0.9407 0.6918 1.2792 0.6967 1.0508 0.8720 1.2661 0.6026
C-C motif chemokine 17 CCL17 Q92583 CVD II 0.9247 0.6881 1.2427 0.6037 1.1197 0.9188 1.3645 0.2625
T-cell surface glycoprotein CD4 CD4 P01730 CVD II 0.9432 0.7074 1.2576 0.6902 1.2130 1.0206 1.4416 0.0284
CD40 ligand CD40-L P29965 CVD II 0.8215 0.5899 1.1439 0.2443 1.2619 1.0388 1.5328 0.0191
SLAM family member 5 CD84 Q9UIB8 CVD II 0.9542 0.6700 1.3589 0.7951 1.1840 0.9781 1.4332 0.0831
Carcinoembryonic antigenrelated cell adhesion molecule 8CEACAM8 P31997 CVD II 0.8731 0.6388 1.1933 0.3946 1.2398 1.0270 1.4966 0.0253
Chymotrypsin C CTRC Q99895 CVD II 0.7785 0.5914 1.0248 0.0742 1.0019 0.8211 1.2225 0.9850
Cathepsin L1 CTSL1 P07711 CVD II 1.3707 0.9659 1.9452 0.0774 1.2582 1.0365 1.5274 0.0202
Decorin DCN P07585 CVD II 0.9736 0.6790 1.3960 0.8842 1.1833 0.9862 1.4198 0.0702
2,4-dienoyl-CoA reductase, mitochondrial DECR1 Q16698 CVD II 0.7738 0.5549 1.0791 0.1307 1.1157 0.9132 1.3631 0.2840
Dickkopf-related protein 1 Dkk-11 O94907 CVD II 0.7565 0.5508 1.0389 0.0847 1.2874 1.0615 1.5614 0.0103
Fatty acid-binding protein, intestinal FABP2 P12104 CVD II 0.9992 0.7519 1.3277 0.9953 0.9898 0.8128 1.2054 0.9188
Fibroblast growth factor 23 FGF-23 Q9GZV9 CVD II 0.8450 0.6017 1.1868 0.3311 1.0740 0.9107 1.2666 0.3960
Follistatin FS P19883 CVD II 1.2196 0.8877 1.6757 0.2206 1.2681 1.0512 1.5298 0.0131
Galectin-9 Gal-9 O00182 CVD II 1.0114 0.7196 1.4216 0.9480 1.3000 1.0693 1.5806 0.0085
Growth/differentiation factor 2 GDF-2 Q9UK05 CVD II 1.1181 0.7613 1.6421 0.5692 1.2216 0.9860 1.5134 0.0671
Growth hormone GH P01241 CVD II 1.4120 0.9905 2.0130 0.0565 1.0787 0.8731 1.3326 0.4826
Gastric intrinsic factor GIF P27352 CVD II 0.8367 0.6379 1.0972 0.1973 1.1604 0.9405 1.4319 0.1652
Lactoylglutathione lyase GLO1 Q04760 CVD II 0.7507 0.5464 1.0315 0.0769 1.1599 0.9485 1.4184 0.1485
Gastrotropin GT P51161 CVD II 1.3257 0.8776 2.0028 0.1804 1.0368 0.8661 1.2411 0.6937
Hydroxyacid oxidase 1 HAOX1 Q9UJM8 CVD II 0.8576 0.6248 1.1773 0.3420 1.0098 0.8315 1.2264 0.9213
Proheparin-binding EGF-like growth factor HB-EGF Q99075 CVD II 0.6970 0.4926 0.9861 0.0414 1.3500 1.1382 1.6011 0.0006
Heme oxygenase 1 HO1 P09601 CVD II 1.0323 0.7637 1.3955 0.8361 1.1202 0.9097 1.3793 0.2850
Osteoclast-associated immunoglobulin-like receptorHOSCAR Q8IYS5 CVD II 1.2470 0.9034 1.7213 0.1795 1.2020 0.9813 1.4724 0.0755
Heat shock 27 kDa protein HSP27  P04792 CVD II 1.2663 0.8344 1.9218 0.2674 0.8831 0.7413 1.0520 0.1638
Alpha-L-iduronidase IDUA  P35475 CVD II 0.7623 0.5605 1.0367 0.0836 1.2622 1.0321 1.5435 0.0233
Low affinity immunoglobulin gamma Fc region receptor II-bIgG Fc receptor II-b P31994 CVD II 1.1925 0.8277 1.7183 0.3447 1.0858 0.8966 1.3148 0.3994
Pro-interleukin-16 IL-16  Q14005 CVD II 0.9370 0.6931 1.2668 0.6725 1.2040 0.9826 1.4754 0.0733
Interleukin-17D IL-17D Q8TAD2 CVD II 0.9940 0.6563 1.5054 0.9774 0.9947 0.8254 1.1988 0.9556
Interleukin-18 IL-18  Q14116 CVD II 1.1090 0.8944 1.3752 0.3457 1.2568 1.0628 1.4863 0.0075
Interleukin-1 receptor antagonist protein IL-1RA  P18510 CVD II 0.9288 0.6926 1.2455 0.6217 1.3814 1.1381 1.6769 0.0011
Interleukin-1 receptor-like 2 IL-1RL2 Q9HB29 CVD II 1.1059 0.7737 1.5806 0.5808 0.9491 0.7774 1.1588 0.6080
Interleukin-27 IL-27  Q8NEV9, Q14213 CVD II 1.1365 0.7931 1.6288 0.4857 1.2204 1.0068 1.4793 0.0425
Interleukin-4 receptor subunit alpha IL-4RA P24394 CVD II 1.0834 0.7923 1.4813 0.6159 1.0177 0.8396 1.2336 0.8582
Melusin ITGB1BP2 Q9UKP3 CVD II 0.7039 0.4944 1.0021 0.0514 1.2121 1.0022 1.4660 0.0474
Kidney Injury Molecule 1 KIM1 Q96D42 CVD II 1.2833 0.8992 1.8314 0.1693 1.3614 1.1294 1.6411 0.0012
Leptin LEP  P41159 CVD II 0.8163 0.5289 1.2600 0.3595 1.3301 1.0231 1.7290 0.0331
Lectin-like oxidized LDL receptor 1 LOX-1  P78380 CVD II 0.7743 0.5654 1.0603 0.1107 1.2336 1.0265 1.4824 0.0252
Lipoprotein lipase LPL P06858 CVD II 0.9291 0.7587 1.1377 0.4765 1.0554 0.8379 1.3294 0.6470
Macrophage receptor MARCO MARCO Q9UEW3 CVD II 1.0122 0.7127 1.4376 0.9460 1.3073 1.0702 1.5969 0.0087
Tyrosine-protein kinase Mer MERTK Q12866 CVD II 1.1620 0.8353 1.6164 0.3727 1.2386 1.0186 1.5061 0.0320
Matrix metalloproteinase-12 MMP-12 P39900 CVD II 1.2178 0.8734 1.6979 0.2453 1.4199 1.1908 1.6929 0.0001
Matrix metalloproteinase-7 MMP-7  P09237 CVD II 0.9913 0.7450 1.3191 0.9524 1.1397 0.9338 1.3910 0.1984
NF-kappa-B essential modulator NEMO Q9Y6K9 CVD II 0.7590 0.5522 1.0433 0.0893 1.1666 0.9531 1.4279 0.1352
Proteinase-activated receptor 1 PAR-1 P25116 CVD II 0.9467 0.6688 1.3400 0.7572 1.1586 0.9442 1.4217 0.1586
Poly [ADP-ribose] polymerase 1 PARP-1 P09874 CVD II 0.8907 0.6643 1.1942 0.4392 1.1124 0.9129 1.3554 0.2907
Platelet-derived growth factor subunit B PDGF subunit B P01127 CVD II 0.8135 0.6199 1.0675 0.1366 1.2798 1.0218 1.6030 0.0318
Programmed cell death 1 ligand 2 PD-L2 Q9BQ51 CVD II 1.0410 0.7321 1.4804 0.8228 1.0418 0.8575 1.2658 0.6802
Placenta growth factor PGF P49763 CVD II 1.0211 0.7344 1.4198 0.9010 1.1940 1.0072 1.4153 0.0411
Polymeric immunoglobulin receptor PIGR P01833 CVD II 1.1600 0.8285 1.6241 0.3876 1.2166 1.0099 1.4654 0.0390
Prolargin PRELP P51888 CVD II 0.9904 0.6656 1.4737 0.9622 1.2556 0.9831 1.6036 0.0682
Serine protease 27 PRSS27 Q9BQR3 CVD II 0.8967 0.6174 1.3025 0.5670 1.2662 1.0502 1.5266 0.0134
Prostasin PRSS8 Q16651 CVD II 0.9175 0.6409 1.3135 0.6382 1.2059 0.9754 1.4908 0.0836
P-selectin glycoprotein ligand 1 PSGL-1  Q14242 CVD II 0.9397 0.6781 1.3024 0.7089 1.1511 0.9420 1.4067 0.1688
Pentraxin-related protein PTX3 PTX3 P26022 CVD II 1.1506 0.9016 1.4684 0.2595 1.2819 1.0471 1.5693 0.0161
Receptor for advanced glycosylation end products RAGE Q15109 CVD II 0.7368 0.5356 1.0135 0.0605 1.1565 0.9452 1.4149 0.1578
Renin REN P00797 CVD II 0.9692 0.6893 1.3628 0.8574 1.1928 0.9638 1.4763 0.1050
Stem cell factor SCF P21583 CVD II 1.0167 0.7341 1.4081 0.9207 0.9038 0.7374 1.1077 0.3296
Serpin A12 SERPINA12 Q8IW75 CVD II 1.1160 0.8132 1.5316 0.4967 0.8416 0.6790 1.0432 0.1155
Superoxide dismutase [Mn], mitochondrial SOD2 P04179 CVD II 0.8795 0.6507 1.1889 0.4039 1.0527 0.8613 1.2868 0.6159
Sortilin SORT1 Q99523 CVD II 0.8601 0.6281 1.1778 0.3474 1.3333 1.1050 1.6087 0.0027
Spondin-2 SPON2 Q9BUD6 CVD II 0.9970 0.7319 1.3580 0.9846 1.3379 1.0811 1.6557 0.0074
Proto-oncogene tyrosine-protein kinase Src SRC P12931 CVD II 0.7966 0.5812 1.0918 0.1574 1.0268 0.8400 1.2551 0.7965
Serine/threonine-protein kinase 4 STK4 Q13043 CVD II 0.8475 0.5995 1.1979 0.3486 1.0164 0.8355 1.2365 0.8706
Tissue factor TF P13726 CVD II 0.9709 0.6986 1.3492 0.8602 1.1257 0.9267 1.3675 0.2328
Protein-glutamine gamma-glutamyltransferase 2 TGM2 P21980 CVD II 0.9686 0.6877 1.3644 0.8553 1.3213 1.0808 1.6153 0.0066
Thrombospondin-2 THBS2 P35442 CVD II 1.1297 0.7946 1.6061 0.4970 1.2454 1.0189 1.5223 0.0321
Thrombopoietin THPO P40225 CVD II 0.9442 0.6329 1.4086 0.7785 1.1975 0.9943 1.4421 0.0574
Angiopoietin-1 receptor TIE2 Q02763 CVD II 1.2102 0.8327 1.7588 0.3171 0.9729 0.8088 1.1703 0.7708
Thrombomodulin TM P07204 CVD II 1.0392 0.7148 1.5108 0.8403 1.2358 1.0233 1.4925 0.0279
Tumor necrosis factor receptor superfamily member 10ATNFRSF10A O00220 CVD II 1.0808 0.7807 1.4963 0.6395 1.2759 1.1178 1.4564 0.0003
Tumor necrosis factor receptor superfamily member 11ATNFRSF11A Q9Y6Q6 CVD II 1.2503 0.9014 1.7342 0.1809 1.2190 1.0345 1.4365 0.0181
Tumor necrosis factor receptor superfamily member 13BTNFRSF13B O14836 CVD II 1.0202 0.7017 1.4833 0.9165 0.9568 0.7861 1.1645 0.6594
TNF-related apoptosis-inducing ligand receptor 2TRAIL-R2 O14763 CVD II 1.1320 0.7813 1.6402 0.5122 1.1562 1.0327 1.2944 0.0118

Without type 2 diabetes at baseline  (n=1333)
incident CHD (n=109)

With type 2 diabetes at baseline  (n=159)
incident CHD (n=38)Protein name Short name UniProtID Panel
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Supplementary Table 9 Shifting those with newly diagnosed diabetes based on oral glucose tolerance tests 
from the group with diabetes to the group without diabetes in KORA S4 sample (Continued)

HR Lower CI Upper CI p -value
 (sig. n=7) HR Lower CI Upper CI p -value

 (sig. n=79)

Without type 2 diabetes at baseline  (n=1333)
incident CHD (n=109)

With type 2 diabetes at baseline  (n=159)
incident CHD (n=38)Protein name Short name UniProtID Panel

Vascular endothelial growth factor D VEGF-D O43915 CVD II 0.9031 0.6400 1.2744 0.5620 1.0812 0.8912 1.3118 0.4284
V-set and immunoglobulin domain-containing protein 2VSIG2 Q96IQ7 CVD II 1.0932 0.8075 1.4802 0.5642 1.0876 0.8953 1.3212 0.3978
Lymphotactin XCL1  P47992 CVD II 0.9699 0.6999 1.3440 0.8542 0.9458 0.7750 1.1543 0.5839
Eukaryotic translation initiation factor 4E-binding protein 14E-BP1 Q13541 Inflammation 0.8623 0.6323 1.1758 0.3490 1.2568 1.0236 1.5432 0.0291
Adenosine Deaminase ADA P00813 Inflammation 0.9200 0.6868 1.2325 0.5762 1.2297 1.0261 1.4736 0.0251
Axin-1 AXIN1 O15169 Inflammation 0.7499 0.5412 1.0390 0.0836 1.2102 0.9928 1.4751 0.0590
Caspase-8 CASP-8 Q14790 Inflammation 0.8462 0.6320 1.1331 0.2622 1.1803 0.9654 1.4430 0.1059
Eotaxin CCL11 P51671 Inflammation 0.9379 0.6642 1.3245 0.7160 1.0579 0.8759 1.2777 0.5590
C-C motif chemokine 19 CCL19 Q99731 Inflammation 0.8463 0.5709 1.2545 0.4060 1.2064 1.0173 1.4305 0.0309
C-C motif chemokine 20 CCL20 P78556 Inflammation 0.9656 0.7233 1.2889 0.8121 1.1720 0.9827 1.3978 0.0774
C-C motif chemokine 23 CCL23 P55773 Inflammation 1.2138 0.8708 1.6919 0.2529 1.0821 0.8877 1.3190 0.4348
C-C motif chemokine 25 CCL25 O15444 Inflammation 0.9663 0.6835 1.3663 0.8464 1.0107 0.8309 1.2294 0.9152
C-C motif chemokine 28 CCL28 Q9NRJ3 Inflammation 0.7710 0.5335 1.1141 0.1662 0.9915 0.8228 1.1948 0.9287
C-C motif chemokine 3 CCL3  P10147 Inflammation 0.9030 0.6266 1.3013 0.5842 1.1653 0.9872 1.3756 0.0707
C-C motif chemokine 4 CCL4 P13236 Inflammation 0.7938 0.5246 1.2014 0.2748 1.0922 0.9125 1.3072 0.3364
Natural killer cell receptor 2B4 CD244 Q9BZW8 Inflammation 0.7644 0.5282 1.1063 0.1544 1.2043 1.0106 1.4351 0.0377
CD40L receptor CD40 P25942 Inflammation 0.8790 0.6351 1.2165 0.4365 1.1704 0.9699 1.4124 0.1007
T-cell surface glycoprotein CD5 CD5 P06127 Inflammation 1.0031 0.7268 1.3844 0.9850 1.0812 0.8988 1.3006 0.4078
T cell surface glycoprotein CD6 isoform CD6 P30203 Inflammation 0.8425 0.5981 1.1867 0.3269 1.0835 0.8997 1.3048 0.3976
T-cell surface glycoprotein CD8 alpha chain CD8A P01732 Inflammation 1.0060 0.7352 1.3764 0.9703 0.9040 0.7442 1.0982 0.3093
CUB domain-containing protein 1 CDCP1 Q9H5V8 Inflammation 1.0630 0.7411 1.5249 0.7399 1.1028 0.9197 1.3223 0.2908
Macrophage colony-stimulating factor 1 CSF1 P09603 Inflammation 1.0406 0.7672 1.4114 0.7979 1.3400 1.0882 1.6499 0.0058
Cystatin D CST5 P28325 Inflammation 0.9264 0.6655 1.2895 0.6505 1.0849 0.8956 1.3142 0.4048
Fractalkine CX3CL1 P78423 Inflammation 1.0218 0.7092 1.4721 0.9080 1.0028 0.8255 1.2183 0.9773
C-X-C motif chemokine 1 CXCL1 P09341 Inflammation 0.8489 0.6225 1.1578 0.3010 1.1567 0.9468 1.4131 0.1541
C-X-C motif chemokine 10 CXCL10 P02778 Inflammation 0.9732 0.7223 1.3112 0.8582 0.9905 0.8086 1.2134 0.9269
C-X-C motif chemokine 11 CXCL11 O14625 Inflammation 1.0331 0.6951 1.5356 0.8720 1.1972 1.0108 1.4180 0.0372
C-X-C motif chemokine 5 CXCL5 P42830 Inflammation 0.8877 0.6494 1.2132 0.4547 1.1203 0.9175 1.3681 0.2649
C-X-C motif chemokine 6 CXCL6 P80162 Inflammation 0.9619 0.7020 1.3180 0.8088 1.1090 0.9139 1.3457 0.2945
C-X-C motif chemokine 9 CXCL9 Q07325 Inflammation 1.5222 1.1489 2.0168 0.0034 1.1012 0.9111 1.3309 0.3186
Delta and Notch-like epidermal growth factor-related receptorDNER Q8NFT8 Inflammation 0.9647 0.6969 1.3353 0.8284 0.9691 0.8010 1.1725 0.7467
Protein S100-A12 EN-RAGE P80511 Inflammation 1.0600 0.8210 1.3687 0.6549 1.4040 1.1913 1.6547 0.0001
Fibroblast growth factor 19 FGF-19 O95750 Inflammation 0.8868 0.6686 1.1763 0.4046 0.8282 0.6784 1.0111 0.0640
Fibroblast growth factor 21 FGF-21 Q9NSA1 Inflammation 0.9022 0.6676 1.2193 0.5030 1.1389 0.9360 1.3857 0.1938
Fms-related tyrosine kinase 3 ligand FLT3L P49771 Inflammation 0.9396 0.6685 1.3205 0.7196 1.1290 0.9321 1.3676 0.2146
Hepatocyte growth factor HGF P14210 Inflammation 0.8600 0.6162 1.2002 0.3751 1.5140 1.2562 1.8246 0.0000
Interferon gamma IFN-gamma P01579 Inflammation 1.1572 0.8793 1.5230 0.2975 1.1058 0.9180 1.3320 0.2897
Interleukin-10 IL-10 P22301 Inflammation 1.1437 0.7656 1.7083 0.5121 1.2104 1.0449 1.4020 0.0109
Interleukin-10 receptor subunit beta IL-10RB Q08334 Inflammation 1.0989 0.8030 1.5039 0.5557 1.1046 0.9098 1.3411 0.3149
Interleukin-12 subunit beta IL-12B P29460 Inflammation 1.1695 0.7994 1.7108 0.4199 1.1166 0.8986 1.3874 0.3197
Interleukin-15 receptor subunit alpha IL-15RA Q13261 Inflammation 0.9650 0.6750 1.3796 0.8450 1.1236 0.9238 1.3666 0.2435
Interleukin-18 receptor 1 IL-18R1 Q13478 Inflammation 1.1396 0.8001 1.6230 0.4690 1.1442 0.9310 1.4061 0.2004
Interleukin-6 IL-6 P05231 Inflammation 1.0173 0.7022 1.4739 0.9276 1.2737 1.0965 1.4795 0.0015
Interleukin-7 IL-7 P13232 Inflammation 0.8208 0.5944 1.1336 0.2307 1.1714 0.9744 1.4082 0.0922
Interleukin-8 IL-8 P10145 Inflammation 0.8425 0.6272 1.1317 0.2549 1.2077 1.0136 1.4390 0.0347
Latency-associated peptide transforming growth factor beta-1LAP TGF-beta-1 P01137 Inflammation 0.7332 0.5148 1.0444 0.0856 1.2702 1.0623 1.5188 0.0087
Leukemia inhibitory factor receptor LIF-R P42702 Inflammation 1.0546 0.7738 1.4373 0.7365 1.0899 0.8934 1.3297 0.3958
Monocyte chemotactic protein 1 MCP-1 P13500 Inflammation 0.9091 0.6763 1.2220 0.5277 1.0987 0.9187 1.3140 0.3024
Monocyte chemotactic protein 2 MCP-2 P80075 Inflammation 0.7683 0.5458 1.0815 0.1308 1.1861 0.9955 1.4131 0.0562
Monocyte chemotactic protein 3 MCP-3 P80098 Inflammation 1.1534 0.9033 1.4727 0.2524 1.3546 1.1406 1.6088 0.0005
Monocyte chemotactic protein 4 MCP-4 Q99616 Inflammation 0.7806 0.5406 1.1272 0.1865 1.1459 0.9435 1.3918 0.1696
Matrix metalloproteinase-1 MMP-1 P03956 Inflammation 0.9363 0.6448 1.3595 0.7294 1.2123 1.0026 1.4659 0.0469
Matrix metalloproteinase-10 MMP-10 P09238 Inflammation 1.2322 0.8976 1.6916 0.1965 1.1158 0.9170 1.3577 0.2739
 Neurotrophin-3 NT-3 P20783 Inflammation 0.6467 0.4143 1.0097 0.0552 0.9575 0.7764 1.1808 0.6844
Osteoprotegerin OPG O00300 Inflammation 0.8254 0.5813 1.1721 0.2835 1.3053 1.0809 1.5764 0.0056
Oncostatin-M OSM P13725 Inflammation 0.7949 0.5877 1.0751 0.1362 1.3586 1.1261 1.6392 0.0014
Programmed cell death 1 ligand 1 PD-L1 Q9NZQ7 Inflammation 0.9055 0.6333 1.2945 0.5860 1.2261 1.0338 1.4542 0.0192
SIR2-like protein 2 SIRT2 Q8IXJ6 Inflammation 0.7755 0.5569 1.0800 0.1325 1.1957 0.9812 1.4572 0.0764
Sulfotransferase 1A1 ST1A1 P50225 Inflammation 0.7547 0.5304 1.0738 0.1178 1.1106 0.9122 1.3522 0.2961
STAM-binding protein STAMBP O95630 Inflammation 0.7735 0.5525 1.0829 0.1347 1.1894 0.9795 1.4444 0.0800
Transforming growth factor alpha TGF-alpha P01135 Inflammation 0.9289 0.7208 1.1970 0.5684 1.2576 1.0595 1.4929 0.0088
Tumor necrosis factor TNF  P01375 Inflammation 1.3210 0.9237 1.8891 0.1272 1.0447 0.8708 1.2534 0.6379
TNF-beta TNFB P01374 Inflammation 1.1426 0.8059 1.6200 0.4542 0.9745 0.8046 1.1802 0.7914
Tumor necrosis factor receptor superfamily member 9TNFRSF9 Q07011 Inflammation 1.1191 0.8180 1.5311 0.4815 1.2210 1.0183 1.4641 0.0311
Tumor necrosis factor ligand superfamily member 14TNFSF14 O43557 Inflammation 0.7872 0.5641 1.0986 0.1595 1.2356 1.0262 1.4878 0.0255
TNF-related apoptosis-inducing ligand TRAIL P50591 Inflammation 0.8517 0.5910 1.2274 0.3892 1.0498 0.8639 1.2757 0.6249
TNF-related activation-induced cytokine TRANCE O14788 Inflammation 0.7942 0.5464 1.1544 0.2273 0.9442 0.7780 1.1459 0.5610
Tumor necrosis factor (Ligand) superfamily, member 12TWEAK O43508 Inflammation 0.6890 0.4941 0.9608 0.0281 1.0613 0.8753 1.2867 0.5452
Urokinase-type plasminogen activator uPA P00749 Inflammation 0.9274 0.6556 1.3119 0.6703 1.0988 0.9098 1.3272 0.3279
Vascular endothelial growth factor A VEGF-A P15692 Inflammation 0.7790 0.5428 1.1178 0.1752 1.4020 1.2019 1.6353 0.0000
CD166 antigen ALCAM Q13740 CVD III 0.9885 0.7018 1.3923 0.9470 1.0889 0.8933 1.3273 0.3993
Aminopeptidase N AP-N P15144 CVD III 0.9651 0.6740 1.3819 0.8462 1.0741 0.8897 1.2968 0.4569
Tyrosine-protein kinase receptor UFO AXL  P30530 CVD III 1.0453 0.7436 1.4694 0.7987 1.0776 0.8837 1.3140 0.4605
Caspase-3 CASP-3 P42574 CVD III 0.8396 0.5970 1.1808 0.3150 1.1708 0.9632 1.4232 0.1133
C-C motif chemokine 15 CCL15 Q16663 CVD III 0.9989 0.7421 1.3447 0.9942 1.1328 0.9325 1.3762 0.2092
C-C motif chemokine 16 CCL16 O15467 CVD III 1.0933 0.8174 1.4624 0.5476 1.2661 1.0177 1.5750 0.0342
C-C motif chemokine 24 CCL24 O00175 CVD III 0.9001 0.6662 1.2161 0.4928 1.0623 0.8727 1.2930 0.5469
Scavenger receptor cysteine-rich type 1 protein M130CD163 Q86VB7 CVD III 0.8508 0.6000 1.2065 0.3646 1.3522 1.1166 1.6376 0.0020 
Complement component C1q receptor CD93 Q9NPY3 CVD III 0.9824 0.6978 1.3831 0.9192 1.1088 0.9109 1.3496 0.3032 
Cadherin-5 CDH5 P33151 CVD III 0.8945 0.6194 1.2918 0.5522 0.9879 0.8225 1.1865 0.8964 
Chitinase-3-like protein 1 CHI3L1 P36222 CVD III 0.9307 0.6752 1.2830 0.6611 1.1270 0.9207 1.3796 0.2465 
Chitotriosidase-1 CHIT1 Q13231 CVD III 1.1259 0.8150 1.5555 0.4720 1.2183 0.9809 1.5131 0.0742
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Supplementary Table 9 Shifting those with newly diagnosed diabetes based on oral glucose tolerance tests 
from the group with diabetes to the group without diabetes in KORA S4 sample (Continued)

HR Lower CI Upper CI p -value
 (sig. n=7) HR Lower CI Upper CI p -value

 (sig. n=79)

Without type 2 diabetes at baseline  (n=1333)
incident CHD (n=109)

With type 2 diabetes at baseline  (n=159)
incident CHD (n=38)Protein name Short name UniProtID Panel

Contactin-1 CNTN1 Q12860 CVD III 0.7787 0.5412 1.1203 0.1777 0.9630 0.7905 1.1733 0.7084
Collagen alpha-1(I) chain COL1A1 P02452 CVD III 0.9935 0.7071 1.3959 0.9700 1.1739 0.9665 1.4258 0.1061
Carboxypeptidase A1 CPA1 P15085 CVD III 0.7599 0.5954 0.9700 0.0275 0.9662 0.7905 1.1810 0.7371
Carboxypeptidase B CPB1 P15086 CVD III 0.7510 0.5711 0.9876 0.0404 1.0178 0.8324 1.2445 0.8636
Cystatin-B CSTB P04080 CVD III 0.8964 0.6459 1.2440 0.5130 1.2928 1.0941 1.5276 0.0026
Cathepsin Z CTSZ Q9UBR2 CVD III 0.8951 0.6553 1.2226 0.4860 1.2458 1.0336 1.5017 0.0211
C-X-C motif chemokine 16 CXCL16 Q9H2A7 CVD III 0.9100 0.6451 1.2837 0.5911 1.1786 0.9716 1.4296 0.0953
Protein delta homolog 1 DLK-1 P80370 CVD III 0.9333 0.6763 1.2880 0.6746 0.9905 0.8151 1.2038 0.9239
Epidermal growth factor receptor EGFR P00533 CVD III 1.0388 0.7274 1.4834 0.8344 0.9820 0.8110 1.1890 0.8525
Epithelial cell adhesion molecule Ep-CAM P16422 CVD III 0.9558 0.6467 1.4127 0.8207 1.3645 1.1213 1.6605 0.0019
Ephrin type-B receptor 4 EPHB4 P54760 CVD III 1.1011 0.8161 1.4856 0.5286 1.0325 0.8505 1.2533 0.7468
Fatty acid-binding protein 4 FABP4 P15090 CVD III 1.0020 0.6917 1.4513 0.9917 1.4046 1.1346 1.7388 0.0018
Tumor necrosis factor receptor superfamily member 6FAS P25445 CVD III 1.1057 0.7752 1.5770 0.5793 1.0972 0.9391 1.2819 0.2428
Galectin-4 Gal-4 P56470 CVD III 0.9574 0.6818 1.3444 0.8014 1.1025 0.9152 1.3282 0.3044
Growth/differentiation factor 15 GDF-15 Q99988 CVD III 1.1564 0.8431 1.5861 0.3675 1.3394 1.0998 1.6312 0.0037
Platelet glycoprotein VI GP6 Q9HCN6 CVD III 0.7770 0.5525 1.0926 0.1469 1.1784 0.9756 1.4232 0.0884
Granulins GRN P28799 CVD III 0.9554 0.6869 1.3288 0.7861 1.1660 0.9646 1.4093 0.1124
Intercellular adhesion molecule 2 ICAM-2 P13598 CVD III 1.0181 0.7070 1.4662 0.9232 1.0952 0.9103 1.3176 0.3351
Insulin-like growth factor-binding protein 1 IGFBP1 P08833 CVD III 1.0213 0.7812 1.3352 0.8776 1.0242 0.8197 1.2797 0.8332
Insulin-like growth factor-binding protein 2 IGFBP2 P18065 CVD III 1.3203 0.9647 1.8070 0.0826 1.0740 0.8702 1.3254 0.5062
Insulin-like growth factor-binding protein 7 IGFBP7 Q16270 CVD III 1.0777 0.7812 1.4867 0.6486 1.0459 0.8595 1.2727 0.6542
Interleukin-17 receptor A IL-17RA Q96F46 CVD III 0.8565 0.6058 1.2111 0.3809 1.0470 0.8685 1.2622 0.6303
Interleukin-18-binding protein IL-18BP O95998 CVD III 1.2692 0.9100 1.7703 0.1603 1.0746 0.8858 1.3037 0.4657
Interleukin-1 receptor type 1 IL-1RT1 P14778 CVD III 1.1724 0.8492 1.6187 0.3338 1.0031 0.8281 1.2151 0.9747
Interleukin-1 receptor type 2 IL-1RT2 P27930 CVD III 0.8855 0.6544 1.1983 0.4308 1.2345 1.0193 1.4951 0.0312
Interleukin-2 receptor subunit alpha IL-2RA P01589 CVD III 1.6246 1.1448 2.3054 0.0066 1.1772 0.9765 1.4191 0.0872
Interleukin-6 receptor subunit alpha IL-6RA P08887 CVD III 0.9698 0.7023 1.3391 0.8521 1.1338 0.9367 1.3722 0.1974
Integrin beta-2 ITGB2 P05107 CVD III 0.7933 0.5593 1.1254 0.1944 1.1387 0.9713 1.3348 0.1093
Junctional adhesion molecule A JAM-A Q9Y624 CVD III 0.8770 0.6222 1.2360 0.4534 1.1658 0.9674 1.4050 0.1071
Kallikrein-6 KLK6 Q92876 CVD III 0.7997 0.5817 1.0996 0.1690 0.9719 0.8041 1.1747 0.7683
Low-density lipoprotein receptor LDL receptor P01130 CVD III 0.7377 0.4925 1.1049 0.1400 1.1931 0.9672 1.4718 0.0992
Lymphotoxin-beta receptor LTBR P36941 CVD III 0.9579 0.6786 1.3522 0.8068 1.1722 0.9968 1.3784 0.0547
Myoglobin MB P02144 CVD III 0.8949 0.6663 1.2019 0.4606 1.1487 0.9299 1.4190 0.1986
Matrix extracellular phosphoglycoprotein MEPE Q9NQ76 CVD III 0.7661 0.5531 1.0611 0.1089 1.0636 0.8772 1.2896 0.5305
Matrix metalloproteinase-2 MMP-2 P08253 CVD III 1.1210 0.8158 1.5402 0.4813 1.1296 0.9280 1.3750 0.2243
Matrix metalloproteinase-3 MMP-3 P08254 CVD III 1.3349 0.9132 1.9513 0.1359 1.2690 1.0398 1.5487 0.0191
Matrix metalloproteinase-9 MMP-9 P14780 CVD III 0.7821 0.5711 1.0709 0.1254 1.2848 1.0709 1.5413 0.0070
Myeloperoxidase MPO P05164 CVD III 0.9162 0.6690 1.2549 0.5856 1.2328 1.0349 1.4686 0.0191
Neurogenic locus notch homolog protein 3 Notch3 Q9UM47 CVD III 0.9234 0.6500 1.3117 0.6563 1.1041 0.9026 1.3505 0.3357
N-terminal prohormone brain natriuretic peptideNT-proBNP NA CVD III 1.3896 1.0087 1.9143 0.0441 1.2407 1.0161 1.5149 0.0342
Osteopontin OPN P10451 CVD III 1.1223 0.8287 1.5199 0.4561 1.5433 1.2819 1.8579 0.0000
Plasminogen activator inhibitor 1 PAI P05121 CVD III 0.7805 0.5866 1.0385 0.0890 1.2235 1.0032 1.4921 0.0464
Proprotein convertase subtilisin/kexin type 9 PCSK9 Q8NBP7 CVD III 0.8107 0.5596 1.1746 0.2674 1.2394 1.0192 1.5072 0.0315
Platelet-derived growth factor subunit A PDGF subunit A P04085 CVD III 0.8028 0.5910 1.0906 0.1600 1.2756 1.0496 1.5503 0.0144
Platelet endothelial cell adhesion molecule PECAM-1 P16284 CVD III 0.8281 0.5898 1.1629 0.2763 1.1573 0.9640 1.3893 0.1172
Peptidoglycan recognition protein 1 PGLYRP1 O75594 CVD III 0.8654 0.6298 1.1891 0.3725 1.0344 0.8519 1.2560 0.7325
Perlecan PLC P98160 CVD III 0.9417 0.6975 1.2716 0.6952 1.1446 0.9354 1.4006 0.1896
Paraoxonase PON3 Q15166 CVD III 1.3438 0.8915 2.0255 0.1581 0.8158 0.6642 1.0020 0.0523
Pulmonary surfactant-associated protein D PSP-D P35247 CVD III 0.9937 0.7170 1.3771 0.9697 1.0612 0.8783 1.2822 0.5381
Retinoic acid receptor responder protein 2 RARRES2 Q99969 CVD III 1.0769 0.7177 1.6159 0.7204 1.2622 1.0277 1.5503 0.0264
Resistin RETN Q9HD89 CVD III 0.7747 0.5576 1.0762 0.1279 1.1306 0.9422 1.3567 0.1870
Secretoglobin family 3A member 2 SCGB3A2 Q96PL1 CVD III 0.8251 0.5533 1.2306 0.3460 1.0916 0.8878 1.3421 0.4060
E-selectin SELE P16581 CVD III 0.9699 0.6793 1.3849 0.8665 1.0978 0.9093 1.3254 0.3318
P-selectin SELP P16109 CVD III 0.8736 0.6175 1.2358 0.4451 1.2142 1.0048 1.4672 0.0445
Tyrosine-protein phosphatase non-receptor type substrate 1SHPS-1 P78324 CVD III 0.9562 0.6648 1.3753 0.8090 1.0610 0.8835 1.2741 0.5261
ST2 protein ST2 Q01638 CVD III 0.8832 0.6001 1.2998 0.5286 1.2743 1.0377 1.5648 0.0207
Tissue factor pathway inhibitor TFPI P10646 CVD III 1.0606 0.7212 1.5597 0.7649 1.3875 1.1234 1.7137 0.0024
Metalloproteinase inhibitor 4 TIMP4 Q99727 CVD III 0.9674 0.6872 1.3619 0.8494 1.2101 1.0066 1.4548 0.0424
Trem-like transcript 2 protein TLT-2 Q5T2D2 CVD III 1.1804 0.8004 1.7408 0.4029 1.1311 0.9385 1.3633 0.1957
Tumor necrosis factor receptor 1 TNF-R1 P19438 CVD III 1.1419 0.8309 1.5694 0.4134 1.2069 1.0231 1.4237 0.0257
Tumor necrosis factor receptor 2 TNF-R2 P20333 CVD III 1.2121 0.8674 1.6939 0.2598 1.1999 1.0025 1.4362 0.0468
Tumor necrosis factor receptor superfamily member 10CTNFRSF10C O14798 CVD III 1.0817 0.7767 1.5064 0.6422 0.9984 0.8255 1.2076 0.9869
Tumor necrosis factor receptor superfamily member 14TNFRSF14 Q92956 CVD III 1.0017 0.6851 1.4645 0.9931 1.1580 0.9857 1.3605 0.0742
Tumor necrosis factor ligand superfamily member 13BTNFSF13B Q9Y275 CVD III 1.0524 0.7247 1.5283 0.7886 1.2574 1.0588 1.4932 0.0090
Tissue-type plasminogen activator t-PA P00750 CVD III 1.0508 0.7962 1.3869 0.7261 0.9880 0.8087 1.2072 0.9063
Transferrin receptor protein 1 TR P02786 CVD III 0.9516 0.7097 1.2759 0.7401 1.1417 0.9543 1.3660 0.1475
Tartrate-resistant acid phosphatase type 5 TR-AP P13686 CVD III 0.9895 0.6868 1.4256 0.9548 1.1204 0.9360 1.3410 0.2154
Urokinase plasminogen activator surface receptor U-PAR Q03405 CVD III 0.8490 0.5784 1.2461 0.4030 1.2034 1.0378 1.3955 0.0143
von Willebrand factor vWF P04275 CVD III 1.1468 0.8634 1.5233 0.3443 1.1031 0.9096 1.3377 0.3189
 HR was calculated using cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.
 Model 1 (FRS variables): adjusted for age, sex, total cholesterol, high‐density lipoprotein cholesterol, systolic blood pressure, current smoking, antihypertensive medication use, and diabetes status.
 Model 2: adjusted for variables in model 1+ BMI, education, physical activity, alcohol consumption, and lipid-lowering medication use.
 Model 3: adjusted for variables in model 1+ fasting status.
 Red means value lower than 0.05.
 Discrepancies in the significance of validated proteins compared to our main analysis are marked in yellow.
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BMC Medicine

Association of plasma proteomics 
with mortality in individuals with and without 
type 2 diabetes: Results from two 
population-based KORA cohort studies
Hong Luo1,2, Agnese Petrera3, Stefanie M. Hauck3,4, Wolfgang Rathmann5,6, Christian Herder6,7,8, 
Christian Gieger1,4,9, Annika Hoyer10, Annette Peters1,2,4 and Barbara Thorand1,2,4* 

Abstract 

Background Protein biomarkers may contribute to the identification of vulnerable subgroups for premature mortal-
ity. This study aimed to investigate the association of plasma proteins with all-cause and cause-specific mortality 
among individuals with and without baseline type 2 diabetes (T2D) and evaluate their impact on the prediction of all-
cause mortality in two prospective Cooperative Health Research in the Region of Augsburg (KORA) studies.

Methods The discovery cohort comprised 1545 participants (median follow-up 15.6 years; 244 with T2D: 116 total, 
62 cardiovascular, 31 cancer-related and 23 other-cause deaths; 1301 without T2D: 321 total, 114 cardiovascular, 120 
cancer-related and 87 other-cause deaths). The validation cohort comprised 1031 participants (median follow-up 
6.9 years; 203 with T2D: 76 total, 45 cardiovascular, 19 cancer-related and 12 other-cause deaths; 828 without T2D: 169 
total, 74 cardiovascular, 39 cancer-related and 56 other-cause deaths). We used Cox regression to examine associa-
tions of 233 plasma proteins with all-cause and cause-specific mortality and Lasso regression to construct prediction 
models for all-cause mortality stratifying by baseline T2D. C-index, category-free net reclassification index (cfNRI), 
and integrated discrimination improvement (IDI) were conducted to evaluate the predictive performance of built 
prediction models.

Results Thirty-five and 62 proteins, with 29 overlapping, were positively associated with all-cause mortality 
in the group with and without T2D, respectively. Out of these, in the group with T2D, 35, eight, and 26 were positively 
associated with cardiovascular, cancer-related, and other-cause mortality, while in the group without T2D, 55, 41, 
and 47 were positively associated with respective cause-specific outcomes in the pooled analysis of both cohorts. 
Regulation of insulin-like growth factor (IGF) transport and uptake by IGF-binding proteins emerged as a unique 
pathway enriched for all-cause and cardiovascular mortality in individuals with T2D. The combined model containing 
the selected proteins (five and 12 proteins, with four overlapping, in the group with and without T2D, respectively) 
and clinical risk factors improved the prediction of all-cause mortality by C-index, cfNRI, and IDI.

Conclusions This study uncovered shared and unique mortality-related proteins in persons with and without T2D 
and emphasized the role of proteins in improving the prediction of mortality in different T2D subgroups.

*Correspondence:
Barbara Thorand
barbara.thorand@helmholtz-munich.de
Full list of author information is available at the end of the article
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Background
Mortality rate is a powerful and accurate indicator of 
the overall health of a population. Notably, individuals 
diagnosed with type 2 diabetes (T2D) face an elevated 
risk of premature mortality, not only in terms of all-
cause mortality but also concerning various causes of 
death, especially cardiovascular disease (CVD) and 
cancer, with risks being 1.27–4.26 times higher than 
for those without T2D [1, 2]. Hence, it is crucial to 
understand the underlying mechanisms affecting mor-
tality across different T2D status and to implement 
effective preventive strategies tailored to these specific 
groups.

Circulating biomarkers have the potential to eluci-
date biological pathways contributing to disease, hold-
ing promise for future pathway‐specific therapies and 
personalized treatment approaches. High-throughput 
proteomics, potent technologies for biomarker discov-
ery [3], has been employed in prior studies exploring 
the associations [4–18] and predictive performance [4, 
8–13, 15, 16] with all-cause and cause-specific mortal-
ity, primarily focused on cardiovascular mortality [7, 
8, 13–16]. Of note, these studies mainly focused on 
the general population [4–8, 18], patients with CVD 
[9–15] or renal diseases [16], leaving a conspicuous 
research gap where comprehensive investigations in 
individuals with and without baseline T2D are lack-
ing. Given the reported associations and potential 
causal effect between T2D and protein levels [19, 20], 
it is likely that T2D might influence protein–mortality 
associations.

To address this gap, our study is the first to assess 
the association of plasma proteomics with all-cause 
and cause-specific mortality in individuals with and 
without T2D. Subsequently, we constructed protein-
enriched models stratified by baseline T2D status, 
evaluating the extent to which these protein biomark-
ers enhance the prediction of all-cause mortality 
beyond traditional risk factors.

Methods
Study population
The present analysis focused on two population-based 
Cooperative Health Research in the Region of Augs-
burg (KORA) cohorts for discovery and validation. 
The inclusion and exclusion criteria are illustrated in 
Additional file 1: Figure S1.

KORA S4 – Discovery sample
The KORA S4 study enrolled 4261 participants from 
1999 to 2001 [21]. The KORA S4 discovery sample used 
in the present analysis was restricted to those aged 55–74 
with available proteomics data (n = 1653). Following the 
exclusion of participants with missing proteomics data, 
missing covariables, those lost to follow-up, non-T2D 
cases, and those with unclear diabetes status, this study 
comprised 1545 participants followed for a median of 
15.6 years (244 participants with T2D and 1301 partici-
pants without T2D). Prevalent T2D included individu-
als with self-reported and subsequently validated T2D 
and with newly diagnosed T2D based on an oral glucose 
tolerance test (OGTT) using World Health Organization 
criteria [22] or baseline HbA1c ≥ 6.5%. Self-reported dia-
betes diagnoses were validated by contacting the treating 
physicians or reviewing medical charts; only participants 
without confirmed diabetes underwent an OGTT [23].

KORA‑Age1 – Validation sample
The KORA-Age1 study included 9197 participants from 
four cross-sectional Monitoring of Trends and Deter-
minants in Cardiovascular Disease (MONICA) / KORA 
surveys (Survey S1 in 1984/85, Survey S2 in 1989/90, 
Survey S3 in 1994/95, and Survey S4 in 1999/2001) 
born before 1943 [24]. The KORA-Age1 validation sam-
ple for the present analysis was restricted to those who 
participated in an onsite baseline examination in 2009 
(n = 1079, aged 65–93  years). After exclusions follow-
ing the discovery sample criteria, 1031 participants fol-
lowed for a median of 6.9  years remained for analysis 
(203 participants with T2D and 828 without T2D). Due 
to the lack of OGTT, prevalent T2D was defined based 
on self-report (with subsequent validation) and base-
line HbA1c ≥ 6.5% only. Notably, 231 participants from 
KORA-Age1 overlapped with the KORA S4 discovery 
sample because these participants fell into the studied 
age range for KORA-Age1. Since these participants were 
examined at two different time points in the two studies, 
we included them in the primary analyses of both studies 
and subsequently excluded them in a sensitivity analysis 
of the KORA-Age1 study.

Measurement of protein biomarkers
Plasma concentrations of 276 proteins were meas-
ured using the CVD-II, CVD-III, and Inflammation 
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panels from Olink® (Uppsala, Sweden) based on proxim-
ity extension assay (PEA) technology in KORA S4 and 
KORA-Age1. Log2-normalized protein expression val-
ues were provided [25], and these were standardized by 
division by their respective standard deviation within the 
complete dataset, before applying exclusions. The pro-
teomics data underwent consistent quality control cri-
teria, including exclusions for proteins with over 25% of 
values below the limit of detection (LOD), and with miss-
ing values. If a protein was included in two panels, the 
duplicate with fewer values below LOD and a lower inter-
assay coefficient of variation was retained. For the pooled 
sample of KORA S4 and KORA-Age1, protein values of 
KORA-Age1 were adjusted using bridging factors from 
duplicate KORA S4 measurements run together with 
the KORA-Age1 samples. In total, 233 unique proteins 
passed quality control in KORA S4 [26] and 90 pro-
teins with statistically significant associations with all-
cause mortality were carried forward to KORA-Age1 for 
validation.

Additionally, in KORA S4, five of the validated pro-
tein biomarkers (interleukin-1 receptor antagonist pro-
tein [IL-1RA], IL-6, insulin-like growth factor-binding 
protein [IGFBP] 2, IL-8, and N-terminal prohormone 
brain natriuretic peptide [NT-proBNP]) were addition-
ally measured in serum using sandwich enzyme-linked 
immunosorbent assay (ELISA) or electrochemilumi-
nescence immunoassay (ECLIA) (IL-1RA:  Quantikine 
ELISA human Il-1ra Kit (R&D Systems, Wiesbaden, Ger-
many) [27]; IL-6:  PeliKine Compact human IL-6 ELISA 
Kit (CLB, Amsterdam, the Netherlands) [28]; IGFBP 
2: Human IGFBP2 Quantikine ELISA Kit (R&D Systems, 
Wiesbaden, Germany) [27]; IL-8: ELISA from Sanquin 
[Amsterdam, the Netherlands] [29]; NT-proBNP: ECLIA 
[Roche Diagnostics, Mannheim, Germany] [30]).

Measurement of all‑cause and cause‑specific mortality
Participants from the KORA S4 and KORA-Age1 cohorts 
were followed for all-cause and cause-specific (cardio-
vascular, cancer-related and other-cause) mortality until 
November 2016, using death certificates coded accord-
ing to the International Classification of Diseases (ICD) 
9th Revision. Cardiovascular mortality includes diseases 
of the circulatory system (codes: 390–459) and sudden 
death with unknown causes (code: 798). Cancer-related 
mortality consists of neoplasms (codes: 140–208). Other-
cause mortality consists of the remaining causes of death, 
for example, pneumonia (code: 486), chronic bronchitis 
(code: 491) and dementias (code: 290).

Covariates
Standard physical and medical examinations were 
conducted at KORA S4 and KORA-Age1 [24, 31], 

encompassing questions on age, sex, smoking habits, 
education, alcohol consumption, physical activity, and 
medical history. Smoking status was classified as either 
current smoker or non-smoker. Educational attainment 
was recorded as completed years of schooling. Alcohol 
intake was divided into three categories: no consump-
tion (0 g/day), moderate consumption (men: 0.1–39.9 g/
day, women: 0.1–19.9  g/day), and high consumption 
(men: ≥ 40  g/day, women: ≥ 20  g/day), based on self-
reported consumption of beer, wine, and liquor. Physical 
activity levels were determined as either active or inac-
tive, considering the frequency and duration of weekly 
exercise throughout different seasons [31]. Medication 
usage was defined using Anatomical Therapeutic Chemi-
cal Classification System codes [32]. Total cholesterol and 
high-density lipoprotein cholesterol (HDL-cholesterol) 
were measured by enzymatic methods [32]. Body mass 
index (BMI) was calculated by dividing weight (kg) by 
height squared  (m2). Systolic and diastolic blood pressure 
were taken on the right arm while seated, following the 
World Health Organization MONICA protocol [33].

Statistical analysis
The analysis strategy of the study is shown in Fig. 1.

Association analyses for all‑cause and cause‑specific 
mortality
Cox regression was used to determine associations 
between each protein and time-to-death among partici-
pants with and without T2D using the R package sur-
vival [34]. The assumption of proportional hazard was 
checked using the Schoenfeld residual test [35]. Model 1 
included age and sex, while model 2 incorporated vari-
ables from the Framingham Risk Score [36] and the Euro-
pean Systematic COronary Risk Evaluation (SCORE) [37] 
/ SCORE2 model [38] which are widely used for fatal and 
nonfatal CVD, encompassing age, sex, total cholesterol, 
HDL-cholesterol, systolic blood pressure, smoking status, 
and antihypertensive medication usage, along with addi-
tional relevant factors including BMI, education years, 
alcohol consumption, and physical activity. Proteins with 
significance in model 2 in KORA S4 were subsequently 
validated in KORA-Age1, considering a P-value < 0.05 
after controlling for the Benjamini–Hochberg false dis-
covery rate (FDR) as statistically significant.

Validated proteins of all-cause mortality were further 
examined for their associations with cause-specific mor-
tality (cardiovascular, cancer-related, and other-cause 
mortality) in the pooled dataset of KORA S4 and KORA-
Age1 to obtain more robust estimates.
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Pathway enrichment analysis
To elucidate potential connections and mechanisms of 
all-cause and cause-specific mortality, we annotated the 
validated proteins in the group with and without T2D 
using the STRING version 12.0 [39]. Subsequently, the 
network of identified proteins was constructed to identify 
pathways associated with respective all-cause or cause-
specific mortality outcomes based on the Reactome path-
way knowledgebase [40].

Prediction analysis for all‑cause mortality
Three models were constructed for groups with and with-
out baseline T2D, incorporating a protein-based model, a 
clinical model, and a combined model. All three models 
developed in KORA S4 were applied to KORA-Age1 for 
validation.

First, a protein-based model was constructed using a 
least absolute shrinkage and selection operator (Lasso) 
regression [41] to address multicollinearity. The 47 / 
79 proteins that survived after FDR in the association 
analysis were retained for the Lasso regression. The 
penalization parameter λ was determined by five-fold 
cross-validation with Cox regression design with the R 
package glmnet [42]. The Lasso-selected proteins were 

included in the protein-based model and in the combined 
model. Second, a clinical model, corresponding to model 
2 employed in the association analysis, was calculated. 
Finally, a combined model, that included the clinical risk 
parameters and the selected proteins, was derived.

While Harrel’s concordance index (C‐index) has limi-
tations in assessing model discrimination [43, 44], we 
augmented our evaluation with integrated discrimination 
improvement (IDI) [45] and category-free net reclassifi-
cation improvement (cfNRI) [46]. R packages compareC 
[47] was used for the calculation of C-index and Hmisc 
[48] was used for cfNRI and IDI. Effect estimates were 
calculated as the arithmetic mean of these measures 
through five-fold cross-validation, with corresponding 
confidence intervals calculated from 200 bootstrap sam-
ples, using the R packages boot [49] and caret [50].

Sensitivity analysis
We excluded the 231 individuals who participated at 
two different time points in both KORA S4 and KORA-
Age1 from the KORA-Age1 sample. Furthermore, we 
performed a sensitivity analysis using the Fine-Gray sub-
distribution hazard model to estimate protein–mortal-
ity associations for cardiovascular, cancer-related, and 
other-cause mortality over time in the presence of other 

Fig. 1 Analysis strategy of the present study. Abbreviations: C-index, concordance index; CV death, cardiovascular death; FDR, false discovery 
rate; IDI, integrated discrimination improvement; KORA, Cooperative Health Research in the Region of Augsburg; Lasso, least absolute shrinkage 
and selection operator; NRI, net reclassification index; T2D, type 2 diabetes
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causes of death specific to the corresponding mortal-
ity outcome as a competing risk. Correlations between 
the five protein biomarkers measured by other methods 
and their measurements by PEA technology were tested 
using Spearman’s Rank correlation coefficient, and their 
associations with all-cause mortality were also evaluated.

The R version 4.3 (https:// www.r- proje ct. org/) was 
used for all analyses.

Results
Baseline characteristics of the study participants
Table 1 presents the characteristics of the study partici-
pants at baseline stratified by T2D status. All-cause and 
cause-specific mortality rates can be found in Additional 
file  1: Figure S1. In the KORA S4 study, over a median 
follow-up time of 15.6  years, 116 and 321 participants 
died (37.5 vs. 17.2 per 1000 person-years) in the group 
with and without T2D at baseline, respectively. Causes 
of death included 62 and 114 cardiovascular deaths (20.0 
vs. 6.1 per 1000 person-years), 31 and 120 cancer-related 
deaths (10.0 vs. 6.4 per 1000 person-years), and 23 and 
87 deaths from other causes (7.5 vs. 4.7 per 1000 person-
years) in the group with and without T2D at baseline, 
respectively. In the KORA-Age1 study, over a median 
follow-up time of 6.9 years, 76 and 169 participants died 
(64.7 vs. 32.6 per 1000 person-years) in the group with 
and without T2D, respectively. Causes of death included 
45 and 74 cardiovascular deaths (38.3 vs. 14.3 per 1000 
person-years), 19 and 39 cancer-related deaths (16.2 
vs. 7.5 per 1000 person-years), and 12 and 56 deaths 
from other causes (10.2 vs. 10.8 per 1000 person-years), 
respectively. Kaplan–Meier curves depicting the survival 
status of participants by baseline T2D status are shown in 
Additional file 1: Figure S2.

Association with all‑cause and cause‑specific mortality
In KORA S4, 47 and 79 proteins, including 36 overlap-
ping proteins, showed significant associations with 
all-cause mortality in the group with and without T2D, 
respectively (Additional file  2: Table  S1). Positive asso-
ciations of 35 and 62 proteins, respectively, with 29 
overlapping, were successfully validated in KORA-Age1 
(Additional file 2: Table S2). The correlation between the 
validated proteins is shown in Additional file 1: Figure S3.

Among the validated proteins of all-cause mortal-
ity, 35, eight, and 26 proteins were positively associated 
with cardiovascular, cancer-related, and other-cause 
mortality in participants with T2D, while 55, 41 and 47 
proteins were positively associated with respective cause-
specific outcomes in participants without T2D (Fig.  2 
& in Additional file  2: Table  S3-S4). Three (leukemia 
inhibitory factor receptor [LIF-R], tumor necrosis fac-
tor receptor superfamily member [TNFRSF] 10A, and 

growth/differentiation factor 15 [GDF-15]), two (angi-
otensin-converting enzyme 2 and matrix metallopro-
teinase-12 [MMP-12]), seven (tyrosine-protein kinase 
Mer [MERTK], LIF-R, protein S100-A12 [EN-RAGE], 
retinoic acid receptor responder protein 2 [RARRES2], 
interleukin-4 receptor subunit alpha [IL-4RA], CUB 
domain-containing protein 1, and TNFRSF10A), and 
three (RARRES2, TNFRSF10A, and vascular endothe-
lial growth factor A) proteins demonstrated significant 
interaction effects with baseline T2D status (Additional 
file  2: Table  S5) in the pooled dataset for all-cause, car-
diovascular, cancer-related, and other-cause mortality, 
respectively.

After excluding overlapping KORA S4 participants 
from the KORA-Age1 sample, the identified significant 
associations of proteins with all-cause mortality remained 
significant in the pooled sample among both persons 
with and without T2D (Additional file  2: Table  S6-S7). 
When considering competing risks, only three (IGFBP-2, 
NT-proBNP, and ST2) and four (IL-4RA, CUB domain-
containing protein 1, TNF-related apoptosis-inducing 
ligand receptor 2 [TRAIL-R2], and chitinase-3-like pro-
tein 1 [CHI3L1]) proteins of the validated proteins in the 
group with T2D were significantly associated with car-
diovascular and cancer-related mortality, respectively, 
while 15, 27 and four proteins remained significantly 
associated with the respective cause-specific outcomes in 
participants without T2D (Additional file 2: Table S8-S9).

The correlation coefficients of the five proteins meas-
ured by other methods and PEA technology ranged from 
0.5250 to 0.8884 (Additional file  2: Table  S10). Except 
for IL-8, the associations between IL-1RA, IL-6, and 
all-cause mortality in the group with T2D, as well as the 
associations between IGFBP-2, NT-proBNP, and all-
cause mortality in both groups with and without T2D, 
were replicated.

Mechanism network and related pathways of identified 
protein sets
The resulting protein–protein networks for all-cause 
mortality are presented in Fig.  3. Several pathways like 
the immune system and signaling by interleukins were 
overrepresented in both persons with and without T2D, 
while regulation of insulin-like growth factor (IGF) trans-
port and uptake by IGFBPs was enriched exclusively in 
the group with T2D. Results were similar for cardiovas-
cular mortality (Additional file 2: Table S11).

Prediction of all‑cause mortality
Five (NT-proBNP, GDF-15, TRAIL-R2, kidney injury 
molecule 1 [KIM1], and IGFBP-2) and 12 proteins (NT-
proBNP, GDF-15, TRAIL-R2, KIM1, MMP-12, CHI3L1, 
prostasin, EN-RAGE, polymeric immunoglobulin 
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Table 1 Baseline characteristics of study population

Data are presented as median (25th, 75th percentile) for continuous variables and n (%) for categorical variables

Abbreviations: BMI body mass index; HbA1c haemoglobin A1c; HDL high‐density lipoprotein; KORA Cooperative Health Research in the Region of Augsburg; T2D type 
2 diabetes
a Data were calculated in 138 participants with T2D (60 deaths vs. 78 no event) and 1208 participants without T2D (296 deaths vs. 912 no event) at KORA S4
b Data were calculated in 128 participants with T2D (55 deaths vs. 73 no event) and 1177 participants without T2D (289 deaths vs. 888 no event) at KORA S4
c Data were calculated in 142 participants with T2D (62 deaths vs. 80 no event) and 1176 participants without T2D (286 deaths vs. 890 no event) at KORA S4
d Data were calculated in 1299 participants without T2D (321 deaths vs. 978 no event) at KORA S4

Characteristics Discovery sample—KORA S4 Validation sample—KORA‑Age1

With T2D (n = 244) Without T2D (n = 1301) With T2D (n = 203) Without T2D (n = 828)

Death
(n = 116)

No event
(n = 128)

Death
(n = 321)

No event
(n = 980)

Death
(n = 76)

No event
(n = 127)

Death
(n = 169)

No event
(n = 659)

Median follow-
up time (years)

15.6 6.9

Age (years) 68 (64, 71) 63 (59, 67) 63 (68, 71) 62 (58, 67) 81 (76, 85) 76 (71, 80) 81 (77, 85) 74 (69, 79)

Male (%) 74 (63.8) 66 (51.6) 196 (61.1) 455 (46.4) 42 (55.3) 62 (48.8) 104 (61.5) 308 (46.7)

Systolic blood 
pressure 
(mmHg)

143.0 (128.4, 
159.6)

144.8 (132.5, 
155.0)

137.5 (124.5, 
150.0)

131.8 (119.5, 
145.0)

137.5 (123.5, 
155.6)

139.0 (126.3, 
150.3)

137.0 (122.0, 
153.0)

137.0 (125.3, 
149.3)

Diastolic 
blood pressure 
(mmHg)

80.8 (73.5, 
89.1)

82.5 (77.0, 
88.5)

80.0 (73.0, 
87.0)

79.5 (73.0, 
86.5)

72.0 (64.3, 
79.8)

74.0 (66.0, 
82.0)

72.5 (66.5, 
82.0)

76.5 (70.0, 83.0)

Total cholesterol 
(mmol/l)

5.8 (5.3, 6.8) 6.0 (5.3, 6.7) 6.2 (5.5, 6.9) 6.4 (5.6, 7.0) 4.9 (4.2, 5.3) 5.2 (4.5, 6.0) 5.3 (4.4, 6.2) 5.5 (4.8, 6.2)

HDL-cholesterol 
(mmol/l)

1.2 (1.1, 1.6) 1.3 (1.0, 1.4) 1.5 (1.2, 1.8) 1.5 (1.2, 1.8) 1.2 (1.1, 1.5) 1.2 (1.1, 1.5) 1.4 (1.1, 1.7) 1.5 (1.2, 1.7)

BMI (kg/m2) 30.0 (27.7, 
33.5)

30.2 (27.7, 
33.5)

28.3 (25.9, 
31.0)

27.5 (25.3, 
30.2)

30.1 (26.9, 
33.3)

30.4 (28.0, 
34.3)

27.3 (24.8, 
30.0)

27.5 (25.2, 30.2)

Education 
(years)

10 (8, 10) 10 (8, 11) 10 (10, 12) 10 (10, 12) 10 (8, 11) 10 (10, 11) 10 (10, 12) 10 (10, 12)

Physical activity 
(active, %)

27 (23.3) 44 (34.4) 107 (33.3) 470 (48.0) 26 (34.2) 70 (55.1) 64 (37.9) 395 (59.9)

Current smoker 
(%)

21 (18.1) 14 (10.9) 63 (19.6) 115 (11.7) 3 (3.9) 5 (3.9) 14 (8.3) 26 (3.9)

Alcohol consumption (%)

 None 39 (33.6) 49 (38.3) 84 (26.2) 260 (26.5) 35 (46.0) 54 (42.5) 60 (35.5) 219 (33.2)

 Moderate 53 (45.7) 59 (46.1) 158 (49.2) 531 (54.2) 37 (48.7) 59 (46.5) 86 (50.9) 340 (51.6)

 High 24 (20.7) 20 (15.6) 79 (24.6) 189 (19.3) 4 (5.3) 14 (11.0) 23 (13.6) 100 (15.2)

Medication use (%)

 Antihyperten-
sive drugs

70 (60.3) 60 (46.9) 131 (40.8) 310 (31.6) 69 (90.8) 105 (82.7) 127 (75.1) 422 (64.0)

 Statins 16 (13.8) 20 (15.6) 30 (9.3) 85 (8.7) 32 (42.1) 47 (37.0) 41 (24.3) 168 (25.5)

 Lipid-lower-
ing drugs

21 (18.1) 24 (18.8) 33 (10.3) 103 (10.5) 32 (42.1) 51 (40.2) 43 (25.4) 172 (26.1)

 Fasting glu-
cose (mmol/l) a

7.1 (6.0, 7.8) 7.1 (6.3, 7.9) 5.5 (5.2, 6.0) 5.4 (5.1, 5.8) - - - -

 2-h glucose 
(mmol/l) b

11.8 (9.8, 13.6) 12.1 (10.2, 
13.6)

6.4 (5.4, 7.6) 6.1 (5.1, 7.3) - - - -

 Fasting insulin 
(pmol/l) c

75.2 (44.6, 
122.9)

86.0 (59.6, 
127.8)

59.4 (41.4, 
88.0)

58.5 (41.4, 
82.8)

- - - -

 HbA1c 
(mmol/mol) d

48.0 (42.0, 
56.0)

45.5 (40.0, 
53.0)

38.0 (36.0, 
40.0)

38.0 (34.5, 
40.0)

48.6 (42.8, 
55.2)

47.5 (42.1, 
50.4)

37.7 (34.4, 
39.9)

36.6 (34.4, 38.8)

 HbA1c (%) d 6.5 (6.0, 7.3) 6.4 (5.8, 7.0) 5.6 (5.4, 5.8) 5.6 (5.3, 5.8) 6.6 (6.1, 7.2) 6.5 (6.0, 6.8) 5.6 (5.3, 5.8) 5.5 (5.3, 5.7)
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receptor, fibroblast growth factor 23 [FGF-23], pen-
traxin-related protein PTX3, and IL-8), with four over-
lapping proteins, were selected to be included in the 
protein-based prediction model for all-cause mortality in 
those with and without T2D, respectively, using Lasso.

In the group with T2D, in KORA S4, the protein-based 
model displayed similar predictive performance as the 
clinical model with no significant improvements in any 
of the performance indicators, while the combined model 
showed significant improvements in ΔC-index, cfNRI, 
 cfNRIsurvivors, and IDI, compared to the clinical model 
(Table  2 & Additional file  2: Figure S4). Results were 
similar in KORA-Age1. In the group without T2D, the 
model performance of all three models tended to be bet-
ter (higher C-index) than in persons with T2D, but differ-
ences between the protein-based and combined models 
compared to the clinical model were similar to those in 
persons with T2D for both KORA S4 and KORA-Age1, 
with the combined model demonstrating the best predic-
tive performance (Table 2 & Additional file 2: Figure S4).

In a sensitivity analysis excluding overlapping partici-
pants from KORA-Age1, except for the ΔC-index, which 
was not significantly improved in the T2D group, the 
prediction results demonstrated improved performance 
of the combined model compared to the clinical model in 
both T2D groups (Additional file 2: Table S12).

Discussion
Using a discovery–validation approach, we examined 
the association of 233 protein abundance levels, meas-
ured by PEA-based technology, with all-cause and 
cause-specific mortality in individuals with and without 
T2D. In individuals with T2D, we identified 35 proteins 
that were positively associated with all-cause mortality, 
while 62 proteins with positive associations were iden-
tified in those without T2D. Interestingly, both sets of 
proteins shared common pathways, such as immune- 
and inflammatory-related pathways. However, regula-
tion of IGF transport and IGFBPs emerged as a unique 
pathway in the T2D group, confirming that T2D-related 
pathways might contribute to premature mortality in 
persons with T2D. Of note, albeit the examined proteins 
were initially selected for their links to inflammation and 

CVD, the identified proteins linked to all-cause mortality 
demonstrated associations with all examined cause-spe-
cific outcomes, including cardiovascular, cancer-related, 
and other-cause mortality. While many of the identified 
protein–mortality associations have been previously 
reported [4–16, 51], our study identified four novel pro-
teins associated with all-cause mortality. Furthermore, 
we showed that the addition of a limited number of pro-
teins to prediction models based on clinical risk factors 
significantly improved the prediction of all-cause mortal-
ity for both persons with and without T2D.

Novel protein candidates for all‑cause mortality
A novel protein was defined as one lacking a significant 
association with all-cause mortality in previous epidemi-
ological studies, such as those using proteomics measure-
ments after controlling multiple testing. Consequently, 
we identified four novel proteins, including MERTK, 
IL-27, monocyte chemotactic protein 3 (MCP-3), and 
lymphotoxin-beta receptor (LTβR). MERTK, which was 
found specifically in the group with T2D, also exhibited 
a unique association with cancer mortality and demon-
strated a significant interaction effect with T2D when 
examined in the total study group. MERTK is known to 
contribute to the oncogenesis of various human cancers 
[52, 53] and has been linked to atherosclerosis [54] and 
diabetes [55]. Although excessive circulating levels of 
MERTK have been associated with renal injury, especially 
in patients with T2D [56, 57], its role in the development 
of premature mortality in T2D remains undefined.

In the group without T2D, IL-27 was significantly asso-
ciated with cardiovascular and cancer mortality in the 
present study. This pro-inflammatory cytokine has previ-
ously been associated with incident coronary heart dis-
ease [58] and various inflammatory diseases, including 
lung [59], sepsis [60], and hepatic injury [61]. Similarly, 
in the group without T2D, MCP-3 (also known as C–C 
motif chemokine 7 [CCL7]) showed a significant associa-
tion with cancer-related mortality and a borderline signif-
icant association with cardiovascular mortality. Playing a 
crucial role in cell recruitment to inflammatory sites and 
diseases [62], dysregulation of MCP-3 has been linked to 
cardiac inflammation and impaired cardiac function [63]. 

Fig. 2 Association of validated 35 and 62 proteins for all-cause mortality in the groups with and without baseline type 2 diabetes (T2D), 
respectively, and their associations with all-cause and cause-specific mortality in the pooled sample. Hazard ratios have been calculated per 1 SD 
increase in normalized protein expression values on a log2 scale. Effect estimates and P-values were derived from Cox regression analysis adjusted 
for age, sex, total cholesterol, high‐density lipoprotein cholesterol, systolic blood pressure, antihypertensive medication use, current smoking, body 
mass index, education years, physical activity, and alcohol consumption (model 2). * indicates that the interaction term with T2D status at baseline 
was statistically significant (P-value < 0.05). The interaction effect of T2D status was examined by adding the term (protein × T2D status) to model 2 
among all participants combined. Abbreviations: KORA, Cooperative Health Research in the Region of Augsburg; T2D, type 2 diabetes. Full names 
of the biomarkers can be found in Additional file 1: Table S1

(See figure on next page.)
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Another novel biomarker observed in both groups with 
and without T2D was LTβR. In both T2D groups, LTβR 
was associated with cardiovascular and other-cause 

mortality, while among individuals without T2D only, it 
showed significant association with cancer-related mor-
tality in this study. LTβR, a cell surface receptor and a 

Fig. 2 (See legend on previous page.)
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member of the tumor necrosis factor receptor superfam-
ily, is involved in various immunological and inflamma-
tory pathways [64, 65], contributing to processes such as 
liver regeneration and lipid homeostasis [66, 67]. Nota-
bly, IL-27, MCP-3, and LTβR, in a population-based 
cohort study, were reported to have a positive but non-
significant association with all-cause mortality after Bon-
ferroni correction [4].

Previous proteomics studies
Many of our validated all-cause mortality-associated 
proteins align with previous investigations using high-
throughput technologies [4–13] (details see Additional 
file  2: Table  S13). Our study successfully replicated 50 
proteins among 1364 significant all-cause mortality-asso-
ciated proteins identified using affinity-based proteomics 
(SOMAscan assay) in a population-based cohort (22,913 
participants and 7061 deaths) [4]. Using the same type 
of assay, another prospective study (997 participants and 
504 deaths) identified 193 proteins significantly associ-
ated with all-cause mortality, with 24 of them aligning 
with our findings [6]. Using PEA technology, in a pro-
spective study (3918 participants with 974 deaths), four 
of their identified eight all-cause mortality-associated 
proteins showed consistent positive association with our 

findings [5]. In addition, a further cohort study (1713 
participants and 590 deaths) explored seven diabetes-
related proteins, revealing two of our validated proteins 
to be associated with both all-cause and cardiovascular 
mortality [7]. Moreover, another population-based study 
(3523 participants and 755 all-cause and 167 cardiovas-
cular deaths) employed a modified ELISA technique, 
identifying 38 and 35 proteins to be associated with all-
cause and cardiovascular mortality, respectively, with six 
proteins overlapping with our study [8].

Other proteomics population-based studies using mass 
spectrometry-based methods and nuclear magnetic 
resonance spectroscopy also explored associations with 
all-cause and cause-specific mortality [17, 18]. Further 
studies focused on all-cause mortality among patients 
with CVD [9–13]. Additionally, four proteomics stud-
ies explored associations with cardiovascular mortality 
among patients with CVD [13–15] and renal diseases 
[16].

Notably, proteins such as IL-6 [4, 6, 8, 10–15] identified 
in the group without T2D, FGF-23 [4, 8–15], TRAIL-R2 
[4, 11–15], and GDF-15 [4–6, 8, 11, 12, 14, 15] identi-
fied in both groups with and without T2D in the present 
study, emerge as the most reported proteins for all-cause 
and cardiovascular mortality. These consistent findings 

Fig. 3 Protein–protein interaction networks of validated all-cause mortality-associated proteins among participants (A) with and (B) without type 
2 diabetes at baseline. The edges between protein nodes represent the interaction score between the proteins from the STRING database 
considering all types of evidence. Only edges featuring interaction scores > .15 are displayed. The thickness of edges corresponds to the strength 
of data support. Node color signifies the Reactome pathway the protein is associated with. The five most enriched Reactome pathways are 
displayed. Abbreviations: Full names of the biomarkers can be found in Additional file 1: Table S1
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across various studies underscore the robustness and 
clinical relevance of these proteins as potential markers 
for mortality risk.

However, our study distinguishes itself by specifically 
identifying biomarkers according to baseline T2D status, a 
novel approach compared to previous studies that assessed 
associations in population-based samples or in patients 
with CVD or renal diseases. Differences in targeted age 
groups, follow-up durations, and measurement techniques 
[25, 68] contribute to variations among studies.

Prediction of all‑cause mortality
Our study is the first to establish proteomics-enriched 
predictive models for all-cause mortality separately for 
those with and without prevalent T2D. The significant 
improvement in predictive performance by adding the 
selected proteins to a clinical prediction model, evi-
dent in both the discovery and validation samples, was 
reflected by a 6.8% and 6.6% increase in the C-index for 
the group with and without baseline T2D, respectively, 
in the validation sample. This enhancement underscores 
the clinical relevance and potential applicability of these 
protein-enriched models in clinical practice.

Notably, our finding highlighted proteins such as GDF-
15 [4, 8, 11, 12], TRAIL-R2 [9, 11–13], KIM1 [9, 16], 

NT-proBNP [8], IGFBP-2 [8], and MMP-12 [9] as stand-
out prognostic proteins for all-cause mortality, align-
ing partially with previous investigations in the general 
population or patients with CVD. For instance, Eiriksdot-
tir et  al. [4] developed prediction models with 98, 117, 
and 199 proteins for all-cause mortality at 2-, 5-, and 
10-year intervals in a population-based sample, show-
casing a 4.3%, 3.4%, and 2.4% improvement in C-index 
compared to age-sex-based protein models, respectively. 
In these models, GDF-15 emerged as the most powerful 
predictor. Similarly, in another population-based cohort 
with 14.3 years of follow-up, Ho et al. [8] constructed a 
12-protein-based model that showed a 4.6% improve-
ment in the C-index on top of clinical variables. Their 
constructed model included GDF-15, NT-proBNP, and 
IGFBP-2. Unterhuber et  al. [9] established a 20-protein 
model in patients with CVD, demonstrating a 9.6–12.5% 
improvement in the C-index for 10-year all-cause mor-
tality prediction compared to a baseline clinical model, 
which also included TRAIL-R2, MMP-12, and KIM1. 
Additionally, Skau et  al. reported GDF-15 and TRAIL-
R2 as potent predictors for 10-year all-cause mortality in 
patients with acute myocardial infarction [12] or periph-
eral arterial disease [11]. However, the practical applica-
tion of these models in clinical settings requires cautious 

Table 2 Predictive performance for all-cause mortality

Abbreviations: C‐index concordance index; cfNRI category‐free net reclassification index; IDI independent discrimination improvement; KORA Cooperative Health 
Research in the Region of Augsburg; T2D type 2 diabetes
a The five selected proteins which were included in the protein-based model and the combined model in the group with type 2 diabetes are NT-proBNP, GDF-15, 
TRAIL-R2, KIM1, and IGFBP-2
b The 12 selected proteins which were included in the protein-based model and the combined model in the group without type 2 diabetes are NT-proBNP, GDF-15, 
TRAIL-R2, KIM1, MMP-12, CHI3L1, PRSS8, EN-RAGE, PIGR, FGF-23, PTX3, and IL-8
c The difference in concordance index (ΔC‐index) comparing the protein-based and the combined models with the clinical model was calculated according to the 
formula: ΔC‐index = C‐index protein-based model / combined model - C‐indexclinical model)

Bold indicates statistically significant value

Baseline status KORA S4 KORA‑Age1

Clinical model Protein‑based 
model

Combined model Clinical model Protein‑based 
model

Combined model

With T2Da

 C‐index 0.672 [0.630; 0.739] 0.706 [0.662; 0.756] 0.722 [0.686; 0.780] 0.659 [0.622; 0.772] 0.717 [0.675; 0.802] 0.704 [0.681; 0.822]

 ΔC‐indexc - 0.035 [-0.029; 0.092] 0.050 [0.009; 0.090] - 0.058 [-0.032; 0.116] 0.045 [0.005; 0.114]
 cfNRI - 0.111 [-0.404; 0.433] 0.481 [0.125; 0.664] - 0.112 [-0.446; 0.465] 0.436 [0.191; 0.761]
  cfNRIdeaths - 0.062 [-0.194; 0.204] 0.011 [-0.113; 0.207] - 0.087 [-0.205; 0.217] 0.096 [-0.125; 0.357]

  cfNRIsurvivors - 0.050 [-0.283; 0.279] 0.470 [0.130; 0.569] - 0.025 [-0.324; 0.291] 0.340 [0.222; 0.627]
 IDI - 0.015 [-0.069; 0.107] 0.089 [0.042; 0.149] - 0.057 [-0.068; 0.116] 0.085 [0.032; 0.179]
Without T2Db

 C‐index 0.715 [0.684; 0.747] 0.710 [0.686; 0.745] 0.741 [0.718; 0.780] 0.744 [0.724; 0.797] 0.779 [0.742; 0.816] 0.793 [0.759; 0.837]

 ΔC‐indexc - -0.005 [-0.034; 0.030] 0.026 [0.016; 0.050] 0.035 [-0.010; 0.072] 0.049 [0.020; 0.077]
 cfNRI - -0.253 [-0.383; 0.006] 0.217 [0.151; 0.432] - 0.091 [-0.167; 0.364] 0.448 [0.237; 0.635]
  cfNRIdeaths - -0.128 [-0.207; -0.007] -0.046 [-0.107; 0.087] - 0.075 [-0.093; 0.173] 0.053 [-0.089; 0.201]

  cfNRIsurvivors - -0.125 [-0.205; 0.042] 0.263 [0.185; 0.357] - 0.016 [-0.139; 0.222] 0.395 [0.252; 0.472]
 IDI - -0.022 [-0.048; 0.013] 0.030 [0.020; 0.056] - 0.009 [-0.032; 0.048] 0.040 [0.023; 0.082]
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consideration due to variations in proteins, populations, 
and methodologies across studies.

Strengths and limitations
We employed advanced targeted proteomics technology 
to investigate associations of a broad spectrum of pro-
teins with mortality. A notable strength of our analysis 
strategy is the validation of the initially identified pro-
teins in another study. Specifically examining protein–
mortality associations by T2D status offered insights into 
the underlying mechanisms leading to mortality in indi-
viduals with and without T2D.

However, certain limitations of the present study 
need consideration. First, the PEA approach provided 
relative, rather than absolute, protein concentrations. 
Importantly, this difference did not affect the reported 
associations in this study, as evidenced by consistent 
results obtained with other measurements for a sub-
set of proteins (Additional file 2: Table S10) [25]. None-
theless, it has to be acknowledged that the availability 
of absolute protein measurements would facilitate the 
transfer of derived prediction models into clinical prac-
tice. Secondly, the limited number of deaths resulted in 
a relatively low power for detecting differences in cause-
specific mortality. Therefore, we restricted analyses on 
cause-specific mortality to the proteins significantly 
related to all-cause mortality after validation and did 
not follow a stringent discovery–validation strategy for 
the identification of proteins related to cause-specific 
mortality outcomes based on all measured proteins. Fur-
thermore, to enhance statistical power, we pooled sam-
ples from the discovery and validation cohorts to obtain 
more robust estimates for associations between proteins 
and cause-specific mortality and refrained from devel-
oping prediction models for cause-specific mortality 
outcomes. Additionally, although validation in KORA-
Age1 reinforced the results for the validated proteins, 
we might lack replication for some proteins, especially if 
their impact was influenced by age, given that the KORA-
Age1 participants were all older than 64 years. Moreover, 
it is noteworthy that there is some overlap between the 
participants of KORA-Age1 and KORA S4 albeit par-
ticipants were examined at different time points. How-
ever, excluding these overlapping participants from our 
analyses did not lead to substantial changes. Finally, the 
shorter follow-up duration of KORA-Age1 compared to 
KORA S4 needs to be acknowledged as a limitation.

Conclusions
In summary, our study identified common and distinct 
mortality-related proteins among individuals with and 
without baseline T2D, emphasizing the pivotal role of 

these proteins in mortality. The findings highlighted the 
significance of immune and inflammatory processes in 
both examined groups and the regulation of IGF trans-
port and uptake by IGFBPs specifically in individuals 
with T2D. In addition, some variations in the most rel-
evant proteins for improved mortality prediction were 
observed between those with and without T2D, under-
scoring the need to further explore disease-specific pre-
diction models.

Abbreviations
BMI  Body mass index
cfNRI  Category-free net reclassification index
CHI3L1  Chitinase-3-like protein 1
C‐index  Concordance index
CVD  Cardiovascular disease
ELISA  Enzyme-linked immunosorbent assay
ECLIA  Electrochemiluminescence immunoassay
EN-RAGE  Protein S100-A12
FDR  False discovery rate
FGF-23  Fibroblast growth factor 23
GDF-15  Growth/differentiation factor 15
HDL  High-density lipoprotein
ICD  International Classification of Diseases
IDI  Integrated discrimination improvement
IGF  Insulin-like growth factor
IGFBP  Insulin-like growth factor-binding protein
IL  Interleukin
IL-1RA  Interleukin-1 receptor antagonist protein
IL-4RA  Interleukin-4 receptor subunit alpha
KIM1  Kidney injury molecule 1
KORA   Cooperative Health Research in the Region of Augsburg
Lasso  Least absolute shrinkage and selection operator
LIF-R  Leukemia inhibitory factor receptor
LOD  Limit of detection
LTβR  Lymphotoxin-beta receptor
MCP-3  Monocyte chemotactic protein 3
MERTK  Tyrosine-protein kinase Mer
MMP-12  Matrix metalloproteinase-12
MONICA  Monitoring of Trends and Determinants in Cardiovascular 

Disease
NT-proBNP  N-terminal prohormone brain natriuretic peptide
OGTT   Oral glucose tolerance test
PEA  Proximity extension assay
RARRES2  Retinoic acid receptor responder protein 2
SCORE  European Systematic COronary Risk Evaluation
T2D  Type 2 diabetes
TNFRSF  Tumor necrosis factor receptor superfamily member
TRAIL-R2  TNF-related apoptosis-inducing ligand receptor 2

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12916- 024- 03636-0.

Additional file 1:  Figure S1. Inclusion and exclusion criteria for the present 
study; Figure S2. Kaplan–Meier curves for all-cause mortality, cardiovascular 
mortality, cancer-related mortality, and other-cause mortality stratified by 
baseline type 2 diabetes status in KORA S4 and KORA-Age1; Figure S3. Cor-
relation between the validated 35 and 62 protein biomarkers for all-cause 
mortality in the group with and without type 2 diabetes, respectively; 
Figure S4. The area under the curves for all-cause mortality in the group 
with and without type 2 diabetes in the KORA S4 and KORA-Age1 studies.

Additional file 2:  Table S1. Longitudinal association of single protein 
biomarkers with all-cause mortality among participants with and without 
type 2 diabetes in the KORA S4 sample (233 proteins); Table S2. Validation 

157

https://doi.org/10.1186/s12916-024-03636-0
https://doi.org/10.1186/s12916-024-03636-0


Page 12 of 14Luo et al. BMC Medicine          (2024) 22:420 

of results in KORA-Age1 for proteins significantly associated with all-cause 
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tions of 62 validated proteins of all-cause mortality in the group without 
type 2 diabetes with cause-specific mortality in the pooled sample ( 
n  = 2129); Table S5. 68 validated proteins for all-cause mortality and their 
association with cause-specific mortality and interaction effect with type 
2 diabetes in the pooled sample; Table S6. Sensitivity analysis for all-cause 
and cause-specific mortality after exclusion of overlapping KORA S4 
participants from the KORA-Age1 sample among participants with type 2 
diabetes in the pooled sample ( n  = 402); Table S7. Sensitivity analysis for 
all-cause and cause-specific mortality after exclusion of overlapping KORA 
S4 participants from the KORA-Age1 sample among participants without 
type 2 diabetes in the pooled sample ( n  = 1943); Table S8. Sensitivity 
analysis considering other causes of death as competing risk among 
participants with type 2 diabetes in the pooled sample; Table S9. Sensitiv-
ity analysis considering other causes of death as competing risk among 
participants without type 2 diabetes in the pooled sample; Table S10. 
Proteins tested by other measurements in the KORA S4 sample; Table S11. 
Top pathways related to all-cause, cardiovascular, cancer-related and 
other-cause mortality enriched by their associated protein biomarkers; 
Table S12. Predictive performance for all-cause mortality after exclusion of 
overlapping KORA S4 participants from the KORA-Age1 sample; Table S13. 
Overlap of 68 mortality-related protein biomarkers identified in the pre-
sent analysis with previous literature.
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Figure S1 Inclusion and exclusion criteria for the present study. Abbreviations: KORA,
Cooperative Health Research in the Region of Augsburg; T2D, type 2 diabetes.
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Figure S2 Kaplan-Meier curves for all-cause mortality, cardiovascular mortality, cancer-
related mortality, and other-cause mortality stratified by baseline type 2 diabetes status in
KORA S4 and KORA-Age1. (A) all-cause mortality; (B) cardiovascular mortality; (C) cancer-
related mortality; and (D) other-cause mortality. The P-value < 0.05 for the log-rank test means
statistically significant difference between the survival curves of the groups with and without
baseline type 2 diabetes. Abbreviations: KORA, Cooperative Health Research in the Region of
Augsburg; T2D, type 2 diabetes.
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Figure S4 The area under the curves for all-cause mortality in the group with and without type
2 diabetes in the KORA S4 and KORA-Age1 studies. (A) group with T2D in the KORA S4
study; (B) group with T2D in the KORA-Age1 study; (C) group without T2D in the KORA S4
study; and (D) group without T2D in the KORA-Age1 study. Abbreviations: KORA,
Cooperative Health Research in the Region of Augsburg; T2D, type 2 diabetes.
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Table S2 Validation of results in KORA-Age1 for proteins significantly associated with all-cause 
mortality in the KORA S4 sample

HR Lower CI Upper CI P-value P_FDR
 (sig. n=47) HR Lower CI Upper CI P-value

 (sig. n=36)
P _FDR

 (sig. n=35)
Adrenomedullin ADM P35318 CVD II 1.5019 1.2149 1.8567 0.0002 0.0026 1.8614 1.3890 2.4945 3.18E-05 0.0003
Brother of CDO BOC Q9BWV1 CVD II 1.3280 1.1071 1.5930 0.0022 0.0164 1.1704 0.9076 1.5091 0.2252 0.2646
T-cell surface glycoprotein CD4 CD4 P01730 CVD II 1.3407 1.1434 1.5719 0.0003 0.0040 1.3725 1.0490 1.7957 0.0209 0.0339
Decorin DCN P07585 CVD II 1.3133 1.0861 1.5880 0.0049 0.0318 1.0452 0.8057 1.3559 0.7390 0.7551
Fibroblast growth factor 23 FGF-23 Q9GZV9 CVD II 1.2547 1.0897 1.4447 0.0016 0.0133 1.2865 1.0687 1.5487 0.0078 0.0146
Galectin-9 Gal-9 O00182 CVD II 1.3986 1.1435 1.7107 0.0011 0.0102 1.3766 1.0682 1.7739 0.0135 0.0227
Osteoclast-associated immunoglobulin-like receptorHOSCAR Q8IYS5 CVD II 1.3093 1.0711 1.6006 0.0085 0.0423 1.0092 0.8358 1.2184 0.9243 0.9243
Interleukin-4 receptor subunit alpha IL-4RA P24394 CVD II 1.4032 1.1831 1.6643 9.98E-05 2.47E-03 1.5442 1.1654 2.0462 0.0025 0.0065
Kidney Injury Molecule 1 KIM1 Q96D42 CVD II 1.5548 1.2997 1.8600 1.39E-06 8.09E-05 1.6653 1.2862 2.1562 0.0001 0.0006
Tyrosine-protein kinase Mer MERTK Q12866 CVD II 1.3366 1.1114 1.6075 0.0021 0.0160 1.4498 1.1219 1.8736 0.0045 0.0093
Matrix metalloproteinase-12 MMP-12 P39900 CVD II 1.3813 1.1440 1.6679 0.0008 0.0081 1.4690 1.1809 1.8273 0.0006 0.0022
Placenta growth factor PGF P49763 CVD II 1.2955 1.0977 1.5290 0.0022 0.0164 1.8079 1.4128 2.3134 2.51E-06 0.0001
Renin REN P00797 CVD II 1.2752 1.0643 1.5279 0.0084 0.0423 1.1563 0.8648 1.5461 0.3272 0.3661
Stem cell factor SCF P21583 CVD II 0.7764 0.6441 0.9359 0.0079 0.0423 1.0961 0.8833 1.3602 0.4048 0.4324
Thrombomodulin TM P07204 CVD II 1.3107 1.0842 1.5846 0.0052 0.0327 1.3251 1.0349 1.6966 2.56E-02 0.0401
Tumor necrosis factor receptor superfamily member 10ATNFRSF10A O00220 CVD II 1.5794 1.3028 1.9148 3.28E-06 1.27E-04 2.0165 1.4759 2.7551 1.06E-05 0.0002
Tumor necrosis factor receptor superfamily member 11ATNFRSF11A Q9Y6Q6 CVD II 1.3698 1.1473 1.6356 0.0005 0.0059 1.5117 1.1876 1.9242 0.0008 0.0025
TNF-related apoptosis-inducing ligand receptor 2TRAIL-R2 O14763 CVD II 1.6402 1.3587 1.9800 2.60E-07 3.50E-05 1.3471 1.1679 1.5538 4.28E-05 0.0003
V-set and immunoglobulin domain-containing protein 2VSIG2 Q96IQ7 CVD II 1.3595 1.1658 1.5853 9.01E-05 2.47E-03 1.2126 0.9477 1.5515 0.1254 0.1551
CUB domain-containing protein 1 CDCP1 Q9H5V8 Inflammation 1.3661 1.1506 1.6218 0.0004 0.0045 1.3713 1.0266 1.8318 0.0326 0.0478
Fractalkine CX3CL1 P78423 Inflammation 1.4677 1.2256 1.7576 3.02E-05 1.01E-03 1.2662 1.0170 1.5766 3.48E-02 4.81E-02
C-X-C motif chemokine 9 CXCL9 Q07325 Inflammation 1.3926 1.1733 1.6529 0.0002 0.0026 1.2718 1.0276 1.5741 0.0271 0.0411
Interleukin-10 receptor subunit beta IL-10RB Q08334 Inflammation 1.3065 1.0793 1.5817 0.0061 0.0365 1.3217 1.0206 1.7115 0.0344 0.0481
Interleukin-15 receptor subunit alpha IL-15RA Q13261 Inflammation 1.4499 1.2016 1.7495 1.06E-04 2.47E-03 1.2987 1.0159 1.6601 0.0370 0.0496
Leukemia inhibitory factor receptor LIF-R P42702 Inflammation 1.3620 1.1304 1.6409 0.0012 0.0104 1.8256 1.3378 2.4913 0.0001 0.0008
Monocyte chemotactic protein 3 MCP-3 P80098 Inflammation 1.3148 1.1229 1.5394 0.0007 0.0075 1.0886 0.8511 1.3923 0.4992 0.5214
Matrix metalloproteinase-10 MMP-10 P09238 Inflammation 1.2790 1.0708 1.5278 0.0067 0.0378 1.1818 0.9209 1.5166 0.1895 0.2283
Tumor necrosis factor TNF  P01375 Inflammation 1.4520 1.1961 1.7628 1.64E-04 2.65E-03 1.1176 0.8754 1.4268 0.3724 0.4071
Tumor necrosis factor receptor superfamily member 9TNFRSF9 Q07011 Inflammation 1.3027 1.1048 1.5360 0.0017 0.0133 1.3404 1.0623 1.6912 0.0135 0.0227
Urokinase-type plasminogen activator uPA P00749 Inflammation 1.3001 1.0797 1.5654 0.0056 0.0344 1.1482 0.8991 1.4665 0.2681 0.3074
Scavenger receptor cysteine-rich type 1 protein M130CD163 Q86VB7 CVD III 1.3616 1.1156 1.6618 0.0024 0.0169 1.2187 0.9724 1.5274 8.60E-02 0.1093
Complement component C1q receptor CD93 Q9NPY3 CVD III 1.3683 1.1637 1.6088 0.0001 0.0026 1.3096 1.0714 1.6009 0.0085 0.0153
Chitinase-3-like protein 1 CHI3L1 P36222 CVD III 1.4018 1.1691 1.6807 0.0003 0.0036 1.4370 1.1288 1.8294 3.25E-03 0.0073
Ephrin type-B receptor 4 EPHB4 P54760 CVD III 1.2635 1.0739 1.4866 0.0048 0.0318 1.3493 1.1518 1.5807 0.0002 0.0009
Fatty acid-binding protein 4 FABP4 P15090 CVD III 1.5655 1.2440 1.9702 0.0001 0.0026 1.4151 1.1478 1.7446 0.0012 0.0032
Growth/differentiation factor 15 GDF-15 Q99988 CVD III 1.5722 1.3161 1.8781 6.11E-07 4.74E-05 1.3276 1.0940 1.6111 0.0041 0.0088
Insulin-like growth factor-binding protein 2 IGFBP-2 P18065 CVD III 1.5761 1.3079 1.8993 1.75E-06 8.14E-05 1.6381 1.2984 2.0666 3.15E-05 0.0003
Insulin-like growth factor-binding protein 7 IGFBP-7 Q16270 CVD III 1.3023 1.0924 1.5526 0.0032 0.0221 1.2705 1.0853 1.4873 0.0029 0.0068
Interleukin-18-binding protein IL-18BP O95998 CVD III 1.3411 1.1171 1.6099 0.0016 0.0133 1.3074 1.0752 1.5897 0.0072 0.0141
Lymphotoxin-beta receptor LTBR P36941 CVD III 1.2173 1.0514 1.4094 0.0085 0.0423 1.3628 1.1403 1.6287 0.0007 0.0023
Matrix metalloproteinase-2 MMP-2 P08253 CVD III 1.3595 1.1341 1.6298 0.0009 0.0087 1.1815 1.0002 1.3958 0.0498 0.0650
N-terminal prohormone brain natriuretic peptideNT-proBNP NA CVD III 1.5929 1.3330 1.9034 3.00E-07 3.50E-05 1.6175 1.2956 2.0194 2.16E-05 0.0003
Osteopontin OPN P10451 CVD III 1.2772 1.0709 1.5231 0.0065 0.0378 1.4669 1.2196 1.7644 4.75E-05 0.0003
ST2 protein ST2 Q01638 CVD III 1.3123 1.0725 1.6056 0.0083 0.0423 1.3845 1.1393 1.6826 0.0011 0.0032
Tumor necrosis factor receptor 1 TNF-R1 P19438 CVD III 1.3210 1.1226 1.5545 0.0008 0.0081 1.4133 1.1572 1.7262 0.0007 0.0023
Tumor necrosis factor receptor 2 TNF-R2 P20333 CVD III 1.3594 1.1546 1.6005 0.0002 0.0033 1.3316 1.1035 1.6069 0.0028 0.0068
Urokinase plasminogen activator surface receptorU-PAR Q03405 CVD III 1.2232 1.0567 1.4159 0.0070 0.0386 1.4162 1.1803 1.6992 1.81E-04 8.52E-04
HR was calculated using cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.
Model 2: adjusted for age, sex, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, current smoking, antihypertensive medication use, body mass index, education, physical activity, and alcohol consumption.
Red means P- value lower than 0.05.
Bold means validated proteins overlapped between groups with and without T2D.

KORA-Age1 with type 2 diabetes at baseline  (n=203)
all-cause mortality (n=76)

Model 2Protein name Short name UniProt ID Panel

KORA S4 with type 2 diabetes at baseline  (n=244)
all-cause mortality (n=116)

Model 2
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Table S2 Validation of results in KORA-Age1 for proteins significantly associated with all-cause 
mortality in the KORA S4 sample (Continued)

HR Lower CI Upper CI P-value P_FDR
 (sig. n=79) HR Lower CI Upper CI P-value

 (sig. n=62)
P _FDR

 (sig. n=62)
Angiotensin-converting enzyme 2 ACE2 Q9BYF1 CVD II 1.2632 1.1208 1.4236 0.0001 0.0012 1.2449 1.0655 1.4546 0.0058 0.0090
Adrenomedullin ADM P35318 CVD II 1.3678 1.1988 1.5605 3.22E-06 9.38E-05 1.8559 1.5290 2.2527 3.99E-10 1.05E-08
Agouti-related protein AGRP O00253 CVD II 1.2009 1.0861 1.3279 0.0004 0.0029 1.3396 1.1558 1.5526 1.04E-04 0.0003
Carcinoembryonic antigenrelated cell adhesion molecule 8CEACAM8 P31997 CVD II 1.1833 1.0516 1.3315 0.0052 0.0201 1.3846 1.1948 1.6045 1.52E-05 7.08E-05
Cathepsin L1 CTSL1 P07711 CVD II 1.3035 1.1634 1.4604 4.88E-06 1.26E-04 1.4458 1.2298 1.6998 8.01E-06 4.87E-05
Fibroblast growth factor 23 FGF-23 Q9GZV9 CVD II 1.1667 1.0703 1.2717 0.0005 0.0032 1.3526 1.2031 1.5206 4.31E-07 3.73E-06
Follistatin FS P19883 CVD II 1.1840 1.0595 1.3230 0.0029 0.0132 1.1803 1.0114 1.3774 3.54E-02 0.0452
Galectin-9 Gal-9 O00182 CVD II 1.1766 1.0474 1.3218 0.0061 0.0227 1.5023 1.2726 1.7735 1.53E-06 1.10E-05
Interleukin-1 receptor antagonist protein IL-1RA  P18510 CVD II 1.1618 1.0310 1.3093 0.0139 0.0425 1.3176 1.1172 1.5539 0.0010 0.0022
Interleukin-27 IL-27  Q8NEV9, Q14213 CVD II 1.1790 1.0529 1.3202 0.0043 0.0171 1.3287 1.1273 1.5661 0.0007 0.0016
Interleukin-4 receptor subunit alpha IL-4RA P24394 CVD II 1.2179 1.0954 1.3540 0.0003 0.0022 1.1739 1.0447 1.3190 0.0070 0.0105
Kidney Injury Molecule 1 KIM1 Q96D42 CVD II 1.3457 1.2045 1.5033 1.50E-07 1.17E-05 1.3605 1.1659 1.5876 9.25E-05 2.92E-04
Matrix metalloproteinase-12 MMP-12 P39900 CVD II 1.3039 1.1630 1.4618 5.39E-06 1.26E-04 1.7053 1.4173 2.0520 1.57E-08 2.48E-07
Matrix metalloproteinase-7 MMP-7  P09237 CVD II 1.2145 1.0800 1.3658 0.0012 0.0068 1.3480 1.1468 1.5845 2.93E-04 7.99E-04
Placenta growth factor PGF P49763 CVD II 1.2812 1.1576 1.4181 1.71E-06 5.69E-05 1.3987 1.2180 1.6061 1.98E-06 1.30E-05
Polymeric immunoglobulin receptor PIGR P01833 CVD II 1.2910 1.1519 1.4469 1.13E-05 1.88E-04 1.1894 1.0127 1.3970 3.45E-02 0.0447
Prostasin PRSS8 Q16651 CVD II 1.3221 1.1618 1.5046 2.30E-05 2.82E-04 1.3560 1.0961 1.6776 5.02E-03 8.10E-03
Pentraxin-related protein PTX3 PTX3 P26022 CVD II 1.2502 1.1046 1.4148 0.0004 0.0030 1.3699 1.2218 1.5358 6.89E-08 7.78E-07
Spondin-2 SPON2 Q9BUD6 CVD II 1.2041 1.0607 1.3669 0.0041 0.0164 1.3350 1.1244 1.5850 9.72E-04 2.13E-03
Thrombospondin-2 THBS2 P35442 CVD II 1.1964 1.0607 1.3495 0.0035 0.0155 1.2982 1.1094 1.5192 0.0011 0.0022
Tumor necrosis factor receptor superfamily member 10ATNFRSF10A O00220 CVD II 1.1864 1.0999 1.2796 9.65E-06 1.88E-04 1.2325 1.1118 1.3663 7.06E-05 0.0002
Tumor necrosis factor receptor superfamily member 11ATNFRSF11A Q9Y6Q6 CVD II 1.2596 1.1363 1.3964 1.13E-05 1.88E-04 1.3956 1.2017 1.6209 1.26E-05 6.89E-05
TNF-related apoptosis-inducing ligand receptor 2TRAIL-R2 O14763 CVD II 1.1596 1.0998 1.2227 4.29E-08 5.00E-06 1.3942 1.2833 1.5147 3.91E-15 3.09E-13
V-set and immunoglobulin domain-containing protein 2VSIG2 Q96IQ7 CVD II 1.1826 1.0561 1.3243 0.0037 0.0158 1.2424 1.0659 1.4481 5.50E-03 8.69E-03
C-C motif chemokine 23 CCL23 P55773 Inflammation 1.1634 1.0357 1.3069 0.0108 0.0348 1.2901 1.0822 1.5380 4.50E-03 7.41E-03
C-C motif chemokine 3 CCL3  P10147 Inflammation 1.1656 1.0606 1.2810 0.0015 0.0077 1.2895 1.1243 1.4789 2.77E-04 7.81E-04
CUB domain-containing protein 1 CDCP1 Q9H5V8 Inflammation 1.1567 1.0400 1.2865 0.0073 0.0259 1.2428 1.0765 1.4347 3.03E-03 0.0054
Macrophage colony-stimulating factor 1 CSF1 P09603 Inflammation 1.2222 1.0766 1.3873 0.0019 0.0095 1.5196 1.1957 1.9313 6.24E-04 0.0015
C-X-C motif chemokine 9 CXCL9 Q07325 Inflammation 1.1482 1.0281 1.2822 0.0142 0.0425 1.5297 1.3042 1.7942 1.75E-07 1.72E-06
Protein S100-A12 EN-RAGE P80511 Inflammation 1.2650 1.1369 1.4076 1.61E-05 2.34E-04 1.3114 1.1576 1.4856 2.05E-05 8.10E-05
Hepatocyte growth factor HGF P14210 Inflammation 1.3212 1.1667 1.4961 1.13E-05 1.88E-04 1.5658 1.3151 1.8642 4.73E-07 3.73E-06
Interleukin-10 receptor subunit beta IL-10RB Q08334 Inflammation 1.1923 1.0598 1.3413 0.0034 0.0154 1.1846 1.0177 1.3787 0.0288 0.0379
Interleukin-15 receptor subunit alpha IL-15RA Q13261 Inflammation 1.1763 1.0463 1.3225 0.0066 0.0240 1.1459 1.0343 1.2695 9.16E-03 1.32E-02
Interleukin-6 IL-6 P05231 Inflammation 1.1782 1.0640 1.3047 0.0016 0.0084 1.2425 1.0829 1.4256 1.96E-03 3.69E-03
Interleukin-8 IL-8 P10145 Inflammation 1.2293 1.1060 1.3664 0.0001 0.0012 1.1872 1.0495 1.3430 6.37E-03 9.67E-03
Monocyte chemotactic protein 3 MCP-3 P80098 Inflammation 1.1563 1.0355 1.2913 0.0099 0.0334 1.1937 1.0419 1.3677 0.0107 0.0152
Osteoprotegerin OPG O00300 Inflammation 1.2192 1.0835 1.3718 0.0010 0.0061 1.4642 1.2288 1.7448 2.01E-05 8.10E-05
Programmed cell death 1 ligand 1 PD-L1 Q9NZQ7 Inflammation 1.1480 1.0308 1.2785 0.0120 0.0377 1.2613 1.1087 1.4349 0.0004 0.0011
Transforming growth factor alpha TGF-alpha P01135 Inflammation 1.1687 1.0464 1.3053 0.0057 0.0214 1.2672 1.1372 1.4121 1.81E-05 7.94E-05
Tumor necrosis factor receptor superfamily member 9TNFRSF9 Q07011 Inflammation 1.2791 1.1426 1.4321 1.93E-05 2.49E-04 1.3533 1.1807 1.5512 1.39E-05 6.89E-05
Vascular endothelial growth factor A VEGF-A P15692 Inflammation 1.2642 1.1379 1.4046 1.27E-05 1.97E-04 1.3801 1.1826 1.6106 4.36E-05 1.54E-04
Chitinase-3-like protein 1 CHI3L1 P36222 CVD III 1.2832 1.1327 1.4537 8.97E-05 9.50E-04 1.3022 1.1011 1.5402 2.04E-03 0.0037
Cystatin-B CSTB P04080 CVD III 1.1982 1.0766 1.3335 0.0009 0.0059 1.3002 1.1302 1.4959 2.42E-04 7.07E-04
Ephrin type-B receptor 4 EPHB4 P54760 CVD III 1.1983 1.0679 1.3447 0.0021 0.0101 1.1782 1.0296 1.3481 0.0171 0.0233
Fatty acid-binding protein 4 FABP4 P15090 CVD III 1.4425 1.2526 1.6612 3.66E-07 1.71E-05 1.3913 1.1621 1.6657 3.24E-04 8.52E-04
Growth/differentiation factor 15 GDF-15 Q99988 CVD III 1.6140 1.4427 1.8056 6.17E-17 1.44E-14 1.5960 1.3704 1.8588 1.83E-09 3.62E-08
Insulin-like growth factor-binding protein 2 IGFBP-2 P18065 CVD III 1.3003 1.1372 1.4868 0.0001 0.0012 1.5026 1.2357 1.8272 4.48E-05 0.0002
Insulin-like growth factor-binding protein 7 IGFBP-7 Q16270 CVD III 1.2559 1.1208 1.4072 8.66E-05 9.50E-04 1.2106 1.0636 1.3779 3.81E-03 0.0065
Interleukin-18-binding protein IL-18BP O95998 CVD III 1.2467 1.1103 1.3998 0.0002 0.0017 1.2292 1.0534 1.4344 0.0088 0.0128
Interleukin-2 receptor subunit alpha IL-2RA P01589 CVD III 1.2238 1.0950 1.3679 0.0004 0.0029 1.2530 1.0756 1.4597 0.0038 0.0065
Lymphotoxin-beta receptor LTBR P36941 CVD III 1.1919 1.0812 1.3140 0.0004 0.0030 1.2134 1.0627 1.3854 0.0042 0.0071
N-terminal prohormone brain natriuretic peptideNT-proBNP NA CVD III 1.3361 1.1877 1.5029 1.40E-06 5.42E-05 1.6851 1.4392 1.9731 8.96E-11 3.54E-09
Osteopontin OPN P10451 CVD III 1.3709 1.2170 1.5443 2.07E-07 1.21E-05 1.5212 1.3084 1.7687 4.89E-08 6.44E-07
Perlecan PLC P98160 CVD III 1.2889 1.1416 1.4552 4.17E-05 4.86E-04 1.3007 1.1116 1.5220 1.04E-03 2.18E-03
Retinoic acid receptor responder protein 2 RARRES2 Q99969 CVD III 1.1956 1.0592 1.3495 0.0038 0.0163 1.2203 1.0313 1.4439 2.04E-02 0.0273
ST2 protein ST2 Q01638 CVD III 1.2101 1.0676 1.3716 0.0029 0.0132 1.2040 1.0395 1.3946 0.0132 0.0183
Metalloproteinase inhibitor 4 TIMP4 Q99727 CVD III 1.1996 1.0781 1.3348 0.0008 0.0056 1.2458 1.0866 1.4284 0.0016 0.0031
Tumor necrosis factor receptor 1 TNF-R1 P19438 CVD III 1.2508 1.1290 1.3858 1.87E-05 2.49E-04 1.2883 1.1107 1.4943 8.18E-04 0.0018
Tumor necrosis factor receptor 2 TNF-R2 P20333 CVD III 1.2298 1.1019 1.3725 0.0002 0.0019 1.2801 1.1035 1.4851 0.0011 0.0022
Tumor necrosis factor receptor superfamily member 14TNFRSF14 Q92956 CVD III 1.1490 1.0414 1.2677 0.0056 0.0214 1.2915 1.1158 1.4949 0.0006 0.0015
Tumor necrosis factor ligand superfamily member 13BTNFSF13B Q9Y275 CVD III 1.1852 1.0674 1.3159 0.0015 0.0077 1.3079 1.1513 1.4857 3.68E-05 0.0001
Urokinase plasminogen activator surface receptorU-PAR Q03405 CVD III 1.1684 1.0634 1.2837 0.0012 0.0068 1.3383 1.1737 1.5259 1.34E-05 6.89E-05
HR was calculated using cox regression. Effect estimates have been calculated per 1 SD increase in normalized protein expression values on a log2 scale.
Model 2: adjusted for age, sex, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, current smoking, antihypertensive medication use, body mass index, education, physical activity, and alcohol consumption.
Red means P- value lower than 0.05.
Bold means validated proteins overlapped between groups with and without T2D.

Short name PanelUniProt ID

KORA-Age1 without type 2 diabetes at baseline  (n=828)
all-cause mortality (n=169)

KORA S4 without type 2 diabetes at baseline  (n=1301)
all-cause mortality (n=321)

Model 2 Model 2Protein name
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Clinical model Protein model Combined model

C-index 0.671 [0.620; 0.773] 0.724 [0.652; 0.791] 0.714 [0.670; 0.823]
ΔC-index - 0.053 [-0.062; 0.129] 0.043 [-0.002; 0.111]
cfNRI - 0.065 [-0.610; 0.554] 0.467 [0.019; 0.800]
cfNRIdeaths - 0.136 [-0.276; 0.339] 0.097 [-0.211; 0.310]
cfNRIsurvivors - -0.071 [-0.368; 0.344] 0.369 [0.034; 0.611]
IDI - 0.050 [-0.115; 0.173] 0.076 [0.002; 0.187]

C-index 0.757 [0.729; 0.802] 0.775 [0.744; 0.817] 0.778 [0.757; 0.84]
ΔC-index - 0.017 [-0.024; 0.049] 0.021 [0.005; 0.053]
cfNRI - -0.095 [-0.324; 0.199] 0.321 [0.164; 0.572]
cfNRIdeaths - 0.006 [-0.097; 0.180] -0.001 [-0.118; 0.190]
cfNRIsurvivors - -0.102 [-0.255; 0.101] 0.322 [0.223; 0.463]
IDI - -0.011 [-0.051; 0.048] 0.025 [0.015; 0.082]

Bold indicates statistically significant value.

Abbreviations: C-index, concordance index; cfNRI, category-free net reclassification index; IDI,
independent discrimination improvement, KORA, Cooperative Health Research in the Region of
Augsburg.

Table S12 Predictive performance for all-cause mortality after exclusion of overlapping KORA S4 
participants from the KORA-Age1 sample

With baseline type 2 diabetes

KORA-Age1 sample
Baseline status

Without baseline type 2 diabetes
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