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Abstract

Background

Circulating biomarkers are associated with the development of coronary heart disease
(CHD) and its complications by reflecting pathophysiological pathways and/or organ dys-
function. We explored the associations between 157 cardiovascular (CV) and inflammatory
biomarkers and CV death using proximity extension assays (PEA) in patients with chronic
CHD.

Methods and findings

The derivation cohort consisted of 605 cases with CV death and 2,788 randomly selected
non-cases during 3-5 years follow-up included in the STabilization of Atherosclerotic plaque
By Initiation of darapLadlb TherapY (STABILITY) trial between 2008 and 2010. The replica-
tion cohort consisted of 245 cases and 1,042 non-cases during 12 years follow-up included
in the Ludwigshafen Risk and Cardiovascular Health (LURIC) study between 1997 and
2000. Biomarker levels were measured with conventional immunoassays and/or with the
OLINK PEA panels CVD | and Inflammation. Associations with CV death were evaluated by
Random Survival Forest (RF) and Cox regression analyses.

Both cohorts had the same median age (65 years) and 20% smokers, while there were
slight differences in male sex (82% and 76%), hypertension (70% and 78%), and diabetes
(39% and 30%) in the respective STABILITY and LURIC cohorts. The analyses identified 18
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biomarkers with confirmed independent association with CV death by Boruta analyses and
statistical significance (all p < 0.0001) by Cox regression when adjusted for clinical charac-
teristics in both cohorts. Most prognostic information was carried by N-terminal prohormone
of brain natriuretic peptide (NTproBNP), hazard ratio (HR for 1 standard deviation [SD]
increase of the log scale of the distribution of the biomarker in the replication cohort) 2.079
(95% confidence interval [Cl] 1.799-2.402), and high-sensitivity troponin T (cTnT-hs) HR
1.715 (95% CI 1.491-1.973). The other proteins with independent associations were growth
differentiation factor 15 (GDF-15) HR 1.728 (95% CI 1.527—-1.955), transmembrane immu-
noglobulin and mucin domain protein (TIM-1) HR 1.555 (95% CI 1.362—1.775), renin HR
1.501 (95% CI 1.305-1.727), osteoprotegerin (OPG) HR 1.488 (95% CIl 1.297-1.708), solu-
ble suppression of tumorigenesis 2 protein (sST2) HR 1.478 (95% CI 1.307—1.672), cysta-
tin-C (Cys-C) HR 1.370 (95% CI 1.243-1.510), tumor necrosis factor-related apoptosis-
inducing ligand receptor 2 (TRAIL-R2) HR 1.205 (95% CI 1.131-1.285), carbohydrate anti-
gen 125 (CA-125) HR 1.347 (95% CI 1.226-1.479), brain natriuretic peptide (BNP) HR
1.399 (95% CI 1.255-1.561), interleukin 6 (IL-6) HR 1.478 (95% CI 1.316-1.659), hepato-
cyte growth factor (HGF) HR 1.259 (95% Cl 1.134—1.396), spondin-1 HR 1.295 (95% ClI
1.156—1.450), fibroblast growth factor 23 (FGF-23) HR 1.349 (95% CI 1.237-1.472), chiti-
nase-3 like protein 1 (CHI3L1) HR 1.284 (95% Cl 1.129—1.461), tumor necrosis factor
receptor 1 (TNF-R1) HR 1.486 (95% CI 1.307-1.689), and adrenomedullin (AM) HR 1.750
(95% CI 1.490-2.056).

The study is limited by the differences in design, size, and length of follow-up of the 2
studies and the lack of results from coronary angiograms and follow-up of nonfatal events.

Conclusions

Profiles of levels of multiple plasma proteins might be useful for the identification of different
pathophysiological pathways associated with an increased risk of CV death in patients with
chronic CHD.

Trial registration
ClinicalTrials.gov NCT00799903.

Author summary

Why was this study done?

« There are many reports on associations between biomarkers and outcomes in patients
with chronic coronary artery disease (CAD).

o New analytical technologies allow concurrent measurement of hundreds of protein bio-
markers in small volumes of plasma.

o The value of multiplex protein analyses has rarely been evaluated in cohorts with ade-
quate numbers of patients and outcome events.
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What did the researchers do and find?

o We investigated the associations between the levels of multiple proteins and the occur-
rence of cardiovascular (CV) death during 3-12 years follow-up of 2 cohorts of 3,393
and 1,287 patients with chronic CAD.

o The biomarkers were measured with the OLINK Proximity Extension Assay (PEA) pan-
els CVD I and Inflammation and/or conventional immunoassays.

o The analyses identified 18 biomarkers with confirmed independent associations with
CV death.

What do these findings mean?

o Measurements of levels of plasma protein profiles can be useful for the identification of
pathophysiological pathways associated with an increased risk of CV death in patients
with chronic coronary heart disease (CHD).

« Measurements of these profiles might be useful for the identification of new treatment
targets and to balance different treatments and treatment responses in patients with
chronic CHD.

Introduction

Despite revascularization and optimal secondary preventive treatment, chronic coronary heart
disease (CHD) is still associated with a substantial cardiovascular (CV) morbidity and mortal-
ity [1-3]. Many biomarkers have been shown to be associated with the development and clini-
cal outcomes of CHD. However, only a few biomarkers are recommended in treatment
guidelines and routinely used in clinical care [4-8]. Besides indicators of underlying metabolic
disease (blood glucose, hemoglobin Alc, and low-density lipoprotein [LDL] cholesterol), the
currently generally available prognostic protein biomarkers are those indicating myocardial
dysfunction (N-terminal prohormone of brain natriuretic peptide, NTproBNP) [6,7], cardiac
necrosis (cardiospecific high-sensitivity troponin T, cTnT-hs), inflammatory activity (high-
sensitivity C-reactive protein, CRP-hs) [7], and renal dysfunction (cystatin-C, Cys-C) [4,8].
The rationale for the use of these biomarkers is their associations with underlying disease
mechanisms, their incremental prognostic information on CV outcomes in addition to clinical
information, and their interaction with treatment effects. There are many reports on associa-
tions between a multitude of other biomarkers and the development of CHD. However, their
value has rarely been simultaneously evaluated in cohorts with adequate numbers of patients
and events and including adjustment both for clinical information and for the established
biomarkers.

Newly available analytical technologies allow concurrent measurement of hundreds and
even thousands of protein biomarkers in small volumes of plasma [9]. One of these techniques
is the proximity extension assay (PEA) technology, allowing simultaneous measurements of 92
proteins in a 1.0-pl plasma sample by PCR amplification of DNA strands from DNA-labeled
antibody pairs [10,11]. In the STabilization of Atherosclerotic plaque By Initiation of darapLa-
dIb TherapY (STABILITY) trial (ClinicalTrials.gov ID NCT00799903) randomizing 15,828
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patients with chronic CHD to darapladib or placebo, without any significant effect on out-
comes during 3 to 5 years follow-up, we obtained plasma aliquots from all patients at baseline
[12,13]. Our previous reports from this program have verified the independent prognostic
importance of NTproBNP, cTnT-hs, CRP-hs, interleukin 6 (IL-6), growth differentiation fac-
tor 15 (GDF-15), and lipoprotein associated phospholipase A2 (Lp-PLA,) [14-17]. The pri-
mary aim of the present multimarker substudy was to investigate if additional biomarkers
were associated with CV death in patients with chronic CHD. The findings were replicated in
an observational cohort with chronic CHD followed for 12 years in the Ludwigshafen Risk and
Cardiovascular Health (LURIC) study [16].

Methods
Patients and study cohorts

The initial cohort of the present study was a substudy of the previously published international
STABILITY trial, which compared darapladib, a selective inhibitor of Lp-PLA,, with placebo
concerning the occurrence of CV events in 15,828 patients with chronic CHD out of whom
14,124 provided blood samples for the biomarker substudy [12,13]. The patients were
recruited in 663 centers in 39 countries from December 2008 to April 2010. The patients were
followed from 3 to 5 years with a median of 3.7 years. Patients were eligible if they had chronic
CHD documented by prior myocardial infarction (MI) (>1 month), prior percutaneous coro-
nary intervention (PCI) (>1 month), or prior coronary artery bypass grafting (CABG) (>3
months) or multivessel coronary artery disease (CAD) at a coronary angiogram. Outcomes
were ascertained by regular follow-up visits until the end of the trial, and all study endpoints
were centrally adjudicated. There were no significant effects of the randomized treatment on
the outcomes. The present multimarker substudy was based on an unstratified case-cohort
design consisting of a random sample from the full cohort, which was enriched with all
patients suffering CV outcomes in the total biomarker cohort leading to a comparison between
2,788 patients without CV death and 605 patients with CV death.

The LURIC prospective observational study was used for replication. The LURIC study
included 3,316 patients scheduled for coronary angiography between July 1997 and January
2000. Patients presenting with unstable angina, non-ST elevation MI, ST-elevation MI, and
severe diseases other than chronic CHD were excluded in the current study. The patients were
followed for 12 years concerning vital status, and cause of death was established by death cer-
tificates. In these analyses, 245 patients with CV death during the 12 years follow-up consti-
tuted the cases and 1,042 patients without this event the non-cases.

Ethics statement

Both studies were approved by the relevant institutional review boards and performed in
accordance with the Declaration of Helsinki, and all patients provided written informed con-
sent [16].

Biochemical analyses

Venous blood samples were obtained at inclusion in the morning after 9 hours of fasting.
EDTA plasma aliquots were stored at —80°C until biochemical analyses. Established biochemi-
cal assays for NTproBNP, ¢cTnT-hs, CRP-hs, IL-6, GDF-15, and Lp-PLA, were centrally per-
formed as previously published [12-17]. The proteomic analyses were performed at the
Clinical Biomarkers Facility, Science for Life Laboratory, Uppsala University, Uppsala, Swe-
den, without information on any other data. We used the OLINK Proteomics PEA technology,
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which is based on pairs of antibodies equipped with DNA single-strand oligonucleotide
reporter molecules. Each OLINK PEA panel contains 96 oligonucleotide-labeled antibody
probe pairs that bind to their respective target if present in the sample [9,10]. Target binding
by both antibodies in a pair generates double-stranded DNA amplicons, which are quantified
using a Fluidigm BioMark™ HD real-time PCR platform. The analyses were run using the rec-
ommended internal control, and inter-plate variability was adjusted by intensity normaliza-
tion. The resulting relative values, normalized protein expression (NPX) data, were log2
transformed. In the logarithmic phase of the curve, 1 increase of the NPX value corresponds to
a doubling of the protein content, and a high NPX value corresponds to a high protein concen-
tration. The signal specificity is exceptionally high, as binding by the 2 protein specific anti-
bodies in close proximity is required to produce a signal. PEA assays have shown high
reproducibility and repeatability with mean intra-assay and inter-assay coefficients of variation
around 8% and 12%, respectively; average inter-site variation has been reported at 15% [9]. In
the STABILITY cohort, we used the OLINK Proteomics Multiplex CVD I°®*°° panel and the
OLINK Proteomics Multiplex Inflammation’®*® panel, whereby the concentrations of a total
of 157 proteins related to CV disease and inflammation were simultaneously measured. In the
LURIC cohort, we used only the OLINK Proteomics Multiplex CVD I°®**° panel as only 4 of
the 28 biomarkers with confirmed association to CV death in the STABILITY cohort were in
the Inflammation panel and none among the 13 most important. The protein markers
included in the CVD I and Inflammation panels are given in S1 Table.

Statistics

The PEA CVD I and Inflammation panels together measured the concentrations of 184 pro-
teins, of which 27 were included in both panels. For 32 proteins, more than 10% of patient
samples had levels below the lower limit of detection (LLOD). We chose to include as many
proteins as possible by excluding only the 3 proteins for which more than 99.5% of all patient
samples had values below LLOD, leaving 154 unique proteins for the statistical analyses (S2A
Table). Values below LLOD were imputed with LLOD/2.

Baseline characteristics, established biomarkers, and PEA biomarkers were presented and
compared by conventional statistics: chi-squared and Wilcoxon tests for discrete and continu-
ous variables, respectively. Correlations between conventionally measured biomarkers and
PEA biomarkers were presented as Spearman correlation coefficients using NPX data for PEA
biomarkers and logarithmic transformation of biomarker concentrations measured with other
assays. Because of the large number of observations, most correlation coefficients were
expected to be statistically significant, and only correlation coefficients above 0.29 explaining
at least 9% of the variability were considered relevant. Correlations between PEA biomarkers
present on both CVD I and Inflammation panels were calculated using Pearson correlation
coefficients.

Random Survival Forest (RF) analyses were performed to provide an unbiased grading of
the prognostic importance of all variables including all clinical characteristics, PEA levels, and
levels of other biomarkers. As the variable importance calculated by the RF could theoretically
give identical results in a sample of 1,000 to 100,000 individuals, a Boruta analysis was used to
confirm which of the variables in the RF analysis had a larger than random association with
outcomes [18]. In short, the Boruta analysis performs multiple runs of RF comparing all vari-
ables to random variables, which are shuffled copies of the original variables. Variables per-
forming better than the maximum random variable importance are classified as confirmed,
variables performing worse are rejected, and variables that cannot be confirmed or rejected are
classified as tentative. Biomarkers with confirmed associations at RF-Boruta analyses in both
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studies were considered to have an externally validated association with CV death. In both RF
and Boruta analyses, the following settings were used: variable importance

mode = permutation, mtry (randomly selected number of variables to possibly split in each
node) = square root of total number of variables, minimal node size = 3, and

splitrule = maxstat (maximally selected rank statistics). In the RF, we used 10,000 trees, and in
the Boruta analysis, the number of trees was lowered to 1,000 due to performance issues.

The linear associations between the biomarkers and CV death were also investigated by
Cox regression analyses including both clinical characteristics, established standard immuno-
assays, and PEA biomarkers and were presented as Forest plots. According to the study design,
the Cox regression analyses included the sampling weights for each outcome and were esti-
mated using a robust sandwich estimator. The Cox regression analyses were performed unad-
justed using a predefined model [12-17] adjusting for baseline characteristics (age, sex, body
mass index (BMI), current smoking, hypertension, diabetes mellitus, previous MI, previous
coronary revascularization, previous stroke, previous peripheral artery disease, and random-
ized treatment) and adjusting also for renal function (Cys-C) and the established markers of
CV risk (NTproBNP and c¢TnT-hs). The incremental discriminative value of each biomarker
was illustrated by the C-index. If conventional as well as PEA measurements were available,
only the conventional result was included in the RF and Cox analyses, considering its quantita-
tive measurement and larger dynamic range. In the RF, Boruta, and Cox regression analyses,
missing values (other than protein values below LLOD) were imputed once using the mice
package for R [19,20]. The statistical analyses were predefined in a statistical analysis plan for
the STABILITY PEA study in March 2017, and thereafter for replication also applied for the
LURIC PEA study.

Results
PEA measurements

The PEA measurements had acceptable reproducibility with Pearson correlation coefficients
0.80 to 0.97 for 23 and a standard deviation of the difference in levels of 0.18 to 0.31 for 17 of
the 27 proteins that were included in both the CVD I and Inflammation panels (S4A Table).
The PEA measurements also had adequate accuracy with close correlations with conventional
immunoassays with Spearman correlation coefficients of 0.87 for NTproBNP, 0.85 for GDF-
15, and 0.88 for IL-6 and similar associations to CV death with both methods (S4B Table). The
Spearman correlations between the immunoassays of the cardiorenal and inflammatory bio-
markers Cys-C, NTproBNP, cTnT-hs, GDF-15, and IL-6 and the PEA biomarkers in the STA-
BILITY cohort are shown in S5 Table for those PEA biomarkers with any correlation
coefficient >0.29. There were significant and relevant correlations between many biomarkers,
prompting multivariable adjustments when evaluating the importance of associations between
biomarker levels and clinical outcomes.

STABILITY population

Baseline characteristics in the random sample and in the total STABILITY trial were almost
identical (S3 Table). The baseline characteristics and the levels of established CV biomarkers
in the group with CV death and in the random sample without any such event are shown in
Table 1.

The crude bivariate comparison of the 154 biomarkers between the 605 cases and 2,788
non-cases showed significant differences with p < 0.0001 for 87 biomarkers (S6A Table). An
unbiased selection of variables (biomarkers as well as clinical variables) with linear or nonlin-
ear associations with CV death occurrence was performed by RF analyses. Prognostic
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Fig 1. Variable importance in the STABILITY cohort. Boruta analysis in the STABILITY cohort of the significance of variable importance for CV death in the RF
analysis, including clinical variables as well as established and PEA biomarkers. Values are NPX values for the PEA biomarkers and log2 for the ng/L levels of
NTproBNP, cTnT-hs, IL-6, GDF-15, Cys-C, CRP-hs, Lp-PLA,, and WBC measured by conventional quantitative assays. Color coding according to the Boruta analysis
result: green = confirmed, yellow = tentative, and red = rejected. CRP-hs, high-sensitivity C-reactive protein; cTnT-hs, high-sensitivity troponin T; CV, cardiovascular;
Cys-C, cystatin-C; GDF-15, growth differentiation factor 15; IL-6, interleukin 6; Lp-PLA,, lipoprotein associated phospholipase A2; NPX, normalized protein
expression; NTproBNP, N-terminal prohormone of brain natriuretic peptide; PEA, proximity extension assay; RF, Random Survival Forest; STABILITY, STabilization
of Atherosclerotic plaque By Initiation of darapLadIb TherapY; WBC, white blood cell.

https://doi.org/10.1371/journal.pmed.1003513.9001

importance is presented in S1A Fig. According to the corresponding Boruta analysis, 28 bio-
markers had confirmed importance for the selection of patients with CV death (Fig 1,

Table 2). Linear associations of biomarker levels with CV death were investigated by unad-
justed (S2A Fig) and adjusted Cox regression analyses (Fig 2, Table 2). According to these
analyses, NTproBNP and cTnT-hs carried most of the prognostic information, and addition of
any of the other biomarkers increased C-index by less than 0.01 (Table 2).

Replication population

The baseline characteristics of the LURIC population is shown in Table 1. In this cohort, the
RF and Boruta analyses identified 21 biomarkers of confirmed importance for CV death, of
which 18 also had been identified in the STABILITY cohort (Figs 3 and 4, S1B and S2B Figs,
S6B Table). Also, in the LURIC cohort, the 2 strongest prognostic biomarkers were
NTproBNP and cTnT-hs. At the next level of importance, another 16 biomarkers of prognostic
importance were verified, in descending order: GDF-15, adrenomedullin (AM), osteoprote-
gerin (OPQG), transmembrane immunoglobulin and mucin domain protein (TIM-1), renin
(REN), Cys-C, tumor necrosis factor (TNF)-related apoptosis-inducing ligand receptor 2
(TRAIL-R2), soluble suppression of tumorigenesis 2 protein (sST2), BNP, hepatocyte growth
factor (HGF), IL-6, carbohydrate antigen 125 (CA-125), spondin 1 (SPON-1), tumor necrosis
factor receptor 1 (TNF-R1), fibroblast growth factor 23 (FGF-23), and chitinase-3 like protein
1 (CHI3L1). When investigating these biomarkers by Cox regression analyses, adjusting for
renal function (Cys-C) and the strongest prognostic biomarkers NTproBNP and ¢TnT-hs,
only 1 biomarker (REN) increased the C-index by more than 0.01 (Table 3, Fig 4).
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Fig 2. Multivariable adjusted linear associations in the STABILITY cohort. Cox regression analyses in the STABILITY cohort of
associations between biomarkers and CV death with adjustment for baseline characteristics. Values are the same as for Fig 1. HRs and
95% CI are calculated for increase of 1 SD. Color coding according to the Boruta analysis result: green = confirmed, yellow = tentative,
and red = rejected. CI, confidence interval; CV, cardiovascular; HR, hazard ratio; SD, standard deviation; STABILITY, STabilization of
Atherosclerotic plaque By Initiation of darapLadIb TherapY.

https://doi.org/10.1371/journal.pmed.1003513.9002

Discussion

The present study investigated the associations between multiple circulating protein biomark-
ers, measured by immunoassays and PEA, and CV death in 2 large cohorts of optimally treated
patients with chronic CHD. Employing machine learning approach, 18 biomarkers had con-
firmed and validated associations with CV mortality. In both cohorts, the strongest associa-
tions were found with NTproBNP and cTnT-hs, and also, the previously established
independent associations with GDF-15, IL-6, and Cys-C were verified. The novel findings in
the study was the identification of 13 additional proteins with an independent association to
CV mortality in patients with chronic CHD, i.e., TIM-1, REN, OPG, sST2, TRAIL-R2, CA-
125, BNP, HGF, SPON-1, FGF-23, CHI3L1, TNF-R1, and AM. The results indicate that myo-
cardial strain-dysfunction-hypertrophy-fibrosis (NTproBNP, BNP, sST-2, SPON-1, and CA-
125), myocyte death and apoptosis (cTnT-hs, TNF-R1, and TRAIL-R2), kidney injury (Cys-C,
FGF-23, and TIM-1), hemodynamic stress, renin—angiotensin system (RAS) activation (REN
and AM), oxidative stress and inflammation (GDF-15, IL-6, OPG, and CHI3L1), and angio-
genesis and vascular cell proliferation (HGF) are important mechanisms associated with CV
death in patients with chronic CHD (Fig 5).

The current study confirmed previous findings from our group and others on the very
strong importance of the cardiac biomarkers NTproBNP and ¢TnT-hs for prediction of CV

18
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Fig 3. Variable importance in the replication cohort. Boruta analysis in the LURIC cohort of the significance of variable importance for CV death in the RF analysis,
including clinical variables as well as established and PEA biomarkers. Values are the same as for Fig 1. Color coding according to the Boruta analysis result:

green = confirmed, yellow = tentative, and red = rejected. CV, cardiovascular; LURIC, Ludwigshafen Risk and Cardiovascular Health; PEA, proximity extension assay;
RF, Random Survival Forest.

https://doi.org/10.1371/journal.pmed.1003513.9003
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death in patients with CHD [6,16,21]. In the present study, these biomarkers were shown to be
prognostically more important than any clinical characteristic and more important than 150
other CV and inflammatory biomarkers. NTproBNP and/or BNP and ¢TnT-hs are related to
underlying functional myocardial disturbances, such as myocardial stretch, overload,
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dysfunction, hypertrophy, and necrosis. However, no association has been identified between
the levels of NTproBNP and ¢TnT-hs and disease development. Therefore, although associa-
tions between other biomarkers and CV death are attenuated by statistical adjustment for
NTproBNP and/or cTnT-hs levels and renal dysfunction, still these associations might reflect
important pathophysiological pathways.

Multiple biomarker profilings using PEA protein panels have previously been found useful
for predicting chronological age using concentrations of 77 plasma proteins in 976 healthy
individuals [22,23]. When the OLINK CVD I panel was used in 931 community-dwelling sub-
jects, 7 proteins (OPG, TIM-1, GDF-15, matrix metalloproteinase-12 [MMP-12], REN, TNF
ligand superfamily member 14 [TNFSF14], and growth hormone [GH]) were significantly
related to the number of carotid arteries affected by plaques after adjustment for multiple test-
ing [24]. From the same study, it was recently reported that 9 proteins (GDF-15, TIM-1,
TRAIL-R2, SPON1, MMP-12, follistatin [FS], soluble urokinase-type plasminogen activator
surface receptor [sU-PAR], OPG, and sST2) were associated with the development of heart
failure [25]. It is noteworthy that 4 of these 9 proteins (GDF-15, TIM-1, OPG, and sST2) were
identified and validated in the present study and that 4 others (TRAIL-R2, SPON1, MMP-12,
and sU-PAR) were significant in the STABILITY cohort of the present study. The OLINK
CVD I panel was also used in 847 patients with acute MI in whom the levels of GDF-15 and
TRAIL-R2 were independently associated with all-cause mortality during 7 years follow-up in
accordance with the present findings in the STABILITY study [26].

In 2016, a multimarker tool based on estimation of protein levels by the Somalogic modified
aptamer technology was used to identify the 4-year risk of MI, stroke, heart failure, and all-cause
death in 1 derivation and 1 replication cohort of patients with chronic CAD [27]. This study iden-
tified a 9-protein model providing a c-statistic of 0.71 in the replication sample, in which troponin
was the only biomarker in common with the present findings. Based on the Luminex xMAP plat-
form, another multimarker model to identify the risk of CV death, MI, or stroke was developed in
a derivation cohort of 649 and replication cohort 278 patients. This model included the 4 bio-
markers NTproBNP, TIM-1, osteopontin, and tissue inhibitor of metalloproteinase-1 (TIMP-1),
which had a c-index of 0.79. Interestingly, NTproBNP and TIM-1 are the same markers as identi-
fied in the present study and osteopontin protein may reflect the same processes as OPG [28].
The lack of complete replication of identified markers between the studies might relate to many
factors, e.g., differences in measured biomarkers, handling and age of biosamples, assay technolo-
gies, endpoints, adjustments, patient populations, treatments, and follow-up.

After the specific cardiac markers, GDF-15, a marker of oxidative stress, cellular aging, and
inflammatory activity, showed the strongest association with CV death. The independent
prognostic value GDF-15 [5,15,29] concerning total and CV mortality has been documented
previously from the STABILITY trial as well as in several other studies. Several other proteins
reflecting inflammatory activity (IL-6, CHI3L1, TIM-1, and OPG) were also significantly asso-
ciated with the risk of CV death in both the present cohorts. Independent associations between
IL-6 [17] and CV mortality have previously been shown in this and other studies. Also,
CHI3LI [30] and TIM-1 [31] have been found associated with the development of coronary
atherosclerosis. OPG, a member of the tumor necrosis factor receptor superfamily, has pleio-
tropic effects on bone metabolism, endocrine functions, and vascular inflammation [32,33]. It
is expressed by inflammatory stimuli, during acute MI and heart failure, and OPG plasma lev-
els are related to outcomes in patients with these conditions [34-36]. The recently reported
simultaneous reduction of inflammatory activity, e.g., as documented by simultaneous reduc-
tion of IL-6 levels and ischemic events by treatment with the anti-inflammatory agents canaki-
numab [37] and colchicine [38], further supports inflammatory activity as a major
pathophysiological mechanism in CHD [39].
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Chronic kidney disease is a well-established risk factor for CV death. Accordingly, the level
of Cys-C, which reflects glomerular filtration rate, has repeatedly been demonstrated to be
associated with CV events and death in patients with CHD. The renal hormone renin is a piv-
otal component of the RAS, which plays a key role in the maintenance of blood pressure and
electrolyte-volume homeostasis. The RAS is activated in hypertension and heart failure, and
reduction of its activity has become the basis for both prevention and treatment of these condi-
tions [1,2]. AM [40] and CA-125 [41] are indicators of fluid overload and congestion and
probably thereby indicators of outcome in CAD. FGF23, a hormone for regulation of phos-
phate hemostasis and the renin-angiotensin-aldosterone system, is an indicator of both renal
and myocardial dysfunction and is associated with left ventricular hypertrophy and clinical
outcomes [42]. An animal study has demonstrated Sponl mRNA expression in different vascu-
lar tissues with the same expression in kidney and heart [43]. In this rat model, the SponI gene
was also identified as a novel candidate gene for hypertension. In previous human studies,
SPONI has turned out to be an indicator of myocardial and renal dysfunction [25]. We also
confirmed an independent association between TIM-1, a modulator of the T cell-mediated
immune response, and CV outcomes [44-46]. Moreover, recently, an anti-TIM-1 antibody
was shown to attenuate atherosclerosis development [31]. The identification of all these mark-
ers of CV-renal dysfunction as independent risk indicators in the current cohorts of chronic
CHD is impressive not least after adjustment for the established and strong biomarkers of
renal (Cys-C) and cardiac function (NTproBNP and cTnT-hs) [47].

In the present study, sST2 emerged as an independent biomarker contributing to risk strati-
fication for CV death. ST2 is the receptor for interleukin-33, a cytokine with antihypertrophic
and antifibrotic effects on the myocardium. Serum levels of the soluble form of sST2 is a bio-
marker for myocardial strain and is well established to provide prognostic information in
patients with heart failure [48] but also in patients with chronic CHD [49], acute coronary syn-
drome [50], and in population-based cohorts (Dallas Heart) [51]. The prognostic importance
of sST2 in the LURIC cohort has been shown earlier by using a conventional immunoassay,
which strengthens the current findings with PEA technology [52].

HGF also appeared as a factor that significantly contributed to the identification of the risk
of CV death in the current study. HGF has pleitropic cell functions including angiogenesis,
anti-apoptosis, proliferation, and differentiation. Based on high levels in the early phase of MI
and in heart failure, HGF has been suggested as a prognostic and diagnostic biomarker of CV
disease [53]. HGF gene therapy has also been used in the treatment of ischemic heart disease
and for tissue regeneration [54]. In accordance with our findings, the level of HGF has previ-
ously been found to be independently associated with the progression of atherosclerosis and
clinical events in patients with CHD and heart failure and with long-term mortality in the gen-
eral population [55-59].

Finally, TNF-R1 and TRAIL-R2 are members of the TNF receptor superfamily and
involved in the processes of apoptosis. Probably, these processes are activated by several of the
other mechanisms associated with a raised risk for CV death and their incremental importance
most likely limited [25,60].

Limitations and strengths

Although being a large trial with global recruitment, the STABILITY cohort might not be fully
representative for all patients with chronic CHD. For example, less than 20% of patients were
women, smokers, or had prior multivessel disease. Also, the LURIC observational cohort has
limitations, for example, because of recruitment in association with a coronary angiogram and
a lack of systematic follow-up concerning secondary preventive treatment and nonfatal events.
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Therefore, some biomarkers appearing to have prognostic importance in one setting might
not be possible to verify because of the differences in design and size of the studies. However,
the differences in design might also be considered an advantage when searching for more
robust prognostic biomarkers with relevance in the broad real-life patient population. In the
LURIC trial, the associations using 4 years or 12 years follow-up were similar, although with
weaker significances at 4 years because of fewer events. Evaluation of shorter time follow-up
was avoided because of low event rates and thereby too low statistical power for reliable multi-
variate evaluation of multiple biomarkers. Some biomarkers had low availability, making them
impossible to evaluate in this setting.

Implication and next steps

The employed multiplex PEA methodology provides a profile of the relative protein concen-
trations, which is appropriate for screening of the most useful proteins to include in a multi-
plex assay. However, for final evaluation of the usefulness of protein profiling, a multiplex
assay allowing simultaneous and precise quantification across the complete dynamic range of
all included proteins will be needed.

Conclusions

In patients with chronic CHD, 18 out of 157 circulating biomarkers had internally confirmed
and externally validated independent significant associations with CV death. The results indi-
cate that myocardial strain—dysfunction-hypertrophy-fibrosis (NTproBNP, BNP, sST2,
SPONT1, and CA-125), myocyte death and apoptosis (cTnT-hs, TNF-R1, and Trail-R2), kidney
injury (Cys-C, FGF-23, and TIM-1), hemodynamic stress, RAS activation (REN and AM), oxi-
dative stress (GDF-15 and OPG), vascular inflammation and immune modulation (IL-6 and
CHI3L1), and angiogenesis and vascular cell proliferation (HGF) are important mechanisms
associated with CV death in patients with chronic CHD (Fig 5). Profiles of levels of multiple
plasma proteins can be useful for the identification of different pathophysiologic pathways
associated with an increased risk of CV death in patients with chronic CHD. Measurements of
these profiles and their pathways might be useful for the identification of new treatment targets
and balancing different treatments in patients with chronic CHD.
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dence interval; CV, cardiovascular; HR, hazard ratio; LURIC, Ludwigshafen Risk and Cardio-
vascular Health; PEA, proximity extension assay; SD, standard deviation; STABILITY,
STabilization of Atherosclerotic plaque By Initiation of darapLadIb TherapY.
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