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Plasma Protein Profile of Incident
Myocardial Infarction, Ischemic Stroke, and
Heart Failure in 2 Cohorts

Lars Lind

, MD, PhD; Johan Arnlév 2/, MD, PhD; Johan Sundstrém =), MD, PhD
BACKGROUND: The aim is to study common etiological pathways for 3 major cardiovascular diseases (CVD), as reflected in

multiple proteins.

METHODS AND RESULTS: Eighty-four proteins were measured using the proximity extension technique in 870 participants in the
PIVUS (Prospective Investigation of Uppsala Seniors Study) cohort on 3 occasions (age 70, 75, and 80 years). The sample
was followed for incident myocardial infarction, ischemic stroke or heart failure. The same proteins were measured in an
independent validation sample, the ULSAM (Uppsala Longitudinal Study of Adult Men) cohort in 595 participants at age 77.
During a follow-up of up to 15 years in PIVUS and 9 years in ULSAM, 222 and 167 individuals experienced a CVD. Examining
associations with the 3 outcomes separately in a meta-analysis of the 2 cohorts, 6 proteins were related to incident myocardial
infarction, 25 to heart failure, and 8 proteins to ischemic stroke following adjustment for traditional risk factors. Growth differ-
entiation factor 15 and tumor necrosis factor-related apoptosis-inducing ligand receptor 2 were related to all 3 CVDs. Including
estimated glomerular filtration rate in the models attenuated some of these relationships. Fifteen proteins were related to a
composite of all 3 CVDs using a discovery/validation approach when adjusting for traditional risk factors. A selection of 7
proteins by lasso in PIVUS improved discrimination of incident CVD by 7.3% compared with traditional risk factors in ULSAM.

CONCLUSIONS: We discovered and validated associations of multiple proteins with incident CVD. Only a few proteins were as-
sociated with all 3 diseases: myocardial infarction, ischemic stroke, and heart failure.
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yocardial infarction, stroke, and heart failure
M are 3 major cardiovascular diseases, that share

common etiological factors, but that may also
have separate causes. For example, atherosclerosis is
a common denominator for myocardial infarction and
ischemic stroke, and hypertension and left ventricular
hypertrophy are common features of both myocardial
infarction and heart failure. However, details at the mo-
lecular level linking some of the pathophysiology for
these disorders are little understood.

Using the proximity extension assay technique to
measure proteins in plasma,' it is possible to evalu-
ate a great number of proteins in a multiplex fashion.
Using this technique, we have described several novel

associations of proteins with specific cardiovascular
outcomes such as ischemic stroke? and heart failure,®
as well as with risk factors such as obesity, hyperten-
sion, dyslipidemia, diabetes mellitus, renal function,
atherosclerosis,*® and impaired left ventricular func-
tion.® In order to understand the commonalities of the
pathophysiology of the clinical cardiovascular diseases
at the molecular level, one must compare if proteins
are linked to 2 or more of these cardiovascular dis-
eases (CVDs), or if proteins are uniquely linked to a
certain CVD.

With that in mind, we first performed an analysis of
associations of 84 proteins versus incident myocardial
infarction, ischemic stroke and heart failure in separate
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CLINICAL PERSPECTIVE

What Is New?

e We related 86 proteins to incident cardiovas-
cular disease (myocardial infarction, stroke and
heart failure) in 2 cohorts.

e GDF-15 (growth differentiation factor 15) and
TRAIL-R2 (TNF-related apoptosis-inducing li-
gand receptor 2) were related to all 3 CVDs.

What Are the Clinical Implications?

e A selection of 7 proteins improved discrimina-
tion of incident cardiovascular disease by 7.3%
compared with traditional risk factors, suggest-
ing the use of proteomics in risk prediction.

Nonstandard Abbreviations and Acronyms

CASP-8 caspase-8

CCL3 C-C motif chemokine 3

EN-RAGE protein S100-A12

FABP-4 fatty acid binding protein-4

FGF-23 fibroblast growth factor 23

GDF-15 growth/differentiation factor 15

MMP-12 matrix metalloproteinase-12

PAPPA pappalysin-1

PIVUS the Prospective Investigation of
Uppsala Seniors Study

TIM-1 T-cell immunoglobulin and mucin
domain 1

TNFR-1 TNF receptor-1

TRAIL-R2 TNF-related apoptosis-inducing
ligand receptor 2

U-PAR urokinase plasminogen activator
surface receptor

ULSAM Uppsala Longitudinal Study of
Adult Men

analyses for each disease. Thereafter, we evaluated
the protein profile versus a combined end point of the 3
CVDs, and also evaluated if some of the proteins could
improve discrimination regarding incident CVD on top
of traditional risk factors. We used 2 population-based
cohorts, PIVUS (Prospective Investigation of Uppsala
Seniors study)® and ULSAM (the Uppsala Longitudinal
Study of Adult men),” in which the proteins have been
measured in the same fashion. As compared with our
previous studies,?® we have now updated the length
of the follow-up period, as well as analyzed the protein
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panel at 3 occasions in the PIVUS study, actions
that will increase the power compared with previous
reports.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Samples
Uppsala Longitudinal Study of Adult Men

In 1970 to 74, 2322 men all aged 50 years living in the
city of Uppsala, Sweden, were investigated as part of
the ULSAM (Uppsala Longitudinal Study of Adult Men)
(https://www.pubcare.uu.se/ulsam/).”® Of the invited
individuals, 82% accepted to participate.

This cohort has been reinvestigated at ages 60, 70,
77,82, 88, and 93 years of age. This study uses data
from the 77-year investigation, at which 839 subjects
participated. Of those, we have proteomic data in 761
individuals. A total of 166 subjects were excluded from
the analyses due to prevalent CVD at the baseline ex-
amination at age 77.

Prospective Investigation of Uppsala Seniors

In 2001 to 2004, 1016 men and women all aged
70 years living in the city of Uppsala, Sweden were
investigated as part of the PIVUS (Prospective
Investigation of Uppsala Seniors) study.® Of the in-
vited individuals, 50% accepted to participate. This
cohort has been reinvestigated at 75 (n=826) and
80 years (n=604) of age. Proteomics analysis was
performed at all 3 occasions, and was present at
98% of the investigations. A total of 146 subjects
were excluded from the analyses due to prevalent
CVD at age 70.

Both studies were approved by the Ethics
Committee of Uppsala University and all study partici-
pants have given their informed consent to participate.

Traditional Risk Factors in Both Cohorts
Fasting blood samples were drawn in the morning after
an overnight fast. Serum levels of cholesterol and tri-
glycerides, and high-density lipoprotein were assayed
by enzymatic techniques. Friedewald’s formula was
used to calculate low-density lipoprotein-cholesterol.
Blood glucose was measured using an oxidase
method. Supine systolic and diastolic blood pressures
were measured twice in the right arm after 10 minutes
rest, and means were calculated. Data on smoking
status and medications at baseline were based on a
questionnaire.


https://www.pubcare.uu.se/ulsam/
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CVD Diagnosis

Data on causes of death and hospitalizations were re-
trieved from the Swedish Cause of Death Register and
the Swedish Hospital Discharge Register, respectively.
The 3 major cardiovascular diseases were defined as:
myocardial infarction (International Classification of
Diseases, Eighth, Ninth, and Tenth Revisions [ICD]-8
code 410, ICD-9 code 410, or ICD-10 code 120), is-
chemic stroke (ICD-8 codes 431, 433-436, ICD-9
code 431, 433-436, ICD-10 code 163-166), and heart
failure (/CD-8 codes 427.00, 42710, 428.99, ICD-9, 428
and /ICD-10 code 150 and [11.0). The accuracy of these
diagnoses in the Swedish registers have been deemed
high quality,® but since the heart failure diagnosis is
less precise, we performed additional chart review
based validation of heart failure events, as previously
described.”®

Protein Analysis

We used the Olink Proseek Multiplex Cardiovascular
| 96x96 kit to simultaneously measure proteins in
plasma by real-time PCR using the Fluidigm BioMark
HD (Olink, Uppsala, Sweden).! Ninety-two proteins
were measured, and 84 of these proteins with a call-
rate >75% were further evaluated in the analyses. Mean
intra-assay and inter-assay variation were 8% and 12%,
respectively. Further details regarding levels of detec-
tion, reproducibility, and validations are given at Olink’s
webpage (https:/www.olink.com/resources-support/
document-download-center/). Values below levels of
detection were replaced by levels of detection/2°°,

Estimated Glomerular Filtration Rate

In both cohorts, plasma creatinine and cystatin C were
measured by a standard enzymatic method and by an
enhanced turbidimetric method, respectively. A vali-
dated formula to calculate estimated glomerular filtra-
tion rate (eGFR) using both of these markers was used."

Statistical Analysis

All protein values were log,-transformed to achieve a
normal distribution and thereafter transformed to the
semantic differential scale in order to obtain compara-
ble estimates.

Generally, for each protein 2 Cox proportional haz-
ards regression models were investigated for each out-
come. The first model adjusted for age and sex (only
age in ULSAM as it is an all-male cohort), and the sec-
ond model also adjusted for the traditional risk factors
systolic blood pressure, diabetes mellitus, high-density
lipoprotein and low-density lipoprotein-cholesterol,
body mass index, and smoking. A third model also
included eGFR (In-transformed due to a skewed
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distribution) as an independent variable in addition to
the traditional risk factors.

The proportional hazard assumption for the Cox
analysis was evaluated by visual inspection of the
-In[-In(S(1))] versus In(t) version of the Kaplan-Meier plot,
using a low and a high group of the proteins created by
a split of the distribution by the median.

Since we have measurements of proteins and
covariates at 3 occasions in PIVUS (at age 70, 75,
and 80 years), we updated all of them at each exam-
ination for that sample, implying that the follow-up
period of 15 years was split into three 5-year pe-
riods with data from each examination serving as
the baseline for that 5-year period, so called time-
dependent Cox proportional hazards regression.
The analyses in ULSAM only used one baseline (at
age 77).

First, in the analyses of the separate outcomes
(myocardial infarction, ischemic stroke, and heart fail-
ure), we fit the models to the PIVUS and ULSAM co-
horts separately and meta-analyzed the results using
the fixed-effects inverse variance-weighted method.
In these analyses, prevalent cases at baseline of the
respective outcome were excluded before analysis.
Since we did not have a replication step using this ap-
proach, we applied Bonferroni adjustment for 84 tests
(P<0.000625) for the crude model together with P<0.05
for the multivariable-adjusted model for significance.

Second, we evaluated a composite end point of
CVD (myocardial infarction or ischemic stroke or heart
failure). For those analyses, we used the PIVUS cohort
for discovery and the ULSAM cohort for validation. We
considered associations statistically significant that
passed a false discovery rate of <0.05 in the age- and
sex-adjusted analyses in both samples, and a nominal
multivariable-adjusted P value of <0.05 in the validation
sample. Subjects with prevalent CVD at baseline in the
2 samples were excluded in these analyses.

To evaluate if some of the proteins could improve
discrimination for the composite end point of CVD
(myocardial infarction or ischemic stroke or heart fail-
ure) compared with the traditional risk factors, we first
used lasso for logistic regression in the PIVUS cohort
with the split sample technique using all 84 proteins
(forcing age and sex into the model) to select proteins
included in the model with the best fit. Thereafter, we
compared the discrimination (C-statistic) for a logistic
regression model in the ULSAM cohort with the tra-
ditional risk factors (systolic blood pressure, diabe-
tes mellitus, high-density lipoprotein and low-density
lipoprotein-cholesterol, body mass index, and smok-
ing) to a model further adding the proteins identified
using lasso in the PIVUS cohort.

STATA16 (Stata inc, College Station, TX, USA) was
used for the analyses.
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RESULTS

Baseline characteristics of the 2 cohorts are given in
Table 1.

Incidence of Cardiovascular Events

Over 15 years of follow-up in the discovery cohort
(PIVUS), 222 CVD events (83, 89, and 132 cases of
myocardial infarction, stroke or heart failure, respec-
tively, of which some had more than one outcome
each) occurred during 10 666 person years at risk. In
the validation cohort (ULSAM), 167 CVD events (59, 81,
and 112 cases of myocardial infarction, stroke or heart
failure occurred, respectively) occurred during 5777
person years at risk.

Commonality in Associations of
Proteins With Incidence of Separate
Cardiovascular Events
Six proteins were associated with incident myocar-
dial infarction (Table 2), 25 with incident heart failure
(Table 3), and 8 proteins with incident ischemic stroke
(Table 4), in Bonferroni-adjusted meta-analyses of the
2 cohorts. Following further adjustment for eGFR on
top of traditional risk factors, 2 of the 6 proteins still
showed P<0.05 for myocardial infarction, 18 of the 25
for heart failure and all 8 proteins regarding stroke.
Those proteins with P<0.05 also following adjustment
for eGFR are indicated with a * following the traditional
risk factor adjusted P value in Tables 2 through 4. The
proportional hazard assumption was fulfilled for all the
proteins given in Tables 2 through 4.

GDF-15  (growth/differentiation factor 15) and
TRAIL-R2 (TNF-related apoptosis-inducing ligand re-
ceptor 2) were related to each of the 3 CVDs. Another 7

Table 1. Baseline Characteristics in PIVUS at Age 70
(n=870) and ULSAM at Age 77 (n=595)
PIVUS ULSAM
Variable Mean (SD) Mean (SD)
Age, y 701 (0.1) 775(0.7)
Sex (% female) 51 0
Systolic blood pressure, 149 (22) 150 (20)
mm Hg
Smoker, % 1 8.2
HDL-cholesterol, mmol/L 1.52 (0.42) 1.32 (0.33)
LDL-cholesterol, mmol/L 3.40 (0.88) 3.48 (0.87)
Body mass index, kg/m? 26.9 (4.3) 26.2 (3.5)
Diabetes mellitus, % 11 14
eGFR, mL/min/BSA 86 (16) 75 (20)

BSA indicates body surface area; eGFR, estimated glomerular filtration
rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PIVUS, the
Prospective Investigation of Uppsala Seniors Study; and ULSAM, Uppsala
Longitudinal Study of Adult Men.
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proteins were related to 2 out of 3 CVDs (follistatin, IL.-6
[interleukin-6], CSF-1 [macrophage colony-stimulating
factor 1], MMP-12 [matrix metalloproteinase-12], NT-
proBNP [N-terminal pro-B-type natriuretic peptide],
TIM-1 [T-cell immunoglobulin and mucin domain 1]
and U-PAR [urokinase plasminogen activator surface
receptor]). The overlap is illustrated in Figure.

Following further adjustment for eGFR, only GDF-
15 was significantly related to all 3 CVDs, while NT-
proBNP, TIM-1, CSF-1, and follistatin were related to 2
of the CVDs.

Associations of Proteins With Incidence of
Combined Cardiovascular Events

Fifteen proteins were discovered and validated at
the false discovery rate <0.05 level to be associated
with incident CVD. The top 3 associations were NT-
proBNP, FGF-23 (Fibroblast growth factor 23), and
adrenomedullin. These top 3 proteins were confirmed
using a Bootstrap calculation with 1000 repetitions.

Details are given in Table 5. Following further adjust-
ment for eGFR, only 9 of the 15 proteins still showed
P<0.05 in the validation step in ULSAM. Those 9 pro-
teins are indicated with a * following the multi-adjusted
P value in Table 2.

The proportional hazard assumption was fulfilled for
all 15 proteins in Table 5 except for FABP4 (fatty acid
binding protein-4). In this case, logistic regression anal-
yses resulted in almost identical estimates as when
Cox proportional hazard models were used.

Risk Prediction of Combined
Cardiovascular Events

In a model with all 84 proteins in the PIVUS cohort,
seven proteins were selected using lasso to produce
the best fitting model for incident CVD ([lambda 0.014],
NT-proBNP, CSF-1, PAPPA [Pappalysin-1], CCL3 [C-C
motif chemokine 3], EN-RAGE [Protein S100-A12],
CASP-8 [Caspase-8], and FABP-4). Performing a cor-
relation matrix of the 7 chosen proteins, the correla-
tion coefficients versus NT-proBNP ranges from 0.27
at most to 0.06. In general, the correlations between
the other 6 proteins were in the 0.10 to 0.20 range, with
some exceptions; CSF-1 versus FABP4 with r=0.47,
CSF-1 versus CCL3 with r=0.45, and EN-RAGE ver-
sus CASP-8 with r=0.61. When a model with these 7
proteins and the traditional risk factors was fit to the
ULSAM cohort, it improved discrimination (C-statistic)
from 0.64 (95% CI, 0.59-0.69) to 0.72 (95% Cl, 0.67-
0.76; P=0.002 for difference) over a model with only
the traditional risk factors. The major part of this im-
provement was however due to NT-proBNP alone
(adding NT-proBNP to a model with traditional risk fac-
tors improved C-statistic to 0.71 [95% CI, 0.66-0.76;
P=0.004)).
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Table 2. Proteins Associated With Incident Myocardial Infarction in a Meta-Analysis of ULSAM and PIVUS

Age Adjusted Adjustment for Traditional Risk Factors
Protein HR 95% CI Lower 95% CI Higher P Value HR 95% CI Lower 95% CI Higher P Value
MMP-12 1.61 1.37 1.89 6.30e-09 1.31 1.08 1.57 0.00041*
GDF-15 1.56 1.32 1.83 9.75e-08 1.37 1.12 1.67 0.0018*
TRAIL-R2 1.41 1.22 1.62 1.90e-06 1.35 1.12 1.62 0.0012
U-PAR 1.49 1.23 1.80 0.000042 1.32 1.07 1.64 0.0087
VEGF-A 1.33 1.138 1.56 0.00043 1.21 1.01 1.45 0.033
IL-6 1.28 111 1.48 0.00055 1.18 1.004 1.39 0.044

Hazard ratios (HRs) are given for a 1-SD increase in the proteins. Only proteins with age- or sex-adjusted P value <0.000625 and a multi-adjusted P
value <0.05 are shown. GDF-15 indicates growth/differentiation factor 15; IL-6, interleukin-6; MMP-12, matrix metalloproteinase-12; PIVUS, the Prospective
Investigation of Uppsala Seniors Study; TRAIL-R2, TNF-related apoptosis-inducing ligand receptor 2; ULSAM, Uppsala Longitudinal Study of Adult Men; U-
PAR, urokinase plasminogen activator surface receptor; and VEGF-A, vascular endothelial growth factor A.

*P<0.05 also after adjustment for estimated glomerular filtration rate.

DISCUSSION

The present study shows that a proteomic approach
to the etiology of CVDs can yield new insights. Above
and beyond traditional risk factors, NT-proBNP added
most to risk prediction for the combined cardiovascu-
lar events outcome, and GDF-15 and TRAIL-R2 were
also separately associated with each of the specific
cardiovascular outcomes.

This study confirms notions from our previous stud-
ies of the usefulness of the proteomic approach for
understanding of combined cardiovascular events. In
a study conducted in 1211 people with diabetes mel-
litus from 6 different cohorts, MMP-12, IL-27 subunit
a (ILl-27a), KIM-1 (kidney injury molecule-1), FGF-23,
protein S100-A12, TNFR-1 (TNF receptor-1), TNFR-2,
and TRAIL-R2 were related to incident CVD." Of note,
IL-27a and protein S100-A12 did not seem important
in the present study, raising the possibility that those
associations might be specific for people with diabetes
mellitus. Another study in patients with acute coronary
syndromes report associations between GDF-15 and
NT-proBNP and several specific cardiovascular out-
comes, such as myocardial infarction, heart failure,
and sudden cardiac death.'®

When looking at the analyses of proteins versus
the 3 separate outcomes and compared those find-
ing to the 15 proteins being related to the combined
CVD end point, most proteins being related to the
combined end point were also related to incident
heart failure. Of the 3 CVDs, it was also heart failure
that showed the largest number of significant protein
associations. If this discrepancy versus the other 2
CVDs was due to the fact that the number of incident
cases of heart failure was higher than for ischemic
stroke and myocardial infarction, or if heart failure as
a disease is linked to more pathophysiological path-
ways than ischemic stroke and myocardial infarction
remains to be evaluated.

Associations of NT-proBNP with incidence of car-
diovascular events have been well documented previ-
ously, using both the PEA technique and conventional
ELISAs. In an individual-participant-data meta-analysis
conducted in almost 100 000 individuals from 60 dif-
ferent samples, elevated levels of NT-proBNP were as-
sociated with increased risk of the major CVDs." In the
clinical setting, NT-proBNP is mainly used to diagnose
and follow heart failure patients, but our study along
with previous data supports the view that NT-proBNP
might also have a clinically important role in risk predic-
tion in the primary prevention setting." In the present
study, we used the lasso approach to select proteins
for prediction of incident CVD in the PIVUS cohort and
validated the 7 identified proteins in the ULSAM co-
hort, and found a substantial improvement in discrim-
ination. It should however be pointed out that almost
all this improvement was due to NT-proBNP alone.
Higher NT-proBNP is likely not causal for higher CVD
risk, but a protective response to an increased risk.
Genetic variants in or close to the BNP (NPPB) gene
reported to be associated with NT-proBNP levels were
not associated with an increased risk of heart failure in
a large population-based cohort.” In another genetic
study, one single-nucleatide variation (rs198389) was
associated with increased NT-proBNP levels, a re-
duced blood pressure, and decreased cardiovascular
mortality.'® In another study using Mendelian random-
ization, genetically determined higher NT-proBNP lev-
els were causally related to lower blood pressure and a
reduced risk of large-artery stroke.'”

GDF-15 belongs to the transforming growth factor-
beta cytokine superfamily. It is normally produced by
immunocompetent cells, but cardiac cells and tumor
cells can secrete GDF-15 during stress. Elevated lev-
els of GDF-15 have previously been related to mortal-
ity in both CVD and cancer,'® and GDF-15 has been
associated with abdominal obesity, other risk factors
for CVDs, and markers of subclinical CVD such as
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endothelial dysfunction, atherosclerosis, left ventricu-
lar hypertrophy, and a reduced left ventricular ejection
fraction.”® It is therefore unsurprising that this marker
was linked to risk of all of the 3 major CVDs in the pres-
ent study.

Also, TRAIL-R2 levels were related to all 3 major
CVDs. TRAIL-R2 is one of the receptors for the TRAIL,
a protein known to be involved in apoptosis. TRAIL has
been shown to induce apoptosis and upregulation of in-
flammatory genes in endothelial cells.?° In patients with
chronic renal failure, low levels of TRAIL were related to
an accelerated plaque progression over 2 years,?' and
in subjects with advanced atherosclerosis, TRAIL-R2
in plaque was related to apoptosis and to symptomatic
plague. High circulating TRAIL-R2 levels have been as-
sociated with later CVD events both in that high-risk
sample and in the general population.??23 Higher levels
of TRAIL-R2 have also been linked to atrial fibrillation, a
major risk factor for stroke and heart failure.?*

MMP-12, U-PAR, and IL-6 were linked to both myo-
cardial infarction and heart failure. Possible patho-
physiological connections between those 2 CVDs are
high blood pressure, arterial stiffness, left ventricular
hypertrophy, and a poor left ventricular systolic func-
tion following a myocardial infarction. MMP-12 and
U-PAR have previously been linked to a reduced left
ventricular ejection fraction.® MMP-12 has furthermore
been linked to arterial stiffness® and left ventricular
hypertrophy?® in experimental studies, suggesting that
especially MMP-12 is worthwhile to explore further re-
garding the connection between myocardial infarction
and heart failure.

NT-proBNP, follistatin, CSF-1, and TIM-1 were linked
to both heart failure and stroke. Hypertension is the
most likely common denominator of these 2 traits;
atherosclerosis could be another. This is an exam-
ple where mechanistic studies of proteins might pro-
vide additional insight of shared pathophysiological
pathways.

Some proteins were linked only to subsequent heart
failure. Of those, hK-11 (Kallikrein-11) was unique in
being highly significantly related to heart failure, but not
to myocardial infarction and stroke. All other proteins
linked to only one of the 3 CVDs had some association
(P<0.05) with the other 2 CVDs. Human kallikreins are
a family of 15 highly conserved serine proteases. hK-11
has mainly been evaluated as a marker for cancer,?’
but we have previously found this protease to be linked
to an impaired kidney function?® and albuminuria.?®
Although few studies have linked hK-11 to CVD, ge-
netic studies in humans and mice have shown close
links between the kallikrein/kinin system and cardio-
vascular structure and function, as reviewed recently.3°
Given also the close connection between the kallikrein/
kinin system and the renin-angiotensin system, it is
plausible that a protein in the kallikrein/kinin system
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MMP-12,
UPAR, IL-6

GDF-15
TRAIL-R2

FGF-23, FABP4, SPON1, TNF-R1, TNF-R2
CCL20, HGF, hK11, CD40, ST2, EN-RAGE
AGRP, CHI3L1, LOX-1, CCL3

HF

NT-proBNP
FS, CSF-1, TIM-1

Figure. Associations of proteins with incidence of myocardial infarction, ischemic stroke, and

heart failure.

Venn diagram. Only false discovery rate-adjusted statistically significant associations are shown. AGRP
indicates Agouti-related protein; AM, adrenomedullin; CCL3, C-C motif chemokine 3; CCL20, C-C
motif chemokine 20; CD40, CD40L receptor; CHI3L1, chitinase-3-like protein 1; CSF-1, macrophage
colony-stimulating factor 1; EN-RAGE, protein S100-A12; FABP4, fatty acid binding protein-4; FGF-23,
fibroblast growth factor 23; FS, follistatin; GDF-15, growth/differentiation factor 15; HF, heart failure;
HGF, hepatocyte growth factor; hK11, kallikrein-11; IL-6, interleukin-6; LOX-1, lectin-like oxidized LDL
receptor 1; MI, myocardial infarction; MMP-12, matrix metalloproteinase-12; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; OPG, osteoprotegerin; SPON1, spondin-1; ST2, ST2 protein; TIM-1, T-
cell immunoglobulin and mucin domain 1; TNF-R1, TNF receptor-1; TRAIL-R2, TNF-related apoptosis-
inducing ligand receptor 2; UPAR, urokinase plasminogen activator surface receptor; and VEGF-A,

vascular endothelial growth factor A.

could be linked to heart failure, and further studies on
this protein are warranted.

Kidney function, as evaluated by eGFR, is well
known to be related to CVDs, as well as to protein
levels. In a recent study, in which we related the
change in eGFR over 10 years to the changes in pro-
tein levels (the same ones as in the present study),
we found that the changes in most proteins were
negatively related to the change in eGFR, indicat-
ing that a reduction in GFR induces an increase in
levels for many proteins.®! That complicates how to
use GFR in the present study, since GFR is not likely
to be a confounder, but rather that the protein level

J Am Heart Assoc. 2021;10:e017900. DOI: 10.1161/JAHA.120.017900

is in the causal pathway between GFR and incident
CVD; GFR->protein level-> incident CVD. In the pres-
ent study we performed a secondary analysis adding
eGFR to the models and found, as expected, that
some of the previous findings just adjusting for tra-
ditional risk factors no longer showed P<0.05. It is
however not easy to interpret these attenuations in
some protein estimates given the above proposed
chain of events, and they could possibly not be re-
garded as simple confounding.

One way to evaluate if a certain assay really mea-
sures the protein of interest is to perform genetic anal-
ysis and search for genetic loci in the gene coding



Proteomics and Cardiovascular Disease

Lind et al

"a1eJ UoleJl|l} Jejniawo|B payewse 4o} Juswisnipe Jsie os|e G0'0>dx
"USI\ INPY JO ApNiS [euipnibuoT efesddn ‘INVYSTN PUe (g Joidedas pueb| Buronpul-sisoydode pajeial-4N 1 ‘gd-TIvdl ‘| 103dada. 10308} SIS0I0aU JOWN] ‘| H-4N1 | Ulewop uionw pue ujngojfounwiwi
1199-1 ‘L-AILL ‘L-Ulpuods ‘LNOJS ‘ApnigS sJolueg efesddn jo uoebisanu| eAnoadsold 8yl ‘SNAIG 01oe) yimoib ejusoeld ‘4o)|d ‘epndad onainuyeu adAi-g-oid [euiwlsi-N ‘dNgoJdlN ‘gL-eseureloidojeiaw Xuew ‘ZL-dININ
‘9-Upinepislul ‘9| {GL J0J0R} UolERUBIBHID/UIMOIB ‘GL-4dD ‘g 10108 LIMOIB 1sBIq0.Iql) ‘SZ-4D4 i Uielold Buipuig-pioe Aje; ‘ygv4 H1ojoe) Buieinuwins-Auojod ebeydoioew sereolpul [-4S0 "UMOYS 81 SNAId PUe INVSTN
U100 Ul GO'0> 8NneA 4 paisnipe-s|gelieAlinl pue ‘s|ppoul pajsnipe-xas pue abe Ul GO'0> anfeA 4 pelsnipe-olel AI8A00sIp as|e) UM SUOIEIDOSSE AJUQ "suleioid 8yl Ul 8seaioul 0S- | e Jo} UaAIB aJe (SHH) soned plezeH

6200 6’k 20t 6t 02000 ! 90’} Al 9-upinapiely|
L0100 vyl S0t ge'L 05000 o'l 10t Tl uueBejoidosiso
2100 Sr'L vO'L gTL G2000 £g'L oLt 62t 1480
ev0°0 WL o)1 6Lk ¥200°0 gt 60't 8zt Z-dNN
9v00 o't 660 F4! £200°0 eg't oKt o'l gV
vL0'0 T vO'L cT'L 1000 9g'} ahE et Fd-3INL

LLH00°0 9g't okt et 990000 18t ert el INOdS
50000 9G'L gLt gl 910000 63k oLt 9L upelsiiiod
21000 oGt L el /00000 £9'L 8Lt 68t 2d-TIvdl
28000 A 80't ozt 0500000 1k i ge't FINLL
2L00'0 S Fr 8zt /800000 65+ 8k 84 491d

850000 'L vEL 9’} 90-9v9'9 aLL vk o't GH-4ao

.90-959'6 oLl vt 8t 10-9/1'S vl el og't Y

6200000 151 8Ll 9L 10-800°G 99'1 Tl vyl £2-494

019692 81z 1S 18l H-88.'S 82 vl o't dNgoid-IN

1410409 VSN @Y} Ul (24njie4 }IeaH J0 ‘9)041S ‘UoijoJelu] [elpJed0A|A) SIUSAT JB|NOSBAOIPIED PAUIqUIOY JO 92USPIdU| YA\ SUIS10.d JO SUOIIBID0SSY JO UoNEPIeA G d|qeL

J Am Heart Assoc. 2021;10:e017900. DOI: 10.1161/JAHA.120.017900



Lind et al

for the protein of interest (so called cis-pQTLs). We
used preliminary updated results from the SCALLOP
(Systematic and Combined Analysis of Olink Proteins)
consortium,®® so far only deposited at BioRxive
(https://doi.org/10.1101/2020.04.03.023804), and
found significant cis-pQTL for 75 of the 92 proteins
on the CVD-1 chip use in the present study, including
the present top findings, NT-proBNP, GDF-15, MMP-
12, FGF-23, TRAIL-R2, adrenomedullin. Thus, from
these preliminary data it is most likely that the PEA
technique used in the present study are detecting and
measuring the majority of the proteins evaluated in the
present study in a valid way.

The strengths of the present study include the use of
2 samples from the same town, a discovery/validation
approach, and repeated measurements of the proteins
at 3 occasions in one cohort with updated covariate
information. A limitation is that the use of 2 samples of
elderly subjects from Sweden does not give generaliz-
ability to other ethnic and age groups or geographical
locations, so our results have to be confirmed in other
studies. In particular, the clinical utility of proteomics
for improving cardiovascular risk prediction merits ad-
ditional studies in large studies with a wider age range.
Further, causality of the reported associations will have
to be assessed using other study designs. Mendelian
randomization studies of some of these questions are
ongoing within the SCALLOP framework.3?

In conclusion, in this discovery/validation study of 2
population-based cohorts, NT-proBNP added to risk
prediction for cardiovascular events combined, and
GDF-15 and TRAIL-R2 levels were associated with
risks of incident myocardial infarction, stroke and heart
failure separately, above and beyond traditional risk
factors.
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