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Aims End-stage renal disease (ESRD) treated by chronic hemodialysis (HD) is associated with poor cardiovascular (CV) outcomes,
with no available evidence-based therapeutics. A multiplexed proteomic approach may identify new pathophysiological
pathways associated with CV outcomes, potentially actionable for precision medicine.

Methods and The AURORA trial was an international, multicentre, randomized, double-blind trial involving 2776 patients undergoing

results maintenance HD. Rosuvastatin vs. placebo had no significant effect on the composite primary endpoint of death from
CV causes, nonfatal myocardial infarction or nonfatal stroke. We first compared CV risk-matched cases and controls
(n =410) to identify novel biomarkers using a multiplex proximity extension immunoassay (276 proteomic biomarkers as-
sessed with Olink™™"). We replicated our findings in 200 unmatched cases and 200 controls. External validation was con-
ducted from a multicentre real-life Danish cohort [Aarhus-Aalborg (AA), n=2331 patients] in which 92 Olink™"
biomarkers were assessed. In AURORA, only N-terminal pro-brain natriuretic peptide (NT-proBNP, positive association)
and stem cell factor (SCF) (negative association) were found consistently associated with the trial’s primary outcome across
exploration and replication phases, independently from the baseline characteristics. Stem cell factor displayed a lower added
predictive ability compared with NT-ProBNP. In the AA cohort, in multivariable analyses, BNP was found significantly as-
sociated with major CV events, while higher SCF was associated with less frequent CV deaths.
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Our findings suggest that NT-proBNP and SCF may help identify ESRD patients with respectively high and low CV risk, be-

Conclusions

yond classical clinical predictors and also point at novel pathways for prevention and treatment.

Graphical Abstract

NT-proBNP and stem cell factor plasma concentrations are independently

associated with cardiovascular outcomes in ESRD hemodialysis patients

2->p Study Design }@ Results

276 proteomic (OLINK ™) biomarkers assessed in plasma
in two case-control (410 and 400 patients, respectively)
phases within the AURORA trial cohort of 2,776
hemodialysis patients enrolled in a neutral randomized
trial (rosuvastatin vs placebo, composite primary
end-point of death from cardiovascular causes, nonfatal
myocardial infarction or nonfatal stroke)

External validation in a multicenter real-life Danish cohort
(Aarhus-Aalborg (AA), n=331 patients) in which 92
OLINK ™ biomarkers were assessed

@ Objective

Implement a multiplexed proteomic approach to enable
the identification of biomarkers and related
actionable pathways for future precision medicine

Highlights

» Of the 256 evaluable proteins (from the three Olink panels
ontologically associated with CV diseases and/or inflammation),
only two proteins were consistently found associated with the
AURORA trial’s composite primary endpoint of death from cardio-
vascular causes, nonfatal myocardial infarction or nonfatal stroke,
independent from the clinical and biological features at baseline.
Increased NT-proBNP was associated with worse outcomes,
while increased SCF was associated with better outcomes.
N-terminal pro-brain natriuretic peptide and stem cell factor may
help identify ESRD patients with respectively high and low CV risk,
beyond classical clinical predictors.

Introduction

Both traditional (Framingham) and non-traditional cardiovascular (CV)
risk factors occur in patients with chronic kidney disease. The latter com-
prise a long list of uraemia-induced changes such as anaemia, inflamma-
tion, and disturbances of lipoprotein metabolism, resulting in
pathophysiological mechanisms for CV disease, which differ from those
in the general population."* End-stage renal disease (ESRD) is associated
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with premature CV ageing, and a 3- to 10-fold increased risk of CV events
when compared with the general population.® Cardiac disease is the lead-
ing cause of death among patients with ESRD, representing 42% of all-
cause mor‘tality.4 Despite these alarming observations, there is no proven
intervention in ESRD. Patients on hemodialysis (HD) are usually excluded
from CV prevention trials.">~ Where specific interventions have been
assessed—such as statin therapy, the results have been neutral®’
However, neutral trials such as the AURORA trial (a Study to Evaluate
the Use of Rosuvastatin in Subjects on Regular Hemodialysis: An
Assessment of Survival and Cardiovascular Events)® have created re-
sources allowing to seek novel risk factors and pathophysiological me-
chanisms," and to assess the importance of biomarkers that have been
proposed as non-traditional risk factors.?

In the present study, we have used the AURORA biobank in a com-
prehensive analysis that includes both established and novel biomarkers
in order to seek new pathophysiological pathways associated with CV
outcomes. This indeed may inform a future ‘pharmacophenomics’ ap-
proach'® combining biomarker-guided treatment strategies and indi-
vidually targeted pharmacological treatments.

Methods

Because of the sensitive nature of the data collected for this study, requests
to access the dataset from qualified researchers trained in human subject
confidentiality protocols may be sent to the corresponding author.
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Figure 1 AURORA subcohorts flow-chart.

Study population

The AURORA trial (NCT00240331) was an international, multicentre, rando-
mized, double-blind trial involving 2776 patients, 50-80 years of age, receiving
maintenance HD. Patients were randomly assigned to receive rosuvastatin,
10 mg daily, or placebo, and followed-up for a median of 3.8 vyears.
Rosuvastatin had no significant effect on the composite primary endpoint of
death from CV causes, nonfatal myocardial infarction or nonfatal stroke.”

In the derivation discovery step (Phase I), 205 patients with primary end-
point (cases) were matched with 205 patients without primary endpoint
(controls) for age, sex, geographical region, body mass index, KT/V, and
AURORA risk score' including age, albumin, high sensitivity C-reactive
protein (hsCRP), prior CV disease, and diabetes mellitus. Twenty-seven
pairs of patients were excluded due to incomplete biomarker data and/or
because samples did not pass the quality control for biomarker analyses.

In the replication step (Phase Il), 200 cases and 200 controls were ran-
domly drawn in previously unmatched AURORA patients. Eleven patients
(seven cases, four controls) were excluded since these proteomic analyses
did not pass the quality control (Figure 1).

The independent replication analysis used the Aarhus-Aalborg (AA) prospect-
ive cohort, which enrolled adult chronic HD patients (age> 18 years) from
December 2010 to March 2011 with 5 years of follow-up at five HD units in
Jutland, Denmark. After excluding patients with missing or low-quality proteo-
mics protein data, 331 HD patients were included in the final analysis. Two end-
points were considered for this cohort: major adverse CV event (MACE; see
supplemental material online for a complete definition of MACE) and CV death.

Biomarker analysis

Three panels, each consisting of 92 protein biomarkers ontologically asso-
ciated with CV and/or inflammation (CVD II, lll, and INF), were assessed

biomarkers and/or a blood sample that
did not pass the quality control criteria

=1731

(479 cases, 1252 controls)

Random draw
N = 400 patients
(200 cases, 200 controls)

n=11 Blood sample that did not
[—> pass the quality control

criteria (7 cases, 4 controls)

Study population — phase Il
N = 389 patients
(193 cases, 196 controls)

using the Olink proximity extension assay (PEA) in EDTA plasma samples
stored at —80°C. The result format for Olink PEA Multiplex technology
is normalized protein eXpression (NPX). NPX is an arbitrary unit on
log2 scale meaning that an increase in one NPX corresponds to a doubling
of the concentration. PEA results are reported as relative values; hence,
even if two different proteins have the same NPX values, their actual con-
centration may differ. Quality control was performed using the Olink NPX
Manager software. Samples that deviated >0.3 NPX from the median of all
samples in one of two control assays for incubation and detection were
flagged and excluded from the analysis. In both phases, values below the lim-
it of detection (LOD) were set at the LOD. All biomarkers with more than
25% of values below the LOD in Phase | and/or Phase Il were excluded from
statistical analyses: 254 biomarkers were ultimately assessed. A complete
list of biomarkers measured in each panel is presented in Supplementary
material online, Table S1.

Statistical analysis

All analyses were performed using R software (the R foundation for
Statistical Computing). The two-tailed significance level was set at P <
0.05. No adjustment for multiple comparisons was used for the identifica-
tion of proteins associated with the primary endpoint by a univariate ana-
lysis. Continuous variables are described as medians (interquartile range),
categorical variables as frequencies (percentages). Comparison of baseline
characteristics was carried out using the non-parametric Wilcoxon test
for continuous variables and Fisher’s exact test or x* test for categorical
variables. To assess the association between biomarkers and primary end-
point, time-to-event analyses were performed using a Cox regression mod-
el. Standardized hazard ratios (sHR) are presented with their 95%
confidence intervals as sHR (Cl 95%). sHR represent the increase or
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decrease in risk if the variable is increased by 1 SD. For all protein biomar-
kers, values were reported in NPX unit and sHR were based on NPX data.

A two—stef selection [least absolute shrinkage and selection operator
(LASSO),"™"* followed by backward stepwise regression] using the Cox
model was implemented in order to identify the biomarkers associated
with the risk of primary endpoint."* LASSO was used for the selection of
a first subset of variables. This method penalizes the sum of the absolute
values of the regression coefficients leading to some coefficients shrinking
to zero and thus to a concomitantly performed variable selection. LASSO
requires the estimation of a tuning parameter which was chosen by cross-
validation using the minimization of the partial likelihood deviance as rule.
Stepwise backward selection, starting from the subset of LASSO-selected
variables, with P-to-remove set at 0.05 (based on the Wald test), was
used to retain variables that were significantly associated with the risk of pri-
mary endpoint. To establish the sensitivity of the variable selection to the
cross-validation process, the two-step selection was repeated 1000 times
with different cross-validation folds randomly drawn between 3 and 10.
All biomarkers selected more than 50% of the time were finally retained.
Matching variables were also considered as candidates variables in this two-
step selection. All biomarkers and continuous variables used for the match-
ing were modelled as linear in Cox models. Furthermore, missing values
were encountered in Phase Il for KT/V, body mass index, albumin and
hsCRP and given their small number, a simple median imputation was
used. As the LASSO approach provides a variable selection based on a re-
peated procedure with cross-validation, and the biomarkers identified in
Phase | were further validated in Phase I, we did not use a false-discovery
rate approach. Importantly, the cross-validation procedure and the reten-
tion of biomarkers selected more than 50% of the time in the LASSO pro-
cedure, limits the likelihood of false discovery. Then, multivariable Cox
model was fitted using the subset of variables retained by the ‘LASSO/back-
ward’ selection process as explanatory variables.

Continuous net reclassification improvement (NRI)">'® and integrated
discrimination improvement (IDI)'>"® were calculated to assess the reclas-
sification performance and improvement in discrimination caused by the
addition of a biomarker (i) on top of biomarkers/clinical variables retained
by the ‘LASSO/backward’ selection process or (i) on top of the previously
published AURORA risk score (11).

The same methodology was applied in the AA cohort (additional details
provided in the supplemental material online), with a single 92 biomarker
Olink panel. All data are included in the submission/manuscript file.

Networks

A complex network analysis involving protein—disease and protein—protein
relationships is available through the fight heart-failure graph knowlegde
box (FHF-GKBox) as a Neo4] graph database where nodes represent en-
tities like proteins or diseases and edges correspond to relationships be-
tween these entities. The main goals of the FHF-GKBox are to facilitate
contextualization and to allow the grouping of several proteins, either via
their direct interactions or through an intermediary, or via the diseases in
which they are involved." An easy way to obtain such context is to identify
the most direct relationships between a list of proteins and diseases, which
correspond to all the shortest paths between the protein and the disease
nodes.

For this, FHF-GKBox is composed of data extracted from public data-
bases: 20 214 protein nodes were imported from Uniprot'® and 26 428 dis-
ease nodes from disease ontology (DO)." DO is a standardized ontology
that aims to provide consistent, reusable and sustainable description of hu-
man disease terms and phenotypes. Protein—protein relationships and
gene—disease associations were retrieved from STRING (v10.5)%° or
Reactome (release 61)2' or WikiPathways®? and DisGenet (19 July
2017)% data sources, respectively. Association properties, such as
STRING confidence score for protein—protein interactions or DisGenet
score for protein—disease associations, were also retrieved and mapped
to the corresponding edges.

Disease nodes representing CV diseases and kidney failure were selected
from DO." To cover the three studied outcomes with a minimal number
of terms and to reduce the graph complexity without losing information,
CV diseases were mapped to the unique general term: ‘cardiovascular sys-
tem disease’ (DOID:1287) describing diseases which occur in the blood,
heart, blood vessels, or the lymphatic system. Kidney failure was mapped
to the two terms: ‘kidney failure’ (DOID:1074) defined in DO as ‘a kidney

disease characterized by the failure of the kidneys to adequately filter waste
products from the blood’ and ‘chronic kidney failure’ (DOID:784) corre-
sponding to ‘a kidney failure that is characterized by the gradual loss of kid-
ney function’ in DO. It should be noted that the group of genes associated
with a group of diseases such as ‘cardiovascular system disease’ in DisGenet
does not encompass all of the genes associated with all of the distinct, more
specific CV diseases.

The shortest paths between these disease nodes and the proteins of
interest [NPPB—for brain natriuretic peptide or stem cell factor (SCF)]
were extracted from FHF-GKBox by the ‘allShortestPaths’ Neo4] function.
Filters were also applied, as follow, on the retrieved edged to ensure their
quality:

* Protein—protein relationships have a STRING confidence score
>800.
+ Gene—disease associations have?* a DisGenet score >0.001.

Queries on the FHF-GKBox and network visualization were executed
with Cytoscape?® and its cyNeo4j App adapter.?®

Pathway enrichment

Pathway enrichment for the proteins connecting the diseases to the protein
of interest was calculated by the Reactome analysis function.”’® A FDR
g-value threshold of 0.05 was applied to retain only significant enrichment.
Pathways annotating more than 500 genes were discarded to avoid the
most generic pathways.

Results

Baseline patient characteristics within the AURORA derivation and
replication subcohorts are presented in Table 1. Per our study design,
cases and matched controls in the derivation (Phase I) cohort did not
statistically differ. In contrast, in the replication (Phase ) cohort, cases
were older and sicker than controls. A total of 254 biomarkers were
ultimately detectable. Biomarker concentrations in Phases |—Il are pre-
sented as online Supplementary material online, Table S2.

In univariable analyses (Figure 2), 22 biomarkers were found asso-
ciated in both phases with a P-value lower than 5% using a Cox model
with the primary outcome of death from CV causes, nonfatal myocar-
dial infarction or nonfatal stroke. Among these, there was a single bio-
marker with a P<0.0001, namely N-terminal pro-brain natriuretic
peptide (NT-proBNP); two biomarkers with P<0.001: BNP and
angiotensin-converting enzyme 2 ; four biomarkers with P<0.01:
SCF, interleukin-10 (IL-10), growth/differentiation factor 15, and CUB
domain-containing protein 1; and 15 biomarkers with P < 0.05.

In the derivation subcohort, five biomarkers (SCF, VSIG2, CCL22,
NT-proBNP, and IL-10) were selected from the ‘LASSO + backward’
selection, whereas five biomarkers (SCF, HSP 27, OPN, NT-proBNP,
and LIR-R) and three clinical variables (age, hsCRP, and CV disease)
were selected in the replication subcohort. In multivariable models fit-
ted on these selected subsets of variables, only higher NT-proBNP
(positive association) and lower SCF (negative association) concentra-
tions were found consistently associated with the trial primary out-
come across the two phases, independent from the clinical and
biological features at baseline (Table 2).

With regard to the added predictive ability of NT-proBNP (on top of
the other retained biomarkers or conditions), the NRI and IDI were,
respectively, 21.4 (6.0-30.7), P <0.0001 and 3.8 (1.1-7.7), P < 0.0001
in Phase | and 19.2 (8.4-30.5), P<0.0001 and 3.6 (0.7-7.1), P<
0.0001 in Phase Il. The added predictive ability of SCF (on top of the
other retained biomarkers or conditions) was lower, with the NRI
and IDI being 9.3 (0.6 to 21.3), P=0.053 and 2.2 (0.2-4.9), P=
0.020 in Phase | and 15.0 (—4.3 to 26.3), P=0.086 and 1.5 (—0.1 to
4.6), P=0.066 in Phase I, respectively. Consistent findings were ob-
served on top of the AURORA risk score (see Supplementary
material online, Table S3).
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NT-proBNP and stem cell factor plasma concentrations
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Figure 2 Comparison of univariable hazard ratios in Phase | and Phase | (AURORA).

The univariable clinical biological correlates of NT-proBNP and SCF
are presented as online Supplementary material online, Tables $4 and
S5.NT-proBNP was negatively correlated with higher BMI, albumin,
and Hb, and was positively correlated with higher SBP and CRP in
both phases. SCF was positively correlated with higher albumin in
both phases.

External replication

The list of biomarkers measured in the AA cohort is available in
Supplementary material online, Table S6. The global as well as subdi-
vided baseline AA cohort characteristics according to the studied out-
comes are presented in Supplementary material online, Table S7. In
multivariable analyses (see Supplementary material online, Table S8),
BNP was found significantly associated with MACE [sHR=1.53

(1.26-1.86), P < 0.0001], while higher SCF was associated with less fre-
quent CV deaths [sHR =0.76 (0.60-0.96), P =0.022].

Complex network approach

Based on existing knowledge on pathways and protein—protein interac-
tions, the shortest paths between SCFand CV diseases on the one hand
and kidney failure or chronic kidney failure on the other are presented
in Figure 3A. Thirteen proteins acted as direct intermediates between
SCF and kidney failure or chronic kidney failure, while 14 were found
between SCF and CV diseases. Among these proteins, five were found
to bridge SCF with both chronic kidney failure and CV diseases.
Pathway enrichment analysis on this set of 22 intermediate proteins re-
lated to the SCF network revealed that most of these proteins were
elements of signalling pathways (see Supplementary material online,
Table S9).
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Table 2 Multivariable Cox models using the variables identified in each phase

Variables

Cox model in Phase |

Cox model in Phase Il

Biomarkers identified in Phase | SCF(CvD Il)
VSIG2
CCL22
NT-proBNP
IL-10

SCF (CVD Il
HSP 27

OPN
NT-proBNP
LIF-R

Age (years)
hsCRP (mg/L)
Cardiovascular disease

Biomarkers identified in Phase Il

sHR (95% CI) P-value
0.79 (0.68-0.91) 0.002
1.32 (1.13-1.54) 0.0004
0.78 (0.66-0.92) 0.004
1.34 (1.15-1.56) 0.0002
1.20 (1.03-1.40) 0.017
0.85 (0.74-0.98) 0.027
1.02 (0.87-1.19) 0.84
1.05 (0.90-1.23) 0.54
131 (1.11-1.54) 0.002
1.13 (0.96-1.34) 0.14
1.05 (0.90-1.23) 0.52
0.92 (0.79-1.08) 0.30
0.99 (0.85-1.16) 0.92

sHR (95% CI) P-value
0.82 (0.71-0.94) 0.005
0.88 (0.75-1.03) 0.11
1.03 (0.89-1.19) 0.73
1.61 (1.39-1.86) <0.0001
1.21 (1.05-1.38) 0.007
0.83 (0.72-0.96) 0.012
1.20 (1.02-1.41) 0.024
1.34 (1.12-1.60) 0.001
142 (1.22-1.64) <0.0001
1.25 (1.07-1.46) 0.005
1.33 (1.14-1.55) 0.0004
1.17 (1.03-1.34) 0.020
1.18 (1.02-1.37) 0.026

sHR, standardized hazard ratio; Cl, confidence interval.

CCL22, C-C motif chemokine 22; hsCRP, high-sensitivity C-reactive protein; HSP 27, heat shock 27 kDa protein; IL-10: Interleukin-10; LIF-R, leukaemia inhibitory factor receptor;
NT-proBNP, N-terminal prohormone brain natriuretic peptide; OPN, Osteopontin; SCF, stem cell factor; VSIG2, V-set and immunoglobulin domain-containing protein 2.

Bold P-values denote statistical significance at the P < 0.05 level.

A sSigl Interacts L
8 g With |
PIPSK@beta el

P13-kinase HBBGE

reguigtory Betd@NGF !

neighbouring

with
n

neighhouring

subtinit Y reaction A
alpha :

i _ Interacts | N
__Kidney MNPLO with
Chronic Faifure - KI@®T
kKidney E@O
failure IR®-1

B Chronic Cardiovascuar
kidney NR@PB system
failure disease

Interacts

red O
Nl
i\

P13-kinase
sub®@nit
alpha
SH@B3
PT@®11
THRT
ST@T3

Cardiovascular

system
disease

Figure 3 Visualization of the SCF—cardiovascular disease/kidney failure network. The shortest paths between SCF and cardiovascular diseases on
the one hand and between SCF and kidney failure or chronic kidney failure on the other were retrieved from the FHF-GKBox). Triangles: disease nodes,
circles: protein nodes, also representing the genes encoding the proteins. Disease—protein relationships are derived from disease-gene associations
present in the DisGenet database. Relationships between red nodes represent protein—protein interactions derived from the STRING database (in
green) or protein vicinity in signalling pathways derived from the Reactome database (in blue).

€20z fienuepr g0 uo Jasn mobse|s) Jo Alsianiun Aq /95 189/6900880/9/Z/3101e/uadolys/woo dno-oiwapeose//:sdiy Woll papeojumoc]



NT-proBNP and stem cell factor plasma concentrations

As a comparison, using the same methodological approach, the natri-
uretic peptide precursor (NPPB) was found directly associated with
both kidney failure and CV diseases (Figure 3B).

Discussion

Of the 256 evaluable proteins (from the three Olink panels ontologically
associated with CV diseases and/or inflammation), only two proteins were
consistently found associated with the AURORA trial's composite pri-
mary endpoint of death from CV causes, nonfatal myocardial infarction
or nonfatal stroke, independent from the clinical, and biological features
at baseline. Increased NT-proBNP was associated with worse outcomes,
while increased SCF was associated with better outcomes. These results
obtained within a randomized clinical trial cohort population were repli-
cated in a prospective real-life (AA) cohort of chronic HD patients.
Indeed, in multivariable analyses, using the same statistical approach on
a more limited set of biomarkers (n=92) including NT-proBNP and
SCF measured with the same methodology (Olink), BNP was found sig-
nificantly associated with MACE while higher SCF was associated with
less frequent CV deaths in these chronic HD patients. Importantly, we
analysed the links between proteins using complex network. For SCF,
this approach provided additional insights regarding the biological mechan-
isms underlying our results. But yet, no external biological nodes were
identified using this refined approach for BNP.

In the present novel and innovative approach using proteomic pro-
filing (256 proteins), elevated NT-proBNP was found to be the bio-
marker most associated with worse CV outcomes in a chronic HD
population, and furthermore significantly improved the prognostic abil-
ity of the multivariable model, independently from clinical and biological
baseline features.

The observation that NT-proBNP is a predictive factor for CV events
in a chronic HD population was not unexpected. In our complex net-
work analysis, based on available knowledge, a direct relationship be-
tween natriuretic peptides, CV diseases and kidney failure was shown.
In a systematic review and metaanalysis of 23 studies (n=86915 pa-
tients) including at least one of the following factors: age, sex, diabetes
mellitus, BMI, previous CV disease, duration of HD, haemoglobin, albu-
min, white blood cells, C-reactive protein (CRP), parathyroid hormone
(PTH), total iron binding capacity (TIBC), iron, In ferritin, adiponectin,
apolipoprotein A1 (ApoA1), ApoA2, ApoA3, HDL, total cholesterol
(TC), haemoglobin Alc (HbA1c), serum phosphate, troponin T, and
BNP, multiple markers and factors were found to be associated with
the risk of mortality and cardiac death in patients undergoing HD. In par-
ticular, BNP was found to be associated with all-cause-mortality (RR:
1.99; 95% ClI: 1.35-2.94; P=0.001) where the association with cardiac
death was not assessed.”” More recently, a dedicated systematic review
and a metanaalysis of 61 studies (n=19688 people) identified
ESRD-specific NT-proBNP and BNP level thresholds of elevation asso-
ciated with increased risk for CV and all-cause mortality.*® Our findings
confirm the importance of (NT-pro) BNP and may have pathophysio-
logical and potentially therapeutic implications. A minority of the
AURORA population was enrolled with a history of congestive heart fail-
ure (7.6% in the derivation subcohort, 7.7% in the replication subcohort).
Therefore, one may speculate whether the observed association was due
to undiagnosed heart failure (a diagnosis that warrants, according to the
Universal definition of Heart Failure,' the association of symptoms and/
or signs of heart failure caused by a structural and or functional cardiac
abnormality corroborated by at least one of the following: objective evi-
dence of cardiogenic pulmonary or systemic congestion or elevated natri-
uretic peptides—while kidney disease is listed among the causes of
elevated natriuretic peptide levels other than the primary diagnosis of
heart failure) and/or to volume overload independent from heart failure.
Importantly, no echocardiographic data were collected during the
AURORA CV outcome trial. Volume overload is known to be associated

with dismal outcomes in patients with ESRD receiving HD, as shown by
the association between pulmonary congestion (as assessed by lung ultra-
sound) and death or cardiac events?Ina prospective cohort of 113 un-
selected chronic HD patients, an annual increase in BNP above 40%
predicted all-cause and cardiac death in the subsequent year. In this latter
survey, BNP increases did not reflect changes in markers of hypervolemia
(e.g. body weight, interdialytic weight gain, and systolic blood pressure).>®
In contrast, in a retrospective cohort of 236 chronic HD patients, the ob-
served BNP decrease in the first months of HD therapy was related to
fluid excess correction* More recently, Arrigo et al** combined
sCD146 (released from endothelial cells upon mechanical stress and con-
sidered as a biomarker of systemic congestion, independent from cardiac
function) with BNP and echocardiographic data in chronic HD patients.
The authors showed that over hydration (as determined by Body
Composition Measurement by bioimpedance), systemic congestion and
cardiac dysfunction did not necessarily coexist in a prospective cohort
of 144 HD patients. Furthermore, cardiac systolic dysfunction and not
systemic congestion per se was associated with high all-cause mortality.

It has been suggested that vascular progenitor cells may play a role in vas-
cular repair and protection against CV diseases.*® SCF is a dimeric molecule
that exerts its biological functions by binding to the receptor tyrosine kinase
c-Kit.3” cKit has a number of functions in the CV system under normal and
pathological conditions. It plays a role in vasculogenesis and may also be in-
volved in atherosclerosis®” and myocardial remodelling after myocardial in-
farction.® The local injection of SCF into the peri-infarct zone in mice
directed significantly more c-Kit + stem cells of exogenous origin to the in-
farcted heart compared with control mice without SCF injection.38 Mice
with c-Kit dysfunction developed heart failure after myocardial infarction
while bone marrow transplantation rescued the failing cardiac pheno-
type.>”3? Neural stem/progenitor cells are known to migrate to sites of
pathological insult such as various types of brain injury (i.e. ischaemia and
blunt trauma) and tumours. Their migration towards damaged central ner-
vous system tissue may represent an adaptive response for the purpose of
limiting and/or repairing damage.* Interestingly, recombinant SCF has been
reported to induce potent neural stem/progenitor cell migration both in
vitro and in vivo through the activation of c-Kit in these cells.*® SCF dose-
dependently has also been found to promote survival, migration and capil-
lary tube formation of human umbilical vein endothelial cells'
Furthermore, the transcription of c-Kit mRNA and the expression of
c-Kit protein by vascular smooth muscle cells were found significantly up-
regulated in response to apoptotic stimulation. The increased c-Kit expres-
sion on VSMCs not only helped SCF exert its effects through protecting
VSMCs from apoptosis and increasing VSMC proliferation but also facili-
tated the homing process of SCF-positive cells, which contributed to in-
timal hyperplasia after an experimental injury.*

A low SCF content in human carotid atherosclerotic plaques was
found associated with less stable plaques, as determined by the amount
of elastin and collagen.*® The present finding of increased plasma con-
centrations of SCF being associated with better CV outcomes has
never been previously reported in chronic HD patients, despite its bio-
logical plausibility strengthened by our complex network analysis, which
identified biological several pathways potentially contributing to this
observed association. That several pathways were engaged may have
actually contributed to the lower added predictive ability of SCF (on
top of the other retained biomarkers or conditions) compared with
NT-ProBNP, which was found directly associated with both kidney fail-
ure and CV diseases by network analyses.

Of note, the complex analysis performed in this study did not reveal
many novel markers that specifically characterize the ESRD patient with
a particularly high risk. This might be taken as a possible indication for
the fact that the condition ‘ESRD’ may not fundamentally and principally
differ (in biological terms) from other advanced systemic diseases.

Our findings within the AURORA clinical population were confirmed
in an independent ‘real-life’ setting of chronic HD patients. Importantly,
within a Swedish population-based study, a prospective, nested case—
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control study showed that a low SCF concentration was associated with
increased carotid intima-media thickness, a surrogate marker of athero-
sclerosis, and a higher incidence of CV events.>® From the same cohort, it
was recently reported that patients with high plasma levels of SCF had a
lower risk of development of both CV and all-cause mortality, as well as a
lower risk of developing myocardial infarction, stroke, and heart failure.
These associations (except for myocardial infarction) persisted after ad-
justment for age, sex, LDL and HDL cholesterol triglycerides, glucose,
CRP, and systolic blood pressure.*® In this latter population study, as in
the present AURORA cohort, there was a negative association between
SCF concentration and CRP concentrations, which may suggest that in-
flammation is a negative regulator of SCF.*3

Limitations

We acknowledge that the present data are observational and do not es-
tablish a causal relationship, and that the analysis of biological biomarkers
as continuous variables may have missed non-linear associations with clin-
ical outcomes. We only had baseline protein measurement available
within the AURORA trial, which prevented any analysis regarding longi-
tudinal changes. In addition, it should be noted that the sample size of co-
horts was relatively small for a proteomic discovery study. Furthermore,
in this manuscript, we intended to identify biomarkers with risk-
stratification properties. Other approaches, especially machine learning
approaches, could provide additional results, targeting to a better bio-
logical understanding of underlying pathways involved in a given medical
condition. Of note, clustering methods can identify phenotypes with
homogeneous characteristics, including biological features. Such ap-
proaches have not been undertaken in the field of ESRD and should
be targeted in future research projects. The latter should ideally encom-
pass broader chronic kidney disease populations, in order to determine
whether our findings are specific to ESRD. Finally, we used the primary
endpoint of the AURORA trial as outcome and this did not include re-
admission for heart failure. Furthermore, heart failure was not specifically
available as a cause of death diagnosis within the database.

Conclusion

However, our findings, supported by a robust design methodology
(prospective cohorts, two-step derivation-replication, followed by ex-
ternal replication and complex network analysis to ascertain biological
plausibility), robustly suggest that NT-pro-BNP and SCF may help iden-
tify ESRD patients with respectively high and low CV risk, beyond clas-
sical clinical predictors. These findings furthermore point to excess
congestion/myocardial stretch and deficient stem cell factor as poten-
tial therapeutic targets in future ESRD CV prevention trials.

Lead author biography

Patrick Rossignol, MD, PhD, is a
Nephrologist and Vascular medicine
specialist, ESC/ESH certified hyperten-
sion specialist, Professor of
Therapeutics at the University of
Lorraine, France. He used to lead the
Nancy University Hospital Inserm
Plurithematic ~ Clinical  Investigation
Centre. Since 2022 he is now heading
the Medical specialties and
Nephrology-hemodialysis  department
at the Princess Grace Hospital, and
the Monaco Private hemodialysis
Centre in Monaco. He is coordinating the French multidisciplinary net-
work F-CRIN (French Clinical research Infrastructure Network):

Cardiovascular and Renal Clinical Trialists (INI-CRCT) www.inicrct.fr.
He is mainly involved in clinical trials, in heart failure, hypertension,
and chronic kidney disease. Hyperkalemia is one of his main areas of
interest (https://expertscape.com/ex/hyperkalemia). He has published
more than 400 peer review publications and is the co-founder of the
SME CardioRenal.

Data availability

Because of the sensitive nature of the data collected for this study, requests
to access the dataset from qualified researchers trained in human subject
confidentiality protocols may be sent to the corresponding author.

Supplemental materials

Expanded methods Supplementary material online, Tables S1-S9.

Supplementary material

Supplementary material is available at European Heart Journal Open
online.

Acknowledgements

The authors thank the CRB Lorrain for the AURORA biobank
management.

Funding

The original AURORA trial was sponsored by Astra ZENECA. The present
analyses and statistical work presented in this paper were jointly sponsored
by the involved universities (RS., AJ,, HH, B.F, W.M, and BK.K.). The
Aarhus-Aalborg cohort was sponsored by Karen Elise Jensen’s
Foundation, Hertha Christensens Foundation, Helen and Ejnar Bjgrnows
Foundation, Heinrich Kopp’s Grant, Lundbeck Foundation, Spar Nord
Foundation, Obel Family Foundation, The Danish Society of Nephrology,
The Danish Kidney Association and The North Denmark Region, Uppsala
University, and the Swedish Research Council (B.F.). PR, N.G, EB,
M.D.D., and F.Z, are supported by the HOMAGE (FP7 #305507) and
the FIBRO-TARGETS (FP7 #602904) projects, by a public grant overseen
by the French National Research Agency (ANR) as part of the second
‘Investissements d’Avenir’ program (reference: ANR-15-RHU-0004), and
GEENAGE Impact Lorraine Université d’Excellence- reference
ANR-15-IDEX-04-LUE), and by the CPER IT2MP and FEDER Lorraine.

Conflict of interest: None declared.

References
1. Ortiz A, Covic A, Fliser D, Fouque D, Goldsmith D, Kanbay M, Mallamaci F, Massy ZA,
Rossignol P, Vanholder R, Wiecek A, Zoccali C, London GM, Board of the EURECA-m
Working Group of ERA-EDTA. Epidemiology, contributors to, and clinical trials of mor-
tality risk in chronic kidney failure. Lancet 2014;383:1831-1843.
2. Vanholder R, Fouque D, Glorieux G, Heine GH, Kanbay M, Mallamaci F, Massy ZA,
Ortiz A, Rossignol P, Wiecek A, Zoccali C, London GM, European Renal Association
European Dialysis, Transplant Association European Renal and Cardiovascular
Medicine working group. Clinical management of the uraemic syndrome in chronic kid-
ney disease. Lancet Diabetes Endocrinol 2016;4:360-373.
. U S Renal Data System, USRDS 2011 Annual Data Report: Atlas of Chronic Kidney
Disease and End-Stage Renal Disease in the United States, National Institutes of
Health, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda,
MD, 2011 2:228.
Remppis A, Ritz E. Cardiac problems in the dialysis patient: beyond coronary disease.
Semin Dial 2008;21:319-325.
. Rossignol P, Pitt B, Thompson A, Zannad F. Roadmap for cardiovascular prevention
trials in chronic kidney disease. Lancet 2016;388:1964—1966.

w

B

o

€20z fienuepr g0 uo Jasn mobse|s) Jo Alsianiun Aq /95 189/6900880/9/Z/3101e/uadolys/woo dno-oiwapeose//:sdiy Woll papeojumoc]


www.inicrct.fr
https://expertscape.com/ex/hyperkalemia
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac069#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac069#supplementary-data

NT-proBNP and stem cell factor plasma concentrations

1

6.

~

[es]

el

20.

21.

22.

23.

24,

Rossignol P, Agarwal R, Canaud B, Charney A, Chatellier G, Craig JC, Cushman WC,
Gansevoort RT, Fellstrom B, Garza D, Guzman N, Holtkamp FA, London GM, Massy
ZA, Mebazaa A, Mol PGM, Pfeffer MA, Rosenberg Y, Ruilope LM, Seltzer |, Shah AM,
Shah §, Singh B, Stefansson BV, Stockbridge N, Stough WG, Thygesen K, Walsh M,
Wanner C, Warnock DG, Wilcox CS, Wittes |, Pitt B, Thompson A, Zannad F.
Cardiovascular outcome trials in patients with chronic kidney disease: challenges asso-
ciated with selection of patients and endpoints. Eur Heart | 2019;40:880-886.

Zannad F, Rossignol P. Cardiovascular outcome trials in patients with advanced kidney
disease: time for action. Circulation 2017;135:1769-1771.

. Wanner C, Krane V, Marz W, Olschewski M, Mann JF, Ruf G, Ritz E, German D, Dialysis

Study |. Atorvastatin in patients with type 2 diabetes mellitus undergoing hemodialysis.
N Engl ] Med 2005;353:238-248.

. Fellstrom BC, Jardine AG, Schmieder RE, Holdaas H, Bannister K, Beutler J, Chae DW,

Chevaile A, Cobbe SM, Gronhagen-Riska C, De Lima}J, Lins R, Mayer G, McMahon AW,
Parving HH, Remuzzi G, Samuelsson O, Sonkodi S, Sci D, Suleymanlar G, Tsakiris D,
Tesar V, Todorov V, Wiecek A, Wuthrich RP, Gottlow M, Johnsson E, Zannad F.
Rosuvastatin and cardiovascular events in patients undergoing hemodialysis. N Engl |
Med 2009;360:1395-1407.

. Ferreira JP, Verdonschot J, Wang P, Pizard A, Collier T, Ahmed FZ, Brunner-La-Rocca

HP, Clark AL, Cosmi F, Cuthbert ], Diez |, Edelmann F, Girerd N, Gonzalez A, Grojean S,
Hazebroek M, Khan |, Latini R, Mamas MA, Mariottoni B, Mujaj B, Pellicori P,
Petutschnigg J, Pieske B, Rossignol P, Rouet P, Staessen JA, Cleland JGF, Heymans S,
Zannad F, Consortium H. Proteomic and mechanistic analysis of spironolactone in pa-
tients at risk for HF. JACC Heart Fail 2021;9:268-277.

. Holme |, Fellstrom BC, Jardin AG, Schmieder RE, Zannad F, Holdaas H. Prognostic mod-

el for total mortality in patients with haemodialysis from the assessments of survival and
cardiovascular events (AURORA) study. | Intern Med 2012;271:463-471.

. Tibshirani R. The lasso method for variable selection in the Cox model. Stat Med 1997,

16:385-395.

. Simon N, Friedman J, Hastie T, Tibshirani R. Regularization paths for Cox’s proportional

hazards model via coordinate descent. | Stat Softw 2011;39:1-13.

. Ganz P, Heidecker B, Hveem K, Jonasson C, Kato S, Segal MR, Sterling DG, Williams SA.

Development and validation of a protein-based risk score for cardiovascular outcomes
among patients with stable coronary heart disease. JAMA 2016;315:2532-2541.

. Pencina M), D’Agostino RB SR, D’Agostino RB Jr, Vasan RS. Evaluating the added pre-

dictive ability of a new marker: from area under the ROC curve to reclassification
and beyond. Stat Med 2008;27:157-172; discussion 207-212.

. Uno H, Tian L, Cai T, Kohane IS, Wei LJ. A unified inference procedure for a class of

measures to assess improvement in risk prediction systems with survival data. Stat
Med 2013;32:2430-2442.

. Girerd N, Bresso E, Devignes MD, Rossignol P. Insulin-like growth factor binding protein

2: a prognostic biomarker for heart failure hardly redundant with natriuretic peptides.
Int | Cardiol 2020;300:252-254.

. The UniProt Consortium. Uniprot: the universal protein knowledgebase. Nucleic Acids

Res 2017;45:D158-D169.

. Kibbe WA, Arze C, Felix V, Mitraka E, Bolton E, Fu G, Mungall CJ, Binder JX, Malone J,

Vasant D, Parkinson H, Schrim| LM. Disease ontology 2015 update: an expanded and
updated database of human diseases for linking biomedical knowledge through disease
data. Nucleic Acids Res 2015;43:D1071-D1078.

Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, Santos A, Doncheva
NT, Roth A, Bork P, Jensen LJ, von Mering C. The STRING database in 2017: quality-
controlled protein-protein association networks, made broadly accessible. Nucleic
Acids Res 2017;45:D362-D368.

Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, Haw R, Jassal B,
Korninger F, May B, Milacic M, Roca CD, Rothfels K, Sevilla C, Shamovsky V, Shorser S,
Varusai T, Viteri G, Weiser ], Wu G, Stein L, Hermjakob H, D’Eustachio P. The reac-
tome pathway knowledgebase. Nucleic Acids Res 2018;46:D649-D655.

Slenter DN, Kutmon M, Hanspers K, Riutta A, Windsor J, Nunes N, Melius J, Cirillo E,
Coort SL, Digles D, Ehrhart F, Giesbertz P, Kalafati M, Martens M, Miller R, Nishida K,
Rieswijk L, Waagmeester A, Eijssen LMT, Evelo CT, Pico AR, Willighagen EL.
Wikipathways: a multifaceted pathway database bridging metabolomics to other omics
research. Nucleic Acids Res 2018;46:D661-D667.

Pinero J, Bravo A, Queralt-Rosinach N, Gutierrez-Sacristan A, Deu-Pons J, Centeno E,
Garcia-Garcia J, Sanz F, Furlong LI. DisGeNET: a comprehensive platform integrating in-
formation on human disease-associated genes and variants. Nucleic Acids Res 2017,45:
D833-D839.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang T, Ramage D, Amin N, Schwikowski B,
Ideker T. Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res 2003;13:2498-2504.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Summer G, Kelder T, Ono K, Radonjic M, Heymans S, Demchak B. Cyneo4j: connecting
Neo4j and cytoscape. Bioinformatics 2015;31:3868-3869.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich
A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression profiles. Proc
Natl Acad Sci USA 2005;102:15545—15550.

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov P, Tamayo P. The molecu-
lar signatures database (MSigDB) hallmark gene set collection. Cell Syst 2015;1:417-425.
Croft D, Mundo AF, Haw R, Milacic M, Weiser ], Wu G, Caudy M, Garapati P, Gillespie
M, Kamdar MR, Jassal B, Jupe S, Matthews L, May B, Palatnik S, Rothfels K, Shamovsky V,
Song H, Williams M, Birney E, Hermjakob H, Stein L, D’Eustachio P. The reactome path-
way knowledgebase. Nucleic Acids Res 2014;42:D472-D477.

MalL, Zhao S. Risk factors for mortality in patients undergoing hemodialysis: a systematic
review and meta-analysis. Int | Cardiol 2017;238:151-158.

Harrison TG, Shukalek CB, Hemmelgarn BR, Zarnke KB, Ronksley PE, Iragorri N,
Graham MM, James MT. Association of NT-proBNP and BNP with future clinical out-
comes in patients with ESKD: a systematic review and meta-analysis. Am J Kidney Dis
2020;76:233-247.

Bozkurt B, Coats AJS, Tsutsui H, Abdelhamid CM, Adamopoulos S, Albert N, Anker SD,
Atherton J, Bohm M, Butler J, Drazner MH, Michael Felker G, Filippatos G, Fiuzat M,
Fonarow GC, Gomez-Mesa JE, Heidenreich P, Imamura T, Jankowska EA, Januzzi },
Khazanie P, Kinugawa K, Lam CSP, Matsue Y, Metra M, Ohtani T, Francesco Piepoli
M, Ponikowski P, Rosano GMC, Sakata Y, Seferovic P, Starling RC, Teerlink JR,
Vardeny O, Yamamoto K, Yancy C, Zhang J, Zieroth S. Universal definition and classi-
fication of heart failure: a report of the heart failure society of America, heart failure
association of the European society of cardiology, Japanese heart failure society and
writing committee of the universal definition of heart failure: endorsed by the
Canadian heart failure society, heart failure association of India, cardiac society of
Australia and New Zealand, and Chinese heart failure association. Eur | Heart Fail
2021;23:352-380.

Zoccali C, Torino C, Tripepi R, Tripepi G, D’Arrigo G, Postorino M, Gargani L, Sicari R,
Picano E, Mallamaci F. Pulmonary congestion predicts cardiac events and mortality in
ESRD. | Am Soc Nephrol 2013;24:639-646.

Breidthardt T, Kalbermatter S, Socrates T, Noveanu M, Klima T, Mebazaa A, Mueller C,
Kiss D. Increasing B-type natriuretic peptide levels predict mortality in unselected
haemodialysis patients. Eur | Heart Fail 2011;13:860-867.

Chazot C, Rozes M, Vo-Van C, Deleaval P, Hurot JM, Lorriaux C, Mayor B, Zaoui E, Jean
G. Brain natriuretic peptide is a marker of fluid overload in incident hemodialysis pa-
tients. Cardiorenal Med 2017,7:218-226.

Arrigo M, Von Moos S, Gerritsen K, Sadoune M, Tangvoraphonkchai K, Davenport A,
Mebazaa A, Segerer S, Cippa PE. Soluble CD146 and B-type natriuretic peptide dissect
overhydration into functional components of prognostic relevance in haemodialysis pa-
tients. Nephrol Dial Transplant 2018;33:2035-2042.

Wigren M, Rattik S, Hultman K, Bjorkbacka H, Nordin-Fredrikson G, Bengtsson E,
Hedblad B, Siegbahn A, Goncalves |, Nilsson ]. Decreased levels of stem cell factor in
subjects with incident coronary events. | Intern Med 2016;,279:180-191.

Lennartsson J, Ronnstrand L. Stem cell factor receptor/c-Kit: from basic science to clin-
ical implications. Physiol Rev 2012;92:1619-1649.

Lutz M, Rosenberg M, Kiessling F, Eckstein V, Heger T, Krebs J, Ho AD, Katus HA, Frey
N. Local injection of stem cell factor (SCF) improves myocardial homing of systemically
delivered c-Kit + bone marrow-derived stem cells. Cardiovasc Res 2008;77:143-150.
Fazel SS, Chen L, Angoulvant D, Li SH, Weisel RD, Keating A, Li RK. Activation of c-Kit is
necessary for mobilization of reparative bone marrow progenitor cells in response to
cardiac injury. FASEB J 2008;22:930-940.

Sun L, Lee J, Fine HA. Neuronally expressed stem cell factor induces neural stem cell
migration to areas of brain injury. | Clin Invest 2004;113:1364-1374.

Matsui J, VWakabayashi T, Asada M, Yoshimatsu K, Okada M. Stem cell factor/c-Kit sig-
naling promotes the survival, migration, and capillary tube formation of human umbilical
vein endothelial cells. | Biol Chem 2004;279:18600—18607.

Wang CH, Verma S, Hsieh IC, Hung A, Cheng TT, Wang SY, Liu YC, Stanford WL,
Weisel RD, Li RK, Cherng W]. Stem cell factor attenuates vascular smooth muscle
apoptosis and increases intimal hyperplasia after vascular injury. Arterioscler Thromb
Vasc Biol 2007;27:540-547.

Bjorkbacka H, Yao Mattisson I, Wigren M, Melander O, Fredrikson GN, Bengtsson E,
Goncalves |, Aimgren P, Lagerstedt JO, Orho-Melander M, Engstrom G, Nilsson J.
Plasma stem cell factor levels are associated with risk of cardiovascular disease and
death. | Intern Med 2017;282:508-521.

€20z fienuepr g0 uo Jasn mobse|s) Jo Alsianiun Aq /95 189/6900880/9/Z/3101e/uadolys/woo dno-oiwapeose//:sdiy Woll papeojumoc]



	NT-proBNP and stem cell factor plasma concentrations are independently associated with cardiovascular outcomes in end-stage renal disease hemodialysis patients
	Introduction
	Methods
	Study population
	Biomarker analysis
	Statistical analysis
	Networks
	Pathway enrichment

	Results
	External replication
	Complex network approach

	Discussion
	Limitations

	Conclusion
	Lead author biography
	Data availability
	Supplemental materials
	Supplementary material
	Acknowledgements
	Funding
	References




