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Aims Pre-capillary pulmonary hypertension (precPH) results in increased right atrial (RA) stretch and pressure. The right atrium is the
major source of bone morphogenetic protein 10 (BMP10) in adults, primarily produced by RA cardiomyocytes. The aim of this
study was to investigate BMP10 expression in the right heart and systemic circulation and to identify potential triggers for increased
BMP10 secretion associated with precPH.

Methods We examined BMP10 mRNA and protein expressions in RA tissue. Circulating BMP10 plasma levels were determined using en-
and results zyme-linked immunosorbent assay. BMP10 transcriptional activity was studied using a BMP-responsive element luciferase assay.
Correlation analyses were performed between circulating BMP10 and RA dilatation as well as right ventricular (RV) function.
Finally, we determined the impact of pressure unloading on BMP10 activity in chronic thromboembolic pulmonary hypertension
(CTEPH) patients before and after pulmonary endarterectomy (PEA). BMP10 mRNA's protein and activity were significantly in-
creased in the precPH right atrium. While circulating BMP10 protein levels were elevated, no significant changes were observed in
BMP10 transcriptional activity between precPH and controls. Interestingly, RA dilatation, increased RA pressure, high N-terminal
pro b-type natriuretic peptide levels, and reduced RV ejection fraction were associated with high BMP10 activity. Finally, pressure

unloading after PEA in a cohort of CTEPH patients resulted in reduced BMP10 activity.

Conclusion RA BMP10 expression and plasma levels are increased in precPH, likely triggered by excessive RA dilatation and pressure overload.
Future studies are needed to determine whether increased BMP10 release is an adaptive mechanism or a potential therapeutic
target.
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Increased BMP10 in precPH patients compared with controls. Higher BMP10 expression and activity in the right atrium and greater BMP10 expression, but

preserved activity, in the circulation. Increased BMP10 activity associates with disease severity. Created with BioRender.com.
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1. Introduction

Pre-capillary pulmonary hypertension (precPH) is a rare condition charac-
terized by remodelling of pulmonary arterioles leading to progressive over-
load for the right heart." First, the right heart adapts, but eventually it fails
and patients die from right heart failure.> Abnormalities of the right heartin
precPH are not limited to the ventricle but also include the right atrium.
Due to diastolic stiffness of the right ventricle, the right atrial (RA) pressure
(RAP) increases and RA dilatation is induced.* The right atrium is also the
location where the ligand bone morphogenetic protein (BMP) 10 is

produced in the adult human heart.’> BMP10 is one of the circulating li-
gands, along with BMP9 (mainly produced by the Iiver),‘/”7 able to transduce
a signalling by binding to an activin receptor-like kinase 1 (ALK1)/BMP re-
ceptor type 2 (BMPR2) complex mainly expressed by endothelial cells.
Ligand binding leads to phosphorylation and translocation of SMAD1/5/8
into the nucleus.® In precPH, there is a known disbalance between BMP
and transforming growth factor-beta (TGF-B) signalling, partially caused
by loss-of-function mutations in the BMPR2 gene.'® BMP10 release may
be induced to compensate for the BMP/TGF-f disbalance. Therefore, it
may be hypothesized that increased wall stress due to excessive RA
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dilatation or increased RAP may trigger BMP10 secretion. Therefore, it is
pivotal to obtain more insights in the role of BMP10 in precPH.

Interestingly, expression levels of BMPs do not necessarily correlate with
binding to their receptor complex or level of signalling pathway activa-
tion."! The activity of BMPs is tightly controlled by positive and negative
regulators of the signaling pathway,”'? which can interfere with receptor
binding, inhibit kinase activity, or affect the phosphorylation of downstream
targets (i.e. Smads). This complex regulation makes it challenging to estab-
lish a direct correlation between BMP levels and downstream transcrip-
tional activity. To date, no information is available on BMP10 activity in
the right atrium, right ventricle, and blood of precPH patients.
Therefore, this study aims to: (i) determine whether BMP10 expression
and transcriptional activity are altered locally in RA tissue or in the circula-
tion and (ii) investigate the association of circulating BMP10 transcriptional
activity with RA morphology, function, and disease severity.

2. Methods

More information is provided in the supplementary material.

2.1 Study design

This is a prospective cross-sectional study (see Supplementary material
online, Figure S1) of precPH patients: idiopathic pulmonary arterial hyper-
tension (iPAH), hereditary pulmonary arterial hypertension (hPAH), and
chronic thromboembolic pulmonary hypertension (CTEPH) diagnosed ac-
cording to recent guidelines”'14 at Amsterdam University Medical Center
between 22 August 2017 and 02 June 2020. We included healthy controls
(without pulmonary or cardiovascular comorbidities). Approval was
obtained from the Medical Ethics Review Committee of Amsterdam
University Medical Center (NL60827.029.17-PERSEPHONE, 2017.318-
DOLPHIN). Informed written consent was obtained from all subjects,
and the investigation conformed according to the principles outlined in
the Declaration of Helsinki.

We prospectively included 48 precPH patients (n = 22 iPAH, 14 hPAH,
and 12 CTEPH; Supplementary material online, Table $7) and 16 controls,
from which we measured BMP10 plasma levels and transcriptional activity.
In a subset, we also collected RA blood samples (n =37 precPH patients
and 11 controls) to check BMP10 plasma levels directly in the right atrium
and validate the systemic measurements. In another cohort of CTEPH pa-
tients (n=13), BMP10 transcriptional activity was measured at baseline
and 6 months after pulmonary endarterectomy (PEA).

Exclusion criteria were pregnancy, claustrophobia, or a pacemaker. We
also included controls (n = 16) that were matched on age and gender to
patients. Exclusion criteria for controls included diagnosis of pulmonary
hypertension (PH) according to ERS and ESC guidelines,'*"* an increased
pulmonary artery wedge pressure (PAWP>15 mmHg), tricuspid valve dys-
function, right ventricular (RV) dysfunction, a dilated right atrium or RA
dysfunction (related to atrial fibrillation or congenital abnormalities and
previous cardiac surgery), and age <18 years.

2.2 RA tissue collection

We prospectively obtained fresh RA tissue from CTEPH patients undergo-
ing PEA and controls undergoing cardiothoracic surgery (coronary artery
bypass grafting or aortic valve replacement) to study BMP10 gene expres-
sion using quantitative real-time polymerase chain reaction (RT-PCR).
Control subjects were only included in the study if they did not have signs
of RV/RA dysfunction, dilatation, or tricuspid regurgitation (TR) on echo-
cardiography. Peri-operative CTEPH patients and controls underwent car-
diopulmonary bypass, during which a minute incision was made in the right
atrium, from which a small portion of tissue was obtained. The tissue was
kept on ice before snap-freezing and subsequent storage in liquid nitrogen.
Due to limited RA fresh tissue availability, we also obtained
paraffin-embedded RA tissue from deceased control subjects (n = 6) and
deceased or transplanted end-stage disease precPH patients [n=4

pulmonary arterial hypertension (PAH)] to study BMP10 protein expres-
sion and activity using histological analyses.

2.3 Quantitative RT-PCR

Total RNA was extracted from fresh RA tissue from precPH patients (n =
5 CTEPH) and controls (n = 9) using Direct-zol RNA Miniprep kit (Zymo
Research, United States of America) following manufacturer’s protocol
and further treated with the DNase | set (Zymo Research). The concentra-
tion and purity of the RNA was measured on a Nanodrop One spectro-
photometer (Thermofisher Scientific, United States of America). Only
samples with good quality and purity were used (ratio A260/A280~2
and ratio A260/A230 > 1.7). Reverse transcription to cODNA was carried
out using the iScript™ cDNA Synthesis Kit (Bio-Rad, United States of
America). Quantitative RT-PCR amplifications were performed with
2 pL cDNA in a final volume of 10 pL, containing 5 pL Fast SYBR Green
MasterMix (Thermofisher Scientific), 2 yL RNase-free PCR-grade water
(Thermofisher Scientific), and 1 pL of both forward and reverse primers
solution (sequences are specified in Supplementary material online,
Table S2). Hypoxanthine guanine phosphoribosyltransferase (HPRT) was
the housekeeping gene used to ensure the validity and reproducibility of
the results. Data were collected and analysed in duplicate on the
CFX384™ Real-Time System (C1000 Touch™ Thermal Cycler,
Bio-Rad). The Livak method'® was used to quantify the relative (272<"
pression of each gene compared with the housekeeping gene on both
precPH and control groups.

2.4 Immunohistofluorescent staining

RA paraffin-embedded tissue from controls (n = 6) and precPH patients
(n=4 PAH) was stained using an antibody against BMP10 (diluted 1:200;
Biorbyt, United Kingdom), cardiac Troponin T (cTnT, diluted 1:500;
Abcam, United Kingdom), phosphorylated receptor-regulated Smad1,
Smad5, and Smad8 (pSMAD1/5/8, diluted 1:200; Cell Signaling, United
States of America), and inhibitor of differentiation 3 (ID3, diluted 1:50;
Santa Cruz Biotechnologies, United States of America). The sections
were treated with 0.1% sudan black for 30 min at room temperature
and counterstained with Hoechst 33342 nuclear dye (diluted 1:500;
Santa Cruz Biotechnology) and rhodamine Ulex europaeus agglutinin |
(Ulex, diluted 1:200; Vectorlabs, United States of America). Images were
captured at X20 and x60 magnifications under a laser confocal microscope
(Nikon A1R) after establishing the right settings according to the negative
control staining. Whole-slide image acquisition was performed on Vectra
Polaris (Akoya Biosciences, United States of America) at X10, X20, and
x40 magnifications.

BMP10 quantification on longitudinal myofibres was performed on
images acquired on the Vectra Polaris using the same settings and proced-
ure for all patients and processed with inForm® Tissue Analysis Software
v. 2.5 (Akoya Biosciences) to remove the tissue autofluorescence before
quantification (see Supplementary material online, Figure S2). The auto-
fluorescence removal required a negative control RA tissue incubated
only with the specific secondary antibodies and the specific spectral library
created for these secondary antibodies on RA tissue. For the quantification,
we measured the total area stained positively with BMP10 and corrected
by the total area of the tissue and the number of cells (Hoechst positively
stained area). Furthermore, the BMP10 immunofluorescence intensity was
also measured exclusively on the myocardial tissue by making a mask with
the cTnT positive staining, and it was also corrected by the myocardial area
(cTnT positively stained area). pSMAD1/5/8 and ID3 quantifications com-
prised the number of positive nuclei and were performed on images ac-
quired on the confocal microscope after correction for the negative
control, which was RA tissue incubated only with the specific secondary
antibodies.

Quantitative histological measurements were assessed through Imagej
analysis software (NIH) with at least 10 random fields averaged per patient.
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2.5 Right heart catheterization

Haemodynamic assessment and post-processing were performed as pre-
viously described.’® Right heart catheterization (RHC) was performed
using a balloon-tipped, flow-directed 7.5-Fr triple lumen Swan-Ganz cath-
eter (Edwards Lifesciences LLC, United States of America).

Pressure curves of pulmonary artery pressure (PAP), RAP, and PAWP
were recorded and analysed. Cardiac output (CO) measurements were
obtained with the thermodilution method. Pulmonary vascular resistance
(PVR) was calculated using the following formula: (mean PAP-PAWP)/
CO. RAP curves were analysed for minimal pressures and maximal pres-
sures during the A-wave and the V-wave.

2.6 Cardiac magnetic resonance imaging
Cardiac magnetic resonance (CMR) scans were made using a Siemens
1.5-T Sonata or Avanto scanner (Siemens Medical Solutions, Germany).
CMR imaging was used to determine RA and RV volumes. Acquisition of
scans and post-processing was performed as described before.'”

2.7 Plasma and serum samples collection
Venous blood samples from 16 controls and 48 precPH patients (22 iPAH,
14 hPAH, and 12 CTEPH) were processed immediately after withdrawal
and maintained at 4°C during the whole procedure. PrecPH patients
underwent RHC and CMR <1 year before participation. In a subset
(n =48: 11 controls, 20 iPAH, 10 hPAH, and 7 CTEPH), RA blood samples
were also collected during RHC in addition to the venous blood samples. In
another cohort of CTEPH patients (n=13), serum was collected at
baseline and 6 months post-PEA. Plasma samples were obtained
from whole blood collected into ethylenediaminetetraacetic acid-treated
tubes, while serum samples were obtained from untreated tubes. The
tubes were centrifuged at 3000 g at 4°C for 15 min without break to re-
move the cells, and the upper part was collected, aliquoted, and stored
at —80°C.

2.8 Enzyme-linked immunosorbent assay

Peripheral venous and RA plasma samples from precPH patients and con-
trols were tested with a commercially available kit that has been validated
and is specific for the growth factor domain (GFD) of the BMP10 peptide
(DY2926, R&D Systems, United States of America), without any cross-
reactivity against the BMP10 pro-peptide (aa 20-313). It also does not
show cross-reactivity or interference against BMP9 or other BMP ligands.
In addition, the samples were also tested on a commercial and validated kit
for the BMP9 peptide (DY3209, R&D Systems) ligand following the man-
ufacturer’s protocol. Briefly, 96-well plates were coated with the capture
antibody overnight at room temperature, washed, blocked for 1 h, incu-
bated with 100 pL of non-diluted sample for 2 h, washed, incubated with
the detection antibody for 2 h, washed, and revealed with streptavidin-
horseradish peroxidase working solution, and finally optical density was de-
termined using the Epoch Gen5 microplate reader (Biotek, Agilent, United
States of America) set at 450 nm with the 540 nm wavelength subtraction.
In the sample plate, increasing recombinant BMP9 or BMP10 concentra-
tions were included for the standard curve (0-2000 pg/mL).

2.9 BMP-responsive element dual-luciferase
activity assay

Human microvascular endothelial cells (HMECs) were cultured in MCDB
131 medium (Merck, Germany) with 10% fetal bovine serum, 10 ng/mL
epidermal  growth factor, 1pg/mL hydrocortisone, glutamax
(Thermofisher Scientific), and 100 U/mL penicillin/streptomycin in 0.1%
gelatine-coated dishes and were used between passages 19 and 25. To gen-
erate HMECs-BRE-LUC cells, HMECs were stably transduced with lenti-
viruses carrying a BMP-responsive element (BRE)-Luciferase reporter.'®
HMECs-BRE-LUC cells were sub-confluently seeded in pre-coated
48-well plates for 24 h. Then, cells were serum starved for 6 h in
Dulbecco’s Modified Eagle Medium high-glucose medium and incubated

with stimulation [10% of donor-derived venous serum, and ALK1-Fc
(0.5 pg/mL), anti-BMP9 (0.5 pg/mL), or vehicle control]. After 30 min of in-
cubation at room temperature, the cell starvation medium was replaced by
every particular sample, and the cells were incubated for 16 h prior to cell
lysis. Luciferase activity was measured using a Perkin Elmer luminometer
Victor3 1420 device following the instructions provided by the luciferase
kit manufacturer (Promega, United States of America) and normalized
for protein content using the DC Protein Assay kit (Bio-Rad). All experi-
ments were performed in quadruplicates. Optimization of the technique
is shown in Supplementary material online, Figure S3.

2.10 Statistical analysis

Data are presented as mean [standard deviation (SD)] or median (inter-
quartile range) or standard error of the mean. Normality of data was
checked with histograms and Kolmogorov-Smirnov testing. Log trans-
formation or square root transformation was applied to non-normally dis-
tributed data. To compare mRNA expression, immunofluorescence
quantification, and plasma levels between precPH and controls, an inde-
pendent sample t-test or Wilcoxon rank-sum test was used. To compare
precPH subgroups and controls, a one-way analysis of variance (ANOVA) §
with Bonferroni-corrected post-hoc pairwise t-testing was applied. To test &
relationships between two continuous variables, univariate linear regres- =
sion was used. To compare stratified precPH patients according to RA dila- ©
tion, RV dilation, RAP, RV ejection function (RVEF), and N-terminal pro'-c
b-type natriuretic peptide (NT-proBNP), an independent sample t-test §
was used: *P <0.05, ¥*P < 0.01, and ***P < 0.001 vs. control group (or &
otherwise indicated).
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3. Results

Study design is shown in Figure 1. Control and precPH patients’ character-
istics are shown in Table 1. Half of the patients were treatment naive, and
among those receiving treatment, there were no differences in mono-,
combination, or triple therapy regimens. Disease severity was similar
across precPH subgroups, shown by similar pulmonary arterial pressure,
PVR, RV dimensions, and functions (see Supplementary material online,
Table S1).

3.1 Increased BMP10 expression in RA tissue
from pre-capillary PH

We first determined the expression of BMP10 mRNA in RA tissue of 8
precPH patients and controls. Due to the limited availability of RA tissue, ;
which is not routinely collected, we used tissue from separate patient co- 3
horts. To ensure RNA integrity, fresh RA tissue samples were collected S
from CTEPH patients undergoing PEA and controls undergoing cardiac &
surgery, and BMP10 mRNA expression was analysed. Interestingly, RA tis- &
sue from CTEPH patients showed ~2-fold higher BMP10 mRNA levels S
compared with controls (P<0.05, Figure 2A). Next, we investigated
BMP10 protein expression using immunohistofluorescent stainings. For ¢’
this analysis, we made use of previously collected RA samples of PAH pa- cgr
tients who died from right heart failure. Control tissue was obtained from 3
patients who deceased from non-cardiovascular disorders. As can be ap- ¥
preciated, BMP10 protein (Figure 2D—G; see Supplementary material 3
online, Figure S2C) is located in the myocardium expressed by RA cardio-
myocytes (cTnT) and cardiac endothelium (Ulex-rhodamine) of precPH
patients and controls with different intensities. In addition, BMP10 fluores-
cent area and myocardial intensity were significantly higher in RA tissue of
precPH patients in comparison with controls (P < 0.05, Figure 2B and C).
Upon binding, BMP10-induced receptor activation results in phosphor-
ylation of Smad1/5/8 (pSMAD1/5/8) and subsequent translocation of
pSMAD1/5/8 into the nucleus to initiate gene transcription of
BMP-specific target genes, such as ID3.° To determine BMP10-related
transcriptional activity, we therefore stained paraffin-embedded RA tissue
for pPSMAD1/5/8 and ID3. Both pSMAD1/5/8 and ID3 proteins were loca-
lized in the nucleus, and the number of positive nuclei was greater in
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Figure 1 Study design. Schematic overview of study populations used for each analysis. We studied BMP10 gene expression in fresh RA tissue of five CTEPH
from the main cohort undergoing PEA and nine control subjects undergoing coronary bypass or aortic valve replacement. Due to limited fresh RA tissue avail-
ability, we also collected post-mortem or transplanted paraffin-embedded RA tissue from PAH patients (n =2 iPAH and 2 hPAH) and from six controls to
study BMP10 protein expression and activity using histological analysis. Furthermore, we included 48 pre-capillary PH patients [n = 22 iPAH, n = 14 hPAH (n =
12 BMPR2 mutation carrier and n =2 GDF2 mutation carrier), and n=12 CTEPH] and 16 controls, from which we measured circulating BMP10 protein
expression and transcriptional activity in peripheral blood samples. In a subset of patients, we also collected RA blood samples (n = 37 PH patients, n =11

controls) to check BMP10 levels directly in the right atrium.

precPH vs. controls (Figure 3A-D). In addition, pPSMAD1/5/8 and ID3 posi-
tive nuclei were mostly observed in cardiac endothelial cells (Ulex-positive
cells, Figure 3B, C, E, and F), where the ALK1/BMPR2 complex is mainly ex-
pressed. Taken together, these findings suggest that both the expression of
BMP10 and its signaling activity are increased in RA tissue of precPH
patients.

3.2 BMP10 protein and transcriptional

activity in systemic circulation

Next, we determined if the increased expression of BMP10 in RA tissue of
precPH patients resulted in increased secretion of BMP10 ligand into the
systemic circulation. For this purpose, we used an enzyme-linked immuno-
sorbent assay (ELISA) kit specific for the detection of BMP10 GFD and ana-
lysed peripheral plasma samples prospectively obtained during RHC from
48 precPH patients [n =22 iPAH, n= 14 hPAH of which n=12 BMPR2
and n =2 GDF2 (growth differentiation factor 2, encoding BMP9) mutation
carriers, and n = 12 CTEPH patients] and 16 healthy controls. BMP10 pro-
tein plasma levels were significantly higher in precPH patients compared
with controls (Figure 4A). Subgroup analyses revealed that BMP10 levels
were significantly increased in iPAH and CTEPH, with a trend for hPAH
(Figure 4B). In addition, we also observed a significant increase in BMP9 pro-
tein plasma levels in precPH, which was lost in the subgroups (Figure 4C
and D), and a moderate correlation between BMP10 and BMP9 circulating
levels (Figure 4E and F). Next, we performed an ELISA in a subset of blood
samples obtained during RHC at the RA location (n = 37 precPH patients
and n =11 controls). Interestingly, we observed that the RA BMP10 pro-
tein levels strongly correlated to peripheral venous BMP10 protein levels
(R*=10.93, P < 0.0001; see Supplementary material online, Figure S3), sug-
gesting that there is no need to collect RA samples during RHC. Therefore,
BMP10 protein levels can potentially be assessed using peripheral venous
blood samples.

Activity of the BMP signalling pathway is controlled by circulating coac-
tivators and antagonists.n'19 It is therefore pivotal to not only assess
BMP10 protein plasma levels but also determine the BMP10 transcriptional
activity in plasma to understand and appreciate BMP10 signalling and

activation capacity. Therefore, we made use of a previously validated
BMP10 activity assay using a genetically modified human microvascular
endothelial cells (HMECs) line with a BMP-responsive promoter driving
the expression of the firefly luciferase reporter gene (BRE-LUC)."® We ex-
posed the HMECs-BRE-LUC to 10% patient- or control-derived serum. To
discriminate the BRE-LUC activity induced by BMP10 from the one result-
ing from other BMP ligands present in the serum, we used two pharmaco-
logical tools*%: a BMP9-specific antibody (anti-BMP9) to capture BMP9 and
a Fe-fused soluble ALK1 extracellular domain (ALK1-Fc) to sequester both
BMP9 and BMP10 (Figure 5A; Supplementary material online, Figure S4).
BMP10-induced transcriptional activity is calculated as the induced pro-
moter activity difference between the anti-BMP9 and ALK1-Fc treatments.
As shown in Figure 5B, pre-incubation with anti-BMP9 reduced baseline ac-
tivity (shown as 100%), which was further decreased by BMP9 and BMP10
sequestration using ALK1-Fc. When comparing the precPH subgroups
with controls, we observed no differences in the BMP10-induced tran-
scriptional activity (Figure 5C). Taken together, these data demonstrate in-
creased circulating levels of BMP10 in plasma of precPH patients in
comparison with controls, while no alterations were observed in BMP10
transcriptional activity.

3.3 Potential triggers of increased BMP10

secretion

To understand what triggers the increase in circulating BMP10 protein and
activity, we determined its association with RA and RV dilatation, pressure,
and function. RA and RV dilatation was defined based on previously pub-
lished normal values of RA and RV dimensions (RA dilatation was defined
as maximal RA volume >79 mL/mm? for male patients or >69 mL/mm? for
female patients; RV dilatation was defined as RV end-diastolic volume index
>109 mL/mm? for males and >97 mL/mm? for females).21 Interestingly,
RA dilatation was associated with significantly higher BMP10 activity, while
no change was observed with RV dilatation or circulating BMP10 protein
levels (Figure 6). In addition, we also studied cardiac pressure and function
using the well-established and validated cut-off values for NT-proBNP,
RAP, and RVEF. In patients with high NT-proBNP levels (>1100 ng/L)*
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Table 1 Baseline characteristics of subjects included in the study

Control PrecPH P-value
N 16 48
Age, years (SD) 50 (14) 51 (14) 0.80
Sex = female, n (%) 9 (56) 32 (67) 0.65
BMI, kg/m? (SD) 26 (4) 27 (5) 0.77
NYHA (%) <0.001
NYHA | 15 (%94) 4(8)
NYHA I 1(6) 23 (48)
NYHA Il 0 (0) 19 (40)
NYHA IV 0 (0) 24
6MWD, m (SD) NA 457 (119) NA
NT-proBNP, pg/mL (IQR) 23 (9-62) 459 (195-1664) <0.001
eGFR, mL/min/1.73 m? (SD) 78 (13) 72 (18) 0.45
Diuretics use, n (%) 1(6) 25 (52) 0.003
PH-specific drugs (%) 0.001
Treatment naive 16 (100) 21 (44)
Mono therapy 0 (0) 6 (13)
Combination therapy 0 (0) 12 (25)
Triple therapy 0(0) 9 (19)
Smoking, n (%) 0.74
Non-smoking 2 (33) 17 (44)
Former smoker 3 (50) 19 (49)
Current smoker 1(17) 3(8)
Coronary artery disease, n (%) 0(0) 1(2) 1
Hypertension, n (%) 1(6) 11 (23) 0.27
Diabetes, n (%) 0 (0) 3 (6) 0.73
RHC
Heart rate, bpm (SD) 74 (13) 99 (161) 0.62
Systolic BP, mmHg (SD) 127 (19) 122 (19) 0.37
Diastolic BP, mmHg (SD) 82 (16) 79 (14) 0.45
Mean PAP, mmHg (SD) 19 (3) 51 (17) <0.001
Mean RAP, mmHg (SD) 6 (5-7) 8 (5-10) 0.03
PCWP, mmHg (SD) 113) 1(3) 0.84
Cardiac index, L/m? (SD) 3.0 (0.7) 5(0.7) 0.06
SVO,, % (SD) 74 (4) 64 (11) 0.003
PVR, WU (IQR) 13 (1.2-1.8) 2 (5.9-125) <0.001
CMR
RVEDVi, mL/m? (SD) 65 (13) 9 (25) <0.001
RVESVi, mL/m? (SD) 27 (9) 61 (26) <0.001
RVEF, % (SD) 59 (6) 40 (15) <0.001
SVi, mL/m? (SD) 41(7) 0 (11) 0.73

Normality of data was checked. Statistical differences between precPH patients and
controls were tested with an independent sample t-test or Wilcoxon rank-sum test.
Statistically significant P-values in bold.

BMI, body mass index; NYHA, New York Heart Association; 6MWD, 6-min walking
distance; eGFR, estimated glomerular filtration rate; IQR, inter-quartile range; BP, blood
pressure; NA, not available; RAP, right atrial pressure; PCWP, pulmonary capillary wedge
pressure; SVO,, mixed venous oxygen saturation; RVEDVi, RV end-diastolic volume
index; RVESVi, RV end-systolic volume index; RVEF, RV ejection fraction; SVi, stroke
volume index.

and low RVEF (<35%),"” BMP10 activity levels were significantly higher. No
interaction was observed with circulating BMP10 protein levels. Patients
with high RAP (>14 mmHg)*? tended to have increased BMP10 activity
(P=10.11). BMP10 transcriptional activity and protein levels in precPH pa-
tients were not related to the presence of TR. Moderate TR was present in
n =13 patients, which did not show higher BMP10 levels or activity than

patients without TR (n=31) [1.4 vs. 1.3 pg/mL (P=0.78) and 14 vs. 18%
(P =0.48), respectively]. Table 2 shows all relations of clinical values with
high BMP10 activity.

Furthermore, to investigate the effect of pressure unloading on BMP10
activity, we also measured BMP10-induced transcriptional activity in a small
group of CTEPH patients at baseline and post-PEA (Figure 7A).
BMP10-induced transcriptional activity was significantly reduced after the
intervention which coincided with improvements in disease severity,
haemodynamics, and RV function (P <0.05, Figure 7B; Supplementary
material online, Table $4).

Taken together, these results indicate a close association between RA
remodelling, pressure overload, and BMP10 transcriptional activity.
Further studies are needed to determine whether elevated BMP10 tran-
scriptional activity represents a maladaptive response mechanism or
should be targeted selectively for therapeutic intervention.

4. Discussion

In this study, we combined investigations of BMP expression and signalling
in RA tissue and blood samples of precPH patients with sophisticated as-
sessment of RA morphology, function, and disease severity parameters.
In summary, we demonstrated the following:

(1) BMP10 expression and downstream transcriptional activity in RA <
tissue from precPH patients is increased.

(2) BMP10 plasma levels are increased, while BMP10 activity is pre-
served, in precPH.

(3) RA dilatation, but not RV dilatation, is closely associated with high &'
BMP10 activity, as well as high NT-proBNP and low RV ejection §
fraction.

(4) Pressure unloading results in reduced BMP10 transcriptional activity
in CTEPH patients.

pJEO/LuOC) dnoolwepeoe;/:sdpy wouy pepeommoq

4.1 RA BMP10

To date, over 300 mutations have been identified in the BMPR2 gene in
PAH, underscorlng the importance of disturbed BMP signaling in the dis-
ease.”> Only recently, mutations in the BMP10 gene have been identified &
in familial PAH.%> BMP10 can bind to ALK1, ALK3, and ALK6 in a complex & g
with BMPR2, with high affinity for the ALK1/BMPR2 receptor com- &
plex.”** The ALK1/BMPR2 complex is specifically expressed on vascular 2 =
endothelial cells, while the low-affinity ALK3 and ALK6 receptors are Io-
cated on diverse cell types, such as cardiomyocytes.'” In adulthood, 8
BMP10 is almost exclusively produced and secreted into the extracellular ;
space by RA cardiomyocytes and can signal in autocrine and paracrine man- §
ners mainly by binding to vascular receptors.'®?* In line with this, our stain- S
ings confirmed BMP10 presence on both cardiomyocytes and vascular cells &
in the RA tissue.
The effect of BMP10 on the ventricle has not been studied in detail, but 5
increased BMP10 expression was observed in hypertrophied left ventricles
of hypertensive rats.”® While never investigated, BMP10 may play an im- q'
portant role in cardiac adaptation in precPH, given its crucial function in Cgr
cardiovascular development and maintenance. Furthermore, BMP10 is al-§
most exclusively expressed in the adult right atrium,®” suggesting a tissue- I
specific role that remains elusive. For the first time, we could reveal that RA
dilatation is closely associated with high BMP10 activity. As a consequence
of RV diastolic stiffness, the RA has to cope with an increased pressure
overload. Recent results have revealed RA ventricular uncoupling in pa-
tients with precPH characterized by excessive RA dilation and increased
RA |:>ressure.4 We therefore hypothesize that the increased RA dilatation
results in increased wall stress on the RA cardiomyocytes triggering BMP10
secretion. It is known that RA cardiomyocytes secrete different peptides
and several inflammatory cytokines under stretch.”® In fact, several
BMP10 and BMP9 downstream genes (i.e. SMAD6, SMAD7, and
ENDOTHELIN-1) have been described as mechano-responsive genes.29
Finally, histological analyses have revealed that BMP10 co-localizes with
T-cap, a key mechano-sensory protein, in cardiomyocytes. These data
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Figure 2 Up-regulated local BMP10 expression in the right atrium of precPH patients. (A) Quantification of the relative BMP10 mRNA expression in control
(n=9) and precPH (n =5 CTEPH) RA tissues. (B and C) Quantification of total RA BMP10 fluorescent area and RA cardiomyocytes BMP10 intensity levels in
control (n = 6) and precPH (n =4 PAH) paraffin-embedded RA tissue sections stained against BMP10, respectively. Representative immunofluorescent stain-
ings of BMP10, Ulex-rhodamine (Ulex, endothelium), and cardiac TroponinT (cTnT, myocardium) in the negative control sample for anti-rabbit Alexa488 and
anti-mouse Alexa647 (D), in the control (E), and in the precPH (F) RA tissues at 60x-oil magnification. (D'—F’) Alexa488 single-channel images from the stainings
in (D—F). (E" and F”) Zoom-in images from (E"and F) to appreciate the sarcomeric pattern of the BMP10 staining in the cardiomyocytes and the homogeneous
staining in the vessels. Scale bars = 50 um. Brightness and contrast for the Alexa488 channel have not been modified. Normality of data was checked and trans-
formed if needed, and statistical differences between precPH patients and controls were tested using an independent sample t-test.

suggest a direct link between cardiomyocyte stretch and BMP10 secretion. RA cardiomyocytes is challenging, and their lifespan is limited.?" In addition,
Unfortunately, due to experimental limitations, we were unable to demon- commercial atrial cardiomyocyte cell lines do not express BMP10.
strate a direct relation between RA stretch and BMP10 release. RA cardi- Therefore, we focused our analyses on RA tissue samples and blood ana-

omyocyte stretch experiments®® were not possible because isolation of lyses obtained from precPH patients. We were able to demonstrate for
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Figure 3 Up-regulated local BMP10 activity in the right atrium of precPH patients. (A) Quantification of positive pSMAD1/5/8 nuclei in vascular and non-
vascular cells within the RA tissues from precPH (n =4 PAH) and controls (n = 5). (B and C) Representative immunofluorescent staining of positive pSMAD1/
5/8 nuclei in vascular and non-vascular cells from control and precPH with rhodamine and Alexa488 single-channel images on the sides. (D) Quantification of
positive ID3 nuclei in vascular and non-vascular cells within the RA tissues from precPH (n =4 PAH) and controls (n = 5). (E and F) Representative immuno-
fluorescent staining of positive ID3 nuclei in vascular and non-vascular cells from control and precPH with rhodamine and Alexa488 single-channel images on
the sides. Arrowheads indicate positive pSMAD1/5/8 and ID3 nuclei. Zoom-in images are included within (B, C, E, and F). Nuclei were counterstained
with Hoechst 33342 and vessels with Ulex-rhodamine (B, C, E, and F). Negative control images are shown in Supplementary material online, Figure S2A.
Scale bars = 50 pm. Vascular and non-vascular measurements are plotted with their own Y-axis on the left or right side, respectively. Normality of data was
checked and transformed if needed, and statistical differences between precPH patients and controls were tested using a Wilcoxon rank-sum test (in A and D).
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Figure 4 Higher BMP10 plasma levels in precPH patients compared with controls. (A and B) BMP10 protein circulating plasma levels in precPH patients
(n=48) and subgroups (n =48: 22 iPAH, 14 hPAH, and 12 CTEPH), respectively, vs. controls (n=16). (C and D) BMP9 protein circulating plasma levels
in precPH patients (n =45) and subgroups (n =45: 20 iPAH, 14 hPAH, and 11 CTEPH), respectively, vs. controls (n = 16). (E and F) Correlation between
BMP10 and BMP9 plasma levels in precPH patients (n =45) or subgroups (n =45: 20 iPAH, 14 hPAH, and 11 CTEPH), respectively, vs. controls (n = 16).
Logarithmic Y-axis is used in graphs (A-D). Data in (A and B) are y + 1 for logarithmic scale transformation. Normality of data was checked and transformed
if needed. Statistical differences between precPH patients or precPH subgroups and controls were tested with an independent sample t-test or a one-way
ANOVA, respectively. Associations were tested with univariate linear regression analysis.

the first time that BMP10 expression and downstream activity in human
PH pressure overload RA tissues is significantly increased. Finally, we could
show that in CTEPH patients undergoing PEA, improving RV function and
haemodynamics coincided with a drop in BMP10 transcriptional activity.
How BMP10 expression and activity is regulated is currently unknown
and is subject of future experiments.

4.2 Circulating BMP10 in pre-capillary PH

and its clinical relevance

Reduced BMP9 and BMP10 plasma levels have been associated with
homozygous and heterozygous mutations in the GDF2 and BMP10
genes, respectively, in patients with porto-pulmonary hypertension,
hepato-pulmonary syndrome, hereditary haemorrhagic telangiectasia, or
PAH.*>73* Early increases in BMP10 levels in preterm infants were strongly

related to development of PH associated with bronchopulmonary
dysplasia.*®

Hodgson et al®® investigated plasma levels of BMP9 and BMP10 in PAH
patients. They could not report a difference in BMP9 levels but observed
reduced BMP10 plasma levels in female PAH patients compared with fe-
male healthy controls. In contrast, we describe an increase in both
BMP10 and BMP9 plasma levels in precPH patients. BMP10 can circulate
in different forms (i.e. homodimers of mature or unprocessed propep-
tide?® and BMP9-BMP10 heterodimers have been proposed>®), and con-
flicting reports have been published on inactive or active forms of
circulating BMP10.>3%8 In fact, BMP9 and BMP10 are first produced as
a preproprotein with three domains (S-domain, prodomain, and GFD) be-
fore being secreted into proprotein (prodomain and GFD), which di-
merizes (proBMP9 or proBMP10), and can be further processed into
either the folded proprotein complex or cleaved by furin convertases
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Figure 5 BMP10 transcriptional activity in precPH patients and controls. (A) Schematic explanation of the BRE-LUC reporter assay to determine BMP tran-
scriptional activity in venous serum. Specific trap antibodies targeting BMP9 or BMP9 and BMP10 are used to assess BMP10 activity. Created with
BioRender.com. B) Relative BMP transcriptional activity as a luciferase read-out from the HMEC-BRE-LUC, endothelial cells expressing a BMP-specific lucifer-
ase reporter, in control (n = 15) and precPH subgroups (n = 21 iPAH, n = 13 hPAH, and n = 11 CTEPH) after incubation with phosphate-buffered saline (PBS)
(baseline), anti-BMP9, or ALK1-Fc (inhibition of BMP9 and BMP10). (C) BMP10 activity in controls and precPH subgroups has been calculated from the sub-
traction of anti-BMP9 and ALK1-Fc to total BMP activity. Normality of data was checked and transformed if needed. Statistical differences between precPH
patients and controls, and between baseline conditions and trap antibodies, were tested with an independent sample t-test or a one-way ANOVA, after which
pairwise t-testing with Bonferroni correction was applied, respectively.

920z Aieniga4 ¢ uo Jasn uaiasH qooer Aq 9€ L ¥€08/¥SZ1L/8/1Z | /8101B/S8I0SBACIPIED /W02 dNO"dIWapEI.//:SdNy WOl POPEOjUMO(]



1264

A. Llucia-Valldeperas et al.

RA dilatation

D
o

B
o

p<0.05

i

Relative BMP10 activity [%]
N
o

o

No RA dilatation RA dilatation

RA pressure

B D
o o

[
o

Relative BMP10 activity [%]

(=]

RAP<14 mmHg RAP>14 mmHg

®  NTproBNP

N & D
o o o

Relative BMP10 activity [%)]

o

o1)

RV dilatation

B [«2]
o o

[
o

Relative BMP10 activity [%]

No RV dilatation RV dilatation

o

)

RV ejection fraction

D
o

S
2
2
240
° p<0.05
o
s
@ 2p
]
2
: | I
©
)
RVEF>35% RVEF<35%
p<0.05

NTproBNP<1100 ng/L NTproBNP>1100 ng/L

Figure 6 Patients with more right atrial dilatation, reduced RV ejection fraction, and higher NT-proBNP have higher levels of circulation BMP10 activity.
(A and B) BMP10 transcriptional activity in precPH patients with RA or RV dilation, respectively. (C-E) BMP10 transcriptional activity in precPH patients
with high RAP, reduced RVEF, or high NT-proBNP, respectively. PrecPH patients were stratified according to RA volume (>79 mL/mm? for male patients
or >69 mL/mm? for female patients), RV end-diastolic volume index (=109 mL/mm? for males, and >97 mL/mm? for females), RAP (>14 mmHg), RVEF
(<35%), and NT-proBNP levels (>1100 ng/L). Normality of data was checked and transformed if needed. Statistical differences between both groups

were tested with an independent samples t-test.

into the GFD dimer or monomer forms (BMP9 or BMP10) and the free
prodomain.’® We used a previously reported commercially available
ELISA kit, which detects the GFD of both proBMP10 (immature BMP10)
and BMP10 peptides (mature BMP10), unlike other studies directed only
towards the unprocessed proBMP10%. The mature form can bind to
ALK1/BMPR2, whether it is still associated with its prodomain after matur-
ation or not, 2% and their ability to activate the BMP signaling pathway in a
cellis influenced by a number of factors. The presence of the membrane-

bound or soluble forms of endoglin,'" activation of the TGF-B-SMAD2/3
signalling  pathway, plasma levels of agonists/antagonists, or
pro-inflammatory cytokines,?® among others, can influence the subsequent
BMP transcriptional activity. It is therefore essential to also measure
BMP10 transcriptional activity in addition to BMP10 protein plasma levels
as they can differ. To determine BMP10 transcriptional activity in serum
samples of precPH patients, we used a BRE-LUC assay that has been vali-
dated previously in endothelial cells. Endothelial cells are exposed to 10%
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Table 2 Associations between BMP10 transcriptional activity and clinical characteristics within precPH patients
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Low BMP10 activity High BMP10 activity P-value
Number of patients 23 24
General patient characteristics
Age [mean (SD)] 48.65 (13.20) 51.50 (15.85) 0.508
Females (%) 14 (60.9) 19 (79.2) 0.293
Diagnoses (%) 0.613
iPAH 12 (52.2) 10 (41.7)
hPAH 7 (304) 7 (29.2)
CTEPH 4 (17.4) 7(29.2)
BMI, kg/m? [mean (SD)] 26.17 (5.82) 26.72 (3.76) 0.699
NYHA (%) 0.923
NYHA | 2(87) 142
NYHA I 11 (47.8) 13 (542)
NYHA Il 9 (39.1) 9 (37.5)
NYHA IV 1(4.3) 142
6MWD, m [mean (SD)] 471.31 (110.62) 441.63 (122.06) 0.489
eGFR, mL/min/1.73 m* [mean (SD)] 72,69 (18.01) 71.67 (19.52) 0.909
PH-specific drugs (%) 0514
Treatment naive 9 (39.1) 11 (45.8)
Mono therapy 2 (8.7) 4 (16.7)
Double therapy 8 (34.8) 4 (16.7)
Triple therapy 4 (17.4) 5(20.8)
COMPERA risk score 0.247
Low 12 (52.2) 7(29.2)
Intermediate 9 (39.1) 15 (62.5)
High 2 (87) 2 (8.3)
Haemodynamic data
HR, beats/min [mean (SD)] 72.96 (13.30) 124.71 (226.03) 0.279
mPAP, mmHg [mean (SD)] 49.35 (20.73) 54.96 (13.72) 0.278
mRAP, mmHg [mean (SD)] 7.74 (4.69) 9.67 (543) 0.200
PCWP, mmHg [mean (SD)] 10.22 (2.98) 11.26 (2.91) 0.236
Cl, LUm? [mean (SD)] 2.70 (0.68) 2.36 (0.70) 0.101
SVO,, % [mean (SD)] 66.78 (10.51) 61.39 (10.52) 0.089
PVR, WU [median (IQR)] 6.60 (4.86-11.62) 10.57 (7.81-13.77) 0.057
RV function and adaptation
NT-proBNP, pg/mL [median (IQR)] 212.00 (108.50-671.00) 835.00 (405.00-2381.00) 0.004
RVEDVi, mL/m? [mean (SD)] 9491 (21.21) 101.48 (29.07) 0.400
RVESVi, mL/m? [mean (SD)] 53.32 (23.35) 68.63 (28.04) 0.058
RVEF, % [mean (SD)] 45.91 (12.38) 34.71 (15.04) 0.011
LVSVi, mL/m? [mean (SD)] 42.74 (10.39) 35.69 (10.32) 0.031
RA function
RAPA_waves MMHg [mean (SD)] 13.86 (5.14) 17.83 (8.09) 0.084
RAPy,._yave, MmHg [mean (SD)] 10.52 (5.47) 1312 (7.78) 0.250
RAP,in, mmHg [mean (SD)] 5.51 (4.65) 6.51 (6.26) 0.588
Max RA volume, mL/m? [median (IQR)] 84.84 (62.35-134.65) 118.43 (86.62-166.00) 0.076
Diastasis RA volume, mL/m? [median (IQR)] 75.80 (53.90-112.25) 108.05 (79.54-146.68) 0.047
Min RA volume, mL/m? [median (IQR)] 47.94 (30.60-69.67) 66.99 (47.19-120.73) 0.053
RA longitudinal strain [mean (SD)] —16.89 (4.71) —13.77 (5.14) 0.065
Total RAEF, % [mean (SD)] 46.18 (11.01) 3841 (11.04) 0.032
Active RAEF, % [mean (SD)] 33.64 (14.10) 31.02 (1242) 0.535
Passive RAEF, % [mean (SD)] 18.14 (9.34) 10.55 (5.05) 0.003
RA stiffness [median (IQR)] 0.12 (0.09-0.13) 0.14 (0.11, 0.18) 0.149

Continued
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Table 2 Continued

Low BMP10 activity High BMP10 activity P-value
Minimal RA wall stress [median (IQR)] 24.50 (16.64-38.53) 31.87 (14.83-57.45) 0.516
Maximal RA wall stress [median (IQR)] 69.34 (48.58-85.59) 81.95 (64.62-113.30) 0.199

Characteristics of precPH patients after stratification into high (>0.68 AU) and low (<0.68 AU) BMP10 transcriptional activity. Normality of data was checked. Statistical differences between low
BMP10 activity and high BMP10 activity were tested with an independent sample t-test or Wilcoxon rank-sum test. Statistically significant P-values in bold.

BMI, body mass index; NYHA, New York Heart Association; 6MWD, 6-min walking distance; eGFR, estimated glomerular filtration rate; PH, pulmonary hypertension; HR, heart rate; IQR,
inter-quartile range; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PCWP, pulmonary capillary wedge pressure; Cl, cardiac index; SVO,, mixed venous oxygen
saturation; RVEDVi, RV end-diastolic volume index; RVESVi, RV end-systolic volume index; RVEF, RV ejection fraction; SVi, stroke volume index; LVSVi, left ventricular stroke volume index;
RAEF, right atrial ejection fraction.

A BMP-activity
Baseline | | Post PEA

1.251

p<0.05 . p<0.0001

0.751

0.501

Relative BMP-activity [%)]

0.251

0.001

+PBS  +antiBMP9 +Alk1Fc +PBS +antiBMP9 +Ak1Fc

B
60

e
[=]

Relative BMP10-activity [%]
N
=]

Baseline Post PEA

Figure 7 Effect of pressure unloading on BMP10 activity in precPH patients. (A) Serum relative BMP activity at baseline and post-PEA in CTEPH patients.
Incubation with anti-BMP9 only blocked BMP9 activity, while ALK1-Fc blocked both BMP9 and BMP10 activities. (B) Calculated BMP10 transcriptional activity
at baseline and post-PEA (n = 13), respectively. BMP10 transcriptional activity is calculated by subtracting BMP activity values after incubation with the trap
antibodies. Normality of data was checked and transformed if needed. Statistical differences between baseline conditions and trap antibodies, and between
baseline and post-PEA, were tested with an independent sample t-test.
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serum, and by using specific trap antibodies targeting either BMP9 or BMP9
and BMP10, the transcriptional BMP10 activity can be deducted.
Intriguingly, although we did observe a significant increase in circulating
BMP10 levels between precPH patients and healthy controls, correlations
with clinical parameters of RA dilatation and RV function were only ob-
served with BMP10 transcriptional activity. Suggesting that quantifying
BMP10 transcriptional activity has important additional clinical value that
is missed when only performing BMP10 ELISA to quantify circulating
BMP10 plasma levels. In addition, it is important to realize that different
types of BMP10 ELISA exist, each targeting different domains of BMP10.
Although measuring BMP10 protein levels is getting more clinical attention
in other cardiovascular diseases (such as atrial fibrillation),***" before im-
plementation of BMP10 as clinical biomarker of right heart failure, it should
be determined which read-out of BMP10 is most sensitive to predict right
heart failure in a large cohort of precPH patients.

4.3 Limitations

This was a single-centre study, samples were obtained prospectively, ex-
plaining the relatively small sample size and limiting statistical analysis to

correct for confounders. Due to limited access to RA tissue of precPH pa-
tients, there was heterogeneity in the source of the tissue: (i) we collected
fresh RA tissue from CTEPH patients undergoing PEA and (ii) we obtained
paraffin-embedded end-stage RA tissue from hPAH and iPAH patients
from obduction or lung transplantation. Available RA tissue from
CTEPH patients was minuscule and sufficient for only one laboratory tech-
nique. Finally, we could not determine BMP10 activity directly using trap O
antibody against BMP10 (#MAB2926, R&D Systems), as described,*® be-
cause this antibody did not inhibit BMP10 transcriptional activity in our
samples; therefore, we used the ALK1-Fc.

Translational Perspective

Our study provides important insights into the role of bone morphogenetic protein 10 (BMP10) in pre-capillary pulmonary hypertension (precPH) at
both fundamental and clinical levels. VWWe correlated BMP10 expression and transcriptional activity in right atrial (RA) tissue and systemic circulation
with clinical haemodynamics. Our findings demonstrate that precPH patients have increased BMP10 expression and transcriptional activity in the right
atrium, along with elevated BMP10 plasma levels. Furthermore, we revealed that BMP10 activity is associated with RA dilatation and can be reduced by
pressure unloading, indicating that RA stretch might be involved in BMP10 secretion.

5. Conclusions

In this study, we could demonstrate that BMP10 expression and circulating
plasma levels are increased in patients with precPH. RA dilatation, reduced
RV function, and high levels of NT-proBNP were closely associated with
high BMP10 transcriptional activity. Finally, pressure unloading in CTEPH
patients resulted in a significant drop of BMP10 transcriptional activity,
whereas no change was observed in BMP10 circulating plasma levels.
Future studies are needed to identify the triggers of BMP10 secretion, de-
termine the best read-out of BMP10 in the clinical setting, and reveal
whether BMP10 is a treatment target or a ligand released upon stretch
aimed to enhance cardiac adaptation.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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