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Abstract

Aims Right ventricular dysfunction may arise because of pulmonary arterial hypertension (PAH). Development of new
diagnostic methods able to identify PAH and allow for earlier treatment initiation, before the development of vascular
remodelling and manifest right heart failure (HF), could potentially improve prognosis. Proteoglycans and inflammatory
proteins are involved in vascular remodelling. We aimed to investigate their potential as biomarkers to differentiate PAH
in a dyspnoeic population.

Methods and results Plasma from 152 patients with PAH (n = 48), chronic thrombo-embolic pulmonary hypertension
(n = 20), pulmonary hypertension due to HF with reduced (n = 36) or preserved (n = 33) ejection fraction, and HF without
pulmonary hypertension (n = 15) and 20 healthy controls were analysed with proximity extension assays. Haemodynamics
were assessed in the patients with right heart catheterization. Plasma prolargin levels in PAH were lower compared with all
the other studied disease groups (P < 0.001) but higher than the controls’ levels (P = 0.003). Receiver operating character-
istic curve of prolargin as a PAH-differentiating marker in a pooled population, encompassing all the other studied disease
groups, had a sensitivity of 74% and a specificity of 83.3% (area under the curve = 0.84, P < 0.001). Prolargin correlated
with the mean right atrial pressure (r; = 0.65, P < 0.001), N-terminal pro-brain natriuretic peptide (r; = 0.64, P < 0.001),
cardiac index (rs = —0.31, P = 0.029), stroke volume index (r; = —0.41, P = 0.004), right ventricular stroke work index
(ry = —0.31, P = 0.032), six-minute walking distance (r, = —0.41, P = 0.005), and mixed venous blood oxygen saturation
(rs = —0.42, P = 0.003).

Conclusions Plasma prolargin levels differentiate PAH patients from controls and the other investigated dyspnoea groups
including HF. Its potential in PAH differentiation may be enhanced by inclusion in a multi-marker panel. Larger studies are
needed to evaluate its discriminative ability of PAH in relation to other dyspnoea aetiologies and its potential role in PAH risk
stratification and pathobiology.
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Introduction

Right ventricular dysfunction may arise because of several
mechanisms, including pulmonary arterial hypertension
(PAH). In PAH, excessive vasoconstriction and vascular
remodelling may ensue, increasing pulmonary vascular resis-
tance (PVR), ultimately leading to right ventricular dysfunc-
tion, which is a strong predictor of adverse outcomes.™?
Despite new vasodilator therapies, PAH is associated with

high morbidity and mortality, where development of right
heart failure (HF) is the principal cause of death.? PAH has a
poor prognosis where idiopathic PAH has been shown to
exhibit a median survival of 2.8 years from diagnosis if left
untreated and only 1 year if related to rheumatological
disease.>* Progression of non-specific symptoms, such as
dyspnoea and fatigue, renders a delay from onset of symp-
toms to diagnosis with an average of >2 years.® This under-
scores the need for new diagnostic tools for earlier PAH
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diagnosis. Accordingly, the development of a screening
method that may differentiate patients with PAH from those
with other causes of unclear dyspnoea, as well as differenti-
ate between different causes of pulmonary hypertension
(PH), would be of great value to enable earlier diagnosis. This
could potentially also enable earlier treatment initiation of
PAH patients and improve their survival. Although several
biomarkers have been evaluated, no one specifically differen-
tiating PAH or pulmonary vascular remodelling has yet been
demonstrated to be useful clinically.*®

Extracellular matrix (ECM) is a dynamic scaffold with a
fundamental role in regulating vascular function. Collagen ac-
cumulation in the vascular wall in PAH leads to vessel fibrosis
and increased stiffness.””® In experimental PAH, ECM remod-
elling occurs early in PAH development, which precedes in-
creases in mean pulmonary artery pressure (MPAP) and
PVR.° Unadapted remodelling of ECM may also contribute
to vessel stiffness.’® Among ECM proteins, matrix metallopro-
teinases have specifically been suggested to play a role in vas-
cular remodelling and PH development.®

In a recent study, we found that plasma levels of matrix
metalloproteinase (MMP)-2, MMP-7, MMP-9, MMP-12, and
tissue inhibitor of metalloproteinase-4 were elevated in PAH
compared with healthy controls.*! Plasma levels of MMP-7
were furthermore lower in PAH compared with chronic
thrombo-embolic pulmonary hypertension (CTEPH), as well
as HF with preserved or reduced ejection fraction (EF), with
or without PH. Future studies investigating the relationship
between MMP-7 and PAH pathogenesis, pulmonary vascular
remodelling, and congestion, as well as its clinical usefulness
in differentiation and earlier diagnosis of PAH, were urged
for.™

Similarly, proteoglycans have a great influence on ECM
development and signalling'**® and are known to play an
important part in ECM remodelling in heart disease.** For
instance, decorin interacts with transforming growth fac-
tor-B, limiting pulmonary fibrosis, whereas glypican-1 is in-
volved in flow-induced endothelial nitric oxide synthase
activation.*>® Maladaptive immune response and inflam-
matory dysregulation have additionally been proposed to
play a role in endothelial dysfunction and vascular remodel-
ling. In PAH, a pro-inflammatory phenotype of endothelial
cells has been identified with elevated levels of E-selectin,
intercellular adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule, as well as characterized by exces-
sive cytokine release.’® Intriguingly, the ECM functions as
a reservoir for factors that influences cell proliferation, dif-
ferentiation, and migration, including growth factors and
cytokines, which furthermore may influence the inflamma-
tory response.’” Accordingly, circulating inflammatory medi-
ators are associated with a worse clinical outcome in
PAH.°

The aim of the present study was to investigate the
plasma levels of proteoglycans and inflammatory proteins in

different dyspnoea groups and their potential value as bio-
markers in the differentiation of PH of various causes, with
a focus on PAH, in relation to haemodynamics. We hypothe-
sized that some proteoglycans and related proteins may
potentially be used to differentiate the different subtypes
of PH from each other, as proteoglycans may be involved in
the pathology of pulmonary vascular remodelling in PAH.

Methods
Study population

The study population consisted of 152 patients >18 years
under investigation of dyspnoea with baseline right heart
catheterization (RHC) at diagnosis, enrolled in the Lund
Cardio Pulmonary Register (LCPR) between September 2011
and March 2017. Patients with PAH (n = 48), CTEPH
(n = 20), PH due to HF with preserved EF (HFpEF-PH,
n = 33), PH due to HF with reduced EF (HFrEF-PH, n = 36),
and HFrEF or HFpEF without PH (HF-NON-PH, n = 15, whereof
HFrEF, n = 8 and HFpEF, n = 7), as well as 20 healthy controls,
the last without RHC haemodynamics, were included.
Patients lacking all haemodynamic data were excluded.

Patients with PH, exhibiting an MPAP > 25 mmHg at rest at
RHC, had been categorized into precapillary or postcapillary
PH, exhibiting pulmonary arterial wedge pressure (PAWP)
<15 or >15 mmHg, respectively.® HFpEF was defined as
EF > 50% and HFrEF as EF < 50%. To classify HF and identify
intracardiac shunts, echocardiography and magnetic reso-
nance imaging were used. Pulmonary scintigraphy was per-
formed to identify CTEPH, and additional spirometry with
diffusion capacity and/or high-resolution computed tomogra-
phy was performed to exclude Group 3 PH due to hypoxia
and/or lung disease. For subgroup analysis of PAH, IPAH
and familial PAH (FPAH) were considered as one entity
(IPAH/FPAH, n = 23) and PAH due to connective tissue
disease (CTD-PAH, n = 25) as another.

All participants had given their informed written consent.
The study was conducted in accordance with the Declaration
of Helsinki and Istanbul and was approved by the local ethics
committee in Lund (Dnr 2010/114, 2010/248, 2010/442,
2011/368, and 2015/270).

Plasma sampling and protein analyses

Venous blood samples were collected from the patients
during RHC from the venous introducer, inserted in the right
internal jugular vein. Venous blood samples were additionally
collected from the healthy controls. All blood samples were
centrifuged, and plasma was extracted and stored at —80°C
in the LCPR cohort of the Region Skane biobank.
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The plasma samples were analysed with proximity
extension assay (PEA) and read out by quantitative PCR. In
short, antibody pairs with complementing DNA oligonucleo-
tide tails bind the target protein in the proximity of each
other, creating a DNA sequence that is elongated by DNA
polymerase and read out by quantitative PCR.*® Plasma
protein levels were analysed using the Proseek Multiplex
Cardiovascular 1l, Cardiovascular 1ll, and Oncology I
96-plex immunoassay panels (Olink Proteomics, Uppsala,
Sweden) and were reported in normalized protein expres-
sion values. Normalized protein expression is an arbitrary
unit (AU) on a log,-scale. The present study investigated a
selection of proteins from the aforementioned Olink panels.
Twelve proteoglycans and associated proteins were
analysed, namely: decorin, glypican-1, syndecan-1, perlecan
(also known as heparan sulfate proteoglycan 2), prolargin
(also known as proline—arginine-rich end leucine-rich repeat
protein), collagen alpha-1(l) chain, integrin a-V, integrin -2,
integrin -5, melusin (also integrin beta-1-binding protein 2),
vascular endothelial cadherin (VE-cadherin, also known as
cadherin-5), and matrix extracellular phosphoglycoprotein
(MEPE). In addition, 65 inflammatory plasma proteins were
analysed including ALCAM, alpha-taxilin, annexin Al,
azurocidin, C-C motif chemokine 3 (CCL3), CCL15, CCL16,
CCL17, CCL22, CCL24, CD4, CD48, CD70, CD93, CD160,
CD163, CD207, carcinoembryonic antigen-related cell adhe-
sion molecule 8 (CEACAMS), chitotriosidase-1, chitinase-3-
like protein 1, C—X—C motif chemokine 1 (CXCL1), CXCL13,
CXCL16, CXCL17, E-selectin, Fc receptor-like B (FcRLB),
growth/differentiation factor 15 (GDF-15), intercellular
adhesion molecule-2, ICOS ligand, interferon gamma recep-
tor 1 (IFN-gamma-R1), low affinity immunoglobulin gamma
Fc region receptor IlI-b (IgG Fc receptor ll-b), interleukin
(IL)-1 receptor-like 2 (IL-1RL2), IL-1 receptor antagonist
protein (IL-1RN), IL-1 receptor type 1 (IL-1RT1), IL-1RT2,
IL-2 receptor subunit alpha (IL-2-RA), IL-4 receptor subunit
alpha (IL-4R-alpha), IL-6, IL-6R-alpha, pro-interleukin-16
(pro-IL-16), IL-17D, IL-17 receptor A (IL-17RA), IL-18,
IL-18-binding protein (IL-18BP), IL-27, junctional adhesion
molecule A (JAM-A), kidney injury molecule 1 (KIM-1),
T-lymphocyte surface antigen Ly-9 (Ly-9), lymphotactin,
macrophage receptor MARCO (MARCO), monocyte chemo-
tactic protein 1 (MCP-1), MHC class | polypeptide-related
sequence A and MHC class | polypeptide-related sequence
B (MIC-A/B), myeloperoxidase, platelet endothelial cell
adhesion molecule (PECAM-1), peptidoglycan recognition
protein 1 (Pglyrpl), polymeric immunoglobulin receptor
(PIgR), progranulin, P-selectin, P-selectin glycoprotein ligand
1 (PSGL-1), pulmonary surfactant-associated protein D
(PSP-D), pentraxin-related protein PTX3 (PTX3), SLAM family
member 5 (SLAMF5), SLAMF7, toll-like receptor 3 (TLR3),
and trem-like transcript 2 protein (TLT-2). For consistency,
N-terminal pro-brain natriuretic peptide (NT-proBNP) was
also analysed with PEA.

Right heart catheterization

RHC measurements were performed with Swan—Ganz cathe-
ters (Baxter Healthcare Corp., Santa Ana, CA), by experienced
cardiologists, as part of clinical diagnosis. MPAP, PAWP, mean
right atrial pressure (MRAP), and mean arterial pressure
(MAP) were registered during RHC. Heart rate (HR) was mea-
sured by electrocardiogram. Thermodilution was used to
measure cardiac output (CO). Mixed venous blood oxygen
saturation (SvO,) was measured during RHC; six-minute walk-
ing distance (6MWD) values at the time of RHC were col-
lected from medical records.

Cardiac index (Cl), stroke volume (SV), stroke volume
index (SVI), left ventricular stroke work index (LVSWI),
right ventricular stroke work index (RVSWI), PVR, and
transpulmonary pressure gradient (TPG) were calculated
by the following formulae: Body surface area (BSA) =
(weight®*?® x height®’® x 0.007184), Cl = CO/BSA,
SV = CO/HR, SVI = SV/BSA, LVSWI = (MAP — PAWP) x SVI,
RVSWI = (MPAP — MRAP) x SVI, TPG = MPAP — PAWP, and
PVR = TPG/CO.

Statistics

Statistical analyses were performed using GraphPad Prism
Version 8.0.2 for Windows, GraphPad Software, San Diego,
CA, www.graphpad.com. Data distribution was analysed
using histograms. Proteins’ levels were analysed with
Kruskal-Wallis tests, which were then analysed by Benjamini
and Hochberg false discovery rate (FDR) test (Q = 5%).1%%°
Significant Kruskal-Wallis tests, after FDR analysis, were
followed by uncorrected Dunn’s multiple comparison tests
for all groups, which in turn were analysed with FDR
(Q = 5%). The purpose of the FDR analyses was to limit
false-positive results. The threshold for statistical significance
was set to P < 0.0021 after FDR analysis. For other statistical
tests, a P-value <0.05 was considered significant. All pre-
sented P-values are raw. Mann—Whitney U test was used
for subgroup analysis of PAH. Receiver operating characteris-
tic curve was used to investigate prolargin as a predictor for
PAH among the other dyspnoea exhibiting groups, that is,
CTEPH, HFpEF-PH, HFrEF-PH, and HF-NON-PH. Youden’s in-
dex was used to determine the ideal cut-off. Correlation
analyses, using Spearman’s coefficient, were performed be-
tween prolargin and MRAP, MPAP, Cl, SVI, RVSWI, PVR, as
well as 6MWD, SvO,, and NT-proBNP. Additional correlation
analyses were performed between age and prolargin levels
in controls, PAH, CTEPH, HFpEF-PH, and HFrEF-PH HF-NON-
PH. The analysis of the 65 inflammatory proteins was
corrected with a separate Benjamini and Hochberg FDR
analysis (Q = 5%) with a threshold for the ANOVAs set to
P < 0.033. For the following multiple comparisons, the
threshold was set to P < 0.016.
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Results
Population characteristics

The baseline characteristics of the study population have
previously been described™ and are presented in Table I,
with the addition of medications.

Plasma prolargin differentiates pulmonary
arterial hypertension from other pulmonary
hypertension aetiologies

Plasma prolargin levels were higher in PAH compared with
controls (P = 0.003), but lower compared with the other
disease groups (P < 0.001) (Figure 1A). Receiver operating
characteristic curve analysis of prolargin levels in PAH vs.
CTEPH, HFpEF-PH, HFrEF-PH, and HF-NON-PH pooled
together resulted in an area under the curve of 0.84 (95%
confidence interval, 0.77-0.91) (P < 0.001), with a sensitiv-
ity of 74% and a specificity of 83.3% with a cut-off value
of 6.625 AU (Figure 1B).

Prolargin correlated positively with MRAP (r, = 0.65,
P < 0.001) and NT-proBNP (r, = 0.64, P < 0.001) but
negatively with Cl (r, = —0.31, P = 0.029), SVI (r, = —0.41,
P = 0.004), RVSWI (r, = —031, P = 0.032), 6MWD
(ry = —0.41, P = 0.05), and SvO, (r = —0.42, P = 0.003).
Prolargin did not correlate with MPAP (P = 0.11) or PVR
(P = 0.18) (Figure 2). Subgroup analysis of prolargin levels in
IPAH/FPAH vs. CTD-PAH revealed no difference between
the groups (P = 0.13). Plasma levels of all ECM-related
proteins are found in Table 2 and Supporting Information,
Figure S1 and the P-values in Supporting Information, Table S1.

Other plasma proteins

Plasma IL-17D displayed higher levels in PAH compared to
controls (P = 0.001), and lower than the other PH groups
(P < 0.006), but not different compared with HF-NON-PH
(P =0.25) (Figure 3A and Table 3). Plasma levels of all inflam-
matory proteins are shown in Table 3. Plasma decorin levels
were higher in all disease groups compared with controls
(P < 0.002). The decorin levels in PAH were lower than in
the other disease groups (P < 0.01), except for CTEPH
(P =0.048) (Figure 3B). Syndecan-1 plasma levels were higher
in HFrEF-PH compared with all other PH groups, HF-NON-PH,
and controls (P < 0.002) (Figure 3C).

Discussion

Proteoglycans are of critical importance for ECM interaction,?*
which in addition to a dysregulated inflammatory response

constitute factors that may affect the pathobiology of PAH
including endothelial dysfunction and vascular remodelling.®*°
We, therefore, investigated whether plasma proteoglycans
and inflammatory proteins differentiated PAH from
other causes of PH and dyspnoea. The present study
indicates that prolargin potentially could be used in a future
multi-marker panel, to in a dyspnoea population differentiate
PAH patients from CTEPH, HFrEF, and HFpEF with or without
PH, as well as controls. These findings are of interest a such
plasma measurements could be used to enable earlier PAH
diagnosis and treatment initiation, before the onset of
right-sided HF, with the aim to improve outcome and
prognosis in PAH.

Prolargin is a small leucine-rich repeat proteoglycan
expressed in the ECM of collagen-rich tissues such as
skin, sclera, tendon, lung, and heart.?* Prolargin mediates
cell adhesion to the ECM by binding cell surface
glycosaminoglycans®® and is an inhibitor of the complement
system.>* Inflammation and dysregulated immunity are
important in pulmonary endothelial dysfunction and vascular
remodelling in PAH and PH.'° In addition, inflammation and
HF are closely interconnected and reinforce each other,
thereby creating a vicious circle.”®> The complement system
has been implicated in the development of PAH, with
increased C3d deposition in the lungs of IPAH patients and
a hypoxia mouse model. In contrast, C3 deficiency
attenuated PAH in a mouse model of chronic hypoxia-
induced PAH.?® The present study demonstrated increased
levels of prolargin in PH, as well as HF compared with
controls, an increase that may be in response to inflamma-
tory processes. Prolargin inhibits the formation of the
membrane attack complex by decreasing C9 polymerization,
as well as inhibits the alternative pathway by interacting with
€3.%* Accordingly, prolargin is suggested to down-regulate
and limit the pathological activation in inflammatory
diseases such as rheumatoid arthritis.2* Thus, inflammation
is a plausible driver for the increase of prolargin. Whether
the lesser increase of prolargin in PAH relative to the
other disease groups mean that the inflammation is of a
lower grade or involve other pathways in PAH remains
uncertain.

Prolargin levels may rise in response to increased comple-
ment and/or inflammation, acting as a negative regulator of
complement activation. The greater levels of prolargin in HF
with or without PH, as well as CTEPH, compared with PAH,
may thus indicate greater inflammatory activity in these
groups leading to higher corresponding levels of prolargin.
The complement system is dysregulated in HF with an
overactivated alternative complement pathway?’ and
increased levels of membrane attack complexes.?® On the
other hand, the lower levels of prolargin in PAH vs. the other
disease groups may represent aberrant signalling in PAH with
less complement inhibition, thus maintaining and increasing
the inflammatory response.
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FIGURE 1 Plasma levels of prolargin in pulmonary hypertension subgroups and heart failure. (A) Pulmonary arterial hypertension (PAH) is differenti-
ated from all other groups by prolargin. Plasma prolargin levels were higher than controls (P = 0.003) and lower than all other disease groups
(P < 0.001). (B) Receiver operating characteristic curve of prolargin in PAH vs. chronic thrombo-embolic pulmonary hypertension (CTEPH), pulmonary
hypertension due to heart failure with preserved ejection fraction (HFpEF-PH), pulmonary hypertension due to heart failure with reduced ejection frac-
tion (HFrEF-PH), and heart failure without pulmonary hypertension (HF-NON-PH) pooled together. AU, arbitrary units; AUC, area under the curve.
**p < 0.01; ***P < 0.001. In (A), Kruskal-Wallis test was performed to analyse the differences between the groups. Statistical significance was con-

sidered P < 0.0021, after correction for multiple comparisons with Benjamini and Hochberg false discovery rate (Q = 5%).
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The present findings suggest that prolargin potentially
could be a useful addition to current diagnostic tools, for dif-
ferentiation of PAH, with good sensitivity and specificity, from
the other causes of dyspnoea, such as CTEPH, HFpEF-PH,
HFrEF-PH, and HF-NON-PH. However, the intermediate
plasma prolargin levels between healthy controls and the
other disease groups might not be ideal and may limit its po-
tential as a sole discriminator of PAH. To further evaluate the
usefulness of prolargin, future ‘deep phenotyping’, combin-
ing patterns of several proteins may be a viable route to in-
crease the combined accuracy in PAH differentiation.® Our
correlation analyses indicate that increased prolargin levels
are associated with worsening right heart function. Prolargin
correlated positively with MRAP and NT-proBNP and nega-
tively with 6MWD and SvO,. In the 2015 European Society
of Cardiology (ESC)/European Respiratory Society (ERS)
guidelines risk assessment tool, high levels of NT-proBNP,
low 6MWD, high MRAP, and low SvO, are separate parame-
ters indicating an increased risk of mortality in PAH.* Coupled
with the negative correlation with SVI and RVSWI and no cor-
relation with PVR, the last, a parameter that, however, is not
included in the ESC/ERS guidelines risk score, it may suggest
that prolargin levels partially reflect decompensation, as the
haemodynamic parameters included in the ESC/ERS guide-
lines risk score also in part reflect the state of right-sided
dysfunction.?* Prolargin may therefore possibly be useful in
the context of PAH risk assessment as a marker of disease
progression and may potentially offer new insights in the in-
flammatory processes in PAH development. As we found that

prolargin levels were higher in the studied HF groups com-
pared with PAH, and correlated with haemodynamics related
to decompensation, we hypothesized that the increase in
prolargin may reflect PAWP. However, the levels of prolargin
were not consistent in the precapillary groups; that is, there
was a difference between PAH and CTEPH, and no difference
was observed between CTEPH and the postcapillary groups.
This suggests that PAWP, related to volume overload and pul-
monary congestion,?® does not account for the increase in
prolargin.

In the present study, we additionally analysed 65 inflam-
matory plasma proteins and found that most of these pro-
teins were in general elevated compared with controls.
However, this increase was in an unspecific fashion in relation
to the various causes of dyspnoea. IL-17D displayed a pattern
similar to prolargin, with intermediate levels between the
controls and the other PH groups. However, there was no
difference between the levels of plasma IL-17D in PAH and
HF-NON-PH. IL-17D is a member of the IL-17 cytokine family,
comprising six factors (IL-17A-IL-17F).3° Although highly
unexplored, it has been shown that IL-17D stimulates the
production of GM-CSF, IL-6, and IL-8.3" In the present study,
we found a general increase in plasma IL-6 levels across all
disease groups including, but not specific to, PAH. Interest-
ingly, excessive local secretion of IL-6 was proposed among
other cytokines to have a role in influencing the structural
and functional changes in the pulmonary vasculature in
PAH.X A Phase Il study of the IL-6 inhibitor tocilizumab in
PAH patients did not demonstrate an overall change in PVR,
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FIGURE 2 Correlations of prolargin with haemodynamic parameters. Prolargin correlated (A, G) positively with mean right atrial pressure (MRAP) and
N-terminal pro-brain natriuretic peptide (NT-proBNP) and (B—F) negatively with cardiac index (Cl), stroke volume index (SVI), right ventricular stroke
work index (RVSWI), six-minute walking distance (6MWD), and mixed venous oxygen saturation (SvO,). AU, arbitrary units.
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FIGURE 3 Plasma levels of interleukin-17D (IL-17D), decorin, and syndecan-1 in pulmonary hypertension (PH) subgroups. (A) IL-17D differentiates PAH
from other PH. (B) Decorin differentiates PAH from heart failure with or without PH (P < 0.01). (C) Syndecan-1 levels were higher in heart failure with
reduced ejection fraction (P < 0.002) than all other groups. Other abbreviations as in Figure1. **P < 0.01; ***P < 0.001. Kruskal-Wallis tests were
performed to analyse the differences between the groups. Statistical significance was considered P < 0.0021, after correction for multiple comparisons
with Benjamini and Hochberg false discovery rate (Q = 5%).
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Table 3 Inflammatory proteins’ levels and comparisons of all groups

Controls PAH CTEPH HFpEF-PH HFrEF-PH HF-NON-PH
Plasma protein (AU) n =20 n =48 n =20 n =33 n =36 n=15
ALCAM 4.2 (4.1-4.4) 4.3 (3.9-45) 4.3 (4.2-4.6) 4.5 (4.3-4.7) 4.5 (4.2-4.8) 4.5 (4.2-4.6)
Alpha-taxilin 6.4 (4.9-7)f 5.5(4.8-6.7) 5.7 (5.3-6.2) 6.2 (5.5-7.1) 5.8 (4.6-6.5)" 6.7 (5.3-7)
Annexin A1 1.4(1.2-1.8)"  1.8(1.5-2.2* 1.9(1.5-2.3)* 1.7 (1.5-2) 1.7 (1.4-2)f 1.7 (1.5-2)
Azurocidin 1.6 (1.4-1.9) 1.9 (1.4-2.5° 1.9 (1.7-2.5)° 1.7 (1.5-2.1) 1.9 (1.5-2.6)° 1.8 (1.6-2.4)
cCL3 1.4 (1.2-1.7) 2.6 (2.2-3)° 2.6 (2.3-3)° 2.8(2.4-3.5°  2.5(2.3-3.2) 2.4 (2.3-2.9°
CCL15 6.1 (5.9-6.6) 6.7 (6.4-7.1)° 6.9 (6.4-7.2)° 7 (6.6-7.7)*" 7.1 (6.7-7.7)** 6.6 (6.5-7.1)°
CcCL16 5.3 (4.9-5.6) 5.6 (5.3-6) 5.7 (5.4-5.9) 5.9 (5.4-6.3)° 6 (5.5-6.5)*° 5.9 (5.7-6.2)°
cCL17 7.1 (6.1-7.5) 6.9 (6.3-7.6) 7.5 (6.9-8) 7.6 (6.3-8.6) 6.9 (6.2-7.8) 7.1 (6.2-8.5)
cCL22 1.9 (1.7-2.5) 2(1.5-2.6) 1.7(1.3-2) 1.8 (1.5-2) 1.9 (1.4-2.8) 1.6 (1.4-1.9)
cCL24 4.9 (4.4-5.4) 4.9 (4.1-5.2) 5 (4.2-5.4) 5.4 (5-5.8)° 4.8 (4.3-5.8) 4.6 (3.7-5.2)°
CcD4 3.8 (3.6-4) 4.2 (4-4.6)° 4.4 (4.2-4.8° 45 (4.2-4.9° 4.6 (4.3-4.9*° 43 (4.1-4.7)°
CcD48 6.1 (5.9-6. 3) 6.2 (5.9-6.5) 6.3 (6.1-6.6) 6.3 (6-6.6) 6.2 (6-6.5)" 6.3 (5.9-6.6)
CD70 3(2.8-3.3)f  3.6(3.2-4°  3.4(3.2-42)7% 3.7 (3.4-4) 3.2 (2.9-3.6)>%f  33(3-3.7)
CD93 9(8.9-9.1). 9 (8.5-9.4) 9(8.7-9.3) 9.4 (9.1-9.7)*° 9.5(9.2-9.8)* ¢ 9 (8.8-9.4)°
CD160 43 (4.1-46)° 4.6(4.3-5 4.7 (4.3-5.2) 4.9 (45-55)* 4.8 (4.5-53)*" 4.7 (@.4-5.1)
cD163 6.8 (6.5-7.1) 7 (6.5-7.4) 7 (6.5-7.3) 7 (6.8-7.3) 7 (6.7-7.6) 7.3 (6.6-7.9)
CcD207 2.1 (2-2.4) 2.2 (2-2.5) 2.2 (1.9-2.7) 2.3 (2.1-2.9) 2.4 (2.1-2.6) 2.1 (2-2.3)
CEACAMS 3.2 (3-3.7) 4.1 (3.5-4.5° 4.3 (4-4.6)° 4.2 (3.6-4.7° 4.3 (3.8-4.8)° 3.7 (3.5-4.9)°
Chitotriosidase-1 1.1 (0.64-2) 2.4(1.6-2.7° 2.4 (1.8-3)° 2.8 (2.1-3.8)° 1.9 (1.5-2.9*¢ 2.1 (1.5-2.4)
Chitinase-3-like protein 1 4.3 (4-4.6) 5.7 (5.3-6.2)° 5.6 (5.1-6.2)° 6 (5.6-7.2)% 5.3 (4.6-6.4% 5.3 (4.9-6)°
CXCL1 83(74-93)  82(7.5-89) 85(7.6-93) 8.7 (7.8-9.1) 8.2 (7.1-8.6) 8.7 (8.1-8.9)
CXCL13 7.9 (7.6-8.3) 9(8.6-9.7) 8.7(8.4-9.1) 8.8(8.5-9.8° 87(8.4-9.2>" 8.7 (8.4-9)°
CXCL16 57(55-58)  57(5.5-6) 5.7 (5.5-5.9) 5.9 (5.7-6.1)* 5.9 (5.8-6.2)° 5.8 (5.6-6)
CXCL17 3.7 (3.2-4.5)" 5.4 (5-5.6)° 5.5 (5.1-6)% 5.5 (5.1-5.7)° 5.4 (5-5.9)*" 4.7 (4.2-5.4)°
E-selectin 1.7(1.3-1.8)  2.2(1.6-2.5)0 1.7 (1.4-2.4) 1.7 (1.2-2.4° 1.7 (1.4-2.1)° 1.6 (1.1-1.9)°
FcRLB 1.1 (0.88-1.4)" 1.6 (1.2-2)° 1.7 (1.4-2)° 2 (1.5-2.4)° 2 (1.5-2.4>" 1.9 (1.5-2.4)
GDF-15 3.2 (2.9-3.5) 5.1 (4.6-5.8)° 4.9 (4.4-5.3 5.1 (4.6-5.6)> 5.4 (4.5-5.9) 5 (4.4-5.3)°
ICAM-2 4.1 (4-4.5) 4.4 (4-4.8) 4.3 (4-4.5) 4.4 (4-4.8) 4.6 (4.2-5) 4.4 (4-4.7)
ICOS ligand 3.4 (3.2-3. 5)f 3.3(3.2-3.5) 3.3(3.2-3.5) 3.4 (3.2-3.6) 3.3 (3.2-3.5) 3.3 (3.2-3.6)
IFN-gamma-R1 34(3.3-35" 3.5(3.2-3.7) 3.6(3.3-3.7) 3.9(3.6-4.1)*" 3.8 (3.5-4.1)*>" 3.6 (3.4-3.9)
IgG Fc receptor Il-b 1.7 (1.4-2) 1.6 (1-2) 2.1 (1.4-2.3) 1.7 (1.4-2.2) 1.6 (0.63-2.1) 1.6 (0.98-2.3)
IL-1RL2 4.2 (3.8-4.6) 4.4 (41-4.6) 4.5 (4.4-5) 4.6 (4.3-4.7) 4.4 (4.2-4.7) 4.4 (4.3-4.8)
IL-1RN 3.3 (3-3.9) 4.2 (3.9-5)° 4.6 (3.9-5.2)*> 4.2 (4-4.7)° 4.2 (3.8-4.7) 4.2 (3.4-5)°
IL-1RT1 6 (5.9-6.1) 6.3 (5.9-6.5) 6.1(5.9-6.2) 6.2 (5.9-6.5) 6.4 (6.2-6.7)>° 6.2 (5.9-6.7)
IL-1RT2 4.4 (4.2-4.6) 4.2 (3.9-4.4° 4.2 (4-4.4) 45 (4.2-4.8)>° 4.6 (43-4.9>° 4.4 (4.3-4.6)
IL-2-RA 3.3 (3.2-3.5) 3.7 (3.1-4.2) 3.4(3.2-4) 3.8 (3.5-4.4)* 3.7 (3.3-4.2) 3.5 (3.1-3.9)
IL-4R-alpha 2.2(21-25) 2.9 (2.5-3.4)° 3(2.7-3.2°  3.1(2.8-3.6)° 3.2 (2.9-3.4)° 3(2.8-3.4)°
IL-6 1.7 (1.2-2.2)"  3.4(2.6-457° 2.7 (2-3.7)° 3.5(2.6-4.3° 3.7 (3-4.4)*f 3.3 (2.2-3.9)°
IL-6R-alpha 10 (10-11) 10 (10-11) 10 (10-11) 10 (10-11) 10 (9.9-11) 11 (10-11)
pro-IL-16 5.1 (4.4-5.2) 5.1 (4.8-5.7)° 5.6 (5.3-5.7)° 5.6 (5.4-6)"° 5.3 (5-5.8)° 5.4 (5.1-5.7)°
IL-17D 22(2.1-2.4) 26(2.4-2.8° 3(.7-3.1)* 29(2.8-3)* 2.8(2.6-3.1)** 2.8 (2.2-3.1)
IL-17RA 3.6 (3.2-3.8) 3.6 (3-3.9) 3.6 (3.4-3.9) 3.7 (3.3-4) 3.7 (3.2-4.1) 3.7 (3.3-4)
IL-18 8.2 (7.7-8.4) 8.4 (8-8.9) 8.4 (8.1-8.9) 8.5 (8.1-8.8) 8.5 (8.1-8.7) 8.7 (8.1-8.9)
IL-18BP 5.5 (5.4-5.7) 5.9(5.3-6.3) 5.7 (5.5-6) 6.2 (5.7-6.4° 5.7 (5.4-6.2 5.9 (5.5-6.2)
IL-27 3.7 (3.6-3.9) 4.3 (4-4.6)° 4.5 (4.1-5)° 4.5 (4.2-4.9 4.6 (4.3-5)* 4.5 (4-4.8)°
JAM-A 6.1 (5.3-6.5) 5.7 (4.8-6.6) 5.8 (5.4-6.2) 6.2 (5.8-6.8) 5.9 (5.5-6.4) 6.4 (5.7-7.1)
KIM-1 7.7 (7-8.1) 9(8.2-9.6)° 9.6 (9.1-10)° 9.6 (9.3-11)*"  8.9(8.1-9.8)  9.5(9.4-9.9)°
Ly-9 4.7 (4.6-4.9°  4.9(4.7-5.1) 4.9 (4.7-5.2) 4.9 (4.7-5.3) 4.9 (4.7-5.1)" 4.9 (4.6-5)
Lymphotactin 4.6 (4.4-4.9) 5.1 (4.7-5.7) 5.7 (5.5—5.9{"'b 5.9 (5.3-6.3)*® 5.8(5.3-6.3*® 5.3 (5.2-5.6)
MARCO 5.9 (5.8-6) 6(5.8-6.2) 6.2 (6-6.4)* 6.3 (6.1-6.5)" 6.1 (5.9-6.2)° 6.3 (6.1-6.4)*"
MCP-1 2.2 (2-2.4) 2.8 (2.4-3)° 2.9(2.5-3.1)*  2.8(2.5-3.2)" 2.6 (2.4-2.8)° 2.6 (2.4-2.7)°
MIC-A/B 4(3.4-42)" 41(3.6-45 3.9(3.6-4.4) 4.1 (3.8-4.6) 4.3 (4-4.8)" 3.8 (3.6-4.8)
Myeloperoxidase 3.5 (3.4-3.7) 3.6 (3.2-3.8) 3.6 (3.4-4) 3.6 (3.4-3.9) 3.6 (3.5-3.9) 3.6 (3.2-3.9)
PECAM-1 5.4 (4.9-5.7) 5.2 (4.5-5.8) 5.1 (4.9-5.6) 5.4 (5.1-5.8) 5.2 (4.9-5.5) 5.6 (5.1-5.8)
Pglyrp1 6.5 (6.2-6.7) 6.8 (6.5-7.2)° 7.1 (6.8-7.3)° 7 (6.8-7.5° 6.8 (6.5-7.4)° 6.9 (6.4-7.3)°
PIgR 5.6 (5.5-5.7) 5.8 (5.7-5.9)° 5.9 (5.8-6)" 5.8 (5.7-5.9)° 5.9 (5.8-5.9)° 5.8 (5.7-5.9)°
Progranulin 3.2 (3-3.3) 3.3 (3-3.6) 3.2 (3.1-3.6) 3.4 (3.2-3.6) 3.6 (3.2-3.8**  3.4(3.2-3.9)
P-selectin 9.3 (9-10) 9.3(8.7-9.8)  9.5(9-10) 9.4 (8.8-9.9) 9.2 (8.8-9.6) 9.5 (9-10)
PSGL-1 4.3 (4.2-4.5) 4.3 (4.1-45) 4.4 (4.3-4.6) 4.3 (4.2-4.6) 4.4 (4.2-4.4) 4.3 (4.2-4.6)
PSP-D 1.6 (1.4-2.4) 2.8 (2-3.6)° 2.6 (2.1-3.2)° 2.4 (1.8-2.9) 2.9 (2.3-3.3)° 2.1 (1.3-2.4)P¢
PTX3 2.7 (2.2-2.8) 3.3 (3-3.6)° 3.2 (2.8-3.6)° 3(2.6-3.4) 3.2 (2.7-3.5)° 3(2.7-3.6)
SLAMF5 5.3 (5.1-5.7) 5.1 (4.7-5.4) 5.3 (5.1-5.7) 5.4 (5.2-5.8)° 5.2 (4.9-5.6) 5.4 (5.1-5.7)°

(Continues)
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Table 3 (continued)

Controls PAH CTEPH HFpEF-PH HFrEF-PH HF-NON-PH
Plasma protein (AU) n =20 n =48 n =20 n =33 n =36 n=15
SLAMF7 1.3(1.1-2) 2.1(1.6-2.57 2.2 (1.8-2.6)* 2.2(1.8-2.6)> 2.1 (1.9-2.5)° 2.2 (2.1-2.5)°
TLR3 5.1 (4.7-5.4)" 4.7 (4.3-5.1) 5.2 (4.2-5.6) 4.8 (4.4-5.4) 5.3 (4.7-5.6)>" 5.2 (4.9-5.8)°
TLT-2 4(3.8-43) 3.8(3.2-43) 3.8(3.5-4.2) 4 (3.7-4.4) 3.8 (3.5-4.1) 3.9 (3.6-4.4)

CTEPH, chronic thrombo-embolic pulmonary hypertension; HF-NON-PH, heart failure without pulmonary hypertension; HFpEF-PH, pulmo-
nary hypertension due to heart failure with preserved ejection fraction; HFrEF-PH, pulmonary hypertension due to heart failure with re-

duced ejection fraction; PAH, pulmonary arterial hypertension.

Variables are presented in arbitrary units (AU) as median (inter-quartile range). Proteins’ abbreviations are found in methods. Kruskal-
Wallis tests were performed to analyse the differences between the groups. Statistical significance was considered P < 0.016, after cor-
rection for multiple comparisons with Benjamini and Hochberg false discovery rate (Q = 5%).

aSignificant difference compared with controls.
bSignificant difference compared with PAH.
“Significant difference compared with CTEPH.
dSignificant difference compared with HFpEF-PH.
Significant difference compared with HFrEF-PH.
findicates n — 1.

but a potential modest effect was found in some patients
with CTD-PAH. The study was, however, underpowered.3?33
A subsequent study found that serum IL-6 levels were most
abundant in CTD-PAH and portopulmonary hypertension-
associated PAH compared with IPAH, and high levels of IL-6
were observed in pulmonary arterial smooth muscle cells
from PAH patients.>* Hence, in line with the authors’
conclusion, a more specified selection pre-intervention with
IL-6 inhibitors could be achieved by enrolling patients with
high IL-6 levels.3* In fact, a similar approach has previously
been applied in a randomized controlled trial investigating
the role of canakinumab, an IL-1f inhibitor, which included
the use of high-sensitivity C-reactive protein levels as an
eligibility criterion for enrolment.®® In the present study, the
levels of the inflammatory proteins were studied at the
diagnostic RHC, and thus, the relation between the studied
dyspnoea groups may differ if measured at different
disease stages. Taken together, we speculate that IL-17D
may, in part, contribute to the pathobiology of PAH by
increasing IL-6 production. However, this increase seems
not specific to PAH as we observed a general increase in
IL-17D in all dyspnoea groups (Figure 3A). Given the paucity
of studies on IL-17D, its role in PAH, PH, and HF remains to
be elucidated.

Decorin is a proteoglycan synthesized by fibroblasts,
stressed vascular endothelial cells, and smooth muscle cells.
It has bifunctional properties acting as both a structural ECM
component and a signalling molecule. Decorin interacts with
receptor tyrosine kinases like epidermal growth factor recep-
tor, insulin-like growth factor 1 receptor, vascular endothelial
growth factor receptor 2, and innate immunity receptors.*?
Decorin furthermore inhibits transforming growth factor-f3
and connective tissue growth factor, counteracting the
profibrotic effects and ECM accumulation.*>3® In addition,
decorin has antiproliferative, antitumorigenic, and proapoptotic
functions via interaction with epidermal growth factor receptor

signalling.?? Circulating decorin levels have been shown to
increase during inflammation in sepsis patients.3” Additionally,
decorin plays a role in down-regulating levels of ICAM-1 and
syndecan-1.28 ICAM-1 is central for leucocyte migration into
tissues,®® and increased levels of decorin may, therefore,
counteract inflammation and remodelling. Although plasma
decorin in the present study did not differentiate PAH patients
from CTEPH, it differentiated PAH from HFpEF-PH and
HFrEF-PH, as well as HF without PH. Decorin could, therefore,
be a potential new differentiator between those causes of
dyspnoea, as HFpEF-PH and PAH, sometimes may be difficult
to differentiate from each other.*

Syndecan-1 is part of the glycocalyx on endothelial cell
surfaces and is required for endothelial cell remodelling in
response to flow.'® Syndecan-1 is implicated in cardiac fibro-
sis and is associated with worse clinical outcomes in HFrEF.*
This is in line with our results where syndecan-1 levels were
higher in HFrEF-PH than in all the other disease groups.
However, contrary to our results, Nijst et al. did not find
any difference in syndecan-1 levels between stable or
decompensated HFrEF and healthy controls, which they
speculated may be due to a wide distribution of syndecan-1
in their healthy subjects.*> We have recently found in
another study that increased levels of syndecan-1 in HF
patients normalized towards the healthy controls’ levels after
heart transplantation.*® The present study demonstrated an
increase of syndecan-1 across the PH groups with the highest
levels in HFrEF-PH. This suggests that the increased levels of
syndecan-1 may, in part, be attributable to pulmonary
vasculature congestion or structural changes. In addition, this
pattern indicates that plasma syndecan-1 may be a future
biomarker to identify HFrEF-PH, which warrants future larger
investigations.

The use of PEA allows for precise plasma measurements of
different proteins with little cross-reactivity.18 Biomarkers’
levels were measured in patients naive to PAH specific
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treatment and thus without the interference of PAH drugs. In
the present study, we investigated circulating protein levels.
Whether these truly reflect local levels in the tissues and/or
remodelling in the pulmonary vasculature or elsewhere were
not investigated but need further attention in the future.
Even though our analyses were corrected with FDR to limit
mass significance, false-positive results may be present. How-
ever, as the aim of our study was to investigate the potential
value of proteoglycans and inflammatory proteins as bio-
markers, some uncertainty is allowed. The present study is
limited by the relatively small patient population, and control
group, the latter also somewhat younger than the disease
groups. To address this issue, we investigated whether there
was an association between prolargin and age in each group
and compared the groups for consistency. However, no con-
sistent pattern of correlation was found between prolargin
and age in the groups studied. With a median age at diagno-
sis of 71.5 years, the PAH population was somewhat older
than anticipated. It is however consistent with the Swedish
Pulmonary Arterial Hypertension Register as well as the Com-
parative, Prospective Registry of Newly Initiated Therapies for
Pulmonary Hypertension, which reported median ages of 67
and 71 years at diagnosis of IPAH, respectively.***>

Conclusion

In conclusion, the present study demonstrates that prolargin
may be a new potential biomarker for differentiation of PAH.
Its discriminating potential of PAH, with a sensitivity of 74%
and a specificity of 83.3%, from the other dyspnoea related
aetiologies CTEPH, HFpEF-PH, HFrEF-PH, and HF without PH,
warrants further investigation and could be enhanced by
prolargin being a part of a multi-marker panel to allow for
future ‘deep phenotyping’ of PAH patients. Prolargin may
also influence and/or be a potential marker of impaired heart
function, indicated by its associations with MRAP, NT-
proBNP, Cl, and SVI. Future directions of research could be
to investigate the change of prolargin levels in PAH and HF
over time, as well as its potential in PAH risk assessment
and pathobiology. Importantly, larger studies using matched
controls are needed to evaluate the definite use of prolargin
as a marker for PAH in a broader population, also involving
diseases other than PH, which exhibit dyspnoea.
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(Q = 5%) shown as * p<0.021; ** p<0.01; *** p<0.001.
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