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Abstract

Pulmonary arterial hypertension (PAH) is a rare vasculopathy, with high
morbidity and mortality. The sensitivity of the current european society of
cardiology/european respiratory society (ESC/ERS) risk assessment strategy
may be improved by the addition of biomarkers related to PAH
pathophysiology. Such plasma-borne biomarkers may also reduce time to
diagnosis, if used as diagnostic tools in patients with unclear dyspnea, and in
guiding treatment decisions. Plasma levels of proteins related to tumor
necrosis factor (TNF), inflammation, and immunomodulation were analyzed
with proximity extension assays in patients with PAH (n=48), chronic
thromboembolic pulmonary hypertension (PH; CTEPH, n =20), PH due to
left heart failure (HF) with preserved (HFpEF-PH, n=33), or reduced
(HFrEF-PH, n = 36) ejection fraction, HF without PH (n = 15), and healthy
controls (n = 20). TNF-related apoptosis-inducing ligand (TRAIL) were lower
in PAH versus the other disease groups and controls (p < 0.0082). In receiver
operating characteristics analysis, TRAIL levels identified PAH from the
other disease groups with a sensitivity of 0.81 and a specificity of 0.53 [area
under the curve: 0.70; (95% confidence interval, CI: 0.61-0.79; p < 0.0001)].
In both single (p < 0.05) and multivariable Cox regression models Annexin
Al (ANXA1) [hazard ratio, HR: 1.0367; (95% CI: 1.0059-1.0684; p = 0.044)]
and carcinoembryonic antigen-related cell adhesion molecule 8 [HR: 1.0603;
(95% CI: 1.0004-1.1237; p = 0.0483)] were significant predictors of survival,
adjusted for age, female sex and ESC/ERS-initial risk score. Low plasma
TRAIL predicted PAH among patients with dyspnea and differentiated PAH
from those with CTEPH, HF with and without PH; and healthy controls.
Higher plasma ANXA1 was associated with worse survival in PAH. Larger
multicenter studies are encouraged to validate our findings.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare
condition characterized by a progressive vasculopathy
of pulmonary arteries leading to elevated pulmonary
pressures, right heart failure (HF), and early death.
Despite the advancement of new targeted PAH thera-
pies and treatment strategies during the past three
decades, morbidity and mortality are still affected by a
diagnostic delay that has not noticeably improved since
the 1980s, independent of sex, age, and PAH-etiology."*
The current diagnostic delay in PAH is partly related to
unspecific symptoms, including dyspnea and fatigue, as
well as due to the rising prevalence of elderly with
multiple comorbidities.” The identification of new
blood-borne biomarkers with pathophysiological rele-
vance to PAH, that could differentiate among various
causes of dyspnea including pulmonary hypertension
(PH), could if clinically used potentially lead to earlier
diagnosis and treatment initiation and consequently
improved prognosis.

In PAH, prognostic risk stratification according to the
2015 and 2022 european society of cardiology/european
respiratory society (ESC/ERS) PH guidelines are impera-
tive in guiding treatment decisions at both baseline and
follow-ups.*® Despite becoming an essential part in
guiding PAH treatment, the contemporary risk stratifica-
tion models used to estimate mortality exhibit sub-
optimal prognostic accuracies with area under the curves
(AUCs) ranging from 0.54 to 0.76.°°® Inclusion of
additional parameters comprising biochemical markers,
associated with the pathophysiology and prognosis of
PAH, may potentially improve the prognostic accuracies
of contemporary risk assessments models, allowing for
optimized individual treatment strategies in relation to
the patient's risk status.

Pathways of inflammation, dysregulated cellular
growth, and proliferation have been postulated to be
part in PAH pathology and progression.” For instance,
tumor necrosis factor-alpha (TNF-a), has been found to
reduce the expression of bone morphogenetic protein
receptor type-2 (BMPR2) in vascular cells and promote
BMPR2 cleavage in pulmonary arterial smooth muscle
cells.'"” In addition, TNF-related apoptosis-inducing
ligand (TRAIL) was required for the development of
PAH in three independent animal models, where
inhibition of TRAIL reduced pulmonary vascular remo-
deling through reduced cellular proliferation and
increased apoptosis.'' Related to TRAIL, osteoprotegerin
has been proposed as a key driver of pulmonary vascular
remodeling via interaction with the FAS-ligand receptor
(a death receptor), potentially advocating a possible
therapeutic target in PAH."?

The present study therefore aimed to: (i) investigate
whether proteins associated with inflammation, includ-
ing TNF and immunomodulation could identify PAH
among patients with other causes of dyspnea, including
other PH subgroups and (ii) if such proteins exhibit a
prognostic value in PAH in relation to ESC/ERS risk
assessment models.

METHODS
Study population

The study population comprised adults (218 years)
including 152 patients evaluated for unclear dyspnea
between September 2011 and March 2017 at the
Hemodynamic lab at Sk&ne University Hospital in
Lund; as well as 20 healthy controls, devoid of
cardiovascular comorbidities, all of which were enrolled
in the Lund Cardio Pulmonary Registry (LCPR).
Patients were divided as follows: PAH (n = 48), chronic
thromboembolic pulmonary hypertension (CTEPH,
n=20), PH due to HF with preserved (HFpEF-PH,
n =33) or reduced (HFrEF-PH, n = 36) ejection fraction
(EF), as well as HF without PH (HF-non-PH, n=15;
HFrEF, n =8, and HFpEF, n=7).

According to the prevailing ESC/ERS guidelines at
the time of evaluation, patients exhibiting a resting
mean pulmonary arterial pressure (MPAP) =25 mmHg
with right heart catheterization (RHC) were defined as
having PH and were further categorized using pulmo-
nary arterial wedge pressure (PAWP) into precapillary
(PAWP<15mmHg) and postcapillary (PAWP > 15
mmHg) PH. PH due to left HF were furthermore
classified into isolated postcapillary PH or combined
post- and precapillary PH according the prevailing
hemodynamic definitions.'>'* Echocardiography and/
or magnetic resonance imaging were used to identify
systolic and diastolic left ventricular dysfunction, to
classify HF, and to exclude intracardiac shunts. HFrEF
and HFpEF were defined as EF < 50% and EF 2 50%,
respectively.'

PAH and CTEPH were identified using the diagnostic
work-up recommended, by at the time of evaluation,
prevailing ESC/ERS guidelines, including pulmonary
scintigraphy.* World Health Organization (WHO) group
III PH, associated with hypoxia/and or lung disease, had
clinically been excluded using high-resolution computer
tomography (HRCT) in addition to spirometry with
diffusion capacity.* For subgroup analyses, PAH due to
connective tissue disease (CTD-PAH, n =25) were con-
sidered as one entity, whereas idiopathic PAH and familial
PAH (IPAH/FPAH, n = 23) were regarded as another.
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RHC and plasma sampling

All patients underwent RHC by experienced cardiolo-
gists as part of the clinical evaluation for diagnosis,
using Swan-Ganz catheters (Baxter Healthcare
Corp.), predominantly inserted via the right internal
jugular vein with the tip protruding into the internal
jugular vein alternatively the superior vena cava. At
the time of RHC, plasma samples from patients were
collected from the venous introducer. Venous blood
samples were also collected from the healthy controls.
These were drawn peripherally from the forearm,
mostly Vena mediana cubiti. After collection, the
blood-samples were centrifuged, and extracted
plasma were stored in -80°C in the LCPR cohort of
the Region Skane's biobank, according to the regional
biobank practice. Median storage time was 3.7 years,
ranging between 1.2 and 5.7 years. Plasma samples
were collected prospectively, whereas analyses were
made retrospectively on collected samples.

Mean arterial pressure (MAP), MPAP, and PAWP
were recorded during RHC. Cardiac output (CO,
thermodilution) and mixed venous blood oxygen
saturation (SvO,) were measured during RHC. Heart
rate was measured by electrocardiogram. Six-min
walking distance (6MWD) values at the time of RHC
were retrieved from medical records. The following
formulae were used to calculate other hemodynamic
parameters: Body surface area (BSA) = (weight®**° x
height®72° x 0.007184); cardiac index (CI) = CO/BSA;
stroke volume (SV)=(CO x1000)/HR; SV index
(SVI) =SV/BSA,; left ventricular stroke work index
(LVSWI) = (MAP — PAWP) X SVI; right ventricular
stroke work index (RVSWI)=(MPAP — mean right
atrial pressure [MRAP]) X SVI; transpulmonary pres-
sure gradient (TPG)=MPAP — PAWP; and pulmo-
nary vascular resistance (PVR) = TPG/CO.

Protein selection and analysis

Plasma protein levels were analyzed using the Proseek
Multiplex Cardiovascular II, Cardiovascular III, and
Oncology II, 96-plex immunoassay panels (Olink Proteo-
mics) and were reported in arbitrary units (AUs). The
analysis utilizes proximity extension assays read out by
quantitative polymerase chain reaction (QPCR). In brief,
pairs of antibodies with complementary oligonucleotide
strands bind the target protein, and when in proximity
the strands hybridize creating a DNA chain serving as an
id-tag which is elongated with DNA polymerase and read
out by qPCR. A comprehensive description is found
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elsewhere.'® From the three Olink panels, 25 proteins
related to TNF and immunomodulation were selected for
analysis. Moreover, 28 other inflammatory proteins, that
previously had been found altered in plasma of patients
with PAH compared to controls,"”” were additionally
analyzed.

TNF and immunomodulatory

We measured caspase-3 (CASP-3), CD27 antigen (CD27),
CD40 ligand (CD40-L), FAS-associated death domain
protein (FADD), tartrate-resistant acid phosphatase type 5
(TR-AP), transmembrane glycoprotein neuromedin-B,
tumor necrosis factor receptor superfamily member 6
(FAS), osteoclast-associated immunoglobulin-like receptor
(hOSCAR), osteoprotegerin, tumor necrosis factor ligand
superfamily member 6 (FASLG), lymphotoxin-beta recep-
tor (LTBR), TNF receptor 1 (TNF-R1), TNF receptor 2
(TNF-R2), TNF receptor superfamily member 10A
(TNFRSF10A), TNFRSF10C, TNFRSF11A, TNFRSF13B,
TNFRSF14, TNFRSF19, TNFRSF4, TNFRSF6B, TNF ligand
superfamily member 13 (TNFSF13), TNFSF13B, TRAIL,
TRAIL receptor 2 (TRAIL-R2).

Inflammatory

We measured Annexin Al (ANXA1), azurocidin, C-C
motif chemokine 3 (CCL3), CCL15, CD4, CD70,
carcinoembryonic antigen-related cell adhesion
molecule 8 (CEACAMS), chitotriosidase-1 (CHIT1),
chitinase-3-like protein 1 (CHI3L1), C-X-C motif
chemokine 1 (CXCL13), CXCL17, E-selectin (SELE),
Fc receptor-like B (FcRLB), growth/differentiation
factor 15 (GDF-15), interluekin (IL)-1 receptor antag-
onist protein (IL-1RN) (IL.1ra), IL-1 receptor type 2
(IL-1RT2), IL-4 receptor subunit alpha (IL-4R-alpha),
IL-6, pro-IL-16, IL-17D, IL-27, kidney injury molecule
1 (KIM-1), monocyte chemotactic protein 1 (MCP-1),
peptidoglycan recognition protein 1 (Pglyrpl), poly-
meric immunoglobulin receptor (PIgR), pulmonary
surfactant-associated protein D (PSP-D), pentraxin-
related protein PTX3 (PTX3), and signaling lympho-
cytic activation molecule family member 7.

Study setup and statistical analyses
The study was conducted in two major steps: (i) with an

initial diagnostic arm including TNF-related proteins and
(ii) a second prognostic arm including TNF-related and
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Study Setup

Diagnostic and prognostic biomarker selection

1. Diagnostic

TNF related proteins
25

r i )
(1 Kruskal Wallis test |

2. Prognostic

TNF 16 and inflammatory proteins 28.

44

I -
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FIGURE 1 Study setup. A diagnostic (1) arm was followed by a prognostic (2) arm. ANXA1, Annexin Al; C, control; CTEPH, chronic

thromboembolic pulmonary hypertension; HFpEF-PH, pulmonary

hypertension due to heart failure with preserved ejection fraction;

HFrEF-PH, pulmonary hypertension due to heart failure with reduced ejection fraction; HF-non-PH, heart failure without pulmonary

hypertension; PAH, pulmonary arterial hypertension; ROC, receiver operating characteristics; TNF, tumor necrosis factor; TRAIL,

TNF-related apoptosis-inducing ligand; 3-year-survivors: patients surviving 3 years from diagnosis.

inflammatory proteins with altered levels in PAH
compared to controls. An overview of the study setup
can be found in Figure 1.

Statistical analyses were performed with GraphPad
Prism GraphPad Prism version 9.3.1. and R version
4.0.5. a language and environment for statistical
computing (R Foundation for Statistical Computing).
Normality was assessed with histograms. Due to
nonnormally distributed data, proteins’ levels were
analyzed with Kruskal-Wallis tests followed by
a Benjamini and Hochberg false discovery rate
(FDR) (Q: 5%) to limit false positives. Proteins with
Kruskal-Wallis p values below FDR threshold were
analyzed with multiple comparisons for PAH versus
controls, CTEPH, HFrEF-PH, HFpEF-PH, and HF-non-
PH, followed by a second FDR analysis yielding a new
threshold for multiple comparisons p values. For
uncorrected p values, <0.05 was considered statistically
significant. Receiver operating characteristic (ROC)
curves were used to evaluate proteins' ability to

discriminate PAH from other dyspnea groups, and to
determine protein level-specific cut-offs between survi-
vors and nonsurvivors for Kaplan-Meier analyses.
Youden's index was used to determine ideal cut-off
values for optimal specificity and sensitivity. Patients
were stratified based on survival £3 or >3 years and
Mann-Whitney's test used to assess difference in
protein levels between 3-year survivors and nonsurvi-
vors. Proteins displaying a difference between survivors
and nonsurvivors were analyzed using Kaplan-Meier
curves and log-rank tests. Death or lung transplantation
were considered events and data were censored at the
last day of follow-up on the of April 25, 2022.

The effect estimates of potential prognostic pro-
teins were in Kaplan-Meier analyses, as well as
variables including age, sex, and ESC/ERS risk scores
were assessed with Cox proportional-hazards analyses.
Significant proteins in the univariable models were
included in multivariable Cox-regression models to
adjust for age, sex, and risk scores.
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TABLE 2 Proteins' levels and multiple comparison analysis.

Proteins (AU)

Control (n=20) PAH (n = 48)

Caspase-3 463.2 (269-768.2)° 256.8 (153.6-651.5)
CcD27 145.7 (132.1-168.2)" ~ V1 216.7 (175-281.5)
CD40-L 86.4 (55.8-229.6)™ 63.2 (35-122.9)
FADD 3.5 (1.6-5.6)" ~bns 2.2 (1.6-3.5)
FAS 18.4 (16.8-21.1)" 20.4 (17.2-27.6)
FASLG 439 (356.7-515.2)" ~ " 294.4 (239.3-397.9)
GPNMB 52.4 (48.8-55.6)" D2 56.6 (52.7-62.4)
hOSCAR 757 (702-814)™ 838 (708-935)
LTBR 6.5 (6.2-7)™ 7.5 (6.2-10)
TNFRSF10A 6.4 (5.6-7.7) 10.6 (7.7-12.4)
TNFRSF11A 24.7 (20.6-27.1) 40.7 (30.1-61.5)
TNFRSF13B 186.6 (151.6-201.1)* 255.5 (206-331.6)
Osteoprotegerin 6.2 (5-6.8)" 7.6 (5.6-9.1)
TRAIL-R2 22.3 (18.9-25.1) 48.6 (37.3-65.4)
TNF-R1 19.1 (17.8-21.6)" 29.2 (21.3-38.4)
TNF-R2 15.9 (15.2-17.8)* 23.9 (16.3-30.9)
TNFRSF10C 44 (34.5-51.2)™ 47.5 (31.7-65.3)
TNFRSF14 18.3 (16.2-21.5) 22.4 (16-29.9)
TNFRSF19 10.7 (9.4-12.6) "~ D2 16.1 (12.8-23.3)
TNFRSF4 6.5 (5.8-7.8)" ~ 1 13.8 (7.7-18.5)
TNFRSF6B 11.2 (7.5-14.6)" ~ 12 28.3 (19.4-38)
TNFSF13 173 (154.4-216)"~ Y% 307.6 (270.1-384)
TNFSF13B 48.5 (42.4-50.1) 70.1 (50.4-97.3)
TRAIL 146.1 (118.5-163.7)" ~ Y% 112.5 (97.1-135.3)
TR-AP 25.3 (19.8-32.8)" 20.9 (14.5-28.1)

CTEPH (n =20)
275.1 (183.8-512.2)"
184 (164.1-234.7)™
77.1 (37.2-120.1)™
1.7 (1.4-2.4)"™
23.1 (17.3-26.4)"
346.2 (260.2-421.3)"™
58.9 (55-62.8)™
903 (749-989)"°
8.7 (7.7-10.9)™
10.9 (9.4-11.8)™
43 (36.6-58.9)™
263.8 (237-284.9)™
7.5 (6.2-9.1)™
53.2 (40.8-67.3)"
28.6 (25.8-37.4)™
20.8 (17.5-25.1)™
55.5 (41.9-64.4)"
22.4 (18.3-26.3)™
17.9 (14.8-24)™
8.4 (7.5-10.9)™
20.5 (12-29)™
372.4 (307.2-422.2)"
55.9 (43.6-74.7)™
147.9 (117.5-176.5)*

23.4 (19.8-30.1)"

HFpEF-PH (n=33)

313.9 (194.8-586.3)"

259.4 (204.9-320.8)™
89.2 (44.8-149.6)™

2 (1.5-3.3)™

25.1 (20.2-31.4)"

365.4 (263.9-461.1)"
60.5 (57.6-69.8)"
926 (814-1029)"
11.6 (8.5-13.4)
13.4 (10-14.6)*

58.5 (46.9-80.1)*
293.6 (235.5-369.6)"
8.4 (6.8-10.2)™
62.3 (49.3-76.2)"

41.3 (29.8-54.6)"

27.8 (21-43.5)
54.3 (40.3-74.8)"
28.8 (23-37.2)
21 (17.9-35)
11 (8.6-16.5)™
25.6 (17.6-41)"
442.7 (290.8-485.2)
59.8 (48-102.6)"
139.2 (118.5-159.1)*

22.1 (18-29.6)"

HFrEF-PH (n =36)

242.8 (128-458.9)"

175.4 (137-231.8 ~ Dns

53 (23-103.5)™
1.5 (1.1-2.5)"~ b

22.7 (17.4-30.5)"

61.5 (56.3-700 ~ 12
860 (756-971)"°
10.3 (7.2-13.4)
11.8 (9.1-13.7)™

53.8 (34.6-68)"

288.5 (244.5-354.2)™

7.3 (6.1-9.9)™
59.7 (43.9-75.3)™
36.6 (25.1-48.4)"
24.8 (17.1-35.5)™
47.8 (32.4-55.4)™
22.6 (19.3-30.6)™
22.7 (16.4-32.9)" ~H*
10.4 (8.5-17.3)" ~ns

19.6 (14.3-34.4)" Vs

HF-no-PH (n =15)
360 (223.6-685.2)™
214.1 (140.3-277.4)™
78.1 (47.8-195.2)"
2.3 (1.5-3.4)"

22.7 (20--26.4)"

337.7 (273.8-458.7)" ~ " 316.8 (276.2-399.8)™

62.8 (53.2-71.2)"
821 (762-950)"
8.9 (7.1-10.4)"
10.9 (8.8-13.9)™

46.4 (42.5-58.5)™

270.7 (193.8-346)"
7.1 (5.9-8.3)

42.6 (35.1-57.5)™

32.5 (25.3-36.7)"

21.7 (19.2-31.3)™

35.5 (27.1-49.5)™

23.3 (21.3-27.2)"™
17.1 (13.6-18.3)™
8.3 (7.2-13.4)"

17.5 (13.3-30.1)™

344 (257.2-445.5)" =1 328 8 (220.1-406.3)"

61.7 (53.8-85.5)"°

17 (13.8-23.8)™

57.6 (45.5-75.3)"°

135.4 (116.5-171.1)" ~D* 1514 (119.3-176.7)*

20 (15.9-31.6)"

Note: Proteins' levels are presented in AU, p values below threshold 0.0152 considered significant.
Abbreviations: AU, arbitrary units; CD27, cluster of differentiation; CD40-L, CD40 ligand; FADD, FAS-associated death domain protein; FAS, tumor necrosis
factor receptor superfamily member 6; FASLG, tumor necrosis factor ligand superfamily member 6; GPNMB, transmembrane glycoprotein neuromedin-B;
hOSCAR, osteoclast-associated immunoglobulin-like receptor; LTBR, lymphotoxin-beta receptor; ns, nonsignificant; TNF-R, tumor necrosis factor receptor;
TNFRSF, tumor necrosis factor receptor superfamily member; TNFSF, tumor necrosis factor ligand superfamily member; TRAIL, TNF-related apoptosis-

inducing ligand; TRAIL-R2, TRAIL-receptor 2; TR-AP, tartrate-resistant acid phosphatase type 5.

Significant difference compared to PAH.

Risk scores

Risk scores were calculated using the ESC/ERS risk
table and the swedish PAH registry (SPAHR) strategy
assigning each parameter a value of 1 for “low-risk,” 2
for “intermediate-risk,” or 3 for “high risk,” adding
them together and dividing with the number of
included parameters. Values were then rounded to
the nearest integer according to Kylhammar et al.'®
Parameters included were WHO functional class
(WHO-FC), 6MWD, NT-proBNP, MRAP, confidence
interval (CI), SvO,. For Cox-regression analyses, exact
risk-scores were used.

RESULTS
Population characteristics

Population characteristics are reported in Table 1. The
study population has previously been described in related
manuscripts.'”'® The control population tended to be
younger 41 (26.8-50.5) years. The median survival of the
PAH patients was 3.3 (1.5-5.6) years. At diagnosis, 8
(16.7%) PAH patients were in the low; 26 (54.2%)
intermediate; and 14 (29.2%) in the high-risk group,
respectively. Thirty-two (80%) of the PAH patients were
in WHO-FC III and IV at diagnosis (Table 1).
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PAH versus the other groups

Kruskal-Wallis tests and post-hoc multiple
comparisons

Twenty-four of 25 proteins yielded a significant
Kruskal-Wallis test (p < 0.045). CASP-3 was not signifi-
cant (p=0.08) and was excluded from analysis with
multiple comparisons (Table 2).

After post-hoc multiple comparison test, 16 proteins
exhibited significantly different plasma levels in PAH
compared to controls. TRAIL was the only protein with
different plasma levels in PAH compared to controls
(p=0.0061) and all other included disease groups with
dyspnea (p < 0.0082) (Table 2, Figure 2).

ROC analyses

A ROC curve of plasma TRAIL levels identifying PAH
versus a composite dyspnea group comprising CTEPH,
HFrEF-PH, HFpEF-PH, and HF-non-PH resulted in an
AUC of 0.70 (95% CI: 0.61-0.79; p <0.0001), with a
sensitivity of 0.81 (95% CI: 0.68-0.90), a specificity of
0.53 (95% CI: 0.44-0.63), using a protein threshold of
>138 AU (Figure 3).

Proteins’ levels in survivors versus
nonsurvivors

Patients were stratified in survivors and non-survivors
at the 3 years follow-up. Protein levels differed
between patients surviving <3 years compared to >3
years after PAH diagnosis for ANXA1l (p=0.013),
CEACAMS (p =0.023), CXCL17 (p =0.0074), GDF-15
(p=0.011), IL-6 (p=0.039), PSP-D (p =0.027), and
TRAIL-R2 (p = 0.030) (Table 3). Next, these proteins
were further analyzed with Kaplan-Meier curves and
log-rank tests. All seven proteins displayed significant
difference in survival in a low versus high protein level
group (Figure 4).

Cox regression analyses

GDF-15 was not significant in the univariable cox
regression model and was excluded from further
analysis (Table 4). Age, female sex, and risk score
were significant predictors of death or lung transplan-
tation in the univariable cox regression model and
were thus included as covariables in the multivariable
models (Table 4).

0.0020
0.0045
0.0081
300 0.0015
00061 ° °
S 200 ° * x
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FIGURE 2 TRAIL is lower compared to all other groups.

p values are shown for each comparison. AU, arbitrary units;
CTEPH, chronic thromboembolic pulmonary hypertension;
HFpEF-PH, pulmonary hypertension due to heart failure with
preserved ejection fraction; HFrEF-PH, pulmonary hypertension
due to heart-failure with reduced ejection fraction; HF-no-PH,
heart failure without pulmonary hypertension; TRAIL, TNF-related
apoptosis-inducing ligand.

ROC curve TRAIL

1.0

AUC: 0.70 (Cl 0.61 to 0.79)
P <0.0001

Sens 0.81 (Cl 0.68 to 0.90)
Spec 0.53(Cl 0.44 to 0.63)
Threshold >138 AU

Sensitivity
o
[3,]

0.0
0.0 0.5 1.0

1 - Specificity

FIGURE 3 ROC curve of TRAIL as a discriminator of PAH in a
dyspnea population. ROC, receiver operating characteristic;
TRAIL, TNF-related apoptosis-inducing ligand.

In the multivariable Cox-regression analyses; when
adjusted for age, female sex, and initial risk score, of the
six proteins, only ANXA1 (hazard ratio [HR]: 1.0367;
95% CI: 1.0059-1.0684; p = 0.044) and CEACAMS (HR:
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TABLE 3 Mann-Whitney 3-year survivors versus no survivors.

Proteins (AU)
ANXA1
Azurocidin
CASP-3
CCL15
CCL3

CD4

CD70
CEACAMS
CHI3L1
CHIT1
CXCL13
CXCL17
FCRLB
GDF-15
GPNMB
IL-17D
IL-1ra
IL-1RT2
IL-4RA
IL-6

IL16

1L27
KIM-1
MCP-1
Osteoprotegerin
PGLYRP1
PIgR
PSP-D
PTX3-log
SELE
SLAMF7
TNF-R1
TNF-R2

TNFRSF10A (TRAIL-R1)

TNFRSF11A
TNFRSF13B
TNFRSF14
TNFRSF19

Survival < 3 years

3.3 (2.6-3.8)
3.3 (2.4-4.7)

230.8 (152.4-581.4)

91.9 (81.5-113.8)
6.3 (5.3-7.9)
19.1 (14.5-24.4)
11.4 (9.2-17.2)
11.9 (9.8-20.4)
42.9 (36.8-59)
4.2 (2.3-6.6)

598.7 (421.6-1145)

36.8 (32-42.6)
2.9 (2-3.7)
29.9 (20.1-43.5)
56.6 (52.8-61.9)
5.7 (5-6.7)
17.8 (14.7-31.8)
17.9 (15.2-22.1)
6.6 (5.3-11.8)
7.1 (5.3-14)
34.5 (25.1-54.4)
18.7 (15.3-22.4)

549.9 (312.7-770.5)

6.2 (5.3-7.6)
7 (5.3-9.2)

110.4 (75.4-146.7)

55.3 (50.1-58.4)
6.3 (3.3-9.3)
9.2 (7.7-11.6)
4.5 (2.8-5.6)
3.9 (24-5.1)
25 (19.2-33.1)

18.9 (14.4-31.5)
9.6 (7.1-12.6)

40.1 (30.1-60.1)
255 (200.7-326.5)

21.4 (14.3-29.3)
14 (11.8-23.4)

Survival < 3 years

4.3 (3-5)

4.5 (3.2-5.8)

310 (148.1-784.6)

108.1 (91.4-157.7)
5.2 (4.6-8.2)
18.8 (16.5-26.2)
12.4 (10.1-15.2)
19.6 (15.3-25.8)
56.6 (44.1-75.8)
6 (3.9-6.9)

449.6 (347.7-816.6)

45.9 (38.9-57.1)
3.6 (2.9-4.8)
46.9 (31.3-58.4)

56.6 (52.3-64)
6.4 (5.4-7.2)
20.4 (14.6-31.7)
17.8 (13.6-20.3)

8 (6.1-10.3)

13.4 (7.8-31.4)
38 (31.6-54.6)
21.6 (17.4-25.5)

489.7 (269.8-830.5)

7.1 (5.4-7.9)
8 (6.8-9)
117.5 (96.7-153.1)

54 (51.1-59.4)
9.9 (6-14.9)

10 (8.8-12.5)
4.6 (3.6-5.7)
4.6 (3.8-5.7)
33.9 (22.8-40.3)

26 (18.9-30.6)
10.7 (9.3-12.3)
43.4 (31.2-61.9)
256 (213.5-346)
23.7 (17.4-30.6)
18.4 (14.1-24.3)

p Value
0.0132*
0.0772
0.4332
0.1301
0.7575
0.4579
0.6804
0.0225*
0.0581
0.207
0.1853
0.0074*
0.0581
0.011*
0.9017
0.3424
0.4212
0.6956
0.5501
0.0388*
0.4455
0.0808
0.8692
0.3116
0.5229
0.3217
0.8854
0.0266*
0.1529
0.5229
0.0872
0.064
0.2146
0.3319
0.4706
0.578
0.5501
0.1923

(Continues)
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TABLE 3 (Continued)

Proteins (AU) Survival < 3 years

TNFRSF4 11.5 (7.4-16.9)
TNFRSF6B 26.4 (15.3-36.3)
TNFSF13 306.5 (243.7-369.8)
TNFSF13B 68.6 (50.1-78.1)
TRAIL-R2 46.3 (35.2-59.5)
TRAIL 113.9 (100.1-132.7)

Survival < 3 years p Value
14.7 (8.4-19.1) 0.2735
32.5 (21.4-45.4) 0.159

325.8 (277.7-394.5) 0.2224
71.5 (51-101.2) 0.3116

60 (44.1-97.3) 0.0297*

109.6 (95.7-136.4) 0.6505

Note: Table of protein levels in patients surviving <3 years or >3 years compared with Mann-Whitney's tests. Protein levels presented in AU, median (25-75

quartiles). p < 0.05 considered significant are marked with *; bold.

Abbreviations: ANXA1, annexin Al; AU, arbitrary units; CASP-3, caspase-3; CCL, C-C motif chemokine; CD, cluster of differentiation, CEACAMS,
carcinoembryonic antigen-related cell adhesion molecule 8; CHIT1, chitotriosidase-1; CHI3L1, chitinase-3-like protein 1; CXCL, C-X-C motif chemokine;
FcRLB, Fc receptor-like B; GDF-15, growth/differentiation factor 15; GPNMB, transmembrane glycoprotein neuromedin-B; IL, interleukin; IL.1ra, IL-1
receptor antagonist protein; IL-1RT2, IL-1 receptor type 2; IL-4R-alpha, IL-4 receptor subunit alpha; KIM-1, kidney injury molecule 1; MCP-1, monocyte
chemotactic protein 1; Pglyrpl, peptidoglycan recognition protein 1; PIgR, polymeric immunoglobulin receptor; PSP-D, pulmonary surfactant-associated
protein D; PTX3, pentraxin-related protein; SELE, E-selectin; SLAMF?7, signaling lymphocytic activation molecule family member 7; TNF-R, TNF receptor;
TNFRSF, TNF receptor superfamily member; TNFSF, TNF ligand superfamily member; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand;

TRAIL-R2, TRAIL receptor 2.

1.0603; 95% CI: 1.0004-1.1237; p =0.0483) remained
statistically significant (Table 5).

DISCUSSION

TRAIL as a potential diagnostic marker
of PAH

In PAH, since contemporary diagnostic delays are
associated with worse survival,' it is imperative to reduce
time to PAH diagnosis among patients with unclear
dyspnea. Unfortunately, time to diagnosis has barely
improved during the last four decades despite improved
awareness of the disease.' Thus, there is a huge necessity
for new diagnostic tools, such as plasma proteins with
pathophysiological relevance, which could gain in
reducing diagnostic delay, facilitate PAH diagnosis, and
allow for earlier treatment initiation and improved
prognosis. In the present study, we found that plasma
levels of TRAIL were lower in PAH compared to the
other dyspnea-exhibiting disease groups, thus, differenti-
ating PAH, and in addition, TRAIL showed diagnostic
potential for PAH in a ROC analysis.

Inclusion of novel biomarkers associated with differ-
ent pathophysiological mechanisms could be of value in
risk stratification as well as in the diagnosis of PAH.
Analyzing a combination of several different proteins or
“deep phenotyping,” has been proposed as a new means
to achieve an aggregated larger diagnostic and prognostic
potential than focusing on separate proteins.”” This may

be the direction forward in PAH, as the disease may be
reflected by multiple pathological pathways.

TRAIL is a transmembrane protein, expressed in a
wide variety of tissues, predominantly in the spleen,
lungs, and prostate.”’ Apart from having the potential to
bind to four transmembrane receptors, of which two are
decoy receptors, TRAIL can also bind soluble protein
osteoprotegerin receptor.*” In a rat monocrotaline (MCT)
model of PAH, TRAIL blockage improved survival and
resulted in regression of pulmonary vascular remodeling
and has previously been suggested as a target for novel
PAH treatment."’ Moreover, TRAIL-mediated signaling
can induce apoptosis and clinical trials have investigated
Dulanermin, recombinant human TRAIL as potential
treatment for several malignancies.”* > Interestingly the
plasma TRAIL levels were in our study lower in PAH
than in the other disease groups. Speculatively, this
downregulation may possibly be ascribed to the vascular
alterations in PAH, and reduced susceptibility to
apoptosis. Alternatively, an explanation may be different
effector proteins and activation of TRAIL-R1 and TRAIL-
R2 lead to apoptosis but the detrimental effect in PAH is
mediated by osteoprotegerin.''**® To our knowledge,
the effects of recombinant TRAIL or inhibition of
osteoprotegerin treatment have been not demonstrated
in clinical trials in PAH.

PAH is a progressive disease involving vaso-
constriction and vascular remodeling.” Current treat-
ments are mainly targeting vasoconstriction and it is
possible that they do not affect the expression and/or
activity of proteins involved in pulmonary vascular
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FIGURE 4 Kaplan-Meier curves. Kaplan-Meier curves of survival with protein's level's below or equal respective above threshold for
survival in a ROC analysis. (a) ANXAL, (b) CEACAMS, (c) CXCL17, (d) GDF-15, (e) IL-6, (f) PSP-D, (g) TRAIL-R2. Abbreviations as in

Table 3.
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2 o
TABLE 4 Univariable cox regression.
HR (95% CI) p Value
Age 1.0367 (1.0059-1.0684) 0.0193
Female 0.3756 (0.1615-0.8738) 0.023
Risk score 1.9593 (1.0121-3.793) 0.046
ANXA1 1.4195 (1.124-1.7927) 0.0033
CEACAMS 1.084 (1.0359-1.1343) 0.0005
CXCL17 1.0291 (1.0119-1.0466) 0.0009
GDF-15 1.0024 (0.9981-1.0066) 0.2752
IL-6 1.0169 (1.0014-1.0327) 0.0328
PSP-D 1.0692 (1.0165-1.1246) 0.0094
TRAIL-R2 1.0142 (1.0046-1.0239) 0.0036

Note: p <0.05 marked as bold.

Abbreviations: CI, confidence interval; HR, hazard ratio. Other
abbreviations as in Table 3.

remodeling. Proteins linked to pulmonary arterial
remodeling could therefore be a target for future
therapies. Interestingly in a recent study of inflamma-
tory phenotypes in PAH, TRAIL was suggested to be
part of a high-risk phenotype associated with worse
survival.*’ This is in contrast to the present study in
which plasma TRAIL did not differ at baseline between
patients stratified into 3-year survivors versus nonsur-
vivors. Our result may be attributable to PAH being a
progressive disease and albeit initial TRAIL levels are
similar corresponding to disease progression.

ANXAL1 as a potential prognostic marker
in PAH

Current risk stratification strategies guiding PAH-
treatment decisions may be improved by the inclusion
of novel biomarkers to achieve better prognostic accu-
racy, potentially resolving the large intermediate-risk
group into intermediate-low and intermediate-high
category, respectively.* Increasing the accuracy of risk
stratification models may allow for more precise and
individualized PAH-guided treatment alternatives,
potentially reduce morbidity, and improve survival of
PAH patients. In the prognostic arm of this study, we
found that high plasma levels of ANXA1 were associated
with worse prognosis compared to low levels, in both
uni- and multivariable models when adjusted for age and
sex. The association was, however, not significant when
adjusted for SPAHR-based ESC/ERS risk scores in the
model. However, other factors, such as the comorbid
burden may have impacted the results, which were not

TABLE 5 Multivariable cox regression.

HR (95% CI) p Value
ANXA1 1.3361 (1.0078-1.7713) 0.044
Age 1.0334 (1.0008-1.0671) 0.0443
Female 0.2568 (0.1016-0.649) 0.0041
Risk score 1.261 (0.5903-2.6937) 0.5492
CEACAMS 1.0603 (1.0004-1.1237) 0.0483
Age 1.0315 (0.9979-1.0663) 0.0664
Female 0.2962 (0.1175-0.7466) 0.0099
Risk score 1.0815 (0.5016-2.3317) 0.8415
CXCL17 1.009 (0.9878-1.0307) 0.4084
Age 1.0343 (0.9976-1.0723) 0.0673
Female 0.3346 (0.1202-0.9312) 0.036
Risk score 1.467 (0.7188-2.9941) 0.2924
IL-6 1.0119 (0.9917-1.0325) 0.2514
Age 1.0399 (1.0065-1.0744) 0.0188
Female 0.2763 (0.1111-0.6872) 0.0057
Risk score 1.2215 (0.5458-2.7337) 0.6264
PSP-D 1.0532 (0.9945-1.1153) 0.0764
Age 1.0274 (0.9931-1.0628) 0.1185
Female 0.3012 (0.1203-0.7539) 0.0104
Risk score 1.7346 (0.8209-3.6651) 0.149
TRAIL-R2 1.0104 (0.9974-1.0235) 0.1168
Age 1.0341 (0.9997-1.0698) 0.0524
Female 0.2577 (0.1019-0.6518) 0.0042
Risk score 1.198 (0.5586-2.5695) 0.6426

Note: p <0.05 marked as bold.
Abbreviations: CI, confidence interval; HR, hazard ratio. Other
abbreviations as in Table 3.

accounted for in the current study. Therefore, further
studies addressing whether ANXA1 have an added value
to the ESC/ERS risk score or operate only as a surrogate
marker for deterioration of right heart function.”®

Strength and limitations

Strengths of the present study include the use of
proximity extension assays, allowing the measurement
of many proteins simultaneously while minimizing
cross-reactivity. Although the higher age interval of
included PAH patients could be considered somewhat
high compared to the other disease groups, The age of
the PAH group is, however, in line with contemporary
registries including comparative, prospective registry of
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newly initiated therapies for pulmonary hypertension
and SPAHR.**

Although circulating protein levels may not reflect
the protein expression in the lung tissue or pulmonary
vasculature, plasma biomarkers are an established
means for diagnosis and prognostication. This study
encompassed several dyspnea groups of cardiac origin,
but not lung disease. Future studies evaluating discrim-
inative ability versus lung disease, for example, chronic
obstructive lung disease would be of value. Moreover,
the present study is a single-center study with a
relatively small study population, resulting in a limited
number of cases and events, therefore limiting the
number allowed of covariables in regression analyses.
Future validation in larger external cohorts is, therefore,
encouraged.

CONCLUSIONS

In the present study, lower plasma TRAIL levels
identified PAH, among healthy controls and other
dyspnea groups (HFpEF-PH, HFrEF-PH, HF-no-PH,
CTEPH), with a good accuracy. TRAIL could poten-
tially, alone or as a part of a deep phenotyping array
identify patients with PAH among other patients with
dyspnea. Moreover, ANXA1 was associated with worse
prognosis in patients with PAH and may be a potential
biomarker in prognostication. Future multicenter
studies are encouraged to validate our results in other
external cohorts.
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