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ABSTRACT

Pulmonary hypertension (PH) affects approximately 1 % of the global population and 10 % of individuals aged > 65
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of PH, characterized by endothelial dysfunction with excessive vasoconstriction and vascular remodeling, leading to
right heart failure and ultimately death. The underlying disease mechanisms are incompletely understood but involve
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PH, as well as heart failure without PH. Plasma von Willebrand Factor (vWF) at diagnosis was associated with survival
in PAH. Paper V demonstrated that at baseline, the Swedish Pulmonary Arterial Hypertension Registry (SPAHR) three-
strata and the Updated SPAHR strategies for risk calculation, both based on 3 — 6 variables, had the highest accuracies
in predicting mortality in PAH. At follow-ups, the Updated SPAHR risk strategy based on 7 — 11 vatiables had the
highest prognostic accuracy in predicting mortality in PAH. Also, a comprehensive web-based risk calculator was
developed.

The present thesis highlights several plasma proteins related to pathways recognized in the pathophysiology of heart
failure and PH, as well as PAH. Further research on these proteins may further advance our understanding of these
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Summary in Swedish
Sammantattning pa svenska

Hogt tryck i lungkretsloppet, sa kallad pulmonell hypertension (PH), ér ett tillstind som
térekommer hos 1 procent av virldens befolkning och cirka 10 procent hos personer
6ver 65 ar. PH ir oftast kopplat till vinstersidig hjirtsjukdom, sisom hjirtsvikt.
Pulmonell arteriell hypertension (PAH) 4r diremot en ovanlig form av PH, dir
blodkirlen i lungorna drar ihop sig och blir trdnga, styva, och mindre elastiska. Detta
kan leda till hoégersidig hjirtsvikt och d6d. De bakomliggande mekanismerna vid savil
hjirtsvikt och PH som PAH ir fortsatt ofullstindigt kartlagda, men inbegriper
storningar 1 4dmnesomsittning  (metabolismen), forindringar 1  vdvnadens
byggnadsstillning (extracelluldrmatrix), och rubbad inflammatorisk signalering,.

I denna avhandling var syftet i delarbete I och II att underséka dynamiken av
plasmaproteiner som ir relaterade till metabolism och extracellulirmatrix, i relation till
invasivt mdtta tryck i hjirtat och lungkirlen (hemodynamik), fére och ett ar efter
hjirttransplantation. Delarbete III syftade till att undersdka olika plasmaproteiner
kopplade till hjirt-kirlsjukdom i relation till hemodynamik och &verlevnad hos
individer med svar hjirtsvikt och PH. I delarbete IV var syftet att utforska om
plasmaproteiner kopplade till inflammation, blodets f6rmaga att levra sig (koagulation),
och metabolism hade potential att férbittra diagnostik och forutsidga Sverlevnad hos
individer med PAH. Delarbete V syftade till att utvirdera en riskskattningsstrategi fér
PAH, kallad #ppdaterade SPAHR, samt att underlitta implementeringen bland kliniker
genom att etablera en internetbaserad webbplats fOr riskskattning.

Delarbete I — IV baserades pa data frin Lund Cardio Pulmonary Registry, medan
delarbete V byggde pi data fran Skanes Universitetssjukhus i Lund. I delarbete I — II1
var plasmaproteinerna prolargin, MMP-2, sSRAGE, IGFBP7, och ADM hégre hos
individer med svar hjirtsvikt jimfoért med friska individer. De f6rhéjda nivderna fore
hjirttransplantation minskade efter ingreppet och nirmade sig de nivier som ses hos
friska individer. Dessa fem proteiner var dven kopplade till hemodynamik. I delarbete
IV hade individer med PAH vid diagnos de ldgsta nivderna av plasmaproteinet
ADAMTS13 jamfort med friska individer, individer med kronisk tromboembolisk PH,
hjirtsvikt med reducerad eller bevarad sammandragningstérmaga, samt hjirtsvikt utan
PH. Vidare var nivderna av plasmaproteinet von Willebrand faktor vid diagnos av PAH
kopplad till patienternas Gverlevnad.
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Delarbete V visade att vid diagnos av PAH hade riskskattningsstrategierna SPAHR och
uppdaterade SPAHR, bdda baserade pa 3 — 6 riskvariabler, den hégsta triffsikerheten for
att forutsiga Overlevnad. Vid uppféljningar av PAH hade riskskattningsstrategin
uppdaterade SPAHR, baserad pd 7 — 11 riskvariabler, den hogsta triffsikerheten for att
torutsiga 6verlevnad vid PAH. Dessutom etablerades en webbaserad riskkalkylator
som samlar flera riskskattningsstrategier, i syfte att underlitta for kliniker att bedémda
PAH-sjukdomens svirighetsgrad och dirigenom fa stéd 1 val av behandlingsstrategi.

Denna avhandling belyser flera proteiner i blodplasman som dr kopplade till signalvigar
som har betydelse f6r hur hjirtsvikt och PH, samt PAH utvecklas i kroppen. Ytterligare
forskning om dessa proteiner kan bidra till en djupare forstdelse av dessa
sjukdomstillstind. Den etablerade webbaserade riskkalkylatorn, och utvirderingen av
riskskattningsstrategin = #ppdaterade  SPAHR ~ kan  underlitta den  kliniska
implementeringen av 2022 ars europeiska PH-riktlinjer.
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Abbreviations

6MWD Six-minute walk distance
ADAMTS13 A disintegrin and metalloproteinase with thrombospondin motifs 13

ADM Adrenomedullin peptides and precursor levels
APAH Associated pulmonary arterial hypertension
BMP Bone morphogenic protein

CHD Congenital heart disease

CI Cardiac index

CTD Connective tissue disease

COMPERA  Comparative, Prospective Registry of Newly Initiated Therapies for
pulmonary hypertension

CTEPH Chronic thromboembolic pulmonary hypertension

ESC/ERS European Society of Cardiology / European Respiratory Society
FC Functional class

HT Heart transplantation

IGFBP7 Insulin-like growth factor binding protein 7

LCPR Lund Cardio Pulmonary Registry

LHD Left heart disease

MMP-2 Matrix metalloproteinase-2

mPAP mean pulmonary arterial pressure

mRAP mean right atrial pressure

NT-proBNP N-terminal pro-brain natriuretic peptide

PAH Pulmonary arterial hypertension
PAWP Pulmonary arterial wedge pressure
PH Pulmonary hypertension

PVR Pulmonary vascular resistance
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REVEAL Registry to Evaluate Early and Long-term Pulmonary Arterial
Hypertension Disease Management

RHC Right heart catheterization

SPAHR Swedish Pulmonary Arterial Hypertension Registry
sRAGE Soluble receptor for advanced glycation end products
SUS-Lund Skine University Hospital in Lund

SvO2 Mixed venous oxygen saturation

TGF-8 Transforming growth factor {3

WHO Wortld Health Organization
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Introduction

A tale of the heart and lungs — from the porous heart to
microscopic details of pulmonary capillaries

In the 27 century, the ancient Greek physician Claudius Galenus, or Galen, contributed
significantly to the anatomical and physiological knowledge of the cardiovascular
system. His theory of blood circulation, however, included the inaccurate conception
of “the porous heart”, where venous blood flows from the right heart to the left via
pores in the septum, and subsequently mixed with inhaled air from the lungs.!.2 Galens
teachings prevailed for more than a millennium, influencing Ibn Sina’s (Latin:
Avicenna’s) “Canon of Medicine”, published in the 11% century.!-3 During the Islamic
Golden Age (~8t — 13t century), the Arab physician Ibn al-Nafis (1213 — 1288), made
great contributions to the understanding of the pulmonary circulation in his work
“Commentary on Anatomy in Avicenna’s Canon”, (figure 1, right panel) where he
shared that the intraventricular septum is certainly not porous, the output of the right
ventricle can only reach the left ventricle through the pulmonary circulation, and that
there must be small communications (pronounced manafidh in Arabic, ie.
pores/permeabilities) between the pulmonary artery and vein.2 4 The third statement,
which preceded the discovery of pulmonary capillaries, was also supported ~300 years
later by European Renaissance scholars including Michael Servetus (1511 — 1553) and
William Harvey (1578 — 1657).2 In 1661, the Italian physician Marcello Malpighi (1628
— 1694), considered the father of modern pathology and physiopathology, described
groundbreaking findings regarding the microscopic details of the pulmonary capillaries
in his most famous work “De Pulmonibus Observationes Anatomicae” (figure 1, left
panel).?
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Figure 1.

Photostatic reproduction (hence inverted colors) of the introductory page (Arabic, right to left) of Ibn al-Nafis’s work
“Commentary on Anatomy in Avicenna’s Canon” (right panel). Malpighi’s “De Pulmonibus Observationes
Anatomicae” (left panel). In the upper part of the left panel, the microscopic structure of the frog lungs is shown. In
(II), the connections between venous and arterial capillaries inside an opened alveolus are drawn. In the lower part of
the left panel the appearance of the lung, composed by many lobules (left) as well as the alveoli are drawn (right).
Reproduced with permission (right panel license: 6018851289706,* left panel license: 6018870873903).5

Pulmonary hypertension

In 1891, the German physician Ernst von Romberg described pulmonary vascular
lesions as “sclerosis of the pulmonary artery” — the earliest pathological description in
perhaps the first documented case with pulmonary hypertension (PH).% Over a
century later, pulmonary vascular remodeling, viewed as a hallmark shared by all forms
of PH, is still incompletely understood.” In recent years, however, new data has
advanced our understanding of this enigmatic entity,” 10 raising more questions than
answers.

The present introduction reviews key components within the literature in the field of
PH with relation to the papers I — V. Management of PH requires a broad
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understanding and a multidisciplinary approach, particularly the ratre form pulmonary
arterial hypertension (PAH).!. 12 Accordingly, the initial papers in the present thesis
focus on the most common form of PH and its advanced treatment, subsequently
addressing PAH, which also requires highly specialized care. The importance of a broad
understanding is highlichted by the 2022 FEuropean Society of Cardiology
(ESC)/Eutropean Respiratory Society (ERS) PH guidelines, which recommend proper
training in core competencies, such as those outlined by the ERS'3 and the ESC core
curriculum,' for management of PH.1.12

PH is a pathophysiological hemodynamic state that may involve a multitude of clinical
conditions and can be associated with cardiovascular, respiratory, or other
multifactorial disorders.!’> 1215 It is a major global health issue affecting all age groups.
The prevalence of PH is estimated to be around 1 % of the global population and up
to 10 % in those > 65 years of age. Irrespective of undetlying cause, developing PH is
associated with aggravation of symptoms and increased mortality.!!. 12,16

Based on pathophysiological mechanisms, clinical presentation, hemodynamic
characteristics, and therapeutic management, PH is clinically divided into five groups
according to the World Health Organization (WHO).!1. 1216 PH associated with left
heart disease (PH-LHD, WHO group 11 PH) is the leading cause globally, followed by
PH associated with lung diseases and/or hypoxia (WHO group III PH).!.. 12 16 PAH
(WHO group I PH), and chronic thromboembolic PH (CTEPH, WHO group IV PH)
are rare and severe types of PH, that have been the subject of intense inquiry among
researchers, clinicians, and the pharmacological industry during the four last decades.!¢
As a result, substantial therapeutic progress has been made, alleviating to some extent
the deleterious disease course.!% 17 PH with unclear and/or multifactorial mechanisms
(WHO group V PH), is a less common and studied form of PH, which, however,
contributes significantly to the global burden of PH.!1.12.16

Epidemiologically, it is estimated that ~80 % of patients with PH live in developing
countries, where congenital heart disease (CHD), schistosomiasis, human
immunodeficiency virus, theumatic heart disease, sickle cell disease, and high altitude
are important but understudied causes of PH.1.12.16

Symptoms and signs of PH are not specific and mostly related to right ventricular (RV)
dysfunction. Initial symptoms include dyspnea upon minor exertion, fatigue, and
palpitations, making early detection, as well as timely management and treatment a
significant challenge.!® Managing PH requires a holistic and broad understanding as

well as a multidisciplinary approach, where the patient with PH is actively involved.!!.
12,19
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Pulmonary hypertension associated with left heart disease

According to the 2022 ESC/ERS PH guidelines, PH-LHD is characterized
hemodynamically as a post-capillary PH, defined by a mean pulmonary arterial pressure
(mPAP) > 20 mmHg at rest at a pulmonary arterial wedge pressure (PAWP) > 15
mmHg. Post-capillary PH is further subclassified by pulmonary vascular resistance
(PVR), where PVR = 2 Wood units (WU), defines isolated post-capillary PH (Ipc-PH),
and PVR > 2 WU defines combined post- and pre-capillary PH (Cpc-PH). The
hemodynamic definitions wete tevised compared to the 2015 ESC/ERS PH
guideliens,!!- 12.20.21 (table 1).

PH-LHD is clinically classified based on the 2022 ESC/ERS guidelines into several
subgroups depending on the underlying condition including heart failure with
reduced/mildly reduced-, and preserved ejection fraction (HFtEF/HFmrEF, and
HFpEF, respectively), left-sided wvalvular disease, and congenital or acquired
cardiovascular conditions leading to post-capillary PH. However, in the proceedings of
the 7t World Symposium on PH (WSPH), the clinical classification was disaggregated
to improve the alignment between the underlying LHD and clinical decision making
with respect to clinical profile, pathophysiology, prognosis, and treatment approach.
The subgroup “valvular heart disease” was proposed to be replaced by aortic-, mitral-,
and mixed valvular disease. Furthermore, a new subgroup, “cardiomyopathies with
specific etiologies”, was added, encompassing hypertrophic-, amyloid-, Fabry disease-
and Chagas discase related cardiomyopathy. !5 22

PH is estimated to affect at least 50 % of patients with HFpEF or HFrEF, and around
20 — 30 % have Cpc-PH based on PVR.!1.12.16.23 Data from echocardiographic studies
indicate that up to 65 % of patients with symptomatic aortic valve stenosis are affected
by PH, whereas the majority of patients with severe mitral stenosis, or with significant
degenerative or functional mitral regurgitation have PH.11.12.24

Several mechanisms are involved in the pathophysiology of PH-LHD, i.e. increased
left-sided filling pressures that transmit backwards into the pulmonary circulation;
endothelial dysfunction of the pulmonary arteries favoring vasoconstriction; vascular
remodeling of the pulmonaty arterioles and/or venules; RV dysfunction/dilatation and
functional tricuspid valve regurgitation; as well as deranged RV — pulmonary arterial
(PA) coupling. RV — PA coupling is becoming the subject of increasing interest in the
field of PH.M.12.22.25 Tt {5 described as the relationship between PA afterload and RV
contractility, defined as the ratio of PA elastance (a comprehensive measure accounting
for the resistive and pulsatile component of afterload) and RV end-systolic elastance (a
measure of contractility).2¢
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Table 1. Hemodynamic definitions of pulmonary hypertension (PH) according to the 2015 and 2022 European
Society of Cardiology/European Respiratory Society (ESC/ERS) PH guidelines

CO, cardiac output; DPG, diastolic pulmonary pressure gradient (diastolic pulmonary arterial pressure — pulmonary
arterial wedge pressure(PAWP)); mPAP, mean pulmonaty arterial pressure; PVR, pulmonary vascular resistance; and
WU, Wood units. Adapted from the 2015 and 2022 ESC/ERS PH guidelines,'- 20 (license: 6024890787484, and
6005421432576, respectively).

Definition

Hemodynamic characteristics

(right heart catheterization) —
ESC/ERS 2015221

Hemodynamic characteristics
(right heart catheterization) —
ESC/ERS 20221412

PH

mPAP > 25 mmHg at rest

mPAP > 20 mmHg at rest

Pre-capillary PH

mPAP > 25 mmHg t rest
PAWP = 15mmHg
PVR >3 WU

mPAP > 20 mmHg t rest
PAWP = 15mmHg
PVR >2 WU

Post-capillary PH

mPAP > 25 mmHg at rest
PAWP > 15mmg

mPAP > 20 mmHg at rest
PAWP > 15mmg

Isolated post-capillary PH

mPAP > 25 mmHg at rest
PAWP > 15mmHg
DPG<7 mmHg and/or PVR < 3 WU

mPAP > 20 mmHg at rest
PAWP > 15mmHg
PVR =2WU

Combined post- and pre-

mPAP > 25 mmHg at rest

mPAP > 20 mmHg at rest

capillary PH PAWP > 15mmHg PAWP > 15mmHg
DPG =7 mmHg and/or PVR > 3 WU PVR > 2 WU
Exercise PH — mPAP/CO slope between rest and
exercise
> 3 mmHg/L/min
Unclassified PH — mPAP > 20 mmHg at rest

PAWP < 15mmHg
PVR £2WU

Management of pulmonary hypertension associated with left heart
disease

Management of PH-LHD involves treatment of the underlying condition while
considering the impact of comorbidities. PAH-targeted therapies are not
recommended in patients with PH-LHD.11.12.22 In patients with HFrEF, HFmrEF, and
HFpEF, guideline-directed drugs, devices and interventional/sutgical therapy are
recommended.!! 12,27, 28

Advanced heart failure may present as the end-stage phase for several etiologies,
characterized by severe and persistent symptoms (New York Heart Association,
NYHA, class III (advanced) or IV) despite maximal medical treatment. Prognosis is
poor in this patient group with 1-year mortality rates ranging between 25 % and 75%.%7

The 2018 updated Heart Failure Association of the ESC (HFA-ESC) defines advanced
heart failure by certain criteria to facilitate timely referral to advanced centers of heart
failure.?? The HFA-ESC definition provides together with the Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS) profiles, and the
International Society for Heart and Lung Transplantation (ISHLT) guidelines a
rigorous framework to identify those with an indication for advanced therapies,
including LVAD and heart transplantation (HT).%7.30.31
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HT remains the gold standard for treatment of advanced heart failure in the absence
of contraindications.?” The presence of a compromised hemodynamic profile including
elevated systolic pulmonary arterial pressure (sPAP) with increased transpulmonary
pressure gradient (TPG) or PVR may constitute a contraindication for HT listing.3
Particularly, elevated pre-transplant PVR, for which the most robust and consistent
data exist,!’- 12 32 s related to increased eatly post-transplant mortality.3%: 32 In eligible
candidates on which vasodilatory testing renders persisting unfavorable
hemodynamics, mechanical circulatory support can be considered including left
ventricular assist device (LVAD), as a bridge to HT.

Heart transplantation in Sweden

The first HT in Sweden was performed in 1984 at Sahlgrenska University Hospital in
Gothenburg. The first HT at Skdne University Hospital in Lund (SUS-Lund) was
performed in 1988.33 To date, more than 1500 heart transplants have been performed
in Sweden, of which 638 at SUS-Lund during 1988 — 2024.

Until 2010, HT was performed at three centers in Sweden (Karolinska University
Hospital, Sahlgrenska University Hospital and SUS-Lund). In 2005, the Swedish
authorities decided to centralize highly specialized medical procedures to increase
patient safety and cost-effectiveness. In 2011, the Swedish National Board of Health
and Welfare nationally centralized heart transplant procedures to two centers;
Sahlgrenska University Hospital, and SUS-Lund. Since then, SUS-Lund has performed
on average 30 heart transplants a year. The post-transplant 1-year survival rate in adults
(= 18 years) in Sweden during 2011 — 2020 was 94.6 % — an increase from 87.9 %
during 2001 — 2010 (figure 2, right panel).?® By contrast, the post-transplant 1-year
survival estimates based on the ISHLT registry in adults for the eras 2000 — 2011 and
2012 — 2017 were ~84 % and 86.2 %, respectively (figure 2, left panel).>*
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Figure 2. Survival post-heart transplantation

Kaplan-Meier survival estimates in adults within 1-year post-HT based on the International Society for Heart and Lung
Transplantation data (left panel) and Swedish data (right panel), stratified by era. Exact survival estimates at 12 months
in the left panel for the eras 2000 — 2005, 2006 — 2011, and 2012 — 2017 were 83.6 %, 84.2 %, and 86.2 %, respectively
(obtained by hovering over the intersection in the supplementary data slides provided by the International Thoracic
Organ Transplant Registry).* Reproduced with permission (left panel license: 6001270394231, right panel: CC-BY).
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In Sweden, the results of thoracic transplants are reported to the Scandiatransplant
registry, which in turn reports to the ISHLT registry.> 35 Scandiatransplant is an organ
exchange organization, founded in 1969, for Sweden, Denmark, Finland, Iceland,
Norway, and Estonia. Scandiatransplant cover a population of around 30 million
people and more than 2000 patients are transplanted yearly within the organization.?

Pulmonary arterial hypertension

Definition and classification

Accotding to the 2022 ESC/ERS guidelines, PAH is hemodynamically classified as a
pre-capillary PH, defined by an mPAP > 20 mmHg at rest, PAWP < 15mmHg, and a
PVR > 2 WU (table 1).!-12 Epidemiologically, it is a rare form of PH with an incidence
ranging between 1.1 and 6.6 cases/million adults and year, and a prevalence between
48 — 55 cases/million adults in the developed world.!!. 12, 16,36

PAH was previously believed to primarily affect younger females.!!- 12 However, aside
from hereditary PAH (HPAH), contemporary European US registries indicate that
PAH is more frequently diagnosed in older populations (= 65 years).!! 1237 According
to the French PH registry, patients diagnosed with PAH during 2002 — 2003 had a
mean age of 53 years.’ In the Registry to Evaluate Early and Long-term PAH Disease
Management (REVEAL), the mean age for the adult PAH population enrolled during
2006 — 2007 was 49 years.’” REVEAL enrollees matched with the population of the
National Institutes of Health (NIH) registry during 1981 — 1985 displayed an increase
in age at diagnosis (45 versus 36 years).’-3 In Germany, the mean age of adults at PAH
diagnosis in 2014 was 64 years,* and according to the Comparative, Prospective
Registry of Newly Initiated Therapies for PH (COMPERA), the mean age of enrollees
with PAH during 2007 — 2014 was 61 years.%

The Swedish PAH registry, SPAHR (https://www.uct.uu.se/spaht/), initiated by the
Swedish Society of Pulmonary Hypertension (SveFPH;
https://www.svefph.se/pulmonell-hypertension), is a nationwide ongoing registry in
which adults diagnosed with PAH are prospectively enrolled since 2008. SPAHR also
includes retrospective data on patients with PAH during 2000 — 2007. According to
SPAHR, the average and median age at PAH diagnosis during 2000 — 2023 was
approximately 65 years, and around 60 % of the diagnosed during 2011 — 2023 were >
65 years of age.4!

According to the clinical classification of the 2022 ESC/ERS PH guidelines, PAH is
divided into idiopathic IPAH), hereditary (HPAH), familial (FPAH), associated PAH
(APAH), PAH with features of venous/capillary involvement, and petsistent PH of
the newborn. Detailed information on the classification of PAH is available in table 2.
The most common type of PAH reported in registries from the developed world are
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IPAH, which accounts for 50 — 60 % of PAH cases,!!. 12 16. 57 followed by PAH
associated with connective tissue disease (CTD-APAH), and PAH associated with
congenital heart disease (CHD-APAH).38. 40 41

In the proceedings of the 7% WSPH, the subgroup “long-term responders to calcium
channel blockers (CCBs)” was reintroduced. Initially a proposed subgroup in the 6%
WSPH, the term was later not embraced by the 2022 ESC/ERS PH guidelines. Instead,
the 2022 ESC/ERS PH guidelines added “acute vasoresponders at vasoteactivity

testing” and “non-responders at vasoreactivity testing” as subgroups within IPAH.1%
12,15

Approximately 12 % of IPAH and drug-associated PAH are acute vasoresponders,
whereas the corresponding estimate in HPAH is less than 5 %.15 Less than two-thirds
of those with positive acute vasoreactivity testing are defined as long-term responders
to CCBs, i.e., exhibit a sustained improvement clinically and hemodynamically after =
1 year on CCBs.1>42 This makes the current classification of vasoreactivity less suitable
as positive vasoresponders comprise a heterogenic group of long-term responders to
CCBs, and those who will require management with PAH-targeted drugs. The latter
group suggests different pathophysiological mechanisms, clinical presentation, and
most importantly therapeutic management.!> Thus, the 7% WSPH proceedings
proposed that a more pragmatic approach is to reintroduce long-term responders to
CCBs as it aligns better with the aims of the PH clinical classification, i.e., classify
according to similar pathophysiological mechanisms, clinical presentation,
haemodynamics, and therapeutic management.!5

Table 2. Clinical classification of pulmonary hypertension (PH) according to the 2022 European Society of
Cardiology/European Respiratory Society PH guidelines

HIV, human immunodeficiency virus; PAH, pulmonary arterial hypertension; PCH, pulmonary capillary
hemangiomatosis; PVOD, pulmonary veno-occlusive disease. Adapted with permission (license: 6005421432576).!!

*The 7" WSPH proposed replacing these subgroups with “long-term responders to calcium channel blockers.

PAH (WHO group I PH)

1.1 Idiopathic

1.1.1 Non-tesponders at vasoreactivity testing*

1.1.2 Acute responders at vasoreactivity testing*
1.2 Hetitable

1.3 Associated with drugs and toxins

1.4 Associated with:

1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension

1.4.4 Congenital heart disease

1.4.5 Schistosomiasis
1.5 PAH with features of venous/capillary (PVOD/PCH) involvement

1.6 Persistent PH of the newborn
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Hereditary pulmonary arterial hypertension and established genes

In 2000, the first reports of heterozygous germline variants in the gene bone
morphogenetic protein receptor type II (BMPR?2) were identified as the main genetic
cause of familial PAH.#34* Since then, more than 300 independent mutations,* 46 and
atleast 500 unique BMPRZ2 variants have been reported.* Mutations in BMPR2 account
for 75 — 80% of cases with familiar PAH, and 20-25% of sporadic cases.1¢-4>

In the proceedings of the 7t WSPH, the level of evidence associating certain genes
with PAH was systematically assessed, using the standardized Clinical Genome
Resource (ClinGen) semi-quantitative scoring system. Based on genetic and
experimental data, the scoring system classifies genes into having “definitive evidence”,
“moderate evidence”, and “limited evidence” of PAH association. There are currently
12 genes with definitive evidence (ACVRLT, ATP13A43, BMPR2; CAV'1, EIF2AK4,
ENG, GDF2, KCNK3, KDR, SMADY, §O0X17, and TBX4), and 3 with moderate
evidence (ABCCS, GGCX, and TET?2), i.c., a total of 15 genes that are recommended
for inclusion in genetic testing panels of PAH.47

Pathophysiology

The pathophysiology of PAH is still incompletely understood. Current knowledge
pivots around different pathways on which treatments have been directed, including
the prostacyclin-, endothelin-, nitric oxide-, CCB related-, and the bone morphogenic
protein/transforming growth factor § (BMP/TGF-B) pathways. Keywords include
vascular remodeling, endothelial dysfunction, and excessive vasoconstriction.

Pulmonary vascular remodeling

Pulmonary vascular remodeling is characterized by structural and functional changes
occurring in the pulmonary circulation. In PAH, pulmonary vascular remodeling
affects predominantly the pulmonary arterioles, whereas in other groups such as PH-
LHD, the small- to medium-sized pulmonary veins and capillaries are primarily
affected.” When a substantial portion of the pulmonary circulation is engaged,
hemodynamic changes occur including elevations in PVR and pulmonary arterial
pressures, impacting on the structure and function of the right ventricle.? 10

Key features of pulmonary vascular remodeling include vasoconstriction, thickening of
the pulmonary arterial walls, muscularization of pulmonary arterioles, reduction in
capillary density (capillary rarefaction), in-situ thrombosis, and the presence of
plexiform lesions in addition to other complex vascular formations.” 1% 48 These
features involve the accumulation of endothelial cells, vascular smooth muscle cells,
myofibroblasts, fibroblasts, and immune cells inside and around the vascular walls.*5. 49
Although incompletely understood, these features of vascular remodeling are driven by
three main components, ie. dysfunction of the pulmonary vascular endothelium;
dysfunction of the vascular smooth muscle; as well as dysregulation of the immune
system and sustained inflammation (figure 2).4
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Dysfunction of the pulmonary endothelium

Endothelial dysfunction is one of the hallmarks of the pathophysiology of PAH. It is
characterized by altered secretion of vasoconstrictors including endothelin-1,
serotonin, and angiotensin II; a decrease in vasodilators including nitric oxide and
prostacyclin; secretion of mediators that alter the prothrombotic and antithrombotic
activities; imbalances in pro- versus anti-inflammatory signals; as well as altered
activators versus inhibitors of vascular smooth muscle cell growth and migration.*
Other processes recognized as triggers of endothelial dysfunction in PAH include
endothelial cell death, as well as excessive production of reactive oxygen species and
inflammatory mediators. These processes adversely affect the paracrine (cell
communication to surrounding cells) crosstalk between endothelial- and resident cells
such as fibroblasts and vascular smooth muscle cells, leading to recruitment of
inflammatory and immune cells that amplify these adverse processes sustaining the
progression of pulmonary vascular remodeling, (figure 3).

Dysfunction of the vascular smooth muscle

In PAH, vascular smooth muscle cells have abnormal growth, prolonged survival, and
abnormalities that amplify ion channel response to certain growth factors such as
platelet-derived growth factor, fibroblast growth factor 2, and epidermal growth factor.
Additionally, the TGF-§ signaling pathway is affected, including a decreased activity of
the BMP-Smadl/5/8 signal transduction, and enhanced activin-Smad/2/3,
contributing to vascular smooth muscle cell depolarization (increased intracellular Ca?*
leading to vasoconstriction), proliferation, resistance to apoptosis, as well as increased
production, degradation and organization of the extracellular matrix components in
pulmonary vessels (figure 3).48

Dysregulation of the immmune system and sustained inflammation

Perivascular infiltrates of inflammatory cells have been shown to precede the structural
pulmonary vascular remodeling in experimental PH. Different cell types from patients
with PAH such as pulmonary artery smooth muscle cells, endothelial cells, fibroblasts,
and myofibroblasts express a pro-inflammatory state with elevated cytokines,
chemokines, and increased expression of the inflaimmatory cell adhesion molecule
intercellular adhesion molecule 1 ICAM1).10 Additionally, excessive local secretion of
interleukin (IL)-1, IL-6, leptin, leukotriene B4, and tumor necrosis factor-o (TINF-o)
serve an integral part in mediating the changes in the pulmonary vasculature in PAH
(figure 3).19 Changes in the immune system include impaired T-regulatory cell function,
T-helper 17 cell polarization,”® recruitment of dendritic cells, and circulating
autoantibodies in patients with PAH without the presence of related autoimmune
conditions.!® Other contributing factors to the dysregulation of the immune system in
PAH include shear stress, chronic hypoxia, metabolic derangements, and deranged
BMPR?2 signaling.>!
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Figure 3. Pulmonary vascular remodeling in pulmonary arterial hypertension

The right part of the figure represent mediators and signaling pathways involved in pulmonary vascular remodeling. 5-
HT, serotonin; 3-NGF, B-nerve growth factor; APJ, apelin receptor; BMP, bone morphogenetic protein; BMPR-II,
BMP receptor type 1I; CCL, C-C motif chemokine; CTGF, connective tissue growth factor; CXCL, C-X-C motif
chemokine; EGF, epidermal growth factor; ET-1, endothelin-1; FGF-2, fibroblast growth factor 2; ICAM-1,
intercellular adhesion molecule 1; IGF, insulin-like growth factor; IL, interleukin; MIF, macrophage migration inhibitory
factor; MMPs, matrix metalloproteinases; PAH, pulmonary arterial hypertension; PAI-1, plasminogen activator
inhibitor 1; PDGF, platelet-derived growth factor; pSmad, phosphorylated Smad; SMURF1, Smad-specific E3
ubiquitin-protein ligase 1; TGF-B, transforming growth factor-3; TIMPs, tissue inhibitors of metalloproteinases; TNF-
o, tumour nectosis factor-o; TPH-1, tryptophan hydroxylase 1; VCAM-1, vascular cell adhesion protein 1. Adapted
with permission (license: 6018690871976).48

Plexciform lesions

Histopathologically, plexiform lesions are complex vascular formations originating
from the remodeled pulmonary arteries and are typically present in advanced PAH.>2
At the cellular level, plexiform lesions are composed of a proliferating network of
endothelium-lined vascular channels supported by myofibroblasts, smooth muscle
cells, and undifferentiated mesenchymal cells.>

Recent work from our colleagues at Lund University employing synchrotron-based
micro-computed tomography to study the three-dimensional structure of plexiform
lesions identified four distinct types; type 1 lesions present in supernumerary arteries
and predominantly connect to the vasa vasorum; type 2 lesions originate from 90-
degree branches of pulmonary arteries directed toward terminal bronchiole or larger
airways, connecting the pulmonary artery with peribronchial systemic vessels. The
connections from the pulmonary arteries to the systemic circulation in type 1 and 2
plexiform lesions may serve to relieve suprasystemic pulmonary pressures, leading to a
right to left shunting and systemic desaturation.” > Type 3 lesions present at abrupt
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ends of distal pulmonary arteries, flowing to dilated pulmonary vessels; and type 4
lesions are present when two or more lumens form, either through completely occluded
pulmonary arteries with recanalization, or through pulmonary arteries with incomplete
obstruction (figure 4).54

Figure 4. Emerging types of plexiform lesions in pulmonary arterial hypertension

Type 1 plexiform lesions (1) originate from the pulmonary artery (orange), with connections to the vasa vasorum (red).
Type 2 lesions (2) form between pulmonary arteties and airways (blue), connecting the pulmonary arteries to
peribronchial pulmonary vessels (red). Type 3 plexiform lesions (3) form at abrupt ends of distal pulmonary arteries,
flowing into small, dilated vessels (red). Type 4 lesions (4) are present when two or more lumens form in the pulmonary
artery either through recanalization of a complete obstruction or as a result incomplete occlusion. Type 1 and 2 are
hypothesized to relieve suprasystemic pressure in the pulmonary arteries by right-left shunting and systemic
desaturation. Reproduced with permission (license: 6004371302531).5

Diagnosis

Diagnostic delay

Despite major advances and the development and approval of several treatments that
slow the progression of and improve outcomes in PAH, the diagnostic delay has not
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markedly improved.!!. 12 Historically, the NIH registry reported in 1987 a median
diagnostic delay of 1.27 years.?- 5> Results from a study published more than three
decades later reported a median diagnostic delay of 1.2 years, based on a PAH cohort
spanning between 2004 and 2017 enrolled in the PH Society of Australia and New
Zealand (PHSANZ) Registry.> 5 The binational study further reported a mean
diagnostic delay of 2.5 years, with 35 % having a delay exceeding 2 years, which was
associated with increased mortality rates independent of age, sex, and PAH subtype.>
Further analysis did not demonstrate improvement in the diagnostic delay between
2004 and 2017. In the REVEAL registry, patients diagnosed with PAH in 2001 — 2009
had a median and a mean diagnostic delay of 1.1 and 2.6 years, respectively, with 21 %
having a delay exceeding 2 years.5”- 58 Also, registry data from France,® Spain, and

China® have reported mean diagnostic delays of 2.3, ~2.2, and 2.2 years, respectively.>-
60

In 2020, the Swedish PAH patient association “PAH Sverige” did a member survey
concerning the pre-diagnostic time and found that 25 % of the patients reported at
least 10 visits to a primary health care facility before referral to specialized centers in
Sweden. Additionally, 40 % of the patients reported waiting after onset of symptoms
for more than 1 year before secking medical attention.t ©2 In 2023, our colleagues
published a study based on the SPAHR and other linked national registries to assess
healthcare utilization — defined as hospitalizations, outpatient visits, and treatments; as
well as productivity loss — defined as sick leave and disability pension, up to five years
before PAH diagnosis compared to controls with matched geographical location, age,
and sex. Healthcare utilization and productivity loss were significantly higher in the
PAH population compared to controls, starting at 3 and 5 years, respectively, before
PAH diagnosis. This suggests that physical impairment precedes the diagnosis of PAH
by several years, warranting better strategies for earlier diagnosis.®

Diagnostic approach

A holistic view and a multimodal approach are required for the diagnosis of PAH,
which is set following a RHC confirming a pre-capillary PH (table 2), in the absence of
other causes of PH (WHO groups II — V).11. 121557 In the 2022 ESC/ERS PH
guidelines, a multistep approach was proposed to diagnose PH/PAH. As symptoms of
PH ate non-specific, the 2022 ESC/ERS PH guidelines proposed a stepwise approach
for patients with suspected PH or unexplained dyspnea (figure 5).11.12.64

In step 1, initial evaluation with a comprehensive medical history and a physical
assessment to evaluate the probability of PH and other underlying causes. In step 2,
non-invasive testing including echocardiography is recommended to further assign the
probability of PH and the presence of other disorders. In step 3, referral to a PH centre
is performed if the PH probability is intermediate or high, or when there are risk factors
or family history of PAH or risk factors for pulmonary embolism. In a PH centre, a
comprehensive assessment is performed including RHC depending on the clinical
scenario. Another arm in the diagnostic algorithm, “fast-track referral”, is
recommended for those with warning signs (denoted  in figure 5).1% 12
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Figure 5. Diagnostic algorithm of PH according to the 2022 ESC/ERS PH guidelines

ABG, arterial blood gas; BNP, brain natriuretic peptide; CPET, cardiopulmonary exercise testing; CT, computed
tomography; CTEPH, chronic thromboembolic pulmonatry hypertension; ECG, electrocardiogram; HIV, human
immunodeficiency virus; NT-proBNP, N-terminal pro-BNP; PAH, pulmonary arterial hypertension; PE, pulmonary
embolism; PFT, pulmonary function tests; ReCo, recommendation. » Lung and heart assessment by specialist as per
local practice. © As indicated; CT pulmonary angiography recommended if PH suspected. ¢ Includes connective tissue
disease (especially systemic sclerosis), portal hypertension, HIV infection, and family history of PAH. ¢ History of PE,
permanent intravascular devices, inflammatory bowel diseases, essential thrombocythemia, splenectomy, high-dose
thyroid hormone replacement, and malignancy.!!- 1> Reused with permission (license: 6005421432576).

In 2022, our group published, at a national level, a complementary structured diagnostic
algorithm with the focus to increase awareness, decrease the diagnostic delay, and for
timely referral of patients with PAH or CTEPH.®> Subsequently published
internationally, the algorithm proposes a “structured evaluation of unclear dyspnea”,
rather than initial suspicion of PH as suggested in the 2022 ESC/ERS PH guidelines.!"
12,64 Given the low incidence of specifically PAH and CTEPH,!. 12 3¢ it may not be

31



realistic to expect colleagues in the primary care to suspect PH upon the patient’s initial
medical contact. Our complementary structured algorithm is based on a multistep
approach, aligned with the responsibility and available resources of the respective
healthcare facilities,* which will be reported more extensively in the PhD thesis of
Salaheldin Ahmed in 2026.

Prognosis

Survival of patients with PAH before approval of PAH specific treatments was
demonstrated in the NIH registry in 1981 — 1985, with a median time of 2.8 years, and
for those with Raynaud’s phenomenon a median time of 11.8 months. The 1-, 3- and
5-year survival rates were 68 %o, 48 %, and 34 %, respectively.® In a cohort of patients
with systemic sclerosis (SSc) where a subpopulation was diagnosed with APAH-SSc
between 1963 and 1983, the 2-year survival rate was 40 %0.¢7

In the treatment era, survival rates have somewhat improved, although not satisfactory.
In a study based on the REVEAL registry, the 1-, 3- and 5- year survival estimates for
newly diagnosed adults with PAH between 2006 and 2009 were 86.3 %, 69.3 %, and
61.2 %, respectively.®® In the COMPERA registry, the 1-, 3- and 5-year survival
estimates of adults diagnosed with PAH between 2010 and 2019 were 90.0 %, 69.2 %,
and 55.3 %, respectively.®? However, patients without a follow-up were excluded,
which may have slightly overestimated survival rates. In the SPAHR registry, the 1-, 3-
, and 5-year survival rates of adults diagnosed with PAH between 2008 and 2023 were
87 %, 66 %, and 50 %, respectively. The corresponding rates between 2015 and 2023
were 88 %, 67 %, and 52 %, respectively.

Treatment

The optimal care for patients with PAH according to the 2022 ESC/ERS PH guidelines
requires a multidisciplinary strategy embracing both general and directed measures.
General measures include symptomatic care and treatment of comorbidities, whereas
directed measures include the use of PAH specific therapies.!!, 1270

General measures

For those with a stable clinical condition with optimized pharmacological treatment,
physical activity, and supervised rehabilitation have positive effects on 6MWD, quality
of life, and WHO-FC.1% 12 71 Symptomatic treatment with diuretics (loop diuretics,
mineralocorticoid receptor antagonists, and thiazides) is recommended to reduce fluid
retention associated with right-sided heart failure. Oxygen administration reduces PVR
and improves exercise tolerance, but there are no data supporting benefits on the
course of PAH.!. 12 Based on evidence from studies enrolling patients with chronic
obstructive pulmonary disease (COPD), the 2022 ESC/ERS PH guidelines
recommend administration of long term oxygen therapy in patients with partial oxygen
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pressure < 8 kPa or arterial oxygen saturation (SaOz) < 92 %.72 The use of
anticoagulation therapy in PAH may be considered on an individual basis in the
absence of robust data in relation to PAH. Additionally, immunization against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), influenza, Streptococcus
pneumoniae, and respiratory syncytial virus is recommended. Severe iron deficiency,
which is common in PAH, is associated with worsening of symptoms and myocardial
function, as well as increased risk of mortality.!’: 12 7 Thus, intravenous iron
supplementation is recommended for those with severe iron deficiency anemia
(hemoglobin < 70 — 80 g/L). Finally, providing psychosocial support, implementing
shared decision making when applicable, monitoring of adherence to medical therapy
and identification of barriers for non-adherence are integral components for
successfully managing PAH.11.12.70

Directed measures — pulmonary arterial hypertension specific therapies

Following the approval of epoprostenol sodium for the long-term treatment of primary
pulmonary hypertension in 199574 7 multiple drugs have been developed and
approved for PAH.7. 76 Current PAH-specific drugs are active via four routes of
administration (oral, inhaled, subcutaneous, and intravenous), targeting the
prostacyclin, endothelin, nitric oxide, and the BMP/TGF- pathways (figure 6).%76.77

Treatments targeting the prostacyclin pathway

The prostacyclin pathway is abnormal in PAH, with less expression of prostacyclin
synthase in pulmonary arterial cells. Mainly produced by endothelial cells, prostacyclin
induces vasodilation, inhibits platelet aggregation, and has cytoprotective and
antiproliferative properties.!!.12.78

Epoprostenol is a synthetic prostacyclin analogue that has a 3 — 5 min half-life,
requiring continuous intravenous administration via an infusion pump. Three
randomized clinical trials (RCT's) have demonstrated the efficacy of epoprostenol with
improvement in symptoms, exercise capacity, hemodynamics, and survival,’> 780 and
long-term efficacy in IPAH and APAH. Serious adverse events include infusion pump
malfunction, catheter obstruction, local site infection, and sepsis.!! 12 81-83

Treprostinil, an analogue of epoprostenol, is available for subcutaneous, intravenous,
inhaled, and oral administration, and was approved by the United States Food and
Drug Administration (FDA) in 2002, 2005, 2009, and 2013, repsectively.t
Subcutaneous treprostinil improves symptoms, exercise capacity, and hemodynamics
in PAH. Infusion site pain was present in 85 % of the treated patients.3* The TRUST-
1 trial (NCT00494533) was performed with intravenous treprostinil and demonstrated
improved exercise capacity, dyspnea, and WHO-FC, but enrollment was prematurely
terminated due to safety considerations.85 The TRIUMPH I trial (NCT00147199) was
performed with inhaled treprostinil in symptomatic patients with PAH on either
sildenafil or bosentan as background therapy. It demonstrated improved 6MWD and
quality of life.¢ Oral treprostinil was evaluated in the FREEDOM-M trial
(NCT00325403) as monotherapy with improved exercise capacity.®’ In addition, two
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RCTs (FREEDOM-C, NCT00325442; and FREEDOM-C2, NCT00887978) on
patients with PAH on background therapy with endothelin receptor antagonist (ERA)
and/or phosphodiesterase-5 inhibitors (PDE5i) did not reach the primary endpoint of
improved 6MWD.88. 89

Selexipag, approved by the FDA in 2015,° is an oral, selective prostacyclin receptor
agonist. It was evaluated in patients with PAH on background ERA and/or PDE5i,
with improved PVR.” Additionally, the GRIPHON trial (NCT01106014)
demonstrated that selexipag alone or in combination with ERA and/or PDES5i reduced
the relative risk of the primary end point of mortality or a complication related to PAH
by 40 %, and improved 6MWD. Common side effects include headache, nausea,
diarrhea, and jaw pain.?!

Treatments targeting the endothelin pathway

The endothelin receptor types A and B, that are abundant in pulmonary arterial smooth
muscle cells, promote vasoconstriction and proliferation upon activation by
endothelin-1. On the other hand, activation of endothelin B receptors, primary
expressed by pulmonary endothelial cells, mediate vasodilation and antiproliferation
through production of nitric oxide and prostacyclin, counterbalancing the effect of
endothelin-1.1"-12. 92 Blocking both A and B receptors versus selective blocking of
endothelin A receptors are in general believed to have quite similar effects in PAH.

Bosentan, approved by the FDA in 2001,¢ is an oral dual endothelin-A and endothelin-
B receptor antagonist and the first molecule of its class to be synthesized. Bosentan has
been evaluated in IPAH, HIV-PAH, CTD-APAH and Eisenmenget’s syndrome in
several clinical trials including Study 351, BREATHE-1, BREATHE-2, BREATHE4,
BREATHE-5, and EARLY among others, demonstrating positive effects on 6MWD,
WHO-FC, hemodynamics, echocardiographic vatriables, and time to clinical
worseneing.”%8 Dose-dependent elevations in liver transferases can occur in ~10 % of
treated patients.!!. 12

Ambrisentan, approved by the FDA in 2007, is an oral, A-selective ERA, which has
been evaluated in the RCTs ARIES-1 and ARIES-2 (NCT00091598).92 Ambrisentan
improved symptoms, exercise capacity, hemodynamics, and time to clinical
worsening.?% % While the incidence of liver function test abnormalities was reported to
be between 0,8 % and 3 %, an increased incidence of peripheral edema has been
reported.!1 12,78, 100

Macitentan, approved by the FDA in 2013, is an oral, dual ERA. Macitentan was
evaluated in SERAPHIN (NCT00660179), which demonstrated significantly reduced
morbidity and mortality in patients with PAH.19! Liver test abnormalities were reported
in ~3.5 %, and hemoglobin =< 80 g/L between 1.7 % and 4.3 % among treated
patients.101
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Treatments targeting the nitric oxide pathway

In PAH, decreased expression of the endothelium-derived nitric oxide is present. Nitric
oxide exerts its vasodilatory and antiproliferative effect on smooth muscle cells via
activation of soluble guanylate cyclase, which in turn increases the production of cyclic
guanosine monophosphate (cGMP). This pathway is regulated by a negative feedback
loop where ¢cGMP is degraded by phosphodiesterases, among which PDE5 is
substantially expressed in the pulmonary vasculature.s. 102

Sildenafil, a PDE51 available for oral and intravenous administration, was approved by
the FDA in 2005 and 2009, respectively.® 193104 Oral sildenafil was evaluated in several
RCTs on patients with PAH, demonstrating improved symptoms, exercise capacity,
and/or hemodynamics.105-10 Tadalafil, approved by the FDA in 2009,5 is a once daily
oral PDED5i, and was evaluated in PHIRST-1 trial (NCT00125918) with favorable
results on symptoms, exercise capacity, hemodynamics, and time to clinical worsening
at the highest dose.!?

Riociguat, approved by the FDA in 2013,¢ is an oral soluble guanylate cyclase stimulator
independent of nitric oxide availability, leading to increased cGMP. Riociguat also acts
in synergy with endogenous nitric oxide. The PATENT-1 trial (NCT00810693)
demonstrated improved exercise capacity, hemodynamics, WHO-FC, and time to
clinical worsening.!!!

Rebalancing transforming growth factor-f signaling: the bone morphogenetic protein—growth
differentiation factor, and the transforming growth factor-p—activin—nodal branches

Under physiological conditions, two signaling branches that belong to the TGF-
superfamily (the BMP—growth differentiation factor (GDF) and the TGF-B—activin—
nodal) are in balance, achieving vascular homeostasis. In PAH, however, signaling
through the BMP—GDF branch is downregulated, whereas the TGF-B—activin—nodal
branch is upregulated, leading to a proliferative and antiapoptotic milieu, driving
vascular remodeling (figure 7).% 112,113

Sotatercept, approved by the FDA in 2024,''# is a subcutaneously administrated first-
in-class fusion protein consisting of the human activin receptor type IIA (ActRIIA)
fused to the Fc domain of human immunoglobulin G, acting as a ligand trap for
members of the TGF-$ superfamily. Sotatercept rebalances vascular homeostasis
through growth-inhibition, proapoptotic signaling, and alleviated inflammation (figure
6, figure 7).% 112 113 115 Sotatercept was evaluated in the RCTs (PULSAR,
NCT03496207; and STELLAR, NCT04576988), with favorable effect on exercise
capacity, hemodynamics,!% 115, WHO-FC, and time to death or clinical worsening.!1?
Additionally, the recent ZENITH trial (NCT04896008), performed on adults with
WHO-FC III - IV, and classified as “high-risk™ according to REVEAL Lite 2, showed
a 76 % lower risk of a composite of death from any cause, lung transplantation, or
hospitalization = 24 hours with sotatercept versus placebo.!16
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Initial combination therapy

RCTs evaluating initial combination therapies include the AMBITION
(NCT01178073),"'7 and TRITON (NCT02558231) trials.!'8 The AMBITION trial
investigated initial combination therapy of oral ambrisentan and tadalafil versus
monotherapy with either agent in treatment-naive patients with predominantly IPAH,
HPAH, or CTD-APAH. Improved time to clinical failure, functional capacity and NT-
proBNP was demonstrated compared to initial monotherapy with either agent.!'” The
TRITON trial investigated initial oral dual-combination therapy with macitentan and
tadalafil versus initial oral triple-combination therapy with macitentan, tadalafil and
selexipag in treatment-naive patients with predominantly IPAH, HPAH, DPAH, or
CTD-APAH. Initial oral triple-combination therapy was not supetior to oral double-
combination therapy, where both treatment groups demonstrated improvement in
exercise capacity, hemodynamics, and NT-proBNP."18 A retrospective analysis of the
French registry in newly diagnosed patients with IPAH, HPAH, and anoreixgen-
induced PAH, found survival benefit with initial triple-combination therapy including
parental prostacyclin versus initial dual-combination therapy in patients classified as
intermediate- or high risk according to the SPAHR/COMPERA strategy.!!?
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Figure 6. Main targets in pulmonary arterial hypertension specific therapies

AC, adenylyl cyclase; ActR, activin receptor type; ALK, activin receptor-like kinase; cGMP, cyclic guanosine
monophosphate; ET-1, endothelin-1, GDFs, growth differentiation factors; Gs, stimulatory G protein alpha subunit;
IP, I prostanoid; NO, nitric oxide; PDES5, phosphodiesterase type 5; PGI2, prostacyclin; PRA, prostacyclin receptor
agonist; sGC, soluble guanylate cyclase; TGFE- 8, transforming growth factor-B.12° Minimally adapted with permission
(license: 6011240087062).

Calcinm channel blockers

In addition to PAH specific therapy, patients with HPAH, IPAH and DPAH with a
positive response at vasoreactivity testing (a reduction in mPAP = 10 mmHg at an
absolute value = 40 mmHg, with an increased or unchanged cardiac output (CO)) may
respond favorably to treatment with high-dose CCBs.!! 12 Long-term responders to
CCBs have 5-year survival rates of 98 % and 100 % on CCB monotherapy, and CCB
with initial PAH specific therapy, respectively.*? Historically, nifedipine and diltiazem
have been evaluated in patients with PAH,21123 and more recent registry data also
include amlodipine.*?
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Figure 7. Transforming growth factor-§ (T'GF-B) signaling in pulmonary arterial hypertension (PAH): the
bone morphogenetic protein (BMP)—growth differentiation factor (GDF), and the TGF-f—activin—nodal
branches

A variety of ligands bind to type II receptors, which activate type I receptors through phosphorylation to induce signal
transduction cascades in two main branches: the TGF-8-activin—nodal, and the BMP-GDF branch. The TGF-8—
activin—nodal branch is activated through small mothers against decapentaplegic (Smad) 2/3 (red), whereas the BMP-
GDF branch is activated through Smad 1/5/8 (green). Thereafter, phosphorylated (p)Smad 2/3, and pSmad 1/5/8 can
oligomerize with Smad4, translocating into the nucleus followed by regulation of transcription of target genes.
Inhibitory Smads (Smad6 and Smad7), accessory receptors, or other mediators may inhibit or facilitate signaling through
pSmad 2/3-Smad4 complex (TGF-B-activin-nodal) or pSmad 1/5/8-Smad4 complex (BMP-GDF). Upon the
activation of the ligand-receptor complex, several non-Smad or Smad-independent signaling (black dashed line) are
activated. In PAH, signaling through the BMP—GDF branch is downregulated, whereas the TGF-B-activin—nodal
branch is upregulated, leading to a proliferative and antiapoptotic milieu, driving vascular remodeling.” 1> AMH, anti-
Miillerian hormone; BMPRII, BMP receptor type 11; AMHRII, AMH receptor type 1I; ActRII, activin receptor type II;
TGF-BRIL, TGF- receptor type 1I; ALK, activin receptor-like kinase; MAPK, mitogen-activated protein kinase; JNK,
C-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase.” Reproduced with permission from the European
Respiratory Society 2025.
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Prognostic risk stratification

Among the first attempts of prognostic assessment in PAH date back to 1991. The
study, based on 194 patients with PAH enrolled in the NIH registry, proposed a
survival equation based on mPAP, mean right atrial pressure (mRAP), and cardiac
index (CI).° Notably, the authors concluded that the equation “could be used as an
adjunct in planning treatment strategies and allocating medical resources”, before
regulatory approval of the very first PAH-specific medication.®. 7475

In the proceedings of the 31 WSPH, factors associated with prognosis were reported
and it was concluded that evaluation of disease severity should be a function of end-
organ consequences such as right heart failure, symptoms and functional limitation,
and markers of decreased survival to optimize patient care.'?* In the following 2004
ESC guidelines on PAH, a single prognostic variable was considered to potentially
provide less information compared to multiple variables.'?> The importance of
multiparametric assessment was further emphasized in the 2009 ESC/ERS PH
guidelines, receiving a recommendation class/level of evidence of 1C.126 In the 2015
ESC/ERS PH guidelines, comprehensive multiparametric prognostic assessment was
integrated into the evidence-based treatment algorithm, and a low-risk profile was
proposed as a treatment goal.2: 127 Due to the growing body of evidence including
validation of the 2015 ESC/ERS PH guidelines’ prognostic framework by several
registries, where the SPAHR being the first,!28133 the 2022 ESC/ERS PH guidelines
further supported the risk-based, goal-oriented treatment approach, where both
multiparametric risk assessment as well as achieving/maintaining a low-tisk profile on
optimized medical therapy received a recommendation class/level of evidence of 1B.1%
12 Finally, in the proceedings of the 7t WSPH, the topic “risk stratification and
treatment goals” was allocated a distinct task force, concluding that risk stratification
is useful in prognostication and guiding treatment in PAH.124 134

Prognostic survival equations

After the development of the first prognostic model, i.e., the NIH survival equation,
several studies employed it to suggest improvement in survival by comparing observed
survival rates in patients with IPAH treated with PAH-specific therapies, with
predicted survival rates by the NIH equation.!3>138 In 2009, the NIH equation was
reappraised using data from patients enrolled between 1991 and 2007 in the Pulmonary
Hypertension Connection (PHC) registry, to account for improved management of
PAH. The reappraised model, the PHC equation, was based on the same hemodynamic
parameters as its predecessor.!® In 2010, the French PAH survival equation was
derived from a mixed cohort of incident patients diagnosed during the 2002 — 2003
enrolment period, and prevalent patients diagnosed within three years before
enrolment. The French survival equation was based on sex, 6MWD, and CO.'% In
2012, the newly proposed PHC and French equations at that time were validated for
individual risk assessment by means of area under the receiver operating characteristics
curve (AUC), which found AUCs of 0.56 and 0.53, respectively, deeming the equations
non-optimal for use in individual patients. Additionally, the Scottish composite score,
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introduced in 2012 and based on age, sex, etiology, mRAP, CO, and 6MWD, did not
demonstrate a difference compared to the PHC equation in predicting survival.!4!

The Registry to Evaluate Early and Long-term PAH disease Management derived risk
stratification strategies

In 2010, ten days after the French equation was made publicly available, the REVEAL
survival equation was published online (according to metadata accessed via
Crossref.org using Digital Object Identifiers (DOls)).140: 142 REVEAL — a multicenter,
observational, prospective US-based registry — initially enrolled previously and newly
diagnosed patients with PAH during 2006 — 2007, with follow-up data of at least five
years after enrolment.!#3 The enrolment period was subsequently further extended
from 2007 — 2009 to include newly diagnosed patients with PAH with the same follow-
up regimen.%8 14 The REVEAL prognostic equation was derived from the population
enrolled in 2006 — 2007, consisting of a mixed cohort of newly and previously
diagnosed patients with PAH. The latter group comprised 86.5 % of the population,
with mean and median times from diagnosis to enrolment of 3.3 and 2.2 years,
respectively. The REVEAL equation identified 12 independent prognostic variables
including PAH subgroup, male > 60 years of age (classified as one variable), renal
insufficiency, WHO-FC, systolic blood pressure, heart rate (HR), 6MWD, natriuretic
peptides, presence of pericardial effusion, diffusion capacity of lung for carbon
monoxide (DLco) % predicted, mRAP, and PVR.142 In 2011, the REVEAL equation
was used to derive the risk score REVEAL 1.0, which was validated with newly
diagnosed patients with PAH.14 REVEAL 1.0 uses the same prognostic variables
defined by the REVEAL equation.!# 144 In 2019, a revised version of the risk score,
REVEAL 2.0, was introduced, which in addition to the 12 wvariables used in its
predecessor, included all-cause hospitalizations in the last six months (table 3).!3
REVEAL 2.0 predicts 1- and 5-year as well as clinical worsening defined as all-cause
hospitalization or the introduction of a parenteral prostacyclin analog among patients
surviving at least 1-year from enrolment.'’> Additionally, REVEAL 2.0 has been
validated by several registries and RCT cohorts. 145149

An abridged version of REVEAL 2.0, REVEAL Lite 2, that includes only modifiable
variables was developed and validated in 2020. REVEAL Lite 2 included WHO-FC,
6MWD, natriuretic peptides, renal insufficiency, systolic blood pressure, and HR (table
3).150 Finally, the REVEAL-ECHO score, based on subjective assessment of the
echocardiographic variables RV chamber enlargement, reduced RV systolic function,
tricuspid regurgitation severity, and pericardial effusion, was recently proposed to
potentially have a value in improving the classification capacity of REVEAL 2.0.151

The Enropean Society of Cardiology | European Respiratory Society derived risk stratification
Strategies

In the 2015 ESC/ERS PH guidelines, a table including vatiables termed “determinants
of prognosis” was proposed for risk stratification.?’> 2! Each variable had predefined
cut-off values categorizing “low-risk”, “intermediate-risk”, and “high-risk”,
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corresponding to arbitrary 1-year mortality rates of < 5 %, 5 — 10 % and > 10 %,
respectively (figure 8).20-2! Initially based on expert opinion and available literature, the
strategy was first validated by the SPAHR registry which employed a simple yet novel
calculation methodology to assess the overall risk score. Each parameter was assigned
1, 2, or 3 points depending on its classification as low-, intermediate-, or high-risk. The
overall risk category was determined by the sum of the points divided by the number
of available variables. The quotient was then rounded to the nearest integer. Quotients
<1.5,1.5-2.5,and > 2.5 defined low-, intermediate-, and high-risk, respectively (figure
9, panel 1). The SPAHR strategy initially validated up to eight modifiable variables
including WHO-FC, 6MWD, NT-proBNP, mRAP, CI, mixed venous oxygen
saturation (SvOy), pericardial effusion, and right atrial area.'?® Subsequently, the
COMPERA registry used the SPAHR calculation methodology to validate all variables
in the preceding SPAHR-study (subsequently referred to as the COMPERA strategy),
except pericardial effusion and right atrial area (figure 9, panel 1, and figure 10).12? The
SPAHR and COMPERA strategy have been validated for predicting 1-, 3-, and 5-year
mortality, transplant-free survival, as well as for use up to 5 years after diagnosis and at
multiple follow-up assessments.!5155 Additionally, the strategy was tested in multiple
external cohorts,!3% 155157 patients treated with add-on intravenous treprostinil,'s$ and
in RCT cohorts.!5, 160

A French strategy was also introduced at the same time as the COMPERA study that
defines the number of variables within the low-risk threshold among WHO-FC,
6MWD, and natriuretic peptides (French non-invasive), or WHO-FC, 6MWD, mRAP,
and CI (French invasive). The French strategy is designed to identify whether a patient
reaches treatment goals (i.e. achieve a low-risk category). 130

Following the validation using the SAPHR strategy, an exploratory analysis in 2021
dividing the intermediate-risk group according to the overall risk score demonstrated
worse survival rates in the intermediate-high (overall score 2.0 — 2.4) versus
intermediate-low (overall score 1.5 — 1.99) risk scores.!>? Later in the same year, the
COMPERA 2.0 was introduced,'! and validated.!> COMPERA 2.0 is a simplified
four-strata risk stratification strategy that uses WHO-FC, 6MWD, and natriuretic
peptides. Each variable is graded from 1 — 4 according to cut-off values derived from
the 2015 ESC/ERS PH guidelines and a subsequent COMPERA registry analysis, as
well as from REVEAL Lite 2.0.20:21, 131,133,134, 150 The overall score is calculated using
the SPAHR strategy (figure 9, panel 2).128

In 2023, the Updated SPAHR was evaluated for baseline and several follow-up
assessments.!>3 The Updated SPAHR is a four-strata strategy based on the three-strata
risk table defined by the 2022 ESC/ERS PH guidelines (figure 9, panel 1B, and figure
10).11.12.153 It provides the flexibility of integrating more variables than the COMPERA
2.0, allowing a comprehensive assessment beyond that provided by COMPERA 2.0 to
potentially fulfill the 2022 ESC/ERS PH guidelines’ recommendation regarding
comprehensive risk stratification during follow-ups when clinically needed.!?. 12161
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Finally, a recently proposed six-strata strategy was made by the COMPERA group. It
involves a two-step calculation, where COMPERA 2.0 is initially applied. If
COMPERA 2.0 returns an overall calculated risk within the intermediate risk group
(i.e. intermediate-low or intermediate-high risk), the second step is employed based on
SVI and/or SvO, whete a patient can be classified as having a favorable or unfavorable
hemodynamic profiles, defining two subsets of each intermediate-low and
intermediate-high risk (figure 9, panel 3).

Table 3. The registry to evaluate early and long-term pulmonary arterial hypertension disease management
(REVEAL) 2.0 and REVEAL Lite 2 risk stratification strategies

BNP, brain natriuretic peptide; CTD, connective tissue disease; DLco, diffusion capacity of lung for carbon monoxide;
eGFR, estimated glomerular filtration rate; NT-proBNP, N-terminal pro-BNP; NYHA/WHO, New York Heart
Association/World Health Otrganization; PE, pericardial effusion; PoPH, portopulmonary hypertension; PVR,
pulmonary vascular resistance; RAP, right atrial pressure. Adopted from Benza R. et al.!33 150, Both publications are
under the CC-BY-NC-ND license.

Scoring scale for respective variable!33 150

Determinants of prognosis!33 150

WHO group I subgroup Other CTD Heritable | PoPH
Male > 60 years No Yes
All-cause hospitalizations

within 6 montI;s No Yes

eGFR < 60 ml/min/1.73m? or

renal insufficiency” No Yes

Systolic blood pressure

(;mHg)u P > 110 <110

Heart rate (beats/ min)= <96 > 96

1;:215—?:/ WHO functional 1 I I v
Six-minute walk distance (m) *# =440 | 439-320 319 - 165 <165
NT-proBNP (ng/L) °# or <300 300 — 1099 =>1100
BNP (ng/L) ** <50 50-199 | 200-799 | =800
PE on echocardiogram No Yes

DLco (% predicted) < 40 % No Yes

RAP > 20 mmHg within 1 year No Yes

PVR < 5 Wood units Yes No

= 7 out of 13 variables available (each row correspond to 1 variable). The
sum of the points + 6 (correction factor) = low-risk (0 — 6 points),
intermediate-risk (7 — 8 points), and high-risk (= 9 points).'33

Opverall risk calculation:
REVEAL 2.0

2 3 out of 6 variables (denoted ®), with at least 2 of the most predictive
(denoted #). The sum of the points + 6 (correction factor) = low-risk (0 — 5
points), intermediate-risk (6 — 7 points), and high-risk (= 8 points).!>

Opverall risk calculation:
REVEAL Lite 2

41



Determinants of prognosis*

>
(Stauated|l s m ity) Intermediate risk 5-10% High risk >10%

Absent Present

Clinical signs of right heart failure

Progression of symptoms No Slow Rapid

Syncope No Occasional syncope® Repeated syncope*
WHO functional class 11 i v
6MWD >440 m 165440 m <l65m

Peak VO, >15 ml/min/kg Peak VO, Peak VO; <1 | ml/min/kg

Cardiopulmonary exercise testing (>65% pred.) 1115 ml/min/kg (35-65% pred.) (<35% pred.)
VENCO; slope <36 VENCO: slope 36449 VENVCO); slope 245

BNP <50 ngl BNP 50-300 ng/l BNP >300 gl
NT-proBNP <300 ng/l NT-proBNP 300-1400 ng/l NT-proBNP >1400 ng/l
RA area 18-26 cm?
No or minimal, pericardial
effusion

NT-proBNP plasma levels

RA area >26 ecm?
Pericardial effusion

RA area <8 ecm?

Imaging (echocardiography, CMR imaging) No pericardial efiision

RAP <8 mmHg RAP 8-14 mmHg RAP >14 mmHg
Haemodynamics C122.5 Umin/m? Cl 2.0-2.4 Vmin/m? Cl <2.0 I/min/m?
SvO; >65% SvO; 60-65% SvO; <60%

Figure 8. The 2015 European Society of Cardiology/European Respiratory Society pulmonary hypertension
guidelines’ risk stratification framework

BNP, brain natriuretic peptide; CI, cardiac index; CMR, cardiac magnetic resonance; NT-proBNP, N-terminal pro-
BNP; pred., predicted; RA, right atrium; RAP, right atrial pressure; SvO2, mixed venous oxygen saturation; VE/VCO2,
ventilatory equivalents for carbon dioxide; VO», oxygen consumption; WHO, World Health Organization; 6MWD, six-
minute walk distance. Reproduced with permission,? (license: 6024890787484).

1 Three-StrataTools 2 Four-Strata Tools

@ original SPAHR and COMPERA COMPERA 2.0
Original SPAHR: up to B parameters COMPERA 2.0: 3 parameters
COMPERA: up 1o 6 parameters
[ Low-risk=1] (2]

_ Sum of the paints .
Overall risk = W of parameters (SPAHR equation)

Overall risk: 1.0 — 1.49 =

15— 249 =

225 = High-risk

a
:
2] interm.nignrisk= 31 High-riskc: 4 R

sum of the points .
“wof paramaters |SLAHRequation)
overalt risk: 1.0 — 1.49 — TS
15-249 =
25-349=
235 =

Overall risk =

Updated SPAHR Six-StrataTool

Updated SPAHR: up 1o 11 parameters
"L ow-risk =11 C2 R Hien-isic= 3

s of the points oy R equation)

Non-invasive four-strata risk tool

¥
Atloast one amang:
SVI=a7msm®
Sv0,>65%
Six-strata |
6% 561%

830

Overalirisk =" of paramaters

Overattrisk: 1.0~ 1.49 - GEETTETTENND
1.5-1.99 =

20-249=

225 =

Follow-up?*

— Baseline/
Follow-up?*

Figure 9. The European Society of Cardiology/European Respiratory Society derived risk stratification
calculation methodology

Panel 1A shows the Swedish pulmonary arterial hypertension registry (SPAHR) methodology (SPAHR equation) that is
also used by the comparative, prospective registry of newly initiated therapies for pulmonary hypertension (COMPERA)
and COMPERA 2.0. Panel 1B shows the Updated SPAHR methodology. Panel 2 displays the calculation methodology of
COMPERA 2.0 and panel 3 demonstrates the recently proposed 6-strata tool. SVI, stroke volume index; SvO», mixed
venous oxygen saturation; 1 yr tf surv, 1-year transplantation free survival. A * denotes strategies awaiting further validation.
Tllustration by Ahmed A. Adapted from and modified by Ahmed A. et al.!*3 under the CC-BY-NC license.

42



Determinants of prognosis Risk Group Corresponding to 1-year Mortality

Low risk (<5%) Intermediate risk ( 5 - 20%)

Clinical signs of right heart failure Absent Absent

£ Progression of symptoms No Slow
5
Syncope No o
WHO functional class lorll 1]
Six-minute walking distance >440m 165 - 440 m
Peak VO, > 15 m/min/kg Peak VO, 11 - 15 mi/min/kg
Cardiopulmonary excercise testing (> 65 % predicted) (35 - 65 % predicted)
VE/NO, slope < 36 VE/VO; slope 36 - 44
| slochemical markers NT-proBNP <300 ng/I NT-proBNP 300 - 1100 ng/I
H BNP <50 ng/| BNP 50 - 800 ng/!
§ RAarea <18cm’ RAarea 18 - 26 cm’
kd
& | Echocardiography TAPSE/SPAP >0.32 TAPSE/sPAP 0.19 - 0.32
] mm/mmHg mm/mmHg
3 No pericardial effusion Minimal pericardial effusion
= RVEF >54 % RVEF 37-54 %
Cardiac magnetic resonance imaging SVI > 40 mL/m? SVI 26 - 40 mL/m’
RVESVI < 42mL/m’ RVESVI 42 - 54 ml/m”
RAP <8 mmHg RAP 8 - 14 mmHg
(i 2
Hemodynamics CI22.5 L/min/m’ C12.0-2.4 L/min/m’
SVI > 38 mL/m? SVI31-38 mL/m*

SV0, >65 % SVO, 60 - 65 %
Original SPAHR/COMPERA equation score

Updated SPAHR equation score e
with divided intermedaite risk : )

Figure 10. The 2022 European Society of Cardiology/European Respiratory Society pulmonary hypertension
guidelines’ risk stratification framework with emphasis on the Swedish pulmonary arterial hypertension
registry (SPAHR) calculation methodology

BNP, brain natriuretic peptide; CI, cardiac index; CMR, cardiac magnetic resonance; NT-proBNP, N-terminal pro-
BNP; RA, right atrium; RAP, right atrial pressure; RVEF, right ventricular ejection fraction; RVESVI, right ventricular
end systolic volume index; SVI, stroke volume index; SvO2, mixed venous oxygen saturation; TAPSE/sPAP, tricuspid
annular plane systolic excursion/systolic pulmonary arterial pressure; VE/VCOz, ventilatory equivalents for carbon
dioxide; VOo, oxygen consumption; WHO, World Health Organization. Illustration by Ahmed A. Adapted from
Ahmed A. et al.'" under the CC-BY-NC license.

Biomarkers

In 2015, the FDA and the NIH Joint Leadership Council identified a need to
harmonize terminology used across various disciplines including regulators, clinical
trialists, and therapeutic developers among others, with emphasis on terms related to
endpoints and biomarkers.10% 163 Thus, the FDA-NIH working group established the
Biomarkers, EndpointS, and other Tools (BEST) resource, to improve communication
and scientific understanding with the ultimate goal of accelerating development and
refinement of medical products to improve health outcomes.63

A biomarker, i.e., a portmanteau of “biological marker”164, is according to the BEST
resource “a defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or biological responses to an exposure of
intervention, including therapeutic interventions. Biomarkers may include molecular,
histologic, radiographic, or physiological characteristics. A biomarker is not a measure
of how an individual feels, functions, or survives”,!93 as such characteristics are a part
of the definition of a clinical endpoint that reflects the effect of a therapeutic
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intervention.'6%163 The BEST resource provides classification of biomarkers along with
their corresponding definitions, such as diagnostic-, prognostic-, and multicomponent
biomarkers.163

A growing body of evidence supports that the pathogenesis of both heart failure and
PH/PAH ate ascribed to a complex and intricate interplay of several adverse
pathways.” 105 In heart failure, several mechanisms have been described including
hemodynamic overload, ischemia-related dysfunction, ventricular remodeling,
excessive neurohumoral stimulation, inadequate or excessive proliferation of the
extracellular matrix (ECM), and abnormal myocyte calcium cycling (figure 11).165167 On
the same note, ECM remodeling, reduced anticoagulant properties as part of
endothelial dysfunction, local unadapted release of inflammatory mediators, RV
maladaptation, and metabolic dysregulation including a shift from oxidative
phosphorylation to glycolysis (i.e. the Warburg effect),'® have been described in
PH/PAH.? 10,120,169 Blood-borne biomarkers can reflect some of these processes that
are recognized in the pathobiology of these diseases (figure 3).165 166,170,171 Beyond the
widely used natriuretic peptides, novel and particularly multi-component biomarkers,
may provide deeper pathophysiological understanding, enable earlier diagnosis by e.g.
screening in high risk populations such as the DETECT algorithm,!7? support clinical
decision-making, and prompt the incorporation of precision medicine by enabling a
more precise individual phenotyping.!73-176

MYOCARDIAL
STRETCH

OXIDATIVE STRESS

MYOCYTE INJURY

MATRIX REMODELING

NEUROHUMORAL
ACTIVATION

INFLAMMATION

RENAL
DYSFUNCTION

Figure 11. Major biomarker classes in heart failure!6s
Reproduced with permission (license: 6018700144211).
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Aims

Paper I - 11

As PH is a common condition associated with advanced heart failure, the aims of
papers I —II were to investigate the plasma level dynamics of circulating ECM proteins
(paper 1), and metabolic proteins (paper 1I) in relation to hemodynamics prior to and
1-year after HT, to identify ECM and metabolic proteins that may be related to
advanced heart failure and associated PH.

Paper 111

The aims of paper III were to investigate the plasma levels of cardiovascular disease
associated proteins in relation to hemodynamics in patients with advanced heart failure
and PH, and in a subpopulation pre-HT and 1-year after HT. Additionally, the
prognostic value of selected proteins was investigated in patients with advanced heart
failure and PH.

Paper IV

As there are multiple causes of PH, the aims of paper IV were to investigate the
diagnostic and prognostic potential of plasma proteins involved in coagulation,
inflammation, and metabolism in patients with PAH, among a population with
CTEPH, HFpEF with PH, HFrEF with PH, and HF without PH, and healthy
participants.

Paper V

As PAH represent a severe subgroup of PH, the aims of paper V were to evaluate the
ESC/ERS-detived three- and fout-strata risk stratification strategies using the SUS-
Lund PAH cohort and to establish a comprehensive internet-based calculator to
facilitate risk assessment in PAH.
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Materials and methods

Lund Cardio Pulmonary Registry and blood sampling

Papers I — IV were based on Lund Cardio Pulmonary registry (LCPR), an ongoing
prospective cohort of Region Skine Biobank, established in 2011 by Géran Riadegran.
LCPR contains blood samples and clinical data collected from adult enrollees (= 18
years of age), referred to SUS-Lund for hemodynamic evaluation as part of specialized
diagnostic workups, including pre- and post-HT assessment, evaluation of valvular
disease, PH, or unexplained dyspnea. Additionally, healthy volunteers are enrolled in
LCPR, who, unlike the former group, only undergo a routine clinical examination and
peripheral blood sampling. The aim of LCPR is to advance biomarker research within
the fields of PH and heart failure, particularly regarding diagnosis, treatment response
and prognostic assessment.

The participants were not fasting, and venous blood was sampled from patients at the
time of RHC, whereas venous blood from healthy volunteers was sampled at the
routine clinical examinations. Mixed venous samples were drawn during the RHC from
the introducer in vena jugularis interna, whereas venous samples were drawn
peripherally from healthy controls. Blood samples were collected using 6 mL EDTA
BD Vacutainer tubes, centrifuged at 2000 g for 10 min at 20°C after sampling. Plasma
aliquots were subsequently stored in LCPR at —80°C until retrieved for analysis.

Ethics

All participants enrolled in LCPR provided written informed consent, and the
participants in the SUS-Lund PAH cohort were informed about study partticipation.
The papers conform with the standards outlined in the declaration of Helsinki and
Istanbul and were approved by the regional ethics board in Lund, Sweden (papers I —
IV, dnr: 2010/114, 2010/442, 2011/368, 2011/777, 2014/92, 2015/270; papet V, dat:
2010/114, 2011/777).
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Hemodynamic evaluation and diagnostic procedures

Hemodynamics were assessed by RHC, performed in the supine position at rest,
predominantly via the right internal jugular vein, using a Swan Ganz catheter (Baxter
Health Care Corp, Santa Ana, CA). Mean arterial pressure (mAP), sPAP, diastolic
pulmonary arterial pressure (dPAP), PAWP, mRAP, SvO,, arterial oxygen saturation
(820y), and CO (thermodilution) were measured during the RHCs. HR was measured
by ECG. Diastolic pulmonary pressure gradient (DPG), CI, stroke volume (SV), SV
index (SVI), TPG, pulmonary arterial compliance (PAC), PVR, and left and right
ventricular stroke work indices (LVSWI and RVSWI) were calculated using the
following formulae: DPG=dPAP-PAWP; CI=CO/body surface area (BSA);
SV=CO/HR; SVI=CI/HR; TPG=mPAP-PAWP; PVR=TPG/CO;
PAC=SV/(sPAP-dPAP); LVSWI=(mAP-PAWP)XSVI, and RVSWI=(mPAP-
mRAP)XSVI. BSA was calculated using Du Bois and Du Bois formula
(weight(kg)?42>Xheight(cm)®72°X0.007184).177 In case of multiple assessments with
RHC before HT, the hemodynamic data closest to HT or the data before implantation
of left ventricular (LV) assist device were used.

The PH centre at SUS-Lund constitutes one of the PH university centers that report
to the SPAHR registry.#. 153 PH-LHD and PAH was diagnosed by experienced
cardiologists and defined according to prevailing PH guidelines as that time.20- 21,126 For
patients with PAH, the diagnostic RHC in treatment-naive patients defined baseline.
Classification of heart failure and identification of intracardiac shunts were performed
with echocardiography, magnetic resonance imaging, and arterial gas analysis during
RHC. HFpEF and HFrEF were defined as EF = 50% and < 50%, respectively.
Provocative testing was assessed if needed including fluid challenge to rule out occult
diastolic dysfunction. CTEPH was identified with pulmonary scintigraphy. High-
resolution computed tomography and spirometry with diffusion capacity were
performed for assessment of lung disease including interstitial lung disease, pulmonary
fibrosis, and emphysema, to exclude patients with PH due to hypoxia and/or lung
disease (WHO group III PH).

Renal function

The creatinine-based estimates of the patients’ glomerular filtration rate (eGFR) were
calculated using the revised Lund-Malmé equation (LME). Included variables in the
LME in addition to creatinine are age and sex. The LME was derived using a Swedish
cohort, and had a more stable performance as well as higher accuracy across GFR, age
and BMI-intervals compared with the Modification of Diet in Renal Disease (MDRD),
and Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations.!
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Proteomic analyses

In papers I — IV, plasma aliquots were retrieved from LCPR and analyzed in March
2017 with proximity extension assay (PEA), using multiplex immunoassay reagent kits
(Cardiovascular II, Cardiovascular III, and Oncology 11 panels). The proteins in the
panels were divided into subgroups depending on the mechanisms they are involved
in, i.e. proteins associated with ECM, and metabolism among other mechanisms. The
proteins analyzed are listed in papers I — IV, respectively.!”-182 The PEA technique is
based on DNA oligonucleotide labelled antibodies. Upon pairwise binding of the
oligonucleotide-labelled antibodies to the target protein, the oligonucleotides come into
proximity, hybridize, and are re-extended by a DNA-polymerase. Subsequently, the
DNA template is quantified by microfluidic qPCR (Biomark HD, Fluidigm, San
Francisco, CA, USA). Each panel corresponds to a plate on which the multiplex
analysis was performed. In each plate, inter-plate controls were added in triplicates, and
the median of the inter-plate triplicates was used to adjust for inter-plate variations
(Olink proteomics, Uppsala, Sweden). By default, the readouts of the proteins’ levels
from the Olink assays are expressed on an arbitrary logs scale (AU(logy)), reflecting the
inverted Ct (cycle threshold) values.'8? In papers I — IV, as the log» scale did not provide
normally distributed data and to simplify interpretation of results, the logarithmic
values were transformed to a linear protein expression scale (AU), using the following

formula: linear AU=24U(0g2) Assay validation data and panel information are
available at www.olink.com.

General statistical approaches and software use

Data distribution was assessed by histograms followed by visual evaluation.
Nonparametric testing was generally used as appropriate, and values were mostly
expressed as medians (25t — 75t percentiles) unless otherwise stated. A p-value (o) <
0.05 was considered statistically significant unless false discovery rate (FDR) was
used,'®* to minimize type 1 errors (false positives). Analyses were usually performed
according to certain steps that were determined 4 priori to limit the number of statistical
tests performed. Cox regressions and the Kaplan-Meier method were used to assess
prognostic associations and to plot survival curves, respectively. GraphPad Prism
(GraphPad Software, La Jolla CA, USA), and R statistical software (R Foundation for
Statistical Computing, Vienna, Austria) were used to perform statistical analyses.
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Papers I — 11

Study population

In papers I — 11, the initial study population comprised 20 healthy volunteers and 29
patients with advanced heart failure evaluated pre-HT and at the 1-year follow-up post-
HT. The healthy volunteers did not have a medical history of myocardial infarction,
heart failure, diabetes mellitus, or atrial fibrillation. Patients with missing hemodynamic
data or exhibiting PH (mPAP = 25 mmHg) at the 1-year follow-up post-HT were
excluded (n = 3). The final study population comprised 20 healthy volunteers and 26
HT recipients. The study included all eligible HT patients with a 1-year follow-up and
healthy volunteers enrolled in LCPR between October 2011 and February 2017. The
demographics of the study population in papers I and II are shown in table 4.

Study set-up and statistical analyses

Twenty and 21 plasma proteins associated with ECM (paper I) and metabolism (paper
1I), respectively, in addition to NT-proBNP were investigated. To address the aims of
papers I — I, and to limit the number of statistical tests performed, two criteria were
predefined: (i) a significant change in plasma levels pre-HT versus post-HT (difference
between a deteriorated and restored hemodynamic state), and in pre-HT versus healthy
volunteers (difference between “diseased” and “healthy”), and (ii) post-HT proteins’
levels that develop towards the healthy controls’ plasma levels, displaying a “pattern of
normalization”. Plasma proteins which fulfilled both criteria were correlated with
hemodynamics. The correlations were based on changes (post-HT — pre-HT values; A)
between the plasma proteins’ levels and hemodynamic variables. Subsequently, the
plasma proteins were ranked based on the strength and the number of correlations
present. The Wilcoxon signed-rank test and Mann-Whitney U test were used to assess
paired and unpaired data, respectively. Tukey’s fence was used to define outliers.
Correlations were expressed by Spearman’s rank coefficient.

Table 4. Population characteristics in papers I —II

Controls (n=20) Pre-HT (n=26) Post-HT (n=26)

Variable n(%) | median(QR) n(%) | median(QR) n(%)  median (IQR)
Female 10 (50) 5(19.2)

Age (y) 20 (100) | 41 (27— 51) | 26 (100) | 50 (45— 613 | 26 (100) | 52 (47 — 63)
BSA (m?) 19095 | 1.9(1.8-20) | 25962 | 2(1.8—21) | 26(100) | 2(1.8—2.1)
Creatinine (pmol/L) 25(96.2) | 108 (90 —123) | 26 (100) | 114 (97 —142)
eGFR (mL/min/1.73m?) 25(96.2) | 63 (55-171) 26 (100) | 53 (43—72)
NT-proBNP (AU) 20 (100) | 1.1 (1.1 = 1.2) | 26 (100) 24 (11 — 40) 26 (100) | 2 (1.4 —5.8)»P
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Table 4 (continued). Population characteristics in papers I —II

LT Controls (n=20) Pre-HT (n=26) Post-HT (n=26)
n(%)  median (IQR) n (%) median (IQR) n (%) median (IQR)

EF <50 24 (92.3) -
EF 2 50 2(7.7) -
Cardiomyopathy

DCM 17 (65.4) -

HCM 3(11.5) -

ICM 3(11.5) -

Other etiology 3 (11.5) -
PH-LHD 19 (73.1) -

Ipc-PH 10 (52.6)¢ -

Cpc-PH 9 (47.4) -
Atrial fibrillation 13 (50) -
Diabetes mellitus 3(11.5) 9 (34.6)
Hypertension 5(19.2) 3 (11.5)
B-blockers 25 (96.2) 9 (34.6)
ACEI 11 (42.5) -
ARB 11 (42.5) 10 (38.5)
MRA 22 (84.6) 3(11.5)
Furosemide 24 (92.3) 12 (46.2)
Cordarone 4 (15.4) -
Prednisolone 1(3.8) 25 (96.2)
Cyclosporine - 3 (11.5)
Tacrolimus - 23 (88.5)
MMF - 21 (80.8)
Azathioprine - 5(19.2)
Sildenafil - 1(3.8)

ACEIL angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; AU, arbitrary units; BSA, body
surface area; Cpc-PH, combined post-capillary and pre-capillary pulmonary hypertension; DCM, dilated
cardiomyopathy; EF; ejection fraction; eGFR, estimated glomerular filtration rate; HCM, hypertrophic cardiomyopathy;
HT, heart transplantation; ICM, ischemic cardiomyopathy; Ipc-PH, isolated post-capillary pulmonary hypertension;
IQR, inter-quartile range; MMF, mycophenolate mofetil; MRA, mineralocorticoid teceptor antagonist; NT-proBNP,
N-terminal pro-brain natriuretic peptide; PH-LHD, pulmonary hypertension associated with left heart disease.

P < 0.0003 was considered statistically significant; false discovery rate <0.01.

2P < 0.0003; false discovery rate <0.01, versus controls.

bP < 0.0003; false discovery rate <0.01, versus pre-HT.

¢ One patient exhibited severe orthopnea during evaluation with right heart cathetetization, and pulmonary arterial
wedge pressure could not be measured. The patient underwent a second right heart catheterization as a part of the pre-
HT evaluation, which revealed Ipc-PH. Adapted from papers I — 11,17 1% under the CC-BY-NC license.
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Paper 111

Study population

In paper I1I, the initial population comprised 20 healthy volunteers (used in papers I —
II) and 70 patients with heart failure and associated WHO group II PH (LHF-PH).
Patients missing hemodynamics or those with an mPAP = 25 mmHg after HT were
excluded (n=3). The final study population comprised 20 healthy volunteers and 67
patients with LHF-PH, of whom 19 underwent HT and had available hemodynamics
at the l-year follow-up post HT. Data were censored on August 21%, 2020. The
demographics of the LHF-PH and the HT subgroup are presented in table 5.

Study set-up and statistical analyses

The use of nonparametric tests, correlation analyses, and FDR were described above
under papers I — II . Eighteen plasma proteins associated with cardiovascular disease
were analyzed in addition to NT-proBNP. The proteins are listed in paper I11.18! One
of the proteins, adrenomedullin peptides and precursor levels (ADM), was measured
with the Olink assay utilizing polyclonal antibodies that could detect pro-
adrenomedullin  N-20 terminal peptide, mid-regional pro-adrenomedullin (MR-
proADM), adrenomedullin, as well as the unprocessed adrenomedullin protein. The
same criteria described under paper I —II were applied on the 19 HT patients to identify
candidate plasma proteins potentially associated with hemodynamics and prognosis.
The proteins that displayed significant baseline- (n=67, LHF-PH), and A correlations
(n=19, HT subpopulation) between plasma proteins and hemodynamics/NT-proBNP
qualified for prognostic analyses with Cox regressions and the Kaplan-Meier method.

For the Kaplan-Meier analysis, the optimal thresholds of the proteins to differentiate
patients with better or worse outcomes, defined as event-free survival (all-cause
mortality or HT), or all-cause mortality, were determined using ROC curves and
Youden’s indices. Kaplan-Meier curves were compared using the log-rank test.

Table 5. Population characteristics in paper III

ariable LHF-PH (n = 67) Pre-HT (n = 19) Post-HT (n = 19)
n(%) median (IQR) n (%) | median(IQR) n (%) median (IQR)
Female 28 (42) 3 (16) 3 (16)
Age (years) 67 (100) | 63 (51 — 75) 19 52 (49 — 64) 19 52 (49 — 64)
BSA (m?) 67(100) | 1.9(1.8-21) | 19 2(1.8-2) 19 2(1.8-2)
Creatinine (pmol/L) | 63 (94) | 108 (86 —136)* | 18 110 (90— 125)> | 19 104 (97 — 121)
eGFR (mL/min/173m2) | 63 (94) | 54 (40 — GG 18 63 (54— 71)d 19 71 (46— 73)
NT-proBNP (AU) 67 (100) | 13 (7.6 - 32) 19 28 (17 — 45 19 2(1.5-6.5)
Atrial fibrillation 37 (55) 7037 -
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Table 5 (continued). Population characteristics in paper I1I
LHF-PH (n = 67) Post-HT (n = 19)

edian (IQR) n (%) median (IQR) n (%) | median (IQR) |
Hypertension 27 (40) 2 (11) 1(5
Diabetes mellitus 14 (21) 1(5) 6 (32)
EF < 50% 36 (54) 18 (95) -
EF 2 50% 31 (40) 1(5) -
Ipc-PH 30 (45) 10 (53) -
Cpc-PH 37 (55) 9 (47) -
8-blockers 59 (88) 18 (95) 3 (16)
ACEI 30 (45) 9 (47) -
MRA 28 (42) 8 (42 2(11)
Furosemide 40 (60) 18 (95) 7 (37)
Prednisolone - - 18 (95)
Cyclosporine 12 - 2 (11)
Tacrolimus - - 17 (90)
MMF - - 15 (79)
Azathioprine 12 - 3 (16)

ACEIL angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; AU, arbitrary units; BSA, body
surface area; Cpc-PH, combined post-capillary and pre-capillary pulmonary hypertension; EF, ejection fraction; eGFR,
estimated glomerular filtration rate; HT, heart transplantation; Ipc-PH, isolated post-capillary pulmonary hypertension;
IQR, inter-quartile range; LHF-PH, left heart failure associated with PH; MMF, mycophenolate mofetil; MRA,
mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-brain natriuretic peptide.

*P = 0.88 vs. post-HT.

bP = 0.89 vs. post-HT.

¢P = 0.19 vs. post-HT.

4P = 0.58 vs. post-HT.

¢P < 0.0001 vs. post-HT.

Adapted from paper IIL'$! under the CC-BY-NC license.

Paper IV

Study population

The initial population consisted of 20 healthy volunteers (previously described), and
155 patients who were enrolled in the LCPR. Patients missing hemodynamics (n = 3)
or had comorbidities that influenced the definitive diagnosis (n = 2) were excluded.
The final study cohort consisted of 170 participants: 20 healthy volunteers, 48 with
PAH, 20 with CTEPH, 31 with HFpEF and PH (HFpEF-PH), 36 with HFrEF and
PH (HFrEF-PH), and 15 with heart failure without PH that constitute a control group
for dyspnea (HF-non-PH). The patients with PAH constituted the primary focus, from
whom blood samples were collected at the diagnostic RHC and who were treatment-
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naive at that time. Additionally, a subgroup of the PAH population (n = 33) was
included as an early treatment follow-up. Data were censored on April 8h, 2020.
Population characteristics are presented in table 6.

Study set-up and statistical analyses

The focus of paper IV was to identify diagnostic and prognostic biomarker candidates
in PAH. Forty-two plasma proteins associated with inflaimmation, coagulation, and
metabolism were included. Initially, the plasma proteins were stratified according to
the presence of a difference in the levels between the incident PAH population and the
healthy volunteers, qualifying the proteins for further analysis. The qualified proteins
were analyzed both for their diagnostic/differentiation and prognostic ability in PAH.

Diagnostic approach

PAH was compared to CTEPH, HFpEF-PH, HFrEF-PH, and dyspnea/HF-non-PH,
using the Kruskal-Wallis test, followed by multiple comparisons. ROC analysis was
performed to evaluate each protein’s unadjusted ability to differentiate PAH from the
other disease groups. Multivariable logistic regression models were thereafter fitted to
combine candidate proteins adjusted for age and sex, followed by a ROC analysis to
evaluate the models ability to differentiate PAH from the other disease groups. The
odds-derived cut-offs of the multivariable logistic regression models were used to
derive sensitivity and specificity. DeLong’s test was used to compare the AUCs of two
ROC-curves. For internal validation, the optimism adjusted AUCs via a bootstrap
procedure (n = 10 000 with resampling) were calculated.!85 186

Prognostic approach

All-cause mortality was defined as events in the prognostic analyses. Using the
maximum follow-up time of the patients with PAH, levels of the plasma proteins at
diagnosis were compared in survivors versus non-survivors. Proteins displaying a
difference were subsequently analysed with ROC curves to extract the optimal
thresholds for the Kaplan-Meier analyses. Multivariable Cox-regression models were
also fitted to adjust for age, sex, and the ESC/ERS (SPAHR) risk scores. Multivariable
logistic regression models were also fitted, on which ROC curves were based to display
the prognostic ability as a means of AUCs. The AUCs were internally validated using
the optimism adjusted AUCs via a bootstrap procedure (n = 10, 000 with resampling).
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Paper V

Study population

Paper V was based on a patient cohort evaluated at the Hemodynamic Lab at SUS-
Lund, Sweden, between January 2000 and July 2021. The initial cohort consisted of
2117 evaluations performed on 402 patients. The Hemodynamic Lab at SUS-Lund is
one of the seven PH centres in Sweden where repetitive assessments with RHCs have
been performed the most extensively in patients with PAH, i.e. in 100 % at baseline
and ~80 % of all follow-ups.341.153 When inclusion and exclusion criteria were applied
(figure 13), 812 assessments from 169 incident patients (defined as those with a baseline
assessment) with IPAH, FPAH, PAH associated with systemic sclerosis (SSc-APAH),
and other CTD-APAH (other CTD-APAH) were identified. To ensure one event per
patient, assessments until the first that predicted the 1-, 3-, or 5- year mortality were
included. Hence the study cohort had three compositions of follow-up assessments
(figure 13). Data were censored at the eatliest of the predefined follow-up times (1, 3,
ot 5 years), or July 26, 2021.

Risk stratification

The SPAHR/COMPERA three-strata, the Updated SPAHR, as well as the
COMPERA 2.0 strategies were evaluated. The calculation method for each is described
in detail in the introduction section under “Prognostic Risk Stratification”, and further
claborated in figures 9 and 10. The initial SPAHR three-strata validated up to eight
variables including WHO-FC, 6MWD, NT-proBNP, mRAP, CI, SvO,, pericardial
effusion, and right atrial area. In paper V, signs of right heart failure, progression of
symptoms, and syncope were additionally evaluated in the SPAHR three-strata and
Updated SPAHR strategies.

Study set-up and statistics

In the SPAHR/COMPERA and Updated SPAHR analyses, the population was divided
into two subgroups based on the number of available prognostic variables: 3 — 6 and 7
— 11, to evaluate whether the abundance of variables influences the prognostic
accuracy. The threshold used to define the two subgroups was selected to ensure an
adequate number of events in each. For an assessment to qualify for analysis, the
presence of = 3 risk variables defined by the ESC/ERS PH guidelines was required.
All-cause mortality was considered as an event. The prognostic accuracy of the risk
stratification scores at specific time points (1, 3, and 5 years) was evaluated using ROC
curves. To assess prognostic accuracy over time, time-dependent C-statistics were
plotted using Uno’s C-statistics.!87- 188 The C-statistic is the proportion of comparable
participant pairs in a cohort for whom the predicted risk scores and observed event
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times are concordant. It reflects the ability of a risk score/model to assign a higher risk
to the participant who experiences the event earlier.188

Risk score calculator

An html-based webpage was developed for comprehensive calculation of risk scores,
encompassing the SPAHR/COMEPRA, Updated SPAHR, COMPERA 2.0, as well as
the FPHR invasive and non-invasive strategies. Coding was performed using
JavaScript. The webpage was based on a macro-enabled Excel spreadsheet developed
by the author, Salaheldin Ahmed, and Go6ran Réadegran, which has been clinically
evaluated by G6éran Radegran on patients with PAH at the Hemodynamic Lab at SUS-
Lund since 2019. The webpage also includes the REVEAL 2.0 and REVEAL Lite 2
strategies. The PAH risk stratification calculator can be reached using the following
URL: (https://www.svefph.se/risk- stratification).

Study population
Skéne University Hospital, Lund
2000 - 2021

2117 assessments from 402 patients with
PH-diagnosis

Excluded

1
1 - 751 assessments from 141 patients with other PH diagnoses than
1

PAH (PH-groups 2-5)

1366 assessments from 261 patients with PAH s bl
: Excluded H
| =133 assessments from 29 patients with CTD-APAH with lung fibrosis
1+ 100 assessments from 21 patients with CHD-APAH 1

- 14 a ts from 4 patients with drug induced PAH 1
] « 35 assessments from 6 patients with other forms of PAH (PVOD, '
1 1
1 '
1 1

pontal hypeniension, hereditary hemorrhagic telangiectasia with PAH)
812 assessments from 168 patients with - 1 assessment from 1 patient without an established diagnosis
IPAH, FPAH, SSc-APAH & other CTD-APAH B e 4

with 2 3 ESC/ERS established risk parameters

Fosssssssss=s== al Fosss=s=s==s====== hl
) 1 "
1 3-year mortality i : S-year mortality 1
1
bccccccrccccca= 4 I e T 4
................. - femmmmemmmcsecem————— I ———
1 1 Excluded Excluded

* |+ 193 assessments 1o ensure 1 event per patient

-ad

+ 291 assessments to ensure 1 event per patient

Included ' : Included :
§+ 521 ObSENVaonS oM 168 InGident ANENTS & 352 10IOW-PS |
|+ Baseine: 100% wih RHC data '
V- 45 B1% wih RHC daia H

: Included
3 773 cbsenations from 169 incident patients & 604 1080w-ups. 1
3+ Baseine: 100% with RHC data h
3+ Folow-ups: T7.5% with RHC data I

Figure 13. Flow-chart of the study population in paper V

APAH, associated pulmonary arterial hypertension; CHD-APAH, congenital heart disease-APAH; CTD-APAH,
connective tissue disease-APAH; ESC/ERS, European Society of Cardiology/European Respiratory Society; FPAH,
familial pulmonary arterial hypertension; IPAH, idiopathic pulmonary arterial hypertension; PAH, pulmonary arterial
hypertension; PH, pulmonary hypertension; PVOD, pulmonary veno-occlusive disease; SSc-APAH, systemic sclerosis-
APAH. Reproduced from paper V,'53 under the CC-BY-NC license.
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Results

Papers I — 11

Plasma levels of prolargin, matrix metalloproteinase-2 (MMP-2) [paper IJ; soluble
receptor for advanced glycation end products (SRAGE), and insulin-like growth factor
protein 7 (IGFBP7) |paper 1I] were higher in patients with heart failure versus healthy
volunteers. The levels of the four proteins decreased post-HT compared to pre-HT,
approaching the levels of the healthy volunteers. The p-values are displayed in figure
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Figure 14

Plasma levels of A, prolargin; B, matrix metalloproteinase 2 (MMP-2); C, soluble receptor for advanced glycation end
products (SRAGE); D, insulin-like growth factor binding protein 7 IGFBP7) in healthy volunteers (controls, C), pre-
heart transplantation (pre-HT), and post-HT. AU, arbitrary units. The p-values for post-HT versus C for MMP-2,
sRAGE, and IGFBP7 were approximately 0.58, 0.14, and 0.12, respectively. *** p < 0.0001. Adapted from papers I —
11,179 180 under the CC-BY NC license.
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Hemodynamic improvement in papers I — II was characterized by decreased levels of
mPAP, mRAP, PAWP, and PVR, as well as increased PAC, CI, and SVI post-HT
compared to pre-HT. The complete list of hemodynamic variables including the A and
p-values pre-HT versus post-HT are displayed in table 8. The A of prolargin, MMP-2,
sRAGE, and IGFBP7 correlated with the A of several hemodynamic parameters. The
complete list on the correlations and their p-values are displayed in table 9.

Table 8. Hemodynamic variables pre-heart transplantation and post-heart transplantation

Post-HT (n=26) A (Post-HT—Pre-H P-value

Hemodynamic variable Pre-HT (n=26)

mAP (mmHg) 82 (77 — 93) 102 (91 — 108) 15 (9 — 27) <0.0001*
mPAP (mmHg) 29 (24 — 38y 14 (12 - 17) 15 (26 — 7.5 <0.0001*
PAWP (mmHg) 20 (18 — 25)b 7(4-93) 17 (21 — 6.5 <0.0001*
mRAP (mmHg) 14 (7.5 — 18y 3(1 -4y 12 (15— -3.3)b <0.0001*
Heart rate (beats/min) | 73 (69 — 82)° 82 (73 — 89) 7 (-4~ 150 0.063
CO (L/min) 33 (2.6 — 41y 5.5 (5 - 6.5) 22(1.2 - 2.9)0 <0.0001*
CI (L/min/m?) 1.8 (14— 2.2 2.8(2.6 —32) 1.1 (0.65 — 1.6 <0.0001*
SV (mL/beat) 48 (35 — 58) 72 (66 — 78) 23 (14 — 34y <0.0001*
SVI (mL/beat/m?) 25 (18 — 29y 36 (33 — 40) 12 (6.5 — 18y <0.0001*
DPG (mmHg) 1(0-38)p 2(:0.25 - 4) 0(2-35p 0.8

TPG (mmHg) 8.5 (6 — 12)p 8 (5 — 10) 1.5 (62 0.17
PAC (mL/mmHg) 22(1.8 - 3.1)° 5.4 (4.1 - 6.6) 32(13— 4y 0.00029*
PVR (WU) 2.4 (14— 3.5)b 1408919 | -1.3(-1.9 - -0.036)® <0.0001*
PVRI (WU/m?) 5129 - 6.9) 2.8 (1.7 = 3.7) 2.4 (4 0.42p <0.0001*
LVSWI(mmHgxmL/m?) | 1541(1052-2007)" | 3344(3167-3810) | 1675 (1224-2532)> <0.0001*
RVSWI(mmHgxmL/m?) | 362 (294 — 615): 429 (3175168 | 62 (-119 —245)b 0.64
a-VO, diff (mL Oz/L) 74 (63 — 81)s 42 (40 — 51)¢ 32 (-40 — -19)d <0.0001*
Sa0: (%) 96 (94 — 97y 97 (96 — 98) 1.7 (0.2 - 2.8) 0.046
SvO: (%) 52 (47 — 60 69 (66 — 72) 17 (11 — 24)0 <0.0001*

Values are displayed as medians (25% — 75% percentiles). a-VO2 diff, arteriovenous oxygen difference; CI, cardiac index;
CO, cardiac output; DPG, diastolic pulmonary pressure gradient; LVSWI, left ventricular stroke work index; mAP,
mean arterial pressure; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PAC, pulmonary
arterial compliance; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; PVRI, PVR index;
RVSWI, right ventricular stroke work index; SaO», artetial oxygen saturation; SV, stroke work; SVI, SV index; SvOa,
mixed venous oxygen saturation; TPG, transpulmonary pressure gradient; WU; Wood units. P-values < 0.0003 were
considered statistically significant, denoted *, (false discovery rate < 0.01).

+d Indicate n—1 to n—4, respectively.

Adapted from papers I — IL!7- 180 under the CC-BY-NC license.
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Table 9. A correlations between key proteins and hemodynamics/N-terminal pro-brain natriuretic peptide

A Variable
mPAP (mmHg)

Prolargin (AU)
0.4 (0.049)

MMP-2 (AU)

0.58 (0.0025)"

IGFBP7 (AU)
0.041 (0.85)

sRAGE (AU)
0.7 (<0.0001)*

PVR (WU) 0.37 (0.071) 046 (0.022 | 0.14 (0.52) 0.65 (0.00062)*>
PAC (mL/mmHg) -0.082 (0.7)° 0.041 (0.857 | 0.27 (0.19) -0.52 (0.0074y*
mRAP (mmHg) 0.63 (0.00091)> 056 (0.0046)> | 0.71 (0.00011)*> | 0.18 (0.4)>
NT-proBNP (AU) 0.7 (0.000079) 056 (0.0029) | 0.71 (<0.0001)* | 0.3 (0.14)

PAWP (mmHg) 032 (0.13) 048 (0,016 | 0.12 (0.57) 0.73 (<0.0001)*>
CI (L/min/m?) -0.64 (0.00057) -0.19 (0.36)° -0.19 (0.37)" -0.078 (0.71)
SVI (mL/beat/m?) -0.73 (0.000033) | -0.25 (0.23) -0.15 (0.47) -0.16 (0.46)"
LVSWI (mmHg X mL/m?) | -0.49 (0.015)> 0.31 (0.15)p 0.3 (0.12)p 0.22 (0.31)°

Values are displayed as [Spearman r coefficients (p-value)]. CI, cardiac index; LVSWI, left ventricular stroke work index;
MMP-2, matrix metalloproteinase 2; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PAC,
pulmonary arterial compliance; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance. SVI,
stroke volume index; WU, Wood units. P-values < 0.02 for prolargin and MMP-2, and <0.021 for IGFBP7 and sRAGE
were considered statistically significant, denoted *, (false discovery rate < 0.1).

* indicates n—1; b, n—2. Adapted from papers I — IL!7 18 under the CC-BY-NC license.

Paper 111

The patients were followed up for a median of 4.6 (25% — 75 percentiles: 2.9 — 6.8)
years. During the follow-up period, 36 out of 67 patients (53.7 %) underwent HT, and
25 (37.3 %) died. Of the 25 patients who died, 8 (32 %) had undergone HT.

Out of 18 plasma proteins, ADM displayed a difference pre-HT versus post-HT, a
difference in LHF-PH versus healthy volunteers’ levels, and the post-HT values
displayed a normalization pattern towards the healthy volunteers’ levels. Additionally,
plasma ADM displayed significant correlations between baseline hemodynamics and
NT-proBNP in the LHD-PH group, as well as significant A correlations with
hemodynamics and NT-proBNP in the HT group, (table 10).

High baseline plasma ADM was associated with worse survival and event-free survival
compared to low levels according to Kaplan-Meier analyses (figure 15). Baseline plasma
ADM was also associated with survival in univariable Cox-regression analysis (Hazard
ratio (HR): 95 % confidence interval (CI); 1.007: 1.00 — 1.015), p-value = 0.049. The
association remained significant after adjusting for NTpro-BNP (HR: 95 % CI; 1.01:
1.000 — 1.021), p-value = 0.041.
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Table 10. Baseline and A correlations in paper III
Baseline correlations with ADM A correlations with ADM

Variable LHF-PH cohort (n=67) HT cohort (n=19)
Mean arterial pressure (mmHg) -0.22 (0.071) -0.16 (0.52)

Mean pulmonary arterial pressure (mmHg) 0.28 (0.020) 0.2 (0.41)

Pulmonary arterial wedge pressure (mmHg) | 0.26 (0.034) 0.36 (0.13)

Mean right atrial pressure (mmHg) 0.67 (<0.0001)2 0.61 (0.0077)2

Cardiac output (L/min) -0.0426 (0.73) -0.33 (0.17)

Stroke volume index (mL/min/m?) -0.23 (0.057) -0.52 (0.022)
N-terminal pro-brain natriuretic peptide (AU) | 0.55 (<0.0001) 0.75 (0.00025)

Values are displayed as Spearman r coefficients (p-value). ADM, adrenomedullin peptides and precursor levels; AU,
arbitrary units, HT, heart transplantation; LHF-PH, heart failure and associated WHO group II pulmonary
hypertension. Statistical significance for baseline and A correlations were defined as p < 0.0026 and p < 0.033,
respectively, corresponding to false discovery rates of 0.01 and 0.25. * indicates n — 1. Adapted from paper I1L '8! under
the CC-BY-NC license.
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Figure 15. Main findings related to plasma adrenomedullin peptides and precursor levels (ADM)
Kaplan-Meier estimates of event-free survival (all-cause mortality or transplantation; left panel), and survival (all-cause
mortality; right panel), according to optimal ADM cut-offs. Adapted from paper IIL,'8! under the CC-BY-NC license.

Paper IV

Population characteristics

The PAH population had a median follow-up of 3.6 (25 — 75t percentiles: 2.1 — 4.8)
years. By the end of the follow-up period, 32 out of the 48 PAH patients had died.
Three patients underwent lung transplantation, of whom two died after 0.83 and 5.33
years. The PAH population comprised IPAH (n = 21), SSc-APAH (n = 21), other
CTD-APAH (n = 4), and FPAH (n = 2). The median time to the first eatly treatment
follow-up was 3.8 (25th — 75th percentiles: 3.0 — 4.2) months. Among the 33 PAH
patients with treatment follow-up, 23 were on monotherapy with ERAs (n = 17), or
PDED5I (n = 6). Eight patients were on double combination therapy (ERA and PDED5i),
and 1 patient was on triple combination therapy (ERA, PDE5i, and prostacyclin
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analogue). One patient was treated with only CCB due to being acute responder at
vasoreactivity testing. Additionally, nine patients were treated with CCBs for
rheumatologic symptoms at baseline and at the early follow-up, and 1 patient only at
follow-up. The characteristics of the patients are displayed in table 6, and the healthy
volunteers in table 4.

Main results

Plasma ADAMTS13 levels were lower in the healthy volunteers compared to patients
with PAH. Patients with PAH had the lowest levels of ADAMTS13 compared to the
other disease groups (figure 16, A and B). A ROC analysis revealed that ADAMTS13,
in univariable analysis, differentiated PAH from all other disease groups with an AUC
0f 0.90 (95% CI: 0.85 — 0.95). ADAMTS13 combined with age and sex displayed an AUC
of 0.91 (95% CI: 0.86 — 0.96) (figure 16, C), and an optimism-adjusted AUC of 0.90.
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Figure 16. Main findings related to a disintegrin and metalloproteinase with thrombospondin motifs 13
(ADAMTS13)

AU, arbitrary units; AUC, area under the receiver operating characteristics curve; CT'EPH, chronic thromboembolic
pulmonary hypertension (PH); HFpEF-PH, PH associated with heart failure (HF) with preserved ejection fraction;
HFrEF-PH, PH associated with HF with reduced ejection fraction; PAH, pulmonary artetial hypertension. ** indicates
p < 0.0055; ##** p<0.0001. Adapted from paper IV,!82 under the CC-BY license.

Baseline levels of plasma von Willebrand factor (vWF) were lower in survivors versus
non-survivors (figure 17, A). Lower levels were also associated with better survival
according to Kaplan-Meier estimates (figure 17, B). Cox-regression analysis showed
that vWF was associated with survival (HR: 95 % CI; 1.002: 1 — 1.005), p-value = 0.045.

The association remained significant after adjusting for age, sex, and the ESC/ERS
SPAHR three-strata risk score (HR: 95 % CI; 1.002: 1 — 1.004), p-value = 0.041.

The prognostic ability, i.e. the AUC, of baseline vWF levels in patients with PAH
combined with age, sex, and the ESC/ERS SPAHR three-strata risk score was 0.94
(95% CI: 0.88 — 1) (figure 17, C), and an optimism-adjusted AUC of 0.90.
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Figure 17. Main findings related to von Willebrand factor (vWF)

Survivors versus non-survivors, stratified by the maximum follow-up time (median 3.6 years) (A). Optimal threshold
displayed by the dotted line. Plasma vWF levels according to the threshold are displayed using Kaplan-Meier survival
analysis (B). Receiver operating characteristic curve and its area under the curve (AUC) for vWF, age, sex and the
European society of cardiology / European Respiratory Society risk score (ESC/ERS) using the Swedish pulmonary
arterial hypertension registry (SPAHR) three-strata strategy. AU, arbitrary units. ** indicates p = 0.0016. Adapted from
paper IV,!82 under the CC-BY license.

Paper V

Population characteristics

The median follow-up time for the 169 incident patients diagnosed between 2001 and
2020 was 2.9 (25t — 75t percentiles: 1.3 — 5.1) years. By the end of the follow-up time,
115 patients had died. Within 1 year from diagnosis, 76 had died; within 3 years, 110
had died; and within 5 years 113 had died. Using the SPAHR three-strata strategy and
all available variables at baseline, 28 patients were classified as low risk, 120 as
intermediate-risk, and 21 as high-risk. The observed 1-year mortality rates according to
risk group were 0 %, 18.3 %, and 42.9 %, respectively. Baseline characteristics are
displayed in table 7.

Prognostic accuracy of visk stratification at baseline

For predicting the 1-, 3-, and 5-year mortality, the SPAHR three-strata and Updated
SPAHR strategies, both based on 3 — 6 variables, demonstrated the highest AUCs (1-
year: 0.73 for both; 3-year: 0.69 and 0.67, respectively; and 5-year: 0.73 and 0.68,
respectively).

Prognostic accuracy of risk stratification at follow-up assessments

For predicting the 1- and 3-year mortality, the updated SPAHR (based on 7 — 11
variables) and COMPERA 2.0 strategies demonstrated the highest AUCs (1-year: 0.87
and 0.86, respectively; 3-year: 0.89 and 0.87, respectively). For predicting the 5-year
mortality, the Updated SPAHR and the SPAHR three-strata strategies (both based on
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7 — 11 variables) displayed the highest mean AUCs, followed by COMPERA 2.0 (0.92,
0.90, and 0.84 respectively). Notably, the Updated SPAHR strategy displayed higher
mean AUCs than the SPAHR three-strata strategy (both based on 7 — 11 variables) (1-
year: 0.87 and 0.78, respectively; 3-year: 0.89 and 0.86, respectively; and 5-year: 0.92
and 0.90, respectively).

Prognostic accuracy of risk stratification using the cumulative tine-dependent area under the receiver
operating characteristic curve (nAUC)

Based on baseline variables, the original SPAHR three-strata and the Updated SPAHR
strategies (both based on 3 — 6 variables) displayed the highest uAUCs for predicting
mortality within 5 years, followed by COMPERA 2.0 (figure 18, A). Based on follow-
up variables, the Updated SPAHR strategy (7 — 11 variables) displayed the highest
uAUC (0.90) for predicting mortality within 5 years, followed by the SPAHR three-
strata (7 — 11 variables), and COMEPRA 2.0 (figure 18, B).
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Figure 18. The cumulative time-dependent area under the receiver operating characteristic curves (uAUC) of
several European Society of Cardiology/European Respiratory Society (ESC/ERS) derived risk stratification
strategies

The uAUC of several risk score strategies at baseline (A), and at follow-up assessments (B). COMPERA, the
Comparative, Prospective Registry of Newly Initiated Therapies for pulmonaty hypertension; SPAHR, Swedish
pulmonary Arterial Hypertension Registry. Adapted from paper V,'>3 under the CC-BY-NC license.

66



Risk score calculator

To facilitate implementation of risk stratification, a web-based risk calculator was
developed that included the SPAHR three-strata, Updated SPAHR, French
invasive/non-invasive, and COMPERA 2.0 strategies (https://www.svefph.se/risk-
stratification), (figure 19, A — C).
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Figure 19. The web-based risk score calculator developed as a part of paper V

As of publication date of paper V (March 2023), the layout of the homepage of the risk score calculator is shown in A.
Risk stratification strategies derived from the European Society of Cardiology / European Respiratory Society
guidelines three-strata table (B), and the COMPERA 2.0 strategy (C). A — C constitute screen captures of the webpage.
The webpage layout was designed by the author.
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Discussion

Paper I

Plasma prolargin and MMP-2 were elevated in advanced heart failure and their decrease
post-HT aligned with improved hemodynamics that were observed post-HT. The
ECM is one of the major biomarker classes in heart failure, where it provides a scatfold
for myocytes, determining their shape and size. Remodeling of the ventricles plays an
important role in the progression of heart failure.'6¢

Prolargin belongs to the family of small leucine-rich repeat proteoglycans, expressed in
collagen-rich tissues including heart, lung, and vessels.!s% 190 Although there are
relatively sparse data on this protein, it has been reported that fragmented prolargin
functions by inhibiting all three complement pathways and thus hypothesized to limit
the inflammatory milieu of e.g. rheumatoid arthritis.'?! Clinically, upregulation and
activation of the complement pathways have been demonstrated in patients with
congestive heart failure compared with healthy participants.’?? Treatment with
complement inhibition using pexelizumab has been explored in patients undergoing
coronary artery bypass surgery and urgent reperfusion therapy for ST elevation
myocardial infarction. A systematic review and meta-analysis of > 15,000 patients
demonstrated a beneficial effect in the former group on 30-day mortality, but no
positive effect on the latter group.!” We hypothesize that the increased plasma
prolargin levels may reflect increased ECM turnover as a consequence of heart failure
but this increase may also exert a protective mechanism to limit inflammation through
complement inhibition. However, to establish a potential causal relationship and the
role of this protein warrants further study.

MMP-2 is expressed by several tissues including cardiomyocytes, smooth muscle cells,
alveolar cells, and endothelial cells.’? MMP-2 participates in ECM degradation and
remodelling.’* It is involved in hypertension, remodeling following myocardial injury
and healing, as well as pressure overload.!+197 Our results confirm a previous report
demonstrating increased levels of MMP-2 in congestive heart failure patients.!8 Paper
I provides further evidence that the plasma levels decrease post-HT, approaching the
plasma levels of healthy individuals. Additionally, MMP-2 is suggested to be involved
in regulating vascular tone.!% 1% For instance, MMP-2 cleaves big endothelin-1 to the
biologically active endothelin-1 that mediates vasoconstriction.!”? Altogether, paper 1
further establishes the link between MMP-2 levels and advanced heart failure, pre-HT
and post-HT, as well as the relation with invasive hemodynamics.
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Paper 11

In advanced heart failure, derangement of energy metabolism occurs, including insulin
resistance in the myocardium, a decline in glucose and fatty acid utilization, as well as
impaired oxidative phosphorylation.?’0 In paper II, we found that plasma sSRAGE and
IGEFBP7 out of 21 metabolism associated proteins were elevated in advanced heart
failure, normalized towards healthy volunteers’ levels post-HT, and correlated with the
hemodynamic improvement post-HT.

The receptor for advanced glycation end-products, RAGE, is a multiligand receptor
that can interact with advanced glycation end-products (AGEs).2! Soluble RAGE
(sRAGE) likely acts as a decoy receptor and may reflect the extent of RAGE
activation.?? Key processes that contribute to the increased expression of AGEs and
are involved in heart failure and vascular dysfunction are hyperglycemia and oxidative
stress.2% In cardiomyocytes from transgenic mice that overexpressed RAGE, a reduced
intracellular calcium concentration was found compared to normal cardiomyocytes.?
Additionally, the AGE-RAGE interaction may promote fibrosis through stimulating
collagen I and connective tissue growth factor expression.?05 Conversely, inhibition of
RAGE in pressure-overloaded mice attenuated cardiac remodeling including fibrosis
and hypertrophy.2’¢ Furthermore, RAGE activation reduces nitric oxide availability in
human coronary artery endothelial cells,?” and upregulates mRNA expression of
endothelin-1 in human aortic endothelial cells.28 Altogether, our results of high plasma
sRAGE (that may reflect RAGE activation) in pre-HT aligh with the described
pathogenetic mechanisms in heart failure including hemodynamic overload, cardiac
remodeling, and abnormal myocyte calcium cycling. 165

IGFPB7 is a secreted glycoprotein of the IGFBP superfamily.2?? IGFBP7 is associated
with cardiac hypertrophy and failure?'0 vascular homeostasis,?!! and potentially
fibrosis. Previous studies have reported elevated circulating levels of IGFBP7 in
patients with heart failure,?!0 and shown that treatment with sildenafil versus placebo,??
ot sacubitril/valsartan versus valsartan in patients with HFpEF decteased the levels of
IGFBP7.213 Our study aligns with these findings and provides further evidence on the
dynamics of IGFBP7 in relation to advanced heart failure and post-HT. A recent study
published after paper 11, validated our hypothesis (figure 4, B1, paper 1I), that IGFBP7
is secreted by cardiomyocytes in heart failure, and mediates the elevated plasma levels.
IGFBP7 was proposed as a driver of chronic inflammation.2!4

Paper 111

In paper III, we found that plasma ADM levels were high in advanced heart failure
with PH. The levels decreased post-HT approaching the healthy volunteers levels.
Plasma ADM correlated with hemodynamics at baseline, and A ADM was associated
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with improved hemodynamics. Additionally, lower baseline levels of ADM were
associated with better prognosis in patients with LHF-PH.

Adrenomedullin is a potent vasodilator with inotropic and natriuretic properties.!66. 215
ADM is present in a multitude of tissues including kidneys, heart, and lungs.!66
Production of adrenomedullin is stimulated by cardiac pressure and volume
overload.?!> Circulating adrenomedullin has been shown to be elevated in heart failure,
where concentrations were higher in NYHA class III — IV compared to I — I1.216 A
recent study found that bioactive plasma adrenomedullin in patients with heart failure
had the strongest correlation with mRAP measured by RHC. In a population seeking
the emergency department with acute dyspnea, bioactive adrenomedullin was
associated with a need for hospitalization, and with 30- and 90-day mortality among
those diagnosed with heart failure, independently of NT-proBNP. Additionally, in this
population, bioactive adrenomedullin was independently associated with pleural
effusion and the use of in-hospital diuretics.?!” Our results support these findings where
we report the presence of baseline and A correlations between ADM and NT-proBNP
as well as mRAP. Altogether this suggests that ADM is a plausible biomarker for
systemic congestion. However, further studies are needed to better define and validate
its role in clinical practice. This includes comparing it with ultrasound-based imaging,
determining whether it provides additional value beyond existing systemic congestion
markers such as liver injury and renal function biomarkers,?'” evaluating its dynamics
following diuretic administration, and identifying conditions and medications that may
influence its expression or clearance.

Paper IV

Eatly diagnosis of PAH remains challenging, due to non-specific early symptoms such
as dyspnea on minimal exertion, fatigue, and palpitations.!!- 12 Screening of certain at-
risk individuals may shorten the diagnostic delay that has not markedly improved in the
last decades despite major treatment advances.!l- 12 55 Beyond the objective of
diminishing the diagnostic delay, there is a need to identify and validate biomarkers that
enhance risk assessment of patients with PAH for more precise prognostication and
treatment guidance.’3 In paper IV, ADAMTS13 was found as a discriminator of
incident (newly diagnosed) patients with PAH from other dyspnea-associated
conditions. Additionally, plasma vWT at diagnosis was prognostic in PAH.

ADAMTS13 is a circulating metalloproteinase, and vWE is a glycoprotein that mediates
platelet adhesion to the site of vascular injury.2!8 ADAMTS13 cleaves ultra large vWF
multimers to small vWF fragments that have less procoagulant activity.?!” A deficiency
in ADAMTS13 leads to thrombotic thrombocytopenic purpura, a disorder
characterized by occlusion of arterioles and capillaries due to accumulation of ultra
large vWE and excessive platelet aggregation. High plasma vWI and low levels of
ADAMTS13 are associated with development of myocardial infarction, preeclampsia,
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and ischemic stroke.2!8 ADAMTS13 is produced by hepatic stellate and vascular
endothelial cells. Considering the number of endothelial cells and the massive area they
cover, it is possible that they constitute a significant source of the plasma levels of
ADAMTS13.220 Thus, we hypothesize that the reduced levels of ADAMTS13 in PAH
may be related to the dysfunctional endothelium (figure 3, paper 1V).

A recent study proposed a dysregulated ADAMTS13—vWF axis in patients with
CTEPH and assessed plasma ADAMTS13 levels in IPAH. The authors found no
difference in ADAMTS13 levels between patients with IPAH and healthy controls,?!
inconsistent with our results. As the PAH population in paper IV comprised different
PAH etiologies, we performed a subgroup analysis between the largest subgroups
(IPAH and SSc-APAH) and found no difference in ADAMTS13 levels. (p = 0.29).
However, when the SSc-APAH and IPAH subgroups were each compared to the
healthy volunteers levels, ADAMTS13 appeared lower in SSc-APAH versus controls
(p = 0.0035), but there was weak evidence of a difference between IPAH and controls
(p = 0.06). Although these analyses may be underpowered, they collectively suggest
that the lower levels of ADAMTS13 compared to the healthy volunteers are, to a
certain extent, driven by the SSc-APAH rather than the IPAH subgroup. We found no
difference in ADAMTS13 levels among treatment-naive versus patients at first follow-
up, which may be attributed to the short follow-up period. Alternatively, under the
speculative assumption that ADAMTS13 is related to PAH pathogenesis, the absence
of disease modifying agents in the PAH population may explain the lack of a difference
at the eatly treatment follow-up versus at diagnosis.

As PAH is a rare disease with non-specific symptoms, screening of large populations
may neither be feasible nor appropriate.5 The performance of a diagnostic test can be
assessed by metrics such as positive predictive value (the proportion of those who
tested positive who truly have the condition, i.e., true positives, PPV), and negative
predictive value (the proportion of those who tested negative who truly do not have
the condition, i.e., true negatives, NPV). Both PPV and NPV are influenced by the
test’s sensitivity, specificity, and the prevalence of the condition in the screened
population.’®3 As PAH is highly severe and eatly treatment may improve outcomes,!!:
12,56 it can be argued that a high NPV and sensitivity are desired.!3 This approach may,
however, come at the expense of a potentially lower specificity and PPV, potentially
leading to unnecessary medical interventions. However, such drawbacks can be limited
by identifying a high-risk population for screening. On another note, to utilize a single
biomarker such as ADAMTS13 for screening of PAH which is a heterogenous disease
with a complex pathogenesis is likely suboptimal. A multi-marker panel is, in this case,
more plausible to be used for screening in a selected high-risk population.

High levels of vWT has previously been associated with increased risk of death in PAH,
independent of demographics, baseline hemodynamics and PAH treatment.?22 In paper
1V, we further validated these findings and demonstrated that vWEF provided
prognostic information independent of the ESC/ERS risk stratification score (SPAHR
strategy). However, this analysis was based on baseline plasma vWT being used as a
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covariate rather than being integrated into the ESC/ERS risk score. To more
comprehensively evaluate the prognostic value of vWT, establishing cutoff values for
low-, intermediate-, and high-risk, and to assess whether a revised score incorporating
vWF outperforms the standard ESC/ERS risk stratification score. Plasma vWF was,
however, measured in AU and assigning cutoffs for low-risk, intermediate-risk and
high-risk will not provide generalizable information for validation in future studies. As
such, future studies measuring absolute concentrations would provide more insight.

High levels of plasma vWFE have been associated with histological evidence of
endothelial cell injury in PAH,??> and dysfunctional endothelial cells release large
amounts of structurally deranged vWF with decreased biological activity. In PH, the
deranged properties of vWF includes diminished levels of large multimeric vWE and
elevations of low molecular weight polymers.?2* Thus, further investigations with focus
on the biological activity and molecular weight of vWFE may further advance the
understanding of the ADAMTS13—vWF axis.

Finally, ADAMTS13 and vWF are two examples of biomarkers with established
analytical methods, currently used to diagnose thrombotic thrombocytopenic purpura
and von Willebrand disease, respectively.??> 226 Their potential repurposing in PAH
could enable faster clinical implementation, provided that sufficient evidence and
validation data are available.!”

Paper V

The 2022 ESC/ERS PH guidelines and the proceedings of the 7" WSPH recommend
regular prognostic risk assessment in PAH at baseline and follow-ups.!!-12.70.134 One of
the new recommendations of the 2022 ESC/ERS PH guidelines was the use of a
simplified three-parametric, four-strata risk assessment strategy during follow-up
assessments, with incorporation of additional parameters when needed for a more
comprehensive overview.!!- 12 The guidelines did, however, not elaborate on how to
integrate additional variables at follow-up. On another note, several studies from the
US and Europe reported underutilization of risk stratification, where only
approximately 6 out of 10 clinicians employ risk assessment tools in patients with
PAH.227.228 Time constraints represent the most frequently reported barrier to the use
of risk assessment. Therefore, technology-based, time-saving solutions have been
recommended.??”. 229 In paper V, we evaluated the Updated SPAHR strategy, that
enables calculation of a comprehensive four-strata score at follow-up based on the
three-strata risk assessment table. Additionally, we establish a web-based risk
stratification calculator, incorporating multiple strategies to facilitate risk assessment.

We analyzed unique clinical data with high percentages of hemodynamic variables, i.e.
100% at baseline and ~80% at repetitive follow-ups. At baseline, the SPAHR three-
strata and the Updated SPAHR strategies , both based on 3 — 6 variables, provided the
highest accuracies (AUCs) in predicting the 1-, 3-, and 5-year mortality in PAH.
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Including more than 6 variables at baseline did not markedly improve prognostication.
This may reflect the lack of weighting, where variables with less prognostic value
diminish the impact of highly prognostic variables. Furthermore, the prognostic value
of some variables may vary over time, with certain variables being more prognostic at
baseline and others more relevant at follow-up. Notably, the relatively low number of
patients and events limited the ability to further analyze certain variables, which could
have provided a better understanding on the impact of both the number and type of
variable included. Nonetheless, our findings support the recommendation in the 2022
ESC/ERS PH guidelines of using a three-strata strategy at baseline.!!. 12

We furthermore found that follow-up assessments had a better prognostic accuracy
than baseline assessments, consistent with previous studies.!?: 130. 230 Specifically, at
follow-ups, we demonstrate that the Updated SPAHR based on 7 — 11 variables, and
COMPERA 2.0 strategies provided the highest prognostic accuracies, displaying higher
values than the SPAHR three-strata strategy. These results support the use of a four-
strata strategy at follow-up assessments, in line with the 2022 ESC/ERS PH guidelines’
recommendations.!!- 12 Additionally, our results suggests the Updated SPAHR as a
plausible strategy for utilization at follow-ups, when a more comprehensive multi-
variable overview is required. Future studies are encouraged to further validate the
Updated SPAHR strategy and the newly introduced variables of cardiac imaging, which
have been suggested to enhance risk stratification.

The rationale for including multiple follow-up assessments per patient was to mimic
the clinical setting, where risk scores are calculated independently at each time using
newly obtained values for the risk variables. Although this provides information on the
prognostic accuracy of serial follow-ups, the method may introduce survival bias, as
patients who live longer tend to have more follow-up assessments. For instance, in the
5-year mortality cohort, the uAUC during the first ~1.5 years displayed a low plateau
(figure 18, B). Further analysis revealed that it was associated to the scarcity of events
within that time, after which the number of events increased. Altogether, this implies
that larger multicenter studies are needed to further validate our findings.

Although reaching treatment goals is reassuring, pathological changes within the
pulmonary vasculature and right ventricle can still occur even if no signs of clinical
deterioration are apparent.?!. 232 Specifically, it is not unusual for young patients to
present with misleadingly reassuring risk profiles. This underscores the importance of
using a more comprehensive strategy for risk stratification than the simplified three-
parametric four-strata tool, while simultaneously remaining vigilant to deteriorations in
individual variables. Importantly, apart from risk stratification, a holistic view
considering all available prognostic information including clinical gestalt, etiology,
demographics, and comorbidities are essential.?3!
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Strengths and limitations

The use of invasive hemodynamics as part of the thorough diagnostic workup and for
follow-up assessments, the inclusion of treatment-naive patients with PAH, and
employing proximity extension assay as an analytical multiplex method constitutes
major strengths. Although proximity extension assay provides high sensitivity and
specificity,'8 the method does not provide absolute concentrations. However, the
present studies are regarded as initial hypothesis generating where further clinical and
analytical validation of biomarker candidates are required. Furthermore, we
acknowledge the retrospective design, the younger healthy control population
compared to the older patient groups, and the relatively low number of patients with
PAH as limitations of the present work. However, the number of patients with PAH
with respect to the inclusion criteria, study objectives, and the single centered setting
are in line with other similar studies.!” The strengths and limitations specific to each
study are further discussed in papers I — V, respectively.!53 179182

Future perspective

Despite major advances in recent years in the identifying the underlying mechanisms,
as well as treatment options and strategies in PAH, survival remains unsatisfactory.’
The identification of several biomarker candidates that predict response to therapy to
guide treatment decisions and outcomes, or differentiate PAH, outline a field that is
still in its infancy. Collaborative efforts are needed to establish tools that enable precision
medicine for PAH. One promising direction involves integrating multi-marker panels
by means of artificial intelligence and machine learning to enhance prognostication and
phenotyping,® 10 to better describe the heterogeneous etiologies present in PAH.% 10.173

In the field of prognostic risk stratification, several challenges remain. One issue is
aligning treatment goals to the underlying prognosis which is affected by modifiable
and non-modifiable variables. An important part among the latter is the incorporation
of comorbidities. Both the timing variable assessment, along with its relative influence
in relation to other variables (weighting) should be some of the objectives to further
optimize risk stratification tools. Additionally, the development of risk stratification
tools that are sensitive to changes — whether improvements or deteriorations — in
variables associated with treatment response are essential for such tools to genuinely
guide treatment decisions. In this context, the emerging disease-modifying treatment
has highlighted the relevance of hemodynamic variables, some of which have yet to be
thoroughly evaluated due to the limitations of retrospective registry data. Additionally,
treatment algorithms are affected by the range of available therapies, which in turn
depends on the number of risk stratae a tool can define.

Ultimately, while the future of risk stratification holds some uncertainties, one certainty
remains: the importance of never ceasing to be a clinician when evaluating patients.
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Conclusions

Paper I - 11

Plasma prolargin and MMP-2, as well as sSRAGE and IGFBP7, may reflect abnormal
changes in the ECM and metabolism, respectively, i.e, two pathways recognized the
pathophysiology of heart failure. These four proteins may offer additional insight into
the underlying pathophysiology of heart failure and associated PH. Their potential
clinical relevance warrants further investigation.

Paper 111

Plasma ADM appears to be a marker of cardiac overload in heart failure. In our
population of advanced heart failure and associated PH, we confirm this finding and
its prognostic potential. Further studies are encouraged to establish a deeper
understanding of the pathophysiological effects of ADM in heart failure and PH.
Additional, further analytical and clinical validation of ADM are warranted.

Paper IV

ADAMTS13 may be a promising biomarker for early PAH detection, potentially as part
of a multi-marker panel. We confirm the prognostic value of vWF in PAH, though its
value to the European risk stratification strategy remains to be elucidated. Repurposing
ADAMTS13 and vWF as clinical biomarkers in PAH warrants further validation.

Paper V

Risk stratification can be facilitated by the introduced web-based risk score calculator,
enabling broader implementation of the 2022 ESC/ERS PH guidelines. The updated
SPAHR may be a plausible tool for comprehensive risk stratification at follow-up
assessments when more variables are needed, providing a means to implement the
recommendations of the 2022 ESC/ERS PH guidelines.
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