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General introduction
and thesis outline




Chapter 1

The Discovery of the Pulmonary Circulation

In history, different views on the cardiovascular system have passed (figure 1).(1, 2)
Around 300 years before Christ at the Alexandrian School of Medicine, Praxagoras,
Herophilus and Erasistratus tried to get a better understanding of the heart and
vessels. The diagnostic value of the pulse was discovered by Praxagoras. Herophilus
described the anatomical difference between arteries and veins and even noticed the
exception to this rule in the lung vasculature. Praxagorus, Herophilus and Erasistratus
reasoned that the arteries carried air from the heart, while veins contain blood.(2-4)

Aelius Galenus, a philosopher and physician born around 129 AD, believed the source
of all veins was the liver, producing blood. Blood was exchanged between the right and
left ventricle of the heart via pores in the septum. He, on the contrary, believed that
arteries are filled with blood mixed with air from the lungs.(2, 3) This theory lasted until
the Renaissance, when Leonardo Da Vinci (1452-1512) was one of the first to oppose
the anatomical theories of Galen. He described the heart as a muscle, but still depicted
intraventricular pores as proposed by Galen.(1)

Galen's theories were seriously questioned when systematically performed human
corpse dissections were done by Andreas Vesalius (1514-1564). He rectified the
statement that veins originate from the liver and questioned the existence of the pores
in the septum. In addition Michael Servetus (1511-1553) proposed that blood is brought
from the right ventricle to the lungs to the left ventricle, but without experiments
supporting this idea. Realdo Colombo (1516-1559), an Italian anatomist, could not prove
the pores in the septum proposed by Galen and also theorized the passing of blood
from the right ventricle through the lungs to the left ventricle based on anatomical
studies. Earlier, Ibn Al-Nafis (1213-1288), an Arab physician from Damascus, had already
described the pulmonary circulation in the mid-13t century. This work was translated
to Latin a couple of years before Servetus and Colombo published their work, but no
reference to Al-Nafis was made.(5)

It took until 1628 before William Harvey (1578-1657) published a book in which he
describes the blood circulation closest to how we know it today. By using a tourniquet
he proved the flow of blood into the arm through the arteries and returning through
the veins, proposing a closed circulatory system (figure 1). He hypothesized that the
heart, instead of the liver, is driving the circulation, and that blood flows from the right
ventricle into the pulmonary circulation before entering the left ventricle. (1, 2)
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A B
Galen's open-ended Colombo's .
Erasistratus’s open-ended vascular system open and closed Harvey's
vascular system (Air and blood in arteries; vascular system closed circulatory system
(Air in arteries) pores in heart) (Pulmonary circuit) (Blood in arteries)

Figure 1 - Schematic overview of the discovery of the cardiovascular system over time(1)

The Pulmonary Circulation and Pulmonary Arterial Hyper-
tension

It took hundreds of years of research to come to the extensive knowledge of the
pulmonary (right) and systemic (left) circulation. As we know today, in the pulmonary
circulation blood is pumped from the right ventricle into the main pulmonary artery.
Blood is then distributed over the lung by the many vessels branching out further and
further into arterioles and capillaries. After oxygenation, the blood flows back via the
veins into the left side of the heart to be systemically distributed (figure 1).

There are marked differences between the vascular beds of the left and right circulation,
including their reactivity to stress, hormones, and drugs.(6) The right circulation has a
very thin air-blood barrier enabling sufficient gas exchange, serving the main purpose
of the lungs: providing oxygen and eliminating carbon dioxide. In contrast to the high
pressures (120mmHg) in the systemic circulation, the thin air-blood barrier in the lungs
limits the circulation to low pulmonary pressures (12-16mmHg).(7) The pulmonary
circulation is very sensitive to a small rise in pressure, a pathological condition called
pulmonary hypertension (PH). The first clinical description of pulmonary hypertension
was made in the 20" century by Abel Ayerza (1861-1918). He had no modern diagnostic
tools like ECG or catheters at his disposal, but accurately described the condition in
patients with varying etiology, including its concomitant chronic cyanosis, dyspnea,
and the underlying sclerosis of the pulmonary artery with thickening and dilatation
of the right ventricular wall.
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We currently view PH, defined by a mean pulmonary artery pressure above 25
mmHg, as a heterogeneous group of disorders. It is classified in five groups based
on differences in clinical, hemodynamic and histopathologic features: Pulmonary
Arterial Hypertension (PAH), pulmonary hypertension due to left heart diseases,
pulmonary hypertension due to chronic lung diseases and/or hypoxia, chronic
thromboembolic pulmonary hypertension, and pulmonary hypertension due to
unclear multifactorial mechanisms (WHO classification: table 1, chapter 2).(8, 9) In
this thesis | will focus on PAH, characterized by precapillary pulmonary hypertension,
defined by a pulmonary capillary wedge pressure below 15 mmHg. The etiology varies
from idiopathic pulmonary hypertension, to heritable pulmonary hypertension, drug-
and toxin induced pulmonary hypertension and pulmonary hypertension associated
with other diseases. Besides the typical vascular remodeling (figure 2), persistent
vasoconstriction, and increased circulating growth factors and inflammatory cytokines
are contributing factors to PAH. A detailed description of the pathophysiology of PAH
and currently available drug therapies targeting the pulmonary vasculature and the
heart are discussed in Chapter 2.

Vascular remodeling in Pulmonary Arterial Hypertension

One of the hallmarks of PAH is the typical form of vascular remodeling in the lungs,
which includes pulmonary arterial intimal fibrosis, medial hyperplasia, and the
pathognomic plexiform lesions.(10) Shear stress, as occurs in high flow states such as
congenital systemicto-pulmonary shunts, is considered a likely contributor to vascular
remodelling, and hence, development of PAH.(10, 11) Shear stress can be explained
as the frictional force of the blood on the vessel luminal surface parallel to the flow.
Substantial loss of the available vascular bed due to major lung resections gives
elevated systolic pressures in the pulmonary artery and approximately one third of
pneumonectomized patients develop mild to moderate pulmonary hypertension one
year postoperatively.(12, 13) It is yet unknown to what extent altered pulmonary blood
flow alone contributes to vascular remodelling in PAH.(14, 15) We studied the effect of
pneumonectomy in a rat model (Chapter 3) and retrospecively in the lungs of patients
who underwent a major lung resection (Chapter 4). With lung resection, the same
cardiac output is put through fewer pulmonary vessels, allowing the investigation
of flow-induced structural changes. Performing a literature study we noticed that
most studies on vascular remodeling were limited to a quantification of average
increases in wall thickness. Importantly, information on number of vessels affected
and diameter decreases for vessels of different sizes was limited or lacking entirely.
We decided to quantify the structural changes in the lung vasculature and use these
data to calculate the contribution of vascular remodeling, next to the contribution
of vasoconstriction, possible loss of vessels, to the increase in pulmonary vascular
resistance (Chapter 5).
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Zooming in on the endothelium

Muscuarizaton of perphera All approved PAH therapies target endothelial
—Intermal elassic laming dysfunction, via three well characterized
i pathways: the endothelin-1, nitric oxide
and prostacyclin pathways. However, the

Medal nyperiopry T UNCTION OF the endothelium is more diverse
el and complex. The endothelium functions as
a barrier, takes part in many diverse complex

signalling cascades and is continuously

e exposed to mechanical forces of the blood.

p}éaﬁm The endothelium is the predominant sensor
artaries

i of shear stress, as it forms the inner layer
Intermupted intemal of the vessels.(17) Endothelial cells seem to

elastic lamina

turn over more rapidly and have a higher
DNA synthesis rate in a situation of disturbed
flow than under static conditions.(18) Primary
cilia located on the endothelium, are sensory
antenna for fluid shear stress and pro- and
anti-inflammatory responses, factors known
to be important in the pathogenesis of PAH.
(19, 20) In Chapter 6 our objective was to
study the cilia length in endothelial cells of
PAH patients and their response to shear
Figure 2 - Remodeling in PAH(16) stress and inflammatory cytokines.

Not only shear stress, but also mutations, hypoxia, cytokines, vasoactive peptides,
chemokines and growth factors contribute to endothelial dysfunction.(21) In the
second part of this thesis, we looked at different aspects influencing the endothelium.
Imbalance between the Transforming Growth Factor beta (TGF-beta) and Bone
Morphogenetic Protein (BMP) pathways influences the pathogenesis of PAH. Since the
discovery of the BMPR2 mutation, present in the majority of familial PAH patients, a lot
of PAH research has been done on the TGF-beta/BMP pathway.(22-26) The signalling
pathway, its effects on vascular remodeling and PAH related published studies (mostly
focussing on the TGF-beta) are in detail described in Chapter 7. The strong association
between PAH and BMPR2 creates an opportunity to develop and test therapeutic
interventions. BMP9, a receptor ligand of the TGF-beta superfamily, was shown to
reinstate BMPR2 levels in animals models and clinical trials are planned.(27, 28) On
the other hand, a recent publication showed a protective effect against experimental
pulmonary hypertension by BMP-9 inhibition.(29) In Chapter 8 we looked into the
responses of human derived endothelial cells of PAH patients to BMP9 supplementation
to study its therapeutic potential to correct the TGF-beta/BMP imbalance.
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Other compounds with treatment potential for PAH are tyrosine kinase inhibitors (TKI),
specifically ones targeting growth factors that have increased expression in the lung
of PAH patients, like TGF-beta, Vascular Endothelial Growth Factor (VEGF), Platelet
Derived Growth Factor (PDGF), Fibroblast Growth Factor (FGF).(21, 30-35) Nintedanib,
a TKl targeting above mentioned growth factors, has already been clinically approved
for idiopathic pulmonary fibrosis.(34-36) In Chapter 9 our aim was to study the effects
of nintedanib on pulmonary endothelial cells in vitro and its effect on the lungs and
the heartin a PH animal model to adress its applicability in the treatment of PAH.
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Chapter 2

Introduction

Pulmonary hypertension (PH) is not a single disease, but a haemodynamic feature
found in a rather large group of diseases. PH is defined as a mean pulmonary artery
pressure (MPAP) above 25 mmHg at rest. Based on current aetiological perceptions
of the condition, PH is classified into five clinical groups (Table 1). Increasing resistance
in the pulmonary vasculature (PVR) leads to a high right ventricular (RV) afterload, and
the RV either adapts to the high pressures with hypertrophy or dilates and fails. RV
failure is the cause of death in the vast majority of patients (2).

Patients present with nonspecific symptoms, like breathlessness, fatigue, weakness,
angina and syncope (3). The New York Heart Association (NYHA) Functional Class
(Table 2), based on clinical symptoms, is a strong predictor of survival (4, 5). At physical
examination, a left parasternal heave can be felt and auscultation may demonstrate an
accentuated pulmonary component of the second heart sound, a pansystolic murmur
of tricuspid regurgitation, a diastolic murmur of pulmonary insufficiency or a RV third
sound. Different imaging techniques, including electrocardiography, chest radiography,
echocardiography and cardiac magnetic resonance imaging, may raise the suspicion
of the existence of PH, and these tests are also useful to identify possible underlying
causes and to monitor treatment responses. Right heart catheterisation (RHC) is
always needed to confirm the diagnosis, to evaluate the severity of the disease and
to determine the effectiveness of drug therapy. The acute vasoreactivity test aids in
determining drug therapy (2).

The current PH clinical classification gathers groups of PH that share similar
haemodynamic criteria and types of pulmonary vascular lesions to optimise
therapeutic approaches, predict patient outcomes and facilitate research strategies
(Table 1) (1). Group 1 PH corresponds to pulmonary arterial hypertension (PAH). PAH is
characterised by precapillary PH (mPAP >25 mmHg, with a normal pulmonary capillary
wedge pressure <15 mmHg) due to major pulmonary arterial remodelling. The lowest
reported prevalence and incidence of PAH are 15 cases/million adult population and
2.4 cases/million adult population/year, respectively.
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Table 1 - Clinical classification of pulmonary hypertension based on 5th WSPH Nice 2013

1 Pulmonary arterial hypertension (PAH)
1.1 Idiopathic
1.2 Heritable
1.2.1 BMPR2
1.2.2 ALK1, ENG, Smad9, Cav1, KCNK3
1.2.3 Unknown
1.3 Drug and toxin induced
1.4 Associated with
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal infection
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis

1.5 Pulmonary Hypertension of the newborn
1" Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis

1" Persistent pulmonary hypertension of the newborn (PPHN)
2 Pulmonary hypertension due to left heart disease

2.1 Systolic dysfunction

2.2 Diastolic dysfunction

2.3 Valvular disease

2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital
cardiomyopathies

3 Pulmonary hypertension due to lung disease and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental abnormalities
4 Chronic thromboembolic pulmonary hypertension (CTEPH)
5 PH with unclear multifactorial mechanisms

5.1 Haematological disorders: chronic haemolytic anaemia, myeloproliferative
disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis,
lymphangioleiomyomatosis

5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4 Others: tumoral obstruction, fibrosis mediastinitis, chronic renal failure,
segmental PH

Adapted from Simonneau et al. (1)

ALKT activin receptor-like kinase 1 gene, APAH associated pulmonary arterial hypertension,
BMPRZ2 bone morphogenetic protein receptor, type 2, Cavl caveolin-1, ENG endoglin, HIV human
immunodefi ciency virus, KCNK3 potassium channel, subfamily K, member 3, PAH pulmonary
arterial hypertension
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Table 2 Pulmonary hypertension New York Heart Association (NYHA) Functional Classification
(FC) (75)

1 Patients with PH but without resulting limitation of physical activity. Ordinary physical
activity does not cause undue dyspnea or fatigue, chest pain or near syncope

Il PH patients with slight limitation of physical activity. They are comfortable at rest.
Ordinary physical activity causes undue dyspnea or fatigue, chest pain or near syncope

Il PH patients with marked limitation of physical activity. They are comfortable at rest.
Less than ordinary activity causes undue dyspnea or fatigue, chest pain or near syncope

IV PH patients with inability to carry out any physical activity without symptoms. These
patients manifest signs of right heart failure. Dyspnea and/or fatigue may even be present
at rest. Discomfort is increased by any physical activity

The prevalence of PAH in Europe is estimated between 15 and 50 subjects/million
population (6). In 70 % of the heritable PAH cases, a germ line mutation of the bone
morphogenetic protein receptor 2 (BMPR2) is found (7, 8). The same mutation is found
in 11-40% of sporadic PAH patients, indicating the genetic predisposing factor for
PAH (9).

In the year 2000, exonic mutations in the gene encoding for bone morphogenetic
protein receptor type 2 (BMPR2) were found in 54% of PAH patients, or more specifically
58-74% of patients with heritable PAH (hPAH) and in 3.5-40% of patients with sporadic
PAH (8, 10 - 14). BMPR2 is a member of the receptor family of transforming growth
factor-3 (TGF-B). The penetrance of mutations of BMPR2 is below 20%, indicating that
the BMPR2 gene is not the only gene responsible for PAH and that the pathophysiology
of this disease is multifactorial. Therefore, many laboratories have investigated possible
mutations in other members involved in the signalling cascade of TGF-3, and two genes
were found mutated: ACVRL1 (activing A receptor type Il - like kinase 1) and ENG
(endoglin). However, these mutations account for only a small proportion of cases
of hPAH. Recently, mutations have also been described in Smad 1, Smad 4, Smad 8
and Smad 9 (15, 16). All these mutations disrupt the BMP/Smad signalling pathway
and promote endothelial and smooth muscle apoptosis and proliferation, resulting
in loss of the endothelial barrier function and pulmonary vascular remodelling. These
mutations could also increase the susceptibility to inflammatory stimuli (17). Recently,
Ma et al. (18) demonstrated the involvement of the potassium channel subfamily
K member 3 (KCNK3) missense mutations in the pathophysiology of PAH. Indeed,
mutations in this gene were identified in six unrelated patients with PAH (three patients
displaying heritable form of PAH out of 93 patients [3.2%] and three patients with
sporadic PAH out of 230 patients [1.3%]) (18). To date, all identified KCNK3 mutations
are missense mutations and are responsible for a loss of function of the two-pore-
domain potassium channel TASK-1 and its signalling pathway in PAH. The reduction in
potassium channel activity may enhance calcium channel-mediated vasoconstriction
and vascular remodelling (19, 20).

22
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Pulmonary vascular remodelling, occurring mostly in the small- to midsized pulmonary
arterioles (<500 um), is a hallmark of most forms of PH. This process is ascribed to the
increased proliferation, migration and survival of pulmonary vascular cells within the
pulmonary artery wall, i.e. pulmonary vascular smooth muscle cells (SMCs), endothelial
cells (ECs), myofi broblasts and pericytes. PAH is associated with excessive production
of vasoconstrictive mediators such as endothelin (ET)-1 concurrent with a reduced
bioavailability of vasodilator molecules nitric oxide (NO) and prostacyclin (PGI2).
Pulmonary vascular remodelling is also under the control of various key growth factors
such as platelet-derived growth factor (PDGF), serotonin (5-hydroxytryptamine; 5-HT)
and fibroblast growth factor (FGF)-2. Abnormalities in the expression and function of
calcium and potassium channels are also involved in pulmonary vasoconstriction and
remodelling of the pulmonary vasculature. Recent findings highlight the critical role of
the close and complex relationship between the pulmonary vascular endothelium and
inflammation/autoimmunity in PAH. Indeed, circulating levels of certain cytokines and
chemokines are abnormally elevated, and some have been reported to correlate with
a worse clinical outcome in patients with PAH (21 - 24). Altered regulatory T (Treg) cell
function has been demonstrated in patients with PAH, a phenomenon that has been
demonstrated to be partly leptin-dependent (25, 26). Similarly, natural killer (NK) cells
have recently been implicated (27). An accumulation of immature dendritic cells (DCs)
has been demonstrated, suggesting that they may contribute to PAH immunopathology
(28). Furthermore, ectopic lymphoid follicles that develop in contact with remodelled
pulmonary arteries could be the site of a local autoimmune reaction, leading to the
production of autoantibodies directed notably against pulmonary vascular cells.
Circulating autoantibodies are commonly detected in idiopathic PAH (iPAH) patients
without evidence of an associated autoimmune condition (29 - 32). However, despite
the many arguments supporting a role of inflammation in the pathogenesis of PAH,
only some patients respond to anti-inflamatory and/or immunosuppressive therapy.
It is therefore necessary to understand the complexity of the immune mechanisms
of PAH to improve the transfer of knowledge to the clinic.

Although PAH is still a disease without a cure, there are approved drug therapies that
at least temporarily stabilise or improve the symptoms in the majority of patients. In
this chapter, we will first outline the pathophysiological mechanisms that underlie PAH
and PAH-associated RV failure. Subsequently, we will discuss the major therapeutic
targets which are currently available or under development.

Pathophysiology of PAH
The extensive structural and functional remodelling of the vasculature in lungs

of patients with PAH takes place sequentially and includes medial hypertrophy,
muscularisation of small arterioles, intimal thickening and the formation of plexiform
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lesions. These processes involve changes in all three layers (intima, media and
adventitia) of the vessel wall and are the consequence of cellular hypertrophy,
hyperplasia, inflammation, apoptosis, migration and accumulation of extracellular
matrix (ECM).

Pulmonary endothelial cell dysfunction

Pulmonary endothelial dysfunction is a critical element in the development and
progression of PH, irrespective of disease origin. In PAH, the dysfunctional endothelium
shows several abnormalities: (a) a transition from a quiescent state (having no
adhesiveness) to an activated state, expressing specific markers and proteins, such
as E-selectin and key adhesion molecules [e.g. intercellular adhesion molecule (ICAM-
1) and vascular adhesion molecule (VCAM-1)] (submitted data); (b) a reduced ability
to produce vasodilatory mediators such as NO and PGI2; (c) an excessive production
and release of vasoconstrictive mediators such as 5-HT, ET-1 and Ang Il (33); (d) an
important qualitative and quantitative remodelling of components of the ECM; and
(e) an increased production of various factors affecting the control of proliferation,
differentiation and migration of pulmonary vascular cells such as FGF-2 (basic),
interleukin (IL)-6 and leptin (26 , 34 - 36). Furthermore, the pulmonary ECs derived
from iPAH patients exhibit an aberrant cell phenotype which is characterised by an
excessive proliferation and resistance to apoptosis induction (35, 37). Tu et al. (35)
have demonstrated that an excessive FGF-2 autocrine loop is one of the mechanisms
involved in this aberrant endothelial phenotype, explaining the constitutive
activation of the mitogen-activated protein kinase (MAPK) signalling pathway and the
overexpression of two key anti-apoptotic factors B-cell lymphoma 2 (BCL2) and B-cell
lymphoma-extra large (BCL-xL).

In PAH pulmonary ECs, many other intrinsic abnormalities were also described
including p130 cas overexpression, a key amplifier of receptor tyrosine kinase (RTK)
downstream signals, altered energy metabolism and a constitutive activation of
hypoxia-inducible factors (HIF)-1a (38, 39). In addition, the abnormal cellular crosstalk
between ECs and the other pulmonary vascular cells in the pulmonary vascular wall in
PAH represent a key feature of PAH pathogenesis. We have shown that dysfunctional
pulmonary ECs from patients with iPAH, through an aberrant release of FGF-2 and
IL-6, contribute to increased pericyte coverage of distal pulmonary arteries in PAH, an
abnormality that is a potential source of smooth musclelike cells (36). Indeed, activated
TGF-B in pulmonary arterial walls in PAH can promote human pulmonary pericyte
differentiation into contractile smooth musclelike cells. Multiple lines of evidence
therefore suggest that neutralisation of FGF-2, IL-6 and TGF-1 may be beneficial
against the progression of PAH. A better understanding of the underlying mechanisms
is critical to slow down and reverse this obliterative pulmonary vascular remodelling
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in PAH. Experimental work strongly supports the fact that the obstructive vascular
remodelling may be limited by strategies which, at a time, promote vasodilation and
inhibit cell proliferation/survival and inflammation. Because many of these tools have
been developed and are available

through cancer treatment, there is a growing interest for the transfer of these tools
to PAH. However, several studies are needed not only to identify the best strategies/
molecules for use in PAH but also to better understand the risk/benefit of these anti-
proliferative treatments, especially vis-a-vis the maintenance of cardiac function.

Pulmonary smooth muscle hyperplasia

Mechanisms underlying the excessive pulmonary vascular SMC proliferation in PAH
are partially understood and result from two complementary mechanisms: inherent
characteristics and dysregulation of molecular events that govern SMC growth,
including signals originating from pulmonary ECs. Cultured pulmonary arterial SMCs
from patients with iPAH grew faster than SMCs from controls at basal conditions
or when stimulated by 5-HT, FGF-2, epidermal growth factor (EGF), PDGF or fetal
calf serum (FCS). For example, 5-HT transporter (5-HTT) activity is associated with
pulmonary artery smooth muscle cell proliferation, and the L-allelic variant of the
5-HTT gene promoter, which is associated with increased expression of 5-HTT, is
present in homozygous form in 65% of patients with iPAH compared with 27% of
controls (40).

These observations explain the fact that interest has been growing in the potential
use of anti-proliferative approaches in PAH (41). Excessive release of various growth
factors that are encrypted in the ECM and/or modification of growth factor production,
receptor expression and/or alterations in the intracellular mitogenic signals have also
been reported to contribute to this excessive smooth muscle migration, proliferation
and survival. Inhibition of various RTK signalling pathways by specific inhibitors, such as
imatinib, gefitinib and dovitinib, have been shown to exert beneficial effects in animal
models of PH (34, 39, 4228, 43). However, further efforts still need to be made in order
to establish the long-term safety and efficacy of these anti-proliferative approaches
in PAH and their potential additive benefit with other drugs. Recent investigations
also suggest that a chronic shift in energy production from mitochondrial oxidative
phosphorylation to glycolysis (the Warburg effect) of pulmonary vascular cells is present
and may participate in the pathogenesis (44 - 46). Mechanistic studies focusing on
cell metabolism and its interface with the genetic basis of PAH and inflammation are
needed for a better appreciation of its role in the promotion of SMC proliferation and
survival and to the disease progression.
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Perivascular inflammatory cell accumulation

In the past two decades, understanding of inflammation associated to PAH has moved
from a common histopathological curiosity to a key pathomechanism that could be
detrimental both in terms of disease susceptibility and development of pulmonary
vascular remodelling. Histopathologically, pulmonary vascular lesions occurring in
patients with PAH as well as in animal models of PH are characterized by varying
degrees of perivascular inflammatory infiltrates, comprising of T and B lymphocytes,
macrophages, DCs and mast cells. Recently, correlations were found between the
average perivascular inflammation score and the intima plus media and adventitia
thickness or mPAP, supporting a role of perivascular inflammation in the processes of
pulmonary vascular remodelling (47). In addition, inflammation precedes pulmonary
vascular remodelling in animal models of PH, strongly supporting the notion that
increased perivascular immune cell infiltration around lung vessels plays a key role in
PAH development and progression (25). As previously discussed, circulating levels of
certain cytokines and chemokines are abnormally elevated and can directly control
cell proliferation, migration and differentiation of pulmonary vascular cells.

There seems to be a particular role for IL-6 in the pathogenesis of PAH. Delivery
of recombinant IL-6 protein in rodents is sufficient to cause pulmonary vascular
remodelling and PH or to exaggerate the pulmonary hypertensive response to chronic
hypoxia (48, 49). Furthermore, IL-6-overexpressing mice spontaneously develop PH
and pulmonary vascular remodelling, whereas IL-6 knockout mice are more resistant
to the development of PH induced by chronic hypoxia (50, 51). Recent data from our
group demonstrated that the overabundance of macrophage migration inhibitory
factor (MIF) plays a pivotal role in the pathogenesis of PAH. MIF is a critical upstream
inflammatory mediator with pleiotropic actions partly explained by its binding to the
extracellular domain of the endothelial CD74. In endothelial cells, activation of the CD74
can lead to activation of Srcfamily kinase and MAPK/ERK, PI3K/Akt and nuclear factor-
kappa B (NF-kB) pathways and to apoptotic resistance by increasing the anti-apoptotic
factors BCL2 and BCL-xL and by inhibiting p53 (submitted data). In addition, MIF can
bind to GX-C chemokine receptor type 2 (CXCR2) and type 4 (CXCR4), lead to the
proliferation of pulmonary artery smooth muscle cells and contribute to hypoxic PH
(52 - 54). While this body of knowledge provides a preliminary understanding, it also
highlights subtleties and complexities that require further investigation to determine
whether anti-inflammatory strategies will be useful in PAH treatment in the future.

Impaired pulmonary angiogenesis

Multiple lines of evidence suggest that angiogenesis is clearly disturbed in experimental
and human PAH with loss and progressive obliteration of precapillary arteries leading
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to a pattern of vascular rarefaction (“dead-tree” picture). However, high levels of
different angiogenic factor including FGF-2 and VEGF are present in patients with iPAH,
strongly supporting the notion that this phenomenon is probably due to signalling
defects in the endothelium in PAH. Cool et al. demonstrated exuberant expression of
the VEGF receptor KDR, coupled with a reduced expression of p27/kip1 (a cell cycle
inhibitory protein) in the pulmonary ECs of plexiform lesions (55). Since increased
pericyte coverage in iPAH has been recently reported, another explanation might be
related to abnormal pericyte recruitment or to intrinsic abnormalities in pulmonary
pericytes in PAH (36). A greater understanding of the role of pulmonary pericytes in
vascular homeostasis and remodelling is needed.

In situ thrombosis

PAH pathological specimens often display thrombotic lesions in the absence of
clinical or pathological evidence of pulmonary embolism, suggesting an in situ clotting
phenomenon (56, 57). In addition, PH is associated with a hypercoagulable phenotype
that includes vascular upregulation of tissue factor and an increase in circulating levels
of von Willebrand factor or plasma fibrinopeptide A (58 - 60).

Development of right heart failure

Despite its meagre ability to respond to a rapid increase in pressure, the RV is usually
able to adapt to a gradually increasing afterload by augmenting its contractility and
wall thickness. The one metric which best describes RV adaptation in PAH is ventriculo-
arterial coupling, which takes into account both contractility and afterload. When the
increased afterload is matched by an adaptive increase in RV contractility and mass,
the RV is said to be coupled to the pulmonary arterial circulation (61). However, in the
majority of patients with PAH, the severity and chronicity of the afterload increase
ultimately overwhelm the increases in RV mass and contractility. The final course of
PAH is therefore characterised by RV dilatation and failure, and eventually death (see
figure 1). It has been speculated that, as in LV failure, neurohormonal activation may
be central in the transition from RV adaptation to RV failure (63). Indeed, sympathetic
nervous system activity is increased in PAH patients, which finding has prognostic
significance (64). Likewise, an increased renin-angiotensin-aldosterone system (RAAS)
activity reflects PAH disease severity (65).

A typical feature of RV failure is the prolongation of the systolic contraction time in
comparison to the left ventricular contraction time, leading to a leftward shift of the
septum at the end of RV contraction (during which time the LV is already in its relaxing
phase) and impaired LV filling (66). In addition to a systolic functional impairment, RV
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failure is characterised by diastolic dysfunction, which probably comes about through
a combination of intrinsic stiffness and fibrotic replacement of RV cardiomyocytes (67,
68). The transition from RV adaptation to RV failure is further characterised by reduced
myocardial perfusion, which may not only reflect reduced coronary perfusion due
to, e.g. systemic hypotension, but also an impairment in angiogenesis relative to the
degree of hypertrophy (69, 70). Metabolic remodelling is another recently highlighted
characteristic of RV failure and includes a decreased uptake of fatty acids and an
increased generation of ATPs through glycolysis rather than through glucose oxidation
(71,72).

PDE.S inibitors PAHL:
. A RV afterload
Prostacyclines
Diuretics Overfilling Dyssynchrony CRT
N W RV function
V¥ Cardiac output
ACEIs
][;-bloc}(ers ARBs
1goxin Aldo ant
A Norepinephrine, A MSNA A Renin, AN angiotensin 1T
WV 1231-MIBG, ¥ HRV Hyponatraemia
RV BAR downregulation RV AT1R downregulation
| RV remodeling |

4' Progression of RHF | | Ventricular arrhythmias |<— ICD

Figure 1 - Schematic overview of hypothetical pathophysiological mechanisms in PAH-related
right heart failure, showing the multiple interactions between mechanical events (pressure over-
load, dilatation), electrophysiological changes (dyssynchrony, arrhythmias) and neurohormonal
activation (Reproduced with permission from ref (62)). RV right ventricular, ETRAs endothelin
receptor antagonists, PDE-5 phosphodiesterase-5, CRT cardiac resynchronisation therapy, SNS
sympathetic nervous system, RAAS renin-angiotensin-aldosterone system, ACEls angiotensin-
converting enzyme inhibitors, ARBs angiotensin receptor blockers, MSNA muscle sympathetic
nervous activity, HRV heart rate variability, BAR cardiomyocyte (3 1 -adrenergic receptor, ATTR
cardiomyocyte angiotensin type 1 receptor, Aldo ant aldosterone antagonist, RHF right heart
failure, ICD implantable cardioverter defibrillator
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Specific drug therapy

To facilitate a treatment plan, it is important to rule out all the possible underlying
causes that could induce and cause progression of PAH. In addition to treating the
underlying cause, when such a treatment is not available in the cases of idiopathic and
heritable PAH, there are PAH-specific approved drugs which aim to dilate pulmonary
vessels. In vitro and animal studies suggest that these drugs also have inhibitory
effects on vascular remodelling (73). Long-term treatment in patients has notled to a
demonstrable regression of vascular remodelling (47). Novel therapies in development
(discussed later) show promising results with regard to inhibition of cell proliferation and
inducing apoptosis, thereby limiting the progressive changes in morphometry (74).

Drugs targeting the pulmonary vasculature

The currently available drugs for PAH treatment mainly target vasoconstriction via
three biochemical pathways: ET-1, NO and PGI2 (Figure 2) (76). Experimentally, these
therapies have some anti-proliferative effects (77, 78). Table 3 shows FDA-approved
therapeutics intervening in these three major pathways.

| Erdothlin ity prostaydinpathwsy | |
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Endathelial Nitric oxide pathway i L
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Figure 2 - The pathways involved in contraction and proliferation of pulmonary arterial smooth
muscle cells and the endothelium. The four biggest groups of drugs available for PAH that target
these pathways are endothelin receptor antagonists, nitric oxide, phosphodiesterase type 5
inhibitor and prostacyclin derivatives (Reproduced with permission from ref. (75))
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Calcium channel blockers

Intracellular calcium levels are elevated in pulmonary arterial SMCs of PAH patients,
leading to contraction of the muscular layer in the vessels. Less than 10% of the
patients with iPAH respond to an acute vasodilator, like inhaled NO or iloprost. This
small group harbours patients who obtain improvement of symptoms after treatment
with calcium channel blockers such as long-acting nifedipine, diltiazem or amlodipine.
The patients who respond to long-term calcium channel blocker therapy exhibit a
more pronounced reduction in mPAP, reaching an absolute mPAP of 33 + 8 mmHg with
acute vasodilator testing. As a result, the consensus definition of a response is now
defined as a fall in mPAP of >10 mmHg, to an mPAP <40 mmHg, with an unchanged or
increased cardiac output. Patients with iPAH who meet these criteria may be treated
with calcium channel blockers (79, 110). Owing to potential negative inotropic effects,
verapamil should be avoided (111). If the patient does not respond well to the calcium
channel blockers (CCB), medication directing the NO, PGI2 or ET-1 pathway should be
added or replace the current treatment (77).

Nitric oxide pathway

NO produced in ECs is translocated to the SMCs to bind to soluble guanylyl cyclase
(sGC). This process leads to activation of cyclic guanosine monophosphate (cGMP),
which has a strong vasodilatory and a mild anti-proliferative effect on the pulmonary
vessels. In PAH, NO production is decreased, with a consequential decrease in cGMP
levels resulting in vasoconstriction. Phosphodiesterase type 5 (PDE-5) inhibitors
antagonise cGMP degradation by inhibiting PDE-5 and thereby increase cGMP
availability. Tadalafil and sildenafil, also prescribed for erectile dysfunction, are effective
PDE-5 inhibitors in PAH. The latter, a potent and highly specific PDE-5 inhibitor, was
shown to improve exercise capacity, FC and haemodynamics in PAH in the Sildenafil
Use in Pulmonary Hypertension (SUPER) trial (81). Because the effectiveness of a PDE-5
inhibitor is determined by the amount of NO available, the new drugs developed
are higher in the NO-sGCG-cGMP chain. Riociguat is a new drug that increases sGC
activity and thereby accelerates cGMP production. This balances the NO pathway,
with vasodilatory and anti-proliferative effects as a consequence of a PDE-5 inhibitor is
determined by the amount of NO available, the new drugs developed are higher in the
NO-sGCGcGMP chain. Riociguat is a new drug that increases sGC activity and thereby
accelerates cGMP production. This balances the NO pathway, with vasodilatory and
anti-proliferative effects as a consequence.
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Prostacyclin pathway

PGI2, produced by ECs, has antithrombotic, anti-proliferative, anti-mitogenic,
immunomodulatory and vasodilating effects. PGI2 and its downstream targets are
downregulated in PAH patients. Drugs directed on this shortage are prostacyclin
analogues and prostacyclin receptor agonists, the latter group including selexipag,
which is currently tested for effectiveness in PAH. The first specific drug for PAH was
the prostanoid epoprostenol, which has to be administered (in a formulation, Flolan)
continuously via a central venous catheter because of its short half- life (<5 min).
Recently, a more stable form of epoprostenol, Veletri, is available and is more patient
compliant (112). Epoprostenol is the only treatment that has shown a reduction in
mortality in a randomised controlled trial (91, 109). Treprostinil, another prostacyclin
analogue, is more stable and has a longer halflife (4 h) than epoprostenol and can
be administered subcutaneously, intravenously (i.v.), orally and by inhalation. The
FDA approved subcutaneous treprostinil in 2002 for use in FC 11, lll, and IV PAH. The
possibilities of subcutaneous implantation of an iv. pump system are now being
researched to avoid limitations of an external pump system, as risk of infections,
catheter-related embolism and thrombosis (113). lloprost, a chemically stable
prostacyclin analogue, can also be administered by inhalation. Beraprost, an orally
active prostacyclin analogue with a short half-life of 35-40 min only, is currently
approved for PAH inJapan and South Korea.

Endothelin pathway

ET-1 binds to the ET-A receptors located on vascular SMCs and exerts vasoconstrictiv
and proliferative effects. Binding of ET-1 to ET-B receptors on ECs and SMCs antagonises
vasodilation by NO and prostacyclin. Although assumed that ET-A selective inhibitors
(bosentan) would be more effective in PAH treatment, there is no evidence that those
treatments are more effective than nonselective (ambrisentan, macitentan) endothelin
receptor antagonist (ERAs). It is important to monitor liver functions monthly when
ERA treatment is prescribed, because this group of drugs can induce liver toxicity.
Haemoglobin and haematocrit levels should also be monitored on a quarterly basis.
The potential side effect of lower extremity oedema, particularly within the first several
weeks after initiation of therapy, may need to be treated with diuretics. Sitaxentan,
a nonselective ERA, has been withdrawn from the market due to two cases of fatal
liver injury (2, 109).
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Combination therapy (initial, sequential)

When the results of monotherapy are not satisfying, combination therapy is usually
started (sequential combination therapy). In patients who have been receiving
monotherapy, combination therapy appears to be moderately more effective than
continuation of monotherapy with regard to 6 minute walk distance (6MWD), with a
magnitude of effect that is approximately equal to the estimated minimal important
difference for PAH of 33 m. Several clinical trials of combination therapy, targeting two
or more pathways, have also shown clinical benefit when used as upfront combination
therapy (109). The results from the recent AMBITION study still have to be published,
but this randomised, double-blind, multicenter study with initial combination therapy
with ambrisentan and tadalafil in NYHA classes Il and lll PAH patients showed a delayed
time to hospitalisation by 63% (NCT01178073).

Transplantation

All of the drugs mentioned above are able to lower pulmonary vascular resistance to
some extent, but long-term outcomes of PAH patients remain uncertain. Singlelung,
double-lung and heart-lung transplantations can improve the patient’s condition.
Lung transplantation is generally reserved for those failing the best available medical
therapy. Itis shown that RV function can recover fast after lung transplantation, even
in severe conditions preoperatively (114, 115). Median survival of iPAH patients is 5.2
years after lung transplantation (116). Combined heart and lung transplantation is
generally reserved for those with complex congenital heart disease.

Additional advice and treatment options

The PAH treatment guideline of the European Society of Cardiology gives general advice
with regard to daily living and exercise. Physical activity should be encouraged with
exercise rehabilitation, as long as it does not lead to severe breathlessness. Exercise
training improves endothelial dysfunction, exercise capacity and quality of life (117).
Pregnancy is associated with a mortality rate of 30-60% and should therefore be avoided
(118, 119). Psychosocial support is important since many PAH patients suffer from
anxiety and depression (120). Infection prevention could be considered, because PAH
patients are prone to pneumonia and is the cause of death in 7% of the patients (2).

Besides PAH-specific drugs, oral anticoagulants can be part of the PAH treatment
plan. Patients suffering from right heart failure with fluid retention benefit from
diuretic treatment. Oxygen supplementation should be considered for PAH in NYHA
FC Il and IV during long flights (2). Although there is no proof for longterm effects,
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oxygen administration can lower the PVR in PAH patients, which may be beneficial.
Ambulatory additional oxygen could improve symptoms and help with desaturation
during exercise.

Atrial Septostomy: Atrial septostomy involves the creation of a right-to-left interatrial
shunt to increase cardiac output, which, despite reduction in systemic arterial oxygen
saturation, may increase systemic oxygen transport, thus reducing the signs and
symptoms of right heart failure. Where advanced medical therapies are available,
atrial septostomy is used as a palliative measure or a bridge to lung transplantation
in appropriately selected patients with refractory right heart failure or syncope/near
syncope despite therapy. In regions of the world without access to current medical
therapies, atrial septostomy is sometimes used as a primary therapy (109, 117).

Future therapeutic options

As discussed before, perivascular inflammatory cell accumulation is frequently
observed in all forms of PAH. Preclinical studies show beneficial effects in preventing
and sometimes even reversing PH symptoms with treatments targeting the immunity.
FK506 (calcineurin inhibitor) and anakinra (IL-1 receptor antagonist) are investigated in
ongoing clinical trials after promising results in the preclinical setting (24). In addition, a
randomised clinical trial testing the safety and efficacy of the monoclonal antibody anti-
CD20, a B-lymphocyte protein, is in phase 2 studies in patients with PAH with systemic
sclerosis (NCT01086540). Tyrosine kinase inhibitors (TKI) as imatinib, sorafenib and
nilotinib showed encouraging results in preclinical studies with regard to vascular
and cardiac function, with improvement of functional parameters such as exercise
capacity. Unfortunately, these compounds are also associated with serious adverse
events and raise safety concerns that limit their use in PAH. Indeed, several lines of
evidence suggested that most of these molecules may induce cardiotoxicity (121).

Recent pharmacological studies suggest that activation of RhoA/ROCK signaling system
is an important event in the pathogenesis of PH. In vivo, benefi cial effects of treatment
with Rho kinase inhibitor fasudil have been demonstrated in several animal models
of PH (122 - 129). In addition, the benefi cial effect of sildenafil | on PH is mediated, at
least in part, by the inhibition of the RhoA/Rho kinase pathway (130). Serotonylation
of RhoA by intracellular type 2 transglutaminase (TG2), leading to constitutive RhoA
activation, is also proposed as a possible risk factor of pulmonary vascular remodelling
in PH (128, 131). Similarly, findings from another recent study from Wei et al. indicate
increased serotonylation of fibronectin in human and experimental PH (132).

Discovery of the mutations in the BMP/Smad signalling pathway has led to a new
range of therapeutic targets in PAH treatment. In fact, restoration of the BMPR2 is a
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promising therapeutic strategy. A high-throughput screening on 3,756 drugs approved
by the FDA has led to the identification of FK506 (tacrolimus) as an activator of this
pathway in vitro. FK506 was subsequently shown to be effective in reducing the
experimental PH induced in rodents (133), but as mentioned above, these effects
may also have been the result of immune modulation.

Drugs targeting the heart

It is important to improve right ventricle function, because patients with persistent
low RV ejection fraction despite effective vasodilator treatment have worse prognosis
(134). Digoxin increases myocardial contractility but does not show beneficial short-
term effects in PAH treatment (135). Beta-adrenoreceptor blockers are currently
contraindicated in the treatment of PAH because there is a risk of lowering cardiac
output and reducing myocardial contractility. However, reduced myocardial oxygen
consumption could also have benefi cial effects on the heart and they could also help
prevent arrhythmias. After positive results in experimental studies, the effectiveness
and patient safety of carvedilol and bisoprolol are now being studied (136 - 138). In
addition, the use of angiotensin-converting enzyme (ACE) inhibitors and angiotensin
Il receptor antagonists remains debatable. Drugs targeting reactive oxygen species
(ROS) are also possible therapeutics in PAH since they reduce damage to the RV and
thereby prevent reduction of RV contractility. Bot are being preclinically studied.

Concluding remarks

PAH is a devastating disease characterised by sustained remodelling of the lung
vasculature leading to increased vascular resistance. The adaptive response of the
RV to the increased load critically determines clinical outcome. Pulmonary vasodilators
have been the cornerstone of PAH therapy and induce calcium channel blockers and
more than ten different drugs that modulate nitric oxide, prostacyclin and endothelin
pathways. Although the use of these drugs has resulted in improved outcomes for
patients, there is an urgent need for new therapies that reverse pulmonary vascular
remodelling or directly target the heart, thereby improving right heart function and
survival.
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Abstract

Introduction

The SU5416+Hypoxia (SuHx) rat model a commonly used model of severe pulmonary
arterial hypertension (PAH). Previous studies have shown that to induce PH in rats,
administration of SU5416 alone is insufficient, but when administered together with a
second hit such as hypoxia or immune modification, severe angioproliferative PH will
ensue. Abnormal pulmonary blood flow (PBF) has since long been known to invoke
pathological changes in the pulmonary vasculature. We tested the hypothesis that a
combination of SU5416 administration and a left pneumonectomy (PNXx) to induce
an abnormal PBF in the contralateral lung is sufficient to induce severe PAH in rats.
Disease progression over time was studied and compared with the SuHx model.

Methods

Sprague Dawley rats were subjected to standard SuHx protocol (SU5416 / 4 weeks
of hypoxia) or SUPNx protocol (SU5416 + PNx). Comparisons between models were
made at week 2 and 6 utilizing echocardiography to determine cardiac morphometry
and function and right ventricle (RV) catheterization to determine RV pressures and
function. Tissue and molecular analysis was performed to examine pulmonary vascular
remodeling, proliferation, apoptosis and inflammation.

Results

Both SuHx and SuPNx models displayed extensive obliterative vascular remodeling
leading to an increased right ventricular systolic pressure at week 6. Similar
inflammatory response in the lung vasculature of both models was observed alongside
increased endothelial cell proliferation and apoptosis.

Conclusion

This study described the SuPNx model which features severe PAH at 6 weeks and
could serve as an alternative to the SuHx model. Our study together with previous
studies on experimental models of pulmonary hypertension shows that the typical
histopathological findings of PAH, including obliterative lesions, inflammation, increased
cell turnover and ongoing apoptisis represent a final common pathway of a disease
that can evolve as a consequence of a variety of insults to the lung vasculature.
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Introduction

Pulmonary Arterial Hypertension (PAH) is a group of progressive diseases, characterized
by obliteration of the small precapillary pulmonary vessels, termed angio-obliteration,
resulting in increased pulmonary vascular resistance ultimately leading to right heart
failure and death(31). The arterial changes are based on pathobiological mechanisms
that are to some degree shared with cancer including hyperproliferative angiogenesis
and altered endothelial cell biology(10, 25). At the same time it is well accepted that
a disturbed blood flow may be important in the pathogenesis and pathobiology of
PAH, in particular in those forms associated with congenital systemic to pulmonary
shunts(3, 6) This concept is supported by animal studies based on disturbed blood
flow, such as the monocrotaline (MCT) + pneumonectomy rat model(21, 42) and the
MCT + aorta-caval shunt rat model(6, 38). A concept of ‘wound healing gone awry’
can connect the concepts of quasi-malignancy and flow-dependent alterations in the
development of PAH(39).

Recently, we have characterized the Sugen-Hypoxia (SuHx) model by performing
longitudinal histology and telemetric monitoring of the Right Ventricular Systolic
Pressure (RVSP)(5, 36). We showed partial reversibility of pulmonary hypertension
and RV hypertrophy in this model after return to a normoxic environment and also that
subsequent disease progression in the model was not dependent on remodeling of the
lung vascular media. As such, hypoxia-induced changes in pulmonary artery smooth
muscle cells seemed not required to maintain the obliterative vascular phenotype in
rats with advanced SuHx induced PAH(5). It has been hypothesized that the exuberant
lumen obliterating cell growth in the SuHx lung vasculature is not fully dependent on
the mechanism driven by hypoxia. Changes in pulmonary blood flow velocity, first
driven by hypoxic vasoconstriction and later by vascular obliteration, may play an
additional causative role in the evolution of abnormal vascular cell phenotypes in the
SuHx model.

The fact that hypoxia is not an obligatory secondary hit in SU5416 induced angio-
obliterative PAH is exemplified by the development of other SU5416 mediated animal
models that lack the stimulus of hypoxia, such as the Sugen Ovalbumin model(20). The
aim of the present study was to evaluate whether the combination of VEGF receptor
blockade by SU5416 and an increase in pulmonary blood flow velocity, is sufficient to
induce lung vascular cell proliferation and severe angioobliterative pulmonary lesions.
To achieve this, the hypoxic component of the SuHx model was substituted by a left
pneumonectomy, to create a Sugen Pneumonectomy (SuPNx) model. In addition to
disease progression, functional endpoints were monitored and compared with the
SuHx model.
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Materials and methods

Animals

All experiments were approved by the Institutional Animal Care and Use Committee of
the VU University and were conducted in accordance with the European Convention
for the Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes, and the Dutch Animal Experimentation Act. Male Sprague Dawley rats
(n=60, 6-8 weeks, Charles River, Sulzfeld, Germany) were housed in groups of 4 under
controlled conditions (22°C, 12:12 h light/dark cycle). Food and water were available ad
libitum in accordance with the animal care committee protocol (FYS12-18, FYS-13-01).

Study design

Rats were randomly divided between five groups: Control (Con), SU5416 (SU),
Pneumonectomy (PNx), SU5416 + hypoxia (SuHx) and SU5416 + PNx (SuPNXx) (fig1). The
SuHx protocol was employed as previously described(5). Briefly, animals were injected
with SU5416 (25 mg/kg, Tocris Bioscience, #3037, Bristol, United Kingdom) dissolved in
carboxymethycellulose (CMC) and exposed to hypoxia (10%) for four weeks followed
by re-exposure to normoxia. PNx animals underwent a left pneumonectomy. Two days
following PNx-surgery an injection of SU5416 was administered (25 mg/kg). The Con-
group received only the solvent CMC. Echocardiography was utilized at baseline (pre-
hypoxia/pre-surgery), week two and week six to determine cardiac morphometry and
function. Two and six weeks post-surgery/post-hypoxia animals were anesthetized and
right ventricle (RV) and left ventricle (LV) pressure measurements via catheterization
were performed. Animals were killed via exsanguination and organs were weighed
and processed for analysis.

Surgical Procedure

Thirty minutes prior to anaesthesia (Isoflurane; 4.0/2.5% induction/maintance;
1:1 O,/Air mix) and intubation (Teflon tube, 16 gauge) rats received an injection of
buprenorphine analgesia (0,1 mg/kg). Rats were ventilated at a rate of 70/minute with
a peak pressure of 10 cmH,0 and placed in half supine position on a heating pad. The
surgical site was shaved and cleaned with chlorhexidine digluconate in 70% ethanol
(Addedpharma, Oss, Netherlands). Heart rate, saturation and carbon dioxide levels
were (measured via pulse oximetry) and temperatures were monitored at all times
during the surgery. Thoracotomy was performed by opening the third intercostal
space. Ventilation was briefly interrupted for a maximum of 30 seconds to fix the left
lung outside the chest cavity with the use of Q-tips. Bronchus, artery and veins were
ligated and the lung was removed. The thorax was closed by suturing of the muscular
and dermal layers. After cessation of isoflurane administration animals were extubated
and received an additional injection of sterile saline (3 ml) and Carprofen (4.0 mg/kg)
subcutaneous (Rimdadyl, Pfizer, Capelle aan den lJssel, the Netherlands).

48

Pneumonectomy combined with SU5416 in rats

Injection CMC End experiment End experiment

Control

Pneumonectomy End experiment End experiment

Pneumonectomy

Injection SUS416

(25 mg/ke) End experiment End experiment

Sugen

Injection SUS416

(25 mg/kg) End experiment End experiment

hypoxia 10 % hypoxia 10 % normoxia
SuHx

Pneumonectomy +
SU5416 (25 mg/kg)  End experiment End experiment

SuPNx

0 2 6 weeks

Figure 1 - Study design: 5 groups of n = 6 per time point. SuHx, SU5416 + hypoxia; SUPNX,
SU5416 + pneumonectomy.

Echocardiography

Echocardiography was utilized at baseline, week two and week six. Measurements
(ProSound SSD-4000, 13-MHz linear transducer #UST-5542, Aloka, Tokyo, Japan) were
performed on anesthetized, spontaneously breathing rats (2,0% isoflurane, 1:1 O_/Air
mix). Time under anaesthesia was set to 15 minutes to minimise effects of isoflurane
(12, 24). Measured parameters were pulmonary artery acceleration time (PAAT), right
ventricular wall thickness (RVWT) and end diastolic diameter (RVEDD), cycle length
(CL), tricuspid annular plane systolic excursion (TAPSE), cardiac output (CO), heart rate
(HR) and stroke volume (SV). Non-invasive estimation of RV systolic pressures (eRVSP)
and total pulmonary vascular resistance (TPR) was performed as described previously:
eRVSP= 142 x e("treavel), TPR = [mean PAP]/[cardiac output] = (0.61x[eRVSP]+ 2 mmHg)/
[cardiac output] (13, 15, 11, 2, 30, 41). Analysis was performed offline (Tomtec Imaging
systems, Unterschleisscheim, Germany).

Right ventricle pressure measurements

At the end of the study protocol, open-chest RV catheterization was performed under
general anesthesia in all animals (2.5% isoflurane, 1:1 O,/air mix). Before the procedure,
rats were intubated (Teflon tube, 16 gauge) and attached to a mechanical ventilator
(Micro-Ventilator, UNO, Zevenaar, the Netherlands; ventilator settings: breathing
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frequency, 70 breaths per minute; pressures, 12/0 cm H,0; inspiratory/expiratory ratio,
1:1). RV pressures were recorded by use of a microtip pressure-volume conductance
catheter (Millar Instruments, Houston, TX). Analyses were performed when steady
state was reached over an interval of at least 10 seconds.

Histology and morphometry

Lungs were weighed and the airways of the right middle lobe were filled with 0.5% low-
melt agarose in saline under constant pressure of 25 mmHg and stored in formaline
(#4169-30, Klinipath BV, Duiven, the Netherlands). The remaining lobes were stored in
liquid nitrogen for further processing. The heart was perfused with tysrode solution,
weighed, dissected, snap-frozen in liquid nitrogen and stored in -80°C. Transversally
cut lung sections (4um) were stained with elastica van Gieson for analysis of vascular
dimensions for week two and six. The degree of vascular occlusion was determined by
counting 50 random vessels and expressing which percentage of these was categorized
as occluded.

Immunofluorescent staining

Lungsections were deparaffinized and epitope retrieval was performed by immersing
the slides in antigen unmasking solution (H3300, Vector Laboratories) for 40 minutes
in a pressure cooker. Blocking steps with 1% bovine serum albumin were performed,
before labeling with the primary antibody (PCNA , PG10, s56),(Cleaved caspase 3,
cell signaling, 9661),(CD08, s-53063),(CD20, M-20, s¢7735),(CD68, abcam, ab31630)
(1:250) O/N in 4°C, except for negative control. Subsequent labeling with appropriate
secondary antibody, anti-a-smooth-muscle-actin - Cy3 (a-SMA, C6198, Sigma), Von
Willebrand Factor (VWF, ab8822, Abcam) and 4'6-diamidino-2-phenylindole (DAPI,
H-1200, Vector Labs) counterstaining followed. Image acquisition was performed on
a ZEISS Axiovert 200M Marianas inverted microscope.

Quantification of inflammation, proliferation and apoptotic activity

A minimum of 30 randomly selected vessels per sample was acquired via Slidebook
imaging analysis software (SlideBook 5.5, Intelligent Imaging Innovations) Proliferation
(PCNA) and apoptotic activity (CC3) was quantified by counting smooth muscle cell -
or endothelial cells with a positive (PCNA or CC3) signal. Both values are expressed
as number of positive (+) cells per vessel. Inflammation was quantified in a similar
fashion, with the exception that positive cells in the lesions surrounding the vessel
were included.

Statistical Analysis

All analyses were performed in a blinded fashion. All data were verified for normal
distribution. A p-value <0,05 was considered significant. All data are presented as
mean +SEM. Parameters were analysed by two-way ANOVA with Bonferroni post-hoc
testing (GraphPad Prism for Windows 5.01, San Diego CA).
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Results

Effect of SU5416- or pneumonectomy after 2 and 6 weeks

All'animals survived the surgical procedure. No adverse effects of SU5416 with regard
to post-operative wound healing were observed. Right lung mass was found to be
increased in the pneumonectomy group compared to control both after 2 and 6
weeks of initiation experiment. Lung CD68 (macrophage) counts were found to be
increased in the SU-group compared to control at week 2 (table 1 and 2) suggesting
an inflammatory reaction to VEGFR inhibition. For ease of interpretation the following
results will only include comparisons between control versus SuHx and SuPNXx.

Table 1 - Characteristics of Sugen or pneumonectomy vs. control at 2 wk.

2 weeks
CON SU PNX P-value
PAAT/CL 137 += 49 169 == 44 131 = 21 n.s.
RVWT (mm) 1,0 + 03 1.0 + 01 09 + 04 n.s.
RVEDD (mm) 23 + 04 30 + 03 28 + 02 n.s.
TAPSE (mm) 32 + 02 32 + 03 29 + 05 n.s.
SV (ml) 02 + 006 02 + 0,03 02 + 0,06 n.s.
HR (bpm) 4090 + 236 3847 + 215 3709 + 230 n.s.
CO (ml) 882 + 202 644 + 104 803 =+ 184 n.s.
TPR (mmHg/ml.min) 03 + 01 03 + 01 03 =+ 01 n.s.
eRVSP (mmHg) 246 £ 2,2 269 + 19 299 + 20 n.s.
RVSP (mmHg) 254 + 25 235 + 19 296 + 82 n.s.
RV Ees (mmHg/ml) 556 + 22,2 523 + 25/ 42,0 + 173 n.s.
RV Eed (mmHg/ml) 317 + 09 21+ 09 34 + 3] n.s.
RV Ea (mmHg/ml)  101,0 + 33,0 1430 <+ 310 1200 + 325 n.s.
Intima fraction (%) 79 + 13 101 + 28 88 + 05 n.s.
Media fraction (%) 105 + 15 12,8 + 13 141 + 20 n.s.
Rightlungmass(gr) 242 + 3/ 419 + 84 541 + 135 * 0,05
Fulton/RV/(LV+S) 03 =+ 01 04 + 02 04 =+ 01 n.s.

CON, control; SU, SU5416; PNx, pneumonectomy; eRVSP, estimated right ventricle systolic
pressure; PAAT/CL, pulmonary artery acceleration time/cycle length; RVWT, right ventricle wall
thickness; RVEDD, right ventricle end diastolic diameter; TAPSE, tricuspid annular plane systolic
excursion; SV, stroke volume; CO, cardiac output; TPR, total pulmonary resistance; Ees, RV
contractility (end diastolic elastance); Eed, RV stiffness (end diastolic stiffness); Ea, RV afterload;
n.s., not significant. *P < 0.05 difference vs. control.
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Table 2 - Characteristics of Sugen or pneumonectomy vs.control at 6 wk.

6 weeks
CON SU PNX P-VALUE

PAAT/CL 155 + 35 11,8 £ 39 125 £ 22 n.s.
RVWT (mm) 11+ 02 1.2 £ 03 1.4 + 02 n.s.
RVEDD (mm) 39 + 08 44 + 09 49 + 11 n.s.
TAPSE (mm) 26 + 05 27 + 06 27 + 04 n.s.
SV (ml) 02 + 0,05 02 + 004 02 + 003 n.s.
HR (bpm) 3450 + 8,0 3330 + 42,0 3830 =+ 230 n.s.
CO (ml) 809 + 199 729 + 156 697 + 119 n.s.
TPR (mmHg/ml.min) 0,2 + 01 03 + 0,0 04 + 01 n.s.
eRVSP (mmHg) 274 + 40 244 + 40 31,7 £ 21 n.s.
RVSP (mmHg) 229 + 45 240 + 6,3 252 + 273 n.s.
RV Ees (mmHg/ml) 304 + 10,0 339 + 11,0 31,0 + 11,8 n.s.
RV Eed (mmHg/ml) 23 + 09 26 + 08 1.8 + 07 n.s.
RV Ea (mmHg/ml) 94,4 + 529 12,3 + 477 1015 + 244 n.s.
Intima fraction (%) 76 + 01 120 + 15 12,2 + 16 n.s.
Media fraction (%) 120 + 2,8 16,7 + 24 21,2 + 82 n.s.
Rightlungmass(gr) 263 + 272 305 + 4.8 439 + 12,5 * 0,05
Fulton/RV/(LV+S) 02 + 00 02 £+ 01 03 + 01 n.s.
PCNA EC 01 = 01 01 = 01 01 £+ 01 n.s.
PCNA SMC 01 + 01 02 + 01 03 + 01 n.s.
Cleaved caspase-3 01 = 01 02 + 02 01 £ 01 n.s.
EC

Cleaved caspase-3 03 + 02 06 + 02 04 + 02 n.s.
SMC

CD8 04 + 02 06 + 02 06 + 02 n.s.
CD20 03 + 01 04 + 0,2 04 + 072 n.s.
CD68 02 + 0/ 09 + 041* 03 + 01 0,05

CON, control; SU, SU5416; PNx, pneumonectomy; eRVSP, estimated right ventricle systolic pressure;
PAAT/CL, pulmonary artery acceleration time/cycle length; RVWT, right ventricle wall thickness; RVEDD,
right ventricle end diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; SV, stroke
volume; CO, cardiac output; TPR, total pulmonary resistance; Ees, RV contractility (end diastolic elastance);
Eed, RV stiffness (end diastolic stiffness); Ea, RV afterload; PNCA, proliferating cell nuclear antigen;
EC, endothelial cells; SMC, smooth muscle cells; n.s., not significant. *P < 0.05 difference vs. control.

Development of pulmonary hypertension in SuHx and SuPNx rats

RVSP was significantly elevated after two weeks in the SuHx model compared to Con,
whereas no differences in RVSP were observed between SuPNx and control animals.
However, Six weeks after initiation of the protocol, both SuHx and SuPNx demonstrated
an elevated RVSP compared to Con (fig2A). RV afterload (Ea) was significantly increased
in SuHx after two weeks. Ea was increased in both SuHx and SuPNx after 6 weeks
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(fig2B). RV Contractility (Ees) increased in SuHx and SuPNx at week two compared to
Con and remained so in at week 6 (fig2C). SuHx RV stiffness (Eed) was increased at
week two, while no differences between groups were observed at week 6 (fig2D).

Total pulmonary resistance (TPR) was increased in SuHx after week two and in both
SuHx and SuPNx at week six, which was in accordance with the increased Ea (fig3A). No
significant differences in cardiac output (CO) were observed between groups (fig3B).
RV wall thickness (RVWT) and end diastolic diameter (RVEDD) were increased at week
two in SuHx rats when compared to both Con and SuPNx, whilst after six weeks, RVWT
and RVEDD were increased in SuHx and SuPNx rats alike (fig3CD). Tricuspid annular
plane excursion time (TAPSE) was decreased in SuHx at week two compared to Control
animals. Both SuHx and SuPNx showed a decline in TAPSE at week 6 (fig3E). Pulmonary
artery acceleration time / cycle length (PAAT/CL) was reduced in both SuHx and SuPNx
at week six compared to control animals (fig 3F).

Right lung mass was increased at both time points in the SuPNx group, compared to
Con and SuHx (figdA). SuHx left lung mass was increased compared to Con at week
two (Con: 16.8+.7 vs SuHx: 26.95+0.8; p < 0.01) and six (Con: 16.7+3 vs SuHx: 22.4+1.4;
p <0.01). At week two, the Fulton index in SuHx was higher when compared to Control
and SUPNx animals. At week six both SuHx and SuPNx showed an increased Fulton
index compared to Control animals (fig 4B). The hematocrit levels were increased in
the SuHx model at week two (hypoxic period) (fig 4C). Bodymass of SuHx was lower
compared to Con at week two. Both SuHx and SuPNx bodymass was decreased at
week six compared to control (fig4D).

Increased intimal fraction accompanied by obliterative lesions in SuHx and SuPNx

Vascular wall media fraction was already increased in SUPNx at week two, when compared
to Con and SuHx, with similar elevated fractions of both SuHx and SUPNx at week six. In
contrast, intimal fraction increased in the SuHx group at week two, with similar fractions
between SuHx and SuPNx at week six (figbAB). An increase in occlusive lesions was
observed in both SuHx and SUPNx at week 2 and week 6. Overviews (40x magnification)
of lung morphology reveal obliterative lesions in SuHx and SuUPNx at week six (fig5DE).

Increased proliferation, apoptosis and inflammation in both SuHx and SuPNx

Markers of cell proliferation and pro-apoptotic signaling (as assessed by
immunofluorescence) at week six indicated increased proliferation of endothelial cells
(EC) in SuHx and smooth muscle cells (SMC) in both SuHx and SuPNx (compared to
control). The apoptotic signaling in both PH-models was similarly increased in ECs
as well as SMCs compared to Con (fig 6AB). Cytotoxic T-cells (CD8), B-cells (CD20)
and macrophage (CD68) count at- or near vessels was increased in both SuHx and
SUPNX. Sugen increased CD68 compared to Con. The CD68 count was higher in SUPNx
compared to SuHx (figbE). Typical examples are shown (fig6BCDE).
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Figure 2 - Pressure-volume measurements. A: right ventricle systolic pressure (RVSP); B: esti-
mated RVSP (eRVSP) C: RV afterload (Ea); D: RV contractility [end systolic elastance (Ees)] £: RV
stiffness [end diastolic stiffness (Eed)]; Con, control; SuHx, SU5416 + hypoxia; SUPNx, SU5416 +
pneumonectomy. *P < 0.05, **P < 0.01, ***P <0.001, TP < 0.05, TP < 0.07; (*differences between
SuHx/SUPNx vs. control; Tdifferences between SuHx vs. SUPNX).
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Figure 3 - Echocardiography parameters. A: total pulmonary resistance (TPR); B: cardiac output
(CO); C: right ventricle wall thickness (RVWT); D: right ventricle end diastolic diameter (RVEDD); £:
tricuspid annular plane systolic excursion (TAPSE); F: pulmonary artery acceleration time/cycle
length (PAAT/CL). Con, control; SuHx, SU5416 + hypoxia; SUPNx, SU5416 + pneumonectomy.
*P < 0.05; **P < 0.01; ***P < 0.001; TTP < 0.05 (*differences between SuHx/SuPNx vs. control;
tdifferences between SuHx vs. SUPNX).
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Figure 4 - Lung mass, Fulton index, hematocrit, and body mass. A: right lung mass. Left lung
indicated by striped pattern; B: Fulton index (RV/LV+S)(%); C: hematocrit (%); D: body mass (g).
Con, control; SuHx, SU5416 + hypoxia; SUPNx, SU5416 + pneumonectomy. *P < 0.05; **P < 0.01;
**%%P < 0.001; TP < 0.01; TTTP < 0.001 (*differences between SuHx/SuPNx vs. control; tdiffer-
ences between SUHX vs. SUPNX).

Discussion

To our knowledge this study is the first full report on the combined lung vascular
effects of left pneumonectomy and SU5416 in rats. In the current study, several
important hallmarks of human PAH were detected in the rat model that combines PNx
and one single injection of the VEGF receptor antagonist SU5416. These include severe
pulmonary hypertension, angio-obliterative vascular lesions and increased rates of
proliferation and pro-apoptotic signaling of lung endothelial and smooth muscle cells
and RV dysfunction. The present study confirms that an abnormal pulmonary blood
flow (PBF), combined with VEGF receptor blockade, is sufficient to establish severe
PAH in rats. Additionally, our study supports the two-hit hypothesis of severe PAH,
similar to previous studies in which PNx was paired with the administration of MCT(8,
43). Our study extends previous findings by Sakao et al., who showed that in cultured
endothelial cells, SU5416 and shear stress act to promote apoptosis resistance and cell
proliferation(29). Additionally, this is the first report of ongoing pro-apoptotic signaling
in developed PAH in two animal models.
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Figure 5 - Vascular remodeling. A: media fraction thickness. B: intima fraction thickness. C:
vessels occluded (%). Con, control; SuHx, SU5416+hypoxia; SUPNx, SU5416+pneumonectomy.
*P<0.05; **P < 0.01; ***P < 0.001; TP < 0.05. D: overview (magnification x 100 and x 400) of lung
vasculature. Green, von Willebrand factor [endothelial cells (ECs)]; red, a-smooth muscle actin
[smooth muscle cells (SMQ)]; blue, 4=6-diamidino-2-phenylindole DAPI (nuclei). White arrows
indicate occlusions. £: examples of histology (Elastica van Gieson) of pulmonary vessels in con-
trol, SuHx, and SuPNx (*differences between SuHx/SuPNx vs. control; Tdifferences between
SuHx vs. SUPNX).
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SU5416 combined with left pneumonectomy induces severe PH

As determined by echocardiography and pressure-volume analysis of the RV, the
combination of SU5416 and left PNx caused RV dysfunction as is frequently observed in
severe PAH. Measurements of RVEDD and RVWT confirmed increased RV hypertrophy
and dimensions, which findings were confirmed by an increase in RV/LV+S. In addition,
the systolic function of the RV was affected as shown by a significant decrease in
TAPSE. TPR was increased due to extensive pulmonary vascular changes. We found an
increase in right lung mass in SUPNx which is possibly explained by compensatory lung
growth, edema and/or influx of inflammatory cells after pneumonectomy(27, 28).

The increase in TPR in SUPNx model was associated with an increased pulmonary
arteriolar mean wall thickness. The increased rates of proliferative and pro-apoptotic
cells within and around the lung arterioles support the concept that apoptosis
and proliferation are important factors promoting angioproliferation, the ongoing
proliferation and proliferative activity in the pulmonary vasculature, in experimental
models of pulmonary hypertension(14, 34). Increased proliferation, but not ongoing
pro-apoptotic signaling has been reported before in an animal shunt model of PH(18),
but in this model cell proliferation was restricted to the pulmonary vascular smooth
muscle cells while no lumen obliteration was observed. Indeed, pneumonectomy
combined with MCT induces neotintimal proliferation as does the combination of
MCT with an abdominal aortacaval shunt(8, 22, 7).

A hypothetical explanation for the similarities between the SuHx and SuPNx models
is that pneumonectomy (through a reduction in pulmonary vascular bed) and
hypoxic exposure (through vasoconstriction) both exert their effects via an increased
pulmonary blood flow velocity. We propose that abnormal PBF induced activation
and injury of lung vascular endothelial cells cannot be repaired when SU5416 impairs
signaling via VEGF receptors, which is required for the homeostatic maintenance of lung
vessels(40). Since VEGFR2 and VEGFR3 are both part of a mechanosensory complex
in endothelial cells it can be argued that SU5416 interferes with this complex, thereby
hampering EC mechanosensing (4, 37). A failure of normal adaptation to changes in
PBF may be crucial in the development of pulmonary vascular remodeling. Indeed,
recent findings indicate that late-stage inhibition of caspases can stabilize PECAM-1
levels thereby restoring endothelial shear-responsiveness and reverses remodeling
in-vivo (32).

Comparison of SuHx versus SUPNx

The SuHx model is a now frequently utilized model of severe angio-obliterative PAH(5).
In comparison to the SuHx-model, the combination of pneumonectomy with VEGF
receptor blockade showed several important differences in disease progression.
Although the vascular lesions in the SUPNx model are very similar to the SuHx-model,
the hyperproliferation of endothelial cells and the resulting obliterative lesions as
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a consequence of disturbed flow in the SUPNx model, indicate that the endothelial
dysfunction and injury do not necessarily require metabolic pathways activated by
hypoxia. This might suggest that the hypoxic exposure within the SuHx protocol is
important for disturbing the blood flow by its mechanical loss of vascular lumen and
explains the efficacy of monocrotaline or SU5416 in flow based animal models. As
a pneumonectomy alone can elicit a hypoxic pathway response it will be of future
interest to characterize the hypoxic response in both models in more detail(17).
SU5416, by itself, damages endothelial cells, but without a second hit does not cause
angio-obliterative luminal changes(14). The bodymass at week 6 is equally lowered in
SuHx and SuPNXx rats, although SuHx rats show a temporal more profound decline in
bodymass in comparison to SuPNx rats in week two. This phenomenon is probably
explained by a combination of hypoxia induced diuresis and anorexia which lowers
bodymass(16). Inflammation, measured by presence of cytotoxic T-cells, B-cells and
macrophages occurred in both SuHx and SuPNx models in comparison to control
animals.

It appears that inflammatory components are important, perhaps necessary, for the
development of angio-obliterative lesions in animal models of severe PAH. Indeed,
in the rat model which combines SU5416 and the allergic inflammatory ovalbumin,
the angio-obliterative PH could be prevented by anti-CD20 (anti-B lymphocyte)
monoclonal antibody treatment(19). Athymic rats, characterized by their lack of
regulatory T-cells (Treg), develop angio-obliterative PH with evidence of inflammatory
cell infiltration, when SU5416 is administered(20, 35). Reconstitution of the Treg
function after pulmonary vascular disease has developed reversed PAH and lung
vessel inflammation(33). Our observation of the early stage (2 weeks) and the advanced
stage (6 weeks) after the pneumonectomy and comparison with the similar time points
in the SuHx model revealed that the onset of PAH is delayed in the SUPNx model.

As the SuHx model is a well-established and characterized animal model for PAH,
subsequent studies characterizing the SUPNx model will have to show whether there
are more similarities and-or differences between the models. This could include
the exploration of the role of inflammation and of the immune disequilibrium in the
pulmonary vascular remodeling that is triggered by increased pulmonary blood flow in
the setting of an injured and inflamed endothelium. Also, vasoconstriction is a major
factor that accounts for the increased PVR observed in the SuHx model, and can be
relieved by intravenous Fasudil(23). It will be of interest to assess the vasoconstrictive
component of the SUPNx model in the future. Finally, the future further characterization
beyond six weeks will also be of interest to investigate whether the disease progression
leads to right heart failure and-or the development of plexiform lesions, as observed
in SuHx animals at week 14(1).
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Perspectives and conclusion

In summary, we have shown that the combination of SU5416 and PNx causes severe
angio-obliterative pulmonary hypertension associated with increased cell proliferation
and pro-apoptotic signaling resulting in neointima and medial remodeling. Perhaps this
SUPNx model can serve as an alternative model or complementary model of severe
angio-obliterative PAH that can be employed to further study the detailed mechanisms
underlying high pulmonary blood flow related vascular remodeling, including the study
of endothelial mesenchymal transition and the specific interactions between apoptosis
and proliferation of vascular wall cells(9, 26). Some of the advantages that SUPNx could
offer over SuHx is that by design in the SuHx model, temporal exposure to hypoxia and
reversal of hypoxic vasoconstriction and hemoconcentration upon return to normoxia
results in a partial reversibility of pulmonary hypertension. This aspect of reversibility
is reflected by some decrease in RVSP and RV hypertrophy after the hypoxic period
and may complicate drug treatment studies when using the SuHx model. Because the
SuPNx model lacks the element of hypoxic vasoconstriction and hemoconcentration,
the RVSP after pneumonectomy increases gradually over time, which may favor the
assessment of drug effects in preclinical trials.

Our study together with previous studies on experimental models of pulmonary
hypertension shows that the typical histopathological findings of PAH, including
obliterative lesions, inflammation, increased cell turnover and ongoing apoptisis
represent a final common pathway of a disease that can evolve as a consequence of
a variety of insults to the lung vasculature
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Chapter 4

To the editor

Lung resection is standard treatment in clinical stages | and Il and selected stage IlIA
non-small cell lung cancer.[1] Major lung resections (MLR), such as (bi)lobectomy or
pneumonectomy, occasionally lead to pulmonary hypertension (PH). Several studies
report anincrease in pulmonary artery pressures in about one third of patients up to 5
years postoperatively.[2-4] The development of PH after MLR may simply be explained
by the fact that total cardiac output flows through a smaller vascular bed. Because
histological studies were never performed after MLR, it remains unknown whether
flow induced structural changes in the remaining lung vasculature lead to progressive
increases in pulmonary vascular resistance.

The aim of the current study was to determine whether an altered pulmonary blood
flow per se is associated with phenotypic changes in the lung vasculature akin to PH.
In human, contralateral lung tissue obtained at least two years after pneumonectomy,
bilobectomy or lobectomy of the left upper lobe. Control tissue was from people who
died acutely due to a traumatic cause and are described in earlier histopathological
studies.[5, 6] Samples were obtained from the biobank of the VUmc, Amsterdam, the
Netherlands. In rats, wall thickness measurements in the unilateral lung 6 weeks post-
pneumonectomy were compared to sham-operated animals.

Evaluation of vasculopathy was done according to previously described patterns.
[7] Immunohistochemical staining with ki-67, histone H3 and cleaved caspase 3
was performed to determine proliferation and apoptosis of endothelial cells. For
quantitative measurements the thickness of the intimal and medial layer of arterioles
(attached to 4 septal walls) was determined and expressed as percentage of their
external diameter. Vessels with an elliptical shape due to oblique sectioning were
excluded. Animal experiments were permitted by the Institutional Animal Care and
Use of the VU University and conducted in accordance with the European Convention
for the Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes, and the Dutch Animal Experimentation Act (FYS12-18, FYS13-01). Sprague
Dawley rats (n=4 per group) were subjected to either pneumonectomy or sham
operation. The animals were part of an earlier study, as described previously.[8]

Lung tissue specimens from thirteen MLR patients and six controls were obtained.
Control subjects died at an age of 36+4 years old and were all male. MLR patients
were 69+2 years, and 10 out of 13 were male. 10 MLR patients had a known history of
smoking and the average survival after surgery was 4.8+0.9 years. The clinical history
of four MLR patients was not available. Seven patients had received radiotherapy prior
to MLR, three in combination with chemotherapy.
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Predominant patterns observed in MLR patients while absent in controls were
thrombotic arteriopathy (46%) and aselective intimal fibrosis (23%) (figure 1a). These
patterns did not associate with the presence of inflammation. In half of the patients
with thrombotic arteriopathy, vascular remodeling was mild with slight congestive
features. In two patients diffuse congestion was more prominent and the last patient
showed organising diffuse alveolar damage. The three patients with non-specific
intimal fibrosis showed parenchymal intimal fibrosis, with involvement of the veins
in two cases. Congestive vasculopathy was present in both MLR and controls. In two
MLR patients this was paired with intimal fibrosis in arterial, parenchymal and venous
vessels, medial hyperplasia in bronchiolar arteries and venous arterialisation. A very
similar pattern was found in all controls with congestive structural changes. There is
no conclusive diagnosis for the other two MLR patients with congestive vasculopathy.

The number of endothelial cells positively stained for the proliferative marker ki-67 was
higher in the MLR group (p=0.01)(figure 1b), not correlating to inflammation (p=0.50).
Histone H3 showed a similar pattern, although not statistically significant (p=0.18).
No differences were found with regards to cleaved caspase 3 (p=0.81)(figure 1b).
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Figure 1 - Type of arteriopathy in major lung resection (MLR) and control lung tissue scored
quantitatively, p-values calculated with Fisher’s exact test. b) number of positively stained endo-
thelial cells for ki-67 and cleaved caspase 3. ¢) Intimal and medial wall thickness in human and
d) rat, expressed as percentage of outer diameter of the vessel. Data are reported as box and
whisker plots, minimum to maximum. For statistical analysis unpaired t-tests (parametric data)
and Mann-Whitney tests (non-parametric data) were used.
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In the human pulmonary vasculature, the outer diameter of the arterioles ranged
between 27-178um, with a mean distance of 69 and 76pum in control and MLR subjects,
respectively (p=0.33). There was no significant increase of the intima in MLR lung tissue,
the media showed a tendency towards thickening(figure 1c). Thickening of the intimal
and medial wall was not different with and without inflammation. In rats, the outer
diameter was 40+1.3 pm (sham) and 43+2.6 pm (MLR)(p=0.32). Both vascular layers
showed a tendency towards thickening(figure 1d).

The small cohort and random selection of tissue blocks limits the generalization
of our findings. Other limitations are possible confounding by differences in age,
smoking history, or cancer treatment. Thickening of the intima is often seen in older
subjects[9] and smokers[10, 11]. Both features apply to patients undergoing MLR
for lung cancer. Chemo- and radiotherapy are also associated with vascular, mostly
intimal, remodeling[12, 13]. Increased presence of inflammation in MLR patients was
probably related to illness at the end of life. However, inflammation was not associated
with vasculopathy patterns or proliferation, suggesting these changes were not
consequences of inflammatory activity. We observed increased ki-67 staining in the
MLR group without changes in cleaved caspase 3, indicating ongoing proliferation in
the pulmonary vasculature. However, we could not link this observation to a greater
intimal thickness.

We hypothesized that hyperflow per se could induce remodeling in the pulmonary
vasculature, even when no PH develops. Indeed, six MLR patients showed thrombotic
arteriopathy, while controls did not present this predominant pattern. Intimal and
medial thickness was not changed in human and rat lungs. Finally, MLR patients showed
increased proliferation, without changes in apoptosis. Surprisingly, we observed
a congestive arteriopathy in half of the control lung samples, indicating that these
findings are common and probably non-specific rather than related to hyperflow.

The findings in our focused study of thirteen patients after MLR implicate that vascular
changes in PH are perhaps partially explained by altered pulmonary blood flow,
but further research is needed in a bigger cohort with more tissue to study which
additional stimuli are needed to induce PH.
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Abstract

Background

In idiopathic pulmonary arterial hypertension (PAH), increased pulmonary vascular
resistance is associated with structural narrowing of small (resistance) vessels and
increased vascular tone. Currentinformation on pulmonary vascular remodeling is mostly
limited to averaged increases in wall thickness, but information on number of vessels
affected and internal diameter decreases for vessels of different sizes is limited.

Aim
Our aim was to quantify numbers of affected vessels and their internal diameter
decrease for differently sized vessels in PAH in comparison with non-PAH patients.

Methods

Internal and external diameters of transversally cut vessels were measured in 5 control
subjects and 6 PAH patients. Resistance vessels were classified in Strahler orders,
internal diameters 13pm (order 1) to 500um (order 8). The number fraction, i.e. %
affected vessels, and the internal diameter fraction, i.e. % diameter of normal diameter,
were calculated.

Results

In PAH not all resistance vessels are affected. The number fraction is about 30%, i.e.,
70% of vessels have diameters not different from vessels of control subjects. Within
each order the decrease in diameter of affected vessels is variable with an averaged
diameter fraction of 50-70%.

Conclusions

Narrowing of resistance vessels is heterogeneous: not all vessels are narrowed,
and the decrease in internal diameters, even within a single order, vary largely. This
heterogeneous narrowing alone cannot explain the large resistance increase in PAH.
We suggest rarefaction could be an important contributor to the hemodynamic
changes.
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Introduction

Idiopathic pulmonary arterial hypertension (iPAH) is generally assumed to result from
decreased internal diameters of the small vessels, often labelled as resistance vessels.
Resistance may increase up to a factor ~4-5 and consequently mean pulmonary artery
pressure may increase by a similar amount.(3; 10; 11; 13; 15-17) Internal diameters of
these resistance vessels can be reduced by vasoconstriction or (concentric) remodeling,
and because in only a minority of PAH patients acute vasodilator challenges result in
a substantial pressure decrease, concentric remodeling is considered to be the major
factor in vessel narrowing and augmentation of pulmonary vascular resistance.(15)
Inhibition of vascular remodeling is considered as an effective therapeutic target.

However, quantitative information on remodeling of resistance vessels from iPAH
patients, in comparison with non-PAH, is almost exclusively limited to the increase
in relative wall thickness, expressed as WT = (d -d)/d x100%, with d and d, external
and internal diameter. In general, wall thickness is most often presented in terms of
average values, not discriminating between vessel size.(15; 17) Chazova et al. reported
on averaged wall thickening in six diameter groups of arteries, and showed that the
wall thickness increase in iPAH, and therefore the internal diameter change, may
depend on vessel size. In the same study, wall thickening of the pulmonary veins is also
reported.(3) Anderson et al. reported similar findings in 3 PAH patients.(1) However,
only averaged data were reported, while the percentage of vessels affected and the
possible variation in degree of vessels narrowing were not. Hence, to the best of our
knowledge, in the published literature on PAH, very little quantitative information has
been provided pertaining to the number of affected vessels and the degree of internal
diameter decreases of differently sized vessels in the (peripheral) pulmonary vascular
bed. Quantitative information on internal diameters is required to accurately estimate
vascular resistance.

Therefore, we determined internal and external diameters of pulmonary resistance
vessels (13 to 500 pym; Strahler orders 1-8) and number of occluded vessels in
histological slides of healthy subjects and PAH patients, and quantified the fraction
of narrowed vessels and their degree of narrowing in each Strahler order. (6-8)

Methods

Internal and external diameters

Lung tissue was obtained from the biobank at the department of pathology of the
VU University Medical Center, Amsterdam, the Netherlands. The study was approved
by the Institutional Review Board on Research Involving Human Subjects of the VU
University Medical Center. Tissue of control subjects was obtained from people who
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died acutely due to traumatic causes (mean age: 40.8 (24-79) years; 100% male). Tissues
were analyzed from 5 idiopathic PAH and one hereditary PAH patient (#2), all of whom
were diagnosed following prevailing diagnostic criteria (three males, all normal BMI,
4 non-smokers). Diagnosis was confirmed at autopsy by histological observation of
vascular remodeling and plexiform lesions (Figure 1). Mean age was 54 (45 - 57) years
at death. The patient cases were part of an earlier study.(14) Lung parenchyma was
perfused with and fixed in formalin and tissue from different lobes was embedded in
paraffin. Serial sections of 4 ym thickness were subjected to conventional haematoxylin
and eosin staining to confirm diagnosis and Elastica van Gieson staining for evaluation
of structural changes. Per subject the external and internal diameter of all transversally
cut vessels (arterial and venous, grouped) encountered in one tissue block with average
size of 2,75 cm?+ 0,26 cm? between 13 to 500 pm were measured, by determining the
mean distance between the lamina elastica externa and lumen in two perpendicular
directions (see figure 1A). Number of vessels counted in each Strahler order is reported
in the supplementary table 1.

By comparing PAH internal diameters with their normal values found in the controls,
the number of narrowed PAH vessels and their degree of narrowing were determined.
This was done per order for Strahler orders m=1 to m=8, i.e. resistance vessels with
diameters of 13 um to 500 um (supplementary table 1).(7; 8) We introduced for each
order m a number fraction £ (m), which is the fraction of narrowed vessels with respect
to the total number of vessels, and a diameter fraction F (m), which is the internal
diameter as a fraction of the normal internal diameter. The diameter fraction F (m)
of a narrowed vessel thus expresses the percentage that is left of a narrowed vessel.
On both number and diameter fraction linear regression analysis was performed.

Determinations of number fraction and diameter fraction

To determine £ (m) and F (m), firstly, the internal diameters d, were plotted as a
function of the external diameters d . Subsequently, linear regression analysis was
performed on the logarithmic diameter values of all control data to get a control
relation between internal and external diameter for normal vessels. Furthermore,
the iPAH data was categorized in orders based on external diameter, as follows: the
categorization criteria were obtained from Horsfield, who labelled vessels based on
internal diameter.(6, 7) These internal diameters were converted to external diameters
using our control relation. Next, a one-sided 90% prediction interval for the control
relation, called the prediction line, was determined to define normal and narrowed
vessels in iPAH. Narrowed vessels were the iPAH vessels lying below this prediction
line. In every order m, the number of narrowed vessels was counted and divided by
the total number of vessels, to calculate the number fraction £ (m). Linear regression
analysis was performed on F (m) to construct a regression line of £ (m) as a function
of order m with a 95% confidence interval.
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Figure 1 - Wall thickness measurement and vascular remodeling seen in PAH. (A) Example of
determining the wall thickness of a pulmonary vessel by measuring the lamina elastica externa
and lumen in two perpendicular directions in all transversally cut vessels between 13 and 500
um encountered per slide. Examples of typical vascular remodeling observed in the lung tissue
of pulmonary arterial hypertension patients in our study group, like intimal fibrosis (B; H&E
staining) and medial thickening (C; Elastica van Gieson staining) in a pulmonary artery and a
plexiform lesion (D; H&E staining). Scalebar indicates 100 pm.

To calculate one value of the diameter fractions F (m) for each order m, first, the
normal internal diameters of each narrowed vessel were obtained from the control
relation. Second, their measured internal diameter was divided by their calculated
normal internal diameter to calculate the diameter fraction of each narrowed vessel,
and these were plotted per order. Next, linear regression analysis was performed on
the diameter fractions to construct a regression line of the diameter fraction F (m) as
a function of order m with a 95% confidence interval.
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Occluded vessels

Immunofluorescent staining with von Willebrand factor antibody conjugated to
FITC (vWf, 1:200 dilution, overnight incubation at 4°C, Abcam, Ab8822) combined
with a-smooth muscle actin conjugated to Cy3 (a-SMA, 1:200 dilution, 2 hours at
room temperature, Sigma, C6198) was performed on control and PAH lung tissue
to determine the number of occluded vessels as percentage of the total number of
vessels. 30-68 vessels below 100 um were studied in 7-12 fields of view per subject.
Occlusion was defined by vWf staining completely comprising the luminal surface of
a vessel. Imaging was performed at 10x magnification with an Axiovert 200 Marianas
inverted wide-field fluorescence microscope (Carl Zeiss Microscopy, Jena, Germany).
These percentages were averaged for controls and patients and given as mean +
SEM.

Table 1. General patient characteristics

Male/female, no 3/3
Age at death (years) 54 (45 - 57)
mPAP (mmHg) 59 (44 - 76)
PAWP (mmHg) 6(0-11)
PVR (dyn-s.cm®) 856,6 (455 - 1587)
CO (L/min) 4,8(3,6-5,8)
Cl (L/min/m?) 2,6(19-3)5)
Smoking history (never/current/former, n) 4/0/2
Therapy Prostacyclin 5

ERA 1

PDE-5 inhibitor 1

ABS 2

ABS: atrial balloon septostomy; Cl: cardiac index; CO: cardiac output; ERA: endothelin receptor
antagonist; mPAP: mean pulmonary artery pressure; PAWP: pulmonary artery wedge pressure;
PDE-5: phosphodiesterase 5; PVR: pulmonary vascular resistance.

Results

Patient characteristics, including hemodynamic profiles, of the PAH patients are, when
known, shown in table 1.

Internal and external diameters

Heterogeneous vascular remodeling was seen in PAH patients, with varying thickening
of the intimal and medial vascular layers. PAH patients showed intimal fibrosis and
medial thickening, but no significant increase in complete vascular occlusions. 10.4 +
2.3% of the vessels of PAH patients were occluded, compared to 6.6 + 3.5% in control
subjects (Figure 2).
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Control PAH

Figure 2 - Vascular occlusions assessed with immunofluorescent staining. Besides thicken-
ing of the intimal (B, asterix) and medial (D, arrowhead) vascular layer in pulmonary arterial
hypertension compared with control (A, asterisks; C, arrowhead), a great number of vessels is
not occluded (A and D, arrows) when assessed with immunofluorescent von Willebrand factor
staining. Vascular remodeling does not occur in all vessels in PAH tissue (E) and still look similar
to control vessels (F). Scale bar indicates 100 pm.

Figures 3 and 4 show the relations between internal and external diameters of the
control subjects and PAH patients, respectively, with their linear fits. The control
data showed a clear linear relation (R? between 0.984 and 0.996). The mean relative
wall thickness (WT) of all control vessels was about 16% (mean + 95% Cl: 16.3% +
0.7%). Patient data showed a weaker relation between internal and external diameter
(R? between 0.668 and 0.985) and a mean WT of all vessels of about 22% (22.0% +
1.2%). However, many PAH data points appeared to follow the control regression line
indicating unaffected vessels.
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Figure 3 - Internal diameter (di) as a function of external diameter (do) as measured in five
control subjects. Regression line is depicted with black line.
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Figure 4 - Internal diameter (di) as a function of external diameter (do) as measured in six PAH
patients. Regression line, depicted with black line, and the averaged control regression line (all
control data of taken together, dotted line): di = 0.824 do + 0.260, R2 = 0.993.
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Figure 5 shows the diameter relations on a log-log scale. Diagram A shows the data
of all controls with the control regression line and the lower 90% control prediction
line. Panel B shows the data of all PAH patients with the control regression line and
lower 90% control prediction line. About 70% of the PAH data points are above this
prediction line and are considered as vessels with a non-reduced internal diameter,
while 30% (in grey) are below the prediction line and thus have a significantly reduced
inner diameter. The normal vessels had a mean WT of 14% + 0.6%, and the narrowed
vessels had a mean WT of 39% + 2%.

The number fractions F (m) (diagram A) and the diameter fractions (diagram B) of the
PAH vessels are shown by order in figure 6. The linear regression lines of the data with
the 95% Cls are shown.
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Figure 5 - Log-log plots of the diameters of control (A) and PAH vessels. Diameters of control
(A) and PAH (B) vessels per order (Strahler order numbers indicated on top), both with the re-
gression line (RL) and the lower 90% prediction line (PL) of the control data. The vertical lines
indicate the order limits. The PAH data points under the control PL are classified as narrowed
vessels (red dots).

Discussion

We determined external and internal diameters of pulmonary vessels in the range of
13-500 pm, Strahler orders 1-8. The internal and external diameters of the control
vessels were all located in a narrow range around the regression line (figure 5A), while
in the PAH patients, on average, about 30% of the vessels were narrowed (figure 6A,
number fraction), thus ~70% was in the range of the control subjects. This was the
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first heterogeneity observed: not all vessels are narrowed. A second heterogeneity
was that in each Strahler order, the affected vessels showed a large range of variation
in internal diameter.
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Figure 6 - Number and diameter fractions per order. (A) Number fractions Fn(m) as function of
order. (B) Diameter fractions of the vessels Fd(m) per order. The regression lines with their 95%
confidence intervals are shown. The slope of Fn(m) is not significant (P = 0.70); the slope of Fd(m)
is significant (P < 0.0001). The circles on the upper and lower confidence limits indicate the values
of Fn(m) and Fd(m) that predict the worst case that a maximal number of vessels are involved
with a minimal inner diameter, thereby contributing maximally to the resistance increase.

Diameter and wall thickness

We here report data on internal and external diameters of the pulmonary vasculature,
and thus were able to derive relative wall thickness from the slope of the relation
between internal and external diameters (figures 3 and 4) as WT = 1-slope. Only wall
thickness (intima plus media) was studied, changes in wall composition (e.g., isolated
media hypertrophy etc.), were not determined. To the best of our knowledge, number
and diameter fractions, presented in figure 6, implying heterogeneous narrowing, are
unique and a direct comparison with the literature is not possible.

In control subjects we find an average slope of 0.83, thus an average wall thickness
of ~17%, which is close to wall thickness reported by Chazova (~18%).(3) Stacher et al.,
however, recently reported considerably thicker vessel walls in controls (about 30%).
(17) Of all vessels studied 8.3% was occluded. Because vWF stains both endothelial
cells and platelets, our histological analysis does not allow for a discrimination
between occlusion due to thrombotic material and occlusion due to endothelial
hyperproliferation.
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In PAH we found the number of occluded vessels to be similar to control. Diameter
relations vary greatly, but their average slope (figure 4) (when all vessels are included)
is 0.66, resulting in an averaged wall thickness of 34%. Calculation of averaged wall
thickness including the occluded vessels would only minimally increase the calculated
average wall thickness, to about 39%. Chazova et al. report, at systolic/diastolic PAP
120/60 mmHg, thus estimated mPAP ~70 mmHg, a wall thickness of 50% for vessels
between 25 and 250 pm.(3) Stacher et al. report wall thickness in hypertension at a mPAP
~58 mmHg about 60%.(17) However, it is not entirely clear if all vessels are included in
Chazova’'s (3) and Stachers(17) studies. Palevsky et al. use wall area, with WA = 100xwall
area/total vessel cross-sectional area and found 64%, and thus wall thickness equaling
V(1-fractional WA) is about 60% with range 40% - 75%, at a mPAP of ~60 mmHg.(15)

Can vascular changes predict Pulmonary Vascular Resistance?

Calculation of PVR, to estimate the contribution of vascular remodeling to resistance
increase, requires the determination of the total number and internal diameters of all
vessels in the entire lung. This data is not available. However, a relative increase in PVR
from control to PAH can be obtained as follows. We found a number fraction of 30%
(figure 6A), i.e., 70% of normal vessels remain. When we assume that in controls and PAH
patients the percentage of occluded vessels are similar, that length changes do not occur
and that all narrowed vessels are completely closed (i.e., thus not contributing to flow;
this leads to an overestimation of the actual resistance), 30% of abnormal vessels would
resultinan 1/0.7 = 1.4 fold increase in PVR in PAH. Maximal PVR in healthy individuals,
within the limits of normal is 99 dyne's.cm™.(16) Thus the value of 1.4 - 99 = 138,6
dyne'scm®, is far lower than the resistance in our patient group, which is 857 dyne -
s - cm (table 1). This can partly be explained by the vascular reservoir capacity and
blood flow recruitment the lung has, strengthened by the finding of Burrowes et al. who
calculated that more than 50% of the vessels have to be obstructed to increase PVR.(2)

The number of occluded vessels we found and the small number of affected vessels
between control and PAH, is considerably smaller than the 65% of mechanical
obstruction that Burrowes et al. calculated to be required to increase the mPAP above
25 mmHg.(2)

The relatively large number of vessels with the same diameter as control vessels, if still
functional, would suggest considerable effect of vasodilation. Since this is not the case,
the vessels with normal wall thickness are either not functioning normally or pulmonary
resistance is greatly affected by rarefaction or (changed) venous resistance.

Rarefaction has been debated.(12) In animal experiments the resistance of the venous
system has been shown to be considerable.(5) An increased capillary pressure has
been shown in patients with PAH, also suggesting a high venous resistance.(9)
Recently Dorfmuller et al. showed venous involvement in chronic thromboembolic

81



Chapter 5

pulmonary hypertension.(4) We therefore suggest that rarefaction and increased
venous resistance should be studied in future research to determine their role in
hemodynamic changes.

Limitations

Although studying pulmonary pathology in human tissue gives valuable insides,
technical drawbacks are: Tissue blocks used in this study were retrospectively selected
from the tissue biobank stored for diagnostic purposes. We randomly selected tissue
blocks from unknown locations, but it cannot be guaranteed to be representative for
the entire lung. That could also be true for the selection of rounded, transversally cut
vessels. Also, longitudinal consistency of changes in the pulmonary vasculature has not
been shown and could add another dimension of heterogeneity in vascular remodeling
in PAH. Location of occlusive lesions in the pulmonary vasculature (proximal versus
distal) could have a different impact on PVR. Studies on 3-dimentional vessel analyses
and of the pulmonary vasculature below 25um could improve understanding of the
relation between vascular remodeling and PVR.

Diameters we been determined using samples of autopsy material where vessels are
possibly (maximally) vasodilated and are therefore not necessarily representative of
the in vivo situation. The possibility of differences in vasoactive state at death and
potential differences of changes in vasodilation/constriction during fixation are, at
present, not known. However, there is no reason to assume differences regarding to
vasoconstriction and vasodilation between the control and PAH vessels after fixation
and embedding.

Whether or not rarefaction of vessels exists could not be determined. To assess
this phenomenon lengths and diameters and the total number of vessels or total
endothelial surface area in control and PAH patients should be measured and
compared in various regions of the lungs.

The presented data suggest that vascular remodeling results in a relatively small
increase in PVR, which is insufficient to fully explain pulmonary vascular resistance as
observed in PAH patients. Absolute numbers of vessels, wall thickness measurements of
vessels below 25um, and even information on the venous vasculature are required.

Conclusion

We show that structural changes in the pulmonary vasculature of PAH patients are
heterogeneous: 70% of vessels is not altered and of the affected vasculature the
degree of diameter decrease varies greatly. These diameter changes alone cannot
explain the resistance increase in PAH (figure 7).
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Perspectives

It is generally assumed that in pulmonary arterial hypertension (PAH), structural
changes of the (small) pulmonary arteries in combination with vasoconstriction are
the predominant cause of the increased resistance to blood flow and high pressure. We
show that structural changes in the pulmonary arterial vasculature are heterogeneous:
only 30 to 50% of the resistance arteries are narrowed and narrowing varies in vessel
orders and possibly along vessel length. These changes cannot fully explain the
resistance increase in PAH.

Increased
Vasoconstriction venous resistance

N\ 7

t PVR

/ N

Vascular remodeling Rarefaction

Figure 7 - Contributors to increased pulmonary vascular resistance. Increased pulmonary vas-
cular resistance (PVR) can not only be attributed to vasoconstriction and pulmonary vascular
remodeling; it is likely that increased venous resistance and rarefaction also contribute to he-
modynamic changes seen in pulmonary arterial hypertension.
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Number of measurements
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5 44 62
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Chapter 6

Abstract

Pulmonary arterial hypertension (PAH) is a syndrome characterized by progressive lung
vascular remodelling, endothelial cell (EC) dysfunction, and excessive inflammation.
The primary cilium is a sensory antenna that integrates signalling and fine tunes
EC responses to various stimuli. Yet, cilia function in the context of deregulated
immunity in PAH remains obscure. We hypothesized that cilia function is impaired
in ECs from patients with PAH due to their inflammatory status and tested whether
cilia length changes in response to cytokines. Primary human pulmonary and mouse
embryonic EC were exposed to pro- (TNFa, IL13, and IFNy) and/or anti-inflammatory
(IL-10) cytokines and cilia length was quantified. Chronic treatment with all tested
inflammatory cytokines led to a significant elongation of cilia in both control human
and mouse EC (by ~1 mm, P<0.001). This structural response was PKA/PKC dependent.
Intriguingly, withdrawal of the inflammatory stimulus did not reduce cilia length. IL-10,
on the other hand, blocked and reversed the pro-inflammatory cytokine-induced cilia
elongation in healthy ECs, but did not influence basal length. Conversely, primary cilia
of ECs from PAH patients were significantly longer under basal conditions compared
to controls (1.86+0.02 vs. 2.43+0.08 mm, P=0.002). These cilia did not elongate further
upon pro-inflammatory stimulation and anti-inflammatory treatment did not impact
cilia length. The missing length modulation was specific to cytokine stimulation, as
application of fluid shear stress led to increased cilia length in the PAH endothelium.
We identified loss of cilia length regulation upon cytokine stimulation as part of the
endothelial dysfunction in PAH.
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Introduction

Pulmonary arterial hypertension (PAH) represents a group of lung diseases
characterized by high pulmonary artery pressure (PAP) (>25 mmHg) eventually
leading to right heart failure.(1,2) Blood vessels in the lungs of PAH patients are highly
remodeled due to genetic changes, altered cellular signaling, metabolic changes,
aberrant pressures, and chronic inflammation.(2-4)

PAH patients have a high inflammatory status both in the systemic circulation and in
the lung vasculature.(4) Vascular inflammation involves various cytokines, including
the pro-inflammatory TNFa, IL13, and IFNy, as well as the anti-inflammatory cytokine
IL10. Under the influence of pro-inflammatory cytokines, endothelial cells (ECs)
express proteins, such as cell adhesion molecules, for the recruitment of blood borne
inflammatory cells into the vessel wall.(5,6) Chronic or dysregulated inflammation leads
to EC dysfunction involving a number of factors, such as loss of barrier integrity.(5,7)

As with most mammalian cell types, ECs carry primary cilia. The main structural part
of the cilium is the rigid axoneme consisting of 9+0 microtubule doublets, which
protrudes from the cellular membrane into the lumen or extracellular space.(8) The
base of the cilium, the transition zone, functions as an active barrier for both the
cytoplasmic and membrane content preventing free exchange and contributing
to a unique subcellular environment.(9) The endothelial primary cilium is a highly
regulated and specified antenna that senses and orchestrates responses to chemical
and mechanical cues from the flowing blood.(10,11) Emerging data further identify the
primary cilium as a specialized organelle involved in intracellular signaling processes
from hedgehog proteins, growth factors, calcium, and others.(12-19) Furthermore,
EC primary cilia are important for vascular integrity and homeostasis, since absence
of primary cilia has been shown to promote endothelial-to-mesenchymal transition
(EndoMT).(20) In accordance, primary cilia were found in areas of disturbed flow and
are therefore suggested to protect against shear-induced EndoMT.(21,22)

Cilia length is instrumental for cilia function and is controlled by intraflaggelar
transport (IFT). Cilia length itself can regulate cargo loading of the IFT particles (e.g.
with receptors), suggesting that signaling directly links to cilia length.(23) In addition,
many signaling pathways have been shown to influence cilia length.(24-26) As such,
cilia length increases in response to pro-inflammatory cytokines and was thereby
proposed to mediate inflammatory responses.(27)

In diseases with dysregulated vascular inflammation, such as PAH, ECs are chronically exposed
to vast amounts of pro-inflammatory cytokines. Hence, we hypothesized that the loss of
cytokine-induced cilia length control is part of the EC dysfunction in PAH and tested whether
cytokines can affect cilia length of human pulmonary microvascular EC from patients.
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Methods

Cell culture

Cells were grown on 0.1% gelatin coated eight-chamber slides (BD Biosciences) until
confluency. Ciliated mouse embryonic endothelial cells (MEC) were cultured as
previously described.(20, 28) Primary human pulmonary microvascular endothelial
cells (MVEC) were obtained from end-stage PAH patients and healthy tissues of
lobectomy donors, as described before.(29) The tissue harvest and MVEC isolations
were approved by the IRB of the VU University Medical Center (VUmc, Amsterdam, The
Netherlands) and consent was given. MVEC were cultured in complete ECM medium
supplemented with 1% pen/strep, 1% endothelial cell growth supplement, and 5% FCS
(ScienceCell). Shear stress was applied, as previously described, by culturing cells on
m-slides I Luer (ibidi) and applying medium flow at 15 dyn/cm2 over the adherent cells
with the ibidi pump system for five days.(29)

Treatments

Treatments were performed in starvation medium with 1% FCS and pen/strep. Stimuli
were provided in fresh medium for 24 h. The following concentrations were used: TNFa
10 ng/mL, IL13 10 ng/mL, IFNy 100 U/mL, and IL10 10 ng/mL. Forskolin (FK) was used
in a concentration of 100 uM (Sigma-Aldrich). H89 and G66983 (Sigma-Aldrich) were
applied at 10 pM and 2 uM, respectively. The NFkB inhibitor BAY 11-7085 (Cayman
Chemicals) was applied at 1 uM final concentration.

Ciliaimmunostaining

Cells were fixed in 4% paraformaldehyde (Merck) in PBS for 10 min at room temperature
(RT). Fixed cells were permeabilized with 0.05% Tween 20 (Merck) in PBS. Incubation
with the primary antibody against acetylateda- tubulin (6-11B-1, 1:2000, Sigma-Aldrich)
was performed overnight at 4°C. This was followed by 1 h incubation with secondary
Cy3-labeled goat-anti-mouse antibody (1:500, Vector Laboratories) and DAPI nuclear
counterstaining (1:1000, Molecular Probes) for 5 min at RT. Samples were mounted in
Prolong Gold (Molecular Probes).

Cilia length measurements

Confocal z-stacks were taken with a fixed step distance of 0.25 pm using a SP5 confocal
microscope (Leica). Image acquisition and cilia length measurements were performed
as described previously.(30) In short, a random population of at least ten cilia per
condition were measured using the Pythagoras (PyT) method. Herefore, cilium length
was determined in the xy- as well as in z-direction with ImageJ (NIH) and the three-
dimensional length was calculated based on the Pythagorean theorem a2+b2=c?,
with a being the xy-length based on a maximum intesity projection (MIP) and b the
z-length (Fig. 1, schematic). With the PyT method, the spatial orientation of the cilium
is accounted for, wherefore selection bias and standard deviation are minimized.
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Statistics

Experiments in MEC were performed in duplicate and repeated three times,
experiments with MVEC were performed in duplicate in at least three donors. Statistics
were calculated based on the averaged cilia length per donor with the total number
of donors used as independent n. Data visualization and statistics were generated
with GraphPad Prism 7. Data are presented as mean+SEM. Samples were tested for
Gaussian distribution by D'Agostino-Pearson omnibus normality test. If not otherwise
indicated, significance was determined by one-way ANOVA with Kruskal-Wallis test and
Dunn’'s post hoc test. * P =0.033, ** P =0.002, *** P < 0.001

Results

TNFa induces sustained cilia elongation

We sought to determine whether TNFa influences cilia length dose dependently.
Therefore, different concentrations of TNFa were tested on MEC (Fig. 1a). A low
concentration of 2.5 ng/mL TNFa induced significant cilia elongation compared to
unstimulated controls (1.96+0.04 to 2.37+0.05 mm, P = 0.002). Cilia length plateaued at
an average length of approximately 3 mm with a concentration of 10 ng/mL or higher
(P <0.001). An additional increase in TNFa concentration did not further increase cilia
length.

To examine the time course of cilia elongation upon TNFa stimulation, cilia length
was measured at various time points (Fig. 1b). Indeed, cilia elongation upon TNFa
stimulation was time-dependent. At 2 h after treatment, cilia elongation was visible,
although not significant. Length was significantly increased 4 h after treatment
(P<0.001) and reaches a plateau after 8 h. The stimulation with TNFa caused sustained
elongation and no significant differences in cilia length were found between 8 h and
48 h after treatment.

Additionally, we tested whether the removal of TNFa would reverse cilia length (Fig.
1c). To our surprise, washing steps after 16 h, 24 h, or 48 h did not alter cilia length.
Moreover, additive treatment after 16 h, 24 h, or 48 h with TNFa did not show an extra
effect on cilia length. Taken together, 8 h of TNFa treatment with a concentration of
10 ng/mL is sufficient to reach TNFa-induced maximal average cilia length and retain
cilia elongation for at least 48 h.
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Figure 1 - Various pro-inflammatory cytokines elongate primary cilia permanently. (a) TNFa was
applied to MEC in different concentrations for 24 h (n > 100 per concentration). (b) Time course
of cilia elongation was quantified in MEC after addition of 10 ng/mL TNFa (n = 43 cilia per time
point). (c) Cilia length was determined after an initial trigger of 8 h TNFa (10 ng/mL) followed by
additional stimulation or an alternative wash step after 16 h, 24 h, or 48h. All conditions were
fixed and quantified after 56 h (n = 34 cilia per condition). (d) Maximum intensity projections
(MIP) of representative (flat) cilia (arrow heads) upon 24 h treatment with TNFa (10 ng/mL), IL13
(10 ng/mL), IFNy (100 U/mL), or the positive control FK (100 uM) (scale bar =5 pm). Schematic
depicts differences between MIP used to determine xy-length and three-dimensional (3D) length
calculation applied for cilia length analysis and statistics. Quantification of average 3D cilia length
is shown to the right (n > 53 per condition).

Various pro-inflammatory cytokines stimulate cilia elongation

To investigate whether various pro-inflammatory cytokines stimulate cilia elongation,
MEC were exposed to either TNFa, IL13, or IFNy (Fig. 1d). In general, cilia length
significantly increased from approximately 2 pum to approximately 3 pm after
stimulation (P < 0.001). FK was used as elongation as the inflammatory cytokines.

Since cells responding to stimulation have considerable cilia length variations, their
frequency distribution was analyzed (Suppl. Fig. 1). The cytokine and FK stimulated
samples showed a shift in frequency distribution towards longer cilia compared to
controls. Cilia of 2 um were still present, indicative for cells that did not respond to
stimulation, but the majority elongated to approximately 3 pm and some individual
cilia even up of 7 pm.
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Cytokine-induced cilia elongation is dependent on PKCdependent/ PKC signaling

It has been shown that primary cilia elongate upon direct stimulation of cyclic AMP
with concomitant activation of PKGdependent.(31) Involvement of PKG-dependent/PKC
signaling in ciliary extension upon TNFa was tested by chemical inhibition with H89 or
G06983 (Fig. 2). H89 and G66983 alone did not alter cilia length in MEC compared to
basal condition. In agreement with the previous experiments, cilia length significantly
increased to an average of approximately 3 um upon TNFa stimulation (P < 0.001).
Importantly, inhibition of PKA and PKC prevented TNFa-induced elongation. Similar
results were obtained with IL1(3, IFNy, or the direct PKA activator FK (Suppl. Fig.
2A). In the presence of the inhibitors, none of the tested stimuli altered cilia length
suggesting that cilia elongation by inflammatory cytokines is transduced through PKA/
PKC dependent signaling.

To confirm the importance of PKC signaling more specifically, PKC knockdown was
performed by shRNA. The knockdown was sufficient to prevent TNFa-induced
elongation (Suppl. Fig. 2B). The use of the lentiviral construct resulted in viable cells
with a 60% decrease in PKC mRNA levels (Suppl. Fig. 2C).
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Figure 2 - Cilia elongation upon inflammatory cytokines is PKA/PKCGdependent. MEC were stim-
ulated for 24 h with different combinations of TNFa (10 ng/mL) and/or the PKA inhibitor H89
(10 uM) or PKC inhibitor G66983 (2 uM) (n>43 cilia per condition). The PKA activator FK was
used as positive control.
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IL10 blocks and reverses cilia elongation upon cytokine stimulation

We reasoned that when cells react to inflammatory cytokines by elongating their
primary cilia, anti-inflammatory stimuli might counteract this response. Therefore,
we tested whether IL10 prevents and reverses pro-inflammatory cytokine-induced
cilia elongation.

MEC were treated with basal medium, TNFa, or IL10 alone for 12 h. Afterwards either
IL10 or TNFa were added on top of the previous stimulus for additional 12 h (Fig.
3a). In agreement with our previous experiments, 12 h or 24 h of TNFa stimulation
alone showed significant cilia elongation to ~3 mm (P < 0.001). IL10 alone did not
influence cilia length compared to basal condition. Importantly, application of IL10 to
TNFa blocked cilia elongation and IL10 added after TNFa reversed cilia length back to
basal levels. The effect of IL10 on cilia length was not exclusive to TNFa, but identical
upon IL163, IFNy, and IL10 blocked the effect of direct PKA activation by FK stimulation
(Suppl. Fig. 3A). Interestingly, its inhibitory function was dependent on the actual
presence of IL10. Pre-treatment with IL10 followed by FK without IL10 in the medium
was not sufficient to prevent elongation (Suppl. Fig. 3B). In conclusion, IL10 blocked and
reversed cilia elongation upon stimulation with various inflammatory cytokines.

Cilia cytokine responses are similar in mouse and human endothelial cells

Primary cilia are highly conserved among species, wherefore their mechanisms might
be as well. To examine, whether the primary cilia of human lung EC react in a similar
manner to the pro-inflammatory TNFa and anti-inflammatory IL10 as mouse EC, we
repeated the combination treatments in MVEC from healthy control lungs (Fig. 3b and
). Indeed, 12 h and 24 h of TNFa showed a significant cilia elongation to approximately
3 um (P <0.001) compared to basal length of ~2 um. Again, IL10 alone had no effect
on basal cilia length. When combined with TNFa, IL10 blocked cilia elongation, while
IL10 applied 12 h after TNFa reversed cilia length back to basal levels.

Endothelial cells of PAH patients display elongated cilia

To test, whether cilia length differs between patient and control MVEC, cilia were
quantified in samples of three control and three donors with PAH (Fig. 4a). Under
basal conditions the average length of cilia on EC from PAH patients was significantly
increased to 2.43+0.08 um compared to 1.86+0.02 um of the controls (P = 0.002).

TNFa and IL10 do not affect cilia length in PAH cells

Healthy MEC and MVEC showed cilia elongation upon stimulation with inflammatory
cytokines to ~3 pm. IL10 could shorten cilia and block the effects of TNFa. PAH
patient-derived MVEC exerted elongated cilia under basal conditions already (Fig.
4a), wherefore we tested cilia length responses in these patient cells (Fig. 4b). To
our surprise, treatment with TNFa had no additional effect on cilia length and IL10
treatment of PAH MVEC did neither reduce basal cilia length nor affected the response
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to TNFa. To answer whether specifically the response to IL10 was lost or if cilia of PAH
cells are generally unresponsive to anti-inflammatory treatment, the NFkB inhibitor
BAY 11-7085 was tested. BAY 11-7085 showed similar responses like IL10 blocking the
effects of TNFa in controls but leaving elongated basal PAH cilia unchanged.
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Figure 3 - IL10 blocks and reverses cilia elongation upon inflammatory cytokine stimulation in
mouse and human endothelial cells. (a) MEC were either incubated with IL10 (10 ng/mL), TNFa
(10 ng/mL), or left untreated for 12 h. Subsequently, different combinations of TNF or IL10 were
added directly into the previous conditions and incubated for another 12 h (n > 26 cilia per con-
dition). (b) The combination treatments were repeated in human pulmonary MVEC of healthy
individuals (donor =3, n> 28 cilia per condition). (c) MIP of representative cilia (arrowheads) on
MVEC under the different conditions.

The sheared PAH endothelium showes increased cilia length

To further elucidae, if PAH MVEC have completely lost their cilia length regulation
ability, fluid shear stress was tested as trigger (Fig. 4c). Primary cilia of PAH MVEC were
found significantly elongated to 4.87+0.46 um compared to 2.09+0.17 ym of controls
(P < 0.001) after five days of high shear stress. Additionally, while cilia of the sheared
controls were localized towards the leading edge of the cells in the direction of flow and
migration, cilia of PAH MVEC were found randomly positioned around the nucleus.
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Figure 4 - PAH patient-derived endothelial cells exert elongated cilia that are non-responsive to
pro- and anti-inflammatory treatment but respond to fluid shear stress. (a) MVEC from controls
and PAH lungs were grown to confluency and did not receive additional treatment. Cilia length
was quantified. Samples were normally distributed and significance was calculated using an un-
paired student’s t-test on their average lengths (donor =3, n > 10 per donor). (b) Healthy controls
(gray) and PAH-derived MVEC (black) were stimulated with TNFa, IL10 (both 10 ng/mL), NFkB
inhibitor (1 uM) alone, or a combination of TNFa and a inhibitor. Cilia length was normalized to
intra-experimental controls (basal) (donor >3, n> 10 per donor and condition). (c) Control and
PAH MVEC were subjected to high fluid shear stress (15 dyn/cm?2) for five days and cilia length
was quantified. Representative phase-contrast and fluorescence staining are shown. Arrows
indicate direction of flow. Cilia length was quantified and differences were calculated with an
unpaired student’s t-test.
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Discussion

Microvascular EC from lungs of patients with PAH display elongated cilia. These cells
are incapable to adapt their cilia length in response to pro- and anti-inflammatory
cytokine stimulation.

Primary cilia play a pivotal role in vascular integrity and homeostasis. Cilia dysfunction is
implicated in several pathologies, such as atherosclerosis and developmental diseases.
Among the variety of ciliopathies, cilia can be elongated, truncated, less present, or
completely absent.(26) In the Joubert syndrome, patients show less and shortened
cilia.(32) In contrast, the phenotype of Meckel-Gruber syndrome is elongated cilia.
Most patients with Bardet-Biedl syndrome show truncated cilia, although patients
with one specific subtype have elongated renal epithelial cilia.(26, 33) In addition to
variations in cilia form across different ciliopathies, there is considerable heterogeneity
in cilia function dependent on host cell and vascular bed. Renal cilia play a part in
repair processes; they elongate upon renal injury and decrease in length during renal
repair.(34) In chondrocytes, cilia shorten upon mechanical loading to minimize cell
sensitivity to prolonged activation.(35) In mesenchymal stem cells, cilia elongation has
been shown important for differentiation.(36) Taken together, cells change their cilia
length in response to environmental cues. When this process is dysfunctional, initial
adaptation is disturbed and homeostasis and repair impaired.

PAH is a fatal group of diseases with a high inflammatory status.(4) Cilia length
increases in response to pro-inflammatory cytokines and was thereby proposed
to mediate inflammatory responses.(27) Hence, we tested the pro-inflammatory
cytokines TNFa, IL1(3, and IFNy on healthy EC and all three cytokines provoked a similar
increase in average cilia length to ~3 um. Thereby, not only the increase in length
but also the length distribution was comparable between the various cytokines. This
indicates a generic mechanism for cilia elongation upon inflammatory stimuli, since
the cytokines themselves act through unique receptors and signaling pathways.(5)
Moreover, similar effects were observed between mouse and human ECs, which point
towards a conserved mechanism among species.

Chondrocytes have been shown to elongate cilia upon IL13 stimulation in a PKA/
PKCG-dependent manner.(27) In line with this finding, we show that PKA and PKC
inhibition prevented cilia elongation after stimulation with the inflammatory
cytokines. Interestingly, PKA/PKC signaling was not necessary to express cilia and
basal length was not affected by PKA or PKC inhibition. Therefore, PKA/PKC signaling
is predominantly needed for cilia elongation and might present a common integrator
for various stimuli.
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To consider, the individual stimuli might cause subtile differences in absolute cilia
length. Using the PyT methode to determine average cilia length keeps selection bias
minimal. However, subtile length differences <0.2 um might be underestimated.(30)
What controls maximal cilia length and what absolute minimal change of length is
functionally important remains to be resolved.

To reverse cilia length, removing the inflammatory stimulus was not sufficient, but
application of the anti-inflammatory cytokine IL10 was needed to shorten the extended
cilia back to basal levels demonstrating the need for active cues to switch EC from
a pro- to anti-inflammatory state. In addition, IL10 (or NFkB inhibition) could block
cilia elongation upon inflammatory cytokines and FK. Here, the effect was direct and
reversible and left basal cilia length unaffected. Interestingly, the effect of IL10 was
general for all tested cytokines and conserved in mouse and human EC. The precise
mechanism of IL10 regulating cilia length remains to be determined. A direct effect
of IL10 on PKA/PKC was not yet shown, while PKA itself is involved in IL10 production.
(37) Recent literature showed that the effects of TNFa, INFg, and IL10 might, at leastin
part, be regulated independent of PKA via the SOCS (suppressor of cytokine signaling)
pathway.(37) The authors found a synergistic activation of SOCS-3 when combining
IL10 and cyclic AMP treatment that was independent from PKA activation.

When repeating the stimulations in MVEC from patients with PAH, we found that cilia
were already elongated under basal conditions compared to controls. Therefore, we
assumed that treatment with IL10 would reduce cilia length. To our surprise, PAH
ECs did neither respond to pro- nor anti-inflammatory cytokines with a variation of
cilia length. The basal elongation and loss of TNFa response might be an adaptation
to the excessive amounts of pro-inflammatory cytokines produced by the diseased
cells and the chronic state of inflammation in patient lungs.(4) However, the failure
of IL10 to reduce cilia length might alternatively indicate that the basal elongation is
independent from inflammatory signaling but rather due to metabolic changes.(38)
Of interest, longer cilia are known to be associated with decreased proliferation and
thereby might be the cells attempt to counteract the hyper-proliferative phenotype
characteristic to the PAH endothelium.(39, 40) In accordance with this line of reasoning,
PAH patients with high levels of IL10 have a worse prognosis.(41) On the contrary,
higher IL10 levels are also suggested as compensatory mechanism in more advanced
stages of the disease. In addition, administration of IL10 prevented development of PH
in the monocrotaline rat model a model characterized by severe inflammation.(42)

Application of fluid shear stress (instead of cytokines) significantly altered cilia length
of PAH cells, wherefore the loss of cilia length control seems specific to cytokine
stimulation. Nevertheless, cilia of sheared PAH cells were longer than of controls and
randomly localized around the nucleus, although they should be oriented towards the
leading edge of the shear adapted cells, such as seen in the controls. This indicates
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defective mechano-responses and cell polarity in the sheared PAH cells, which might
be a consequence of the defective shear sensing and delayed morphological adapation
that we reported earlier.(29) However, mono-motile cilia are linked to cell polarity,
directed migration, and wound repair pointing towards a generally dysfunctional PAH
endothelial responsiveness to microenvironmental cues that might manifest through
or, at least partly, be caused by the dysfunctional cilium.(43)

To summarize, longer cilia are an inherent feature of PAH MVEC. The sustained
elongation of primary cilia and a loss of length regulation function upon cytokine
stimulation might represent an adaptive response to the chronic inflammation and act
as a rescue mechanism to prevent further recruitment of blood-borne inflammatory
cells into the vessel wall of patient lungs and decrease EC proliferative rates. However,
the functional consequences of cilia non-responsivness on intra-endothelial signaling
and the surrounding tissue remain subject to further studies. Here, investigating
defective cilia elongation in response to inflammatory cytokines might reveal
downstream cellular changes contributing to disease progression. Additionally,
restoring cilia responses to anti-inflammatory treatment in ECs from PAH patients
might decelerate disease progression by maintaining the EC phenotype.
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Supplemental figures
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Supplemental Figure 1 - Frequency distributions of cilia length in stimulated and unstimu-
lated MEC. Represented are the hull curves of the histograms (n > 53 cilia per condition). PBS
and DMSO controls show similar length distributions with a maximum at around 1.8 pm. TNFa,
IL1B, IFNy and forskolin (FK) show a shift in cilia length distribution towards in average longer
cilia at 24 h after stimulation.

A
I i
s 5 :]
| g &
3 Y H :l
& & F 4 & & " 4
2777
B C
4 12
P o 5
E‘ ovos
c
% -]
§F 2 Sos
2 z
e q Sﬂl
0.2
L [
basal TNFo basal TNF
MOCK shPKC

Citlurm beragm o

Control shPKC1

Supplemental Figure 2 - A) Pharmacological inhibition of PKA with H89 and PKC signaling
by G86983 blocks cilia elongation upon stimulation with IL1(3, INFy, or FK'in MEC. B) Lenti-viral
knockdown of PKCeta prevents TNFa induced cilia elongation in MEC. shRNA against GFP was
used as control. C) PKCeta knockdown shows 60% efficiency on mRNA level.
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Supplemental Figure 3 - A) IL10 blocks and reverses cilia elongation upon stimulation with
IL13, INFy, or FKin MEC. B) IL10 needs to be combined with FK to block FKinduced cilia elongation.

Pre-treatment with IL10 alone is not sufficient.
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Supplemental methods

Knockdown

MEC were grown to 60% confluency and treated with lenti-viral constructs containing
shRNA against PKCeta (SHCLNG_NM_008856, Sigma Aldrich, Table 1). Selection was
done with 3 ng/mL puromycin (Sigma-Aldrich).

gPCR

RNA was isolated using the RNeasy Micro Kit (Qiagen). cDNA synthesis was performed
using the iScript™ cDNA Synthesis Kit (Biorad) with 500 ng total RNA input. Real-time
gPCR was performed by using iQ SYBR Green Supermix (Biorad) in a Mx3000 real-time
thermocycler (Stratagene). Primers are listed in Table 2. No-template controls were
used as negative controls. mRNA expression levels were calculated relative compared
to the housekeeping gene GAPDH.

Table 1-1D and sequences of shRNAs

Target  shRNA clone sequence
shPKC  NM_008856.2- CCGGCGACAAGGACTTCAGTGTAAACTCGAGTTTACACTGAA-
933s1c1 GTCCTTGTCGTTTTT

MOCK  MISSION pLKO.1-  CCGGTACAACAGCCACAACGTCTATCTCGAGATAGACGTTGTG-
puro eGFP shRNA GCTGTTGTATTTTT

Table 2 - gPCR primers

Target Primer sequence

GAPDH forward TTGATGGCAACAATCTCCAC
GAPDH reverse CGTCCCGTAGACAAAATGGT
PKCeta forward GCATCCGCCTTAGAACACC
PKCeta reverse CCTGGGGACTTGAGAGAGC
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TGF-beta and BMPR2 signaling in PAH:
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Abstract

Knowledge pertaining to the involvement of transforming growth factor 3 (TGF-B)
and bone morphogenetic protein (BMP) signaling in pulmonary arterial hypertension
(PAH) is continuously increasing. There is a growing understanding of the function
of individual components involved in the pathway, but a clear synthesis of how
these interact in PAH is currently lacking. Most of the focus has been on signaling
downstream of BMPR2, but it is imperative to include the role of TGF-3 signaling in
PAH. This review gives a state of the art overview of disturbed signaling through the
receptors of the TGF-3 family with respect to vascular remodeling and cardiac effects
as observed in PAH. Recent (pre)-clinical studies in which these two pathways were
targeted will be discussed with an extended view on cardiovascular research fields
outside of PAH, indicating novel future perspectives.
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Introduction

Pulmonary arterial hypertension (PAH) is a condition defined by an increase in mean
pulmonary artery pressure and characterized by remodeling of the pulmonary
vasculature (1). Abnormalities in vessel functionality and responses to stressors
culminate in aberrant growth of endothelial cells (ECs) and smooth muscle cells (SMCs),
leading to vascular obstruction and the formation of plexiform lesions. The increased
pulmonary vascular resistance enhances the load upon the right ventricle (RV). The RV
will compensate with hypertrophy, which progresses to RV-failure and death. Current
available therapies for PAH mainly target vasoconstriction to reduce pressures and
relieve the load, with some showing anti-proliferative effects in vitro. These drugs
decelerate, but do not stop disease progression (2,3).

The transforming growth factor-p (TGF-$) family plays a major role in the initiation and
progression of PAH. TGF-f3 is not only an important regulator of vascular remodelling
and inflammation in the lung, but also of hypertrophy and fibrosis in the heart (4,5,6,7,8).
Of all receptors belonging to the TGF-$ family (Figure 1), the bone morphogenetic
protein type 2 receptor (BMPR2) is the most relevant for PAH. Mutations in the BMPR2
gene were the first discovered and most studied mutations underlying hereditary
PAH to date (9,10). BMPR2 is closely entangled with other members of the TGF-3
family, but the roles of many of the ligands and receptors in the TGF-3 family are still
underappreciated in PAH. Although bone morphogenetic protein (BMP) ligands and
their receptors play an important role in disease progression and could function as
therapeutic targets (11), agents effectively decreasing TGF-31 activity, together with
selective TGF-f3 ligand traps open up new treatment possibilities (12,13,14,15,16).

Here, we give a comprehensive update on TGF-f3 signaling in PAH, summarized in Table
1. Furthermore, we provide insights into current (pre)-clinical studies targeting the
TGF-f3 pathway in other diseases that may be useful in designing therapeutic strategies
for the deadly condition of PAH.

TGF-B signaling

Members of the TGF-3 family are widely expressed in diverse tissues and play an
essential role throughout life, starting from gastrulation and the onset of body
axis asymmetry to organ-specific morphogenesis and adult tissue homeostasis
(55,56,57,58). At the cellular level, TGF-B family members regulate fundamental
processes important for tissue homeostasis and embryogenesis, such as cell
proliferation, differentiation, apoptosis, migration, adhesion, cytoskeletal organization,
extracellular matrix production, in a context- and cell type-dependent manner.
Consistent with this pleiotropic activity, disrupted TGF-f3 signaling is associated with
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several developmental disorders, cancer, auto-immune, cardiovascular and fibrotic
diseases (55,56,57,59,60).

The TGF-B family members are subdivided into two functional groups: the TGF-3
group that comprises the three mammalian TGF-B isoforms, activins, nodals and
some growth and differentiation factors (GDFs) and the BMP group that includes
all BMPs and most GDFs (Figure 1) (57,59). TGF-B family members form functional
dimers, bind to heterotetrameric complex of type | and type Il serine/threonine kinase
transmembrane receptors and signal through both Smad-dependent and Smad-
independent pathways (57,58,61,62) (Figure 2). In mammals, seven type | receptors,
also known as activin receptor-like kinases (ALKs), and five type Il receptors have
been reported so far. To control duration and intensity of TGF-3 signaling, agonists,
antagonists, co-receptors and intracellular signaling play key roles in ligand access
and posttranslational modification of the receptors and downstream mediators in a
cell- and context-dependent manner (60,61,63). TGF-B is secreted in its latent form and
needs to be proteolytically processed before being able to bind to signaling receptors
(4). This complex activation mechanism could open up new therapeutic targets. TGF-3
signals in most cells by binding to TBRII forming a complex with TBRI (or ALK5). Activins
bind to activin receptor type IIA (ActRIIA) or ActRIIB in a complex with ALK4, while
BMPs signal via BMP type Il receptor (BMPRII), ActRIIA or ActRIIB, in combination with
ALK1, 2, 3 or 6. Although TBRRII/TBRI is the preferable high affinity signaling complex,
in endothelial cells, TGF-f3 can also signal through TRRIIJALKT/ALKS (64,65).

Upon complex formation, the activated type | receptor kinase will transduce the signal
from the membrane to the nucleus by phosphorylating Smad transcription factors
(67). Smads are divided into three major classes: receptor-regulated Smads (R-Smads),
common mediator Smad (co-Smad) and the inhibitory Smads (I-Smads). R-Smads
(Smad1, Smad2, Smad3, Smad5 and Smad8) function as direct substrates for specific
type | receptor kinases. ALK4, -5 and -7 phosphorylate Smad2 and Smad3, whereas
Smad1, Smad5 and Smad8 become phosphorylated by the BMP type | receptors ALKT,
-2, -3 and -6 (66). Upon phosphorylation, R-Smads form a complex with the co-Smad,
Smad4, and translocate to the nucleus. In the nucleus, Smad complexes engage in
cooperative interactions with DNA and other DNA-binding proteins such as FASTT,
FAST2, Fos/Jun and ATF2 to mediate the transcription of specific target genes (60,67).
The two [-Smads, Smad6 and Smad7, first identified in 1997 as vascular Smads, can
compete with and inhibit R-Smads for type | interaction preventing phosphorylation
(61,68). Furthermore, they can induce proteasomal degradation of the type I receptor
by recruiting Smurf1/2 E3 ubiquitin ligases (55,56,57,59,60). For a more extensive
description of TGF-3 signaling, we refer to recent reviews (58,69,70,71,72,73,74,75,7
6,77).
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TGF-p ALK-5 Smad2/3
TGF-f Rl ALK-2
Smad1/5/8
ALK-1
Activin Act RIIA ALK-4 Smad2/3
Act RIIB ALK-2 Smadl/5/8
Modals Act RILA ALK-4
Smad2/3
Act RIIB ALK-7
GDF ALK-4
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Figure 1 - TGF- and BMP signaling. Receptors with evidence of mutations in pulmonary arte-
rial hypertension (PAH) are underlined (17). Abbreviations: ActRIl, activin receptor type II; ALK,
activing receptor-like kinase; BMP, bone morphogenetic protein; GDF, growth/differentiation
factor; TGF, transforming growth factor.
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Role of TGF-f3 ligands in pulmonary arterial hypertension

The presence of different TGF- isoforms in the pulmonary vascular wall in the context
of tissue remodeling in PAH was already described in 1994. Particularly, TGF-3 is
highly upregulated in both medial and intimal layers of remodeled pulmonary vessels
(20). More recent studies report that the increased presence of active TGF-3 ligands co-
localizes with SMCs in pulmonary arterioles and a strong expression of TGF-31 in ECs
and the interstitium of the plexiform lesions (46,78). TGF- signaling can directly inhibit
BMP-Smad signaling in SMCs, and ligands from this side of the signaling balance can
function as antagonists by competing for type Il receptor binding (79,80). Interestingly,
pulmonary arterial ECs (PAECs) expressing a mutant BMPR2 release higher levels of
TGF-B into the medium, thereby accelerating SMC growth (81). As the quiescent effect
that TGF-B typically has on SMC growth is impaired in PAH, the elevated TGF-(3 levels
cause medial hypertrophy (82,83,84). TGF-3-single nucleotide polymaorphisms (SNP) on
top of heterozygous BMPR2 mutation modulate the age of diagnosis and penetrance
of familial PAH (45). Other circulating ligands, such as activins and GDFs, are increased
in PAH, as well, possibly stimulating cell growth and thereby contributing to pulmonary
vascular remodeling (18,19,31,32,33,38). The different animal models for pulmonary
hypertension (PH) confirm the human pathology harboring more TGF-3 and activins in
the serum, pulmonary arteries and the RV in hypoxia or monocrotaline (MCT)-induced
PH in rats (12,22,23,26). The imperative role of TGF- in PAH development is also
illustrated by the dependency on this ligand in PAH associated with schistosomiasis
in rats and required enhanced TGF-f3 signaling in a mouse model of scleroderma-
related PH (SScPH) (24,85,86). Arecent study demonstrated that bone marrow-derived
thrombospondin-1 causes Schistosoma- and hypoxia-induced pulmonary hypertension
via activation of TGF-3 (87).

Endothelial-to-mesenchymal transition in pulmonary
arterial hypertension

ECs can change their endothelial cobblestone morphology to a mesenchymal
phenotype, a process referred to as endothelial-to-mesenchymal transition (EndoMT).
In this process, ECs progressively lose their characteristics, i.e., cell-cell junctions and
specific markers such as CD31, VE-cadherin and CD34 and gain markers such as
a-SMA, collagen-I and vimentin migrate and invade into the surrounding tissues (88,89).
Although EndoMT takes place during embryogenesis where the transition contributes
to the development of the valves of the heart, it does not occur under normal
physiological circumstances (90). An imbalance in the TGF-3/BMP axis and disturbed
inflammation contribute to the induction of EndoMT (91). EndoMT is stimulated by
increased TGF-P3 receptor signaling and attenuated by intact BMPR2 signaling (21,92).
This process has been reported in pathologies such as inflammatory bowel disease,
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chronic kidney disease, cardiac fibrosis and portal hypertension (88,93,94,95). In vitro,
TGF-B-induced EndoMT in PAECs leads to higher migration rates, lower proliferation
rates and decreased barrier integrity (91).

Both pre-clinical and clinical studies demonstrate that EndoMT plays a role in the
pathogenesis of PAH (89,96). EndoMT is also detected in the pulmonary vasculature of
systemic sclerosis-associated PAH patients (91). This study additionally shows that in
vitro-induced EndoMT leads to reduced barrier integrity of PAECs with the production
of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-a and high trans-endothelial
migration of immune cells.
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Figure 2 - Proposed mechanism of TGF-3 signaling in the pathogenesis of pulmonary arterial
hypertension. Abbreviations: ActRIl, Activin receptor type II; AKT, protein kinase B; ALK1, activin
receptor-like kinase 1; CTGF, connective tissue growth factor; ERK, extracellular signal-regulated
kinases; GDF, growth/differentiation factor; JNK, cJun N-terminal kinases; MAPK, mitogen-acti-
vated protein kinase; PAI-1, plasminogen activator inhibitor-1; TGF-B, transforming growth factor
B. TGFBRII, TGF-3 receptor type Il

113



Chapter 7

In the pulmonary vasculature of MCT rats, overexpression of Twist-1 and VE-cadherin
and repression of p120-catenin indicate the induction of EndoMT (21). Rapamycin, an
immunosuppressive drug, reverses experimental PH by inhibiting the migration of
PAECs and reducing EndoMT markers. Ponatinib, a multi-target tyrosine-kinase inhibitor,
attenuates TGF-B-induced EndoMT in human pulmonary microvascular ECs (96).

Receptors in pulmonary arterial hypertension

Besides BMPR2 mutations, rare variants in other TGF-f3 receptor superfamily member
genes are also associated with autosomal dominant familial PAH. Mutations in the
type | receptor ALKT and co-receptor endoglin are found in hereditary hemorrhagic
telangiectasia (HHT)-associated PAH (35,36). The increased prevalence of (h)
PAH in HHT1 and HHT2 could be explained by the involvement of arteriovenous
malformations, caused by ALKT and ENG mutations, in the pathophysiology in both
diseases (97,98,99). Interestingly, in idiopathic PAH (iPAH) mRNA and protein levels
of ALK1 and endoglin are specifically increased in ECs, leading to enhanced Smad1/5
phosphorylation (pSmad1/5) when stimulated with TGF-B, indicating a disturbed
TGF-B/BMP balance (19). In mice carrying a kinase-deficient TBRII in fibroblasts, the
disturbed TGF-3 signaling leads to pulmonary vasculopathy with medial thickening
and mildly elevated pulmonary artery pressures (42). TGF-B type Ill receptor (TRRII) or
-glycan, a co-receptor acting as a reservoir of TGF-B2 for the type I and Il receptors,
is downregulated in familial PAH (28). The functional consequences of these changes
for the pathogenesis of PAH are yet unknown.

Canonical TGF-B signaling in pulmonary arterial hypertension

In the pulmonary vasculature, Smad2 phosphorylation after TGF-3 receptor activation
is increased, even though mRNA expression of Smad2 and Smad3 is decreased in
whole lung lysates of PAH patients (27,39,45). While pSmad2 (and not pSmad3) is
likewise increased in the lungs of mice exposed to hypoxia, rats experimentally
exposed to MCT develop PH 2-4 weeks after MCT injection, showing contrasting
results with regards to canonical TGF-f3 signaling in the lung (25,31,46,100). Some
studies report increased pSmad2, while others show no change or even a decrease
in Smad2 phosphorylation using Western blot analysis (12,37,43,46). On the cellular,
level increased Smad?2 levels, driven by Activin A activation, are found in cultured SS¢
PAH fibroblasts, responsible for collagen production (101). Transgenic mice carrying
an SMC specific dominant-negative BMPR2 gene do not show any alteration in Smad?2
phosphorylation in lung tissue by Western blot analysis (102). Although this could be
due to technical differences between studies, it is possible that a BMPR2 mutation
alone is not sufficient to regulate Smad2 phosphorylation.
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Table 1 - TGF-beta signaling in pulmonary arterial hypertension in human tissue and animal models

Serum |Lung tissue/| Heart EC SMC |References
vessel tissue
Ligands
TGF-B1T  mRNA = = abid N = ™ [12,18, 19, 20, 21, 22,
Protein 1 ab.d o 23,24, 25, 26]
TGF-B2  mRNA N [12, 20]
Protein =
TGF-B3  mRNA N2 0 [12, 20, 27, 28, 29, 30]
Protein T =bc pa
ActivinA mRNA [31]
Protein |1 12
GDF 9/15 mRNA ™ [32, 33, 34]
Protein |1 T
Type | receptors
ALK mMRNA ™ 0 = [19, 35]
Protein g MNP N =
ALK5 mMRNA = = = = [19, 21, 39, 40, 41]
Protein = =
Type |l receptors
TGFBRII mRNA SE [25, 42,43, 44]
Protein N = =
ActRII mMRNA [31]
Protein e
Co-receptors
B-glycan mRNA = N% [28,38]
Protein
Endoglin mRNA = NA P = [19, 43]
Protein T T =
Canonical signaling
Smad2 mRNA N2 [12, 27,31, 37, 39, 40,
Protein ™N=0 1 T 41,43, 44, 45, 46]
Smad3  mRNA N2 N& [12,13, 27,31, 41, 43]
Protein Mab,b
Smad4  mRNA N2 N& = = [27,37,39, 43, 47,48]
Protein N
Smad6/7 mRNA N [37,44, 48]
Protein e
PAI-1 mMRNA ™ N2 o [12,13, 49, 50]
Protein N2 e
Non-canonical signaling
MAPKs ~ mRNA 0 [51]
Protein
Cav1 MRNA [36,37,52]
Protein < =b
CTGF mMRNA NS Pee [43, 53, 54]
Protein N Pee

Grey boxes indicate findings in tissue of Pulmonary Arterial Hypertension patients, white boxes
indicate findings in experimental animal models. a) Hypoxia induced PH in rat, b) Monocrotalin induced
PH in rat, ¢) Sugen hypoxia induced PH in rat, d) Schistosoma induced PH in mice, ) Pulmonary
artery banding in rats. Increases in Smad protein is regarding phosphorylation. Abbreviations: ActRII,
Activin receptory type II; ALK, activin receptor-like kinase 1; ALK5, activin receptor-like kinase 5; Cav1,
caveolin-1; CTGF, connective tissue growth factor; EC, endothelial cell; GDF, growth/differentiation
factor; MAPKSs, mitogen-activated protein kinase; PAI-1, plasminogen activator inhibitor-1; SMC, smooth
muscle cell; TGF-B, transforming growth factor (3. TGFBRII, TGF-3 receptor type Il.
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Upon translocation into the nucleus, pSmad2 binds to the promoter of specific target
genes like plasminogen activator inhibitor (PAl)-1, a well-acknowledged TGF- target
gene (103). Interestingly, mRNA and protein expression of PAI-1 are decreased in iPAH,
while circulating levels of PAI-1 are increased in both primary (idiopathic) and secondary
PAH (49,50). The latter is likely linked to the widespread development of thrombosis
with intraluminal thrombin deposition (104). The two widely-used experimental PH rat
models, MCT and SuHx (VEGF receptor inhibitor Sugen combined with hypoxia), show
conflicting results compared to the human situation, with increased mRNA expression
of PAI-1 (12).

The co-Smad, Smad4, forms an intracellular complex with the TGF-3 and BMP-mediated
phosphorylated R-Smads and is needed for nuclear translocation (60). Mutations in
Smad4, together with ACVRL1 (ALK1T) and ENG are causative of the vascular disorder
HHT (105). Nasim et al. report two independent iPAH cases with a missense and splice
site mutation in Smad4, but no differential protein expression was found in PAECs
and SMCs of iPAH patients (39,47). In contrast with these human findings, Smad4 is
reduced in MCT-induced PH on both the mRNA and protein level (43,48). Transcription
of the I-Smads, Smad6 and Smad7, is also reduced in lung tissue of these animals (48).
Differences in expression of I-Smads in human PAH tissue have not been reported to
date. However, it has been shown that Smad6 is suppressed by the prostanoid lloprost,
thereby enhancing the intensity and duration of the TGF-3/Smad responses (106).

Non-canonical TGF-p signaling

Downstream signaling of TGF-3 goes beyond phosphorylation of the Smad proteins.
Activation of ERK, JNK/p38, Rho-like GTPases and PI3K/Akt is involved in the non-Smad
pathway and also familiar in PAH research (Figure 2) (107,108,109,110). Upregulation
of these proteins in PAH has been shown before, although only a few in the context
of disturbed TGF-f3 signaling (13,51,111). Besides BMPR2 mutations, caveolin 1 (CAV1)
mutations are a rare cause of PAH, influencing both canonical and non-canonical
TGF-B/BMP signaling (36,52,112).

Downstream targets of TGF-B in the lung

Several reports demonstrated that vascular thrombosis plays an essential role in the
pathophysiology of iPAH. Indeed, anticoagulation treatment confers a survival benefit
in iPAH patients (113,114), perhaps because in situ thrombosis of pulmonary vessels
may contribute to the pathogenesis of this disease (115,116). Transcriptional activity
of PAI-1 is elevated in patients with PAH along with other coagulation-associated
genes. This increase in PAI-1 activity may explain impaired fibrinolysis in iPAH patients
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(116,117). In contrast, two other studies demonstrated no change in PAI-1 activity in
the serum of iPAH and chronic thrombo-embolic pulmonary hypertension (CTEPH)
patients at rest or after venous occlusion (118,119). However, the same group reported
later that there is an increase in PAI-1 activity in female iPAH patients before and after
venous occlusion (120). The discrepancies between these studies may be caused by
the use of different assays, gender differences and a low sample size per group. Given
the heterogeneity in PAH patients, more studies are warranted to unravel the true
function of PAI-1 in the pulmonary vasculature in PAH.

The inhibitor of DNA binding family of proteins (ID proteins) is a major downstream
transcriptional target of BMP signaling (121). In mammalian cells, four members of
the Id family, Id1-4, have been identified so far. It has been reported that ID1, ID2 and
ID3 are induced by BMPs in PAECs and SMCs through a canonical Smad-dependent
pathway (11,106,121,122). In adult organs, ID4 is mostly expressed in testis, brain and
kidney and left out of the scope of this review (123). Interestingly, BMP9 strongly
induces the expression of 1D proteins in PAECs, while BMP4 and BMP6 increase the
expression of ID proteins in SMCs (121,124). Mutations in BMPR2 strongly reduced the
expression of ID proteins in both PAECs and SMCs. Unexpectedly, the expression of ID
proteins along with BMPR2 expression are also reduced in PAECs and SMCs of some
iPAH patients. In line with these observations in cultured cells, the expression of ID
proteins is attenuated in experimental MCT-PH lungs, as well as in human lungs (48).
ID proteins also regulate the cell cycle and proliferation of SMCs in a BMP4-dependent
manner (106,121). Recently, BMP9 has been shown to selectively increase BMPR2, ID1
and ID3 proteins in endothelial cells in vitro and thereby decrease experimental PH in
vivo, suggesting the potential involvement of these genes in PAH (11).

TGF- signaling in the heart in pulmonary arterial hyper-
tension

Survival of PAH patients is determined by the ability of the RV to adapt to the
increased pressures in the pulmonary vasculature (125). The challenged RV suffers
from neurohormonal activation, capillary loss inflammation, apoptosis, oxidative
stress and metabolic shifts leading to hypertrophy and fibrosis (126). Cardiac fibrosis
is related to increased TGF-[3 signaling (127,128). In rat, cardiac fibrosis induced by
increased RV afterload, as seen in PH, is likely to be mediated through TGF-B-induced
connective tissue growth factor signaling (Figure 2) (53,54). The beneficial effects
of carvedilol (3-blocker), iloprost (prostacyclin) and losartan (angiotensin receptor
blocker) on RV function in animals are partly ascribed to attenuated TGF-B-mediated
fibrosis (53,54,129). Furthermore, nintedanib, a tyrosine kinase inhibitor known to
inhibit TGF-B-mediated fibrosis, attenuated cardiac fibrosis in experimental pulmonary
hypertension (130,131)
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Hemnes et al. showed an upregulation of the TGF- pathway in the RV of PAH
patients by increased transcription of TGF-33 (29). TGF-B inhibition by either pan-
TGF[B antibodies or specifically binding to TGF-B31 and TGF-33 showed lowering of
RV systolic pressures and attenuated RV hypertrophy in MCT and SuHx rat models
(12,132). One of the few studies investigating downstream TGF-f3 signaling in the heart
in the context of PAH showed decreased phosphorylation of Smad2 in both RV and
LV. This observation was independent of the presence of a BMPR2 mutation (40).

Therapeutic interventions relevant in PAH

In 13 preclinical and nearly twenty phase I-lll clinical trials, TGF-3 signaling is targeted
to treat cancer and fibrotic diseases (72,77,133). TGF-3 signaling can be targeted mainly
in three different ways in clinical trials: specific antibodies, antisense oligonucleotides
and receptor kinase inhibitors. As ECs and SMCs in PAH produce excessive amounts
of TGF-B, the use of these targets may decrease vascular remodeling through their
inhibitory effect on these cells. In contrast to the clear role of TGF-f signaling in
tumorigenesis, vascular diseases are more complex with simultaneous up- and down-
regulation of the pathway and interactions with the BMP pathway (72).

Beneficial effects of inhibiting TGF-B ligands on pulmonary vascular and cardiac
remodeling have previously been shown in experimental MCT- and hypoxia-induced
rat PH models (12). Targeting the ALK5 kinase with SD208, a drug known to suppress
tumor metastasis in rodent models, ameliorated MCT-induced PH (134). Beneficial anti-
remodeling effects of prostacyclin analogues, used in PAH treatment strategies, can
partly be explained by TGF-3 inhibition (13,135). How these effects in rat models can
provide implications for the human disease are uncertain; besides increased availability
of TGF-B ligands, different regulation patterns are observed. As TGF-f3 signaling is
crucial for many physiological functions, prolonged inhibition of this signaling might
lead to harmful side effects. Preclinical studies in PAH patient-derived cells could give
valuable information about expected responses, illustrated by different effects in ECs
and SMCs upon TGF-3 stimulation (19,82,83).

Conclusions

In PAH, several mutations in components of the TGF-B/BMP signaling pathway have
been identified. However, most research over the years has focused on BMP signaling,
in particular BMPR2. Enhanced expression of TGF- has been found systemically
(i.e., in serum) and locally (i.e., in ECs and SMCs of the pulmonary vasculature) in PH
patients and animal models. Furthermore, TGF-$3 has been shown to be involved in
proliferation, inflammation, angiogenesis and fibrosis in lungs in PAH. In addition, TGF-3
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induces EndoMT, which is also involved in PAH, and as such, TGF-3 could be interesting
as a treatment target. Inhibition of TGF-3 signaling, either directly or through targeting
intermediates, may be a novel therapeutic strategy in PAH.

TGF-B signaling plays an essential role in vascular cells, immune cells and other cells
such as epithelial cells in lungs. However, TGF-[3 signaling is very complex, as there are
numerous ligands and diverse receptors that exhibit distinct functions in a cell- and
context-dependent manner through interaction with other proteins, thereby affecting
multiple signaling cascades. This intricate pathway is crucial for vessel wall homeostasis
in many diseases, including PAH. Therefore, a deeper understanding of this pathway
is necessary for the development of safer and efficient therapies for PAH.

In conclusion, overactive TGF-@3 signaling is an important regulator of pulmonary
vascular remodelling in PAH, e.g., by balancing BMP signaling. TGF-f3 inhibitors have
entered clinical trials for treatment of cancer and fibrotic diseases with encouraging
first clinical results. The future of specific TGF-3 inhibitors are promising and open
new challenges in PAH research.
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Abstract

Introduction

Disbalanced bone morphogenetic protein (BMP) signaling is postulated to favor a
pathological pulmonary endothelial cell (pEC) phenotype in pulmonary arterial
hypertension (PAH). BMP9 has beneficial effects in experimental animal models
and patient-derived circulating endothelial cells. Yet, BMP9 responses of diseased
human pEC remained unknown, wherefore we tested BMP9 on primary pEC from
PAH patients.

Methods

Pulmonary microvascular endothelial cells (MVEC) were isolated from patients with
PAH, stimulated with BMP9 (1 ng/mL) for different time intervals (90 min, 24 h, 72 h),
and signaling and cell phenotype were compared with controls.

Results

Repetitive BMP9 stimulation of PAH MVEC, every 24 h for three days, caused a total loss
of endothelial barrier function that was driven by gradually decreasing integrity of cell-
cell interactions. In accordance, long-term BMP9 treatment induced a significant loss
of junctional VE-cadherin in the diseased pEC (1.00+0.07 vs. 0.64+0.22, p<0.001), while
controls increased peripheral VE-cadherin significantly compared to unstimulated
samples (1.00+0.16 vs. 1.45+0.17, p<0.001). Further, BMP9 treated PAH MVEC gained
SM22a expression (1.00+0.38 vs. 2.62+0.42, p<0.001) and reorganized their F-actin
cytoskeleton indicative for endothelial-to-mesenchymal transition (EndoMT). EndoMT
was not detected in controls. Global transcriptome analysis revealed that BMP9
activates EndoMT signaling following 90 min stimulation. This activation was short-
lived in controls, while in PAH MVEC the master EndoMT transcription factors SNA/T and
SNAI2 remained significantly four-fold increased 24 h after stimulation (p<0.02). The
prolonged EndoMT singling in PAH MVEC coincided with persistent pro-inflammatory,
pro-hypoxic, and pro-apoptotic pathway activation. Detailed gene expression analysis
identified IL6 as the common denominator between these pathways. Elevated levels
of IL6 (98.5+14.8 vs. 365.4+130.6 pg/mL, p=0.05) were found to drive EndoMT in an
autocrine manner, since application of an IL6-capturing antibody normalized SNA/I1/2
levels in BMP9 treated PAH MVEC and prevented mesenchymal trans-differentiation.

Conclusions

We show that BMP9 acutely triggers EndoMT signaling whereas sustained IL6-
dependent signaling is the presumed driver in a two-step process causing full trans-
differentiation of PAH pEC. Our study suggests that investigations of the therapeutic
use for BMP9 should be pursued with attention to levels of IL6 and features of EndoMT
as a possible indicator of long-term impact.
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Introduction

Progressive occlusive remodeling of the distal pulmonary vasculature is the hallmark of
pulmonary arterial hypertension (PAH), a heterogenous group of deadly lung disorders
clinically defined by a mean pulmonary artery pressure above 20 to 25 mmHg with
pulmonary vascular resistance > 3 Wood Units at rest in the absence of other causes
of pre-capillary pulmonary hypertension (PH) (Galie et al., 2016; Simonneau et al., 2019).
The etiology of PAH ranges from drugs and toxins, to comorbidities, and inherited
gene mutations (Galié et al., 2016). However, a shift towards increased transforming
growth factor beta (TGF()-dependent signaling at the expense of decreased bone
morphogenetic protein (BMP)-dependent signaling in pulmonary endothelial cells (pEC)
is indicated as a common denominator in all disease sub-types (Atkinson et al., 2002).
This shift is characterized by decreased expression and signaling of the BMP type-II
receptor (BMPR2) in mutation positive and negative cases, and potentiated TGF[3-
mediated signaling that in return antagonizes BMP signaling further (Ogo et al., 2013).
Consequently, novel experimental treatment efforts aim to restore BMPR2 levels and
consecutive downstream signaling by selective inhibition or enhancement of associated
ligands and receptors to re-establish TGFB/BMP balance (Morrell et al., 2016).

A currently explored therapeutic strategy consists of the administration of recombinant
BMP9, a circulating ligand of the TGFB-family, aiming to selectively enhance pEC BMPR2
expression and signaling. In accordance, BMP9 reinstates BMPR2 levels in blood derived
circulating endothelial cells from PAH patients carrying different heterozygous BMPR2
mutations and has beneficial hemodynamic and anti-remodeling effects in several
animal models when applied preventively or therapeutically (Long et al., 2015). Yet, BMP9
responses of primary endothelial cells from lungs of patients with PAH are unknown.

The BMP-family encompasses cytokines that have initially been discovered as potent
inducers of ectopic bone formation (Urist, 1965; Rider and Mulloy, 2010). Meanwhile,
BMPs were shown to play a central role in organogenesis, vascular development, cell
differentiation, and vascular homeostasis (Goumans et al., 2018). The BMP9 homodimer
is generally described as a circulating vascular quiescence and maintenance factor
that can exert hematopoietic, hepato-, osteo-, chondro-, and adipogenic functions in
a highly context and concentration-dependent manner (David et al., 2008). As such,
BMP9 appears to exert anti-angiogenic and anti-apoptotic effects in the mature
endothelium (David et al., 2008; Long et al., 2015). Yet, BMP9 also serves as a pro-
angiogenic and pro-tumorigenic factor in cancer cells demonstrating pleiotropic roles
in health and disease (Brand et al.,, 2016).

Phenotypically altered, de-differentiated, or transitional pEC are postulated to

contribute to the occlusive vascular remodeling in PAH both directly by transforming
into smooth muscle (SM)-like cells as well as indirectly through paracrine effects
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(Ranchoux et al., 2015; Stenmark et al., 2016; Suzuki et al., 2018). Endothelial-to-
mesenchymal transition (EndoMT), an essential developmental process, by which
mature endothelial cells lose their specific protein expression, morphology, and
polarity to acquire mesenchymal characteristics, has moved into focus as a possible
source of these highly proliferative SM-like mesenchymal cells (Lamouille et al., 2014).
BMP9 is a known inducer of EndoMT and thereby for instance controls vascular
remodeling and vascular wall-thickening during embryonic development (Ricard et
al., 2012; Levet et al., 2015).

Because the effects of BMPs on the endothelium are highly context-dependent (Garcia
de Vinuesa et al., 2016), it is difficult to predict whether the beneficial effects of BMP9
seen in PH animal models and circulating cells can be translated to the functionally
altered pEC of patients suffering from PAH (Szulcek et al., 2016). The concern that the
same ligand might have opposite effects is illustrated by contradicting reports showing
that deletion or inhibition of BMP9 protects rodents from experimental PH (Tu et
al., 2019) while a case study associates a homozygous nonsense mutation in GDF2
(encoding for BMP9) with the development of PAH in infants (Wang et al., 2016).

We examined the therapeutic potential of BMP9 in pEC of patients with PAH and its
effect on their cell phenotype to gain greater insight into how the pleiotropic roles
of BMP9 as both an endothelial differentiation or quiescence factor may impact
pulmonary vascular disease,.

Material and Methods

Cell cultures and in-vitro assays

Microvascular endothelial cells (MVEC) were isolated from pleura-free peripheral lung
tissues, as described previously (Szulcek et al., 2016). Human tissues were obtained
from end-stage PAH patients undergoing lung transplantations or from autopsies.
Control tissues originated from lobectomies for suspected or proven non-small cell
lung cancer (NSCLC) without PH. Patient characteristics can be found in table 1. Tissue
collection and cell isolations were approved by the IRB of the VU University Medical
Center, Amsterdam, the Netherlands (non-WMO, 2012/306) and written informed
consent was provided by the participants. Cells were cultured on 0.1% gelatin coated
standard cultureware (Corning) in ECM medium supplemented with 1% pen/strep,
1% endothelial cell growth supplement, 5% FCS (all ScienCell), and 1% non-essential
amino acids (Biowest).

Barrier function was determined by impedance spectroscopy with ECIS (Applied

Biophysics) and analyzed as previously described (Szulcek et al., 2014). Treatments
were performed after 5 h preparative serum starvation with 1% FCS and without
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additional growth factors. Stimuli were prepared fresh in final concentrations of 1 ng/
mL BMP9 (R&D Systems), 1 ng/mL TGF31 (Sigma), 10 ng/mL IL6 (BD Biosciences), and
10 ng/mL anti-IL6 blocking antibody (mabg-hil6-3, InvivoGen). ELISAs for IL6 on cell-
free supernatants were carried out with the BD OptEIA human IL6 kit (BD Bioscience)
following manufacturer’s instructions.

Immunofluorescence staining

Human EC were fixed in warm 4% paraformaldehyde for 20 min at room temperature
(RT), quenched with 2 mg/mL glycine, permeabilized with 0.2% Triton X-100 for 10 min
at RT, blocked with 5% BSA, and labeled with VE-cadherin (1:500, 2158, Cell Signaling),
SM22a (1:500, ab14106, Abcam) specific antibodies, and/or Rhodamine-Phalloidin
(1:1000, R415, Invitrogen). Samples were preserved in ProLong Gold anti-fading agent
with DAPI (Thermo Fisher). Imaging was done on a Nikon A1 confocal laser microscope
at 60x magnification. Image quantification was performed with Image) (NIH) by
measuring VE-cadherin and SM22a intensity of a total of nine individual cells per
donor at three random locations in the culture well. The resulting intensity values were
normalized to the mean intensity of the unstimulated controls within one experiment.
F-actin orientation was analyzed using the directionality analyze-function of Image|
on images from three random locations in the culture.

Global transcriptomics (RNA-seq) and analysis

Serum starved MVEC (5 h at 1% FCS, no growth factors) were either stimulated with
BMP9 (for 90 min or 24 h) or left untreated. RNA was isolated with the miRNAeasy
mini kit (Quiagen). Total RNA was purified using MagMAX-96 total RNA isolation kit
(Ambion), in which genomic DNA was removed. mRNA was purified from total RNA
using Dynabeads mRNA purification kit (Invitrogen). Strand-specific RNA sequencing
libraries were prepared using ScriptSeq mRNA-seq library preparation kit (Epicentre).
Sequencing was performed on HiSeq2000 (lllumina) by a multiplexed, single-read run
with 33 cycles. Reads were mapped to the human genome hg38. Differential gene
expression analysis was performed by the Medical Statistics and Bioinformatics core
at LUMC using normalized log-transformed counts per gene with appropriate weights
per observation in a fdr multiple testing corrected multivariate regression model. The
model tested, which genes are differentially expressed between the three conditions
(starved, 90 min, or 24 h stimulation) in at least one donor group (control vs. PAH). Gene
ontology (GO) term enrichment analysis was performed on the unranked genes passing
the log2-threshold of +1 versus the complete background dataset (p-value threshold
102) using Gorilla (Eden et al., 2009). Gene Set Enrichment Analysis (GSEA) was run
with the pre-ranked tool (Subramanian et al., 2005) on the adjusted log2-fold gene
lists. Pathway enrichment was defined by FDR < 0.05 and p < 0.001. Enrichment map
visualization (network graph) was done with the Enrichment Map Pipeline collection
in Cytoscape version 3.6.1.
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Figure 1 - Repetitive, long-term BMP9 treatment pushes the diseased lung microvascular
lung endothelium into a mesenchymal phenotype. a) Representative, time-resolved, impedance
spectroscopic quantification of endothelial barrier function (resistance), strength of cell-cell
interactions (Rb), and cell-matrix interactions (Alpha). BMP9 administration was started 5 h
after preparative serum starvation at 1% FCS (no growth factors). BMP9 was applied every 24
h (arrow heads) for a total duration of 72 h. Significance is based on multiple t-tests corrected
for multiple comparisons using the Holm-Sidak method. b) Representative immunostaining for
the endothelial marker VE-cadherin, the mesenchymal marker SM22q, and cytoskeletal protein
F-actin. MVEC were stimulated with BMP9 every 24 h for a total duration of 72 h. VE-cadherin
and SM22 intensity as well as F-actin fiber orientation were quantified and compared between
controls and PAH samples (n = 3). Statistical differences were determined by unpaired t-tests.

Detailed analysis of the electrical parameters confirmed that in controls BMP9
had improved strength of cell-cell interactions significantly after 48 h (4.97+£0.19 vs.
7.98+0.77, p <0.001) and 72 h (4.73+0.16 vs. 6.36+0.72, p = 0.004) and left cell-matrix
adhesions unchanged. In PAH samples, BMP9 had opposite effects and triggered an
immediate decrease in Rb at 90 min (6.15+0.65 vs. 4.35+0.49, p = 0.026) and a complete
loss of cell-cell contacts at the 48 h time-point followed by a gradual decreasing cell-
matrix interactions.
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We repeated this experiment with three different donors per group and although the
BMP9 response of PAH cells always resulted in a loss of barrier function, the time-
courses per donor were very varied. In some donors the loss of barrier was detected
after 48 h and in others after 120 h stimulation.

PAH MVEC receiving long-term treatment with BMP9 show signs of EndoMT

Because of the loss of barrier function in response to BMP9, we initially assumed that
the PAH cells went into apoptosis but upon microscopic inspection realized that cell
morphology had changed. To test the impact of BMP9 on phenotypic plasticity, human
MVEC received daily BMP9 supplementation for a total duration of three days and were
fluorescently labeled for endothelial and mesenchymal markers (Fig. 1b). In alignment
with the barrier function measurements, control cells in response to BMP9 significantly
increased peripheral expression of endothelial VE-cadherin (1.00+0.16 vs. 1.45+0.17,
p < 0.001), retained low levels of SM22a, and maintained cobble stone morphology
with well-organized peripheral F-actin. PAH patient-derived MVEC effectively lost VE-
cadherin expression from cell-cell junctions (1.00+0.07 vs. 0.64+0.22, p < 0.001) and
displayed an elongated morphology with F-actin stress fibers spanning the entire cell
body and gaining collective directionality consistent with a contractile phenotype.
In a sub-set of the stimulated PAH cells, SM22a expression increased significantly
(1.004£0.38 vs. 2.62+0.42, p < 0.001) and co-localized with the cell cytoskeleton, a
characteristic of mesenchymal cells.

BMP9 is a potent inducer of EndoMT signalling

The BMP9-induced loss of endothelial-specific protein expression, altered cytoskeletal
organization, and gain of mesenchymal marker expression in patient-derived pEC
pointed us towards the hypothesis that BMP9 pushes PAH MVEC into a mesenchymal
phenotype.

To proof activation of transcriptional EndoMT signaling, RNA sequencing was carried
out on pEC after 90 min and 24 h BMP9 stimulation. The transcriptome of controls
and PAH samples overlapped substantially at 90 min stimulation with 54% of all genes
that passed the log2-threshold of +1 intersecting. The number of intersecting genes
decreased to 25% at 24 h with 172 fewer genes passing the threshold in the PAH dataset
compared to controls pointing towards altered long-term homeostatic responses. To
test for a mesenchymal signature, focused Gene Ontology (GO) enrichment analysis
was performed for the biological process of epithelial-to-mesenchymal transition (EMT)
that shares preserved signaling and activators with EndoMT (Saito, 2013). Directly
related mother terms were included in the analysis (Fig. 2a) and showed similarly
strong enrichment in controls and patient cells at 90 min that did not perpetuate to the
24 h time-point (Fig. 2b). Application of a previously published EMT/EndoMT signature
gene panel (Evrard et al., 2016), to determine directionality of regulation, uncovered the
activation of an EndoMT gene set comprising a three to six log2-fold induction of the
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EndoMT transcription factors SNAIT, SNAI2, HEYT and HEY2 compared to unstimulated
samples (Fig. 2¢). The EndoMT gene set got enriched in both control and PAH MVEC at
the 90 min time-point and returned to basal values after 24 h confirming the results of
the GO analysis. The mesenchymal markers CDH2, PLAU, CDH11 and PLEK2 were found
decreased by two log2-fold in controls after 24 h, whereas levels in PAH samples did
not changed compared to basal values or were even slightly elevated.

RT-PCR verification was carried out (Fig. 2d) together with TGF stimulation for its
well-known role in EndoMT and PAH development (Cooley et al.,, 2014). The PCR
corroborated the transcriptomic analysis of a robust elevation in SNAIT (3.2+1.3 vs.
5.04¢1.0, p=0.039) and SNA/2 (2.8+2.0 vs. 4.6+1.7, not significant) expression in both
donor groups early after stimulation. Subsequently, control cells returned to basal
values, while SNAIT (-0.1£0.6 vs. 2.1+1.4, p = 0.017) and SNAI2 (-1.941.1 vs. 2.6+0.9,
p < 0.007) remained significantly elevated in PAH MVEC at the 24 h time-point. No
statistically significant differences between controls and PAH samples were found in
the tested genes upon TGF{ stimulation.

PAH pulmonary endothelial cells exert sustained pro-hypoxic, pro-apoptotic,
and pro-inflammatory signaling upon BMP9 stimulation

EndoMT is a highly integrative process that involves various, context and stimulus-
dependent combinations of signal transduction pathways (Sanchez-Duffhues et al,
2017). BMP9 application persuaded a transient EndoMT gene signature in both control
and PAH donor groups, but only in PAH cells led to the development of a mesenchymal
phenotype. To identify pathway interactions and regulatory patterns that might
provide a second hit and drive the phenotypic change, unbiased Gene Set Enrichment
Analysis (GSEA) was performed. lllustrated by the GSEA pathways enrichment map
(Fig. 3a), BMP9 generally causes downregulation of signaling in controls after 24 h,
whereas in PAH samples individual pathways show differential regulation patterns.
To highlight pathways associated with the pathogenesis of the disease, the STRING
database (Szklarczyk et al., 2015) was queried for “Pulmonary Hypertension” and the
resulting gene list overlaid onto the network map (cut-off > 5 overlapping genes).
Comparing enrichment of the seven disease-specific pathways between control and
PAH samples (Fig. 3b) revealed missing enrichment of hypoxia, apoptosis, and IL6,
JAK, STAT3 pathways suggesting a partial loss of PAH MVEC suppressor function upon
long-term BMP9 stimulation. Causative for the missing enrichment were several genes
inversely regulated in PAH samples compared to controls (Fig. 3¢). Analysis of leading-
edge genes in all negatively enriched pathways identified interleukin-6 (IL6) as common
denominator.
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Figure 2 - BMP9 causes prolonged activation of the EndoMT master transcription factors SNA/T
and SNA/2. a) Ancestor chart of selected Gene Ontology (GO) terms related to epithelial-to-mes-
enchymal transition (EMT) used for focused GO analysis. b) Time-resolved (90 min and 24 h)
GO enrichment analysis on control and PAH samples for biological processes related to EMT.
Analysis is based on global transcriptomics (RNA-seq, log2-fold changes (FC) vs. unstimulated
conditions, n = 5). Average enrichment scores that passed the p-value threshold are shown. c)
Heat-map of known mesenchymal cell markers and modulators of endothelial-to-mesenchymal
transition (EndoMT). Shown are log2FC in transcript levels following 90 min or 24 h BMP9 stim-
ulation compared to unstimulated samples. Asterix highlights cluster of EndoMT genes, and
arrow heads individual genes differentially regulated, between the two donor groups. d) RT-PCR
expression validation of the EndoMT master transcription factors SNA/T and SNA/2, and the well-
known EndoMT inducer TGFBT. Box plots represent min, max, and median log2FC compared to
unstimulated conditions (n = 5). Multiple t-tests corrected for multiple comparisons using the
Holm-Sidak method were used to calculate p-values.immunostaining for the endothelial marker
VE-cadherin, the mesenchymal marker SM22a, and cytoskeletal protein F-actin. MVEC were
stimulated with BMP9 every 24 h for a total duration of 72 h. VE-cadherin and SM22 intensity
as well as F-actin fiber orientation were quantified and compared between controls and PAH
samples (n = 3). Statistical differences were determined by unpaired t-tests.
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Figure 3 - BMP9-induced EndoMT signaling is accompanied by persistent pro-inflammatory,
pro-apoptotic, and pro-hypoxic signaling in the PAH endothelium. a) Network graph resulting
from unbiased Gene Set Enrichment Analysis (GSEA) of the sequenced control and PAH MVEC 24
h after BMP9 stimulation. Represented are positive (upregulated, red), negative (downregulated,
blue), and non-enriched (white) pathways (circles) compared to unstimulated samples. Number
of overlapping genes in between pathways (green lines) and gene overlap with a pulmonary
hypertension (PH) signature gene set (yellow triangle with magenta lines) are shown (cut-off > 5
genes). b) Average enrichment scores of the EndoMT and the six identified PH signature path-
ways. Arrowheads point out pathways that did not pass the enrichment threshold (FDR < 0.05)
24 h after BMP9 treatment. ¢) Switch gene analysis per non-enriched pathway and per donor
group-based on RNA-seq. Pseudo colors represent log2-FC decrease (green) or increase (red)
compared to non-stimulated samples. Arrow heads highlight interleukin-6 (/L6) as a common
denominator between the non-enriched pathways identified by leading-edge analysis.
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BMP9-induced EndoMT and IL6-dependent signaling collude in the mesenchymal
switch of the PAH lung endothelium

IL6 was pointed out by the global transcriptome analysis as a key factor in the BMP9-
induced PAH pEC phenotype change. In accordance, we found IL6 gene levels increased
under basal and BMP9-containing conditions in PAH MVEC compared to controls
(Fig. 4a). ELISA measurements (Fig. 4b) showed a significant four-fold increased IL6
concentration (1.1+£0.48 vs. 4.141.95, p = 0.003) in the supernatants of PAH MVEC
compared to controls at 24 h, but not 90 min, of BMP9 stimulation. The IL6 levels
could be restored to levels of controls when using an IL6-capturing antibody (alL6) in
combination with the BMP9 treatment.

To prove the integrative role of IL6 as the driver for the mesenchymal change, MVEC
were again treated with daily addition of BMP9, IL6, alL6 or combinations thereof
(Fig. 4cd). After three days, control cells treated with the combination of BMP9 plus
IL6 had lost peripheral VE-cadherin and gained SM22a protein expression that
colocalized with the cytoskeleton (Fig. 4c). Single BMP9 treatment of controls, in-line
with previous experiments, induced a more closed or quiescent confirmation of cell
junctions with VE-cadherin tightly organizing at the cell periphery. In PAH MVEC in
contrast (Fig. 4d), BMP9 treatment alone as well as the combination of BMP9 and IL6
resulted in EndoMT evident by the previously described changes in marker expression.
Conversely, exposing the PAH MVEC to BMP9 in the presence of the IL6-capturing
antibody preserved cobble stone morphology and cytoskeletal arrangement with
sustained expression and junctional organization of VE-cadherin. This finding taken
together with the ELISA data suggest an autocrine mechanism of IL6.

RT-PCR confirmed that BMP9 did not directly induced transcription of /L6 but caused
long-term activation of SNA/T and SNAI2 for 24 h in PAH pEC compared to controls.
Treatment with the IL6-capturing antibody prevented continued induction of SNA/T
(2.09+1.43 vs. 0.23+0.42, p=0.047) and SNAI2 (1.80+1.31 vs. 0.13+0.15, p=0.012) and
normalized signaling to levels of unstimulated controls.

Discussion

In summary, we provide proof for BMP9 being a potent inducer of EndoMT in the
lung microvascular endothelium of patients with PAH. This function is highly context-
dependent, as BMP9 stimulation alone was not sufficient to change the phenotype of
control pEC, wherefore additional mechanisms in MVEC of PAH patients must drive the
phenotypic change. Our study provides evidence that sustained pro-apoptotic, pro-
hypoxic, and pro-inflammatory signaling mediated through IL6-dependent signaling
in conjunction with the BMP9-induced expression of EndoMT promoting transcription
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factors causes the trans-differentiation of the PAH endothelium, which can be inhibited
by IL6-based antibody therapy (Fig. 5).

Postnatally, EMT and EndoMT are parts of a general lung repair program (Chapman,
2012) but EndoMT is also frequently implicated in numerous pathogenesis including
fibrotic diseases, cancer, atherosclerosis, and heterotopic ossification (Lin et al,,
2012; Evrard et al., 2016; Sanchez-Duffhues et al., 2017). In PAH specifically, EndoMT
was shown to potentially give rise to transitional cells co-expressing endothelial
and mesenchymal markers that are found in up to 5% of the diseased lungs and
abundantly within the typical vascular lesions (Good et al., 2015; Ranchoux et al.,
2015). The transitional cells exert high proliferation rates with a migratory or even
invasive phenotype that weakens the endothelial barrier (Suzuki et al., 2018). Yet, if
this transition is temporally and the cells attempt to initiate vascular repair and restore
physiological function or if these cells fully transform into smooth muscle cells or
fibroblasts that contribute to the progression of lung vascular remodeling is unclear
(Jolly et al,, 2018).

EndoMT is a highly integrative process that can result from pathway crosstalk-induced
by TGF3 family members, Notch and Wnt ligands, mechanical forces, growth factors,
hypoxia, and inflammation (Sanchez-Duffhues et al., 2017). The relative importance
and order of activation depend on stimulus and/or underlying (patho)biology. We
demonstrate that BMP9 or IL6 alone are not sufficient to drive the mesenchymal
change in MVEC to a higher level, but in accordance with literature need input from
other signaling to induce full mesenchymal trans-differentiation (Sakao et al., 2007,
Good et al., 2015; Hopper et al., 2016). In line, we recently showed that TNFa and IL-133
induce EndoMT in human primary aortic endothelial cells and thereby sensitizing the
cells for BMP9-induced osteogenic differentiation (Sanchez-Duffhues et al., 2019).
Similarly, BMP9 alone was reported to have no effect on monocyte and neutrophil
recruitment to the vascular endothelium but amplifies the effects of inflammatory
stimuli like TNFa and LPS by priming the endothelial response (Appleby et al., 2016;
Mitrofan et al., 2017). We and others thereby collectively hypothesize that imbalanced
TGFB/BMP signaling reactivates developmental programs that in the diseased milieu
of a PAH patient lung continuously switches the EC phenotype between different pre-
cursor states (Cooley et al.,, 2014). These transitional cells can easily be tipped towards
one cell fate or another in response to injury or other triggers, as in this case BMP9.
Here again, the question remains, if this is an attempt to compensate and repair the
lung or if it represents a non-adaptive, pathological transformation of the cells (Jolly
etal, 2018)?
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Figure 4 - The BMP9-induced phenotypic change of the PAH endothelium is mediated through
IL6-dependent signaling and can be therapeutically impeded. a) Normalized relative /L6 mRNA
expression in human lung endothelium after 24 h BMP9 stimulation (n = 5), and b) IL6 protein
concentration in cell culture supernatants after different combination treatments with BMP9 and
IL6-capturing antibody (alL6). Statistics were calculated by two-way ANOVA multiple comparison
with Tukey correction (n = 5). ¢) Representative immunostaining of endothelial VE-cadherin,
mesenchymal SM22a, and cytoskeletal F-actin in control and d) PAH MVEC after combination
treatments with BMP9, IL6, and alL6. Stimuli were applied every 24 h for a total of 72 h. ) RT-PCR
validation of /L6, SNAIT, and SNAI2 transcription levels after 24 h treatment with BMP9 or BMP9 in
combination with allL6. Log2FC are calculated compared to unstimulated conditions. Box plots
represent min, max, and median log2FC compared to unstimulated conditions (n = 5). P-values
were determined by unpaired student’s t-tests.
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Our pathway analysis revealed that BMP9 initiates anti-inflammatory, anti-hypoxic, and
anti-apoptotic signaling in control cells, while this effect is astray in PAH patient cells.
We found that the loss of suppressor function is caused by genes inversely regulated in
PAH MVEC compared to controls, of which /L6 is the most common gene between these
pathways. The role of sustained inflammation, and IL6 in particular, as histopathological
cause and contributor to PAH is studied comprehensively and is a known treatment
target. For review see (Huertas et al., 2014). As such, IL6 was shown to induce PH by
commanding a proliferative and apoptosis resistant pulmonary vasculature phenotype,
to decrease BMPR2 levels, to exaggerate effects of chronic hypoxia, and to worsen
vascular remodeling in BMPR2 deficient animals (Pickworth et al., 2017; Tamura et al.,
2018). Increased IL6 protein levels are found across the systemic and lung circulation
of PAH patients and are correlated with worse clinical outcomes (Selimovic et al., 2009).
In a previous study we have shown that pro- and anti-inflammatory cytokine responses
in MVEC of PAH patients are impaired (Dummer et al., 2018) and in agreement with
this finding detected that PAH MVEC secrete higher levels of IL6 within 24 h of BMP9
stimulation. We postulate that the increased IL6 secretion could initiate an autocrine
loop that impairs negative feedback signaling, as unexpectedly strong ectopic levels
of membrane bound IL6 receptors were recently found to cause a apoptosis resistant
cell phenotype in the remodeled SM-layer of distal pulmonary arteries (Tamura et al.,
2018). Hence, sustained IL6-dependent signaling is the presumed driver in the two-
step process required for full mesenchymal trans-differentiation of pEC, whereas BMP9
is the acute trigger initiating EndoMT signaling. How IL6 expression and signaling is
activated precisely and why the cells have a dysfunctional response to BMP9 remains
to be further explored.

However, our data suggest that the mechanism for EndoMT in the PAH MVEC is
controlled through increased SNA/1/2 transcription levels. These transcription factors
together with ZEB1/2, JAGT, HEY1/2 and others belong to a group of EndoMT master
regulators that get activated in the initial phases of the EndoMT process and their
contributions are dependent on cell or tissue type and the pathway that induces
EndoMT. See (Lamouille et al., 2014) for review. We found early activation of SNAIL
family transcription factors upon BMP9, which are reported to directly repress genes
encoding VE-cadherin and PECAM-1, while zinc-finger E-box binding (ZEB) transcription
factors are known to get activated later in the EndoMT process and control SM22a and
SMA protein expression (Lamouille et al.,, 2014; Levet et al., 2015). Excitingly, capturing
IL6 from the endothelial interstitium prevents the activation of SNA/7/2 upon BMP9
and thereby blocks the phenotypic change of the diseased cells.
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Figure 5 - Explanatory model. BMP9 transiently activates EndoMT signaling in the pulmonary
endothelium. In the healthy lung this response is short-lived and on the long run coincides with
a downregulation of other pathways including inflammatory, hypoxic, and apoptotic signaling. In
the microvascular lung endothelium of patients with PAH the suppression of pro-inflammatory,
pro-hypoxic, and pro-apoptotic signaling upon BMP9 is dysfunctional causing persistent pathway
activation and EndoMT signaling. The loss of suppressor function is mediated and exacerbated
through high transcriptional levels of /L6 and autocrine activation of the PAH endothelium by
IL6, which in conjunction with the BMP9-induced EndoMT program causes the diseased lung
endothelium to lose endothelial specific markers and gain mesenchymal characteristics. The
mesenchymal change upon BMP9 can be prevented by capturing extracellular IL6 with an an-
tibody (alL6).
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As is mostly the case for this rare disease, number of donors is limited, and we must
deal with considerable donor-to-donor variability just like not all PAH MVEC show high
levels of IL6 and SNAI1/2, wherefore generalization to all patients and all disease sub-
types should be done with caution.

In conclusion, we provide evidence that the phenotypic transformation of the PAH
lung endothelium is the consequence of combined BMP9-induced EndoMT signaling
and sustained pro-inflammatory, pro-hypoxic, and pro-apoptotic signaling mediated
(in part) through IL6-dependent signaling. Accordingly, our study suggests that
further investigations for the therapeutic use of BMP9 in PAH should be pursued
with attention to the features of EndoMT as a possible indicator of long-term impact.
Given the current findings, co-administration of anti-inflammatory therapy, such as
an IL6 neutralizing antibody, could potentially mitigate inadvertent side-effects and
might be considered for a sub-group of patients.
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Abstract

Aims

Pulmonary arterial hypertension (PAH) is associated with increased levels of circulating
growth factors and corresponding receptors, such as PDGF, FGF and VEGF. Nintedanib,
a tyrosine kinase inhibitor targeting primarily these receptors, is approved for the
treatment of patients with idiopathic pulmonary fibrosis. Our objective was to
examine the effect of nintedanib on proliferation of human pulmonary microvascular
endothelial cells (MVEC) and assess its effects in rats with advanced experimental
pulmonary hypertension (PH).

Methods and results

Proliferation was assessed in control and PAH MVEC exposed to nintedanib. PH was
induced in rats by subcutaneous injection of Sugen (SU5416) and subsequent exposure
to 10% hypoxia for 4 weeks (SuHx model). Four weeks after re-exposure to normoxia,
nintedanib was administered once daily for three weeks. Effects of the treatment were
assessed with echocardiography, right heart catheterization and histological analysis
of the heart and lungs. Changes in extracellular matrix production was assessed in
human cardiac fibroblasts stimulated with nintedanib.

Decreased proliferation with nintedanib was observed in control MVEC, but not in
PAH patient derived MVEC. Nintedanib treatment did not affect right ventricular
systolic pressure or total pulmonary resistance index in SuHx rats and had no effects
on pulmonary vascular remodeling. However, despite unaltered pressure overload,
the right ventricle showed less dilatation and decreased fibrosis, hypertrophy and
collagen type lll with nintedanib treatment. This could be explained by less fibronectin
production by cardiac fibroblasts exposed to nintedanib.

Conlusions

Nintedanib inhibits proliferation of pulmonary MVECs from controls, but not from PAH
patients. While in rats with experimental PH nintedanib has no effects on the pulmonary
vascular pathology, it has favorable effects on right ventricular remodeling.
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Introduction

Pulmonary Arterial Hypertension (PAH) is a devastating condition of increased
pulmonary vascular resistance attributed to vasoconstriction and vascular remodeling,
such as intimal thickening, medial hyperplasia, and muscularization of the small
pulmonary arteries. Right ventricular (RV) hypertrophy, fibrosis and dilatation lead
to heart failure and death in PAH patients. Dysregulated signaling by growth factors
including platelet derived growth factor (PDGF), fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF), and transforming growth factor-f3 (TGF-3) contribute
to remodeling in PAH in both the pulmonary vasculature and the heart. ' Until now,
treatment success of vasodilating therapy is limited as it does not reverse the vascular
alterations. Interest has shifted to therapies targeting growth factor receptors to
mitigate or even reverse vascular remodeling. ©#

Circulating PDGF and its receptors are upregulated in endothelial cells (EC) and
smooth muscle cells in PAH patients and contribute to right ventricular fibrosis.> %1
Although imatinib, primarily a PDGF receptor antagonist, had positive results in animal
models, clinical studies showed mixed results with some hemodynamic improvement,
unchanged exercise capacity and serious side-effects." 2 Perhaps one explanation
for persistent pulmonary vascular remodeling after imatinib treatment is ongoing
deregulated signaling through the VEGF and FGF receptors.”® Production of basal
FGF by EC is increased in idiopathic PAH (iPAH) patients and also serum levels are
elevated.”*® Likewise, VEGF, together with its receptor, is abundantly expressed in
ECs of plexiform lesions and circulating VEGF is also increased in PAH.'® 719 On the
other hand, inhibition of the VEGF receptor (combined with hypoxia, as in the SuHx
model) can also be used to induce pulmonary hypertension (PH) in animal models
and reflects intimal remodeling as observed in human disease. The paradoxal effects
of blocking the VEGF receptor as a potential treatment and a possible inducer in PAH
is still an enigma.’”

Nintedanib is a tyrosine kinase inhibitor (TKI) that has been approved for the treatment
of idiopathic pulmonary fibrosis (IPF). Nintedanib targets primarily PDGF-, FGF- and
VEGF-mediated proliferation in pulmonary fibroblasts, and possibly TGF-3-mediated
transformation to myofibroblasts.?*2? Experimentally and clinically nintedanib has been
proven to attenuate lung fibrosis, while reports of development of PH are lacking.?*
% The anti-proliferative properties of nintedanib have a potential beneficial effect on
pulmonary vascular remodeling by reversing the associated PH in patients with IPF.
Nintedanib might even have the potential of being a new treatment option for group 1
PH. In contrast, given the fact that TKls with inhibiting properties on the VEGF receptor
are associated with the development of clinical (dasatinib) and experimental (SU5416)
PH, 2> it could also be postulated that nintedanib triggers the development of PAH
or worsens IPF associated PH.
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We hypothesized that the inhibitive properties of nintedanib on proliferation could
have favorable effects on PH by reducing vascular remodeling. Therefore we studied
the functional effect of nintedanib in primary pulmonary microvascular endothelial
cells (MVEC) and in the SuHx rat model in an advanced stage of PH.

Material and methods

Reagents

The ethanesulfonate of nintedanib (Methyl (32)-3-{[(4-{methyl[(4-methylpiperazin-
1-yhacetyllamino}phenyl)aminol(phenyl)methylidene}-2-oxo-2,3-dihydro-1H-indole-
6-carboxylate) (Boehringer Ingelheim Pharma, Biberach, Germany) was dissolved in
deionized water. For use in animal models, nintedanib was administered at a dose of
41.5 mg/kg (50.0 mg/kg with ethanesulfonate) once daily by oral gavage for 21 days,
at a safe dose level based on the available results of 28-day or 90-day repeated dose
toxicity studies (according ICH guidelines).

Cell culture

Cell isolation and culture were performed as previously described. 2¢ In brief, control
pulmonary MVEC were isolated from patients that underwent lobectomy for suspected
or proven lung malignancy. PAH MVEC were isolated from lung tissue obtained
during lung transplantation. Patient characteristics are reported in table 1. The study
was reviewed by the Institutional Review Board (IRB) of the VU University Medical
Center (Amsterdam, the Netherlands) and decided that consent was not necessary
because of use of rest material. The study was performed conform the declaration of
Helsinki regarding ethical principles for medical research involving human subjects.
All experiments were performed following unbiased approach and according
recommendations recently proposed by Provencher et al.?” Endothelial cell isolation
and culture of the smallest pulmonary vessels was performed as previously described.
Purity of cell isolations was confirmed by immunofluorescent staining. ?> 28 The cells of
five controls and four PAH patients were stimulated with VEGF, . (25 ng/ml, ReliaTech
GmbH, Wolfenbuttel, Germany) for 20 minutes to induce phosphorylation of Erk1/2
(pErk1/2) and lysed for Western blot analysis.

Human cardiac fibroblasts were cultured in DMEM with 10% FCS. When confluent,

medium was changed to DMEM with 1% FCS and supplemented with 1 uM Nintedanib
for 24 hours.
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Table 1 - Patient characteristics

Donor mMPAP (mmHg) Etiology Gender Age (yr)
1 43 iPAH F 42
2 89 iPAH F 22
3 85 iPAH M 21
4 94 iPAH F 30

iPAH = idiopathic pulmonary arterial hypertension; mPAP = mean pulmonary artery pressure.

Proliferation

The effect of nintedanib on the proliferation rate of MVEC was measured by 5-ethynyl-
2'-deoxyuridine (EAU) thymidine analogue incorporation (Click-1t EQU Alexa Fluor 488
Imaging Kit, C10337, Invitrogen, Carlsbad, CA, USA). Cells were seeded at a density of
7x10° cells/cm? and attached overnight. MVEC were pre-incubated with nintedanib
(0.3 pM) in presence of 1% human serum albumin for two hours and stimulated with
VEGF, . (25 ng/ml, ReliaTech GmbH, Wolfenbuttel, Germany) and EdU nucleotides were
added. After 24 hours cells were fixed and protocol was performed according to the
manufacturer’s instructions. Per condition 5 pictures were taken at a magnification
of 20x by an Axiovert 200 Marianas inverted wide-field fluorescence microscope
(Carl Zeiss Microscopy, Jena, Germany) and the number of proliferating nuclei was
counted.

Extracelular matrix production

To study the influence of nintedanib on matrix production in the heart, human
cardiac fibroblasts derived from two patients were treated with nintedanib (1uM)
for 24 hours in DMEM with 1% FCS were lysed in RIPA supplemented with protease
inhibitors. Fibronection, as a measure of fibrosis, was determined by Western blot
twice. Membranes were incubated with a-Fibronectin antibody (Sigma F7387) and
a-Vinculin as loading control (Sigma V9131).

Animal model

This study was approved by the local Animal Welfare committee (VU-Fys 13-14)
and performed conform the guidelines from directive 2010/63/EU of the European
Parliament on the protection of animals us for scientific purposes. Progressive
pressure-overload in conjunction with angioproliferative pulmonary vascular
remodeling was induced by the combined exposure to SU5416 and hypoxia, as
previously characterized by our group.?® Sample sizes were based on our experience
with pharmacological studies in SuHx rats and were chosen to provide sufficient
numbers of animals for the different hemodynamic, histological and molecular studies.
Twentyone male Sprague-Dawley rats weighing 200 g received a single subcutaneous
injection of SU5416 (25 mg/kg, Tocris) and were exposed to a simulated altitude of
5000 meters in a nitrogen dilution chamber for 4 weeks; thereafter the animals were
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kept at the sea level for another 7 weeks. Rats were randomly assigned to ninedanib or
vehicle treatment. Twelve animals were treated with nintedanib for 3 weeks, starting in
week 8, at an advanced stage of PH in the SuHx model. Dose calculation was adjusted
to the individual body weights twice weekly and administred by oral gavage (50mg/
kg). Nine animals received vehicle as a control group to nintedanib treatment. Clinical
signs and body weights were measured daily. Experimental protocol is depicted in
figure 2 A.

Echocardiography and hemodynamics

On the day of necropsy, animals were anesthetized (isoflurane; 4.0/2.5% induction/
maintenance; 1:1 O2/air mix) followed by an injection of buprenorphine analgesia
(0.1mg/kg). After intubation, echocardiography was performed using a ProSound
system (Prosound SSD-4000) equipped with a 13-Mhz linear transducer (UST-5542,
Aloka, Tokyo, Japan), as described previously.?® Hemodynamic measurements were
performed with a 4.5-mm Millar conductance catheter in opened chest, which was
inserted in the right ventricular outflow tract to acquire the right ventricular systolic
pressure (RVSP), used for total pulmonary resistance index calculations (TPRI).
Pressure-volume loop analyses were performed as described previously. Animals
were killed via exsanguination and organs were weighed and processed for analysis.
End experiments were performed unblinded, following experiments were performed
blinded to treatment group.

Histology and immunofluorescent staining

Tissues were fixed in formalin, embedded in paraffin and 4 um thick sections were
prepared for histology and immunofluorescent staining. Lung tissue was stained with
Elastica van Gieson and scanned (3DHISTECH, Budapest, Hungary). Averaged media
and intima wall thickness were measured as described previously.??3°

Total collagen content of the right ventricle (RV) was assessed by picrosirius red
staining. Distinction between collagen type I (Southern Biotech, 1310-01, 1:100) and
type Il (Southern Biotech1330-01, 1:100) was made with immunofluorescent staining.
Therefore, slides were fixed in acetone at 4°C, permeabilized with 0.2% Triton, and
blocked with 1% BSA. Slides were incubated overnight with primary antibodies for
collagen type | and Il with co-staining for PECAM-1 (Santa Cruz, sc¢-1506-R). Alexa
Fluor conjugated secondary species-specific secondary antibodies (dilution 1:250)
were added and slides were covered with Prolong Gold Antifade Reagent with DAP!
(Thermo Fisher Scientific, P36931). Three pictures of the right ventricle were taken
with an Axiovert 200 Marianas inverted wide-field fluorescence microscope (Carl Zeiss
Microscopy) at 10X magnification. Area of collagen was measured around transversally
cut cardiomyocytes, excluding regions around vessels, using Image).
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Western blot

For Western blot analysis MVEC and RV lysates were processed as described by
Szulcek, et al?* Membranes were blocked in 5% BSA (Sigma-Aldrich) in Tris-buffered
saline (pH=7.6) with 0.1% tween for 1 hour at room temperature, membranes were
incubated overnight at 4°C with primary antibodies: phosphor-p44/42 MAPK (Cell
Signaling, 9106S, 1:1000), p44/42 MAPK (Cell Signaling, 91025, 1:1000) and B-actin
(Sigma-Aldrich, A3854, 1:50 000). After 1 hour incubation with horseradish peroxidase
(HRP) conjugated species-specific secondary antibodies (Dako, 1:1000 for cell lysates,
1:5000 for RV lysates) blots were visualized with chemiluminiscence with the LAS-3000
(Fujifilm, Tokyo, Japan). Phosphorylated protein was normalized to total protein and
B-actin was used as loading control.

RT-PCR

RNA was isolated from rat RV tissue (1 pg of total RNA). cDNA generation was
performed using iScript cDNA synthesis kit (Bio-Rad, #170-8891). For PCR reactions
FAST SYBR Green Master Mix (Thermo Fisher Scientific, 4385612). With a cDNA pool
of all samples best annealing temperatures and standard curve were optimized for
the following primers: collagen |, collagen Ill, connective tissue growth factor (CTGF),
osteopontin-1, and brain natriuretic peptide (BNP) (sequences shown in table 2).

Table 2 - Primer sequences

Connective tissue growth factor (CTGF) Forward 5-CTGTTCCAAGACCTGTGGGAT-3'
Reverse S-TTTTGCCCTTCTTAATGTTCT-3'

Collagen | Forward 5'- GAACGGAGATGATGGGGAAG-3’
Reverse 5'- CCAAACCACTGAAACCTCTG-3'
Collagen Il Forward 5'- AGTGGCCATAATGGGGAACG-3'
Reverse 5'- ATGAATTGGGATGCAACTAC -3’
BNP Forward 5- GCTGCTTTGGGCAGAAGATAGA -3’
Reverse 5'- GCCAGGAGGTCTTCCTAAAACA -3’
Osteopontin-1 Forward 5'- CCCATCTCAGAAGCAGAATCTT -3
Reverse 5'- GTCATGGCTTTCATTGGAGTTG -3
18S Forward 5-GCAATAACAGGTCTGTGATGCG3

Reverse 5-CACGAATGGGGTTCAACG-3'

Statistics

Statistical analysis was performed using Graphpad Prism 6.0. Differences between two
groups was assessed with paired (in vitro) and unpaired (in vivo) t-tests (parametric)
or Mann-Whitney tests (nonparametric). Multiple comparisons were tested by one-
way ANOVA, followed by the suitable post-hoc tests for between-group differences.
All data are reported as mean + SEM. No retrieved data points were excluded from
statistical analysis. RT-PCR data are shown as Log 2 fold change, statistical analysis
was performed on Log 2 fold change.
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Results

Nintedanib inhibits VEGF induced proliferation of pulmonary MVEC

To assess the minimal effective dose of nintedanib, we examined the inhibitory effects
of different concentrations of nintedanib on the phosphorylation of Erk1/2 upon VEGF
stimulation, a downstream target involved in VEGF driven proliferation of endothelial
cells.* Nintedanib inhibited VEGF-induced pErk1/2 in control MVECs in a concentration-
dependent manner (p = 0.005) (figure 1 A-B). At 0.3 UM, a concentration not resulting
in morphological changes,?® pErk1/2 levels were similar to non-stimulated conditions
(p = 0.02). This concentration was used for all subsequent experiments.VEGF-induced
proliferation of control MVECs, assessed by EdU incorporation, was reduced by
nintedanib (p = 0.02) (figure 1 C). While nintedanib inhibited VEGF stimulated ERK1/2
phosphorylation in PAH MVEC, it had no significant effect on the proliferation of PAH
patients derived MVEC (p = 0.15) (figure 1 A-C).
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Figure 1 - Nintedanib attenuates VEGF induced proliferation of microvascular endothelial cells.
Human primary microvascular endothelial cells (MVEC) were incubated with nintedanib at the con-
centrations indicated and stimulated with vascular endothelial growth factor (VEGF). Phosphory-
lated Erk1/2 (pErk1/2), total ERK1/2 (tErk1/2), and b-actin were quantified by western blot. Arepre-
sentative blotis shown in (A). The densitometric quantification of the ratio pErk1/2/tErk1/2 (control
n=5, PAHNn= 4) depicted as fold increase upon non-stimulated MVEC is depicted in (B). One-way
ANOVA was used to determine statistical significance. Data shown as mean+ SEM. MVEC prolifer-
ation after VEGF stimulation in combination with pretreatment with or without 0.3 mM nintedan-
ib was assessed with EdU staining (control n=5, PAHN= 4), ratio paired t-test was performed (C).
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Figure 2 - Nintedanib did not reduce pulmonary vascular remodelling in experimental PH.
Pulmonary hypertension was induced in rats (vehicle n =4, nintedanib n = 6) by SU5416 injection
in combination with 4 weeks hypoxia (10% O,). At week eight, when advanced pulmonary lesions
are formed, rats were treated with vehicle or nintedanib (50 mg/kg) for 3 weeks (A). Intimal and
medial wall thickness of the pulmonary vasculature was not changed. A total of 19-50 vessels
per rat were measured. Data shown as mean + SEM (B).Data shown as mean + SEM (B-E).

Nintedanib does not affect pulmonary vascular remodeling

To assess in vivo effects, we treated SuHx rats for three weeks with nintedanib starting
in week 8. RV end diastolic diameter (RVEDD) was decreased after nintedanib treatment
(p =0.002), with a trend towards less RV stiffness (Eed, p =0.07) and an increased
pulmonary artery acceleration time corrected for cycle length (PAAT/cl, p = 0.07) (table
3). However, right ventricular end systolic pressure, total pulmonary resistance index,
stroke volume index and tricuspid annular plan systolic excursion (TAPSE) were not
different between vehicle and nintedanib treated rats (Table 3). Heart weight and
Fulton index (RV/(LV + S) were not different between vehicle and nintedanib treated
animals (table 3). Hematocrit was decreased in nintedanib treated animals (p = 0.03).
Our histological analysis in the lung, intimal and medial wall thickness was not different
between vehicle and nintedanib treated animals (figure 2 B).
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Nintedanib improves RV adaptation in SuHx rats

Cardiac fibrosis, detected by increasing RV diastolic stiffness, is suggested to
contribute to right ventricular failure in PAH patients. 3232 Because the antifibrotic
effect of nintedanib on the heart is still unknown, we assessed whether nintedanib
treatment would result in less RV fibrosis. In the animal model total collagen was
measured with picrosirius red staining. We observed a decrease of total collagen
in the RV of nintedanib treated rats (figure 3 B). To assess collagen deposition, we
quantified collagen | and Il in the RV by RT-PCR and immunofluorescent staining.
Collagen | was significantly lowered at mRNA level. Less collagen lll was observed with
immunofluorescent staining, without affecting the collagen I/1ll ratio (figure 3 A, C,
D). To explore the TGF-3 mediated anti-fibrotic properties of nintedanib on the RV of
pulmonary hypertensive rats, we quantified connective tissue growth factor mRNA
levels in the RV-tissue. Connective tissue growth factor was not inhibited by nintedanib
treatment (figure 3 A).

Cardiomyocyte hypertrophy, another contributor to RV diastolic stiffness, was also
decreased in the nintedanib group, compared to vehicle (p = 0.009) (Figure 3 E).
Osteopontin-1 and BNP, prognostic markers in heart failure, were decreased after
treatment with nintedanib (p = 0.008 and p = 0.07, respectively) (Figure 3 A).

Cardiac fibroblasts treated with nintedanib showed reduced fibronectin production
(p=0.002), indicating a role for nintedanib in decreased fibrosis in the heart (Figure 4).

Discussion

We have shown in our study that nintedanib inhibits proliferation of primary pulmonary
microvascular endothelial cells from normal subjects, but not from PAH patients. In rats
with experimentally induced PH, nintedanib treatment did not result in a reversal of
pulmonary vascular remodeling, but did improve RV adaptation. Nintedanib improved
RV contractility, decreased RV dilatation and reduced RV hypertrophy and collagen
content.

A recent publication showed that inhibition of pErk1/2 by nintedanib regulated
proliferation of macrovascular endothelial cells of the lung indicating therapeutic
potential for the treatment of PAH.3* In line with this study, we demonstrated the
inhibitory effects of nintedanib on pErk1/2 and proliferation rate in control MVEC.
Nintedanib showed a heterogeneous effect in the PAH donor group and could thereby
not significantly reduce proliferation in patient endothelial cells. This could explain the
lack of effect on pulmonary vascular remodeling observed in our in vivo experiment.
While acute vasodilating effects of TKIs have been reported, we did not observe
reductions in pulmonary or systemic pressures.:2
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Paradoxically, TKI drugs that interfere with growth factor receptor signaling can
also trigger endothelial proliferation and the development of pulmonary vascular
remodeling and PAH.® A series of case reports described PAH induced by dasatinib® 8
and it was suggested that Src kinase inhibition played a causative rol°.

Table 3 - Characteristics of vehicle and nintedanib treated SuHx rats. Overview of body weight,
catheterization, echocardiographic, and ex-vivo measurements comparing SuHx rats after 3
weeks of treatment with veahicle or nintedanib. For parametric data unpaired t-test was used, for
non-parametric data Mann-Whitney U test was performed. Data shown as mean + SEM. (vehicle
n =9, nintedanib n = 12)Data shown as mean + SEM (B-E). Vehicle n =9, nintedanib n =12 (A-E).

SuHx + vehicle SuHx + Nintedanib

n=12) (n=9) p-value
Terminal body weight (g) 466 + 20.2 423 +16.5 012
RVSP (mmHg) 61.6 +7.4 66.8 +4.6 0.39
dP/dt max (mmHg/s) 2600 + 336 2970 + 294 0.42
SVI(mL/cm?2) 0.44 +0.05 0.52 +0.05 0.28
TPRI (mmHg/mL/min/m?2) 0.94 +0.24 0.73 £ 0.07 0.59
Eed 157+34 83+13 0.07
TAPSE (mm) 1.9+0.1 2.0+01 0.78
RVEDD (mm) 72+02 6.4+0.1 0.002
PAAT/cl (%) 7.4+ 0.6 85+0.3 0.07
Hematocrit (%) 443+0.8 40.0+1.5 0.03
Heart weight (g) 23+01 2.2+01 0.53
Fulton index (RV/(LV+S)) 0.60 +0.05 0.66 + 0.04 0.36

Abbreviations: dP/dt, delta pressure/delta time; Eed, end-diastolic elastance; LV, left ventricle;
PAAT/cl, pulmonary artery acceleration time divided by the cycle length; RV, right ventricle;
RVEDD, right ventricular end diastolic diameter; RVSP, right ventricular systolic pressure; RVWT,
right ventricular wall thickness; S, septum; SVI, stroke volume index; TPRI, total pulmonary
resistance index; TAPSE, tricuspid annular plane systolic excursion;
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Figure 3 - Nintedanib inhibits cardiac fibrosis, osteopontin-1 and hypertrophy in experimental
PH. In the right ventricle nintedanib (vehicle n = 9 white bars, nintedanib n =12 grey bars) treat-
ment showed a significant four fold decrease in collagen type | and osteopontin-1 transcrip-
tional levels. Data shown as mean values, bars represent min to max.(A) Nintedanib treated rats
showed a significant (p = 0.02) decrease in picrosirius red staining in the right ventricle. Scale
bar indicates 150 pm (B). Immunofluorescent staining for collagen type Ill proved a significant
decrease (p < 0.001) in the nintedanib group. Scale bar indicates 100 um(C). Collagen level type
I' was unchanged (three pictures of the RV per animal). Scale bar indicates 100 pm (D). Less
hypertrophy of the right ventricle was observed (p = 0.009). Scale bar indicates 150 ym (E). For
parametric data unpaired t-test was used, for non-parametric data Mann-Whitney U test was
performed. Data shown as mean + SEM (B-E). Vehicle n =9, nintedanib n =12 (A-E).
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Figure 4 - Effect of nintedanib on fibronectin in cardiac fibroblasts. Two human cardiac fibro-
blast cell lines were treated with nintedanib (1uM, 24 hours) and the effect of this compound
on fibronectin production was determined. Representative Western blot of two experiments is
shown. Vinculin was used as a loading control for quantification by Western Blot. Densitometric
quantification of the blots showed that fibronectin, a measure of fibrosis, was significantly re-
duced by nintedanib (p = 0.002). Paired t-test was performed (n = 4). Data shown as mean + SEM.

Experimentally, the TKI Sugen causes endothelial apoptosis, an effect which has
been explained by inhibition of the VEGF receptor and observations that the healthy
lung endothelium is dependent on the presence of VEGF for its survival.?” Upon
exposure to a second hit, such as hypoxia®® or a high shear stress® 49, the initial
phase of apoptosis is followed by uncontrolled endothelial proliferation. In the rat
model, Sugen is administered only once at the beginning of the protocol, and at the
time of progressive lung vascular remodeling Sugen is no longer present. Therefore,
lung vascular remodeling in the later stages of the Sugen hypoxia model, which closely
resembles remodeling in human PAH, could be partly dependent on intact VEGF-R
signaling, thus providing the rationale for our study. The fact that Nintedanib did
not reverse remodeling, suggests that intimal proliferation in the remodeled Sugen
hypoxia lung has to a certain degree become independent from growth factor receptor
signaling. The same seems to be true for microvascular endothelial cells from PAH
patients.

Despite suggestions that TKIs may provide a beneficial therapy in PAH, there is also
concern that these drugs may have cardiotoxic effects. Previously, we reported no
negative effects on capillary density and right ventricular pressure adaptation in rats
after pulmonary artery banding treated with BIBF1000, a close structural analogue
to nintedanib. Even though decreased VEGF signaling is linked to capillary rarefaction
in the heart and thereby to RV heart failure*', we found no loss in capillaries but
decreased dilatation, fibrosis and hypertrophy in the right ventricle of nintedanib
treated rats. Other parameters potentially indicating worsening of right ventricular
dysfunction, such as decreased TAPSE or cardiac index, were unchanged.” Our data
suggest that nintedanib prevented RV fibrosis by direct inhibition of cardiac fibroblast
activation, leading to a decreased production of fibronectin.
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In conclusion we found beneficial effects of nintedanib on control pulmonary
endothelium in vitro and favorable effects on the right ventricle in rats with PH. A
clinical trial might confirm that nintedanib may safely be administered to IPF patients
with associated PH and might confirm or refute the absence of changes in pulmonary
vascular remodeling by nintedanib in our rat model of PH.
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Pulmonary Arterial Hypertension (PAH) is diagnosed when the mean pulmonary arterial
pressure is increased above 25 mmHg and other causes of an increase in pulmonary
artery pressure are excluded.(1) Chronic pressure overload leads to dysfunction of
the right ventricle and ultimately right ventricular failure and death.(2, 3) The WHO
classification of PAH (‘chapter 1, table 1), based on etiological perceptions, shows the
variety of causes contributing to this condition.(1) Experimental animal models support
the notion that PAH cannot be narrowed down to one specific cause. Experimentally,
multiple hits are required to mimic the characteristic vascular lesions seen in PAH.(4-8)
The same is probably true for human PAH, since even the best-known mutation in the
heritable form of PAH, located in the Bone Morphogenetic Protein type 2 Receptor
(BMPR2), has a low penetrance of 20%.(9-12) Besides genetic mutations, other hits playing
a role in the pathophysiology of PAH are altered blood flow, drugs and toxins, growth
factors, infections, inflammation, neurohormonal activation, metabolic changes and
vasoactive mediators (Figure 1).(2, 13, 14) The end result is the characteristic vasculopathy
of PAH with the appearance of plexiform lesions, muscularization of peripheral arteries,
medial hypertrophy of the muscular arteries and neointima formation (chapter 1,
figure 2).(13-15) Endothelial dysfunction plays a key role in occlusive remodeling and an
increased vascular tone, and is targeted with all currently approved PAH therapies.(16,
17) The pathophysiology of initiating hits and cellular dysfunction is studied extensively,
but not yet completely understood (Figure 1). Current research is clouded by a mix
of factors that could be either functioning as an initiating factor, or as maintenance
factor. Because vascular remodeling itself cannot only be induced by altered blood flow,
but can also be responsible for further alterations in blood flow, the pathobiology of
PAH can well be described as a vicious circle of remodeling and altered blood flow.

Possible hits Pathogenic pathways Features of PAH
* Genetic predisposition * Vasoconstriction gp| *  INcrease in mPAP
+ Altered blood flow * Inflammation * Plexiform lesions
Vasoconstriction, hypoxia, pnx * Concentric vascular * Concentric vascular
* Exogenic/iatrogenic remodeling remadeling
Fenfluramine, MCT, Sugen * Rarefaction + Endothelial dysfunction
= Growt"h falctors : * Increased venous * RV dysfunction
* Infection/inflammation fasikténoe
* Neurohormonal changes « Endothelial dysfunction
* Metabolic changes :
* \asoactive mediators

Figure 1 - Pathophysiology of PAH. MCT, monocrotaline rat model; mPAP, mean pulmonary
artery pressure; pnx, pneumonectomy; RV, right ventricular.

Effects of altered pulmonary blood flow on vascular remodeling

Endothelial cells (EC) are continuously exposed to the frictional forces that the blood
exerts on the vascular wall. The influence of altered blood flow on the pathophysiology
of PAH is studied with modeling techniques visualizing these forces and mimicking

170

Summary and future perspectives

this in vitro.(18-20) In chapter 3 we investigated the effects of altered pulmonary
blood flow induced by pneumonectomy in rats. In chapter 4 we compared findings
in pneumonectomized rats with human lung tissue of patients that underwent
pneumonectomy because of lung cancer. In both studies, pneumonectomy alone was
related to only minor structural alterations. A couple of patients showed thrombotic
arteriopathy, a common pathological finding in PAH.(14, 21-23) Although proliferation
of EC after pneumonectomy is upregulated, there was no change in intimal wall
thickness in rats or patients. The rat model shows that a combination with growth
factor inhibition is necessary as a secondary hit to induce both proliferative and pro-
apoptotic signaling leading to severe angio-obliterative pulmonary hypertension. This
shows that altered blood flow alone is not sufficient to induce structural changes in the
pulmonary vasculature, but acts as a hit contributing to the final common pathway.

Contribution of pulmonary vascular remodeling to pulmonary vascular resistance.

Vasoconstriction is the most accepted contributor to increased pulmonary vascular
resistance (PVR) in PAH, although vasodilating therapies have limited effect on
PAH disease progression. The rat model combining the VEGF inhibitor Sugen with
pneumonectomy instead of the more frequently used combination of Sugen with
hypoxia (SuHx), shows that hypoxic vasoconstriction is not an obligatory hit for the
development of pulmonary hypertension. Concentric remodeling of the pulmonary
vasculature is thought to contribute to increased PVR because only a minority of PAH
patients exposed to acute vasodilator challenges show substantial pressure decreases.
(24) Current information on pulmonary vascular remodeling in PAH is often limited to
an assessment of the wall thickness of all small lung vessels taken together. In chapter
5 we aimed to objectify the remodeling between different vessel orders, to compute
the influence of vascular remodeling on resistance. While it is generally assumed that
the increase in vascular resistance in PAH is explained by severe structural changes
in most, if not all, small pulmonary vessels, our measurements did not support this
assumption. First, we found that the majority of vessels (70%) was not affected through
a change in inner diameter. Second, the size of the affected vessels and the degree
of diameter change varied greatly. Third, our computations showed that remodeling
of 30% of the pulmonary vessels could maximally explain a 1.4 fold increase in PVR,
resulting in =140 dynes-cm= when multiplied by the maximal normal PVR limits of 99
dynes-cm=. This is still far from the PVR of about 857 dynes-cm™ measured in our
patient group. We suggest two other factors, besides vasoconstriction and concentric
remodeling, contributing to increased vascular resistance. First, vascular rarefaction,
a phenomenon that is not only possible in the pulmonary vasculature but is already
shown to be involved in RV-dysfunction in PAH(25-28) . Second, there could be a
substantial venous involvement in PAH.(29, 30) Different contributors to increased
pulmonary vascular resistance is of importance for new therapeutic strategies.
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Targeting endothelial dysfunction in PAH

The expanding knowledge on the pathophysiology of PAH might indicate novel
treatment strategies.(31) With the main focus on endothelial dysfunction we aimed
to explore relevant therapeutic targets. An example of flawed sensitivity in EC can
be appreciated from cilia, sensory antennas that integrate signaling and fine-tune
EC responses. Cilia dysfunction in different cell types shows the role of cilia in the
response to injury, regulating cell sensitivity and cell differentiation. Cilia are known
as mechanosensors for fluid shear stress.(32-35) We show in chapter 6 that the cilia
on healthy pulmonary EC are responsive to inflammatory cytokines by elongation, as
their length is inhibited by IL-10 and NFkB inhibitors. EC of PAH patients, on the other
hand, have elongated cilia unresponsive to pro- and anti-inflammatory treatment.
This could be explained by ongoing cytokine production or a contributing mechanism
independent of inflammatory signaling, like metabolic changes. Shear stress, of which
the importance in PAH is discussed above, even further elongates the cilia that are
randomly arranged on the EC surface, indicating defective mechano-responses.
Previous studies show that exposure of cilia to shear stress leads to activated TGF-beta
signaling, possibly leading to endothelial-to-mesenchymal transition (endo-MT).(35-37)
Endo-MT is a process recently recognized to contribute to vascular remodeling seen
in PAH.(38-40) The role of changed cilia length in pulmonary EC and their contribution
to endothelial dysfunction in the pathogenesis of PAH warrants further research.

Since the discovery of the BMPR2 mutations in 2000 in the context of hereditary
PAH, a lot of research has been done on this pathway.(9-12) In different subtypes
of PAH increased TGF-beta and decreased BMP-signaling contribute to endothelial
dysfunction.(38, 41-46) The complexity of this pathway, described in chapter 7, is
emphasized by contrasting study results, indicating BMP9 missense mutations as a
cause of pulmonary hypertension versus the protective effect of BMP9 knock down
in animal models.(45, 47, 48) Not all hits are interchangeable with one another and
some hits are more potent than others to induce or worsen PH. In chapter 8 we
studied phenotypic effects and the potential therapeutic role of BMP9 in different
types of EC (peripheral blood derived, pulmonary artery and microvascular EC).
Microvascular endothelial cells of PAH patients showed the strongest response to
BMP9 stimulation, with increased and sustained activation of TGF-beta signaling due
to loss of EC suppressor function. This process is also regulated through inflammatory
cytokines, shown by prevention of these effects by interleukin-6 (IL-6) inhibition.
Caution is warranted in therapeutic use of BMP9 in PAH because of the loss of the
antagonistic effects of TGF-beta and BMP signaling and may need to be combined
with therapy directed to IL-6.

Disrupted signaling found in PAH EC is also of importance for treatments focused

on growth factors, as discussed in Chapter 9. Although proliferation of healthy EC
is inhibited by nintedanib, a TKI-inhibitor targeting VEGF, PDGF, FGF and TGF-beta
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signaling, this effect is not seen in cells from PAH patients. There were no effects
on vascular remodeling in lung tissue of SuHx rats, but unexpectedly we found
improvement on RV dilatation possibly through inhibition of fibrosis in the heart. This
study suggests that nintedanib, approved for idiopathic pulmonary fibrosis (IPF), may
be safely used in the context of pulmonary hypertension associated with IPF.(49-52)

Future perspectives

The pulmonary artery pressures are increased in one third of the patients after
pneumonectomy.(53-55) As described in chapters 3 and 4, we found only minor
alterations in the pulmonary vasculature in our experimental rat model and lung tissue
of patients after major lung resection. In combination with other hits, the rat model
is of importance to study which component of the pathogenesis can be attributed to
altered blood flow. In particular the influence on endo-MT and specific interactions
between proliferation and apoptosis of EC would be of interest. To further explore
which additional hits are important to shear stress, the lung tissue of patients after
pneumonectomy that do develop increased pulmonary artery pressures should be
further studied.

In chapter 5 the heterogeneity of the vascular remodeling in PAH became clear. The
high pulmonary artery pressures found in PAH cannot be explained by vasoconstriction
and concentric remodeling of the pulmonary vasculature alone. Rarefaction is an
often debated phenomenon in the field of PAH. There is proof of rarefaction in the
heart of PAH patients, but its occurrence in the PAH lung remains controversial.(25-
28) An important future study would be to visualize the entire diseased pulmonary
circulation all the way down to the capillaries. This approach, to date only attempted
with micro-CT in rats, will likely encounter technical difficulties due to tissue properties
and limitations in image resolution.(56-58) In addition, it will be important to study
the possibility that a profound venous pathology contributes to the increase in PVR
in PAH, as it contributes to pulmonary hypertension due to left heart disease. It has
been demonstrated that capillary pressures are increased in PAH, suggesting a high
venous resistance.(30) Venous resistance is also involved in chronic thromboembolic
pulmonary hypertension.(29) We hypothesize that in addition to other forms of
pulmonary hypertension venous resistance also has a role in PAH.

The significance of the pro-inflammatory environment of microvascular endothelial
cells in PAH is emphasized in chapters 7 and 8. In the context of cilia located on
the endothelium, we showed a non-responsiveness of cilia length to inflammatory
cytokines or inhibition with I1L.-10 and NFkB. Also the response of the endothelium
to novel therapeutic agents, like BMP9, is altered in PAH by inflammation. EC of PAH
patients stimulated with BMP9 showed induction of transcription factors for endo-
MT, that could be inhibited with an IL-6 capturing antibody. IL-6, a pro-inflammatory
cytokine that is increased in PAH and correlates with prognoses, seems to be a
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promising therapeutic target for PAH.(41, 59-62) Recent research shows that BMPR2
mutant rats that develop spontaneous pulmonary hypertension, can be distinguished
from the ones that don't by pulmonary IL-6 overexpression.(63) Future studies should
explore the precise mechanism via which IL-6 influences the TGF-beta/BMP pathway
and the effects of modifying this on the pulmonary vasculature.

Pulmonary arterial hypertension is a complex group of diseases that is caused by a
combination of hits leading to a final common pathway that cannot be stabilized or
cured by one treatment option alone. Future treatment strategies should focus on
targeting multiple pathogenic pathways at once in which combination therapy seems
inevitable.
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De diagnose Pulmonale Arteriéle Hypertensie (PAH) wordt gesteld als de gemiddelde
druk in de pulmonale arterie (longslagader) hoger is dan 25 mmHg en andere
oorzaken van een verhoogde druk in de pulmonale arterie zijn uitgesloten. De
chronisch verhoogde druk zorgt ervoor dat het rechter ventrikel van het hart harder
moet pompen. Dit kan uiteindelijk leiden tot dysfunctie van het rechter ventrikel,
met hartfalen en overlijden tot gevolg. De WHO classificatie van PAH (hoofdstuk
1, tabel 1), die is gebaseerd op etiologische waarnemingen, laat zien dat een grote
verscheidenheid aan oorzaken bijdraagt aan deze aandoening. Voorgaand onderzoek
waarin PAH in dieren geinduceerd wordt, laten zien dat er niet een alleenstaande
oorzaak van PAH is, maar dat verschillende ‘hits’ nodig om de vaatafwijkingen die
typisch zijn voor PAH te verkrijgen. Hetzelfde geldt waarschijnlijk voor patiénten met
PAH, gezien zelfs de meest bekende en onderzochte mutatie van erfelijke PAH, in het
gen Bone Morphogenetic Protein Receptor 2 (BMPR2), maar in 20% van de gevallen
leidt tot ziekte. Naast genetische mutaties is bekend dat veranderde bloedstroom,
medicatie en toxinen, groeifactoren circulerend in het bloed, inflammatie,
neurohormonale activatie, metabole veranderingen en vasoreactieve mediatoren een
rol kunnen spelen in de pathogenese (hoofdstuk 10, figuur 1). Dit resulteert in de voor
PAH karakteristieke vasculopathie in de longen gekenmerkt door ‘plexiform lesions’
(figuur 1D, hoofdstuk 5), muscularisatie van de perifere vaten, mediale hypertrofie en
vorming van neointima (hoofdstuk 1, figuur 2). Huidig voorgeschreven medicatie voor
PAH werkt allemaal (deels) op endotheliale dysfunctie die een sleutelrol speelt in de
occlusieve remodelering en verhoogde tonus van de longvaten (hoofdstuk 2, figuur 2).
De pathofysiologie van oorzaken en celdysfunctie is reeds uitgebreid bestudeerd, maar
wordt nog niet geheel begrepen (hoofdstuk 10, figuur 1). Het onderzoek hiernaar wordt
bemoeilijkt door factoren die zowel als initiérende als onderhoudende factor kunnen
fungeren. Zo kan veranderde bloedstroom leiden tot remodelering van de vaten,
maar deze remodelering zelf kan ook weer zorgen voor veranderde bloedstroom. De
pathofysiologie van PAH zou omschreven kunnen worden als een vicieuze cirkel van
remodelering en veranderde bloedstroom.

Effecten van veranderde bloedstroom op remodelering van
de vaten

Endotheelcellen, die de binnenkant van bloedvaten bekleden en de intima
vormen, worden continu blootgesteld aan wrijvingskrachten (shear stress) die het
bloed uitoefent op de vaatwand. De invloed van veranderde bloedstroom op de
pathofysiologie van PAH is bestudeerd aan de hand van modeltechnieken die deze
krachten visualiseren en het nabootsen in celkweek. In hoofdstuk 3 hebben wij het
effect van verhoogde bloedstroom na pneumonectomie in ratten bestudeerd. In
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hoofdstuk 4 hebben we die bevindingen vergeleken met humaan longweefsel van
patiénten die een pneumonectomie hebben moeten ondergaan wegens longkanker en
enkele jaren met één long hebben geleefd. In beide studies was een pneumonectomie
gerelateerd aan zeer minimale structurele veranderingen van de vaten. Een aantal
patiénten lieten trombotische arteriopathie zien, een gebruikelijke bevinding in
PAH. Hoewel er een verhoogde proliferatie van endotheelcellen werd gevonden
na pneumonectomie, waren er geen structurele veranderingen in de intima van de
longvaten van ratten als patiénten. Het ratmodel toont dat er naast pneumonectomie
een tweede 'hit’ met remming van groeifactoren nodig is om zowel proliferatieve als
pro-apoptotische signalering te verkrijgen die leidt tot ernstige angio-obliteratieve
pulmonale hypertensie (PH). Dit bevestigt dat een veranderde bloedstroom kan
bijdragen, maar op zichzelf onvoldoende is om structurele veranderingen te
veroorzaken in de longvaten.

Bijdragen van vaatremodelering aan pulmonale vaatweer-
stand

Hoewel vasodilaterende medicatie een beperkt effect heeft op de progressie van
PAH, wordt vasoconstrictie, het samenknijpen van de longvaten, gezien als de meest
geaccepteerde oorzaak van de verhoogde pulmonale vaatweerstand (PVR) in PAH.
Het PH ratmodel waarbij waarbij Sugen (een angiogenese remmer) gecombineerd
wordt met pneumonectomie in plaats van de gebruikelijke combinatie van Sugen met
hypoxie (SuHXx), laat zien dat hypoxische vasoconstrictie geen verplichte hit is voor de
ontwikkeling van pulmonale hypertensie. Er wordt verondersteld dat concentrische
remodelering van de pulmonaalvaten minimaal bijdraagt aan de verhoogde PVR,
omdat alleen de minderheid van de patiénten een substantiéle drukdaling laten zien
na blootstelling aan acute vasodilatoire middelen. De huidig beschikbare informatie
omtrent remodelering van de longvasculatuur is vaak beperkt tot gemiddelde
wanddikte van alle kleine longvaten. Daarom hebben wij in hoofdstuk 5 de
remodelering van verschillende grootte longvaten gemeten om de invioed van deze
verandering op de weerstand te berekenen. Hoewel wordt aangenomen dat verhoogde
PVR in PAH wordt verklaard door structurele veranderingen in de meeste, zo niet
alle, kleine pulmonaalvaten, lieten onze metingen een ander beeld zien. Allereerst
observeerden wij dat de meerderheid van de vaten in longen van PAH patiénten (70%)
geen afname van de binnendiameter hadden. Ten tweede varieerden de grootte van
de vaten en de afname van de diameter sterk. Ten derde lieten onze berekeningen zien
dat het maximale effect dat remodelering van 30% van de vaten een toename van 40%
in PVR kunnen verklaren. Dit zou resulteren in een PVR van ongeveer 140 dynes-cm
wanneer men uitgaat van een normaalwaarde onder de 99 dynes-cm. Dit is bij lange
na niet de 857 dynes-cm™® die gemiddeld gemeten werd in onze patiéntengroep.
Mogelijke zijn er andere factoren naast vasoconstrictie en remodelering van de vaten
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die bijdragen aan een verhoogde PVR. Zo zou afname van vaten (rarefaction), waarvan
aangetoond is dat dit bijdraagt aan rechterventrikeldysfunctie in PH, de PVR in de long
kunnen beinvloeden. Ook zou veneuze betrokkenheid een verklaring kunnen zijn. Als
verschillende factoren van invloed zijn op de PVR, zou dit van betekenis kunnen zijn
voor nieuwe therapeutische mogelijkheden.

Endotheel dysfunctie als doelwit van therapie in PAH

De toename van kennis over de pathofysiologie van PAH zou kunnen leiden tot
nieuwe behandelstrategieén. Met het oog op relevante therapeutische mogelijkheden
hebben wij ons voornamelijk gefocust op endotheliale dysfunctie. Een voorbeeld
van gebrekkige sensitiviteit van endotheelcellen in PAH kan worden afgeleid uit cilia;
zintuigelijke antennes die verantwoordelijk zijn voor signalering en het aanpassen
van reacties in endotheelcellen. Voorgaande onderzoeken naar de rol van cilia
in verschillende celtypen laten effecten zien in reactie op schade, regulatie van
sensitiviteit en differentiatie van cellen. Ook zijn cilia de mechanosensoren van shear
stress van het bloed op de vaatwanden. In hoofdstuk 6 laten we zien dat cilia in
gezonde endotheelcellen van de long reageren op inflammatoire cytokinen door te
verlengen. Dit kan geremd worden door de toevoeging van IL-10 en NF-kB remmers.
Eendotheelcellen van PAH patiénten laten voor stimulatie al verlenging zien, die niet
reageert op pro- of anti-inflammatoire behandeling. Dit kan verklaard worden door
aanhoudende cytokine productie of een bijdragend mechanisme onafhankelijk van
inflammatoire signalering, zoals metabole veranderingen. Shear stress, van belang in
PAH zoals hierboven beschreven, zorgt in endotheelcellen van PAH patiénten zelfs voor
verdere verlenging van de cilia, wijzend op een defect in de reactie op mechanische
verandering. Voorgaande studies lieten zien dat expositie van cilia aan shear stress
leidt tot activatie van Transforming Growth Factor (TGF)-beta signalering, mogelijk
leidend tot endotheliale naar mesenchymale transitie (Endo-MT). Endo-MT is een
proces waarvan recentelijk bekend is geworden dat het bijdraagt aan vaat remodelering
in PAH. Toekomstig onderzoek moet uitwijzen wat de rol is van veranderde cilia lengte
van pulmonale endotheelcellen en hun bijdrage aan endotheliale dysfunctie in de
pathogenese van PAH.

Sinds de ontdekking in 2000 dat BMPR2 mutaties erfelijke PAH veroorzaken, is er
veel onderzoek gewijd aan het 'TGF-beta/BMP pathway’. In verschillende subtypen
van PAH draagt verhoogde signalering van TGF-beta en verlaagde signalering van
BMP bij aan endotheliale dysfunctie. De complexiteit van dit pathway, beschreven in
hoofdstuk 7, wordt benadrukt door contrasterende onderzoeksresultaten. Zo kan
enerzijds een BMP9 missense mutatie PAH veroorzaken, maar laat anderzijds een
knockdown van BMP9 in diermodellen een beschermend effect tegen PAH zien. Niet
alle hits zijn inwisselbaar met elkaar en sommige hits zijn sterker dan andere om PAH te
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veroorzaken, dan wel te verergeren. In hoofdstuk 8 hebben we het effect van BMP9 op
het fenotype van verschillende soorten endotheelcellen (uit perifeer bloed, pulmonale
arterie en pulmonale microvasculatuur) getest en de potentiéle therapeutische waarde
bestudeerd. Microvasculaire endotheelcellen van PAH patiénten laten de sterkste
reactie op BMP9 stimulatie zien, met aanhoudend verhoogde activatie van TGF-
beta signalering door verlies van remming in endotheelcellen. Dit proces wordt ook
gereguleerd door inflammatoire cytokines, bevestigd door de preventieve werking van
interleukine-6 (IL-6) inhibitie. Voorzichtigheid is geboden bij het gebruik van BMP9 als
medicatie in PAH vanwege het verlies van antagonistische effecten in de TGF-beta en
BMP signalering en het zal mogelijk moeten worden gecombineerd met behandeling
gericht op IL-6.

Verstoorde signalering in endotheelcellen van PAH patiénten is ook van belang voor
behandelingen gericht op groeifactoren, zoals besproken in hoofdstuk 9. Hoewel
proliferatie van gezonde endotheelcellen wordt geremd door nintedanib, een tyrosine-
kinase remmer gericht op VEGF, PDGF, FGF en TGF-beta signalering, wordt dit effect niet
gezien in PAH endotheelcellen. Er werd ook geen effect van nintedanib geobserveerd
op vaatremodelering in longweefsel van SuHx ratten. Wel vonden wij onverwacht een
verbetering op rechterventrikel dilatatie, mogelijk door fibrose remming in het hart.
Deze studie suggereert dat nintedanib, een medicament goedgekeurd voor patiénten
met idiopathische pulmonale fibrose (IPF), veilig kan worden gebruikt in de context
van pulmonale hypertensie geassocieerd met IPF.

Toekomstperspectieven

De resultaten van de gepubliceerde onderzoeken in deze thesis hebben geleid
tot nieuwe inzichten die weer nieuwe vraagstukken aankaarten voor toekomstig
onderzoek. De drukin de pulmonale arterie is verhoogd in een derde van de patiénten
na een pneumonectomie. Zoals beschreven in hoofdstuk 3 en 4, vonden wij minimale
veranderingen in de pulmonale vasculatuur in ons ratmodel en longweefsel van
patiénten na een pneumonectomie. Welke rol de veranderde bloedstroom exact
speeltin de pathogenese van pulmonale hypertensie, kan uitgezocht worden door in
ratten een pneumonectomie te combineren met andere hits. Met name de invioed op
Endo-MT en specifieke interacties tussen proliferatie en apoptose in endotheelcellen
kunnen interessant zijn. Om verder te onderzoeken welke aanvullende hits van
belang zijn in combinatie met shear stress, moet het longweefsel van patiénten na
pneumonectomie die een verhoogde druk in de pulmonale arterie ontwikkelen verder
onderzocht worden.

In hoofdstuk 5 komt de heterogeniteit van de vaat remodelering in PAH sterk naar
voren. De hoge drukken in de pulmonale arterie bij PH patiénten kan niet alleen
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verklaard worden door vasoconstrictie en concentrische remodelering in de pulmonale
vasculatuur. Rarefaction is een vaak bediscussieerd fenomeen in het onderzoeksveld
van PAH. Er is bewijs van afname van vaten in hartweefsel van PAH patiénten, maar
het voorkomen hiervan in de longen blijft controversieel. Een belangrijke studie die
in de toekomst zal moeten plaatsvinden is het visualiseren van de gehele aangedane
pulmonale circulatie tot aan de capillairen. Deze benadering, tot op heden alleen
geprobeerd middels micro-CT in ratweefsel, zal technische moeilijkheden met
zich mee brengen gezien de weefseleigenschappen van de longen en limitaties in
afbeeldingsresolutie. Aanvullend, is het van belang de mogelijkheid te bestuderen
of veneuze pathologie bijdraagt aan de verhoogde PVR in PAH, gezien dit bijdraagt
aan pulmonale hypertensie gerelateerd aan linkerhartfalen. Het is aangetoond dat
capillaire drukken verhoogd zijn in PAH, wat een verhoogde veneuze druk suggereert.
Veneuze weerstand is ook betrokken bij chronische trombo-embolische pulmonale
hypertensie. Wij veronderstellen dat in aanvulling op andere vormen van pulmonale
hypertensie veneuze weerstand ook een rol kan spelen in PAH.

De betekenis van een pro-inflammatoire omgeving van microvasculaire endotheelcellen
in PAH is besproken in hoofdstuk 7 en 8. In de context van cilia gelokaliseerd op de
endotheelcellen, lieten wij een afwezige response op inflammatoire cytokinen en
remming met IL.-10 en NFkB zien op permanent verlengde cilia in PAH. Ook wordt de
reactie van het endotheel op nieuwe therapeutische middelen, zoals BMP9, in PAH
negatief beinvioed door inflammatie. Endotheelcellen van PAH patiénten gestimuleerd
met BMP9 laten inductie van transcriptie factoren voor endo-MT zien, wat geremd
kan worden met een antilichaam dat IL-6 wegvangt in de circulatie. IL.-6, een pro-
inflammatoire cytokine die is verhoogd in PAH en correleert met prognose, lijkt
een veelbelovende therapeutische doelwit in PAH. Recent onderzoek toont aan dat
ratten met een BMPR2 mutatie die spontaan pulmonale hypertensie ontwikkelen,
zich onderscheiden van degene die dat niet ontwikkelen door IL-6 overexpressie.
Toekomstige studies zouden het precieze mechanisme waarmee IL-6 invloed uitoefent
op het TGF-beta/BMP pathway en de effecten van modulatie hiervan op de long
vasculatuur moeten uitwijzen.

Pulmonale arteriéle hypertensie is een complexe groep aandoeningen die wordt
veroorzaakt door een combinatie van hits wat uiteindelijk leidt tot een zogenaamd
‘final common pathway’ die niet gestabiliseerd of genezen kan worden door één
alleenstaand medicijn. Toekomstige behandelstrategieén moeten gericht zijn op
meerdere pathogene paden, waarmee een combinatie van verschillende medicatie
onvermijdelijk lijkt.
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Dankwoord

Na jaren vol studie, experimenten, plezier, twijfels, schrijven, congres bezoeken, 2
kinderen krijgen en co-schappen is het eindelijk klaar: mijn proefschrift. Hoewel het
tijdens het schrijven van dit werk af en toe voelde alsof ik Emile Borels gedachte-
experiment als een typend aapje probeerde te bewijzen, overheersen alle goede
herinneringen, wijze (levens)lessen en de vrienden die ik in deze periode heb ontmoet.

Na wat wisselingen in de wacht heb ik mijn PhD mogen afsluiten met het prof. HJ-MJ
team. Mijn PhD is niet alledaags gestart, zo zonder master, zonder enige labervaring
een pre-klinisch project aangaan en co-schappen tussendoor. Beste Prof. dr. H.J.
Bogaard, Harm-Jan, ik wil je bedanken voor het vertrouwen dat je mij geschonken hebt
door mij deze positie te geven en voor je engelengeduld gedurende de afgelopen jaren.
Beste Prof. dr. MJ.T.H. Goumans, Marie-José, bedankt voor je aanvullende begeleiding,
alle kennis over celkweek die ik in Leiden op heb mogen doen en de gezellige borrels.
Beste Geerten, ik wens je al het geluk op de nieuwe weg die je ingeslagen bent.

Tevens wil ik de leescommissie bedanken voor de tijd en aandacht die zij in het lezen
van mijn proefschrift gestoken hebben: Peter Hordijk, Bart Boerrigter, Peter ten Dijke
en Paula da Costa Martins. Dear Peter Dorfmuller, thank you for always being open
to discuss research and participating in the reading committee. Ik kijk ernaar uit mijn
proefschrift tegenover zo'n indrukwekkende commissie te verdedigen.

Gedurende mijn promotietraject heb ik verschillende mensen ontmoet die voor
mij een grote inspiratiebron zijn en waar ik veel van heb geleerd. Prof. dr. A. Vonk-
Noordegraaf, Anton, bij onze eerste ontmoeting mocht ik direct aansluiten bij de
onderzoeksbespreking die enkele minuten later zou plaatsvinden. Daarna mocht ik
ook meteen meelopen naar de longafdeling, waar je me voorstelde aan één van de
eerste PH-patiénte die bij jou onder behandeling was. Hoe druk het ook is, jij blijft altijd
vragen stellen, onderwijzen, inspireren.. Hartelijk dank daarvoor. Prof. dr. N. Westerhof,
Nico, inspirerend door oneindig veel enthousiasme voor het onderzoek en altijd alles
willen begrijpen. Ik heb genoten van onze besprekingen en ben trots op onze publicatie
samen. Prof. dr.J. Van der Velden, Jolanda, ik wil je bedanken voor je inspirerende rol als
afdelingshoofd van de fysiologie en daarbij ben je ook een ontzettend leuk mens.

Prof. dr. K. Grinberg, Katrien, tijdens mijn eerste ervaringen met onderzoek mocht ik
kennismaken met de wereld van de pathologie. Ik ben erg dankbaar voor alle lessen
geleerd tijdens het turen door de microscoop. Prof. dr. P.L. Hordijk, Peter, dank dat

ik altijd aan kon kloppen met vragen sinds jij de fysiologie afdeling hebt verrijkt.

Ik heb het geluk gehad dat ik gedurende mijn PhD veel heb kunnen leren van de
longafdeling, maar ook deel uit mocht maken van het lab van de fysiologie. Uren, dagen,
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maanden, jaren heb ik doorgebracht in de labs in de Medische Faculteit en daarnain het
02 gebouw om celkweek onder de knie te krijgen, kennis te maken met dieronderzoek
en zwoegend op de beste western blots, immunohistochemische kleuringen en
PCRs. Dit had ik natuurlijk nooit voor elkaar gekregen zonder de hulp van velen:

Allereerst mijn paranimfen: Chris en Melissa, wat ben ik trots dat jullie naast mijj
staan op deze dag. Lieve Chris, het is altijd leuk nieuwe ideeén met je te bespreken
en je bent altijd enthousiast te krijgen voor het proberen van nieuwe technieken.
Ik ben blij dat we ook buiten het lab goede vrienden zijn geworden en hoop
dat we in de toekomst nog veel biertjes doen en festivals pakken. Wat top om
deze jaren nu samen af te sluiten en weer samen te gaan werken in de kliniek.
Lieve Melissa, wat ben ik blij dat ik bij je op de kamer terecht ben gekomen, waar we
naast een hoop bloed, zweet en tranen ook ontzettend hebben kunnen lachen. Ik heb
bewondering voor je doorzettingsvermogen in werk, sport en thuis. Misschien durf ik
00it nog eens een loop met je aan. Tot die tijd liever een borrel!

Dear Robert, | am very grateful for the work we accomplished in the lab together
through joint forces. | look back with a warm heart on all dinners, after work drinks
and parties. How special that Anke could join for a couple of years in the Netherlands
as well. I wish you all the happiness and health with your family and good luck with
your certainly successful career.

Silvia, ik zal onze trip in Las Vegas nooit vergeten. What happens in Vegas, stays in
Vegas. Joana, so much to learn from your skills to organize and plan everything so
precisely in the lab. Thanks for numerous hours in the lab at unconventional times. The
best of luck to your beautiful family. Barbara, queen of social events, looking forward
to all food and drinks parties in the future. Merci beaucoup!

Michiel, collega van het eerste uur. Ik heb genoten van onze labsessies en
bediscussiéren van onze grootse ideeén. Dank daarvoor. Denielli (and Marcello!), for
organizing the best Brazilian barbecues with memorable caipirinhas and getting lost
in China town of San Francisco on our way to the Fisherman's Warf. We still plan to visit
you in Brazil one day! Max, hoe had ik het moeten redden zonder jouw gezelligheid op
het lab en erbuiten! Hoe leuk zou het zijn als we elkaar nu weer tegenkomen aan de
andere kant van de Boelelaan? Heel veel succes met je studie verpleegkunde! Babu,
always working on hundreds of projects and always writing. Thanks for introducing
me in the lab in Leiden! Jurjan, buiten de indrukwekkende hoeveelheden werk die je
weet te verzetten in het lab doe je ook nog ‘even’ het klinische werk en ben je altijd te
porren voor een bitterbal. Veel geluk met jouw carriere. Dear Vasco, thanks for the
numerous dinners in the always charming restaurant in the hospital and the amazing
tour in Portugal, | will never forget. Rick, roomie van het eerste uur, dank voor je
eeuwige optimisme. Rob, bedankt voor alle tips 'n tricks bij het Western blotten. Marg,
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gracias for bringing Spanish warmth into the lab and a fun tour in Barcelona. Zeineb,
de beste mede-paranimf, veel geluk voor je mooie gezin. Aimée, gelukkig kon ik altijd
op je rekenen voor de drankinkoop en het optuigen van de feestjes op het lab.

Jan, Pan en Ingrid: wat had ik gemoeten in het lab zonder jullie? Dank! Ook de rest van
de vaatgroep: Erik, Manon, Robert en Joana, bedankt voor het gezelschap tijdens het
pipetteren.

Dat er op het lab naast al het harde werk het ook heel gezellig is en er goed geborreld
wordt moge duidelijk zijn. Deze periode was niet hetzelfde geweest zonder: Sun,
Dimitar, Ed, Alexander, Michiel, Rob, Pieter, Igor, Andreas, Duncan, Paul, Marian, Dop,
Alice, llse, Michiel, Kim, Isabelle, Josine, Coen, Aref, Pleuni, Charissa, Chantal, Francisca,
Jasmin, Louise, Wies, Emmy, Erik, Willem, Tessa, Sylvia, Ruud, Mark, Rowan, Jeroen,
Maike, Larissa, Aida, Anoek, Marloes, Martijn, Stefan, Michi en Erik. Dankzij jullie was
het lab een fijne tweede thuis.

Manon, llse, Barbara: TPO 2015 was duidelijk de beste editie in de geschiedenis van
de fysiologie afdeling!

Ook wil ik alle mensen aan de andere kant van de Boelelaan, het klinische deel van de
PH-groep bedanken: Frances (dank voor de kritische vragen en adviezen), Cathelijne,
Pia, Onno, Josien, Hans, Anna, Joanne, Liza, Bart, Gerrina, Berend, Aida, José. Bedankt
voor de interessante labmeetings met leuke discussies, samenwerkingen en uiteraard
gezelligheid op congressen. Hopelijk komen we elkaar in de toekomst nog regelmatig
tegen. Zonder de longchirurgen hadden we nooit zoveel endotheelcellen kunnen
kweken, dankjewel Chris, Rick en Koen. Ook dank aan de dames van het secretariaat:
Ella, Anny, Ellen en Irma.

Alle kamergenoten op alle verschillende kamers in het ziekenhuis en de medische
faculteit: Jasmijn, Bianca, Rick, Rob, Melissa, Robert, Jan: bedankt voor alle uren gezellig
kletsen, verhalen kwijt kunnen en 'second opinions’ over nieuwe ideeén.

Thanks to all the great researchers in Paris for fruitful collaborations and inspiring
meetings: Prof. Humbert, dr. Guignabert, dr. Tu and Prof. Dorfmuller.

Dank aan alle collega’s van de CVON voor de samenwerkingen, het uitwisselen van
ideéen en de gezellige jaarlijkse summer schools.

Er is, blijkbaar, ook een leven buiten het lab. Dank aan de vrienden die mij daar zo

nu en dan aan herinnerd hebben: Eva, Pheck Hwa, Anouk, Marte. Ook dank aan mijn
gezellige co-genoten Eva, Eva, Habibe, Laurien en Anne. Stuk voor stuk parels.
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Het is fantastisch om zo'n fijne familie te hebben waar het altijd gezellig is en een vol
glas wijn en heerlijk eten klaar staat. Lieve oma, wat een hoop sterke en onafhankelijke
keuzes heb je in je leven gemaakt. Trots dat mijn kinderen zo'n fijne omi mogen hebben.
Opa en oma Friesland, lieve Jannie, opa zal er in gedachten bij zijn op deze dag. Lieve
Tessa, wat een geluk dat ik zo'n leuke, fijne grote zus heb. Heerlijk om het altijd te
kunnen hebben over onze grootste interesses: eten, koken, wijn en.. eten. Laten we
dat altijd blijven doen. Gelukkig heb ik een ontzettend warme 'koude kant”: Beste Joop

en Olga, ook bij jullie voelt het als thuis komen. Steef en Eef, wat een mazzel dat ik
jullie tot familie kan rekenen. Op naar nog honderden heerlijke borrels en diners.

Lieve pap en mam, dank voor jullie onvoorwaardelijke steun. Als ik zenuwachtig ben
voor iets of voor een moeilijke keuze sta, weet ik dat jullie hoe dan ook trots zullen zijn.
Het is genieten om jullie als opa en oma te zien. Dank voor alles.

Lieve, lieve Died, het beste dat deze PhD mij heeft gegeven. Jij geeft mij alle ruimte te
leren, ontwikkelen en werken, motiveert mij als ik mijn enthousiasme even kwijt ben
en geeft mij een warm thuis. Jij bent de liefde van mijn leven en ik kan niet wachten op
alle avonturen die we met zijn vieren gaan beleven.
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