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Chapter 1

ABBREVIATIONS
BMPR2 bone morphogenetic protein type 2 receptor
DCA dichloroacetate
EC endothelial cell
FGF fibroblast growth factor
HDAC histone deacetylases
IPF idiopathic pulmonary fibrosis
MAO monoamine oxidase
MCT monocrotaline
MCTP monocrotaline pyrrole
MnTBAP Manganese (III) tetrakis (4-benzoic acid) porphyrin
mPAP mean pulmonary artery pressure
PAB pulmonary artery banding
PAH pulmonary arterial hypertension
PASMC pulmonary arterial smooth muscle cell
PDGF platelet derived growth factor
PH pulmonary hypertension
RV Right ventricle
SuHx SU5416 plus hypoxia
TGF transforming growth factor
VEGF vascular endothelial growth factor
WHO World Health Organization

1. PULMONARY ARTERIAL HYPERTENSION

Pulmonary hypertension (PH) is a hemodynamic state, regardless of its etiology
characterized by chronic elevation of pulmonary artery pressure and pulmonary
vascular resistance, and ultimately leading to right ventricular (RV) failure.! The new
definition of PH was discussed in 2018, during the 6th World Symposium on PH, which

led to a revision of the hemodynamic threshold of mean pulmonary artery pressure

(mPAP) from > 25 mmHg to > 20 mmHg.>*

PH is classified into five groups roughly based on pathophysiology, the so-called
World Health Organization (WHO) groups (Table 1). The term pulmonary arterial
hypertension (PAH) specifically refers to WHO group 1, which is hemodynamically
distinguished by precapillary PH, with mPAP > 20 mmHg, pulmonary wedge pressure

14



Introduction and thesis outline

< 15 mmHg, and pulmonary vascular resistance > 3 wood units measured by right
heart catheterization.? PAH is a relatively rare disease, affecting approximately 6.6 to

26 people per million.*®

Table 1. WHO clinical classification of pulmonary hypertension’

WHO group 1. Pulmonary arterial hypertension (PAH)
1.1 Idiopathic PAH
1.2 Heritable PAH
1.3 Drug and toxin induced
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 Congenital heart disease
1.4.3 Portal hypertension
1.4.4 Human immunodeficiency virus infection
1.4.5 Schistosomiasis
WHO group 1. pulmonary veno-occlusive disease/pulmonary capillary hemangiomatosis

WHO group 2. PH secondary to left heart disease

WHO group 3. PH secondary to lung diseases/hypoxemia

WHO group 4. chronic thromboembolic pulmonary hypertension

WHO group 5. PH of miscellaneous or uncertain causes

PAH is characterized by a proliferative vasculopathy and excessive remodeling in the
distal pulmonary arterial bed, resulting in high pulmonary artery pressure and RV
afterload.® The progressive increase in RV afterload leads to RV failure, which is the
major cause of mortality. Currently, therapies for PAH are limited to vasodilators, which
can dilate the partially occluded vessels and relieve disease symptoms. However, they
cannot reverse pulmonary vascular remodeling or stop the progression of RV failure,
and PAH still remains a progressive lethal disease.” The NIH registry in 1984 was the
firstlarge registry to provide data on survival of PAH patients, showing 1-, 3- and 5-year
survival rates of 68%, 48% and 34%, respectively.!® Despite the progress in PAH specific
therapies and support strategies, recent registries show that PAH survival remains poor
with 1-, 3- and 5-year survival rates of 88-96%, 72-77% and 59-64%, respectively.!**

Therefore, new treatments targeting pulmonary vascular remodeling and the RV
are urgently required. The overall aim of this thesis is to investigate novel promising
treatment strategies for PAH and RV failure, based on multiple pathological

mechanisms underlying the disease, including bone morphogenetic protein type 2



Chapter 1

receptor (BMPR2) signaling pathway (Chapter 2-4), growth factors (Chapter 5), histone
acetylation (Chapter 6), as well as treatment targeting the RV (Chapter 7-9).

2. PROMISING TREATMENT TARGETS FOR PAH

2.1 BMPR2 signaling pathway

BMPR2 is a transmembrane serine/threonine kinase receptor involved in the BMP
signaling pathway, which is essential for embryogenesis, development and tissue
homeostasis. Upon ligand-induced formation of a heteromeric receptor complex of
consisting of atype 2 and a type 1 receptor, BMPR2 activates the BMPR type 1 receptor,
BMPRI1, by phosphorylation of specific residues in its kinase domain. The activated
BMPRI1 propagates the signal towards the nucleus through phosphorylation of the BMP
specific transcription factors SMADI, -5 and/or 8.

More than 70% of patients with hereditary PAH show heterozygous mutations in
BMPR2, and about 40% of all subjects carrying BMPR2 mutations resulting in haplo-
insufficiency will ultimately develop PAH.'*** More interestingly, non-genetic forms of
PAH have also been related to a reduction in BMPR2 levels and BMP signaling.’® Loss
of BMPR2 has been linked to increased inflammation and proliferation of pulmonary
endothelial cells (ECs) as well as pulmonary arterial smooth muscle cells (PASMCs).'”
¥ Based on this, modulation of BMPR2 signaling is considered a promising treatment
strategy for PAH. In Part II of the thesis, I investigate novel PAH treatment strategies
related to modulating the BMPR2 pathway.

Although many translational researchers have sought to treat PAH by restoring BMPR2
signaling, basic characterization of BMPR2 expression and activity in the lungs of
PAH patients and animals with experimental PAH is far from complete. In only a few
studies, BMPR2 expression was assessed in the lungs of patients with PAH. Moreover,
the methodology used to study BMPR2 expression varied between studies. Therefore,
in Chapter 2, we describe BMPR2 receptor expression and downstream signaling in
animal models most commonly used to study experimentally induced PH and compare

these findings to altered BMPR2 signaling in the lungs of PAH patients.

In Chapter 3, we investigate the role of the orphan nuclear receptor Nur77 as a

promising treatment target for PAH. Nur77 plays a key role in a wide array of cellular
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processes such as proliferation, apoptosis and inflammation, and it is implicated in
several cardiovascular diseases.?** Interestingly, in a cell-and context-dependent
manner Nur77 modulates the transforming growth factor (TGF)- pathway, which
has a strong connection with BMPR?2 signaling.?> % Therefore, we hypothesized that
activation of Nur77 by 6-mercaptopurine would improve PAH by reducing proliferation,

inflammation and increasing BMPR2 signaling.

In Chapter 4, we tested Manganese (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP) as
another potential PAH treatment acting on the BMPR2 pathway. MnTBAP is a synthetic
metalloporphyrin which has been shown to have beneficial effects in bleomycin-
induced pulmonary fibrosis, carrageenan-induced pleurisy, lung contusion, renal
fibrosis and renal injury.?”-* Besides its effects on oxidative stress and inflammation,
MnTBAP has been shown to increase BMPR2 in human umbilical vein endothelial
cells.® Therefore, we hypothesized that MnTBAP might be a potential therapeutic
treatment for PAH.

2.2 Growth factor signaling

Dysregulated signaling by growth factors and their receptors has been found to
contribute to remodeling in PAH in both the pulmonary vasculature and the RV. Growth
factors of interest include platelet derived growth factor (PDGF), fibroblast growth
factor (FGF), vascular endothelial growth factor (VEGF) and TGF-f3.%

In Chapter 5, we tested Nintedanib to treat PAH. Nintedanib is a tyrosine kinase inhibitor
that targets primarily PDGF-, FGF-, and VEGF-mediated proliferation in pulmonary
fibroblasts, and possibly TGF-f-mediated transformation to myofibroblasts.* Moreover,
nintedanib was approved for the treatment of idiopathic pulmonary fibrosis (IPF).*
The anti-proliferative properties of nintedanib may have a potential beneficial effect
on pulmonary vascular remodeling by reversing the associated PH in patients with IPF.
We hypothesized that nintedanib could also have favorable effects on PAH by reducing

vascular remodeling.

2.3 Histone acetylation

Acetylation of lysine residues on the N-terminal tails of histones modulates chromatin
structure and accessibility of the genome by altering DNA-histone interactions. Among
the two enzymes families regulating histone acetylation, histone deacetylases (HDACs)

regulate several key cellular processes and are implicated in several cardiovascular
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diseases.* Given the effects of HDACs on proliferation, apoptosis and inflammation
of ECs and SMCs, we hypothesized that HDAC inhibition may treat PAH. Therefore,
in Chapter 6, we studied the effects of the efficient second-generation HDAC inhibitor

quisinostat in experimental PAH.

3. PAH THERAPIES AND RV FAILURE

Although the initial insultin PAH involves the pulmonary vasculature, RV failure is the
most important determinant of mortality in patients with PAH.35% 5-year survival in
PAH patients is strongly correlated with RV ejection fraction, independent of changes
in pulmonary vascular resistance or pressures.®” Therefore, it is important for drugs
used in the treatment of PAH to be beneficial or at least non-toxic to the RV. In Part IV
of the thesis, Chapters 7-9, I review RV failure mechanisms and investigate the effects

of novel PAH therapies on the RV.

3.1 Pathogenesis of RV failure

Many questions regarding the mechanisms underlying RV failure remain unclear.
Recent clinical and pre-clinical studies have identified several key structural and
molecular determinants that are associated with RV failure, including inflammation,
metabolic shift from oxidative metabolism towards glycolysis, oxidative stress,
capillary rarefaction, neurohormonal activation, and upregulation of profibrotic

pathways (Figure 1).354

Among these factors, the role of inflammation has been highlighted in the initiation
and maintenance of pulmonary vascular remodeling in PAH. Less is known about
the possible role of inflammation in the development of RV failure. Inflammation is
considered a double-edged sword, as it stimulates the immune response to microbial
infection while it may also lead to further injuries in noninfectious conditions, such
as cardiovascular diseases.* The “Cytokine Hypothesis” is regarded as one of the
basic mechanisms for the development of heart failure, and states that a cardiac event
triggers systemic activation of pro-inflammatory cytokines, which in turn accelerate
the progression of heart failure.* In Chapter 7, we review the available evidence
of inflammation in the pressure overloaded RV and discuss the potential role of

inflammation in the pathogenesis and progression of RV failure. Based on available
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evidence, we propose a key role for inflammation and neurohormonal signaling in the

vicious circle of pulmonary vascular remodeling and RV failure (Figure 1).

PAH related RVF

Sick lung circulation

(inflammatory cells, = > g
cytokines and chemokines) esstance

Mechanical

stress RV inflammation = &S

_ Ischemia A s
Hypertraphy g
Impaired cantractility |
Capillary loss
Fibrosis
eftc.

changes.

Figure 1. The role of inflammation in the vicious circle between pulmonary vascular remodeling
and RV failure (taken from Chapter 7).

In PAH, perivascular inflammation plays a role in pulmonary vascular remodeling, leading to increased
RV mechanical stress, ischemia, and systemic inflammation spilling over into the RV. Increased activity
of the neurohormonal system is another trigger of RV inflammation. While RV inflammation may
lead to the progression of RV failure, the failing heart will further increase neurohormonal activity,
which promotes pulmonary vascular remodeling. Altogether, a vicious circle is formed between RV
inflammation, RV failure and pulmonary vascular remodeling.

3.2 The effect of novel PAH treatments on the RV

The current treatment paradigm of RV failure has a focus on supportive and symptom-

based care. After reducing RV afterload and optimizing preload, it may be desirable to
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Chapter 1

increase RV contractility.* Until now, there have been no therapies directly targeting
the RV.

In Chapter 8, we evaluate the effects of dichloroacetate (DCA) on RV remodeling,
specially focused on myocardial apoptosis. DCA was shown to target the mitochondria
and inhibit pyruvate dehydrogenase kinase, promoting RV function by increasing
glucose oxidation.*>* As DCA can target mitochondrial related pathways of apoptosis,
it can be speculated that at least some of DCA’s beneficial effects in the RV may come
about through modulation of myocardial apoptosis. However, previous studies on DCA

and apoptosis have been controversial.

In Chapter 9, we investigate the treatment effects of monoamine oxidase A (MAO-A)
inhibitor on experimental PAH and RV failure. MAO-A, as a class of enzyme bound
to the outer mitochondrial membrane, is an important source of reactive oxygen
species.*® Increased MAO-A activity in ECs and cardiomyocytes contributes to vascular
dysfunction and progression of left heart failure.*->! Moreover, MAO-A catalyzes
preferentially serotonin and norepinephrine, two monoamines with widely recognized
roles in PAH and RV failure. Therefore, we hypothesized that MAO-A can be a novel

promising target for PAH and RV failure treatment.

4. ANIMAL MODELS OF PH AND RV FAILURE

In my thesis, I use three experimental rodent models to investigate new treatments
for PAH and RV failure: the Sugen 5416 + hypoxia (SuHx) rat model, the monocrotaline
(MCT) rat model and the pulmonary artery banding (PAB) rat model.

SuHx PAH rat model is a “second hit” model which exhibits many features of severe PAH
in humans. The model relies on a single subcutaneous injection of the VEGF receptor
inhibitor Sugen (SU-5416), which is followed by exposure to chronic hypoxia for 2-4
weeks. SU-5416 induces EC apoptosis and causes mild PAH without any other second
hit.>? But under chronic hypoxic conditions, hyper-proliferation of a subset of apoptosis-
resistant ECs is stimulated leading to severe, irreversible angio-obliterative PAH.
Importantly, the SuHx rat model has shown to be a particularly robust PAH model,
as drugs with demonstrated efficacy in other PH rodent models have little effect in

SuHx rats.>* Moreover, SuHx induces RV failure with death of some but not all animals,
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which is somewhat similar to the disease progression of PAH patients.** Considering the
similarities with human PAH, the SuHx rat model is the most commonly used model

in this thesis, including Chapter 2-6 and Chapter 9.

An older and even more frequently used model of PH is exposure to MCT. Advantages of
the model include its technical simplicity, reproducibility and low cost.> In this model,
PH is induced by a single subcutaneous injection of MCT, which is a toxic pyrrolizidine
alkaloid derived from the seeds of the Crotalaria spectabilis plant. After injection, MCT
is activated into the reactive pyrrole metabolite dehydromonocrotaline (MCTP) in
the liver, which is highly reactive and instable with a short half-life of a few seconds.
MCTP is then temporarily stabilized by binding to erythrocytes, and it is detached from
its carrier during gas-exchange to enter the lungs.*® Although the exact mechanism
is unknown, it is speculated by many that MCTP causes direct EC damage that then
triggers the inexorable development and progression of severe PH, which eventually
leads to RV failure.>* % In this thesis, we used MCT rat model in Chapter 2 and Chapter 8.

In contrast to the SuHx and MCT models which cause pulmonary vascular remodeling,
the PAB rat model is characterized by a preserved pulmonary vasculature. RV
dysfunction in the PAB model therefore is not sensitive to any effects of drugs on the
pulmonary vasculature. PAB is usually performed by placing a suture, clip, or inflatable
ring around the pulmonary trunk proximally to the RV. In the presence of severe PAB,
the mortality can reach 40% in adult rodents.* Importantly, use of the PAB model allows
for the demonstration of afterload-independent myocardial effects of new therapeutic
approaches.® Therefore, in order to confirm the independent effect and safety of new

therapies on the RV, we used PAB rat model in Chapter 9.

5. SUMMARY

PAH is a progressive and fatal disease characterized by pulmonary vascular
remodeling, increased pulmonary vascular resistance and ultimately leads to RV
failure and premature death. Unfortunately, current treatments for PAH are limited
to pharmacological vasodilation to dilate the partially occluded vessels and weak
anti-proliferative agents, and they have been proved to be ineffective in reversing

vascular remodeling and preventing deterioration and the need for lung transplant.
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Therefore, new treatments interfering with different mechanisms of PAH pathogenesis

are required.

This thesis aimed to investigate novel promising treatment strategies for PAH and PAH
induced RV failure, based on multiple pathological mechanisms underlying the disease.
Therefore, I investigated drugs impacting on BMPR2 signaling pathway (Chapter 2-4),
on growth factor signaling (Chapter 5), on histone acetylation (Chapter 6), as well as

several therapeutic strategies specifically targeting the RV (Chapter 7-9).
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ABSTRACT

Background: Mutations in Bone morphogenetic protein receptor type II (BMPR2) are
leading in the development of hereditary pulmonary arterial hypertension (PAH). In
non-hereditary forms of PAH, perturbations in the Transforming Growth Factor-f
(TGF-B)/BMP-axis are believed to cause deficient BMPR2 signaling by changes in
receptor expression, activity of the receptor and/or downstream signaling. To date,
BMPR2 expression and its activity in the lungs of patients with non-hereditary PAH
is poorly characterized. Over the last decades, different animal models have been
used to understand the role of BMPR?2 signaling in PAH pathophysiology. Especially
the Monocrotaline (MCT) and Sugen-Hypoxia (SuHx) models are extensively used in
interventional studies to examine if restoring BMPR2 signaling result in PAH disease
reversal. While PAH is assumed to develop in patients over months or years, pulmonary
hypertension in experimental animal models develops in days or weeks. It is therefore
likely that modifications in BMP and TGF-f signaling in these models do not fully
recapitulate those in patients. In order to determine the translational potential of the
MCT and SuHx models, we analyzed BMPR2 expression and activity in the lungs of rats
with experimental induced PAH and compared this to BMPR2 expression and activity

in the lungs of PAH patients.

Methods: BMPR2 expression was analyzed by western blot analysis and immuno-
fluorescence (IF) microscopy to determine the quantity and localization of the receptor
in lung tissue from normal control subjects and patients with hereditary or idiopathic
PAH, as well as in the lungs of control rats and rats with MCT or SuHx- induced PAH.
Activation of the BMP pathway was analyzed by determining the level and localization
of phosphorylated Smad1/5/8 (pSmad 1/5/8), a downstream mediator of the canonical
BMPR2 signaling.

Results: While BMPR2 and pSmad 1/5/8 expression levels were unaltered in whole lung
lysates/homogenates from patients with hereditary and idiopathic PAH, IF analysis
showed that BMPR2 and pSmad 1/5/8 levels were markedly decreased in the pulmonary
vessels of both PAH patient groups. Whole lung BMPR2 expression was variable in the
two PAH rat models, while in both experimental models the expression of BMPR2 in the
lung vasculature was increased. However, in the human PAH lungs, expression of pSmad

1/5/8 was downregulated in the lung vasculature of both experimental models.
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Conclusion: BMPR2 receptor expression and downstream signaling is reduced in the
lung vasculature of patients with idiopathic and hereditary PAH, which is cannot be
appreciated when using human whole lung lysates. Despite increased BMPR2 expression
in the lung vasculature, the MCT and SuHx rat models did develop PAH and impaired

downstream BMPR2-Smad signaling similar to our findings in the human lung.

Keywords: pulmonary arterial hypertension, BMPR2, BMP and TGF-f signaling,

animal models of pulmonary hypertension
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1. INTRODUCTION

Mutations in the BMPR2 gene were the first genetic perturbations implicated in the
pathophysiology of pulmonary arterial hypertension (PAH) and are still responsible for
most cases of hereditary PAH (hPAH) to date[1-3]. PAH patients with a BMPR2 mutation
presentata younger age with a more severe phenotype and an increased risk of death[4].
Aside from mutations in the BMPR2 gene other genes related to BMPR2 signaling such
as ALKI, CAV1, ENG, SMAD4, SMAD8 , SMAD9, BMPRI1 and BMP9 are implicated in
hPAH, albeit less frequent[5-10]. Furthermore, aberrant BMPR2 signaling has been
described in non-hereditary subtypes of PAH, although descriptions of defective BMPR2
expression in human tissue remain relatively scarce[11]. Reduced or absent BMPR2
expression was observed in the lung vasculature of patients with idiopathic PAH (iPAH,
then called primary pulmonary hypertension) and hPAH. Decreased levels of BMPR2
were also observed in blood-outgrowth endothelial cells (BOECs) from hPAH and iPAH
patients[12,13]. Levels of phosphorylated Smad 1/5/8 (pSmad) were altered in pulmonary
artery endothelial cells (PAEC) of iPAH patients compared to controls, indicative of
altered BMP signaling[14]. Dewachter et al. showed lower mRNA expression of BMPR2
in whole lung lysates from hPAH. In both hPAH and iPAH BMPR2 mRNA expression was
lower in isolated pulmonary artery smooth muscle cells (PASMCs). The reduced BMPR2
mRNA expression was not observed in isolated PAEC from iPAH and hPAH patients.
In the same study, reduced BMPR2 protein (molecular weight 75kDa) was observed
in whole lung lysates of patients with hPAH but not iPAH patients[11]. Together, these
findings put aberrant BMPR2 signaling at the center of the pathobiology of many if not
most forms of PAH. However, the number of studies assessing BMPR2 expression in
the PAH lung remains limited and the methodology used to study BMPR2 expression

varies among studies.

It is currently hypothesized that a decrease in BMPR2 signaling leads to a disturbance
in the TGF-B/BMP balance favoring activation of the TGF-B signaling pathway[15].
Increased TGF-f signaling can result in pro-proliferative and anti-apoptotic responses
in PAECs and PASMCs, and increased inflammatory cytokine and chemokine
production[16-19]. Although the BMP receptors typically activate Smad1/5/8 and TGF(
receptors phosphorylate Smad2/3, depending on the cell type and the genetic disorder,
TGFp can induce pSmad 1/5/8, albeit with a different affinity and kinetics as BMP ligands
do. Restoring BMPR2 signaling is therefore of interest from a treatment perspective,

to stop progression of the disease. Although in several translational studies, drugs
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were tested that were hypothesized to restore the TGF-B/BMP balance and reverse
experimentally induced PH, basic characterization of BMPR2 expression and activity
in the most commonly used PH animal models is currently still very limited [20,21].
The two most used animal models for PAH preclinical research are the monocrotaline
(MCT) and Sugen-hypoxia (SuHx) rat models. MCT is an alkaloid derived from the seeds
of Crotalaria spectabilis. Once injected, MCT is metabolized in the liver to its active form
and induces PAEC damage followed by the induction of pulmonary hypertension[22].
The SuHx model depends on a single injection of the vascular endothelial growth factor
receptor inhibitor Sugen to induce PAEC damage combined with a 4 week hypoxic (10%
of oxygen) stimulus[23]. Because both the MCT and SuHx rat models rely on chemically
and hypoxia induced hits for the subsequent development of PAH in the following weeks
rather than decades, it is likely that the BMP signaling pathway in experimentally
induced PAH acts different than observed in the human disease, and might even vary
between models. Since in translational research, using the most representative animal
model to test new compounds is crucially important, the aim of this study is to describe
BMPR2 receptor expression and downstream signaling in the MCT and SuHx rat model
for experimentally induced PAH and to compare these findings to altered BMPR2
signaling in the lungs of iPAH and hPAH patients. Additionally, we will compare the
expression levels in whole lung lysates, as determined by western blot, versus vascular

expression only.

2. MATERIALS AND METHODS

Patient tissue samples and animal experiments

Human lung tissue samples were obtained from hPAH (n=7) and iPAH (n=7) patients
upon autopsy. Control lung tissue samples (n=8) were obtained from patients who had
died from non-pulmonary causes (cancer, suicide) as previously reported[24]. Usage of
samples was approved by the Institutional Review Board of the VU University Medical
Center and Comite de "Protection des Personnes (CPP) Ile-de-France VII, Paris. All
samples were formalin fixed and paraffin embedded according to common tissue-
processing protocols. Animal experiments were approved by the animal welfare
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. Male Wistar rats (MCT model n=8 / control n=5) and male Sprague

Dawley rats (SuHx model n=8 / control n=5) (Charles River, the Netherlands) were
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housed in groups of 3-4 under controlled conditions (22 degrees, 12:12 h light/dark

cycle). Food and water were available ad libitum.

Study design

Rats were randomly divided in three groups: Control (Con), SuHx and MCT, and results
were compared to both iPAH and hPAH. Control group consisted of a 50/50 mix of Wistar
and Sprague Dawley rats. The SuHx protocol was followed as described previously[25].
Briefly, Sprague-Dawley animals were injected with SU5416 (25 mg/kg s.c.), Tocris
Bioscience, #3037, Bristol, United Kingdom dissolved in carboxymethylcellulose (CMC))
and exposed to hypoxia (10%) for four weeks followed by re-exposure to normoxia for
6 weeks. Wister rats received a single dose of monocrotaline (60 mg/kg s.c.) to initiate
development of PAH. The CON group received a single shot of the solvent CMC (SuHx)
or sterile saline (MCT). Experiments were terminated 4 weeks post-MCT injection
or 6 weeks post-hypoxia. The timing of end-experiments was chosen to ensure full
development of PAH and end-stage pulmonary vascular remodeling[25,26]. Animals

were killed via exsanguination and organs were weighed and processed for analysis.

Right ventricle pressure measurements

Prior to termination of the experiment, open-chest RV catheterization was performed
under general anesthesia in all animals (3,0 % isoflurane, 1:1 O,/air mix) as described
before[27]. The catheter was inserted through the RV wall. Rats were intubated
(Teflon tube, 16 gauge) and attached to a mechanical ventilator (Micro-Ventilator,
UNO, Zevenaar, the Netherlands; ventilator settings: breathing frequency, 70 breaths
per minute; pressures, 12/0 cm H,O; inspiratory/expiratory ratio, 1:1). RV pressures
were recorded using of a microtip pressure-volume conductance catheter (Millar
Instruments, Houston, TX). Analyses were performed when a 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 formalin
(#4169-30, Klinipath BV, Duiven, the Netherlands). The remaining lobes were stored
in liquid nitrogen for future processing. The heart was perfused with tyrode solution,
weighed, dissected, snap-frozen in liquid nitrogen and stored in -80°C. Transversally cut

lung sections (4um) were stained with Elastica van Gieson (EvG) for analysis of vascular
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dimensions. The degree of vascular occlusion was expressed by the percentage of

occluded vessels determined on a minimum of 30 vessels per animal per group[27].

Western Blot

RIPA lysis buffer (89900, Thermofisher scientific) with protease inhibitors (PMSF,
Thermofisher scientific / complete mini protease inhibitor cocktail, Sigma-Aldrich)
was added to lung tissue and homogenized with a tissue lyser (Qiagen, Venlo, the
Netherlands). Protein concentration was quantified by (Pierce 660nm protein assay
kit, Thermo Scientific, Pierce Biotechnology, Rockford, USA). Samples (10 pg) were
separated on a gradient gel (Bis-Tris 4-12% gel, Life technologies). XCell blot module was
used for protein transfer from the gel to an ECL membrane (Hybond ECL Nitrocellulose
Membrane, GE Healthcare). Primary antibody for BMPR2 (1:1000, MA5-15827, Thermo
scientific) / phospho-Smad 1/5/8 (#12656, Cell Signaling)) diluted in phosphate buffered
saline with bovine serum albumin (5%) (PBS-A) was incubated overnight at 4°C.
Appropriate secondary antibody (1:4000, Polyclonal rabbit anti-mouse, Z0259, DAKO)
diluted in PBS-A was incubated for 1 hour. Blots were re-incubated with f3-actin (1:50000,
A3854, Sigma) or GAPDH diluted in PBS for 1 hour to correct for unequal loading. An
internal control composed of a mix of protein supernatants from all groups is used to

correct for inter-blot variation.

Immunofluorescence staining and quantitative analysis

After deparaffinization and hydration, epitope retrieval was performed by immersing
the slides in antigen unmasking solution (H3300, Vector Laboratories) for 20 minutes.
Blocking steps with 1% bovine serum albumin were performed for 90 minutes, before
incubating the sections with primary antibodies BMPR2 (MA5-15827, Thermo scientific
or 612292, BD Biosciences, 1:50) and phospho-Smad 1/5/8 (#12656, Cell Signaling,
1:50) overnight at 4°C. For the negative controls the primary antibody was omitted to
account for nonspecific binding of the secondary antibody. Labeling with appropriate
secondary antibody conjugated to Cy5 followed for 90 minutes. Additional overnight
staining with pre-conjugated anti-actin a-smooth-muscle-actin - Cy3 (a-SMA, C6198,
Sigma), Von Willebrand Factor FITC (VWF, ab8822, Abcam) was performed before a 10
min incubation with 4'6-diamidino-2-phenylindole (DAPI, H-1200, Vector Labs) prior to
sealing. Image acquisition was performed on a ZEISS Axiovert 200M Marianas inverted
microscope. All BMPR2 and psmad 1/5/8 images were acquired in a single session.
Exposure time for the protein of interest was determined automatically by software

(Slidebook 6, Intelligent imaging innovations) once and used for all subsequent slides.
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The negative control was used to determine and set a low signal threshold. Figures were

assembled using Adobe Illustrator (A, version 23.03).

BMPR2 expression was determined per high power field (at 400X) and corrected for
vessel area by assigning a region of interest (ROI) using FIJI software[28]. ROI was
created by manually drawing the vessel circumference subtracted by vessel lumen
(if applicable). Average intensity of the BMPR2 signal in ROI was used to quantify the
expression per vessel. A minimum of 20 vessels per section were measured. Only vessels

in rats ranging from a 50-100 um diameter were included for analysis.

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 analyzed by one-way ANOVA with Bonferroni post-hoc testing
(GraphPad Prism for Windows 6, San Diego CA).

3. RESULTS

BMPR2 levels are not decreased in whole lung lysates of iPAH and hPAH patients
We first analyzed the protein levels of BMPR2 and pSmad 1/5/8 in whole lung
homogenates of samples derived from human PAH patients and controls subjects.
Western blot analysis showed that BMPR2 was similar in iPAH and hPAH compared to
control lung tissues (Fig 1A). In contrast, semi-quantitative analysis of the expression of
BMPR2 in lung vessels by immunofluroscence (IF) revealed reduced expression of the
receptor in the vessels of both iPAH and hPAH patients compared to control regardless
of the mutational status (p=<0.05)(Fig 1B,C).
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Decreased levels of pSmad 1/5/8 in the lung vasculature of iPAH and hPAH patients
Analyzing the levels of phosphorylated Smad 1/5/8 protein in whole lung homogenates
showed no significant differences (Fig2A). However, there was a clear reduction in the
expression of vascular pSmad 1/5/8 when comparing both iPAH and hPAH to control
vessels (p<0,05) (Fig 2BC).
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Development of PAH in animal models

Next, we sought to compare BMPR2-Smad signaling in human PAH with PAH induced
in rats. Therefore, we first confirmed the development of PAH in our animal models
by the increase in right ventricle systolic pressure (RVSP), increased RV hypertrophy
(RV/LV+S) and increased vascular remodeling (Fig 3).
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Figure 3 Characteristics of PAH animal model with A: RVSP = right ventricle systolic pressure, B:
Fulton index (RV/LV+S) and C: vascular remodeling. Typical examples of vessel remodeling are
shown below (EvG staining, 400x magnification). *= p<0.05.

BMPR2 expression is increased in MCT and SuHx lung vasculature

Whole lung BMPR2 protein expression level was reduced in MCT (p<0,05) but did not
change in the SuHx model when compared to control (Fig 4A). Using IF quantification
corrected for vessel area, we observed a notable increase in the expression of BMPR2
in both the MCT and SuHx lung vasculature (Fig 4B, E). The ratio of pSmad 1/5/8 versus
total Smad 1/5/8, indicating BMPR?2 activation, was similar in whole lung homogenates
of MCT rats and SuHx rats (Fig 4C). However, the ratio of pSmad 1/5/8 versus -actin
is reduced in whole lung homogenates of MCT rats (data not shown) indicating that
reduced levels of pSmad1/5/8 is due to reduced total Smad levels and not due to impaired
receptor activation/signaling. IF analysis demonstrated reduced expression of vascular
pSmad 1/5/8 in both PAH models (Fig 4D-F). As we opted to use both Wistar and Sprague-
Dawley rats in our control group we tested for statistical difference of whole lung lysate
BMPR2 protein expression between both strains. No difference in BMPR2 protein

expression was observed in separate control group analysis (data not shown).
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/%% = p<0.01 / ***= p<0.001
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4. DISCUSSION

This study describes the expression levels of BMPR2 and its downstream signaling
component pSmad 1/5/8 in lung tissue and more specifically in the lung vasculature of
PAH patients as well as in two established animal models of PAH. We confirmed reduced
protein expression of BMPR2 and its downstream signaling component pSmad 1/5/8 in both
hPAH and iPAH, but surprisingly, both the MCT and SuHx rat model for experimentally
induced PAH showed increased vascular expression of BMPR2 in end stage disease.
Downstream BMPR?2 activity, as assessed by pSmad 1/5/8 expression, was decreased in

the lung vasculature of both PAH models, consistent with the patient situation.

Disturbed BMP signaling in iPAH and hPAH

Analysis of IF images showed a reduced vascular expression of BMPR2 in both iPAH and
hPAH, which is in concordance with a previous report of reduced expression of BMPR2
in hPAH and iPAH determined by immunohistochemistry (IHC)[13]. While reduced
BMPR2 expression in whole lung tissue samples from hPAH but not iPAH was reported
in a previous study using western blot analysis[11], we did not observe a difference
in BMPR2 expression in hPAH/iPAH vs control in this study. An explanation for our
findings perhaps lies in different type of mutations that allow for BMPR2 protein to
be formed but incorrectly expressed or unable to induce Smad 1/5/8 phosphorylation.
Another possible explanation is that we detected 115kDa protein of BMPR2 (predicted
BMPR2 size is 115kDa) whereas in the other study reported 75kDa protein of BMPR2.
Of note, we confirmed the specificity of the BMPR2 antibody by 1) knock-down studies
using BMPR2 shRNAs in PAECs and PASMCs, 2) using a different BMPR2 antibody, and
3) using BMP9 stimulated PAEC lysates.

Previous studies showed that missense mutations in the ligand-binding domain by
cysteine substitutions impair BMP signaling by mutant receptor mislocalisation in the
cytosol[29]. Furthermore, as autopsy material was used, it is possible that the cause
and time of death may have inferred with BMPR2 signaling in non-vascular cells (e.g.
epithelial or macrophage). The phosphorylation of Smad 1/5/8 was decreased in the
vasculature of both iPAH and hPAH lungs suggesting that even in the absence of a
BMPR2 mutation, BMP signaling is reduced. This observation is in line with another
study showing reduced number of Smad 1/5 positive cells by IHC in the vascular intimal
and medial layer of iPAH and hPAH[30]. Richter and colleagues found the expression

of phosphorylated Smad 1/5/8 in luminal endothelial cells in plexiform lesions, but
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pSmad1/5/8 was not present in core endothelial cells. Unfortunately the IHC data was
not quantified[14].

Reduced BMPR2 and pSmad 1/5/8 expression in MCT and SuHx animal models
of PAH

Remarkably, using IF we observed increased levels of BMPR2 in the lung vasculature
of MCT and SuHx rats, while protein levels in whole lung lysates were only reduced in
the MCT model. Previously Ramos et al[31]. reported reduced levels of BMPR2 protein
by western blot analysis using whole lung lysates 14 days after MCT injection. Others
have described a brief initial increase in BMPR2 protein expression two days after MCT
injection, with a subsequent decrease in BMPR2 protein levels after seven and twenty-
one days[32-34] in whole lung homogenates by Western blot analysis. Impaired BMP
signal transduction was confirmed in our study by reduced pSmad 1/5/8 expression in
both MCT and SuHx. A recent study assessing the increase of BMPR2 signaling upon
BMP9 stimulation, observed reduced levels of BMPR2 and pSmad 1/5/8 in the MCT
model. For SuHx, only a reduction in the expression of pSmad 1/5/8 was reported[35].
Other additional studies have also reported decreases in protein expression of pSmad
1/5/8[31,36]. In contrast to these and our studies, one study reported augmented Smad1l
signaling[31]. One difference in the methodological setup between this study and ours
is the time post-MCT injection when the analysis was performed (14 vs. 28 days post-
MCT). Since BMPR2 expression varies over the course of disease progression in the MCT
model, the time difference is likely to explain the difference in Smad1 signaling[33]. Our
study opted for prolonged disease development before analysis of the experimental PAH
models as at that time-point it more closely resembles human end-stage disease. One
explanation for the seemingly normal vascular BMPR2 expression in the SuHx model
might be the role of vascular endothelial growth factor receptor 3 (VEGFR3). Blocking
of VEGFR3 by Sugen contributes to the vascular remodeling observed in the SuHx
model, but recently VEGFR3 has also been linked to BMPR2 and PAH[37,38]. Hwangbo
et al. propose a VEGFR3-BMPR2 interaction that is crucial for receptor endocytosis
and subsequent induction of phosphorylation of Smads[39]. Inhibition of endocytosis
by blocking VEGFR3 by Sugen might therefore result in an increased BMPR2 vascular

expression observed in PAH.
Analyzing vessels in more detail showed that in both MCT and SuHx animals, pSmad

1/5/8 is reduced while BMPR2 expression is increased. This increase in BMPR2 levels

might be a feedback mechanism to restore endogenous BMP signaling and prevent
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disease progression, a process that has failed in end-stage lung tissue of iPAH patients.
It could also imply differences in BMPR2 and-or the type I receptor kinase activity[15]
or the presence of inhibitors preventing BMPs to bind to the receptor[15,40]. While our
study was able to distinguish between vascular vs. non-vascular expression of BMP
signaling, it will be worthwhile to differentiate between the different vascular cell
types. Even within the population of endothelial cells, the expression of phosphorylated
Smad 1/5/8 was shown to differ upon location within a plexiform lesion[14]. In addition,
characterization of BMP signaling throughout disease development might give more
insight into the role of BMP signaling in vascular remodeling in PAH. Perros et al.
recently published their findings from a novel BMPR2 mutant rat model aimed to
specifically model hPAH. These BMPR2 mutated rats spontaneously develop PAH
between six and twelve months of age. Whole lung BMPR2 and pSmad 1/5/8 protein
expression was lowered by fifty percent as measured by western blot analysis[41].
Analyzing the lung vascular BMPR2 and pSmad 1/5/8 expression in this novel model

would inform us if expression is indeed similar to human disease.

Interventions aimed to restore the TGF-3/BMP balance in experimental PAH

Inhibition of lysosomal degradation of BMPR2 by chloroquine prevented the progression
of PAH in the monocrotaline (MCT) model[42,43]. Restoration of downregulated BMPR2
signaling via targeted gene delivery of BMPR?2 revealed therapeutic potential in the
MCT model[32]. Sildenafil, a phosphodiesterase type 5 inhibitor currently registered
for the treatment of PAH, was demonstrated to restore MCT induced PH in association
with increased whole lung pSmad 1/5/8 expression[44]. Using laser dissection
microscopy, Mcmurtry et al. showed decreased BMPR2 mRNA expression in the MCT
lung vasculature. Additionally, they showed a gradient in lung vascular BMPR2 mRNA
expression with distal vessels having to highest expression levels compared to mid
or proximal vessels. Gene therapy with BMPR2 distributed BMPR2 to resistance PAs
but did not ameliorate PAH in the MCT model[34]. Further, in a study assessing the
effect of a selective TGF-f ligand trap, decreased levels of BMPR2 mRNA in SuHx and
MCT lungs were unaffected by this treatment despite effective reversal of PH[45]. Post
or propter activation of BMPR2, FK506 (known as tacrolimus) reversed established
PAH in the SuHx and MCT models[20,46]. In another study, selective enhancement
of BMPR2 signaling using BMP9 was shown to reverse disease in the MCT and SuHx
model. In this study, whole lung pSmad 1/5 was reduced before treatment in both the
MCT and SuHx model, while only in the MCT model lower whole lung BMPR2 protein

expression was reported[35]. A multitude of other studies investigating compounds
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targeting BMPR2 signaling regulation, protein processing regulation, translational
regulation, transcriptional regulation and genetic based therapies were performed or

are currently ongoing[47-49].

The aim of this study was to give insights in the translational capability of two animal
models commonly used to study new treatment modalities for PAH. Focusing on the
BMPR2 signaling pathway as the main driver of the disease, both animal models only
partly recapitulate the human situation. This study reconfirmed and add to the still
limited body of evidence describing decreased vascular BMPR2 expression in PAH.
Our contrasting findings of increased BMPR2 observed in the SuHx and MCT lung
vasculature emphasizes the inadequacy of using whole lung lysates. We propose
for future studies to not use whole lung lysates to determine BMPR2 levels but more
suitable techniques such as IF or IHC, which will allow to take into account the spatial
localization of BMPR2 expression. Since expression levels of BMPR?2 are different in
both MCT and SuHx models compared to hPAH or iPAH, this should be taken into
consideration when performing preclinical studies using a candidate compound to

target BMPR2 or its downstream signaling component.

iPAH/hPAH Rat model
MCT SUHX

m OO

OO

Figure 5. Schematic overviews summarizing imaging results of this study.
While BMPR2 protein expression is decreased in PAH along with decreased pSMAD 1/5/8 signaling,
animal BMPR2 expression is increased in the lung vasculature.
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In conclusion, our findings confirm decreased BMPR2 receptor expression and
downstream signaling activity in the lung vasculature of patients with idiopathic and
hereditary PAH. At the same time, our study indicates that whole lung lysates are not
representative of vascular BMPR2 and pSmad 1/5/8 expression in the lung. Finally,
despite an increased BMPR2 expression in the lung vasculature, PAH developed in the
MCT and SuHx rat models and the downstream BMPR?2 signaling activity resemble
that of human PAH (fig 5.).
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SUPPLEMENT FIGURE
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Figure S1: pSMAD1/5/8 levels in MVECs.
PSMAD1/5/8 levels in serum starved MVECs treated with or without BMP9 (1 ng/mL) for 1 hour,
indicating BMP9 can induce pSMAD1/5/8 in these cells. MVECs: microvascular endothelial cells
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Chapter 3

ABSTRACT

Pulmonary arterial hypertension (PAH) is a progressive fatal disease characterized by
abnormal remodelling of pulmonary vessels, leading to increased vascular resistance and
right ventricle failure. This abnormal vascular remodelling is associated with endothelial
cell dysfunction, increased proliferation of smooth muscle cells, inflammation, and
impaired bone morphogenetic protein (BMP) signalling. Orphan nuclear receptor Nur77
is a key regulator of proliferation and inflammation in vascular cells, but its role in the

impaired BMP signaling and vascular remodelling in PAH is unknown.

We hypothesized that activation of Nur77 by 6-mercaptopurine would improve the PAH

by inhibiting endothelial cell dysfunction and vascular remodelling.

Nur77 expression is decreased in cultured pulmonary microvascular endothelial cells
(MVECs) and lungs of PAH patients. Nur77 significantly increased BMP signaling and
strongly decreased proliferation and inflammation in MVECs. In addition, conditioned
medium from PAH MVECs overexpressing Nur77 inhibited the growth of healthy
smooth muscle cells. Pharmacological activation of Nur77 by 6-mercaptopurine
markedly restored MVEC function by normalizing proliferation, inflammation and
BMP signaling. Finally, 6-mercaptopurine prevented and reversed abnormal vascular
remodelling and right ventricle hypertrophy in the sugen-hypoxia rat model of severe

angioproliferative PAH.
Our data demonstrate that Nur77 is a critical modulator in PAH by inhibiting vascular

remodelling and increasing BMP signalling, and activation of Nur77 could be a

promising option for the treatment of PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive fatal disease caused by
abnormal proliferation of pulmonary vascular cells, resulting in remodelling of small
pulmonary arteries (PAs), increased pulmonary vascular resistance, right ventricular
(RV) failure, and ultimately death [1-4]. In hereditary PAH, mutations in the gene
encoding for bone morphogenetic protein receptor 2 (BMPR?2) or in genes encoding
for downstream SMAD transcriptional effectors lead to impaired BMP signaling [4-7].
Interestingly, Impaired BMP signalling also occurs in non-hereditary forms of PAH
[6, 8]. Despite advances in the treatment of PAH, current therapies still fail to reverse
the established abnormal remodelling present in the lungs. Therefore, new molecular

targets for development of remodelling-focused therapeutics are urgently needed.

Pulmonary artery endothelial cells (PA-ECs), pulmonary artery smooth muscle cells
(PA-SMCs), pericytes and fibroblasts all play crucial roles in the pathobiology of PAH
[5, 9-12]. PAH PA-ECs are hyperproliferative and contribute to the decrease in luminal
diameter of the pulmonary micro-vessels. Additionally, PAH PA-ECs secrete factors
such as inflammatory cytokines and growth factors which in turn induce proliferation
and migration of PA-SMCs and fibroblasts and contribute to the progression of PAH
[13-17]. A loss of BMPR2 in the endothelium can initiate and sustain the development
of PAH [18, 19], but the driving transcriptional mechanisms remain poorly understood.
Here we identify a central role for the orphan nuclear receptor Nur77 (NR4A1l) in EC

dysfunction, aberrant BMP signalling and vascular remodelling in PAH.

The transcription factor Nur77 plays a key role in a wide array of cellular processes such
as proliferation, apoptosis, and inflammation [20-24]. Nur77 is implicated in several
cardiovascular diseases such as atherosclerosis, restenosis, and cardiac hypertrophy
[20, 22, 25]. In ECs, Nur77 decreases endothelin-1 expression and attenuates pro-
inflammatory responses via inhibition of the nuclear factor (NF)xB pathway [26, 27].
Activation of Nur77 by Cytosporone B (CsnB) was shown to ameliorate experimental
pulmonary hypertension (PH) in mice by decreasing PA-SMC proliferation [28, 29].
Interestingly, Nur77 modulates the transforming growth factor f (TGFB) pathway
in a cell-and context- dependent manner [30, 31]. 6-Mercaptopurine (6-MP), a well-
established immunosuppressive drug to treat various autoimmune and chronic
inflammatory diseases, is a non-traditional agonist of Nur77 [21, 22, 32]. 6-MP mediates

a genotoxic stress response which in turn activates transcription of all three members
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of the NR4A nuclear hormone receptor family, including Nur77, NOR-1, and Nurrl [32].
We and others have shown that 6-MP inhibits activation of immune cells and also
reduces the inflammatory response of ECs and the proliferation of vascular SMCs in
Nur77 dependent manner [33-35]. Here, we show that Nur77 is a key player in PAH,
involved in PA-EC dysfunction, proliferation of PA-SMCs and impaired BMP signalling,
and that pharmacological targeting of Nur77 by 6-MP presents a novel therapeutic
concept in PAH.

METHODS

See supplementary material for detailed methods.

Human lung samples and cell culture

PAH lung tissues were collected with patients’ consent and approval from the local
ethics committees at Free medical center, Amsterdam and Comite de "Protection
des Personnes (CPP) Ile-de-France VII, Paris. Control lung tissue was from patients
undergoing a surgical procedure for cancer. Isolation and culturing of microvascular
endothelial cells (MVECs) and pulmonary artery smooth muscle cells (PA-SMCs) was
described previously [36, 37].

Plasmids, chemicals, Quantitative Real Time-PCR (qRT-PCR), western blot and
luciferase assays

See supplementary material for details.

Lenti-viral transduction and proliferation assays
Lenti-viral transduction of cells, and cell proliferation (MTT) assays were performed

as described previously [21, 23].

SuHx rat model of pulmonary hypertension (PH)

SU5416+Hypoxia (SuHx)-mediated PH in male Sprague-Dawley rats was induced as
described previously [38, 39]. In the prevention study, rats received 6-MP (1 mg/kg/
day) in drinking water from day 0 to day 42. In the reversal study, after randomization
(treatment vs vehicle), animals were divided into two groups receiving 6-MP (1 mg/
kg/day or 7.5 mg/kg/day) or vehicle (DMSO) in the drinking water from day 42 to day

70. Power calculation was performed to determine the appropriate sample size for
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both prevention and reversal studies. Echocardiography, hemodynamic evaluation
and RV hypertrophy were blinded to the condition, followed an unbiased approach

and performed as described previously [38-40].

Statistical analysis

Statistical analyses were performed using Graphpad Prism 7 for Windows (GraphPad
Software). Student’s t-tests were used for comparisons between two groups. Multiple
comparisons were assessed by one-way ANOVA, followed by Bonferroni post-hoc test.
p-values < 0.05 were considered significant. All statistical tests used two-sided tests of

significance. Data are presented as mean + SEM.

RESULTS

Nur77 expression is impaired in PAH MVECs

Immunofluorescent staining showed that Nur77 is expressed in ECs, SMCs, fibroblasts,
and epithelial cells in the lungs of control, idiopathic PAH (iPAH) and hereditary PAH
(HPAH) patients (Fig. 1A). Transcript levels of Nur77 were significantly decreased
in lungs of both iPAH and HPAH compared to controls, as shown by qPCR (Fig. 1B).
Consistent with this observation, mRNA levels of Nur77 were markedly decreased
in cultured human pulmonary microvascular ECs (MVECs) of both iPAH and HPAH
compared to controls (Fig. 1C). Furthermore, protein levels of Nur77 were significantly
decreased in MVECs of iPAH compared to controls (Fig. 1D). Taken together, these data
suggest that Nur77 is involved in PA-EC function in PAH.

Nur77 modulates BMP/SMAD signalling in MVECs

Confirming previous studies, levels of BMPR2 and Id1 were significantly decreased in
iPAH MVECs compared to control cells (Fig. 1E). Ectopic expression of Nur77 modestly,
but significantly augmented BMPR2 mRNA levels in MVECs (Fig. 1F). Conversely, knock-
down of Nur77 decreased BMPR2 protein levels in MVECs (Fig. 1G). To investigate the
effect of Nur77 on canonical BMP signalling, we determined the phosphorylation
of Smad1/5/8 following ectopic expression of Nur77. Nur77 markedly increased the
phosphorylation of Smad1/5/8 under serum, BMP9 and TNFa-stimulated conditions
(Fig. 1H). Ectopic expression of Nur77 augmented BMP9-induced BMP/SMAD reporter
(BRE-luc) activity [40] (Fig. 1I) and Id3 mRNA expression (Fig. 1J), while knock-down of
Nur77 decreased BMP9-induced BRE-luciferase activity in MVECs (Fig. 1K). Nur77 also
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augmented the expression level of Id1 in PAH MVECs (Fig. 1L). Taken together, our data
demonstrated that Nur77 increases BMP/SMAD signalling in MVECs.
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Figure 1. Nur77 expression is reduced in pulmonary arterial hypertension (PAH) and Nur77 en-
hances bone morphogenetic protein (BMP) signalling in microvascular endothelial cells (MVECs).
vWF: von Willebrand factor; DAPI: 4,6-diamidino-2-phenylindole; SMA: a-smooth muscle actin; IPAH:
idiopathic PAH; HPAH: hereditary PAH; AU: arbitrary units; BMPR2: BMP receptor 2; pLV: control
lentivirus; sh: short hairpin; pSmad1/5/8: phosphorylated Smad1/5/8; TNF: tumour necrosis factor;
qRT: quantitative real-time. a) Representative immunofluorescence photomicrographs of Nur77 (red),
vWF (green) and SMA (white) in human pulmonary arteries from control, IPAH and HPAH lungs (n=4).
DAPI (blue): nuclei. Scale bar: 50 um. b, ¢) qRT-PCR was performed to assess mRNA expression of Nur77
in b) control, IPAH and HPAH lungs (n=6 per group) and in ¢) MVECs from control, IPAH and HPAH
patients (n=4 per group). d) Representative Western blots with relative densitometricanalyses showing
Nur77 in total lung from control and IPAH patients (n=3). e) qRT-PCR was performed to assess mRNA
expression of BMPR2 and Id1 in MVECs from control and PAH patients (n=6 per group). f) qRT-PCR was
performed to assess mRNA expression of BMPR2 in MVECs following overexpression of Nur77 (n=3).
g) Representative Western blots showing BMPR2 in MVECs following knockdown of Nur77 by shNur77
lentivirus (n=3). h) Representative Western blots showing pSmad1/5/8 following overexpression of Nur77
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Figure 1 (continued)

and stimulation with vehicle (no serum), serum (10% FCS), BMP9 (1 ng-mL-1) and TNF-a (50 ng-mL-1)
in MVECs (n=3). i) BRE-luciferase activity in MVECs was measured following overexpression of Nur77
and stimulation with BMP9 (1 ng-mL-1) for 16 h (n=3). j) qRT-PCR was performed to assess mRNA
expression of Id3 in MVECs following ectopic expression of Nur77 (n=3). k) BRE-luciferase activity in
MVECs was measured following knockdown of Nur77 and stimulation with BMP9 (1 ng-mL-1) for 16 h
(n=3).1) qRT-PCR was performed to assess mRNA expression of Id1 in control and PAH MVECs following
ectopic expression of Nur77 (n=3). *: p<0.05. The t-test was used for comparisons between two groups.
Multiple comparisons were assessed by one-way ANOVA followed by Bonferroni’s post hoc test. Data
are presented as mean + SEM.

Nur77 reduces inflammation of MVECs by inhibiting NFxB activity

As expected, PAH MVECs have higher mRNA levels of the pro-inflammatory cytokines
IL-6 and RANTES after TNFa stimulation when compared to control cells (Fig. 2A).
Knock-down of Nur77 markedly increased TNFa-induced expression of TNFa, IL-13 and
IL-6 at mRNA level (Fig. 2B), while ectopic expression of Nur77 decreased the protein
levels of MCP-1 and IL-6 in MVECs (Fig. 2C-D). Furthermore, knock-down of Nur77
significantly increased (Fig. 2E), while ectopic expression of Nur77 strongly decreased
the transcriptional activity of the NFxB promoter (Fig. 2F), suggesting that in PA-MVECs
Nur77 decreases the expression of pro-inflammatory cytokines through inhibition of
the NFkB pathway.

Nur77 attenuates proliferation of MVECs through inhibiting CyclinD1

Both cultured MVECs from control and PAH patients display a cobble stone morphology
(Fig. 2G). However, PAH MVECs grow faster as demonstrated by an MTT assay (Fig. 2H).
Since Nur77 is reported to decrease cell proliferation by inhibiting CyclinD1 [29], we
explored whether loss of Nur77 could explain the hyper-proliferation of PAH MVECs.
Over-expression of Nur77 reduced proliferation of both PAH and control MVECs (Fig.
2H), while knock-down of Nur77 stimulated their growth. Furthermore, we found that
over-expression of Nur77 decreased (Fig. 2]), while knock-down of Nur77 significantly
increased CyclinD1 promoter activity (Fig. 2K). Altogether, these data suggest that Nur77
is involved in PAH MVEC proliferation via modulation of CyclinD1.

Since the interplay between ECs and SMCs is crucial in the pathogenesis of PAH, we next
investigated the role of Nur77 in ECs-SMCs interaction. Addition of conditioned medium
from TNFa-pre-treated PAH PA-ECs transduced with Nur77 inhibited the growth of
healthy PA-SMCs (Fig. 2L), indicating that Nur77 plays an important role not only in
PA-ECs but also in the cross-talk between ECs and SMCs.
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Figure 2. Nur77 inhibits inflammation and proliferation of microvascular endothelial cells (MVECs).
AU: arbitrary units; PAH: pulmonary arterial hypertension; IL: interleukin; sh: short hairpin; TNF:
tumour necrosis factor; MCP: monocyte chemoattractant protein; pLV: control lentivirus; qRT:
quantitative real-time; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. a) qRT-
PCR was performed to assess mRNA expression of IL-6 and RANTES in TNF-a-stimulated MVECs (6 h)
from control and idiopathic PAH patients (n=3). b) qRT-PCR was performed to assess mRNA expression
of TNF-a, IL-18 and IL-6 in TNF-a-stimulated MVECs (6 h) (n=3). c, d) ELISAs for ¢) MCP-1 and d) IL-6
were performed using supernatants from MVECs following ectopic expression of Nur77 and stimulation
with TNF-a for 6 h (n=4). e, f) TNF-a-induced NF-kB-luciferase activity in HEK293T cells was measured
following e) knockdown and f) ectopic expression of Nur77 (n=3). g) Morphological appearance of control
and PAH MVECs. h, i) MTT assays were performed to assess proliferation of control and PAH MVECs
following h) knockdown and i) ectopic expression of Nur77 (n=3). j, k) Cyclin D1 promoter-luciferase
activity in HEK293T cells was measured following j) ectopic expression and k) knockdown of Nur77.
The data shown are representative of three experiments. 1) Assessment of serum-starved pulmonary
artery smooth muscle cell proliferation following incubation with conditioned medium from PAH
MVECs without and with ectopically expressed Nur77 and stimulated with TNF-a (n=3). *: p<0.05. The
t-test was used for comparisons between two groups. Multiple comparisons were assessed by one-way
ANOVA followed by Bonferroni’s post hoc test. Data are presented as meantsem.

Nur77 is required for 6-MP-induced activation of BMP signalling

To increase Nur77 activity we stimulated PAH MVECs with two known agonists of Nur77,
CsnB and 6-MP [21, 41] and found that both agonists increased the protein levels (Fig.
3A) and mRNA expression of Nur77 (Fig. 3B) in PAH MVECs. Since the transcriptional

activity of Nur77 determines its function, we determined the transcriptional activity
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of Nur77 using a Nur77 specific luciferase reporter (NurRE-luc) [23] in MVECs, and
observed that both agonists increased the activity of the Nur77 reporter (Fig. 3C).
Interestingly, CsnB and 6-MP also significantly increased the BRE-luc activity (Fig.
3D). To determine whether the observed increase in BRE-luc activity required Nur77, we
knocked-down Nur77 and found that both agonists were no longer able to activate the
BMP reporter (Fig. 3D). This confirmed our previous observation that Nur77 activates
the BMP/Smad signaling pathway. In line with the increased BRE luciferase activity,
both agonists also increased the mRNA levels of the down-stream target Id1 (Fig. 3E).
Moreover, treatment of PAH MVECs with both agonists decreased proliferation (Fig. 3F)
and attenuated CyclinD1-promoter luciferase activity (Fig. 3G). We also found that both
CsnB and 6-MP require Nur77 to reduce pro-inflammatory cytokine IL-6 expression
(data not shown).Taken together, we show that both CsnB and 6-MP require Nur77, at
least partly, to exhibit their function in restoring the behavior of PAH MVECs. Although
both agonists of Nur77 displayed similar potential in vitro, we assessed whether 6-MP
could prevent development of PH in the SuHx rat model for angioproliferative PH [42],
because i) 6-MP is used in the clinic for decades [21, 32], ii) decreased inflammation in
cultured MVECs (Supplementary Fig. 1A-B), iii) increased the expression levels of Id3
and BMPR2 in PAH MVECS (Supplementary Fig. 1C-D), and iv) decreased proliferation
of healthy human PASMCs (Supplementary Fig. 1E).
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Figure 3. Upregulated Nur77 is involved in the 6-mercaptopurine (6-MP)-mediated effect on
bone morphogenetic protein (BMP) signalling in microvascular endothelial cells (MVECs).

CsnB: cytosporone B; AU: arbitrary units; qRT: quantitative real-time; MTT: 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; PAH: pulmonary arterial hypertension. a) Western blot (n=3)
and b) qRT-PCR (n=3) analysis was performed to measure the expression of Nur77 in MVECs that were
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Figure 3 (continued)

pre-treated with CsnB (5 M) or 6-MP (10 uM) for 16 h. c) The activity of Nur77 was monitored in MVECs
expressing the NurRE-luciferase reporter following treatment with CsnB (5 uM) or 6-MP (10 uM). The
data shown are representative of three experiments. d) Overall BRE-luciferase activity was measured in
MVECs transduced with control or shNur77 lentivirus for 48 h followed by treatment with CsnB (5 uM)
or 6-MP (10 uM) in the presence of BMP9 (1 ng-mL-1) for 16 h (n=3). ) qRT-PCR was performed to assess
mRNA expression of Id1 following treatment with CsnB (5 uM) or 6-MP (10 uM) for 16 h (n=3). f) MTT
assays were performed to assess PAH MVEC proliferation following treatment with CsnB (5 uM) or 6-MP
(10 uM) for 24 h (n=3). g) Cyclin D1 promoter-luciferase activity in PAH MVECs was measured following
treatment with CsnB (5 pM) or 6-MP (10 uM) for 16 h (n=3). *: p<0.05. Multiple comparisons were assessed
by one-way ANOVA followed by Bonferroni’s post hoc test. Data are presented as meantsem.

6-MP treatment prevents the development of PH

When treating the animals with 1 mg/kg 6-MP per day orally from the start of the
experiment till day 42 we found that 6-MP was able to maintain RV function by
significantly decreasing RVSP, arterial-elastance (Ea), RV end-diastolic-elastance
(stiffness, Eed) while increasing RV-arterial-coupling (Ees/Ea) (Fig. 4A). Moreover, 6-MP
treatment significantly increased stroke volume (SV) and RV systolic function (TAPSE)
while significantly decreasing RV free-wall thickness (RVWT) and RV end-diastolic
diameter (RVEDD) (Fig. 4B). Consistent with our in vitro findings, 6-MP treatment also
decreased serum levels of inflammatory cytokines IL-6 and MCP-1 (Fig. 4C). However, no
significant effect of 6-MP on the levels of phospho-IKK a/f was observed (Supplementary
Fig. 2A). Furthermore, 6-MP significantly reduced the number of occlusive lesions and
fully muscularized arteries, and reduced the thickness of both the intimal and medial
layers (Fig. 4D; data not shown). The number of proliferating cells was decreased in
6-MP treated rats compared to vehicle, as determined by immunofluorescent staining
for Ki67 (Fig. 4E). Furthermore, 6-MP treatment attenuated the recruitment of CD68
positive macrophages to the lungs (Fig. 4F), while no significant effect of 6-MP on
number of B-cells and T-cells was observed (Supplementary Fig. 2B-C). We found no
evidence of 6-MP changing the composition of blood cells or systemic blood pressure
(Supplementary Fig. 2D; data not shown). Finally, but importantly, RV hypertrophy and
RV fibrosis were significantly decreased in the 6-MP-treated PH rats (Fig. 4G-H). Taken
together, 6-MP treatment from the start of the experiment prevents the development
of PH in the SuHx rat model.
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Figure 4. 6-Mercaptopurine (6-MP) prevents the development of pulmonary hypertension (PH)
and improves cardiac function in Sugen/hypoxia (SuHx)-induced PH in rats.

RVSP: right ventricular systolic pressure; Ea: arterial elastance; Ees: end-systolic elastance; Eed: end-
diastolic elastance; SV: stroke volume; TAPSE: tricuspid annular plane systolic excursion; RVWT: right
ventricular wall thickness; RVEDD: right ventricular end-diastolic diameter; IL: interleukin; MCP:
monocyte chemoattractant protein; SMA: a-smooth muscle actin; DAPI: 4',6-diamidino-2-phenylindole;
AU: arbitrary units; CSA: cross-sectional area. a) SuHx rats were treated with 6-MP in drinking
water from the start till the end of the experiment. Echocardiography, followed by physiological
measurements, was carried out at the day of termination (day 42). RVSP (top left), Ea (top right), Ees/
Ea (bottom left) and Eed (bottom right) are shown for the indicated groups of rats (n=6 rats for vehicle
and n=8 rats for 6-MP per group). b) SV (top left), TAPSE (top right), RVWT (bottom left) and RVEDD
(bottom right) are shown for the indicated groups (n=6-8 lungs per group). c) ELISAs for IL-6 (top) and
MCP-1 (bottom) were performed in serum from the indicated groups (n=6-8 lungs per group). d) The
neointima to media ratio of pulmonary arteries (<90 um in diameter) from lung sections of SuHx-treated
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Figure 4 (continued)

rats was determined by morphometric analysis of pulmonary vessels following Elastica van Giesson
staining (n=6-8 lungs per group). Scale bar: 20 um. e, f) Immunofluorescent staining for e) Ki-67 (green)
and f) CD68 (white) was performed in small pulmonary arteries from vehicle- and 6-MP-treated rats.
SMA (red) and nuclei (DAPI; blue) were co-stained with Ki-67 or CD68. Quantification of fluorescence
is shown in the bar graph next to the images (images representative of n=6-8 lungs per group). g) Mean
cardiomyocyte CSA was assessed in the right ventricle from vehicle- and 6-MP-treated rats following
haematoxylin and eosin staining. Scale bar: 20 um. Quantification of CSA is shown in the bar graph
next to the images (n=6-8 lungs per group). h) Picrosirius red staining was performed to assess fibrosis
in the right ventricle from vehicle- and 6-MP treated rats. Scale bar: 80 pm. Quantification of fibrosis
is shown in the bar graph next to the images (n=6-8 lungs per group). *: p<0.05. The t-test was used for
comparisons between two groups. Data are presented as meantsem.

6-MP treatment reverses the development of PH, restores BMP-signalling and
increases Nur77 in vivo

Before starting 6-MP treatment during disease progression, we first determined the
expression levels of Nur77 in the SuHx model, and observed that the expression of
Nur77 is increased at initiation of the disease while its expression decreases when
disease progresses from week 6 onwards (Supplementary Fig. 3). However, in MCT
rats Nur77 levels remained elevated until the usual day of end-experiments: day 21
(data not shown). [25] Therefore, to assess the therapeutic potential of 6-MP in PH,
we treated SuHx rats with two doses of 6-MP (1 mg/kg/day and 7.5 mg/kg/day) from
day 28 days after the induction of PH. The therapeutic dose of 6-MP (7.5 mg/kg/day)
significantly decreased RVSP, Ea, and Eed, but not Ees/Ea (Fig. 5A), while the sub-
clinical dose of 6-MP used in the prevention trial (1 mg/kg/day) only significantly
decreased Eed, but had no effect on the other parameters (Fig. 5A). The therapeutic
dose of 6-MP markedly improved RV function (increase in SV), reduced RV hypertrophy
(decrease in RVWT, RVEDD and Fulton index), and suppressed remodelling of the lung
vasculature (Fig 5B-D). However, no significant effect of the therapeutic dose of 6-MP
was observed on TAPSE, but the sub-clinical dose of 6-MP exhibited an increase in SV
and a modest decrease in RVWT and RVEDD (Fig. 5B). Similarly as in the prevention
study, the therapeutic dose of 6-MP decreased cell proliferation (number of Ki67 positive
cells) (Fig. 5E), RV hypertrophy (cross sectional area) (Fig. 5F), and RV fibrosis (picro
sirius staining) (Fig. 5G). In addition, we found that 6-MP significantly increased RV
capillary density when compared to the vehicle treated animals (Supplementary Fig. 4).
Importantly, we found no evidence of 6-MP affecting blood cell composition or systemic
blood pressure (Supplementary Fig. 5A-C; data not shown), but did improve the survival

rate of the SuHx rats (Supplementary Fig. 5D).
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Figure 5. 6-Mercaptopurine (6-MP) reverses pulmonary vascular remodelling and pulmonary
hypertension (PH) in Sugen/hypoxia (SuHx)-induced PH in rats.

RVSP: right ventricular systolic pressure; Ea: arterial elastance; Ees: end-systolic elastance; Eed: end-
diastolic elastance; SV: stroke volume; TAPSE: tricuspid annular plane systolic excursion; RVWT:
right ventricular wall thickness; RVEDD: right ventricular end-diastolic diameter; RV: right ventricle;
LV: left ventricle; S: septum; SMA: a-smooth muscle actin; DAPI: 4',6-diamidino-2-phenylindole; CSA:
cross-sectional area. a) Two concentrations (1 and 7.5 mg-kg-1-day-1) of 6-MP were administered in the
drinking water from day 42 to day 70 to SuHx rats after randomisation. Echocardiography, followed by
physiological measurements, was carried out at the day of termination (day 70). RVSP (top left), Ea (top
right), Ees/Ea (bottom left) and Eed (bottom right) are shown for the indicated groups of rats (n=14 rats
for vehicle or n=9 for 6-MP 1 mg-kg-1-day-1 or n=9 for 6-MP 7.5 mg-kg-1-day-1 per group). b) SV (top left),
TAPSE (top right), RVWT (bottom left) and RVEDD (bottom right) are shown for the indicated groups
(n=9-14 rats per group). c¢) Right ventricular hypertrophy was measured, as defined by the Fulton index
(weight of RV/(LV+S)) (n=9-14 rats per group). d) The neointima to media ratio of pulmonary arteries
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Figure 5 (continued)

(<90 um in diameter) from lung sections of SuHx-treated rats was determined by morphometric analysis
of pulmonary vessels following Elastica van Giesson staining (n=9-14 rats per group). Scale bar: 20 um.
e) Immunofluorescent staining for Ki-67 (green) was performed in small pulmonary arteries from
vehicle- and 6-MP-treated rats. SMA (red) and nuclei (DAPI; blue) were co-stained with Ki-67 (images
representative of n=9-14 lungs per group). f) Mean cardiomyocyte CSA was assessed in the RV from
vehicle- and 6-MP-treated rats. Scale bar: 20 um. Quantification of CSA is shown in the bar graph next
to the images (n=9-14 rats per group). g) Picrosirius red staining was performed to assess the fibrosis
in the RV from vehicle- and 6-MP-treated rats. Scale bar: 80 um. Quantification of fibrosis is shown in
the bar graph next to the images (n=9-14 rats per group). *: p<0.05. The t-test was used for comparisons
between two groups. Multiple comparisons were assessed by one-way ANOVA followed by Bonferroni’s
post hoc test. Data are presented as meantsem.

We next examined the effect of 6-MP treatment on BMP signalling in the lungs of the
SuHx rats. In the prevention study, we found that 6-MP increased the expression levels
of BMPR2, pSmad1/5/8 and Id3 as demonstrated by immunofluorescent analysis (Fig.
6A-C). Furthermore, 6-MP treatment significantly increased the expression levels of
Nur77 in the vessel wall (Fig. 6D). However, no effect of 6-MP on Nur77 in total lung tissue
was found as shown by western blot analysis (Supplementary Fig. 6). Consistent with
the above findings, therapeutic dose of 6-MP was able to increase the protein levels of
BMPR2, pSmad1/5/8, Id1, and Id3 in the reversal study (Fig. 6E-F, Supplementary Fig. 7A).
However, no significant effect of 6-MP on phospho-ERK1/2 or apoptosis was observed
(Supplementary Fig. 7B-C). Immunofluorescent analysis showed that 6-MP increased
the expression levels of Nur77 in the vessel wall (Fig. 6G) while a modest increase was
observed in total lung lysates (Fig. 6E-F). Taken together, 6-MP augmented BMP signaling

in vivo, at least partly, via Nur77. We summarized our findings in Figure 6H.
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Figure 6. 6-Mercaptopurine (6-MP) enhances Nur77 expression and amplifies bone morpho-
genetic protein (BMP) signalling in vivo.

BMPR2: BMP receptor 2; SMA: a-smooth muscle actin; DAPI: 4',6-diamidino-2-phenylindole;
pSmad1/5/8: phosphorylated Smad1/5/8; AU: arbitrary units; PAH: pulmonary arterial hypertension.
a-d) Immunofluorescent staining for a) BMPR2 (green), b) pSmad1/5/8 (green), c) Id3 (green) and d)
Nur77 (green) was performed in small pulmonary arteries from vehicle- and 6-MP-treated rats from
the prevention study. SMA (red) defines smooth muscle cells and DAPI (blue) was used to counterstain
nuclei (n=6-8 lungs per group). e) Western blots showing BMPR2, pSmad1/5/8, Id3 and Nur77 with
vinculin as aloading control in total lung lysates from the Sugen/hypoxia rats treated with vehicle and
6-MP (7.5 mg-kg-1-day-1) (n=7 lungs per group). f) Relative densitometric analyses of the Western blots
showing BMPR2, pSmad1/5/8, Id3 and Nur77 (n=7 lungs per group). g) Immunofluorescent staining for
Nur77 (green) was performed in small pulmonary arteries from vehicle- and 6-MP (7.5 mg-kg-1-day-1)-
treated rats. SMA (red) and nuclei (DAPI; blue) were co-stained with Nur77 (n=8 lungs per group). *:
p<0.05. The t-test was used for comparisons between two groups. Multiple comparisons were assessed
by one-way ANOVA followed by Bonferroni’s post hoc test. Data are presented as meantsem. h) Proposed
mechanism of Nur77 6-MP in the reversal of PAH. 6-MP increases the transcriptional activity of
Nur77 which 1) inhibits inflammation through blocking the NF-kB pathway, 2) blocks proliferation
through inhibition of cell cycle proteins and 3) enhances BMP signalling via activation of the
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Figure 6 (continued)

BMPR2-pSmad1/5/8-1d1/3 axis by enhancing BMPR2 expression. Abnormal proliferation and excessive
inflammation with impaired BMP signalling leads to initiation and progression of PAH. Activation of
Nur77 via clinically approved small-molecule activators such as the Nur77 agonist 6-MP reverses these
aberrant changes and attenuates PAH.

DISCUSSION

The present study demonstrates that down-regulation of Nur77 in the pulmonary
vasculature is involved in the pathogenesis of PAH and that activation of Nur77 by
6-MP could be a novel therapeutic option to reverse the abnormal vascular remodelling
and RV hypertrophy in PAH. This concept (Fig. 6H) is based on our findings that (i)
Nur77 expression is down-regulated in both pulmonary MVECs and lungs of iPAH and
HPAH patients; (ii) Absence of Nur77 leads to EC dysfunction and PA-SMC proliferation;
(iii) Nur77 suppresses inflammation through inhibition of the NFxB pathway; (iv)
pharmacological activation or gain of function of Nur77 inhibits MVEC dysfunction
and potently augments BMP/SMAD signalling in MVECs and lungs in vitro and in
vivo. Finally, we demonstrated that (v) pharmacological activation of Nur77 attenuates

abnormal vascular remodelling and improves RV function in vivo.

Expression of Nur77 has been implicated in several vascular diseases, including
atherosclerosis, cardiac hypertrophy, and coronary restenosis [20-28], where Nur77
inhibits proliferation of endothelial cells, smooth muscle cells, pericytes and fibroblasts,
while at the same time suppressing inflammation [23, 28, 35, 43]. Proliferation and
inflammation are key features of pulmonary vascular remodelling in PAH [13-17].
Several known triggers of PAH such as DNA damage, inflammation, hypoxia, TGF
signalling, histone acetylation, and disturbed flow have been shown to regulate Nur77
expression and activity in a cell-and context-dependent manner [30, 46-48]. Indeed,
in the present study we found that inhibition of HDACs increased Nur77 expression in
PAH MVECs (Supplementary Fig. 1F). In addition, post-translational modifications such
as phosphorylation and ubiquitination were also shown to regulate Nur77 expression/
activity. Indeed, a number of kinases have been shown to phosphorylate and/or interact
with Nur77 directly to modulate its activity [22]. Nur77 agonist, 6-MP increases the
activity of Nur77 and its family members Nurrl and NOR-1 via direct modulation of the
activation function-1 (AF-1) which is located within the amino terminal-regulatory (A/B)

domain of Nur77. Interestingly, this increase in activity of Nur77 by 6-MP doesn’t require
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the ligand binding domain (LBD) of Nur77. It has also been demonstrated that 6-MP
can modulate the activity of the Nur77 coactivator TRAP220 which directly interacts
with the AF-1 domain of Nur77 in vivo [49]. Therefore, 6-MP can regulate the expression
and activity of Nur77 via direct modulation of the AF-1 domain and/or activation of its
coactivator TRAP220 in a cell-and context dependent manner. However, as it is beyond

the scope of this study, this has not been investigated in the current study.

A key mechanism by which Nur77 and its agonist 6-MP inhibit cell proliferation is
through attenuation of CyclinD1, a known target gene of Nur77 [25, 33, 50]. Indeed, we
demonstrated that restoration of Nur77 in PAH MVECs reduced CyclinD1 expression
and cellular proliferation. While the role of Nur77 was never before studied in relevant
cell populations from patients with PAH, two recent studies demonstrated that Nur77
exhibits anti-proliferative effects in rat PA-SMCs via STAT3/Pim-1/NFAT pathway and
human PA-SMCs via the Axin2-beta-catenin signaling pathway [28, 29]. Consistent with
this, in the present study we also found that 6-MP directly decreases proliferation of
healthy human PASMCs (Supplementary Fig. 1E). The communication between ECs and
SMCs plays an essential role in the pathogenesis of PAH. In our study, we found that
Nur77 is a key player at the interplay between these cells since the secretome of the
diseased PA-ECs stimulates PA-SMC growth. In addition to effects on the EC and SMC
proliferation, Nur77 and its activator 6-MP are known to inhibit the NFkB pathway,
thereby reducing the production of several cytokines [21, 24, 27]. Here, we confirm that
6-MP decreases the secretion of inflammatory cytokines in pulmonary MVECs and also

in serum and lung tissue of the 6-MP treated SuHx rats.

While the effects of Nur77 on vascular proliferation and inflammation were possibly
exerted through interaction with multiple pathways, we provide first evidence that
at least some of this effect in PAH is through control of the BMPR2 gene. Germline
mutations in BMPR2 is the strongest known genetic risk factor associated with
PAH; about 40% of all subjects carrying mutations resulting in haplo-insufficiency
will ultimately develop HPAH [4, 16, 32, 44, 45]. Even in iPAH patients both BMPR2
and BMP signalling are reduced [4, 6]. Loss of BMPR2 has been linked to increased
inflammation and proliferation of pulmonary ECs, and it has been suggested that
restoring BMP signalling might be beneficial for the treatment of PAH patients [18,
19]. Indeed, enhanced BMP signalling by BMP9 treatment reduced the development of
PAH in animal models [37]. Previously, Nur77 was shown to modulate TGF signalling

in a cell- and context-dependent manner [30, 31]. Our data provides the first in vitro and
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in vivo evidence that Nur77 controls BMP signalling as well. Our findings imply that
Nur77, via the BMPR2-Smad-Id1 axis, may significantly promote EC function in HPAH
and iPAH. Therefore, activation of Nur77 can serve as a novel therapeutic approach for

HPAH and other PAH patients with impaired BMP signalling.

Whether using a prevention or reversal strategy, oral administration of 6-MP markedly
reduced RVSP and improved RV function in the SuHx PH rat model. The hemodynamic
effects of 6-MP were associated with markedly reduced proliferation and inflammation
and reversed abnormal vascular remodelling. Crucially, the beneficial effect of 6-MP
was associated with normalization of Nur77 expression and BMP signalling. Taking
into account the observed beneficial effect of 6-MP in SuHx rats in this short treatment
period, prolonged treatment with 6-MP may even result in a stronger reversal of
PAH. Importantly, we observed no immunosuppression at the dose given in the 6-MP
treated animals in both the prevention and reversal study. Although no side effects
were observed in these preclinical models and 6-MP is already used in several clinical
conditions in patients [21, 32, 35], future research should focus on testing 6-MP in
combination with other PAH drugs as well as the development of lung-specific delivery

methods [46] to achieve efficient pulmonary efficacy at low drug concentrations.

Despite recent advances in PAH research, there is still no cure for this deadly disease.
EC dysfunction is a crucial element in the initiation and pathogenesis of PAH and our
data provide evidence that Nur77 is a novel positive regulator of pulmonary MVEC
function and thereby inhibits adverse vascular remodelling in PAH. Specifically, Nur77
exhibits significant anti-proliferative and anti-inflammatory effects and augments BMP
signalling in vitro and in vivo. In conclusion, 6-MP displays beneficial effects in vitro
and in vivo, and this well-known drug provides an innovative treatment opportunity

for patients suffering from the so far untreatable disease PAH.
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Supplement Figure 1: 6-MP decreases inflammation and enhances BMP signaling.

(A) NFKB-luciferase activity in HEK293T cells was measured following treatment with 6-MP (10 uM)
and stimulation with TNFa (50 ng/mL) for 6 h (n=3). (B) ELISA for MCP-1 was performed in supernatants
from MVECs following treatment with 6-MP (10 M) and stimulation with TNFa (50 ng/mL) for 6 h
(n=3). (C) Representative western blots showing Id3 relative to vinculin as loading control under basal
and TNFa (50 ng/mL) stimulation and TNFa (50 ng/mL) and 6-MP (10 uM) treatment for 6 h. (D) qRT-
PCR was performed to assess mRNA expression of BMPR2 following treatment with 6-MP (10 uM) for
6 h (n=3). (E) MTT assays were performed to assess proliferation of healthy human PASMCs following
treatment with 6-MP for 24 h (n=3). (F) HDAC inhibition significantly increased mRNA levels of Nur77
after treatment of PAH MVECs with HDAC inhibitor Quisinostat (5 uM) for 16 h (n=3). *p<0.05. Student’s
t-tests were used for comparisons between two groups. Error bars, mean + SEM.
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Supplement Figure 2: 6-MP prevents inflammation and does not change blood cell composition
in the prevention study.

(A-C) Immunofluorescent staining for pIKKa/B (green) (A), CD20 (green) (B) and CD8 (green) (C) in
small pulmonary arteries from vehicle and 6-MP treated rats. SM-actin (red) and nuclei (DAPI) were
co-stained with pIKKa/B, or CD20 or CD8. Quantification of the fluorescence is shown next to the images.
The images are representative of n = 6-8 lungs per group. (D) White-blood cells, red-blood cells and
platelets were counted using coulter counter after terminating the rats in the prevention study. *p<0.05.
Student’s t-tests were used for comparisons between two groups. Error bars, mean + SEM.
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Supplement Figure 3: Nur77 expression levels during disease progression in SuHx rat model of PH.

(A-B) Representative western blot (A) and relative densitometry analyses of western blot (B) of Nur77
lung tissue from the SuHx rat model at different time points. Vinculin served as a loading control and
used for normalization.
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Supplement Figure 4: 6-mp enhances RV capillary density in SuHx model of PH in the reversal study.
(A) Representative immunofluorescence photomicrographs of PECAM-a (white) and Wheat Germ
Agglutinin (WGA, red) in the RV of control, SuHx and 6-MP treated animals (reversal study; n=5-6
per group). (B) Number of PECAM-a positive capillaries were quantified using Image J software.
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A Reversal study (6-MP 1 mg/kg/day)
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Supplementary Figure 5: 6-MP does not effect on blood cell composition, and improves survival
in the reversal study in vivo.

(A-B) White-blood cells, red-blood cells and platelets were counted using coulter counter after
terminating the rats in both the 6-MP 1 mg/kg/day (A) and 7.5 mg/kg/day (B) reversal study. (C) Autopsy
data from the 6-MP 7.5 mg/kg/day reversal study. (D) Therapeutic dose of 6-MP (7.5 mg/kg/day) improved
the survival of experimentally induced PH rats. *p<0.05. Student’s t-tests were used for comparisons
between two groups. Multiple comparisons were assessed by one-way ANOVA, followed by Bonferroni
post-hoc test. Error bars, mean +s.e.m.
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Supplementary Figure 6: The expression levels of Nur77 in the SuHx rat model of angiopro-
liferative PH.

A-B) Representative western blot (A) and relative densitometric analyses of western blot (B) of Nur77 in
total lung lysates form control, vehicle and 6-MP prevention study was performed (time point 6 weeks).
Vinculin served as a loading control and used for normalization.

83



A Reversal study (6-MP 7.5 mg/kgiday)
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Supplementary Figure 7: 6-MP enhances Id1 expression, but has no significant effect on
pERK1/2 and caspase activation.

A-B) Western blots of lung lysates from therapeutic dose of 6-MP reversal study. Relative densitometric
analyses showing Id1 (A) and pERK1/2 (B) relative to B-actin and total ERK1/2, respectively (n=8).
*p<0.05. Multiple comparisons were assessed by one-way ANOVA, followed by Bonferroni post-hoc
test. Error bars, mean + s.e.m. (C) Representative immunofluorescence photomicrographs of Caspase
3 (white), a-smooth muscle actin (SM-actin, red), and Von Willebrand factor (yWF, green) in the lungs
from 6-MP reversal study. DAPI (blue) (upper panel). Western blots of lung lysates from therapeutic
dose of 6-MP reversal study for cleaved caspase 3 (lower panel).
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SUPPLEMENTAL MATERIAL AND METHODS

Human lung samples and cell culture

Control lung tissues and pulmonary arteries were obtained from patients undergoing
surgery for lung carcinoma (control). Samples were obtained distant from the malignant
lesion and were dissected by a pathologist. Lung tissues and pulmonary arteries were
also obtained from iPAH and HPAH-patients undergoing lung transplantation. Lung
sample collection was approved by the local ethics committees and written informed
consent was obtained. Isolation and culturing of human pulmonary microvascular
endothelial cells (MVECs) from lungs of control and PAH patients was described
previously [1]. PA-SMCs were isolated and cultured from control donors and described
elsewhere [2]. Briefly, SMCs were isolated using the explant technique and used at
passage 6 to 8 and were characterized by SM a-actin expression showing uniform
fibrillar staining. MVECs from 6 control subjects, 6 iPAH subjects, and 6 HPAH
subjects were studied. HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 20 mM glucose, supplemented with 10% serum and penicillin-

streptomycin (Invitrogen).

Plasmids and chemicals

Nur77 over-expression plasmids, luciferase reporter constructs: BMP response element
(BRE)-luc, CyclinD1-luc, NurRE-luc and NFxB-luc have been described before [3-6].
TNFa and BMP9 were purchased from Peprotech and R&D systems, respectively.

Western blot

Cell lysates were prepared with NP-40 lysis buffer and western blotting was performed
as described before [6]. Briefly, cell lysates were resolved by SDS-PAGE, and transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore). Blots were blocked with
5% nonfat milk in PBS with 0.1% Tween 20 (PBST) and then developed with diluted
antibodies for pSmad1 (1:1000 dilution; pS1 antibody [7]), Nur77 (1:1000 dilution;
Abcam), and vinculin (1:1000 dilution; H300; Santa Cruz) at 4°C overnight, followed
by horseradish peroxidase-conjugated anti-mouse or anti-rabbit (GE Healthcare)
secondary antibodies using an ECL system (Fisher Scientific). Lung tissue of the rats was
homogenized in radioimmunoprecipitation assay (RIPA) buffer containing phosphatase
and protease inhibitors (Sigma-Aldrich). The protein concentration was quantified by

the Pierce 660 nm
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protein assay kit (Thermo Scientific). 20 ug protein was used to detect the expression
of BMPR2 (1:1000; MA5-15827, Thermo Fisher), phospho-smad1/5/8 (1:1000; 13820, cell
signaling) and Id1 (1:500; sc-488, Santa Cruz), and vinculin as loading control (1:1000
dilution; H300; Santa Cruz) at 4°C overnight, followed by appropriate secondary

antibody incubation.

Transient transfection and luciferase assays

HEK293T cells were transiently transfected with indicated luciferase reporter
plasmids and Nur77 using PEI transfection reagent (Polysciences), following the
recommendations of the manufacturer. Primary MVECs were transfected using
TransfeX reagent (ATCC) as per the instructions of the manufacturer. 3-galactosidase
plasmid was co-transfected as an internal control. 48 hours after transfection, the cells
were harvested and lysed for measuring the luciferase activity using luciferase reporter
assay system from Promega by a Perkin Elmer luminometer Victor3 1420. The amount
of plasmid DNA in each well was equalized with an empty vector when necessary and

each experiment (in duplicate) was repeated at least three times.

Quantitative Real Time-PCR (qQRT-PCR)

Total RNA extraction was performed using NucleoSpin RNA IT (Machery Nagel, Diiren).
cDNA synthesis was performed with iScript (Bio-Rad), followed by real-time PCR using
the SYBR Green (Bio-Rad) and a Bio-Rad CFX Connect device. Primers used for real-time
PCR are detailed in supplementary table 1. GAPDH served as a control for the amount
of cDNA present in each sample. Data were analyzed using the comparative difference

in cycle number (ACT) method according to the manufacturer’s instructions.

Lenti-viral transduction

Recombinant lentiviral particles of overexpression of Nur77 and short hairpin RNAs
(shRNAs) targeting Nur77 were produced, concentrated, and titrated as described
previously [4]. Five different human shRNAs that target different regions in the Nur77
mRNA were tested and two shRNAs were chosen for generation of lentiviruses based
on the efficiency of the knockdown. Lentiviral infection in cultured MVECs was
performed as described previously [4]. Transduction efficiency was determined by

immunofluorescence, qRT-PCR and western blot.
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Cell viability and proliferation assays

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays were
performed as described previously [3]. Briefly, cells were seeded in a 96-well plate at
a density of 3x103 cells/well and incubated overnight. Cells were made quiescent by
incubation in medium without FCS for 6 h and then incubated overnight with FCS (10%
[vol/vol]) for 24 h. After the incubation, cells were incubated with 10 ul of MTT reagent
(5 mg/ml) for 3h at 37°C. 100 pl of isopropanol was added to each well and incubated for
15 min. Colorimetric analysis was performed with an enzyme-linked immunosorbent
assay (ELISA) plate reader. Cells were also counted using an automated cell counter

(Biorad). Each experiment (in quadruplicate) was repeated at least three times.

SuHx rat model of pulmonary hypertension (PH)

Male Sprague-Dawley rats (bodymass ~150-220 gr; Charles River) were used throughout
the experiment. Rats were housed in standard conditions and food and water was
available ad libitum. SU5416+Hypoxia (SuHx)-mediated PH was induced according to
previously published protocols [8, 9]. Briefly, rats were subjected to a single injection
of SU5416 (25 mg/kg, Tocris Bioscience) followed by a 4-week transient exposure to
10% hypoxia and 2 week normoxic re-exposure. In the prevention study, rats received
6-MP (1 mg/kg/day) in drinking water from day 0 to day 42. In the reversal study, after
randomization (treatment vs vehicle), animals were divided into two groups receiving
6-MP (1 mg/kg/day or 7.5 mg/kg/day, Sigma-Aldrich) or vehicle (DMSO) in the drinking
water from day 42 to day 70. Echocardiography was performed before and after the
treatment to study cardiac function. At the end of the experiment (day 42 or day 70)
rats were anaesthetized for hemodynamic assessment via RV catheterization, after
which rats were exsanguinated. Both lung and cardiac tissues were separated for
further analysis. All experiments were approved by an independent local animal ethic

committee of the Free university medical center, Amsterdam

(study number VU-FYS 13-01A4), and were carried out in compliance with guidelines

issued by the Dutch government.

Echocardiography
All animals underwent echocardiographic assessments (Prosound SSD-4000 and
UST-5542) as published previously [9], to measure RV wall thickness (RVWT), RV end

diastolic diameter (RVEDD), tricuspid annular plane systolic excursion (TAPSE), stroke
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volume (SV), heart rate (HR), cardiac output (CO), pulmonary artery acceleration time

(PAAT), and cycle length (cl) before and after the treatment, respectively.

Hemodynamic evaluation and RV hypertrophy

Animals were anaesthetized for open-chest RV catheterization (AD Instruments
and Millar Instruments) as previously described [8]. RV systolic pressure (RVSP)
was determined from steady state measurement, as well as RV afterload (Ea-Arterial
elastance). Pressure-volume loops after vena-cava occlusion were obtained and used
to derive end-systolic elastance (Ees), and end-diastolic elastance (Eed). Arterial

ventricular coupling was calculated as Ees/Ea.

Morphometry of heart and lungs

To assess the extent of RV hypertrophy, the heart was removed and the RV free wall
was separated from the left ventricle (LV) and ventricular septum. Wet weights of the
RV, free LV and septum were determined separately, and the ratio of RV weight to
LV plus septum weight (RV/[LV+S]) was calculated for RV hypertrophy. At the end of
experiment, lungs were inflated with an 1% solution of low-melt-agarose and fixed in
formalin (overnight) and embedded in paraffin. To determine the pulmonary vascular
remodelling, paraffin embedded 5-pm-thick lung sections were stained with Elastica
van Giesson to measure the relative wall thickness of pulmonary arterioles (PA), as
well as the intimal and medial wall thickness separately, as described previously [8, 9].
The relative wall thickness of PA was calculated as: PA wall thickness = 2* medial wall
thickness / outer diameter *100%. For further analysis of RV dimensions, 5-um-thick
sections of frozen cardiac tissues (transversally cut) were stained with haematoxylin
and eosin, and a mean cardiomyocyte cross-sectional area (CSA) was assessed.
Moreover, picrosirius red staining was used to assess the degree of fibrosis in cardiac
cryosections. Level of fibrosis was expressed as the percentage of tissue area positive

for collagen compared to total area.

Immunofluorescence microscopy

Human and rat lung tissues were fixed and stained as previously described [10]. Briefly,
paraffin sections were deparaffinized and rehydrated. Sections were boiled for 40 min
in Vector® Antigen Unmasking Solution (Vector) using a pressure cooker. After blocking
with 1% BSA in 0.1% Tween-PBS, sections were incubated overnight at 4°C with primary
antibodies directed against Nur77 (1:50; sc-5569, Santa Cruz), Von Willebrand factor

(1:1000, Abcam), and alpha smooth muscle actin (1:5000; Sigma). All sections were
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mounted with ProLong® Gold antifade reagent (Invitrogen) containing DAPI. For the
analyses of pulmonary vascular proliferation, 5-um-thick lung paraffin sections were
incubated at 40C overnight with primary Ki67 antibody (1:100; AB9260, EMD Millipore).
To determine the pulmonary vascular inflammation, the lung sections were incubated
at 40C overnight with primary CD68 (1:1000; ab31630, Abcam), CD20 (1:1000; sc-7735,
Santa Cruz) and CD8-antibodies (1:500; ab33786, Abcam) to detect macrophages, B cells
and cytotoxic T cells, respectively. Moreover, to analyze the effect of 6-MP on Nur77 and
BMP signalling, the following antibodies were used: Nur77 (1:50; sc-5569, Santa Cruz),
BMPR2 (1:25; PA5-11863, Thermo Fisher), p-smad1/5/8 (1:2000; 13820, Cell signalling),
Cleaved caspase 3 (1:400; 9661; Cell signaling) and Id3 (1:400; sc-490, Santa Cruz). DAPI

was used to counterstain the nuclei.

Statistical analysis

Statistical analyses were performed using Graphpad Prism 7 for Windows (GraphPad
Software). Student’s t-tests were used for comparisons between two groups. Multiple
comparisons were assessed by one-way ANOVA, followed by Bonferroni post-hoc test.
p-values < 0.05 were considered significant. All statistical tests used two-sided tests of

significance. Data are presented as mean + SEM.

89



Chapter 3

Supplementary Table 1: Human primer sequences for gRT-PCR

Gene

Primers

IL-6

RANTES

TNF-a

IL-1p

Nur77

BMPR2

Id1

Id3

GAPDH

Fw: CCCACACAGACAGCCACTCA
Rv: CCGTCGAGGATGTACCGAAT

Fw: CGCTGTCATCCTCATTGCTA

Rv: TGTACTCCCGAACCCATTTIC

Fw. AGGACACCATGAGCACTGAAAG
Rv: AGGAGAGGCTGAGGAACAAG
Fw: TGGCAGAAAGGGAACAGAAAGG
Rv: GTGAGTAGGAGAGGTGAGAGAGG
Fw: GTTCTCGGAGGTCATCCGCAAG
Rv: GCAGGGACCTTGAGAAGGCCA
Fw: AACTGTTGGSGCTGATTGGC

Rv: CGGTTTGCAAAGGAAAACAC

Fw: CTGCTCTACGACATGAACGG

Rv: GAAGGTCCCTGATGTAGTCGAT
Fw: CACCTCCAGAACGCAGGTGCTG
Rv: AGGGCGAAGTTGGGGCCCAT
Fw: AGCCACATCGCTCAGACAC

Rv: GCCCAATACGACCAAATCC
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Chapter 4

ABSTRACT

Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by
obstructed pulmonary vasculatures. Current therapies for PAH are limited and only
alleviate symptoms. Reduced levels of BMPR2 are associated with PAH pathophysiology.
Moreover, reactive oxygen species, inflammation and autophagy have been shown to be
hallmarks in PAH. We previously demonstrated that MnTBAP, a synthetic metalloporphyrin
with antioxidant and anti-inflammatory activity, inhibits the turn-over of BMPR2 in human
umbilical vein endothelial cells. Therefore, we hypothesized that MnTBAP might be used
to treat PAH. Human pulmonary artery endothelial cells (PAECs), as well as pulmonary
microvascular endothelial (MVECs) and smooth muscle cells (MVSMCs) from PAH
patients, were treated with MnTBAP. In vivo, either saline or MnTBAP was given to PAH
rats induced by Sugen 5416 and hypoxia (SuHx). On PAECs, MnTBAP was found to increase
BMPR2 protein levels by blocking autophagy. Moreover, MnTBAP increased BMPR2 levels
in pulmonary MVECs and MVSMCs isolated from PAH patients. In SuHx rats, MnTBAP
reduced right ventricular (RV) afterload by reversing pulmonary vascular remodeling,
including both intima and media layers. Furthermore, MnTBAP improved RV function and
reversed RV dilation in SuHx rats. Taken together, these data highlight the importance of
MnTBAP as a potential therapeutic treatment for PAH.

Keywords: autophagy; BMPR2; MnTBAP; pulmonary arterial hypertension (PAH);

human pulmonary arterial endothelial cells (PAECs); inflammation
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1. INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by
obstructed pulmonary vasculature due to deregulated proliferation, migration and
survival of pulmonary vascular cells (i.e., smooth muscle cells (SMCs) and endothelial
cells (ECs)) for which the underlying mechanisms are not well understood [1]. Patients
suffering from PAH have an increase in mean pulmonary arterial pressure leading
to right ventricular (RV) failure [2]. Currently, no curative treatment is available and
despite the efforts therapeutic options for PAH are limited and only alleviate symptoms
[3-5]. Although rare, the disease occurs most frequently at a young age often even in
childhood [6], and females have a three-fold increase in developing PAH [7]. Upon
diagnosis, the average life expectancy of PAH patients is approximately 7-10 years
and only lung transplantation offers any survival potential, which is not a long term

solution as treatment [8].

There are different etiologies for PAH, including hereditary PAH (hPAH) and idiopathic
PAH (iPAH). While both forms are clinically indistinguishable, the underlying etiology
is different. hPAH is associated with inheritable genetic defects. Heterozygous germ-
line mutations in BMPR?2, a gene encoding the bone morphogenetic protein (BMP) type
2 receptor, are the most common causal factors in hPAH [9]. Interestingly, in both hPAH
and iPAH, a reduction in BMPR?2 expression in ECs has been reported [10-12]. Besides, since
not all individuals carrying mutations in BMPR2 will develop PAH, environmental factors

including hypoxia and inflammation may provide local triggers for the disease [13-17].

Rescuing BMPR2 expression, function or signaling represents a promising treatment
for PAH patients [18-20]. Manganese (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP),
a synthetic metalloporphyrin with antioxidant [21-23] and anti-inflammatory [23-
26] effects, has been shown to inhibit the turn-over of BMPR2 in human umbilical
vein endothelial cells (HUVECs) [25]. Moreover, MnTBAP offers beneficial effects in
bleomycin-induced pulmonary fibrosis [27], carrageenan-induced pleurisy [28], lung

contusion [26], renal fibrosis [29] and renal injury [24, 30].

We and others have reported that endogenous BMPR2 is degraded through the lysosome
in primary human pulmonary artery endothelial (PAECs) and smooth muscle cells
(PASMCs) and that autophagy activation contributes to BMPR2 degradation [12, 19, 31,
32]. In the present study, we show that partly by blocking autophagy, MnTBAP increases
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BMPR2 levels in pulmonary microvascular endothelial cells (MVECs) isolated from
iPAH patients. Furthermore, for the first time, we demonstrate that MnTBAP reverses
experimental PAH and improves cardiac function. Taken together, these data highlight

the importance of MnTBAP as a potential therapeutic treatment for PAH.

2. MATERIALS AND METHODS

2.1. Antibodies and Reagents

The following anti-human antibodies were used: mouse anti-BMPR2 (612292,
recognizing the cytoplasmic domain) from BD Biosciences (Vianen, The Netherlands),
mouse anti-MAP1LC3B (5F10, 0231-100, recognizing the N terminus of MAP1LC3B)
from Nanotools (Teningen, Germany) and mouse anti-SQSTM1 (sc-28359, recognizing
the C terminus of SQSTM1) from Santa Cruz (Heidelberg, Germany). Rabbit anti-a/p-
Tubulin (#2148) was from cell signaling (Leiden, The Netherlands) and mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (MAB374) was from Millipore
(Amsterdam-Zuidoost, The Netherlands). Rabbit (W4011) and mouse (W4021)
horseradish peroxidase conjugated secondary antibodies were from Promega (Leiden,
The Netherlands). Bafilomycin A, (BafAl; B1793), cycloheximide (CHX; 01810) were
obtained from Sigma Aldrich (St. Louis, MO, USA). Manganese (III) tetrakis (4-benzoic
acid) porphyrin (MnTBAP; 475870) was from Merck (Calbiochem). Tumor necrosis factor
alpha (TNF-qa; 300-01A) was obtained from PeproTech (London, UK).

2.2. Cell Culture

Human pulmonary artery endothelial cells (PAECs) were purchased from Lonza (CC-
2530, Basel, Switzerland) and were used between passages 4 and 8. Cells were maintained
in Endothelial Cell Basal Medium 2 (Promo Cell, Heidelberg, Germany, C-22211),
supplemented with ECGM-2 SupplementPack (Promo Cell, Heidelberg, Germany,
C-39211) containing 0.02 mL/mL FCS, 5 ng/mL hEGF, 0, 2 g/mL hydrocortisone, 10 ng/
mL hbFGF, 20 ng/mL insulin-like growth factor (R*-IGF-1), 0.5 ng/mL VEGF, 1 pg/mL
Ascorbic Acid and 22.5 ug/mL heparin.

Primary human pulmonary microvascular endothelial and smooth muscle cells
(MVECs and MVSMCs) were obtained from end-stage PAH patients and healthy
tissues of lobectomy donors, as described before [48]. The tissue harvest and MVEC/

MVSMC isolations were approved by the local ethics committees at the Amsterdam
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UMC (Amsterdam, The Netherlands) and written informed consent was obtained.
MVECs were cultured in complete ECM medium supplemented with 1% pen/strep, 1%
endothelial cell growth supplement, and 5% FCS (ScienceCell, Uden, The Netherlands).
MVSMC were cultured in Dulbecco’s Modified Eagle Medium: F12 (Lonza, Basel,
Switzerland, BE04-687F/U1) supplemented with 1% pen/strep and 10% FBS (ScienceCell,
Uden, The Netherlands). Cell lines were routinely tested for mycoplasma contamination

and only used if negative.

2.3. Western Blot Analysis

Western blot analysis was performed using standard techniques. In brief, cells
were lysed in Laemmli buffer (0.12 M Tris HCI, pH 6.8, 4% SDS, 20% glycerol, 35 mM
B-mercaptoethanol) and boiled for 5 min. Protein concentrations were measured using
DC protein assay (Bio-Rad, 5000116). Equal amounts of total lysate were analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were transferred to polyvinylidene difluoride membrane (Millipore, Amsterdam-
Zuidoost, The Netherlands, IPFL00010). Membranes were blocked with 5% non-fatty
milk and incubated with the appropriate antibodies according to the manufacturer’s
instructions. Membranes were then washed, incubated with appropriate peroxidase-

conjugated secondary antibodies and developed by ECL (Bio-Rad, 1705061).

2.4. Quantitative Real-Time PCR

Total RNA was isolated using a NucleoSpin RNA kit (Macherey Nagel, Duren, Germany,
740955) according to manufacturer’s protocol. Total RNA was isolated using a NucleoSpin
RNA kit (Macherey Nagel, Duren, Germany, 740955) according to manufacturer’s
protocol. RNA was reverse transcribed using RevertAid RT Reverse Transcription Kit
(ThermoFisher Scientific, Landmeer, The Netherlands, K1691). Generated cDNA was
amplified with primer pairs for the indicated gene, using the CFX Connect Real-Time
PCR Detection System (Bio-Rad). GAPDH was used as housekeeping gene. Quantification
was performed relative to the levels of the GAPDH and normalised to control conditions.
The data analysis was performed using the 22*“‘method1. Primer sequences: BMPR2
forward AACTGTTGGAGCTGATTGGC reverse CGGTTTGCAAAGGAAAACAC. GAPDH
forward AGCCACATCGCTCAGACAC reverse GCCCAATACGACCAAATCC.

2.5. Flow Cytometry Analysis

PAECs were treated with HCQ (20 pM) and MnTBAP (50 uM). Cells were then trypsinized
and incubated in Endothelial Cell Basal Medium 2 (Promo Cell, Heidelberg, Germany,
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C-22211), supplemented with ECGM-2 SupplementPack (Promo Cell, Heidelberg, Germany,
C-39211) with Cyto-ID Autophagy Detection dye (Enzo Life Sciences, Brussels, Belgium,
ENZ-51031-0050) at a dilution of 1:500 for 25 min at 37 °C. Subsequently, cells were washed

and analyzed by flow cytometry. All data were analyzed using FlowJo software.

2.6. Experimental Pulmonary Arterial Hypertension
All experiments with animals were approved by an independent local animal ethic
committee at Amsterdam UMC (Amsterdam, The Netherlands, study number 129-RUG18-

02), and were carried out in compliance with guidelines issued by the Dutch government.

2.7. SuHx Rat Model of Pulmonary Hypertension and MnTBAP Treatment

Male Sprague-Dawley rats (n = 24; 170-210 g; Charles River, Sulzfeld, Germany) were
used throughout the experiment. Rats were housed in standard conditions and food and
water was available ad libitum. SU5416+Hypoxia (SuHx)-mediated PAH protocol was
induced as described previously [37, 49]. Briefly, rats were subjected a single injection of
SU5416 ((25 mg/kg, 3037, Tocris Bioscience, Bristol, UK) followed by a 4-week transient
exposure to 10% hypoxia (Biospherix Ltd., New York, NY, USA) maintained by a nitrogen
generator (Avilo, Dirksland, The Netherlands) and re-exposed to normoxia for 6 weeks.
Animals were randomized at week 6 receiving either saline (SuHx) or MnTBAP 10 mg/
kg (MnTBAP) by intraperitoneal injection 3 times per week for 4 weeks. This dose and
frequency of MnTBAP administration were according to previous reports in mice [29].
Due to loss of rats, hemodynamic data was collected from 6 rats in SuHx group and 7
rats in MnTBAP group. As control, data of healthy male Sprague-Dawley rats were taken

from a previous published study of our group as (ctrl, n=7) [37].

2.8. Hemodynamic Measurements

Echocardiography (Prosound SSD-4000 and UST-5542; Aloka, Tokyo, Japan) was
performed at the beginning and the end of the treatment to measure the cardiac
function, including SV, heart rate, PAAT, cl, TAPSE, RV wall thickness and RVEDD.
PAAT/cl% was used to estimate RVSP, and TPR was calculated as mean pulmonary

artery pressure/cardiac output.

At the end of the experiment, rats were anaesthetized with 4% isoflurane for
hemodynamic assessment via open-chest RV catheterization (Millar Instruments,
Houston, TX, USA). RVSP was determined from steady state measurement, as well

as Ea. Pressure-volume loops after vena-cava occlusion were obtained and used to
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measure Ees and Eed. RV-arterial coupling was calculated as Ees/Ea. One out of 13
rats with hemodynamic measurement was detected to have much higher Ea than the
rest. Under the circumstance that Ea is normally distributed in historical database,
the Dixon outlier test was applied and it revealed that this rat—in contrast to all other
individuals of the MnTBAP treated group—was characterized as a significant outlier.
Based on a previous literature [50], this rat was excluded from all statistical evaluations.

Analysis of echocardiography and pressure-volume loops was done blinded.

2.9. Morphometry of the Pulmonary Vasculatures

After RV catheterization, animals were exsanguinated. Lungs were collected and
inflated with an 1% solution of low-melt-agarose and fixed in formalin and embedded in
paraffin. To determine the pulmonary vascular remodeling, paraffin embedded 5-pum-
thick lung sections were stained with Elastica van Giesson. Small pulmonary arteries
were divided into three classes, based on external diameters: 0-30, 30-60 and 60-100
pum [49]. Occluded pulmonary arteries with an external diameter between 0-100 pm
were counted. Media and intima wall thickness of pulmonary vasculatures classified by
the external diameters, were measured and recorded separately as described previously
[49], and as described in supplement Figure 2. Morphometry analysis of the pulmonary

vasculatures was done blinded.

2.9.1. Immunofluorescence Staining

Ratlungs were collected and inflated with an 1% solution of low-melt-agarose and fixed
in formalin and embedded in paraffin. Five micrometer-thick lung paraffin sections
were deparaffinized and rehydrated. Sections were boiled for 40 min in Vector” Antigen
Unmasking Solution (Vector, Burlingame, USA) using a pressure cooker. After blocking
with goat serum 10% (ThermoFisher Scientific, Massachusetts, USA), sections were
incubated overnight at 4 °C with primary antibodies directed against 8-OHdG (1:150;
bs-1278R, Bioss Antibodies, Woburn, MA, USA), co-stained with von Willebrand factor
(1:1000; ab8822, Abcam, Cambridge, UK), and alpha smooth muscle actin (1:1000;
Sigma-Aldrich, St. Louis, MO, USA). All sections were mounted with ProLong" Gold

antifade reagent (Invitrogen, Massachusetts, USA) containing DAPI.

2.9.2. Immunofluorescence Quantification
Images were acquired on a Marianas digital imaging microscopy workstation
(Intelligent Imaging Innovations (3i), Denver, CO, USA). SlideBook imaging analysis

software (SlideBook 6, 3i) was used to semi-automatically quantify the images.
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Pulmonary vascular 8-OHdG mean relative fluorescence intensity was semi-

automatically quantified and measured over twenty vessels.

2.10. Statistical Analysis

Statistical analysis was performed using Prism for Windows (GraphPad 8 software).
Normality of data was checked with Kolmogorov-Smirnov test and either log-
transformation or non-parametric test was performed if data was not normally
distributed. Unpaired two-sided student’s test was used to calculate statistical
differences between two groups. The survival estimates were performed by log rank
(Mantel-Cox) test between SuHx rats with/without MnTBAP treatment. Multiple
comparisons were assessed by one-way ANOVA, followed by Bonferroni’s post-hoc test.
Two-way ANOVA for repeated measurements followed by Bonferroni post-hoc test was
used to compare parameters collected from echocardiography. A p-value of <0.05 was

considered statistically significant. Data presented as mean + SD.

3. RESULTS

3.1. MnTBAP Increases BMPR2 Levels In Vitro by Inhibiting Autophagy

To investigate whether MnTBAP treatment increases BMPR2 protein levels in the
context of PAH, primary human PAECs were treated with MnTBAP and the lysosomal
inhibitor bafilomycin Al (BafAl) as a positive control. As expected, BMPR2 levels
were significantly increased after BafAl treatment [12] (Figure 1A). Consistent with
our previous findings [25], MnTBAP treatment resulted in a dose-dependent increase
of BMPR2 protein levels in PAECs (Figure 1A or B). No significant differences on BMPR2
mRNA levels were observed after MnTBAP treatment, indicating no changes at the

transcriptional level (Figure 1C).

In addition, PAECs treated with MnTBAP in the presence of the protein synthesis
inhibitor cycloheximide (CHX) show an increase in BMPR2, suggesting that MnTBAP
mechanism of action does not depend on protein translation (Figure 2A). Since BMPR2
is degraded through the lysosomal pathway in an autophagy related fashion, we
investigated whether MnTBAP could modulate autophagy. The levels of the autophagy
markers microtubule associated protein 1 light chain 3 beta-II (MAP1LC3B-II) and
sequestosome 1 (SQSTM1) were measured by western blotting analysis. Interestingly,
both MAP1LC3B-II and SQSTM1 protein levels augmented after MnTBAP treatment
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(Figure 2B). An increase in MAP1LC3B-II or SQSTM1 could be interpreted as an
increase in autophagic flux or as a decrease in functional autophagy due to a block
in autophagosome degradation. To elucidate whether changes in MAP1LC3B-II and
SQSTML1 correspond to an increase or a block in autophagic flux, PAECs were treated
with MnTBAP in combination with BafAl to prevent lysosomal degradation and block
the fusion of autophagosomes with lysosomes. PAECs treated with MnTBAP alone show
similar MAP1LC3B-II and SQSTM1 levels when compared to cells treated with MnTBAP
and BafAl (Figure 2B). To validate our findings, autophagy changes were measured
by flow cytometry using Cyto-ID, a dye selectively labelling autophagic vacuoles
(Figure 2C). PAECs treated with MnTBAP alone or MnTBAP in combination with
hydroxychloroquine (HCQ) (an inhibitor of lysosomal function acting in a comparable
way to BafAl) showed an equal accumulation of autophagic vacuoles (Figure 2C). Taken

together, these results indicate that MnTBAP impairs functional autophagy in vitro.

3.2. MnTBAP Increases the Levels of BMPR2 in Pulmonary MVECs and MVSMCs
Isolated from iPAH Patients

Besides heterozygous mutations in the BMPR2 gene, inflammation has been
identified as a crucial factor in the pathogenesis of PAH [13,15]. In particular, the pro-
inflammatory cytokine tumor necrosis factor alpha (TNF-a) has been shown to reduce
BMPR2 transcription in PAECs and PASMCs [13]. To elucidate whether MnTBAP could
increase BMPR2 levels in the presence of inflammation, PAECs were treated with TNF-a
and MnTBAP. As expected, a decrease in BMPR2 protein levels was observed after
TNF-a treatment (Figure 3A). Interestingly, in the presence of TNF-a and MnTBAP,
BMPR2 protein levels were rescued when compared to TNF-a alone (Figure 3A). To
further investigate whether MnTBAP could be a potential treatment for PAH, MVECs
isolated from iPAH patients were treated with the compound. As reported before [12],
the upper band of BMPR2, which corresponds to the fully glycosylated mature form
of the receptor [33,34], was not observed in any iPAH MVECs compared with control
MVECs (Figure 3B). Importantly, an increase in BMPR2 levels after MnTBAP treatment
was detected in both control MVECs and iPAH MVECs (Figure 3B). Consistent changes
in pSMAD1/5 protein levels were not observed after MnTBAP treatment.
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Figure 1. MnTBAP increases BMPR2 at the post-transcriptional level.

(A) pulmonary artery endothelial cells (PAECs) were treated with MnTBAP (50 uM) and BafA1 (20 nM)
for 16 h. Left panel: BMPR2 protein expression was analyzed by western blot. BMPR2 protein levels
increased after treatment. Tubulin is used as a loading control. Representative results of at least 3
independent experiments are shown. Right panel: Quantification of BMPR2 protein levels normalized
for tubulin. (B) PAECs were treated with 50 uM, 100 uM and 150 uM of MnTBAP for 16 h. BMPR2 levels
increased in a dose dependent manner. (C) BMPR2 mRNA expression analyzed by qRT-PCR remains
constant after PAECs were treated with MnTBAP (50 uM). Data presented as mean + SD. * p < 0.05, **
p <0.01.

The close interaction between SMCs and ECs is important for vessel formation and
maintenance, and was shown to be involved in PAH pathogenesis [35,36]. Therefore,
we investigated whether MnTBAP could also upregulate BMPR2 levels in microvascular
MVSMCs from iPAH patients. An increase in BMPR2 levels was observed in MnTBAP
treated iPAH MVSMCs by western blotting analysis (Figure 3C). A block in autophagy
after MnTBAP treatment was confirmed by measuring MAP1LC3B-II through western
blotting analysis (Figure 3C).
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Figure 2. MnTBAP inhibits BMPR2 degradation by blocking autophagy.

(A) MnTBAP restores inhibitory effects of cyclohexamide (CHX) on BMPR2 protein expression. PAECs
were treated with MnTBAP (50 uM) for 16 h, cycloheximide for 2 h and the combination. BMPR2 protein
expression was analyzed by western blot. Tubulin is used as a loading control. Representative results
of at least 3 independent experiments are shown. (B) PAECs were treated with MnTBAP (50 uM) in
the presence or absence of BafAl (20 nM) for 16 h and lysed directly after the treatment. Left panel:
MAP1LC3B-II protein levels were analyzed by western blot. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is used as a loading control. Representative results of atleast 3 independent experiments are
shown. Right panel: Western blot quantification of MAP1LC3B-II normalized for the loading control. The
data are presented as fold increases relative to cells treated with BafAl. (C) Left panel: Flow cytometry-
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Figure 2 (continued)

based analysis of the quantification of autophagic vesicle content in PAECs by means of the Cyto-I
D dye. Cells treated with MnTBAP (50 uM) for 16 h with and without hydroxychloroquine (HCQ) (20
uM) and analyzed directly after the treatment. Right panel: Representative light microscopy images of
PAECs treated for 16 h with MnTBAP (50 uM), HCQ (20 uM) and the combination, to show the status of
the cells after MnTBAP treatment. Upper panels, bright field images; lower panels, fluorescent images.
Magnification: x20. Data presented as mean + SD. * p < 0.05.
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Figure 3. MnTBAP restores the levels of BMPR2 in pulmonary microvascular endothelial cells
(MVECs) and microvascular smooth muscle cells (MVSMCs) isolated from idiopathic pulmonary
arterial hypertension (iPAH) patients.

(A) hPAECs were treated with MnTBAP (150 uM) for 16 h and TNF-a (10 ng/mL) for 2 h. Left panel: BMPR2
protein expression was analyzed by western blot. Tubulin is used as a loading control. Representative results
of at least 3 independent experiments are shown. Right panel: Quantification of BMPR?2 protein levels. (B
and C) Pulmonary MVECs and MVSMCs isolated from iPAH patients were treated with MnTBAP (150 uM)
for 24 h. Left panel: BMPR2, pSMAD1/5 and MAP1LC3B-II protein expression was analyzed by western
blot. GAPDH is used as a loading control. Representative results of at least 3 independent experiments are
shown. Right panel: Quantification of BMPR?2 protein levels. Data presented as mean + SD. *** p < 0.001.

2.3. MnTBAP Reduced RV Afterload in Experimental PAH
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To assess the therapeutic effect of MnTBAP in vivo, we treated SuHx rats with MnTBAP
from week 6 to week 10 after induction of PAH. No significant difference in survival
was found between the vehicle group and MnTBAP treated group (Figure 4A). Rats
exposed to the SuHx protocol showed signs of severe PAH at week 6 as confirmed by
echocardiography [37]. As shown by pressure-volume analysis, 4 weeks treatment
with MnTBAP significantly reduced RV afterload in SuHx-induced PAH rats, as
revealed by reduced arterial elastance (Ea) at week 10 (Figure 4B). Consistently,
the echocardiography analysis revealed that total pulmonary resistance (TPR) was
significantly reduced by MnTBAP treatment from week 6 to week 10 (Figure 4C).
Meanwhile, right ventricular systolic pressure (RVSP) as well as pulmonary artery
acceleration time normalized to cycle length (PAAT/cl%) remained unchanged by the

treatment (Figure 4B,C).

Moreover, MnTBAP treatment reduced RV diastolic stiffness at week 10 as revealed
by reduced end diastolic elastance (Eed) (Figure 4D), while RV contractility and RV-
arterial coupling were unaffected as shown by end systolic elastance (Ees) and Ees/
Ea, respectively (Figure 4E). Accordingly, the echocardiography analysis shows that
MnTBAP treatment improved stroke volume (SV) and tricuspid annular plane systolic
excursion (TAPSE) from week 6 to week 10 (Figure 4F). In addition, MnTBAP partly
reversed RV remodeling as shown by reduced RV end diastolic diameter (RVEDD)
(Figure 4G).

To further elucidate the origin of the reduced RV afterload, we performed histology on
the lungs to measure pulmonary vascular remodeling (Figure 5A). MnTBAP treatment
reversed pulmonary vascular remodeling, as shown by a significantly reduced number
of occluded vessels after the treatment (Figure 5B). Representative images of open,
partly remodelled and an occluded vessel are shown in Supplementary Figure S1.
Further quantification of remodeling showed that MnTBAP reduced intima remodeling
in all pulmonary vessels sized up to 100 pm (Figure 5C), and reduced media remodeling
in pulmonary vessels between 60-100 um (Figure 5D). Details on pulmonary vascular

remodeling quantification can be found in Supplementary Figure S2.

Since MnTBAP is a synthetic metalloporphyrin with antioxidant effect, we examined
the effect of MnTBAP on oxidative stress. Immunofluorescence staining with anti-8-
0Ox0-2"-deoxyguanosine (8-OHdG) revealed that MnTBAP treatment reduced oxidative

stress in the pulmonary vasculature (Figure 5E,F).
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Figure 4. MnTBAP reduces right ventricular (RV) afterload and improves cardiac function in
SuHx-induced PAH in rats.

(A) MnTBAP treatment did not affect survival in PAH rats. (B) Pressure-volume loop analysis shows that
MnTBAP treatment reduced RV afterload (Ea) at week 10, with remained RVSP. (C) Echocardiography
analysis shows that MnTBAP delayed the progression of TPR from week 6 to week 10, and reduced
TPR at week 10, while PAAT/cl% was not affected. (D,E) Pressure-volume loop analysis shows that
MnTBAP reduced RV stiffness (Eed) at week 10, with remained RV-arterial coupling (Ees/Ea). (F,G)
MnTBAP treatment delayed progression towards RV failure as shown by echocardiography at week
6 and week 10, with decreased RVEDD, and improved SV and TAPSE. Arrows represent significant
interaction of the two-way ANOVA. Data presented as mean + SD. * p < 0.05, ** p < 0.01, **** p < 0.0001
versus SuHx. Ea = arterial elastance, RVSP = right ventricular systolic pressure, TPR = total pulmonary
resistance, PAAT = pulmonary artery acceleration time, cl = cycle length, Eed = end diastolic elastance,
Ees = end systolic elastance, SV = stroke volume, TAPSE = tricuspid annular plane systolic excursion,
RVWT =right ventricular wall thickness, RVEDD = right ventricular end diastolic diameter. MnTBAP
reduced pulmonary vascular remodeling and oxidative stress in experimental PAH.
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The effect of MnTBAP on RV afterload and vascular remodeling was related to a block in
autophagy (Figure 1 and Figure 3C). Vessels from MnTBAP-treated SuHx rats showed a trend
of reduced MAP1LC3B expression (Figure S3). Quantification was done including both ECs
and SMCs. However, western blots from lung homogenates did not show any changes in
MAPI1LC3B (data not shown). We could speculate that not all cells in the lung respond to
MnTBAP in the same way and therefore changes in MAP1LC3B could be masked.
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Figure 5. MnTBAP reduces pulmonary vascular remodeling and oxidative damage in SuHx-in-
duced PAH in rats.

(A) Representative images of the pulmonary vasculatures by Elastica van Giesson staining. Scale bar:
50 um. (B) Quantification of occluded vessels in SuHx and MnTBAP-treated rats. (C) Quantification of
intima remodeling ratio in pulmonary vasculatures between 0-30, 30-60 and 60-100 um, respectively.
(D) Quantification of media remodeling ratio in pulmonary vasculatures between 0-30, 30-60 and
60-100 pm, respectively. (E) Representative images of 8-OHdG immunofluorescence staining in the
lungs. Scale bar: 50 pm. a-SM (red), vwF (green) and DAPI (blue) were co-stained with 8-OHdG (white).
(F) Quantification of 8-OHdG intensity shows that MnTBAP reduced 8-OHdG within the pulmonary
vasculatures. * p < 0.05. Data presented as mean + SD. 8-OHdG: 8-Oxo-2"-deoxyguanosine, a-SM: alpha
smooth muscle actin, vwF: von Willebrand factor.
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4. DISCUSSION

In the present study, we demonstrated for the first time that MnTBAP can increase
BMPR2 levels in PAECs and pulmonary MVECs and MVSMCs isolated from iPAH
patients, partly by inhibiting autophagy. Moreover, our experimental data in vivo
indicate that MnTBAP treatment may be a promising therapy to reverse pulmonary

vascular remodeling and benefit the RV.

PAH is a life-threatening disease for which no curative treatment is available. Since
reduced BMPR2 is associated with PAH pathophysiology, restoring BMPR2 levels seems
to be a suitable and promising alternative to effectively treat PAH patients. Indeed,
increasing BMPR?2 levels via adenoviral gene transfer into ECs of lungs was found to
reverse hypoxic induced PH in rats [38]. In the present study, we demonstrated for the
first time that MnTBAP increases BMPR?2 levels in PAECs and pulmonary MVECs and
MVSMCs isolated from iPAH patients. We have shown that even in the presence of CHX,
MnTBAP increases BMPR2 levels in PAECs. This goes in line with our previous findings,
where pre-treatment of HUVECs with MnTBAP for 16 h prior to addition of CHX increased
BMPR2 stability [25]. In summary, our data suggest that MnTBAP modulates BMPR2

degradation and underlines the role of such compound as a favorable PAH treatment.

We recently demonstrated that BMPR2 is degraded through the lysosomal pathway
in an autophagy-related fashion in PAECs [12], therefore we hypothesized that
MnTBAP influences BMPR2 levels possibly through the regulation of autophagy. As
expected, our results suggest that MnTBAP impairs functional autophagy in vitro; the
exact mechanism of how MnTBAP works has yet to be elucidated. Furthermore, the
possibility that MnTBAP increases BMPR2 levels by decreasing inflammation cannot
be excluded, as inflammation has been shown to reduce BMPR2 levels [13,15] and to

trigger autophagy [39,40].

As a cell-permeable superoxide dismutase mimetic, MnTBAP has been found to show
beneficial effects in multiple disease models related to oxidative damages, including
bleomycin-induced pulmonary fibrosis [27], carrageenan-induced pleurisy [28], lung
contusion [26], renal fibrosis [29] and renal injury [24,30]. More interestingly, a previous
study revealed that MnTBAP treatment regressed PH in Fawn hooded rats (FHR) by
acting on PAMSCs [41]. Considering the previous and based on the positive findings
of MnTBAP on BMPR2 in vitro, SuHx-induced PAH rats were treated with MnTBAP.
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Unlike FHR which spontaneously develops PH characterized by medial hypertrophy of
the vessels [42], SuHx-induced PAH rats has been shown to be a reliable animal model
replicating the characteristics of PAH, including occlusions of small-to-mild-sized
pulmonary vasculatures, and the virtual unresponsiveness to current PAH treatments
[43]. By pressure-volume loop and echocardiography analysis, we found that MnTBAP
partly reverse established PAH in SuHx rats, as shown by reduced Ea and TPR. Further
analysis by histology on the lungs revealed that MnTBAP reversed pulmonary vascular
remodeling, in both the intima and media layers. This is consistent with the increase
of BMPR2 levels after ECs and SMCs are treated with MnTBAP in vitro. Moreover, our
finding on reduced media layer thickness is consist with a previous study, which showed
that MnTBAP reduced media layer thickness in FHR by reducing hypoxia-inducible
factor-la and restoring voltage-gated potassium channels in FHR PAMSCs [41]. Based on
the effects of MnTBAP on BMPR2, autophagy, oxidative stress and inflammation, as well
as the interactions between these stimuli, MnTBAP treatment may reverse pulmonary

vascular remodeling via multiple mechanisms.

In addition, it has to be noted that the survival of PAH patients is determined by the RV
function [44,45]. Therefore, it is crucial that the compounds used to treat pulmonary
vasculatures are beneficial or at least non-toxic to the heart. In a congestive heart
failure model, MnTBAP treatment significantly ameliorated the symptoms by reducing
oxidative stress [46]. However, the effects of MnTBAP on the RV have never been studied
before. Importantly, we found for the first time that MnTBAP treatment is beneficial
to the RV as shown by reduced RV stiffness, improved SV and TAPSE, and reversed RV
dilation. The observed effects on the RV could be mediated by the anti-oxidation and
anti-inflammation effect of MnTBAP, as oxidative stress and inflammation are largely
increased in SuHx RV [37,47]. Or the beneficial effect on the RV are indirectly due to
reduction of the RV afterload.

However, this study is limited by including only one animal model, thus it is unclear
whether MnTBAP has direct beneficial effects on the RV, or benefits the RV indirectly
due to reduction of the RV afterload. Besides the anti-oxidation and anti-inflammation
effects, MnTBAP may also benefit the RV by modulating BMPR2 levels, particularly
in ECs of the RV. Further studies using, e.g., pulmonary artery banding models could
help to better understand the role MnTBAP on the RV. Moreover, it has to be noted
that the observed effects of MnTBAP in vivo might be partly independent from the
observed effects in vitro. Further studies to check BMPR2 and LC3B-II levels in PAEC
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and PASMCs from MnTBAP treated rats would be helpful to better understand the
observed effects in the pulmonary vasculatures in vivo. Besides, a group of healthy
control rats with MnTBAP treatment would be helpful to better understand the role of
MnTBAP on healthy ECs and PASMCs. Although MnTBAP has not been approved to be

used in humans, yet, we did not observe any adverse effect by MnTBAP in SuHx rats.

5. CONCLUSION

We demonstrated for the first time that MnTBAP modulates BMPR2 degradation in ECs
and SMCs of PAH patients, partly by inhibiting autophagy. Moreover, our in vivo data
revealed that MnTBAP treatment can partly reverse RV afterload and pulmonary vascular
remodeling in established experimental PAH. Importantly, it is beneficial to the RV by
reducing RV afterload. Collectively, MnTBAP may be a promising intervention for PAH.
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SUPPLEMENT MATERIALS

A B C

Supplemental Figure 1. Representative images of pulmonary vasculatures.

Representative images of an open vessel (A), a partly remodelled vessel (B) and an occluded vessel (C).

A B
Supplemental Figure 2. Quantification of pulmonary vascular remodelling.
Intima layer thickness % = [length (BB) - length (CC)] / length (AA)

Media layer thickness % = [length (AA) - length (BB)] / length (AA)

Minimally 20 transversally pulmonary arterioles cut, with an outer diameter between 0 and 30 um,
30 and 60 pm, 60 and 100 um, randomly distributed over the lungs, were measured. Every vessel was
measured two times as shown by (A) and (B), and the average value was calculated. Scale bar: 50 um.
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Supplemental Figure 3. MAP1LC3B expression in pulmonary vasculatures.
Immunofluorescence staining of MAP1LC3B in vehicle-SuHx group (A) and MnTBAP treatment group
(B). White: MAP1LC3B, green: von Willebrand factor, red: alpha smooth muscle actin, blue: DAPI. (C)

Quantification of MAP1LC3B intensity in pulmonary vasculatures. Vessels from MnTBAP-treated SuHx
rats showed a trend of reduced MAP1LC3B.
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ABSTRACT

Aims

Pulmonary arterial hypertension (PAH) is associated with increased levels of circulating
growth factors and corresponding receptors such as platelet derived growth factor,
fibroblast growth factor and vascular endothelial growth factor. 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 4weeks (SuHx model). Four weeks after re-exposure to normoxia,
nintedanib was administered once daily for 3 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 (RV) systolic pressure or total
pulmonary resistance index in SuHx rats and had no effects on pulmonary vascular
remodelling. However, despite unaltered pressure overload, the right ventricle
showed less dilatation and decreased fibrosis, hypertrophy, and collagen type III with
nintedanib treatment. This could be explained by less fibronectin production by cardiac

fibroblasts exposed to nintedanib.

Conclusion
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 favourable effects on RV remodelling.

KEYWORDS

Pulmonary arterial hypertension, tyrosine kinase inhibitor, endothelial cell, vascular

remodeling, cardiac fibrosis
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a devastating condition of increased
pulmonary vascular resistance attributed to vasoconstriction and vascular remodelling
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 signalling by growth factors
including platelet derived growth factor (PDGF), fibroblast growth factor (FGF),
vascular endothelial growth factor (VEGF), and transforming growth factor-f3 (TGF-f)
contribute to remodelling 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 remodelling.*-®

Circulating PDGF and its receptors are up-regulated in endothelial cells (EC) and
smooth muscle cells in PAH patients and contribute to RV fibrosis.>>!° Although
imatinib, primarily a PDGF receptor antagonist, had positive results in animal models,
clinical studies showed mixed results with some haemodynamic improvement,
unchanged exercise capacity, and serious side-effects.!”!> Perhaps one explanation
for persistent pulmonary vascular remodelling after imatinib treatment is ongoing
deregulated signalling 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.!*'""** 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 remodelling 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-B-mediated
transformation to myofibroblasts.?*-** 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
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effect on pulmonary vascular remodelling 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 TKIs with inhibiting properties on the VEGF
receptor are associated with the development of clinical (dasatinib) and experimental
(SU5416) PH,>* it could also be postulated that nintedanib triggers the development of

PAH or worsens IPF associated PH.

We hypothesized that the inhibitive properties of nintedanib on proliferation could
have favourable effects on PH by reducing vascular remodelling. 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 (3Z)-3-{[(4-{methyl[(4-methylpiperazin-1-
yl)acetyl]Jamino}phenyl)amino](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, ata
safe dose level based on the available results of 28-day or 90-day repeated dose toxicity

studies (according to ICH guidelines).

Cell culture

Cell isolation and culture were performed as previously described. ?* 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 priniciples for medical research involving human subjects.
Endothelial cell isolation and culture of the smallest pulmonary vessels was performed
as previously described. Purity of cell isolations was confirmed by immunofluorescent

staining. ** ¥ The cells were stimulated with VEGF___ (25 ng/ml, ReliaTech GmbH,
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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 or not with 1 uM

Nintedanib for 24 hours.

Table 1 - Patient characteristics

Donor mPAP (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 (EdU) thymidine analogue incorporation (Click-It 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 uM) 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, cardiac
fibroblasts 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. Membranes were incubated with a-Fibronectin

antibody (Sigma F7387) and a-Vinculin as loading control (Sigma V9131).
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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.* 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 kept
at the sea level for another 7 weeks. 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 (50 mg/kg). Clinical signs and body weights were measured daily.

Experimental protocol is depicted in Figure 2A.

Echocardiography and hemodynamics

On the day of necropsy, animals were anesthetized (isoflurane; 4.0/2.5% induction/
maintenance; 1:1 02/air mix) followed by an injection of buprenorphine analgesia (0.1
mg/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, 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.?”*

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
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type III (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 I and III 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 DAPI
(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]J.

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,
91068, 1:1000), p44/42 MAPK (Cell Signaling, 9102S, 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 -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 I, collagen III, connective tissue growth factor (CTGF), osteopontin-1,

and brain natriuretic peptide (BNP) (sequences shown in table 2).

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 or two-way ANOVA, followed by the suitable post-hoc tests for between-group
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differences. Data are reported as mean + SEM. RT-PCR data are shown as Log 2 fold

change, statistical analysis was performed on Log 2 fold change.

Table 2 - Primer sequences used for RT-PCR

Connective tissue Forward 5-CTGTTCCAAGACCTGTGGGAT-3’
growth factor (CTGF)  Reverse 5-TTTTGCCCTTCTTAATGTTCT-3’
Forward 5- GAACGGAGATGATGGGGAAG-3’
Collagen I
Reverse 5- CCAAACCACTGAAACCTCTG-3’
Forward 5- AGTGGCCATAATGGGGAACG-3’
Collagen III
Reverse 5- ATGAATTGGGATGCAACTAC -3’
BNP Forward 5- GCTGCTTTGGGCAGAAGATAGA -3’
Reverse 5- GCCAGGAGGTCTTCCTAAAACA -3’
Forward 5- CCCATCTCAGAAGCAGAATCTT -3’
Osteopontin-1
Reverse 5- GTCATGGCTTTCATTGGAGTTG -3’
185 Forward 5-GCAATAACAGGTCTGTGATGCC-3’
Reverse 5-CACGAATGGGGTTCAACG-3’
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 concentrations indicated and stimulated with vascular endothelial growth factor (VEGF).
Phosphorylated Erk1/2 (pErk1/2), total ERK1/2 (tErk1/2), and B-actin were quantified by Western blot.
A representative blot is shown in (A). The densitometric quantification of the ratio pErk1/2 / tErk1/2
(control n =5, PAH n = 4) depicted as fold increase upon non-stimulated MVEC is depicted in (B). One-
way ANOVA was used to determine statistical significance. MVEC proliferation after VEGF stimulation
in combination with pretreatment with or without 0.3 uM nintedanib was assessed with EdU staining
(control n =5, PAH n =4), ratio paired t-test was performed (C).

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
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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).

A susais End
Injection experiment
Civmod Vehicle
ypoxia Nintedanip
T T
0 4 B 11 weeks
B

504 F=032 259 P =044
— . —
£ 404 — o E0] e
2 e 2
O [ ] o T -
= =
i 30 § 154 i
s £
= = L
g 204 g 104
= I
£ 104 g 54
i =

0 T 0 T

Vehicie Nintedanib Vehicle Nintedanib

Figure 2 - Nintedanib did not reduce pulmonary vascular remodeling 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% 02). 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).

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. * * 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 I and III in the RV by RT-PCR and immunofluorescent staining.
Collagen I was significantly lowered at mRNA level. Less collagen III was observed

with immunofluorescent staining, without affecting the collagen I/III ratio (Figure 3 A,
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C, D). To explore the TGF-$ 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).

Table 3 - Characteristics of vehicle and nintedanib treated SuHx rats

SuHx + vehicle SuHx + Nintedanib
(n=12) 0=9) p-value
Terminal body weight (g) 466 +20.2 423 +16.5 0.12
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?) 0.94+0.24 0.73+0.07 0.59
Eed 15.7+3.4 8.3+1.3 0.07
TAPSE (mm) 1.9+0.1 2.0£0.1 0.78
RVEDD (mm) 7.2+0.2 6.4+0.1 0.002
PAAT/cl (%) 7.4+0.6 8.5+£0.3 0.07
Hematocrit (%) 44.3+0.8 40.0+1.5 0.03
Heart weight (g) 2.3+0.1 2.2+0.1 0.53
Fulton index (RV/(LV+S)) 0.60 % 0.05 0.66 +0.04 0.36

Overview of body weight, catheterization, echocardiographic, and ex vivo measurements comparing
SuHx rats after 3weeks of treatment with vehicle 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, nintedanibn=12.)

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) treatment
showed a significant four-fold decrease in collagen type I and osteopontin-1 transcriptional 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 um (B).
Immunofluorescent staining for collagen type III proved a significant decrease (P<0.001) in the
nintedanib group. Scale bar indicates 100 pm (C). Collagen level type I was unchanged (three pictures
of the RV per animal). Scale bar indicates 100 um (D). Less hypertrophy of the right ventricle was
observed (P =0.009). Scale bar indicates 150 um (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).

Cardiomyocyte hypertrophy, another contributor to RV diastolic stiffness, was also
decreased in the nintedanib group, compared to vehicle (p =0.0007) (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 decreased fibronectin production,

indicating a role for nintedanib in decreased fibrosis in the heart (Figure 4).
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Figure 4 - Effect of nintedanib on fibronectin in cardiac fibroblasts.

Two human cardiac fibroblast cell lines were treated with nintedanib (1 uM, 24h) 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 reduced by
nintedanib (P =0.002). Paired t-test was performed (n = 4). Data shown as mean+SEM.
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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 pErkl/2 by nintedanib regulated
proliferation of macrovascular endothelial cells of the lung indicating therapeutic
potential for the treatment of PAH.* 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.* *

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®®
and it was suggested that Src kinase inhibition played a causative rol®. 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® *, 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.
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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 fibroblasts, leading to

a decreased production of fibronectin.

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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Chapter 6

ABSTRACT:

Introduction: Histone deacetylases (HDACs) expression and activity are increased in
pulmonary arterial hypertension (PAH). Although inhibiting HDACs has been promoted
as a treatment for PAH, results from preclinical studies using first generation inhibitors
were equivocal and raised concerns regarding safety. Quisinostat is a “second generation”
HDAC inhibitor, which is highly potent against class I and Il HDACs and elicits a prolonged
pharmacodynamics response. Quisinostat was well tolerated in a phase I trial in patients

with solid tumor. Collectively, we hypothesized that quisinostat may treat experimental PAH.

Objective: To determine the effect of quisinostat on vascular remodeling and right

ventricular (RV) function in experimentally induced PAH.

Methods: HDAC1 expression was measured in lungs and microvascular endothelial
cells (MVECs) from PAH patients. HDAC activity, proliferation and inflammation were
measured after quisinostat treatment of PAH MVECs. Chronic quisinostat treatment
was tested in three experimental rat models for PAH: the Sugen + hypoxia (SuHx) model,

the Monocrotaline shunt flow (MF) model and pulmonary artery banding (PAB).

Results: We found that HDAC1 expression is increased in lungs and MVECs from PAH
patients. Inhibition of HDAC activity by quisinostat strongly decreased proliferation
and inflammation in MVECs. In addition, conditioned medium from quisinostat treated
PAH MVECs inhibited the growth of healthy smooth muscle cells. In vivo, quisinostat
treatment reduced RV systolic pressure, RV afterload and total pulmonary resistance
in SuHx rats. Further tissue analysis by histology revealed that quisinostat reduced
pulmonary vascular remodeling in both SuHx and MF rat models by reducing the intima
layer thickness. Meanwhile, quisinostat had no independent effect on RV function or
RV remodeling as shown by treatment of PAB rats. Consistent with the findings on PAH
MVECs, quisinostat treatment reduced proliferation and perivascular inflammation in
the lungs of PAH rat models.

Conclusions- Quisinostat can partly reverse RV afterload and pulmonary vascular

remodeling in established experimental PAH, and may be a promising intervention for PAH.

Key Words: pulmonary arterial hypertension, histone deacetylases, vascular remo-

deling, endothelial cell, proliferation, inflammation
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive disorder in which endothelial
dysfunction and vascular remodeling obstruct small pulmonary arteries, resulting in
a marked and sustained elevation of pulmonary artery pressure, and eventually right
ventricular (RV) failure and death [1]. The abnormal pulmonary vascular remodeling is
characterized by a hyperproliferative, apoptosis-resistant and inflammatory phenotype
of pulmonary arterial endothelial cells (PAECs) and smooth muscle cells (PASMCs) [2-5].
Current PAH therapies have little effect on vascular remodeling and therefore result in only
amodest reduction in pulmonary pressure. Due to the limited improvement in morbidity
and mortality [6], there continues to be an urgent need to identify new molecular targets

that can safely and efficiently reverse vascular remodeling in PAH patients.

Emerging evidence has demonstrated the important role of epigenetics in the
pathogenesis of PAH [7, 8]. Epigenetics is defined as all heritable changes in gene
expression that are not related to changes in the underlying DNA sequence, e.g.
histone modification, DNA methylation and microRNAs [8]. Post-translational histone
modifications, such as acetylation of lysine residues on the N-terminal tails of histones,
modulates chromatin structure and accessibility by altering DNA-histone interactions
[9]. Among the two enzyme families regulating histone acetylation, histone deacetylases
(HDACS) contain a highly conserved deacetylase domain and are responsible for the
removal of acetyl groups [10]. HDACs regulates several key cellular processes like
proliferation, apoptosis and inflammation, and are implicated in several cardiovascular
diseases such as atherosclerosis, coronary restenosis, and cardiac hypertrophy [11-14].
Abnormal HDAC expression and activity has also been reported to play a role in PAH,
with increased expression of HDACI, 2, 4, 5, 6 and 8 in lung homogenates [15, 16], in
the pulmonary artery (PA) [15], in PAECs [17, 18], in PASMCs [17] and in PA adventitial
fibroblasts (PAAFSs) [15].

Small-molecule HDAC inhibitors have shown promising therapeutic benefits in
experimentally induced PAH and RV hypertrophy, including the broad spectrum HDAC
inhibitor (vorinostat), class [ HDAC inhibitors (valproic acid, sodium butyrate, apicidin,
mocetinostat, entinostat) and the HDAC6 inhibitor tubastatin A [19]. Unfortunately,
other studies, including those from our lab, showed far less promising effects of broad
spectrum inhibitors: the class I and II HDAC inhibitor trichostatin A (TSA) did not

reverse pulmonary vascular remodeling in the sugen hypoxia (SuHx) rat model of PAH
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and caused deterioration of cardiac function in rats with RV pressure overload as a
result of PA banding (PAB) [20, 21]. Therefore, the effects of HDAC inhibitors in PAH
patients remain unpredictable. To date, new generation of HDAC inhibitors have been
developed that may effectively inhibit the disease causing increased in HDAC activity
in the PAH lung while exhibiting minimal or no systemic and cardiac toxic effects.
Quisinostat (JNJ-26481585) is a novel second-generation HDAC inhibitor, with a boosted
pharmacodynamic response and enhanced efficacy at nanomolar concentrations in
several tumor models [22, 23]. Quisinostat has been used in phase II trials studying the
treatment of solid tumors, lymphoma and hematological malignancies [24, 25]. More
importantly, compared to the traditionally used HDAC inhibitors, quisinostat shows a
more potent inhibition on HDAC1 and a more potent anti-proliferative effect in various
human cancer cell lines [22]. Therefore, we hypothesized that quisinostat may have

therapeutic benefitin PAH.

Here, we show that inhibition of HDAC activity by quisinostat decreases in vitro
proliferation and inflammation of pulmonary MVECs derived from patients with PAH.
Chronic oral administration of quisinostat reversed abnormal vascular remodeling in
lungs of the SuHx rat model and in the monocrotaline shunt flow (MF). Importantly,
quisinostat did not compromise RV function after PAB. Taken together, our data suggest

that HDACs inhibition by quisinostat may become a novel therapeutic option in PAH.

METHODS

See supplementary material for detailed methods.

Human lung samples and cell culture

Collection of lung specimens was approved by the local ethical committee and
written informed consent from patients was obtained. Human pulmonary MVECs and
PASMCs were isolated and cultured from idiopathic PAH patients and control lung
explant tissue as previously described [26]. Cells between passage 5 and 8 were used

for experiments.
Cell count analysis and proliferation assays

MVECs were pretreated with vehicle or quisinostat (1 pM) for 48h and the number of
cells was counted using a TC20™ Automated Cell Counter (Bio-Rad). MVECs or PASMCs
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were pretreated with vehicle or quisinostat (1 or 5 uM) for 24h and Cell viability (MTT)

assays were performed as described previously [26].

Determination of PASMC growth in cultured medium of MVECs

PAH MVECs were pretreated with vehicle or quisinostat (1 pM) for 24 h. Conditioned
medium from these cells was added to serum starved control PASMCs and incubated
for 48 hours after which the number of cells were counted using TC20™ Automated Cell

Counter (Bio-Rad). Of note, the half-life of quisinostat is 2 hours.

Quisinostat treatment in the SuHx PAH rat model

The SuHx PAH model was induced according to previously published protocol [26].
Briefly, adult male Sprague-Dawley rats were subjected to a single subcutaneous
injection of SU5416 (25 mg/kg) followed by a 4-week transient exposure to 10% hypoxia
and 4 weeks of normoxic re-exposure. After randomization, animals were divided
into two groups receiving 5 mg/kg quisinostat (SuHx+Q, n =9) or vehicle (5% DMSO;
SuHx, n=9) in drinking water from week 6 to week 10. At the end of the experiment,
rats were anaesthetized for hemodynamic assessment via echocardiography and RV
catheterization, after which rats were exsanguinated. All measurements and analyses

were done in a blinded manner. See supplementary material for more details.

Quisinostat treatment in the MF PAH rat model

The MF rat PAH model was induced as described previously [27]. Briefly, adult male
Lewis rats were subjected to a single subcutaneous injection of 60 mg/kg monocrotaline
(MCT) followed by aorto-caval shunt surgery at day 7, which approximately doubles
pulmonary blood flow. MF induces neomuscularization and medial hypertrophy from
day 7 to 14, neointimal lesions from day 14 to 21 and RV failure from day 21 to 28.
Rats were randomly assigned to 3 groups: 1) MF rats sacrificed at day 21 (MF21) as a
baseline group; 2) treatment with vehicle (5% DMSO in drinking water) from day 21
to 35 (MF35 Veh); 3) treatment from day 21 to 35 with 5 mg/kg quisinostat (MF35 Q).
At the end of the experiment, rats were anaesthetized for hemodynamic assessment
via echocardiography and RV catheterization, after which rats were exsanguinated.
All measurements and analyses were done in a blinded manner. See supplementary

material for more details.
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Quisinostat treatment in the PAB induced RV pressure load rat model

To assess direct myocardial effects of quisinostat, isolated RV pressure load was created in
16 adult male Wistar rats by main pulmonary artery banding (PAB) surgery as described
previously, with a tight constriction at the size of an 18G needle [27]. At day 28, Rats were
randomly assigned to 1) treatment with vehicle (5% DMSO in drinking water) from day
2810 56 (PAB), or 2) treatment with 5 mg/kg quisinostat from day 28 to 56 (PAB+Q). Before
sacrifice, all rats underwent hemodynamic evaluation by echocardiography, after which

lungs and hearts were collected for histopathologic evaluation.

Fulton index measurement

To assess the extent of RV hypertrophy, the RV free wall was separated from the left
ventricle (LV) and ventricular septum. Wet weights of the RV, free LV and septum were
determined separately, and the ratio of RV weight to LV plus interventricular septum
weight (Fulton index: RV/[LV+S]) was calculated for RV hypertrophy.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism software for windows,
version 8.0. Normality of data was checked and either log-transformation or non-
parametric test was performed if data was not normally distributed. Unpaired student’s
t-tests were used for comparisons between two groups. Multiple comparisons were
assessed by one-way ANOVA, followed by Bonferroni’s post-hoc test. Two-way ANOVA
for repeated measurements followed by Sidak’s post-hoc was used for repeated data of
echocardiography analysis. Kruskal-wallis test followed by Dunn’s multiple comparison
test was used for data that was not normally distributed. A value of P < 0.05 was
considered significant. All statistical tests used two-sided tests of significance. Data

are presented as mean + SEM.

RESULTS

HDACI1 is increased in PAH and quisinostat reduces HDAC1 activity in PAH MVECs

Because HDAC1 has a key role in the uncontrolled proliferation of cancer cells [14, 28],
we measured its expression level in lung lysates from PAH patients. General patient
characteristics and hemodynamics are presented in (Table 1). As shown by western
blot analysis, the protein expression of HDACI in lung lysates of PAH patients was
significantly increased (Fig.1A). Consistently, we found a trend of increased HDAC1
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protein expression in primary lung MVECs from PAH patients (Fig. 1B). PAH MVECs
treated with quisinostat for 24 hours significantly reduced HDACLI activity in a dose
dependent manner, as shown by reduced GJA1 and Cyclin D1 (Fig.1D, E), while there
was not differences in HDAC1 mRNA levels (Fig.1C).
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Figure 1. HDAC1 expression is increased in PAH and quisinostat reduces HDAC1 activity in
microvascular ECs.

(A, B) HDAC1 western blot images and quantification on lung lysates (A) and lung MVECs (B) of ctrl
donors and PAH patients. (C-E) gRT-PCR was performed to assess mRNA expression of HDAC1 (C),
GJA1 (D) and Cyclin D1 (E) following treatment with DMSO or quisinostat 1 or 5 uM in PAH MVECs for
24 hours. *p<0.05, **p<0.01. Error bars in (A, B): mean + s.e.m. Error bars in (C-E): min to max. Ctrl:

control; Veh: vehicle; Q: quisinostat.
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Quisinostat treatment reduced RV afterload and pulmonary vascular remodel-
ing in experimentally induced PAH rats

To assess therapeutic efficacy and safety of HDAC inhibition by quisinostat, we employed
two experimental models of PAH (the SuHx and MF rat model) and one model of isolated
RV pressure overload (PAB). While protein expression of HDAC1 was unaltered in whole
lung lysates from SuHx rats, its activity was increased, as shown by a reduced level
of acetylated a-tubulin (Fig. 2A-C). Four weeks of treatment with quisinostat reduced
HDAC activity in the SuHx pulmonary vasculature (Fig. 2D, E). Since body weight at the
end of the study was lower in quisinostat treated rats, we used body surface area (BSA)
to index all hemodynamic parameters where applicable. As shown by pressure-volume
loop analysis, quisinostat reduced RV systolic pressure (RVSP) and arterial elastance
(Ea) index in SuHx rats (Fig. 2F). Consistently, as revealed by echocardiography
analysis, quisinostat reduced PAAT/cl% and total pulmonary resistance index (TPRI)
(Fig. 2G). To elucidate the origin of the reduced RV afterload, we further measured
pulmonary vascular remodeling and found that quisinostat reduced the percentage of
occluded vessels (Fig. 2H, I). Quisinostat reversed vascular remodeling in the intima
layer, but not the media layer (Fig. 2J). In MF induced PAH rats, two weeks of treatment
with quisinostat did not affect RV afterload, as revealed by unchanged RVSP, PAAT/cl%
and TPRI (Fig. 3A, B). However, histology analysis showed that quisinostat treatment
reduced the intima layer thickness and not the media layer thickness, consistent with
findings in the SuHx lung (Fig. 3C, D).

Quisinostat has no direct effects on the RV in experimental PAH models
Previous studies indicated that HDAC inhibitors may compromise RV adaptation to
pressure overload [21]. Here, using pressure-volume analysis, we observed no changes
in RV function in SuHx rats after quisinostat treatment. RV stiffness, RV relaxation, RV
contractility and RV coupling were all unchanged (Supplement Fig. 1A, B). Likewise, no
changes in SVI or TAPSE were seen by echocardiography (Supplement Fig. 1C). Further
measurements of RV remodeling by echocardiography revealed that quisinostat did not
delay the progression of RV dilation or reverse RV hypertrophy, as shown by unaltered
RVEDD index and RVWT index, respectively (Supplement Fig. 1D). The findings were
further confirmed by a constant Fulton index and an unchanged RV CSA (Supplement
Fig. 1E, F). In MF induced PAH, quisinostat did not affect cardiac function, as shown
by an unchanged CI and TAPSE (Supplement Fig. 1G) and no change in RV hypertrophy
(unchanged Fulton index, Supplement Fig. 1H).
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Figure 2. Quisinostat treatment reduced RV afterload and pulmonary vascular remodeling in
SuHx rat model.

(A) Representative images of western blot on lung lysates of ctrl, SuHx and quisinostat treated rats.
(B, C) Western blot quantification reveals that HDAC1 is not changed while acetylated a-tubulin is
decreased in lungs of SuHx rats. (D) Representative images of immunofluorescence staining on lungs of
SuHx rats. White: acetylated a-tubulin, red: a-smooth muscle actin, green: von Willebrand factor, blue:
DAPI. (E) Quantification of acetylated a-tubulin in pulmonary vasculatures of SuHx and quisinostat
treated rats. (F) RVSP and Ea index were reduced in SuHx rats by quisinostat, as revealed by pressure-
volume loop analysis. (G) PAAT/c1% and TPRI were reduced in SuHx rats by quisinostat, as revealed
by echocardiography analysis. (H) Representative images of EvG staining on lungs of SuHx rats. (I,
J) Quantification of EvG staining shows that quisinostat reduced occluded vessels and intima layer
thickness in SuHx rats. Scale bar = 50 pm. *p<0.05, **p<0.01, ***p<0.001. Data shown as mean +s.e.m.
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To further investigate the direct effects on the RV of HDAC inhibition by quisinostat,
we treated PAB rats with quisinostat. Six weeks of quisinostat treatment of PAB rats did
not change RV function, as revealed by unchanged CI, TAPSE and RV stroke work (Fig.
3E). Further measurement of RV remodeling revealed no difference in RV hypertrophy
(unchanged Fulton index) (Fig. 3F) and constant RV CSA (Fig. 3G, H). Quisinostat did not

affect cardiac fibrosis as shown by Masson’s trichrome staining in the RV and LV (Fig. 3H).
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Figure 3. Quisinostat treatment reduced pulmonary vascular remodeling in MCT-flow rat model
while had no effect on PAB rat model.

(A) In MCT-flow rats, RVSP was not changed by quisinostat, as revealed by right heart catheterization. (B)
PAAT/cl% and TPRI were unchanged in MCT-flow rats by quisinostat, as revealed by echocardiography
analysis. (C) Representative images of EvG staining on lungs of MCT-flow rats. Scale bar = 50 pm. (D)
Quantification of EvG staining shows that quisinostat reduced intima layer thickness in MCT-flow rats.
(E) In PAB rats, quisinostat treatment did not affect RV function as shown by echocardiography. (F)
Fulton index in PAB rats as shown by RV/(LV+S). (G) Representative images of Masson’s trichrome
staining on the RV. Scale bar = 100 um. (H) Quantification of CSA and fibrosis in the RV. *p<0.05. Data
shown as mean +s.e.m.
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Quisinostat reduced proliferation in PAH MVECs and PAH animal models

To further elucidate the effects on pulmonary vascular remodeling in the two
PAH models, we examined the effect of quisinostat on proliferation and apoptosis.
Quisinostat reduced the proliferation of cultured pulmonary MVECs from control
and PAH patients alike (Fig. 4A, B), which is consistent with the reduced intima layer
thickness observed in the PAH rat models. An MTT assay confirmed that quisinostat
reduced proliferation of PAH MVECs in a dose dependent manner (Fig. 4C). Moreover,
despite unaltered media layer thickness observed in vivo, the conditioned medium
from PAH MVECs treated with quisinostat was found to reduce proliferation in PASMCs
(Fig. 4D).

Consistent with the anti-proliferative effect observed in vitro, chronic treatment
with quisinostat reduced PCNA immunofluorescence staining of the pulmonary
vasculature in SuHx rats (Fig. 4E, F). Quisinostat treatment did not change the degree
of apoptosis in either PAH animal model, as shown by unchanged cleaved caspase-3

immunofluorescence staining and western blot (Supplement Fig. 2A-E).

Quisinostat reduced inflammation in PAH MVECs and PAH animal models

HDAC inhibitors exert anti-inflammatory actions in multiple diseases, via effects on
monocytes and macrophages, as well as by inhibiting pro-inflammatory cytokines,
chemokines and nitric oxide [29]. In order to elucidate the anti-inflammatory effects
of quisinostat in PAH, we measured inflammatory responses of PAH MVECs following
TNF-a stimulation. As shown by qRT-PCR, quisinostat significantly reduced the level
of pro-inflammatory cytokines and chemokines in PAH MVECs, including TNF-a, IL-6,
MCP-1 and CCLS5 (Fig. 5A-D). Moreover, quisinostat reduced inflammatory cell adhesion
to PAH MVECs, as shown by decreased gene expression of VCAM1 and ICAM1 (Fig. 5E,
F). Consistent with the anti-inflammatory effects in PAH MVECs, chronic treatment
with quisinostat reduced perivascular inflammation in the lungs from SuHx rats, as

revealed by quantification of CD45 immunofluorescence staining (Fig. 5G, H).
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Figure 4. Quisinostat reduces proliferation in PAH MVECs and PAH rat model.

(A, B) Quisinostat reduced proliferation in ctrl MVECs (A) and PAH MVECs (B) as shown by decreased
number of cells compared to vehicle group with DMSO after 48 h. (C) MTT assays were performed to
assess PAH MVEC proliferation following treatment with quisinostat 1 or 5 uM for 24h. (D) Assessment
of serum starved PASMC proliferation following incubation with conditioned medium from PAH
MVECs with DMSO, quisinostat 1 uM or 5 uM. (E) Representative images of PCNA immunofluorescence
staining on lung slides of SuHx rats with or without quisinostat treatment. White: PCNA, red: a-smooth
muscle actin, green: von Willebrand factor, blue: DAPI. Scale bar = 50 pm. (F) Quantification of PCNA
positive cells reveals that quisinostat reduced pulmonary vascular proliferation in SuHx rats. **p<0.01,

***p<0.001. Data shown as mean +s.e.m.
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Figure 5. Quisinostat reduces inflammation in PAH MVECs and PAH rat model.

(A-F) qRT-PCR was performed to assess RNA expression of TNF-a (A), IL-6 (B), MCP-1 (C), CCL5 (D),
VCAM1 (E) and ICAM1 (F) following treatment with DMSO or quisinostat in TNF-a stimulated PAH
MVECs. (G) Representative images of CD45 immunofluorescence staining on lung slides of SuHx rats
with or without quisinostat treatment. White: CD45, red: a-smooth muscle actin, green: von Willebrand
factor, blue: DAPI. Scale bar = 50 um. (H) Quantification of CD45 positive cells around the vessels reveals
that quisinostat reduced perivascular inflammation in lungs of SuHx rats. **p<0.01, ***p<0.001. Error
bars in (A-F): min to max. Data shown as mean + s.e.m (H).
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Quisinostat did not normalize BMP/TGF-f signaling in PAH MVECs or PAH rat model
As HDACs are known to regulate the BMP and TGF- signaling pathways in multiple

types of cells [30], we hypothesized that quisinostat may benefit PAH via affecting the
BMP/TGF-f signaling pathway. However, we did not find increased BMPR2 in PAH

MVECs after quisinostat treatment (Supplement Fig. 3A). In the SuHx rat model, the

BMPR2 receptor as well as downstream signaling was unaltered after quisinostat

treatment, as shown by western blot of whole lung lysates and immunofluorescence

staining of the pulmonary vasculature (Supplement Fig. 3B-F). Although quisinostat
reduced mRNA expression of the TGF-f target gene PAI-1 in PAH MVECs in a dose

dependent manner (Supplement Fig. 4A), no reduction in PAI-1 protein was seen in

the lungs from SuHx rats (Supplement Fig. 4B). P-smad 2/3 levels were unaltered after

quisinostat treatment (Supplement Fig. 4C-E).

Table 3. PAH related HDACs and inflammation

HDAC class PAH PAH Inflammatory cells Cytokines
patient animal
HDACI  HDAC1 f ? T-cell activation TNF-a, IL-6, MCP-1,
CCL5
HDAC2 ? f Macrophage activation IL-6, MCP-1
HDAC3 ? Macrophage activation; IL-1B, VACM-1,
monocyte adhesion MCP-1
HDACS ? IL-18
HDACIIa HDAC4 ? Macrophage activation; VCAM-1

monocyte adhesion

HDACS

_}

> >

Macrophage activation, TNF-a
differentiation and proliferation;
monocyte adhesion

HDAC?

HDAC9

HDACIIb HDAC6

T-cell activation; macrophage TNF-q, IL-1B, IL-6
activation

HDAC10

HDACIII Sirtuins

HDACIV HDACI11
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DISCUSSION

The current study demonstrates for the first time that the second-generation HDAC
inhibitor quisinostat inhibits proliferation and inflammation of primary vascular cells
from PAH patients and reverses pulmonary vascular remodeling in experimentally
induced PAH. Moreover, our data indicate that quisinostat has no adverse effects on
RV function or RV remodeling. Therefore, quisinostat could be a novel promising

therapeutic option for PAH.

Increased HDACs in PAH and the inhibition effect of quisinostat

HDACs play a pivotal role in cell survival, proliferation and various other key
processes, and dysregulated activity of HDACs is implicated in multiple diseases [31,
32]. In mammals, there are four major classes of HDACs, as shown in Table 1 [31]. In
PAH, multiple studies have demonstrated increased HDAC expression in pulmonary
tissues from PAH patients and animals with experimentally induced PAH (Table 3),
including human lung homogenates (HDAC1, HDAC4, HDAC5, HDACS) [15, 16], PA
(HDAC1 and 8) [15], PAH-PAECs (HDAC4 and HDACS5) [18], PAAFs (HDACL, 2 and 8)
[15], and PAAFs from chronically hypoxic calves (HDAC1, HDAC2 and HDACS3) [33],
increased mRNA and protein level of HDACs 3, 4 and 5 in isolated PA in MCT PAH rats
[34], up-regulated HDACS6 in lungs, distal PAs, and isolated PASMCs and PAECs from
PAH patients and animal models (MCT and SuHx) [17]. Class I HDAC activity seems
particularly relevant for the development of PAH, particularly HDAC1 which plays a
key role in the uncontrolled proliferation of cancer cells [14, 28]. More interestingly,
HDACI has been recently found to induce proliferation in various non-cancer cells,
such as cardiac fibroblasts, pancreatic beta cells, as well as PASMCs [35-38]. In the
current study, we measured HDAC1 expression in lungs and MVECs of PAH patients.
Consistent with previous studies, we found that the protein expression of HDAC1 was
increased in lung tissues from PAH patients. Moreover, we showed for the first time a
moderately increased HDACI expression in primary lung MVECs from PAH patients.
HDAC1 protein expression was unchanged in the SuHx rat lung, which might differ with
the human situation by the fact that human samples were from patients with end-stage
PAH, while the SuHx rat model represents an earlier stage of PAH. Despite unchanged
HDACI expression, HDACs activity was increased in lung tissues of SuHx rat, as shown

by decreased acetyl-a-tubulin levels.
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Quisinostat treatment in experimentally induced PAH

HDAC inhibitors are small molecules designed to block dysregulated HDAC activity
by binding to the active enzymatic sites in multiple HDACs [39, 40]. Several HDAC
inhibitors have been approved for the treatment of some types of cancer, because of
their ability to inhibit proliferation and induce apoptosis. However, the efficacy of most
current HDAC inhibitors is limited due to their suboptimal potency for class I HDACs
and transient pharmacodynamic responses. The novel HDAC inhibitor quisinostat was
identified to improve the effects on proliferation and apoptosis. As a second generation
oral inhibitor, quisinostat shows a broad spectrum of inhibition toward both class
I (HDAC1-3, 8) and class II (HDAC4-6) HDAC family members, with a prolonged
pharmacodynamic response in vivo [22]. Compared to the commonly used HDAC
inhibitors, quisinostat shows a more potent inhibition on PAH related HDACs which
are found to be aberrant in PAH. Quisinostat has the highest potency against HDACI,
which is 20-fold more potent than R306465 and 530-fold more potent than vorinostat in
vitro [22]. In agreement with previous studies, our results show that quisinostat reduces
the activity of HDAC1 and HDACs overall in MVECs in a dose dependent manner, as
shown by deceased gene expression levels of GJA1 and Cyclin D1, respectively, which
have been shown to be the downstream targets [41, 42]. Moreover, chronic treatment
with quisinostat reduces the activity of HDACs in vivo as shown by increased acetylated

tubulin in pulmonary vasculatures.

Therapeutic benefits of HDACs inhibitors were suggested in PAH animal models,
particularly when applying valproic acid, vorinostat and MC1568 [16, 18, 43]. However,
TSA is also reported to have no effect on SuHx rats and that the drug could even induce
cardiac functional deterioration in PAB rats [20, 21]. We hypothesized that quisinostat
could have superior efficacy in PAH, based on a superior inhibition on PAH related
HDACs and a prolonged pharmacodynamic response. Indeed, we found that quisinostat
treatment for four weeks partly reversed established PAH in SuHx rats, particularly
through affecting intima layer thickness. Moreover, two weeks of quisinostat treatment
reduced intima layer remodeling in MF rats, while hemodynamics was not improved,
suggesting a limited role of intima remodeling in this PAH model. Together these
data demonstrate that the beneficial effects of quisinostat treatment on intima layer

remodeling are not PAH model specific.

Based on the observation of reduced pulmonary vascular remodeling in vivo, we further

investigated the effects of quisinostat on proliferation and apoptosis. A previous study
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shows that quisinostat exhibited a more potent anti-proliferative effect in various human
cancer cell lines than several other commonly used HDAC inhibitors [22]. Consistent
with the potent anti-proliferative effect in cancer cells, we showed that quisinostat had
a profound effect on proliferation of primary lung MVECs from PAH patients and non-
PAH donors, and also that quisinostat reduced the number of proliferating cells in the
pulmonary vasculature in vivo. While apoptosis was reported previously, no effect on

apoptosis was observed in the current study.

Quisinostat treatment and inflammation

Data from PAH animal models and PAH patients suggest that inflammation contributes
to the development of PAH [44]. Recently, an anti-inflammatory characteristic of HDAC
inhibitors was revealed, by affecting monocytes and macrophages, as well as inhibiting
pro-inflammatory cytokines, chemokines and nitric oxide [29]. Several HDAC inhibitors
have been shown to reverse inflammatory diseases, including experimentally induced
colitis, arthritis, and LPS-induced septic shock [45]. However, the same HDAC inhibitors
were also found to have no effects on inflammation in some other diseases [45]. The
divergent effects of HDAC inhibitors on inflammation suggest that the role of each

individual HDAC in inflammatory diseases could be variant [45].

The anti-inflammatory effects of HDAC inhibitors in PAH have barely been studied
before. The aberrant HDACs (1-6) found in PAH have been shown to regulate
inflammation via activation of macrophage and T-cell, and regulation of multiple
cytokines including TNF-a, IL-6, MCP-1, CCL5 and VCAM1 [45]. Even though valproic
acid can reduce inflammation in an MCT rat model as a prevention intervention, the
therapeutic effects of HDAC inhibitors on inflammation and the establishment of PAH
is unknown. Compared to the commonly used HDAC inhibitors such as vorinostat,
quisinostat has much more inhibition potency against these inflammation related
HDACSs [22]. In current study, we found that quisinostat can reduce inflammatory
responses in PAH ECs, as shown by the large reduction in cytokines and chemokines.
This is consistent with the targeted cytokines of HDACI-6. Moreover, quisinostat can
reduce perivascular inflammation in PAH animal models, which reveals quisinostat

as a promising anti-inflammatory therapy for PAH.

Quisinostat treatment on the RV
In PAH, survival is determined by the condition of the RV rather than the degree of

pulmonary vascular resistance [46]. Therefore, it is important for drugs used in the
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treatment of PAH to be beneficial or at least non-toxic to the RV. Previous studies discovered
that HDACs are involved in cardiac hypertrophy and a variety of heart diseases, such as
arrhythmia, left heart failure, acute coronary syndromes and cardiac hypertrophy [11,
47-49]. Furthermore, a previous study shows that treatment with HDAC inhibitors TSA
can induce a functional deterioration in PAB rat model, which was associated with the
development of fibrosis and capillary rarefaction in the RV [21]. Therefore, even though
HDAC inhibitors might be beneficial to PAH by reducing pulmonary vascular remodeling,

they may also worsen the adaptive processes in the heart.

In the current study, despite a reduction of RV afterload in SuHx rats after quisinostat
treatment, cardiac function and RV remodeling were not improved accordingly. We
therefore tested quisinostat on PAB rat model to investigate the direct effect on the RV.
Unlike the beneficial findings on left heart failure or the detrimental effects on PAB
rats, here we did not observe any direct effects of quisinostat on the RV. The different
observation between quisinostat and TSA could be due to their different potency
towards various HDACs. Though lack of direct comparison, quisinostat was shown
to have distinct HDAC isotype specificity compared to vorinostat, which is an analog
of TSA [50, 51]. Quisinostat exhibited a higher potency against HDAC1, 2 and 4 than
vorinostat, while a much lower potency against HDAC6 [22]. While HDAC2 and 4 are
found to regulate cardiac hypertrophy [52], HDAC6 can inhibit apoptosis by inducing
Suvivin deacetylation [53, 54]. Inhibition of HDAC6 was found to benefit experimental
PAH by inducing apoptosis in PAH-PASMCs [17]. However, the independent effects of
HDACS6 inhibition on the RV, especially on the apoptosis of RV capillaries, is unknown.
Therefore, we speculate that the strong potency of TSA against HDAC6 might explain

the capillary rarefaction found in the RV.

Quisinostat as a new therapeutic option for PAH

It has to be noted that although beneficial, the effects of quisinostat are still limited,
giving it a lower priority as a promising treatment, when compared to some other novel
therapies tested in PAH. With the same PAH animal models, a previous study from our
group showed that RVX208, an inhibitor of bromodomain-containing protein 4, not
only reduced pulmonary vascular resistance and remodeling, but also had independent
beneficial effects on cardiac function and RV remodeling, which were not observed
after quisinostat treatment [27]. Therefore, although current study excluded the doubt
of cardiac detrimental effects of quisinostat, the establishment of clinical trials with

HDAC inhibitors in PAH patients lacks priority compared to other novel therapies.

156
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CONCLUSION

In conclusion, the expression of HDACLI is increased in the lung of PAH patients
and HDAC activity is increased in the PAH vasculature of rats with experimentally
induced PAH. Treatment with the second-generation HDAC inhibitor quisinostat can
reduce proliferation and inflammatory response in PAH MVECs, and partly reverse
pulmonary vascular remodeling in preclinical PAH models by reducing pulmonary
vascular proliferation and inflammation. Importantly, it has no adverse effect on
cardiac function. Therefore, quisinostat may provide a safe novel therapeutic option
by inhibiting HDACs in PAH.
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Supplement Figure 1. Quisinostat treatment has no effect on the RV of PAH rat models.

(A, B) In SuHx rat model, quisinostat treatment did not change RV stiffness (Eed index), RV relaxation
(dp/dt min) (A), RV contractility (Ees index) or RV coupling (Ees/Ea) (B) as revealed by pressure-volume
loop analysis. (C, D) Quisinostat did not change cardiac function (C) or RV remodeling (D) in SuHx
rats as shown by echocardiography. (E, F) Quisinostat did not change RV hypertrophy in SuHx rats as
shown by Fulton index (E) and RV CSA (F). Scale bar = 50 um. (G) In MCT-flow rats, quisinostat did not
change cardiac function as shown by echocardiography analysis. (H) Fulton index of MCT-flow rats
after quisinostat treatment. *p<0.05. Data shown as mean +s.e.m.
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Supplement Figure 2. Quisinostat treatment has no effect on apoptosis in lungs of PAH rat models.
(A) Representative images of cleaved caspase-3 immunofluorescence staining on lung slides of SuHx
rats with or without quisinostat treatment. White: cleaved caspase-3, red: a-smooth muscle actin, green:
von Willebrand factor, blue: DAPI. Scale bar = 50 um. (B) Representative images of cleaved caspase-3
western blot on lung lysates of SuHx rats. (C) Quantification of cleaved caspase-3 western blot on lung
lysates of SuHx rats. (D) Representative images of cleaved caspase-3 western blot on lung lysates of
MCT-flow rats. (E) Quantification of cleaved caspase-3 western blot on lung lysates of MCT-flow rats.
Data shown as mean + s.e.m.
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Supplement Figure 3. Quisinostat treatment has no effect on BMPR2 signaling in PAH MVECs

and PAH rat model.

(A) qRT-PCR was performed to assess RNA expression of BMPR?2 following treatment with DMSO or
quisinostat in BMP9 stimulated MVECs. (B-D) Western blot of BMPR2 (B), p-smad1/5/9 (C) and phosphor-Erk
(D) on lung tissues of SuHx rats following treatment with DMSO or quisinostat. (E, F) Immunofluorescence
staining of BMPR2 (E) and p-smad1/5/9 (F) on lung slides of SuHx rats with or without quisinostat treatment.
White: BMPR2 (E) or p-smad1/5/9 (F), red: a-smooth muscle actin, green: von Willebrand factor, blue: DAPI.
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Supplement Figure 4. Quisinostat treatment reduces TGF-f signaling in PAH MVECs and PAH
rat model.

(A) qRT-PCR was performed to assess RNA expression of PAI-1 following treatment with DMSO or
quisinostat in PAH MVECs. (B) Western blot of PAI-1 on lung lysates of SuHx rats. (C) Western blot of
p-smad 2/3 on lung lysates of SuHx rats. (D) Representative images of p-smad 2/3 immunofluorescence
staining on lung slides of SuHx rats with or without quisinostat treatment. White: p-smad 2/3, red:
a-smooth muscle actin, green: von Willebrand factor, blue: DAPI. Scale bar = 50 um. (E) Quantification
of p-smad 2/3 fluorescence in pulmonary vasculatures. *p<0.05. Error bars in (A): mean + s.e.m. Data
shown as mean +s.e.m (C, E).
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SUPPLEMENT METHODS

Cell culture and tissue sections

Collection of lung specimens was approved by the local ethical committee and written
informed consent from patients was obtained. Human pulmonary artery microvascular
endothelial cells (MVECs), as well as smooth muscle cells (PASMCs) were isolated and
cultured from idiopathic PAH patients and control lung explant tissue as previously

described [1]. Cells between passage 5 and 8 were used for experiments.

Quantitative Real Time-PCR (qRT-PCR)

Total RNA from cultured cells was isolated using NucleoSpin RNA II isolation kit
(Machery Nagel, Diiren) following the manufacturer’s instructions. All the cDNA
was synthesized with the iScript cDNA kit (Bio-Rad) following the manufacturer’s
instructions. RT-qPCR was performed with SYBR Green Supermix (Bio-Rad) using
specific primers on CFX Real-Time PCR detection System (Bio-Rad). gPCR results were
analyzed using the delta delta Ct method. GAPDH was used as an internal control for

the amount of cDNA present in each sample.

Protein expression by western blot on cells and rat tissues

Whole cell lysates, lung and right ventricle (RV) tissue of the rats was homogenized
in radioimmunoprecipitation assay buffer containing phosphatase and protease
inhibitors (Sigma-Aldrich). The protein concentration was quantified by the Pierce
660 nm protein assay kit (ThermoFisher Scientific, Rockford, IL, USA), and western blot
was performed as described [1]. Briefly, equal amount of protein was loaded on SDS-
PAGE and transferred to polyyvinylidene difluoride (PVDF) membraines (Millipore).
Blots were blocked by 5% non-fat milk or 5% bovine serum albumin (BSA) for 1 hour
at room temperature (RT), and incubated with primary antibody at 4°C overnight, to
detect the expression of histone deacytylase 1 (HDAC1) (1:500; NB100-56340; Novus
Biologicals, Abingdon, UK), acetylated tubulin (1:1000; T6793, Sigma-Aldrich, St.Louis,
MO, USA), cleaved caspase-3 (1:1000; #9611; cell signaling Technology Inc. Beverly,
MA, USA), p-smad 2/3 (1:1000; sc-11769; Santa Cruz Biotechnology, Dallas, TX, USA),
t-smad 2/3 (1:1000; 8685; Cell Signaling Technology Inc. Beverly, MA, USA), BMPR2
(1:500; 612292; BD Biosciences, Vianen, The Netherlands), p-smad 1/5/9 (1:1000; 13820;
cell signaling Technology Inc. Beverly, MA, USA) and t-smad 1/5/9 (1:500; sc-6031-R,
Santa Cruz Biotechnology, Dallas, TX, USA). It was followed by appropriate secondary

antibody incubation. The protein expression was quantified with Image J, and protein
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amount was normalized by vinculin (1:500; sc-5573; Santa Cruz Biotechnology, Dallas,
TX, USA) as loading control.

Cell viability assays

Cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assays and were performed as described previously[1] Briefly, cells were
seeded in a 96-well plate at a density of 3x103 cells/well in ECM medium (Sciencell,
Catalog#1001) and incubated overnight. Cells were made synchronized by incubation in
medium without FCS for 6 h and then incubated overnight with FCS (10% [vol/vol]) and
vehicle or quisinostat (1 uM) for 24 h. After the incubation time, 10 uL of MTT reagent (5 mg/
ml) was added to the cells for 3h at 37°C. 100 uL of isopropanol was added to each well and
incubated for 15 min at RT. Colorimetric analysis was performed with a spectrophotometer.

Each experiment (in quadruplicate) was repeated at least three times.

Cell count analysis
MVECs were pretreated with vehicle or quisinostat (1 uM) for 48h and the number of

cells was counted using a TC20™ Automated Cell Counter (Bio-Rad).

Determination of PASMC growth in cultured medium of MVECs

PAH MVECs were pretreated with vehicle or quisinostat (1 uM) for 24 h. Conditioned
medium from these cells was added to control PASMCs and incubated for 48 hours after
which the number of cells were counted using TC20™ Automated Cell Counter (Bio-Rad).

Of note, the half-life of Quisinostat is 2 hours.

Experimental animal approval

All animal experiments were approved by the Dutch Central Ethical Committee for
Animal Experiments. Experiments with SU5416 + Hypoxia (SuHx), monocrotaline
+ shunt flow (MF) and pulmonary artery banding (PAB) rats were approved by an
independent local animal ethic committee at the University Medical Center Groningen
(Groningen, the Netherlands, study numbers AVD105002015129 and AVD105002015134).
All animal experiments were performed based on published standards for translational
research in PAH [1, 2].

Quisinostat treatment in SuHx rat PAH model

Male Sprague-Dawley rats (n =18, 140-180 g, Envigo, Horst, the Netherlands) were used

throughout the experiment. Rats were housed in standard conditions, with available food
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and water. SuHx PAH rat model was induced according to published protocol [1]. Rats were
subjected to a single subcutaneous injection of SU5416 (25 mg/kg, 3037, Tocris Bioscience,
Bristol, UK), and followed by a 4-week exposure to 10% hypoxia (Biospherix Ltd, New York,
NY, USA) maintained by a nitrogen generator (Avilo, Dirksland, the Netherlands) and 4
weeks of normoxic re-exposure. After randomization, animals were divided into two groups
receiving 5 mg/kg quisinostat (SuHx+Q, n = 9) or vehicle (SuHx, n =9, 5% DMSO) in drinking
water from week 6 to week 10. At the end of the experiment, rats were anaesthetized for
hemodynamic assessment including echocardiography and RV catheterization. After the
measurements, rats were exsanguinated, lung and cardiac tissues were collected for further

analysis. All measurements and analyses were done in a blinded manner.

Hemodynamic Measurements in SuHx PAH rat model

Atthe beginning and the end of the treatment, echocardiography (Prosound SSD-4000
and UST-5542; Aloka, Tokyo, Japan) was performed to measure cardiac function. At the
end of the experiment, rats were anaesthetized with 4% isoflurane, and hemodynamic
data were collected by open-chest RV catheterization (Millar Instruments, Houston,
TX). RV systolic pressure was determined from measurement at steady state, as well
as arterial elastance (Ea). Pressure-volume loops following vena-cava occlusion were
collected and used to measure end systolic elastance (Ees) and end diastolic elastance.

RV-arterial coupling was further calculated as Ees/Ea.

Quisinostat treatment in MCT + Shunt flow PAH rat model

25 Wistar male rats (+200g; Charles River, Fr) were kept in standard conditions, with
available food and water. MF PAH rat model was induced by a subcutaneous injection
of MCT (60 mg/kg, Sigma) at day 0, followed by aorto-caval shunt surgery at day 7, which
approximately doubles pulmonary blood flow. MF can induce neomuscularization and
medial layer remodeling from day 7 to 14, intima layer remodeling from day 14 to day
21, and RV failure from day 21 to 28. Rats were randomized into 3 groups: 1) MF rats
sacrificed at day 21 (MF21) as baseline group; 2) treatment with vehicle (5% DMSO in
drinking water) from day 21, and sacrificed at day 35 (MF35 Veh); 3) treatment with 5
mg/kg Quisinostat in drinking water from day 21, and sacrificed at day 35 (MF35 Q).
Echocardiography was also performed before the treatment(at day 21) to determine
baseline cardiac function. At the end of the study, before sacrifice the animals, rats
were anesthetized and subjected to hemodynamic evaluation by echocardiography and
right heart catheterization. Lung and heart tissues were collected for further analysis.

All measurements and analyses were done in a blinded manner.

169



Chapter 6

Quisinostat treatment in the PAB rat RV pressure load model

In models of PAH, it is difficult to dissect whether effects of therapy on the RV result
from a direct therapeutic effect on RV myocardium, or an indirect effect caused by
modulated afterload. Therefore, to assess direct myocardial effects of quisinostat
in this setting, isolated RV pressure load was created in 16 adult male Wistar rats
(£200 g, Charles River, Fr) by PAB surgery at day 0, by a tight constriction with 18G
needle. One rat died within the first hour after surgery. PAB gradient was assessed by
means of echocardiography at day 14. One rat was excluded due to a non-significant
degree of pressure load, defined as a minimum systolic PAB gradient of 40 mmHg
on echocardiography at day 14. All other rats showed to be subjected to effective RV
pressure load. Rats were grouped into two groups with equal mean PAB gradient. Rats
were randomized into 2 groups: 1) treatment with vehicle (5% DMSO in drinking water)
from day 28 to 56 (PAB), or 2) treatment with 5 mg/kg quisinostat in drinking water
from day 28 to 56. At the end of the study, rats were anesthetized and subjected to
hemodynamic evaluation by echocardiography. Lung and heart tissues were collected.

All measurements and analyses were done in a blinded manner.

Measurement of RV hypertrophy

To assess the extent of RV hypertrophy, the RV free wall was separated from the left
ventricle (LV) and ventricular septum. Wet weights of LV plus septum, and the RV were
collected separately, after which the ratio of RV weight to LV plus interventricular
septum weight (Fulton index: RV/[LV+IVS]) was calculated. For further analysis of RV
hypertrophy, 5-pum-thick paraffin sections of RV tissues were stained with haematoxylin

and eosin, after which the mean myocardial cross-sectional area was assessed.

Quantification of pulmonary vascular remodeling

Paraffin-embedded lung sections of 5 um were stained following the Elastica-Van
Gieson protocol, and images were collected under 400 x magnification (Hamamatsu
nanoviewer, Japan). 40 vessels (diameter < 100 um) per sample were analyzed with

Image J as previously described [1].

Measurement of RV fibrosis

To measure RV fibrosis, paraffin-embedded RV sections 5 um were stained according to
the Masson protocol, after which the images were collected under 400x magnification
(Hamamatsu nanoviewer, Japan). The percentage of fibrosis was calculated by using

the positive pixel count algorithm (V9) on image scope V12.3.
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Immunofluorescence staining

Cryosections of lung issues were sectioned at 5Sum, blocked with 1% BSA in PBS, and
incubated overnight with primary anti-acetylated tubulin (1:1000; T6793, Sigma-
Aldrich, St.Louis, MO, USA), cleaved-caspase 3 (1:400; #9661, Cell Signaling Technology
Inc. Beverly, MA, USA), PCNA (1:100; sc-7907, Santa Cruz Biotechnology, Dallas, TX,
USA), CD45 (1:50; sc-53045, Santa Cruz Biotechnology, Dallas, TX, USA), BMPR2
(1:200; MAS5-15827, ThermoFisher Scientific, Rockford, IL, USA), p-smad 1/5/9 (1:800;
#13820, Cell Signaling Technology Inc. Beverly, MA, USA) and p-smad 2/3 (1:50; sc-
11769, Santa Cruz Biotechnology, Dallas, TX, USA) followed by appropriate secondary
antibody (Invitrogen, MA, USA) for 1 hour. Sections were also incubated with a-smooth
muscle actin-Cy3 (a-SMA, 1:100, C6198, Sigma-Aldrich, St.Louis, MO, USA) and von
willebrand factor-FITC (vwF, 1:100; ab8822, Abcam, Cambridge, UK). Counter staining
was performed using 4'6-diamidino-2-phenylindole (DAPI, H-1200, Vector Labs).

Image collection and quantification are performed as described in our previous study
[1]. Briefly, the images were collected using a ZEISS Axiovert 200M Marianas inverted
microscope at x400 and a digital microscope software (Slidebook 6, Intelligent imaging
innovations). Captured images were adjusted and merged using Abobe Illustrator
(AL, version 23.03). For evaluating protein expressions, fluorescent intensity of each
vesseleach molecule was measured within the area co-stained with a-SMA and vwF at
high power field (x400) and the data was corrected for the vascular lumen area assessed

with FIJI software [1]. More than 20 vessels per section were measured.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism software for windows,
version 8.0. Normality of data was checked. Log-transformation or non-parametric test
was applied if data was not normally distributed. Unpaired student’s t-tests were used for
comparisons between two groups. Multiple comparisons were used by one-way ANOVA,
followed by Bonferroni’s post-hoc test. For repeated measurements of echocardiography
analysis, two-way ANOVA was applied followed by Sidak’s post-hoc. Kruskal-wallis test
followed by Dunn’s multiple comparison test was used for data that was not normally
distributed. A value of P < 0.05 was considered significant. All statistical tests used two-

sided tests of significance. All data are presented as mean + SEM.
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Chapter 7

ABSTRACT

Right ventricular failure (RVF) is the main determinant of mortality in patients
with pulmonary arterial hypertension (PAH). Although the exact pathophysiology
underlying RVF remains unclear, inflammation may play an important role, as it
does in left heart failure. Perivascular pulmonary artery and systemic inflammation
is relatively well studied and known to contribute to the initiation and maintenance
of the pulmonary vascular insult in PAH. However, less attention has been paid to
the role of cardiac inflammation in RVF and PAH. Consistent with many other types
of heart failure, cardiac inflammation, triggered by systemic and local stressors,
has been shown in RVF patients as well as in RVF animal models. RV inflammation
likely contributes to impaired RV contractility, maladaptive remodeling and a vicious
circle between RV and pulmonary vascular injury. Although the potential to improve
RV function through anti-inflammatory therapy has not been tested, this approach
has been applied clinically in left ventricular failure patients, with variable success.
Because inflammation plays a dual role in the development of both pulmonary vascular
pathology and RVF, anti-inflammatory therapies may have a potential double benefit
in patients with PAH and associated RVF.

KEYWORDS

Inflammation, right ventricular failure, pulmonary arterial hypertension
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ABBREVIATIONS
AECA anti-endothelial cell antibody
CCL C-C motif chemokine ligand
CINC cytokine-induced neutrophil chemoattractant
Cco cardiac output
CXCL C-X-C motif ligand
CXCR C-X-C motif receptor
CX3CL C-X3-C motif ligand
Ea arterial elastance
EC endothelial cell
Ees end systolic elastance
Fnl4 fibroblast growth factor-inducible 14
HF heart failure
HFpEF heart failure with preserved ejection fraction
HFrEF heart failure with reduced ejection fraction
HLA-DR human leukocyte antigen-antigen D related
ICAM intercellular adhesion molecule
IL interleukin
IPAH idiopathic pulmonary arterial hypertension
LVF left ventricular failure
MCT monocrotaline
miR microRNA
MMP matrix metalloproteinase
NF-xB nuclear factor-xB
NOS nitric oxide synthase
NYHA New York Heart Association
PAB pulmonary artery banding
PAH pulmonary arterial hypertension
PE pulmonary embolism
PH pulmonary hypertension
ROS reactive oxygen species
RVF right ventricular failure
SERCA sarcoplasmic/endoplasmic reticulum calcium ATPase
SLRP small leucine-rich proteoglycan
SSc systemic sclerosis
sST2 soluble suppression of tumorigenicity 2
SuHx SUS5416 plus hypoxia
TAC transverse aortic constriction
TNF tumor necrosis factor
TNFR tumor necrosis factor receptor
TWEAK TNF-like weak inducer of apoptosis
VCAM vascular cell adhesion molecule
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1. INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fatal disease characterized by pulmonary
vascular remodeling and a chronic and frequently progressive increase in right
ventricle (RV) afterload, eventually leading to RV failure (RVF) and premature death.
Although the initial insult in PAH involves the pulmonary vasculature, RVF is the most
important determinant of mortality in patients with PAH.! Many questions, however,

regarding the mechanisms underlying RVF remain unclear.

In recent years, multiple studies have focused on the evidence of inflammation in
PAH, and highlighted the role of inflammation in the initiation and maintenance of
pulmonary vascular remodeling.>* Accumulation of perivascular inflammatory cells as
well as systemic overabundance of pro-inflammatory cytokines and chemokines have
been observed in clinical and experimental PAH, and have been proposed to contribute
to the process of pulmonary vascular remodeling.>** ¢ However, compared to the
pulmonary vasculature, the role of inflammation in the transition from RV adaptation
to failure is less well known. Intriguingly, evidence of RV inflammation has been found
in patients with acute pulmonary embolism (PE) related RVF and in patients with HIV
and systemic sclerosis associated PAH (SSc-PAH).”® Moreover, cardiac inflammation has
been demonstrated in several experimental RVF models, with increased infiltration of
inflammatory cells and expression of multiple cytokines and chemokines, which are

related to the progression of RVF.1% 1

Evidence of inflammatory responses in the heart of patients with many types of
cardiovascular diseases other than PAH has been accumulating for decades.'*'*
Inflammation is considered a double-edged sword, as it stimulates the immune response
to microbial infection while it may also lead to further injuries in noninfectious
conditions, such as cardiovascular diseases.!? The “Cytokine Hypothesis” is regarded as
one of the basic mechanisms for the development of heart failure (HF), and states that a
cardiac event triggers systemic activation of pro-inflammatory cytokines, which in turn
accelerate the progression of HF."* Indeed, increased levels of circulating inflammatory
cytokines have been found associated with the New York Heart Association (NYHA)

functional class in HF patients.'®
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The aim of this review is to provide an overview of available evidence of inflammation
in RV and to discuss the potential role of inflammation in the pathogenesis and

progression of RVF.

2. VICIOUS CIRCLE BETWEEN RV INFLAMMATION AND RVF

Currently, itis unclear to what extent inflammation contributes to the development or
progression of RVF. It is possible that inflammation is key to the transition from RV
adaptation to failure, but RV inflammation could also be a mere bystander and a simple
consequence of the primary processes involved in RVF. Based on available evidence, we
propose a key role of inflammation and neurohormonal signaling in the vicious circle

of pulmonary vascular remodeling and RVF. (Figure 1)

2.1 Potential Inflammatory triggers in RVF: wall stress, ischemia, systemic
inflammation and neurohormonal activation

Due to the multifactorial nature of PAH, it is difficult to pinpoint an initial trigger
of RV inflammation. We propose that both local stressors and systemic influences
could promote a “pro-inflammatory environment” in the overloaded RV. Potential
local triggers of cardiac inflammation include mechanical stress and ischemia, while
systemic influences likely consist of increased circulating levels of proinflammatory

cytokines and activated immune cells and neurohormonal activation.

Both in vitro and in vivo studies have suggested that mechanical stress can directly
initiate cardiac inflammation through the local production of reactive oxygen
species (ROS) and secondary activation of nuclear factor-kB (NF-kB)."* 10 minutes
of mechanical stretch in adult feline cardiomyocytes can induce myocardial
overexpression of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-
a), which is followed by leukocyte infiltration."” In vivo, aortic banding can increase
the level of TNF-q, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL2), CCL3
and inflammatory cell accumulation in the left ventricle (LV).? In the rat model of
experimental pulmonary hypertension (PH) induced by monocrotaline (MCT), RV
inflammation was not found in stable PH but in progressive PH, the latter being
associated with a larger RV end-diastolic diameter indicating a higher RV wall stress.
In addition, exercise was observed to increase RV inflammation in progressive PH,

which is related to increased RV wall stress during episodes of activity, also suggesting
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that high RV wall stress might be an explanation for RV inflammation.?! These studies
are not entirely conclusive, however, because of the direct pro-inflammatory properties

of MCT administration.?>»?3

In addition to mechanical stress, ischemia is another known trigger of the expression
of inflammatory cytokines in the heart.*?” Although the normal RV is less susceptible
to infarction,” the pressure overloaded RV is more susceptible to ischemia than the
pressure overloaded LV, because of a diminished RV coronary flow reserve, a greater
systolic-diastolic coronary flow ratio, and an impaired angiogenic response to increased
afterload.” Therefore, RV ischemia due to a decrease in capillary density and right
coronary artery perfusion impairment may explain the findings of RV inflammation in
experimental PH* * as well as in SScPAH patients, who are known to have functional

abnormalities of the small coronary arteries.*

Spill-over of pulmonary vascular inflammation into the systemic circulation may
lead to increased serum levels of inflammatory cytokines in PAH, which are not
only biomarkers that can be used for risk stratification of PAH patients,* but may
also directly affect RV function. Inflammatory cells may be activated in the lung and
subsequently invade the RV. However, because only few inflammatory cells can be
observed infiltrating the RV from iPAH patients (alike experimental RVF models (Table
1)), it is doubtful whether systemic inflammation plays a role in RV inflammatory
responses. It is more likely that local stresses together with neurohormonal overdrive

play crucial roles in this process.

Increased activity of neurohormonal system, particularly the renin-angiotensin-
aldosterone system and the neuro-adrenergic system,*"* is a second systemic aspect
of PAH well capable of triggering inflammation both in the pulmonary vasculature
and in the heart.> ¥ During HF development, increased activity of the sympathetic
nervous system contributes to increased cardiac inflammation, including upregulated
expression of TNF-a and IL-1b.*® Treatment with the selective B-blocker bisoprolol
improved cardiac function as well as reduced RV inflammation in experimental PH
rats.* Both Angiotensin II (Ang II) and cytokines are promotors of endothelin-1 (ET-1)
expression,** and ET-1 can increase the expression of cardiac pro-inflammatory
cytokines and neurohormonal activation.***® Moreover, cardiac inducible nitric oxide
synthase (iNOS) expression can be increased by cytokines such as TNF-a and IL-1,

which causes further calcium and mitochondrial dysfunction, as well as additional
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disruption of the neuro-adrenergic system.** Altogether, while cardiac inflammation
may contribute to the progression of RVF, the failing heart will further promote
sympathetic overdrive, creating a vicious circle between RV inflammation, and RVF

and pulmonary vascular remodeling. (Figure. 1)

PAH related RVF

Sick lung circulation e
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cytokines and chemokines] el
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FIGURE 1. The role of inflammation in the vicious circle between pulmonary vascular remod-
eling and right ventricular failure.

In PAH, perivascular inflammation plays a role in pulmonary vascular remodeling, which leads to
increased RV mechanical stress, ischemia, and increased inflammation in systemic circulation,
triggering RV inflammation. Increased activity of neurohormonal system is also a trigger of RV
inflammation. While RV inflammation may lead to the progression of RVF, the failing heart will further
increase neurohormonal activity, which promotes pulmonary vascular remodeling. Altogether, a vicious
circle is formed between RV inflammation, RVF and pulmonary vascular remodeling. PAH pulmonary
arterial hypertension, RVF right ventricular failure

183



Chapter 7

Table 1 Cardiac inflammation in the failing RV

RV inflammation
PAH trend of increased lymphocyte and neutrophil
i
infiltration
PAH-RVF HIV-PAH lymphocyte and macrophage infiltration, EC
expression of VCAM-1, ICAM-1, E-selectin and HLA-DR
SSc-PAH lymphocyte, neutrophil and macrophage infiltration
leukocyte and neutrophil infiltration, increased
MCT rat

TNF-a, TWEAK, IL-18 and IL-6

lymphocyte and macrophage infiltration, increased
PAB mice or rat chemokines CCL2, CCL5, CXCL6, CXCL10, CX3CL1

experimental RVF and CXCL16
shunt piglet increased TNF-q, IL-1a, IL-1p and ICAM-1
SuHx rat trend of increased IL-6 and CCL-2

ovariectomized increased IL-6 and CCL-2
SuHx rat

iPAH, idiopathic pulmonary arterial hypertension; SSc, systemic sclerosis; MCT, monocrotaline; PAB,
pulmonary artery banding; SuHx, SU5416 plus hypoxia; EC, endothelial cell; VCAM-1, vascular cell
adhesion molecule-1; ICAM-1, intercellular adhesion molecule; HLA-DR, human leukocyte antigen-
antigen D related; TNF, tumor necrosis factor; TWEAK, TNF-like weak inducer of apoptosis; IL,
interleukin; CCL, C-C motif chemokine ligand; CXCL, C-X-C motifligand; CX3CL, C-X3-C motif ligand.

2.2 Evidence of cardiac inflammation in RVF

2.2.1 Inflammatory cell recruitment into the failing RV

Presence of multiple leukocytes, cytokines and chemokines has been studied in
the failing RV. A recent study of biventricular biopsies from 15 patients with HIV-
associated PAH found lymphocytic myocarditis in 12 patients, microvasculitis in 3
of these patients, and increased endothelial cell (EC) adhesion molecules in all 15
patients, including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), E-selectin and human leukocyte antigen-antigen D related (HLA-
DR).>® Also the study of heart tissues from SSc-PAH patients revealed inflammation in
RV tissues. SSc is a disease with a multifaceted pathology, characterized by an enhanced
inflammatory status, vasculopathy and excessive fibrosis in skin and internal organs.
PAH induced RVF is the leading cause of death in SSc patients.* Compared to idiopathic
PAH (IPAH) patients, SSc-PAH patients have a worse RV function and prognosis, even
though the pulmonary vascular resistance is similar.*>** By analyzing the heart tissues
from 5 SSc-PAH patients, Overbeek et al. found significantly more leukocytes in the RV

tissues compared with normal controls as well as compared with the RV from IPAH
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patients, including increased number of lymphocytes, macrophages and neutrophilic
granulocytes, suggesting that inflammation may contribute to a worse RV function
in SSc-PAH patients.’ In contrast, the authors found no significant inflammatory cell
infiltration increase in RV tissues from 9 patients who died from IPAH compared to
control, though there is a tendency towards increased neutrophils and lymphocytes.’
This finding was confirmed by Begieneman et al. who compared the number of
lymphocytes, macrophages and neutrophilic granulocytes in RV tissues between 11

patients who died of IPAH compared to controls.’

Studies on RV inflammation in PAH are limited by a small sample size and by the fact
that only RV tissues from patients with end-stage disease were available. It is possible
thatinflammation is no longer present or active in end-stage RVF, but heavily involved
in the transition from RV adaptation to failure. In addition, even though the quantity
of inflammatory cells is low in the RV from IPAH patients, their functional effects may

still be important on the progression of the disease (Figure. 2).

2.2.2 Experimental RVF: inflammatory cell influx and altered expression of cytokines

Important evidence that inflammation does play a role in the progression of RV failure
comes from studies of experimental RVF. Several animal models have been used to
investigate the pathogenesis of PH and PH-induced RVF, such as MCT induced PH,
pulmonary artery banding (PAB), angioproliferative disease due to blockade of vascular
endothelial growth factor receptor antibody blocker (SU5416) plus chronic hypoxia
(SuHx) and systemic to pulmonary shunt models.*** Though it is clear that there is
no perfect experimental model of human PAH currently available, these models have

provided valuable contributions to the understanding of PAH.

MCT: MCT is a plant-derived alkaloid that induces pulmonary EC injury and
perivascular inflammation. A single subcutaneous injection of 40 mg/kg MCT induces
stable PH with a preserved cardiac output (CO) in rats after 2 weeks, while 60 mg/
kg MCT induces progressive PH developing RVF.* Multiple studies have shown that
RV inflammation is increased in progressive MCT induced PH, including leukocyte
infiltration,?" * neutrophil activation,'>*” increased expression of pro-inflammatory
cytokines including TNF-q,' 5! TNF-like weak inducer of apoptosis (TWEAK),* IL-13
and IL-6.° Moreover, inflammatory activation in the RV of MCT rats is characterized
by a specific time course, showing an early increase which peaks at the stage of RV

dilation, and continues into the RVF stage.'”® Among the pro-inflammatory cytokine
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pathways, TNF superfamily signaling appears to be involved in the pathogenesis of RVF
via the non-canonical NF-kB pathway, with increasing expression of NF-kB subunits
p100/p52 and Rel-B.* On the other hand, no inflammatory changes have been found
in stable MCT induced PH.?" ¢ Collectively, these data suggest a possible association

between RV inflammatory activation and early stages of RVF.

PAB: Mice develop RVF one week after the PAB operation. Several chemokines have
been found upregulated in the RV in this model, including CCL2, CCL5, C-X-C motif
ligand 6 (CXCL6), CXCL10, C-X3-C motif ligand 1 (CX3CL1) and CXCL16. Among
these chemokines, CXCL16, CX3CL1 and CCL5 may play a role in RV remodeling
via enhancing small leucine-rich proteoglycans (SLRPs).** Meanwhile, leukocyte
infiltration was also increased in the RV, including both CD4* and CD8" T cells, while
no chemokine or leukocytes increase was found in the LV.** The expression of TWEAK
receptor fibroblast growth factor-inducible 14 (Fn14) is also increased in the RV from
PAB mice.®® TWEAK belongs to the TNF superfamily and TWEAK levels are inversely
correlated with the severity of PAH in patients.® In another chronic PAB-induced RVF
model in rats, elevated expression of activated NF-kB and increased numbers of CD68-
positive macrophages were found in RV tissues. Chronic treatment with the NF-xB
inhibitor pyrrolidinedithiocarbamate reversed RV inflammation and fibrosis, as well

as improved RV function after PAB.%

Aortic-pulmonary shunt: Aortic-pulmonary shunting in growing piglets is a recognized
model of congenital left-to-right shunt-induced PH.! While the piglets develop PH with
preserved RV function with three months of shunting, more prolonged shunting can
induce pronounced RVF, with elevated serum TNF-a levels and increased cardiac
expression of pro-inflammatory cytokines.* The expressions of IL-la and IL-1f
were increased in both the RV and LV of shunted piglets, while TNF-a and ICAM-2
expressions were only increased in the RV. No changes were found in IL-6, IL-10, IL-19,
IL-33, suppression of tumorigenicity 2 (ST2), ICAM-1, VCAM-1 or signal transducer and
activator of transcription 3.!% % The fact that expressions of cytokines are increased
in the LV may indicate the progression towards global HF. In addition, a negative
correlation was found between RV ICAM-2 gene expression and RV-pulmonary artery

coupling as shown by end systolic elastance/arterial elastance (Ees/Ea).®®

Others: In SuHx induced PAH rats, the gene expression of IL-6 and CCL-2 in RV tissues

had a tendency to be up-regulated, but differences are not significant.®® However,
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female ovariectomized SuHx rats were found to develop severe RV dysfunction and
significantly up-regulated gene expression of IL-6 and CCL-2 in the RV.% In a tetralogy
of Fallot model by transvalvular patch inducing RV tract enlargement together with PAB
in piglets, even though RVF was established with significant fibrosis and myocardial

hypertrophy, cardiac inflammation was not observed.”
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FIGURE 2. Recruitment of inflammatory cells into the failing right ventricle

Recruiment of inflammatory cells into the failing RV is attributed to the direct effect of neurohormonal
changes and increased cytokines production. Neurohormonal overdrive can directly promote cardiac
macrophage recruitment. Circulating cytokines generated within a “sick lung” circulation contribute
to cardiac insulin resistance, which induces NF-KB activation in cardiomyocytes. Mechanical
stress can induce NF-KB activation in cardiomyocytes by producing ROS. Ischemia can stimulate
cardiomyocytes to release DAMPs, which activate NF-KB through binding to TLR4. The activation of
NF-KB in cardiomyocytes leads to the expression of a wide range of pro-inflammatory cytokines that
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FIGURE 2 (continued)

promote the recruitment of inflammatory cells into the RV. In addition, increased ET-1 from the lung
contributes to cytokine production of both cardiomyocytes and ECs. The cytokines TNF-a and IL-1
may induce fibroblast production of other pro-inflammatory cytokines and chemokines, which further
increase the recruitment of inflammatory cells into the RV. TLR4, Toll-like receptor 4; DAMPs, damage-
associated molecular patterns.

2.2.2 Cardiac inflammation in RVF related to other diseases

The presence of acute RVF following PE is a strong predictor of poor clinical outcome.””
Iwadate et al. found an increased number of macrophages in RV tissues from 16 out of
20 patients who had died of PE.® ™ By analyzing the heart tissues from 22 patients with
PE, Begieneman et al. found aggregates of lymphocytes, macrophages and neutrophilic
granulocytes coinciding with areas of myocytolysis in both the RV and LV, indicating

the presence of myocarditis and endocarditis in these patients.’

In a rat model of PE induced by microspheres injection via the right jugular vein,
massive accumulation of neutrophils and monocyte/macrophage was found in the RV, as
well asincreased chemokine expression, including CCL2, cytokine-induced neutrophil
chemoattractant-1 (CINC-1), CINC-2, CXCL2 and CCL3.” Moreover, suppression of the
inflammatory response by the anti-inflammatory agent ketorolac sodium improved
survival in this PE model, while antibodies targeted at neutrophil or chemoattractants,
such as polymorphonuclear leukocytes and CINC-1, reduced neutrophil accumulation

and activity, limited RV damage and prevented RVF.”>"7

RVF due to a pulmonary hypertensive crisis can be experimentally reproduced in
animals by transient PAB.” In a dog model with 90-minute PAB, persistent RVF was
found to be associated with increased RV expression of TNF-q, IL-1f3, IL-6, IL-6/IL-10
ratio, CCL2, VCAM-1, neutrophil and macrophage infiltration, as well as decreased
IL-10 and IL-33.77 After establishment of RVF in pigs after 2 hours of PAB, microarray
analysis showed that 9 inflammation related genes were up-regulated in RV tissues,
including IL-6, IL-8, pentraxin 3, CCL2, CXCL6 and CXCL2.% RVF is the leading cause of
early death after cardiac transplantation, and RV inflammation was found significantly
increased in experimental brain death-induced RVF, including IL-1§3, IL-6, IL-10, TNF-q,
ICAM-1, ICAM-2 and VCAM-1, whereas IL-33 expression was decreased.® By analyzing
26 donor RV biopsies, TNF-a expression was found to be a predictor for the development

of RVF in patients early after transplantation.®
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2.3 How inflammation could contribute to the development of RVF

2.3.1 Inflammation and contractility

Both inflammatory cells and cytokines can impair myocardial contractility. It has
been recognized that several leukocytes, notably neutrophils and macrophages, can
directly impair in vitro myocardial contractility via multiple mechanisms.?*** When
neutrophils are exposed to formulated peptides of bacterial origins, a4 integrin can
mediate an oxidant induced Neutrophils can cause a reduction in contractility of co-
cultured cardiomyocytes under the stimulation of formulated peptides of bacterial
origins,® % while macrophages can decrease myocardial contractility by binding to
ICAM-1.%¢ These effects have also been confirmed in vivo, for example as leukocyte
dependent decreased contractility in animal models of left ventricular failure (LVF).*”
8 In transverse aortic constriction (TAC) mice model, impaired LV contractility has
been found to be associated with T cell infiltration, while LV contractility is preserved

in T cell deficient mice and anti-CD3 pre-treated mice.®*°

Among the pro-inflammatory cytokines, TNF-a contributes to contractile dysfunction
by inducing B-adrenergic receptor uncoupling, ROS formation and iNOS expression,
and by decreasing contractile proteins in cardiomyocytes.’°* A study in rats showed
that circulating concentrations of TNF-a similar to HF patients are sufficient to
cause persistent negative inotropic effects and are reversible after stopping TNF-a
infusion.”? In a recent study with MCT induced PH rats, TNF-a overexpression
in RV was significantly correlated with the downregulation of sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA) 2a expression and overexpression
of phospholamban, which contributes to calcium overload.® Moreover, microRNA
208 (miR208) inhibition together with increased TNF-a as a “second hit” was found to
contribute to the transition from compensated RV hypertrophy to RVF, with decreased
CO and RV contractility.”®

Various studies have revealed a link between IL-1b and impaired contractility, mainly
due to L-type calcium channel inhibition and f-adrenergic receptor desensitization.”
% In addition, IL-1b can increase NO activity by increasing iNOS expression, which can
further disrupt calcium channels, -adrenergic receptor signaling and mitochondrial
function, contributing to impaired contractility.*®*>°¢ IL-1b also changes the expression

of the calcium handling proteins phospholamban and SERCA in cardiomyocytes.”’
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The effects of IL-6 on myocardial contractility are well documented both in vitro and in
vivo. IL-6 not only has a direct inotropic effect on isolated papillary muscle and reduces
SERCA in isolated cardiomyocytes,” but also reduces the expression of a-myosin heavy
chain, f-myosin heavy chain and cardiac actin.” In vivo, subcutaneous administration

of IL-6 to rats can lead to a dose-dependent deterioration of cardiac contractility.”

In contrast, IL-33/ST2 signaling may have a cardioprotective role via the fibroblast-
cardiomyocyte paracrine system.® In the heart, IL-33 is synthesized by cardiac
fibroblasts while its receptors ST2L and soluble ST2 (sST2) are both biomechanically
induced in cardiomyocytes.'® 1 In the failing RV of dogs subjected to transient PAB, the
expression of IL-33 was decreased and a correlation was found between Ees/Ea ratio and
RV gene expression of IL-33, suggesting a protective role of IL-33 in RV contractility.”
Intriguingly, patients with HF show elevated sST2 especially in the presence of PH and RV
dysfunction, and sST2 levels carry a strong prognostic value.l’> 1% Moreover, serum sST2
isincreased in PAH patients, and its level is strictly related to the degree of RV dilatation
and systolic dysfunction.’* In the recent RELAX trial, performed in 174 patients with
HF with preserved ejection fraction (HFpEF), no associations were found between sST2
levels and LV function, but higher sST2 levels were significantly associated with higher
RV systolic pressure and impaired RV contractility.'” Based on the cardioprotective role
of IL-33/ST2 pathway, it is likely that sST2 binds to IL-33, decreasing its tissue availability
and thus blocking cardioprotective effects through ST2L.

2.3.2 Inflammation and myocardial hypertrophy, apoptosis and fibrosis
Pro-inflammatory cytokines and leukocytes contribute to heart remodeling by inducing
myocardial hypertrophy, apoptosis and fibrosis. Several studies have revealed the
effect of macrophages to induce cardiac hypertrophy in HF models through various
mechanisms, involving miR55 and activating transcription factor 3.1% 17 By inducing
the re-expression of fetal genes and downregulating the calcium homeostasis genes,
IL-1B can cause hypertrophy of neonatal rat cardiomyocytes in vitro.'®® IL-6 family
signaling induces gene expression in the cardiomyocytes that is associated with
pathological hypertrophy.'® TNF-a can induce myocardial hypertrophy in vitro,''®
11 a5 well as induce LV hypertrophy and dilation in vivo.'? In addition, TWEAK and
its receptor Fnl4 are involved in pathological cardiac hypertrophy and promote
myocardial hypertrophy in vitro.!® Transgenic overexpression of full length-TWEAK
in mice resulted in dilated cardiomyopathy with myocardial hypertrophy.** In PAB
induced RVF mice, Fnl4 deletion attenuated RV hypertrophy.'*®
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TNF-a can trigger apoptosis in many cell types, including cardiomyocytes.!* ¢ This
effect was not only demonstrated in vitro, but also in dogs with LVF.”2 Moreover, TNF-a
can increase cardiac fibrosis through activating MMP and downregulating tissue
inhibitor of MMP in a ROS dependent way."'"'* In vivo, TNF-knockout mice with aortic
banding showed attenuated apoptosis, hypertrophy and fibrosis, with improved
cardiac function.” TNF-a increases the expression of other inflammatory cytokines
such as IL-1 and IL-6, thus further impairing cardiac function.?® However, it has to be
mentioned that TNF-a has a more complex role in cardiac remodeling and function.
Further research on selective TNF-receptor (TNFR) knock out mice indicates that the
effects of TNF on inflammatory and ventricular remodeling are receptor specific.
TNFR1 exacerbates the inflammatory response, myocardial hypertrophy, apoptosis
and fibrosis, whereas TNFR2 ameliorates these events.'® Finally, TWEAK/Fn14 has
also been found to be implicated in processes of cardiac fibrosis.!** 12! In PAB induced
RVF mice, Fnl4 deletion reduced RV fibrosis.®® While multiple studies on fibrosis of the
pressure-overloaded myocardium have focused on the role of macrophages as driving
cell type,'?»1% recent studies have revealed a crucial role of lymphocytes in cardiac
remodeling. In TAC induced LVF mice, LV fibrosis can be prevented in mice deficient
in mature CD4" T cells, although cardiac hypertrophy can still be observed.” Further
studies using the TAC model revealed markedly decreased LV hypertrophy and fibrosis
in T cell deficient mice or anti-CD3 antibody treated wild-type mice.® In addition, a
study using the AngII infusion model of hypertensive cardiac remodeling revealed a
crucial role of CD8" cells in perivascular and interstitial fibrosis via recruitment and

activation of macrophages.'*

Chemokines such as CXCL16 and CCL5 contribute to RV fibrosis after PAB by modulating
the expression of SLRP in cardiac fibroblasts, which are known as fibrosis regulators.®
Besides, the cardiomyocytes-macrophages cross talk mediated by the interferon
Y-CXCL10-CXCR 3 axis also contributes to cardiac fibrosis.!*

In contrast, as a potent immunomodulatory that inhibits various pro-inflammatory
cytokines,'” adeno viral expression of IL-10 protects against MCT induced PH in
rats with decreased pulmonary vascular remodeling and RV hypertrophy.'* Aerobic
exercise at an early stage has cardioprotective effects in MCT induced PH rats, partly
by decreasing TNF-a/IL-10 ratio.®* IL-33 was found to reduce AngII and phenylephrine
induced hypertrophy of cardiomyocytes in vitro.'®® Targeted deletion of ST2 in mice led

to marked hypertrophy and fibrosis following pressure overload, while treatment of WT
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mice with purified recombinant IL-33 protected the myocardium but not in ST mice,
revealing IL-33/ST2 signaling as a crucial cardioprotective fibroblast-cardiomyocyte

paracrine system.

Cardiac fibroblasts play important roles as sensors and amplifiers of signals from
immune cells and cardiomyocytes, by secretion of cytokines, growth factors and
chemokines.!”® Both TNF-a and IL-1 can increase fibroblast migration and induce
fibroblast production of other pro-inflammatory cytokines (e.g., IL-6) and chemokines
(e.g., CXCL-1, -2, -5, -8).!*> 1% While TNF-a can increase cardiac fibroblast proliferation,
IL-1 was shown to inhibit it.!**'** In addition, IL-1 can activate the expression of
transforming growth factor B (TGF-f), which is the major profibrotic cytokine that
induces differentiation of fibroblasts into myofibroblasts and the generation of
extracellular matrix proteins.’® !* In addition, macrophages play an important role

in the differentiation of fibroblast into myofibroblasts via expression of TGF-f3.131%

2.3.3 Capillary rarefaction

Capillary rarefaction is an additional cause of RV ischemia besides decreased coronary
perfusion. Capillary rarefaction has been found in the RV from SuHx and MCT rats,
but not in the RV of rats subjected to pulmonary artery banding.’® %% * Capillary
rarefaction may also occur in PAH patients, particularly in patients with ssc-PAH.!*
It has been recognized that impaired angiogenesis and microvascular EC injury
contribute to capillary rarefaction, in particular downregulation of VEGF signaling
and microRNA 126.14°

Anti-endothelial cell antibodies (AECAs) have been detected in the serum of patients
with IPAH or with SSc-PAH or with SSc without PAH.*" ¥2 The identified target
antigens include lamin A/C, tubulin B-chain and vinculin, which are implicated in
cell morphology, metabolism and protein folding in various cell types.!* Indeed, ACEAs
have been found to activate EC and induce EC apoptosis and therefore play a role in the
pathogenesis of EC damage and vasculitis.***¢ IgG from ACEA-positive PAH patients

has been found to induce inflammatory response on EC.*’
Even though there is no direct evidence indicating the role of AECAs on RV capillary

density, their presence in PAH patient serum suggests a potential role. Indeed in SSc

patients, a correlation was found between the detection of ACEAs and the development
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of severe digital ischemia and PAH."® However, the role of AECAs on RV capillary

rarefaction during PAH needs to be further studied.

2.3.4 Immunometabolism

Pro-inflammatory cytokines have been found to promote systemic insulin resistance
and contribute to cardiac insulin resistance.'**!5 Moreover, exposure of fatty acids or
high glucose can induce NF-KB activation in cardiomyocytes, which in turn increases
the production of pro-inflammatory cytokines.’> 153 In metabolic cardiomyopathy,
inflammation and insulin resistance in adipose tissue induce systemic inflammation
and insulin resistance, leading to inflammatory cell infiltration in the heart, thereby

contributing to adverse cardiac remodeling.!5*15¢

Multiple preclinical studies have suggested a role of insulin resistance in the
pathogenesis of PAH.'51% Indeed, patients with PH and diabetes have higher right
atrial pressure, as well as lower RV stroke volume and an increase in RV fibrosis,
compared to patients with PAH alone.'**'¢? In addition, a recent clinical study revealed
that iPAH patients have glucose intolerance and an impaired ability to produce insulin
following a glucose challenge. Pancreatic beta-cell dysfunction in iPAH is associated
with circulating CXCL-10.1¢®

Altogether, the vicious cycle between inflammatory responses and metabolic
dysregulation may play a role in linking systemic inflammation and inflammation
in RV. However, the link between inflammation, metabolic dysregulation and RV

dysfunction in PAH needs to be further studied.

Table 2 Contribution of inflammation to the development of RVF

major inflammtory elements in RVF major cardiac effects
impair contractility, induce hypertrophy,
macrophages . .
apoptosis and fibrosis
leukocytes . . . J
neutrophils impair contractility
T lymphocytes induce fibrosis
TNF impairs contractility, induces hypertrophy,
-a
pro-inflammatory apoptosis and fibrosis
cytokines IL-1f and IL-6 impair contractility, induce hypertrophy
TWEAK induces hypertrophy and fibrosis

chemokines CCL5 and CXCL16 induce fibrosis
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3. ANTI-INFLAMMATORY THERAPIES

The biological effects of pro-inflammatory cytokines can be antagonized by so-called
“biological response modifiers”, which bind and/or neutralize soluble cytokines such
as IL-1B and TNF-a. Although none of these anti-inflammatory therapies have been
approved for clinical use to treat left HF, several therapies have been explored in phase

I1-I1I clinical trials.

3.11L-1 blockade in HF

IL-1 is a major pro-inflammatory cytokine and in the complex processes involved
in innate immune responses IL-1 acts as a “gatekeeper of inflammation”.!** IL-1 has
been found to contribute to pulmonary arterial remodeling in PAH.*IL-1f is the main
circulating form of IL-1, responsible for systemic effects.* Among HF patients, a
correlation has been found between declining functional class and increasing levels
of IL-1B.1 Similarly in PAH patients, IL-1f serum levels are also increased and these

levels correlate with a worse outcome.*

Several clinical trials were conducted to assess the effects of IL-1 blockade with
anakinra on HF patients. In AIR-HF trial on 7 patients with HF with reduced EF (HFrEF),
anakinra treatment for 14 days reduced the plasma concentrations of IL-1B, C-reactive
protein and IL-6, as well as improved aerobic exercise capacity.’® In the D-HART pilot
trial with 12 HFpEF patients, anakinra treatment for 14 days also reduced the systemic
inflammatory response and led to a significant improvement in aerobic exercise
capacity.'®” A more recent pilot trial of anakinra on acute decompensated HF (ADHF
study [NCT02173548]) with 30 HFrEF patients showed reduced systemic inflammatory
responses and no adverse clinical events.'*® Another study in 60 patients with recently
decompensated HFrEF (RED-HART study [NCT01936909]) treatment with anakinra for
12 weeks resulted in areduction of systemic inflammation, improvement in peak aerobic

capacity and a trend toward reduce hospital readmission for HF at 6 months.!® 17

3.2 TNF-a blockade

TNF-a has been recognized as a part of the innate immune system response to different
forms of stress, which can be initiated independently from a specific antigen and use
pattern recognition receptors. TNF-a stimulates NF-xB and increases the expression of
genes required to control infection and injury.”? In HF patients, TNF-a has been shown

to be paradoxically increased in serum and the elevated level of serum TNF-a correlates
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with high mortality.' In PAH patients, elevated levels of serum TNF-a have also been

found, even though no correlation was found between TNF-a levels and survival.*

While TNF antagonism was beneficial in experimental HF models,”> > randomized
trials of anti-TNF therapy in human HF failed to show benefit. In the ATTACH trial for
patients with NYHA class III-IV, anti-TNF therapy with infliximab did not improve HF
and infliximab in high dosage was associated with worsening of the clinical status.!” The
TNF antagonist etanercept had short-term beneficial effects in small early studies, but
larger multicenter trialsin NYHA classes II-IV HF patients failed to demonstrate a benefit
on mortality or hospitalization.”*”* Additionally, it was also recognized that treatment
with the available TNF-a antagonists may involve significant toxicity, e.g. stabilization of
circulating TNF-a (etanercept), and induction of lysis of cells expressing transmembrane

TNF-a (infliximab).'”® 7 Hence, TNF-a is not a viable therapeutic target in HF.

3.3 other anti-inflammatory therapies

Cytokines can promote ET-1 expression, which mediates a variety of processes including
vasoconstriction, fibrosis, hypertrophy and neurohormonal activation, and ET-1
promotes inflammatory responses in the heart.*>*+* An anti-inflammatory action has
been attributed to the dual endothelin receptor antagonist bosentan in PAH.'”® However,
clinical trials using bosentan in HF have suggested no overall benefit.” The direct
effect of bosentan on the RV in PAH continues to be debated. A double-blind controlled
trial in PAH patients with WHO functional class III demonstrated that bosentan failed
to improve RV ejection fraction.'® One explanation is that ET-1 has positive inotropic
effects on the myocardium and may preserve RV contractility in RV hypertrophy; as

such, ET antagonists may potentially lead to RV dysfunction in some PAH patients.

The ACE2-angiotensin-(1-7)-Mas axis is a potential new target for the treatment of
PAH and heart failure.’® Ang 1-7 can decrease myocardial levels of pro-inflammatory
cytokines including TNF-a and IL-6, thus reducing cardiac inflammation.'s> 8% Ang 1-7
treatment has cardioprotective effects in experimental models of non-ischemic and
ischemic cardiomyopathy.'*21% The serum level of Ang-(1-7) was found to be decreased
in patients with congenital heart disease related PAH.'*¢ Ang-(1-7) administration had
beneficial pulmonary effects in the MCT induced PH model, without adverse effects on

systemic blood pressure.’*” The effect of Ang-(1-7) on RVF needs to be further studied.



Chapter 7

4. CONCLUSION

Triggered by systemic as well as local stresses, PAH and right heart failure are
associated with inflammatory activation. Inflammatory cell influx commonly exists
in the failing RV from patients with SSc associated and HIV associated PAH patients.
While a limited number of studies on RV tissues from end-stage idiopathic PAH
patients showed little evidence of inflammatory activation in the RV, existing human
and experimental data suggest a role for inflammation in the early response to severe
pressure overload and in the transition from RV adaptation to failure. All forms of
PAH are associated with increased circulating levels of cytokines that are known to
have the potential to interfere with cardiac contractility and remodeling. Preclinical
studies on cardiac inflammation all suggest that inflammation is key in the vicious
circle that exists between RV and pulmonary arterial remodelling. The benefits from
anti-inflammatory therapies on LVF are still unclear, and the negative outcome of some
clinical trials over the last years has raised doubt on the role of inflammation in HF.
However, compared to LVF, anti-inflammatory therapies may be more successful when
applied in PAH related RVF, since inflammation plays a dual role in the pathogenesis

of both pulmonary artery remodeling and RVF.
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ABSTRACT

Most patients with pulmonary arterial hypertension die from right ventricular failure
(RVF). Right ventricular (RV) myocardial apoptosis plays an important role in RVF and
is regulated by mitochondria. Dichloroacetate (DCA) can improve cardiac function
in RVF, but whether it can regulate myocardial apoptosis via mitochondria is still
unknown. In this study, we investigated the effects of DCA on myocardial mitochondria,
the mitochondrial apoptosis and other aspects of RV remodeling, including fibrosis
and capillary rarefaction. RVF was induced in rats by a single subcutaneous injection
of monocrotaline. Four weeks later, DCA treatment was started with intraperitoneal
injection of 50, 150 or 200 mg/kg/d during 14 days. Compared with saline-treated RVF
animals, treatment with DCA resulted in decreased mean pulmonary arterial pressure
and total pulmonary resistance (TPR), and increased cardiac output. The expression
of pyruvate dehydrogenase kinase was suppressed while pyruvate dehydrogenase
expression was upregulated with DCA application. DCA treatment was also associated
with restored RV mitochondrial function and a reduction in RV hypertrophy, fibrosis,
capillary rarefaction and apoptosis. Mitochondria-dependent apoptosis was involved in
DCA regulation of RV. The absent correlation between TPR and main parameters in RV
suggests that the effects of DCA in the two organ systems are independent. We conclude
that DCA improves cardiac function in experimental RVF partly by reversing RV
remodeling, restoring mitochondrial function and regulating mitochondria-dependent
apoptosis. The study shows that a fear for increased RV apoptosis with DCA treatment

is unnecessary and suggests a potential role of DCA in the treatment of RVF.

KEYWORDS

Apoptosis, mitochondria, pulmonary arterial hypertension, right ventricular failure,

right ventricular remodeling
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L.INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fatal disease characterized by pulmonary
vascular remodeling and a chronically and frequently progressive increase in right
ventricle (RV) afterload, causing RV remodeling and RV failure (RVF).! Although the
initial insult in PAH involves the pulmonary vasculature, RVF is the most important
determinant of longevity in patients with PAH.? Recent animal data suggests that RV
remodeling contributes to the progression of RVF.*Many questions, however, regarding
the mechanisms underlying RV remodeling remain unanswered. Abnormal RV

remodeling may be amenable to therapeutic intervention.

Ithas become clear that myocardial apoptosis is involved in RV remodeling and plays an
important role in RVF.* While inhibition of myocardial apoptosis is a viable therapeutic
strategy for left ventricular (LV) failure,® recent studies indicate that suppressing
apoptosis can also be beneficial in experimental RVF.*” Therefore, reducing myocardial
apoptosis may provide a new therapeutic strategy in patients with RVF. Meanwhile,
it now becomes clear that mitochondria act to integrate diverse proapoptotic stimuli
by releasing apoptosis promoting factors such as cytochrome ¢, Smac/Diablo and the
flavoprotein AIF.® Given the known role of mitochondria as apoptotic controllers, it is
tempting to speculate that therapies targeting mitochondria can regulate RV myocardial

apoptosis and improve RV function.

Mitochondrial abnormalities are not only closely related to induction of apoptosis,
but also to deregulated metabolism.!' Indeed in RVF, myocardial apoptosis
occurs alongside several metabolic changes and may be linked on the level of the
mitochondria. Metabolic changes in RVF include increased activity and expression of
pyruvate dehydrogenase kinase (PDK), which causes phosphorylation and inhibition
of pyruvate dehydrogenase (PDH). PDH phosphorylation inhibits formation of acetyl-
CoA and therefore slows the Krebs’ cycle, causing an increase in glycolysis relative to
glucose oxidation.!? Even though during short-term stress this metabolic switch seems
beneficial, long-term reliance on glycolysis for ATP generation appears insufficient and
contributes to the development of RVF.'* Dichloroacetate (DCA) is a small molecular
inhibitor of all four PDK isoforms and has shown promise as a new therapy for RVFE.*15
By reducing PDH phosphorylation and improving glucose oxidation, DCA improved

cardiac output in animal models of RVF.>'
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Because DCA not only reverses metabolic derangements but also effectively targets
mitochondrial related pathways of apoptosis,®!’ at least some of DCA’s beneficial effects
in RVF may come about through modulation of myocardial apoptosis. However, the
effect of DCA on RV myocardial apoptosis is not clear. And previous studies on DCA
and apoptosis seem inconsistent. A study on pulmonary vasculature suggests that DCA
increases mitochondria-dependent apoptosis in pulmonary arterial smooth muscle
cell (PASMC) in PAH." Thus it is possible that DCA would also promote RV apoptosis in
PAH induced RVF, which would largely limit the application of DCA in PAH. However,
an in vitro study showed that DCA prevented H,0,-induced cell apoptosis in cultured
cardiomyocytes.!* To support DCA treatment on PAH, it is of great importance to figure
out the effect of DCA on myocardial apoptosis in RVF in vivo. Moreover, recent data
show that the development of RVF is also associated with multiple maladaptive RV
remodeling including fibrosis, and a decreased RV capillary density,® but whether DCA

can have an effect on these aspects of experimental RV remodeling is still unknown.

Here we hypothesize that DCA improves cardiac function in PAH induced RVF through
a mechanism involving modulation of RV mitochondrial function and mitochondria-
dependent apoptosis. Thus, we sought to discover the possible mechanisms underlying
the effects of DCA on RVF by 1) evaluating the effects of DCA on RV remodeling including
myocardial apoptosis, fibrosis and capillary rarefaction, 2) examining the effects of
DCA on mitochondrial structure and function, 3) assessing the mitochondria-dependent

apoptotic pathway in RVF by application of DCA.

2. MATERIALS AND METHODS

2.1 Monocrotaline rat model of right ventricular failure

A total of 60 adult male Sprague-Dawley rats (from the Second Military Medical
University Affiliated Experimental Animal Center; body weights 250-300 g) were
divided into two groups: rats received a single subcutaneous injection of saline (control,
n=10), or monocrotaline (MCT, 60 mg/kg, Sigma Aldrich, St. Louis, MO, USA) to induce
RVF (n=50).* To determine the effects of different DCA doses on the progression of
established RVF, four weeks later rats with induced RVF were randomly divided
into 4 groups: rats with a daily intraperitoneal injection of saline (MCT-RVF, n=14) or
respectively 50, 150 or 200 mg/kg (n=12) DCA (Sigma Aldrich, St. Louis, MO) during 14
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days. Then rats were anaesthetized for hemodynamic assessment and RV tissues were

separated for further measurements.

All experimental procedures involving animals were executed conforming to the US
National Institute of Health regulations (NIH) and were approved by the Institutional

Committee for Use and Care of Laboratory Animals of Tongji University.

2.2 Hemodynamic evaluation

Six weeks after receiving a single subcutaneous injection of saline or MCT, all surviving
rats (control, 100% survival rate; MCT-RVF, 50% survival rate; DCA 50 mg/kg, 67%
survival rate; DCA 150 mg/kg, 75% survival rate; DCA 200 mg/kg, 75% survival rate)
were anaesthetized with an intraperitoneal injection of ip sodium pentobarbital (40 mg/
kg), and hemodynamic parameters were measured by a polygraph system (PowerLab
8/30; ADInstruments, Bella Vista, NSW, Australia). Adequate anaesthesia was monitored
by determining the withdrawal response to a paw pinch and respiration monitoring.
After tracheotomy a polyethylene-50 catheter was inserted via the right external jugular
vein into the pulmonary artery to assess mean pulmonary arterial pressure (mPAP)
and cardiac output (CO). With these values the total pulmonary resistance (TPR=mPAP/

CO) was calculated.

2.3 Assessment of right ventricular hypertrophy index

After assessing haemodynamic parameters, the animals were euthanized by removal
of the heart under deep anesthesia. After the atria, the pulmonary trunk and the aorta
were removed from the excised heart, the RV wall was separated from the LV wall
and ventricular septum. Wet weights of the RV, free LV, and ventricular septum were
determined. The ratio of RV weight to LV plus septum weight (RV/[LV+S]) was calculated
for assessment of RV hypertrophy.'

2.4 Histology, TUNEL and DNA laddering

For analysis of RV dimensions, hearts were fixed in situ, embedded in paraffin, and
stained with haematoxylin and eosin, as described previously.?! Masson’s Trichrome
stain was used to assess the degree of fibrosis in cardiac sections. Fibrosis was
quantified on digitized images, on which blue stained tissue areas are expressed as
percentage of the total surface area.” A mean cardiomyocyte cross-sectional area
(CSA) was determined in RV cryosections stained with haematoxylin and eosin and

the capillary density was determined by Isolectin B4 (Vector) staining.?! Apoptotic cells
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were assessed by the terminal-deoxynucleotidyltransferase-mediated 2'-deoxyuridine
5'-triphosphated nick-end-labeling (TUNEL) method (EMD Millipore, Billerica, MA,
USA). Using a magnification rate of 400, the percentages of TUNEL-positive cells were
calculated in 10 randomly chosen fields of each section from three animals per group.

The procedures of DNA laddering were exactly as described previously.?

2.5 Transmission electron microscopy

The ultrastructure of mitochondria was analyzed using transmission electron
microscopy, as described previously.!’ Briefly, re-suspended EV pellet (3 pL) was
fixed with 2.5% glutaraldehyde, post-fixed in buffered 1% OsO, with 1.5% K Fe(CN),,
embedded in 1% agar, and processed according to standard Epon812 embedding
procedure. Mitochondria were visualized on thin sections (60 nm) with a transmission

electron microscope (JEM1230, Japan) at 80 kV.

2.6 Real-time quantitative reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from the tissues of three rats per group using Trizol reagent
according to the manufacturer’s protocol. RNA concentration and purity were
measured with a spectrophotometer at A260 and A260/280, respectively. The reverse
transcription reaction was performed with the Gene Amp PCR System 9700 (Applied
Biosystems, Carlsbad, CA, USA) for the first-strand cDNA synthesis. RT-PCR was
performed on an ABI 7500 apparatus (ABI, NY, USA). The sequences of primers used
were as follows: lactate dehydrogenase (LDHA), forward: 5- caaactgctcatcgtctcaaac-3’
and reverse: 5- gcaaccacttccaataactctgt-3’; superoxide dismutase2 (SOD2), forward:
5-ggcttcaataaggagcaaggt-3’ and reverse: 5- tctcccagttgattacatteca-3’; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), forward: 5’-acagcaacagggtggtggac-3’ and reverse:
5'- tttgagggtgcagegaactt-3’. The PCR conditions were as follows: a pre-denaturing at 95
°C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s, annealing/extension at
60 °C for 34 s. A relative amount for each gene examined was obtained from a standard
curve generated by plotting the cycle threshold value against the concentration
of a serially diluted RNA sample expressing the gene of interest. This amount was
normalized to the level of GAPDH mRNA.

2.7 Western blotting

Western blotting was performed using RV lysates from three rats per group. The

protein concentration was determined by Pierce BCA Protein Assay Kit (Thermo Fisher,
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Waltham, MA, USA) with BSA as the standard. Polyvinylidence fluoride membranes
were probed by mouse monoclonal GAPDH (1:8000), rabbit monoclonal PDHal (1:1000),
rabbit polyclonal Bax (1:1000), Bcl-2 (1:1000), LDHA (1:1000) and cleaved caspase-9
(1:1000) from Cell Signaling Technology Inc. (Beverly, MA, USA); rabbit monoclonal
PDK2 (1:500) and polyclonal active caspase-3 (1:200), mouse monoclonal SOD2 (1:2000,
Abcam, Cambridge, United Kingdom); rabbit polyclonal PDK4 (1:1000, Sigma-Aldrich,
Poole, United Kingdom) and goat polyclonal PDHa2 (1:200, Santa Cruz Biotechnology
Inc., Dallas, TX, USA) antibodies overnight with constant shaking at 4 °C. After washing
3times for 10 minutes in TBS-T buffer, membranes were incubated with an appropriate
horseradish-peroxidase-conjugated antibody and enhanced chemiluminescence
reagent (Thermo Fisher, Waltham, MA, USA). Band intensities were determined using
Quantity One software from Bio-Rad (Hercules, CA, USA). All measurements were

replicated at least three times.

2.8 Measurements of mitochondrial cytochrome c release into cytosol
Measurements of cytosolic cytochrome c were achieved by subcellular fractionation
and Western blotting with cytochrome c antibody (1:1000, Cell Signaling Technology,
Inc. Beverly, MA, USA) as described previously.? The purity of the cytosolic fractions
was validated by Western blotting using antibodies to cytochrome c oxidase subunit
IV (COX IV; 1:1000, Cell Signaling Technology, Inc. Beverly, MA, USA).

2.9 Statistical analysis

Data were presented as mean + standard deviation (SD) and were analyzed using one-
way analysis of variance (ANOVA) with Bonferroni post hoc comparisons. Correlations
between TPR and RV parameters were calculated using Spearman correlation
coefficients. A value of P<0.05 was accepted as an indication of statistical significance.
All statistical computations were performed using the Statistical Package for the Social

Sciences version 13.0 software (SPSS, Inc., Chicago, IL, USA).

3. RESULTS

3.1 Dichloroacetate improved haemodynamic parameters in MCT induced RVF rats

After two weeks of treatment with DCA, there was no evident difference in the body
weight between the MCT-RVF group and DCA groups, or between the three DCA
treatment groups of different dosages. Rats challenged with MCT consistently developed
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significant PAH, with higher mPAP and TPR, and lower CO. DCA treatment resulted
in a marked reduction in mPAP by 29%, 32% and 36% after application of respectively
50, 150 and 200 mg/kg (Figure 1A). CO was reduced in the MCT group compared with
the control group (81+6.3 versus 184+11.5, P<0.001, Figure 1B) and DCA improved CO
by 45%, 65%, and 78% in MCT-induced RVF rats after application of respectively 50,
150 and 200 mg/kg (Figure 1B). In addition, treatment with DCA 50, 150 and 200 mg/kg
resulted in a marked reduction in TPR by respectively 52%, 57% and 58% (Figure 1C),

and no significant differences were found between the treatment groups.
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Figure 1. DCA improves haemodynamics and cardiac function in MCT induced RVF.

(A) Mean pulmonary artery pressure (mPAP); (B) Cardiac output (CO); (C) Total pulmonary resistance
(TPR); (D) the ratio of free wall of RV weight to LV+Sep weight. Data shown are means + SD of 7-10 rats
per group. **P<0.001: Compared with control group; *#P<0.001: Compared with MCT-RVF group. MCT-
RVF, Monocrotaline induced right ventricular failure group; DCA 50 mg/kg, Dichloroacetate 50 mg/
kg/day group; DCA 150 mg/kg, Dichloroacetate 150 mg/kg/day group; DCA 150 mg/kg, Dichloroacetate
200 mg/kg/day group.
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3.2 Dichloroacetate reversed RV remodeling in RVF

As shown by the ratio of RV weight to LV plus septum weight (RV/[LV+S]), there
was significantly less hypertrophy in DCA-treated animals than in saline-treated
MCT animals (Figure 1D). To further evaluate the effect of DCA treatment on RV
remodeling, we performed a morphometric analysis of RV myocytes CSA, RV fibrosis,
capillary density and myocardial apoptosis in these five groups of rats. DCA treatment
significantly reduced RV CSA that was otherwise enlarged in MCT rats (Figures 2A and
2D). Moreover, RVF resulted in a loss of RV capillaries (Figures 2B and 2E). In contrast,
DCA treatment partly recovered the normal density of RV capillaries (Figures 2B and
2E). Additionally, the RV of MCT rats developed a high degree of fibrosis, and DCA
treatment markedly reduced the overall fibrosis in RV (Figures 2C and 2F).

3.3 Dichloroacetate inhibited RV myocardial apoptosis in RVF

To determine whether DCA can reverse RV remodeling by inhibiting apoptosis in RV
myocytes, TUNEL staining and DNA laddering were used. The percentage of TUNEL-
positive nuclei was significantly greater in the MCT-RVF group (Figure 3B) compared
with the control group (Figure 3A), and DCA treatment reduced the TUNEL-positive
nuclei percentage (Figures 3C-F). Moreover, a weak pattern of DNA laddering was
observed in both the control and DCA groups, but a much stronger DNA laddering
pattern was found in the MCT-RVF group (Figure 3G).

3.4 Dichloroacetate improved RV myocardial mitochondrial function in RVF
Transmission electron microscopy of the RV cardiomyocytes demonstrated that the
mitochondrial ultrastructure in MCT-induced RVF tissues was highly abnormal,
including swelling and a decreased number of mitochondria (Figure 4A). Moreover,
in comparison to the controls, MCT-induced RVF tissues revealed medullary sheath-
like degeneration, dissolution of the myofilaments, broken Z-lines and an irregular
pattern of transverse striations (Figure 4A). Although these abnormalities were also
present in the DCA 50 mg/kg treatment group, the defects in mitochondrial shape, size
and number were obviously alleviated in the DCA 150 mg/kg and 200 mg/kg treatment
groups (Figure 4A).
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Figure 2. DCA partly reversed RV remodeling in RVF.

(A) Haematoxylin and eosin staining of in situ fixed RV sections; bar=20pum. (B) RV cryosections stained
with isolectin B4 (blood vessels, red), WGA (cell membranes, green), and nuclei (DAPI, blue), scale bar:
20um. (C)Fibrotic areas are shown by Masson trichrome stain, scale bar: 100um. (D) Quantitative analysis
of mean cross sectional area (CSA) of RV cardiomyocytes. (E) Capillaries to area (um?2) ratio. (F) Fibrosis
quantification (blue-stained areas expressed as percentage of total RV surface area) of digitized images.
*P<0.05, **P<0.001: Compared with control group; #P<0.05, ##P<0.001: Compared with MCT-RVF group.

Figure 3. Dichloroacetate inhibited myocardial apoptosis in RVF

A-E) In situ detection of cardiac myocyte apoptosis was detected by TUNEL assay. Compared with control
group (A), RV myocardial apoptosis in RVF rats was enhanced (B), and DCA 50 mg/kg (C), 150 mg/kg (D)
and 200 mg/kg (E) inhibited the apoptosis; scale bar: 20 um. (F) Quantitative changes in the incidence of
myocardial apoptosis in RV among various treatment groups. The percentages of TUNEL-positive cells
were calculated in 10 randomly chosen fields of each section at X400 magnification. *P<0.05: Compared
with control group; #P<0.05: Compared with MCT-RVF group. (G) Representative DNA laddering of
various treatment groups.

Western blotting results demonstrated that both PDK2 and PDK4 proteins were
upregulated in MCT-RVF rats. DCA reduced the protein expression of PDK2 and PDK4
(Figures 4C and 4F). However, the protein expression of PDK1 was unaltered in MCT-
RVF rats, and DCA had no effect on PDK1 expression (Figures 4C and 4F). Accordingly,
both PDHal and PDHa2 protein expression, which were depressed in the MCT-RVF
group, were increased by DCA treatment (Figures 4C and 4F).

To further determine the effects of DCA on mitochondrial function, leakage of
cytochrome c¢ from mitochondria, SOD2 and LDHA expression were examined. The
absence of COX IV in the cytosolic fractions confirmed that the cytosolic preparations
were free of mitochondrial contamination. Compared to the control group, leakage of
the cytochrome c from the mitochondria to the cytosol increased in MCT rats (Figures 4E
and 4G). DCA treatment decreased the leakage of cytochrome c from the mitochondria

in RV cardiomyocytes when applied at a dose of 50, 150 and 200 mg/kg/day for two weeks
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(Figures 4E and 4G). Moreover, the gene expression of SOD2 in RV from saline MCT rats
was significantly lower than that from the control group (Figure 4B), and was increased
toward normal in all three DCA treatment groups (Figure 4B). Consistently, the SOD2
protein expression was also decreased in the MCT group and increased in the DCA groups
(Figures 4D and 4G). Additionally, while LDHA gene expression was upregulated in MCT
rats compared with the control group, the upregulation was suppressed in both the DCA
150 mg/kg and 200 mg/kg groups (Figure 4B). Accordingly, Western blotting showed that
its protein expression was also markedly increased in the MCT group and decreased in
the DCA treatment groups with doses of 150 or 200 mg/kg (Figures 4D and 4G).

3.5 Dichloroacetate reduced RV cardiomyocytes apoptosis by regulating the
mitochondria-dependent apoptotic pathway

As shown by TUNEL staining and DNA laddering, RV myocardial apoptosis increased
in the MCT-induced RVF while it was suppressed by DCA treatment (Figures 3F and 3G).
Furthermore, to determine whether mitochondria-dependent apoptosis was involved,

we detected the critical proteins by Western blotting.

Since Bcl-2 family member proteins mediate the mitochondrial apoptotic pathway, we
examined the effect of DCA on Bcl-2 and Bax expression (Figure 5A). The expression of
Bcl-2 protein was repressed in the MCT-RVF group compared with the control group,
while DCA 150 mg/kg and 200 mg/kg significantly upregulated Bcl-2 protein expression
(Figures 5A and 5B). In contrast, Bax protein increased in the MCT-RVF group and was
effectively suppressed by DCA in all three treatment groups (Figures 5A and 5B).

Moreover, as was shown above by cytosolic Western blotting, leakage of the caspase
activator cytochrome c from the mitochondria to the cytosal was enhanced in MCT rats.
Also, DCA treatment attenuated the leakage of cytochrome ¢ from the mitochondriain RV
cardiomyocytes (Figures 4E and 4G). Caspase-9 is an initiator caspase in the mitochondrial
apoptotic pathway. We measured the cleaved caspase-9 protein by Western blotting. An
increase in the amount of cleaved caspase-9 was observed in the MCT-RVF group, while
treatment with DCA evidently decreased the level of caspase-9 (Figures 5A and 5B).
Accordingly, active caspase-3 protein significantly increased in MCT-RVF rats, and DCA
treatment decreased the level of this protein (Figures 5A and 5B). Additionally, caspase-3
activity was evidently lower in DCA treated rats compared to MCT-RVF rats (Figure 5C). In
agreement with the results of active caspase-3, PARP cleavage increased in MCT-induced

RVF rats, and decreased markedly in all the DCA groups (Figures 5A and 5B).
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Figure 4. Dichloroacetate restored myocardial mitochondrial function in RVF

(A) DCA partly reversed the abnormal mitochondrial ultrastructure in MCT-induced RVF, Scale
bar=1um. (B) Real-time PCR showed that DCA inhibited the mRNA expression of LDHA and upregulated
that of SOD2. (C) Western blots showed that increased PDK2 and PDK4 expression in RV myocytes in
RVF was reduced by DCA, while decreased PDHal and PDHa2 expression was upregulated by DCA. The
expression of PDK1 was unaltered in RVF and was not influenced by DCA. (D) Western blots showed
that DCA inhibited the protein expression of LDHA and upregulated that of SOD2. (E) Western blots
of cytosolic fractions from various treatment groups show accumulation of cytochrome c in RVF and
that can be significantly suppressed by DCA. (F, G) Densitometries are shown for three rats per group,
and the measurements were replicated at least three times. The gels are representative of one rat in
each group from one of three separate experiments. GAPDH in the immunoblot is shown as a loading
control. *P<0.05, **P<0.001: Compared with control group; #P<0.05, ##P<0.001: Compared with MCT-

RVF group.
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Figure 5. DCA regulated myocardial apoptosis in RVF via mitochondrial apoptotic pathway
(A-B) Western blot analysis of ventricular lysates shows increased levels of BAX, cleaved caspase 9, active
caspase 3, cleaved PARP and decreased Bcl-2 in MCT induced RVF group. DCA treatment significantly
up-regulated Bcl-2 levels, suppressed MCT induced changes in the BAX levels and attenuated activation
of caspases in RVF. (C) caspase-3 activity increased in RVF and decreased after the treatment of DCA.
GAPDH in the immunoblot is shown as a loading control. *P<0.05, **P<0.001: Compared with control
group; #P<0.05, ##P<0.001: Compared with MCT-RVF group.

3.6 The effect of different DCA doses on RV was independent from changes in TPR.

DCA has been reported to have effects on pulmonary vascular remodeling in MCT rats."
Since mPAP in this study was lower with DCA treatment, it could be argued that all
the RV beneficial effects of DCA were mediated by a reduction in afterload. To correct
for the effects of afterload in the 50 mg/kg, 150 mg/kg and 200 mg/kg DCA treatment
groups, we calculated the correlations between TPR and the main RV parameters for
the groups with different DCA doses. The effect of DCA on cytochrome c release from RV
mitochondria did not correlate significantly with TPR (Figure 6A). Accordingly, in RVF
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under the treatment of DCA, no correlation was found between TPR and normalized
protein expression changes of cleaved caspase-9, active caspase-3 or cleaved PARP
(Figures 6B-6D).
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Figure 6. The effect of different DCA doses on RV was independent from changes in TPR.
(A)The effect of DCA on cytochrome c release from RV mitochondria did not correlate significantly
with total pulmonary resistance (TPR). (B, C, D) The normalized protein expression changes of cleaved
caspase-9, active caspase-3 and cleaved PARP in RVF under the treatment of DCA did not correlate
significantly with TPR. N.S.: not significant. Correlations between TPR and RV parameters were
calculated using Spearman correlation coefficients.

4. DISCUSSION

This study provides novel insight into the mechanism of mitochondria targeted therapy
for PAH induced RVF, showing that treatment with DCA is associated not only with
an increased level of oxidative metabolism, but also with reduced RV myocardial
apoptosis and restored mitochondrial function. These findings are important because
they show that a fear for increased RV myocardial apoptosis with DCA is unnecessary,

as DCA promotes PASMC apoptosis in PAH. Moreover, DCA has a positive effect on
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haemodynamics, RV myocardial fibrosis and capillary rarefaction, metabolism and
cardiac function, supporting the potential role of the drug for the treatment of PAH
induced RVF.

While DCA is known to have benefits on RVF by regression of pulmonary vascular
remodeling,'” a recent study also suggested that DCA has direct effects on the RV
by enhancing glucose oxidation and restoring RV repolarization.’ In our study, we
evaluated the effect of DCA treatment on RVF with different doses, by applying 50 mg/
kg, 150 mg/kg and 200 mg/kg. Significant differences were found in the effects of DCA
between treatment groups with different doses. Although there is a potential toxicity
related to a high dosage of DCA, this probably is not an issue here as no significant
differences are found between the body weight of the rats in the three different groups.
Besides, the dosage for long term DCA treatment on patients with mitochondrial
diseases can be 50 mg/kg, which is well tolerated. This dosage equals to about 300
mg/kg in rats, which is more than the used dosage.*? To further evaluate the direct
effects of DCA on RV, we calculated the correlations between the critical parameters in
RV and TPR in the treatment groups with different DCA doses, and no correlation was
found between TPR and the main parameters in RV including cytochrome c release,
cleaved caspase-9, active caspase-3 and cleaved PARP protein expression. The absence
of a correlation shows that there is a different DCA dose-response relationship for the
effects in the lungs and for the effects in the heart, suggesting that the effects of DCA
in the two organ systems are independent. Furthermore, we demonstrated for the first
time in the MCT induced RVF rat model that DCA significantly improved mitochondrial
function by restoring mitochondrial structural abnormalities, reducing the cytochrome
c release from mitochondria, upregulating the expression of SOD2 and reducing the
expression of LDHA compared with untreated MCT-RVF models. Moreover, DCA
reversed maladaptive RV remodeling including increased RV myocardial apoptosis
and fibrosis, and decreased RV capillary density. Furthermore, we confirmed that
DCA suppressed RV myocardial apoptosis by modulating the mitochondria-dependent
apoptotic pathway. These results suggest that DCA has its direct benefits on RVF by
improving mitochondrial function, inhibiting mitochondria-dependent apoptotic

pathway, and reversing maladaptive RV remodeling.

Accumulating evidence suggests that RVF is partly attributable to metabolic
derangements and mitochondrial defects.”'*? The activity and expression of PDK is
increased in RVF, which phosphorylates and inhibits PDH. Phosphorylated PDH inhibits
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formation of acetyl-CoA and slows the Krebs’ cycle, causing an increase in glycolysis
and a decrease in glucose oxidation.” In agreement with a previous study,'® our study
shows that the expression of both PDK2 and PDK4 is increased in MCT-induced RVF
rats and that DCA significantly suppressed this expression. However, PDK1 expression
was unaltered in RVF and DCA had no evident effect on it. A possible reason is that
the PDK isoforms have a different transcriptional regulation. PDK1 transcription is
activated by hypoxia-induced factor la (HIF-1a), while PDK4 activation is mediated by
the forkhead transcription factor (FOX01).>?” Even though it has been demonstrated
that the PDK activation in the lung in PAH is stimulated by redox-mediated activation
of HIF-1a,? the expression of HIF-1a, mRNA or protein is unchanged in RVF while
FOXO1 is found to be increased significantly,” which is consistent with our PDK results.
Accordingly expression of PDHal and PDHa2 was repressed in RVF models and was
upregulated by DCA, which is in agreement with a previous study demonstrating that
DCA reduced the phosphorylation of PDH.® Moreover, it has been recognized that
deregulated metabolism contributes to the mitochondrial abnormalities,!* which
exacerbate the low oxygen condition and the abnormal metabolism.*'° Considering the
interconnectedness of metabolism and mitochondria, we further measured the effect of
DCA on mitochondrial structure by transmission electron microscopy and its effect on
mitochondrial function by assessing the release of cytochrome c and the expression of
SOD2 and LDHA. Consistent with a previous study,'* transmission electron microscopy
of the RV cardiomyocytes revealed abnormalities in the MCT-treated group that were
not visible in the control group. We observed reversal of these abnormalities with
DCA treatment. Moreover, the benefits of DCA on mitochondrial function were partly
reflected by reduced cytochrome c release, reduced LDHA expression and increased
SOD2 expression. LDHA is a key enzyme involved in both glycolysis and acidosis and
DCA can protect mitochondria from acidosis by suppressing this enzyme. Therefore our
study for the first time suggests that DCA can attenuate mitochondrial abnormalities

and improve mitochondrial function.

Mitochondria are considered to play a vital role in both cardiac remodeling and heart
failure,'»*3 and multiple lines of evidence indicate that the progression of RVF is
associated with RV remodeling, including upregulated RV myocardial apoptosis,
fibrosis and decreased RV capillary density.® In the early stages of the disease, RV
remodeling is mostly an adaptive response, but as the disease progresses, the RV
dilates and RVF eventually occurs (maladaptive RV remodeling).*! Therefore we

measured the effects of the mitochondria targeted therapy DCA on RV myocardial
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apoptosis by TUNEL staining and DNA laddering. RV fibrosis and capillary density
were determined by picro-Sirius redstaining and Isolectin B4 staining, respectively.
Here we show that DCA can reduce myocardial apoptosis in PAH induced RVF in vivo,
as confirmed by a previous in vitro study which suggests that DCA suppresses apoptosis
in cardiomyocytes.'® Moreover, DCA reduced fibrosis and capillary rarefaction in RV,
indicating that DCA improves cardiac function and attenuates RVF partly by reversing
the maladaptive RV remodeling. However, the mechanisms underlying the reverse of
RV remodeling need to be further studied. It is reported that the vascular endothelial
growth factor (VEGF) expression decreases in RVF, which could cause the capillary
growth to lag behind the cardiomyocyte growth, inducing capillary rarefaction.’ Since
arecent study on neuroblastoma cells suggested that the expression of VEGF could be
influenced by PDK4,* it is reasonable to speculate that VEGF may be involved in the
effect of DCA on RV capillary density.

Furthermore, considering the interconnectedness of apoptosis and mitochondria,®
here we mainly focused on the DCA regulation of myocardial apoptosis. Myocardial
apoptosis plays a role in RV disease progression.* Apoptosis is rare in the normal
heart with one apoptotic cardiomyocyte in 10* to 10° cells.?® However, apoptotic
rates increase to up to 1 in 400 in human heart failure.?*3 Apoptosis rates vary in
animal models, with rates as high as 14% in ischemia/reperfusion and lower than 1%
in chronic pressure overload.*® The rate of RV myocardial apoptosis is upregulated
after pulmonary artery banding in rats.*”® Even very low rates of apoptosis have
been shown to cause lethal dilated cardiomyopathy in a mouse model.* It was also
found that apoptotic signals can stimulate ventricular hypertrophy.** The Bcl-2/Bax
ratio is known to determine cell apoptotic fate.*+** In our study, the Bcl-2/Bax ratio
was reduced significantly in RV cardiomyocytes in the MCT-RVF group compared with
the control group, and DCA significantly upregulated the ratio. Apoptosis detections
by TUNEL and DNA laddering were consistent with the dramatic alterations of Bcl-2/
Bax. Our study supports the hypothesis that apoptosis might be involved in a critical
mechanism in the RV remodeling during the progression of pulmonary hypertension.
Furthermore, we examined the expression and activity of some critical proteins related
to the mitochondria-dependent apoptotic to determine the mechanisms underlying the
effect of DCA on RV myocardial apoptosis. The expression of both cleaved caspase-9
and active caspase-3 as well as the activity of caspase-3 were enhanced in MCT-RVF,
and were suppressed by DCA. Accordingly, PARP cleavage as the substrate of active
caspase-3 increased in the MCT-RVF group, and decreased markedly in all the DCA
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groups. So here, for the first time, we demonstrated that DCA improved cardiac
function by inhibiting apoptosis in RV cardiomyocytes in vivo through a mechanism
that involves the mitochondria-dependent pathway. This result seems to contradict
the previous observation in the lung, where DCA acts to increase the mitochondria-
dependent apoptosis in PASMCs.” However, our observation is partly in agreement
with another study on congestive heart failure, which shows that DCA prevents H,0,-
induced cell apoptosis in cultured cardiomyocytes.!® It suggests the possibility that
DCA may have different effect on PASMCs and RV cardiomyocytes, but the underlying
mechanism needs to be further studied. In addition to Bcl-2/Bax, other upstream
molecules may also be involved in the effect of DCA on myocardial apoptosis via other
mechanisms. Previous studies suggest that mitochondrial reactive oxygen species
(mROS) increase in RVF, which oxidizes and thus activates apoptosis molecules like
p53.# In combination with our work which demonstrated that DCA increased the
expression of SOD2 and improved the mitochondrial function in RVF, which plays a
crucial role in cleaning mROS,* DCA may possibly reduce the expression of p53 or

other apoptosis molecules.

Although here we show that the cardioprotective actions of DCA are accompanied by
anumber of cellular and molecular changes in RVF, improved mitochondrial function
and reduced RV cardiomyocyte apoptosis, more mechanistic studies are required to
determine how mitochondria targeted therapy in general and DCA in particular have a
direct effect on PAH induced RVF. Our study was also limited since it only included one
animal model of RVF. Direct effect of DCA on RV could be further proved by performing
other animal models of RVF, such as the pulmonary artery banding rats, and vascular
endothelial growth factor receptor antagonist SU5416 and chronic hypoxia induced
RVF rats. In addition, there may be other possible mechanisms underlying the effect
of DCA on RV apoptosis. A study on the congestive heart failure rat model suggests that
DCA improves cardiac function and increases the survival of the animals by activating
the pentose phosphate pathway in rat heart. Moreover, DCA decreased oxidative stress
and attenuated H,0,-induced myocyte cell death by activating the pentose phosphate
pathway.!® Therefore other mechanisms underlying the effects of DCA on RV remodeling

are worthwhile to be further studied.

Concluding, our results show that DCA has a direct effect on RV and reverses
maladaptive RV remodeling in RVF by suppressing RV myocardial fibrosis, increasing

RV capillary density, and inhibiting myocardial apoptosis via mitochondria-dependent
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apoptotic pathway by restoring mitochondrial functional and structural abnormalities.
The present study clearly shows that a fear for increased RV myocardial apoptosis with
DCA treatment is unnecessary, which provides a new theoretical basis for the use of
DCA in the management of PAH and RVF in the clinic.
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ABSTRACT

RATIONALE: Monoamine oxidases (MAO), a class of enzymes bound to the outer
mitochondrial membrane, are important sources of reactive oxygen species. Increased
MAO-A activity in endothelial cells and cardiomyocytes contributes to vascular

dysfunction and progression of left heart failure.

OBJECTIVES: We hypothesized that inhibition of MAO-A can be used to treat pulmonary
arterial hypertension (PAH) and right ventricular (RV) failure.

METHODS: MAO-A level in PAH patient lung and RV samples was compared to non-PAH
donors. Experimental PAH was induced in male Sprague-Dawley rats by Sugen 5416 and
hypoxia (SuHx), and RV failure was induced in male Wistar rats by pulmonary trunk
banding (PTB). Animals were randomized to receive either saline or MAO-A inhibitor
clorgyline 10 mg/kg. Echocardiography and RV catheterization was performed, heart

and lung tissues were collected for further analysis.

MEASUREMENTS AND MAIN RESULTS: We found increased MAO-A expression in
the pulmonary vasculature of PAH patients and in experimental PH induced by SuHx.
Cardiac MAO-A expression and activity was increased in SuHx- and PTB-induced RV
failure. Clorgyline treatment reduced RV afterload and pulmonary vascular remodelling
in SuHx rats, through reduced pulmonary vascular proliferation and oxidative stress.
Moreover, clorgyline improved RV stiffness, relaxation and reversed RV hypertrophy
in SuHx rats. In PTB rats, clorgyline had no direct effect on the RV. Our study reveals
the role of MAO-A in the progression of PAH.

CONCLUSIONS: Collectively, these findings indicated that MAO-A may be involved in

pulmonary vascular remodeling and consecutive RV failure.

Key Words: Pulmonary arterial hypertension, right ventricular failure, monoamine

oxidase A, oxidative stress
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fatal disease characterized by pulmonary
vascular remodelling, increased right ventricular (RV) afterload and ultimately RV
failure (1). Despite advances in treatment, current therapies are ineffective in stopping
the disease progression (2). Therefore, new treatments are urgently needed. Reactive
oxygen species (ROS)-mediated oxidative damage plays an important role in pulmonary
vascular dysfunction and RV failure, and therefore therapies targeting the major ROS

sources have been propagated (3).

ROS can be produced from multiple intracellular sources, and some have been
identified to play important roles in PAH (3). Recently, an additional mitochondrial
enzyme, monoamine oxidase (MAO), was found to be a major ROS source, with
pathophysiological relevance in multiple cardiovascular diseases (4, 5). On the
contrary to other ROS sources, MAO inhibitors are available and used in the clinic
for the treatment of mood disorders, Parkinson’s disease, and Alzheimer’s disease (6).
MAQOs are flavoenzymes bound to the outer membrane of mitochondria, which oxidize
neurotransmitters and biogenic amines, thereby producing H,0, and aldehyde. MAOs
have two isoforms, MAO-A and MAO-B, which have different distributions, structures,
inhibitor sensitivities and substrate affinities (6). While MAO-A and MAO-B are equally
present in the lungs, MAO-A is the predominant isoform in cardiomyocytes of human
and rodents (7, 8).

MAO-A catalyzes preferentially serotonin (5-HT) and norepinephrine (NE), two
monoamines with widely recognized roles in PAH (4, 9). Both plasma and lung
endothelial cell (EC) derived 5-HT are increased in PAH patients, thus increasing
substrate availability for MAO-A (10, 11). 5-HT is mostly metabolized by MAO-A in
hepatic and lung ECs and induces ROS production (9). However, a role of MAO-A in lung
ECs in PAH can be speculated. MAO-A activity was found to contribute to impaired
vascular relaxation in ECs and increased proliferation in smooth muscle cells (SMCs)
in different vascular diseases (12, 13), but its role remains unknown in the pulmonary
vasculature in PAH. Apart from 5-HT, increased plasma NE was found in PAH patients
with end-stage heart failure, contributing to increased activity of the sympathetic
nervous system (SNS) (14). In cardiomyocytes, NE can induce a rise in MAO-A with
markedly increased ROS and trigger hypertrophy (15). In various experimental models

of heart failure, MAO-A inhibition was found to be beneficial, including those based on
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ischemia/reperfusion injury (16, 17), left ventricular (LV) pressure overload (15, 18) and
diabetes (19, 20). However, the role of MAO-A in the RV is unknown.

Here we investigated the involvement of MAO-A and its impact on PAH and RV failure.
Our results show that MAO-A expression is increased in the media and intima layers,
but not in whole lung lysates of PAH patients and that MAO-A inhibitor has significant
therapeutic effects in experimental PAH. Collectively, our findings suggest that MAO-A

inhibition may be involved in pulmonary vascular remodeling.

METHODS

Human samples, cell culture and siRNA transfections
Human sample collection was approved by the local ethics committees at Amsterdam
UMC (Amsterdam, the Netherlands) and written informed consent was obtained.

Details are in the online supplement.

SuHx rat model of pulmonary arterial hypertension

SuHx rats was induced as described previously (21). Animals were randomized to
receive clorgyline (started with 10 mg/kg, followed by 2 mg/kg, Sigma-Aldrich) or saline
by intraperitoneal injection four times from week 8 to week 10. The study was approved
by an independent local animal ethic committee at Amsterdam UMC (Amsterdam, the
Netherlands, study number VU-FYS13-01A4), and were carried out in compliance with

guidelines issued by the Dutch government. Details are in the online supplement.

PTB rat model of RV failure

PTB rats was induced as described previously (22). PTB animals were randomized to
receive clorgyline (started with 10 mg/kg, followed by 2 mg/kg, Sigma-Aldrich) or saline
by intraperitoneal injection 3 times per week from week 2 to week 7. All experiments
with PTB rats were in accordance with the Danish law for animal research (Danish
Ministry of Justice , authorization number 2016-15-0201-01040) and approved by the

Institutional Ethics Review Board. Details are in the online supplement.
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Echocardiography and RV catheterization
All animals underwent echocardiographic assessments and RV catheterization as

published previously (21, 22). See the online supplement for details.

Histology, western blot, MAO-A, and ATPase activity

See the online supplement for details.

Statistics

Statistical analyses were performed using Prism for Windows (GraphPad 8 Software).
p-values < 0.05 were considered significant. All statistical tests used two-sided
tests of significance. Data are presented as mean + SEM. Details are in the online

supplement.

RESULTS

MAO-A is increased in the pulmonary vasculatures of PAH patients.

To investigate the expression pattern of MAO-A in human PAH lungs, we performed
immunofluorescence staining on paraffin sections of patients with end-stage PAH.
We found that MAO-A was expressed in several cell types in the lungs, including ECs,
SMCs, fibroblasts and epithelial cells (Fig. 1A, Supplement Fig. E1). To determine the
expression of MAO-A, we performed fluorescence quantification. We found that MAO-A
expression in the pulmonary vasculatures of PAH patients was increased in the intima
as well as in the media layer (Fig. 1B, C, Supplement Fig. E1). However, we did not

observe increased MAO-A expression in human whole lung lysates (Fig. 1D, E).
Moreover, we did not observe differences in MAO-A expression in primary cultures

of microvascular ECs (MVECs) or PAECs derived from PAH patients and controls
(Supplement: Fig. E2A, B).
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Figure 1. MAO-A expression is increased in the pulmonary vasculatures of PAH patients.

(A) Representative lung immunofluorescence staining for MAO-A of ctrl donors and end stage PAH
patients. a-SM (red), vwF (green) and DAPI (blue) were co-stained with MAO-A (white). Scale bar 50
um. (B, C) Quantification of fluorescence reveals increased MAO-A expression in the intima and media
layers of the pulmonary vasculatures of PAH patients. n=9. (D) Representative images of western
blot on human lung homogenates for MAO-A, with GAPDH as loading control. (E) Quantification of
western blot shows that MAO-A expression in whole lung homogenates has no difference between ctrl
donors and end stage PAH patients. All data are presented as mean + SEM; Unpaired t-test. **p<0.01.
PA: pulmonary artery.

MAO-A is increased in the pulmonary vasculatures of SuHx-PAH rat model.

Consistent with the findings in the tissues from PAH patients, MAO-A expression was
increased in the intima and media layers of the pulmonary vasculature of SuHx-PAH
rats at 10 weeks into the disease (Fig. 2A-C). Moreover, as shown by histochemistry on
lung cryosections, MAO-A activity was increased in the pulmonary vasculatures of
SuHx rats at week 10 (Fig. 2D). However, MAO-A protein expression was unaltered in

whole lung tissue (Fig. 2E, Supplement: Fig. E3A, B).

MAO-A is increased in the RV of experimental models but not in PAH patients.

To investigate the expression and activity of MAO-A in the RV of PAH patients, we
performed western blots on homogenates of the RV from patients with end-stage
PAH and from controls (patients with myocardial infarction outside the RV). MAO-A
expression was not increased in the RV of PH patients compared to control (Fig. 3A). In

addition, enzyme histochemistry revealed no differences in MAO-A activity (Fig. 3B).



MAO-A activity and expression were markedly increased in the RV of SuHx-PAH rats
(Fig. 3C, D), as well as in the RV of PTB rats (Fig. 3E, F).
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Figure 2. MAO-A is increased in the pulmonary vasculatures of SuHx rats.

(A) Representative lung immunofluorescence staining for MAO-A from ctrl, SuHx and SuHx+clorgyline
groups. Scale bar 50 pm. (B, C) Quantification of fluorescence shows increased MAO-A expression
in the intima and media layers of the pulmonary vasculatures of SuHx rats. No difference in MAO-A
expression was observed by clorgyline treatment. Ctrl: n =6, SuHx: n =9, SuHx+clor: n = 10. (D) Lung
histochemistry staining shows increased MAO-A activity in the lungs from SuHx rats and reduced after
clorgyline treatment. Scale bar 50 um. Incubation time: 4 hours. Ctrl: n =6, SuHx: n =6, SuHx+clor: n = 6.
(E) Western blot on lung lysates shows unaltered MAO-A expression between ctrl, SuHx and clorgyline
treated rats, with B-actin as loading control. ctrl: n =7, SuHx: n =10, SuHx+clor: n=10. All data are
presented as mean + SEM; One-way ANOVA followed by Bonferroni posthoc comparison between ctrl
and SuHx, SuHx and SuHx+clor. *p<0.05, **p<0.01.
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Figure 3. MAO-A is increased in the RV from experimental PAH.

(A) Western blot analysis reveals that MAO-A expression has no difference in the RVs between end stage
PAH patients and MI patients. MI: n = 3; PH: n = 8. (B) Histochemistry staining reveals no difference in
MAO-A activity between the RVs from PAH patients and MI patients. Scale bar 50 pm. Incubation time:
90 minutes. MI: n = 3; PH: n = 5. (C) MAO-A expression was increased in the RV from SuHx rats, and it was
not affected by clorgyline treatment. ctrl: n = 7, SuHx: n = 11, SuHx+clor: n = 10. (D) MAO-A activity was
increased in SuHx RV compared to ctrl RV, and it was normalized by clorgyline treatment. Scale bar 50
pum. Incubation time: 90 minutes. ctrl: n = 7, SuHx: n = 11, SuHx+clor: n = 10. (E) MAO-A expression was
increased in the RV from PTB rats. Sham: n=5, PTB: n = 10, PTB+clor: n=11. (F) MAO-A activity was
increased in the RV from PTB rats, and it was normalized after clorgyline treatment. Scale bar 50 um.
Incubation time: 60 minutes. Sham: n =7, PTB: n =12, PTB+clor: n = 12. All data are presented as mean
+ SEM; One-way ANOVA followed by Bonferroni posthoc comparison between ctrl and SuHx, SuHx and
SuHx+clor. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. MI: myocardial infarction.

Clorgyline treatment reduces RV afterload by reversing pulmonary vascular
remodeling in SuHx-PAH rats

To assess the therapeutic effect of MAO-A inhibition, we chose the irreversible MAO-A
inhibitor clorgyline. Two weeks treatment with clorgyline reduced MAO-A activity in
the PAH lungs (Fig. 2D), and left MAO-A protein expression unaltered (Fig. 2A-C,E). As
shown by pressure-volume analysis, clorgyline reduced RV systolic pressure (RVSP) and
arterial elastance (Ea) in SuHx rats (Fig. 4A). Consistently, as revealed by echocardiography
analysis, clorgyline reduced total pulmonary resistance (TPR) (Fig. 4B). To further elucidate
the origin of the reduced RV afterload, we measured pulmonary vascular remodeling
(Fig. 4C). Clorgyline increased the percentage of open vessels, and reduced the remodeled
and occluded vessels (Fig. 4D). Further quantification on the thickness of the pulmonary
vascular layers revealed that clorgyline reversed vascular remodeling in the intima layer,
but not the media layer (Fig. 4E, F). Consistently, as shown by PCNA immunofluorescence,
clorgyline reduced proliferation in the intima layer, without affecting the proliferation of
medial PASMCs (Fig. 4G-I). Cleaved caspase-3 western blots of whole lung lysates revealed

no differences in apoptotic rates after clorgyline treatment (Fig. 4]).

Clorgyline treatment reduces oxidative stress in the pulmonary vasculatures of
SuHx-PAH rats

Since MAO-A is an important ROS source (4, 5), we examined the effect of clorgyline
on oxidative stress. Immunofluorescence staining with anti-8-Oxo-2’-deoxyguanosine
(8-OHdG) revealed increased oxidative stress in the lungs and pulmonary vasculatures
of SuHx rats, and clorgyline normalized oxidative stress in the pulmonary vasculatures
(Fig. 5A, B). However, no differences in 8-OHdG or nitrotyrosine levels in whole lung

tissues were found after clorgyline treatment (Fig. 5C, D).
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Figure 4. Clorgyline treatment reduced RV afterload in SuHx rats by reversing pulmonary

vascular remodeling and proliferation.



Figure 4. (continued)

(A) Pressure-volume loop analysis reveals decreased RVSP and RV afterload (Ea) after clorgyline treatment.
ctrl: n=7, SuHx: n=11, SuHx+clor: n=10. (B) Echocardiography analysis reveals reduced TPR after
clorgyline treatment. ctrl: n =7, SuHx: n=11, SuHx+clor: n = 10. (C) Representative images of pulmonary
vasculatures by elastic van Gieson staining. Scale bar 50 pm. (D-F) Quantification of the histology images
shows increased open vessels, reduced remodeled and occluded vessels in the lungs (D), reduced intima layer
thickness (E), and unchanged media layer thickness (F) after clorgyline treatment. ctrl: n =6, SuHx: n=11,
SuHx+clor: n = 10. (G) Representative lung immunofluorescence staining for proliferation with PCNA. a-SM
(red), vwF (green) and DAPI (blue) were co-stained with PCNA (white). Scale bar 50 pm. (H, I) Quantification
of PCNA positive cells shows reduced proliferation in intima layer of pulmonary vasculatures after clorgyline
treatment, but not in the media layer. ctrl: n =3, SuHx: n =10, SuHx+clor: n = 10. (J) Western blot analysis
on whole lung homogenates shows no difference in apoptotic rates between the groups. ctrl: n=7, SuHx:
n =10, SuHx+clor: n=10. All data are presented as mean + SEM; One-way ANOVA followed by Bonferroni
posthoc comparison between ctrl and SuHx, SuHx and SuHx+clor. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 5. Clorgyline treatment reduced pulmonary vascular oxidative stress in SuHx rats.

(A) Representative lung immunofluorescence staining for oxidative stress with 8-OHdG. a-SM (red),
vwF (green) and DAPI (blue) were co-stained with 8-OHdG (white). Scale bar 50 pm. (B) Quantification
of fluorescence within the pulmonary vasculatures shows increased 8-OHdG in SuHx group compared
to ctrl, and it was reduced by clorgyline. ctrl: n =4, SuHx: n =8, SuHx+clor: n = 8. (C) Quantification

of 8-OHdG fluorescence shows no difference in the whole lung area between the groups. ctrl: n=4,
SuHx: n =8, SuHx+clor: n =8. (D) Western blot for oxidative stress with nitrotyrosine on whole lung
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Figure 5. (continued)

homogenates did not reveal any difference between ctrl and SuHx rats, or between SuHx rats and
SuHx rats treated with clorgyline. All data are presented as mean + SEM; One-way ANOVA followed by
Bonferroni posthoc comparison between ctrl and SuHx, SuHx and SuHx+clor. *p<0.05, ***p<0.001.

Clorgyline treatment improves RV stiffness, relaxation and RV hypertrophy in
SuHx-PAH rats.

Consistent with the findings in the lungs, clorgyline normalized MAO-A activity in the
RV of SuHx rats, while MAO-A protein expression was unaffected (Fig. 3C, D). Clorgyline
improved RV stiffness and relaxation, as shown by reduced end diastolic elastance (Eed)
and dP/dt(min), respectively (Fig. 6A). While dP/dt(max) was reduced by clorgyline, no
difference was observed in load-independent RV contractility, as shown by end systolic
elastance (Ees) (Supplement: Fig. E4A, Fig. 6A). Further echocardiography analysis
showed no differences in tricuspid annular plane systolic excursion (TAPSE), RV end
diastolic diameter (RVEDD), stoke volume (SV) (Fig. 6B), heart rate (HR) or cardiac
output (CO) (data not shown).

Clorgyline reversed RV hypertrophy as shown by reduced Fulton index and RV
myocardial cross-sectional area (CSA) (Fig. 6C-E). By contrast, clorgyline had no effect

on RV fibrosis, apoptosis or inflammation (Fig. 6F, G, Supplement: Fig. E4B, C).

Clorgyline treatment has no direct effects on RV dysfunction induced by PTB

To investigate the direct effects of MAO-A inhibitor on the RV, we treated PTB rats
with clorgyline. Clorgyline decreased not only MAO-A activity, but also expression
(Fig. 3E, F, Supplement: Fig. E5A). As expected, pressure-volume loop analysis showed
increased RVSP and RV afterload in PTB rats (Supplement: Fig. E5B). Body weight at
the end of the study was lower in clorgyline treated rats (data not shown), therefore we
used body surface area (BSA) to index all hemodynamic parameters where applicable
(23). Signs of RV dysfunction in PTB rats were confirmed by decreased TAPSE and RV
relaxation (dP/dt min), while RV stiffness (Eed index), contractility (Ees index) and SV
index (SVI) were preserved (Fig.7 A, B), as well as HR and the resulting CO (data not
shown). No difference was observed in RV function due to clorgyline treatment (Fig.
7A, B, Supplement: Fig. ESB).
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Figure 6. Clorgyline treatment improved RV stiffness, relaxation and RV hypertrophy in SuHx rats.
(A) Pressure-volume loop analysis reveals that clorgyline reduced RV stiffness (Eed) and improved RV
relaxation (dp/dt min). No difference was observed in RV contractility (Ees). Eed and Ees, ctrl: n=6,
SuHx: n =11, SuHx+clor: n = 10. dp/dt min, ctrl: n = 7, SuHx: n = 11, SuHx+clor: n = 10. (B) No difference
was observed in SV, TAPSE and RVEDD after clorgyline treatment by echocardiography analysis. ctrl:
n =7, SuHx: n =11, SuHx+clor: n = 10. (C) Clorgyline treatment reduced Fulton index. ctrl: n = 7, SuHx:
n =12, SuHx+clor: n=9. (D) Representative images of RV cardiomyocytes by H&E staining. Scale bar
50 um. (E) Clorgyline reduced RV hypertrophy as shown by reduced RV myocardial CSA. ctrl: n=6,
SuHx: n=9, SuHx+clor: n=9. (F) Representative images of RV fibrosis by picrosirius red staining.
Scale bar 200 pm. (G) No difference was observed by RV fibrosis quantification. ctrl: n =7, SuHx: n =11,
SuHx+clor: n=10. All data are presented as mean + SEM; One-way ANOVA followed by Bonferroni
posthoc comparison between ctrl and SuHx, SuHx and SuHx+clor. *p<0.05, **p<0.01.

Further measurement of RV remodeling revealed that clorgyline did not delay the
progression of RV dilation, as shown by unaltered RVEDD index (RVEDDI) and RV end
systolic diameter index (RVESDI) over time (Fig. 7A). RV hypertrophy was confirmed in

PTB rats as shown by increased Fulton index and RV myocardial CSA, and no difference
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was found after clorgyline treatment (Fig. 7C-E). RV fibrosis and RV apoptosis were not

significantly increased in PTB rats, and were not affected by clorgyline (Fig. 7E-G).
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Figure 7. Clorgyline treatment has no detrimental effect on PTB induced RVF rats.

(A) Echocardiography reveals unaltered RV function as shown by SV index and TAPSE (Sham: n=7,
PTB: n =12, PTB+clor: n = 12), and unaltered RV remodeling as shown by RVEDD index and RVESD index
(Sham: n=7, PTB: n=11, PTB+clor: n =12). (B) No difference was observed by clorgyline treatment
in RV stiffness (Eed index), RV contractility (Ees index) and RV relaxation (dp/dt min), as shown by
pressure-volume loop analysis. Sham: n =7, PTB: n =10, PTB+clor: n =11. (C) Clogyline did not affect
Fulton index. Sham: n =7, PTB: n = 12, PTB+clor: n = 12. (D) Representative images of RV cardiomyocytes
by H&E staining. Scale bar 50 um. RV hypertrophy was observed in PTB rats by quantification of RV
myocardial CSA, and it was not affected by clorgyline treatment. Sham: n=6, PTB: n =8, PTB+clor:
n=9. (E) Representative images of RV fibrosis by picrosirius red staining. Scale bar 200 um. No
difference was observed in RV fibrosis between the groups. Sham: n =6, PTB: n = 12, PTB+clor: n = 12.
(F) Representative images of cleaved caspase-3 western blot on RV homogenates, with GAPDH as loading
control. (G) Quantification of cleaved caspase-3 reveals that RV apoptosis has no difference between
the groups. All data are presented as mean + SEM; One-way ANOVA followed by Bonferroni posthoc
comparison between ctrl and PTB, PTB and PTB+clor. Kruskal-wallis test followed by Dunn’s multiple
comparison test was used for data that was not normally distributed. Two-way ANOVA for repeated
measurements followed by Sidak’s post-hoc was used for repeated data of echocardiography analysis.
#p<0.05, **p<0.01, ****p<0.0001.
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Since MAO-A is bound to the outer mitochondrial membrane, produced ROS has its
effects on the mitochondria (24). No differences in mitochondrial efficiency were found
between the groups (Supplement: Fig. E5C). Collectively, we found that clorgyline had

neither a beneficial nor detrimental effect on the RV in PTB rats.

DISCUSSION

In the present study, we demonstrated for the first time that MAO-A is increased in the
pulmonary vasculature of PAH patients. Moreover, our data indicate that increased
pulmonary vascular MAO-A activity is involved in the progression of PAH, and that
MAO-A inhibition may help to reverse pulmonary vascular remodeling, thereby
benefiting the RV.

MAO-A up-regulation in the pulmonary vasculature in PAH

Previous studies have demonstrated that MAOs can be detected in several tissues,
including the human and rodent lungs and heart (7, 8, 12). Consistent with these
findings, we found that MAO-A was widely present in human and rat lungs and

expressed within all layers of the vascular wall.

Increased vascular MAO-A activity has been implicated in different vascular diseases,
including experimentally induced hypertension, inflammation and diabetes (12,
25-27). 5-HT, one of the main substrates of MAO-A is increased in PAH patients and
experimentally induced PH, and plays a crucial role (10, 28). 5-HT is mostly metabolized
into 5-Hydroxyindoleacetic acid (5-HIAA) by MAO-A in hepatic and lung ECs. A previous
study suggested a normal or increased 5-HT metabolism in PAH patients, as plasma
5-HIAA remained elevated in PAH patients before and during epoprostenol treatment,
which was expected to reduce platelet release of 5-HT (10). Consistently, here we show
for the first time that MAO-A expression is up-regulated in the intima and media layers
of the pulmonary vasculature of PAH patients, as well as in rats with experimentally
induced PAH. Consistent with a previous study (8), we found that MAO-A is expressed
in several other, non-vascular cell types in the lungs. However, upregulation of MAO-A
could not be confirmed in whole lung lysates from PAH patients or rats with SuHx-
induced PAH, nor in isolated MVECs and PAECs derived from PAH patient lungs.
This study is the first to show increased MAO-A activity in the pulmonary vessels in

experimental PAH. However, we were not able to perform activity measurements in
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human lungs because no cryosection samples were available. Therefore, the role of
MAO-A in human PAH remains uncertain, and further studies are needed to investigate

the relevance of MAO-A inhibition as a therapeutic target.

MAO-A inhibitor as treatment for experimentally induced PH

In PAH, increased ROS production has been found to be one of the stimuli responsible
for pulmonary vascular remodeling, through EC dysfunction and SMC proliferation
(29). Due to the intense cross-talk between different ROS sources in the cell, inhibition
of a single ROS source is able to abolish oxidative stress, which make MAOs promising
treatment targets for diseases related to oxidative injury (30, 31). Increased MAO-A
in diseased vessels can impair vasorelaxation by increasing ROS production, and
inhibiting MAO-A can reduce ROS formation, increase cyclic guanosine monophosphate
levels and restore vasorelaxation (25-27). More interestingly, increased MAO-A can
induce proliferation in SMCs by increasing ROS production, which is a key feature
of pulmonary vascular remodeling in PAH (13, 32). Based on those evidences, here
we chose to test an irreversible MAO-A inhibitor clorgyline on SuHx induced PAH
rat model, which can selectively inhibit MAO-A activity at a low concentration (6). As
expected, we found that clorgyline reduced MAO-A activity in the lungs and RVs in the
rats, and partly reversed established PAH in SuHx rats as shown by reduced RVSP, RV
afterload and TPR. Moreover, clorgyline is beneficial to the RV as shown by reduced

RV stiffness, improved RV relaxation and reversed RV hypertrophy in SuHx rats.

Further histology analysis revealed that clorgyline reversed pulmonary vascular
remodeling, in particular the intima layer remodeling, indicating the role of MAO-A
in EC function in PAH. It is further supported by our finding that clorgyline reduced
proliferation in the intima layer of the pulmonary vasculatures. Moreover, we found
that clorgyline reduced pulmonary vascular oxidative stress in vivo as shown by
decreased 8-OHdG level. Our results on the intima layer of the vessels are in line with
previous findings of reduced H,0, production in the endothelium ex vivo upon clorgyline
administration (26, 27). As such, the role of H,0, as a stimulus for EC proliferation was
confirmed (33).

Though it was shown by a previous study that clorgyline reduced proliferation in
rabbit femoral SMCs and human PASMCs, in this study no difference was observed
in the media layer remodeling after clorgyline treatment, neither in the media layer

proliferation (13, 34). This might be due to the short period of the treatment. In addition
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to increased ROS production, it has to be noticed that increased MAO-A can also produce
aldehyde, which is toxic for the biological system and associated with oxidative stress
(35). Therefore, aldehyde could be also involved in the mechanisms underlying the

effects of clorgyline treatment.

MAO-A up-regulation in the RV in PAH

Here we find for the first time that MAO-A expression and activity is upregulated in
the RV in experimental PAH and RV failure (SuHx and PTB). This finding is in line
with a previous study reporting that MAO-A activity is up-regulated in the RV wall
and isolated papillary muscles of monocrotaline (MCT) induced PH rats (36). The up-
regulation of MAO-A in cardiomyocytes can be explained by the hyperactivation of
SNS and renin angiotension-aldosterone system (RAAS), as revealed by several studies
on experimentally induced LV failure models (15, 37). Similarly, in PAH patients and
experimentally induced PH, hyperactivation of SNS and RAAS has also been observed
(38, 39). NE, as a main substrate of MAO-A, was found to be increased in the plasma of
PAH patients with end-stage heart failure, and it is correlated with pulmonary artery
pressure, cardiac index and pulmonary vascular resistance in PAH patients (14, 40, 41).
Moreover, NE was found to induce a rise in MAO-A expression with markedly increased

ROS production in cardiomyocytes (15).

Here we compared RV MAO-A level of end-stage PAH patients with MI (outside the RV)
patients and were unable to confirm the strong upregulation of MAO-A as observed in
the animal models. Several factors may have contributed to the apparent discrepancy
between the animal and human data. Firstly, we used autopsy tissue from patients,
which represents end-stage RV failure, whereas the SuHx and PTB rats all survived
until the end of the experiment and thus represent less severe RV failure. Secondly,
limitations in tissue harvesting protocols, variable intervals between time of death and
autopsy, and prolonged storage of human samples at -80°C may have affected MAO-A
levels in autopsy specimens. Moreover, in rodent hearts MAO-A is expressed much
more than MAO-B, whereas in the human heart MAO-A and -B are equally active (8, 42).
Therefore, the relative role of cardiac MAO-A could be different in humans and rats.
Further research into the contribution of both MAO-A and -B and their interactions

should reveal their relative importance in humans.
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MAO-A inhibitor as treatment on the RV in PAH

In PAH, the survival is determined by the condition of the RV rather than the degree
of pulmonary vascular resistance (43). Therefore, it is important for drugs used in
the treatment of PAH to be beneficial or at least non-toxic to the RV. Multiple studies
highlighted MAO-A as an important source of ROS in the myocardium (15-17). Both
pharmacological and genetic inhibition of MAO-A was found to be beneficial in various
experimental heart failure, including those based on ischemia/reperfusion injury (16,
17), LV pressure overload (15, 18) and diabetes (19, 20). More interestingly, it was shown
that clorgyline can decrease the basal rate of oxygen consumption of RV papillary
muscles in MCT induced PH rats (36). At the other end of the scale, cardiac-specific
MAO-A overexpression enhanced H,0, formation leading to cardiomyocyte necrosis
and ventricular failure with mitochondrial impairment (18). In this study, we found that
clorgyline is beneficial to the RV in SuHx-PAH rats, by reducing stiffness, improving
relaxation and reducing hypertrophy. Though fibrosis and apoptosis are closely related
to oxidative stress, here we did not find any effect of clorgyline on SuHx RV fibrosis or

apoptosis, which could be due to the short treatment duration of 2 weeks.

A previous study showed that LV hypertrophy was exacerbated in MAO-A knockout
mice subjected to transverse aortic constriction (TAC) due to hyperactivation of 5-HT2A
receptors (44). Therefore, despite the improved RV function found in the SuHx-PAH
model, itis crucial to confirm the safety of MAO-A inhibitor on the RV. Here we treated
PTB rats with clorgyline to investigate the direct effect on the RV. Unlike the results on
SuHx-PAH or TAC model, we did not observe any beneficial or detrimental effects of
clorgyline on the RV. Therefore, the beneficial effects of clorgyline on the RV of SuHx
rats can be mainly due to reduced RV afterload, and possibly reduced RV oxidative
stress. A previous study revealed that RV oxidative stress is largely increased in SuHx
RV but unchanged in PTB (45), which may explain the negative findings on RV fibrosis
and apoptosis, which are closely related to oxidative stress. Besides the different
responses to pressure overload between RV and LV (46), it has to be noted that the
starting time point of the drug administration in this study is different from the studies
on TAC model. In this reversal study, clorgyline treatment started two weeks after PTB
surgery, when the rats showed signs of RV dysfunction, while clorgyline was given to

the TAC mice directly after TAC surgery as prevention.
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Limitations

Clorgyline is no longer used in the clinic due to the “cheese-effect”, which can cause
hypertensive crises after ingestion of food rich in tyramine (6). Although it limits
the direct translation to the clinic, we believe it is justified for this proof of principle
study, as clorgyline is a specific and selective MAO-A inhibitor. The introduction of a
new generation of reversible MAO-A inhibitors can avoid the adverse cheese effect.
Therefore, it is worth for future research to test those clinically approved new generation
MAO-A inhibitors in combination with other PAH drugs, as well as the development

of lung-specific delivery methods to achieve efficiency at low drug concentration.

The use of human samples obtained at autopsy clearly has limitations. The duration
of storage of the cardiac samples ranged between 2-12 years at -80°C before analysis
of MAO-A activity and expression. Also, the exact times between death and autopsy
are unknown. However, MAO-A expression and activity is closely regulated by
neurohormonal activity which is known to be increased in PAH. Therefore, the present
results on the inhibition of MAO-A activity may still be of clinical significance in PAH

patients.

The present study used two animal models. The SuHx rat model was used to investigate
the effect of MAO-A inhibition on the pulmonary vasculature, and the PTB rat model to
study the effect of MAO-A inhibition on RV failure. We believe that a treatment study
with MCT rats may not add much valuable information, since the SuHx model provides

a much better representation of vascular findings in human PAH.

CONCLUSION

In conclusion, MAO-A is increased locally in the pulmonary vasculatures of PAH
patients and in the pulmonary vasculature and RV of experimentally induced PH
models. Treatment with MAO-A inhibitor clorgyline can partly reverse RV afterload
and pulmonary vascular remodeling in established experimental PH by reducing
pulmonary vascular proliferation and oxidative stress. Importantly, while it has no
direct effect on cardiac function, it is beneficial to the RV by reducing RV afterload.
Collectively, MAO-A seems to be involved in pulmonary vascular remodeling and
further investigations should reveal the relevance of MAO-A in different stages of
human PAH.
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SUPPLEMENTAL FIGURES
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Figure E1. Representative images of MAO-A immunofluorescence staining in human lungs.
Representative lung immunofluorescence staining for MAO-A of ctrl donors (A) and end stage PAH
patients (B). a-SM (red), vwF (green) and DAPI (blue) were co-stained with MAO-A (white). Scale bar
50 pm.
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Figure E2. MAO-A expression in ECs of PAH patients.

Western blot analysis shows no difference in MAO-A expression in pulmonary MVECs (A) or PAECs (B)
between non-PAH and PAH patients, with total-Erk as loading control. (A) Ctrl: n=8, PAH: n=6. (B)
Ctrl: n =3, PAH: n=5. All data are presented as mean + SEM. Unpaired t-test.
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Figure E3. MAO-A expression on whole lung tissue

(A, B) Representative lung immunofluorescence staining for MAO-A of ctrl rats, SuHx rats, and SuHx
rats with clorgyline treatment. a-SM (red), vwF (green) and DAPI (blue) were co-stained with MAO-A
(white). Scale bar 200 pm.
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Figure E4. Clogyline treatment on SuHx-PAH rats.
(A) Pressure-volume analysis shows decreased dp/dt max. ctrl: n =7, SuHx: n =11, SuHx+clor: n = 10. (B)
Western blot analysis on the RV shows no difference in apoptosis between the groups. n=7, SuHx: n=11,
SuHx+clor: n = 10. (C) Western blot analysis on the RV shows no difference in inflammation between the
groups. n =7, Sulx: n = 11, SuHx+clor: n = 10. All data are presented as mean + SEM; One-way ANOVA
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followed by Bonferroni posthoc comparison between ctrl and SuHx, SuHx and SuHx+clor. ** p<0,01.
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Figure E5: Clorgyline treatment on PTB rats.

(A) Representative RV immunofluorescence staining for MAO-A of Sham, PTB, and PTB rats with
clorgyline treatment. WGA (red) and DAPI (blue) were co-stained with MAO-A (white). Scale bar 200
um. (B) Pressure-volume analysis shows increased RVSP, Ea index and dp/dt max in PTB rats, and
clorgyline had no effect on those parameters. RVSP, Sham: n =7, PTB: n = 10, PTB+clor: n = 11. Ea index
and dp/dt max, Sham: n =7, PTB: n = 11, PTB+clor: n = 11. (C) Mitochondrial efficiency was assessed by
measuring the background, actual and maximal mitochondrial ATPase activity in serial cryosections
of the RV, of which P/O2 ratio was estimated. Scale bar 50 pum. With the theoretical maximal P/O2 being
6.3, all groups were in the normal range with no difference between the groups. Sham:n=7, PTB:n=11,
PTB+clor: n=11. All data are presented as mean + SEM; One-way ANOVA followed by Bonferroni posthoc
comparison between ctrl and PTB, PTB and PTB+clor. SDH: succinate dehydrogenase.
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SUPPLEMENTAL METHODS

Human lung and RV samples

Human lung and heart sample collection was approved by the local ethics committees
at the Amsterdam UMC (Amsterdam, the Netherlands) and written informed consent
was obtained. Control lung tissues on paraffin slides were obtained from healthy donors
died from accidents. Control pulmonary arteries for ECs isolation were obtained from
patients undergoing surgery for lung carcinoma, which were distant from the malignant
lesion and were dissected by a pathologist. PAH lung tissues on paraffin slides and
pulmonary arteries for ECs isolation were obtained from idiopathic PAH and heritable
PAH patients undergoing lung transplantation. Isolation and culturing of MVECs and
PAECs from control and PAH patients was described previously (1). RV tissue samples
from PAH and MI patients (with MI outside the RV), and frozen lung samples from PAH
were collected at autopsy and provided by the biobank of the Amsterdam UMC, location
VUmc (biobank protocols BUP2018-15, RES18-249, RES18-461 and RES20-238). Frozen
lung samples from controls were taken from patients with (suspicion of) a tumor as
far away as possible from the tumor. The time of storage for the cardiac tissue ranged
between 2-12 years at -80°C before analysis of MAO-A activity and expression. The
exact times between death and autopsy are unknown. For two cases there were 2 days
between death and autopsy, for two cases autopsy was done on the next day. For the
remainder of the patients, autopsy was done on the day of death. The storage time and

time between death and autopsy for frozen lung samples is unknown.

SuHx rat model of pulmonary arterial hypertension

Male Sprague-Dawley rats (n = 24, Charles River) were used throughout the experiment.
Rats were housed in standard conditions and food and water was available ad libitum.
SUS5416 + Hypoxia (SuHx)-mediated PAH was induced according to previously published
protocol (2, 3). Briefly, rats were subjected to a single subcutaneous injection of SU5416
(25 mg/kg, Tocris Bioscience) followed by a 4-week transient exposure to 10% hypoxia
and 4 weeks of normoxic re-exposure. After randomization (treatment vs vehicle),
animals were divided into two groups receiving clorgyline (SuHx+clor, n =12, started
with 10 mg/kg for the first time, followed by 2 mg/kg for the rest, Sigma-Aldrich) or
vehicle (SuHx, n = 12, saline) by intraperitoneal injection four times from week 8 to week
10. At the end of the experiment, rats were anaesthetized for hemodynamic assessment
via echocardiography and RV catheterization, after which rats were exsanguinated. Due

to loss of rats, hemodynamic data was collected from 11 rats in SuHx group and 10 rats
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in SuHx+clor group. Both lung and cardiac tissues were separated for further analysis.
Data of healthy male Sprague-Dawley rats was collected from a previous published

study of our group as control (ctrl, n =7) (2).

PTB rat model of RV failure

Male Wistar rats (n = 36, Janvier Labs, Le Genest-Saint-Isle) underwent either surgery
to place a clip around the pulmonary artery with a diameter of 0.6 mm (PTB) or sham
surgery (n=8), according to previously published protocols (4). Four animals died shortly
after the surgery, 1 sham animal died during baseline echo for unknown reasons.
Temgesic was given for 3 days in drinking water after the surgery. Baseline echo was
performed 2 weeks after the surgery. One day after the baseline echo, PTB animals
were randomized into two groups receiving clorgyline (n = 12, started with 10 mg/kg for
the first time, followed by 2 mg/kg, Sigma-Aldrich) or saline (n = 12) by intraperitoneal
injection 3 times per week from week 2 to week 7. At the end of the experiment, rats
were anaesthetized for hemodynamic assessment via echocardiography and RV
catheterization, after which rats were exsanguinated. Cardiac tissues were separated

for further analysis.

Echocardiography

All animals underwent echocardiographic assessments (For rats in SuHx study:
Prosound SSD-4000 system equipped with a 13-MHz linear transducer UST-5542, Aloka,
Tokyo, Japan; For rats in PTB study: A Vevo 2100 echocardiographic system with a
21-MHz linear array transducer, Visual Sonics, Canada) as published previously (4,
5), to measure RVEDD, RVESD, TAPSE, SV, heart rate, pulmonary artery acceleration
time, and cycle length after the treatment. Analysis of echocardiography in the PTB
study was done blinded.

RV catheterization

Animals were anaesthetized for open-chest RV catheterization (AD Instruments and
Millar Instruments) as previously described (3). RVSP was determined from steady
state measurement, as well as RV afterload (Ea). Pressure-volume loops after vena-cava

occlusion were obtained and used to derive Ees and Eed.
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Relative wall thickness of pulmonary arterioles

At the end of experiment, lungs were inflated with an 1% solution of low-melt-
agarose and fixed in formalin (overnight) and embedded in paraffin. To determine
the pulmonary vascular remodelling, paraffin embedded 5-pm-thick lung sections
were stained with Elastic van Gieson to measure the relative wall thickness of
pulmonary arterioles (PA), as well as the intimal and medial wall thickness separately,
as described previously. Minimally thirty transversally pulmonary arterioles cut,
with an outer diameter between 25 and 100 um, randomly distributed over the lungs,

were measured.

Right ventricular hypertrophy

To assess the extent of RV hypertrophy, the heart was removed and the RV free wall
was separated from the LV and ventricular septum. Wet weights of the RV, free LV
and septum were determined separately, and the ratio of RV weight to LV plus septum
weight (RV/[LV+S]) was calculated for RV hypertrophy. For further analysis of RV
hypertrophy, 5-um-thick sections of frozen cardiac tissues (transversally cut) were
stained with haematoxylin and eosin, and a mean cardiomyocyte CSA was assessed
by measuring minimally thirty cardiomyocytes at the level of the nucleus, randomly

distributed over the ventricles.

Right ventricular fibrosis
For analysis of RV fibrosis, 5-um-thick sections of frozen cardiac tissues were stained
with picrosirius red. Level of fibrosis was expressed as the percentage of tissue area

positive for collagen compared to total area.

Immunofluorescence staining

Human and rat lung tissues were fixed and stained as previously described (3, 6). Briefly,
5-pum-thick lung paraffin sections were deparaffinized and rehydrated. Sections were
boiled for 40 min in Vector® Antigen Unmasking Solution (Vector) using a pressure
cooker. After blocking with goat serum 10% (ThermoFisher Scientific), sections were
incubated overnight at 4°C with primary antibodies directed against MAO-A (1:50;
ab126751, Abcam, Cambridge, UK), or PCNA antibody (1:100; sc-7907, Santa Cruz
Biotechnology, Dallas, TX), or 8-OHdG (1:150; bs-1278R, Bioss Antibodies), co-stained
with von willebrand factor (1:1000; ab8822, Abcam, Cambridge, UK), and alpha smooth
muscle actin (1:1000; Sigma-Aldrich, St. Louis, MO). All sections were mounted with

ProLong® Gold antifade reagent (Invitrogen) containing DAPI.
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Immunofluorescence quantification

Images were acquired on a Marianas digital imaging microscopy workstation (Intelligent
Imaging Innovations (3i), Denver, CO). SlideBook imaging analysis software (SlideBook
6, 3i) was used to semi-automatically quantify the images. Pulmonary vascular MAO-A
and 8-OHdG mean relative fluorescence intensity was semi-automatically quantified
and measured over twenty vessels. Proliferative cells were quantified by counting

positive cells with a positive (PCNA) signal per vessel.

MAO-A activity

MAO-A activity was measured in 5 pm thick heart or lung cryosections by calibrated
enzyme histochemistry, as described before (7). Briefly, sections were incubated in
PBS containing 0.4 mM tetranitroblue tetrazolium chloride and 6.25 mM tryptamine
hydrochloride at 37 °C in a stainless-steel box. Oxygen saturated with water vapor was
gently flowing into the box during the incubation. The reaction was stopped in 10 mM
HCI and the sections were mounted in glycerin gelatin. MAO-A activity is measured
as the absorbance of formazan produced in the sections. This method is specific to
the MAO-A isoform, as pretreatment with the MAO-A inhibitor clorgyline inhibits the
activity completely (7) (and confirmed by us, not shown). Also, clorgyline is highly
specific to MAO-A (8, 9).

ATPase activity

Reverse F,F  ATPase activity was estimated using enzyme histochemistry on 5 um thick
cryosections of the apical part of the RV as described (10, 11). F,F was measured by
precipitating P, released from ATP as Pb,(PO,), in the section when pump is operating
in reverse mode. The precipitate is converted to PbS, which can be measured with a
microdensitometer. The activity is proportional to the proton permeability of the inner
membrane: maximum activity is obtained in the presence of DNP (positive control)
whereas background ATPase activity is obtained in the presence of oligomycin. Increased

proton permeability increases basal oxygen consumption and reduces ATP/O,.

Shortly, serial cryosections were incubated either in the presence of oligomycin to
determine background ATPase activity, 2,4-DNP, or normal incubation medium and
allin the presence of ATP. By using 6.3 as theoretical maximal P/O, ratio, the actual P/
0O, ratio was estimated from the ratio of the actual and maximal F,F_ ATPase activity,
corrected for the background activity. This method is validated in heart muscle only

(11), therefore we did not perform the staining in lung tissues.
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Protein expression by western blot

Lung and RV tissue of the rats was homogenized in radioimmunoprecipitation assay
(RIPA) buffer containing phosphatase and protease inhibitors (Sigma-Aldrich). The
protein concentration was quantified by the Pierce 660 nm protein assay kit (Thermo
Scientific, Rockford, USA). 20 ug protein was used to detect the expression of MAO-A
(1:1000; ab126751; Abcam), PCNA (1:1000; sc-7907; Santa Cruz Biotechnology, Dallas,
TX, USA), nitrotyrosine (1:2000; ab126751; Abcam), cleaved caspase-3 (1:1000; 9611,
cell signaling Technology Inc. Beverly, MA, USA), CD45 (1:500; sc-53045; Santa Cruz
Biotechnology, Dallas, TX, USA) with primary antibody incubation at 4°C overnight,
followed by appropriate secondary antibody incubation. The protein amount was
normalized by vinculin (1:500; sc-5573; Santa Cruz Biotechnology, Dallas, TX, USA) or
GAPDH (1:50000; G9295; Sigma-Aldrich) as loading control.

Statistics

Statistical analyses were performed using Prism for Windows (GraphPad 8 Software).
Normality of data was checked and either log-transformation or non-parametric
test was performed if data was not normally distributed. Unpaired student’s t-tests
were used for comparisons between two groups. Multiple comparisons were assessed
by one-way ANOVA, followed by Bonferroni’s post-hoc test. Two-way ANOVA for
repeated measurements followed by Sidak’s post-hoc was used for repeated data of
echocardiography analysis. Kruskal-wallis test followed by Dunn’s multiple comparison
test was used for data that was not normally distributed. p-values < 0.05 were considered
significant. All statistical tests used two-sided tests of significance. Data are presented

as mean + SEM.
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Chapter 10

SUMMARY AND FURTHER PERSPECTIVES

Pulmonary hypertension (PH) is a disease characterized by an increased blood
pressure in the pulmonary vascular system, ultimately leading to right ventricular
failure (RVF) and premature death.! Pulmonary arterial hypertension (PAH), PH group
1, is defined by an increase in mean pulmonary artery pressure (mPAP) > 20 mmHg,
pulmonary wedge pressure < 15 mmHg, and pulmonary vascular resistance > 3 wood

units measured by right heart catheterization.>?

This thesis aimed to investigate novel promising treatment strategies for PAH and PAH
induced RVF, based on multiple pathological mechanisms underlying the disease.
I investigated drugs impacting on the bone morphogenetic protein type 2 receptor
(BMPR2) signaling pathway (Chapter 2-4), on growth factor signaling (Chapter 5), on
histone acetylation (Chapter 6), as well as several therapeutic strategies specifically
targeting the RV (Chapter 7-9).

Table 1. Summary of the PAH novel treatment strategies studied in this thesis.

pulmonary vasculature

novel treatment pathway RV
intima layer media layer
6-MP BMPR?2 v v x
MnTBAP BMPR2 v v NS
nintedanib growth factors x X v
quisinostat HDACs v X X
DCA PDKs NS NS v
clorgyline MAO-A N X x

6-MP: 6-mercaptopurine; MnTBAP: manganese (III) tetrakis (4-benzoic acid) porphyrin; DCA:
dicholoroacetate; BMPR2: bone morphogenetic protein type 2 receptor; HDACs: histone deacetylases;
PDKs: pyruvate dehydrogenase kinases; MAO-A: monoamine oxidase A. V: effective; x: without any
effect; NS: not studied in this thesis.

BMPR2 pathway in PAH

Impaired BMPR2 signaling not only occurs in hereditary PAH (hPAH) patients, but also
in non-hereditary forms of PAH.*® Restoring the BMPR2 signaling pathway could be
of interest and as new treatment options are emerging, it is of utmost importance that
the PAH animal models reflect the pathology in human PAH. Therefore, in Chapter 2,
BMPR2 expression and downstream phosphorylation of Smads and downstream targets

were evaluated in two commonly used PAH animal models and were compared with

276



Summary and further perspectives

human PAH. Whole lung protein expression was assessed by western blot analysis
and localized vascular expression was assessed by immunofluorescence staining. We
found that monocrotaline (MCT) and Sugent+hypoxia (SuHx) induced PAH rat models
express altered BMPR2, but in a different way compared to human PAH. However, the
protein expression of the downstream signal transduction via Smads was similarly
affected in both PAH models and PAH patients. Future studies should be performed to
reveal the different regulatory mechanisms underlying BMP/Smad signaling between
PAH animal models and PAH patients, including the imbalance between BMPR2 and
TGF-f signaling pathway.

In Chapter 3 and Chapter 4, we used 6-mercaptopurine (6-MP) and Manganese (III)
tetrakis (4-benzoic acid) porphyrin (MnTBAP) to modulate BMPR2 signaling and treat
animals with experimental PAH. As one of the oldest immunosuppressive drugs,
6-MP does not only affect inflammatory cells by hampering purine synthesis, but
also regulates a wide range of biological processes by activating the orphan nuclear
receptor Nur77.° In Chapter 3, we found that Nur77 expression is down-regulated in
lungs and pulmonary microvascular endothelial cells (MVECs) of PAH patients, and
involved in the pathogenesis of PAH by regulating EC proliferation, inflammation and
BMPR2/Smad signaling. Pharmacological activation of Nur77 with 6-MP prevented and
reversed pulmonary vascular remodeling in SuHx PAH rats by reducing proliferation,

inflammation and by up-regulating BMPR2/Smad signaling in the lungs.

MnTBAP, a synthetic metalloporphyrin with antioxidant and anti-inflammatory
effects,”® was shown to inhibit the turn-over of BMPR2 in human umbilical vein
endothelial cells.” In Chapter 4, we found that MnTBAP can increase BMPR2 levels
in MVECs isolated from PAH patients, and that chronic treatment with MnTBAP can
reduce RV afterload and pulmonary vascular remodeling in SuHx PAH rats, resulting
in improved cardiac function. This study provided evidence for the promising role of

superoxide dismutase mimetics as PAH treatment options.

Taken together, Chapters 3 and 4 highlight the benefits of enhancing/increasing BMPR2
signaling to treat PAH. While MnTBAP has not been approved to be used in humans,
6-MP is one of the oldest immunosuppressive drugs approved to treat various auto
immune and chronic inflammatory diseases such as inflammatory bowel disease,
rheumatoid arthritis, hematologic malignancies, chronic active hepatitis, and lupus

nephritis.’**® As RV function is an important concern in the field of PAH treatment,
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our group further confirmed the safety of 6-MP treatment on the RV, by using a RV
dysfunction rat model induced by PAB.* Based on these findings, our group initiated
an open-label, proof-of-concept, single-center study of 6-MP treatment in 15 PAH
patients to evaluate the efficacy and safety. In accordance with the findings in Chapter
3, this proof-of-concept study showed that 6-MP treatment decreased pulmonary
vascular resistance (PVR) in PAH patients coinciding with an increased BMPR2 mRNA
expression in peripheral blood mononuclear cells (PBMCs).* However, the magnitude
of PVR reduction was relatively small, leading to no improvement in New York Heart
Association (NYHA) functional class, 6-minute-walk distance (6MWD) or N-terminal
pro-brain natriuretic peptide (NT-proBNP) concentrations. More importantly, the
dosing schemes of 6-MP used in this study were found to have an unfavorable risk/
benefit ratio in PAH patients, as frequency and severity of side effects were higher than
reported and expected.”® Therefore, future studies are needed to improve the dosing

schemes of 6-MP treatment or evaluate other thiopurine analogs in PAH patients.

Moreover, future research should address to what extent 6-MP and MnTBAP have an
add on effect in patients already treated with other PAH drugs. It is also needed to
assess the effects of BMPR2 modulating therapies on RV function. BMPR2 signaling
plays a role in the RV and PAH patients with BMPR2 mutation have a diminished RV
function compared to PAH patients carrying the wild-type BMPR2 gene.!* Moreover,
other compounds/metabolites or other delivery methods may achieve similar or even

better effects with lower toxicity.

Other promising treatment targets in PAH

Dysregulated signaling of growth factors, particularly platelet derived growth factor
(PDGF), fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and
TGF-B, contributes to remodeling observed in PAH in both the pulmonary vasculature
and the RV.'!® In Chapter 5, we tested the effects in experimental PAH of nintedanib,
a drug which targets PDGF-, FGF-, and VEGF-mediated proliferation in pulmonary
fibroblasts and TGF-B-mediated transformation of fibroblasts to myofibroblasts.!>*
We found that nintedanib inhibited proliferation of MVECs from normal subjects but
not from PAH patients. Nintedanib also failed to reduce RV afterload or pulmonary
vascular remodeling in SuHx PAH rats. Interestingly, despite lack of effects on the
lungs, nintedanib treatment benefited the RV of PAH rats by reducing RV hypertrophy
and collagen content. Collectively, nintedanib has favorable effects on the RV but

does not reverse pulmonary vascular remodeling in PAH. As an approved treatment
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of idiopathic pulmonary fibrosis (IPF), nintedanib is worth to be further evaluated by

future studies on associated PH in patients with IPF.

Histone deacetylases (HDACs) are key enzymes in histone modification and by removing
acetyl groups HDACs regulate key cellular processes including proliferation, apoptosis
and inflammation.??* Abnormal HDAC expression and activity have been shown to
play a role in PAH, however, the role of HDAC inhibitors as novel therapeutic options
for PAH remains unpredictable. In Chapter 6, we assessed the effects of quisinostat
on experimental PAH. Quisinostat is a novel second generation HDAC inhibitor with a
boosted pharmacodynamic response pattern and enhanced HDAC inhibitory efficacy.*
While increased HDAC1 expression was found in MVECs isolated from PAH patients,
quisinostat reduced proliferation and inflammation in these cells by inhibiting the
activity of HDACs. Chronic treatment with quisinostat reduced intima layer remodeling
in SuHx rats and in rats with PAH induced by MCT and increased shunt flow. Quisinostat
had no effects on the RV of a RVF rat model induced by pulmonary artery banding
(PAB). Taken together, the treatment effects of quisinostat are limited to the pulmonary

vasculature, without a danger of cardiotoxicity.

Promising treatment strategies targeting the RV

Although the initial insult in PAH involves the pulmonary vasculature, RVF is the most
important determinant of mortality in patients with PAH.* Many questions, however,
regarding the mechanisms underlying RVF remain unclear. In Chapter 7, we reviewed
the role of cardiac inflammation in RVF and the possible therapeutic strategies for
RVF by reducing inflammation. Consistent with many other types of heart failure,
cardiac inflammation, triggered by systemic and local stressors, has been shown in
RVF patients as well as in RVF animal models. RV inflammation likely contributes to
impaired RV contractility, maladaptive remodeling and a vicious circle between RV and
pulmonary vascular injury. Although the potential to improve RV function through anti-
inflammatory therapy has not been tested, this approach has been applied clinically
in left ventricular failure patients, with variable success. Because inflammation plays
a dual role in the development of both pulmonary vascular pathology and RVF, anti-
inflammatory therapies may have a potential double benefit in patients with PAH and
associated RVF.

The survival of PAH patients is determined by the condition of the RV.?® Therefore,

the goal of translational research in PAH is to identify drugs that reverse pulmonary
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vascular remodeling and are beneficial or at least non-toxic to the RV. In Chapter 8, we
assessed the effects of dichloroacetate (DCA) on RV myocardial apoptosis in the MCT rat
model. As an inhibitor of pyruvate dehydrogenase kinase (PDK), DCA has been shown
as a promising new therapy for RV failure, while studies on DCA and apoptosis have
generated contradicting results. We found that DCA treatment can benefit the RV not
only by increasing oxidative metabolism, but also by reducing RV myocardial apoptosis
and restoring mitochondrial function. These findings are important, because they
show that a fear for increased RV apoptosis with DCA is unnecessary, as DCA promotes
PASMC apoptosis in PAH. These findings support DCA as a promising treatment for
PAH in the clinic. Though we only evaluated the effect of DCA on the RV in this thesis,
it was shown by previous studies that DCA can reverse pulmonary vascular remodeling
in PAH rat models.?”?® Based on the pre-clinical findings, an open labeled, proof-of-
concept, dose-finding clinical trial with DCA treatment was conducted in PAH patients.
4-month treatment with DCA reduced mPAP, pulmonary vascular resistance and
improved functional capacity, but with a range of individual responses.? Interestingly,
lack of clinical response is associated with the presence of functional variants of SIRT3
and UCP2, which can cause PDK-independent mitochondrial suppression.” Therefore,
future studies are needed to identify genetic variants and other factors that may induce
PDK-independent mitochondrial dysfunction. Consistently future clinical trials are
required to enroll PAH patients based on related assessments to promote DCA as a

novel precision medicine for PAH.

In Chapter 9, we aimed to study the role of monoamine oxidase A (MAO-A) in pulmonary
vascular remodeling and RV dysfunction in PAH. As a mitochondrial enzyme, MAO-A
is a major source of reactive oxygen species (ROS) with pathophysiological relevance
in multiple cardiovascular diseases.** ! We found increased MAO-A expression in the
pulmonary vasculature of PAH patients and SuHx PAH rats, as well as in the RV of
SuHx- and PAB-induced RVF rats. Pharmacological inhibition of MAO-A with clorgyline
reduced RV afterload and pulmonary vascular remodeling in SuHx rats by reducing
ROS. However, it had no independent effects on the RV of the PAB rat model, while it
benefited the RV of SuHx rats by affecting the lung. Collectively, MAO-A seems to be
involved in the pathophysiology of PAH. Based on this finding, it is worth for future
search to test clinically approved new generation MAO-A inhibitors in combination

with other PAH drugs to promote the direct translation to the clinic.
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Novel promising treatment strategies for PAH

In this thesis, the effects of six novel treatment strategies were assessed on
experimentally induced PAH: 6-MP, MnTBAP, nintedanib, quisinostat, DCA and
clorgyline, as described in Table 1. Among the six novel treatments, 6-MP, MnTBAP,
quisinostat and clorgyline were found to reduce RV afterload and reverse pulmonary
vascular remodeling in rat models with established PAH. Compared to quisinostat and
clorgyline treatment, which can only reverse remodeling in the intima layer, 6-MP
and MnTBAP were shown to normalize RV afterload at a better level with reversed
pulmonary vascular remodeling in both intima and media layers. Consistent with the
reduced RV afterload, 6-MP and MnTBAP were shown to have more benefits to the RV
compared to quisinostat and clogyline. Taken together, among all the novel treatments
described in this thesis, 6-MP and MnTBAP can be considered as promising therapeutic
options for PAH by modulation of BMPR2 pathway, which can reverse pulmonary

vascular remodeling and thus benefit the RV.

This thesis represents a drug pipeline for future treatments of PAH, via modulation
of multiple pathological mechanisms. Based on previous findings, we chose these
five pathways as promising treatment targets for PAH, to see the potential of each
modulation. Taken together, our findings emphasized the role of the BMPR2 pathway as
a promising therapeutic target and as a focus for future clinical trials. BMPR2 signaling
has a protective role in the vascular wall by promoting the survival of PAECs, inhibiting
PASMCs proliferation and triggering anti-inflammatory responses.** Consistent with
our findings in Chapter 3 and 4, other studies have also shown that modulation of the
BMPR2 pathway at multiple levels can benefit experimental PAH, including genetic-
based therapies, transcriptional and translational regulation, protein activity and
SMAD downstream signaling modulation.* Upregulating BMPR2 by adenoviral BMPR2
gene delivery to the pulmonary vascular endothelium is beneficial to experimental
PAH.% As a ligand of BMPR2, BMP9 was found to prevent apoptosis and enhance the
integrity of ECs from PAH patients, and therapeutic BMP9 delivery can prevent and
reverse PAH in animal models.*” Treatment with FK506 and chloroquine have also
been shown to reverse PAH in animal models by increasing BMPR2 signaling.? %
Taken together, our findings and other preclinical evidence support the concept that
modulation of BMPR2 signaling pathway could provide promising therapeutic options
for PAH.
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However, there are still multiple challenges for these BMPR2 targeted strategies to be
used to the benefit of PAH patients. A growing number of treatment strategies targeting
BMPR2 signaling are currently being evaluated in clinical trials. Compared to the
promising findings in experimental PAH, most BMPR2 targeted strategies have lacked
efficacy in clinical trials and were associated with a considerable risk of side effects.
Treatment with low-dose FK506 was tested in three patients with end-stage PAH for 12
months improved NYHA functional class, 6 MWD and NT-proBNP, and increased BMPR2
expression in PBMCs.* Based on this, a further randomized, double-blind, single-center
phase IIa trial with low-dose FK506 was performed on 20 PAH patients with NYHA
functional class II/III. While low-level FK506 was generally well tolerated, it had no
effect on 6MWD, NT-proBNP or RV function.” The clinical trial with 6-MP performed by
our group shows promising effects on PVR and BMPR2 mRNA level in PBMCs. However,
the magnitude of PVR reduction was relatively small, leading to no improvement in
NYHA functional class, 6MWD or NT-proBNP concentrations.'® These clinical findings
suggest the necessity of a more personalized approach for PAH patients, which takes
into account the types of gene mutations, BMPR2 levels, inflammation, cardiac
function, proliferation and infections. For example, as a recent study revealed that GDF2
mutations result in reduced BMP9 and loss of function, it could be promising to initiate
a BMP9 clinical trial specifically for PAH patients with GDF2 mutations.*”” Ataluren, a
drug that induces ribosomal read through of nonsense mutations, was found to restore
BMPR2 signaling in vitro, which may offer the possibility of personalized therapy for
the subset of PAH patients with this type of mutation.*** Moreover, it has to be noted in
the clinical trial with FK506, that despite the overall lack of improvement after FK506
treatment, some patients responded with a pronounced increase in BMPR2 expression
as well as improvements in 6MWD and cardiac function. This suggests that BMPR2
levels at baseline may provide a promising standard to select PAH subgroups to receive
BMPR2 targeted treatments.” Because 6-MP and FK506 are immunosuppressive drugs,
it could be promising to enroll PAH patients based on baseline inflammatory levels
for further clinical trials. Interestingly, as a recent study revealed that radioligand
3'-deoxy-3'-[18F]-fluorothymidine positron emission tomography imaging can be used
to report hyper-proliferation in PAH patients,* it is possible for future clinical trials
to select PAH patients with hyper-proliferation, and thus develop a precision medicine
approach with BMPR2 targeted treatments. In addition, newly developed preclinical
methods, such as lung or vessel on a chip, .*’ could further improve the pipeline of

BMPR2 modifying compounds.
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Besides lack of efficacy, side effects of the BMPR2 targeted drugs on PAH patients can
also bring challenges for their use in the clinic. Recent studies revealed that BMP9 could
harm endothelium by inducing aberrant endothelial-to-mesenchymal transition and
calcification in the presence of an inflammatory stimulus.** Moreover, as mentioned
above, the clinical trial with 6-MP treatment reported frequent and severe side effects
on PAH patients, although the dosage of 6-MP used in this study was generally well
tolerated by patients with inflammatory bowel disease.!’ * Therefore, despite the
promising findings of 6-MP on decreased PVR and increased BMPR2 mRNA level in
PBMCs, its role as an add-on treatment for PAH patients is still unfavorable. Moreover,
while BMPR? signaling exhibits multiple functions in organ regeneration and tissue
homeostasis, most of the BMPR2 targeted strategies are systemically applied and not
specifically acting on pulmonary vascular cells, which may rise the risk for long-term
use. Besides improvements in dosing schemes, the development of lung-specific delivery
methods for BMPR2 targeted drugs would be helpful to achieve efficient pulmonary
efficacy at low drug concentrations, such as the inhaled formulation of iloprost given
by ProDose™ and I-neb AAD nebulizers.*

Limitations

The conclusions outlined in this thesis are partly based on the use of a limited number
of PAH animal models. The treatment effects of 6-MP, nintedanib, MAO-A inhibitor
and MnTBAP on pulmonary vasculatures were only confirmed in the SuHx rat model.
Confirmation of these findings in additional PAH animal models would be helpful to
further study mechanisms of effect of these different novel treatments. Therapeutics
targeting the BMPR?2 signaling pathway are preferentially investigated in multiple
animal models, as both the SuHx and the MCT rat model recapitulate only parts of
BMPR2 signaling in human situation, as shown in Chapter 2. Moreover, direct effects
of some treatments on the RV are still uncertain, since we didn’t include the PAB model
in all studies. My thesis is focused on treatment effects on pulmonary ECs, because
ECs play a crucial role in PAH through hyperproliferation and secretion of factors
such as inflammatory cytokines and growth factors, which in turn affect PASMCs and
fibroblasts. Future studies are needed to reveal the direct effect of the novel treatments
on other cell types involved in PAH, such as PASMCs, pericytes and fibroblasts. Finally,
no single or combination of animal models can fully recapitulate PAH in humans.
Innovative preclinical methods, such as lung or vessel on a chip and 3D engineered

heart tissue of the RV, may further improve the evaluation of novel drugs.

283



Chapter 10

Some treatment options tested in this thesis, particularly MnTBAP and clorgyline, are
not directly available in the clinic because of potential side-effects. While the studies
in this thesis were justified to show proof of principle, it is still worthwhile to further
test the related treatment options working through similar mechanisms. An additional
factor limiting the clinical translation of my findings is the fact that full dose ranges of
the different drugs were not studied. In Chapter 3, we studied the effects on SuHx rats of
6-MPindoses of 1, 7,5 and 15 mg/kg. Although 1 mg/kg 6-MP prevented the development
of PAH, it failed to reverse pulmonary vascular remodeling in rats with established
PAH. While 15 mg/kg 6-MP suppressed bone marrow function, 7,5 mg/kg 6-MP partly
reversed PAH without obvious side effects. In other chapters, doses were based on
prior studies in different animal models and full dose finding was not done. Finally,
to promote the direct translation to the clinic, it is desirable to test novel treatment

options in rats already on treatment with a combination of approved PAH drugs.

Summary and Conclusion

This thesis investigated novel promising treatment strategies for PAH and PAH induced
RV failure, based on multiple pathological mechanisms underlying the disease,
including BMPR2 signaling, growth factor, HDACs, inflammation, oxidative stress and
mitochondrial metabolism. Taken together, this thesis highlighted the promising role of
restoring BMPR2 signaling pathway in PAH treatment by reversing pulmonary vascular
remodeling and thus benefiting the RV, as well as the benefits of inhibiting HDACs
and MAO-A to the lung. Moreover, this thesis demonstrated the benefits of inhibiting
growth factors, inflammation and apoptosis to the RV. However, there are still multiple
challenges for these novel promising strategies to be used to the benefit of PAH patients,
due to lack of efficacy in clinical trials and a considerable risk of side effects. Therefore,
future clinical studies are needed to develop a more personalized approach for PAH

patients, improve dosing schemes and develop lung-specific delivery methods.
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Chapter 11

NEDERLANDSE SAMENVATTING

Pulmonale arteriéle hypertensie (PAH) is een ziekte die wordt gekenmerkt door
progressieve vernauwing van de bloedvaten in de long. Door de vernauwing van de
bloedvaten ontstaat er een verhoogde werkdruk voor de rechter hartkamer. De rechter
hartkamer (rechter ventrikel, RV) heeft als functie zuurstofarm bloed door de longen
te pompen. De linker hartkamer pompt dit zuurstofrijke bloed daarna door het gehele
lichaam. Deze bloedsomlopen worden ook wel de kleine en grote bloedsomloop

genoemd.

Dit proefschrift gaat over nieuwe veelbelovende therapieén voor PAH en RV dysfunctie,
inclusief therapieén gericht op BMPR2 signalering (Hoofdstuk 2-4), groeifactoren
(Hoofdstuk 5), histone deacetylasen (HDACs) (Hoofdstuk 6), en therapieén gericht op
het RV (Hoofdstuk 7-9).

Deel 1: De rol van BMPR2 signalering in PAH

Bij erfelijke vormen van PAH worden in 80% van de gevallen genetische mutaties van
het BMPR2 gengevonden. BMPR?2 is een onderdeel van TGF-f receptor familie, en is
verantwoordelijk voor de aansturing van vele cellulaire processen zoals celdeling
(proliferatie) en inflammatie. PAH patiénten met een BMPR2 mutatie hebben een

slechtere prognose dan patiénten zonder mutaties.

Hoofdstuk 2 onderzoekt de expressie en activiteit van BMPR2 signalering in PAH
patiénten en PAH diermodellen. Binnen het PAH onderzoek hebben we de beschikking
over meerdere diermodellen. Hier onderzochten we de expressie van BMPR2 in
twee veelgebruikte diermodellen. Dit met als doel om het meest accurate diermodel
te vinden en zo translatie van data naar de humane situatie te verbeteren. BMPR2
receptor expressie is verminderd in de longvaten van patiénten met idiopathische en
erfelijke PAH. Bij de diermodellen konden we deze resultaten niet repliceren maar

waren downstream targets van deze receptor wel gelijk aangedaan.

Hoofdstuk 3 richt zich op het verband tussen Nur77 en BMPR2 op de longen in PAH
patiénten en diermodel. Nur77 is een orphan nuclear receptor, welke verantwoordelijk
is voor de aansturing van vele cellulaire processen en signalering zoals proliferatie,
inflammatie en TGF-f signalering. We vonden dat een verminderde Nur77 activiteit in

PAH longen en endotheelcellen leidt tot minder BMPR2 expressie. In een PAH diermodel
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werd Nur77 geactiveerd door middel van 6-mercaptopurine (6-MP) toediening, wat
leidde tot een verminderde vaatremodelering in longweefsel, overleving van de ziekte

en een verhoogde BMPR2 expressie.

In Hoofdstuk 4 worden de effecten van MnTBAP op BMPR2 op PAH endotheelcellen
onderzocht en de potentiele therapeutische waarde op PAH diermodel bestudeerd.
MnTBAP is een remmer van oxidatieve stress, en eerder onderzoek heeft gevonden
dat MnTBAP de BMPR2 receptor expressie kan verhogen in endotheelcellen van de
navelstrengader. We vonden dat MnTBAP de expressie van BMPR2 receptor heeft
verhoogd in endotheelcellen die zijn geisoleerd uit de longen van overleden of
getransplanteerde PAH patiénten. In een PAH diermodel leidde MnTBAP toediening

tot verminderde vaatremodelering in longweefsel en overleving van de ziekte.

Deel 2: Andere nieuwe veelbelovende therapieén voor PAH

Verstoorde signalering in endotheelcellen van PAH patiénten is belangrijk voor
behangdelingen gericht op groeifactoren, zoals besproken in Hoofdstuk 5. Hoewel
proliferatie van gezonde endotheelcellen wordt geremd door nintedanib, een tyrosine-
kinase remmer gericht op VEGF, PDGF, FGF en TGF-f signalering, wordt dit effect niet
gezien in PAH endotheelcellen. Er werd ook geen effect van nintedanib geobserveerd op
vaatremodelering in longweefsel van een PAH diermodel. Wel vonden wij onverwacht
een verbetering op RV 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.

In Hoofdstuk 6 hebben we het effect van quisinostat, een HDACs remmer, op PAH
endotheelcellen getest en de potentiele therapeutische waarde op drie diermodellen
bestudeerd. Eerder onderzoek heeft omgekeerde effecten aangetoond van HDACs
remmers als behandelingen voor PAH diermodellen. Quisinostat is een nieuwe tweede
generatie remmer van HDACs met lange farmacodynamische respons. We vonden dat
proliferatie en inflammatie van PAH endotheelcellen worden geremd door quisinostat,
net zoals vaatremodelering in longweefsel van PAH diermodellen. Er werd geen effect

van quisinostat geobserveerd op het hart van diermodel met RV dysfunctie.
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Deel 3: Veelbelovende therapieén gericht op het RV

RV functie is een belangrijke prognostische factor voor het verloop van PAH. In
Hoofdstuk 7 wordt de rol van inflammatie in het RV beschreven. Inflammatie in het hart,
zoals beschreven is in veel andere vormen van hartfalen, komt ook voor in het RV van
PAH patiénten en in diermodellen van RV falen. RV inflammatie draagt waarschijnlijk
bij aan verslechterde RV contractiliteit, RV remodelering en aan de vicieuze cirkel
tussen RV falen en schade aan longvaten. Anti-inflammatoire therapieén zijn klinisch
getest in patiénten met LV falen, met wisselend succes. Het is echter nooit getest of
anti-inflammatoire therapieén de RV functie kunnen verbeteren. Omdat inflammatie
een rol speelt bij zowel het ontstaan van vasculaire schade in de longen en bij RV falen,
zou een anti-inflammatoire therapie op beide een gunstig effect kunnen hebben in

patiénten met PAH en RV falen.

In Hoofdstuk 8 hebben we gekeken naar de effecten van dichlooracetaat (DCA) op
apoptose in het RV, in een diermodel van PAH. DCA remt pyruvaat dehydrogenase
kinases (PDKs) en bleek in eerdere studies een veelbelovende nieuwe therapie voor
PAH en RV falen. Echter, studies naar het effect van DCA op apoptose laten wisselende
resultaten zien. In een rat-model van PAH hebben we gevonden dat behandeling
met DCA een gunstig effect heeft op het RV, niet alleen door apoptose in het RV te
verminderen en mitochondriéle functie te verbeteren. Dit is een belangrijke bevinding,
omdat het laat zien dat DCA niet zorgt voor een toename in apoptose in het RV, terwijl
DCA wel apoptose stimuleert in de longen. Dit ondersteunt het idee dat DCA inderdaad

een veelbelovende behandeling is voor PAH patiénten.

In Hoofdstuk 9 hebben we bestudeerd wat de rol van monoamine oxidase A (MAO-A) bij
de vasculaire remodelering en RV falen in PAH. Als mitochondrieel enzym is MAO-A
een grote bron van oxidatieve stress. MAO-A speelt een rol in de pathofysiologie van
verschillende cardiovasculaire aandoeningen. Wij hebben gevonden dat de expressie
van MAO-A is toegenomen in de longvaten van PAH patiénten en in een diermodel, en
daarnaast ook in het RV van twee diermodellen van RV falen. Farmacologische inhibitie
van MAO-A met clorgyline verlaagde de nabelasting op het RV. Het verminderde ook
de remodelering van de longvaten, door oxidatieve stress en proliferatie te verlagen.
MAO-A inhibitie had echter geen direct effect op het RV, en het gunstige effect op het RV
in het diermodel van PAH is te wijten aan verbeteringen in de longvaten. Concluderend
lijkt MAO-A betrokken te zijn bij de pathofysiologie van PAH.
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1B R DB HIEIER . AR A, BIX B Il S Abi & M AApigTE,
AMXIPAHEE FIME M K MEEILIEH T ER . B, EPAHEIYIEELS, BIXE
AT oA A shBkEM ., AT, H—T WA ORI RER, BIRER I H
HBALERERAHMN, AR T RABHNALEMIETER, NER
[EFRN BT 45 & M A B X PHAY AT IR TR,

PEERIEEES (HDACs) 2 —XEH, BIWRBENEMEMNERRTKA
MR R P AR EEE(ER, BFEHARIEHE, BT MERN
%, DIFHR KB, HDACSIE I R &E 2 5SPAHEBALH], FAmHDACsHIHI7 X
PAHRSETT MR EN AL LR EBERNATEN., A ENRETH, BHAIHF
KT E R FEIHDACSHIHIFIquisinostat X SLIG 4 PAHA AT R, RETH
EHDACsHIH5, quisinostatE B E BN BYIsNHFR N, FXIPAHE X
HDACIT & B8 & sgp93NHI/ER . ABERFR &N, quisinostat MY BEHNHI PAHEA

MER R AABIBIE M AE R N, HBEGSAE MM PAHEN YR BL R &8y WAL AEh ik &
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M, H—H A ORREAIL, quisinostatX ANONINRE R EMSE E1E/ER. It
RIS T 3 BUHDACSHIHIF quisinostatXd SLI0 M PAHAYATTYER, BIFSL T H
BTN ALNEZ RN,

HM A OB RE

PAHER AU ERHNIARAR, BEREPAHEELEFN ERENTEERRER
MZ2AOINEE. RINMIRERE, AOREEMES|I R EHAORBNEERR
=, RMEEWIE ZRIENIRAARA, I HEEEWREERIGTT DA N EED
PAHSUSII R VR . AR BEET P, Tl 18 X GRR R T2 2 N AE
REALRIBPNIER, MEMRELLORIBEE RepPREFHE ALK
R RIBINROUETE, BARIAOREIMEADERAEINGE, FXeda b EM,
MES A LRE BIEERIMEERER, RENA ST XA OINEENTER
B NERHE, BEBIRAMARBENNELORBEZE(FA. BRIAE RN
ARMMES B LRHBPRNERR, FAIARTAL BT AN BB B HIIPAHR
BOREIBATT R,

RSN BNETN KB (DCA) Jafy EHLEMPRIERHT TR (EX
N EREL B SVES B I, DCAJSTT AT U SEXS SEI0 M PAH R A VRIS
NEFRA, AMDCANAEARRARBTHIFRER MAENM, EMDCARTTXY
AU BEENREE. RTRERERRA, DCARST MUBEBEPAHRN )R
BUpRE D BEINAE, MBS INELO AR E T H e E LRSS ThaE . AR

DIUESETDCARTT AL REM, IDCABTTPAHFRIGIRIFFRIRH T EEWK
1,

AENENEBETEEHRLRENEEA (MAO-A) EPAHIMEEM LA /HE
18 & EILH R EIER . MAO-AFTET MM L MAIMNE £, B EEEEAY
MEBRREC—, EZMHOMNEERFNERINITPEEERER. AMRERE
B, MAO-ATMXEPAHEE Ko AN E LR IAFA S, BAEMM A LRIB
MR A DALRPRILSFEESIF S, MAO-AINEF clorgylinerJ fFEPAHT)
W BRI A OERE, B0 WMok EMHINGIFMEBIES SN IR
5. SHRORHE—FRRR, clorgyline Re@IT W ME B NEANID
B8, MBEOINEEREMAGHITERIER. AMARE R LI TMAO-ATEPAHARI
ERANNERIX, 18T T MAO-AEPAHA HALHRAIBIBEER .
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