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Abstract

Mutations in the bone morphogenetic protein receptor type 2 (bmpr2) gene and

signaling pathway impairment are observed in heritable and idiopathic

pulmonary arterial hypertension (PAH). In PAH, endothelial dysfunction is

currently handled by drugs targeting the endothelin‐1 (ET‐1), nitric oxide

(NO), and prostacyclin (PGI2) pathways. The role of angiogenesis in the

disease process and the effect of PAH therapies on dysregulated angiogenesis

remain inconclusive. We aim to investigate in vitro whether (i) bmpr2

silencing can impair angiogenic capacity of human lung microvascular

endothelial cells (HLMVECs) and (ii) PAH therapies can restore them. The

effects of macitentan (ET‐1), tadalafil (NO), and selexipag (PGI2), on BMPRII

pathway activation, endothelial barrier function, and angiogenesis were

investigated in bmpr2‐silenced HLMVECs. Stable bmpr2 silencing resulted in

impaired migration and tube formation in vitro capacity. Inhibition of ET‐1
pathway was able to partially restore tube formation in bmpr2‐silenced
HLMVECs, whereas none of the therapies was able to restore endothelial

barrier function, no deleterious effects were observed. Our findings highlight

the potential role of BMPRII signaling pathway in driving pulmonary

endothelial cell angiogenesis. In addition, PAH drugs display limited effects

on endothelial function when BMPRII is impaired, suggesting that innovative

therapeutic strategies targeting BMPRII signaling are needed to better rescue

endothelial dysfunction in PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a severe and
progressive disease characterized by a distal precapillary
vasculopathy resulting in increased pulmonary vascular
resistance, right ventricular hypertrophy, progressive
right heart failure, and ultimately death if not treated.1

PAH is a complex multifactorial disease involving
abnormal vascular tone, endothelial dysfunction, inflam-
mation, dysregulated angiogenesis, and enhanced throm-
bosis. Plexiform lesions, a hallmark of severe PAH, are
typically defined as a dynamic network of vascular
channels, with the presence of phenotypically distinct
endothelial cells, for example, a quiescent phenotype
lining the channels and a proliferating, apoptosis‐
resistant phenotype at the core of the lesion2,3 as well
as inflammatory cells4; they are mainly located at arterial
branch points or at the origin of supernumerary arteries.

More than 70% of patients with heritable PAH and
20% of idiopathic PAH harbor heterozygous mutations in
the bone morphogenetic protein type 2 receptor (bmpr2)
gene.5–7 bmpr2 transcodes for a transmembrane serine/
threonine kinase receptor of the bone morphogenetic
protein (BMP) pathway, which is essential for embry-
ogenesis, development, and adult tissue homeostasis.8

Upon ligand binding, a heterodimer complex, formed by
a combination of two type I receptors and two type II
receptors, propagates the signal through a canonical
pathway by phosphorylation of the Smad1/5/8 transcrip-
tion factors or a noncanonical pathway by phosphoryl-
ation of p38 MAPK.9 To date, about 500 distinct bmpr2
variants have been identified and most of them are
pathogenic.10 In addition, mutations in other genes
including the activin receptor‐like kinase 1 (alk1),
endoglin (eng),11 small mothers against decapentaplegic
homolog 1 (smad1), smad412 and smad913 have been
found being associated to PAH, highlighting the crucial
role of the BMP pathway in the pathogenesis of PAH.14

Among the multifactorial processes associated with
PAH, endothelial dysfunction and defective angiogenesis
play a key role in initiating structural changes in the
pulmonary vasculature. The pharmacological therapies
currently used to treat PAH mainly display vasodilator
effects by targeting 3 pathways: endothelin‐1 (ET‐1),
nitric oxide (NO), and prostacyclin (PGI2) pathways,15

but fail to reverse pulmonary vascular remodeling.
Expression of vascular endothelial growth factors

(VEGFs), considered as the most potent angiogenic
factors, and their receptors is upregulated in pulmonary
tissue from PAH patients, potentially resulting in the
formation of plexiform lesions.16,17 Interestingly, rats
exposed to hypoxia and who received a single injection of
SU5416, an inhibitor of the VEGF receptor with potent

antiangiogenic properties, can develop severe PAH and
plexiform‐like lesions.18 In addition, tyrosine kinase
inhibitors (TKIs), used as chemotherapeutic and anti-
angiogenic drugs, such as imatinib, have proven effica-
cious in patients with severe PAH, but serious side effects
(intracranial bleeding) have prevented further use to
treat PAH.19 By contrast, nine patients with chronic
myelogenous leukemia treated with another TKI,
dasatinib, developed severe PAH.20 The so‐called angio-
genic paradox remains a matter of debate in the PAH
research field.

Induced pluripotent stem cells (iPSCs) of PAH
patients carrying a bmpr2 mutation and further differen-
tiated in endothelial cells display reduced migration and
tube forming capacity in vitro compared with iPSCs from
control subjects or healthy bmpr2 mutation carriers.21

Eventually, we recently observed that stable bmpr2
silencing in human lung microvascular endothelial cells
(HLMVECs) impairs endothelium barrier function.22 The
role of vascular endothelial (VE)‐cadherin, a highly
endothelial‐specific adhesion molecule, in the BMPRII‐
dependent loss of barrier function remains inconclusive.

Consequently, in addition to impaired BMPRII
signaling, deficient endothelial barrier function, and
impaired angiogenesis are thought to contribute to
PAH progression.23,24 Therefore, we aim to investigate
whether stable bmpr2 silencing would worsen angiogenic
capacities of HLMVECs and whether PAH drugs could
restore endothelium barrier function and angiogenic
capacities in a context of impaired BMPRII signaling,
using in vitro functional assays.

MATERIALS AND METHODS

bmpr2 silencing in HLMVECs

bmpr2 was silenced in HLMVECs (Cell Applications
Inc.) issued from one single donor, as previously
described.22 Briefly, simian immunodeficiency virus
(SIV)‐based lentiviral encoding microRNA 30 (miR30)‐
based knockdown hairpins siRNA (bmpr2 mRNA at
position 1920 and firefly luciferase as control) were
generated. The transfer plasmid constructs, pGAE
SIV SFFV‐eGFP‐P2Azeo‐miRNA‐HsBMPR2−WPRE and
pGAE‐SFFV‐eGFPP2A‐zeo‐miRNA‐fLuc‐WPRE, contain
a zeocin resistance cassette driven from a spleen focus
forming virus long terminal repeat promoter, followed by
the respective miRs and the woodchuck hepatitis virus
posttranscriptional regulatory element; the constructs
also contain the cDNA for enhanced green fluorescent
protein (eGFP) cassette, as a reporter gene. All lentiviral
vector plasmids were designed and cloned, and vector

2 of 14 | TIELEMANS ET AL.



production was performed at the Leuven Viral Vector
Core. Stable BMPR2 knockdown and controls in
HLMVECs were generated by lentiviral transduction.
HLMVECs were seeded in a T75 flask at a density of
200,000 cells. When HLMVECs were 40% confluent, cells
were transduced with a serial dilution series of lentiviral
vectors. After 48 h, the medium was replaced with
growth medium containing 200mg/mL zeocin to select
transduced cells. Transduction efficiency was evaluated
by flow cytometry for eGFP expression. bmpr2 silencing
efficiency was evaluated by qrt‐PCR and Western blot
analysis resulting in an 89% and 87% decrease in BMPR2
mRNA and protein expression, respectively, in compari-
son with HLMVECs transduced with the control vector.

Cell culture

HLMVECs were cultured in microvascular endothelial
cell growth medium (EGM; Cell Applications Inc.)
containing 100 U/mL penicillin, 100 μg/mL streptomy-
cin, and 1.25 μg/mL fungizone (ThermoFisher Scientific)
and starved in microvascular endothelial cell basal
medium ‐ EBM (Cell Applications Inc.) supplemented
with 0.2% growth supplement.

Assessment of cell viability

Macitentan (ET‐1 receptor antagonist; Actelion), selex-
ipag (PGI2 receptor agonist; Actelion), and tadalafil
(phosphodiesterase‐5 [PDE5] inhibitor; Sigma‐Aldrich)
solutions were prepared with serial dilutions from a stock
solution (10mM in dimethylsulfoxide; DMSO). The
required concentrations were determined according to the
manufacturer's datasheet and the maximum circulating
concentration (Cmax) measured in PAH patients. Cmax
values are as follows: macitentan, 1.35 µM; selexipag,
0.06 µM; tadalafil, 1.32 µM. Subsequently, a range of
concentrations comprising Cmax was further used.

Drug toxicity was evaluated using the cell viability
2‐(2‐methoxy‐4‐nitrophenyl)‐3‐(4‐nitrophenyl)‐5‐(2,4‐
disulfophenyl)‐2H‐tetrazolium (WST‐1) method. HLMVECs
seeded in a 96‐well plate, at the density of 104 cells/well,
were incubated in the presence of increasing drug concen-
trations ranging from 10−6 to 10−2mM for 2, 4, and 6 h, or in
the absence of drugs. Absorbance was measured at 550 nm
and results were expressed as a percentage of values in the
absence of drugs. Considering that respective Cmax values
did not display any cytotoxic effects (Supporting Information:
Figure S1) and to remain as close as possible to the in vivo
situation, Cmax values were used as working concentrations
in further experiments.

Western blot analysis

Confluent HLMVEC monolayers were starved overnight
and homogenized in fresh, ice‐cold RIPA lysis buffer
containing 50mM Tris, pH 7.4, 1% octylphenoxypo-
lyethoxyethanol (IGEPAL), 0.5% sodium‐deoxycholate,
0.1% sodium dodecyl sulfate, 150mM NaCl, 1 mM
ethylene glycol tetra‐acetic acid EGTA), 1% protease
inhibitor cocktail 100x (Halt™), 1% phosphatase inhibi-
tor cocktail 100x (Halt™). Homogenates were centrifuged
at 12,000g for 15min at 4°C to remove insoluble material
and supernatants were collected. Protein concentrations
were determined using the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific). Proteins were separated on a
10% acrylamide gel by SDS‐PAGE and further visualized
as previously described.22 Briefly, nonspecific binding
sites were blocked and membranes were incubated with
primary antibodies against p38 MAPK, phospho‐p38
MAPK, Smad1/5/8, phospho‐Smad1/5/8 and VE‐
Cadherin (Cell Signaling Tech.) overnight at 4°C.
Appropriate secondary antibodies were incubated for
1 h at room temperature, revealed with a chemilum-
inescence kit (GE Healthcare) and imaged using the
Proxima 2850T imaging system (Isogen). A drug‐induced
time‐response of activation of Smad1/5/8 and p38 MAPK
was performed by Western blot analysis, showing that
Smad1/5/8 and p38 MAPK activation was optimal
between 30min and 1 h. In further experiments, activa-
tion of BMPRII effectors was evaluated upon 1 h
incubation with the different drugs.

Tube formation assay

Angiogenesis µ‐slides (Ibidi) were filled with Matrigel©

(BD Bioscience) and incubated for 30min at 37°C.
HLMVECs were starved overnight and trypsinized,
resuspended in growth medium in the absence or
presence of macitentan (1.35 µM), selexipag (0.06 µM),
or tadalafil (1.32 µM) and added on top of Matrigel©.
After 4 h, images were taken using an Olympus IX71
inverted microscope (Olympus) and analyzed using the
ImageJ software with Java version 1.8.0_231 (ImageJ,
National Health Institute, Bethesda, MD, USA). Number
of tubes, nodes, and meshes (Supporting Information:
Figure S2A) were quantified using the software “Angio-
genesis Analyzer” developed by Gilles Carpentier.25

Migration scratch assay

HLVMECs were seeded in two‐well microdish culture
inserts (Ibidi; Supporting Information: Figure S2B)
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and subconfluent cells were starved overnight. Inserts
were removed, cells were washed twice with growth
medium and incubated in growth medium containing
vehicle, macitentan (1.35 µM), selexipag (0.06 µM), or
tadalafil (1.32 µM). Pictures were taken every other
hour using an inverted microscope (DMi1; Leica
Microsystems GmbH). The distance of the gap was
measured every consecutive hour up to 12 h using
ImageJ. At each time point, the gap distance was
measured and subtracted from the initial gap dis-
tance, further plotted over time, the area under the
curve (AUC) was calculated and corresponds to
migration velocity in µm/h (Supporting Information:
Figure S4).

Assessment of HLMVEC barrier function

To assess HLMVEC barrier function, permeability
assay was performed as previously described.22 Briefly,
cells were seeded onto 24‐well Transwell inserts (BD
Bioscience; 100,000 cells/insert) to form a monolayer
and starved overnight. Cells were first stimulated with
macitentan, selexipag, or tadalafil for 1 h, then
fluorescently labeled bovine serum albumin (BSA,
Sigma‐Aldrich; 0.1 mg/mL) was added to the upper
chamber. Leakage of labeled BSA into the lower
chamber was assessed by collecting 50 µL from the
lower chamber at baseline, after 30 min, 1, 2 and 4 h, as
a measure for permeability. Absorbance was measured
at 450 nm using a FLUOstar Omega microplate reader
(BMG Labtech). Concentrations of BSA were calcu-
lated, plotted over time and the AUC was calculated for
each condition.

Immunofluorescence

HLMVECs seeded onto fibronectin‐coated chamber
slides. A confluent cell layer was stained by immuno-
fluorescence using antibodies against VE‐cadherin and
phospho‐VE‐cadherin (Cell Signaling; VE‐cadherin
1:800, phospho‐VE‐cadherin 1:50), as described previ-
ously.22 Nuclei were counterstained using 4’,6‐
diamino‐2‐phenylindole (DAPI; ThermoFisher Scien-
tific). Quantification of immunofluorescent images
was performed using Image J software by measuring
staining intensity, corresponding to VE‐cadherin and
phospho‐VE‐cadherin expression. The number of
DAPI‐stained nuclei was calculated. The staining
intensity of each image was related to the number of
cells and expressed as arbitrary unit (AU).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.0.0 (GraphPad Software Inc.). Differences
between two groups were analyzed using paired or
unpaired Student's t test. Differences between more than
two groups were analyzed using analysis of variance
(ANOVA) multiple comparisons followed by Tukey's
post‐hoc tests. All p values are for two‐sided tests. A
value of p< 0.05 was considered statistically significant
and only significant p< 0.05 values were mentioned in
the graphs. Data shown are expressed as median
(25th–75th interquartile range) in graphs and as mean ±
SD within the text.

RESULTS

Macitentan, selexipag, and tadalafil do not
interfere with canonical or noncanonical
BMPRII signaling

We previously observed that silencing of bmpr2 results in
decreased canonical Smad1/5/8 and increased non-
canonical p38 MAPK activation.22 We therefore aim to
investigate whether drugs targeting ET‐1 (macitentan),
NO (tadalafil) and PGI2 (selexipag) pathways affect
activation of BMPRII downstream effectors. We did not
observe any effect of macitentan, selexipag, or tadalafil
on the canonical Smad1/5/8 signaling (Figure 1) and on
the noncanonical p38 MAPK protein activation
(Figure 2) in control HLMVECs and in bmpr2‐silenced
HLMVECs.

Macitentan, selexipag, and tadalafil do not
restore altered barrier function in bmpr2‐
silenced HLMVECs

We previously observed that bmpr2 silencing resulted in
impaired endothelial barrier function in HLMVECs,
without affecting VE‐cadherin content.22 We therefore
aim to investigate whether macitentan, selexipag, and
tadalafil might restore the endothelial barrier function
and/or affect VE‐cadherin content and phosphorylation.
We did not observe any significant effects of macitentan,
selexipag, or tadalafil on endothelial barrier function in
control (Figure 3a) or bmpr2‐silenced HLMVECs
(Figure 3b).

The impairment of endothelial barrier function
previously observed in bmpr2‐silenced HLMVECs,22

was not associated with any change in VE‐cadherin
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FIGURE 1 Effect of macitentan, selexipag, and tadalafil on BMPRII canonical signaling pathway in HLMVECs. Representative Western
blots of phosphorylated (P‐Smad) and total Smad (1/5/8) proteins in control (a) and bmpr2‐silenced HLMVECs (b) incubated with vehicle
(VEH), macitentan (MACI), selexipag (SELEX) and tadalafil (TADA) for 1 h. Quantitative expression of phosphorylated versus total
Smad1/5/8 proteins in control (c) and bmpr2‐silenced HLMVECs (d). Results are presented as ratio of phosphorylated over total Smad
(1/5/8) protein expression. Independent experiments were performed in four replicates for HLMVECs between passages 5 and 8 and
expressed as median (25th–75th interquartile range). Comparisons by one‐way ANOVA and post‐hoc Tukey's multiple tests (c, d).

FIGURE 2 Effect of macitentan, selexipag, and tadalafil on BMPRII noncanonical signaling pathway in HLMVECs. Representative
Western blots of phosphorylated (P‐p38 MAPK) and total p38MAPK in control (a) and bmpr2‐silenced HLMVECs (b) incubated with vehicle
(VEH), macitentan (MACI), selexipag (SELEX) and tadalafil (TADA) for 1 h. Quantitative expression of phosphorylated versus total
p38MAPK in control (c) and bmpr2‐silenced HLMVECs (d) in bmpr2‐silenced HLMVECs. Results are presented as ratio of phosphorylated
over total p38 MAPK protein expression. Independent experiments were performed in four replicates for HLMVECs between passages 5 and
8 and expressed as median (25th–75th interquartile range). Comparisons by one‐way ANOVA and post‐hoc Tukey's multiple tests (c, d).
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expression or phosphorylation (Figure 4a–c). Similarly,
bmpr2 silencing in HLMVECs did not alter VE‐cadherin
expression and phosphorylation evaluated by immuno-
fluorescent staining (Figure 4d–f). Interestingly,
macitentan, selexipag, and tadalafil tend to increase

phosphorylation of VE‐cadherin by 32%, 41%, and 49%,
respectively, in bmpr2‐silenced HLMVECs (Supporting
Information: Figure S3A,C), whereas they had no effect
on VE‐cadherin phosphorylation in control HLMVECs
(Supporting Information: Figure S3A,B).

FIGURE 3 Effect of macitentan, selexipag, and tadalafil on endothelial barrier function of control (a) and bmpr2‐silenced
(b) HLMVECs. Results are expressed as BSA‐FITC leakage (ng/mL/h), measured in four independent experiments performed in triplicate
in HLMVECs between passages 5 and 8 and expressed as median (25th–75th interquartile range. Comparisons by one‐way ANOVA and
post‐hoc Tukey's multiple tests (a, b). MACI, macitentan; SELEX, selexipag; TADA, tadalafil; VEH, vehicle.

FIGURE 4 Effect of bmpr2 silencing on VE‐cadherin activation. Representative Western blots of phosphorylated VE‐cadherin
(P‐VE‐cadh) and VE‐cadherin (VE‐cadh) protein expression. β‐actin was used as loading control (a). Quantification of VE‐cadherin
expression (b) and phosphorylated over total VE‐cadherin expression (c) in control and bmpr2‐silenced (bmpr2‐) HLMVECs; results are
presented as ratio of total VE‐cadherin over β‐actin protein expression (b) or phosphorylated over total VE‐cadherin protein expression (c),
measured in four independent experiments. Representative pictures of P‐VE‐cadherin (P‐VE‐cadh) and total VE‐cadherin (VE‐cadh)
immunofluorescent staining in control and bmpr2‐silenced (bmpr2‐) HLMVECs; nuclei were counterstained using 4’,6‐diamino‐2‐
phenylindole (DAPI); Scale = 100 µm (d). Quantification of VE‐cadherin (e) and phosphorylated over total VE‐cadherin (f)
immunofluorescent staining in tree independent experiments. Data are expressed as median (25th–75th interquartile range).
Comparisons by unpaired Student's t test (b–f).
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Angiogenic capacities are altered in
bmpr2‐silenced HLMVECs

Angiogenic capacities were assessed in vitro by investi-
gating migration capacities and tube formation in
HLMVECs. Wound closure occurred faster in control
than in bmpr2‐silenced HLMVECs (Supporting Informa-
tion: Figure S4). Migration velocity of bmpr2‐silenced
HLMVECs was significantly lower compared with
control HLMVECs (25.1 ± 3.2 vs. 21.1 ± 2.3 µm/h;
p= 0.0434; Figure 5a). Tube formation capacities were
altered in bmpr2‐silenced compared with control
HLMVECs (Figure 5b–d), as illustrated by 28%,
23% and 41% significant decrease in the number of
tubes (p= 0.0189), nodes (p= 0.0056), and meshes
(p= 0.0149), respectively.

Macitentan partially restores altered
angiogenic capacities in bmpr2‐silenced
HLMVECs

Tadalafil significantly increased the migration velocity of
bmpr2‐silenced HLMVECs (22.9 ± 2.1 µm/h vs. 20.8 ±
2.4, p= 0.0141, Figures 6 & 8e), whereas tadalafil
(23.0 ± 2.7 µm/h vs. 24.7 ± 2.7, p= 0.0133) significantly

decreased migration velocity of control HLMVECs
(Figures 6 & 8a).

Regarding in vitro tube formation, we found that
macitentan significantly enhanced tube formation capac-
ities of bmpr2‐silenced HLMVECs by increasing the
number of tubes, nodes, and meshes by 10% (p= 0.0182),
7% (p= 0.0112), and 19% (p= 0.0059), respectively
(Figures 7 & 8f–h). By contrast, we did not observe any
effects of macitentan on in vitro tube formation of control
HLMVECs (Figures 7 & 8b–d).

An overview of effects of bmpr2 silencing and,
macitentan, selexipag, and tadalafil on in vitro angiogenic
capacities of control versus bmpr2‐silenced HLMVECs is
shown in Supporting Information: Table S1.

DISCUSSION

In the present study, we observed that stable bmpr2
silencing in HLMVECs resulted in impaired angiogenic
capacity in vitro, as illustrated by decreased migration
capacity and loss of tube forming capabilities. We observed
that macitentan can partially restore angiogenic capacity in
bmpr2‐silenced HLMVECs. By contrast, we did not find
any beneficial effects of drugs targeting ET‐1, NO, or PGI2
pathways on impaired endothelial barrier function in vitro.

FIGURE 5 Effect of bmpr2 silencing on in vitro angiogenic capacities of HLMVECs. Migration capacities (a) expressed as migration
velocity (µm/h) was evaluated in control and bmpr2‐silenced (bmpr2‐) HLMVECs. For tube forming capacity, the number of tubes (b) nodes
(c), and meshes (d) was measured in control and bmpr2‐silenced (bmpr2‐) HLMVECs. Five independent experiments including one to two
replicates were performed in HLMVECs between passages 5 and 8 and expressed as median (25th–75th interquartile range). Comparisons by
paired Student's t test (a–d).
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bmpr2 silencing & angiogenesis

We found that stable bmpr2 silencing in HLMVECs
resulted in impaired angiogenesis, as illustrated by reduced
migration capacities and tube formation. Accordingly,
IPSCs derived from bmpr2 mutation carriers with PAH
display decreased migration capacity and tube forming
capacity compared with IPSCs from healthy individuals or
unaffected bmpr2 mutation carriers.21 Moreover, rats
expressing a bmpr2 mutant display a decreased pulmonary
capillary network, in comparison with control rats,26

suggesting that bmpr2 mutation is accompanied by a loss
of angiogenic capacities. In agreement, loss of downstream

BMPRII effectors in Smad8‐deficient mice resulted in
impaired development of the pulmonary vasculature.27

Whereas angiogenesis was previously considered deleteri-
ous in the early pathogenesis of PAH, recent findings have
evidenced the potential beneficial effects of neovasculariza-
tion in preventing PAH progression. In addition, extra-
cellular ligands and activators of BMPRII can promote
angiogenesis. Actually, BMP2 induced in vivo angiogenesis
in mice,28,29 whereas BMP4 induced migration of human
microvascular ECs via the activation of the VEGF/VEGFR2
signaling.28,29 BMP6 harbors similar effects as those of
VEGF in inducing sprouting angiogenesis both in vivo and
in vitro.30 Ectopic expression of Id1, a downstream effector

FIGURE 6 Effect of macitentan, selexipag, and tadalafil on migration capacities of control and bmpr2‐silenced (bmpr2‐) HLMVECs.
Representative pictures of wound closure after 8 h are shown.

FIGURE 7 Effect of macitentan, selexipag, and tadalafil on tube forming capacity of control and bmpr2‐silenced (bmpr2‐) HLMVECs.
Representative pictures of the tubular network formed 4 h after seeding cells on Matrigel© are shown.
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of BMPRII in ECs, mimicked BMP‐induced effects by
inducing EC migration and tube formation.31 Although the
role of BMP9 remains debatable, Long et al. observed that
administration of BMP9 to mice bearing a human bmpr2
mutation and in monocrotaline‐ and Sugen/hypoxia‐
induced rat experimental PH, reversed PH by restoring

tube formation and endothelial barrier function.32 Finally,
downregulation of BMP signaling in ECs by the natural
compound codonolactone impairs tumor angiogenesis.33

Interestingly, instillation of lentiviral vectors expressing
angiopoietin‐1 in combination with hepatocyte growth
factor or VEGF reduced vascular leakage, improved

FIGURE 8 Effect of macitentan, selexipag, and tadalafil on in vitro angiogenic capacities of control and bmpr2‐silenced HLMVECs.
Migration capacities (a, e) was expressed as migration velocity (µm/h). For tube forming capacity, the number of tubes (b, f) nodes (c, g), and
meshes (d, h) was measured. Four independent experiments including at least two replicates were performed in bmpr2‐silenced HLMVECs
between passages 5 and 8 and expressed as median (25th–75th interquartile range) and whiskers to min and max values. Comparisons by
one‐way ANOVA and post‐hoc Tukey's multiple tests (a–h). MACI, macitentan; SELEX, selexipag; TADA, tadalafil; VEH, vehicle.
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adherens junction integrity of vascular endothelial cells and
promoted maturation of new blood vessels in monocrota-
line rats.34 Altogether, our results converge with other
recent studies highlighting the key role of BMPRII signaling
in promoting angiogenesis and preventing microvascular
rarefaction in PAH.

Effect of PAH drugs on BMPRII signaling

Activation of the ET‐1, PGI2, or NO pathways by
macitentan, selexipag, and tadalafil, respectively, did
not modify canonical (Smad1/5/8) and noncanonical
(p38 MAPK) BMPRII signaling, previously shown to be
impaired by bmpr2 silencing in HLMVECs,22 indicating
that vasodilator drugs are not able to restore activation of
downstream effectors of BMPRII. Our results are
discrepant with previous studies mainly performed in
pulmonary arterial smooth muscle cells (PASMCs) or
fibroblast. Thus, bosentan, a dual ET‐1 receptor antago-
nist, was able to restore BMPRII expression and BMPRII
downstream signaling in PASMCs.35 Macitentan inhibits
the TGFβ activity by preventing the formation of an ET‐
1/TGFβ receptor complex in fibroblasts.36 Sildenafil, a
well‐characterized PDE5 inhibitor, can restore BMPRII
signaling by enhancing canonical Smad signaling in
PASMCs overexpressing a bmpr2 mutant.37,38 Iloprost,
an inhaled PGI2 analog, induces Id1 expression and in
combination with treprostinil, a parenteral PGI2 analog,
enhance Smad1/5 phosphorylation in response to BMP4
in PASMCs.39 These differences can be attributed to
potential differential effects of vasodilator drugs on
BMPRII signaling in PAECs and PASMCs; whereas
bmpr2 silencing results in enhanced PASMC prolifera-
tion,40 it promotes PAEC apoptosis.41 It also suggests that
the target of PAH drugs harboring vasodilator effects,
within the pulmonary vascular wall is rather PASMCs
than PAECs. In vivo, administration of sildenafil in
monocrotaline rats results in a mild increase in BMPRII
expression in whole lung tissue, but specific effects of
sildenafil on pulmonary vascular cells were not con-
sidered.42 The absence of PAH drug effects on Smad
signaling could be attributed to lateral Smad and mixed
Smad complexes, previously observed in bmpr2‐deficient
ECs.43 Another aspect is the drug concentrations used.
We have deliberately based the choice of drug working
concentrations on respective drug Cmax, to reproduce
the clinical situation observed in treated PAH patients. In
addition, according to drug incubation duration, ranging
from 1 to 24 h, different effects can be observed.35–38

Hence, we performed a time‐response curve showing
that 1‐h stimulation displayed the optimal response.
Importantly, despite the absence of any effects of the

drugs in restoring BMPRII signaling in HLMVECs, we
did not experience any deleterious effect of PAH drugs.

Effect of PAH drugs on endothelial barrier
function

Importantly, we previously reported that stable bmpr2
silencing in HLMVECs resulted in impaired endothelial
barrier function22 and ET‐1 secretion was higher in
pulmonary microvascular ECs from bmpr2mutation carriers
compared with noncarriers or controls.44 However, we were
unable to restore the deficient bmpr2‐induced barrier
function by blocking both ET‐1 receptors with macitentan.
By contrast, ET‐1 receptor activation was previously
demonstrated to reduce endothelial barrier function45 and
PGI2 analogs harbor endothelial barrier protective effects in
vitro.46,47 In the present in vitro model, the PGI2 pathway
was activated through the IP receptor agonist, selexipag,
whereas in the abovementioned studies, PGI2 analogs were
used. Additionally, in the current study, the endothelial
barrier function was measured using paracellular leakage of
fluorescently labeled BSA through the endothelial monolayer
in contrast with abovementioned studies, in which trans‐
endothelial electrical resistance (TEER) was performed.
Noteworthy, other PDE inhibitors without any vasodilator
properties can modify brain microvascular endothelial cell
barrier.48 Interestingly, we did not report any harmful effects
of vasodilator drugs on the endothelial barrier function.

Effect of PAH drugs on angiogenesis

Although dysregulated angiogenesis contributes to the
pathophysiology of PAH, the potential effects of PAH drugs
on angiogenic capacities remain poorly explored. In the
present study, we observed limited, but beneficial effects of
PAH vasodilator drugs, for example, macitentan and
tadalafil, on bmpr2‐induced impaired angiogenesis. Maci-
tentan did not display any effect on migration properties, but
increased tube formation capacities of bmpr2‐silenced
HLMVECs, in line with beneficial effects of macitentan in
vitro on tube formation of microvascular pulmonary ECs
from PAH patients and in vivo on microvessels density in
the lungs of Sugen/hypoxia PAH rats.49 However, ET‐1 is
rather a proangiogenic factor for ECs issued from other
vascular beds,50–52 compatible with the differential vasoactive
effects of ET‐1 depending on the vascular bed. Selexipag did
not show any effect on angiogenic capacities of bmpr2‐
silenced HLMVECs. Nevertheless, altered prostanoid
metabolism results in impaired angiogenesis53 and iloprost
showed proangiogenic capacities in a corneal model of
angiogenesis,54 which can account for discrepancies
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between our present findings and those from previous
studies. Tadalafil improved migration capacity, but did not
display any effect on tube formation in bmpr2‐silenced
HLMVECs. In comparison with iloprost (PGI2 analog) or
bosentan, sildenafil is more potent in enhancing tube
forming capacity,55 in line with its effects on vascular
density during chronic ischemia of the mouse hind limb56

or capillary collateral formation in a mouse hind limb
ischemia model and in vitro capillary‐like tube formation in
response to vardenafil.57 By contrast, tadalafil reduced
migration velocity in control HLMVECs. Of note, PDE5
inhibitors can inhibit cancer progression and it was
suggested to repurpose PDE5 inhibitors tadalafil and
sildenafil as anticancer agents in hepatic cancer.58 These
contrasting findings could be attributed to different
endothelial cell inner properties from different vascular
beds,59 but also to the various experimental models
involved. For instance, in vitro angiogenesis assays imply
the use of synthetic animal‐derived extracellular matrix, for
example, matrigel, which does not fully reproduce human
ECM and its disease‐driven alterations; in in vivo experi-
mental animal models of pulmonary hypertension, micro-
vascular rarefaction is observed as a result of altered
angiogenesis, vascular obstruction, and pruning.

Limitations

Although we are aware that stable bmpr2 silencing in
HLMVECs does not exactly reproduce bmpr2 mutations, it
nicely overcomes the limited access to patient HLMVECs.22

We, so far, explored the effects of each drug type separately
and should consider combining them, in line with the
current advent of combination therapy.60 Although the
endothelial phenotype can be maintained throughout
subcultures, we cannot exclude any loss in the expression
of surface markers and receptors, which may have biased
our findings. Albeit more relevant to the physiopathological
situation, using Cmax approaching drug concentrations may
have mitigated in vitro effects.

CONCLUSION

In the present study, we highlighted the key role of
BMPRII pathway in regulating angiogenesis of
HLMVECs in the context of PAH pathogenesis. PAH
drugs can partially restore bmpr2 silencing‐mediated
impairment of migration and tube formation capacities,
but not endothelial barrier function. Consequently, in
addition to already existing PAH drugs, which did not
display any detrimental effects on BMPRII‐mediated
pulmonary endothelial function, innovative therapies

deserve to be explored to reverse pulmonary vascular
remodeling and offer a perspective to cure PAH.
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