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Aims Hyperplasia of pulmonary arterial smooth muscle cells (SMCs) contributes to the progression of pulmonary hypertension (PH), yet
the underlying pathomechanism of this process in PH secondary to left heart disease (PH-LHD) is poorly understood. We aimed to
investigate the role of the endothelial extracellular matrix (ECM), specifically the pulmonary arterial basement membrane (BM), in
influencing SMC proliferation and phenotypic changes in PH-LHD.

Methods 
and results

SMC hyperplasia and endothelial ECM remodelling were characterized histologically on human pulmonary arterial samples, and by
mass spectrometry, and atomic force microscopy on decellularized ECM (dECM) produced in vitro by endothelial cells isolated
from pulmonary arteries (PA) of LHD patients without pulmonary hypertension (LHD w/o PH), PH-LHD patients, or healthy-heart
controls. Proliferation and migration rates of SMC cultured on endothelial dECM were assessed by Ki67 immunostaining and by
wound-healing assay, respectively. The role of mechanosensitive YAP1 in SMC hyperplasia was addressed in human cells and in an
aortic-banding rat model of PH-LHD by analysing YAP1 activation and the effect of YAP1 inhibition. PA of LHD w/o PH and PH- 
LHD patients showed extensive remodelling of the BM. This was confirmed in vitro as altered composition and stiffening of dECM
generated by respective patient endothelial cells. ECM remodelling was associated with SMC accumulation in the pulmonary arterial
intima in patient samples and promoted SMC migration and proliferation in vitro. Conversely, dECM generated by healthy human
endothelial cells reduced the hypermigration and hyperproliferation of SMC from LHD w/o PH and PH-LHD patients.
Remodelling of the endothelial ECM in LHD w/o PH and PH-LHD patients also activated YAP1 in SMC, inhibition of which reduced
SMC migration and proliferation in vitro. These findings were reproduced in vivo in a rat model of PH-LHD induced by aortic-banding.
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Conclusion Here, we report endothelial ECM remodelling as a key mechanism driving SMC hyperplasia in PH-LHD. Notably, endothelial ECM 
remodelling is evident in both patients with LHD w/o PH and those with PH-LHD, raising the possibility that it may reflect an early 
event in LHD-induced pulmonary vascular remodelling. This ECM remodelling is associated with YAP1 in adjacent SMC, promoting 
their migration and proliferation and contributing to SMC hyperplasia. Consequently, targeting ECM remodelling and YAP1 acti
vation may offer promising therapeutic strategies for preventing of PA remodelling in PH-LHD.
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1. Introduction
Up to 10% of the adult population is affected by left heart disease (LHD).1,2

Progressive left heart failure with increased end-diastolic pressure and in
creased left atrial filling pressure results in pulmonary hypertension (PH) by 
a passive transmission of elevated pressures into pulmonary veins, capillar
ies, and arteries.3 The increase of pressure triggers remodelling and stiffen
ing of both pulmonary arteries (PA) and pulmonary veins, contributing to 
an additional rise in pulmonary vascular resistance (PVR), which marks the 
transition from isolated post-capillary pulmonary hypertension (IpcPH) to 
combined post- and pre-capillary pulmonary hypertension (CpcPH).4 In 
LHD patients, PH significantly increases morbidity and mortality by increas
ing the hemodynamic load on the right ventricle (RV), first by leading to 
adaptive hypertrophy followed by dilatation and ultimately failure.5

Among the five groups of PH classified by the World Health 
Organization (WHO), PH secondary to left heart disease (PH-LHD) is 
by far the most common3 but as well the least studied. At present both 
an in-depth pathomechanistic understanding as well as approved thera
peutic strategies are lacking.

Smooth muscle cell (SMC) hyperplasia represents a hallmark of pulmon
ary vascular remodelling in pulmonary arterial hypertension (PAH).6–8

Hyperproliferation and hypertrophy of resident SMCs have been pro
posed to drive SMC hyperplasia, resulting in occlusive pulmonary vascular 
remodelling.6,7,9 From small PAs and arterioles, SMCs migrate further into 
the distal lung vasculature, leading to vessel muscularization, stiffening, and 
occlusion.10,11 In proximal PAs, SMC hyperplasia is particularly prominent 
in the intimal region and contributes to vessel stiffening by increased de
position of fibrillar collagens into the arterial wall.12 While in the systemic 
vasculature, intimal SMC hyperplasia has been linked to endothelial in
jury,13,14 elastic fibre degradation,15 and vascular inflammation,16 the trig
gers and signalling pathways driving SMC hyperplasia in the pulmonary 
arterial conduit vessels, i.e. the pulmonary arterial trunk and the main left 
and right PAs, are poorly understood.

A growing body of evidence implicates extracellular matrix (ECM) re
modelling, including basement membrane (BM) remodelling, as a significant 
factor in the pathogenesis of PH.8,17–25 PA ECM remodelling in both PAH 
and PH-LHD is characterized by an increased expression and crosslinking 
of fibrillar collagens and as such promotes vascular stiffening.20,23,26,27 The 
vascular BM represents a thin layer of specialized ECM, which is mainly pro
duced and maintained by endothelial cells (ECs) and consists of non-fibrillar 
network-forming collagen IV (COL4), laminins (LAM), and dynamic com
ponents, such as fibronectin, proteoglycans, perlecan, and nidogens.24

This physiological composition of the BM is crucial for maintaining the 
homeostasis of the arterial wall in that, for example, BM LAMs limit the 
transmigration of immune cells into the arterial media28–32 while COL4 
regulates EC adhesion and barrier function.25 Consequently, pathological 
remodelling of the BM has been associated with a range of systemic vascu
lopathies, including diabetes33 and arteriosclerosis.34 Yet, its relevance to 
the pathology of PH has only recently emerged. Specifically, several studies 
in PAH have linked BM remodelling to a dysfunction of PA ECs, resulting in 
a dysbalanced production of COL4 and LAM.8,35

As a transcriptional co-activator of the Hippo signalling pathway, yes- 
associated protein 1 (YAP1), has recently become implicated in the patho
biology of PAH due to its ability to convert extracellular mechanical cues 

into intracellular signals—a process called mechanotransduction. Under 
homeostatic conditions, YAP1 nuclear activity is suppressed through its 
phosphorylation at serine 127 by the large tumour suppressor kinases 1 
and 2 (LATS1/2), resulting in its cytoplasmic retention.36 Changes in 
ECM stiffness or composition are sensed by focal adhesion complexes con
taining collagen-binding integrins which in turn activate intracellular signal
ling cascades involving focal adhesion kinase and SRC tyrosine kinases.36–38

These pathways then drive YAP1 nuclear translocation through both 
Hippo-dependent and -independent mechanisms36 leading to the expres
sion of YAP1 target genes that enhance cell survival and motility.36–40 An 
alternative mechanism of YAP1 activation in a stiff matrix environment in
volves the modulation of nuclear envelope mechanics, driven by increased 
cytoskeletal tension through the assembly of actin stress fibres and engage
ment of linker of nucleoskeleton and cytoskeleton (LINC) complexes.41,42

The resulting mechanical forces promote nuclear flattening which in
creases nuclear pore permeability thus facilitating the passive import of 
YAP1.42,43 As such, activated YAP1 can regulate the proliferation and mi
gration of pulmonary vascular cells in response to changes in ECM compos
ition25 and/or stiffness.8,23,44

In the present study, we report BM remodelling in PAs of patients with 
left heart disease without PH (LHD w/o PH) and left heart disease with PH 
(PH-LHD). In LHD w/o PH patients, the endothelial ECM was significantly 
stiffer than in healthy-heart donors, and this effect was even more pro
nounced in PH-LHD patients. Concurrently, we identified SMC hyperplasia 
in the intimal layer that was evident in patients with LHD w/o PH and fur
ther exacerbated in PH-LHD. In vitro, SMCs isolated from both patient 
groups showed increased migration and proliferation rates. Exploration 
of the mechanistic link between ECM remodelling and SMC hyperplasia re
vealed that communication from the remodelled endothelial ECM to SMCs 
involves activation of the mechanosensitive transcriptional co-activator 
YAP1 as a driver of SMC migration and proliferation. Consistent with 
this mechanism, YAP1 inhibition reduced hypermigration and hyperproli
feration of human SMCs from LHD patients in vitro. Analogously, in vivo ad
ministration of a YAP1 inhibitor attenuated SMC migration and 
proliferation in a preclinical rat model of PH-LHD.

2. Methods
Pulmonary trunk specimens (hereafter referred to as PA) of LHD w/o PH 
patients (n = 25), PH-LHD patients (n = 31), and healthy-heart donors 
(control, n = 14) were collected during orthotopic heart transplantation 
(at the Deutsches Herzzentrum der Charité) when the length of the PA 
was adjusted before anastomosis. PH was defined according to current 
guidelines as a mean pulmonary arterial pressure (mPAP) higher than 
20 mmHg at rest3 (Table 1). The collection of biomaterials was approved 
by the Ethics Committee of the Charité-University Medicine Berlin 
(EA4/035/18, EA1/134/23) with informed consent of the patients. The 
study was conducted in accordance with the principles of the 
Declaration of Helsinki. Information on patients’ age, sex, underlying dis
ease, as well as data obtained by right heart catheterization within 6 
months before heart transplantation was retrieved from clinical records. 
Different patient samples were used in different assays, and individual 
n-numbers for each assay are given in the respective figure legend.
Pulmonary trunk specimens obtained from a rat model of PH-LHD after
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aortic-banding (AoB)45,46 were reprocessed from the study by Liu et al.47

Animal studies were performed in accordance with the recommendations 
of the Federation of European Laboratory Animal Science Association, the 
guidelines from Directive 2010/63/EU of the European Parliament on the 
protection of animals used for scientific purposes and approved by the lo
cal government authorities (LAGeSo; animal protocols nos. G0030/18). In 
short, for the study, male Sprague-Dawley rats (80–100 g) underwent su
pracoronary aortic banding (AoB) to induce PH-LHD. Rats were anaesthe
tized with intraperitoneally administered ketamine (87 mg/kg bw) and 
xylazine (13 mg/kg bw), intubated, and mechanically ventilated. A titanium 
clip was placed on the ascending aorta to restrict blood flow, while 
sham-operated rats underwent the same procedure without the aortic 
clamping. All animals received preoperative analgesia with 5 mg/kg bw car
profen administered intraperitoneally and postoperative analgesia with 
5 mg/kg bw per day carprofen administered intraperitoneally for 1 week. 
Post-surgery, rats received analgesia and antibiotics. After 4 weeks, rats 
were treated with either verteporfin (VP) or vehicle for 6 weeks. 
Echocardiography and hemodynamic assessments were performed, fol
lowed by euthanasia under deep anaesthesia by exsanguination and tissue 
collection for further analysis.47 In this study, only male rats were included 
due to model-related differences in PH-LHD progression between sexes 
that are driven by substantial differences in growth rate—males exhibit 
up to 40% greater body weight compared to females by week 5 
post-AoB. This disparity leads to more pronounced aortic constriction 
and, consequently, a stronger disease phenotype in males that is evident 
as early as 3 weeks post-AoB.27,47 In contrast, females develop a milder 
phenotype, with increased right ventricular systolic pressure observed at 
5 weeks post-AoB, and PA stiffening and right RV hypertrophy becoming 
apparent only at 9 weeks post-AoB, thus preventing pharmacological 

testing within the established 3–9 week time window in this model in 
females.48

All methods are further detailed in the supplement Methods.

3. Results
3.1 PAs of PH-LHD patients show SMC 
hyperplasia and BM remodelling
Analysis of human PA samples identified hyperplasia of smooth muscle
actin-positive (SMA+) SMCs in LHD w/o PH and more so in PH-LHD pa
tients that resulted in progressive widening of the PA intimal region relative
to controls (Figure 1A–D, for patient characteristics, see Table 1, and
Materials and Methods). This intimal SMC layer contained accumulated col
lagen fibres, as detected by SHG imaging (Figure 1E), which may potentially
contribute to the increased PA wall stiffness in PH-LHD recently reported
by us.27 Intimal width correlated positively with pulmonary hemodynamic
parameters, namely mPAP, pulmonary capillary wedge pressure (PCWP),
and PVR (Figure 1F and G), highlighting the potential relevance of SMC
hyperplasia in the pathogenesis of PH-LHD.

To probe for the potential mechanisms of SMC hyperplasia, we assessed
migration and proliferation rates in primary SMCs isolated from patient
and donor PAs in vitro. Wound-healing assay experiments and staining
for the cell proliferation marker Ki67 followed by quantification of
Ki67-positive (Ki67+) cells, showed that SMCs from both LHD w/o PH
and PH-LHD patients exhibited increased migration, and SMCs from
PH-LHD patients also exhibited increased proliferation compared to con
trol SMCs (Figure 1H–H′; Supplementary material online, Figure S1A–B).
Given the recognized role of the ECM in regulating these cell functions,18

we assessed the relation between SMCs and the endothelial BM in PA sam
ples from control subjects, LHD w/o PH, and PH-LHD patients by
co-immunostaining for the SMC marker SMA and the BM marker COL4.
Plot line analysis identified a clear separation of COL4 peak intensity and
SMA+ SMCs in control samples; however, both signals colocalized in
LHD w/o PH and PH-LHD samples (Figure 1I and I′), indicating an accumu
lation of SMCs in the BM.

Based on these results, we hypothesized that LHD may cause remodel
ling of the endothelial BM, which in turn promotes SMC hyperproliferation
and migration via ECM-to-cell signalling, ultimately causing SMC hyperpla
sia in PH-LHD (Figure 1J).

3.2 Endothelial BM is remodelled in PAs of 
LHD w/o PH and PH-LHD patients
Transmission electron microscopy (TEM) of PA samples from control sub
jects shows the endothelial BM as a condensed thin structure underneath
the ECs. In contrast, in LHD w/o PH patients, the BM-like material was dis
organized and widened, while in PH-LHD samples it appeared largely de
graded (Figure 2A–A′). Evaluation of the BM markers COL4 and LAM
showed widened signals in LHD w/o PH yet a diminished BM in
PH-LHD samples (Figure 2B–E). Plot line analysis showed reduced COL4
and LAM peak intensity in both LHD w/o PH and PH-LHD PAs compared
to control PAs (Figure 2F and G), suggesting a loosened BM structure with
degradation of BM components.

To obtain a better understanding of the associated compositional and
biomechanical changes in the BM, which is formed in vivo by the adjacent
ECs, we generated and examined decellularized ECM (dECM) produced
by primary ECs isolated from the PAs of control subjects, LHD w/o PH,
or PH-LHD patients. Basal COL4 deposition by cultured ECs and efficient
ECM decellularization were validated as described in the supplement (see
Supplementary material online, Video, Supplementary material online,
Figure S2A). Assessment of mechanical properties by atomic force micros
copy (AFM) revealed a stiffness of 379 ± 291 Pa in dECM generated by 
control ECs, which increased significantly in LHD w/o PH (516 ± 400 Pa) 
and was highest in PH-LHD dECM (827 ± 319 Pa) (Figure 2H). This stiffen
ing correlated with elevated type I collagen expression in EC lysates, as 
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Table 1 Clinical patient characteristics

Clinical variables Control 
(n = 14)

LHD w/o PH 
(n = 25)

PH-LHD 
(n = 31)

Sex

Female (%) 6 (42) 11 (44) 11 (36)

Male (%) 8 (58) 14 (56) 20 (64)
Age (years)

Median 36.6 52.0 57.0

Mean ± SD 39.1 ± 14.4 50.2 ± 11.8 54.9 ± 10.3
Range 45 39 48

Body weight (kg) 80.4 ± 15.3 87.1 ± 19.2 79.1 ± 20.9

Height (cm) 175.9 ± 8.6 174.1 ± 7.8 176.0 ± 11.0
Underlying diseases (%)

ICM – 32 22

NICM – 8 12
DCM – 48 48

HCM – 4 9

Danon disease – 4 –
Cardiac sarcoidosis – 4 –
Myocarditis – – 9

Haemodynamics, Mean ± SD
mPAP (mmHg) – 14.7 ± 4.4 33.7 ± 9.5

Cardiac output (l/min) – 4.4 ± 1.1 3.8 ± 1.3

Cardiac index (l/min/m²) – 2.4 ± 0.9 2.3 ± 1.1
PVR (dynes·sec·cm⁻⁵) – 110.2 ± 79.3 316.2 ± 245.9

TPG (mmHg) – 5.5 ± 3.0 12.9 ± 6.8

ICM, ischaemic cardiomyopathy; NICM, non-ischaemic cardiomyopathy; DCM, dilated 
cardiomyopathy; HCM, hypertrophic cardiomyopathy; mPAP, mean pulmonary arterial 
pressure; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient.

Endothelial ECM promotes SMC hyperplasia in PH-LHD 3

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf238#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf238#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf238#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf238#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf238#supplementary-data


Figure 1 In PH-LHD, SMC hyperplasia is evident in PAs. A, Representative confocal microscopic images of PAs from control subjects or LHD w/o PH and 
PH-LHD patients with elastic fibres detected by autofluorescence in green; cell nuclei are visualized by DRAQ5 staining. In PH-LHD, note the extra cell layer 
apically of the inner elastic lamina (IEL) in the intima (marked by the yellow line). Lu, vessel lumen. B, Representative confocal microscopic images of PAs with 
elastic fibres (autofluorescence in green) and SMCs (immunostaining against α-smooth muscle actin; SMA). Note that the extra cell layer apically of the IEL 
(marked by the yellow line) in PH-LHD contains SMCs. C, Bar graph (mean ± SD) with individual data points shows intimal width in PAs from control subjects 
(n = 8) or LHD w/o PH (n = 7) and PH-LHD (n = 8) patients. D, Bar graph (mean ± SD) with individual data points shows number of cells within the intimal 
layer normalized to lumen surface length in PAs from control subjects (n = 6) or LHD w/o PH (n = 6) and PH-LHD (n = 7) patients. E, Representative confocal 
microscopic images of PAs from control subjects or LHD w/o PH and PH-LHD patients with fibrillar collagens detected by second harmonic generation (SHG) 
imaging and nuclei are visualized by DAPI staining. Note that the extra SMC layer apically of the IEL (marked by the yellow line) deposits fibre-forming collagens 
in PH-LHD. F, Spearman correlation analysis shows association between PA intimal width and mean pulmonary arterial pressure (mPAP), or pulmonary ca
pillary wedge pressure (PCWP) as assessed by right heart catheterization in n = 14 LHD patients. G, Spearman correlation analysis shows association between 
PA intimal width and pulmonary vascular resistance (PVR) as assessed by right heart catheterization in n = 14 LHD patients. H-H′, Bar graphs (mean ± SD) with 
individual data points show migration (wound-healing assay) and proliferation (Ki67 immunostaining) rate of primary SMCs isolated from PAs of control sub
jects (n = 4) and LHD w/o PH (n = 4) or PH-LHD (n = 4) patients cultured on 0.1% gelatin. I, Representative confocal microscopic images of PAs from control 
subjects and LHD w/o PH or PH-LHD patients immunostained for the SMC marker SMA or the BM marker collagen 4 (COL4); nuclei are visualized by DAPI 
staining. I′, Line graphs show averaged SMA and COL4 signal intensities along a straight line (cyan) perpendicular to the lumen surface (n = 6 biologically in
dependent PA samples per group); a.u, arbitrary units. J, Schematic depicts proposed mechanism of SMC hyperplasia in PH-LHD, with BM remodelling pro
moting SMC migration and proliferation via ECM-to-cell signalling ultimately resulting in SMC hyperplasia and PA remodelling in PH-LHD. Scale bars are 50 µm 
in A, B, E, and 40 µm in I. Statistics: Two-tailed Mann–Whitney U test (C–D, H ) and two-tailed Spearman correlation (F, G); corresponding P-values for statistical 
significance and r-values for correlation coefficient are given.
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Figure 2 In LHD, BM remodelling precedes the development of PH. A-A′, Representative electron microscopic images show endothelial BM in PAs from 
controls subjects and LHD w/o PH or PH-LHD patients with BM marked by yellow arrows in A and by purple shading in A′, and ECs and SMCs marked by 
yellow and cyan stars, respectively. Note the widening of the BM-like material in LHD w/o PH and its loosening in PH-LHD. B and C, Representative confocal 
microscopic images of PAs immunostained for the BM marker COL4 (B) or LAM (C ); nuclei are visualized by DAPI staining. D and E, Bar graphs (mean + SD) 
with individual data points show intimal COL4 and LAM positive area normalized to lumen surface length in PAs of control subjects (n = 7 for COL4, n = 8 for 
LAM) or LHD w/o PH (n = 7 for COL4 and LAM) and PH-LHD (n = 7 for COL4, n = 8 for LAM) patients. F and G, Line graphs show averaged COL4 and LAM 
signal intensities along a straight line (yellow in B and C ) perpendicular to the lumen surface in PAs of control subjects (n = 6 for COL4, n = 8 for LAM) and LHD 
w/o PH (n = 5 for COL4, n = 7 for LAM) or PH-LHD (n = 8 for COL4 and LAM) patients. H, Dot plot shows Young’s modulus of the decellularized endothelial 
extracellular matrix (dECM) produced by ECs isolated from PAs of control subjects (n = 4) and LHD w/o PH (n = 4) or PH-LHD (n = 4) patients as measured 
by AFM. I, Bar graph (mean + SD) with individual data points shows densitometric quantification of COL4 protein levels (normalized to β-actin) in ECs isolated 
from PAs of control subjects (n = 4) and LHD w/o PH (n = 4) or PH-LHD (n = 4) patients as assessed by western blotting; corresponding blots in I′. J, Heat map 
shows relative protein expression levels for differentially regulated collagens in dECM produced by EC isolated from PAs of control subjects (n = 7) and LHD 
w/o PH (n = 7) or PH-LHD (n = 9) patients as determined by mass spectrometry. Scale bars are 500 µm in A and A′, and 40 µm in B and C. Statistics: Kruskal– 
Wallis test with Dunn’s correction for multiple comparisons (D, E, H, and I ); P-values for statistical significance are given.
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shown by western blotting (Figure 2I–I′; Supplementary material online, 
Figure S3). Mass spectrometric analyses of dECM generated in vitro further 
revealed increased abundance of fibrillar collagens (COL1, COL2, COL3, 
and COL5), fibril-associated collagens (COL12 and COL14), and network- 
forming collagen COL6 in both LHD w/o PH and PH-LHD compared to 
control ECs, with a most pronounced increase observed in the LHD w/ 
o PH group (Figure 2J). These findings suggest that LHD w/o PH is asso
ciated with substantial changes in ECM composition, yet matrix stiffening
is even more pronounced in PH-LHD, presumably due to additional fac
tors beyond ECM protein abundance such as increased crosslinking of fi
brils that collectively enhance mechanical resistance.

3.3 Remodelled endothelial ECM promotes 
SMC migration and proliferation in LHD
Based on the finding of a remodelled endothelial-derived ECM, we next 
probed its potential functional role on PA SMC migration and proliferation. 
To this end, we cultured PA SMCs obtained from control, LHD w/o PH, or 
PH-LHD patients on dECM produced by either control, LHD w/o PH, or 
PH-LHD ECs, and assessed migration and proliferation by a wound-healing 
assay and immunostaining for the cell proliferation marker Ki67 (Figure 3A).

Relative to baseline migration rates of PA SMCs on gelatin coating, 
dECM produced by LHD w/o PH or PH-LHD ECs, but not dECM pro
duced by control ECs, increased the migration of control SMCs. In 
SMCs of LHD w/o PH or PH-LHD patients, however, dECM produced 
by LHD w/o PH or PH-LHD ECs had no similar amplifying effect 
(Figure 3B and C ). Rather, culturing LHD w/o PH or PH-LHD SMCs on 
an dECM produced by control ECs decreased their migration relative to 
baseline (Figure 3C). The latter effect was associated with a decrease in focal 
adhesions and cytoskeletal tension (see Supplementary material online, 
Figure S4) both of which are essential for cell migration.49–52 These results 
support the hypothesis that the remodelled endothelial ECM in LHD w/o 
PH or PH-LHD promotes migration of control SMCs and show conversely 
that an ECM produced by control ECs may reduce the migration rates of 
LHD w/o PH or PH-LHD SMCs. Analogously, although both control and 
LHD w/o PH SMCs had comparable proliferation rates at baseline, cultur
ing these cells on the dECM produced by either LHD w/o PH or PH-LHD 
ECs increased Ki67+ SMCs relative to the baseline (Figure 3D). While nei
ther dECM showed an additional effect on already hyperproliferative 
PH-LHD SMCs, PH-LHD SMCs cultured on a control dECM showed a de
crease in proliferation rate relative to baseline (Figure 3D and E). These re
sults suggest that the remodelled, yet not the naïve endothelial ECM 
promotes proliferation and migration of control SMCs, while a control 
endothelial ECM decreases the proliferation of PH-LHD SMCs. 
Consistent with a potential regulation of SMC dynamics by the ECM, we 
next demonstrated that the rate of SMC proliferation is sensitive to matrix 
stiffness, with control SMCs cultured on a collagen I matrix with a stiffness 
of 0.2 kPa (corresponding to ECM stiffness in controls) proliferating min
imally, while SMCs proliferated rapidly on a stiffer ECM of 0.5 or 1 kPa (re
flecting ECM stiffness in LHD w/o PH or PH-LHD patients, respectively) 
(Figure 3F and G). As such, the remodelled EC-derived ECM of LHD and 
particularly PH-LHD patients promotes the proliferation and migration 
of SMCs, thus potentially contributing to SMC hyperplasia and distal vessel 
muscularization in PH-LHD PAs.

3.4 YAP1 promotes SMC migration and 
proliferation in LHD w/o PH and PH-LHD
We next aimed to elucidate the mechanosensitive signalling mechanism by 
which SMCs respond to a remodelled or stiffer ECM. Mechanical cues from 
the cellular environment regulate TEAD-domain transcription factors 
through nuclear translocation of YAP1, a mechanosensitive co-activator 
within the Hippo signalling pathway.20,23,25,53 In PAH, YAP1 activation 
has been linked to ECM stiffening and the associated hyperproliferation 
of pulmonary vascular cells.23,44,54 Our previous work further demon
strated that activation of TAZ, a YAP1 homologue, promotes vascular cal
cification in SMCs in the context of PH-LHD,47 providing a strong overall 

rationale for the implication of the Hippo signalling pathway in lung vascular 
remodelling. As existing literature implicates YAP1 rather than TAZ as a 
key driver of SMC proliferation and migration in the context of neointima 
formation,55–59 we focused our further analyses on YAP1 activation in re
sponse to matrix stiffening.

We found that YAP1 nuclear abundance increases as a function of stiff
ness in control PA SMCs cultured on collagen 1 matrices of either 0.2, 0.5, 
or 1 kPa stiffness (Figure 4A and B). Importantly, a similar increase in nuclear 
YAP1 was detected in LHD w/o PH and PH-LHD SMCs relative to control 
SMCs when cultured on gelatin, indicating that SMC mechanosensitive sig
nalling had been previously activated by mechanical cues in these patients 
(Figure 4C and D).

Given the established role of YAP1 as a regulator of physiological and 
neoplastic cell migration60 and cell proliferation,61,62 we addressed the ef
fect of functional YAP1 loss on these responses in PA SMCs. Loss of YAP1 
function in SMCs was achieved either pharmacologically by treatment with 
VP or epigenetically by transfection with YAP1-targeting short interfering 
RNA (siYAP1), with YAP1 loss validated as reduced nuclear YAP1 abun
dance (Figure 4E and F ). Both pharmacological inhibition and 
siRNA-mediated silencing of YAP1 significantly decreased SMC migration 
and proliferation rates in control, LHD w/o PH, and PH-LHD SMCs 
(Figure 4G–J; Supplementary material online, Figure S5), indicating that in
creased YAP1 activity may indeed drive SMC hyperplasia in PH-LHD.

3.5 Remodelled endothelial ECM regulates 
SMC migration and proliferation via YAP1 in 
LHD w/o PH and PH-LHD
Next, we tested whether YAP1 activation in LHD w/o PH and PH-LHD PA 
SMC may be attributed to endothelial ECM remodelling. Indeed, culturing 
on an dECM produced by ECs of LHD w/o PH and PH-LHD patients in
creased nuclear YAP1 abundance in control SMCs relative to culture on 
gelatine (baseline), yet had little additional effect on YAP1 activation in 
PH-LHD SMCs (Figure 5A–C, for experimental scheme please see 
Figure 3A). Conversely, culturing LHD w/o PH or PH-LHD SMCs on con
trol dECM decreased their nuclear YAP1 levels relative to culture on gel
atin (Figure 5C). These results emphasize the significance of the endothelial 
ECM in regulating YAP1 activation in PA SMCs.

Given that the dECM produced by ECs from LHD w/o PH or PH-LHD 
patients could by itself promote migration and proliferation of control 
SMC, we next addressed whether YAP1 inhibition by VP treatment could 
abolish these effects. As described above, the efficiency of YAP1 inhibition 
was confirmed by a quantitative reduction in nuclear YAP1 (Figure 5C). At 
the functional level, VP treatment reduced migration of control, LHD w/o 
PH, and PH-LHD SMCs across all culturing conditions, yet without reach
ing significance for PH-LHD SMCs cultured on a control endothelial dECM 
(Figure 5D; Supplementary material online, Figure S6). Analogous results 
were obtained for cell proliferation (Figure 5E; Supplementary material 
online, Figure S6). Notably, the effect of YAP1 inhibition on migration 
and proliferation of PH-LHD SMCs was comparable to the effect of cultur
ing PH-LHD SMCs on a control endothelial dECM.

These data cumulatively demonstrate that remodelling and stiffening of 
the endothelial ECM in LHD w/o PH and PH-LHD PAs can promote the 
migration and proliferation of SMCs via YAP1-mediated mechanosensa
tion. Hence, YAP1 emerges as an important downstream effector of endo
thelial ECM remodelling that may be targeted therapeutically to inhibit 
SMC hyperplasia in PH-LHD.

3.6 YAP1 inhibition attenuates PA SMC 
proliferation and migration in PH-LHD rats
To probe for a potential therapeutic effect of YAP1 inhibition on 
LHD-related PA SMC hyperplasia in vivo, we reprocessed biomaterials ob
tained from PH-LHD rats from a recent study by our lab.47 In this study, 
PH-LHD was surgically induced by supracoronary AoB46 and the treat
ment effect of the YAP1 inhibitor VP on pulmonary vascular calcification 
was examined. As demonstrated in this work, treatment with VP could 
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Figure 3 In LHD, a remodelled and stiffened endothelial ECM promotes SMC migration and proliferation. A, Schematic shows experimental setup for pro
duction of endothelial ECM, followed by EC decellularization (dECM) and recellularization by SMCs for in vitro analyses of SMC migration and proliferation as a 
function of endothelial ECM. B, Representative images of wound-healing assay performed on control SMCs cultured on dECM produced by ECs isolated from 
PAs of control subjects or LHD w/o PH or PH-LHD patients. Images taken at 0 and 8 h after scratching. C, Bar graph (mean + SD) with individual data points 
shows migration rate of SMCs isolated from PAs of control subjects (n = 4) and LHD w/o PH (n = 4) or PH-LH (n = 4) patients cultured on dECM produced by 
ECs isolated from control, LHD w/o PH, or PH-LHD subjects. Migration rate is normalized to respective baseline (defined as migration rate on 0.1% gelatin). D, 
Bar graph (mean + SD) = with individual data points shows proliferation rate of SMCs isolated from PAs of control subjects (n = 4), LHD w/o PH (n = 4), or 
PH-LHD (n = 4) patients cultured on dECM produced by ECs isolated from control, LHD w/o PH, or PH-LHD subjects. Proliferation rate is normalized to 
respective baseline (defined as proliferation rate on 0.1% gelatin). E, Respective confocal microscopic images show primary SMCs isolated from control subjects 
and cultured on dECM produced by ECs isolated from PAs of control subjects, LHD w/o PH, or PH-LHD patients and immunostained for the cell proliferation 
marker Ki67; nuclei are visualized by DAPI staining. F, Bar graph (mean + SD) with individual data points shows proliferation rate of SMCs isolated from PAs 
of control subjects and cultured on collagen I hydrogels with stiffness of either 0.2 kPa (n = 6 technical replicates), 0.5 kPa (n = 6 technical replicates), or 1 kPa 
(n = 6 technical replicates) corresponding to respective dECM stiffness produced by ECs isolated from PAs of control subjects and LHD w/o PH or PH-LHD 
patients. G, Representative confocal microscopic images show primary SMCs isolated from control subjects and cultured on collagen I hydrogels with stiffness 
of either 0.2, 0.5, or 1 kPa and immunostained for the cell proliferation marker Ki67; nuclei are visualized by DAPI staining. Scale bars are 100 µm in B, 50 µm in 
E, and 150 µm in G. Statistics: Mann–Whitney U test (C, D) and Kruskal–Wallis test with Dunn’s correction for multiple comparisons in F; P-values for statistical 
significance are given.
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Figure 4 In LHD w/o PH, increased SMC migration and proliferation are regulated by YAP1. A, Representative confocal microscopic images show YAP1 
immunostaining in SMCs isolated from PAs of control subjects and cultured on collagen I hydrogels of defined stiffnesses (0.2, 0.5, and 1 kPa); nuclei are vi
sualized by DAPI staining. B, Bar graph (mean + SD) with individual data points shows quantification of nuclear YAP1 in SMCs isolated from PAs of control 
subjects and cultured on collagen I hydrogels of defined stiffnesses of 0.2 kPa (n = 6 technical replicates), 0.5 kPa (n = 6 technical replicates), and 1 kPa (n  
= 6 technical replicates). C, Representative confocal microscopic images show YAP1 immunostaining in SMCs isolated from PAs of control subjects and 
LHD w/o PH or PH-LHD patients and cultured on 0.1% gelatin; nuclei are visualized by DAPI staining. D, Bar graph (mean + SD) with individual data points 
shows quantification of nuclear YAP1 in SMCs isolated from PAs of control subjects (n = 10) and LHD w/o PH (n = 10) or PH-LHD (n = 10) patients and 
cultured on 0.1% gelatin. E, Representative confocal microscopic images show YAP1 immunostaining in SMCs isolated from PAs of LHD w/o PH subjects either 
prior to treatment (untreated control) or after YAP1 inhibition (VP or YAP1 siRNA); nuclei are visualized by DAPI staining. F, Bar graph (mean + SD) with 
individual data points shows quantification of nuclear YAP1 in SMCs isolated from PAs of control subjects (n = 10 for VP, n = 6 for siRNA YAP1) and 
LHD w/o PH (n = 10 for VP, n = 6 for siRNA YAP1) or PH-LHD (n = 10 for VP, n = 6 for siRNA YAP1) patients relative to corresponding untreated controls. 
G, Representative images of in vitro wound-healing assay performed on SMCs isolated from PAs of control subjects prior to treatment (untreated control) or 
after YAP1 inhibition (VP or YAP1 siRNA). Images taken at 0 and 8 h after scratching. H, Bar graph (mean + SD) with individual data points shows quantification 
of migration rates of SMCs isolated from PAs of control (n = 4) subjects and LHD w/o PH (n = 4) or PH-LHD (n = 4) patients after VP or YAP1 siRNA relative 
to untreated control (data sets were analysed in technical triplicates). I, Representative confocal microscopic images show Ki67 immunostaining in SMCs iso
lated from PAs of control subjects prior to treatment (untreated control) or after YAP1 inhibition (VP or YAP1 siRNA). J, Bar graph (mean + SD) with indi
vidual data points shows quantification of Ki67+ cells in SMCs isolated from PAs of control subjects (n = 10 for VP, n = 6 for siRNA YAP1) and LHD w/o PH (n  
= 10 for VP, n = 6 for siRNA YAP1) or PH-LHD (n = 10 for VP, n = 6 for siRNA YAP1) patients relative to untreated controls (data sets for untreated controls 
and VP-treated group were analysed in technical duplicates, data sets for siYAP1 knockdown were analysed in technical triplicates). Scale bares are 150 µm in A, 
50 µm in C, and 100 µm in E, I. Statistics: Kruskal–Wallis test with Dunn’s correction for multiple comparisons in B and D, and Mann–Whitney U test in F, H, and 
J; P-values for statistical significance are given.
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Figure 5 In LHD, the remodelled endothelial ECM regulates SMC function via YAP1. A and B, Representative confocal microscopic images show YAP1 
immunostaining in SMCs isolated from PAs of control subjects and cultured on 0.1% gelatin (baseline), or on dECM produced by ECs isolated from control 
subjects and LHD w/o PH or PH-LHD patients in the absence (untreated) or presence of 1 mM VP; nuclei are visualized by DAPI staining. C, Bar graph (mean +  
SD) with individual data points shows quantification of nuclear YAP1 in SMCs isolated from PAs of control subjects (n = 10) and LHD w/o PH (n = 10) or 
PH-LHD (n = 10) patients cultured on either 0.1% gelatin (baseline) or on dECM produced by ECs isolated from PAs of control subjects and LHD w/o 
PH or PH-LHD patients in the absence (untreated) or presence of 1 mM VP (data sets were analysed as technical duplicates). D, Bar graph (mean + SD) 
with individual data points shows quantification of migration rates of SMCs isolated from PAs of control subjects (n = 4) and LHD w/o PH (n = 4) or 
PH-LHD (n = 4) patients and cultured on either 0.1% gelatin (baseline), or on dECM produced by ECs isolated from PAs of control subjects and LHD w/ 
o PH or PH-LHD patients in the absence (untreated) or presence of 1 mM VP (data sets were analysed as technical triplicates). E, Bar graph (mean + SD)
with individual data points shows quantification of Ki67+ nuclei in SMCs isolated from PAs of control subjects (n = 10) and LHD w/o PH (n = 10) or 
PH-LHD (n = 10) patients and culture on either 0.1% gelatin (baseline), or on dECM produced by ECs isolated from PAs of control subjects and LHD w/ 
o PH or PH-LHD patients in the absence (untreated) or presence of 1 mM VP (data sets were analysed as technical duplicates). Scale bars are 50 µm in A
and B. Statistics: Kruskal–Wallis test with Dunn’s correction for multiple comparisons (C, in magenta), Mann–Whitney U test in (C, in black, D, E); P-values 
for statistical significance are given.
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reverse PH in AoB rats, as evidenced by a decrease in right ventricular sys
tolic pressure (RVSP) and right ventricular hypertrophy (see online 
supplement Methods). For the current study, we specifically examined 
the remodelling of the pulmonary arterial BM in AoB rats relative to 
sham-operated control rats and evaluated the effect of VP treatment on 
PA SMC proliferation and migration (for study scheme refer to 
Supplementary material online, Figure S7).

Microscopic analysis of the BM in rat PAs revealed that, compared to 
sham animals where COL4 appeared as a distinct thin line, the COL4 pat
tern in AoB animals showed both areas of widened and diminished signals, 
with the latter quantified as COL4 gaps (Figure 6A and B). BM remodelling 
in AoB rats mirrored the characteristics of BM remodelling observed in hu
man PAs of both LHD w/o PH and PH-LHD patients. Specifically, primary 
SMCs isolated from PAs of AoB rats showed increased abundance of nu
clear YAP1 relative to SMCs from PAs of sham rats (Figure 6C and F ). In vivo 
treatment of AoB rats with VP reduced nuclear YAP1 levels in SMCs 
(Figure 6C and G). VP treatment also significantly decreased migration of 
SMCs from AoB rats compared to vehicle-treated controls (Figure 6D, 
H, and I ). Although SMC proliferation was not significantly different be
tween VP- and vehicle-treated AoB groups (P = 0.7), VP treatment attenu
ated proliferation to levels that were not significantly different from those 
observed in SMC from sham-operated controls (Figure 6E, J, and K ).

Thus, we show that characteristics of human PA SMCs in LHD w/o PH 
and/or PH-LHD patients, such as activation of YAP1 and increased PA 
SMC migration and proliferation, could be replicated in PH-LHD rats 
but were attenuated by in vivo VP treatment. These results further indicate 
that the beneficial effect of VP treatment on PH in AoB rats could, at least 
in part, be attributable to reduced SMC hyperplasia and lung vascular 
remodelling.

4. Discussion
In this study, we identify the communication between a remodelled endo
thelial ECM and SMCs as a novel pathomechanism underlying PA SMC 
hyperplasia in PH-LHD. Our findings demonstrate that remodelling of 
the BM and stiffening of the endothelial ECM is present in patients with 
LHD w/o PH and PH-LHD, subsequently triggering YAP1 activation in 
SMCs and promoting their migration and proliferation. Conversely, the hy
perproliferative and hypermigratory phenotype observed in PA SMCs 
from PH-LHD patients can be reversed when cells are cultured on a 
healthy endothelial ECM or treated with YAP1 inhibition (Figure 7). In 
vivo, YAP1 inhibition reduces PA SMC migration and proliferation and im
proves pulmonary haemodynamics in a rat model of PH-LHD. Thus, pre
serving or restoring a healthy ECM, as well as targeting YAP1, may offer 
promising therapeutic strategies to prevent or reverse SMC hyperplasia.

4.1 Vascular endothelial BM
In a healthy vascular bed, the endothelial BM provides an adhesive micro
environment crucial for maintaining the quiescence of the EC monolayer.63

Beyond serving as an anchorage site for ECs, the endothelial BM forms a 
physical barrier regulating the transport of fluids, proteins, pharmaceuti
cals, and immune cells.32,64,65 Recently, the BM has also been recognized 
for its complex biomechanical properties, which may influence the pheno
type of adjacent cells through mechanosensitive signalling pathways. Elastic 
modulus measurements of the BM using micropipette aspiration, glass can
tilever systems, or AFM have revealed considerable variability in BM bio
mechanics, with stiffness ranging from 0.5 kPa to 5 MPa across different 
tissues and species.66 However, the stiffness of the vascular endothelial 
BM and its modulation in cardiovascular pathologies remains poorly under
stood. Notably, BM stiffness may vary due to changes in protein compos
ition, crosslinking, or the content of heparan sulfate proteoglycans, which 
regulate the hydration state of BMs.67,68 For instance, increased abundance 
of the dynamic BM component Netrin 4 softens the BM,69 while sulfilimine- 
mediated COL4 crosslinking increases BM stiffness.70

In the current study, we observed distinct alterations in the architecture 
of the endothelial BM in PAs of LHD patients. Immunostaining for COL4 

and LAM, as well as TEM, revealed a significant widening of the BM in 
PAs of LHD w/o PH patients. This finding is consistent with previous re
ports of idiopathic PAH showing increased COL4 and LAM within a thick
ened endothelial BM.25 Similarly, a marked widening of the BM at the 
alveolo-capillary barrier has been reported in a guinea pig model of LHD 
following AoB.71 In PAs of PH-LHD patients we had further detected signs 
of BM degradation which may reflect disease progression from LHD w/o 
PH to PH-LHD. Yet, this concept remains speculative as it could not be ad
dressed within the limitations of the present cross-sectional study. Signs of 
both BM thickening and degradation, evident as BM gaps, were similarly ob
served in a rat model of PH-LHD.

AFM-based assessment of the biomechanical properties of dECM gener
ated by PA ECs from healthy donors or LHD patients revealed an increase 
in stiffness from ∼0.3 kPa for healthy to 0.5 kPa for LHD w/o PH and to 
0.8 kPa for PH-LHD. In parallel, mass spectrometric analyses identified 
that both LHD w/o PH and PH-LHD ECs deposit more fibrillar collagens 
relative to control ECs with the highest abundances in LHD w/o PH. This 
seeming discrepancy between collagen abundance and matrix stiffness 
highlights the complexity of ECM remodelling that involves not only 
changes in protein quantities but other processes that determine mechan
ical properties such as intra- and inter-molecular crosslinking between fi
brils. Collagen crosslinking increases ECM stiffness substantially and is 
primarily catalysed by lysyl oxidases (LOX) and transglutaminases 
(TG).18 Accordingly, elevated activity of LOX and/or TG2 has been asso
ciated with pronounced vascular stiffening and fibrosis in PH and fibrotic 
lung disease.72–74 Recent studies from our group have further demon
strated the accumulation of advanced glycation end products in the PA 
wall of LHD patients,27 which may further promote collagen crosslinking. 
Increased ECM mineralization, as observed in PH-LHD,47 also likely contri
butes to altered matrix mechanics.

4.2 PH-LHD associated changes in the 
endothelial-derived ECM promote SMC 
hyperplasia via activation of YAP1
In healthy PAs, SMCs are located apart from the endothelial BM. However, 
in PAs of LHD patients, SMCs tend to colocalize with the remodelled BM. 
This colocalization is associated with SMC hyperplasia and marked thicken
ing of the PA wall, suggesting that BM remodelling may promote SMC pro
liferation and migration in LHD. This concept aligns with previous studies 
linking changes in BM composition and stiffness to distinct responses in 
BM-adjacent cells. BM stiffness, for example, has been shown to regulate 
the shape and the motility of juxtaposed cells thereby determining macro
scopic shape during organ development.68,75–77 Similarly, BM stiffening in 
cancers due to loss of Netrin 4 promotes metastasis,78,79 while increased 
abundance of Nidogen 2 in the BM inhibits calcification in aortic SMC.80

Of late, Hippo signalling has emerged as a major pathway by which cells 
sense the biomechanical context of their respective microenvironment.81

Consistently, we observed increased nuclear abundance of the Hippo 
pathway transcriptional co-activator YAP1 in SMCs of LHD patients, lead
ing us to hypothesize that the remodelled and stiffened endothelial ECM 
induces SMC migration and/or proliferation via mechanosensitive Hippo 
signalling, ultimately resulting in SMC hyperplasia. YAP1 activation in PA 
SMCs has previously been implicated in PA remodelling in PAH,82,83 yet 
its role in PH-LHD and its relationship to BM remodelling have not been 
addressed. In subsequent experiments, we established a mechanistic link 
between endothelial ECM remodelling and stiffening and SMC migration 
and proliferation via YAP1 activation. Specifically, we show that (i) dECM 
produced by ECs of LHD w/o PH and PH-LHD patients activates YAP1 
and concomitantly promotes migration and proliferation of healthy and 
LHD w/o PH SMCs, while (ii) dECM produced by ECs of healthy donors 
reduces YAP1 activation and normalizes migration and proliferation rates 
in PH-LHD SMCs; (iii) the effects summarized in (i) could be replicated by 
culturing SMC on stiffer matrices, yet (iv) migration and proliferation of 
SMCs derived from healthy, LHD w/o PH, or PH-LHD patients cultured 
on dECM produced by ECs from LHD w/o PH or PH-LHD patients 
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Figure 6 YAP1 inhibition attenuates SMC proliferation and migration in PH-LHD. A, Representative confocal microscopic images show collagen IV (COL4) 
immunostaining in PAs of sham and AoB rats. SMCs are identified by immunostaining for α-smooth muscle actin (SMA); nuclei are visualized by DAPI staining. B, 
Bar graphs (mean + SD) show quantification of COL4-positive BM area, and length of COL4-negative gaps relative to the length of the vascular lumen in PA 
samples of sham (n = 7) and AoB (n = 9) rats. C, Bar graph (mean + SD) shows quantitative analysis of nuclear YAP1/SMC in primary PA SMCs isolated from 
sham rats (n = 4), AoB rats (n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoB + VP, n = 4), with corresponding rep
resentative images shown in panels F and G. D and E, Bar graphs (mean + SD) show in vitro wound-healing assay performed on PA SMCs isolated from sham rats 
(n = 4), AoB rats (n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoB + VP, n = 4) at 0 and 8 h after making a scratch, with 
quantitative analysis of the rate of cell migration, as well as quantitative analysis of Ki67+ nuclei in primary PA SMCs isolated from sham rats (n = 4), AoB rats 
(n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoB + VP, n = 4), respectively. F and G, Representative immunostaining for 
YAP1 in primary PA SMCs isolated from sham rats (n = 4), AoB rats (n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoB  
+ VP, n = 4) with nuclei counterstained by DAPI. H–I Representative bright field microscopic images of in vitro wound-healing assay performed on PA SMCs
isolated from sham rats (n = 4), AoB rats (n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoB + VP, n = 4) at 0 and 8 h 
after making a scratch. J and K Representative confocal microscopic images showing an immunostaining for Ki67 in primary PA SMCs isolated from sham rats (n  
= 4), AoB rats (n = 4), sham rats treated with VP (Sham + VP, n = 4), and AoB rats treated with VP (AoV + VP, n = 4) with nuclei counterstained by DAPI, 
respectively. Scale bars at 20 µm (A), 50 µm (F and G), and 150 µm (F, G, J, and K ), respectively. Statistics: Mann–Whitney U test (B), Kruskal–Wallis test 
with Dunn’s corrections for multiple comparisons (C–E); P-values for statistical significance are given; n.s., not significant.
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were normalized by YAP1 inhibition. Collectively, these findings demon
strate that PA ECs in LHD produce an altered, stiffened ECM that pro
motes SMC migration and proliferation via YAP1 activation. This 
signalling pathway may represent an important novel pathomechanism 
by which changes in the endothelial-derived ECM drive PA SMC hyperpla
sia in PH-LHD.

It is important to recognize that in response to matrix stiffening and/or 
hemodynamic changes characteristic of PH-LHD, multiple mechanosensi
tive signalling pathways may be activated—either in parallel, sequentially, or 
synergistically—and contribute to pulmonary vascular remodelling. In add
ition to YAP1, several other mechanotransducers have been implicated by 
us and others in related vascular pathologies and may be similarly relevant 
in PH-LHD including Piezo1,84 Twist1,85 or myocardin-related transcrip
tion factor A (MRTF-A).86 As such, it is to be expected that the mechan
osensitive landscape in PH-LHD is complex and involves multiple 

interconnected pathways that drive vascular remodelling in response to 
the altered mechanical environment in PH-LHD.

Another important consideration relates to the substantial spatial het
erogeneity of both vascular cell phenotypes and PH-LHD related changes 
in biomechanics (including e.g. ECM remodelling and stiffening, pulsatile 
pressure, and shear stress) along the length of the pulmonary arterial 
tree. For example in PH-LHD, the BM becomes excessively fibrotic and 
stiffened in proximal PAs, yet fragmented and leaky in distal arteries.87

Similarly, ECs and SMCs exhibit significant phenotypic diversity along the 
PA tree and spatial borders between these phenotypes undergo further 
shifts in PH.88 Spatial heterogeneity also applies to mechanical forces, 
with proximal PAs experiencing higher pulse pressures distal vessels 
more variable shear stresses. As a result of these spatial heterogeneities, 
caution is warranted when extrapolating findings from main conduit PAs 
to the more distal pulmonary vasculature.

Finally, we probed for the emerging recognition of YAP1 as a potential 
therapeutic target to counteract PA SMC hyperplasia in PH-LHD in a pre
clinical rat model of AoB-induced PH-LHD. This model replicates the fea
tures of endothelial BM remodelling observed in human LHD PAs, 
including YAP1 activation and increased SMC migration and proliferation. 
Treatment with VP mitigated several of these pathological features. 
Specifically, VP reduced nuclear YAP1 levels in SMCs from AoB rats 
and attenuated their enhanced migratory capacity to a level similar to 
the sham-vehicle group. Given that VP is already clinically approved as a 
photosensitizer for abnormal retinal vessels (e.g. in macular degeneration), 
it may represent a potent and readily implementable therapeutic strategy 
for the prevention or treatment of PH in LHD patients.

4.3 Study limitations
This study has several limitations that should be considered. First, the ana
lysis of human PA tissue was limited to specimens from the PA trunk, as this 
is the only vascular tissue that can be routinely harvested during heart 
transplantation. Consequently, all human and rat pulmonary vascular cells 
used in this study were isolated from the main PA. While this approach en
sures consistency and accessibility of vascular cell sources, it does not fully 
capture the cellular and structural heterogeneity, nor the potential differ
ences in mechanical stimuli along the pulmonary arterial tree. Therefore, 
our findings should be interpreted with the understanding that the magni
tude or nature of pulmonary vascular remodelling in the main PA may differ 
from processes in the distal PAs.

Second, while our data indicate that ECs from LHD w/o PH and, to a 
greater extent, PH-LHD patients deposit an ECM with increased stiffness 
and enriched with fibrillar collagens, these results should be interpreted 
with caution. In vitro-produced ECM may not fully reflect the in vivo BM top
ography, as BM remodelling, particularly degradation, in PH-LHD may also 
be influenced by other vascular cell types.

Third, the cross-sectional design of our study does not allow for defini
tive conclusions regarding the temporal sequence of pathological events in 
the development of PH-LHD. While observed phenotypes, such as BM re
modelling, dECM stiffening, altered SMC functions, and intimal hyperplasia 
may indicate a sequential progression of pathological remodelling from 
LHD w/o PH to PH-LHD, this hypothesis requires confirmation by longi
tudinal studies.

Fourth, our work focused on elucidating the communication between an 
altered endothelial ECM and adjacent SMCs, while the specific pathome
chanisms underlying BM remodelling in LHD remain to be fully understood. 
Lastly, we highlight ECM stiffening as a cause for YAP1 activation and sub
sequent SMC responses; however, additional biochemical signals, such as 
bioactive ECM degradation products (matrikines)8 or other secreted fac
tors, may also contribute or synergistically interact with biomechanical ef
fects in ECM-to-SMC signalling. Analogously, mechanical stimuli acting 
upon the pulmonary vasculature in PH-LHD, such as increased pressure, 
altered shear stress, or ECM remodelling and stiffening may activate add
itional mechanosensitive signalling pathways that operate in parallel, se
quentially, or synergistically with YAP1 to regulate pulmonary vascular 
remodelling. While we recognize the probable complexity of the 

Figure 7 Proposed role of endothelial ECM remodelling in SMC hyper
plasia in PH-LHD. Schematic depicts remodelling of the endothelial- 
derived ECM resulting in a stiffened ECM that activates YAP1 in SMCs, 
thus promoting their migration and proliferation and, as such, SMC hyper
plasia in PH-LHD. YAP1 inhibition by VP normalizes PA SMC migration 
and proliferation both in vitro and in vivo.
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mechanosensitive landscape in PH-LHD, the detailed dissection of these 
pathways was beyond the scope of the present study.

Fifth, due to sex-specific differences in growth rate, AoB results in differ
ent rates of aortic constriction in male and female rats, leading to divergent 
PH-LHD phenotypes over time as described in the Methods section. 
Within the current experimental framework, the female model could 
hence not be used for pharmacological intervention studies or for investi
gating potential sex-specific differences in PH-LHD.
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