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Abstract
Rationale: Pulmonary endarterectomy (PEA) resected material offers a unique opportunity to develop an
in vitro endothelial cell model of chronic thromboembolic pulmonary hypertension (CTEPH). We aimed to
comprehensively analyze the endothelial function, molecular signature and mitochondrial pro�le of
CTEPH-derived endothelial cells to better understand the pathophysiological mechanisms of endothelial
dysfunction behind CTEPH, and to identify potential novel targets for the prevention and treatment of the
disease.

Methods: Isolated cells from specimens obtained at PEA (CTEPH-EC), were characterized based on
morphology, phenotype and functional analyses (in vitro and in vivo tubule formation, proliferation,
apoptosis, and migration). Mitochondrial content, morphology, and dynamics, as well as high-resolution
respirometry and oxidative stress, were also studied.

Results: CTEPH-EC displayed a hyperproliferative phenotype with an increase expression of adhesion
molecules and a decreased apoptosis, eNOS activity, migration capacity and reduced angiogenic
capacity in vitro and in vivo compared to healthy endothelial cells. CTEPH-EC presented altered
mitochondrial dynamics, increased mitochondrial respiration and an unbalanced production of reactive
oxygen species and antioxidants.

Conclusions: Our study is the foremost comprehensive investigation of CTEPH-EC. Modulation of redox,
mitochondrial homeostasis and adhesion molecule overexpression arise as novel targets and biomarkers
in CTEPH. 

1. Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a severe cause of pulmonary hypertension
(PH)[1], de�ned by increased mean pulmonary artery pressure associated to non-resolved thrombotic
lesions in pulmonary arteries after anticoagulant therapy[2]. It is a progressive disease with signi�cant
burden in terms of severity and prevalence[1, 3]. CTEPH may develop in 3–4% of cases after an acute
pulmonary embolism and is mostly underdiagnosed[4]. Chronic obliteration of pulmonary arteries by the
presence of a intraluminal organized thrombi, produces a gradual increase in pulmonary vascular
resistance (PVR), leading to right ventricular failure and death[5]. The pathogenesis of CTEPH, the
mechanisms leading to the lack of thrombus resolution and the development of peripheral vasculopathy
are still unknown. A better understanding of how pulmonary endothelial dysfunction contributes to the
pathogenesis of CTEPH might improve the therapeutic management of the disease.

Pulmonary endarterectomy (PEA), which consists in the surgical removal of the occluding
thromboembolic material from pulmonary arteries, is the treatment of choice for CTEPH[6]. PEA provides
symptomatic, hemodynamic and prognostic bene�t[1, 7]. However, up to 50% of patients are not eligible
for surgery and up to 35% of operated patients show persistent or residual PH[8].
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Endothelial dysfunction is believed to be an initial and essential step in the onset and progression of
pulmonary arterial hypertension (PAH)[9]. It remains elusive whether or not endothelial dysfunction exists
in CTEPH. No well characterized biomarkers for endothelial dysfunction have been identi�ed and/or
translated into the clinical practice as useful tools to detect its presence and severity in CTEPH. In 1973
Moser and Braunwald, examining the histopathological features of PEA specimens, found distinct vessel
abnormalities such as media thickening and increased intimal cell proliferation[10]. Recently, it has been
shown that CTEPH pulmonary arteries presented abnormal vascular responses to acetylcholine[11].

In this study, we hypothesized that CTEPH-pulmonary endothelial cells (ECs) are dysfunctional enhancing
the development and progression of CTEPH. Intravascular occluding material extracted during PEA offers
a unique opportunity to evaluate patient-speci�c ECs at the disease site. Accordingly, we aimed to
develop an in vitro EC model of CTEPH to determine its functional characteristics, molecular signature
and mitochondrial pro�le and to identify potential key targets and molecular pathways for CTEPH
prevention and treatment.

2. Materials And Methods
An expanded material and methods section is available in the Online document.

2.1 Subjects
Subjects with CTEPH diagnosed per current guidelines[12], who underwent PEA at the Hospital Clinic of
Barcelona, Spain were enrolled. Patient characteristics are shown in Online Table 1.

2.2 Morphometric and histological assessments
PEA resected material (Online Fig. 1) was �xed and stained. Cellular markers were analyzed by
immunohistochemistry as described[13]. On the other hand, PEA material was digested, stained and
analyzed by �ow cytometry. The antibodies used are listed in Online Table 2.

2.3 Primary cell cultures
Isolated ECs (CTEPH-EC) were obtained from PEA specimens. Human pulmonary artery smooth muscle
cells (SMCs), human lung microvascular ECs (HMVEC-L) and human pulmonary artery ECs (HPAE) were
used as control cells (Lonza).

2.4 Cell characterization
Cells were directly analyzed by �ow cytometry and immuno�uorescence for phenotypic expression and
proliferation. Total RNA and protein extraction were performed following manufacturer’s instructions.
Primer sequences and antibodies are listed in Online Table 2–3.

2.5 Cell Growth Kinetics and cell viability
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Fold expansion/day was measured as number of �nal cells divided by the number of seeded cells/days
of culture. Cellular viability was determined using Vybrant® MTT Cell Proliferation Kit (ThermoFisher
Scienti�c). For clonogenic assays, single cells were plated in a 96-well plate and cultured as previously
described[14]. Cells were also loaded into the xCELLigence device following manufacturer’s instructions
to measure cell proliferation. Cellular circumference, area and diameter were measured using ImagePro
Plus image analysis software.

2.6 Tube formation assay and wound healing
ECs were seeded in an ibiTreat µ-Slide Angiogenesis (Ibidi) following manufacturer’s instructions. 3D
microvascular networks (µVN) were obtained by a micro�uidic approach. Wound closure was expressed
as % of wound healed divided by area and width of original wound.

2.7 Subcutaneous sponge implantation assay for in vivo
vascularization
Non-obese diabetic (NOD-SCID)-IL-2 gammaRnull mice were used. Each animal had a control vehicle-
impregnated sponge implanted on one �ank and cell-impregnated sponge on the other �ank. Sponges
were excised 21 days following implantation, �xed and stained for identi�cation of blood vessels. All
procedures were conducted in compliance with the ARRIVE guidelines following the European Directive
2010/63/UE and the Spanish RD 53/2013 regulations related to the Guide for the Care and Use of
Laboratory Animals. The study protocol was approved by the Animal Experimentation Ethics Committee
of the University of Barcelona (DAAM 10028).

2.8 Electron microscopy
CTEPH-EC or HPAE were �xed with 2.5% (w/v) glutaraldehyde in 0.1M cacodylate buffer. Cell pellets were
stored and analyzed by the technologic center of University of Barcelona.

2.9 High resolution respirometry
CTEPH-EC or HPAE were resuspended in MiR05 medium and introduced into Oxygraph-2k (Oroboros
Instruments). Endogenous cell respiration and complex I-IV analysis using speci�c substrates and
inhibitors were performed (detailed in Online Table 4).

2.10 Mitochondrial morphology and content
Mitochondrial morphology and content was determined using confocal microscopy and MitoTracker
green following manufacturer´s instructions.

2.11 Detection of oxidative stress

Cellular and mitochondrial oxidation was measured using cell-permeant CellROX™ and MitoSOX
(ThermoFisher Scienti�c). Total oxidized proteins were measured with the Oxyblot Protein Oxidation Kit
(Merck Millipore) following manufacturer's instructions.
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2.12 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7. Data are shown as mean ± SD. Independent
samples were analyzed using Mann-Whitney-U-test, One-way ANOVA with Tukey´s post-hoc test or non-
parametric analysis of variance Kruskal-Wallis test with a Dunn´s post-hoc multiple comparison test.
Spearman rank correlation coe�cient was used as a hypothesis test to study the dependence between
two random variables. Statistical signi�cance was assumed if P ≤ 0.05 (for a con�dence interval of a = 
95%).

2.13 Ethical statement.

The study was conducted in accordance with the Declaration of Helsinki, was approved by the Committee
on Human Research of our institution and all subjects gave written informed consent.

3. Results

3.1 Histological assessment of resected specimens at
pulmonary endarterectomy.
Hematoxylin/eosin (H/E) and orcein staining of PEA resected specimens are shown in �gure-1A-B. Figure-
1C shows an intima layer, expressing endothelial markers, a small compact alpha smooth muscle actin
(α-SMA) positive media layer and an enlarged α-SMA negative remodeled intima (neointima) occupying
on average 89.2 ± 3.9% of the total width of the specimen (Online Table 5). Figure-1D illustrates the
presence of mature microvessels within the neointima positive for endothelial markers surrounded by a
layer of α-SMA positive cells. The average number of microvessels/mm2 per specimen was 47.5 ± 14.2
(Online Table 5). The H/E staining of the non-resolved thrombus shows a �brous structure with no cells
(DAPI negative) (Fig. 1E-F). Flow cytometry analysis of disaggregated PEA specimens showed a cellular
average of 11.1% CD45+, 11.8% α-SMA+, 6.7% CD34+, 4.9% CD144+, 10.9% CD31+ among others (n = 20)
(Online Table 5).

3.2 Isolation and characterization of ECs from PEA material.
ECs were obtained from fresh PEA resected specimens (46% e�ciency). Colonies emerged after 7–20
days in culture and continued to proliferate to form a con�uent monolayer (Fig. 2A). CTEPH-EC had
cobblestone morphology, typical of ECs (Fig. 2A). CTEPH-EC strongly expressed endothelial surface
antigens comparable to HPAE (> 75% for all). This phenotype was maintained throughout cell culture.
CTEPH-EC were negative for calponin and α-SMA (< 0.1%) (Fig. 2B-C). Cells also stained positive for
endothelial nitric oxide synthase (eNOS) and with localized cytoplasmic granular organelles (Weibel-
Palade bodies) (Fig. 2C). CTEPH-EC were con�rmed to be ECs at mRNA and protein level (Fig. 3A-C).
CTEPH-EC showed an increased expression level of VE-cadherin, CD31, Ang1, vWF, ICAM-1, CD44 and
VCAM-1 expression levels compared to HPAE. CTEPH-EC showed signi�cant reduction in eNOS and
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caveolin-1 expression at mRNA levels compared to HPAE (Fig. 3A-B). The levels of VEGF-A and Ang2 were
not signi�cantly different between CTEPH-EC and HPAE (Fig. 3A). Additionally, whereas homeobox-(HOX)-
containing genes HOXD3, HOXD8 and HOXD9 were highly expressed in HMVEC-L, they were virtually non-
expressed in both macrovascular HPAE and CTEPH-EC (Fig. 3D).

3.3 CTEPH-EC showed a hyperproliferative phenotype.
Proliferative capacity was assessed by quantifying the fold cell expansion/day. Growth of CTEPH-EC was
consistently enhanced and showed a greater area under the curve compared to HPAE (9.66 ± 2.54 vs 4.4 
± 0.2 respectively) (Fig. 4A). CTEPH-EC grew for > 10 passages versus HPAE that lost growth potential
around passage 10 (Fig. 4A). CTEPH-EC showed a signi�cantly longer viability at late passages (Fig. 4B).
CTEPH-EC had increased number of Ki-67+ cells (Fig. 4C), higher clonogenic potential (Fig. 4D), and
greater cell proliferation compared to HPAE at late passages (Fig. 4E).

3.4 CTEPH-EC showed resistance to apoptosis.
Compared to HPAE, CTEPH-EC showed a signi�cant reduction of caspase-3, -8, -9 expression levels
(Fig. 5A). mRNA expression levels of Bcl2, p53 and p21 remained unchanged (Online Fig. 2). Cellular
circumference, area and diameter of CTEPH-EC at late passage was reduced compared to HPAE,
consistent with a more immature and proliferative cellular phenotype (Fig. 5B).

3.5 CTEPH-EC showed reduced angiogenic capacity.
Both CTEPH-EC and HPAE formed tube-like structures on a Matrigel® and on 3D �brin hydrogel
membrane matrix (Fig. 6A-B, and online video 1–2). Quanti�cation of cell-cell connections and tube
length showed reduced angiogenic potential of CTEPH-EC compared to HPAE (Fig. 6A-B). CTEPH-EC also
displayed reduced recovery capacity in wound healing assay (Fig. 6C). In vivo, we examined the
spontaneous vascularization of subcutaneously implanted sponge embedded with CTEPH-EC and HPAE.
Quanti�cation of number of vessels showed a signi�cant reduction in growth of new vessels in CTEPH-
EC loaded sponges compared to HPAE (Fig. 6D). There was no signi�cant difference in spontaneous
vascularization between control sponges (Matrigel only) and sponges with CTEPH-EC (5.8 ± 2.3 vs 6.48 ± 
3.1 respectively). The expression levels of Notch related genes/proteins did not differ between CTEPH-EC
and control cells (Online Fig. 3).

3.6 Mitochondrial abnormalities in CTEPH-EC.
Electron microscopy of cultured CTEPH-EC showed irregular mitochondrial structure (inner membranes
and cristae) compared to healthy HPAE (Fig. 7A). The number of mitochondria per cell area and
mitochondria circularity did not differ between CTEPH-EC and HPAE (Online Fig. 4A-B). Aspect ratio or
mitochondrial elongation parameters were also comparable between the two groups (Online Fig. 4C).
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Mitochondrial content assessed by MitoTracker green and by mt12SrRNA gene/nRNAseP nuclear gene
ratio did not differ between the two groups (Online Fig. 4D-E).

Oxygen consumption, measured by high resolution respirometry, was increased in CTEPH-EC compared
to HPAE. Both endogenous cell respiration (basal), as well as maximum respiratory capacity were
increased (Fig. 7B). To explore whether increased basal and maximum respiration were related to a
speci�c complex of the mitochondrial respiratory chain (MRC), we further explored each MRC complex
through stimulation or inhibition with speci�c substrates. All oxidative activities were increased in CTEPH-
EC compared to control cells, reaching statistical signi�cance for complex-I and-II (Fig. 7B). Finally,
signi�cant increase in proton leakage was observed in CTEPH-EC suggesting uncoupling leakage as the
main causative factor for the oxidative alterations (Fig. 7B).

3.7 CTEPH mitochondrial fusion/�ssion.
Mitochondrial dynamics in HPAE and CTEPH-EC were analyzed by studying both fusion and �ssion
processes. All fusion genes studied (MFN1, MFN2 and OPA1) showed a signi�cant downregulation in
CTEPH-EC compared to HPAE (Fig. 7C). Fission related gene Drp1 remained unchanged (Fig. 7C). These
results were also shown at protein level (Fig. 7D).

3.8 CTEPH-EC showed high levels of oxidative stress.
Direct measurement of total ROS levels showed no difference between the two cell lines (Fig. 8A). Oxyblot
assay for immunodetection of carbonyl groups showed a signi�cant upregulation of oxidized proteins in
CTEPH-EC compared to HPAE (Fig. 8B). Increased levels of oxidized proteins were also seen in serum of
CTEPH patients compared to healthy controls (Fig. 8B). Superoxide dismutase-2 (SOD2) expression at
both mRNA and protein levels was signi�cantly reduced in CTEPH-EC compared to HPAE (Fig. 8C).
Superoxide dismutase-1 (SOD1) expression levels showed no signi�cant difference between the two
groups (Fig. 8C). Additionally, levels of 8-hydroxyguanosine (8-OHdG), a biomarker of DNA damage, were
abundant in PEA samples (Fig. 8D).

3.9 CTEPH-EC correlation with clinical data.
Patient’s characteristics are summarized in Online Table 1. CTEPH patients studied had a mean age of
62.5 ± 6.5 years old and gender matched. Signi�cant dysfunctional characteristics found in CTEPH-EC
were related with clinical risk parameters. Higher expression levels of VCAM-1 in CTEPH-EC were
associated with higher pulmonary vascular resistance (PVR) (Online Fig. 5A). Lower CTEPH-EC eNOS
mRNA levels were observed in patients classi�ed in worst World Health Organization functional
classi�cation (WHO-FC) (Online Fig. 5B).

4. Discussion
In this study, we isolated endothelial cell lines from material collected at PEA, and generated an in vitro
model of endothelial pathology in CTEPH. CTEPH-EC presented an abnormal hyperproliferative
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phenotype, a reduced angiogenic capacity and eNOS expression, a dysregulated mitochondrial function,
and an overexpression of key adhesion molecules.

Isolation and characterization of CTEPH-EC. CTEPH-EC showed typical cobblestone morphology and
stained positive for a wide range of endothelial markers and negative for muscular or hematopoietic
markers. Our results indicate that isolated CTEPH-EC are positive for the macrovascular homeobox-
containing (HOX) genic pattern excluding the possibility of a peripheral microcirculation origin. HOX
genes are well conserved among mammalian species and good predictors of EC identity[15]. Toshner et
al., identi�ed a differential expression of certain HOX genes between lung microvascular ECs and
pulmonary artery macrovascular ECs[15].

It has been recently shown, that ECs derived from patients with PAH (PAH-EC) have an hyperproliferative
and an apoptosis-resistant phenotype contributing to the progression of the disease[16]. In this study, we
showed that CTEPH-EC also grew at a consistently faster rate and presented higher number of Ki-67+

cells when compared to healthy endothelial cells. This result is in line with a recent publication by Naito et
al in which they showed greater proliferative potential of CTEPH-EC[17]. In this study, we additionally
demonstrated that CTEPH-EC had a signi�cantly higher clonogenic potential and could survive for many
more cell culture passages without losing their proliferative potential and phenotype. As reported for PAH-
EC, CTEPH-EC also presented a signi�cant decrease in apoptotic caspase related genes compared to
controls. However, the expression of survival factors such as Bcl2 or tumorigenic-associated genes p53
and p21 did not differ between patient and control cells. Additionally, CTEPH-EC maintained a smaller cell
size consistent with a less differentiated phenotype. Altogether, these results strongly support that
CTEPH-EC present a more viable, proliferative phenotype compared to pulmonary ECs derived from
healthy subjects.

CTEPH-EC overexpression of adhesion molecules. CTEPH-EC showed a signi�cant increase in expression
of adhesion molecules (CD31, VCAM-1, ICAM.1, CD44) compared to healthy HPAE cells. Several studies
have shown the role of CD31 in modulating apoptosis and cell growth under stress conditions[18].
Cheung et al., showed that in response to apoptotic stimuli, CD31 engages a pro-survival pathway that in
some cancers in�uences tumor immuno-resistance[19]. Tsuneki et al., showed that CD44 could regulate
endothelial proliferation and apoptosis by modulating the expression of CD31 and VE-cadherin[20]. The
increased expression of adhesion molecules in CTEPH-EC suggests a possible correlation with CTEPH-EC
pro-survival characteristics. Indeed, Ataam et al., has recently suggested the important role of ICAM-1
overexpression in regulating abnormal EC growth via phosphorylation of downstream effectors such as
SRC, p38, ERK[21]. Targeting adhesion molecules as early indicators of endothelial dysfunction deserves
further study to restore endothelial function in CTEPH.

CTEPH-EC function. Functionally, CTEPH-EC had reduced capacity to form tube-like structures and
decreased migration capacity in response to wounding. In agreement with this, studies reported an
impairment of angiogenesis in CTEPH patients. Alias et al., showed a downregulation of mRNA levels of
VEGFR2 in PEA specimens[22]. Also, Zabini et al., reported that homogenized PEA specimens contained
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several cytokines that inhibit angiogenesis[23]. We comprehensively assessed angiogenesis,
demonstrating that the formation of tubular structures by CTEPH-EC is functionally impaired both in vitro
and in vivo. Additionally, our results also demonstrate reduced cellular migration in CTEPH-EC compared
to control cells. CD31 overexpression has been shown to inhibit migration of ECs through a PECAM-1/γ-
catenin/desmoplakin/vimentin mechanism[18]. Overexpression of adhesion molecules in CTEPH-EC
could signi�cantly affect their angiogenic potential, migration and contribute to the thrombogenic
response and vessel wall remodeling.

Mitochondrial dysfunction in CTEPH-EC. Endothelial metabolism is closely linked to EC function[24].
Accordingly, a better understanding of the metabolic changes in CTEPH-EC is a crucial step in resolving
CTEPH pathogenesis. It has been shown that PAH-EC have an altered mitochondrial-metabolic phenotype
with a metabolic shift towards glycolysis and an increased mitochondrial fusion/�ssion
imbalance[25].Compounds stimulating TCA cycle are under investigation for PAH treatment [26, 27]. The
question is whether such molecules could also be applied to CTEPH patients. Our results show that
fusion regulatory GTPases MFN1, MFN2 and OPA1 were downregulated in CTEPH-EC compared to
control cells. However, unlike in PAH-EC, �ssion regulatory protein DRP1 was not changed.
Downregulation of MFN2 in CTEPH-EC indicates mitochondrial unbalance and damage.

On the other hand, our electron microscopy results showed abnormal mitochondria with irregular inner
membrane and cristae in CTEPH-EC. Cristae shape determines the assembly and stability of respiratory
chain super-complexes, impacting mitochondrial respiratory e�ciency[28]. In our study, CTEPH-EC
displayed increased mitochondrial respiration activity in all the respiratory chain complexes. Increased
oxygen consumption could be due to a rise of mitochondrial mass or due to proton leakage. As we did
not �nd an increase in number of mitochondria, we imply the observed uncoupling leakage as main
causative factor for oxidative alterations in CTEPH-EC. In agreement with these results we con�rmed the
presence of higher levels of mitochondrial reactive oxygen species (mROS) production in CTEPH-EC.
Taken together, our results show that CTEPH-EC mitochondria are dysfunctional with a fusion/�ssion
imbalance, an increased mitochondrial respiration and uncoupling leakage. Such mitochondrial
dysfunction is signi�cantly different from the imbalance previously reported in PAH-EC. This
acknowledges different mitochondrial dynamics between PAH and CTEPH needed to be taken into
account for future therapeutic strategies[25].

Oxidative stress. Higher levels of protein carbonyl groups and 8-OHdG, indicators for the oxidative status
of proteins and DNA damage, were observed in CTEPH-EC in comparison to healthy ECs. Oxidative stress
is caused by elevated ROS production or reduced cellular detoxi�cation[29]. Antioxidant enzyme SOD2 is
�rst line of defense against superoxide accumulation and cell death[29, 30]. In PAH levels of SOD2 are
downregulated causing ionic dysregulation and downstream pulmonary vasoconstriction[31]. Our results
show that SOD2 mRNA and protein levels are also signi�cantly downregulated in CTEPH-EC. Epigenetic
attenuation of SOD2 could be one of the keys behind CTEPH-EC dysfunctionalities.
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Decreased eNOS activity has also been associated with mitochondrial impairment and dysregulated
angiogenesis in PH[32]. In agreement with these �ndings, our study showed that increased levels of
mROS in CTEPH-EC were accompanied by a signi�cant reduction in eNOS and caveolin-1 expression.
Understanding the underlying signaling in oxidative/nitrative stress-induced pathways in CTEPH, merits
further attention [33].

Correlation with clinical features. Signi�cantly, eNOS and VCAM-1 mRNA levels were related with clinical
risk parameters. Higher expression levels of the adhesion molecule VCAM-1 were observed in patients
with higher levels of pulmonary vascular resistance and lower CTEPH-EC eNOS mRNA levels were
associated with patients classi�ed in worst WHO-functional class. eNOS and VCAM-1 patient levels
merits further investigation as potential predictive and diagnostic tools in CTEPH.

Limitations. The use of primary cell cultures involves involuntary selection of cells with the highest
growth potential. To minimize this limitation, all CTEPH-EC were isolated strictly following the same
protocol and all experiments were carried out in early passage cells (unless otherwise stated). We
con�rmed that CTEPH-EC derived from material collected at PEA are dysfunctional. However, it is not
possible to conclude that functional differences found in CTEPH-EC are a primary cause or a secondary
consequence to the haemodynamic perturbations caused by the pulmonary vascular obstruction. Further
studies would need to be designed to answer this speci�c subject.

Conclusions And Future Perspectives
Our study forms the largest comprehensive investigation of isolated CTEPH-EC. We developed an in vitro
CTEPH-derived endothelial cell model to evaluate its endothelial status and we showed that endothelial
dysfunction is central to the pathogenesis of CTEPH. CTEPH-EC isolated from PEA specimens present
marked dysfunctionalities in vitro and in vivo. We have identi�ed several novel molecular pathways likely
to in�uence thrombus stabilization, vessel wall remodeling and development of CTEPH. Modulation of
oxidative/nitrative stress, mitochondrial homeostasis and adhesion molecules deserves further study to
underpin disruptive signaling molecules as potential new targets and biomarkers in CTEPH.
Understanding the molecular �ngerprint of endothelial dysfunction in CTEPH offers opportunities to �nd
new therapeutic targets and biomarkers to develop an effective personalized disease management and
increase life-expectancy.
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Figure 1

PEA samples. A-B) Specimens collected during PEA from CTEPH patients were stained by hematoxylin
and eosin and stained for elastin by orcein stain. C) PEA samples presented an intact endothelium as
shown by endothelial markers CD31 and vWF, an enlarged α-SMA negative neointima and an α-SMA
positive organized media. D) PEA samples showed the presence of mature microvessels. E-F) Coagulant
material showed a �brous structure lacking cells.
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Figure 2

CTEPH-EC characterisation. A) Images showing expansion of CTEPH-EC isolated from PEA specimen, i)
minced PEA material, ii) endothelial colony at day 10, iii) day 14 and iv) con�uent CTEPH-EC. B)
Representative �ow cytometry histograms of HPAE, CTEPH-EC and smooth muscle cells (SMC) labelled
with antibodies against endothelial surface makers (CD31, UEA-1, vWF, VE-CAD, eNOS) and muscular
markers (α-SMA and calponin) (n=10). C) HPAE, CTEPH-EC, and SMC were immune-labelled with
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antibodies against endothelial makers (CD31, UEA-1, vWF, VE-CAD, eNOS) and muscular markers (α-SMA
and calponin) (n=10). Nuclei were counterstained using DAPI (blue) x10 magni�cation.

Figure 3

Expression of cell-speci�c markers in CTEPH-EC. A) CTEPH-EC presented endothelial markers at the
mRNA level and were negative for muscular markers (myocardin). CTEPH-EC, p<0.05*, p<0.1**,
p<0.001***, Mann–Whitney U test, values expressed as mean ± SD. B) CD31, eNOS, vWF and Cav-1
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protein levels in CTEPH-EC compared to HPAE. p<0.05*, Mann–Whitney U test, values expressed as mean
± SD. C) Protein levels of VCAM-1 in CTEPH-EC compared to HPAE. p<0.05*, Mann–Whitney U test, values
expressed as mean ± SD. D) CTEPH-EC and HPAE expression levels of HOXD3, -8 and -9 compared to
HMVEC-L. p<0.0001****, One-way Anova, values expressed as mean ± SD.

Figure 4
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Proliferation capacities of CTEPH-EC. A) Proliferative capacity of CTEPH-EC as population doubling time.
B) Viability of CTEPH-EC compared to HPAE evaluated by MTT assay, p<0.05*, p<0.001***, Mann–
Whitney U test, values expressed as mean ± SD. C) Clonogenic potential of CTEPH-EC expressed in
percentage, p<0.05*, Mann–Whitney U test, values expressed as mean ± SD. D) Quanti�cation and stain
of proliferative marker Ki-67 in CTEPH-EC and HPAE at different passages, p<0.05*, p<0.01**, Mann–
Whitney U test, values expressed as mean ± SD. E) Cellular adhesion of CTEPH-EC compared to HPAE.
CTEPH-EC.
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Figure 5

Apoptosis in CTEPH-EC. A) mRNA expression pro�le of apoptotic markers caspase-3, -8 and -9 in CTEPH-
EC compared to HPAE. p<0.05*, Mann–Whitney U test, values expressed as mean ± SD. B) Cellular
perimeter, area, and diameter of CTEPH-EC and HPAE measured at different passages. p<0.05*,
p<0.0001****, Mann–Whitney U test, values expressed as mean ± SD.

Figure 6
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Functional characterisation of CTEPH-EC. A) In vitro angiogenic potential of CTEPH-EC quanti�ed by the
number of branching points, tube length, cell covered area and number of loops. Representative pictures
of spontaneous tube formation in HPAE and CTEPH-EC, p<0.05*, p<0.01**, Mann–Whitney U test, values
expressed as mean ± SD. B) Quanti�cation of cell connections and geometrical features measured at 24,
72 and 120 hours and representative pictures of HPAE and CTEPH-EC. p<0.05*, p<0.05*, Mann–Whitney
U test values expressed as mean ± SD. C) Migration capacity of CTEPH-EC and HPAE in the wound
healing assay. Percentage of wound closure is measured at 8, 24, 32 and 48 hours and plotted as the
percentage of closure over the average area of width. Representative pictures of wound closure at 0 hours
and 24 hours in HPAE and CTEPH-EC, p<0.01**, Mann–Whitney U test at 8h, 24h, 32h and 48h, values
expressed as mean ± SD. D) In vivo angiogenic potential of CTEPH-EC- and HPAE-embedded sponge
pellets quanti�ed by the number of vessels in the sponge sections. Representative pictures of vessels in
sponges embedded with HPAE and CTEPH-EC. p<0.02*, Mann–Whitney U test, values expressed as mean
± SD.
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Figure 7

Mitochondria in CTEPH-EC. A) Visualization of the mitochondrial structure of cultured CTEPH-EC and
HPAE by electron microscopy. B) Oxygen consumption was measured in CTEPH-EC and HPAE by high-
resolution respirometry. Contribution of the individual complexes of the mitochondrial respiratory chain to
total cellular respiration was determined by the use of substrates or inhibitors of speci�c mitochondrial
respiratory chain complexes. At last, proton leak was measured in CTEPH-EC and HPAE. p<0.05*, Mann–
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Whitney U test, values expressed as mean ± SD C-D) mRNA expression and protein expression of fusion
(MFN1, MFN2, and OPA1) and �ssion (DRP1) related modulators in CTEPH-EC and HPAE. CTEPH-EC,
p<0.05*, p<0.01**, Mann–Whitney U test, values expressed as mean ± SD.

Figure 8

Oxidative stress in CTEPH-EC. A) ROS levels in CTEPH-EC and HPAE were visualized by �uorogenic dye
MitoSOX (red) and CellROX (green). p<0.003**, Mann–Whitney U test, values expressed as mean ± SD. B)
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Oxidation status of proteins in CTEPH-EC, HPAE, patient serum and serum from healthy volunteers.
p<0.05*, Mann–Whitney U test, values expressed as mean ± SD. C) mRNA expression and protein levels
of SOD1 and SOD2 in CTEPH-EC and HPAE.. p<0.05*, p<0.001***, Mann–Whitney U test, values
expressed as mean ± SD. D) Staining of DNA damage induced by oxidative stress in PEA specimen by the
use of 8-OHdG.
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