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ABSTRACT
Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare complication of pulmonary embolism, characterized by the

presence of organized fibro‐thrombotic material that partially or fully obstructs the lumen of large pulmonary arteries, micro-

vasculopathy, and enlargement of the bronchial systemic vessels. The precise mechanisms underlying CTEPH remain unclear.

However, defective angiogenesis and altered pulmonary arterial endothelial cell (PAEC) function may contribute to disease

progression. Despite the observation of differences in histological features, shear stress and ischemia along the pulmonary vascular

tree, the potential contribution of PAEC phenotype and function to these disparate aspects remains unexplored. Based on these

observations, we postulated that angiogenic capacities and endothelial barrier function may contribute to disparities in histological

features observed along the pulmonary vascular tree. We thus explored the histological characteristics of the pulmonary vascular

tree using pulmonary arterial lesions obtained during pulmonary endarterectomy (PEA). We focused on the angiogenic vascular

endothelial growth factor (VEGF)‐A/VEGF receptor‐2 (VEGFR2) axis and collagen 15A1 (COL15A1), a potential marker of

endothelial cells of the systemic circulation. Concurrently, we examined In Vitro angiogenic properties and barrier function of

PAECs derived from large and (sub)‐segmental pulmonary arterial lesions. (Sub)‐segmental pulmonary arterial lesions were

abundantly recanalized by neovessels, paralleled by an enriched expression of VEGFR2. VEGF‐A expression was more pro-

nounced in large pulmonary arterial lesions. Nevertheless, no significant difference was discerned in In Vitro angiogenic capacities

and barrier integrity of PAECs isolated from large and (sub)‐segmental pulmonary arterial lesions. Importantly, our findings

revealed the presence of endothelial cells (CD31+) expressing COL15A1, as well as CD31+ cells that did not express COL15A1.

This suggests that endothelial cells from both systemic and pulmonary circulation contribute to lesion recanalization. Despite

disparate in situ angiogenic cues in VEGF‐A/VEGFR2 axis between large and (sub)‐segmental pulmonary arterial lesions in

CTEPH, In Vitro angiogenic capacities and barrier function remain unaltered.
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1 | Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is
a rare complication of massive or recurrent pulmonary embo-
lism [1–4]. The condition is characterized by the presence of
intra‐luminal unresolved thrombi associated with fibrous ste-
nosis that partially or completely obstructs the large pulmonary
arteries. This eventually results in increased pulmonary vascu-
lar resistance (PVR), progressive pulmonary hypertension (PH),
and right ventricular (RV) failure, if left untreated [2, 5, 6].
Additionally, CTEPH is associated with progressive micro-
vasculopathy, encompassing remodeling and obstruction
of pulmonary microvessels in perfused and non‐perfused areas
[5, 7, 8], and presence of bronchial systemic‐to‐pulmonary
anastomoses [9]. The treatment of choice for operable patients
remains surgical removal of the fibro‐thrombotic material, by
pulmonary endarterectomy (PEA) [10].

Various risk factors increasing the likelihood of CTEPH develop-
ment, including venous thromboembolism, inflammatory dis-
eases, splenectomy, non‐O blood group, cancer, insufficient
anticoagulation, increased antiphospholipid antibodies and lupus
anticoagulant [5, 11], have been identified. However, the precise
sequence of cellular and molecular mechanisms leading to sus-
tained fibro‐thrombotic obstruction remains to be fully under-
stood. Several hypotheses have been postulated with regard to the
underlying mechanisms of CTEPH. These include i) dysregulated
fibrinolysis [12–15]; ii) inflammatory thrombosis [12, 16–22]; iii)
activation of pulmonary artery endothelial (PAECs), smooth
muscle, and progenitor cells [23–26]; and iv) deficient angiogenesis
[27–32]. Prior research has indicated that angiogenesis plays a
pivotal role in thrombus resolution and neovascularization, which
is associated with the outcome of CTEPH [19, 33]. PAECs isolated
from PEA material were observed to exhibit reduced angiogenic
properties compared to lung donor PAECs, suggesting their
potential contribution to CTEPH pathogenesis [34]. Moreover,
deficient angiogenesis was shown to play a crucial role in the
progression to CTEPH in a unique rabbit model [35]. The two‐
faced nature of angiogenesis in CTEPH is discussed in great detail
in a recent review [36]. The integrity of the pulmonary en-
dothelium as a barrier is of paramount importance in preventing
the infiltration of inflammatory cells, deemed to contribute to the
progression of CTEPH.

It is noteworthy that previous histological analyses of pulmo-
nary vascular lesions have revealed discrepancies in cellular
and extracellular matrix composition along the pulmonary
vascular tree, with considerable variations observed in
the extend of neovascularization across the lesion [16, 17, 19].
Accordingly, proximal lesions are predominantly parietalized
material, whereas distal lesions material appear to be more
occlusive. It has been proposed that these disparities may be
attributed to variations in flow dynamics, for example, high‐shear
stress upstream of the occlusion, in contrast to low‐shear stress
and disrupted blood flow downstream of the occlusion [5].
Additionally, angiogenic signaling markers, including
vascular endothelial growth factor A (VEGF‐A) and vascular
endothelial growth factor receptor 2 (VEGFR2), exhibit differ-
ential expression in fresh versus organized thrombi, derived from
PEA material [37]. Interestingly, Schupp et al. identified collagen
15A1 (COL15A1) as a potential marker of a subpopulation of

systemic endothelial cells, not expressed by pulmonary en-
dothelial cells [38]. However, it remains unclear whether the
in situ expression patterns of endothelial and/or angiogenic
markers along the pulmonary vascular tree can be attributed to
angiogenic behavior or barrier function of PAECs.

Thus, we hypothesized that In Vitro PAEC phenotype and
function may vary according to their position along the pul-
monary vascular lesion tree in CTEPH patients. The present
study aimed to explore histological characteristics of pulmonary
arterial lesions collected during PEA procedures and to inves-
tigate In Vitro angiogenic capacities and barrier function of
PAECs according to their location along the pulmonary vas-
cular tree in CTEPH patients.

2 | Materials and Methods

2.1 | Study Population

This study includes pulmonary vascular material from eight
patients with CTEPH, who underwent PEA at University
Hospital Leuven between August 2018 and April 2023. The
study protocol was approved by the Institutional Ethics Com-
mittee of the University Hospital Leuven (S57114) and partici-
pants gave written informed consent preoperatively.

2.2 | Tissue Collection

Obstructive material was collected at the time of PEA and the
pulmonary vascular tree was reconstructed with the help of
the surgeon. A specimen is shown in Figure 1. A piece from
the large (upstream pulmonary vascular occlusion) and (sub)‐
segmental (downstream pulmonary vascular occlusion) pul-
monary arteries, free of thrombotic material, was collected
separately in endothelial growth medium MV2 (PromoCell)
supplemented with 100 U. mL−1 penicillin, 100 µg. ml−1

100 µg. mL−1 streptomycin and 1.25 µg. mL−1 amphotericin B
(Life Technologies).

2.3 | Histological Asessment

Large and (sub)‐segmental pulmonary arterial lesions were
fixed in 4% paraformaldehyde and embedded in paraffin blocks.
Five‐µm thick serial sections were deparaffinized and rehy-
drated. Collagen fibers, fibrin and muscle fibers were stained
with Masson's Trichrome. Briefly, slides were fixed in Bouin's
solution overnight and stained with Weigert's iron hematoxylin,
Biebrich scarlet‐acid fuchsin, phosphotungstic/phosphomolyb-
dic acid, aniline blue, and acetic acid working solutions,
respectively. To examine endothelial markers, the presence of
smooth muscle cells and angiogenic signaling, immunolabeling
was performed with mouse monoclonal antibodies against
CD31 (1:50, clone JC70A; Dako), alpha smooth muscle actin
(αSMA; 1:750; clone 1A4; Dako) and VEGF‐A (1:100; clone VG‐
1; Abcam), rabbit monoclonal antibodies against VEGFR2
(1:200, clone 55b11, Cell Signalling) and rabbit polyclonal an-
tibodies against COL15A1 (1:200, Invitrogen). Immunolabelling
was further revealed using horseradish peroxidase‐conjugated
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goat anti‐mouse (1:1, Abcam) secondary antibodies for CD31,
αSMA, and VEGF‐A, and horseradish peroxidase‐conjugated
goat anti‐rabbit (1:1, Abcam) secondary antibodies for VEGFR2
and COL15A1, and DAB substrate kit (Abcam) according to the
manufacturer's instructions. Cell nuclei were counterstained
with hematoxylin. Images were captured using Axio Scan.Z1
microscope (Zeiss) at 20x magnification. DAB‐positive regions
(positive pixels per total number of pixels) were quantified using
the open‐source software QuPath (https://qupath.github.io).
Only patients with at least one section of both large and (sub)‐
segmental pulmonary arterial lesions were included for quanti-
fication. For technical reasons, patient cohort was reduced to
n=4 for CD31, COL15A1, and αSMA, and n=6 for VEGF‐A and
VEGFR2. In parallel, endothelial cells were labeled by double
immunofluorescence using primary mouse monoclonal antibody
against human CD31 (1:25, clone JC70A; Dako) and rabbit poly-
clonal antibody against human COL15A1 (1:100, Invitrogen).
Fluorescent staining of anti‐human CD31 and anti‐human
COL15A1 was performed using Alexa Fluor‐488 goat anti‐mouse
(1:500, Life Technologies) and Alexa Fluor‐680 goat anti‐rabbit for
COL15A1 (1:500, Life Technologies), respectively. Nuclei were
visualized using 4ʹ,6‐diamidino‐2‐phenylindole (DAPI; Life Tech-
nologies). Autofluorescent background was quenched using
TrueVIEW autofluorescence quenching kit (Vector Laboratories).
Images were captured at 20x and 40x magnifications using Leica
DMi8 microscope (Leica).

2.4 | Isolation and Purification of PAECs

PAECs were isolated from large and (sub)‐segmental pulmo-
nary arterial lesions by collagenase I digestion (1 mg.mL−1,
Gibco) for 20 and 30min at 37°C, respectively [24, 39]. Cells

were seeded onto gelatine‐coated flasks (2 mg/mL; Sigma‐
Aldrich) in endothelial growth medium MV2 (PromoCell)
supplemented with 100 U.mL−1 penicillin, 100 µg.mL−1 strep-
tomycin and 1.25 µg.mL−1 amphotericin B (Life Technologies)
and maintained in culture at 37°C, 5% CO2 and 95% humidity.
To obtain homogeneous populations of PAECs, cells were
purified by immunomagnetic separation using anti‐CD31
monoclonal antibody‐labeled beads, according to the manu-
facturer's instructions (Miltenyi Biotec). Before each experi-
ment, PAECs were starved with basal endothelial medium MV2
(Promocell) containing 3.2% endothelial growth medium,
supplemented with 100 U.mL−1 penicillin, 100 µg.mL−1 strep-
tomycin and 1.25 µg.mL−1 amphotericin B. All experiments
were performed with PAECs between passages 3 and 8.

2.5 | Cell Phenotyping and Immunofluorescent
Double Staining of CD31 and COL15A1

For phenotyping, PAECs (3.000 cells/chamber) were seeded
onto fibronectin‐coated (10 µg.mL−1; R&D Systems) 4‐chamber
slides (Nunc). PAECs were immunolabeled with primary
mouse monoclonal antibodies against CD31 (1:25; clone JC70A;
Dako) and vWF (1:50; clone F8/86; Dako), rabbit monoclonal
antibodies against VE‐cadherin (1:600; clone D87F2; Cell Sig-
naling Technology), and Alexa Fluor‐594 goat anti‐mouse
(1:2000; Life Technologies) for CD31 and vWF and Alexa
Fluor‐488 goat anti‐rabbit (1:2000; Life Technologies) for
VE‐cadherin secondary antibodies, as previously described [40].
Cell nuclei were stained with DAPI. Endothelial scavenger
receptor labeling was performed with dil‐Ac‐LDL (1:20; Tebu-
bio), as previously described [39–41]. Fluorescence images were
captured at a 40x magnification with an Olympus BX‐UCB

FIGURE 1 | Representative resection specimen obtained during PEA. Fibro‐thrombotic material obstructing pulmonary arteries is divided into

large pulmonary artery, upstream of the obstruction by thrombotic material, and (sub)‐segmental pulmonary artery, downstream of the obstruction

by thrombotic material. PA, pulmonary artery; PEA, pulmonary endarterectomy.

3 of 14

https://qupath.github.io


microscope equipped with X‐Cite series 120Q (Excelitas
Technologies).

In addition, PAECs derived from (sub)‐segmental pulmonary
arterial lesions were labeled by double immunofluorescence
using primary mouse monoclonal antibody against human
CD31 (1:25, clone JC70A; Dako) and rabbit polyclonal antibody
against human COL15A1 (1:100, Invitrogen). Fluorescent
staining of anti‐human CD31 and anti‐human COL15A1 was
performed using Alexa Fluor‐568 goat anti‐mouse (1:2000, Life
Technologies) and Alexa Fluor‐680 goat anti‐rabbit for
COL15A1 (1:2000, Life Technologies), respectively. Nuclei were
visualized using 4ʹ,6‐diamidino‐2‐phenylindole (DAPI; Life
Technologies). Images were captured at a 40× magnification
using DMi8 microscope (Leica).

2.6 | Migration Assay

Migration assay was performed as previously described [42]. In
short, PAECs were seeded onto gelatin‐coated 2‐well culture
inserts (Ibidi, 81176) at a density of 7,500 cells/well. Confluent
PAECs were starved for 6 h, inserts were removed, and PAECs
were placed in fresh endothelial growth medium and imaged
every 2 h for 20 h using EVOS Cell Imaging System (Thermo
Fisher Scientific) equipped with an EVOS Onstage Incubator
(37°C, 5% CO2 and 95% humidity; Thermo Fisher Scientific). At
each time point, the gap area was measured using ImageJ and
subtracted from the initial gap area (baseline), plotted over
time, and the area under the curve was calculated, which cor-
responds to the migration rate in mm2.h−1.

2.7 | Tube Formation Assay

Angiogenesis µ‐slides (Ibidi, 81506) were filled with Matrigel©

(BD Bioscience) and incubated at 37°C for 30 min, as described
elsewhere [42]. PAECs were starved overnight, trypsinized, re-
suspended in endothelial growth medium and seeded on Ma-
trigel© at a density of 5,000 cells/well. After a 4‐h incubation at
37°C, cells were imaged using the EVOS Cell Imaging System.
The number of nodes, junctions, branches and tubes was
quantified in triplicate using the ‘Angiogenesis Analyzer’ plug‐
in for ImageJ, developed by Gilles Carpentier [43].

2.8 | Barrier Function Assay

PAECs (10,000 cells/insert) suspended in growth medium were
seeded onto gelatin‐coated inserts of 24‐well Transwells
(Corning) [42, 44]. After 24 h, PAECs were starved overnight,
and starvation medium containing 0.1 mg.mL−1 fluorescein
isothiocyanate (FITC)‐labeled bovine serum albumin (BSA;
Sigma Aldrich) was added to the upper chamber, while the
lower chamber was filled with starvation medium. Leakage of
FITC‐BSA across PAECs monolayer was assessed by collecting
medium from the lower chamber at 30min, 1, 2, and 4 h.
Absorbance was measured (excitation 488 nm; emission
520 nm) using Synergy H1 hybrid reader (Biotek) and Gen5
Software (Biotek). The leakage of FITC‐BSA across the PAECs

monolayer was plotted against time and the area under the
curve was calculated and corresponds to the leakage rate in
µg.mL−1.h−1.

2.9 | Statistical Analysis

Statistical analyses were performed with Graphpad Prism
(version 9; GraphPad Software Inc.). Normality was tested using
Shapiro‐Wilk test. Differences between two groups were ana-
lyzed using paired Student or Wilcoxon t‐test, and 2‐way mul-
tiple comparison ANOVA followed by post‐hoc Šídák's test. A
p‐value of < 0.05 was considered statistically significant. Data
are expressed as median (25th‐75th interquartile range) in
graphs and as mean ± SD or otherwise indicated in the text.

3 | Results

3.1 | Histomorphometry of Large and
(sub)‐Segmental Pulmonary Arterial Lesions
From CTEPH Patients

Histological features along the pulmonary vascular tree, collagen
and muscle fiber content and expression of endothelial (CD31,
COL15A1), smooth muscle (αSMA) and angiogenic markers
(VEGF‐A and VEGFR2) were examined in sections of large and
(sub)‐segmental pulmonary arterial lesions (Figures 2 and 3).
Large pulmonary arterial lesions consist of media, with several
layers of smooth muscle cells, and neointima with spindle‐shaped
cells, possibly myofibroblast‐like cells (Figure 2).

(Sub)‐segmental pulmonary arterial lesions (Figure 3) consist of
a large amount of dense collagen fibers, with numerous re-
canalizing vessels surrounded by multiple layers of smooth
muscle cells.

CD31‐positive recanalizing vessels are more abundant in (sub)‐
segmental (Figure 3) compared to large pulmonary arteries
(Figure 2), as evidenced by a significantly larger CD31‐positive
area within (sub)‐segmental compared to large pulmonary
arterial lesions (1.65 ± 1.17% vs. 5.60 ± 1.11%; p= 0.0163;
Figure 4).

Interestingly, some CD31‐positive recanalizing vessels ex-
pressed COL15A1, a marker of ECs from the systemic circula-
tion, whereas a substantial proportion did not (Figure 3;
Figure S1). This was confirmed by double immunofluorescent
labeling showing CD31‐positive cells co‐expressing COL15A1
(Figure 5).

This suggests that vessels recanalizing fibrothrombotic lesions
may originate from either the bronchial and/or pulmonary
circulation. Notably, CD31‐positive cells lining the lumen of
obstructed (sub)‐segmental pulmonary arterial lesions did not
express COL15A1 (Figure S2). Surprisingly, within the large
pulmonary arterial wall, CD31‐negative myofibroblast‐like cells
do express COL15A1 (Figure 2). Overall, the COL15A1‐positive
area tended to be higher in large compared to (sub)‐segmental
pulmonary arterial lesions (18.33 ± 10.70% vs. 4.72 ± 3.52%;
p= 0.0525; Figure 4), probably because of the abundant
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presence of COL15A1‐positive myofibroblast‐like cells within
large pulmonary arterial lesions. Furthermore, myofibroblast‐
like cells showed αSMA expression within the large pulmonary
artery lesions (Figure 2). In contrast, αSMA expression was
distributed throughout the lesions obstructing (sub)‐segmental
pulmonary arteries and in the tissue surrounding recanalising
vessels (Figure 3). No significant difference in αSMA expression
was observed between large and (sub)‐segmental pulmonary
arterial lesions (19.56 ± 12.79% vs. 26.68 ± 13.35; p= 0.4799;

Figure 4). VEGF‐A was expressed in both large and (sub)‐
segmental pulmonary arterial lesions, with significantly higher
expression in large pulmonary arterial lesions (25.96 ± 16.61%
vs. 7.72 ± 7.93%; p= 0.0260; Figure 4). In addition, neointimal
myofibroblast‐like cells and CD31‐negative cells lining
the lumen of large pulmonary arterial lesions expressed
VEGF‐A (Figure 2), whereas within (sub)‐segmental pulmonary
arterial lesions, CD31‐positive cells lining recanalizing vessels
did not express VEGF‐A (Figure 3). Finally, VEGFR2 was

FIGURE 2 | Histological evaluation of large pulmonary arterial lesions of CTEPH patients. Large pulmonary artery tissues were stained with

Masson's trichrome stain (collagen, blue; muscle fibers, red) and immunolabeled using CD31, COL15A1, αSMA, VEGF‐A, and VEGFR2 antibodies.

In total, PEA material of eight patients was evaluated and similar lesions were observed. Scale bar = 100 µm. PA, pulmonary artery; PEA, pulmonary

endarterectomy; MTC, Masson trichrome; αSMA, alpha smooth muscle actin; VEGF‐A, vascular endothelial growth factor A; VEGFR2, vascular

endothelial growth factor receptor 2.
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expressed by myofibroblast‐like cells in large pulmonary
arterial lesions (Figure 2); in (sub)‐segmental pulmonary
arterial lesions VEGFR2 is expressed by αSMA‐positive cells
of recanalizing vessels (Figure 3). However, no significant
difference in VEGFR2 expression was observed between large
and (sub)‐segmental pulmonary arterial lesions (13.51%
[7.29–18.56%] vs. 17.74% [16.94–30.97%], median [inter-
quartile range]; p= 0.2188; Figure 4).

3.2 | In Vitro Angiogenic Capacity of ECs From
Large and (sub)‐Segmental Pulmonary Arterial
Lesions

Given the differences observed in the expression of VEGF‐A/
VEGFR2 signaling pathway between large and (sub)‐
segmental pulmonary arterial lesions, we sought to deter-
mine whether the In Vitro angiogenic properties of large and

FIGURE 3 | Histological evaluation of (sub)‐segmental pulmonary arterial lesions of CTEPH patients. (Sub)‐segmental pulmonary arterial

lesions were stained with Masson's trichrome stain (collagen, blue; muscle fibers, red) and immunolabeled using CD31, COL15A1, αSMA, VEGF‐A,
and VEGFR2 antibodies. In total, PEA material of 8 patients was evaluated and similar lesions were observed. Scale bar = 100 µm; purple arrow,

CD31+ recanalizing vessel; red arrow, CD31+COL15A1+ recanalizing vessel; arrowhead, VEGFR2+ cells in media of recanalizing vessel, potentially

smooth muscle cells. PA, pulmonary artery; PEA, pulmonary endarterectomy; MTC, Masson trichrome; αSMA, alpha smooth muscle actin; VEGF‐A,
vascular endothelial growth factor A; VEGFR2, vascular endothelial growth factor receptor 2.
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(sub)‐segmental pulmonary arterial lesions would be differ-
entially affected. Therefore, PAECs isolated from large
and (sub)‐segmental pulmonary arterial lesions were phe-
notyped, as illustrated in Figure 6. Both exhibit a typical
“cobblestone” morphology and form a homogeneous mono-
layer (Figure 6a, b). Both large and (sub)‐segmental PAECs
express CD31 (Figure 6c, d) and VE‐cadherin (Figure 6e, f) on
their surface, vWF (Figure 6g, h) in their cytoplasm and take
up acetylated LDL (Figure 6i, j) via endothelium‐specific
scavenger receptors.

Interestingly, among PAECs isolated from (sub)‐segmental ex-
pressing CD31, an appreciable proportion of cells also express
cytoplasmic COL15A1, although inter‐patient variability is
observed (Figure 7).

In Vitro angiogenic capacity was assessed by performing
migration and tube formation assays on PAECs from both
large and (sub)‐segmental pulmonary arterial lesions. Wound

closure time (Figure 8a) and averaged migration area
did not differ significantly over time (6 h: 1.29 ± 0.37 mm2/h
vs. 1.32 ± 0.35 mm2/h; p = 0.99; 12 h: 2.25 ± 0.27 mm2/h
vs. 2.35 ± 0.24 mm2/h; p= 0.93; 18 h: 2.45 ± 0.11 mm2/h vs.
2.56 ± 0.22 mm2/h; p = 0.75; and 20 h: 2.48 ± 0.12 mm2/h vs.
2.56 ± 0.22 mm2/h; p = 0.90) between large and (sub)‐
segmental PAECs (Figure 8b). Similarly, migration rate of
large and (sub)‐segmental PAECs was not significantly dif-
ferent (34 ± 3.4 mm2/h vs. 35 ± 3.7 mm2/h; p= 0.34)
(Figure 8c).

The average number of nodes (533 ± 234 vs. 484 ± 165;
p= 0.49), segments 187 ± 95 versus 165 ± 66; p= 0.45), junc-
tions (152 ± 66 vs. 139 ± 46; p= 0.51) and branches (83 ± 10 vs.
83 ± 9; p= 0.90) did not differ significantly between large
and (sub)‐segmental PAECs (Figure 9a‐e). These results suggest
that In Vitro angiogenic capacities are not different between
ECs from large and (sub)‐segmental pulmonary lesions of
CTEPH patients.

FIGURE 4 | Expression profile of endothelial and angiogenic signaling markers in large and (sub)‐segmental pulmonary arterial lesions of

CTEPH patients. DAB‐positive regions of CD31 (n= 4; a), COL15A1 (n= 4; b), αSMA (n = 4; c) VEGF‐A (n= 6; d) and VEGFR2 (n= 6; e) expression

in large and (sub)‐segmental pulmonary artery tissue were quantified using QuPath software. Due to technical reasons, patient cohort was reduced to

n= 4 for CD31, COL15A1 and αSMA, and n= 6 for VEGF‐A and VEGFR2. Results are expressed as median (25th‐75th interquartile range).

Comparisons by paired Student and Wilcoxon t‐test. PA, pulmonary artery; VEGF‐A, vascular endothelial growth factor A; VEGFR2, vascular

endothelial growth factor receptor 2; αSMA, alpha smooth muscle actin.

FIGURE 5 | Co‐expression of CD31 and COL15A1 in (sub)‐segmental pulmonary arterial lesion of CTEPH patient. (Sub)‐segmental pulmonary

arterial lesion was immunolabeled with CD31 (green) and COL15A1 (red). Cell nuclei were counterstained with DAPI (blue). Scale bar = 50 µm

(a) and 25 µm (b); white arrow, CD31+COL15A1+ recanalizing vessel.
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3.3 | Barrier Function of ECs From Large and
(sub)‐Segmental Pulmonary Arteries

Knowing that various vascular pathologies are associated with
impaired barrier function [45] and inflammatory cell infiltration has

been observed in pulmonary arterial lesions from CTEPH patients
[19], we sought to investigate whether In Vitro endothelial barrier
function might be differentially affected in large and (sub)‐
segmental pulmonary arterial lesions from CTEPH patients. BSA‐
FITC leakage through the endothelial monolayer over time did not

FIGURE 6 | Phenotyping of PAECs from large and (sub)‐segmental pulmonary arterial lesions of CTEPH patients. Primary culture of large and

(sub)‐segmental PAECs isolated from PEA material (a, b). PAECs were characterized for endothelial phenotype by cell surface markers CD31 (c, d)

and VE‐cadherin (e, f), and intracellular endothelial marker vWF (g, h). Endothelial phenotype was further confirmed by scavenger receptor capacity

to internalize acetylated low‐density‐lipoprotein (i, j). Nuclei were counterstained with DAPI (blue). Experiments were performed between passages 3

and 7. Scale = 300 µm (a, b) and 50 µm (c‐j). PAECs, pulmonary artery endothelial cells; PA, pulmonary artery; PEA, pulmonary endarterectomy;

vWF, von Willebrand factor.

FIGURE 7 | Co‐expression of CD31 and COL15A1 in (sub)‐segmental PAECs of CTEPH patients. Primary culture of (sub)‐segmental PAECs

isolated from PEA material from 4 CTEPH patients (a, b, c, d) were immunolabeled with CD31 (green) and COL15A1 (red). Cell nuclei were

counterstained with DAPI (blue). Scale = 50 µm (a, b, c, d); white arrow, CD31+ PAEC; orange arrow, CD31+COL15A1+ PAEC.
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differ significantly between PAECs from large and (sub)‐segmental
pulmonary lesions, (30min: 0.26± 0.12 µg/mL vs. 0.25± 0.08
µg/mL; p>0.99; 1 h: 0.46± 0.18 µg/mL vs. 0.49± 0.12 µg/mL;
p>0.99; 2 h: 0.81± 0.34 µg/mL vs. 0.84± 0.21 µg/mL; p>0.99; 4 h:
1.18± 0.44 µg/mL vs. 1.32± 0.29 µg/mL; p=0.96; Figure 10a).
Similarly, BSA‐leakage rate does not significantly differ
between large and (sub)‐segmental PAECs (1.53 µg/mL/h
[1.30–1.75 µg/mL/h] vs. 1.60 µg/mL/h [1.48–2.04 µg/mL/h], median
[interquartile range]; p=0.74; Figure 10b). These results suggest
that the endothelial barrier function is similarly affected in large and
(sub)‐segmental pulmonary lesions of CTEPH patients.

4 | Discussion

In this study, we observed differences in in situ angiogenic cues
of the VEGF‐A/VEGFR2 axis, whereas In Vitro angiogenic

capacities and endothelial barrier function did not differ sig-
nificantly according to the location (large vs. (sub)‐segmental)
along the pulmonary vascular lesion tree. It is noteworthy that
only a subset of vessels recanalizing (sub)‐segmental pulmonary
arterial lesions exhibit expression of COL15A1, a marker of
systemic endothelial cells [38]. This observation suggests that
the source of endothelial cells responsible for the recanalization
of pulmonary arterial lesions in CTEPH patients is likely to be
heterogeneous, potentially involving ECs from both the sys-
temic and pulmonary circulation or even progenitor ECs.

The present study revealed the presence of muscle and collagen
fibers in both large and (sub)‐segmental pulmonary arterial
lesions. In large pulmonary arterial lesions, numerous
myofibroblast‐like cells are present in the neointima, which
provides evidence of intense vascular remodeling, as previously
described [17, 18, 37]. The presence of αSMA‐positive

FIGURE 8 | Migration capacity of PAECs isolated from large and (sub)‐segmental pulmonary arterial lesions of CTEPH patients. Representative pictures

of wound closure at baseline, 6 h and 20 h of large and (sub)‐segmental PAECs (a). Migration capacity of large and (sub)‐segmental PAECs was assessed by

measuring the gap area over time. Representative time curve of mean migration area (mm2) for large and (sub)‐segmental PAECs (b). Migration rate (mm2/h)

of large and (sub)‐segmental PAECs was assessed by measuring the area under the curve of the migration area (c). Two independent experiments per patient

(n=8) were carried out between passages 3 and 8 and expressed as median (25th‐75th interquartile range). Comparisons by two‐way ANOVA and post‐hoc
Šídák's test (b) and paired Student t‐test (c). ns, non significant; PAECs, pulmonary artery endothelial cells; PA, pulmonary artery.
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myofibroblast‐like cells may result from endothelial‐to‐
mesenchymal transition (endoMT), which could further con-
tribute to the formation of fibro‐thrombotic material obstruct-
ing pulmonary arteries in CTEPH [46, 47]. Interestingly,
Bocheneck et al. have previously shown that transforming
growth factor‐β1 signaling, known to promote endoMT,
impedes venous thrombus resolution potentially contributing to
the pathogenesis of CTEPH [48, 49].

COL15A1 is a member of the multiplexin superfamily of col-
lagens, produced by fibroblasts, smooth muscle cells and en-
dothelial cells [50, 51]. Its primary function is to organize,
stabilize and integrate the basement membrane with underlying
connective tissue [50]. Recently, Schupp et al. identified
COL15A1 as a specific marker of systemic endothelial cells in
human lungs using single‐cell RNA sequencing [38]. In (sub)‐
segmental recanalized pulmonary arterial lesions, we observed
the presence of both CD31‐positive/COL15A1‐positive cells,
and CD31‐positive/COL15A1‐negative cells. Additionally, we
found that PAECs lining the pulmonary arterial lumen of
large vessels exhibit a CD31‐positive/COL15A1‐negative pat-
tern. These findings suggest that adjacent endothelial cells are
replicating to reform a neointima, likely together with progen-
itor cells [26, 52, 53], in partially occluded regions of large

pulmonary arteries. Conversely, neovessels recanalizing fibro‐
thrombotic lesions occluding (sub)‐segmental pulmonary
arteries may originate from systemic bronchopulmonary
anastomoses [9]. Interestingly, COL15A1 can trigger angio-
genesis in the context of liver cirrhosis and several types of
cancer [54]. In addition, replacement of normal pulmonary
capillaries with COL15A1+ endothelial cells has been suggested
to contribute to alveolar vascular remodeling in nonspecific
interstitial pneumonia [55]. This may suggest a potential role of
COL15A1+ endothelial cells in lesion recanalization. Surpris-
ingly, within large pulmonary arterial lesions, CD31‐negative
myofibroblast‐like cells do express COL15A1. This suggests ei-
ther involvement of endoMT as abovementioned, or smooth
muscle dedifferentiation, which is often observed in neointima
formation.

Given the pivotal role of angiogenesis in thrombus resolution
[36] and in CTEPH progression, as recently demonstrated in
our CTEPH rabbit model [35], as well as its potential impact
on outcome of CTEPH patients [19], it is not surprising that
the angiogenic VEGF‐A/VEGFR2 axis emerged as a potential
contributor. VEGF‐A is expressed in both large and (sub)‐
segmental pulmonary arterial lesions, with a greater level of
expression in large pulmonary arterial lesions. This may

FIGURE 9 | Tube formation capacity of PAECs isolated from large and (sub)‐segmental pulmonary arterial lesions of CTEPH patients. Rep-

resentative pictures of tube formation capacity of large and (sub)‐segmental PAECs (a). Tube formation capacity was assessed by counting the

number of nodes (b), junctions (c), segments (d), and branches (e). Two independent experiments per patient (n= 8) were carried out in triplicate

between passages 3 and 7 and expressed as median (25th‐75th interquartile range). Comparisons by paired Student t‐test (b‐e). ns, non significant;

PAECs, pulmonary artery endothelial cells; PA, pulmonary artery.
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appear counterintuitive when considering the large presence
of recanalizing vessels in (sub)‐segmental pulmonary
arterial lesions. Within (sub)‐segmental pulmonary arterial
lesions, CD31‐positive cells lining recanalizing vessels do not
express VEGF‐A, suggesting that alternative ligands may be
involved. These include VEGF‐C and VEGF‐D—although
their binding affinity is weaker compared to VEGF‐A—as
well as VEGF‐B and placental growth factor, which signal
through VEGFR1 [56]. In contrast, Bochenek et al. previously
observed that the endothelium of vessels recanalizing lesions
do express VEGF [37], although VEGF type was not identified.
Finally, VEGFR2 is expressed by myofibroblast‐like and
medial smooth muscle cells in pulmonary arterial lesions, with
no notable distinction between large and (sub)‐segmental
pulmonary arterial lesions. Accordingly, Bochenek et al. also
observed VEGFR2 expression in spindle‐shaped cells within
organized thrombi and myofibroblasts [37].

To further elucidate the differential features of the angiogenic
VEGF‐A/VEGFR2 axis observed between large and (sub)‐
segmental pulmonary arterial lesions, we aim to investigate
their In Vitro angiogenic properties, knowing that migration
and tube formation capacity of PAECs from PEA material can
be impaired, in comparison with control PAECs from healthy
donors [35]. However, no discernable distinction was observed
between PAECs from large and (sub)‐segmental lesions. These
findings are not consistent with the CD31‐positive high content
and the numerous recanalizing vessels observed in (sub)‐
segmental pulmonary arterial lesions. It should be noted,
however, that the PAECs were isolated from PEA material of
CTEPH patients at relatively advanced disease stages. There-
fore, it may be beneficial to consider alternative approaches,
such as gaining cells at diagnosis via right heart catheterization
[40] to overcome this limitation. Furthermore, angiogenic

capacities are assessed using Matrigel©, which has a markedly
different composition from the In Vivo extracellular matrix.

Furthermore, an imbalance of the VEGF‐A/VEGFR2 axis can
also affect vascular permeability and endothelial cell function
[56]. In vascular pathology such as CTEPH, the endothelium
plays a pivotal role in governing the movement of circulating
proteins and cells between the bloodstream and the underlying
tissues. As previously demonstrated, inflammatory stimuli can
compromise endothelial integrity in the context of pulmonary
hypertension [44]. Additionally, the accumulation of inflam-
matory cells, including T‐lymphocytes, macrophage and neu-
trophils, has been observed in PEA material of CTEPH patients
[19]. Moreover, ischemia and alterations in shear stress have
been demonstrated to affect endothelial barrier function
[57–59]. However, no significant difference in barrier function
was observed between large and (sub)‐segmental PAECs, sug-
gesting that endothelial barrier function is similarly impaired in
both vascular beds.

It should be noted that the study is not without limitations. The
authors are aware that the In Vitro results are based on primary
cells maintained in culture. Despite the use of a standardized
isolation protocol, it cannot be excluded that a biased selection
of the most robust cell clusters may have occurred. As previ-
ously stated, cells were isolated from PEA material obtained
from patients who had already reached advanced stages of the
disease. This does not illustrate the potential of the cells at early
phases, following an acute episode of pulmonary embolism.
Finally, the utilization of synthetic hydrogel in simplified two‐
dimensional In Vitro assays, in the absence of blood flow and
shear stress conditions, does not fully replicate the In Vivo
conditions and circumvents interactions between cells and the
extracellular matrix.

FIGURE 10 | Barrier function of PAECs isolated from large and (sub)‐segmental pulmonary arterial lesions of CTEPH patients. Leakage of

BSA‐FITC (µg/mL) through large and (sub)‐segmental PAECs monolayer was assessed over time (a). Averaged BSA‐FITC leakage rate (µg/mL/h)

through large and (sub)‐segmental PAECs monolayer was evaluated by measuring the area under the curve (b). Two independent experiments per

patient (n= 8) were carried out in duplicate between passages 3 and 6 and expressed as median (25th‐75th interquartile range). Comparisons by two‐
way ANOVA and post‐hoc Šídák's test (a) and paired Wilcoxon t‐test (b). ns, non significant; PAECs, pulmonary artery endothelial cells;

PA, pulmonary artery.
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In conclusion, both systemic and pulmonary endothelial cells
contribute to the recanalization of fibro‐thrombotic pulmonary
vascular lesions in CTEPH patients. Despite the existence of
different in situ angiogenic cues in the VEGF‐A/VEGFR2 axis
according to the location along the pulmonary vascular tree,
In Vitro angiogenic capacities and barrier function remain
unchanged. This suggests that simplified In Vitro assays are
probably not completely adequate to explain all in situ features.
Consequently, the emergence of more sophisticated In Vitro
systems such as organoids and microfluidic devices, in which
cells and organ‐derived extracellular matrix could be combined,
should contribute elucidating the mechanisms potentially
involved.
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