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Abstract: Pulmonary arterial hypertension (PAH) is a devastating condition affecting the pulmonary
microvascular wall and endothelium, resulting in their partial or total obstruction. Despite a com-
bination of expensive vasodilatory therapies, mortality remains high. Personalized therapeutic
approaches, based on access to patient material to unravel patient specificities, could move the field
forward. An innovative technique involving harvesting pulmonary arterial endothelial cells (PAECs)
at the time of diagnosis was recently described. The aim of the present study was to fine-tune the ini-
tial technique and to phenotype the evolution of PAECs in vitro subcultures. PAECs were harvested
from Swan-Ganz pulmonary arterial catheters during routine diagnostic or follow up right heart
catheterization. Collected PAECs were phenotyped by flow cytometry and immunofluorescence
focusing on endothelial-specific markers. We highlight the ability to harvest patients’ PAECs and
to maintain them for up to 7–12 subcultures. By tracking the endothelial phenotype, we observed
that PAECs could maintain an endothelial phenotype for several weeks in culture. The present
study highlights the unique opportunity to obtain homogeneous subcultures of primary PAECs from
patients at diagnosis and follow-up. In addition, it opens promising perspectives regarding tailored
precision medicine for patients suffering from rare pulmonary vascular diseases.

Keywords: pulmonary arterial hypertension; endothelial cells; right heart catheterization; diagnosis;
cell culture

1. Introduction

Pulmonary arterial hypertension (PAH) is a rare but devastating condition, charac-
terized by a precapillary pulmonary arteriopathy resulting in partial or total obstruction,
leading to increased pulmonary vascular resistance (PVR), elevated mean pulmonary arte-
rial pressure (mPAP) and eventually right heart failure. PAH is associated with mutations
in the bone morphogenetic protein receptor type II (BMPR2) gene [1], impaired BMPRII
signaling, pulmonary vascular remodeling and endothelial dysfunction [2]. Despite the
current combination of effective vasodilatory therapies, mortality rates remain high, with a
5-year survival rate of 49–67% [3]. Currently, there is no curative treatment available for
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PAH, with lung transplantation being the only option for selected patients with severe
PAH refractory to current medical therapies [4].

To better understand the onset and progression of PAH, various experimental animal
models have been developed [5]. Despite their contribution to the insight of the patho-
genesis, they all display limitations to efficiently translating their outcome to the bedside.
In vitro alternatives based on pulmonary material from transplanted patients imply major
drawbacks, including a limited number of samples and the advanced stage of disease of
patients exposed to PAH-specific drugs for long periods. Therefore, innovative methods of
accessing patient material are necessary to better understand disease progression and het-
erogeneity. For instance, transient and stable knock-down of bmpr2 in human pulmonary
vascular cells has been established to investigate the effect of impaired BMPRII signaling on
disease progression [6]. Obtaining endothelial colony–forming cells derived from periph-
eral blood is an elegant technique that allows the generation of induced pluripotent stem
cells (iPSC) from PAH patients at diagnosis and from healthy bmpr2 mutation carriers [7].
The use of iPSC recently uncovered modifiers of BMPRII signaling that protect against
PAH in bmpr2 mutation carriers, underscoring the need to investigate patient-specific
material [8].

An alternative method to accessing patient material is to isolate pulmonary arterial
endothelial cells (PAECs) from the balloon located at the tip of Swan-Ganz pulmonary
arterial catheters, as initially published several years ago by Pollett et al. [9]. More recently,
Ventetuolo et al. moved this research forward by showing that cultures and characterization
of these PAECs is feasible [10].

In this study, we aim to report our incremental experience in phenotyping PAECs
throughout in vitro subcultures.

2. Materials and Methods
2.1. Isolation of PAECs from Swan-Ganz Pulmonary Arterial Catheters

The distal part of Swan-Ganz pulmonary arterial catheters were collected from patients
at the time of routine diagnostic or follow-up right heart catheterization performed in
patients with idiopathic PAH (IPAH), heritable PAH (HPAH), PAH associated with con-
genital heart or connective tissue diseases, porto-pulmonary hypertension, pulmonary
veno-occlusive disease, chronic thromboembolic pulmonary hypertension and PH asso-
ciated with lung or heart diseases at the University Hospitals of Leuven between 2015
and 2019. The study protocol was approved by the institutional ethics committee and all
participants gave written informed consent.

To harvest PAECs from Swan-Ganz pulmonary arterial catheters, we adapted and
fine-tuned the method initially described by Pollett et al. [9]. The catheter balloon was
withdrawn protected within the sheath and immediately placed in previously warmed
(37 ◦C) microvascular endothelial cell basal medium supplemented with 0.2% cell growth
supplement (Cell Applications Inc., San Diego, CA, USA), antimycotics (1.25 µg/mL
amphotericin B; Thermo Fisher Scientific, Waltham, MA, USA) and antibiotics (100 U/mL
penicillin, 100 µg/mL streptomycin; Thermo Fisher Scientific). The balloon was inflated
and agitated thoroughly for 2 min. The tip of the catheter was cut, maintained in warm
medium and transferred to the laboratory within 10 min for further processing (Figure 1).

Under the laminar flow, the balloon was inflated with air using a 1-mL syringe and
transferred into a 0.25% trypsin solution containing 0.91 mM EDTA (Thermo Fisher Scien-
tific). After 2 min, the catheter tip was washed briefly in fresh microvascular endothelial
cell growth medium containing 6% cell growth supplement (Cell Applications Inc.), an-
timycotics and antibiotics, as abovementioned. This medium was mixed with the trypsin
solution and centrifuged together with the collection tube at 500× g at room temperature
for 10 min. To discard red blood cells, the resulting pellets were pooled and incubated in
ammonium–chloride–potassium lysis buffer (Thermo Fisher Scientific) for 5 min at room
temperature, and were then centrifuged at 500× g at room temperature for 10 min, with an
excess of phosphate-buffered saline (PBS). The remaining pellet was resuspended in mi-
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crovascular endothelial cell growth medium, seeded in 2 wells of a 12-well cell culture plate
coated with gelatin (2 mg/mL; Sigma-Aldrich, Saint-Louis, MO, USA) and maintained at
37 ◦C under 5% CO2. The cell culture medium was refreshed after five days and then every
second day. Cells were maintained up to subculture 7 to 12 until no further subculture was
possible, including trypsinization every 4 to 5 days, for 6 to 9 weeks. Subculture is defined
as cell trypsinization and consequent transfer to a larger culture surface, with a constant
seeding cell density of 12,500 cells per cm2. They were retrospectively depicted as early
(<3) and advanced subcultures (between 7 and 10).
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Figure 1. Swan-Ganz pulmonary arterial catheter with inflatable balloon at the tip of the catheter is
collected in warm (37 ◦C) basal medium containing 0.2% cell growth supplement and transported
from the catheterization unit to the laboratory.

For long-term storage in liquid N2 at −170 ◦C, cells were expanded, trypsinized and
resuspended in fetal bovine serum containing 10% dimethyl sulfoxide (106 cells/vial).

A culture was considered successful if several colonies emerged and expanded within
4 weeks after isolation. A few successful cultures could not be frozen and stored due to
bacterial/fungal contamination or inability to sufficiently expand.

2.2. Quantitative Phenotyping by Flow Cytometry

Subconfluent PAECs were trypsinized, resuspended in microvascular endothelial cell
growth medium and counted using the Countess™ automated cell counter (Thermo Fisher
Scientific). One hundred thousand cells were collected for negative control and for staining
with allophycocyanin-conjugated anti-CD31 antibody (APC-conjugated CD31; Miltenyi
Biotec, Leiden, The Netherlands). Cells were centrifuged at 300× g and 4 ◦C for 10 min,
resuspended in PBS containing 1% BSA (PBS-1% BSA) and incubated with APC-conjugated
CD31 for 15 min in the dark at 4 ◦C. Cells were further washed with PBS-1% BSA, fixed in
PBS containing 4% paraformaldehyde during 15 min in the dark at 4 ◦C and resuspended
in PBS-1% BSA for further quantitative flow cytometry analysis (Canto HTS, BD Bioscience,
Franklin Lakes, NJ, USA). Analysis was standardized with fixed gates used to investigate
CD31-APC positive cells as previously described [6]. Forward scatter cell (FSC) density
plots were used to evaluate the size of cells and further exclude cell debris. A CD31-APC
parameter histogram was used to identify CD31-APC positive cells.

2.3. Qualitative Phenotyping of PAECs Using Immunofluorescence

Acetylated low-density lipoprotein (Ac-LDL) displays the unique property of binding
to scavenger receptors expressed by endothelial cells and has been previously used to char-
acterize endothelial cells [11,12]. Subconfluent PAECs were seeded onto fibronectin-coated
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(10 µg/mL; R&D Systems, Abingdon, UK) 4-chamber slides (Thermo Fisher Scientific) at
a density of 20,000 cells/chamber and further labeled using 10 µg/mL Ac-LDL coupled
with fluorescent DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate,
Tebu Bio, Le Perray-en-Yvelines, France) for 4 h at 37 ◦C and fixed in PBS containing 4%
paraformaldehyde.

In addition, PAECs were phenotyped by immunofluorescence using antibodies against
human CD31 (Clone JC70A, Agilent, Santa Clara, CA, USA), von Willebrand factor (vWF,
clone F8/86; Agilent) and Vascular Endothelial-Cadherin (VE-Cadherin, clone D87F2;
Cell Signaling Tech., Danvers, MA, USA). Potential contamination with myofibroblasts
at early subcultures and cell dedifferentiation in advanced late subcultures were investi-
gated by immunostaining using antibodies raised against human alpha smooth muscle
actin (α-SMA, clone 1A4; Agilent). Cells were seeded onto fibronectin-coated 4-chamber
slides (20,000 cells/chamber). Subconfluent PAECs were fixed in PBS containing 4%
paraformaldehyde and permeabilized with 0.2% Triton-X100 (Sigma-Aldrich). Non-specific
binding sites were saturated in PBS containing 3% bovine serum albumin (BSA; Sigma-
Aldrich) for 1 h at room temperature. Immunolabeling of endothelial-specific markers was
performed using primary antibodies diluted in PBS containing 3% BSA for 2 h at room
temperature (CD31, 1:25 dilution; vWF, 1:50 dilution; VE-Cadherin, 1:600 dilution; α-SMA,
1:50 dilution). Fluorescent labeling was obtained using secondary antibodies Alexa594
(1:2000 dilution; Thermo Fisher Scientific) goat anti-mouse for CD31, vWF and α-SMA and
goat anti-rabbit for VE-cadherin for 1 h at room temperature. For negative control, primary
antibodies were omitted. Nuclei were visualized using 4′,6-diamino-2-phenylindole (DAPI,
Thermo Fisher Scientific). Slides mounted in FluoroSave (Calbiochem, San Diego, CA, USA)
medium were analyzed under an inverted IX80 fluorescence microscope (Olympus, Shin-
juku, Japan). To quantify immunofluorescence staining, 3 images from non-overlapping
fields on each slide were captured at 40×magnification. After separation of the different
channels, red staining was measured and nuclei counted using the ImageJ software and ex-
pressed as arbitrary units (AU) per cell. Quantification of cell hypertrophy was performed
using immunofluorescent images of CD31 staining, measuring the cell surface area of ten
cells in three different fields using the ImageJ software with Java version 1.8.0_231 (ImageJ,
National Health Institute, Bethesda, MD, USA).

2.4. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.1.2 (GraphPad Software
Inc., San Diego, CA, USA). Differences between early and late subcultures were analyzed
using a paired t-test. Values (demographic and clinical parameters) not normally distributed
were log-transformed and expressed as median (min-max); differences between two groups
were analyzed using Student’s t test. All p values were for 2 sided tests. A value of p < 0.05
was considered statistically significant. Values are expressed as mean ± SD.

3. Results
3.1. Collection of Patient Cells and Patient Characteristics

Between 2015 and 2019, we collected 132 Swan-Ganz pulmonary arterial catheters;
most of the catheters (69%) were issued from patients with idiopathic PAH, heritable PAH,
toxin-drug-induced PAH or chronic thromboembolic pulmonary hypertension (Table 1).
Analysis of the patient characteristics indicated no significant difference between successful
and unsuccessful procedures (Table 1).
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Table 1. Patient characteristics.

All (n = 132) Successful
(n = 56)

Unsuccessful
(n = 76) p-Value

Age, years 64 (23–89) 64 (27–89) 64 (23–83) 0.72
Gender, male (%) 33 37 30

BMI kg/m2 25 (17–47) 24 (18–47) 26 (17–41) 0.54
Etiology (%)

IPAH 34 32 36
HPAH 4 5 3

Drug/toxin 6 7 5
APAH 13 7 17
PVOD 2 4 1

PH sec to HD 5 2 8
PAH sec to LD 2 4 1

CTEPH 25 30 21
No PH 8 9 8

PAH-specific therapy (%)
treatment-naive 49 45 53

monotherapy 12 14 11
dual therapy 21 20 22
triple therapy 15 18 13

CCB 2 4 1
NYHA FC 0.43

I 12 5 7
II 61 25 36
III 54 23 31
IV 5 3 2

RAP (mmHg) 7 (1–25) 7 (2–25) 7 (1–22) 0.46
mPAP (mmHg) 41 (11–106) 39.5 (11–70) 43 (13–106) 0.75
PAWP (mmHg) 10 (2–57) 10 (4–57) 10 (2–22) 0.70

PVR (dyn·s·sec−5) 530 (61–2187) 539 (61–2187) 527 (72–1706) 0.97
CI (L/min/m2) 2.5 (1.1–4.7) 2.5 (1.1–3.9) 2.6 (1.3–4.7) 0.33

SvO2 (%) 65.5 (37–95) 65 (39–80) 66 (37–95) 0.38
6–MWD (m) 360 (23–747) 386 (60–580) 349 (23–747) 0.66

NT–proBNP (ng/mL) 807 (8–21834) 753 (53–21834) 807 (8–13395) 0.55
Cultures were considered successful when an expanding cell colony was observed; if not observed, these
cultures were considered unsuccessful. Results are expressed as median (min-max). BMI (body mass index);
IPAH (idiopathic pulmonary arterial hypertension); HPAH (heritable PAH); APAH (associated PAH (including
associations with connective tissue disease (CTD), congenital heart defects (CHD), porto-PH (PoPH) and HIV));
PVOD (pulmonary veno-occlusive disease); PH sec to HD, pulmonary hypertension secondary to heart disease;
PH sec to LD, PH secondary to lung disease; CCB (calcium channel blockers); RAP (right atrial pressure); mPAP
(mean pulmonary arterial pressure); PAWP (pulmonary arterial wedge pressure); PVR (pulmonary vascular
resistance); CI (cardiac index); SvO2 (mixed venous oxygen saturation); 6-MWD (six-minute walking distance);
and NT-proBNP (N-Terminal-pro-brain natriuretic peptide) were recorded.

We observed growing cells from 56 procedures, as well as expanded and stored cells
from 23 procedures, with significantly improved success rate over time (Table 2).

Table 2. Summary of total collected catheters and successfully stored PAECs.

2015 2016 2017 2018 2019 Total

Total SG catheters
collected 15 17 34 43 23 132

Successful culture
(%) 6 (40%) 4 (24%) 15 (44%) 20 (47%) 11 (48%) 56 (42%)

Stored PAECs (%) 4 (25%) 3 (18%) 2 (6%) 6 (14%) 8 (35%) 23 (27%)
SG, Swan-Ganz catheters; PAEC, pulmonary arterial endothelial cells.
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3.2. Quantitative Phenotyping of PAECs throughout Subcultures

PAECs from four patients were randomly selected; their characteristics are summa-
rized in Table S1 and do not differ from the other patients from whom successful cultures
were obtained.

PAECs freshly isolated from Swan-Ganz pulmonary arterial catheters displayed a
typical cobblestoned morphology (Figure 2; Subculture 2, S2). Until Subculture 6, we
did not observe any major changes in the morphology of PAECs (Figure 2, S2–S6). By
contrast, after eight subcultures, cell hypertrophy and occurrence of myofibroblast-like
cells could be observed, which was further enhanced after 10 subcultures (Figure 2, S8–S10).
Concomitantly, the CD31-positive PAECs measured by flow cytometry showed the presence
of homogenous endothelial cell populations over subcultures (Figure 2). However, the
spreading of CD31-positive cells, shown by the enlargement of the base of the curve,
indicated a higher variety of CD31 expression or physical properties of the cells (Figure 2).
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In early subcultures (S2 and S3), a typical cobblestoned morphology of PAECs isolated
from four different patients was observed. In advanced subcultures (S7–S10), elongated
myofibroblast-like and hypertrophic cells occurred (Figure 3).

In early subcultures (S2 and S3), a highly homogenous endothelial cell population was
observed, as shown by the percentage of 98.7 ± 1.1% of CD31-positive cells detected by
flow cytometry (Figure 4). Interestingly, in advanced subcultures (S8–S10), the percentage
of CD31-positive cells remained unchanged 98.4± 0.6%: p = 0.404), despite the enlargement
of the histogram width (Figure 4).
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Swan-Ganz pulmonary arterial catheters. Histograms at early (upper panel) and advanced (lower panel) subcultures.

3.3. Qualitative Phenotyping of PAECs Using Endothelial-Specific Markers in Early and
Late Subcultures

In early subcultures (S2 to S4), isolated PAECs showed expression of the specific en-
dothelial cell surface markers CD31 (Figure 5A) and VE-Cadherin (Figure 5C). In advanced
subcultures (S7 to S10), expression of both CD31 (Figure 5B) and VE-Cadherin (Figure 5D)
was mitigated. VE-cadherin staining was less homogenous with visual gaps (Figure 5D).
Quantification of the immunofluorescence did not show any significant change in either
CD31 or VE-cadherin staining between early and advanced subcultures (Figure 6).
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Figure 5. Qualitative phenotyping of PAECs using endothelial-specific markers in early and advanced subcultures. Staining
of endothelial surface markers CD31 (A,B) and VE-Cadherin (C,D), endothelial intracellular markers von Willebrand factor
(vWF; E,F) and Ac-LDL uptake (G,H) was performed by immunofluorescence in early (A,C,E,G) and advanced subcultures
(B,D,F,H). Nuclei were counterstained using DAPI (blue). Scale = 100 µm.
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Figure 6. Quantification of the expression of specific endothelial markers in PAECs. Expression of
CD31, vascular endothelium cadherin (VE-cadherin) and von Willebrand factor (vWF)and uptake of
acetylated low-density lipoproteins (Ac-LDL) in PAECs from 3 different patients were quantified in
early subcultures (full circles) and advanced subcultures (open circles).

Cell hypertrophy was observed (Figure 5B,D), with a significant increase in cell surface
area in advanced compared to early subcultures (Figure 7B). Intracellular expression of
the specific endothelial marker vWF (Figure 5E) and the uptake of Ac-LDL by endothelial-
specific scavenger receptors (Figure 5G) were profuse in early subcultures and seemed to
be reduced in advanced subcultures (Figure 5F,H), with a significant decrease in Ac-LDL
uptake in advanced compared to early subcultures (Figure 6).
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Additionally, early subcultures of PAECs did not display any positive staining for
α-SMA (Figure S1); elongated myofibroblast-like cells observed in advanced subcultures
(Figure 3) did not harbor αSMA-stained fibers (Figure S1). Finally, the number of CD31-
positive cells, quantified by flow cytometry, remained stable throughout subcultures
(Figure 7A).

4. Discussion

In the present study, we reported a detailed and fine-tuned protocol allowing for
the isolation of PAECs from Swan-Ganz pulmonary arterial catheters, adapted from the
initial description of the technique by Pollett et al. [9], although different from the more
recently described methodology [10]. More importantly, we demonstrated that PAECs
harvested from Swan-Ganz pulmonary arterial catheters can be maintained in vitro, with
an endothelial phenotype remaining stable for several weeks in culture.

A major finding of the present study was the possibility to maintain PAECs harvested
from pulmonary arterial catheters in culture, with a rather stable phenotype throughout
subcultures. Whereas the pioneers who initiated the technique settled for cell isolation, we
and Ventetuolo et al. [10] proceeded a step further by maintaining and expanding cells in
culture. As initially reported [9], we obtained homogenous cultures of cobblestoned ECs,
independently of disease etiology. Consequently, we did not perform extensive characteri-
zation of the isolated cell populations by flow cytometry because potential contaminations
by other cell types would be wiped out by the stringent EC culture conditions. In more
advanced subcultures (>S6), loss of endothelial markers and cell hypertrophy indicate cell
dedifferentiation, as observed in human primary lung endothelial cells in culture. This
suggests that short-term subcultures would be more appropriate for potential translational
applications, in agreement with previous findings highlighting the in vitro retention of
several abnormal phenotypic features in cultured pulmonary endothelial cells from patients
with PAH [13].

To build upon the technique developed by Pollett [9] and Passineau [14], we intro-
duced the following amendments: (i) immediate immersion of the catheter in warmed basal
medium containing 0.2% cell growth supplement instead of iced collection; (ii) inflated
balloon agitated in cell culture medium; (iii) omission of the micro-bead purification step,
which might lower cell recovery yield [14]; (iv) unbroaching of cells for the first 5 days in
culture instead of refreshing medium the day after isolation (see Table S2). Into our hands,
the current protocol resulted in the successful isolation of PAECs followed by subcultures
from about 30 Swan-Ganz pulmonary arterial catheters within 5 years. This indicates
that, by contrast to PAECs isolated from lung tissue at transplantation from patients with
advanced stage of the disease, the present technique is a unique and inestimable source
of PAECs at diagnosis and follow-up, enabling serial collection along disease progression
and/or in response to treatment without additional risk to the patient. Using our protocol
described above, we achieved a success rate of 35%, which is similar to the success rate
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described by Ventetuolo et al. [10], although the isolation technique is slightly different,
indicating that this procedure can be replicated to expand the use of this technique and
increase the number of patient-specific PAECs.

A major benefit of this protocol is the ability to exclusively harvest endothelial cells
originated from the pulmonary vessel wall, excluding circulating endothelial cells, as
previously argued [9]. This was confirmed by Ventetuolo et al., who showed that PAECs
express endothelial cell markers similarly to commercially available human PAECs and
observed that the balloon of the Swan-Ganz pulmonary arterial catheter has to be inflated
within the pulmonary artery with physical contact between the balloon and the pulmonary
vascular wall to be able to collect PAECs. [10]. In addition, molecular signature may be
possible as recently proposed for in situ expression of Bcl-2 in PAECs from patients with
pulmonary hypertension relative to heart failure with preserved ejection fraction [15].

However, such a technique displays some limitations that need to be highlighted.
By contrast to isolation of endothelial cells from peripheral blood, e.g., BOECs [16] or
iPSCs [8], the present technique does not offer the possibility to sample healthy controls
or unaffected bmpr2 mutation carriers. Nevertheless, synergy between these different
methods will increase the insights of endothelial cell biology during disease progression,
disease heterogeneity and specific response to treatment. The rather low and highly variable
number of viable cells harvested obviously conditioned the success rate, which may depend
on patient etiology, technique of the physician and period during which the balloon is
in contact with the vessel wall. This location is generally the branch of a pulmonary
artery, and not the pre-capillary/microvessels initially affected by the disease. Impaired
functionality of PAECs from lobar and/or (sub)segmental pulmonary arteries may not fully
represent those of pre-capillary pulmonary vessels involved in PAH; however, Ventetuolo
et al. [10] interestingly highlighted the rationale for studying proximal PAECs, since wall
stress changes in proximal pulmonary arteries contribute to compliance and coupling in
PAH. Moreover, the genetic background is the same in macrovascular and microvascular
pulmonary ECs, which is an important aspect to be considered in precision medicine.

5. Conclusions

To conclude, the present study highlights and confirms the promising and unique
opportunity to obtain homogenous and rather stable subcultures of primary PAECs from a
larger cohort of patients, more frequently, at diagnosis and follow-up. Within the era of
precision medicine, including alternative and innovative therapeutic approaches combining
gene editing, cell therapy and oral medication [17], we believe that this methodology will
undeniably open multiple translational and clinical applications and offer promising
perspectives for patients suffering from rare pulmonary vascular diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10113229/s1, Table S1. Patient characteristics from whom cells were phenotyped
(n = 4/56); Table S2. Summary of catheter collection and cell harvest conditions according to different
protocols; Figure S1. PAECs isolated from Swan-Ganz pulmonary catheters in early and advanced
subcultures, stained with antibodies against αSMA.

Author Contributions: Conceptualization, L.S., M.D. and R.Q.; Data curation, B.T. and R.Q.; Formal
analysis, B.T.; Investigation, B.T. and L.S.; Methodology, B.T., L.S., A.W., M.L., M.D. and R.Q.; Project
administration, R.Q.; Resources, M.D. and R.Q.; Supervision, M.D.; Visualization, B.T.; Writing—
original draft, B.T. and R.Q.; Writing—review and editing, B.T., M.L., C.B., M.D. and R.Q. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by Internal Research Funds from the University of Leuven—KU
Leuven (C2 project_C24/17/079).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the Ethics Committee of
University Hospitals-KU Leuven (S57114; 21 March 2016).

https://www.mdpi.com/article/10.3390/cells10113229/s1
https://www.mdpi.com/article/10.3390/cells10113229/s1


Cells 2021, 10, 3229 11 of 11

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data are available on request from the corresponding author.

Acknowledgments: The authors would like to thank the Belgian Association of Patients for Pulmonary
Hypertension (Belgische Pulmonale Hypertensie Patiëntenvereniging) for its financial support.

Conflicts of Interest: M.D. is holder of the Actelion chair for Pulmonary Hypertension at the KU
Leuven—University of Leuven. The funders had no role in the design of the study, collection,
analyses, or interpretation of data, writing of the manuscript, or in the decision to publish the results.

References
1. Morrell, N.W. Pulmonary hypertension due to BMPR2 mutation: A new paradigm for tissue remodeling? Proc. Am. Thorac. Soc.

2006, 3, 680–686. [CrossRef] [PubMed]
2. Budhiraja, R.; Tuder, R.M.; Hassoun, P.M. Endothelial dysfunction in pulmonary hypertension. Circulation 2004, 109, 159–165.

[CrossRef] [PubMed]
3. Benza, R.L.; Gomberg-Maitland, M.; Miller, D.P.; Frost, A.; Frantz, R.P.; Foreman, A.J.; Badesch, D.B.; McGoon, M.D. The REVEAL

Registry Risk Score Calculator in Patients Newly Diagnosed With Pulmonary Arterial Hypertension. Chest 2012, 141, 354–362.
[CrossRef] [PubMed]

4. Galiè, N.; Channick, R.N.; Frantz, R.P.; Grünig, E.; Jing, Z.C.; Moiseeva, O.; Preston, I.R.; Pulido, T.; Safdar, Z.; Tamura, Y.; et al.
Risk stratification and medical therapy of pulmonary arterial hypertension. Eur. Respir. J. 2019, 53, 1801889. [CrossRef] [PubMed]

5. Carman, B.L.; Predescu, D.N.; Machado, R.; Predescu, S.A. Plexiform Arteriopathy in Rodent Models of Pulmonary Arterial
Hypertension. Am. J. Pathol. 2019, 189, 1133–1144. [CrossRef] [PubMed]

6. Tielemans, B.; Stoian, L.; Gijsbers, R.; Michiels, A.; Wagenaar, A.; Farre Marti, R.; Belge, C.; Delcroix, M.; Quarck, R. Cytokines
trigger disruption of endothelium barrier function and p38 MAP kinase activation in BMPR2-silenced human lung microvascular
endothelial cells. Pulm. Circ. 2019, 9, 2045894019883607. [CrossRef] [PubMed]

7. Geti, I.; Ormiston, M.L.; Rouhani, F.; Toshner, M.; Movassagh, M.; Nichols, J.; Mansfield, W.; Southwood, M.; Bradley, A.;
Rana, A.A.; et al. A Practical and Efficient Cellular Substrate for the Generation of Induced Pluripotent Stem Cells from Adults:
Blood-Derived Endothelial Progenitor Cells. STEM CELLS Transl. Med. 2012, 1, 855–865. [CrossRef] [PubMed]

8. Gu, M.; Shao, N.Y.; Sa, S.; Li, D.; Termglinchan, V.; Ameen, M.; Karakikes, I.; Sosa, G.; Grubert, F.; Lee, J.; et al. Patient-specific
iPSC-derived endothelial cells uncover pathways that protect against pulmonary hypertension in BMPR2 mutation carriers. Cell
Stem Cell 2017, 20, 490–504. [CrossRef] [PubMed]

9. Pollett, J.B.; Benza, R.L.; Murali, S.; Shields, K.J.; Passineau, M.J. Harvest of pulmonary artery endothelial cells from patients
undergoing right heart catheterization. J. Heart Lung Transpl. 2013, 32, 746–749. [CrossRef] [PubMed]

10. Ventetuolo, C.E.; Aliotta, J.M.; Braza, J.; Chichger, H.; Dooner, M.; McGuirl, D.; Mullin, C.J.; Newton, J.; Pereira, M.; Princiotto, A.;
et al. Culture of Pulmonary Arterial Endothelial Cells from Pulmonary Artery Catheter Balloon Tips: Considerations for Use in
Pulmonary Vascular Disease. Eur. Respir. J. 2020, 55, 1901313. [CrossRef] [PubMed]

11. Quarck, R.; Wynants, M.; Ronisz, A.; Sepulveda, M.R.; Wuytack, F.; Van, R.D.; Meyns, B.; Delcroix, M. Characterization of
proximal pulmonary arterial cells from chronic thromboembolic pulmonary hypertension patients. Respir Res. 2012, 13, 27.
[CrossRef] [PubMed]

12. Vengethasamy, L.; Hautefort, A.; Tielemans, B.; Belge, C.; Perros, F.; Verleden, S.; Fadel, E.; Van, R.D.; Delcroix, M.; Quarck, R.
BMPRII influences the response of pulmonary microvascular endothelial cells to inflammatory mediators. Pflügers Arch. 2016,
468, 1969–1983. [CrossRef]

13. Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmüller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski, A.J.; Pullamsetti, S.S.; Schermuly,
R.T.; Stenmark, K.R.; et al. Pathology and pathobiology of pulmonary hypertension: State of the art and research perspectives.
Eur. Respir. J. 2019, 53, 1801887. [CrossRef] [PubMed]

14. Passineau, M.J.; Gallo, P.H.; Williams, G.; Perez, R.; Benza, R.L. Harvest of Endothelial Cells from the Balloon Tips of Swan-Ganz
Catheters after Right Heart Catheterization. J. Vis. Exp. 2019, 143, e58353. [CrossRef] [PubMed]

15. Benza, R.L.; Williams, G.; Wu, C.; Shields, K.J.; Raina, A.; Murali, S.; Passineau, M.J. In situ expression of Bcl-2 in pulmonary
artery endothelial cells associates with pulmonary arterial hypertension relative to heart failure with preserved ejection fraction.
Pulm. Circ. 2016, 6, 551–556. [CrossRef] [PubMed]

16. Ormiston, M.L.; Toshner, M.R.; Kiskin, F.N.; Huang, C.J.Z.; Groves, E.; Morrell, N.W.; Rana, A.A. Generation and Culture of Blood
Outgrowth Endothelial Cells from Human Peripheral Blood. J. Vis. Exp. JoVE 2015, 106, e53384. [CrossRef] [PubMed]

17. Quarck, R.; Perros, F. Rescuing BMPR2-driven endothelial dysfunction in PAH: A novel treatment strategy for the future? Stem
Cell Investig. 2017, 12, 4–6. [CrossRef] [PubMed]

http://doi.org/10.1513/pats.200605-118SF
http://www.ncbi.nlm.nih.gov/pubmed/17065373
http://doi.org/10.1161/01.CIR.0000102381.57477.50
http://www.ncbi.nlm.nih.gov/pubmed/14734504
http://doi.org/10.1378/chest.11-0676
http://www.ncbi.nlm.nih.gov/pubmed/21680644
http://doi.org/10.1183/13993003.01889-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545971
http://doi.org/10.1016/j.ajpath.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30926336
http://doi.org/10.1177/2045894019883607
http://www.ncbi.nlm.nih.gov/pubmed/31692724
http://doi.org/10.5966/sctm.2012-0093
http://www.ncbi.nlm.nih.gov/pubmed/23283547
http://doi.org/10.1016/j.stem.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/28017794
http://doi.org/10.1016/j.healun.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23684132
http://doi.org/10.1183/13993003.01313-2019
http://www.ncbi.nlm.nih.gov/pubmed/31949110
http://doi.org/10.1186/1465-9921-13-27
http://www.ncbi.nlm.nih.gov/pubmed/22452949
http://doi.org/10.1007/s00424-016-1899-1
http://doi.org/10.1183/13993003.01887-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545970
http://doi.org/10.3791/58353
http://www.ncbi.nlm.nih.gov/pubmed/30735186
http://doi.org/10.1086/688774
http://www.ncbi.nlm.nih.gov/pubmed/28090298
http://doi.org/10.3791/53384
http://www.ncbi.nlm.nih.gov/pubmed/26780290
http://doi.org/10.21037/sci.2017.05.11
http://www.ncbi.nlm.nih.gov/pubmed/28725652

	Introduction 
	Materials and Methods 
	Isolation of PAECs from Swan-Ganz Pulmonary Arterial Catheters 
	Quantitative Phenotyping by Flow Cytometry 
	Qualitative Phenotyping of PAECs Using Immunofluorescence 
	Statistical Analysis 

	Results 
	Collection of Patient Cells and Patient Characteristics 
	Quantitative Phenotyping of PAECs throughout Subcultures 
	Qualitative Phenotyping of PAECs Using Endothelial-Specific Markers in Early and Late Subcultures 

	Discussion 
	Conclusions 
	References

