
 International Journal of 

Molecular Sciences

Article

Blood Outgrowth and Proliferation of Endothelial
Colony Forming Cells are Related to Markers of
Disease Severity in Patients with Pulmonary
Arterial Hypertension

Josien Smits 1,2, Dimitar Tasev 2, Stine Andersen 3, Robert Szulcek 1,2 , Liza Botros 1,2,
Steffen Ringgaard 4 , Asger Andersen 3, Anton Vonk-Noordegraaf 1, Pieter Koolwijk 2

and Harm Jan Bogaard 1,*
1 Amsterdam UMC, VU University Medical Center, Department of Pulmonary Diseases,

Amsterdam Cardiovascular Sciences (ACS), De Boelelaan 1118, 1081 HV Amsterdam, The Netherlands;
aj.smits1@vumc.nl (J.S.); r.szulcek@vumc.nl (R.S.); l.botros@vumc.nl (L.B); a.vonk@vumc.nl (A.V.-N.)

2 Amsterdam UMC, VU University Medical Center, Department of Physiology, Amsterdam Cardiovascular
Sciences (ACS), De Boelelaan 1108, 1081 HV Amsterdam, The Netherlands; dimitasev@gmail.com (D.T.);
p.koolwijk@vumc.nl (P.K.)

3 Aarhus University Hospital, Department of Cardiology, Palle Juul-Jensens Boulevaard 99,
8200 Aarhus N, Denmark; stineandersen@clin.au.dk (S.A.); asger.andersen@clin.au.dk (A.A.)

4 Aarhus University Hospital, MR Centre, Palle Juul-Jensens Boulevaard 99, 8200 Aarhus N, Denmark;
steffen@clin.au.dk

* Correspondence: hj.bogaard@vumc.nl; Tel.: +31-20-444-4782

Received: 17 October 2018; Accepted: 23 November 2018; Published: 27 November 2018 ����������
�������

Abstract: In pulmonary arterial hypertension (PAH), lung-angioproliferation leads to increased
pulmonary vascular resistance, while simultaneous myocardial microvessel loss contributes to right
ventricular (RV) failure. Endothelial colony forming cells (ECFC) are highly proliferative, angiogenic
cells that may contribute to either pulmonary vascular obstruction or to RV microvascular adaptation.
We hypothesize ECFC phenotypes (outgrowth, proliferation, tube formation) are related to markers
of disease severity in a prospective cohort-study of 33 PAH and 30 healthy subjects. ECFC were
transplanted in pulmonary trunk banded rats with RV failure. The presence of ECFC outgrowth
in PAH patients was associated with low RV ejection fraction, low central venous saturation and
a shorter time to clinical worsening (5.4 months (0.6–29.2) vs. 36.5 months (7.4–63.4), p = 0.032).
Functionally, PAH ECFC had higher proliferative rates compared to control in vitro, although
inter-patient variability was high. ECFC proliferation was inversely related to RV end diastolic
volume (R2 = 0.39, p = 0.018), but not pulmonary vascular resistance. Tube formation-ability was
similar among donors. Normal and highly proliferative PAH ECFC were transplanted in pulmonary
trunk banded rats. While no effect on hemodynamic measurements was observed, RV vascular
density was restored. In conclusion, we found that ECFC outgrowth associates with high clinical
severity in PAH, suggesting recruitment. Transplantation of highly proliferative ECFC restored
myocardial vascular density in pulmonary trunk banded rats, while RV functional improvements
were not observed.
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1. Introduction

In pulmonary arterial hypertension (PAH) angio-proliferation, inflammation and vasoconstriction
of the small arteries of the lungs progressively increase pulmonary vascular resistance (PVR) [1,2].
The right ventricle (RV) responds to an augmented afterload with proportional hypertrophy and
microvascular adaptation in an attempt to preserve RV ejection fraction (RVEF) [3]. Maintenance of
RV function is highly critical for the survival of PAH patients. When despite treatment terminal right
heart failure develops, lung-transplantation remains the only therapeutic option [4].

In response to tissue damage, inflammation or hypoxia, endothelial progenitor cells (EPC) are
recruited to the peri-vasculature following a gradient of cytokines and chemokines. EPC arise from
the mononuclear cell fraction (MNC) of blood, and as a class EPC contain several cell populations,
including late outgrowth endothelial colony forming cells (ECFC) [5]. As opposed to early outgrowth
cells, ECFC appear late in culture (7–28 days) in the form of (multiple) expansive monoclonal
colonies [6]. ECFC do not express immune cell markers (CD14, CD45) as opposed to early outgrowth
EPC [7]. On the contrary, they express markers indicating a myeloid stem cell lineage (CD34, c-kit)
and resemble endothelial cells in morphology and EC marker expression (i.e., CD144, CD31, VEGFR-2,
VWF) [5,8]. It is generally believed that under physiological conditions, ECFC maintain vascular
hemostasis by replacement of damaged endothelium and vascularization of ischemic tissue [9–11].

Previous studies have shown altered numbers of circulating EPC in PAH and have also suggested
abnormal ECFC behavior [12–15]. The different studies have provided contradictory results, however,
and the exact role of ECFC in PAH pathobiology remains debated. PAH is a vascular disease
characterized by an imbalance in vascular damage and repair responses in both heart and lungs,
and ECFC may exert opposite effects in these organs. In the stressed heart, ECFC may be capable of
inducing neovascularization and thereby facilitate adaptive hypertrophic cardiac remodeling. In the
lungs, ECFC could maintain integrity of damaged endothelium, preventing vascular rarefaction, but at
the same time, abnormal ECFC behavior may also be a key component of occlusive angio-proliferative
vascular remodeling.

Previous research has suggested that transplantation of autologous EPC has a beneficial effect
on hemodynamic and functional parameters of PAH patients [16,17], and in models of experimental
pulmonary hypertension [18–21]. On the other hand, in vitro studies have shown signs of dysfunction
in ECFC of PAH patients [12–15] suggesting these cells may mediate disease progression [22].
Until now, ECFC have not been studied in the context of lung or cardiac vascular remodeling.
Understanding the role of ECFC in PAH may ultimately result in new biomarkers to monitor PAH,
in new therapeutic interventions aimed at changing the number of ECFC, or in the use of ECFC as a
vector for targeted therapy [23,24].

In this prospective cohort study, we aimed to investigate the clinical significance of ECFC (dys-)
function in PAH. ECFC were isolated from 33 patients with PAH and from 30 healthy control subjects.
Blood outgrowth, proliferation and tube formation were quantified. Our hypothesis was that because
ECFC participate in pulmonary vascular and/or right heart remodeling, ECFC functional read-outs will
correlate with clinical characteristics and markers of disease severity. PAH ECFC functional read-outs
were compared to clinical data, including right heart catheterization, cardiac magnetic resonance (CMR)
imaging and time to clinical worsening (TTCW) over a period of 3 years. Because ECFC proliferative
capacity correlated inversely with RV function but not PVR, we subsequently transplanted PAH ECFC
in rats with chronic RV failure induced by pulmonary trunk banding (PTB) to determine effects on RV
function and vascular density.

2. Results

2.1. PAH Patient Characteristics and ECFC Outgrowth

ECFC were isolated from 33 patients with PAH and 30 healthy control subjects. Out of 33 PAH
patients, 21 had outgrowth of at least one ECFC colony (64%). Likewise, 20 control subjects gave
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outgrowth to ECFC (67%). All ECFC-lineages expressed mature endothelial cell markers (Figure S1).
The quantity of single outgrown colonies was neither related to peripheral oxygen concentration nor to
the presence of PAH disease (Figure S2). Characteristics of PAH patients with and without outgrowth
of ECFC colonies are presented in Table 1. PAH patients with ECFC outgrowth were younger and had
significantly lower RVEF compared to patients without ECFC outgrowth. Patients with outgrowth of
ECFC experienced significantly earlier clinical worsening defined by hospital admittance, a decrease
in exercise capacity, and the start of invasive treatment with prostaglandin or death; (cox regression of
TTCW corrected for age, for PAH with outgrowth for PAH without outgrowth, p = 0.032, see Figure 1).
Mean age of control ECFC subjects was 29 ± 7 years. There was no age difference between healthy
control subjects with and without outgrowth of ECFC colonies (Table S1).

Table 1. Clinical characteristics of PAH patients with and without outgrowth of ECFC.

ECFC Outgrowth No ECFC Outgrowth p

Patient characteristics
n= 21 12

Diagnosis (n) iPAH(10), hPAH(5),
PAH-CTD(3), PAH-CHD(2)

iPAH(7), hPAH(1),
PAH-CTD(3), PAH-CHD(1)

Age (yrs) 45 ± 12 56 ± 16 0.036 *
% female 90% 83%
Disease duration (yrs) 4.1 (0.3–9.3) 2.7 (0.4–9.0) 0.687
Treatment PGI iv/sc (%) 52% 25% 0.122

Laboratory tests
NT-proBNP 1296 (231–4441) 363 (154–888) 0.172

Hemodynamics
mPAP (mmHg) 47 ± 18 47 ± 10 0.956
PVR (dynes.s.cm−5) 600 (383–928) 564 (214–882) 0.304
CO (l/min) 4.9 (4.1–6.1) 5.6 (3.8–9.0) 0.092
SvO2 (%) 63 (58–73) 72 (62–80) 0.037 *

Cardiac function
RVEDV (mL) 171 (113–291) 145 (77–165) 0.238
RVEF (%) 29 (10–51) 46 (30-60) 0.037 *

Performance
6MWT (m) 386 ± 156 381 ± 110 0.925
Heart failure acc. to NYHA 3.0 (2.0–3.5) 2.5 (2.0–3.9) 0.195
TTCW (mnths) 5.4 (0.6–29.2) 36.5 (7.4–63.4) 0.032 *
Transplantation list (%) 43% 33% 0.719
Death 40% 25% 0.443
FU (yrs) 3.0 (0.4–3.3) 3.6 (3.0–5.3) 0.687

iPAH, idiopathic PAH; hPAH, hereditary PAH; PAH-CTD, PAH associated with connective tissue disease; PAH-CHD,
PAH associated with congenital heart disease; PGI, prostaglandin; NT-proBNP, N-terminal pro-brain natriuretic
peptide; mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance; CO, cardiac output; SvO2,
mixed venous oxygen saturation; RVEDV, right ventricular end diastolic volume; RVEF, right ventricular ejection
fraction; 6MWT, six minute walking test; TTCW, time to clinical worsening; FU, active follow up time from ECFC
isolation until death or lung transplantation. Asterix denotes significance, defined by a p-value of 0.05.
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Figure 1. PAH patients with outgrowth of ECFC are more likely to experience early clinical 
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outgrowth of ECFC (grey, n = 12) over a period of 36 months (x-axis). Cox-regression corrected for 

age; p = 0.032. 

2.2. Quantification of PAH ECFC Proliferation and Tube Formation 

2.2.1. Proliferation 

ECFC cultures for further experimentation were available from 18 patients. PAH ECFC had a 

higher proliferative rate, and reached confluence sooner than ECFC from normal subjects (two way 

repeated measurements ANOVA, p-interaction = 0.018, t = 8 days (Figure S3). The overall higher 

proliferative rate could be attributed to a subset of PAH patients exhibiting a significantly increased 

proliferative rate (as is indicated by the steepness of the growth curve in Figure 2A,B) compared to 

normal proliferative PAH ECFC and ECFC from control subjects. 

 

Figure 2. PAH ECFC have higher proliferative rates compared to ECFC from healthy control subjects, 

while ECFC proliferation is related to RVEDV. (A) Quantification of cell density (y-axis, cells/cm2) of 

ECFC of healthy subjects (n = 8, grey) and PAH donors (n = 18, red and blue) over time (x-axis, days) 

indicates PAH ECFC proliferation is significantly higher compared to ECFC from healthy subjects, 

due to a subset of highly proliferative of PAH ECFC (n = 8, blue). Two way repeated measurements 

ANOVA, p < 0.0001. Mean with standard error of mean (SEM) is shown. (B) Quantification of the 

steepness of individual growth curves (y-axis, cells/day) indicates high proliferative PAH ECFC 

exceed the mean steepness of the growth curve of control ECFC by >2SD, where mean with SD is 

shown. (C) Individual steepness of the growth curve of PAH ECFC is correlated to RVEDV (y-axis, 

Figure 1. PAH patients with outgrowth of ECFC are more likely to experience early clinical worsening.
Kaplan Meijer curves of PAH patients with outgrowth of ECFC (red, n = 21) without outgrowth of
ECFC (grey, n = 12) over a period of 36 months (x-axis). Cox-regression corrected for age; p = 0.032.

2.2. Quantification of PAH ECFC Proliferation and Tube Formation

2.2.1. Proliferation

ECFC cultures for further experimentation were available from 18 patients. PAH ECFC had a
higher proliferative rate, and reached confluence sooner than ECFC from normal subjects (two way
repeated measurements ANOVA, p-interaction = 0.018, t = 8 days (Figure S3). The overall higher
proliferative rate could be attributed to a subset of PAH patients exhibiting a significantly increased
proliferative rate (as is indicated by the steepness of the growth curve in Figure 2A,B) compared to
normal proliferative PAH ECFC and ECFC from control subjects.
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Figure 2. PAH ECFC have higher proliferative rates compared to ECFC from healthy control subjects,
while ECFC proliferation is related to RVEDV. (A) Quantification of cell density (y-axis, cells/cm2) of
ECFC of healthy subjects (n = 8, grey) and PAH donors (n = 18, red and blue) over time (x-axis, days)
indicates PAH ECFC proliferation is significantly higher compared to ECFC from healthy subjects, due
to a subset of highly proliferative of PAH ECFC (n = 8, blue). Two way repeated measurements ANOVA,
p < 0.0001. Mean with standard error of mean (SEM) is shown. (B) Quantification of the steepness of
individual growth curves (y-axis, cells/day) indicates high proliferative PAH ECFC exceed the mean
steepness of the growth curve of control ECFC by >2SD, where mean with SD is shown. (C) Individual
steepness of the growth curve of PAH ECFC is correlated to RVEDV (y-axis, Ln (RVEDV, mL), linear
regression, R2 = 0.39, p = 0.018, n = 14. 95% confidence interval (CI) is shown of Ln transformed data.
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2.2.2. Relation to Markers of RV Function and Lung PVR

Proliferation was inversely related to RV end diastolic volume (RVEDV), indicating patients with
highly proliferative ECFC were more likely to have preserved RVEDV (Figure 2C). No relation was
found between proliferation and other parameters reflecting RV function (RVEF, CO) or between
proliferation and PVR (Figure S4).

2.2.3. Tube Formation

ECFC were seeded on fibrin matrices and stimulated with tumor necrosis factor (TNF-α),
fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF) to induce tube formation
(Figure 3A). Average length of tubes was quantified (Figure 3B). No difference was observed between
ECFC derived from PAH patients and from control subjects, although notable inter-donor variation
was present.
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Figure 3. No difference in tube formation was observed among ECFC donors. (A) Representative
phase contrast image of sprouts of PAH ECFC showing little or abundant tube formation. Scale bar
indicates 500 µm. (B) Quantitative analysis of average tube length indicates no difference between
control (grey, n = 6) or PAH ECFC (black, n = 18), normalized for mean tube length of control ECFC
(y-axis, ratio). Mean with standard deviation (SD) is shown.

2.3. Transplantation of Highly Proliferative PAH ECFC with Tube Formation Ability in an Animal Model with
Chronic RV-Failure

Two PAH ECFC donors were selected for ECFC transplantation to rats: one donor with a highly
proliferative and tube formation ability, and one donor with a normal proliferative and low sprouting
ability. Highly and normally proliferative PAH ECFC were transplanted to rats with chronic RV failure
induced by PTB. Two weeks after PTB, all animals showed signs of RV failure on echocardiography.
Tricuspid regurgitation was present in all PTB animals, but not in sham animals. Tricuspid annular
plane systolic excursion (TAPSE) was significantly lowered in PTB animals, as were stroke volume and
cardiac output (Figure S5A–C). At evaluation, no difference was observed in RV/LVS ratio (Figure 4A).
Echocardiography revealed a significantly lower TAPSE in PTB animals, but no difference in TAPSE
between PTB ECFC transplanted groups (Figure 4B). Likewise, no differences in RVEDV or RVEF were
observed on cardiac MRI other than between sham and PTB animals (Figure 4C,D). Catheterization
showed no significant differences in right ventricular systolic pressure (RVSP), mean arterial pressure
(MAP), end systolic elastance (Ees) or RV to arterial coupling (Ees/Ea) (Figure S6A–D). However,
a significant increase in capillary density of the RV myocardium 3 weeks after transplantation was
detected in PTB animals transplanted with highly proliferative ECFC (Figure 4E–I).Accordingly,
cardiomyocytes/vessel ratio was lower in PTB rats after transplantation with highly proliferative
ECFC (Figure 4F). Representative BF images of RV myocardium sections stained for CD31 are shown
for sham and PTB animals (Figure 4G–I).
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Figure 4. Transplantation of PAH ECFC did not induce reversal of the hemodynamic profile in PTB rats
of chronic RV failure. (A) RV/LVS weight-ratio was comparable among sham rats (0.32 ± 0.14, green),
PTB rats (0.51 ± 0.18, black), PTB rats transplanted with normal proliferative PAH ECFC (0.67 ± 0.11,
red), or PTB rats transplanted with highly proliferative PAH ECFC (0.67 ± 0.11, blue). (B) TAPSE
at evaluation shown of sham (2.7 ± 0.3 mm), PTB (1.7 ± 0.3 mm), PTB normal proliferative PAH
ECFC (1.6 ± 0.5 mm), or PTB high proliferative PAH ECFC (1.7 ± 0.19 mm). (C) RVEDV of sham
(0.38 ± 0.04 mL), PTB (0.59 ± 0.07 mL), PTB normal proliferative PAH ECFC (0.53 ± 0.07 mL) and
PTB high proliferative PAH ECFC (0.62 ± 0.06 mL). (D) RVEF of sham (71 ± 3%), PTB (36 ± 5%),
PTB normal proliferative PAH ECFC (32 ± 4%) and PTB high proliferative PAH ECFC (39 ± 6%).
(E) Quantification of small vessel density/RV-area indicates significant reversal of the RV myocardial
vessel density after transplantation with highly proliferative PAH ECFC (16.8 ± 1.6 vessels/RV-area),
sham-animals (17.8 ± 4.6 vessels/RV-area), PTB (11.9 ± 1.5 vessels/RV-area), PTB normal proliferative
PAH ECFC (13.7 ± 3.6 vessels/RV-area. (F) Cardiomyocytes per vessel ratio for sham (2.4 ± 0.4),
PTB (3.1 ± 0.5), PTB normal proliferative PAH ECFC (2.0 ± 0.5) and high proliferative PAH ECFC
(2.1 ± 0.6). Mean with SD is shown. Reported p-values are obtained from independent samples two
way ANOVA with Bonferroni correction. (G–I) Representative phase contrast images of RV-muscle
with brown CD31 staining for vessels (black arrow is pointed at a vessel) and nuclei (DAPI) of sham
rats (G), PTB banded rats (H) and PTB banded rats transplanted with highly proliferative PAH ECFC
(I). Scale bar indicates 50 µm.

3. Discussion

To improve the understanding of the clinical significance of ECFC (dys-)function in PAH,
we related ECFC function (i.e., blood outgrowth, tube formation, and proliferation) to markers of
lung vascular remodeling and RV function. Our finding that blood-outgrowth of ECFC is more
prominent in PAH patients with a severe clinical phenotype suggests that clinical severity is related to
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an increased recruitment of ECFC from the bone marrow. Accordingly, the presence of outgrowth was
associated with lower RVEF, lower SvO2, and a shorter TTCW during 3 years of follow up. Somewhat
paradoxically, in patients whose blood yielded ECFC, a high proliferative ability of these cells was
related to preserved RV function, as indicated by a low RVEDV. Transplantation of highly proliferative
ECFC to rats with severe RV failure induced reversal of vascular rarefaction but did not result in an
improved RV function.

In our study, the blood of two thirds of PAH patients gave outgrowth to ECFC colonies.
While selective outgrowth of ECFC in PAH was reported previously [12,14], our study is the first to
relate presence of ECFC outgrowth to disease severity. ECFC are rare cells in the blood stream only
consisting of 0.01–0.0001% of circulating mononuclear cells [25,26]. A percentage of 60–70% outgrowth
of isolations is generally reported in health and disease [26–28]. Therefore, it was expected that not
all PAH patients would yield ECFC. Interestingly, PAH patients with ECFC outgrowth were younger
compared to PAH patients without ECFC outgrowth and were characterized by a significantly shorter
TTCW and lower RV function. European registry studies (e.g., COMPERA and SPAHR) suggest that
advanced age is an independent predictor for short transplantation-free survival, lower functional
status and RV function, and diminished improvement on PAH targeted therapy [29,30]. These findings
make it unlikely that age differences explain the differences in disease severity between PAH patients
with and without ECFC outgrowth.

How disease severity influences the actual presence of ECFC in the bloodstream remains elusive.
Recruitment of ECFC (and other EPC) from the bone marrow to the blood stream occurs upon release
in tissues of bone-marrow targeting molecules, such as GM-CSF and SDF-1, in response to damage,
inflammation or hypoxia [31,32]. It is thought that adherence and extravasation of ECFC play a role
in the repair of injured tissue, as the transplantation of these cells leads to neovascularization of the
infarcted area or site of endothelial damage [33,34]. The fact that we found outgrowth of ECFC in an
exclusive subset of PAH patients may be due to differences in blood inflammatory and ECFC mobilizing
factors [35–37] between PAH patients with mild or severe PAH disease [38]. These mediators may
induce recruitment of ECFC from the bone marrow to the blood stream in order to induce tube
formation and vascular repair [14].

We observed substantial inter-donor variation in proliferative rates of ECFC from patients with
PAH. This finding confirms previous studies from Toshner et al. [13] and Asosingh et al. [12]. Likewise,
we found heterogeneous sprout formation capacity of ECFC in our patient cohort. One previous
study reported decreased sprout formation of ECFC from BMPR2 mutated PAH donors [12] and
idiopathic PAH patients [18], but unaltered sprout formation of these cells in PAH was reported as
well [15]. A cause of this heterogeneity may be that several signaling factors known to influence
angio-proliferative function of ECFC, i.e., IL-6, IL1b, PDGF-b, and TNF-α [28], are highly upregulated
in PAH. In vitro stimulation studies have shown that ECFC proliferation is strongly increased after
stimulation with VEGF in concentrations of >50 ng/mL [39,40] and incubation with high concentrations
of IL-1b (1–10 ng/mL) [41], while TNF-α [42] and low concentrated (0.25 ng/mL) IL-1b [41] are strong
inhibitors of proliferation. Unfortunately, we did not measure levels of circulating cytokines in
our patients.

While the proliferative rate of ECFC had no relationship with pulmonary vascular remodeling or
PVR in our cohort of PAH patients, we found a moderate inverse relationship between proliferation rate
of PAH ECFC and RV dilatation. One possible explanation for this finding is a direct hypertrophy and
growth suppressing effect of inflammatory cytokines on both the RV and ECFC. For example, serum
levels of TNF-α and IL-6, which are increased in PAH, have been attributed with cardio-depressive
effects [43–45] as well as inhibitory effects on EC sprout formation and proliferation [46,47]. However,
there is also an alternative explanation for the relationship between ECFC proliferative rate and RV
function, namely that highly proliferative ECFC contribute to RV adaptation in PAH by stimulating
myocardial revascularization.
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Although we found no relationship between ECFC proliferative capacity and PVR, it remains
possible that highly proliferative angio-proliferative ECFC contribute to pulmonary vascular
remodeling and plexiform lesion formation. Accumulation of c-kit positive cells [48] and SDF-1
and its chemokine receptor CXCR4 [13] has been described in proximity of plexiform lesions while
targeting of c-kit positive cells and CXCR-4 has been shown to ameliorate pulmonary hypertension
in animal models [49,50]. Schiavon et al. [51] suggested that EPC accumulate in lung tissue of end
stage PAH patients based on surface marker expression. The recent discovery of CD157 as a marker
for tissue resident ECFC [52] may help expand the knowledge on this matter.

An imbalance in oxygen supply by cardiac vessels and oxygen demand by cardiomyocytes
may lead to myocardial hypoxia, apoptosis, and contractile dysfunction in the development of
hypertrophic cardiomyopathy [53]. Evidence of RV ischemia was provided by two independent
nuclear imaging studies [54,55]. While possible explanations for RV ischemia include impaired
coronary artery filling due to systemic hypotension and increased wall stress, a muscle-capillary
mismatch has also been suggested.

Indeed, we observed that in a rat model of RV failure, transplantation of highly proliferative
ECFC enhanced the capillary network in the RV. The fact that this increase in capillary density was
not accompanied by an improvement in RV function could indicate that group sizes were too small,
or that capillary rarefaction is not critical to the function of the pressure overloaded RV. Alternatively,
the enhancement in capillarization could have been insufficient to result in functional improvement
at the time of assessment. Whether repetitive transplantations and a longer follow-up would have
resulted in more positive effects remains to be determined. In a follow-up study, stereology would be
the best option to solidly prove increased myocardial revascularization.

In conclusion, we found donor dependent variation in outgrowth, proliferative, and tube
formation ability of ECFC derived from patients with PAH. Outgrowth and proliferative capacity were
related to markers of disease progression and RV-function. Transplantation of highly proliferative
ECFC with tube formation ability reduced capillary rarefaction of the RV myocardium in rats
after banding of the pulmonary trunk, although no improvement of RV function was observed.
Restoring ECFC angio-proliferative ability could be a target for therapy.

4. Materials and Methods

4.1. Inclusion

WHO group 1.1, 1.2, and 1.4 PAH patients were recruited from the Pulmonary Hypertension clinic
at the VU Medical Center, Amsterdam, The Netherlands. Control subjects were healthy volunteers as
well as patients undergoing a right heart catheterization for diagnostic reasons but who were found to
have normal hemodynamic values. The Institutional Ethical Review Board of the VU Medical Center
(METC VU medical center) reviewed and approved the study (015.220-NL53211.029.15, approval-date
24th September 2015). Since the intervention consisted of a single blood draw, no signed informed
consent was obligate before 7th of July 2017 by our Institutional Ethical Review Board. After this date,
all patients gave informed consent. Comparison of baseline characteristics of PAH patients and control
subjects are shown in Table S1.

4.2. Acquisition of Hemodynamic Parameters and RV Volume Measurements in PAH Patients

Right heart catheterization and pressure measurements were performed as described
previously [56], and mean pulmonary arterial pressure (mPAP), pulmonary vascular resistance (PVR),
cardiac output (CO), and central venous oxygen saturation (SvO2) were obtained from patient files.
Magnetic resonance imaging was performed as described previously [56]. RV end diastolic volume
(RVEDV) and RV ejection fraction (RVEF) were calculated from RV-cross-sectional images, excluding
trabeculae. Only data within proximity of 1.5 year of ECFC isolation were included in this study.
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4.3. Time to Clinical Worsening

Time to clinical worsening (TTCW) was obtained from patient records and defined by the time
from ECFC isolation until death, emergency admittance to a hospital for re-evaluation or other cause
attributable to PH, a decrease of ≥10% of 6 min walking distance (6MWT, or the start treatment with a
prostaglandin-agonist (PGI2).

4.4. ECFC Isolation, Culture and Characterization

ECFC were isolated and cultured as described previously [28]. In short, the mononuclear
cell fraction was isolated from whole blood using density centrifugation. Subsequently, cells
were re-suspended in EGM-2 medium (EBM-2 with single quotes growth factor-kit, Lonza, Basel,
Switzerland) supplemented with 10% human platelet lysate [28,57] and seeded on type I collagen-
matrix (rattail collagen, BD, Franklin Lakes, NJ, USA). Culture plates were kept at 37 ◦C, 20% O2,
5% CO2. Culture medium was refreshed every other day. After 3 days, a washing step was performed to
remove non-adherent cells. ECFC colonies appeared in culture after 7–28 days and were subsequently
re-plated and expanded in a ratio of 1:5 until passage 4–7 was reached in order to perform experiments.
Isolated cells were characterized as ECFC by presence of endothelial cell markers CD31 (555445, BD)
VE-cadherin (561714, BD) VEGFR2 (5611714, BD) and lack of CD45 (557833, BD) using flow cytometry
as previously described [58] (Figure S1).

4.5. Proliferation Assay

Proliferation was quantified over a period of 8 days. Primarily, ECFC were seeded in a density of
1000 cells/cm2 and cultured as described above. Donor specific proliferation curves were obtained
by manual counting of cells/area from bright field microscopy pictures taken every day, with t = 1
being defined as 4 h after cell seeding. Proliferative speed (cells/day) was defined by the slope of the
proliferation curve, obtained by linear regression of the linear part of the sigmoidal-shaped growth
curve covering a minimum of 3 subsequent data points and R2 ≥ 0.97. PAH ECFC that exceeded the
average proliferative speed of control ECFC by >2 SD were classified as being “high proliferative”
PAH ECFC, while PAH ECFC donors that follow the growth curve of control ECFC were classified as
“normal proliferative” PAH ECFC.

4.6. Tube Formation Assay

Sprouting ability was quantified from ECFC seeded in triplicate in a seeding density of
20,000 cells/cm2 on 3D human fibrin matrices and subsequent growth factor stimulation as described
previously [28,58]. Following overnight incubation in M199 supplemented with 10% inactivated
human serum and 10% newborn calf serum, tube formation was induced by stimulating the cells
with combination of 10 ng/mL TNF-α, 10 ng/mL FGF-2, and 10 ng/mL VEGF (ReliaTech GmbH,
Wolfenbuttel, Germany) in serum-supplemented medium every other day until sprouts of ECFC were
visually detected. For quantification, ECFC were fixed with 2% paraformaldehyde/Hank’s Balanced
Salt Solution (HBSS) and the length of formed sprout structures was quantified using semi-quantitative
Optimas image analysis (Adapt Turkey, Perth, Australia).

4.7. Pulmonary Trunk Banding (PTB) in Rats

Male Wistar rats (Janiver Labs, Hannover, Germany) were treated according to the Danish
National Guideline, and all experiments were approved by the Institutional Ethics Review Board
and conducted in accordance with the Danish Law for animal research (authorization number
2016-15-0201-01040, Danish Ministry of Justice, Copenhagen, Denmark). Rats were housed two
per cage with free access to water and standard rat chow (Altromin #1324; Altromin, Lage, Germany)
in a room with a 12-h light-dark cycle and a temperature of 23 ◦C. At time of surgery, rats weighed
186 ± 28 g. PTB was performed as described previously by Andersen et al. [59]. Briefly, animals were
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randomized for PTB (n = 12) or sham-surgery (n = 2). All animals were anesthetized after which a
lateral thoracotomy was performed and the pulmonary trunk carefully separated from the ascending
aorta. In PTB animals, the banding was made with a horizon ligating clip applier modified to compress
a titanium clip to a pre-set inner diameter of 0.5 mm around the pulmonary trunk.

4.8. Transplantation of PAH ECFC

Two weeks after PTB, baseline echocardiography was performed (Vevo 2100 echocardiographic
system (Visual Sonics, Toronto, ON, Canada)) to assess tricuspid annular plane systolic excursion
(TAPSE), and tricuspid regurgitation. After the echocardiography, PTB rats were randomized to
transplantation with PAH ECFC of a highly proliferative donor with in vitro tube formation (n = 4),
to transplantation with normal proliferative PAH ECFC with little tube formation (n = 4), or to saline
injections (n = 4). Animals received transplantations via the tail vein at baseline and after 1.5 weeks
after the first transplantation. Prior to transplantation, animals received an heparine bolus i.v. via
a venflon in the tail vein, after which 1.5–2.0 × 106 ECFC were administrated suspended in 0.4 mL
warm 1% BSA/saline. Lines were flushed with heparinized saline. 2 sham and 2 PTB/saline animals
were euthanized 1.5 weeks post sham/PTB procedures. All other animals were euthanized 3 weeks
post-sham/PTB procedure. As no difference in hemodynamic, cardiac or anatomic data was observed,
the 1.5 and 3 week time point post sham/PTB procedure were combined in order to increase power.
All animals (sham and PTB) received daily subcutaneous injections with cyclosporine (15 mg/kg) to
avoid ECFC rejection.

4.9. Acquisition of Hemodynamic Parameters and RV Volume Measurements in PTB-Animals

Prior to termination of the experiment, cardiac MRI was performed using a 9.4 Tesla Agilent
MRI system. Imaging was synchronized with heart beat and respiration using a trigger system from
SAII (New York, NY, USA). Measures of RV volumes were obtained from a series of cine short axis
images, and cardiac output assessed using flow measurements from the pulmonary trunk obtained
from a phase contrast sequence. Invasive pressure-volume measurement was performed using a small
catheter (SPR-869, Millar Instruments, Houston, Texas, USA) installed in the left carotid artery and
the RV. Slow occlusion of the inferior vena cava allowed simultaneous recordings of RV pressures
and volumes with decreasing pre-load. Load independent measures of RV contractility, including
end systolic elastance (Ees) and ventricular arterial coupling (Ees/Ea) were calculated from pressure
volume-loops using LabChart Software (AD Instruments, Oxford, UK). Subsequently euthanasia was
performed by extraction of the circulating blood volume, and organs were harvested.

4.10. RV-Small Vessel Density

RV tissue sections were deparaffinized and stained for CD31 (550300, BD, Franklin Lakes, NJ,
USA) and subsequent DAB (BD, Franklin Lakes, NJ, USA) and H&E staining. Small, non-muscularized
vessels were manually counted by two independent, blinded observers using BF microscopy-images
from 6 randomly selected, transversal sections. RV tissue area was calculated with ImageJ software
(National Institute of Health, Bethesda, MD, USA), and counted vessels were corrected for area.

4.11. Statistics

Continuous variables were visually inspected for normal distribution. If normally distributed
mean with standard deviation (SD), and two-tailed independent student t-test or ANOVA was reported.
Correlations were tested using univariate linear regression. For non-normally distributed data, median
with interquartile range (IQR) and Mann-Whitney non-parametric test was reported. For dichotomous
variables chi-quadrate was performed, or, in case of low numbers Fisher’s exact test. Cox-regression
and −2log likelihood test were used for TTCW. A p value of ≤0.05 was considered significant. All tests
were performed with SPSS®. IBM software, Armonk, NY, USA or GraphPad Prism 6®, GraphPad
Software, La Jolla, CA, USA.
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4.12. Handling of Missing Data

We choose a range of 1.5 year from time of ECFC isolation as a threshold for inclusion of
hemodynamic and RV data. Because this is an observational study not all patients met this criterion.
If so, the subjects were excluded from specific analysis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
3763/s1.
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