
Angiostatic Factors in the Pulmonary Endarterectomy
Material from Chronic Thromboembolic Pulmonary
Hypertension Patients Cause Endothelial Dysfunction
Diana Zabini1, Chandran Nagaraj1,7, Elvira Stacher2, Irene M. Lang3, Patrick Nierlich4, Walter Klepetko4,

Akos Heinemann5, Horst Olschewski6, Zoltán Bálint1,7*, Andrea Olschewski1,7

1 Experimental Anesthesiology, Department of Anesthesia and Intensive Care Medicine, Medical University of Graz, Graz, Austria, 2 Institute of Pathology, Medical

University of Graz, Graz, Austria, 3 Department of Internal Medicine II, Division of Cardiology, Medical University of Vienna, Vienna, Austria, 4 Department of Thoracic

Surgery, Medical University of Vienna, Vienna, Austria, 5 Institute of Experimental and Clinical Pharmacology, Medical University of Graz, Graz, Austria, 6 Division of

Pulmonology, Department of Internal Medicine, Medical University of Graz, Graz, Austria, 7 Ludwig Boltzmann Institute for Lung Vascular Research, Graz, Austria

Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare disease with persistent thrombotic occlusion or stenosis
of the large pulmonary arteries resulting in pulmonary hypertension. Surgical removal of the neointimal layer of these
vessels together with the non-resolved thrombus consisting of organized collagen-rich fibrotic areas with partly recanalized
regions is the treatment of choice (pulmonary endarterectomy, PEA). The present study investigates endothelial cells
isolated from such material as well as factors present in the surgical PEA material, which may contribute to impairment of
recanalization and thrombus non-resolution. We observed muscularized vessels and non-muscularized vessels in the PEA
material. The isolated endothelial cells from the PEA material showed significantly different calcium homeostasis as
compared to pulmonary artery endothelial cells (hPAECs) from normal controls. In the supernatant (ELISA) as well as on the
tissue level (histochemical staining) of the PEA material, platelet factor 4 (PF4), collagen type I and interferon-gamma-
inducible 10 kD protein (IP-10) were detected. CXCR3, the receptor for PF4 and IP-10, was particularly elevated in the distal
parts of the PEA material as compared to human control lung (RT-PCR). PF4, collagen type I and IP-10 caused significant
changes in calcium homeostasis and affected the cell proliferation, migration and vessel formation in hPAECs. The presence
of angiostatic factors like PF4, collagen type I and IP-10, as recovered from the surgical PEA material from CTEPH patients,
may lead to changes in calcium homeostasis and endothelial dysfunction.
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Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is

a rare and late complication of venous thromboembolism [1,2]

leading to occluded pulmonary arteries and vascular remodelling

[3]. The diagnosis is typically made in advanced stages of the

disease when pulmonary vascular resistance is 5–10-fold elevated.

Depending on the localization and extent of proximal thrombotic

material, a pulmonary endarterectomy (PEA) may be necessary

[4]. Between 1 and 5% of patients who survived symptomatic

acute pulmonary thromboembolism develop CTEPH [5]. It has

been suggested that the reason for the development of the

persistent occlusion of the pulmonary artery is a misguided

thrombus resolution triggered by infection [6], inflammation [7],

autoimmunity, malignancy [8] and/or endothelial dysfunction due

to high presence of phospholipid antibodies and lupus anticoag-

ulants [9,10] rather than prothrombotic factors.

The reason for the incomplete resolution of the clot is currently

unknown, but an increased resistance to endogenous thrombolysis

due to a polymorphism affecting the fibrinogen a-a chain

crosslinkage could be one explanation [11,12]. Another hypothesis

suggests that the differentiation of adventitial fibroblasts or

mesenchymal progenitor cells present in the neointima of the

occluded vessels of CTEPH patients might be triggered by factors

present in the microenvironment of the clot [13]. The myofibro-

blast- and progenitor cell-rich microenvironment in the pulmo-

nary endarterectomy (PEA) tissue is thought to extensively

contribute to the vascular lesion/clot [13,14]. It is well known

that factors from the microenvironment, for example thrombin,

potently affect endothelial cells (EC) leading to mobilization of

Ca2+, rearrangements of the cytoskeleton and endothelial

dysfunction [15,16]. Sakao et al. suggested that the microenvi-

ronment created by the unresolved clot in CTEPH patients leads

to dysfunctional ECs contributing to the progression of CTEPH

[17]. Collagen-secreting cells were detected in PEA material

participating in formation of this microenvironment [18].

In CTEPH, partial recanalization of the pulmonary arteries

occurs and endothelialized blood vessels may be found in the distal

part inside the clot [18,19]. In vascular systems that are able to
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form collaterals, the formation of new vessels is regulated by a local

balance of pro- and anti-angiogenic factors [20]. Under certain

conditions such as tumor formation or wound healing, the positive

regulators of angiogenesis predominate. Endothelial cells prolifer-

ate, migrate and form a vessel, which is finally stabilized by

pericytes and smooth muscle cells [21]. However, angiogenesis in

the pulmonary arteries depends on vasa vasorum stemming from

the systemic bronchial arteries. After pulmonary arterial occlusion,

these vessels spread into the pulmonary arteries and pre-existing

collaterals are opened, preventing pulmonary infarction in most of

the cases [22]. In CTEPH patients, the number of pulmonary

adventitial vasa vasorum increases and the core of the nonresol-

ving clots is recanalized by neovascular endothelialized structures

originating from the vasa vasorum [22,23]. If angiostatic factors

(e.g. angiostatin, endostatin, thrombospondin, CXC chemokines

lacking ELR motif [20]) outweigh the angiogenic molecules such

as VEGF, FGF, angiopoietins, or integrins, angiogenesis may not

occur [21,24]. Numerous soluble growth factors and inhibitors,

cytokines and proteases as well as extracellular matrix proteins and

adhesion molecules tightly control this multi-step process [21].

The role of angiostatin, endostatin and thrombospondin in

endothelial cells have already been extensively studied [25–27].

Therefore, in the present study investigated the effects of

angiostatic factors (collagen, platelet factor 4 (PF4 or CXCL4)

and interferon-gamma-inducible 10 kD protein (IP-10 or

CXCL10) on the function of endothelial cells isolated from the

surgical PEA material. We found high levels of the angiostatic

factors in the material and show that these factors cause

endothelial dysfunction in control human pulmonary artery

endothelial cells.

Results

Vessels are present in surgical PEA material of chronic
thromboembolic pulmonary hypertension (CTEPH)
patients

The surgical material obtained from the CTEPH patients

underwent PEA (Table 1) had an organized, but heterogeneous

structure. Distal areas of the material were highly organized,

whereas the proximal areas, where sometimes fresh thrombotic

material accumulated, were predominantly fibrotic and the cell

density was low. In this heterogenous material, the formation of

vessel-like structures was observed in the distal areas (Fig. 1 black

arrows). These structures included both von Willebrand factor

(vWF)+ endothelial cells surrounded by smooth muscle a-actin

(sma-actin)+ cells forming muscularized vessels (Fig. 1B), as well as

non-muscularized vessels (in Fig. 1A shown as CD31+ cells).

Increased intracellular calcium (Ca2+) response in
endothelial cells from the surgical PEA material (CTEPH-
hECs)

A mixed culture of cells was further purified by means of

endothelial-specific CD31 magnetic beads. The purified CTEPH-

hECs were positively stained for vWF and vascular endothelial

(VE) cadherin, but were negative for sma-actin, showing the purity

of the culture (Figure S1).

Since Ca2+ homeostasis affects endothelial function, the basal

intracellular Ca2+ concentration of CTEPH-hECs was investigat-

ed next (Fig. 2A, 3A). The CTEPH-hECs showed a significant

increase in the basal intracellular calcium level compared to

control human pulmonary artery endothelial cells (hPAECs)

(p,0.01, Table 2; Fig. 2C). Histamine challenge resulted in an

increased intracellular Ca2+ response in CTEPH-hEC as com-

pared to hPAECs (p,0.001; Table 2; Fig. 2B). When the calcium

stores of the cells were emptied, in the CTEPH-hECs a

significantly increased amount of released calcium could be

detected in comparison to hPAECs (p,0.001; Table 2; Fig. 3B).

The increase upon extracellular calcium readmission showed a

higher calcium influx in CTEPH-hECs as compared to hPAECs

(p,0.0001; Table 2; Fig. 3C) suggesting changes in the store-

operated calcium entry. In summary, CTEPH-hECs were similar

to hPAECs with respect to surface markers (vWF; VE-cadherin),

but their calcium homeostasis was markedly different.

Figure 1. Surgical PEA material contains vessels. (A) CD31 positive endothelial cells (brown) in distal PEA material. (B) Double staining for von
Willebrand factor (brown) and smooth muscle a-actin (red) shows muscularized vessels (black arrows). The nuclei are counterstained with Haemalaun
(blue). Negative controls are shown in upper right insets.
doi:10.1371/journal.pone.0043793.g001

Table 1. Patient characteristics (mPAP – mean pulmonary
arterial pressure, PVR – pulmonary vascular resistance, CO –
cardiac output, CI – cardiac index).

CTEPH (n = 38)

Age (years) 55 (21278)

Gender (female, %) 40

mPAP preoperative (mmHg) 53613.6

PVR preoperative (dyn?sec?cm25) 9236396

CO preoperative (L?min21) 4.460.83

Cl preoperative (L?min21?m22) 2.260.3

doi:10.1371/journal.pone.0043793.t001
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Figure 2. Enhanced calcium handling of CTEPH-hECs compared to hPAECs. (A) Representative graph of the histamine-induced increase in
the intracellular calcium concentration. (B) Quantitative data of the histamine-induced peak and (C) basal calcium level in CTEPH-hECs and hPAECs
(number of analysed cells n = 132–518). (** p,0.01, *** p,0.001 compared to control hPAECs).
doi:10.1371/journal.pone.0043793.g002

Figure 3. Enhanced store depletion and calcium influx of CTEPH-hECs compared to hPAECs. (A) Representative recording of the calcium
store depletion (BHQ = 1,4-dihydroxy-2,5-di-tert-butylbenzene). (B) Quantitative data of the store depletion (measured as the peak of the calcium
release) and (C) calcium influx after readmission of calcium in the medium in CTEPH-hECs in comparison with hPAECs (number of analysed cells
n = 283–293; *** p,0.001 compared to control hPAECs).
doi:10.1371/journal.pone.0043793.g003
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Angiostatic factors and their receptors are present in
surgical PEA material

The angiostatic factors were determined at the protein level in

the supernatant of the PEA tissue. Platelet factor 4 (PF4 or

CXCL4) (1165 ng/ml), collagen type I, (90617 ng/ml) and

interferon-gamma-inducible 10 kD protein (IP-10; 16.163.5 pg/

ml) were present as detected by ELISA (Fig. 4D). All three factors

were also detected at the tissue level by immunohistochemistry

(Fig. 4A, B, C). In addition, the receptor for PF4 and IP-10,

CXCR3, was found in the PEA surgical material with high

expression levels, particularly in the distal areas (Fig. 5A), as

compared with healthy lung tissue (Fig. 5B). CXCR3 expression at

the mRNA level was likewise higher in CTEPH tissue from the

distal parts of PEA as compared with healthy lungs (Fig. 5C).

CXCR3 was also present in isolated CTEPH-hECs and hPAECs

(Figure S2). CXCR2 mRNA served as an internal control showing

no differences in gene expression compared to control lung (data

not shown).

Angiostatic factors and their receptors affect calcium
homeostasis

Due to the strong presence of PF4 and collagen type I in the

PEA tissue, we investigated their effects on the basal calcium level,

store depletion and calcium influx in hPAECs (Table 3 and 4,

Fig. 6A). In PF4-stimulated cells (400 ng/ml) neither 6 h nor 24 h

of treatment led to a significant change in basal calcium compared

to untreated cells (Table 3, Fig. 6B). However, after 24 h, PF4

treatment resulted in a significant increase in calcium store

depletion when compared to control cells (p,0.05; Table 3;

Fig. 6B). Similarly, PF4 resulted in an increased store-operated

calcium entry compared to control after 24 h (p,0.05; Table 3;

Fig. 6B). Collagen type I treatment (100 mg/ml) resulted in a

significant elevation in basal calcium compared to untreated cells

(p,0.01; Table 4; Fig. 6C). Collagen type I also resulted in a

significant increase in store depletion (p,0.0001; Table 4; Fig. 6C)

and a significantly elevated calcium influx (p,0.05; Table 4;

Fig. 6C). This effect was similar to that of PF4. IP-10 treatment

(600 ng/ml) changed the basal calcium level significantly com-

pared to control cells only after 24 h (p,0.01; Table 5; Fig. 6D),

whereas store depletion showed no difference (Table 5; Fig. 6D).

Table 2. Calcium parameters of hPAECs vs CTEPH-hECs.

hPAECs CTEPH-hECs

Basal Calcium Level
(nM)

12963 (n = 518) 14164 ** (n = 433)

Histamine Peak (nM) 376622 (n = 175) 645644 *** (n = 132)

Store Depletion (nM) 266621 (n = 283) 375618 *** (n = 293)

Calcium Influx (nM) 408620 (n = 283) 505620 *** (n = 293)

doi:10.1371/journal.pone.0043793.t002

Figure 4. PF4, collagen type I and IP-10 present in PEA material. Immunohistochemical stainings for PF4 (A), trichrome staining (B) and IP-10
(C). Negative controls are shown in the upper right insets. (D) Quantitative data of the amounts of IP-10, PF4 and collagen type I in the supernatant of
PEA tissue obtained from 8 different patients.
doi:10.1371/journal.pone.0043793.g004

Angiostatic Factors in CTEPH
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IP-10 treatment increased calcium influx after 24 h significantly

compared to control (p,0.001; Table 5; Fig. 6D).

Angiostatic factors lead to endothelial dysfunction
The effects of IP-10 (600 ng/ml), PF4 (400 ng/ml) and collagen

type I (100 mg/ml) on hPAECs were further investigated by means

of migration assay (Fig. 7A, B). PF4 treatment resulted in a

significantly reduced migration (3463%), similar to collagen type I

treatment (3864%). Interestingly, treatment with IP-10 did not

induce alteration in wound closure compared to untreated cells

(8063% vs. 8462%; Fig. 7B).

Similarly, PF4 (1000 ng/ml) and collagen type I (100 mg/ml)

treatment induced a significant decrease in proliferation compared

to untreated cells (2967% and 3165%; Fig. 7C). In contrast, IP-

10 (600 ng/ml) increased the hPAEC proliferation. Loop forma-

tion, tested with an in vitro angiogenesis assay, was significantly

decreased by all treatments (IP-10: 7665%; PF4: 5966%;

collagen type I: 3564%) as compared to control. The strongest

effect was observed in the collagen type I-treated hPAECs (Fig. 7D,

E).

Discussion

Chronic thromboembolic pulmonary hypertension (CTEPH) is

a rare and late complication of venous thromboembolism. A fresh

pulmonary embolus normally gets dissolved by fibrinolysis [28],

macrophages [29–31] and by recanalization [32,33]. In CTEPH

patients, the recanalization does not occur or is incomplete

[17,18,34] resulting in elevation of pulmonary vascular resistance

and secondary remodeling of non-occluded vessels.

In our study, we investigated endothelial cells from surgical PEA

material (CTEPH-hECs), compared them with control hPAECs

and tested the effect of mediators secreted by the PEA material on

hPAECs. Our readouts included calcium homeostasis, prolifera-

tion, migration and vessel formation. Similar to previous studies

[18,19,34,35], we observed newly formed vessels in the surgical

PEA material. This neovascularization/ recanalization has been

suggested to be due to endothelial progenitor cells and/or hPAECs

and pulmonary artery smooth muscle cells (PASMCs) migrating

from the pulmonary artery or from the systemic circulation and

being trapped in the thrombotic clot [3,18,36].

Calcium is a key regulatory molecule for endothelial function

[37]. We observed a significant rise in the basal calcium level of

the CTEPH-hECs as compared to the hPAECs. Furthermore, in

our study histamine challenge led to a stronger response in the

CTEPH-hECs as compared to hPAECs. We applied a calcium

ATPase inhibitor to induce depletion of the calcium stores and to

identify the reason for this calcium rise. By measuring the

readmission of the external calcium, the store-operated calcium

influx was quantified and compared to healthy control cells. With

this tool, possible dysfunctions either in calcium channels of the

plasma membrane or in the calcium stores can be detected. The

increased calcium depletion of the CTEPH-hECs compared to

hPAECs showed that these cells accumulate more calcium in their

stores, which is a sign of altered calcium homeostasis. The

readmission of external calcium was greater in the CTEPH-hECs

Figure 5. CXCR3 (receptor for IP-10 and PF4) present in PEA material and human lung. (A) Immunohistochemical staining of CXCR3 on
paraffin-embedded PEA material. (B) Human lung tissue from a healthy control stained for CXCR3. Green frames show zoom-in regions, negative control
is shown in upper right inset. (C) Expression of CXCR3 in distal and proximal parts of PEA material as compared to control human lung shown by RT-PCR.
doi:10.1371/journal.pone.0043793.g005
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compared to control cells. One possible reason for this increase

could be the higher expression or sensitivity of transient receptor

potential canonical (TRPC) channels in the plasma membrane.

Increased TRPC expression has been previously described in

PASMCs isolated from patients with idiopathic pulmonary arterial

hypertension (IPAH) [38].

Beside the altered calcium homeostasis, CTEPH-hECs showed

a typical endothelial phenotype: cobblestone monolayer forma-

tion, expression of vWF and continuous VE-cadherin membrane

staining. No significant differences in vessel formation and wound

closure properties were observed in CTEPH-hECs compared to

the hPAECs (Figure S3). A recent study reported that isolated EC-

like cells from surgical PEA material exhibit a defective

mitochondrial structure, inability to form autophagosomes and

morphologic changes after some passages [17]. The microenvi-

ronment present in the PEA material may cause endothelial

dysfunction as observed by Sakao et al. [17]. Another study

suggested that this microenvironment caused hyperproliferation,

invasiveness, and anchorage-independent growth of myofibro-

blasts [39]. In our study, we identified three factors which may

cause endothelial dysfunction. The expression of PF4, collagen

type I and IP-10 were visualized in the surgical PEA material. All

these proteins were quantified in the supernatant of the tissue. PF4

is exclusively expressed in developing megakaryocytes and stored

in a-granules of platelets. Activated platelets release PF4 at sites of

injury [40,41]. IP-10 is reported to activate and recruit effector T

cells and other leukocytes [42] and is strongly up-regulated in

many inflammatory diseases [43]. Finally, collagen type I is

important for wound healing and formation of extracellular

matrix, which may promote proliferation of sma-actin+ cells and

differentiation of injured ECs into sma-actin+ cells [18]. Taken

together, these factors may harbor angiostatic features in the PEA

material potentially contributing to the development of CTEPH.

In our study, human pulmonary artery endothelial cells

(hPAECs) were challenged with PF4, collagen type I and IP-10

to characterize their effects on calcium homeostasis in order to

mimic the microenvironment in the PEA material. Only collagen

increased the basal calcium level, while store depletion and

calcium influx were increased by collagen type I, as well as by IP-

10 and PF4. This suggests that the microenvironment of the

surgical PEA material significantly affects the calcium homeostasis

of endothelial cells. Fibrin and thrombin have been previously

shown to increase basal calcium levels in EC from PEA material

[44]. The question, how PF4 and IP-10 may evoke angiostatic

effects in hPAECs is still unsolved. PF4 and IP-10 are known to be

ligands for CXCR3 [45,46]. Romagnani et al. showed that human

microvascular endothelial cells express CXCR3 which mediates

angiostatic effects [46]. In their study, the percentage of CXCR3

positive vessels in diseased tissue was significantly higher compared

to healthy tissue. We detected CXCR3 expression in hPAECs as

well as in CTEPH-hECs, indicating that its ligands, IP-10 and

PF4, might evoke an angiostatic effect by activating CXCR3. PEA

material, compared to human lung, showed abundant CXCR3,

visualised by immunohistochemistry particularly in the vessels. On

the mRNA level, CXCR3 was up-regulated in the distal PEA

areas as compared to control lung. In addition, a hallmark for

chemokine activation is the ability to initiate calcium signalling

[47], mainly via G-protein coupled receptors. It has been reported

previously that stimulation of CXCR3 leads to mobilization of

intracellular calcium [47 50]. The question, whether IP-10, PF4

and collagen type I act on calcium homeostasis via CXCR3 in

CTEPH-hECs needs further investigation.

An important feature of ECs is vessel formation and migration

[24]. We observed that PF4 and collagen type I significantly

decreased the migration and vessel formation of hPAECs.

Furthermore, proliferation was inhibited by both PF4 and collagen

treatment, pointing to angiostatic effects of these factors. PF4 is

thought to act as an angiostatic factor by interacting with pro-

angiogenic molecules such as VEGF or FGF, cell adhesion

molecules and integrins [51–53]. For example it was shown that

PF4 inhibits FGF2 dimerization by complex formation and

therefore reduces the binding to and internalization of FGF

receptor [54]. In contrast to PF4, in our investigation IP-10 did not

decrease the proliferation of hPAECs. This is in line with

observations of Angiolillo et al. who showed that IP-10 did not

inhibit HUVEC proliferation, but suppressed HUVEC differen-

tiation into capillary structures [55,56]. However, in HUVECs,

HMVECs and cardiac ECs, IP-10 had anti-proliferative effects

[43]. PF4, collagen type I and IP-10 significantly decreased the

degree of vessel formation in hPAECs in our investigations,

pointing to an angiostatic effect on hPAECs. Similarly, PF4 has

been shown to inhibit the migration of human endothelial

progenitor cells, as well as to suppress microvessel formation in

myeloma xenografts [57]. Futhermore, IP-10 has been reported to

act as an angiostatic factor in vivo [58] and in vitro [59]. Our data

indicate that all the above factors could interfere with endothelial

vessel-forming ability in vivo.

In conclusion, we observed altered calcium homeostasis in

endothelial cells from surgical PEA material and the presence of

angiostatic factors as well as their receptor. Furthermore, our

investigations show that angiostatic factors alter the calcium

handling in normal hPAECs, leading to the conclusion that the

microenvironment in PEA material might contribute to the altered

calcium homeostasis in CTEPH-hECs. These observations suggest

Figure 6. Effect of PF4, collagen type I and IP-10 on calcium (Ca2+) handling of hPAECs. (A) Representative Ca2+ recording in hPAECs. Bar
graphs show the basal Ca2+ levels, store depletion (measured as peak of the Ca2+ release) and Ca2+influx (measured as mean amplitude of the Ca2+ signal
when external Ca2+ was readmitted) of untreated control cells, and cells treated for 6 h and/or 24 h with, (B) 400 ng/ml of PF4, (C) 100 mg/ml of collagen
type I and (D) 600 ng/ml of IP-10 (Number of analyzed cells n = 35–109; * p,0.05, ** p,0.01, *** p,0.001 compared to control untreated cells).
doi:10.1371/journal.pone.0043793.g006

Table 3. Calcium parameters of hPAECs upon PF4 stimuli.

control 6h PF4 24h PF4

Basal Calcium Level (nM) 13767 (n = 63) 12967 (n = 52) 12868 (n = 52)

Store Depletion (nM) 305618 (n = 105) 236623 (n = 108) 413640 * (n = 81)

Calcium Influx (nM) 341617 (n = 106) 373625 (n = 109) 448637 * (n = 79)

doi:10.1371/journal.pone.0043793.t003
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that IP-10, collagen and PF4 lead to angiostatic effects, shown by

decreased angiogenesis and/or proliferation and migration. As a

consequence there might be inadequate recanalization of the

thromboembolic material in CTEPH.

Materials and Methods

Ethics Statement
The study protocol for tissue donation was approved by the

Institutional Review Board of the Medical University of Vienna

(Ek-Nr: 903/2009) in accordance with national law, and with

guidelines on Good Clinical Practice/International Conference on

Harmonization. Written informed consent was obtained from

each individual patient.

Surgical pulmonary endarterectomy (PEA) material
The surgical material was obtained from chronic thromboem-

bolic pulmonary hypertension (CTEPH) patients (n = 38) under-

going PEA. The patient characteristics are presented in Table 1.

Values are representing mean values 6 standard deviation. The

surgical material was transported directly from the operating room

to the cell laboratory in endothelial culture media (VascuLifeH
VEGF Cell Culture Medium; LifeLine Technology, Walkersville)

and was processed immediately thereafter.

Isolation of primary human endothelial cells from PEA
material

The PEA material was carefully cut into small pieces under

microscopic guidance and placed into 75 cm3 culture flasks with a

drop of endothelial cell (EC) culture media (VascuLifeH VEGF

Cell Culture Medium; LifeLine Technology, Walkersville). The

tissue with the outgrowing cells was maintained at 37uC and 5%

CO2. After 24 h the media was filled up to 15 ml and then

changed every 48 h. For purifying the EC culture, magnetic bead

sorting with CD31 antibodies (91935, Milteny) on MACSH was

performed using the POSSEL program. The identity of purified

CTEPH-hECs was verified by their characteristic appearance in

phase-contrast microscopy, followed by immunocytochemical

stainings for von Willebrand factor (vWF) (dilution 1:100; Dako)

and vascular–endothelial cadherin (VE-cadherin) (1:200, Santa

Cruz Biotechnologies).

Immunohistochemistry
Fresh surgical material from pulmonary endarterectomy was

fixed in 4% formaldehyde for 24 h and embedded in paraffin

blocks. The sliced paraffin tissue (2 mm thick) was placed on

Capillary Gap Microscope Slides (Dako REALTM) and kept for

further use at room temperature. Single or double staining was

carried out with primary antibodies against vWF (dilution 1:100;

Dako) and/or sma-actin (dilution 1:100; Sigma) and goat-anti-

rabbit-HRP (dilution 1:100; Santa Cruz Biotechnologies) or goat-

anti-mouse-HRP (dilution 1:100; Santa Cruz Biotechologies)

secondary antibodies. For detection DAB (Dako) was used. For

CD31 staining (dilution 1:100; Abcam) the DAB detection kit from

R&D Systems was applied. The immunhistochemical stainings for

CXCR3 (1:250, ab64714), IP-10 (1:250; ab9807) or PF4 (1:250;

ab49735) were performed with the same kit. For the collagen fibre

staining the Massons Trichrome staining protocol was used,

according to the manufacturer’s instructions.

Live cell calcium (Ca2+) imaging
CTEPH-hECs from six patients and human pulmonary artery

endothelial cells (hPAECs; CC-2530) from three donors were

cultured on 25 mm diameter, gelatin-coated glass cover slides until

confluence. After incubation the cells were loaded for 45 minutes

with 2 mM fura-2/AM and washed with Ringer solution (5,8 mM

KCl, 141 mM NaCl, 0,5 mM KH2PO4, 0,4 mM NaH2PO4,

11,1 mM glucose, 10 mM Hepes, 1,8 mM CaCl2, 1 mM MgCl2,

pH 7,4). After 25 minutes the single glass cover slide was mounted

on the stage of a Zeiss 200 M inverted epifluorescence microscope

coupled to a PolyChrome V monochromator (Till Photonics) light

source in a sealed, temperature-controlled RC-21B chamber

(Warner Instruments). Fluorescence images were obtained with

alternate excitation at 340 and 380nm. Emitted light was collected

at 510 nm by an Andor Ixon camera. The acquired images were

stored and subsequently processed offline with TillVision software

(Till Photonics). During the measurement the cells were perfused

with 10 mM histamine or 15 mM 1,4-dihydroxy-2,5-di-tert-butyl-

benzene (BHQ: selective SERCA blocker) in the presence or

absence of extracellular calcium.

Measurements were made every 3s. Background fluorescence

was recorded from each cover slip and subtracted before

calculation. Maximal and minimal ratio values of the [Ca2+]i

were determined at the end of each experiment by first treating the

cells with 1 mmol/L ionomycin (maximal ratio) and then chelating

all free Ca2+ with 10mmol/L EGTA (minimal ratio). Cells that did

not respond to ionomycin were discarded. [Ca2+]i was calculated

as described earlier [60,61].

For measuring the effect of the microenvironment, the hPAECs

were pre-treated for 6 h and 24 h with 400 ng/ml PF4

(Peprotech), 600 ng/ml IP-10 (Peprotech), or 100 mg/ml collagen

type I (Sigma) or left untreated (control).

Table 4. Calcium parameters of hPAECs upon collagen type I
stimuli.

control 6h Coll

Basal Calcium Level
(nM)

11667 (n = 40) 14566 ** (n = 35)

Store Depletion (nM) 161616 (n = 58) 551683 *** (n = 68)

Calcium Influx (nM) 457631 (n = 47) 561637 * (n = 65)

doi:10.1371/journal.pone.0043793.t004

Table 5. Calcium parameters of hPAECs upon IP-10 stimuli.

control 6h IP-10 24h IP-10

Basal Calcium Level (nM) 13767 (n = 67) 14267 (n = 47) 176610 ** (n = 43)

Store Depletion (nM) 325630 (n = 46) 300628 (n = 62) 280631 (n = 75)

Calcium Influx (nM) 242617 (n = 49) 312618 (n = 63) 489631 *** (n = 76)

doi:10.1371/journal.pone.0043793.t005
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For data analysis, the basal level of Ca2+ was determined as an

average value of the first 50 seconds of the curve. The agonist-

induced Ca2+ response was calculated as the peak height

subtracting the baseline. The BHQ-induced Ca2+ peak height

after subtracting the baseline as well as the Ca2+ response upon

external Ca2+ readmission were quantified.

Proliferation
To investigate the effect of different stimuli on hPAECs the

following protocol was applied: 5.000 hPAECs (from three

different donors) were seeded in 96 well plates, the following day

the cells were treated for24 h with 600 ng/ml IP-10 (Peprotech),

1000 ng/ml PF4 (Peprotech) 100 mg/ml collagen type I (Sigma) or

Figure 7. Effect of IP-10, PF4 and collagen type I on hPAEC function. (A) Representative images of migration assay showing the effect of IP-
10, PF4 and collagen type I on hPAECs. (B) Quantitative data of wound healing after 36 h (number of experiments n = 3). (C) Bar graph summarizing
the effect of these factors on hPAEC proliferation compared to untreated hPAECs (n = 3). (D) Representative image (4X) of vessels formed after 6 h in
MatrigelH under different conditions. (E) Bar graph representing the percentage of formed loops compared to control (n = 3) (* p,0.05, ** p,0.01, ***
p,0.001 compared to untreated cells).
doi:10.1371/journal.pone.0043793.g007
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kept under control conditions (VascuLifeH Basal Medium with

2%FCS; LifeLine Technology, Walkersville). The growth and

proliferation of hPAECs was determined by [3H]-thymidine

(BIOTREND Chemikalien GmbH) incorporation as an index of

DNA synthesis and measured as radioactivity by a scintillation

counter (Wallac 1450 MicroBeta TriLux Liquid Scintillation

Counter & Luminometer). Experiments were performed in

quintuplicates.

Determination of protein amount in the supernatant of
PEA tissue

After removal, the PEA samples from CTEPH patients (n = 8)

were immediately put in endothelial cell basal medium supple-

mented with 5% FCS and antibiotics (VascuLifeH VEGF Cell

Culture Medium; LifeLine Technology, Walkersville). The tissue

was cut into small pieces and incubated for 18h at 37uC in DMEM-

F12 medium (Gibco) with 0.3% FCS, glutamine, penicillin and

streptomycin (1% each). The supernatant was collected and stored

at 280uC; afterwards the tissue was briefly washed with Hepes

buffer and lysed in 150 ml RIPA buffer with PhosphoStop and

Protease Inhibitor Complex. IP-10 contents in the supernatant were

determined using the IP-10 Flex set and a FACS Canto II flow

cytometer (Becton Dickinson, Franklin Lakes, NJ).

For the quantitative measurement of PF4 and collagen type I in

the supernatant of PEA tissue we used enzyme-linked immuno-

sorbant assays (ELISA; from RayBio and Cosmo Bio, respectively)

according to the manufacturers’ instructions.

RNA-isolation and PCR
Total cellular RNA from hPAECs of three donors was isolated

with the RNeasy Mini Kit from Qiagen. For RNA isolation from

PEA material and human lungs of four patients each, the Trizol

protocol was applied. A Nanodrop 2000c spectrophotometer

(PeQlab) was used to quantify the concentration and the purity of

the isolated total RNA. The total RNA was converted to cDNA

using a RevertAid H Minus First Strand cDNA Synthesis kit

(Fermentas). PCR amplifications were performed by a Lightcycler

480 (Roche).

Migration assay
Human PAECs of three donors were cultured until confluence

in culture inserts (Ibidi) for 24-well plates. By removing the inserts

a wound of approximately 400 mm650 mm was made. The cells

were than stimulated either with 600 ng/ml IP-10, 400 ng/ml

PF4 or 100 mg/ml collagen type I for 36 h or kept in control

conditions (EC-culture media) (t0). The migrating cells were

monitored in a Zeiss Cell Observer (Carl Zeiss inc., Germany) and

pictures were taken every 2 h for 72 h with a 10X objective. The

results were analyzed via measuring the actual wound size at a

given time point (t36h) and normalizing it to the 0 h size.

Experiments were performed three times in duplicates.

Vessel formation assay
The In Vitro Angiogenesis Assay Kit (ECM625, Millipore) was

used to test the effect of 600 ng/ml IP-10, 400 ng/ml PF4, and

100 mg/ml collagen type I in ECs. MatrigelH was prepared in a 96

well plate according to the manufacturers instructions and

16.000 hPAECs of three donors were seeded in each well. After

6 h of stimulation, phase contrast pictures were taken with a light

microscope (Zeiss epifluorescent 4X). To compare the vessel

formation ability of CTEPH-hECs and hPAECs, 16.000 cells of

three donors were seeded on MatrigelH. After 21 h, pictures were

taken with a light microscope (Zeiss epifluorescent 4X). The

formed loops were counted and compared to control cells

(cultured only in full media). Experiments were performed three

times in triplicates.

Statistical analysis
Numerical values are given as means 6 SEM of n cells or

measurements. Intergroup differences were assessed by factorial

analysis of variance with post hoc Bonferroni test or Students

unpaired t-test as appropriate. p-values ,0.05 were considered

significant and are shown as * in the figures and tables (* p,0.05,

** p,0.01, *** p,0.001).

Supporting Information

Figure S1 Morphological characterization of endotheli-
al cells from surgical PEA material. (A) Mixed culture of

cells growing out from the PEA material. Significant proportion of

cells show vWF positive signal (brown). (B) Purified, vWF (brown)

positive endothelial culture after CD31 magnetic bead sorting. (C)

Lack of the staining for smooth muscle a-actin in the CD31-sorted

CTEPH-hEC population. (D) CTEPH-hECs form a tight

monolayer with intense VE-cadherin (red) staining. Insets show

the negative controls. Nuclei are counterstained blue with DAPI.

(TIF)

Figure S2 Presence of CXCR3 mRNA in tissue and
endothelial cells. Expression of CXCR1 (lane 1), CXCR2 (lane

2), CXCR3 (lane 3), CXCR5 (lane 5) and B2M shown in PEA

tissue, human lung (A), CTEPH-hECs and hPAECs (B) as shown

by PCR.

(TIF)

Figure S3 Migration and vessel formation ability of
CTEPH-hECs and hPAECs. (A) Representative image (4X) of

vessel formation on MatrigelH after 21h of CTEPH-hECs and

hPAECs. (B) Bar graph shows summarized results of vessel

formation assay as number of loops formed (number of

experiments n = 3). (C) Representative images of migration assay

of CTEPH-hECs and hPAECs. (D) Graph shows normalized

results of the migration assay as decrease in cell free area after 48 h

(n = 3) (* p,0.05, ** p,0.01, *** p,0.001 compared to control

untreated cells).

(TIF)
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appreciated. The authors are thankful for the valuable suggestions and

helpful discussions given by Dr. Shahrokh Taghavi and especially to Prof.

E. Kenneth Weir for carefully reading the manuscript.

Author Contributions

Conceived and designed the experiments: DZ CN AH HO ZB AO.

Performed the experiments: DZ CN AH ZB. Analyzed the data: DZ CN

ES AH HO ZB AO. Contributed reagents/materials/analysis tools: IML

PN WK AH HO AO. Wrote the paper: DZ CN AH HO ZB AO.

References

1. Humbert M (2010) Pulmonary arterial hypertension and chronic thromboem-

bolic pulmonary hypertension: Pathophysiology. Eur Respir Rev 19(115): 59–63.

2. Lang I (2010) Advances in understanding the pathogenesis of chronic

thromboembolic pulmonary hypertension. Br J Haematol 149(4): 478–483.

Angiostatic Factors in CTEPH

PLOS ONE | www.plosone.org 10 August 2012 | Volume 7 | Issue 8 | e43793



3. Sacks RS, Remillard CV, Agange N, Auger WR, Thistlethwaite PA, et al. (2006)

Molecular biology of chronic thromboembolic pulmonary hypertension. Semin

Thorac Cardiovasc Surg 18(3): 265–276.

4. Mayer E, Klepetko W (2006) Techniques and outcomes of pulmonary

endarterectomy for chronic thromboembolic pulmonary hypertension. Proc

Am Thorac Soc 3(7): 589–593.

5. Lang IM, Klepetko W (2009) Update on chronic thromboembolic pulmonary

hypertension, a frequently undiagnosed condition. Rev Esp Cardiol 62(2): 120–

125.

6. Bonderman D, Jakowitsch J, Redwan B, Bergmeister H, Renner MK, et al.

(2008) Role for staphylococci in misguided thrombus resolution of chronic

thromboembolic pulmonary hypertension. Arterioscler Thromb Vasc Biol 28(4):

678–684.

7. Wynants M, Quarck R, Ronisz A, Alfaro-Moreno E, Van Raemdonck D, et al.

(2012) Effects of c-reactive protein on human pulmonary vascular cells in

chronic thromboembolic pulmonary hypertension. Eur Respir J doi:10.1183/

09031936.00197511. In press.

8. Lang IM, Klepetko W (2008) Chronic thromboembolic pulmonary hyperten-

sion: An updated review. Curr Opin Cardiol 23(6): 555–559.

9. Wolf M, Boyer-Neumann C, Parent F, Eschwege V, Jaillet H, et al. (2000)

Thrombotic risk factors in pulmonary hypertension. Eur Respir J 15(2): 395–

399.

10. Dartevelle P, Fadel E, Mussot S, Chapelier A, Herve P, et al. (2004) Chronic

thromboembolic pulmonary hypertension. Eur Respir J 23(4): 637–648.

11. Morris TA, Marsh JJ, Chiles PG, Auger WR, Fedullo PF, et al. (2006) Fibrin

derived from patients with chronic thromboembolic pulmonary hypertension is

resistant to lysis. Am J Respir Crit Care Med 173(11): 1270–1275.

12. Suntharalingam J, Goldsmith K, van Marion V, Long L, Treacy CM, et al.

(2008) Fibrinogen aalpha Thr312Ala polymorphism is associated with chronic

thromboembolic pulmonary hypertension. Eur Respir J 31(4): 736–741.

13. Firth AL, Yao W, Ogawa A, Madani MM, Lin GY, et al. (2010) Multipotent

mesenchymal progenitor cells are present in endarterectomized tissues from

patients with chronic thromboembolic pulmonary hypertension. Am J Physiol

Cell Physiol 298(5): C1217–25.

14. Yi ES, Kim H, Ahn H, Strother J, Morris T, et al. (2000) Distribution of

obstructive intimal lesions and their cellular phenotypes in chronic pulmonary

hypertension. A morphometric and immunohistochemical study. Am J Respir

Crit Care Med 162(4 Pt 1): 1577–1586.

15. Ellis CA, Malik AB, Gilchrist A, Hamm H, Sandoval R, et al. (1999) Thrombin

induces proteinase-activated receptor-1 gene expression in endothelial cells via

activation of gi-linked Ras/mitogen-activated protein kinase pathway. J Biol

Chem 274(19): 13718–13727.

16. Garcia JG, Patterson C, Bahler C, Aschner J, Hart CM, et al. (1993) Thrombin

receptor activating peptides induce Ca2+ mobilization, barrier dysfunction,

prostaglandin synthesis, and platelet-derived growth factor mRNA expression in

cultured endothelium. J Cell Physiol 156(3): 541–549.

17. Sakao S, Hao H, Tanabe N, Kasahara Y, Kurosu K, et al. (2011) Endothelial-

like cells in chronic thromboembolic pulmonary hypertension: Crosstalk with

myofibroblast-like cells. Respir Res 12: 109. doi:10.1186/1465-9921-12-109.

18. Yao W, Firth AL, Sacks RS, Ogawa A, Auger WR, et al. (2009) Identification of

putative endothelial progenitor cells (CD34+CD133+Flk-1+) in endarterecto-

mized tissue of patients with chronic thromboembolic pulmonary hypertension.

Am J Physiol Lung Cell Mol Physiol 296(6): L870–8.

19. Lang IM, Marsh JJ, Olman MA, Moser KM, Loskutoff DJ, et al. (1994)

Expression of type 1 plasminogen activator inhibitor in chronic pulmonary

thromboemboli. Circulation 89(6): 2715–2721.

20. Ribatti D (2009) Endogenous inhibitors of angiogenesis: A historical review.

Leuk Res 33(5): 638–644.

21. Distler JH, Hirth A, Kurowska-Stolarska M, Gay RE, Gay S, et al. (2003)

Angiogenic and angiostatic factors in the molecular control of angiogenesis.

Q J Nucl Med 47(3): 149–161.

22. Herve P, Fadel E (2006) Systemic neovascularization of the lung after pulmonary

artery occlusion: ‘‘decoding the da vinci code’’. J Appl Physiol 100(4): 1101–

1102.

23. Kimura H, Okada O, Tanabe N, Tanaka Y, Terai M, et al. (2001) Plasma

monocyte chemoattractant protein-1 and pulmonary vascular resistance in

chronic thromboembolic pulmonary hypertension. Am J Respir Crit Care Med

164(2): 319–324.

24. Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis. Nat Med

6(4): 389–395.

25. Ji WR, Castellino FJ, Chang Y, Deford ME, Gray H, et al. (1998)

Characterization of kringle domains of angiostatin as antagonists of endothelial

cell migration, an important process in angiogenesis. FASEB J 12(15): 1731–

1738.

26. Dhanabal M, Ramchandran R, Waterman MJ, Lu H, Knebelmann B, et al.

(1999) Endostatin induces endothelial cell apoptosis. J Biol Chem 274(17):

11721–11726.

27. Jimenez B, Volpert OV, Crawford SE, Febbraio M, Silverstein RL, et al. (2000)

Signals leading to apoptosis-dependent inhibition of neovascularization by

thrombospondin-1. Nat Med 6(1): 41–48.

28. Undas A, Zawilska K, Ciesla-Dul M, Lehmann-Kopydlowska A, Skubiszak A, et

al. (2009) Altered fibrin clot structure/function in patients with idiopathic venous

thromboembolism and in their relatives. Blood 114(19): 4272–4278.

29. McGuinness CL, Humphries J, Waltham M, Burnand KG, Collins M, et al.

(2001) Recruitment of labelled monocytes by experimental venous thrombi.

Thromb Haemost 85(6): 1018–1024.

30. Singh I, Burnand KG, Collins M, Luttun A, Collen D, et al. (2003) Failure of

thrombus to resolve in urokinase-type plasminogen activator gene-knockout

mice: Rescue by normal bone marrow-derived cells. Circulation 107(6): 869–

875.

31. Dible JH (1958) Organisation and canalisation in arterial thrombosis. J Pathol

Bacteriol 75(1): 1–7.

32. Wakefield TW, Linn MJ, Henke PK, Kadell AM, Wilke CA, et al. (1999)

Neovascularization during venous thrombosis organization: A preliminary study.

J Vasc Surg 30(5): 885–892.

33. Sevitt S (1970) Organic canalisation and vascularisation of deep vein thrombi

studied with dyed-micropaque injected at necropsy. J Pathol 100(2): Pi.

34. Moser KM, Bloor CM (1993) Pulmonary vascular lesions occurring in patients

with chronic major vessel thromboembolic pulmonary hypertension. Chest

103(3): 685–692.

35. Hosokawa K, Ishibashi-Ueda H, Kishi T, Nakanishi N, Kyotani S, et al. (2011)

Histopathological multiple recanalized lesion is critical element of outcome after

pulmonary thromboendarterectomy. Int Heart J 52(6): 377–381.

36. Ogawa A, Firth AL, Yao W, Madani MM, Kerr KM, et al. (2009) Inhibition of

mTOR attenuates store-operated Ca2+ entry in cells from endarterectomized

tissues of patients with chronic thromboembolic pulmonary hypertension.

Am J Physiol Lung Cell Mol Physiol 297(4): L666–76.

37. Tiruppathi C, Minshall RD, Paria BC, Vogel SM, Malik AB (2002) Role of

Ca2+ signaling in the regulation of endothelial permeability. Vascul Pharmacol

39(4–5): 173–185.

38. Yu Y, Fantozzi I, Remillard CV, Landsberg JW, Kunichika N, et al. (2004)

Enhanced expression of transient receptor potential channels in idiopathic

pulmonary arterial hypertension. Proc Natl Acad Sci U S A 101(38): 13861–

13866.

39. Maruoka M, Sakao S, Kantake M, Tanabe N, Kasahara Y, et al. (2011)

Characterization of myofibroblasts in chronic thromboembolic pulmonary

hypertension. Int J Cardiol doi:10.1016/j.ijcard.2011.02.037. In press.

40. Files JC, Malpass TW, Yee EK, Ritchie JL, Harker LA (1981) Studies of human

plate alpha-granule release in vivo. Blood 58(3): 607–618.

41. Fukami MH, Holmsen H, Kowalska MA, Niewiarowski S (2001) Platelet

secretion. In: Colman RW, Hirsh J, Marder VJ, Clowes AW, George JN,

editors., editor. Hemostasis and Thrombosis: Basic Principles and Clinical

Practice. Philadelphia: Lippincott Williams & Wilkins. 561–573.

42. Taub DD, Lloyd AR, Conlon K, Wang JM, Ortaldo JR, et al. (1993)

Recombinant human interferon-inducible protein 10 is a chemoattractant for

human monocytes and T lymphocytes and promotes T cell adhesion to

endothelial cells. J Exp Med 177(6): 1809–1814.

43. Luster AD, Greenberg SM, Leder P (1995) The IP-10 chemokine binds to a

specific cell surface heparan sulfate site shared with platelet factor 4 and inhibits

endothelial cell proliferation. J Exp Med 182(1): 219–231.

44. Firth AL, Yau J, White A, Chiles PG, Marsh JJ, et al. (2009) Chronic exposure to

fibrin and fibrinogen differentially regulates intracellular Ca2+ in human

pulmonary arterial smooth muscle and endothelial cells. Am J Physiol Lung Cell

Mol Physiol 296(6): L979–86.

45. Struyf S, Salogni L, Burdick MD, Vandercappellen J, Gouwy M, et al. (2011)

Angiostatic and chemotactic activities of the CXC chemokine CXCL4L1

(platelet factor-4 variant) are mediated by CXCR3. Blood 117(2): 480–488.

46. Romagnani P, Annunziato F, Lasagni L, Lazzeri E, Beltrame C, et al. (2001)

Cell cycle-dependent expression of CXC chemokine receptor 3 by endothelial

cells mediates angiostatic activity. J Clin Invest 107(1): 53–63.

47. Hou Y, Plett PA, Ingram DA, Rajashekhar G, Orschell CM, et al. (2006)

Endothelial-monocyte-activating polypeptide II induces migration of endothelial

progenitor cells via the chemokine receptor CXCR3. Exp Hematol 34(8): 1125–

1132.

48. Colvin RA, Campanella GS, Sun J, Luster AD (2004) Intracellular domains of

CXCR3 that mediate CXCL9, CXCL10, and CXCL11 function. J Biol Chem

279(29): 30219–30227.

49. Mueller A, Meiser A, McDonagh EM, Fox JM, Petit SJ, et al. (2008) CXCL4-

induced migration of activated T lymphocytes is mediated by the chemokine

receptor CXCR3. J Leukoc Biol 83(4): 875–882.

50. van Weering HR, de Jong AP, de Haas AH, Biber KP, Boddeke HW (2010)

CCL21-induced calcium transients and proliferation in primary mouse

astrocytes: CXCR3-dependent and independent responses. Brain Behav Immun

24(5): 768–775.

51. De S, Razorenova O, McCabe NP, O’Toole T, Qin J, et al. (2005) VEGF-

integrin interplay controls tumor growth and vascularization. Proc Natl Acad

Sci U S A 102(21): 7589–7594.

52. Hofer E, Schweighofer B (2007) Signal transduction induced in endothelial cells

by growth factor receptors involved in angiogenesis. Thromb Haemost 97(3):

355–363.

53. Davis GE, Senger DR (2005) Endothelial extracellular matrix: Biosynthesis,

remodeling, and functions during vascular morphogenesis and neovessel

stabilization. Circ Res 97(11): 1093–1107.

54. Perollet C, Han ZC, Savona C, Caen JP, Bikfalvi A (1998) Platelet factor 4

modulates fibroblast growth factor 2 (FGF-2) activity and inhibits FGF-2

dimerization. Blood 91(9): 3289–3299.

Angiostatic Factors in CTEPH

PLOS ONE | www.plosone.org 11 August 2012 | Volume 7 | Issue 8 | e43793



55. Grant DS, Tashiro K, Segui-Real B, Yamada Y, Martin GR, et al. (1989) Two

different laminin domains mediate the differentiation of human endothelial cells

into capillary-like structures in vitro. Cell 58(5): 933–943.

56. Angiolillo AL, Sgadari C, Taub DD, Liao F, Farber JM, et al. (1995) Human

interferon-inducible protein 10 is a potent inhibitor of angiogenesis in vivo. J Exp

Med 182(1): 155–162.

57. Yang L, Du J, Hou J, Jiang H, Zou J (2011) Platelet factor-4 and its p17-70

peptide inhibit myeloma proliferation and angiogenesis in vivo. BMC Cancer

11: 261. doi:10.1186/1471-2407-11-261.

58. Angiolillo AL, Sgadari C, Tosato G (1996) A role for the interferon-inducible

protein 10 in inhibition of angiogenesis by interleukin-12. Ann N Y Acad Sci
795: 158–167.

59. Bodnar RJ, Yates CC, Rodgers ME, Du X, Wells A (2009) IP-10 induces

dissociation of newly formed blood vessels. J Cell Sci 122(Pt 12): 2064–2077.
60. Auer-Grumbach M, Olschewski A, Papic L, Kremer H, McEntagart ME, et al.

(2010) Alterations in the ankyrin domain of TRPV4 cause congenital distal
SMA, scapuloperoneal SMA and HMSN2C. Nat Genet 42(2): 160–164.

61. Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of Ca2+
indicators with greatly improved fluorescence properties. J Biol Chem 260(6):
3440–3450.

Angiostatic Factors in CTEPH

PLOS ONE | www.plosone.org 12 August 2012 | Volume 7 | Issue 8 | e43793


