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Summary

Endothelial cell (EC) apoptosis seems to play an important role in the patho-
physiology of pulmonary arterial hypertension (PAH). We aimed to test the
hypothesis that circulating anti-endothelial cell antibodies (AECA) of PAH
patients induce EC apoptosis. Immunoglobulin (Ig)G was purified from sera
of PAH patients (n = 26), patients with systemic lupus erythematosus (SLE)
nephritis without PAH (n = 16), patients with systemic sclerosis (SSc)
without PAH (n = 58) and healthy controls (n = 14). Human umbilical vein
endothelial cells (HUVECs) were incubated with patient or healthy control
IgG for 24 h. Thereafter, apoptosis was quantified by annexin A5 binding and
hypoploid cell enumeration by flow cytometry. Furthermore, real-time cell
electronic sensing (RT–CES™) technology was used to monitor the effects of
purified IgG from patient and healthy control IgG on HUVECs. As demon-
strated previously, IgG of AECA-positive SLE nephritis patients (n = 7)
induced a higher percentage of apoptosis of HUVECs compared to IgG of
AECA-negative SLE nephritis patients and healthy controls. Furthermore,
IgG of AECA-positive SLE nephritis patients induced a marked decrease in
cell index as assessed by RT–CES™ technology. IgG of AECA-positive PAH
patients (n = 12) and SSc patients (n = 13) did not alter the percentage of
HUVEC apoptosis or cell index compared to IgG of AECA-negative PAH and
SSc patients and healthy controls. AECA-positive PAH patients, in contrast
to SLE nephritis patients, do not have circulating IgG AECA that enhances
apoptosis of HUVECs in vitro. Further studies should focus on other mecha-
nisms by which AECA may enhance EC apoptosis in PAH, such as antibody-
dependent cell-mediated cytotoxicity.
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Introduction

Pulmonary arterial hypertension (PAH) is an orphan
disease associated with great impact on patients’ morbidity
and mortality [1,2]. PAH is incurable and the prognosis
remains poor, despite improved treatment options [3].
Therefore, a better understanding of its pathophysiology is
essential for designing novel therapeutic approaches. Pul-
monary vascular remodelling involving intimal, medial and
adventitial layers is one of the hallmarks of PAH [4]. The
mechanisms causing and propagating vascular changes in
PAH remain unclear; however, pulmonary endothelial cell

(EC) dysfunction is considered a key player in this process
[5]. It has been postulated that injury to the pulmonary
endothelium leads to EC apoptosis resulting in desta-
bilization of the pulmonary vascular intima and uncon-
trolled proliferation of ECs [5,6]. In-vitro studies with
human pulmonary microvascular ECs demonstrated that
hyper-proliferative and apoptosis-resistant ECs could be
generated after the induction of EC apoptosis by vascular
endothelial growth factor (VEGF) receptor blockade in
combination with high fluid shear stress [6]. Moreover,
studies in animal models of PAH also support the impor-
tance of EC apoptosis in the early stages of PAH [7–9].
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Thus, both in-vitro and in-vivo experiments suggest a link
between EC apoptosis and the concomitant development of
the angioproliferative lesions as found in PAH [10].

Autoimmune factors are believed to play a role in PAH
pathophysiology [11,12]. Anti-endothelial cell antibodies
(AECA) are found in the majority of connective tissue
disease (CTD)-associated PAH and idiopathic PAH (IPAH)
patients [13,14]. AECA are a heterogeneous group of
autoantibodies capable of reacting with different EC-related
antigenic structures [15]. AECA are present in a variety of
systemic autoimmune diseases, including systemic sclerosis
(SSc), systemic lupus erythematosus (SLE) and vasculitis
[16]. Functional capacities of AECA include activation of
ECs and/or induction of EC apoptosis [15,17]. Previously,
our group demonstrated the capacity of purified immuno-
globulin (Ig)G from AECA-positive patients with SLE
nephritis to induce EC apoptosis directly in vitro [18]. The
functional capacity of AECA in PAH regarding EC
apoptosis is unknown.

Therefore, we investigated the capacity of purified IgG
from AECA-positive PAH patients to induce apoptosis of
human umbilical vein endothelial cells (HUVECs) in vitro.
Apoptosis was quantified by means of annexin A5 binding
and hypoploid cell enumeration. Furthermore, we moni-
tored the effects of purified IgG of AECA-positive PAH
patients on HUVECs by real-time cell electronic sensing
(RT–CES™) technology. This system is a quantitative, non-
invasive and real-time assay for monitoring cellular health
and behaviour in culture [19]. However, the RT–CESTM

system can also be utilized as a cytotoxicity assay to test
cytotoxic compounds, as reported by Kirstein et al. [19].

AECA-positive SSc and SLE nephritis patients without
PAH were included as disease control cohorts. AECA-
negative PAH, SSc and SLE patients, as well as healthy con-
trols, were included as negative control cohorts.

Materials and methods

Patients and controls

A total of 114 participants categorized in four cohorts were
included. SLE and diffuse cutaneous SSc patients met the
diagnostic criteria of The American College of Rheumatol-
ogy [20,21]. Patients with limited cutaneous SSc fulfilled
the criteria of LeRoy and Medsger [22].

PAH. This cohort encompassed 14 IPAH and 12 SSc-
associated PAH patients, all of whom were seen consecu-
tively in our hospital. All the SSc-associated PAH patients
were diagnosed with the limited cutaneous form of SSc.
PAH was confirmed by right heart catheterization and
defined as a mean pulmonary arterial pressure greater than
25 mm Hg at rest with a capillary wedge pressure lower
than 15 mm Hg. The diagnosis IPAH was established
if further clinical assessment, laboratory investigation,

high-resolution computed tomography, ventilation/
perfusion lung scan and complete lung function did
not show any underlying disease resulting in pulmonary
hypertension [23].

SSc without PAH. This cohort encompassed 58 patients, 49
with the limited and nine with the diffuse cutaneous form.
Echocardiographically, none of these patients had signs
of PAH (estimated right ventricular pressure less than
40 mm Hg).

The PAH and SSc cohorts were recruited consecutively by
physicians from the multi-disciplinary PAH team of the
Maastricht University Medical Centre.

SLE without PAH. This cohort consisted of 16 consecutive
SLE patients with biopsy-proven SLE nephritis [18].
Echocardiographically, none of them had signs of PAH.
Sera from these patients were obtained at time of renal
biopsy.

Healthy controls. This cohort comprised 14 healthy indi-
viduals, who are retired co-workers of the Maastricht Uni-
versity Medical Centre. All subjects gave their informed
consent prior to participation.

IgG purification

IgG purification from sera was achieved by affinity chroma-
tography, as described previously [18].

Isolation and culture of HUVECs

HUVECs were isolated from normal term umbilical cord
veins and cultured according to the method described
previously [18].

Detection of IgG AECA by an EC-based enzyme-linked
immunosorbent assay (ELISA)

A modified cyto-ELISA with unfixed HUVECs in their third
passage was performed to detect IgG AECA specifically tar-
geting EC surface antigens, as described previously [18]. All
experiments were performed at 4°C to preserve the viability
of the ECs, unless stated otherwise. Briefly, confluent EC
monolayers were washed and incubated with medium
[RPMI-1640 containing 1% heat-inactivated fetal calf
serum (FCS) adjusted at pH 6·0] for 45 min. Thereafter,
ECs were incubated in triplicate with 100 μl/well of either
patient or control sera diluted 1 : 100 in medium for 1·5 h.
Following three washing steps, the bound IgG AECA were
detected with a 1-h incubation of alkaline phosphatase-
conjugated goat F(ab)2 anti-human IgG (American Qualex
Manufacturers, San Clemente, CA, USA), respectively. Cells
were subsequently washed and incubated for 1 h with
p-nitrophenyl phosphate (Sigma, St Louis, MO, USA) at
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room temperature. After stopping the reaction with 5N
NaOH (pH 11·0), the optical density (OD) at 405 nm was
measured in a Biorad 550 microplate reader (Bio-Rad Labo-
ratories, Veenendaal, the Netherlands).

Cut-off points based on the OD values from the PAH
cohort compared to the healthy controls were calculated
using a receiver operator characteristics (ROC) curve
analysis [13].

Measurement of apoptosis as induced by purified IgG

HUVEC monolayers were trypsinized with trypsin/
ethylenediamine tetraacetic acid (EDTA) (0·25%/0·2%).
Detached cells were resuspended in culture medium con-
sisting of RPMI-1640 with Glutamax-1 (Gibco, Breda, the
Netherlands) supplemented with 10% heat-inactivated FCS
(iFCS) (Integro BV, Lelystad, the Netherlands) and centri-
fuged. Cell pellets were subsequently resuspended in culture
medium and incubated in separate wells of precoated
12-well plates (Costar Corning, Bornem, Belgium) with
160 μg/ml of IgG from each individual patient and control
in a final concentration of 5·105 cells/ml at 37°C under 5%
CO2. The optimal IgG concentration was determined by a
concentration–response curve using IgG from several SLE
patients (data not shown). HUVECs in separate wells were
incubated with either culture medium containing 10%
iFCS, culture medium without iFCS (cell starvation) or
culture medium containing 10% iFCS and 5 nmol/ml
staurosporine as internal negative and positive controls,
respectively, for apoptosis. Staurosporine, a widely used
apoptogenic agent, has been shown to induce EC apoptosis
via focal adhesion kinase dephosphorylation and focal
adhesion disassembly independent of focal adhesion kinase
proteolysis [24].

After 24 h incubation, supernatants were collected while
attached cells were washed in phosphate-buffered saline
(PBS; containing 0·15 mol/l NaCl, 0·01 mol/l phosphate,
pH 7·4), trypsinized, and collected. All collected superna-
tants, washing fluids and trypsinized cells were combined
and divided subsequently into two Falcon tubes (BD
Biosciences, Bedford, MA, USA), washed with PBS and
centrifuged. One sample was used to measure annexin V
binding, while the other sample was used for the enumera-
tion of hypoploid cells, respectively. Experiments were
repeated three times on three different HUVEC isolates.

Binding of annexin A5. Cell pellets were resuspended
in annexin A5 buffer (10 mM Hepes/NaOH, pH 7·4,
150 mM NaCl, 5 mM KCl, 2·5 mM CaCl2·H2O, 1 mM MgCl2)
and centrifuged. Subsequently, the cells were incubated in
300 μl of the same buffer containing 250 ng/ml fluorescein
isothiocyanate (FITC)-conjugated annexin A5 (from Dr C.
P. M. Reutelingsperger) for 10 min at room temperature
in the dark. Propidium iodide (PI) (Calbiochem®; EMD
Chemicals, Inc., Gibbstown, NJ, USA) was added to exclude

dead cells, diluted to a final concentration of 10 μg/ml. All
cell preparations were examined with a fluorescence acti-
vated cell sorter (FACS)Canto II (BD Biosciences, San Jose,
CA, USA) using the diva software (BD Biosciences) for
analysis. The percentage of annexin A5 single-positive cells
(early apoptotic cells) was calculated within the viable
population of cells.

Enumeration of hypoploid cells. Enumeration of hypoploid
cells was carried out as described previously [25,26]. Briefly,
cell pellets were resuspended and fixed with 70% ethanol
for 2 h at −20°C. Subsequently, cells were centrifuged and
resuspended in PI incubation buffer (45 mM Na2HPO4,
2·5 mM citric acid and 0·1% Triton X-100) for 20 min at
37°C. PI was added to a final concentration of 10 μg/ml. All
cell preparations were examined with a FACSCanto II (BD
Biosciences) using the diva software (BD Biosciences) for
analysis. Doublets were ‘gated-out’ by making use of a two-
parameter measurement scheme in which a plot of pulse
peak height versus area (integral) PI signal allowed for iden-
tification and exclusion of doublets.

HUVECs monitoring by the RT–CES™ system

The principles and components of RT–CES™ (ACEA Bio-
sciences Inc., San Diego, CA, USA) technology have been
described previously [27–29]. Briefly, the RT–CES system
allows for non-invasive monitoring of target cells by using
impedance sensor technology. Electrode impedance, which
is displayed and recorded as cell index (CI) values, reflect
the biological status of monitored cells, including the cell
number, cell viability, morphology and adhesion quality.

We monitored the effects of purified IgG from a sub-
group of PAH (n = 16), SSc (n = 12) and SLE nephritis
(n = 6) patients and healthy controls (n = 6) on HUVECs
with the RT–CES™ system. We performed three experi-
ments with the RT–CES™ system, each experiment with
different HUVEC batches but with the same purified
IgG from the above-mentioned subgroups. HUVECs were
seeded at a density of 4500 cells per well on 96-well plates
integrated with microelectrodes at the bottom of the
wells (E-plates™; ACEA Biosciences Inc.). Briefly, cells
were trypsinized, centrifuged and resuspended in culture
medium consisting of RPMI-1640 with Glutamax-1
(Gibco) supplemented with 10% iFCS (Integro BV) and
counted. Background measurements were taken after
adding 50 μl of the culture medium to the wells of the
E-Plate™. Cells were adjusted to the appropriate concentra-
tion, and 100 μl of the cell suspension was added to the
E-plate™ wells. Thereafter, cell attachment, spreading and
proliferation were monitored every 15 min using the
RT–CES system. The cells were in the log growth phase
after approximately 2–3 h after seeding, depending on the
HUVEC batch used in the respective experiment. At this
point, being similar within each HUVEC batch, the cells
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were treated with 160 μg/ml patient or control IgG in tripli-
cate and monitored continuously for 48 h. HUVECs incu-
bated in culture medium without iFCS (cell starvation) and
HUVEC treated with 5 nmol/ml staurosporine in 10% iFCS
served as internal positive controls for apoptosis.

Statistical analyses

Data were analysed with spss statistical software version
15·0 for Windows. For comparison among the five cohorts
for normal distributed variables we used one-way analysis
of variance (anova). To compare two groups for non-
parametric and normal distributed variables we used the
Mann–Whitney U-test and Student’s t-test, respectively. For
comparison among nominal variables between groups we
used the χ2 test. A Bonferroni correction was applied to the
comparative tests used in our statistical analyses. Data are
presented as median and interquartile ranges, with P < 0·05
indicating statistical significance.

Results

Demographic characteristics of the study cohorts

Participants in all four study cohorts did not differ signifi-
cantly with respect to gender (P = 0·690) (Table 1). The age
of the healthy controls, PAH and SSc patients did not differ
significantly from each other. However, the SLE nephritis
cohort encompassed younger participants (P < 0·0001).

The prevalence of IgG AECA specifically targeting surface
antigens on HUVECs in the different cohorts is presented
in Table 1. IgG AECA prevalence in the PAH, SSc and SLE
nephritis cohorts was significantly higher compared to the
healthy controls (P = 0·002, P = 0·05 and P = 0·005, respec-
tively). IgG AECA prevalence in the IPAH (n = 14) and SSc-
associated PAH (n = 12) patients was 42·9 and 50·0%,
respectively. The occurrence of IgG AECA in the SSc-
associated PAH patients was significantly higher in com-
parison to SSc patients without PAH (P = 0·05).

IPAH patients were not using corticosteroids or immu-
nosuppressive medication at the time of blood sampling,
whereas two of the SSc-associated PAH patients used low-
dose corticosteroid treatment (5 mg p.o.). In the SSc cohort,
22 of the 58 patients used low-dose corticosteroids in com-
bination with immunosuppressive medication. In nine of
the 16 SLE patients corticosteroids and immunosuppressive
treatment was initiated some days before the renal biopsy
was obtained.

No significant difference was observed between the
IPAH and SSc-associated PAH patients with respect to the
different parameters of disease severity, as presented in
Table 2.

Induction of EC apoptosis by purified IgG

Assessment by binding of annexin A5. Levels of spontaneous
apoptosis in HUVEC control cultures varied between 7·50
and 9·75%. The mean percentage of EC apoptosis induced

Table 1. Demographic characteristics of study cohorts.

Cohorts

PAH SSc SLE nephritis HCCharacteristics

No. of patients (female) 26 (21) 58 (44) 16 (14) 14 (10)

Age (years)

Mean ± s.d. 63·5 ± 10·7 56·8 ± 11·4 30·6 ± 12·3 63·6 ± 5·8

Range 38–79 36–78 16–60 56–76

Prevalence of IgG AECA (number of patients positive)

IgG AECA 12 13 7 0

PAH: pulmonary arterial hypertension; SSc: systemic sclerosis; SLE nephritis: systemic lupus erythematosus nephritis; HC: healthy control; s.d.:

standard deviation; Ig: immunoglobulin; AECA: anti-endothelial cell antibody.

Table 2. Parameters of disease severity in IPAH and SSc-associated PAH.

Cohorts

IPAH (n = 14) SSc-PAH (n = 12) P-valueCharacteristics

Disease severity expressed in WHO functional score

Mean WHO score 2·8 2·8 0·79

Measurements obtained during right heart catheterization

Mean PAP (mm Hg) 49·2 42·8 0·10

Mean PCWP (mm Hg) 8·9 9·5 0·96

Cardiac index (l/min/m2) 2·3 2·4 0·21

PVR (dynes) 967·0 716·0 0·25

IPAH: idiopathic pulmonary arterial hypertension; SSc-PAH: systemic sclerosis associated pulmonary arterial hypertension; WHO: World Health

Organization; PAP: pulmonary arterial pressure; PCWP: pulmonary capillary wedge pressure; PVR: pulmonary vascular resistance.
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by cell starvation and staurosporine was 45·95 and 57·40%,
respectively. As demonstrated previously, purified IgG from
the AECA-positive SLE patients induced a significantly
higher percentage of apoptosis of HUVECs in comparison
to AECA-negative SLE patients (P = 0·001) and healthy con-
trols (P = 0·001) (Fig. 1). Purified IgG from the AECA-
positive PAH patients did not induce a significantly higher
percentage of apoptosis of HUVECs compared to the
AECA-negative PAH patients (P = 0·94) and healthy con-
trols (P = 0·80), as assessed by binding of annexin A5
(Fig. 1). Similarly, no induction of apoptosis was observed
in the SSc cohort (Fig. 1). When analysing late apoptotic
cells, defined as annexin A5/propidium iodide double-
positive, similar results were obtained (data not shown).
Further analysis of the PAH cohort demonstrated that IgG
from the AECA-positive IPAH patients did not induce a sig-
nificantly higher percentage of apoptosis of HUVECs com-
pared to the AECA-negative PAH patients (P = 0·96) and
healthy controls (P = 0·82) as assessed by binding of
annexin A5.

Assessment by enumeration of hypoploid cells. Levels of
spontaneous apoptosis in HUVEC control cultures varied
between 10·00 and 12·50%. The mean percentage of EC
apoptosis induced by cell starvation and staurosporine was
55·46 and 66·80%, respectively. As demonstrated by the
enumeration of hypoploid cells, purified IgG from the
AECA-positive SLE patients induced a significantly higher
percentage of apoptosis of HUVECs in comparison to

AECA-negative SLE patients (P = 0·001) and healthy con-
trols (P < 0·0001) (Fig. 2).

Purified IgG from the AECA-positive PAH patients did
not induce a higher percentage of apoptosis of HUVECs
compared to the AECA-negative PAH patients (P = 0·92)
and healthy controls (P = 0·08), as assessed by the enumera-
tion of hypoploid cells (Fig. 2). Also in the SSc cohort, no
induction of apoptosis was observed (Fig. 2). Further analy-
sis of the PAH cohort demonstrated that IgG from the
AECA-positive IPAH patients did not induce a significantly
higher percentage of apoptosis of HUVECs compared to
the AECA-negative PAH patients (P = 0·94) and healthy
controls (P = 0·09), as assessed by the enumeration of
hypoploid cells.

Effects of purified IgG on HUVECs cellular status
assessed by the RT–CES system

Incubation with IgG from AECA-positive SLE (n = 3)
patients induced a significant decrease in the CI value com-
pared to IgG from AECA-negative SLE (n = 3) patients
(P = 0·050) and healthy controls (P = 0·020) (Fig. 3). In fact,
IgG from AECA-positive SLE patients induced a decrease in
CI value of 79%, which was comparable with the decrease
in CI values induced by cell starvation (82%) and incuba-
tion with 5 nmol/ml staurosporine (93%). Incubation of
HUVECs with IgG from the AECA-positive PAH (n = 8)
and SSc (n = 6) patients, however, did not alter the CI value
significantly compared to IgG from the AECA-negative
PAH (n = 8) and SSc (n = 6) patients (P = 0·248 and
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P = 0·749, respectively) and healthy controls (P = 0·121 and
P = 0·337, respectively).

Discussion

The aetiology of PAH is still poorly understood, and it is
postulated that dysfunction of pulmonary ECs plays an
important role in the pathophysiology of PAH [5]. EC dys-
function may lead to pulmonary vascular remodelling and
ultimately to the development of PAH [4,5]. Mounting evi-
dence suggests an important role for EC apoptosis in this
process. Taraseviciene-Stewart et al. demonstrated that
selective blockade of the vascular endothelial growth factor
receptor 2 (VEGFR-2) resulted in severe irreversible pulmo-
nary hypertension associated with precapillary arterial
endothelial cell proliferation in chronically hypoxic rats [7].
EC apoptosis following VEGFR-2 blockade was a prerequi-
site for endothelial proliferation, because caspase inhibition
throughout the course of chronic hypoxia and VEGFR-2
blockade prevented EC proliferation and the development
of severe pulmonary hypertension [7]. The paradox that
apoptosis fosters emergence of apoptosis resistant and
hyperproliferative cells is not novel [30].

The factors that trigger EC apoptosis in PAH remain
unclear. Autoimmune factors may be among them [12,30].
Recently, we reported that the majority of PAH patients
have circulating AECA specifically targeting cell surface
antigens of ECs [13]. To study the specificity of AECA
towards ECs in our study we determined the reactivity of
our patients’ sera towards human fibroblasts by means of a

cyto-ELISA with unfixed normal human dermal fibroblast
(NHDF). The sera of the AECA-positive PAH patients did
not show any reactivity towards NHDF compared to the
sera of the healthy controls (data not shown).

We also demonstrated that IgG from AECA-positive
patients with SLE nephritis induce EC apoptosis in vitro by
a mechanism as yet unknown [18]. In avian SSc, AECA have
been shown to induce EC apoptosis, which is considered a
primary pathogenic event in SSc [31]. However, conflicting
data have been published concerning the mechanisms by
which AECA exert EC apoptosis in human SSc [17,32].
AECA in SSc have been shown to directly induce apoptosis
[17]. Alternatively, EC apoptosis may be induced by
antibody-dependent cell-mediated cytotoxicity (ADCC)
[32]. Irrespective of the mechanism, AECA have been
shown to exert pro-apoptotic activity on ECs. Hence we
hypothesized that AECA could be the trigger leading to the
development of PAH by inducing EC apoptosis which sub-
sequently activates a cascade culminating in EC prolifera-
tion. In the present study we demonstrate, surprisingly, that
in contrast to IgG from AECA-positive SLE patients the IgG
from AECA-positive PAH patients do not induce apoptosis
of EC. We confirmed this finding by employing three differ-
ent methods, of which the RT–CES™ technology is a new
method, to measure cell viability by high-throughput
screening [28].

The lack of apoptosis-inducing activity of purified IgG
from AECA-positive PAH patients suggests that other
circulating factors may trigger EC apoptosis. Kahaleh et al.
suggested serum-mediated endothelial injury and demon-
strated the presence of granular enzymes (granzymes) in
sera of SSc patients [33]. Granzymes gain access to the cells
following cellular membrane damage by perforin [34]. We
tested sera from PAH patients on their ability to induce EC
apoptosis in vitro to assess whether serum factors other
than IgG could induce EC apoptosis. However, none of
the tested sera from AECA-positive PAH expressed EC
apoptosis-inducing activity (data not shown).

ADCC is another proposed mechanism of EC apoptosis
in SSc [32]. This mechanism of EC apoptosis requires anti-
bodies and appropriate effector cells. Sgonc et al. found
activated natural killer (NK) cells to be absolutely necessary
for the AECA-dependent apoptosis induction in EC cul-
tures [32]. In the present study we did not address this
mechanism of EC apoptosis in PAH.

In conclusion, we report a discrepancy between IgG from
AECA-positive PAH patients and IgG from AECA-positive
SLE patients, with the latter expressing EC apoptosis induc-
ing activity and the former lacking this activity. We were
unable to find circulating pro-apoptotic factors in PAH
patients that would support the EC apoptosis hypothesis of
PAH. It is important to mention that we used HUVECs in
our study and that, ideally, patients’ own pulmonary
ECs should be used to study pro-apoptotic activities of
circulating IgG. Nevertheless, our study demonstrates that
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circulating IgG from AECA-positive patients differ
bioactively between diseases and cannot, therefore, be
incorporated in a general cause–consequence relationship
solely on the basis of their shared feature of binding to EC.
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