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Abstract
Imbalanced transforming growth factor beta (TGFβ) and bone morphogenetic protein (BMP) signaling are postulated to 
favor a pathological pulmonary endothelial cell (EC) phenotype in pulmonary arterial hypertension (PAH). BMP9 is shown 
to reinstate BMP receptor type-II (BMPR2) levels and thereby mitigate hemodynamic and vascular abnormalities in several 
animal models of pulmonary hypertension (PH). Yet, responses of the pulmonary endothelium of PAH patients to BMP9 
are unknown. Therefore, we treated primary PAH patient-derived and healthy pulmonary ECs with BMP9 and observed that 
stimulation induces transient transcriptional signaling associated with the process of endothelial-to-mesenchymal transition 
(EndMT). However, solely PAH pulmonary ECs showed signs of a mesenchymal trans-differentiation characterized by a 
loss of VE-cadherin, induction of transgelin (SM22α), and reorganization of the cytoskeleton. In the PAH cells, a prolonged 
EndMT signaling was found accompanied by sustained elevation of pro-inflammatory, pro-hypoxic, and pro-apoptotic signal-
ing. Herein we identified interleukin-6 (IL6)-dependent signaling to be the central mediator required for the BMP9-induced 
phenotypic change in PAH pulmonary ECs. Furthermore, we were able to target the BMP9-induced EndMT process by 
an IL6 capturing antibody that normalized autocrine IL6 levels, prevented mesenchymal transformation, and maintained a 
functional EC phenotype in PAH pulmonary ECs. In conclusion, our results show that the BMP9-induced aberrant EndMT 
in PAH pulmonary ECs is dependent on exacerbated pro-inflammatory signaling mediated through IL6.

Keywords Pulmonary hypertension · Pulmonary endothelial cells · Endothelial-to-mesenchymal transition · Bone 
morphogenetic protein · Interleukin-6

Introduction

Progressive occlusive remodeling of the distal pulmonary 
vasculature is the hallmark of pulmonary arterial hyperten-
sion (PAH), a heterogenous group of deadly lung disorders 

clinically defined by a highly increased mean pulmonary 
artery pressure at rest in the absence of other causes of pre-
capillary pulmonary hypertension (PH) [1, 2]. Histologi-
cally, PAH is associated with a dramatic reorganization of 
the pulmonary arterial architecture involving medial as well 
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as intimal thickening, an extensive loss of capillaries, and 
the appearance of characteristic, disorganized plexogenic 
lesions that are highly enriched with alpha-smooth muscle 
actin (α-SMA) positive cells [3]. Phenotypically altered, de-
differentiated, partially dysfunctional pulmonary endothelial 
cells (ECs) are postulated to contribute to the occlusive vas-
cular remodeling in PAH both directly by transforming into 
smooth muscle (SM)-like cells as well as indirectly through 
paracrine effects [4–6]. Endothelial-to-mesenchymal tran-
sition (EndMT) is an essential developmental process by 
which mature ECs lose their specific protein expression, 
morphology, and polarity to acquire mesenchymal char-
acteristics and has moved into focus as a possible source 
of these highly proliferative SM-like mesenchymal cells in 
PAH [7]. Notably, induction of EndMT requires the coordi-
nated action of multiple signaling cascades, induced by both 
circulating factors and tissue-specific stimuli [8].

The transforming growth factor beta (TGFβ) family con-
tains central drivers and modulators of the EndMT process 
and is essential in the control of the EC phenotype [8]. 
Interestingly, imbalanced TGFβ signaling is a characteristic 
feature in all PAH subtypes that includes loss-of-function 
genetic mutations in components of the bone morphogenetic 
protein (BMP) signaling pathway (i.e., ACVRL1, BMPR1B, 
BMPR2) and reduced expression of the BMP type-II recep-
tor (BMPR2) in mutation-positive and -negative cases of 
PAH [9]. This shift is associated with decreased BMP-
dependent signaling and increased TGFβ-responsiveness in 
pulmonary ECs of PAH patients [10]. Consequently, novel 
experimental treatment efforts aim to restore BMPR2 levels 
and consecutive downstream signaling to reinstate the bal-
ance in TGFβ/BMP activity [11], for example, by adminis-
tration of BMP ligands or agonists [12–14].

Although initially discovered by their ability to induce 
ectopic bone formation in rodents [15], BMPs have been 
unveiled as pleiotropic molecules, which play a central role 
in cell differentiation, organogenesis, vascular development, 
and vascular homeostasis [16]. Particularly in ECs, BMP9, 
the ALK1 receptor high affinity ligand [17], is generally 
described as a circulating vascular quiescence and mainte-
nance factor that can exert hematopoietic, hepato-, osteo-, 
chondro-, and adipogenic functions in a highly context 
and concentration-dependent manner [18]. In the mature 
endothelium, BMP9 appears to have anti-angiogenic and 
anti-apoptotic effects [14, 18] and is a known inducer of 
EndMT during embryonic development and thereby, for 
instance, controls vascular remodeling and vascular wall-
thickening [7, 19]. However, BMP9 also serves as a pro-
angiogenic and pro-tumorigenic factor in cancer cells dem-
onstrating its pleiotropic roles in health and disease [20].

In the context of PAH, recombinant BMP9 adminis-
tration has been shown to induce BMPR2 expression in 
blood-derived circulating ECs from PAH patients carrying 

different heterozygous BMPR2 mutations and has beneficial 
hemodynamic and anti-remodeling effects in PH animal sur-
rogate models when applied preventively or therapeutically 
[14]. However, the effects of BMPs on the primary endothe-
lium are highly context-dependent [21]. The concern that 
the same ligand might have opposite effects is illustrated 
by contradicting reports showing that genetic deletion or 
pharmacological inactivation of BMP9 protects rodents 
from experimental PH [22], while a case study associates 
a homozygous nonsense mutation in GDF2 (encoding for 
BMP9) with the development of PAH in infants [23], and 
BMPR2 loss-of-function mutations are known to alter the 
tissue microenvironment [24].

To gain insights into the effect of BMP9 on the pulmo-
nary vascular endothelium, in this manuscript, we compre-
hensively examine effects of BMP9 on control and PAH pri-
mary pulmonary EC signaling and phenotype. We identify 
a novel mechanism modulated through interleukin-6 (IL6) 
by which BMP9 triggers EndMT in PAH pulmonary ECs. 
Our discovery of the cell phenotype modulating function 
by combined action of IL6 and BMP9 will contribute to 
the understanding of the pathological mechanisms driving 
PAH-specific vascular changes and may eventually aid in 
the development of a treatment for this currently untreat-
able disease.

Material and methods

Cell cultures and in‑vitro assays

The institutional review board (IRB) for human studies of 
the VU University Medical Center (Amsterdam, the Nether-
lands) approved the study protocols (non-WMO, 2012/306) 
and written informed consent was obtained from the sub-
jects or their surrogates for the collection of materials and 
publication of results, if required. Microvascular ECs were 
isolated from pleura-free peripheral lung tissues, pulmonary 
artery ECs from rings of the arteria pulmonalis, and circu-
lating ECs from heparinized peripheral blood, as described 
previously [25, 26]. Human PAH lung tissues were obtained 
from end-stage patients undergoing lung transplantations 
or from autopsies. Control tissues from lobectomies for 
suspected or proven non-small cell lung cancer (NSCLC) 
without PH were assessed by a pathologist and only normal 
tissues were used for cell isolations. Donor characteristics 
can be found in Table 1.

ECs were purified by magnetic affinity cell sort-
ing (MACS, Miltenyi Biotec) based on CD144 (VE-
cadherin) antibody labeling and purity was ensured 
by regular FACS testing. Cells were cultured on 0.1% 
gelatin-coated standard cultureware (Corning) in ECM 
medium supplemented with 1% pen/strep, 1% endothelial 



701Angiogenesis (2020) 23:699–714 

1 3

Ta
bl

e 
1 

 P
at

ie
nt

 c
ha

ra
ct

er
ist

ic
s

EC
IS

 b
ar

rie
r f

un
ct

io
n,

 IF
 im

m
un

ofl
uo

re
sc

en
ce

, M
VE

C
s 

lu
ng

 m
ic

ro
va

sc
ul

ar
 e

nd
ot

he
lia

l c
el

ls
, N

SC
LC

 n
on

-s
m

al
l-c

el
l l

un
g 

ca
rc

in
om

a,
 F

VC
 fo

rc
ed

 v
ita

l c
ap

ac
ity

 (L
), 

FE
V1

 fi
rs

t s
ec

on
d 

of
 fo

rc
ed

 
ex

pi
ra

tio
n 

(L
), 

Lo
b 

lo
be

ct
om

y,
 R

V 
rig

ht
 v

en
tri

cl
e,

 R
A 

rig
ht

 a
tri

um
, L

V 
le

ft 
ve

nt
ric

le
, i

PA
H

 id
io

pa
th

ic
 p

ul
m

on
ar

y 
ar

te
ria

l h
yp

er
te

ns
io

n,
 h

PA
H

 h
er

ed
ita

ry
 P

A
H

, m
PA

P 
m

ea
n 

pu
lm

on
ar

y 
ar

te
ry

 
pr

es
su

re
 (m

m
H

g)
, P

VR
 p

ul
m

on
ar

y 
va

sc
ul

ar
 re

si
st

an
ce

 (W
U

), 
C

I c
ar

di
ac

 in
de

x 
(L

/m
in

/m
2 ), 

PD
E5

-I
 p

ho
sp

ho
di

es
te

ra
se

 ty
pe

 5
 in

hi
bi

to
r, 

PG
I2

 p
ro

st
ac

yc
lin

, E
RA

 e
nd

ot
he

lin
 re

ce
pt

or
 a

nt
ag

on
ist

, 
O

bd
 a

ut
op

sy
, L

tx
 lu

ng
 tr

an
sp

la
nt

at
io

n.
 P

A
H

 p
at

ie
nt

s h
em

od
yn

am
ic

s w
er

e 
de

te
rm

in
ed

 b
y 

rig
ht

 h
ea

rt 
ca

th
et

er
iz

at
io

n 
be

fo
re

 lu
ng

 tr
an

sp
la

nt
at

io
n

ID
A

ss
ay

s
D

ia
gn

os
is

FV
C

FE
V

1
D

ys
pn

ea
Se

x
A

ge
Et

hn
ic

ity
So

ur
ce

Ec
ho

/C
T

M
V

EC
s u

se
d 

in
 th

e 
co

nt
ro

l g
ro

up
 C

trl
01

PC
R

, R
N

A
-s

eq
, I

F,
 E

LI
SA

, E
C

IS
N

SC
LC

, a
de

no
ca

rc
in

om
a

–
–

N
o

F
55

C
au

ca
si

an
Lo

b
N

o 
di

la
tio

n 
of

 R
V,

 R
A

, o
r L

V
 C

trl
02

PC
R

, R
N

A
-s

eq
, I

F,
 E

LI
SA

N
SC

LC
, s

qu
am

ou
s c

el
l c

ar
ci

no
m

a
3.

11
 (1

00
%

)
2.

31
 (9

8%
)

N
o

M
79

C
au

ca
si

an
Lo

b
N

o 
di

la
tio

n 
of

 R
V,

 R
A

, o
r L

V
 C

trl
03

PC
R

, R
N

A
-s

eq
, I

F,
 E

C
IS

N
SC

LC
5.

3 
(9

6%
)

4.
39

 (9
8%

)
N

o
M

42
C

au
ca

si
an

Lo
b

N
o 

di
la

tio
n 

of
 R

V,
 R

A
, o

r L
V

 C
trl

04
IF

, E
LI

SA
, E

C
IS

N
SC

LC
4.

13
 (1

10
%

)
3.

23
 (1

10
%

)
N

o
F

60
C

au
ca

si
an

Lo
b

N
o 

di
la

tio
n 

of
 R

V,
 R

A
, o

r L
V

 C
trl

05
PC

R
, R

N
A

-s
eq

, E
C

IS
N

SC
LC

, s
qu

am
ou

s c
el

l c
ar

ci
no

m
a

2.
75

 (1
00

%
)

1.
17

 (5
0%

)
N

o
F

61
C

au
ca

si
an

Lo
b

N
o 

di
la

tio
n 

of
 R

V,
 R

A
, o

r L
V

 C
trl

06
PC

R
, R

N
A

-s
eq

Tu
m

or
al

 o
bs

tru
ct

io
n

–
–

Ye
s

M
42

C
au

ca
si

an
Lo

b
En

la
rg

ed
 R

V,
 sm

al
l L

V,
 e

nl
ar

ge
d 

R
A

ID
A

ss
ay

s
D

ia
gn

os
is

m
PA

P
PV

R
C

I
Se

x
A

ge
Et

hn
ic

ity
So

ur
ce

Tr
ea

tm
en

t

M
V

EC
s u

se
d 

in
 th

e 
PA

H
 g

ro
up

 P
A

H
01

PC
R

, R
N

A
-s

eq
, E

LI
SA

iP
A

H
54

–
2.

1
F

54
C

au
ca

si
an

O
bd

PD
E5

-I
, E

R
A

, P
G

I2
 P

A
H

02
PC

R
, R

N
A

-s
eq

, I
F,

 E
LI

SA
, E

C
IS

hP
A

H
 (B

M
PR

2)
68

–
1.

6
F

40
C

au
ca

si
an

Lt
x

PD
E5

-I
, E

R
A

, P
G

I2
 P

A
H

03
PC

R
, R

N
A

-s
eq

, E
LI

SA
, E

C
IS

iP
A

H
43

62
0

2.
1

F
42

C
au

ca
si

an
Lt

x
PD

E5
-I

, P
G

I2
 P

A
H

04
PC

R
, R

N
A

-s
eq

, I
F,

 E
LI

SA
, E

C
IS

iP
A

H
89

15
27

1.
9

F
22

C
au

ca
si

an
Lt

x
PD

E5
-I

, E
R

A
, P

G
I2

 P
A

H
05

PC
R

, R
N

A
-s

eq
, I

F,
 E

LI
SA

, E
C

IS
iP

A
H

10
2

13
75

3.
4

M
21

C
au

ca
si

an
Lt

x
PD

E5
-I

, E
R

A
, P

G
I2



702 Angiogenesis (2020) 23:699–714

1 3

cell growth supplement, 5% FCS (all ScienCell), and 1% 
non-essential amino acids (Biowest). Treatments were 
performed after 5 h preparative serum starvation with 
1% FCS and without additional growth factors. Stimuli 
were made fresh in final concentrations of 1 ng/mL BMP9 
(R&D Systems), 1 ng/mL TGFβ1 (Sigma), 10 ng/mL IL6 
(BD Biosciences), and 10 ng/mL IL6 blocking antibody 
(mabg-hil6-3, InvivoGen).

Barrier function was determined by impedance spec-
troscopy with ECIS (Electric Cell-substrate Impedance 
Sensing, Applied Biophysics). Resistance was analyzed 
and modeling of cell–cell and cell–matrix strength carried 
out as described previously [27]. ELISAs for IL6 on cell-
free supernatants were carried out with the BD OptEIA 
human IL6 kit (BD Bioscience) and on human serum with 
the IL6 kit from Antigenix following the manufacturer’s 
instructions.

Real‑time polymerase chain reaction (RT‑PCR)

RNA was isolated with the miRNeasy mini kit (Qiagen), 
cDNA synthesis performed with the iScript cDNA syn-
thesis kit (Bio-Rad) on a 2720 Thermal Cycler (Applied 
BioSystems), and RT-PCR carried out with iQ SYBR 
green supermix on a CFX384 Real-Time System (all Bio-
Rad) following the manufacturer’s instructions. Primer 
details (Sigma-Aldrich) can be found in Table 2.

Western blot

Gel electrophoresis was run with NuPAGE 4–12% Bis–Tris 
pre-cast gels and the accompanying buffers (Invitrogen) fol-
lowing the manufacturer’s instructions. Antibodies against 
BMPR2 (1:2000, Ma5-15827, Thermo Fisher Scientific), 
pSMAD1/5/9 (1:1000, 13820, Cell Signaling), pSMAD2 
(1:1000, gift from Prof. ten Dijke at LUMC Leiden), and 
GAPDH (1:10000, g9295, Sigma-Aldrich) were used for 
protein detection.

Global transcriptomics (RNA‑seq) and analysis

Serum-starved microvascular lung ECs (5 h at 1% FCS, 
no growth factors) were either stimulated with BMP9 (for 
90 min or 24 h) or left untreated. RNA was isolated with 
the miRNAeasy mini kit (Quiagen). Total RNA was puri-
fied using MagMAX-96 total RNA isolation kit (Ambion), 
in which genomic DNA was removed. mRNA was purified 
from total RNA using Dynabeads mRNA purification kit 
(Invitrogen). Strand-specific RNA sequencing libraries were 
prepared using ScriptSeq mRNA-seq library preparation 
kit (Epicenter). Sequencing was performed on HiSeq2000 
(Illumina) by a multiplexed, single-read run with 33 cycles. 
Reads were mapped to the human genome hg38. Differen-
tial gene expression analysis was performed by the Medi-
cal Statistics and Bioinformatics core at LUMC using nor-
malized log-transformed counts per gene with appropriate 
weights per observation in a fdr multiple testing corrected 

Table 2  Primer list for human 
genes

Seq ID Name Sequence 5′–3′

NM_001204.6 BMPR2_Fwd GTC CTG GAT GGC AGC AGT AT
BMPR2_Rev CCA GCG ATT CAG TGG AGA TGA 

NM_002165.3 ID1_Fwd CTG CTC TAC GAC ATG AAC GG
ID1_Rev GAA GGT CCC TGA TGT AGT CGAT 

NM_002167.4 ID3_Fwd CAC CTC CAG AAC GCA GGT GCTG 
ID3_Rev AGG GCG AAG TTG GGG CCC AT

NM_000602.4 PAI1_Fwd CAA TCG CAA GGC ACC TCT GA
PAI1_Rev TTC ACC AAA GAC AAG GGC CA

NM_005985.3 SNAI1_Fwd ACC ACT ATG CCG CGC TCT T
SNAI1_Rev GGT CGT AGG GCT GCT GGA A

NM_003068.4 SNAI2_Fwd TCG GAC CCA CAC ATT ACC TT
SNA2_Rev TGA GCC CTC AGA TTT GAC CT

NM_000600.4 IL6_Fwd ACA GCC ACT CAC CTC TTC AG
IL6_Rev GCA AGT CTC CTC ATT GAA TCCAG 

NM_001002.3
House Keeping Gene

P0_Fwd TCG ACA ATG GCA GCA TCT AC
P0_Rev ATC CGT CTC CAC AGA CAA GG

NM_001289746.1
House Keeping Gene

GAPDH_Fwd GGT CTC CTC TGA CTT CAA CA
GAPDH_Rev AGC CAA ATT CGT TGT CAT AC

NR_146119.1; NR_145820.1
House Keeping Gene

18S_Fwd AAC GGC TAC CAC ATC CAA GG
18S_Rev CAG CTA AGA GCA TCG AGG GG
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multivariate regression model. The model tested which 
genes are differentially expressed between the three con-
ditions (starved, 90-min, or 24-h stimulation) in at least 
one donor group (control vs. PAH). Gene Set Enrichment 
Analysis (GSEA) was run with the pre-ranked tool [28] on 
the adjusted log2-fold gene lists. Pathway enrichment was 
defined by FDR < 0.05 and p < 0.001. Enrichment map vis-
ualization (network graph) was done with the Enrichment 
Map Pipeline collection in Cytoscape version 3.6.1.

Immunofluorescence staining

Human ECs were fixed in warm 4% paraformaldehyde for 
20 min at room temperature (RT), quenched with 2 mg/mL 
glycine, permeabilized with 0.2% Triton X-100 for 10 min 
at RT, blocked with 5% BSA, and labeled with VE-cadherin 
(1:500, 2158, Cell Signaling), SM22α (1:500, ab14106, 
Abcam)-specific antibodies, and/or Rhodamine-Phalloidin 
(1:1000, R415, Invitrogen). Samples were preserved in 
ProLong Gold anti-fading agent with DAPI (Thermo Fisher 
Scientific). Imaging was done on a Nikon A1 confocal laser 
microscope at ×60 magnification. Image quantification was 
performed with ImageJ (NIH) by measuring VE-cadherin 
and SM22α intensity of a total of nine individual cells per 
donor at three random locations in the culture well. The 
resulting intensity values were normalized to the mean 
intensity of the unstimulated controls within one experiment. 
F-actin orientation was analyzed using the directionality 
function in ImageJ on images from three random locations 
in the culture.

Statistics

Individual cell culture experiments were repeated at least 
three times, with different combinations of available donors. 
Numbers of used donors are indicated within figures or by 
n in figure legends. Experimental data were analyzed by 
Student’s t tests, multiple corrected t tests, and one-way or 

Fig. 1  The human microvascular lung endothelium of PAH patients 
shows a distinct transcriptional response to long-term BMP9 stimula-
tion. a Box plots show RT-PCR analysis of gene expression in lung 
microvascular (MVECs), pulmonary arterial (PAECs), and periph-
eral blood-derived circulating (ECFCs) endothelial cells in response 
to 24-h activation with BMP9. Data are presented as min, max, and 
median log2-fold changes compared to unstimulated conditions. Bar 
graphs represent mean basal gene expression with appropriate confi-
dence intervals before BMP9 addition in PAH samples compared to 
controls. b RT-PCR quantification of gene regulation in MVECs after 
90-min or 24-h BMP9 compared to unstimulated levels. c Repre-
sentative Western blot from whole MVEC lysates. Bar graphs contain 
protein quantifications of all tested donors normalized to GAPDH. 
Two-way ANOVAs with Tukey multiple comparison correction were 
applied to calculate p values in between donor groups (ctrl. vs. PAH, 
a and b) or all individual conditions and donors (c)

▸
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two-way ANOVAs where applicable. The appropriate sta-
tistical tests are specified in the figure legends. Data were 
considered significantly different at p values ≤ 0.05. Data 
were visualized using GraphPad Prism version 7 (GraphPad 
Software). If not indicated differently, data are presented as 
mean ± standard deviation.

Results

PAH pulmonary endothelial cells respond different 
to BMP9

Smaller pulmonary arteries that contain highly special-
ized microvascular endothelial cells (MVECs) are the 
principal sites of vascular remodeling in PAH [3]. How-
ever, peripheral blood-derived endothelial colony-forming 
cells (ECFCs) are often used as surrogates for pulmonary 
ECs [14]. We compared BMP9 responses between ECFCs, 
MVECs, and pulmonary artery endothelial cells (PAECs) 
to get an indication of potential endothelial subtype-specific 
differences (Fig. 1a). Transcriptional activation of BMPR2 
and the BMP target gene ID1 were used as read-outs for 
BMP pathway activation. Basal gene expression was not 
different between control and PAH cells. ECFCs reacted to 
24-h BMP9 stimulation with a median two-fold increase in 
BMPR2 and approximately four-fold increase in ID1 gene 
expression that was similar between the two donor groups 
(PAH vs. controls). PAH patient-derived PAECs responded 
to BMP9 with a four-fold, respectively, 16-fold upregulation 
of the two tested genes. In PAH PAECs, ID1 was signifi-
cantly different from controls (p = 0.007), with controls even 

trending towards decreased expression upon BMP9. MVECs 
from PAH patients responded differently to BMP9 than 
PAECs and ECFCs showing a significant eight-fold increase 
in BMPR2 compared to unaltered controls (p = 0.05). Simi-
larly, ID1 increased by four-fold in PAH MVECs (p = 0.05), 
whereas controls expressed basal levels.

Possible time-dependent effects in lung MVECs were 
explored by determining transcriptional regulation in 
response to short- (90-min) or long-term (24-h) BMP9 stim-
ulation (Fig. 1b). Short-term stimulation induced a robust 
activation of the BMP pathway shown by increased ID1 and 
ID3 expression, while the TGFβ-target PAI1, an indicator 
of non-canonical effects of BMP9, remained at levels of 
unstimulated samples. Interestingly, BMPR2 significantly 
increased three-fold (p = 0.05) in PAH cells, whereas con-
trols remained at basal levels. Pronounced differences were 
seen between control and PAH cells at the 24-h time point. 
BMP9 elicited four-fold induction of all tested genes in PAH 
cells indicating a sustained activation of BMP and TGFβ 
transcriptional targets, whereas in controls, levels were like 
unstimulated suggesting an altered response to BMP9 in 
PAH MVECs.

On protein level, short-term BMP9 treatment induced 
a significant activation of BMP-dependent signaling by 
phosphorylation of SMAD1 (p ≤ 0.001) that was similar in 
controls and PAH MVECs (Fig. 1c). BMPR2 and phospho-
SMAD2 protein levels did not change upon BMP9 stimula-
tion and no differences between the PAH MVECs and con-
trols were found. No BMP9-dependent protein response was 
detectable after 24 h.

In summary, the response of ECFCs to BMP9 was highly 
variable between donors and not different between control 
and PAH samples. On the contrary, pulmonary MVECs 
and PAECs from PAH patients displayed dysregulated gene 
activation following BMP9 stimulation that was most pro-
nounced in the microvascular endothelium after 24 h. We 
performed comprehensive transcriptional analysis in PAH 
MVECs to gain a deeper understanding of the mechanisms 
underlying this altered response to BMP9.

BMP9 is a potent inducer of EndMT transcriptional 
signaling

RNA sequencing was carried out on the short- and long-term 
BMP9-stimulated MVECs, since the sustained elevated lev-
els of BMPR2, ID1/3, and PAI1 might indicate dysfunctional 
negative feedback signaling in PAH cells. The transcrip-
tome of controls and PAH samples overlapped substantially 
after 90 min of BMP9 stimulation with 55.9% of all control 
genes that passed the log2-threshold of ± 1 intersecting with 
the differentially expressed genes (DE) in the PAH group 
(Fig. 2a). The number of intersecting DE genes decreased 

Fig. 2  Long-term homeostatic responses to BMP9 are disturbed in 
the PAH lung endothelium. a Global transcriptome analysis (RNA-
seq, n = 5) on MVECs receiving BMP9 for 90  min or 24  h. Differ-
ential gene expression was calculated in comparison to unstimulated 
samples. Venn diagrams illustrate the number of overlapping genes 
that pass the log2-fold threshold of ± 1 within control or PAH groups. 
Volcano plots visualize all genes passing the p value threshold of 
p ≤ 0.05 (dark grey dots). b Network graph resulting from unbiased 
Gene Set Enrichment Analysis (GSEA) in control (inner circle) and 
PAH MVECs (outer circle) at 24 h after BMP9 stimulation. Pathway 
activation was compared to unstimulated samples. Represented are 
positive (up-regulated, red circles), negative (downregulated, blue 
circles), and non-enriched pathways (white circles); gene overlap 
between pathways (green lines); and gene overlap with a pulmonary 
hypertension (PH) signature gene set (yellow triangle with magenta 
lines, overlap cut-off ≥ 5 genes). Thickness of lines indicates number 
of overlapping genes. c Heat maps of genes induced in endothelial-
to-mesenchymal transition (EndMT). Shown are log2-fold changes 
in transcript levels following 90-min or 24-h BMP9 stimulation com-
pared to basal samples. d RT-PCR validation of the EndMT master 
transcription factors SNAI1 and SNAI2. Box plots represent min, max, 
and median log2-fold changes after 24-h BMP9 compared to unstim-
ulated conditions. Unpaired Student’s t tests were used to calculate p 
values
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to 4.5% at 24 h, again pointing towards altered long-term 
homeostatic responses in PAH pulmonary ECs.

Unbiased Gene Set Enrichment Analysis (GSEA) [28] 
was performed to get an overview on signaling in response 
to long-term BMP9 stimulation. Active pathways and their 
regulation are illustrated in the GSEA pathway enrichment 
map (Fig. 2b). To highlight pathways associated with the 
pathogenesis of the disease and to perform targeted analy-
sis, the STRING database [29] was queried for “Pulmonary 
Hypertension". The resulting gene list that included 100 
genes was overlaid onto the network map (cut-off ≥ 5 over-
lapping genes). BMP9 caused downregulation of almost all 
active pathways at 24 h except for epithelial-to-mesenchymal 
transition (EMT) signaling, which showed a robust positive 
enrichment (upregulation) in both control and PAH samples.

Next, a previously published EMT/EndMT signature gene 
panel [30] was applied to the analysis to determine direc-
tionality of pathway-associated gene regulation (Fig. 2c). A 
gene cluster comprising the EndMT-associated transcription 
factors SNAI1, SNAI2, HEY1, and HEY2 was found three to 
six log2-fold upregulated in both control and PAH MVECs 
at 90 min compared to unstimulated conditions. After 24 h, 
HEY1/2 and SNAI1 showed decreased but still comparable 
levels in controls vs. PAH. On the contrary, SNAI2 was found 
−1 log2-fold downregulated in controls while PAH samples 
still expressed two log2-fold increased levels compared to 
unstimulated conditions.

RT-PCR validation was carried out for SNAI1 and SNAI2 
regulation upon long-term BMP9 stimulation (Fig. 2d). The 
PCR corroborated the transcriptomic analysis of a robust ele-
vation in SNAI1 (1.52 ± 0.75 log2(FC), p = 0.02) and espe-
cially SNAI2 expression (2.44 ± 0.89 log2(FC), p = 0.001) in 
PAH cells compared to unstimulated samples. Controls, on 
the contrary, expressed basal values of SNAI1 (0.17 ± 0.57 
log2(FC)) and even downregulated SNAI2 (− 2.25 ± 1.07 
log2(FC)).

Long‑term treatment with BMP9 induces EndMT 
in PAH MVECs

Based on the transcriptomic findings, we tested the impact 
of BMP9 on phenotypic plasticity in PAH pulmonary ECs. 
Human MVECs received daily BMP9 supplementation for 
a total duration of three days and were fluorescently labeled 
for endothelial and mesenchymal markers (Fig. 3a). Con-
trol cells significantly increased peripheral expression of 
endothelial VE-cadherin in response to BMP9 (1.00 ± 0.16 
vs. 1.45 ± 0.17, p < 0.001), retained low levels of SM22α, 
and maintained a characteristic EC cobble stone morphology 
with well-organized peripheral F-actin. PAH patient-derived 
MVECs effectively lost VE-cadherin expression from 
cell–cell junctions (1.00 ± 0.07 vs. 0.64 ± 0.22, p < 0.001) 
and displayed an elongated morphology with F-actin stress 

fibers gaining collective directionality and spanning the 
entire cell body. In a subset of the stimulated PAH cells, 
SM22α expression increased significantly (1.00 ± 0.38 vs. 
2.62 ± 0.42, p < 0.001) and organized in a mesenchymal-like 
pattern.

Disruption of endothelial junctions due to EndMT may 
contribute to PAH pathophysiology, wherefore electrical 
resistance was measured to assess changes in endothelial 
barrier function in real-time (Fig. 3b). The cells were cul-
tured under low serum-containing conditions (1% FCS) and 
both untreated controls and PAH MVECs maintained an 
intact barrier over 72 h. In agreement with our staining and 
previous reports [14], BMP9 treatment stabilized the bar-
rier in control cells that exhibited significantly higher resist-
ance values at 72 h after stimulation compared to unstimu-
lated samples (1629 ± 32 vs. 1961 ± 120 Ω, p = 0.001). On 
the opposite site, BMP9 caused a significant drop in PAH 
MVECs resistance after 24 h (2212 ± 92 vs. 1844 ± 105 
Ω, p = 0.004) that continued to regress until a complete 
loss of barrier integrity at 72 h (1904 ± 160 vs. 269 ± 3 Ω, 
p < 0.001). Detailed analysis of the electrical parameters 
confirmed that BMP9 improved strength of cell–cell inter-
actions significantly after 72 h (4.73 ± 0.16 vs. 6.36 ± 0.72, 
p = 0.004) in control cells, without affecting cell–matrix 
adhesions. BMP9 caused opposite effects in PAH MVECs 
and triggered an immediate opening of cell–cell contacts 
after stimulation that led to a complete loss of integrity at 
72 h.

Increased IL6 levels predispose PAH MVECs 
to BMP9‑induced EndMT

Our experiments revealed that BMP9 application induced 
an EndMT gene signature in both control and PAH samples 
on the short term, but only in PAH cells caused a mesen-
chymal phenotype on the long term. This is suggestive of a 
“second hit” needed to drive the PAH MVECs to a higher 
level of trans-differentiation. A detailed analysis of the seven 
disease-specific pathways, identified by GSEA, revealed 
missing negative enrichment (downregulation) of hypoxia; 
apoptosis; and IL6, JAK, STAT3 signaling in PAH samples 
(Fig. 4a). Associated with the missing negative enrichment 
were several genes that got induced in PAH pulmonary ECs 
and thereby inversely regulated compared to controls, so-
called switch genes (Fig. 4b). Leading-edge analysis of all 
negatively enriched pathways identified IL6 as the common 
denominator represented in six of the seven PH-associated 
pathways.

PCR analysis corroborated that IL6 gene levels were five-
fold increased under basal conditions in PAH cells (Fig. 4c). 
In accordance, ELISA measurements (Fig. 4d) detected sig-
nificantly elevated IL6 levels in PAH patient serum. In vitro 
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Fig. 3  Repetitive, long-term BMP9 stimulation pushes the PAH lung 
microvascular endothelium into a mesenchymal phenotype. a Rep-
resentative staining of confluent MVECs for the endothelial marker 
VE-cadherin, the mesenchymal marker transgelin (SM22α), and the 
cytoskeletal protein F-actin after repetitive BMP9 stimulation every 
24 h for a total duration of three days. Bar graphs represent quantifi-
cations (n = 3) of VE-cadherin and SM22 intensity as well as F-actin 
fiber orientation. Statistical differences were determined by unpaired 
t tests. b Time-resolved impedance spectroscopic quantification of 
endothelial barrier function (resistance, n = 4). BMP9 was adminis-

tered after 5 h preparative serum starvation with 1% FCS every 24 h 
for a total duration of three days (arrow heads). Bar graphs represent 
integrity and strength of cell–cell (Rb) and cell–matrix interactions 
(Alpha) mathematically modeled from the impedance data. N.A. indi-
cates inability to model data because of too low impedance values. 
Multiple t tests with Holm–Sidak corrections were used to calcu-
late statistics for resistance within the control or the respective PAH 
group. Two-way ANOVA with Tukey multiple comparison correction 
was used to calculate differences in adhesion strength between ctrl. 
and PAH samples at the individual time points
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(Fig. 4e), a significant four-fold increased IL6 concentration 
compared to controls (1.1 ± 0.56 vs. 4.1 ± 1.95, p = 0.01) was 
measured in the cell-free supernatants of PAH MVECs after 
24-h BMP9 stimulation. The increased IL6 levels were nor-
malized to levels of controls by combining an IL6-capturing 
antibody (αIL6) with BMP9.

RT-PCR validated our findings that BMP9 did not 
directly induce transcription of IL6 (Fig. 4f) but caused 
activation of SNAI1 and SNAI2 in PAH pulmonary ECs 
compared to untreated samples. Combination treatments 
with the αIL6 antibody prevented sustained induction of 
SNAI1 (2.09 ± 1.43 vs. 0.23 ± 0.42, p = 0.048) and SNAI2 
(1.80 ± 1.31 vs. 0.13 ± 0.15, p = 0.006) and restored signal-
ing to levels of unstimulated controls.

Functionally, normalization of autocrine IL6 levels by 
αIL6 impeded the BMP9-induced drop in electrical resistance 
(Fig. 4g). Blocking IL6 significantly improved PAH MVEC 
barrier functions (1629 ± 32.46 vs. 1961 ± 120.10 Ω, p = 0.01) 
and cell–cell contacts (4.65 ± 0.20 vs. 6.28 ± 0.73, p = 0.02) 
after 72-h BMP9 treatment while cell–matrix adhesion 
strength was maintained at levels of unstimulated conditions 
(5.26 ± 0.04 vs. 5.64 ± 0.19). In conclusion, our results sug-
gest a central role for IL6-dependent signaling in the BMP9-
induced EndoMT.

Neutralization of autocrine IL6 prevents 
BMP9‑induced EndMT of PAH pulmonary ECs

We functionally tested the integrative role of IL6 as the modu-
lator required to enable the mesenchymal change of pulmo-
nary ECs. Confluent MVECs were treated by daily addition of 
BMP9, IL6, αIL6, a combination thereof, or left untreated for 

three days (Fig. 5a). Control cells receiving the combination 
of BMP9 plus IL6 lost peripheral VE-cadherin and gained 
organized SM22α protein expression, whereas single BMP9 
treatment alone, in-line with previous experiments, induced a 
more closed or quiescent confirmation of cell–cell junctions 
with VE-cadherin tightly organizing at the junctions. In clear 
contrast, single BMP9 treatment as well as the combination 
of BMP9 and IL6 resulted in EndMT in PAH cells evident 
by the previously described changes in marker expression. 
Conversely, exposing the PAH MVECs to BMP9 in the pres-
ence of the αIL6 neutralizing antibody preserved endothelial-
specific cobble stone morphology and cytoskeletal arrange-
ment with sustained expression and junctional organization of 
VE-cadherin. These findings taken together with the PCR and 
ELISA data imply an autocrine mechanism for IL6 that can be 
therapeutically targeted.

Discussion

In this study, we demonstrate that PAH microvascular lung 
ECs exhibited a significantly higher induction of BMPR2 
expression and the BMP target gene ID1 upon stimulation 
with BMP9 than control pulmonary ECs and a distinctly 
different activation pattern than found in ECFCs from 
patients and controls. This suggests that tissue microenvi-
ronment and spatial differences/dysfunctions in the lung 
may control activation and outcome of BMP-dependent 
signaling in PAH. The distinct responses of PAH pulmo-
nary ECs in comparison to controls were not due to differ-
ential BMPR2 nor downstream SMAD activation, which 
may indicate that alternative adaptive mechanisms fine-
tune the response of microvascular ECs to BMP ligands in 
the lungs. We approached this hypothesis performing unbi-
ased transcriptome analysis in control and PAH MVECs 
stimulated with BMP9. Our study revealed that most genes 
were similarly regulated by BMP9 in control and PAH 
cells at early time points, but after 24 h this regulatory pat-
tern was lost in PAH cells pointing towards altered homeo-
static or negative feedback signaling in PAH. Here, we 
identified a persistent enrichment in genes previously asso-
ciated with EndMT and epithelial-to-mesenchymal transi-
tion (EMT) in the PAH lung ECs, including the EndMT 
master regulators SNAI1 and SNAI2 that are activated early 
in the EndMT process [7]. Accordingly, BMP9 effectively 
decreased the concentration of the EC marker VE-cadherin 
at cell–cell junctions while inducing the expression of 
transgelin (SM22α) in PAH cells leading to compromised 
endothelial barrier function, while in controls BMP9 even 
stabilized the barrier. Our pathway analysis identified IL6-
dependent signaling to be an underlying mechanism that 
primes the PAH microvascular pulmonary ECs and ena-
bles EndMT upon BMP9 stimulation. Finally, using an 

Fig. 4  BMP9-induced persistent pro-inflammatory, pro-apoptotic, 
and pro-hypoxic signaling in the PAH endothelium is marked by 
increased IL6 levels. a Enrichment of PH signature pathways in con-
trol and PAH patient-derived MVECs based on the GSEA analysis. 
Arrowheads point out pathways in PAH samples that did not pass the 
enrichment threshold of FDR ≤ 0.05 and therefore are not regulated 
at 24 h after BMP9 treatment compared to unstimulated samples. b 
Switch gene analysis per non-enriched pathway and per donor group 
based on RNA-seq. Pseudocolors represent log2-fold decrease (blue) 
or increase (red) compared to non-stimulated samples. Arrow heads 
highlight interleukin-6 (IL6) as a common denominator between 
pathways. c Relative normalized IL6 mRNA expression in unstimu-
lated human MVECs. d Total IL6 protein levels in human serum. e 
IL6 protein concentrations in cell-free culture supernatants of conflu-
ent human lung MVECs 24 h after different combination treatments 
with BMP9 and an IL6-capturing antibody (αIL6). f RT-PCR after 
24-h treatment with BMP9 or BMP9 plus αIL6. Box plots represent 
min, max, and median log2-fold change compared to unstimulated 
conditions. Statistics were either calculated applying unpaired Stu-
dent’s t tests (c, d, and f) or a two-way ANOVA with Tukey correc-
tion (e). g Quantification of barrier function and integrity of cell–cell 
and cell–matrix contacts (n = 4) by impedance spectroscopy at the 
72-h time point. N.A. indicates inability to model data. Statistical dif-
ferences were calculated by one-way ANOVA with Tukey correction

◂



710 Angiogenesis (2020) 23:699–714

1 3



711Angiogenesis (2020) 23:699–714 

1 3

IL6-capturing antibody, we demonstrated that the induc-
tion of EndMT and consequent loss of barrier function in 
PAH pulmonary MVECs is mediated by IL6 and triggered 
by BMP9 (Fig. 5b). Interestingly, we demonstrated that the 
combined action of IL6 and BMP9 may be a common and 
robust mechanism in cells from PAH donors representing 
the two most typical patient subtypes i) younger patients 
(before their 50s) with more severe hemodynamic impair-
ments but better survival, and ii) an older subtype with 
more comorbidities [31].

EndMT is a highly integrative process that can result 
from tissue-specific pathway crosstalk induced by TGFβ 
family members, Notch and Wnt ligands, mechanical 
forces, growth factors, hypoxia, and inflammation [8]. 
The relative importance and order of activation depend 
on stimulus and/or underlying (patho)biology. The pro-
inflammatory cytokine IL6 was previously shown to 
contribute to PH by commanding a proliferative and 
apoptosis-resistant pulmonary vasculature phenotype, to 
decrease BMPR2 levels, to exaggerate effects of chronic 
hypoxia, and to worsen vascular remodeling in BMPR2-
deficient animals [32, 33]. Increased human serum IL6 
protein levels are found across the systemic and lung cir-
culation of PAH patients with mild-to-severe disease and 
are correlated with clinical phenotypes and outcomes in 
PAH subgroups [34, 35]. Additionally, we have shown that 
pro- and anti-inflammatory cytokine responses in MVECs 
of PAH patients are impaired [36]. In this study, however, 
we demonstrate that BMP9 or IL6 alone are not sufficient 
to induce full mesenchymal trans-differentiation, as pre-
viously suggested [37–39], wherefore we postulate that 
IL6 plays a mechanistic respectively modulating role. In 

accordance, we recently discovered that TNFα and IL‐1β 
induce EndMT in human primary aortic ECs by down-
regulation of BMPR2 which causes an altered signaling 
response to BMP9 and thereby sensitizing the cells for 
BMP9-induced osteogenic differentiation [40]. Similarly, 
BMP9 alone was reported to have no effect on monocyte 
and neutrophil recruitment to the vascular endothelium 
but amplifies the effects of pro-inflammatory stimuli like 
TNFα and LPS by priming the EC response [39, 41]. We 
and others thereby collectively hypothesize that imbal-
anced inflammatory signaling reactivates developmental 
programs that—in the diseased milieu of a PAH patient 
lung—continuously switches the EC phenotype between 
different pre-cursor states [42]. These transitional cells 
can easily be tipped towards one cell fate or another in 
response to injury or other triggers, as in this case BMP9.

Postnatally, EMT and EndMT are involved in the general 
lung repair program [43] but EndMT is also implicated in 
numerous pathogenesis including fibrotic diseases, cancer, 
atherosclerosis, and heterotopic ossification [8, 30, 44]. In 
PAH, EndMT was shown to potentially give rise to tran-
sitional cells co-expressing endothelial and mesenchymal 
markers that are found in up to 5% of the diseased lungs 
and abundantly within the typical vascular lesions [6, 37]. 
These transitional cells exert high proliferation rates with a 
migratory or even invasive phenotype that weakens the EC 
barrier [4]. However, due to the absence of EndMT-specific 
inhibitors it remains to be seen whether EndMT mediates the 
progression of PAH and aforementioned disorders or reflects 
an aberrant response to pathological stimuli in an attempt to 
initiate vascular repair and restore physiological function.

In conclusion, we provide evidence that BMP9-trig-
gered EndMT signaling in conjunction with sustained 
pro-inflammatory, pro-hypoxic, and pro-apoptotic signal-
ing mediated through IL6 causes an aberrant phenotypic 
trans-differentiation of the lung microvascular endothe-
lium in PAH. Interestingly, despite all differences in age, 
gender, genetic background, and hemodynamics all PAH 
donor MVECs show similar responses to BMP9 going into 
EndMT in an IL6-dependent manner. Hence, we identify 
IL6 as a common factor modulating responses to BMP9 
in end-stage PAH irrespective of the subtype. Accord-
ingly, our study suggests that further investigations for 
the therapeutic use of BMP agonists in PAH should be pur-
sued with attention to the features of EndMT as a possible 
indicator of long-term impact. Given the current findings, 
co-administration of anti-inflammatory therapy, such as 
an IL6 neutralizing antibody, could potentially mitigate 
inadvertent side effects of experimental drug candidates 
and might be considered as an add-on treatment for all 
subgroups of patients exerting high IL6 serum levels.

Fig. 5  BMP9-induced phenotypic transformation of the PAH 
endothelium is mediated through IL6-dependent signaling and can be 
therapeutically impeded. a Representative immunostaining in control 
and PAH MVECs after combination treatments. Stimuli were applied 
every 24  h for three days total. b Explanatory model. BMP9 tran-
siently activates EndMT transcriptional signaling in MVECs. In the 
healthy lung ECs this response is short-lived and on the long term 
coincides with a downregulation of other pathways including inflam-
matory, hypoxic, and apoptotic signaling. In MVECs of patients 
with PAH the suppression of pro-inflammatory, pro-hypoxic, and 
pro-apoptotic signaling upon BMP9 is astray. This causes persistent 
EndMT signaling in PAH marked by increased levels of the EndMT 
master transcription factors SNAI1 and SNAI2. The loss of suppres-
sor function is characterized by increased transcriptional levels of 
IL6 as well as high levels of secreted IL6. Autocrine activation of 
the PAH endothelium by IL6 in conjunction with the BMP9-induced 
EndMT program causes the diseased lung ECs to lose endothelial-
specific markers, gain mesenchymal characteristics, and decrease 
barrier integrity. The BMP9-triggered and IL6-mediated mesenchy-
mal change and consequent loss of barrier function can be prevented 
by neutralizing endothelial secreted IL6 with a capturing antibody 
(αIL6)
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