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Abstract

Rationale: Mutations in bone morphogenetic protein receptor type II
(BMPR-II) underlie most cases of heritable pulmonary arterial
hypertension (PAH). However, disease penetrance is only 20-30%,
suggesting a requirement for additional triggers. Inflammation is
emerging as a key disease-related factor in PAH, but to date there is no
clear mechanism linking BMPR-II deficiency and inflammation.

Objectives: To establish a direct link between BMPR-II deficiency,
a consequentially heightened inflammatory response, and
development of PAH.

Methods: We used pulmonary artery smooth muscle cells from
Bmpr2™/~ mice and patients with BMPR2 mutations and compared
them with wild-type controls. For the in vivo model, we used mice
heterozygous for a null allele in Bmpr2 (Bmpr2*'~) and wild-type
littermates.

Measurements and Main Results: Acute exposure to LPS
increased lung and circulating IL-6 and KC (IL-8 analog) levels in

Bmpr2™/~ mice to a greater extent than in wild-type controls.
Similarly, pulmonary artery smooth muscle cells from Bmpr2™/~
mice and patients with BMPR2 mutations produced higher levels of
IL-6 and KC/IL-8 after lipopolysaccharide stimulation compared
with controls. BMPR-II deficiency in mouse and human pulmonary
artery smooth muscle cells was associated with increased phospho-
STATS3 and loss of extracellular superoxide dismutase. Chronic
lipopolysaccharide administration caused pulmonary

hypertension in Bmpr2™/~ mice but not in wild-type littermates.
Coadministration of tempol, a superoxide dismutase mimetic,
ameliorated the exaggerated inflammatory response and prevented
development of PAH.

Conclusions: This study demonstrates that BMPR-II deficiency
promotes an exaggerated inflammatory response in vitro and

in vivo, which can instigate development of pulmonary
hypertension.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Inflammation is strongly
linked to the pathogenesis of
pulmonary arterial hypertension, but
to date there is little knowledge
regarding potential underlying
mechanisms.

What This Study Adds to the
Field: We establish a direct link
between bone morphogenetic protein
receptor type II deficiency (the genetic
defect underpinning heritable
pulmonary arterial hypertension) and
excessive proinflammatory cytokine
production, which in turn leads to

a pulmonary hypertensive phenotype
in a new mouse model. From this we
posit that inflammatory and oxidant
pathways may be useful to target in the
treatment of this deadly disease.

Pulmonary arterial hypertension (PAH)
describes a group of rare conditions
characterized by increased pulmonary artery
pressures, which, if untreated, lead to
progressive right ventricular failure and death
(1). Idiopathic PAH does not have an
identifiable cause. However, in 6-10% of
idiopathic PAH cases there is more than one
affected family member (2). More than 70%
of cases of familial PAH are caused by
mutations in the gene BMPR2, encoding
bone morphogenetic protein receptor type II
(BMPR-II) (3). Subsequent studies identified
that mutations in BMPR2 are also found in
approximately 10-26% of patients with
sporadic PAH (4). This has led to the
reclassification of these individuals as having
heritable PAH. BMPR-II deficiency has also
been demonstrated in cases of idiopathic
PAH in the absence of identifiable mutations
in BMPR2 (5) and in animal models of PAH
(6, 7). This suggests that a critical reduction
in BMPR-II function may promote the
development of PAH.

Although BMPR2 mutations are
a significant predisposing factor for PAH,
the majority of gene carriers do not develop
the disease. In large families the penetrance
has been estimated to be 10-20% (2).
Therefore additional factors must be
required for initiation or progression of
disease in a manner reminiscent of
carcinogenesis (8).
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There is considerable circumstantial
evidence that inflammation plays a role in the
pathobiology of PAH (9). For example,
subjects with idiopathic or heritable PAH
demonstrate higher levels of inflammatory
cytokines than do healthy volunteers (10, 11).
Elevated levels of several cytokines are
associated with higher mortality in PAH (11).
PAH is also strongly associated with certain
diseases characterized by an inflammatory
and/or immune component, such as limited
systemic sclerosis, mixed connective tissue
disease, and HIV (12, 13). Transgenic IL-6
overexpression exaggerates hypoxia-induced
pulmonary hypertension in mice (14),
whereas IL-6-deficient mice are protected
from hypoxia-driven pulmonary
hypertension (15). Adenoviral overexpression
of the antiinflammatory cytokine IL-10 (16),
or immunosuppression with corticosteroids
(17), protects against monocrotaline-induced
pulmonary hypertension.

Therefore inflammation is a plausible
trigger for the onset of PAH in subjects
harboring BMPR2 mutations. Bmpr2™'~
mice have little to no elevation of
pulmonary artery pressures at baseline (18),
which is similar to the majority of people
carrying BMPR2 mutations. However,
exposure to serotonin (19) is sufficient to
instigate pulmonary hypertension.
Transgenic mice overexpressing a kinase-
domain mutation in BMPR-II
spontaneously develop pulmonary
hypertension, and this is associated with
increased lung levels of IL-6 (20). However,
it is not known whether BMPR-II deficiency
directly promotes inflammation, or whether
inflammation precedes the development of
pulmonary hypertension. To explore this
theory, we used two in vitro models of
BMPR-II deficiency (mouse Bmpr2™’~ and
human BMPR2mut pulmonary artery
smooth muscle cells) and the in vivo model
of the Bmpr2"'~ mouse. We demonstrate
that haploinsufficiency for BMPR-II is
associated with increased cytokine
expression and activation of phospho-
STAT3 (phosphorylated signal transducer
and activator of transcription 3) in vitro and
in vivo after exposure to LPS. Furthermore,
we link BMPR-II deficiency with increased
superoxide levels associated with reduced
superoxide dismutase 3 (SOD3) levels.
Finally, in a new model of pulmonary
hypertension caused by chronic, low-grade
inflammation in the presence of BMPR-II
deficiency, we show that disease is prevented
by a superoxide dismutase mimetic.

Methods

Study Animals

Mice heterozygous for a null allele in Bmpr2
generated on a C57BL/6] strain were kindly
provided by H. Beppu (18). The LPS used
was derived from Escherichia coli O111:
B4 (Sigma-Aldrich, St. Louis, MO). For
the acute experiments, mice were injected
intraperitoneally with LPS (100 wg/kg)
and humanely killed at 3- and 24-hour
time points. In the chronic administration
experiments, mice were injected with LPS
(0.5 mg/kg) three times per week and
humanely killed after 6 weeks. The
prevention arm used tempol (4-hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl; Sigma-
Aldrich) added to the drinking water at

a final concentration of 1 mmol/L and
provided ad libitum (21). After finishing the
treatment course, mice were anesthetized,
and right and left heart catheterization was
performed and right ventricular indices
measured as previously described (22-24).
The local animal care committee reviewed
and approved all mouse experiments.

Immunohistochemistry and
Pulmonary Vascular Morphometry
Lung sections were stained with
hematoxylin and eosin and elastic van
Gieson (VWR, Radnor, PA) to assess
structure and morphology. Pulmonary
vascular morphometry was performed as
previously described (23) (see the online
supplement).

Cytokine Detection

Serum and lung cytokine levels (IL-1(, -2,
-4, -6, -8, and -10; tumor necrosis factor-o;
and IFN-vy) were measured with the
Fluorokine multianalyte profiling system
(R&D Systems, Minneapolis, MN).

Tissue Culture Methods

Pulmonary artery smooth muscle cells
(PASMCs) were harvested from peripheral
pulmonary arteries (<2 mm in diameter)
from patients with a mutation in BMPR2
undergoing lung transplantation as
previously described (25). The Papworth
Hospital (Cambridge, UK) Ethics
Committee approved the study and written
informed consent was obtained.

Mouse PASMCs were explant-derived
from Bmpr2™'~ mice and their wild-type
littermates (19). The smooth muscle
phenotype was confirmed by positive
immunostaining for both smooth
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muscle-specific actin and myosin and
negative staining for fibronectin.

Quantitative RT-PCR

RNA was extracted with an RNeasy mini kit
(Qiagen, Venlo, the Netherlands) and
reverse-transcribed with an Applied
Biosystems cDNA reverse transcription kit
(Thermo Fisher Scientific, Waltham, MA).
Q-PCRs were prepared with SYBR green
JumpStart Taq ReadyMix (Sigma-Aldrich).
Reactions were amplified on an Applied
Biosystems StepOnePlus cycler (Thermo
Fisher Scientific) using primers from Qiagen
and Sigma-Aldrich. The expression of target
messenger RNA (mRNA) was normalized
to B-actin, using the AACt method. Further
details are available in the online supplement.

Western Blotting

Mouse and human PASMCs were snap-
frozen in radioimmunoprecipitation assay
buffer containing an EDTA-free protease
inhibitor (Roche, Indianapolis, IN). Cell
lysates were fractionated on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis
gels and immunoblotted. Blots were
blocked with 5% nonfat milk and incubated
overnight at 4°C with primary antibodies
(see the online supplement). Blots were
reprobed with anti-tubulin antibody to
provide loading controls.

ELISA Quantification of Cytokines in
Conditioned Media

Human IL-6, human IL-8, and mouse KC
were analyzed with an in-house ELISA
(see the online supplement). Mouse IL-6
levels were assayed with the IL-6 DuoSet
ELISA (R&D Systems).

Measurement of Reactive Oxygen
Species

For quantitative measurement of

reactive oxygen species, control and
BMPR2mut PASMCs were stained with
dihydroethidium, using a method adapted
from Owuso-Ansah and colleagues (26)
(see the online supplement).

Comet Assay to Measure DNA
Damage

To assess levels of DNA damage, we used
a single-gel alkaline electrophoretic assay
adapted from Nandhakumar and colleagues
(27) (see the online supplement).
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Statistical Analysis and Power
Calculations

Data were tested for normality by the
Kolmogorov-Smirnov method. For two-
variable comparisons the Mann-Whitney
test was used for nonparametric data and
the Student’s ¢ test was used for parametric
data. For sets of data one-way analyses

of variance were performed. As the
Kolmogorov-Smirnov method is not always
accurate in small sample sizes, we repeated
the statistical analyses for all figures, using
nonparametric methods (i.e., either
Mann-Whitney tests to compare two sets of
variables or Wilcoxon signed rank tests to
compare a variable against a theoretical
median) to confirm the validity of the
results. In the overwhelming majority of
cases the results of the repeat testing agreed
with our original analyses. The Spearman
test was performed to assess intergroup
correlations. Statistical analysis was
performed with Prism 5.0 (GraphPad, San
Diego, CA). In bar graphs the mean and
standard error of the mean are shown.

In dot-plots median values are shown.

P values not exceeding 0.05 were
considered statistically significant.

The current animal welfare regulations
set out in the Animals (Scientific
Procedures) Act, United Kingdom, dictate
that the number of mice used be minimized
whenever possible. Power calculations were
performed according to Statistical Solutions,
LLC (Cottage Grove, WI) (28). Assuming
a mean right ventricular systolic pressure
(RVSP) of 20 mm Hg in the control mouse
with a standard deviation of 5 mm Hg (29),
the number of mice required to detect an
increase to a mean of 28 mm Hg in the
LPS-treated mouse with a power of 90% to
a two-sided P value of 0.05 is five. We have
assumed an increase of 8 mm Hg as mice
exposed to chronic hypoxia (a proven
stimulus for the development of pulmonary
hypertension) normally show increases
in their right ventricular pressures of
8-10 mm Hg (19, 30).

Results

BMPR-IlI-Deficient Mice Produce
More IL-6 and KC after Exposure to
LPS

We initially measured serum levels and
examined lung mRNA expression of IL-6
and KC in untreated 3- to 4-month-old
Bmpr2*'~ and wild-type mice (KC is the

mouse analog of IL-8). There was no
difference in basal cytokine levels, either in
sera or in lung tissue, between Bmpr2*/~
mice and their wild-type littermates (see
Figure El in the online supplement). We
injected wild-type and Bmpr2™'~ mice with
a single intraperitoneal dose of LPS at 100
wg/kg. Twenty-four hours after LPS
challenge, expression of IL-6 and KC
mRNAs was greater in the lungs of
Bmpr2*’~ mice compared with wild-type
mice (Figures 1A and 1B). Serum IL-6
levels were significantly elevated in both
Bmpr2*’~ mice and wild-type mice 3 hours
after LPS challenge, and there were no
differences between genotypes. However,
serum IL-6 levels were higher in Bmpr2™*/~
mice 24 hours after LPS exposure

(Figure 1C). Serum KC levels were higher
in Bmpr2™’~ mice than in wild-type mice
at 3 hours post-LPS, but levels in both
genotypes subsided to baseline by 24 hours
(Figure 1D). Because STAT3 is a major
signaling intermediary downstream of IL-6
we focused on phospho-STAT3 and found
that phospho-STATS3 levels were higher

in the lungs of Bmpr2"™/~ mice after LPS
exposure than in wild-type littermates
(Figures 1E and 1F). These results
confirmed that BMPR-II deficiency
promotes an exaggerated cytokine response
to acute LPS exposure in vivo.

BMPR-II Deficiency Is Associated

with Increased Expression and
Release of IL-6 and KC/IL-8 in Mouse
Bmpr2*’~ and Human BMPR2mut
PASMCs

Having demonstrated that
haploinsufficiency for BMPR-II increases
the IL-6 and KC response to LPS in vivo,
we sought to determine whether an
exaggerated inflammatory response was
also a feature of a major cell type involved
in pulmonary vascular remodeling, the
pulmonary artery smooth muscle cell
(PASMC). Bmpr2+/ ~ PASMCs expressed
greater levels of IL-6 and KC mRNAs at
baseline and after LPS exposure compared
with the wild-type (Figures 2A and 2B).
Bmpr2*’~ PASMCs also secreted higher
levels of IL-6 and KC after LPS exposure
compared with wild-type PASMCs (Figures
2C and 2D). Similar results were obtained
in human PASMCs derived from patients
with PAH caused by a mutation in BMPR-II
(BMPR2mut) compared with control
cells (Figure 2E). LPS increased STAT3
phosphorylation in both mouse and human
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Figure 1. Bone morphogenetic protein receptor type Il (Bmpr2)-deficient mice produce more IL-6 and KC after exposure to LPS. (A and B) Expression
of (A) IL-6 messenger RNA (MRNA) and (B) KC mRNA in the lungs of wild-type (Bmpr2*'*) and Bmpr2*’~ mice at baseline and 24 hours after exposure
to LPS (100 pg/kg). KC is the mouse analog of IL-8. These data are normalized to the data of a wild-type mouse at baseline. Five to 10 mice have
been used per arm. (C and D) Levels of (C) IL-6 and (D) KC in the sera of wild-type and Bmpr2™~ mice at baseline, 3 hours, and 24 hours after exposure
to LPS. Seven to 11 mice have been used per arm. (E) Representative immunoblot showing levels of pSTAT3 (phosphorylated signal transducer and
activator of transcription 3) and total STATS3 from the lungs of wild-type and Bmpr2™’~ mice exposed to LPS. Lungs from four mice have been used per
arm. (F) Densitometry for £ normalized to total STAT3. “P < 0.05, *P < 0.01, **P < 0.001. NS =not significant.

BMPR-II-deficient PASMCs compared with
wild-type controls (Figures 2F and 2G).
This was ameliorated by preincubation

with an anti-IL-6 antibody before LPS
exposure (Figures 2G and 2H). Furthermore,
BMPR2mut PASMCs proliferated in
response to IL-6. This response was not
seen in control PASMCs (Figure 2I).
Treatment with LPS also resulted in a
pro-proliferative effect in BMPR2mut

862

of PASMCs.

PASMCs, which was blocked by
coincubation with a neutralizing antibody
to IL-6 (Figure E2A). Interestingly, LPS
has an antiproliferative effect on control
PASMC:s. These findings suggest that
BMPR-II deficiency in PASMCs promotes
the expression and release of IL-6 and
KC/IL-8, and that the resulting IL-6
activates STAT3 and drives proliferation

The Proinflammatory Response
Associated with BMPR-IlI Deficiency

Is Associated with Increased Levels
of Reactive Oxygen Species

We next sought to determine the possible
mechanisms linking BMPR-II deficiency to
heightened production of IL-6 and IL-8. To
achieve this, we studied the expression of
Toll-like receptor 4 (TLR4) in BMPR-
II-deficient PASMCs and Bmpr2"’~ mouse
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Figure 2. Bone morphogenetic protein receptor type Il (Bmpr2) deficiency is associated with increased IL-6 and KC/IL-8 production in mouse Bmpr2*'~
and human BMPR2mut pulmonary artery smooth muscle cells (PASMCs). (A and B) Expression of (A) IL-6 messenger RNA (mRNA) and (B) KC mRNA in
mouse wild-type (Bmpr2*/*) and Bmpr2™’~ PASMCs at baseline and after 4 hours of treatment with LPS at 1, 10, and 20 rg/ml. KC is the mouse analog
of IL-8. The data are normalized to the data of wild-type cells at baseline. Each arm represents the result of three to nine independent experiments.
(C and D) Secretion of (C) IL-6 and (D) KC by mouse PASMCs at baseline and after 8 hours of treatment with LPS (10 wg/ml). Each arm represents the
result of four to six independent experiments. (E) Secretion of IL-6 by human PASMCs at baseline and after 8 hours of treatment with LPS (10 wg/ml). Each
arm represents the result of five independent experiments. All ELISA data (C-E) are normalized to the number of cells per well. (F) Representative
immunoblot for pSTAT3 (phosphorylated signal transducer and activator of transcription 3) in mouse wild-type and Bmpr2+/ ~ PASMCs after 4 hours of
treatment with LPS (10 pg/ml). Data represent the result of six independent experiments. (G) Representative immunoblot for pSTAT3 in human wild-type
and BMPR2mut PASMCs with and without LPS in the presence and absence of anti-IL-6 antibody. m = BMPR2mut; wt = wild-type. Data represent
the result of seven independent experiments. (H) Densitometry for G. (/) Pro-proliferative effect of IL-6 on human BMPR2mut smooth muscle cells.
Proliferation rates in response to cytokines are normalized to proliferation rates in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum (FBS),
as BMPR2mut PASMCs grow faster at baseline. The concentration of IL-6 and IL-8 used was 25 ng/ml. Data represent the results of three independent
experiments. *P < 0.05. NS = not significant.

lungs, the pattern of IL-10 production in counterparts. We measured levels of ROS ~ BMPR-II mutations (32). Interestingly,
BMPR-II-deficient mice acutely exposed to  because LPS-driven production of IL-6 and BMPR-II-deficient PASMCs expressed

LPS, and levels of reactive oxygen species  IL-8 is dependent on ROS (31); and greater levels of TLR4 mRNA than did
(ROS) in BMPR-II-deficient PASMCs, increased levels of ROS are implicated in wild-type PASMCs (Figure E2B). A similar
compared with their wild-type the development of PAH associated with result was seen when Bmpr2*/~ mouse
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lungs were compared with wild-type mouse
lungs (Figure E2C). Bmpr2*’~ mice also
exhibited lower levels of IL-10 mRNA in
their lungs 24 hours after LPS exposure
compared with the wild-type (Figure E2D).
However, the most striking finding was that
BMPR-II-deficient PASMCs exhibited
higher levels of superoxide (as determined
with dihydroethidium, which reacts with
superoxide species to form ethidium, which
emits a red fluorescence) after exposure to
LPS (Figure 3A). Quantification of this
signal, using a separate plate-based assay,
confirmed that BMPR-II-deficient
PASMCs demonstrate increased levels of
superoxide after exposure to LPS. This was
partially inhibited by coincubation with
bovine SOD (Figure 3B). We therefore
employed the membrane-permeable
superoxide scavenger tempol to determine
whether superoxide radicals are involved.
Tempol significantly reduced the LPS-
induced release of IL-6 in human
BMPR2mut PASMCs (Figure 3C). These
results strongly suggested that altered ROS
handling in BMPR-II-deficient cells was

a major contributor to increased IL-6
production.

BMPR-II Deficiency Is Associated

with Reduced Superoxide

Dismutase 3 Levels

Having identified a potential defect in the
ROS-handling mechanisms in BMPR-II
mutant cells, we examined the expression of
enzymes known to be involved in the
generation or removal of ROS; that is,
superoxide dismutase isoforms, NADPH
oxidases, and catalase (Figure E3). SOD3
mRNA expression was consistently reduced
in mouse Bmpr2™'~ PASMCs both at
baseline and after LPS exposure

(Figure 4A), and this was confirmed by
reduced SOD3 protein levels in the cell
culture supernatant (Figures 4B and 4C).
Staining for tubulin was negative,
demonstrating that SOD3 had been
secreted into the supernatants and was not
present simply because of cell death. The
loss of SOD3 at both the mRNA and
protein levels was also consistently
observed in human BMPR2mut PASMCs
(Figures 4D-4F). Furthermore, we also
observed a loss of SOD3 expression in the
lungs of Bmpr2*’~ mice at baseline and
after exposure to LPS (Figure 4G). If the
loss of SOD3 is closely associated with the
heightened production of IL-6 one would
expect an inverse relationship between
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levels of SOD3 and levels of IL-6. Therefore
we investigated the relationship between
SOD3 and IL-6 expression in the lungs of
mice exposed to LPS. There was a negative
correlation between the expression of SOD3
and IL-6 (r=-0.7, P=0.05), which was
observed only in the Bmpr2™~ mice
(Figure 4H). Loss of superoxide dismutase
activity is strongly associated with DNA
damage and fragmentation (33). Therefore
we employed the comet assay (27) to
quantify DNA damage in human
BMPR2mut PASMCs and wild-type
controls. BMPR2mut PASMCs displayed
greater levels of DNA damage compared
with wild-type controls (Figure E2E).

To explore further the relationship
between BMPR-II and SOD3, we employed
small interfering RNA (siRNA) in human
control PASMCs. Despite achieving
approximately 80% knockdown of BMPR-II
mRNA, SOD3 mRNA levels were
unchanged (Figures E4A and E4B). The
converse was also true, that is, short-term
knockdown of SOD3 did not affect BMPR-II
expression (Figures E4C and E4D).
Interestingly, short-term knockdown of
BMPR-II did not result in an increased IL-6
response to LPS (Figure E5B) when
compared with the control arms, which also
received LPS (DharmaFECT 1 [GE
Healthcare, Pittsburgh, PA] and control
pool siRNA). From this we infer that the loss
of SOD3, which is associated with the
constitutive loss of BMPR-II, is necessary for
the proinflammatory phenotype. We
reasoned that long-term reduction of
BMPR-II expression in vivo may lead to
epigenetic repression of SOD3, hence
explaining the lack of effect of short-term
BMPR2 knockdown. Thus we employed
trichostatin A, a histone deacetylase
inhibitor, and confirmed that this agent
reversed the loss of SOD3 in mouse
Bmpr2*’~ PASMCs (Figure 41).

Chronic LPS Administration

Promotes Pulmonary Hypertension in
BMPR-II-Deficient Mice, Which Is
Prevented by Tempol

Having demonstrated that chronic
deficiency of BMPR-II in vivo and in vitro
promotes IL-6 induction, we questioned
whether chronic low-grade inflammation
induced by prolonged LPS exposure would
cause pulmonary hypertension in BMPR-
II-deficient mice. To answer this question,
we subjected mice to intraperitoneal
injections of LPS (0.5 mg/kg three times

weekly for 6 wk) and then performed right
and left heart catheterization. Control wild-
type and Bmpr2"’~ mice had normal
right ventricular systolic pressures (RVSPs).
Exposure to low-dose LPS for 6 weeks

did not alter the RVSPs in wild-type mice
whereas Bmpr2™/~ mice exhibited

a marked increase in RVSP after chronic
LPS exposure, which was prevented by
coadministration of tempol (Figure 5A).
Interestingly, chronic LPS administration
increased the right ventricular weight index,
Fulton index, and left ventricular weight
index in both wild-type and Bmpr2™’~
mice (Figures 5B and 5C and Figure E5C).
There was no difference in heart rates, left
ventricular systolic pressures, or lung
BMPR-II levels after exposure to LPS
(Figures 5D and 5E, and Figures E5D and
ES5E). Bmpr2™'~ mice exhibited the
expected reduction in BMPR-II expression
compared with wild-type mice. In addition,
STAT3 phosphorylation was increased in
the lungs of Bmpr2*/~ mice treated with
LPS and ameliorated by tempol (Figures 5F
and 5G). Furthermore, a loss of SOD3 was
observed only in Bmpr2™’~ mice exposed
to LPS (Figures 5H and 5I). However, we
did not find a persistent increase in IL-6
and KC in the lungs or serum of wild-type
or Bmpr2*'™ mice (Figures E5F-ES5I).
Histology and pulmonary artery
morphometry confirmed an increase in
pulmonary vascular remodeling only in
Bmpr2*’~ mice (Figures 6A and 6B).
Figure 6C provides a close-up of smooth
muscle actin and elastic van Gieson
staining in Bmpr2™'~ mouse lungs treated
with LPS alone and with LPS and tempol.
This indicates that much of the increased
wall thickness in the small pulmonary
arteries of Bmpr2*/~ mice treated with LPS
is due to an increased smooth muscle
component; and that this is ameliorated by
tempol. Ki67 staining also showed an
increase in the number of smooth muscle
cells undergoing proliferation in Bmpr2™/~
mouse lungs treated with LPS.

Discussion

We demonstrate for the first time

that BMPR-II deficiency promotes

a proinflammatory phenotype, which
leads to pulmonary vascular remodeling.
Specifically, BMPR-II deficiency increased
LPS-stimulated IL-6 and IL-8 production,
which appeared to be partly mediated by
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Figure 3. The proinflammatory response associated with bone morphogenetic protein receptor type Il (BMPR-II) deficiency is also associated with

increased levels of superoxide. (A) Staining for superoxide species in wild-type (BMPR2wt) and BMPR-II mutant (BMPR2mut) pulmonary artery smooth
muscle cells (PASMCs) treated with Dulbecco’s modified Eagle’s medium with 0.1% fetal bovine serum (negative control), LPS, or hydrogen peroxide
(positive control) with dihydroethidium (pale blue), which reacts with superoxide to form ethidium (red). Slides have been counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) to demonstrate the nucleus (bright blue). A is representative of three independent experiments. (B) Quantitation of red light produced by
ethidium, using a separate plate-based assay with a luminometer detecting light at 605 nm. Counts have been normalized to the number of cells per well. Each arm
represents the result of four or five independent experiments. SOD = superoxide dismutase. (C) Secretion of IL-6 by human BMPR2wt and BMPR2mut PASMCs
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SOD3 deficiency. The proinflammatory
effect of BMPR-II deficiency was
confirmed in two in vitro models: in human
PASMC:s with a disease-causing mutation in
BMPR-II (R899X) and in PASMCs from
mice with BMPR-II haploinsufficiency.
Importantly, in the latter setting, the
PASMCs were derived from mice that
showed no overt evidence of PAH.

This effectively excludes secondary
confounding effects of preexisting PAH.
The first model is important as it involves
a disease-causing mutation that affects
patients.

Soon, Crosby, Southwood, et al.: Loss of BMPR-II Promotes Inflammatory Cytokine Production

Previous studies have provided
evidence linking BMP pathways and
inflammation. For example, a negative
feedback loop was demonstrated between
IL-6 and BMP signaling in vitro (34).
PASMCs deficient in BMPR-II are also
insensitive to the growth-inhibitory effect
of transforming growth factor-f3. This
resistance is linked to increased production
of IL-6 and IL-8, as the normal growth-
inhibitory effect of transforming growth
factor-B is restored by coincubation with
neutralizing antibodies to either IL-6 or
IL-8 (35). In addition, siRNA-mediated

knockdown of BMPR-II increased
monocyte adhesion and induced
intercellular adhesion molecule-1 and
vascular cell adhesion molecule-1 levels in
human umbilical vein endothelial cells (36).
Burton and colleagues (37) showed
enhanced leukocyte transmigration through
BMPR-II-deficient endothelial cells
compared with mock-transfected controls.
The results of our study are consistent with
and extend these findings, as we show that
BMPR-II loss is associated with increased
inflammatory cytokine production both
systemically and in the lung; and that this

865



A
O bmpr2+/+
* *kk
W bmpr2+/-
@15
8 *kk
1%}
£1.0
(0]
(o))
C
305
[S]
Nl 10 |
£ 0.0 — ,
01%  LPS
D 0O BMPR2wt
8 2.0 . m BMPR2mut
o
" 15 *kk
£
>1.0
c
©
S 05
e}
©ooll | NN | i
0.1% LPS
G
* O bmpr2+/+
™ 6 m bmpr2+/—
Q o
o
9]
£ 44 *
ﬂé, o
G ol -2 o
S 2 0o " C%GQ :l
5 —am— 6 =gyt
L o) o [
o []
[T 0 T T T T
Baseline LPS 24h

B c
HPS 4IPS * *x O bmpr2+/+
++ +- 1.5 W bmpr2+/-
BMPR2 *
> O
= £ 1.0
Secreted © T 1.
sops W= §3
=
S 8 0.5
Coomassie [a ;)
stained gel 0.0
0.1% LPS 0.1% LPS
E +LPS +LPS F -
- . 20+ 0 BMPR2wt
wt mut -
BMPR2 E— o * B BMPR2mut
2 1.5
()
Secreted | o . € §
SOD3 L = 1.0 |
2a
©0 054
Coomassie ___ b 0o
stained gel o 0.0 4
0.1% LPS 0.1% LPS
0O bmpr2+/+
H | m bmpr2+/—
-e-bmpr2+/+ o 37 * >k
37 p(tho)=040 A&
qé’ ° P=0.29 8 NS
© 2
£ 24 0g° -a bmpr2+/- c *k
= c&f o(tho)=—07 &
Bl o
o 14 < 14
a o o
o ke
’ eﬂiﬂiﬂ [
0 T T 1 0 T . : .
0 9 4 6 0.1% LPS TSA TSA
IL-6 fold change +LPS
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effect is mediated by increased superoxide
species and reduced SOD3 expression.
Interestingly, this does not seem to be
mediated by canonical BMP signaling, as
lung phosphorylated Smad (p-Smad) 1/5/8
levels are unaffected by LPS administration
in both wild-type and BMPR2-deficient
animals. This fits in with previous
published reports which show that LPS
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treatment per se does not alter the p-Smad
1/5/8 response; but LPS can and does affect
p-Smad 1/5/8 when cotreated with BMPs
(38, 39). This implies that perhaps the LPS-
induced cytokine production pathways
(TLR4/MyD88) do not involve p-Smad
1/5/8 directly, but that resulting
downstream activation of pathways such
as NF-kB interact with BMP signaling. We

further show that a persistent low-grade
inflammatory insult can induce a
pulmonary hypertensive phenotype in the
context of BMPR-II deficiency.
Interestingly, the proinflammatory
effect of constitutive BMPR-II
haploinsufficiency could not be mimicked
by short-term BMPR-II knockdown. This
implies that long-term BMPR-II deficiency
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is required to establish the proinflammatory
phenotype. A potential mechanism is
epigenetic modification of the promoter
regions of genes as a consequence of chronic
loss of BMPR-II. We demonstrated that
the loss of SOD3 expression in Bmpr2*/~
cells was reversed by incubation with the
histone deacetylase inhibitor trichostatin A.
Previous studies have shown that SOD3

is epigenetically regulated in PASMCs via
histone deacetylation (40). Studies have

Soon, Crosby, Southwood, et al.: Loss of BMPR-II Promotes Inflammatory Cytokine Production

shown that histone deacetylase inhibitors
can prevent and reverse hypoxia-induced
pulmonary hypertension (41). However,
the precise mechanism for the loss of SOD3
in association with reduced BMPR-II
remains to be established.

SOD3 is the principal extracellular
superoxide dismutase and is highly
expressed in the lung (42). Rats with a loss-
of-function SOD3 mutation demonstrate
increased right ventricular pressures

compared with wild-type animals

after exposure to either hypoxia or
monocrotaline (43). Moreover, SOD3
overexpression in the lungs of mice
attenuates hypoxia-induced pulmonary
hypertension (44). These studies
strongly support the possibility that
the SOD3 deficiency observed in our
study is contributing to pulmonary
hypertension in the setting of BMPR-II
deficiency.
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baseline, and that this was further

We have also explored, for the first
time, chronic LPS exposure in BMPR-
II-deficient mice as a model of PAH. LPS
represents a biologically plausible
initiating inflammatory stimulus for PAH.
TLR4, the main receptor for LPS, is up-
regulated in the PASMCs and lungs of
BMPR-II-deficient mice, and TLR4 has
been shown previously to promote the
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development of PAH (45). A link between
TLR4 and BMPR-II has not previously
been demonstrated. The LPS-exposed
BMPR-II-deficient mice developed
markedly elevated right ventricular systolic
pressures, which did not occur in the wild-
type. We note that only the BMPR-
II-deficient mice develop significant
pulmonary artery muscularization at

exaggerated after chronic exposure to LPS.
Nevertheless, both wild-type and BMPR-II
heterozygotes exposed to LPS developed
right and left ventricular hypertrophy.
Thus the cardiac response in this model
appears to be related to LPS exposure. We
suggest that increased STAT3 activation
in the lungs of BMPR-II-deficient mice
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drives the process of vascular remodeling.
The resulting combination of right
ventricular hypertrophy and increased
pulmonary vascular resistance is the
reason for the pulmonary hypertensive
phenotype. Pulmonary STAT3 activation
has been shown to be associated with
increased PASMC and pulmonary artery
endothelial cell proliferation, vascular
epidermal growth factor production, and
disordered angiogenesis (46). We note that
the doses of LPS used in our experiments
were much lower than those used in
models of left ventricular dysfunction. For
example, we used LPS at 0.5 mg/kg
compared with 6-25 mg/kg in studies
examining the effect of LPS on the left
ventricle (47, 48). Also, left ventricular
systolic pressures were unchanged and
none of the mice died unexpectedly before
the planned time of sacrifice. Furthermore,
there were no noticeable emphysematous
changes or abnormalities in the alveolar
spaces or alveolar wall thickness in any
of the groups. LPS challenge has been
previously used to induce a chronic
obstructive pulmonary disease-like
phenotype in mice, but these studies have
been conducted primarily with
endotracheal LPS at a dose greater than
used in these experiments (49).

Although we demonstrated increased
IL-6 and IL-8 expression and release after
acute LPS exposure in Bmpr2™’~ mice, we
were unable to detect elevated cytokine
expression after 6 weeks of LPS, despite
evidence of continued STAT3 activation.
Repeated exposure to LPS induces
endotoxin tolerance, which is associated
with reduced inflammatory cytokine
production (50). For example, Sun and
colleagues demonstrated that pretreatment
of macrophages with E. coli LPS decreased
tumor necrosis factor-a production from
1,700 to 100 pg/ml (51). Similar effects were
observed in vivo (52). Therefore, it is likely
that a similar hyporesponsiveness to LPS
developed in our studies.

The comet assay that we used to
examine DNA damage has a number of
drawbacks—the most important being
that it represents a snapshot of the
amount of DNA breaks present at
a specific point in time but does not
specifically indicate the fate of the cell—
that is, whether it will undergo apoptosis
or whether it will continue to divide in an
uncontrolled fashion and endow its
progeny with an increasing burden of
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damaged DNA. We suspect the latter

as Meloche and colleagues (53) have
independently shown that distal
pulmonary arteries and PASMCs from
patients with PAH exhibit not only
increased DNA damage but also increased
poly(ADP-ribose) polymerase-1, a trigger
of DNA repair; which leads to a pro-
proliferative and antiapoptotic
phenotype. Li and colleagues (54) have
demonstrated a similar phenotype of
altered DNA repair and loss of genomic
stability in pulmonary artery endothelial
cells. Furthermore, accumulation of DNA
damage led to a significant down-
regulation of BMPR2 which may
contribute to the PAH phenotype.

It is true that not all patients with
connective tissue disease or HIV develop
PAH (12, 13), and not all patients with
idiopathic or heritable PAH have a higher
burden of inflammatory cytokines (11). It
may be that inflammation is a trigger (a
“first hit”) and is then not required for
progression of disease; or an
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inflammatory environment may permit
progression of PAH (a “second hit” [9]).
There is some circumstantial evidence
supporting this; as increased IL-6 levels
are specifically associated with pulmonary
hypertension in patients with systemic
sclerosis (55) and in those with COPD
(56). The most attractive feature of the
“multiple-hit” hypothesis is that
inflammation represents a modifiable risk
factor, and that if PAH does require
“multiple hits” to progress, perhaps
modifying one of them would be sufficient
to delay or even stop its progress. It was
shown that patients with scleroderma and
PAH have reduced expression of BMPR2
(57). Thus it is plausible, even in the
absence of BMPR2 mutations, that
suppression of BMPR-II levels, by whatever
mechanism, may trigger disease by allowing
an abnormal response of PASMCs to
inflammatory stimuli.

Our working hypothesis is
summarized in Figure 7. It is proposed that
BMPR-II deficiency and the associated
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Figure 7. Proposed sequence of events arising from loss of bone morphogenetic protein receptor
type Il (BMPR-I). When pulmonary artery smooth muscle cells (PASMCs) deficient in BMPR-Il face
a proinflammatory insult, they react by producing abnormally high levels of IL-6 and IL-8, and
abnormally low levels of IL-10. The concomitant reduction in superoxide dismutase 3 (SOD3)
associated with BMPR-II deficiency also predisposes these PASMCs to increased oxidative stress.
The net result of this abnormal proinflammatory response is a sustained increase in STAT3 (signal
transducer and activator of transcription 3) signaling, increased proliferation of PASMCs, and
accumulation of DNA damage within the PASMCs. We hypothesize that this sequence of

events leads to pulmonary artery muscularization and a pulmonary hypertensive phenotype.

PAH = pulmonary arterial hypertension; TLR4 = Toll-like receptor 4.
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increase in TLR4 and loss of SOD3 result
in a greater susceptibility to inflammatory
stimuli. In the presence of such stimuli,
levels of IL-6 and IL-8 are increased

and levels of IL-10 are reduced. This
contributes to an abnormal proliferative
response in PASMCs and increased STAT3
signaling. Uncontrolled inflammation and
increased oxidative stress are also linked
to a loss of endothelial barrier integrity
(37), dysregulation of the nitric oxide
synthase system leading to abnormal
vasoconstriction (58), and excessive DNA
damage (53). It is likely that a combination
of these mechanisms leads to the
pulmonary hypertensive phenotype. We
have not identified the specific details by
which BMPR-II deficiency leads to the
proinflammatory effect, and we view this
study as a “gate opener” that invites further
examination of these mechanisms. Our

findings also suggest that epigenetic
modification of gene promoters involved in
these pathways would be worthy of further
investigation.

Finally, our study also supports the
possibility that specific antiinflammatory
or antioxidant strategies might be worth
pursuing in the clinical setting. The current
therapies licensed for PAH (59) focus on
vasodilation. Reports have suggested that
anti-IL-6 therapy might be of value in
PAH, especially in connective tissue
disease (60). Dietary antioxidants such as
tempol may have therapeutic potential in
patients with BMPR2 mutations because
these patients have evidence of greater
than normal oxidative injury (32).
Histone deacetylase inhibition, as
a means of up-regulating SOD3
expression, is also a potential therapeutic
avenue (41).

In conclusion, this work demonstrates
a direct link between BMPR-II deficiency
and a proinflammatory phenotype,
which predisposes to pulmonary
hypertension. We also describe for the
first time an LPS-induced model for PAH in
the setting of BMPR-II deficiency. It is likely
that multiple mechanisms are involved,
including reduced superoxide metabolism
due to loss of SOD3, which may be due
to epigenetic silencing. These findings
support the pursuit of antiinflammatory
and antioxidant strategies in the
prevention and treatment of disease.
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