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Abstract

Rationale: Pulmonary arterial hypertension is characterized by
endothelial dysfunction, impaired bone morphogenetic protein
receptor 2 (BMPR2) signaling, and increased elastase activity. Synthetic
elastase inhibitors reverse experimental pulmonary hypertension but
cause hepatotoxicity in clinical studies. The endogenous elastase
inhibitor elafin attenuates hypoxic pulmonary hypertension in mice,
but its potential to improve endothelial function andBMPR2 signaling,
and to reverse severe experimental pulmonaryhypertensionor vascular
pathology in the human disease was unknown.

Objectives: To assess elafin-mediated regression of pulmonary
vascular pathology in rats and in lung explants from patients with
pulmonary hypertension. To determine if elafin amplifies BMPR2
signaling in pulmonary artery endothelial cells and to elucidate the
underlying mechanism.

Methods: Rats with pulmonary hypertension induced by vascular
endothelial growth factor receptor blockade and hypoxia (Sugen/
hypoxia) as well as lung organ cultures frompatients with pulmonary
hypertension were used to assess elafin-mediated reversibility of
pulmonary vascular disease. Pulmonary arterial endothelial cells

frompatients and control subjectswere used to determine the efficacy
and mechanism of elafin-mediated BMPR2 signaling.

Measurements and Main Results: In Sugen/hypoxia rats,
elafin reduced elastase activity and reversed pulmonary hypertension,
judged by regression of right ventricular systolic pressure and
hypertrophy andpulmonary artery occlusive changes. Elafin improved
endothelial function by increasing apelin, a BMPR2 target. Elafin
induced apoptosis in human pulmonary arterial smooth muscle cells
and decreased neointimal lesions in lung organ culture. In normal
and patient pulmonary artery endothelial cells, elafin promoted
angiogenesis by increasing pSMAD-dependent and -independent
BMPR2 signaling. This was linked mechanistically to augmented
interaction of BMPR2with caveolin-1 via elafin-mediated stabilization
of endothelial surface caveolin-1.

Conclusions: Elafin reverses obliterative changes in pulmonary
arteries via elastase inhibition and caveolin-1–dependent
amplification of BMPR2 signaling.

Keywords: neutrophil elastase inhibition; apelin; arterial smooth
muscle cells; endothelial cell apoptosis; pulmonary vascular
regeneration and angiogenesis
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Pulmonary arterial hypertension (PAH) is
characterized by loss of distal pulmonary
arteries (DPAs) and by neointimal
formation causing narrowing and occlusion
of preacinar and intraacinar pulmonary
arteries (PA). Altered mitochondrial
function and chronic inflammation,
increased elastase activity, proliferation of
smooth muscle cells (SMCs) and fibroblasts,
and endothelial cell (EC) dysregulation have
all been implicated in the pathobiology of
this adverse remodeling process (for review,
see Reference 1). Pulmonary vascular cell
function is disturbed by mutations in the
bone morphogenetic protein receptor
(BMPR) 2, found in more than 70% of
patients with familial PAH (FPAH), and
in approximately 15% of those with
nonfamilial idiopathic PAH (IPAH).
BMPR2 mutations are associated with more
severe pulmonary vascular pathology (2).
Moreover, reduced BMPR2 expression and
function is present in patients with PAH
without mutations (3). Aberrant BMPR2

signaling is associated with an increase in
PA endothelial cell (PAEC) apoptosis (4, 5)
and with enhanced pulmonary arterial
smooth muscle cell (PASMC) proliferation
in response to growth factors (6). The
BMPR2 signal is transduced via
phosphorylation and nuclear translocation
of SMAD1/5, and multiple other signaling
pathways (for review, see Reference 7).
Restoring BMPR2 signaling improves
PAEC survival and normal angiogenesis,
and also represses proliferation and induces
apoptosis of SMCs, at least in part via
apelin, a secreted product of BMPR2-
mediated gene regulation (8, 9).

The interaction of BMP receptors
with caveolin-1 (Cav1) has important
implications for downstream signaling of
BMPR2. Cav1 is highly expressed in ECs
and is the major constitutive protein
of caveolae, the flask-shaped plasma
membrane invaginations. Cav1 also
interacts with and regulates numerous ion
channels and membrane-bound enzymes,
notably endothelial nitric oxide synthase
(eNOS) (for review, see Reference 10).
Progressive loss of Cav1 is observed
with PAEC damage in rats that acquire
pulmonary hypertension (PH) after
injection of monocrotaline (11) and
administration of Cav1 peptides reverses
PH (12). Cav1 knockout mice have PH
associated with pulmonary vascular
abnormalities, including loss of DPAs (13).
In patients with PAH, Cav1 is reduced in
remodeled PAs and is barely detectable in
plexiform lesions (14). Mutations in Cav1
have been reported in patients with FPAH
and IPAH (15).

Synthetic elastase inhibitors were
used to prevent and reverse PH in the
monocrotaline rat model (16). Clinical use
of these compounds was not pursued
because of hepatotoxicity, but studies using
an endogenous elastase inhibitor, elafin,
prevented experimentally induced PH (17)
and other cardiovascular pathologies (18,
19). Here we report the efficacy of daily
subcutaneous injections of elafin in
reversing severe PH in the Sugen/hypoxia
(Su/Hx) rat model (20). Elafin-induced
regression of occlusive lesions and increase
in DPA number was associated with
heightened production of apelin (8). In
lung explants from patients with PAH
elafin caused regression of the PA
neointima by inducing apoptosis. Elafin
improved survival and angiogenesis in
cultured human PAH-PAECs. The

mechanism was linked to enhanced BMPR2
signaling by promoting the interaction of
BMPR2 with Cav1.

Methods

An expanded METHODS section is available
in the online supplement.

Studies in Su/Hx Rat PH Model
We used the Su/Hx rat model of PH (20).
Recombinant human elafin, 0.2 mg/kg,
dissolved in 0.9% saline vehicle, or an
equivalent volume of vehicle was
administered for 2 weeks by daily
subcutaneous injections in the dorsal
cervical area. Echocardiographic
measurements of cardiac function and
closed chest assessments of right
ventricular systolic pressure (RVSP) and
left ventricular end diastolic pressure were
obtained as previously described (21). We
assessed RV hypertrophy by the ratio of
the weight of the RV to that of the left
ventricle (LV) and septum (S). The
number of DPAs at alveolar wall and
duct level per 100 alveoli, the number of
alveoli per square millimeter, and the
percentage of obliterated to total DPAs
were evaluated using morphometric
techniques (21).

Elastase Assay
Lung tissue was snap frozen in liquid N2 and
stored at 2808C for measurement of serine
elastase activity by the DQ-elastin substrate
assay (22).

Reverse Transcriptase Quantitative
Polymerase Chain Reaction
Total RNA was extracted and purified from
whole-lung lysates using the RNeasy
Mini kit (Qiagen, Valencia, CA). Primer
sequences were designed using the
National Center for Biotechnology
Information’s Primer-BLAST function (see
Table E1 in the online supplement).

Lung Organ Culture
Tissue sections, containing PAs, were
isolated from the explanted lungs of patients
with PAH who had undergone lung
transplantation. Mirror image sections were
placed in organ culture and treated with
either elafin in H2O or an equal volume of
H2O vehicle once daily for 8 days. Movat
staining was used to measure lumen
diameter/external diameter, lumen

At a Glance Commentary

Scientific Knowledge on the
Subject: Pulmonary arterial
hypertension (PAH) is a debilitating
disease with a poor prognosis.
Contributors to the pathogenesis
of PAH are impaired bone
morphogenetic protein receptor 2
signaling and inflammation associated
with increased elastase activity,
promising targets of therapeutic
intervention.

What This Study Adds to the
Field: This report shows the efficacy of
elafin, a naturally occurring elastase
inhibitor, in reversing severe
experimentally induced pulmonary
hypertension associated with an
obliterative vasculopathy. We show for
the first time that a prospective therapy
can induce regression of the neointima
in cultured explants of human
pulmonary arteries from patients with
PAH. In addition to elastase inhibition,
elafin mediates caveolin-dependent
amplification of bone morphogenetic
protein receptor 2 signaling to promote
restoration of endothelial function and
vascular regeneration as well as
regression of occlusive lesions.
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area/vessel area, and media area/vessel
area (23). Apoptosis (% apoptotic cells per
artery) was assessed by the TUNEL assay.

PAEC and SMC Cultures
Primary human PAECs were obtained
commercially or harvested from
explanted lungs of patients undergoing
transplantation for IPAH or FPAH, or from
unused donor control subjects, obtained
through the Pulmonary Hypertension
Breakthrough Initiative. Cells were used at
passages 3–8. PASMCs were obtained
commercially. siRNA oligonucleotides are
listed in Table E1.

PAEC Function Assays

Tube formation. PAECs were cultured in
5% fetal bovine serum and seeded in growth
factor reduced Matrigel (Cultrex BME;
Trevigen Inc., Gaithersburg, MD) (21).
Vehicle, BMP9, and/or elafin were added to
media containing no fetal bovine serum.
The number of tubes formed was assessed
after 8 hours.

Survival and proliferation. For caspase
3/7 apoptosis assays, cells were grown to
80–90% confluence. Then under serum-free
conditions, BMP9 and/or elafin were added,
and after 12 hours luminescence was
measured in a plate reader. To assess cell
proliferation, cell counts and formazan
assays were used.

Western Immunoblotting
Western immunoblotting was performed as
previously described (8, 24). Antibodies are
listed in Table E2.

Immunoprecipitation
PAEC lysates were incubated with the IP
antibody (see Table E2). The final eluate
was analyzed using sodium dodecyl
sulfate–polyacrylamide gel electrophoresis
followed by Western immunoblotting.

Confocal Microscopy
One hour after adding vehicle, BMP9,
and/or elafin, PAECs were fixed with
2% paraformaldehyde and treated with
an antibody against Cav1, followed by Alexa
Fluor 488–conjugated secondary antibody.
Sections were mounted and stained with
49,6-diamidino-2-phenylindole to visualize
nuclei and Cav1 distribution.
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Figure 1. Elafin improves right ventricular hemodynamic function in Sugen/hypoxia (Su/Hx) rats.
(A) Protocol of animal experiments. (B) Pulmonary artery acceleration time (PAAT) and (C)
cardiac output (CO) measured by echocardiography before and after treatment. Bars represent
mean6 SEM for n = 6 for normoxia-treated (Nx), untreated (Untr), and 0.9% saline vehicle–
treated (Veh) rats; n = 9 for elafin-treated rats (E). **P, 0.01 versus Veh or Untr (Day 14), ##P,
0.01 and ####P, 0.0001 versus Nx, xP, 0.05 and xxP, 0.01 versus elafin pretreatment, by
one- or two-way analysis of variance and Bonferroni post hoc test. s.c = subcutaneously.

ORIGINAL ARTICLE

Nickel, Spiekerkoetter, Gu, et al.: Elafin Enhances BMPR2–Cav1 Interaction in PAECs 1275



0
Nx Untr Veh

Su/Hx

E

50

100

R
V

S
P

 (
m

m
H

g) ####
####

***

150

0

0.2

0.4

0.6

0.8

R
V

/L
V

+
S

########

****

Nx Untr Veh

Su/Hx

E

E
la

st
as

e 
A

ct
iv

ity
(R

LU
)

0

1000

2000

3000

4000
# #

**

Nx Untr Veh

Su/Hx

E

0
20
40
60
80

100

O
cc

lu
de

d 
D

P
A

(%
 T

ot
al

)

****

Nx Untr Veh

Su/Hx

E

0

6

4

2V
es

se
ls

/
10

0
A

lv
eo

li

Nx Untr Veh

Su/Hx

E

**

0
0.5

2.5

1.5
2.0

1.0A
pe

lin
/

β-
A

ct
in

Nx Untr Veh

Su/Hx

E

**
#

0

0.5

2.5

1.5

2.0

1.0eN
O

S
/

β-
A

ct
in

Nx Untr Veh

Su/Hx

E

**
#

A

D

F

E

B C

G

H

I

#
#

Normoxia Untreated Vehicle

Su/Hx

Elafin

Normoxia Control Untreated Vehicle

Sugen/Hypoxia

Elafin

Figure 2. Elafin reverses pulmonary hypertension, heightened elastase activity, and obstructed distal pulmonary arteries, and increases vessel number
and lung expression of endothelial nitric oxide synthase (eNOS) and apelin in Sugen/hypoxia (Su/Hx) rats. Rats were exposed to room air only (normoxia
[Nx]; n = 6) or to the Su/Hx protocol. The Su/Hx rats were then divided into three groups: no intervention (Untr; n = 6), 0.9% saline vehicle treatment
(Veh; n = 6), or elafin treatment (E; n = 9). (A) Right ventricular systolic pressure (RVSP). (B) Right ventricular hypertrophy, defined by the Fulton index,
weight of right ventricle/(left ventricle1 septum). (C) Elastase activity was measured in whole-lung lysate by the DQ elastin assay. (D) Representative
histology of distal pulmonary arteries (DPA) from Nx, Su/Hx (Untr, Veh, and E) rats; scale bars= 50 mm. (E ) Number of occluded alveolar duct and wall DPA.
(F ) Representative immunofluorescence photomicrographs of DPA from rats treated as described previously and stained for nuclei (49,6-diamidino-2-
phenylindole [DAPI]; blue), von Willebrand factor (vWF; green), and a-smooth muscle actin (SMA; red). Scale bars= 50 mm. Note thinning of arterial wall in
elafin-treated versus -untreated Su/Hx and vehicle-treated. Room air control is used for comparison. (G) The number of DPA (vessels) per 100 alveoli. Whole-
lung mRNA levels of (H ) apelin and (I ) eNOS were assessed in Nx and Su/Hx (Untr, Veh, and E) rats. Bars represent mean6 SEM, *P, 0.05, **P, 0.01,
***P, 0.001, and ****P, 0.0001 versus Veh, #P, 0.05 and ####P, 0.0001 versus Nx, by one-way analysis of variance and Bonferroni post hoc test.
LV = left ventricle; RLU = relative light units; RV = right ventricle; S = septum.
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Results

Elafin Reverses PH and Inhibits
Elastase Activity
We used 8-week-old male Sprague Dawley
rats (180–220 g) injected by subcutaneous
route with a single 20 mg/kg dose of
a vascular endothelial growth factor
receptor 2 blocker (Sugen 5416), followed
by hypoxia (10% O2) for 3 weeks, and
normoxia for an additional 3 weeks, to elicit
severe PH (Su/Hx) (25). At the 6-week time
point, Su/Hx rats were divided into three
groups: one had no intervention, and
two had 2 weeks of daily subcutaneous
injections of either saline (vehicle) or elafin,
0.2 mg/kg. A preliminary dose–response
test showed that an elafin dose of 0.2 mg/kg
afforded optimal suppression of elevated
lung elastase activity in Su/Hx rats with PH.
Untreated age-matched control animals
were kept in room air throughout the study
period. Figure 1A shows a schematic
overview of the experimental protocol.

Before initiation of treatment at Week
6, all rats exposed to the Su/Hx protocol
showed signs of severe PH compared with
control rats maintained in room air, as
affirmed by echocardiographic evidence of
reduced PA acceleration time and cardiac
output (Figures 1B and 1C). Repeat
measurements after 2 weeks showed
sustained reduction of PA acceleration time
and cardiac output in the untreated or
vehicle-treated Su/Hx rats, whereas those
that received elafin displayed near normal
cardiac output and improved PA
acceleration time. Consistent with the
echocardiographic measurements, elafin-
treated Su/Hx rats had a marked reduction
in RVSP and RV hypertrophy compared

with untreated or vehicle-treated rats
(Figures 2A and 2B). We found no evidence
of elevated systemic (carotid artery) blood
pressure or left ventricular end diastolic
pressure in any of the treatment groups (see
Figures E1A and E1B). As expected, the
increased lung elastase activity seen in
untreated and vehicle-treated Su/Hx rats
relative to room air control animals was
inhibited in the elafin-treated Su/Hx group
(Figure 2C). The room air elafin rats were
indistinguishable from room air control
animals, as assessed by RVSP, RV/(LV1
S), echocardiographic determination of
cardiac function (see Figures E1C–E1F), or
hematologic and blood chemistry results
(see Table E3).

Elafin Reverses Adverse Structural
Remodeling in DPAs
The percentage of occluded vessels was
reduced from more than 60% in lungs of
untreated and vehicle-treated Su/Hx groups
to less than 20% of vessels in the rats given
elafin (Figures 2D and 2E). Healthy control
rats exhibit little or no muscularization of
DPAs, as assessed by a-smooth muscle
actin staining; in contrast, there was
marked medial hypertrophy of DPAs in
the untreated and vehicle-treated Su/Hx
rats, which elafin treatment mitigated
(Figure 2F). Elafin treatment also increased
the number of DPAs relative to those of
both untreated and vehicle-treated Su/Hx
groups (Figure 2G).

PH in the Su/Hx rat model is initiated by
disrupting EC homeostasis in the pulmonary
circulation after vascular endothelial growth
factor receptor blockade. This perturbation
increases susceptibility of PAECs to apoptosis
during hypoxia (20). Regression of vascular

obliterative changes and the increase in DPA
number in elafin-treated rats was associated
with an elevation in whole-lung mRNA
expression of apelin and its target eNOS
(26). These features seem to reflect new or
regenerating arteries (Figures 2G–2I) (27).

Elafin Induces Regression of
Neointima in PAH Lung Organ
Cultures
Although the Su/Hx rat model shows
obliterative changes in DPAs, it does not
recapitulate the extensive occlusive neointima
formation observed in larger PAs in patients
with PAH (2). Our previous studies have
shown that rat PAs can be maintained in
organ culture as explants with preserved
viability for 8 days, and that administration
of synthetic elastase inhibitors (23) or
epidermal growth factor receptor blockers
(28) can result in regression of PA
hypertrophy. We therefore adapted this
technique to assess lung explants using tissue
removed at the time of lung transplantation
from six consecutive patients: two with
IPAH, one with PAH associated with
pulmonary capillary hemangiomatosis, two
with PAH related to a congenital heart
defect, and one with PAH related to drug
and toxin ingestion (Table 1).

Daily administration of elafin for 8 days
resulted in a reduction in PA neointima size
as judged by an increase in lumen-to-vessel
area and lumen-to-vessel diameter (Figures
3A–3D). Regression of the neointima was
attributed to apoptosis of cells as assessed
by TUNEL assay (Figure 3E). Most cells in
the neointima express a-smooth muscle
actin, a marker of SMC. However,
inflammatory cells, myofibroblasts, or other
stromal cells also could contribute to the

Table 1. Characteristics of Patients with PAH: Organ Culture Experiments

ID Age (yr) Sex PAH Diagnosis PAP (s/d/m) (mm Hg) PVR (WU) 6MWD (m) PAH Medications

OC-1 28 F IPAH NA/NA/50 11.8 NA Epoprostenol, bosentan
OC-2 35 F CHD NA NA 164 NA
OC-3 26 M CHD NA/NA/105 18.5 185 Epoprostenol
OC-4 39 F IPAH NA/NA/55 15.4 NA Bosentan
OC-5 26 F PCH NA/NA/73 NA 513 Epoprostenol, bosentan, sildenafil
OC-6 63 F Drug and toxin NA/NA/62 17.1 212 Epoprostenol, bosentan, sildenafil

Definition of abbreviations: 6MWD= distance walked in 6 minutes; CHD = congenital heart disease; ID = identification; IPAH = idiopathic pulmonary arterial
hypertension; NA = data not available; OC = organ culture; PAH = pulmonary arterial hypertension; PAP (s/d/m) = pulmonary artery pressure (systolic/
diastolic/mean); PCH = pulmonary capillary hemangiomatosis; PVR = pulmonary vascular resistance (baseline Fick PVR); WU =Wood units.
Hemodynamic data were obtained from catheterization study performed closest to transplantation.
In some of the organ culture studies there is only limited clinical information in our records because these patients were referred before 2006 and not in our
database. For example, patient OC-2, a patient with Eisenmenger syndrome, was referred from Mexico.
PAH medications are listed according to total drug exposure during treatment period of follow-up, not necessarily in combination.
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neointimal apoptotic population. The
mechanism of elafin-mediated neointimal
cell apoptosis could be related to induction
of apelin in PAECs. Apelin can, by
a paracrine effect, cause apoptosis of
PASMCs, attributed in part to miR-424 and
miR-503 repression of fibroblast growth
factor 2 (8, 9). However, elafin can also
directly induce apoptosis of PASMC and
suppress their proliferation in response to
growth factors (Figure 3F).

Elafin Improves Angiogenesis and
Enhances BMP Function in PAH-PAECs
We next used tube formation assays to
investigate the mechanism by which elafin
improved PAEC function in Su/Hx rats, as
inferred from increased levels of lung apelin,
a target of BMPR2 signaling in PAECs
and a proangiogenic factor (8). Although
elafin did not increase tube formation in
control PAECs, elafin mitigated the defective
angiogenesis seen in IPAH-PAECs (Figures
4A and 4B). We attribute this response to
improved survival of IPAH-PAECs because
elafin did not increase their proliferation
(see Figures E2A and E2B).

To investigate whether elafin improves
PAEC survival via BMPR2 signaling, we
compared the survival of PAECs from control
subjects and patients with IPAH (Tables 2 and
3) after serum withdrawal in the presence
of the BMPR2 ligand BMP9, elafin, or both.
In control PAECs, BMP9 enhanced PAEC
survival, judged by reduced caspase 3/7
activity. Elafin alone did not enhance survival
in control PAECs, but when combined with
BMP9, there was a synergistic prosurvival
effect (Figure 4C). In IPAH-PAECs, elafin
and BMP9 independently increased survival,
and the effect of the combination was
additive (Figure 4D).

Elafin Enhances BMP Signaling in
Healthy and PAH-PAECs via BMPR2
To further investigate how elafin augments
the signaling properties of BMP ligands, we
performed Western immunoblotting to
assess a canonical downstream molecule,
pSMAD1/5, and the factor it activates,
inhibitor of DNA binding 1(ID1). Elafin
alone did not increase pSMAD1/5 or ID1
in control PAECs but augmented induction
of this signaling pathway by BMP9
(Figure 5A). A similar result was apparent
in IPAH-PAECs (Figure 5B), including
those with known BMPR2 mutations
(Figure 5C), although the magnitude of
enhanced signaling was reduced. We also
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Figure 3. Elafin induces regression of neointima in cultured lung explants of patients with pulmonary
arterial hypertension (PAH), induces apoptosis, and inhibits platelet-derived growth factor
(PDGF)–induced smooth muscle cell proliferation. Sections from cultured lung explants taken from six
patients with PAH were treated with either vehicle (H2O) or elafin (E; 0.5 mg/ml) for 8 days. (A)
Representative photomicrographs of Movat-stained sections of pulmonary arteries (PAs) from two
patients. (B) Ratios of lumen to vessel area, (C) lumen to vessel diameter, and (D) media to vessel area
based on analysis of 15 vessels per lung section for each treatment (scale bar = 100 mm). (E) On the
left, representative photomicrographs of PA immunohistochemistry for TUNEL-stained cell nuclei
from vehicle- and elafin-treated PAs (note the abundant immunoperoxidase-positive nuclei stained in
the neointima [I] and in the media [M] and adventitia [A] of the PAH vessel on the right). On the right,
quantitative assessment of percentage of TUNEL-positive cells per total cells per artery (n = 6 for each
condition). 1P, 0.05 by unpaired t test. Bars represent mean6 SEM. Scale bar = 50 mm. (F)
Proliferation assay by cell count of cultured control PA smooth muscle cells (PASMCs) 24 hours after
treatment with saline vehicle (Veh), PDGF (20 ng/ml), E (0.5 mg/ml), or a combination of PDGF
and E. Bars represent mean6 SEM for n = 6, *P, 0.05, and ****P, 0.0001 versus Veh,
####P, 0.001 versus PDGF by one-way analysis of variance and Bonferroni post hoc test.

ORIGINAL ARTICLE

1278 American Journal of Respiratory and Critical Care Medicine Volume 191 Number 11 | June 1 2015



Table 2. Characteristics of Patients with PAH: Cell Culture Experiments

ID Assay
Age
(yr) Sex

Race/
Ethnicity Diagnosis

BMPR2
Mutation

PAP (s/d/m)
(mm Hg)

PVR
(WU)

6MWD
(m)

PAH
Medications

PAH-01 Caspase WB 27 F White non-
Hispanic

IPAH c.761 5G.GA
probable
mutation, not in
dbSNP; may
disrupt splicing

110/49/69 12.11 420.6 Sildenafil,
tresprostinil,
bosentan,
iloprost

PAH-02 Caspase WB 33 F White non-
Hispanic

FPAH c.961C.T
nonsense, exon
7 (kinase domain)

87/29/48 9.74 288 Bosentan,
treprostinil,
sildenafil,
epoprostenol

PAH-03 Caspase WB 33 F Black/AA
non-
Hispanic

FPAH c.1471C.T
missense, exon
11 (kinase domain)

75/33/48 15.57 326.1 Epoprostenol,
bosentan,
sildenafil,
treprostinil

PAH-04 WB 37 M White non-
Hispanic

FPAH c.1471C.T
missense, exon
11 (kinase domain)

119/51/77 14.22 309 Sildenafil,
sitaxsentan,
ambrisentan,
epoprostenol,
imatinib
(investigational
drug)

PAH-05 Caspase WB 54 F White non-
Hispanic

IPAH NA 100/45/60 11.96 296.3 Sildenafil,
epoprostenol,
ambrisentan,
bosentan

PAH-06 Caspase WB 27 M White non-
Hispanic

IPAH No 90/51/68 11.38 423.7 Bosentan,
sildenafil,
epoprostenol

PAH-07 Caspase WB 56 M White non-
Hispanic

IPAH No 125/50/75 9.58 234.7 Tadalafil,
bosentan

PAH-08 Caspase
Matrigel WB

32 F White non-
Hispanic

IPAH No 68/38/49 15.34 238 Bosentan,
epoprostenol

PAH-09 Matrigel WB 40 F White non-
Hispanic

IPAH NA 105/63/55 9.84 472.4 Sildenafil,
bosentan

PAH-10 Matrigel WB 56 F White non-
Hispanic

FPAH No 110/55/75 NA 372.2 Epoprostenol,
bosentan,
ambrisentan,
sildenafil

PAH-11 Matrigel 55 F Black/AA
non-
Hispanic

IPAH No 89/41/53 12.29 273.4 Sildenafil,
bosentan,
epoprostenol

Definition of abbreviations: 6MWD= distance walked in 6 minutes; AA = African American; BMPR2 = bone morphogenetic protein receptor 2; dbSNP =
Single Nucleotide Polymorphism database; FPAH = familial pulmonary arterial hypertension; ID = identification; IPAH = idiopathic pulmonary arterial
hypertension; NA = data not available; PAH = pulmonary arterial hypertension; PAP (s/d/m) = pulmonary artery pressure (systolic/diastolic/mean); PVR =
pulmonary vascular resistance (baseline Fick PVR); WB =Western immunoblot; WU =Wood units.
Hemodynamic data were obtained from catheterization study performed closest to transplantation.
PAH medications are listed according to total drug exposure during treatment period of follow-up, not necessarily in combination.

Table 3. Characteristics of Control Subjects (Unused Donor Lungs): Cell Culture Experiments

ID Assay Age (yr) Sex Race/Ethnicity Cause of Death

CON-01 Caspase 11 M White non-Hispanic Hypoxic brain injury
CON-02 Matrigel caspase 45 F White non-Hispanic CVA/subarachnoid hemorrhage
CON-03 Matrigel caspase 52 F White unknown Hypoxic brain injury
CON-04 Matrigel 24 M White non-Hispanic Intracerebral hemorrhage
CON-05 WB 57 F White non-Hispanic Anoxia

Definition of abbreviations: CON = control subject; CVA = cerebrovascular accident; ID = identification; WB =Western immunoblot.
Hemodynamic data were obtained from catheterization study performed closest to transplantation.
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stimulated PAECs from control subjects,
IPAH, and BMPR2 mutant patients with
PAH with BMP7 or BMP4. These ligands,
when compared with BMP9, produced more
intense activation of pERK42/44 (not shown).
We found that elafin augmented pERK42/44
in PAECs from control subjects and patients
with IPAH (Figures 5D and 5E), including
those with a BMPR2 mutation (Figure 5F),
albeit to a lesser extent in the latter group.
Elafin did not increase levels of BMPR2 in any
group (see Figure E3).

To determine if reduced BMP signaling
in the BMPR2 mutant cells might relate to
lower levels of BMPR2, we repeated the
pSMAD1/5-ID1 signaling experiments and
measured BMPR2 protein levels (see Figure
E3). PAECs from donor control subjects and
patients with IPAH showed a similar
increase in pSMAD1/5 when elafin was
added to BMP9 compared with BMP9 alone,
despite lower expression of BMPR2 in the
IPAH-PAECs. However, in the PAECs from
patients with IPAH bearing the BMPR2
mutation, BMPR2 levels were even lower

than in the IPAH-PAECs, and in these cells,
the combination of BMP9 and elafin failed
to elicit a significant increase in pSMAD1/5
over BMP9 alone (see Figure E3). IPAH-
PAECS also showed an increase in ID1 in
response to BMP9 that was greater when
elafin was added but this additive effect was
also absent in the patients with a BMPR2
mutation. Because later passage cells were
used in these experiments compared with
those in Figure 5, it is possible that BMPR2
levels progressively decline in culture
accounting for the absence of response in
those with a BMPR2 mutation.

To determine whether there might be
a threshold below which elafin would not
yield a synergistic effect when combined
with BMP ligands, and to determine the
specificity of the response, we reduced levels
of BMPR2 by more than 80% using siRNA
(see Figures E4A and E4B). PAECs
transfected with BMPR2 siRNA showed
increased pSMAD1/5 and ID1 when
exposed to BMP9 alone, although the
response was considerably less than in

those transfected with control siRNA.
Elafin amplified pSMAD1/5 and ID1 in
response to BMP9 in the control siRNA
transfected cells but not in the BMPR2
siRNA transfected cells (see Figure E4A).
Similarly, we found a synergistic
amplification of pERK42/44 by BMP7 and
elafin in control PAECs, but not in BMPR2
siRNA transfected cells (see Figure E4B).
The failure of elafin to amplify BMPR2
signaling in PAECs with reduced BMPR2
by siRNA was also reflected in failure to
improve survival of these cells in response
to BMP9 (see Figure E4C). Taken together,
our data indicate that elafin’s amplifying
effect on BMP signaling and survival of
PAECs is specific for BMPR2 and may
require a threshold amount of this receptor.

To determine whether another elastase
inhibitor could mimic elafin-mediated
augmentation of BMPR2 signaling, we assessed
the response to a1-antitrypsin. We found no
increase in pSMAD1/5 or in ID1, nor was
there improved cell survival compared with
BMP9 alone with three different doses of
a1-antitrypsin (see Figure E5).

Enhanced BMP Signaling by Elafin Is
Cav1 Dependent
Cav1 directly interacts with BMPR2, and
increases BMP9-dependent SMAD1/5
phosphorylation and induction of ID1 (29).
To determine whether elafin might be
enhancing BMPR2 signaling and PAEC
survival via Cav1, we transfected cultured
PAECs with either Cav1 siRNA or
nontargeting control siRNA. We induced
a reduction of more than 50% in Cav1
protein with the Cav1 siRNA (Figure 6A),
and under these conditions elafin did not
enhance BMPR2 signaling, as assessed by
Western immunoblotting for pSMAD/1/5,
ID1, and pERK42/44 (Figures 6A and 6B).
Consistent with these findings, loss of Cav1
prevented the additive effect of elafin on
BMP9-mediated PAEC survival (Figure 6C).

Caveolae affect multiple cellular
signaling pathways by redistribution and
endocytosis of transmembrane receptors
and receptor–ligand complexes (29–31).
BMPR2 undergoes caveolae-dependent
internalization, and a disrupted interaction
between Cav1 and BMPR2 resulted in
receptor mislocalization and aberrant
signaling (29). We therefore assessed, by
confocal immunofluorescence microscopy,
the effect of BMP9 and BMP9 plus elafin
on Cav1 distribution in PAECs. Under
nonstimulated conditions, Cav1 was
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ORIGINAL ARTICLE

Nickel, Spiekerkoetter, Gu, et al.: Elafin Enhances BMPR2–Cav1 Interaction in PAECs 1281



localized predominantly in a linear
pattern along the plasma membrane,
but BMP9 stimulation induced
a redistribution of Cav1 to an
intracytoplasmic vesicular pattern
consistent with internalization. Elafin
treatment alone had no effect on Cav1
distribution. However, when elafin was
combined with BMP9 there was enhanced
localization of Cav1 on PAEC surfaces
(Figures 7A and 7B).

To investigate whether elafin
enhances BMP signaling by increasing the
interaction of Cav1 and BMPR2, we
performed coimmunoprecipitation studies
with both BMPR2 and Cav1 antibodies.
Elafin stimulation had no effect on the total

amount of Cav1 or BMPR2 proteins in the
cell lysates, but it enhanced the interaction
between BMPR2 and Cav1 (Figures 7C
and 7D).

Discussion

This study demonstrates that elafin can
reverse PH by a dual mechanism of action.
In addition to elastase inhibition, we
describe a novel property whereby elafin
facilitates an interaction between BMPR2
and Cav1 that reduces internalization of
the complex and intensifies BMPR2
signaling. This is associated with
improved PAEC survival and

angiogenesis, evident in cultured human
PAH-PAECs and in the increase in DPAs
in the Su/Hx rat model. Improved BMPR2
signaling by elafin can also be related to
regression of the obliterative pulmonary
vasculopathy in the Su/Hx rats and of
neointima formation in human PAH lung
organ cultures (see schema in Figures 8A
and 8B).

Increased elastase activity and
fragmented PA elastin are early features of
PAH in humans and in animal models of
PH (32, 33). Elastase activity is related to
progressive pulmonary vascular pathology
by degradation and remodeling of the
extracellular matrix, resulting in release of
SMC mitogens (34) and activation of their
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receptors (35). Elastin peptides and other
products of elastase-mediated matrix
breakdown are potent chemoattractant
molecules associated with inflammation
and SMC proliferation (36).

PAEC dysfunction related to leak of
serum and release of endothelial factors into
the subendothelium can stimulate PASMC
elastase activity and proliferation (37).
Elastase inhibition reverses muscularization

of DPAs in the monocrotaline rat model
(16) and attenuates neointima formation in
S100A4 overexpressing mice infected with
murine gamma herpes virus (22). We
speculate that in the Su/Hx rat the initial
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PAEC injury triggers PASMC activation
and subsequent release of elastase identified
as neutrophil elastase (22). The early
inflammatory component of the Su/Hx
model (38) may be important in
perpetuating activity of elastase and
perhaps other proteases, notably
proteinase-3, which is also inhibited by
elafin (39). Because there is no significant
inflammatory infiltrate in the lungs of the
Su/Hx rats after 6 weeks (20), SMCs could
be the source of the sustained elevation in
elastase activity. Because elafin represses
nuclear factor-kB (40) and modulates
innate immunity (41), it might be of
particular benefit to patients with PAH in
whom chronic inflammation contributes to
adverse pulmonary vascular remodeling
(for review, see Reference 42).

Because we observed increased DPAs
linked to elevated levels of apelin and
its target eNOS (26), elafin seemed to
promote regeneration of DPAs by
augmenting endothelial function.
Apelin-null mice show increased PA
pressures compared with wild-type
mice (26) and apelin administration
reversed PH in mice with conditional
deletion of PPARg in ECs (8). Patients
with PAH compared with control
subjects have decreased plasma levels of
apelin, and apelin is reduced in cultured
PAECs from their lungs. Because apelin
is an EC target downstream of BMPR2,
we investigated the role of elafin in
enhancing BMPR2 signaling as a
mechanism to promote PAEC survival
and PASMC apoptosis.

BMPR2 heterodimeric complexes are
localized in clathrin-coated pits (43),
whereas ligand-inducible BMPR complexes
are located in caveolae (30) and bind BMP
ligands with high affinity. Cav1-BMPR2
interaction facilitates pSMAD signaling (29,
30). Our finding that elafin stabilizes Cav1
on PAEC surfaces suggests that it may
enhance BMP signaling by delaying
internalization and degradation of the
BMPR2-coreceptor complexes, as observed
with other receptors (44). This would be
consistent with studies indicating that elafin
is a proteasome inhibitor (40). It is
therefore also possible that elafin increases
ID1 (45) by preventing its degradation by
the ubiquitin/26S proteasome pathway (46).

As a cholesterol binding protein, Cav1
is preferentially localized in membrane
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of pulmonary arterial hypertension, with the novel function of amplification of BMPR2 signaling in red. eNOS= endothelial nitric oxide synthase; ID1= inhibitor of
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microdomains enriched with cholesterol
and sphingolipids. The polycationic
nature of elafin allows it to permeate, and
accumulate within the phospholipid
bilayer (47). In this hydrophobic
environment the N-terminus of elafin
forms an a-helix that can serve as
a membrane anchor (48). These
biochemical properties of elafin may
enable it to interact with Cav1 directly
or through an intermediary molecule.
Development of PH in the Cav1 knock-
out mouse was attributed to uncoupling
of eNOS in pulmonary ECs (13).
Oxidative stress in Su/Hx rats has also
been linked to eNOS uncoupling (49).
Elafin might facilitate interaction of Cav1
with eNOS, and in so doing reduce
oxidative stress.

Amplifying BMPR2 function is a
desirable treatment strategy for patients
with PAH carrying a BMPR2 mutation

and also for patients without a known
mutation in whom BMPR2 expression or
function is reduced (3). Activation of the
BMPR2 pathway by either gene delivery
(50) or pharmacologic compounds (23)
can prevent or induce regression of
pulmonary vascular changes in animal
models of PH and can reverse
abnormalities in cultured vascular cells
from patients with PAH (23).

Elafin given by single intravenous dose
is in clinical trial abroad as a preventive
strategy for other indications, and our study
indicates that it could reverse established
disease when administered daily by the
subcutaneous route. We demonstrate the
impact of elafin in reversing obliterative
pulmonary vascular remodeling in rats and
for the first time, the efficacy of any agent in
the regression of human PA neointimal
vascular lesions as assessed in lung organ
culture. In so doing, we provide a

compelling rationale to purse elafin as a
PAH treatment. n
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