ORIGINAL ARTIC

Circulating BMP9 Protects the Pulmonary Endothelium during
Inflammation-induced Lung Injury in Mice

3 Wei Li",
Peiran Yang®, Geoffrey A. Bocobo®,

Lu Long', Xudong Yang', Zhen Tong', Mark Southwood', Ross King?, Paola Caruso’, Paul D. Upton',
Ivana Nikolic*, Angelica Higuera®, Richard M. Salmon', He Jiang’,

Katharine M. Lodge®, Kim Hoenderdos', Rebecca M. Baron®, Paul B. Yu®, Alison M. Condliffe’,
Charlotte Summers', Sussan Nourshargh?, Edwin R. Chilvers®, and Nicholas W. Morrell’

"Department of Medicine, School of Clinical Medicine, University of Cambridge, Cambridge, United Kingdom:; ?William Harvey
Research Institute, Barts and the London School of Medicine and Dentistry, Queen Mary University of London, London, United
Kingdom; SCardiovascular Medicine Division and °Division of Pulmonary and Critical Care l\/ledlcme Department of Med|C|ne Brigham
and Women'’s Hospital-Harvard Medical School, Harvard University, Boston, Massachusetts; “Cardiovascular Medicine DIVISIOr’l
Department of Medicine, Massachusetts General Hospital, Boston, Massachusetts ®National Heart and Lung Institute, Imperial
College London, London, United Kingdom; and “Department of Irttect|on Immunity and Cardiovascular Disease, University of

Sheffield, Sheffleld United Kingdom

Abstract

Rationale: Pulmonary endothelial permeability contributes to
the high-permeability pulmonary edema that characterizes acute
respiratory distress syndrome. Circulating BMP9 (bone
morphogenetic protein 9) is emerging as an important regulator
of pulmonary vascular homeostasis.

Objectives: To determine whether endogenous BMP9 plays a
role in preserving pulmonary endothelial integrity and whether
loss of endogenous BMP9 occurs during LPS challenge.

Methods: A BMP9-neutralizing antibody was administrated to
healthy adult mice, and lung vasculature was examined. Potential
mechanisms were delineated by transcript analysis in human lung
endothelial cells. The impact of BMP9 administration was
evaluated in a murine acute lung injury model induced by
inhaled LPS. Levels of BMP9 were measured in plasma from
patients with sepsis and from endotoxemic mice.

Measurements and Main Results: Subacute neutralization of
endogenous BMP9 in mice (N = 12) resulted in increased lung

vascular permeability (P = 0.022), interstitial edema (P = 0.0047),
and neutrophil extravasation (P = 0.029) compared with IgG
control treatment (N = 6). In pulmonary endothelial cells, BMP9
regulated transcriptome pathways implicated in vascular
permeability and cell-membrane integrity. Augmentation of
BMP?9 signaling in mice (N = 8) prevented inhaled LPS-induced
lung injury (P = 0.0027) and edema (P < 0.0001). In endotoxemic
mice (N = 12), endogenous circulating BMP9 concentrations
were markedly reduced, the causes of which include a transient
reduction in hepatic BMP9 mRNA expression and increased
elastase activity in plasma. In human patients with sepsis

(N = 10), circulating concentratons of BMP9 were also markedly
reduced (P < 0.0001).

Conclusions: Endogenous circulating BMP9 is a pulmonary
endothelial-protective factor, downregulated during inflammation.
Exogenous BMP9 offers a potential therapy to prevent increased
pulmonary endothelial permeability in lung injury.

Keywords: BMP9; BMP signaling in endothelial cells; pulmonary
endothelium; lung injury

(Received in original form May 12, 2020; accepted in final form December 14, 2020)

3 This article is open access and distributed under the terms of the Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/).
*Joint senior authors.

Author Contributions: L.L., X.Y., and R.K. designed and performed all the in vivo experiments. M.S. performed all the histological analysis. W.L.,
ZT., PC., PDU, RMS, HJ.,, KM.L., and K.H. performed the biochemical, cell biology, and animal tissue-sample measurements. P.Y.,
G.AB., I.N., AH., and R.M.B. collected the plasma samples and measured BMP9 (bone morphogenetic protein 9) levels in the human subjects’
plasma. W.L. and N.W.M. conceived the idea and designed the study. W.L., RM.B., P.B.Y., AM.C., C.S., S.N,, ER.C., and N.W.M. supervised
the experiments and wrote the manuscript.

Correspondence and requests for reprints should be addressed to Wei Li, Ph.D., Department of Medicine, University of Cambridge, Level 5,
Addenbrooke’s Hospital, Box 157, Hills Road, Cambridge CB2 0QQ, UK. E-mail: wi225@cam.ac.uk.

This article has a related editorial.
This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Crit Care Med Vol 203, Iss 11, pp 1419-1430, June 1, 2021

Copyright © 2021 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.202005-17610C on December 15, 2020
Internet address: www.atsjournals.org

Li, Long, Yang, et al.. The Role and Regulation of Endogenous BMP9 1419


http://crossmark.crossref.org/dialog/?doi=10.1164/rccm.202005-1761OC&domain=pdf&date_stamp=2021-07-16
https://creativecommons.org/licenses/by/4.0/
mailto:wl225@cam.ac.uk
http://dx.doi.org/10.1164/rccm.202012-4388ED
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.202005-1761OC
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on the
Subject: Increased pulmonary
endothelial permeability is a major
factor in the development of acute
respiratory distress syndrome (ARDS).
Evidence is emerging that circulating
BMP9 (bone morphogenetic protein
9), secreted from the liver, might
protect the pulmonary endothelium
from injury. For example, loss of
BMP9 protein or BMP9 signaling
receptor contributes to the
development of pulmonary arterial
hypertension. The role of endogenous
BMP9 in endothelial permeability
remains unclear.

What This Study Adds to the Field:
Here, we show that subacute
neutralization of endogenous
BMP9 leads to lung vascular injury,
including enhanced endothelial
permeability and neutrophil
extravasation. BMP9 concentrations
in plasma were markedly reduced
in the setting of inflammation in
mice and humans. Conversely,
exogenous supplementation of
BMP9 protected the lung from
LPS-induced injury. This study
suggests that exogenous BMP9
could offer a novel approach to
prevent increased pulmonary
endothelial permeability in the
setting of lung injury and ARDS.

Endothelial dysfunction, inflammation, and
increased capillary permeability play central
roles in the pathobiology of sepsis and acute
respiratory distress syndrome (ARDS) (1).
Previous studies have identified important
signaling pathways and protein-protein
interactions within interendothelial
junctions that regulate endothelial-barrier
function (2). However, such knowledge has
not yet resulted in approved drugs that
target the increased vascular permeability
present in sepsis and ARDS (1), conditions

associated with an unacceptably high
mortality. Exploring new pathways that
preserve endothelial integrity may hasten
the discovery of novel approaches to the
treatment of these conditions.

BMP9 (bone morphogenetic protein 9)
is a member of the TGFp (transforming
growth factor ) family that signals
selectively in endothelial cells via a receptor
complex comprising the high-affinity type 1
BMP receptor ALK1 (activin receptor-like
kinase 1) and the type 2 BMP receptors
BMPR2 (BMP receptor type 2) or activin
receptor type 2A (3-5). ALKI is expressed
almost exclusively on endothelial cells (6),
and its expression is 10- to 200-fold higher in
lung tissue than in other tissues, indicating a
particular role for ALK1-mediated signaling
in homeostasis of the pulmonary
endothelium (7). We previously showed that
BMP9 protects human pulmonary artery
endothelial cells (hPAECs) against excessive
permeability induced by TNF, LPS, or
thrombin (8). Moreover, administration of
recombinant BMP9 protected mice against
Evans Blue (EB) extravasation in the lung
after intraperitoneal LPS challenge (8).
Recently, adenoviral delivery of BMP9 was
shown to prevent retinal vascular
permeability in diabetic mice (9). Despite
such evidence suggesting that augmentation
of BMP9 signaling might prevent endothelial
hyperpermeability, the role and regulation of
endogenous BMP9 in the maintenance of
endothelial-barrier function have not been
investigated.

BMP?9 is synthesized predominantly in
the liver (10), circulates at concentrations that
constitutively activate endothelial ALK1
signaling, and comprises the majority of
plasma BMP activity (11). Heterozygous
deleterious mutations in the GDF2 gene
(which encodes for BMP9) have been
reported in patients with pulmonary arterial
hypertension (12-15) and result in reduced
circulating concentrations of BMP9.
Furthermore, reduced plasma BMP9 proteins
are found in patients with cirrhosis and
portopulmonary hypertension (16, 17).
Interestingly, increased vascular permeability
is a well-recognized feature of chronic
cirrhosis.

Given the potential protective effect of
BMP?9 signaling in the pulmonary
endothelium, we sought to determine
whether endogenous BMP9 plays a role in
protecting the pulmonary endothelium and
whether inflammation regulates endogenous
BMP9. We further explored the potential of
exogenous BMP9 as a lung vascular-
protective agent in the setting of acute lung
injury (ALI). Some of these results have been
previously reported in the form of abstracts
(18-20) and in the form of a preprint
(https://doi.org/10.1101/2020.05.12.088880).

Methods

Human Samples

Human plasma samples were obtained
from a prospectively enrolled cohort of
patients admitted to the adult medical
ICU (MICU) Registry of Critical Illness
and from healthy human volunteers
without known cardiopulmonary disease,
in accordance with the institutional review
board-approved protocol at Brigham and
Women’s Hospital, as described
previously (21-23). Written informed
consent was obtained from all participants
or their appropriate surrogates.

Animal Procedures

All procedures were performed in
accordance with the Home Office Animals
(Scientific Procedures) Act of 1986 and were
approved under Home Office Project
Licenses 80/2460 and 70/8850 (to N.W.M.)
and 7007884 (to S.N.).

Murine Endotoxemia Studies

Mice were injected intraperitoneally with 2
mg/kg of LPS or vehicle. After the length of
time as specified in figure legends, mice were
killed using ketamine (100 mg/kg) and
xylazine (10 mg/kg). Detailed tissue harvests
and measurements can be found in the online
supplement. N = 6 for each time point in
LPS-treated groups. For phosphate-buffered
saline (PBS)-treated control animals, three
animals were included at 0, 6, 18, and 24
hours, respectively, and pooled for the final
analysis (final N = 12 in PBS-treated group).
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grant (MR/K020919/1 to N.W.M.), a British Lung Foundation Grant (BLF COPD10/5 to A.M.C.), and NIH grants (P01-HL108801 to R.M.B., RO1-
HL131910 to P.B.Y., and R42-HL132742 to P.B.Y.). K.M.L. was supported by a Wellcome Trust Clinical Research Fellowship (102706/Z/13/Z).
Infrastructure support was provided by the Cambridge National Institute for Health Research Biomedical Research Centre.
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BMP9 ELISA
BMP9 ELISA was performed as described
previously (13, 16).

Anti-BMP9 Treatment in Mice

Mice were injected intraperitoneally with 5
mg/kg of anti-BMP9 antibody (N = 12) or
murine IgG2B isotype control (N = 6) on
Day 0 and Day 2, and lung vascular
permeability was measured on Day 3 using
the EB dye-extravasation assay as described
previously (8) (Figure 1A). Separate

groups of control mice were injected
intraperitoneally with LPS at 1.5 mg/kg, LPS
at 3 mg/kg (both N = 6), or PBS control

(N = 12) on Day 2, and permeability was
measured on Day 3. Half of the lung tissues
were harvested for measuring vascular
permeability, and the other half were inflated
and fixed in formalin and processed into
paraffin wax blocks for histological analysis.

Murine Inhaled-LPS Model

Mice were injected intraperitoneally with
either PBS or BMP9 (at 1.5 pg/kg, N = 8 per
group) 1 hour before being challenged with
20 pg/mouse of LPS in PBS via the intranasal
route. After 24 hours, one lung was harvested
for quantification of EB dye extravasation.
The other lung was saved for histological
analysis and for RNA extraction and
quantitative reverse transcription-PCR
(RT-PCR) analysis.

Statistical Analysis
All in vitro experiments were conducted at
least three times, and representative images are
shown. Data analysis was performed using
GraphPad Prism 6 (GraphPad Software).
Results are shown as means * SEMs.
Statistical significance was analyzed by two-
tailed nonparametric tests or one-way
ANOVA as indicated in figure legends. Values
of P < 0.05 were considered significant.
Expanded materials and methods can
be found in the online supplement.
Microarray data have been deposited to Gene
Expression Omnibus, with the accession
number GSE118353.

Results

Inhibition of Endogenous BMP9
Increases Lung Vascular Permeability
and Neutrophil Extravasation

After the protocol shown in Figure 1A, mice
treated with anti-BMP9 antibody exhibited
significantly higher amounts of EB dye in

their lungs than mice treated with control
IgG (Figure 1B), although EB leak was only
observed in the higher-LPS-dose group
(Figure 1B, LPS at 3 mg/kg). Histological
analysis of lung tissue demonstrated marked
perivascular edema in mice exposed to
either anti-BMP9 or LPS (Figure 1C, black
arrows). Morphometry of arteries associated
with terminal bronchioles confirmed
acellular expansion of the adventitia, which
correlated with the magnitude of EB dye
accumulation in the lung (Figure 1D).
Unexpectedly, anti-BMP9-treated mice
showed a significant accumulation of
neutrophils in the alveolar space, similar to
that observed in LPS-treated animals
(Figure 1E). To confirm that the anti-BMP9
antibody had inhibited circulating BMP9
activity, we tested plasma BMP activity by
monitoring its ability to induce IDI gene
expression in hPAECs (10, 24, 25). Indeed,
plasma from anti-BMP9-treated animals
showed reduced BMP activity, as evidenced
by significantly lower IDI mRNA induction
than was shown in plasma from IgG-treated
control animals (Figure 1F).

To evaluate whether the effect of anti-
BMP? is specific to the pulmonary
vasculature, we performed intravital
microscopic imaging of the mouse
cremaster microvessels to directly visualize
the effects of neutralizing endogenous
BMP9 under physiological conditions.
Within 5 minutes of administrating anti-
BMP9 antibody via the tail vein, we
observed a marked increase in the
extravasation of tetramethylrhodamine
isothiocyanate—dextran from postcapillary
venules of the cremaster muscle compared
with the IgG control group (see Figures
E1A-E1C in the online supplement). The
rapidity and magnitude of this response
were similar to that induced by histamine
(Figure E1D). This confirms that loss of
endogenous of BMP9 leads to excess
vascular leak, and this effect is not limited to
the pulmonary circulation.

BMP9 Signaling Regulates Key
Pathways Involved in Endothelial
Cell-Membrane Integrity and
Permeability

To elucidate potential mechanisms by which
BMP9 might act as an endothelial-protective
factor, we performed a microarray analysis of
global differential gene expression in
hPAECs in response to BMP9. We used pro-
BMP9 (prodomain-bound form of BMP9),
which is the circulating form (11), ata
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concentration representative of those
measured in healthy human plasma (16, 26),
and exposed hPAEC:s for 5 hours. When
using a threshold-adjusted P value of 0.05 as
a cutoff, BMP9 upregulated the expression of
30 genes and downregulated 85 genes
(Tables E1 and E2). However, the continuum
changes in the adjusted P values for both up-
and downregulated genes indicate that more
transcripts are likely to be regulated than
those passing this threshold (Figure 2A).
Pathway analysis showed that BMP9-
regulated pathways include TGF( signaling,
cytokine—cytokine receptor interaction, and
Rap1 signaling (Tables E3 and E4). Cellular-
component gene-ontology analysis revealed
that BMP9-regulated genes are highly
enriched in the plasma membrane and
extracellular space (Figure E2 and Table E5).
As expected, BMP9 increased the expression
of BMPR2 and ID1I (3) (Figure 2A). Of the
genes known to regulate endothelial
permeability, pro-BMP9 treatment
downregulated AQPI (encoding aquaporin-
1) and KDR (encoding VEGFR2) and
upregulated TEK (encoding Tie2) (Figure
2A), which were further validated by
quantitative RT-PCR analysis (Figure 2B).
Next, we performed the converse
experiments by selectively neutralizing
BMP9 in serum from fetal bovine
serum-containing endothelial growth media.
Reciprocal changes in gene expression (i.e., a
significant increase in AQPI and KDR
expression and a reduction in TEK
expression) were obtained (Figure 2C),
supporting that endogenous serum BMP9
regulates these genes even in the presence of
other serum factors. Immunoblotting
confirmed that BMP9 treatment reduced
VEGEFR2 protein levels (Figure 2D). AQP1
expression in cultured hPAECs was too low
to be robustly detected by Western blotting.
Because the lung microvascular
endothelium rather than the conduit artery
endothelium is involved in lung
hyperpermeability, we further examined
responses in human pulmonary
microvascular endothelial cells (hPMECs).
Pro-BMP?9 signaled more potently in
hPMECs (half maximal effective
concentration [ECs] = 7.2 = 1.5 pg/ml)
than in hPAECs (ECsy = 81 * 23 pg/ml,
Figure E3A) and robustly induced known
BMP?9 target genes such as IDI and BMPR2
(Figure E3B). BMP9 treatment also
suppressed AQPI and KDR expression, and
induced TEK expression in hPMECs (Figure
2E). Functionally, anti-BMP9 treatment in
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Figure 1. Neutralizing endogenous BMP9 (bone morphogenetic protein 9) results in lung vascular leak and neutrophil extravasation. (A) A schematic diagram
indicating the treatment regimen. (B) Inhibiting endogenous BMP9 activity leads to lung vascular leak. Representative images of the lungs (left), showing the
Evans Blue (EB)-stained lungs from LPS- and anti-BMP9-treated animals. Quantification of EB content in the lungs (right). N = 6 per group. (C and D) Anti-BMP9
treatment leads to an increase in the perivascular adventitial area, similar to LPS treatment (black arrows). (C) Representative pictures of hematoxylin and
eosin-stained lung section. Scale bars, 100 wM. (D) Adventitial area in 20 random high-power fields (HPF), with its correlation to the EB content in the lung
shown on the right; the Spearman correlation test was used. (E) Anti-BMP9 treatment increases alveolar neutrophil counts, revealed by myeloperoxidase
staining. Scale bars, 50 wM. The counts were the mean of six random HPF per animal. Arrows point to neutrophils. (F) BMP9 activity in plasma measured by
ID1-gene induction in human pulmonary artery endothelial cells. Serum-starved human pulmonary artery endothelial cells were treated with 1% plasma samples
for 1 hour before cells were harvested for quantitative RT-PCR analysis of /D7 gene induction. The operator was blinded to the treatment samples. For all panels,
data are shown as means = SEMs. Two-tailed Mann-Whitney tests were used to compare LPS treatment with PBS treatment and anti-BMP9 treatment with IgG
treatment. *P< 0.05, **P< 0.01, and ***P< 0.001. LPS1 = LPS at 1.5 mg/kg; LPS2 = LPS at 3 mg/kg; n.s. = not significant; OD = optical density of
absorbance measurements; PBS = phosphate-buffered saline.
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Figure 2. BMP9 (bone morphogenetic protein 9) signaling regulates genes involved in endothelial-cell integrity. (A) A volcano plot of microarray
transcriptional analysis of BMP9-regulated genes. Serum-starved human pulmonary artery endothelial cells (hPAECs) were treated with 0.4 ng/ml
(GF-domain concentration) pro-BMP9 (prodomain-bound form of BMP9) for 5 hours before cells were harvested for microarray analysis using the
Human Gene 2.1 ST array (Affymetrix). Four independent hPAEC lines were used. Data were processed using package Oligo in R (R Foundation
for Statistical Computing) (55) and normalized using robust multichip analysis (56), and comparisons were performed using the limma package
(57). Resulting P values were corrected for multiple testing using the false discovery rate (58). Hits with adjusted P values of less than 0.05 are
shown in red, and those with adjusted P values not reaching statistical significance shown in light blue. (B) Validation of microarray results using
quantitative RT-PCR. BMP9 signaling regulates mRNA expression of AQP7 (aquaporin-1), KDR (VEGFR2), and TEK (Tie2) in hPAECs. N=5. (C)
Changes of gene expression in hPAECs after inhibition of BMP9 activity in fetal bovine serum with a neutralizing anti-BMP9 antibody. hPAECs were
grown in endothelial basal medium with 2% fetal bovine serum and treated with IgG control or anti-BMP9 antibody (both at 20 pg/ml) for 3 hours
(for TEK) or 5 hours (for AQP1 and KDR) before cells were harvested for RNA extraction and quantitative RT-PCR analysis. N= 5. (D) BMP9
treatment suppresses VEGFR2 total proteins. Serum-starved hPAECs were treated with pro-BMP9 (0.4 ng/ml GF-domain concentration) for 5 hours
(N=6). Three independent treatments were run on the same Western blot and are shown. Quantification was performed using ImageJ (Wayne
Rasband, National Institutes of Health), and loading was corrected by B actin controls. Changes upon BMP9 treatment relative to PBS controls
were calculated and shown as means = SEMs. A two-tailed Wilcoxon test was used. (E) BMP9 regulates AQP1, KDR and TEK expressions in
human pulmonary microvascular endothelial cells (hPMECs). (F) In hPMECs, anti-BMP9 treatment leads to enhanced apoptosis measured using
Caspase 3/7 Glo assay. (G) Anti-BMP9 treatment in hPMECs causes enhanced monolayer permeability measured by HRP-Transwell assay as
described previously (8). For B, C, E, F, and G, means = SEMs are shown, and two-tailed Mann-Whitney tests were used. *P<0.05 and **P<0.01.
adj. = adjusted; B2M = B,-microglobulin; BMPR2 = BMP receptor type 2; FC = fold change; GF = growth factor; HRP = horseradish peroxidase;
MW = molecular weight; PBS = phosphate-buffered saline.
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Figure 3. BMP9 (bone morphogenetic protein 9) prevents vascular leak and lung injury in inhaled LPS-challenged mice and involves TEK (Tie2)
and KDR (VEGFR2). (A) Representative images of hematoxylin and eosin-stained lung tissues. Mice were challenged intranasally with LPS (at
20 pg/mouse) for 24 hours before lungs were harvested for immunohistological examination. Scale bars, 100 uM. (B) BMP9 prevented vascular
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hPMEC: led to enhanced apoptosis (Figure
2F) and increased permeability (Figure 2G)
compared with IgG treatment. Knockdown
of BMPR2 by siRNA reversed the protection
by BMP9 from LPS-induced leak in the
hPMEC monolayer (Figure E3C). Consistent
with these observations, we also observed
loss of VE-cadherin junctions when hPAECs
were treated with anti-BMP9 antibody
(Figure E4). Together, these data strongly
support a role of BMP9 signaling in
protecting endothelial cell-membrane
integrity and barrier function.

Exogenous BMP9 Protects Mice from
ALl in Response to Inhaled LPS

Acute inhalation of LPS initiates epithelial-
cell damage and causes lung vascular
hyperpermeability and injury. To further
explore the potential therapeutic value of
BMP9 (8), we questioned whether
administration of exogenous BMP9 prevents
ALI in such a murine model. As expected,
inhalation of LPS led to pulmonary
inflammation and congestion (Figure 3A)
and increased lung vascular permeability
measured by extravasation of EB dye (Figure
3B). All of these features were completely
prevented by pretreating mice with BMP9.
The degree of lung injury was scored
following the recommendation of the
American Thoracic Society workshop report
(27) (Figure 3C), and the number of
neutrophils extravasated into alveoli were
counted (Figure 3D). Supplementation of
BMP9 resulted in a complete protection
against LPS-induced lung injury and
neutrophil extravasation. Interestingly, in
this model, plasma concentrations of NE
(neutrophil elastase) were also elevated after
LPS treatment, and this increase was
prevented in the BMP9-pretreated animals
(Figure 3E), suggesting an antiinflammatory
role of BMP9. To confirm target
engagement, we measured the changes in
BMP9-regulated genes in the lung. As
expected, administration of BMP9 led to an
enhancement in BMP signaling, as evidenced
by the elevated mRNA expression of the
BMP?9 target genes Id1 and Bmpr2 (Figures
3F and 3G). Of note, consistent with the
results from in vitro studies (Figure 2), the
expression of Tek was significantly reduced
after LPS challenge and was restored by
BMP9 treatment (Figure 3H). Furthermore,
LPS treatment led to a twofold increase in the
expression of Kdr, which was completely
prevented by pretreatment with BMP9
(Figure 3I).

Plasma BMP9 Is Suppressed during
Endotoxemia

Given that both depletion and
supplementation of BMP9 impact lung
vascular permeability, we questioned
whether circulating BMP9 protein is
reduced per se in the setting of systemic
inflammation in humans and mice.
Eighteen hours after intraperitoneal LPS
administration, mice exhibited a systemic
inflammatory response, as evidenced by a
reduction in platelet numbers and an
increase in alveolar neutrophil counts
(Figures E5A and E5B). Concentrations of
NE were significantly elevated in both
plasma and BAL fluid (Figures E5C and
E5D). As hypothesized, circulating
concentrations of BMP9 were markedly

decreased in this murine model (Figure 4A).

To further delineate changes in the
endogenous BMP9 during inflammation, we
performed a time-course study to track the
mRNA and protein changes in BMP9 after
the onset of endotoxemia in mice. Plasma
BMP9 concentrations decreased from 6
hours after LPS exposure and continued to
fall at the 24-hour time point (Figure 4B).
Hepatic Bmp9 mRNA were suppressed by
around 80% at 3 hours after LPS exposure
(Figure 4C) but returned to control values by
18 hours, despite the continued reduction in
plasma BMP9 protein concentrations at
these time points. As comparators, we
measured liver mRNA for IL-6 to monitor
the inflammatory response, and BMP6,
another BMP known to be expressed in the
liver (28). There was a sharp increase in II6
mRNA at 45 minutes after LPS
administration, which fell at 3 hours and
returned to baseline at 18 hours (Figure 4D).
Bmp6 mRNA was reduced to ~60% of that
in the control animals by 3 hours and
remained suppressed throughout the 24-
hour period (Figure 4E). These comparators
confirm that the transient reduction of Brmp9
mRNA is unique to BMP9 and is not due to
the global suppression and recovery of
mRNA synthesis in the liver.

Because the continued reduction in
plasma BMP9 during mouse endotoxemia
could not be explained fully by the changes in
hepatic Brmp9 mRNA alone, we investigated
whether BMP9 might also be degraded by
plasma proteases. Inflammation leads to the
activation of neutrophils, which release large
amounts of proteases, especially elastase (29);
we therefore investigated whether LPS
challenge causes changes in circulating NE
concentrations. Compared with PBS-treated
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control animals, administration of LPS caused
a 10-fold increase in the plasma elastase
concentration at 45 minutes and an 80-fold
increase at 24 hours (Figure 4F). Because AAT
(alpha-1 antitrypsin) is the major NE inhibitor
in plasma (30), we also measured AAT liver
mRNA and plasma protein concentrations.
AAT mRNA were largely unchanged over the
first 6 hours but decreased to about 50% of
those in control animals at 18 and 24 hours
(Figure E6A). Using an ELISA that specifically
detects the native and active form of AAT
(Figure E6B) (31), we observed that plasma
concentrations of AAT were largely
unchanged throughout the 24-hour time
course after LPS challenge (Figure 4F). This
indicated that the 80-fold increase in NE
protein concentrations was not counteracted
by a similar fold increase in this endogenous
inhibitor, leading to an imbalance favoring
heightened elastase activity during
endotoxemia. To examine whether circulating
BMP9 are reduced in patients with systemic
inflammatory response syndrome (SIRS) and
sepsis, plasma BMP9 concentrations were
measured in 10 patients with SIRS and 10
patients with sepsis, all sampled within 72
hours of admission to the MICU, and 10 age-
and sex-matched healthy control subjects. The
clinical characteristics and the demographics
of the subjects are summarized in Table E6
and are notable for the presence of positive
microbiological culture results and an
increased reliance on vasopressors for blood-
pressure support in the patients with sepsis
compared with the other groups. Importantly,
plasma BMP9 concentrations were
significantly reduced in patients with SIRS and
further reduced in patients with sepsis,
compared with those in healthy control
subjects (Figure 4G).

BMP9 Is a Substrate for NE

Finally, we sought to confirm whether BMP9
can be cleaved by NE. Using purified
recombinant proteins, pro-BMP9 can be
cleaved efficiently by NE, despite being
highly resistant to trypsin digestion (Figure
5A). Next, we questioned whether NE in
plasma could contribute to BMP9 cleavage,
as primed circulating neutrophils (with
increased capacity for systemic
degranulation) were identified in patients
with ARDS (32), activated neutrophils
release a number of proteases on
degranulation (29), and significantly higher
concentrations of NE were found in plasma
from endotoxemic mice (Figure 4F). Purified
human peripheral-blood neutrophils were
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Figure 4. Endogenous BMP9 (bone morphogenetic protein 9) is reduced in endotoxemic mice and patients with sepsis. (A) Circulating BMP9
concentrations are significantly reduced in a murine endotoxemia model. Mice were treated with 2 mg/kg of LPS intraperitoneally for 18 hours
before plasma samples were taken for BMP9 measurement (N = 12). Data are shown as means = SEMs. A two-tailed unpaired f test was used.
(B) Dynamic changes in circulating BMP9 after LPS-induced inflammation. Mice were treated with 2 mg/kg of LPS intraperitoneally and killed
at 0, 0.75, 3, 6, 18, and 24 hours (N =6 per group). Three animals were treated with PBS at each time point and used as control animals.
Concentrations of BMP9 in plasma were measured by ELISA, normalized to controls. (C-E) Dynamic changes of liver mRNA expression relative
to controls after LPS challenge. Data were analyzed using the AACt method, using RPL32 as the housekeeping gene. (F) Changes in plasma
elastase (red line) and AAT (alpha-1 antitrypsin; black line) protein concentrations relative to controls during endotoxemia. The actual control
value for AAT is 3.44 = 0.09 mg/ml, and the actual control value for elastase is 128.6 + 26.8 ng/ml. (G) Plasma BMP9 concentrations from
patients with SIRS or sepsis are significantly lower than those from healthy control subjects. In measurements for B-G, means *= SEMs are
shown, and one-way ANOVA and the Dunnett post hoc test against controls were used. *P<0.05, **£<0.01, ***P<0.001, and ****P< 0.0001.
PBS = phosphate-buffered saline; SIRS = systemic inflammatory response syndrome.
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fMLP as described previously (29). (C and D) NE is the major protease cleaving pro-BMP9 in the activated neutrophil supernatant. Pro-BMP9 was
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Pl = protease inhibitors.
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activated in vitro to degranulate and release
proteases into the culture supernatant as
described previously (29) (Figure 5B). Pro-
BMP9 was incubated with supernatants
derived from activated neutrophils, in the
presence or absence of a panel of protease
inhibitors. Activated neutrophil supernatants
cleaved BMP9 effectively, and this process
was blocked by AAT and sivelestat, a
selective NE inhibitor (Figures 5C and 5D),
but was not blocked by the chelating agent
ethylenediaminetetraacetic acid, suggesting
that metalloproteases do not play a role.
Taken together, these findings suggest that
NE contributes to BMP9 cleavage in the
setting of inflammation.

Discussion

The present study provides evidence that
endogenous BMP9 is an important
protective factor for the pulmonary vascular
endothelium that is downregulated during
inflammation. Selective inhibition of
circulating BMP9 induced heightened lung
vascular leak. Such a finding is consistent
with reports that ALK1-Fc, a ligand trap of
BMP9, causes peripheral edema as a
common side effect in clinical trials (33, 34).
In addition, loss of the major type 2 receptor
for BMP9, BMPR-2, promotes endothelial
permeability and contributes to the
development of pulmonary arterial
hypertension (8, 35). Because ALK1 is
particularly highly expressed on the lung
vascular endothelium (7), we speculate that
the pulmonary circulation is particularly
dependent on the ALK1-mediated BMP9
signaling to maintain barrier function.
Emerging roles of BMP signaling in
vascular biology, particularly in endothelial
cells, have been recognized and reviewed
recently (36). There may be important
context-specific differences in the roles of
specific BMPs in the regulation of
endothelial-barrier function. For example,
there is evidence that specific BMPs,
including BMP2, BMP4, and BMP6 (37-39),
destabilize endothelial-cell junctions to
increase vascular permeability. On the other
hand, recombinant BMP2 and BMP4 have
also been shown to play a protective role in
endotoxin-induced ALI (40, 41). BMP 2, 4,
and 6 must act through mechanisms
different from those of BMP9 because only
BMP9 and BMP10 signal specifically through
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the ALK1-mediated pathway in vascular
endothelial cells.

The circulating form of BMP9 at
physiological concentrations regulates the
transcription of gene sets highly associated
with the plasma membrane and extracellular
space. This is consistent with previous
findings either using BMP9-treated human
dermal microvascular endothelial cells (42)
or comparing wild-type with Bmpr2<ockout
endothelial cells (43). Among the BMP9-
regulated genes are three receptors
controlling critical pathways involved in
endothelial permeability. Importantly, we
show that in vivo, the protection by BMP9
against lung vascular leak in a murine ALI
model was associated with the preservation
of TEK and KDR expression in the LPS-
exposed lungs. The effect of VEGF signaling
via VEGFR2 to induce vascular leak has been
extensively studied (44). Consistent with a
role for Tie2, increased expression of
angiopoietin 2 was found in the retina of
neonatal mice receiving anti-BMP9 and anti-
BMP10 antibodies (45). AQP1 regulates
osmotically driven water transport across
microvessels in adult lungs and facilitates
hydrostatically driven lung edema (46).
Decreased pulmonary vascular permeability
has been described in AQPI-null humans
(47), and AQPI expression is increased in the
capillary endothelium of alveoli from
patients with ARDS (48).

It is interesting to note the inverse
correlation of circulating BMP9 and elastase
concentrations in the onset of endotoxemia
in mice and to note that BMP9 is a direct
substrate of NE in vitro despite its being
highly resistant to trypsin digestion. Further
experiments are needed to show BMP9
cleavage by NE in vivo. This could be
challenging because we show here that NE is
a major protease but not the only serine
protease released by neutrophils that has the
ability to cleave BMP9 (Figures 5C and 5D);
therefore, elastase inhibition alone may not
be enough to rescue BMP9 in the circulation.
A direct detection of elastase-cleaved BMP9
fragments in vivo would be more
informative; however, this is difficult because
of the presence of very low concentrations of
BMP?9 in the circulation (200-400 pg/ml).

LPS challenge causing a temporary
downregulation in BMP9 mRNA in the liver
is consistent with a previous report that
BMP9 expression is transiently reduced in
three models of acute liver damage (49).
Interestingly, in another study examining the

changes of BMP signaling pathways after
acute LPS challenge, a similar transient
downregulation of Smad1/5
phosphorylation, Id1 proteins, and Bmp4
mRNA was observed in the lung tissue (50).

We previously reported that BMP9
enhances LPS-induced leukocyte recruitment
to the vascular endothelium (51). This effect
was observed with higher concentrations of
BMP?9 that likely activate the ALK2 receptor
(52). The present study used lower
concentrations of BMP9, and data in this
study are consistent with the results reported
by Burton and colleagues (35) and Long and
colleagues (8). Because BMP9 can signal
through both the high-affinity receptor
ALK]1 and the low-affinity receptor ALK2,
our overall results suggest that restoration of
BMP?9 to the physiological-concentration
range will promote BMP9 to signal through
the ALK1-mediated pathway and exert
beneficial antiinflammatory and endothelial-
protective effects.

Microvascular leak has now been
recognized as a major contributor to septic
shock and is associated with increased
morbidity and mortality; as yet, there is no
pharmacological drug available that targets
this process (53). Restoration of endothelial
integrity has been shown to increase survival
in three different animal models of systemic
inflammation (54). Our study identifies a
new and unexpected essential role for
endogenous BMP9 in the maintenance of
endothelial-barrier function under
physiological conditions and demonstrates
that circulating BMP9 are reduced in patients
with sepsis and in a murine endotoxemia
model. Importantly, administration of BMP9
protects against lung vascular leak in a
murine ALI model. Taken together, these
findings support the exploration of BMP9 as
a biomarker as well as a potential therapy
for the prevention of vascular permeability
and lung injury associated with sepsis
and ARDS.
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