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Subject descriptor: 4.1 ALI/ARDS: Biological Mechanisms

Short summary:
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, secreted from the liver, might protect the pulmonary endothelium from
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injury. For example, loss of BMP9 levels or its signalling 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
BMPO leads to lung vascular injury, including enhanced endothelial permeability and neutrophil
extravasation. BMP9 levels 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.

Total word count: 3499 words

This article has an online data supplement.
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ABSTRACT

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

Objective: To determine whether endogenous BMP9 plays a role in preserving pulmonary
endothelial integrity, and whether loss of endogenous BMP9 occurs during lipopolysacharride
(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. 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 endotoxemic mice.

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 (N=6). In pulmonary endothelial cells, BMP9
regulated transcriptome pathways implicated in vascular permeability and cell membrane
integrity. Augmentation of BMP9 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 BMP9
levels were markedly reduced, due to a transient reduction in hepatic BMP9 mRNA expression
and increased elastase activity in plasma. In human sepsis patients (N=10), circulating levels of

BMP9 were also markedly reduced (P<0.0001).
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Conclusions: Endogenous circulating BMP9 is a pulmonary endothelial protective factor, down-
regulated during inflammation. Exogenous BMP9 offers a potential therapy to prevent increased
pulmonary endothelial permeability in lung injury.

(Word count: 245/250)

Keywords:

BMP9, BMP signalling in endothelial cells, Pulmonary endothelium, Lung injury
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INTRODUCTION

Endothelial dysfunction, inflammation and increased capillary permeability play central roles
in the pathobiology of sepsis and the acute respiratory distress syndrome (ARDS)(1). Previous
studies have identified important signaling pathways and protein-protein interactions within
inter-endothelial 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.

Bone morphogenetic protein 9 (BMP9) is a member of the transforming growth factor 3 (TGFp)
family that signals selectively in endothelial cells via a receptor complex comprising the high
affinity type 1 BMP receptor activin receptor-like kinase 1 (ALK1), and the type 2 BMP receptors,
BMP receptor type Il (BMPRII) or activin receptor type 2A(3-5). ALK1 is expressed almost
exclusively on endothelial cells(6), and its expression is 10 to 200-fold higher in lung compared
to other tissues, indicating a particular role for ALK1-mediated signaling in homeostasis of the
pulmonary endothelium(7). We previously show 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 following 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 maintainence

of endothelial barrier function have not been investigated.
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BMP9 is synthesized predominantly in the liver(10), circulates at levels 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 (PAH)(12-15) and result in reduced
circulating levels of BMP9. Furthermore, reduced levels of plasma BMP9 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 BMP9 signaling in the pulmonary endothelium, we sought
to determine whether endogenous BMPO 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).

MATERIALS AND METHODS

Human Samples. Human plasma samples were obtained from a prospectively enrolled cohort
of patients admitted to the adult medical intensive care unit (MICU) Registry of Critical Illness,
and 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 carried out in accordance with the Home Office
Animals (Scientific Procedures) Act 1986 and approved under Home Office Project Licences

80/2460 and 70/8850 to N.W.M and and PPL 7007884 to S.N.
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Murine endotoxemia studies. Mice were injected intraperitoneally with 2 mg/kg LPS or
vehicle. After the length of time as specified in figure legends, mice were sacrificed using
ketamine (100 mg/kg) and xylazine (10 mg/kg). Detailed tissue harvests and measurements can
be found in the online data supplement. N=6 for each time point in LPS-treated groups. For PBS-
treated controls, 3 animals were included at 0, 6, 18 and 24 hours respectively, and pooled for
the final analysis (final N=12 in PBS-treated group).

BMP9 ELISA. BMP9 ELISA was carried out as described previously(13, 16).

Anti-BMP9 treatment in mice. Mice were injected intraperitoneally with 5 mg/kg 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 (LPS1) or 3 mg/kg (LPS2) (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 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/qPCR
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. Results
are shown as means + SEM. Statistical significance was analyzed by two-tailed non-parametric
tests or One-way ANOVA as indicated in figure legends. Values of P < 0.05 were considered

significant.
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Expanded Materials and Methods can be found in the online data supplement. Microarray data

have been deposited to Gene Expression Omnibus, with the accession number of GSE118353.

RESULTS

Inhibition of endogenous BMP9 increases lung vascular permeability and neutrophil
extravasation

Following the protocol shown in Figure 1A, mice treated with anti-BMP9 antibody exhibited
significantly higher levels of EB dye in their lungs compared with mice treated with control IgG
(Figure 1B), although EB leak was only observed in the higher LPS dose group (Figure 1B, LPS2).
Histology 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 ID1 gene expression in hPAECs(10, 24, 25). Indeed, plasma from anti-BMP9 treated
animals showed reduced BMP activity, as evidenced by significantly lower ID1 mRNA induction
compared with plasma from IgG-treated controls (Figure 1F).

To evaluate whether the effect of anti-BMP9 is specific to the pulmonary vasculature, we
performed intravital microscopy 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 TRITC-Dextran from post-capillary venules of the cremaster muscle
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compared with the IgG control group (Figure E1 A-C). The rapidity and magnitude of this
response were similar to that induced by histamine (Figure E1 D). 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 the prodomain-bound form of BMP9 (pro-BMP9) which is the circulating
form(11), ata concentration representative of those measured in healthy human plasma(16, 26),
and exposed hPAECs for 5 hours. Using a threshold adjusted P-value of 0.05 as a cutoff, BMP9
upregulated the expression of 30 genes and downregulated 85 genes (Table E1&E2). However,
the continuum changes in the adjusted P-values for both up- and down-regulated 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 TGFp signaling , cytokine-
cytokine receptor interaction and Rap1 signaling (Table E3&E4). Cellular component gene
ontology (GO) 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 BMPRZ and ID1(3) (Figure 2A). Of the genes known to regulate endothelial
permeability, pro-BMP9 treatment down-regulated AQP1 (encoding aquaporin-1) and KDR
(encoding VEGFR2), and up-regulated TEK (encoding Tie2) (Figure 2A), which were further
validated by RT-qPCR analysis (Figure 2B).

Next we performed the converse experiments by selectively neutralizing BMP9 in serum from

FBS-containing endothelial growth media. Reciprocal changes in gene expression, i.e. a
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significant increase in AQP1 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
VEGFR2 protein levels (Figure 2D). AQP1 expression in cultured PAECs was too low to be
robustly detected by western blotting.

Since 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-BMP9 signalled more potently in hPMECs (ECs
= 7.2 £ 1.5 pg/ml) compared with hPAECs (ECsy = 81 + 23 pg/ml, Figure E3A), and robustly
induced known BMP9-target genes such as ID1 and BMPRZ (Figure E3B). BMP9 treatment also
suppressed AQP1 and KDR expression, and induced TEK expression in hPMECs (Figure 2E).
Functionally, anti-BMP9 treatment in PMECs led to enhanced apoptosis (Figure 2F) and
increased permeability (Figure 2G) compared with IgG-treated controls. Knockdown of BMPRZ2
by siRNA reversed the protection by BMP9 from LPS-induced leak in PMEC 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). Taken together, these data strongly
support a role of BMP9 signaling in protecting endothelial cell membrane integrity and barrier

function.

Exogenous BMP9 protects mice from ALI 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
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these features were completely prevented by pre-treating 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 BMPO resulted in a complete protection against LPS-induced
lung injury and neutrophil extravasation. Interestingly, in this model, plasma levels of neutrophil
elastase were also elevated following LPS-treatment and this increase was prevented in the
BMP9 pre-treated animals (Figure 3E), suggesting an anti-inflammatory 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 BMP9 target genes Id1 and Bmpr2 (Figure 3F&G). Of note,
consistent with the results from in vitro studies (Figure 2), the expression of Tek (TieZ) was
significantly reduced following LPS challenge, and restored by BMP9 treatment (Figure 3H).
Furthermore, LPS treatment led to a 2-fold increase in expression of Kdr (VEGFR2), which was

completely prevented by the pre-treatment with BMP9 (Figure 3I).

Plasma BMP9 is suppressed during endotoxemia

Given that both depletion or supplementation of BMP9 impacts lung vascular permeability, we
questioned whether circulating BMP9 levels are 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 (Figure E5 A&B). Concentrations of
neutrophil elastase were significantly elevated in both plasma and bronchoalveolar lavage fluid
(BALF, Figure E5 C&D). As hypothesized, circulating levels of BMP9 were markedly decreased in

this murine model (Figure 4A).
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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 following the onset of
endotoxemia in mice. Plasma BMP9 levels decreased from 6 hours after LPS exposure and
continued to fall at the 24-hour time point (Figure 4B). Hepatic Bmp9 mRNA levels were
suppressed by ~80% at 3 hours post LPS exposure (Figure 4C), but returned to control values
by 18 hours, despite the continued reduction in plasma BMP9 levels at these time points. As
comparators, we measured liver mRNA levels 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
116 mRNA at 45 minutes after LPS administration, which fell at 3 hours and returned to baseline
levels at 18 hours (Figure 4D). Bmp6 mRNA was reduced to ~60% of the control levels by 3
hours and remained suppressed throughout the 24 hour period (Figure 4E). These comparators
confirm that the transient reduction of Bmp9 mRNA levels is unique for BMP9 and not due to the
global suppression and recovery of mRNA synthesis in the liver.

Since the continued reduction in plasma BMP9 during mouse endotoxemia could not be
explained fully by the changes in hepatic Bmp9 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 neutrophil elastase (NE) levels. Compared
with PBS-treated control animals, administration of LPS caused a 10-fold increase in plasma
elastase concentration at 45 minutes, and an 80-fold increase at 24 hours (Figure 4F). Because
al-antitrypsin (AAT) is the major NE inhibitor in plasma(30), we also measured AAT liver mRNA
and plasma protein levels. AAT mRNA levels were largely unchanged over the first 6 hours but
decreased to about 50% of controls at 18 and 24 hours (Figure E6 A). Using an ELISA that
specifically detects the native and active form of AAT (Figure E6 B)(31), we observed that plasma

levels of active AAT were largely unchanged throughout the 24-hour time course following LPS
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challenge (Figure 4F). This indicated that the 80-fold increase in NE levels 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 levels
are reduced in patients with systemic inflammatory response syndrome (SIRS) and sepsis,
plasma BMP9 levels were measured in 10 patients with SIRS, 10 patients with sepsis, all sampled
within 72 hours of admission to the MICU, and 10 age- and sex-matched healthy controls. The
clinical characteristics and the demographics of the subjects are summarized in Table E6 and
are notable for the presence of positive microbiology cultures and an increased reliance upon
vasopressors for blood pressure support in the sepsis patients compared with the other groups.
Importantly, plasma BMP9 levels were significantly reduced in patients with SIRS and further

reduced in sepsis, compared with healthy controls (Figure 4G).

BMP9 is a substrate for neutrophil elastase

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, since primed circulating neutrophils (with increased capacity for systemic
degranulation) were identified in ARDS patients(32), activated neutrophils release a number of
proteases upon degranulation(29), and significantly higher levels of NE were found in plasma
from endotoximic mice (Figure 4F). Purified human peripheral blood neutrophils were 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 (PI). Activated
neutrophil supernatants cleaved BMP9 effectively and this process was blocked by AAT and

sivelestat, a selective NE inhibitor (Figure 5 C&D), but not by the chelating agent EDTA,
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suggesting that metalloproteases do not play a role. Taken together these findings suggest that

NE contributes to BMP9 cleavage in the settting of inflammation.

DISCUSSION

The present study provides evidence that endogenous BMP9 is an important protective factor
for the pulmonary vascular endothelium that is down-regulated 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-II, promotes endothelial permeability and contributes to the development of
PAH(8, 35). Since ALK1 is particularly highly expressed on lung vascular endothelium(7), we
speculate that the pulmonary circulation is particularly dependent on BMP9/ALK1 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 different mechanisms to BMP9 since only BMP9 and BMP10 signal
specifically through 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 versus Bmpr2-kncokout endothelial cells(43). Among the BMP9-regulated
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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 AQP1 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 that BMP9 is a direct substrate of NE in vitro despite it
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 but
not the only serine protease released by neutrophils that has the ability to cleave BMP9 (Figure
5C&D), therefore elastase inhibition alone may not be enough to rescue BMP9 levels in the
circulation. A direct detection of elastase-cleaved BMP9 fragments in vivo would be more
informative, however, this is difficult due to the presence of very low concentrations of BMP9 in
the circulation (200-400 pg/ml).

LPS challenge causing a temporary down regulation 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 down-regulation of Smad1/5 phosphorylation, I[d1

proteins and Bmp4 mRNA was observed in the lung tissue(50).
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We previously reported that BMP9 enhances LPS-induced leukocyte recruitment to the vascular
endothelium(51). This effect was observed with higher concentrations of BMP9 that likely
activates 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 et al(35) and Long et al(8) .
Since BMP9 can signal through both the high affinity receptor ALK1 and the low affinity receptor
ALK2, our overall results suggest that restoration of BMP9 levels to the physiological
concentration range will promote BMP9 to signal through the ALK1-mediated pathway and
exert beneficial anti-inflammatory 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
BMPO levels are reduced in sepsis patients 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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FIGURE LEGENDS:

Figure 1. Neutralizing endogenous BMP9 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. Left, representative images of the lungs,
showing the Evans Blue (EB)-stained lungs from LPS and anti-BMP9 treated animals. Right,
quantification of EB content in the lungs. N=6 per group. (C&D) Anti-BMP9 treatment leads to
an increase in the perivascular adventitial area, similar to LPS-treatment (black arrows). (C)
Representative pictures of H&E stained lung section. Scale bars = 100 uM. (D) Adventitial area
in 20 random high-power field (HPF), with its correlation to the EB content in the lung shown
on the right; Spearman’s correlation test. (E) Anti-BMP9 treatment increases alveolar neutrophil
counts, revealed by myeloperoxidase staining. Scale bars = 50 uM. The counts were the mean of
six random HPF per animal. (F) BMP9 activity in plasma measured by IDI-gene induction in
hPAECs. Serum-starved hPAECs were treated with 1% plasma samples for 1 hour before cells
were harvested for RT-qPCR analysis of ID1 gene induction. The operator was blinded to the
treatment samples. For all panels, data are shown as means + SEM. Two-tailed, Mann-Whitney
test, LPS treatment comparing with PBS-treated controls, and anti-BMP9 comparing with IgG-

treated controls. *, P < 0.05; **,P < 0.01; *** P < 0.001; n.s., not significant.

Figure 2. BMP9 signaling regulates genes involved in endothelial cell integrity. (A) A
volcano plot of microarray transcriptional analysis of BMP9 regulated genes. Serum-starved
hPAECs were treated with 0.4 ng/ml (GF-domain concentration) pro-BMP9 for 5 hours before
cells were harvested for microarray analysis using Human Gene 2.1 ST array. Four independent
hPAEC lines were used. Data were processed using package Oligo in R (55), normalized using
Robust Multichip Analysis (RMA)(56), and comparisons were performed using the limma

package (57). Resulting P-values were corrected for multiple testing using False Discovery Rate
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(FDR)(58). Hits with adjusted P-values of less than 0.05 are shown in red. (B) Validation of
microarray results using RT-qPCR. BMP9 signaling regulates mRNA expression of AQPI
(Aquaporinl), KDR (VEGFR2) and TEK (Tie2) in hPAECs. N=5. (C) Changes of gene expression in
hPAECs after inhibition of BMP9 activity in FBS with a neutralizing anti-BMP9 antibody. PAECs
were grown in endothelial basal medium with 2% FBS, 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 qPCR 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 shown. Quantification was performed using Image] and loading corrected by 3
actin controls. Changes upon BMP9-treatment relative to PBS controls were calculated and
shown as means + SEM. Two-tailed Wilcoxon test. *, P < 0.05. (E) BMP9 regulates AQP1, KDR
and TEK expressions in human pulmonary microvascular endothelial cells (hPMECs). (F) In
hPMEC s, 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 and E-G, means + SEM are shown,

two-tailed, Mann-Whitney test, *, P < 0.05; **, P < 0.01.

Figure 3. BMP9 prevents vascular leak and lung injury in inhaled LPS-challenged mice
involves TEK and KDR. (A) Representative images of H&E-stained lung tissues. Mice were
challenged intranasally with LPS (at 20 ug/mouse) for 24 hours before lungs were harvested for
immunohistological examination. (B) BMP9 prevented vascular leak measured by EB retained
in the lungs. (C) BMP9 protected ALI induced by inhaled LPS. Lung injury scores were based on
20 HPF per animal as per protocol from the American Thoracic Society Workshop report

(27)(More details can be found in the Extended Methods in the online supplement). (D)
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Administration of BMP9 prevented the extravasation of neutrophils into the alveolar space.
Neutrophils were counted from the H&E-stained slides based on the shape of the cells and nuclei.
(E) Administration of BMP9 prevented the increase of plasma elastase after inhaled LPS-
challenge. (F-I) Lung mRNA expression measured by qPCR. RPL32 was used as the house-
keeping gene. The operator was blinded to the treatment in this experiment. For all panels,
means + SEM are shown, one-way ANOVA, Tukey’s post test. *, P < 0.05; ** P < 0.01; *** P <

0.001; ****, P <0.0001.

Figure 4. Endogenous BMP9 is reduced in endotoxemia mice and sepsis patients (4)
Circulating BMP9 levels are significantly reduced in murine endotoxemia model. Mice were treated
with 2 mg/kg LPS intraperitoneally for 18 hours before plasma were taken for BMP9
measurement. N=12, Data are shown as means + SEM. Two-tailed, unpaired t-test, ****, P <
0.0001. (B) Dynamic changes in circulating BMP9 after LPS-induced inflammation. Mice were
treated with 2 mg/kg LPS intraperitoneally and sacrificed 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 controls.
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 house keeping gene. (F) Changes in plasma
elastase (red line) and AAT (black line) protein levels relative to controls during endotoxemia. The
actual control value for AAT is 3.44 = 0.09 mg/ml, for elastase is 128.6 + 26.8 ng/ml. (G) Plasma
BMP9 concentrations from SIRS and sepsis patients are significantly lower than those from healthy
controls. In measurement B to G, means + SEM are shown, one-way ANOVA, Dunnett’s post test

against controls, *, P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure 5. BMP9 is a substrate for neutrophil elastase. (4) BMP9 is a direct substrate of elastase.
Purified pro-BMP9 was incubated with recombinant human neutrophil elastase (HNE) or
trypsin at indicated concentration (% w/w) in PBS overnight and the mixture was fractionated
by SDS-PAGE under reducing conditions and visualized by Coomassie Blue Staining. P:
prodomain. (B) A schematic diagram illustrating the generation of supernatants from activated
neutrophils. Neutrophils were isolated from the peripheral blood of healthy volunteers,
incubated under hypoxia for 4 hours before priming with GM-CSF and activation with fMLP as
described previously (29). (C&D) Neutrophil elastase is the major protease cleaving pro-BMP9 in
the activated neutrophil supernatant. Pro-BMP9 was incubated with the supernatant from
activated neutrophils in the presence or absence of a panel of protease inhibitors overnight and
the mixture fractionated by SDS-PAGE under reducing conditions and visualized by Coomassie
Blue Staining. A representative gel from 4 independent experiments is shown in (C, two parts of
the same gels are shown) and the quantification of BMP9 bands from 4 experiments in (D).

Means + SEM are shown, two-tailed, Mann-Whitney test. *, P < 0.05; ns, not significant.
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Figure 3
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Figure 5
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Endogenous BMP9 protects pulmonary vascular endothelium and is down-regulated
during inflammation
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ONLINE DATA SUPPLEMENT:

Expanded materials and methods

Table E1. List of genes that are up-regulated by pro-BMP9 following 5-hour treatment in PAECs.
Table E2. List of genes that are down-regulated by pro-BMP9 following 5-hour treatment in
PAECs.

Table E3. Summary of pathway analysis of BMP9-regulated protein-protein interaction (PPI)
network

Table E4. Summary of enriched pathways in hPAECs from pathway analysis of BMP9-
regulated PPI network

Table E5. Summary of enriched cellular component gene ontology analysis in hPAECs from
pathway analysis of BMP9-regulated PPI network

Table E6. Patient demographics and clinical parameters

Figure E1. Intravital confocal microscopy tracking the microvascular leak in vivo after
neutralizing endogenous BMP9.

Figure E2. BMP9 regulated genes are highly enriched on plasma membrane or extracellular
space.

Figure E3. BMP9 signaling in hPMECs.

Figure E4. Selective inhibiting BMP9 in endothelial growth media leads to a rapid loss of VE-
cadherin junctions in PAECs.

Figure E5. Murine model of endotoxemia induced by acute intraperitoneal LPS challenge.
Figure E6. The regulation of endogenous BMP9 during endotoxemia: additional AAT
measurement.
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Expanded materials and methods

Materials:

Male C57BL/6 mice (12 weeks old, ~25-30g) were purchased from Charles River and used for
all in vivo studies. Mouse elastase ELISA kit was purchased from Cloud-Clone Corp (Cat No.
SEA181Mu). Mouse al-antitrypsin ELISA kit was purchased from GenWay Biotech Inc (Cat No.
GWB-DB430D). Both mouse monoclonal (Cat No. MAB3209) and biotinylated goat polyclonal
(Cat No. BAF3209) anti-BMP9 antibodies, and IgG2B (MAB004) were purchased from R&D
Systems. Endothelial cell basal media (EBM-2) were purchased from Lonza or PromoCell; and
supplemented with a Bullet kit (Lonza) to obtain endothelial growth medium (EGM-2). All
plasmid and RNA purification kits were purchased from Qiagen. LPS was from Sigma Aldrich
(Cat No. L2630). Total blood count was carried out using the scil Vet ABC ™Hematology
Analyzer (Woodley Equipment Company LTD). Recombinant human neutrophil elastase was

purchased from AppliChem.

Expression and purification of pro-BMP9. Transfection and purification of pro-BMP9, which
is the circulating form and consists of the prodomain non-covalently complexed with the
growth factor domain (GF-domain), were achieved following previously described protocols (1,

2).

Observation and quantification of systemic microvascular leakage by intravital confocal
microscopy. Systemic microvascular leakage in vivo was assessed by tracking the tissue
infiltration of intravenously injected fluorescent Dextran in mouse cremaster muscles, as
observed by intravital confocal microscopy and previously detailed (3). Briefly, male C57BL/6]
mice (aged 6-8 weeks) were anaesthetized by inhalation of isoflurane (3% isoflurane in air)

and received an intrascrotal injection of a non-blocking anti-CD31 mAb conjugated with Alexa
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Fluor 647 (C390; eBioscience; 4 ug/mouse), a procedure that we have previously developed for
efficient in vivo labelling of vascular endothelial cells (3, 4). Mice were allowed to recover for 2
hours prior to receiving an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10
mg/kg) to induce terminal anaesthesia, and subsequently surgical exteriorization of the
cremaster muscle, as previously detailed (4). Tissues were observed using a Leica SP5 confocal
microscope incorporating a 20x water-dipping objective (NA 1.0) and postcapillary venules of
20-40 um diameter were selected for in vivo analysis of microvascular leakage. Images were
acquired every minute with sequential scanning of different channels at a resolution of 1,024 x
512 pixels in the Xy planes and 0.7 um steps in the z plane. After 5 minutes of baseline recording,
40 mg/kg TRITC-Dextran (molecular weight 65-85 kDa, Sigma-Aldrich) was injected
intravenously and allowed to circulate for a further 3 minutes. Following this, mice received i.v.
anti-BMP9 or IgG isotype control (both at 5 mg/kg) via the tail vein and recordings were made
for up to 1 hour. As a positive control, 100 uM histamine was prepared in warm Tyrode’s
solution and superfused over the cremaster muscle (2.25 pmoles) to elicit microvascular
leakage. Confocal image sequences of microvascular leakage were analyzed with IMARIS 4D
modeling software (Bitplane) and temporal accumulation of TRITC-Dextran in the interstitial
tissue was quantified by mean fluorescence intensity (MFI) of perivascular tissues (within 50

um of the venular wall) every minute.

Neutrophil elastase cleavage assay. Neutrophils were isolated from peripheral blood and
activated in vitro under hypoxia as described previously(5). Five pug of recombinant pro-BMP9
was incubated at room temperature overnight, in a final volume of 20 ul in PBS, containing 5 pl
of activated neutrophil supernatant (generated as described previously (5)) without or with

protease inhibitors. The mixture was separated on a 12% SDS-PAGE (NuPAGE, Invitrogen)
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under reducing conditions and visualized by Coomassie Blue staining. The band intensities of

BMP9 GF-domain were quantified using Image J.

Murine endotoxemia studies. Mice were injected intraperitoneally with 2 mg/kg LPS or
vehicle. After the length of time as specified in figure legends, mice were sacrificed using
ketamine and xylazine. Bronchoalveolar lavage fluid (BALF) was collected by injecting and
recovering 1 ml PBS via trachea. Blood for plasma preparation was taken via the inferior vena
cava. Liver and right lung were snap frozen for RNA extraction while the left lung was inflated
with a 1:1 mixture of saline and O.C.T. compound (Sakura, Zoeterwoude, Netherlands), fixed
with 4% paraformaldehyde in PBS before dehydration and paraffin embedding for

immunohistochemistry.

Measuring gene expression in mouse liver. Liver total mRNA was extracted using Qiagen
miRNeasy Mini kit following manufacturer’s instruction. After measuring the mRNA
concentration on a Nanodrop Spectrometer, 1 ng was included in the reverse transcription
reaction using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following
the manufacturer’s instruction. Quantitative PCR (QPCR) was carried out in 384 well plate on
a Quantstudio 6™ Real-Time thermal cycler (Applied Biosystems) and the relative expression
of target mRNA was normalized to Ribosomal Protein L32 (Rpl32) using the AACT method(6),
expressed as the fold-changes relative to PBS treated controls. The following forward and
reverse primers were used to amplify the corresponding mouse genes: ol-AT: 5’
GGCCATACCCATGTCTATCC-3’; 5 TTCACCACTTTTCCCATGAA-3’, Bmp9: 5’-
ACAACGGACAAATCGTCTACG-3; 5’- AGGATGTGCTTCTGAAAGGGG-3’. QuantiTect primers

(Qiagen) were used for mouse Bmp6 and I16.
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Haematoxylin and eosin (H&E) staining and lung injury scoring. Four pm mouse lung
sections were H&E stained and examined by light microscopy. Lung injury was scored
following the published guidelines (7). Briefly, 20 high power fields from each mouse H&E
slides were scored 0-2 for the following 5 parameters: A. Neutrophils in the alveolar space, B.
Neutrophils in the interstitial space, C. Hyaline membranes, D. Proteinaceous debris filling the
airspaces, E. Alveolar septal thickening. ALI scores were then calculated using the following
equation: Score = [(20 x A) + (14 xB) + (7 x C) + (7 x D) + (2 x E)]/(number of fields x 100).
Mice neutrophils were immunostained using rabbit-polyclonal anti-myeloperoxidase
(DakoCytomation, UK), Ilabelled using immunoperoxidase (Vectastain Elite, Vector
Laboratories) and 3,3-DAB to create a brown coloured reaction product as previously

described (8). All immune-histochemistry scorings were carried out in a blinded manner.

PAEC signaling assay for evaluating plasma BMP9 activity. Human PAECs were grown to
~80% confluence, serum-starved overnight in EGM-2 containing 0.1% FBS before treating with
1% mouse plasma. After 1 hour, cells were snap-frozen to stop the signaling and harvested for
mRNA analysis. RNA extraction, reverse transcription and qPCR analysis were carried out as
described above. The following primers were used for the qPCR reactions: human ID1: 5’-
CTGCTCTACGACATGAACGGC-3’, 5’-TGACGTGCTGGAGAATCTCCA-3’; human 2 microglobulin

(B2M): 5’-CTCGCGCTACTCTCTCTTTCT-3’, 5’-CATTCTCTGCTGGATGACGTG-3".

Pro-BMP9 signaling in hPAECs and microarray. For the microarray experiment, 4 different
lines of hPAECs were serum-starved overnight in EGM-2 containing 0.1% FBS before being
treated with pro-BMP9 (at 0.4 ng/ml of GF-domain concentration) for 5 hours. Cells were snap-
frozen and harvested for mRNA extraction and microarray analysis. Microarray experiments

were performed at Cambridge Genomic Services, using a human Gene 2.1 ST Array Plate
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(Affymetrix, Wooburn Green, UK) in combination with WT PLUS amplification kit (Affymetrix)
according to the manufacturer’s instructions. Following data processing using package Oligo in
R (9), normalization was carried out using Robust Multichip Analysis (RMA)(10), and
comparisons were performed using the limma package (11). The results were corrected for
multiple testing using False Discovery Rate (FDR)(12). Protein-protein interaction (PPI) and
enriched pathway analysis were performed using STRING (13). Validation of the target genes
identified by microarray were carried out by RT-qPCR. The following primers were used for the
qPCR reactions: human AQP1: 5TCTCAGGCATCACCTCCTCC-3’, 5’CGAGTTCACACCATCAGCCA-
3’; human KDR: 5’GATGCAGGAAACTACACGGTCA-3’, 5’TCCATAGGCGAGATCAAGGCT-3’; human
TEK: 5’GAAACATCCCTCACCTGCATTG-3’, 5’TTTCGCCCATTCTCTGGTCA-3’. Microarray data

have been deposited to Gene Expression Omnibus, with the accession number of GSE118353.

Anti-BMP9 treatment of hPAECs for qPCR. Human PAECs were cultured in EBM-2 containing
2% FBS for at least 20 hours before treatment with 20 pg/ml anti-BMP9 antibody (MAB3209,
R&D systems) or 20 ug/ml IgG2B (MAB004, R&D systems) for 3 or 5 hours. Cells were snap-
frozen to stop the signaling and harvested for mRNA analysis. RNA extraction, reverse

transcription and qPCR analysis were carried out as described above.

Apoptosis assay. Apoptosis assay was performed using Caspase-Glo 3/7 Assay System
(Promega, Cat. No. G8090). PMECs were seeded in triplicates at 10,000 cells per well in 96-well
cell culture plates overnight in EGM-2 containing 10% FBS. On the following day, cells were
incubated with 100 pl fresh endothelial basal medium (EBM-2) containing 2% FBS with
different treatment reagents: anti-BMP9 antibody (at 100 pg/ml), IgG (at 100 pg/ml), or vehicle
control (0.5%BSA in PBS). After 5 hours, cells were harvested by adding 100 pl substrate

reagent to each well. The plates were protected from light by foil and mixed at 400 rpm for 20
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min. 100 pl supernatant was transferred to a 96-well white wall plate and luminescence

changes were recorded in a microplate luminometer.

Permeability assay. PMECs were seeded at 1 x 105 cells per trans-well insert (Costar) in EGM-
2 with 10% FBS and incubated for 24 hours. On the next day, inserts were moved to a new
chamber with 2 % FBS in EBM-2, and the upper chamber medium were changed to 2 % FBS in
EBM-2 containing 20 nM HRP that was supplemented with anti-BMP9 antibody (at 100 pg/ml)
or IgG (at 100 pg/ml), along with a positive control (0.2 Unit/ml Thrombin) and a negative
control (an equal volume of medium). At 10 min, 15 ul medium from the lower chamber was
collected and transferred to a 96 well plate. 150 pl buffer containing HRP substrate (o-

phenylenediamine dihydrochloride) was added and the plate was read at 490 nm immediately.

siRNA knockdown and permeability assay. PMECs were seeded in six well plate (200k
cells/well) and cultured for 24 hours in EGM-2 supplement with 5 % FCS before transfection.
For siRNA transfection, cells were first incubated in Opti-MEM I for 1 hour and then transfected
with 10 nM siBMPRZ2, siCP or the transfection reagent DharmaFECT1 alone (DH1) in Opti-MEM
[ for 4 hours. The transfection medium was replaced with full growth medium and cells were
incubated for 24 hours before being seeded for functional assay. For permeability assay,
transfected cells were seeded at 0.2 million per transwell insert (Costar) and incubated for 48
hours in EGM-2 supplement with 5 % FCS before treatment. On the day of assay, cell medium
was changed to 0.1 % FCS basal medium and transfected cells were treated with or without 20
ng/ml pro-BMP9 for 30 min prior to LPS treatment (4 ng/ml) in the presence of 20 nM HRP as
described above. Three samples were taken from the lower chamber at 45 min and transferred
to 96 well plate for HRP activity reading as described above. Knockdown efficiency was

confirmed by qPCR using transfected cells that harvested on the day of the permeability assay.
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Anti-BMP9 treatment of hPAECs for VE-cadherin staining. PAECs were seeded at 110,000
cells/chamber onto collagen-coated BD FalconTM glass chamber slides (BD Biosciences, Oxford,
UK) and cultured for 48 hours prior to the treatment with 100 ug/ml of anti-BMP9 or IgG for
15 minutes. After the treatment the chamber slides were washed with PBS, fixed with methanol
and permeabilized with 0.5% Triton-X-100. Prior to staining cells were blocked with 0.5% BSA.
After blocking, cells were incubated with a mouse anti-human-CD144 (BD Biosciences, Oxford,
UK, cat.555661) followed by a goat anti-mouse Alexa-Fluor 488 secondary antibody (Life
Technologies, Glasgow, UK). Nuclei were counterstained using DAPI (Vectashield,
Peterborough, UK). Cells were viewed and photographed using a confocal microscope (Leica
TCS SP5) and images captured using Leica LAS AF software. For the quantification, Fiji software
(Fiji for Mac OS X, https://fiji.sc) was used. Fluorescence intensity was calculated as total
pixel/area above a threshold value of 85-90 using a single threshold value for all samples within
a same experiment. Fluorescence was calculated as mean of 4-12 for group in each experiment,
normalized to the total cell number (DAPI positive cells) in each image. Final quantifications

were obtained from three independent experiments.
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Table E1. List of genes that are upregulated by pro-BMP9 following 5-hour treatment in PAECs.
Microarray experiment is described in the Expanded Materials and Methods. Hits with adjusted P

values less than 0.05 are shown.

Gene assignment
NM_001130037
NM_014585

NM_000450
NM_001080396
NM_001159995
NM_001127217
NM_001002796
NM_001077397
NM_005810
NM_003856
NM_024420

NM_002165

NM_004101
NM_021071
NM_000963

NM_001204

NM_001040665
NM_001198999

NM_033425
NM_001080505
ENST00000322813
NM_000050
NM_001005474

AK290080

ENST00000424491
ENST00000310613
NM_001001323
NM_014911
NM_001256426
NM_006033

Gene name
ELMOD1
SLC40A1

SELE
FAM155A
NRG1
SMAD9
MCTP1
IRF2BP2
KLRG1
IL1IRL1
PLA2G4A

ID1

F2RL2
ART4
PTGS2

BMPR2

STEAP2
SEMA6D

DIXDC1
SHISA3
FAM214B
ASS1
NFKBIZ

HTR1B

MRPL30
SULT1B1
ATP2B1
AAK1
PDLIM5
LIPG

Description
ELMO/CED-12 domain containing 1

solute carrier family 40 (iron-regulated transporter),
member 1

selectin E

family with sequence similarity 155, member A
neuregulin 1

SMAD family member 9

multiple C2 domains, transmembrane 1

interferon regulatory factor 2 binding protein 2
killer cell lectin-like receptor subfamily G, member 1
interleukin 1 receptor-like 1

phospholipase A2, group IVA (cytosolic, calcium-
dependent)

inhibitor of DNA binding 1, dominant negative helix-
loop-helix protein

coagulation factor Il (thrombin) receptor-like 2
ADP-ribosyltransferase 4 (Dombrock blood group)

prostaglandin-endoperoxide synthase 2
(prostaglandin G/H synthase and cyclooxygenase)

bone morphogenetic protein receptor, type Il
(serine/threonine kinase)

STEAP family member 2, metalloreductase

sema domain, transmembrane domain (TM), and
cytoplasmic domain, (semaphorin) 6D

DIX domain containing 1

shisa family member 3

family with sequence similarity 214, member B
argininosuccinate synthase 1

nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, zeta

5-hydroxytryptamine (serotonin) receptor 1B, G
protein-coupled

mitochondrial ribosomal protein L30
sulfotransferase family, cytosolic, 1B, member 1
ATPase, Ca++ transporting, plasma membrane 1
AP2 associated kinase 1

PDZ and LIM domain 5

lipase, endothelial

logFC
2.178
1.499

1.486
1.370
0.999
1.111
1.258
0.949
0.717
1.648
1.648

1.560

1.437
1.371
1.270

0.884

0.661
0.894

0.782
1.251
0.741
1.264
0.899

0.609

1.023
0.885
0.751
0.575
0.705
0.949

adj.P.val
0.0129
0.0129

0.0129
0.0171
0.0258
0.0302
0.0348
0.0348
0.0348
0.0380
0.0380

0.0380

0.0380
0.0380
0.0380

0.0380

0.0380
0.0406

0.0421
0.0422
0.0422
0.0449
0.0457

0.0462

0.0462
0.0476
0.0488
0.0488
0.0493
0.0497



Page 48 of 111

Table E2 List of genes that are downregulated by pro-BMP9 following 5-hour treatment in
PAECs. Microarray experiment is described in the Expanded Materials and Methods. Hits with
adjusted P values less than 0.05 are shown.

Gene assignment Gene name  Description logFC adj.P.val
ENST00000300571 GPRC5B G protein-coupled receptor, class C, group 5, member B -1.349 0.0129
NM_000960 PTGIR prostaglandin 12 (prostacyclin) receptor (IP) -1.493 0.0129
NM_001190942 TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 -1.522 0.0129
NM_003654 CHST1 carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 -1.828 0.0129
NM_173567 EPHX4 epoxide hydrolase 4 -1.676 0.0129
NM_016580 PCDH12 protocadherin 12 -1.234 0.0171
NM_020808 SIPA1L2 signal-induced proliferation-associated 1 like 2 -1.135 0.0171
AK125058 ACSS1 acyl-CoA synthetase short-chain family member 1 -1.595 0.0173
ENST00000494111 FAMS89A family with sequence similarity 89, member A -1.834 0.0173
NM_024576 OGFRL1 opioid growth factor receptor-like 1 -1.156 0.0173
NM_033274 ADAM19 ADAM metallopeptidase domain 19 -1.265 0.0173
NM_001145853 WFS1 Wolfram syndrome 1 (wolframin) -1.037 0.0219
NM_001130158 MYO1B myosin |B -1.428 0.0225
NM_001003688 SMAD1 SMAD family member 1 -1.055 0.0254
NM_001280539 RNF19A ring finger protein 19A, RBR E3 ubiquitin protein ligase -0.921 0.0254
NM_001004196 CD200 CD200 molecule -1.036 0.0288
NM_001136021 NFATC2 nuclear factor of activated T-cells, cytoplasmic, -1.476 0.0288
calcineurin-dependent 2
NM_002193 INHBB inhibin, beta B -2.006 0.0288
NM_003950 F2RL3 coagulation factor Il (thrombin) receptor-like 3 -1.510 0.0288
NM_017413 APLN apelin -1.519 0.0288
XM_005266650 RNF152 ring finger protein 152 -1.031 0.0288
ENST00000525063 ADM adrenomedullin -1.317 0.0302
NM_001008540 CXCR4 chemokine (C-X-C motif) receptor 4 -2.332 0.0302
NM_001033910 TRAF5 TNF receptor-associated factor 5 -0.938 0.0302
NM_001099289 SH3RF3 SH3 domain containing ring finger 3 -0.768 0.0302
NM_001207012 PGF placental growth factor -1.533 0.0302
NM_006343 MERTK MER proto-oncogene, tyrosine kinase -0.846 0.0302
NM_006691 LYVE1 lymphatic vessel endothelial hyaluronan receptor 1 -0.862 0.0302
NM_007257 PNMA2 paraneoplastic Ma antigen 2 -0.881 0.0302
NM_014737 RASSF2 Ras association (RalGDS/AF-6) domain family member 2 -0.978 0.0302
NM_015253 WSCD1 WSC domain containing 1 -1.393 0.0302
NM_000222 KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene -2.092 0.0348
homolog
NM_001004354 NRARP NOTCH-regulated ankyrin repeat protein -1.115 0.0348
NM_001164211 LRCH1 leucine-rich repeats and calponin homology (CH) domain -0.801 0.0348
containing 1
NM_005308 GRK5 G protein-coupled receptor kinase 5 -0.820 0.0348
NM_014431 PALD1 phosphatase domain containing, paladin 1 -1.892 0.0348

10
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NM_016545
NM_178172

ENST00000282908

NM_006763
NM_018728
NM_000079
NM_001030060
NM_001042481
NM_001098518
NM_001130861
NM_001134437
NM_001143820

NM_001164257
NM_001173977
NM_001185061
NM_001204106
NM_001227
NM_003884
NM_012294
NM_003395
NM_001178102
NM_001029884

NM_001146337
NM_001251882
NM_002353
uc003ksx.1
NM_001018009
NM_001721
NM_032206
NM_000121
NM_001257386
NM_001128141
NM_001046

NM_001145652
NM_007350
NM_015111
NM_005077

NM_013296
NM_153208

IER5
GPIHBP1

STK32B
BTG2
MYO5C
CHRNA1
SAMD5
FRMD6
GPR116
CLDN5
PHLDB2
ETS1

PRR29
LRRC16A
AQP1
BCL2L11
CASP7
KAT2B
RAPGEF5
WNTOA
LOX
PLEKHG1

AFAP1L1
VIPR1
TACSTD2
SNCAIP
SH3BP5
BMX
NLRC5
EPOR
ABCG2
DPEP1
SLC12A2

Céorf141
PHLDA1
N4BP3
TLE1

GPSM2
1QCK

immediate early response 5

glycosylphosphatidylinositol anchored high density
lipoprotein binding protein 1

serine/threonine kinase 32B

BTG family, member 2

myosin VC

cholinergic receptor, nicotinic, alpha 1 (muscle)
sterile alpha motif domain containing 5

FERM domain containing 6

G protein-coupled receptor 116

claudin 5

pleckstrin homology-like domain, family B, member 2

v-ets avian erythroblastosis virus E26 oncogene homolog
1
proline rich 29

leucine rich repeat containing 16A

aquaporin 1 (Colton blood group)

BCL2-like 11 (apoptosis facilitator)

caspase 7, apoptosis-related cysteine peptidase
K(lysine) acetyltransferase 2B

Rap guanine nucleotide exchange factor (GEF) 5
wingless-type MMTV integration site family, member 9A
lysyl oxidase

pleckstrin homology domain containing, family G (with
RhoGef domain) member 1

actin filament associated protein 1-like 1

vasoactive intestinal peptide receptor 1
tumor-associated calcium signal transducer 2
synuclein, alpha interacting protein

SH3-domain binding protein 5 (BTK-associated)

BMX non-receptor tyrosine kinase

NLR family, CARD domain containing 5

erythropoietin receptor

ATP-binding cassette, sub-family G (WHITE), member 2
dipeptidase 1 (renal)

solute carrier family 12 (sodium/potassium/chloride
transporter), member 2

chromosome 6 open reading frame 141
pleckstrin homology-like domain, family A, member 1
NEDD4 binding protein 3

transducin-like enhancer of split 1 (E(sp1) homolog,
Drosophila)

G-protein signaling modulator 2

1Q motif containing K

-0.851
-0.886

-0.805
-1.029
-1.003
-0.948
-0.746
-0.848
-0.956
-1.054
-1.272
-0.764

-1.055
-0.922
-1.340
-1.711
-0.687
-0.717
-0.722
-2.050
-0.642
-0.887

-0.890
-0.980
-0.756
-2.222
-0.826
-0.755
-0.871
-0.880
-0.767
-0.606
-0.713

-1.039
-1.023
-1.818
-0.742

-0.762
-0.698

0.0348
0.0348

0.0353
0.0379
0.0379
0.0380
0.0380
0.0380
0.0380
0.0380
0.0380
0.0380

0.0380
0.0380
0.0380
0.0380
0.0380
0.0380
0.0380
0.0381
0.0390
0.0394

0.0394
0.0394
0.0394
0.0410
0.0422
0.0422
0.0425
0.0437
0.0449
0.0452
0.0457

0.0457
0.0457
0.0462
0.0466

0.0466
0.0466
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NM_001282431
NM_018288
NM_014059
NM_001025109
NM_014239

NM_014909
NM_001142621

NM_006558

NM_005092

OTTHUMTO00000322250

ARL4C
PHF10
RGCC
CD34
EIF2B2

VASH1
TGFBRAP1

KHDRBS3

TNFSF18
RIBC2

ADP-ribosylation factor-like 4C
PHD finger protein 10
regulator of cell cycle

CD34 molecule

eukaryotic translation initiation factor 2B, subunit 2 beta,
39kDa

vasohibin 1

transforming growth factor, beta receptor associated
protein 1

KH domain containing, RNA binding, signal transduction
associated 3

tumor necrosis factor (ligand) superfamily, member 18

RIB43A domain with coiled-coils 2

-0.772
-0.654
-1.106
-1.289
-0.597

-0.614
-0.923

-1.074

-0.826
-0.734
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0.0472
0.0475
0.0480
0.0488
0.0488

0.0488
0.0493

0.0493

0.0497
0.0497
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Table E3. Summary of pathway analysis of BMP9 regulated protein-protein interaction (PPI)
network. In the microarray analysis, we used N=4 hPAEC lines (isolated from four different individuals),
and at a single time point, 5 hours. The continuum changes in the adjusted P-values (adj P) for
differentially regulated genes indicate that the up and down regulated genes are likely to be more than
those passing the adj P < 0.05 threshold, and the reasons for not reaching the adj P of 0.05 cut-off could
be due to either the sample number was too small, or the peak time for the change is not at 5 hours.
Therefore, we have performed the PPI network analysis using the gene set with adj P-value cut-off at
0.05, 0.06 and 0.08. The analysis was performed using STRING(13). The network stats summaries of all
analyses are shown below, enriched pathways shown in Supplemental Table E2, enriched cellular
components shown in Table E3 and Network view of differentially regulated genes shown in

Supplemental Figure E2.
Changes in gene number of number of expected number PPI enrichment P-
expression nodes edges of edges value
Adj P <0.05
up and down 98 67 26 2.06E-11
up only 26 6 1 0.003
down only 72 35 15 8.52E-06
Adj P<0.06
up and down 123 93 37 9.77E-15
up only 33 12 2 6.60E-06
down only 90 44 20 3.33E-06
Adj P<0.08
up and down 156 133 55 <1.0e-16
up only 46 18 5 8.93E-06
down only 110 55 26 3.40E-07

13
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Table E4. Summary of enriched pathways in hPAECs from pathway analysis of BMP9 regulated

PPI network.

Changes in  enriched pathways count in false

gene gene set | discovery

expression rate

Adj P <0.05

up and down TGFp signaling pathway 5 0.00982
cytokine-cytokine receptor interaction 7 0.0367
Rap1 signaling pathway 6 0.043
Hippo signaling pathway 5 0.0494

up only Mineral absorption 3 0.00927
TGFp signaling pathway 3 0.018

down only no enriched pathways detected

Adj P <0.06

up and down TGFp signaling pathway 6 0.00201
Rap1 signaling pathway 7 0.0226
cytokine-cytokine receptor interaction 8 0.0226
VEGF signaling pathway 4 0.0315

up only TGFp signaling pathway 4 0.00201
Mineral absorption 3 0.00961

down only Rap1 signaling pathway 6 0.0407
cytokine-cytokine receptor interaction 7 0.0407

Adj P <0.08

up and down TNF signaling pathway 8 0.000439
Rap1 signaling pathway 9 0.00229
cytokine-cytokine receptor interaction 10 0.00229
TGFp signaling pathway 6 0.00229
microRNAs in cancer 6 0.0464

up only TGFp signaling pathway 4 0.00771
TNF signaling pathway 4 0.0135
Mineral absorption 3 0.0174
MicroRNAs in cancer 4 0.0213

down only Rap1 pathway 7 0.0339

14
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Table E5 Summary of enriched cellular component gene ontology analysis in hPAECs from
pathway analysis of BMP9 regulated PPI network

Pathway ID Pathway description Count in gene False discovery rate
set

G0:0045177 Apical part of cell 12 0.000585

G0:0098589 Membrane region 21 0.000585

G0:0005615  Extracellular space 22 0.000769

G0:0031226 Intrinsic component of plasma 25 0.000769
membrane

G0:0098590 Plasma membrane region 18 0.000769

G0:0005887 = Integral component of plasma 24 0.000789
membrane

G0:0071944 Cell periphery 48 0.000789

G0:0005886 Plasma membrane 47 0.000992

G0:0045178 Basal part of cell 5 0.00165

G0:0031224  Intrinsic component of 53 0.00179

membrane
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Table E6. Patient demographics and clinical parameters. Enrolled subjects were characterized as
systemic inflammatory response syndrome (SIRS) or sepsis by a group of blinded critical care
physicians(14), or were healthy controls. A subset of randomly selected subjects from the MICU Registry
with the above diagnoses was selected for analysis. Anonymized plasma samples were generated from
blood collected in EDTA-containing tubes obtained from patients within 24 to 72 hours of MICU
admission and stored at -80°C. Plasma was isolated from whole blood at 1500 g for 15 minutes at room

temperature.
Variable Control SIRS (n | Sepsis Pvalue Il | Statistical test
(n=10) =10) (n=10)

Age (yr)* 56 [28,80] | 56[28,74] | 64[41,92] | 0.1364 ANOVA with
Tukey

Gender, n (%) 0.8663 Chi square

-Female 4 (40) 4 (40) 3(30)

-Male 6 (60) 6 (60) 7 (70)

Race, n (%) 0.3126 Chi square

-White 8 (80) 6 (60) 8 (80)

-Black 0(0) 2(20) 0(0)

-Hispanic 0(0) 1(10) 1(10)

-American Indian/Alaskan | 0 (0) 1(10) 0(0)

native

-Asian/Pacific Islander 2 (20) 0(0) 1(10)

Positive cultures, n (%) N/A 0(0) 9 (90) <0.0001 | Chi square
(0.0001 by
Fisher's exact)

Vasopressors within 24 hr | N/A 2 (20) 9 (90) 0.0017 Chi square

of admission, n (%) (0.0055 by
Fisher's exact)

Mechanical ventilation | N/A 3(30) 2 (20) 0.6056 Chi square

within 24 hr of admission, (>0.9999 by

n (%) Fisher's exact)

Acute  Physiology and | N/A 25[10,34] | 23[19,31] | 0.6610 Unpaired t test

Chronic Health Evaluation

(APACHE) II score*

Sequential Organ Failure | N/A 17 [4, 20] 18[13,24] | 0.2681 Mann Whitney

Assessment (SOFA) score*

Comorbidities, n (%) N/A

-Coronary artery disease 0(0) 1(10) 3(30)

-Congestive heart failure 0(0) 0(0) 1(10)

-Chronic obstructive | 0 (0) 1(10) 1(10)

pulmonary disease

-Diabetes mellitus 0(0) 5(50) 2 (20)

-Liver disease 0(0) 3(30) 0(0)

-Chronic kidney disease 0(0) 2 (20) 3(30)

-Cancer 1(10) 4 (40) 5(50)

-Solid tumor 1(10) 2 (20) 1(10)

-Hematologic 0(0) 2 (20) 4 (40)

-Bone marrow transplant | 0 (0) 1(10) 2 (20)

16
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Creatininet (mean+/-SD)

N/A

2430

24+18

0.3930

Mann Whitney

Lactatet (mean+/-SD)

N/A

4.3 +£4.1%

2.5+1.28

0.9747

Mann Whitney

N/A Not applicable

* Age, Acute Physiology and Chronic Health Evaluation (APACHE) II, and Sequential Organ Failure
Assessment (SOFA) scores are expressed in medians [min, max 95% CI]. All other values are expressed
by percentage of total of subjects (in parentheses) and total number.
t Highest value within the first 24 hours upon admission to the ICU. Creatinine units are given in mg/dL,
Lactate units are given in mEq/L. Data are presented mean * sd.

tn=6
§n=8

Il P values reflect overall comparison of the groups with existing data

17
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Figure E1. Intravital confocal microscopy tracking the microvascular leak in vivo after
neutralizing endogenous BMP9. Anti-CD31-AF647 was injected intrascrotally 2 hours before
imaging to label the blood vessel walls. Three minutes after intravenous infusion of TRITC-
dextran, anti-BMP9 or IgG control was infused intravenously and the vessel imaged
continuously for 1 hour to monitor vascular leakage. (A) Data illustrating the kinetics of
microvascular leakage following anti-BMP9 (red) or control IgG (black) administration, N=3.
Data are presented as mean fluorescence intensity (MFI) of extravasated dextran found within
50 pm of the venular wall. Two-way repeated measures ANOVA plus Bonferroni post hoc test,
*, P < 0.05 compared to matched time point in control group. (B&C) Representative images
illustrating enhanced dextran extravasation into extravascular tissue 5 minutes following anti-
BMP9 (B) or IgG control (C) infusion. Note that perivascular macrophages sometimes appear
CD31-positive. (D) Kinetics of microvascular leakage following histamine (2.25 pmoles)
administration.
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Figure E2. BMP9 regulated genes are highly enriched on plasma membrane or
extracellular space. Protein-protein interactions network of differential regulated genes by
BMP9 (using adj P-value of 0.06 cutoff, Table E3). Figure generated using STRING Sever
(https://string-db.org/).
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Figure E3. BMP9 signaling in hPMECs. (A) Dose-dependent pro-BMP9
signalling in PAECs and PMECs. Cells were quiesced in EGM-2/0.1% FBS
overnight and treated with pro-BMP9 at indicated dose for 1.5 hours before
harvested for RNA extraction and RT-qPCR analysis. N=3 independent
experiments, means + SEM are shown. (B) PMECs were treated with pro-BMP9
or PBS for 1.5 hours (for ID1 gene expression) or 5 hours (for BMPR2 gene
expression) before cells were harvested for RT-qPCR analysis. N=6 independent
experiments. Means * SEM are shown, Two tailed, Mann-Whitney test. **, P <
0.01. (C) Protection of LPS-induced permeability by BMP9 is BMPR-II
dependent. BMPR2 was knockdown using siRNA in PMECs. 24 hours later, cells
were seeded in transwell insert and grown for 48 hours before subject to LPS-
induced permeability assays as described in the online method. Three
independent siRNA knock down experiments followed by permeability assays
were performed. Left, Leaked HRP activity normalized to DH1 without BMP9.
Right, gPCR showing the siRNA efficiency. Data shown as means + SEM of three
independent experiments.
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Figure E4. Selective inhibiting BMP9 in endothelial growth media leads to a rapid
loss of VE-cadherin junctions in PAECs. (A&B) Low- and High-powered confocal
images of hPAECs stained with VE-cadherin (green) or DAPI (Blue), following 15-
minutes treatment with PBS, anti-BMP9 or IgG isotype control. Scale bars = 20 uM. (C)
Quantification of VE-cadherin staining from low-powered images as described in the on-
line expanded methods. Means + SEM are shown, two-tailed Mann-Whitney test, *, P <
0.05.
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Figure E5. Murine model of endotoxemia induced by acute intraperitoneal LPS
challenge. (A) Full blood count, showing % platelet counts were decreased in the LPS-treated
animals. N=6 in each group. (B) Alveolar neutrophils were increased in the mice treated with
LPS. (C&D) Elastase concentrations in plasma and BALF measured by ELISA. N=9. Data shown
as means + SEM. Two-tailed, Mann-Whitney test, *, P < 0.05; **** P < 0.0001.
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Figure E6. The regulation of endogenous BMP9 during endotoxemia: additional AAT
measurements. (A) Changes in liver AAT mRNA relative to controls after LPS challenge. One-
way ANOVA, Tukey’s post-test. **** P < 0.0001. (B) Mouse AAT ELISA kit only detects native
AAT. Upon adding the elastase to the standard (200+E), the signal decreased, probably due to
the large conformational change in AAT upon elastase cleavage.



