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Abstract

Bone morphogenetic protein 9 (BMP9) is a circulating growth factor that is part of the TGFβ 
superfamily, and an essential regulator of vascular endothelial homeostasis. Previous studies have 

suggested a role for BMP9 signalling in leukocyte recruitment to the endothelium, but the 

directionality of this effect and underlying mechanisms have not been elucidated. Here we report 

that BMP9 upregulates toll-like receptor 4 (TLR4) expression in human endothelial cells and that 

BMP9 pre-treatment synergistically increases human neutrophil recruitment to LPS-stimulated 

human endothelial monolayers in an in vitro flow adhesion assay. BMP9 alone did not induce 

neutrophil recruitment to the endothelium. We also show that E-selectin and VCAM-1, but not 

ICAM-1 are upregulated in response to BMP9 in LPS-stimulated human endothelial cells. siRNA 

knockdown of ALK1 inhibited the BMP9-induced expression of TLR4 and VCAM-1 and 

inhibited BMP9-induced human neutrophil recruitment to LPS-stimulated human endothelial 

cells. BMP9 treatment also increased leukocyte recruitment within the pulmonary circulation in a 

mouse acute endotoxemia model. These results demonstrate that whilst BMP9 alone does not 

influence leukocyte recruitment, it primes the vascular endothelium to mount a more intense 

response when challenged with LPS, through an increase in TLR4, E-selectin and VCAM-1 and 

ultimately through enhanced leukocyte recruitment.

Introduction

BMP9 is a receptor ligand belonging to the TGFβ superfamily and involved in many cellular 

and physiological processes. BMP9 circulates at constitutively active concentrations and acts 
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as an endothelial quiescence factor, potentially maintaining the stability of the adult 

vasculature (1). On ECs, BMP9 signals primarily through receptor complexes comprising 

the high affinity type 1 receptor, ALK1 and the lower affinity type II receptors, BMP 

receptor-II (BMPR-II) and activin-receptor type IIA (ACTR-IIA) (2–4). Accordingly, 

deficiencies in BMP9, ALK1 and BMPR-II underlie several vascular pathologies associated 

with postnatal vascular instability, including hereditary haemorrhagic telangiectasia (HHT) 

(5–7) and pulmonary arterial hypertension (PAH) (8, 9).

The BMP/TGFβ serine/threonine kinase type I receptors (ALK1-7) and type II receptors 

(BMPRII, ActRIIA, ActRIIB, TGFβRII and anti-Mullerian hormone receptor type 2, 

AMHRII) form unique heteromeric complexes that define ligand specificity (10). BMP9 

binds ALK1 with the highest affinity, but can also bind to ALK2 (11, 12). These receptors 

then integrate BMP9 signalling via the type II receptors BMPRII, ACTR-IIA ACTR-IIB and 

the BMP co-receptor endoglin (3), all of which are expressed on ECs. Upon ligand binding, 

a signalling cascade is initiated, which involves the C-terminal phosphorylation of the 

receptor Smads (R-Smads), Smad1, Smad5 and Smad8 (10, 13–15). The R-Smads then bind 

with Smad4, and the R-Smad-Smad4 complex translocates to the nucleus and activates 

transcription factors that regulate the expression of specific genes (16–19).

BMP9 signalling has been shown to be essential to endothelial homeostasis in several 

settings including neonatal retinal angiogenesis (20) and lymphangiogenesis (21), and 

BMP9 has recently been shown to protect against LPS-induced endothelial permeability 

(22). Moreover, the vascular endothelium plays a key role in the molecular and cellular 

processes that initiate infection and tissue injury within the body (23), and acts as a barrier to 

regulate the exposure of the underlying tissue to circulating factors, including inflammatory 

cells and cytokines. There is compelling evidence that BMP9 signalling is involved in 

regulating the barrier function of the vascular endothelium. In human pulmonary arterial 

endothelial cells (HPAECs), BMP9 can induce expression of E-selectin (which is involved in 

the initial capture of leukocytes), and the inflammatory cytokines, IL-8 and IL-6 (4). 

Deficiency in endoglin (the BMP co-receptor essential for BMP9 signalling), has been 

implicated in impaired leukocyte recruitment and endothelial mediated inflammation (24, 

25), further implicating BMP9 signalling in the process of leukocyte recruitment.

TLRs are pattern recognition receptors, and 11 family members have currently been 

identified (26–28). Several of these recognise bacterial products including TLR4, which 

recognises endotoxin (LPS), a component of the outer membrane of gram-negative bacteria 

(29–31). Endothelial-expressed TLR4 is essential for LPS-induced neutrophil sequestration 

to the lung (32, 33).

The aim of this study was to investigate the role of BMP9 in leukocyte recruitment to the 

vascular endothelium using an in vitro flow adhesion assay and an acute endotoxemia mouse 

model. Our results demonstrate that while BMP9 alone does not induce leukocyte 

recruitment, it acts in a concentration dependent way to prime the vascular endothelium for 

enhanced leukocyte recruitment following LPS. This occurs through increased expression of 

TLR4, E-selectin and VCAM-1, and ultimately through increased leukocyte recruitment in 

an ALK1/2-dependent manner.
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Materials and Methods

Antibodies, primers and reagents

Mouse monoclonal antibodies for flow cytometry: Anti-hE-selectin Fluorescein Conjugated 

mouse IgG1 (anti-human E-selectin-FITC; R&D Systems), Allophycocyanin (APC) mouse 

anti-human CD54 (anti-human ICAM-1-APC; BD Pharmingen), and PE/Cy5 anti-human 

CD106 (anti-human VCAM-1-PECy5; BioLegend). Isotype control antibodies used for flow 

cytometry: APC-mouse IgG1 (BD Pharmingen), Mouse IgG1 Isotype control Fluorescein 

(R&D Systems) and PE/Cy5 mouse IgG1 Isotype (BioLegend). Antibodies for histology: 

Polyclonal rabbit anti-human myeloperoxidase (MPO) antibody (A0398; DAKO). General 

reagents: LPS Escherichia coli 0111:B4 (Sigma-Aldrich), BMP9 (R&D Systems), Sodium 

Citrate (Martindale Pharma). Cell culture reagents: EGM-2 BulletKit (Lonza), Hyclone (GE 

Healthcare), Ficoll-Paque PLUS (GE Healthcare), Fetal bovine serum (FBS) (Sigma-

Aldrich) Histopaque 1077 (Sigma-Aldrich), Histopaque 1119 (Sigma-Aldrich), Dulbecco’s 

phosphate buffered saline (PBS) with Ca2+, Mg2+ (Sigma-Aldrich). Albumin Bovine 

Fraction (BSA) V Solution (7.5%) (Sigma-Aldrich). Quantitative polymerase chain reaction 

(qPCR) reagents: QuantiTect Primer Assays (Qiagen), Hs_ACVR1_1_SG (ALK2), Hs-

ACVRL1_1_SG (ALK1) and Hs_TLR4_2_SG. Primer sequences, Smad1 forward 5’-

TAGAAAGCCCTGTACTTCCTC-3’, Smad1 reverse 5’-

GGTTGCTGGAAAGAATCTGG-3’, Smad5 forward 5’-

GAGAGTCCAGTCTTACCTCC-3’, Smad5 reverse 5’-

GGAAAGAATCTGGAAACGTG-3’, B2M forward 5’-CTCGCGCTACTCTCTCTTTC-3’, 

B2M reverse 5’-CATTCTCTGCTGGATGACGTG-3. Rox reference dye (Invitrogen), 

SYBRGreen JumpStart Taq ReadyMix (Sigma-Aldrich). Transfection reagents: 

DharmaFECT 1 Transfection Reagent (Dharmacon) ON-TARGETplus siRNA (Dharmacon), 

siACVRL1 (ALK1), siACVR1 (ALK2), siSmad1, siSmad5 and non-targeting siRNA Pool 

(siCP).

Endothelial cell culture

Human pulmonary arterial endothelial cells (HPAECs; passage 4-7) were purchased from 

Promocell and cultured in EGM-2 media (Lonza) with 2% FBS. Blood outgrowth 

endothelial cells (BOECs) were isolated as previously described (34) from peripheral venous 

blood (40-60 ml) collected into sodium citrate-containing tubes, obtained from healthy adult 

donors. Blood was layered over a Ficoll-Paque PLUS density gradient and BOEC colonies 

appeared between 2-4 weeks of culture in EGM-2, without heparin, supplemented with 20% 

Hyclone. BOECs were used at passage 5-7. ECs were cultured at 37°C in a 5% CO2 

humidified atmosphere. ECs were treated with indicated concentrations of BMP6 and BMP9 

for 16 hours prior a 4 hours LPS (100 ng/ml) stimulation.

Neutrophil isolation from peripheral blood

Blood (10-40 ml) from healthy adult volunteers was collected into EDTA-coated tubes 

(Sarstedt), and neutrophils were isolated as previously described, using 2-step density 

gradients of Histopaque 1119 and 1077 (Sigma) (35). Neutrophils were washed once in PBS 

(with Ca2+, Mg2+ and 0.15% BSA) and resuspended at a cell density of 1 x 106 cells/ml in 
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PBS (with Ca2+, Mg2+ and 0.15% BSA). Cell counts were performed using a 

haemocytometer.

Assessing endothelial:leukocyte interactions under flow

Endothelial:neutrophil interactions were assessed in a flow adhesion assay as previously 

described (36). Microslides (µ-Slide VI0.4; Ibidi), containing confluent endothelial 

monolayers were mounted onto the stage of a phase contrast microscope. The slides were 

connected to cell and wash reservoirs by silicon tubes at one end and to a withdrawal syringe 

pump at the other end. ECs were washed for 2 min with PBS (with Ca2+, Mg2+ and 0.15% 

BSA), prior to perfusion with neutrophils at 1 x 106 cells/ml for 4 min at a wall shear stress 

of 0.1 Pa. Endothelial:neutrophil interactions were captured using time lapse imaging, 6 min 

post the initial cell bolus; quantification of neutrophil behaviour including rolling, arrest and 

transmigration was performed offline using ImagePro software. All flow-based adhesion 

assays were performed within a Perspex environmental chamber at 37°C.

Flow cytometric analysis of cell surface proteins

Trypsinised ECs were collected into a 96 well U-bottom plate and centrifuged at 400g for 5 

min at room temperature. Cells were resuspended in blocking buffer (5% FBS in 0.5% BSA) 

for ≥10 min at 4°C, and incubated at 4°C in the dark with conjugated antibodies (anti-human 

E-selectin- FITC; anti-human VCAM-1-PE-Cy5; anti-human ICAM-APC) for 30 min. 

Conjugated isotype control antibodies and unstained cells were used as negative controls. 

Stained cells were centrifuged at 400g for 5 min at room temperature, and fixed in 1% 

paraformaldehyde (PFA) in PBS in the dark at room temperature for 10 min. Fixed cells 

were centrifuged at 400g for 5 min at room temperature, and resuspended in 400 μl staining 

buffer (1% FBS and 0.09% sodium azide in PBS). Detection of cell-bound conjugated 

antibodies was performed using a BD FACSCanto™ II (BD Bioscences) and quantification 

performed using FlowJo data analysis software.

siRNA transfection

ECs were transfected with siRNAs using the DharmaFECT 1 transfection reagent as per the 

manufacturer’s instructions, 48 h before their use in cell culture experiments.

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from endothelial cells using a RNAeasy Mini kit (Qiagen), and 

mRNA expression of target genes was assessed using qPCR in a 384 well QuantStudio 6 

Flex (Applied Biosystems by Life Technologies). QPCR 10 μl reactions were set up using 

SYBRGreen Jumpstart Taq ReadyMix, Rox Reference Dye and primers, (either Quantitech 

Primer Assays or in-house designed primers). Quantification was calculated using the ΔΔCt 

method.

Mice

Wild type male C57BL/6 mice, aged approximately 10 weeks and weighing between 20-25g 

were used in this study. All animal studies were approved by the local animal care 

committee and performed to the respective guidelines. BMP9 (50 ng/mouse) and LPS (3 
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mg/kg) were administered by i.p. injection. Mice were killed humanely by CO2 overdose 

and exsanguination.

Tissue preparation

The left lung was fixed in situ in the distended state by infusion of 0.8% agarose into the 

trachea and then placed in 10% PFA before paraffin embedding for histology. The right lung 

was frozen in liquid nitrogen and stored at -80ºC. Peripheral blood from mice was collected 

in EDTA-coated tubes (Sarstedt) and run on a Wooley ABC (mouse) analyser.

Quantification of leukocyte recruitment to the lung

A polyclonal rabbit anti-human MPO antibody was used at 1/1000 dilution to stain fixed 

mouse lung sections. Images (n=10; 400x magnification) were taken of the lung parenchyma 

and ImageJ software was used to count the number of leukocytes within each field of view 

(FOV). Fixed mouse lung sections were stained with haematoxylin and eosin (H&E). 

Images (n=20; 400x magnification) were taken of the alveolar-associated vessels on H&E-

stained mouse lung sections. ImageJ software was used to count the number of leukocytes 

within the alveolar-associated vessels. All images were taken and analysed with the operator 

blinded as to the experimental conditions.

Determination of mouse lung neutrophil elastase (NE) activity

Individual frozen mouse lung lobes were placed into 2 ml tubes containing a stainless steel 

bead (Qiagen) and 500 µl of PBS (pH 6.0) supplemented with 

hexadecyltrimethylammonium bromide (HTAB, 0.5%) and EDTA (5 mM). Mouse lungs 

were homogenised using a TissueLyser II (Qiagen) for 60 s, four times. Mouse lung 

homogenates were centrifuged for 10 min at 10,000g at 4ºC and the supernatant collected. 

Neutrophil elastase activity in mouse lung homogenates was quantified using a Enzchek® 

elastase activity assay kit, which measures the ability of neutrophil elastase to cleave non 

fluorescent DQ-elastin substrate into fluorescent fragments. DQ-elastin substrate 

(reconstituted in dH2O to 1mg/ml) was diluted 1:20 in 1x reaction buffer and 100 µl added 

to the required wells of a 96 well ELISA plate. Neat sample (100 µl) was added to DQ-

elastin wells in duplicate. Reaction buffer (100 µl) was added for negative controls. Porcine 

pancreatic elastase (100 µl; PPE, 0.2 U/ml) supplied with the assay kit was added for a 

positive control. Samples were incubated in the dark at room temperature for 30 min and 

measured at 485/535 nm by a fluorescence multiwell plate reader (Victor 3 multilabel plate 

reader, Perkin Elmer). Background fluorescence in negative control wells was averaged and 

subtracted from each sample reading.

Statistical analysis

Unpaired Student T-tests were used for comparisons between two groups. Comparisons 

between three or more groups was performed by Ordinary one-way ANOVA with Tukey’s 

multiple comparisons. Normality of data distribution was assessed using a D'Agostino & 

Pearson omnibus normality test. All data are reported as mean ± SEM.
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Results

BMP9 increases TLR4 in blood outgrowth endothelial cells (BOECs) through ALK1 and 
Smad1/5 signalling

First, we investigated the potential role of BMP9 as a regulator of TLR4 expression in blood 

outgrowth endothelial cells (BOECs), an EC population derived from peripheral blood, 

which have been shown previously to behave like mature vascular ECs in terms of gene and 

protein expression and function (37–40). BMP9 increased TLR4 mRNA in BOECs, an effect 

not seen with LPS, a known negative regulator of TLR4 (Figure 1A) (41). To identify the 

BMP9 receptor mediating the induction of TLR4, siRNA knockdowns of ALK1 and ALK2 

were performed. ALK1 knockdown reduced the BMP9-induced increase of TLR4, whereas 

ALK2 knockdown had no effect (Figure 1B). Knockdown of ALK1 and ALK2 in 

combination did not result in a further reduction in TLR4 induction (Figure 1B). ALK1 and 

ALK2 siRNA knockdown efficiency was confirmed in BOECs by qPCR, which showed 

>90% reduction of the target gene (Figure S1A,B). Next, the involvement of Smad1/5 

(canonical downstream mediators of BMP signalling) was investigated by transfecting 

BOECs with siSmad1 and siSmad5. Knockdown of Smad1/5 in combination inhibited 

BMP9-induced TLR4 upregulation (Figure 1C). Knockdown with siSmad1 and siSmad5 

produced >90% reduction in gene expression of both targets (Figure S1C,D). Taken together, 

these data indicate that BMP9 upregulates TLR4 expression through ALK1 and Smad1/5.

BMP9 causes a synergistic increase in leukocyte recruitment to endothelial cells

Next, we investigated the effects of BMP9 and LPS on leukocyte recruitment to endothelial 

cells using an in vitro flow adhesion assay, a system that allows for the real-time 

visualisation of endothelial:leukocyte interactions under conditions of flow. BMP9 alone did 

not induce neutrophil recruitment to BOECs (Figure 2A). Whilst LPS induced neutrophil 

recruitment, BMP9 pre-treatment caused a major and synergistic increase in the total 

number of neutrophils recruited to LPS-stimulated BOECs (Figure 2A). BMP9 pre-

treatment of LPS-stimulated BOECs, however did not affect the percentage of rolling, 

arrested or transmigrated neutrophils, suggesting that BMP9 enhanced all aspects of the 

recruitment cascade (Figure 2B). The effect of BMP9 on leukocyte recruitment was 

examined in another endothelial cell type, human pulmonary arterial endothelial cells 

(HPAECs); these experiments again showed no effect of BMP9 alone, but a similar 

synergistic increase in leukocyte recruitment when LPS-stimulated HPAECs were pre-

treated with BMP9 (Figure 2C). Again no change in the percentage of rolling arrested or 

transmigrated neutrophils was observed (Figure 2D).

Using siRNA, we next showed that ALK1 knockdown impaired neutrophil recruitment to 

BOECs treated with BMP9 and LPS, whilst ALK2 knockdown had no effect (Figure 2E,F). 

A combined knockdown of ALK1 and ALK2 had no further effect on neutrophil recruitment 

to BOECs treated with BMP9 and LPS (Figure 2 G). Together, these data demonstrate that 

BMP9 pre-treatment enhances LPS-induced neutrophil recruitment in two different EC 

populations, BOECs and HPAECs. Further, this process can be inhibited completely with 

siRNA knockdown of ALK1.
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BMP9 causes a synergistic increase in the surface expression of adhesion molecules 
expressed on LPS-stimulated endothelial cells

Next, we used flow cytometry to explore which, if any, surface expressed endothelial 

selectins and adhesion molecules might be regulated by BMP9. As anticipated, LPS 

upregulated E-selectin and VCAM-1 in BOECs and HPAECs. BMP9 pre-treatment caused a 

major and synergistic increase in E-selectin and VCAM-1 in both BOECs and HPAECs 

treated with LPS, compared to levels expressed in ECs treated with LPS alone (Figure 3 

A,B,D,E). Treatment with BMP9 alone induced VCAM-1 expression in BOECs (Figure 

3B), but not in HPAECs (Figure 3E). Both BOECs and HPAECs expressed ICAM-1 during 

basal conditions and treatment with BMP9 alone reduced ICAM-1 expression in BOECs and 

HPAECs. LPS increased ICAM-1 levels, but pre-treatment with BMP9 before LPS-

stimulation did not change ICAM-1 expression in BOECs or HPAECs (Figure 3C,F). P-

selectin was not detected on either HPAECs or BOECs with any of the treatments used in 

this study (data not shown). Taken together, these results show that BMP9 mediates a 

synergistic increase in surface expression of both E-selectin and VCAM-1 in both BOECs 

and HPAECs. Conversely, BMP9 reduced ICAM-1 expression, indicating that ICAM-1 gene 

regulation is through a different mechanism to E-selectin and VCAM-1.

BMP9-mediated expression of E-selectin and VCAM-1 is concentration dependent

BMP9 is reported to circulate at concentrations ranging from 200-400 pg/ml (42). Thus, we 

treated BOECs with BMP9 concentrations ranging from 0-5 ng/ml in the presence or 

absence of LPS and assessed expression of E-selectin, VCAM-1 and ICAM-1 (Figure 4). 

BMP9 at a concentration of 5 ng/ml induced higher levels of E-selectin in the presence of 

LPS, compared with BOECs treated with LPS alone (Figure 4A). VCAM-1 surface 

expression was significantly elevated in LPS-stimulated BOECs pre-treated with 1 or 5 

ng/ml BMP9. VCAM-1 induction was also observed in BOECs treated with BMP9 alone at 

concentrations of 1 or 5 ng/ml BMP9, but at levels almost 2 fold lower than that seen from 

BOECs treated with BMP9 and LPS in combination (Figure 4B). ICAM-1 inhibition was 

observed at concentrations of 1 and 5 ng/ml BMP9, with or without LPS (Figure 4C). 

Collectively, these data reveal that BMP9 upregulates E-selectin and VCAM-1 expression in 

ECs at concentrations that are approximately 2-fold higher than circulating levels, and 

maximal expression requires co-stimulation with LPS.

BMP9-induced endothelial expression of E-selectin and VCAM-1 is mediated through 
different BMP/TGFβ type I receptors

Next, we assessed the regulation of E-selectin, VCAM-1 and ICAM-1 in BOECs with 

siRNAs targeting ALK1 and ALK2. The synergistic increase of E-selectin expression 

observed in BOECs treated with both BMP9 and LPS was inhibited by ALK2 knockdown 

(Figure 5A). ALK1 knockdown had no effect on E-selectin expression with any of the 

treatments (Figure 5A). Conversely, ALK1 knockdown impaired VCAM-1 expression in 

BOECs treated with BMP9 alone, and in BOECs treated with BMP9 and LPS (Figure 5B). 

ALK2 knockdown had no effect on VCAM-1 expression with any of the treatment 

conditions (Figure 5B). Knockdown of both ALK1 and ALK2 in combination, did not result 

in any further reduction in either E-selectin or VCAM-1 expression with any of the 

Appleby et al. Page 7

J Immunol. Author manuscript; available in PMC 2017 April 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



treatments (Figure 5A,B). Combined knockdown of ALK1 and ALK2 significantly 

increased BMP9-induced ICAM-1 expression (Figure 5C). Together, these data indicate that 

BMP9 upregulates endothelial surface expression of E-selectin through ALK2 and VCAM-1 

through ALK1.

Smad1/5 signals downstream of ALK1 and ALK2 to induce BMP9-mediated E-selectin and 
VCAM-1 expression

Next, we employed knockdown of Smad1 and Smad5 in combination (Smad1/5) to 

determine the contributions of Smads to BMP9-induced upregulation of E-selectin and 

VCAM-1 in LPS-stimulated BOECs. Smad1/5 knockdown inhibited BMP9-induced 

upregulation of E-selectin and VCAM-1 in LPS-stimulated BOECs (Figure 6A,B). Smad1/5 

knockdown also inhibited VCAM-1 expression in BOECs treated with BMP9 alone (Figure 

6B), and whilst there was a trend towards increased ICAM-1 expression after Smad1/5 

knockdown, this did not reach significance (Figure 6C). Together, these results show that 

Smad1/5 signal downstream of ALK1 and ALK2 to induce BMP9-mediated E-selectin and 

VCAM-1 expression.

BMP6 causes a synergistic increase in E-selectin, VCAM-1 and ICAM-1 expression in LPS-
stimulated BOECs

BMP6 is a known ligand for ALK2, but not ALK1, and has previously been associated with 

endothelial inflammation and osteogenesis (43). Thus, we investigated whether BMP6 might 

also induce surface expression of E-selectin, VCAM-1 and ICAM-1 in BOECs. BOECs 

treated with BMP6 and LPS in combination displayed higher levels of E-selectin and 

VCAM-1 compared to BOECs treated with LPS alone (Figure 7A,B). In contrast to BMP9, 

BMP6 pre-treatment increased ICAM-1 expression above levels seen from BOECs treated 

with LPS alone (Figure 7C).

BMP9 increases leukocyte recruitment to the lung during acute endotoxemia in mice

To determine the potential relevance of our findings to an in vivo setting we next explored 

the effect of BMP9 on leukocyte recruitment, using an acute endotoxemia model in mice. 

LPS challenge produced the anticipated influx of leukocytes within the pulmonary 

vasculature, with the majority staining positive for MPO, (an enzyme that is predominantly 

stored in granules within cells of myeloid origin, and is extensively used as a marker of 

granulocytes) (Figure 8A,B,C,D). The MPO-positive leukocytes predominantly remained 

within the pulmonary vessels, as seen in previous studies using a similar endotoxemia 

model.(32) Lung neutrophil elastase activity was increased in mice treated with LPS, 

indicating the increased presence of neutrophils within the lung (Figure 8E). Mice that 

received a single dose of BMP9 24 hours before systemic challenge with LPS (4 hours), 

showed a modest, but significant increase in leukocyte sequestration within the pulmonary 

vessels, an increase in MPO-positive staining and an increase in neutrophil elastase activity 

within the lung compared to mice that only received LPS (Figure 8A,B,C,D,E). BMP9 alone 

did not influence the recruitment of leukocytes to the lung and showed minimal MPO 

staining and very little neutrophil elastase activity in the lung (Figure 8A,B,C,D,E). 

Circulating leukocyte counts were lower in mice that received LPS, in the presence of BMP9 

(Figure 8F). These data indicate that while BMP9 alone does not lead to leukocyte 
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sequestration into the lung, exogenous delivery of BMP9 in an acute endotoxemia model, 

significantly increases leukocyte recruitment in the lung.

Discussion

Here we report for the first time that BMP9 and LPS synergise to enhance leukocyte 

recruitment in an in vitro flow adhesion assay and in an acute endotoxemia mouse model. 

BMP9 alone increased TLR4 expression in BOECs, but did not induce leukocyte 

recruitment either in vitro or in vivo, suggesting that at high concentrations of BMP9 serves 

to prime the endothelium to mount a more intensive response when faced with an 

inflammatory stimuli, such as endotoxin (LPS). While previous studies have shown that the 

inhibitory Smad, Smad6, can negatively regulate TLR4 expression (44, 45), how BMP9/

ALK1/Smad1/5 signalling regulates TLR4 expression has not been elucidated.

Excessive neutrophil recruitment to the lung is associated with changes in pulmonary 

vascular permeability and aberrant levels of inflammatory cytokines (46), which can lead to 

acute lung injury (47, 48). However, neutrophil recruitment to the lung is not always 

pathological (49) and is an essential part of the innate immune response, which is 

responsible for the clearance of pathological bacteria (50–52). For example, artificial TLR4 

stimulation has been shown to enhance clearance of Pseudomonas aeruginosa from the lungs 

of mice through augmentation of neutrophil recruitment (53). It remains unclear whether the 

BMP9-enhanced neutrophil recruitment to the lung observed in the present study represents 

a healthy physiological or potentially pathological host response and further investigation is 

needed to elucidate this.

This is not the first study to implicate BMP9 signalling in leukocyte recruitment. Endoglin is 

a BMP co-receptor and essential to BMP9 signalling (2, 3, 54). Endoglin heterozygous mice 

display impaired leukocyte recruitment to the lungs and peritoneum in response to LPS and 

carrageenan. Moreover, endoglin overexpression increased leukocyte recruitment in vitro, 

through the activation of β1-intergrins on the surface of the leukocytes. Moreover, BOECs 

isolated from HHT patients (deficient in endoglin), showed impaired leukocyte recruitment 

in vitro (24). Endoglin has also been shown to be important for endothelial:mural cell 

adhesion (55). Whilst the previous endoglin studies strongly support the findings from our 

study, we report for the first time the direct impact of BMP9 on endothelial-mediated 

leukocyte recruitment.

Using a similar in vitro flow adhesion assay to the one described in our current study, Burton 

and colleagues demonstrated enhanced leukocyte recruitment to TGFβ-stimulated HPAECs 

transfected with siRNA targeting BMPRII, a BMP type II receptor that binds to BMP9 in the 

presence of ALK1 (56). Burton and colleagues also showed that loss of BMPRII from 

HPAECs increased expression of IL-8 and its ligand CXCR1/2 after stimulation with TGFβ 
(56) and pharmacological inhibition of CXCR1/2 reversed pulmonary hypertension in 

BMPRII deficient mice (56, 57). These BMPRII studies further implicate BMP9 signalling 

in leukocyte recruitment.
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Using siRNA knockdown, we investigated which BMP/TGFβ type I receptor was 

responsible for the BMP9-induced neutrophil recruitment in LPS-stimulated endothelial 

cells. Our data revealed that ALK1 was essential for BMP9-induced TLR4 and VCAM-1 

expression, and the enhanced neutrophil recruitment seen in the presence of LPS. Our data is 

somewhat surprising as VCAM-1 does not adhere to the β2-intregrins LFA-1 or MAC-1, 

which are the predominant integrins known to mediate neutrophil adhesion (through binding 

to ICAM-1 on endothelial cells) (58). VCAM-1/β1-integrin interaction mediates monocyte 

(59) and lymphocyte (60, 61) adhesion to the vascular endothelium, but there is very little 

evidence for VCAM-1/β1-integrin adhesion with neutrophils. β1-integrins are expressed on 

the surface of human neutrophils, albeit at a lower density than β2-integrins (62–64), but the 

reasons why VCAM-1/β1-integrins are not involved in neutrophil recruitment remain 

unclear. One theory is that VCAM-1/β1-integrin adhesion is more complex than adhesion 

through ICAM-1/β2-integrins, and β1-integrins require an additional activation stage before 

association with VCAM-1 (65, 66). However, when given the appropriate activation, 

VCAM-1/β1-integrins can mediate neutrophil adhesion (63, 65).

As mentioned previously, endoglin can activate β1-integrins on lymphocytes and monocytes 

(24) and BMP9 upregulates endoglin expression in endothelial cells (25). To explain our 

surprising findings, we hypothesise that BMP9 is upregulating endoglin expression in the 

endothelial cells, which is then activating β1-integrins on the neutrophils, thus allowing for 

VCAM-1/β1-adhesion.

ALK2 has previously been linked to inflammatory and osteogenic processes, through BMP6 

signalling (43). We showed that BMP6 was able to induce the expression of E-selectin, 

VCAM-1 and ICAM-1 in the presence of LPS, but to a lesser extent than that seen with 

BMP9. We showed that ALK2 was responsible for BMP9-induced E-selectin expression in 

LPS-stimulated BOECs. ALK2 knockdown did not impact on neutrophil recruitment. Whilst 

LPS induced an upregulation of ICAM-1 expression, BMP9 did not enhance ICAM-1 

expression further in either BOECs or HPAECs, and treatment with BMP9 alone reduced 

ICAM-1 expression, suggesting that ICAM-1 regulation is controlled through different 

mechanisms than E-selectin and VCAM-1. The broader relevance of our findings was 

supported as two endothelial subtypes BOECs and HPAECs responded to BMP9 and LPS in 

a near identical manner in terms of neutrophil recruitment and surface expression of the 

selectins and adhesion molecules.

BMP9 has been characterised as an ‘endothelial circulating quiescence factor’ because of its 

anti-angiogenic properties in adult vascular endothelial cells (1). BMP9 inhibits LPS-

induced endothelial leak, and TNFα-induced apoptosis in vitro, and reverses pulmonary 

hypertension in rats and mice (22). Taken together, these observations suggest that BMP9 

while inhibiting extravasation of fluid enhances the recruitment and transmigration of 

neutrophils. Further investigation is required to establish whether the increased leukocyte 

recruitment represents a healthy response to promote bacterial clearance or contributes to a 

pathological response.

In summary, our data demonstrate that BMP9 increases LPS-induced leukocyte adhesion to 

endothelial cells; while BMP9 in isolation does not promote leukocyte recruitment it primes 
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the endothelium to enhance leukocyte recruitment when subsequently challenged with an 

inflammatory stimulus such as LPS. This occurs in an ALK1/2-dependent manner, and was 

observed under both in vitro and in vivo conditions. These findings inform our 

understanding of BMP9’s role in vascular homeostasis and have major implications for the 

use of BMP9 as a potential therapeutic agent.
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Figure 1. 
BMP9 increases TLR4 expression in blood outgrowth endothelial cells (BOECs) via ALK1 

and Smad1/5 signalling. BOECs were treated with BMP9 (16 h; 5 ng/ml) prior to the 

addition of LPS (4 h; 100 ng/ml). (A) BMP9 increased TLR4 mRNA levels. (B) Knockdown 

of ALK1 inhibited the BMP9-induced up-regulation of TLR4 mRNA, whilst ALK2 

knockdown did not. (C). Knockdown of Smad1/5 inhibited the BMP9-induced upregulation 

of TLR4 mRNA. TLR4 mRNA levels were quantified using qPCR and were expressed as 
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fold expression relative to untreated BOECs transfected with siRNA Control Pool (siCP). 

Error bars correspond to ± SEM; n=3-4.
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Figure 2. 
BMP9 increases neutrophil recruitment to LPS-stimulated endothelial cells. Neutrophils 

were perfused over confluent endothelial monolayers treated with BMP9 (16 h; 5 ng/ml) 

prior to the addition of LPS (4 h; 100 ng/ml). Total neutrophil recruitment to (A) BOECs 

and (C) HPAECs. Neutrophil behaviours of rolling, arrest and transmigration were 

expressed as a percentage of total recruitment to (B) BOECs and (D) HPAECs. Data was 

collected from 3 experiments, and error bars correspond to ± SEM. *p<0.05 **p<0.01 *** 

p<0.001 ****p<0.0001 compared with untreated cells and #p<0.05 ##p<0.01 ###0.001 ####p.

Appleby et al. Page 18

J Immunol. Author manuscript; available in PMC 2017 April 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



0001 compared with LPS-stimulated cells. BOECs were transfected with siALK1 and 

siALK2 and treated with BMP9 (16 hours; 5 ng/ml) prior to the addition of LPS (4 hours; 

100 ng/ml). (E) Representative images (100x) showing surface arrested neutrophils (SA) as 

bright phase and transmigrated (TM) neutrophils as dark phase. (F) Total recruitment to 

siALK1 and siALK2 transfected BOECs. Data was collected from 3-4 experiments, and 

error bars correspond to ± SEM, **p<0.01.
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Figure 3. 
BMP9 increases surface expression of E-selectin and VCAM-1, but not ICAM-1 on LPS-

stimulated ECs. ECs were treated with BMP9 (16 h; 5 ng/ml) prior to the addition of LPS (4 

h; 100 ng/ml). Flow cytometry was performed to assess surface expression of E-selectin 

(FITC-conjugated anti-human E-selectin), VCAM-1 (PE-Cy5-conjugated anti-human 

VCAM-1) and ICAM-1 (APC-conjugated anti-human ICAM-1) on BOECs (A-C) and 

HPAECs (D-F). Forward scatter and side scatter gating was applied to the endothelial 

populations. Histograms are representative of 3-4 experiments. Graphs show median 
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fluorescence intensity (MFI) expressed as fold change relative to untreated ECs. Error bars 

correspond to ± SEM, n=3-4. *p<0.05 **p<0.01 *** p<0.001 ****p<0.0001 compared with 

untreated cells and #p<0.05 ##p<0.01 ###0.001 ####p.0001 compared with LPS-stimulated 

cells.
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Figure 4. 
BMP9-mediated upregulation of E-selectin and VCAM-1 is concentration dependent. Blood 

outgrowth endothelial cells (BOECs) were treated with 5 different concentrations of BMP9 

(ranging from 0-5 ng/ml) for 16 h prior to the addition of LPS (4 h; 100 ng/ml). Flow 

cytometry was performed to assess surface expression of (A) E-selectin (FITC-conjugated 

anti-human E-selectin), (B) VCAM-1 (PE-Cy5-conjugated anti-human VCAM-1) and (C) 
ICAM-1 (APC-conjugated anti-human ICAM-1). Forward scatter and side scatter gating was 

applied to the BOEC population. Histograms are representative of 3 experiments. BMP9 
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dose response curves show median fluorescence intensity (MFI) as fold change relative to 

untreated BOECs. Error bars correspond to ± SEM, n=3, *p<0.05.
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Figure 5. 
Knockdown of ALK1 and ALK2 inhibits the BMP9-mediated induction of E-selectin and 

VCAM-1, but not ICAM-1 in blood outgrowth endothelial cells (BOECs). siRNA-

transfected BOECs were treated with BMP9 (16 h; 5 ng/ml) prior to the addition of LPS (4 

hours; 100 ng/ml). Flow cytometry was performed to assess surface expression of (A) E-

selectin (FITC-conjugated anti-human E-selectin) and (B) VCAM-1 (PE-Cy5-conjugated 

anti-human VCAM-1). (C) ICAM-1 (APC-conjugated anti-ICAM-1). Forward scatter and 

side scatter gating was applied to the BOEC population. Histograms are representative of 
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3-4 independent experiments. Graphs show median fluorescence intensity (MFI) expressed 

as fold change relative to BOECs that were transfected with siRNA control pool (siCP) and 

cultured under the same treatment conditions. Error bars correspond to ± SEM, n=3-4, 

*p<0.05 **p<0.01 ****p<0.0001.
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Figure 6. 
Knockdown of Smad1/5 inhibits the BMP9-mediated upregulation of E-selectin and 

VCAM-1, but not ICAM-1 in LPS-stimulated blood outgrowth endothelial cells (BOECs). 

siRNA-transfected BOECs were treated with BMP9 (16 h; 5 ng/ml) prior to the addition of 

LPS (4 h; 100 ng/ml). Flow cytometry was performed to assess surface expression of (A) E-

selectin (FITC-conjugated anti-human E-selectin), (B) VCAM-1 (PE-Cy5-conjugated anti-

human VCAM-1). (C) ICAM-1 (APC-conjugated anti-ICAM-1). Forward scatter and side 

scatter gating was applied to the BOEC population. Histograms are representative of 4 
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independent experiments. Graphs show median fluorescence intensity (MFI) expressed as 

fold change relative to BOECs that were cultured under the same treatment conditions and 

transfected with siRNA control pool (siCP). Error bars correspond to ± SEM, n=4, *p<0.05.
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Figure 7. 
BMP6 increases surface expression of E-selectin, VCAM-1 and ICAM-1 on LPS-stimulated 

blood outgrowth endothelial cells (BOECs). BOECs were treated with BMP6 (16 h; 50 

ng/ml) prior to the addition of LPS (4 h; 100 ng/ml). Flow cytometry was performed to 

assess surface expression of (A) E-selectin (FITC-conjugated anti-human E-selectin), (B) 
VCAM-1 (PE-Cy5-conjugated anti-human VCAM-1) and (C) ICAM-1 (APC-conjugated 

anti-human ICAM-1). Forward scatter and side scatter gating was applied to BOECs. 

Histograms are representative of 3 replicates. Graphs show median fluorescence intensity 

(MFI) expressed as fold change relative to untreated BOECs. Error bars correspond to ± 

SEM, n=3.
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Figure 8. 
BMP9 enhances leukocyte recruitment to the lung in an acute endotoxemia mouse. Systemic 

endotoxemia was induced by administration of LPS (3 mg/kg; IP inj) for 4 h in mice. Some 

mice were also treated with BMP9 (50 ng; IP inj) 24 h prior to LPS administration. 

Representative images of formalin-fixed mouse lung sections stained with (A) 

myeloperoxidase (MPO) and (B) haematoxylin and eosin (H&E), 400x magnification. (C) 

MPO-positive cells within the parenchyma were counted and quantified (10 images/slide). 

(D) The number of leukocytes within the vessels associated with alveolar ducts were 
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counted (20 images/slide). (E) Mouse lungs were homogenised and neutrophil elastase 

activity was quantified and normalised to total protein concentration of the lung lysate. (F) 

Mouse blood was collected into EDTA-coated tubes and the total number of circulating 

leukocytes was assessed. Error bars correspond to ± SEM, n=8-16, *p<0.05.
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