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Abstract

Inflammatory cells contribute to irreversible damage in pulmonary arterial hypertension (PAH). We hypothesized that in PAH,

dysfunctional BMPR2 signaling in macrophages contributes to pulmonary vascular injury and phenotypic changes via proinflamma-

tory cytokine production. Studies were conducted in: (1) Rosa26-rtTA2 3 X TetO7-Bmpr2delx4 FVB/N mice (mutant Bmpr2 is

universally expressed, BMPR2delx4 mice) given a weekly intra-tracheal liposomal clodronate injections for four weeks; and (2) LysM-

Cre X floxed BMPR2 X floxed eGFP monocyte lineage-specific BMPR2 knockout (KO) mouse model (Bmpr2 gene expression

knockdown in monocytic lineage cells) (BMPR2KO) following three weeks of sugen/hypoxia treatment. In the BMPR2delx4 mice,

increased right ventricular systolic pressure (RVSP; P< 0.05) was normalized by clodronate, and in monocyte lineage-specific

BMPR2KO mice sugen hypoxia treatment increased (P< 0.05) RVSP compared to control littermates, suggesting that suppressed

BMPR2 in macrophages modulate RVSP in animal models of PH. In addition, in these mouse models, muscularized pulmonary

vessels were increased (P< 0.05) and surrounded by an increased number of macrophages. Elimination of macrophages in

BMPR2delx4 mice reduced the number of muscularized pulmonary vessels and macrophages surrounding these vessels. Further,

in monocyte lineage-specific BMPR2KO mice, there was significant increase in proinflammatory cytokines, including C-X-C Motif

Chemokine Ligand 12 (CXCL12), complement component 5 a (C5a), Interleukin-16 (IL-16), and secretory ICAM. C5a positive

inflammatory cells present in and around the pulmonary vessels in the PAH lung could potentially be involved in pulmonary vessel

remodeling. In summary, our data indicate that, in BMPR2-related PAH, macrophages with dysfunctional BMPR2 influence pul-

monary vascular remodeling and phenotypic outcomes via proinflammatory cytokine production.
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Introduction

Pulmonary arterial hypertension (PAH) is a disease invol-
ving progressive occlusion of small pulmonary arteries. This
leads to an increase in pulmonary vascular resistance and
eventually death due to right heart failure.1–6 The role of
altered immunity and inflammation has been increasingly
recognized and shown to contribute to irreversible pulmon-
ary vascular damage in many sub groups of human PAH
including idiopathic and heritable forms of PAH. Animal
models of PAH also show that progressive remodeling of
pulmonary arteries is dependent on a pro-inflammatory

signaling environment.3,7–13 However, in almost all classical
animal models, and in humans with some secondary forms
of PH, when the damaging stimulus is removed, inflamma-
tion spontaneously resolves with time.14–16 This is not true
in human PAH, as inflammation is an integral part of PAH
vascular lesions, thus, becoming an important contributing
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factor to the disease manifestation rather than only being a
consequence of the disease.17

Macrophages can function as agents of defense or destruc-
tion18 to orchestrate pathophysiology of a disease.19–22

Adaptation of macrophages in pathological conditions23

depends on their response to specific stimuli.18 BMP proteins
via the BMPR2 receptor recruit activated macrophages to the
site of injury to promote disease progression.24–29 BMPR2
suppression modulates disease pathogenesis by failure to
resolve inflammation and alter immune processes and cyto-
kine production.10,30–36. We and others have shown that
mutation or reduced expression of BMPR2 results in increase
in pulmonary vascular inflammation with inflammatory cell
recruitment—especially macrophages—and constitutive acti-
vation of tissue macrophages.10,37

Genetic linkage studies show heterozygous germline muta-
tions in the BMPR-II gene (BMPR2) are associated with
80% of the heritable form of PAH (HPAH). We have
shown that a mouse model universally expressing a
Bmpr2delx4þ mutation phenotype (a truncated receptor just
after the transmembrane domain which acts as a dominant
negative for SMAD signaling) is dominated by inflammatory
phenotype in pulmonary vasculature and airways, which
appeared to be driven by a primary defect in tissue macro-
phages in the absence of stimulus.35 Follow-up studies in
bone marrow-derived macrophages (BMDM) demonstrated
that Bmpr2 mutant macrophages had mild constitutive, pos-
sibly classical, activation, and that activated wild-type macro-
phages secreted BMP inhibitors to an extent sufficient to alter
BMP reporter and BMP-dependent behavior in smooth
muscle cells with co-culture or conditioned media.10

Similarly, Song et al. have also shown that heterozygous
BMPR2 mutant mice develop PAH under inflammatory
stress.39 Moreover, conditional ablation of BMPR2 in PA
endothelial cells of transgenic mice with perivascular infiltra-
tion of CD68-positive cells resulted in some of the animals
developing PAH.40 In addition, loss of function of BMPR2 in
smooth muscle cells increased the proinflammatory cytokine
IL-6 via phospho-p38-dependent signaling mechanism.41

Similarly, in human studies, HPAH patients with BMPRII
mutations have shown increased pulmonary artery pressures
than those without the mutations42 with pronounced
remodeling of the lung intima associated with perivascular
and interstitial inflammatory infiltrates.43 We, therefore,
sought to test the hypothesis that suppression of BMPR2
signaling in macrophages fail to resolve pulmonary vascular
injury and contribute to phenotypic changes via proinflam-
matory cytokine production.

Methods

Rosa26-rtTA2 X TetO7-Bmpr2delx4þ mice

For animal studies, we did the following: (1) we bred
Rosa26-rtTA2 mice44 (Rosa26 or control mice) with Rosa
26 Bmpr2delx4þ mice45 (BMPR2delx4 mice) to create mice

heterozygous in both genes and expression of the mutations
inducible with doxycycline, in chow for eight weeks. Both
strains were on a FVB/N background and mice were used
in early adulthood (aged 12–14 weeks at sacrifice).
Clodronate (dichloromethylene diphosphonic acid; Sigma-
Aldrich) or sterile phosphate buffered saline (PBS)-containing
liposomes were prepared as previously described46 and mice
were injected intra-tracheally weekly for four weeks to elimi-
nated monocytes/macrophages.47,48 (2) We created a
LysM-Cre X floxed BMPR2 X floxed eGFP monocyte line-
age-specific BMPR2 knockout (KO) mouse model of pul-
monary hypertension (PH) (LysM Cre BMPR2KO or
BMPR2KO mice), in which Bmpr2 gene expression was com-
pletely knockdown in monocytic lineage cells. LysM Cre mice
(Strain name: B6.129P2-Lyz2tm1(cre)Ifo/J, Stock number:
004781) and Cre GFP mice (Strain name: B6.129(Cg)-
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, Stock number:
007676) were obtained from Jackson Laboratories;
BMPR2-KO mice were obtained from MMRRC UNC
(Strain name: B6.129S4(Cg)-Bmpr2tm1.1Enl, Strain ID:
29883). LysM Cre mice without BMPR2 floxed alleles
were used as controls. Studies were conducted (in mice
aged 12–14 weeks at sacrifice) at baseline or after three
weeks of sugen/hypoxia treatment.49 All the animals under-
went echocardiography38 and, at the time of sacrifice, inva-
sive hemodynamics was performed through a closed chested
technique for measurement of right ventricular systolic pres-
sure (RVSP).50 Blood was drawn for insulin and glucose
measurements and assayed by the Mouse Metabolic
Phenotyping Core at Vanderbilt University Medical
Center. Homeostatic model assessment insulin resistance
(HOMA-IR) was calculated as previously described.51 All
animal procedures were approved by the Vanderbilt
Institutional Animal Care and Use Committee (IACUC).

Measurement for pulmonary vessels

After euthanizing the mice, the left atrium was removed and
the pulmonary circulation was perfused with PBS using a
syringe-generated flow. The left lung was inflated with 0.8%
low melt agarose at constant inflation pressure and
embedded in paraffin. Samples were transversely sectioned
at 6-mm thickness and immunostained with antibody
against smooth muscle alpha actin (aSMA, Sigma-Aldrich,
St. Louis, MO, USA) with a fluorescent (GFP) secondary
and counterstained with DAPI. Random fields were selected
with DAPI, avoiding fields with large airways or bronchi,
and then vessel size and muscularization measured for each
vessel identified by aSMA staining. Ten fields at 100� mag-
nification were selected per mouse lung for analysis.

Flow cytometric evaluation of cells from mouse bone
marrow and peripheral blood

Flow cytometric assay was done as previously described.52,53

Briefly, bone marrow cells isolated by flushing the tibias and
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femurs of the euthanized mice, resuspended in a single-cell
suspension and undiluted whole blood cells were used for
flow cytometric analysis. Following the removal of red
blood cells, the remaining cells were stained with a cocktail
of antibodies (CD11b (Mac-1)-PE, Gr-1-PECy7, CD68
APC, CD4-eFluoro450 (PB), B220APC, and CD8-
APCCy7 from eBiosciences) to identify the population of
myeloid, B cells, and T cells. Flow cytometry analysis was
performed on a Becton Dickinson 5-laser LSRII instrument.

Cytokine array panel

Plasma, lung, and BMDM samples collected from control
and BMPR2KO mice were used to conduct cytokine arrays.
Pooled plasma and lung samples from three animals per
group were used for the assay. BMDM were enriched
from mouse bone marrow as described previously.10

2.5� 105 BMDM from each mouse were plated in each
well of a six-well plate and incubated overnight in
DMEM, 10% FBS, and 1% pen/strepþ1% l-glutamine
and 300 ng/mL doxycycline. The next day, cells were treated
with IL-6 or vehicle for 4 h, resulting in three wells per con-
dition per mouse and five mice per genotype. Cells were
washed with media; cell supernatants were harvested after
24 h. Supernatants from each of the four conditions (þ/�
monocytic lineage specific BMPR2KO, þ/� IL6) were
pooled before application to the arrays, to reduce variabil-
ity. R&D systems mouse cytokine antibody array kit
(Catalog no. ARY006) was used according to the manufac-
turer’s instructions.

Immunohistochemical analysis for C5a in human right
ventricle

Immunolocalization of C5a was performed on archival paraf-
fin-embedded human lung tissue obtained from controls and
HPAH and IPAH patients. The study protocol was approved
by the institutional research and ethics committees of
Vanderbilt University Medical Center. Briefly, lung sections

were deparaffinized, rehydrated, and blocked with 5%
normal goat serum, followed by overnight incubation with
primary antibody (C5a, Thermo Fisher Scientific, Rockford,
IL) at 4�C. The sections were then incubated with
AlexFluor595-labeled secondary antibody (Zymed
Laboratories Invitrogen, Carlsbad, CA, USA) for 1 h. The
slides were mounted using Vectashield mounting media con-
taining DAPI (Vector Laboratories, Burlingame, CA, USA)
for confocal microscopy.

Statistical analysis

Data expressed as means� SE. Statistical analysis was car-
ried out using a two-way ANOVA with the Bonferroni post-
test or TTEST (GraphPad Prism Software, La Jolla CA,
USA). A P value< 0.05 was considered significant.

Results

Elimination of macrophages by clodronate normalizes
RVSP in BMPR2delx4þ mice

We determined the influence of macrophages on phenotypic
outcome in Bmpr2delx4þ mice. The four experimental groups
were: (1) Rosa26; (2) Rosa26þ clodronate; (3) Rosa26-
Bmpr2delx4þ; and (4) Rosa26-Bmpr2delx4þþ clodronate.
There was no difference in systemic systolic pressures: con-
trols averaged 95mmHg and Bmpr2delx4þ averaged
96mmHg (data not shown). In Bmpr2delx4þ mice, RVSP
was significantly higher (P< 0.01) (average RVSP¼
31.8mmHg, median¼ 31.7mmHg) compared to control
mice (average RVSP¼ 22.8mmHg, median¼ 22.3mmHg).
Following clodronate injections, the RVSP remained unchanged
(average¼ 23.9mmHg, median¼ 22.2mmHg) in control
mice but significantly decreased (P< 0.01) in Bmpr2delx4þ

mice (average¼ 24.8mmHg, median¼ 25.1mmHg)
(Fig. 1a). In all animals, a heart rate >400 bpm indicated
that anesthesia provided during RVSP measurement was
appropriate and similar levels of the blood glucose across

Fig. 1. Elimination of macrophages by clodronate normalizes RVSP in BMPR2delx4þ mutant mice. (a) Right ventricular systolic pressure (RVSP);

(b) heart rate; and (c) blood glucose. *P< 0.05 control (Rosa 26-rtTA2 mice) and Rosa26delx4, #P< 0.05 PBS vs. clodronate treated. Black squares

represent individual animals.
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groups indicated a no-stress response (Fig. 1b and 1c). Thus,
our results indicate that suppression of BMPR2 in mono-
cytes/macrophages can normalize RVSP in a Bmpr2delx4þ

mouse model of PH.

BMPR2 knockdown in monocytic lineage cells shows
worsened phenotype following sugen/hypoxia injury
in a mouse model of PH

We used newly generated a LysM-Cre�floxed gene
BMPR2�floxed eGFP monocytic lineage-specific
BMPR2KO mouse model of PH (BMPR2KO mice). At base-
line, RVSP in these mice was similar to control mice (LysM
Cre mice). Following treatment with VEGF inhibitor
(sugen) and 10% oxygen, as expected,49 the control mice
showed a significant (P< 0.01) increase in RVSP, which
was further exacerbated (P< 0.01) in BMPR2KO mice
(P< 0.01) indicating a worsened phenotype (Fig. 2a) com-
pared to controls. The heart rate in the BMPR2KO mice was
similar to controls with and without sugen hypoxia treat-
ment (Fig. 2b); however, the blood glucose was significantly
decreased in all the groups following sugen hypoxia treated
(Fig. 2c). Hypoxic conditions have shown to have detrimen-
tal effects on glucose homeostasis.54,55 Thus, our results
indicate that loss of BMPR2 expression in macrophages
leads to increased susceptibility to worsened phenotypic out-
come following injury.

Suppression of BMPR2 expression in macrophages
contribute to pulmonary vascular remodeling in a
mouse model of PH

Pulmonary vascular remodeling in an integral part of PAH.
We determined whether altered BMPR2 expression or elim-
ination of monocytic lineage cells with BMPR2 knockdown
influences pulmonary vessel remodeling by measuring the
muscularization of 0–25 uM, 25–50 uM, and 50–100 uM

size pulmonary vessels. In the Bmpr2delx4þ mice, the total
number of muscularized pulmonary vessels was increased,
with a significant increase (P< 0.05) in 25–50 uM and
50–100 uM size pulmonary vessels compared to control mice
(Fig. 3a and 3b). Treatment with clodronate reduced total
number of muscularized pulmonary vessels in Bmpr2delx4þ

mice and, in particular, significantly (P< 0.05) reduced
25–50 uM and 50–100 uM size pulmonary vessels (Fig. 3a
and 3b). In sugen/hypoxia-treated control mice (LysM Cre
mice), the total number of muscularized pulmonary vessels
were as expected,49 and in BMPR2KO mice, we observed a
further increase (P< 0.05) in the muscularization of small
and mid-size pulmonary vessels (0–25 uM and 25–50 uM) in
BMPR2Het and BMPR2KO mice compared to sugen/
hypoxia-treated controls (Fig. 3a and 3b). Thus, altered
BMPR2 expression as a result of mutation or knockdown
of gene expression specifically in monocytic lineage cells
may further accelerate muscularization of pulmonary ves-
sels; elimination of these cells can reverse this pulmonary
vessel remodeling.

Suppressed BMPR2 expression in macrophages drives
macrophage localization in pulmonary vessels in a mouse
model of PH

We have shown an increase in pulmonary inflammation in
the mouse model of PAH with BMPR2 mutation;10; there-
fore, we investigated whether suppression of BMPR2 in
macrophages can influence localization of these cells in pul-
monary vessels. In the Bmpr2delx4þ mouse model, using a
classic macrophage marker, CD68,56 we first confirmed
whether the number of CD68 positive lung macrophages
(red color) is reduced by clodronate. We observed marked
reduction number of macrophages surrounding the small
pulmonary vessels (green color: alpha smooth muscle actin
positive cells) in a Bmpr2delx4þ mouse lung (Fig. 4a) follow-
ing clodronate injections, suggesting that elimination of

Fig. 2. BMPR2 knockdown in monocytic lineage cells show worsened phenotype following sugen/hypoxia injury in mouse model of PH: (a) RVSP;

(b) heart rate; and (c) blood glucose. *P< 0.01 baseline vs. sugen/hypoxia treatment, #P< 0.05 control (LysM Cre mice) vs. BMPR2KO (LysM Cre

BMPR2KO mice). Black squares represent individual animals.
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Fig. 3. Suppression of BMPR2 expression in macrophages contributes to pulmonary vascular remodeling in mouse model of PH: (a) Number of

muscularized vessels in lung. Black bar¼ 0–25 uM, white bar¼ 25–50 uM, and gray bar¼ 50–100 uM size vessels. *P< 0.05 control (PBS) vs.

Rosa26delx4 (PBS), $P< 0.05 Rosa26delx4 (PBS) vs. Rosa26delx4 (clodronate), @P< 0.05 control (sugen/hypoxia) vs. BMPR2Het and BMPR2KO,

#P< 0.05 BMPR2Het (sugen/hypoxia) vs. and BMPR2KO (sugen/hypoxia); and (b) Immunofluorescence staining for smooth muscle actin in green

(magnification 100�).

Fig. 4. Suppressed BMPR2 expression in macrophages drives macrophage localization in pulmonary vessels in mouse model of PH: (a)

Immunofluorescence staining for CD68-positive macrophages (in red) and smooth muscle actin (in green). Nucleus is stained blue (magnification

900�, scale bar 50 uM). (b, c) Number of CD11bþGr-1-positive cells in bone marrow and in circulation (plasma). (d) Immunofluorescence

staining for vWF (in red) and macrophages are green in color (by lineage tracing). Nucleus is stained blue (magnification 600�, scale bar 50 uM).

*P< 0.01 control (LysM Cre mice) (sugen/hypoxia) vs. BMPR2Het (LysM Cre BMPR2-KO mice). Bar graph represents number of macrophages

surrounding the pulmonary vessels in control and BMPR2KO mice following sugen/hypoxia treatment.
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macrophages in pulmonary vascular is associated with a
reduction in RVSP. Next, we determined the population
of CD11bþGr-1-positive monocytic lineage cells in bone
marrow and circulation. Myeloid-derived suppressor cells
(MDSCs) express CD11b, a marker for myeloid cells of
the macrophage lineage, and a marker for granulocytes,
Gr-1; thus, these cells are referred to as Gr-1þCD11bþ

cells.57 At baseline and after sugen/hypoxia treatment, the
population of CD11bþGr-1-positive cells in the bone
marrow and circulation remained relatively unchanged in
BMPR2KO mice compared to controls (Fig. 4b and 4c).
We then investigated whether monocytic lineage cells
reside in the lung following sugen/hypoxia treatment. In
the BMPR2KO mouse lung, we observed a twofold increase
in the number of GFP-positive cells surrounding the pul-
monary vessels (red color: von Willebrand factor [vWF]
positive cells) compared to controls (Fig. 4d). These results
indicate that BMPR2 knockdown and hypoxic vascular
injury did not alter the population of CD11bþGr-1 macro-
phages in bone marrow and in circulation but led to the
increased localization of monocytic lineage-specific cells sur-
rounding the pulmonary vessels.

Vascular and hypoxic injury increases proinflammatory
cytokines in circulation and lung in monocytic
lineage-specific BMPR2KO mice

Proinflammatory cytokines are increased in lung and remo-
deled vessels in PAH patients.31,33,58 We investigated
whether BMPR2 knockdown in monocytic lineage cells
increases proinflammatory cytokines by performing cyto-
kine assay using plasma and lung tissue obtained from
BMPR2KO and controls with and without sugen/hypoxia
treatment. There was a striking increase in number of circu-
lating cytokines in BMPR2KO mice with sugen/hypoxia
treatment compared to BMPR2KO mice at baseline or con-
trol animals with or without sugen/hypoxia treatment.
The circulating cytokines C5a, CXCL12, sICAM, and
IL-16 appeared to have a gradient increase as a result of
BMPR2KO and sugen/hypoxia treatment (Fig. 5a and 5d).
At baseline, a BMPR2KO mouse lung demonstrated a
modest increase for most of the cytokines compared to
controls (with or without sugen/hypoxia treatment) and a
striking increase in C5a and CXC12 following sugen/
hypoxia treatment (Fig. 5b and 5e). Using BMDM, we per-
formed cytokine arrays (with and without IL6 treatment) to
investigate whether increased cytokines in circulation in
BMPR2KO mice (especially C5a, CXCL12, sICAM, and
IL-16) is a result of increased secretion by monocytic lineage
cells in BMPR2KO mice. At baseline, the cytokine profile for
BMDM from BMPR2KO mice was similar to control
BMDM except for CXCL12, which was increased in
BMDM from BMPR2KO mice. IL-6 stimulation increased
CXCL12 in control BMDM and IL-16 (Fig. 5c and 5f) in
control and BMPR2KO BMDM. Thus, macrophages in cir-
culation, and not derived from bone marrow, are associated

with an increase in proinflammatory cytokines. This sug-
gests that loss of BMPR2 expression may directly cause an
increase in cytokine expression in macrophages in circu-
lation or it may increase susceptibility to macrophage acti-
vation. Moreover, even with no additional stimulus,
BMPR2KO in macrophages leads to an inflammatory profile
in BMPR2KO animals comparable or a little worse than the
profile in control mice that have received sugen/hypoxia.
Thus, even unstimulated, interaction with some other cell
type is sufficient to drive an inflammatory phenotype in
BMPR2KO macrophages, but not in control macrophages.

In PAH, C5a is increased in cells within pulmonary vessels
and inflammatory cells surrounding these vessels

C5a, complement component 5a, is an anaphylatoxin that
can recruit inflammatory cells, increase vascular permeabil-
ity,59–63 and aggravate microvascular injury.64 Genetic
mutations can also lead to excessive complement activation
and tissue injury involving vascular cells.65–68 Complement
components have been identified in PAH patients.69,70

In our previous publication, we have shown spontaneous
doubling of lung interstitial macrophages10 in mutant
Bmpr2delx4 mice suggesting increased permeability of the
endothelium to circulating cells; potentially, it could be a
functional consequence of C5a. We determined the localiza-
tion of C5a in the lung vasculature of PAH patients. In the
HPAH and idiopathic PAH lung, unlike the control lung,
C5a immunolocalization was seen in inflammatory cells sur-
rounding the remodeled pulmonary vessels as well as cells
within these vessels (Fig. 6). Thus, an increase in C5a pro-
tein in the lung may be associated with increase production
and secretion of this anaphylatoxin in the lung and in cir-
culation, which may have a role to play in pulmonary vessel
remodeling.

Discussion

In the present study, we demonstrate that, in mice univer-
sally overexpressing patient-derived BMPR2 mutation,10

elimination of macrophages by clodronate (Fig. 4) normal-
izes RVSP (Fig. 1) and reduces muscularized pulmonary
vessels (Fig. 3) in these animals. In contrast, in our newly
created monocytic lineage-specific BMPR2 knockout mouse
model of PH, we demonstrate a significant increase in RVSP
with sugen/hypoxia treatment (Fig. 2) and increased muscu-
larization of pulmonary vessels (Fig. 3) associated with a
significant increase in the number of macrophages surround-
ing these pulmonary vessels (Fig. 4). Further, BMPR2
knockdown in monocytic lineage cells increased proinflam-
matory molecules in circulation and, to a lesser extent, in the
lung but did not directly lead to a striking increase in expres-
sion of these molecules in macrophages (Fig. 5), suggesting
that BMPR2 suppression in macrophages may precondition
these cells to modulate the pulmonary vasculature (Fig. 6)
and influence the release and accumulation of
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Fig. 5. Vasular and hypoxic injury increases proinflammatory cytokines in circulation and lung in monocytic lineage-specific BMPR2 KO mice: (a–

c) Dot blot depicting cytokine profile in circulation, lung and bone marrow-derived macrophages (BMDM). (d–f) Bar graph representing fold

increase in cytokines C5a, CXCL12, sICAM, and IL-16 in circulation, lung, and BMDM. Control mice are LysM Cre mice and BMPR2KO mice are

LysM Cre BMPR2-KO mice. *P< 0.01 BMPR2KO vs. controls, #P< 0.01 controls at baseline vs. sugen/hypoxia, ^P< 0.01 BMPR2KO at baseline vs.

sugen/hypoxia, $P< 0.01 control at baseline vs. with IL6 treatment, and @P< 0.01 BMPR2KO at baseline vs. with IL6 treatment.
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proinflammatory molecules in the development of BMPR2-
related PAH. Thus, our findings indicate that macrophages
with dysfunctional BMPR2 are important mediators in the
clinical manifestation of PAH.

Macrophages are a prominent component of the inflam-
matory infiltrates in experimental and clinical PAH9,35,71–74

and are thought to play a very important role in modulating
the disease.9,74 Macrophage depletion or inactivation is
shown to prevent experimentally induced hypoxic PH and
portopulmonary hypertension.14,73 Our mouse model of
mild PH with universal Bmpr2delx4þ mutation, dominated
by inflammatory phenotype in pulmonary vasculature and
appeared to be driven by a primary defect in tissue macro-
phages,10 indicates normalization of RVSP as a result of
depletion of macrophages. In contrast, in our newly created
mouse model of PAH, deletion of BMPR2 gene in monocytic
lineage cells results in worsening of the phenotypic outcome
with a second hit (hypoxic and vascular injury). These two
experimental mouse models of PH provide direct evidence
indicating that macrophages can play a very important role
in modulating the progression of disease in PAH.

We and others have shown that in PAH, inflammatory
cells play a pathological role in pulmonary vascular

remodeling, as indicated by increased muscularization of pul-
monary vessels, which leads to progression of the dis-
ease.9,13,14,75,76 Both the mouse models used in our studies
corroborate with these previous findings and suggest an
important role of macrophages in pulmonary vessel remodel-
ing. In PAH, monocytes/macrophages present in pulmonary
vascular lesions and surrounding the remodeled pulmonary
vessels are significantly increased.74,77 Our lineage-tracing stu-
dies in the monocyte-specific BMPR2-KO mouse indicate
that dysfunctional BMPR2 in macrophages accelerate the
migration of these cells to pulmonary vessels following
injury, which may influence pulmonary vessel remodeling;
elimination of these cells by clodronate is shown to reverse
this pulmonary vessel remodeling. Further, circulating and
bone marrow-derived myeloid cells do not appear to directly
influence macrophage infiltration and pulmonary vessel
remodeling. Thus, taken together, these results indicate that
in animal models of PH, suppression of BMPR2 in macro-
phages may be involved in infiltration of macrophages in
pulmonary vasculature, which can potentially facilitate pul-
monary vessel remodeling.

In human and animal models of PAH, inflammatory
cytokines released by various pulmonary cell types

Fig. 6. In PAH, C5a is increased in cells within pulmonary vessels and inflammatory cells surrounding these vessels: immunofluorescence staining

for C5a (red color) is seen in inflammatory cells surrounding the pulmonary vessels and in cells of pulmonary vessels. Nucleus is stained blue

(magnification 400�, scale bar 50 uM).
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(endothelial, smooth muscle, fibroblast, and inflammatory
cells) can influence the migration of inflammatory cells
including macrophages to the lung.9,13 In monocytic line-
age-specific BMPR2KO mice, C5a, sICAM, IL-16, and
CXCL12 (proinflammatory molecules) released in circula-
tion and the lung, can therefore potentially affect macro-
phage infiltration in pulmonary vasculature. C5a is shown
to increase vascular leak,59 smooth muscle proliferation,78

and induce autocrine signaling79 by binding to the C5aR on
VSMCs80 and thus can potentially influence pulmonary ves-
sels remodeling. C5a levels are significantly upregulated in
COPD individuals81 and C3 and C4a, other components of
the complementary cascade, have been implicated as bio-
markers in patients with suppressed BMPR2.69,70

Similarly, CXCL12 is increased in PAH patients82 and pro-
posed as a biomarker of heart failure.83 It is highly expressed
at sites where macrophages are present in either physiologic
or pathologic situations84 and plays a critical role in mono-
cyte extravasation84 and chemotaxis.85 Serum sICAM is ele-
vated in children with congenital heart disease86 and in PH
associated with sickle cell anemia;87 it is shown to activate
alveolar macrophages causing intensified lung injury.88

However, the role of IL-16 in PAH is conflicting.89,90 Our
results suggest that, in PAH, proinflammatory molecules,
C5a and CXCL12, hold a promising role in monocyte/
macrophage infiltration and pulmonary vessel remodeling,
which needs to be explored further.

Our study does have some limitations. First, in PAH, it is
well described that the perivascular inflammatory cell infil-
trates in the lung are composed of various cell types, which
include, but are not limited to, macrophages, T cells, B cells,
dendritic cells, and mast cells.9,13 This study does not dem-
onstrate the crosstalk between macrophages and other
cells types in pulmonary vascular bed, an essential piece of
the aberrant pro-inflammatory signaling which can be
driven by lost BMPR2 signaling in macrophages. It is
quite possible that these cells may potentially play a role
in macrophage recruitment and remodeling as a result
of increased proinflammatory cytokine production in mono-
cytic lineage specific BMPR2KO mice, which is an important
area for future studies. Second, this study is limited
to demonstrating the increase in proinflammatory cytokine
production but is unable to demonstrate to the cell
type involved in this increase. Finally, an in-depth cell cul-
ture studies using specific cell types to understand the func-
tional role of macrophages with dysfunctional BMPR2 and
proinflammatory cytokines in pulmonary vessel remodeling
is warranted.

In conclusion, in animal models of PH, suppression of
BMPR2 in macrophages can exacerbate phenotypic out-
come, potentially by influencing pulmonary vessel remodel-
ing via proinflammatory cytokine production as a result of
injury. A deeper understanding of the complex mechanisms
of pulmonary vasculature remodeling by macrophages with
dysfunctional BMPR2 will aid in the development of tar-
geted treatment in PAH.
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