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Abstract

Rationale: Pulmonary arterial hypertension (PAH) is a progressive
lung disease of the pulmonarymicrovasculature. Studies suggest that
bone marrow (BM)-derived circulating cells may play an important
role in its pathogenesis.

Objectives:We used a genetic model of PAH, the Bmpr2mutant
mouse, to study the role of BM-derived circulating cells in its
pathogenesis.

Methods: Recipient mice, either Bmpr2R899X mutant or controls,
were lethally irradiated and transplanted with either control or
Bmpr2R899X BM cells. Donor cells were traced in female recipient mice
by Y chromosome painting. Molecular and function insights were
provided by expression and cytokine arrays combined with flow
cytometry, colony-forming assays, and competitive transplant
assays.

MeasurementsandMainResults:Wefound thatmutant BMcells
caused PAH with remodeling and inflammation when transplanted
into control mice, whereas control BM cells had a protective effect
against the development of disease, when transplanted into mutant
mice. Donor BM-derived cells were present in the lungs of recipient
mice. Functional and molecular analysis identified mutant BM cell
dysfunction suggestive of a PAH phenotype soon after activation of
the transgene and long before the development of lung pathology.

Conclusions:Our data show that BM cells played a key role in PAH
pathogenesis and that the transplanted BMcells were able to drive the
lung phenotype in a myeloablative transplant model. Furthermore,
the specific cell types involvedwere derived fromhematopoietic stem
cells and exhibit dysfunction long before the development of lung
pathology.

Keywords: pulmonary arterial hypertension; bone marrow cells;
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Pulmonary arterial hypertension (PAH) is a
progressive, fatal disease characterized by
elevated pressures in the pulmonary arterial
circulation eventually leading to right heart
failure. Several lines of investigation suggest
that at least some of these cells, those involved
in remodeling and the perivascular infiltrate,
are bone marrow (BM)-derived cells (1–4).

BM contains many different types of
cells and there are data to suggest that some
of them are involved in remodeling of small
pulmonary arteries (3–7). However, it
remains unclear whether BM cells have a
pathogenic or protective role in PAH.
Studies using monocrotaline- or hypoxia-
induced PAH animal models have shown

that wild-type BM cells, or BM-derived and
ex vivo–expanded mesenchymal stem cells
and endothelial progenitor cells, attenuated
PAH when injected into animals with PAH
(8–16), suggesting that BM cells might have
a protective effect. However, other studies
show a causative role for wild-type BM cells
in disease pathogenesis (17–19).
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There is increasing evidence to suggest
that BM cells of hematopoietic lineage,

particularly myeloid cells, are important in PAH
pathogenesis. BM cells of patients with
PAH frequently show myeloproliferative
abnormalities (20–22), and there is an increased
incidence of PAH in myeloproliferative
disorders, such as primary myelofibrosis and
myeloid leukemia (23, 24). Furthermore,
elegant work by Asosingh and colleagues
showed that CD1331 progenitor cells from a
patient with PAH produced more colonies in a
myeloid colony-forming assay, suggesting
CD1331 cells of patients with PAH are
enriched in myeloid progenitors and,
importantly, that these cells, when transplanted
in nude mice in short-term studies, could cause
elevated pulmonary pressures (25). Regardless
of these studies, there remains significant
uncertainty about whether BM cells have a
direct causative role in long-term PAH
pathogenesis and about the nature and origin of
the specific cell type involved.

Bone morphogenic protein receptor 2
(BMPR2) gene mutations are the most

common cause of heritable PAH (26–31). One
naturally occurring mutation in patients with
heritable PAH is an arginine-to-termination
mutation (R899X) in the cytoplasmic tail
domain of BMPR-II, which disrupts signaling
functions of the receptor (26, 32–35). The
Bmpr2R899X transgenic mouse model expresses
the BMPR2 R899X mutation when induced by
doxycycline and develops pulmonary pressures
and muscularization of pulmonary arteries.

We used this genetic mouse model of
PAH to study the role of BM cells in PAH.
We used lethal irradiation–based BM
transplantation, and functional and molecular
analyses in an attempt to clarify the relative
contribution of BM cells to PAH pathogenesis.

Methods

Mice
Rosa26-Bmpr2R899X transgenic mice
(FVB/N strain) were generated by
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Figure 1. Control (Ctrl) recipient mice transplanted with mutant (Mut) bone marrow (BM) cells developed elevated right ventricular systolic pressure (RVSP),
whereas Mut mice transplanted with control BM cells had lower RVSP. (A) Experimental design. (B) Lethally irradiated Ctrl mice developed elevated RVSP when
transplanted with Mut BM cells (n = 12) compared with the Ctrl group of lethally irradiated Ctrl mice transplanted with Ctrl BM cells (n = 5) (compare the first and
second boxplots). Lethally irradiated Mut mice transplanted with Ctrl BM cells showed moderation of RVSP (n = 7) compared with the Ctrl group of lethally
irradiated Mut mice transplanted with Mut BM cells (n = 9) (compare the third and fourth boxplots). RVSP was measured 16 weeks after transplantation. Data are
shown as box-and-whisker plots, with whiskers indicating Tukey whiskers. An a level of 0.05 was chosen, and P values less than 0.05 were considered
statistically significant. All P values were two-tailed. Analyses were performed with Prism 5 for Mac OS X (GraphPad Software Inc., La Jolla, CA).

At a Glance Commentary

Scientific Knowledge on the
Subject: Increased numbers of bone
marrow–derived cells are found in the
lungs of patients with pulmonary
arterial hypertension. However, it is
unclear whether these cells have a role
in disease initiation or are drawn to an
ongoing disease process.

What This Study Adds to the
Field: This study shows for the first time
that bone marrow cells have both
initiating and protective roles in
pulmonary arterial hypertension and that
the bone marrow cells involved are likely
derived from hematopoietic stem cells.
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intercrossing rtTA2-Rosa26 mice and
TetO7-BmprR899X mice as previously
described. These mice universally
expressed Bmpr2R899X transgene on

receiving doxycycline chow as previously
described (34, 35). Sixteen weeks after
doxycycline induction, Rosa26-Bmpr2R899X

mice developed elevated pulmonary

pressures along with pulmonary artery
muscularization whereas the control
Rosa26 mice did not. For brevity, Rosa26-
Bmpr2R899X mice are referred to as
mutant (Mut) or R899X and rtTA2-
Rosa26 mice are referred to as control (or
wild-type; note that wild type refers to
mice with the wild-type Bmpr2 gene) in
text and figures (34, 36). All mouse work
was approved by the Vanderbilt University
Institutional Animal Care and Use
Committee.

BM Transplantation and Analysis of
Lungs
To investigate the role of BM cells in PAH,
we performed BM cross-transplantation
experiments by transplanting mutant BM
cells into lethally irradiated (900 cGy)
control mice and BM cells isolated from
control mice into lethally irradiated mutant
mice. Recipient mice were fed with
doxycycline chow. Sixteen weeks later,
recipient mice were subjected to
echocardiography and heart catheterization
to evaluate heart function and measure
right ventricular systolic pressures
(RVSPs) (32, 35). Hematoxylin and eosin
staining and immunohistochemistry
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Figure 2. Control (Ctrl) recipient mice transplanted with mutant (Mut) bone marrow (BM) cells had
higher muscularization compared with Mut mice transplanted with Ctrl BM cells. (A) Lung sections
of recipient mice were stained with anti–smooth muscle actin antibody (fluorescein isothiocyanate
conjugated) and visualized by immunofluorescence 16 weeks after transplantation. (B) Three different-
sized vessels were counted from 10 microscope fields. Data are presented as means 6 SEM and
were analyzed by Student’s t test. P values less than 0.05 were considered statistically significant.
Analyses were performed with Prism 5 for Mac OS X (GraphPad Software Inc., La Jolla, CA).
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Figure 3. Lungs of recipient mice transplanted with mutant (Mut) bonemarrow (BM) cells had increased numbers of T cells (CD31) compared with lungs of Mut mice
transplanted with control (Ctrl) BM cells. Lungs of recipient micewere analyzed 16weeks after transplantation by costaining with CD3–fluorescein isothiocyanate (green)
and a-smooth muscle actin–tetramethylrhodamine (red) antibodies. Nuclei were visualized with 49,6-diamidino-2-phenylindole (blue). (A) Mut BM transplanted into Ctrl
recipient mice. (B) Ctrl BM transplanted into Mut recipient mice. (C) Control group; Mut BM cells transplanted into Mut recipient mice. (D) Control group; Ctrl BM cells
transplanted intoCtrl recipientmice.Representativepicturesareshown. (E)AveragenumberofCD31cellsbycell counting from10randomfieldsatamagnificationof310.
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experiments were done as previously
described (37).

To determine whether transplanted
donor BM cells migrated to the lungs of

recipient mice, donor BM cells were
isolated from male mice and transplanted
into lethally irradiated female recipient
mice as described previously. Sixteen to

20 weeks later, female recipient mice
were killed, and the distribution of
donor-derived BM cells in the fixed
lungs was evaluated by fluorescence
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Figure 4. Lungs of recipient mice transplanted with mutant (Mut) bone marrow (BM) cells had increased numbers of macrophages (CD681) compared with lungs of
Mut mice transplanted with control (Ctrl) BM cells. Lungs of recipient mice were analyzed 16 weeks after transplantation by costaining with CD68–fluorescein
isothiocyanate (green) and a-smooth muscle actin–tetramethylrhodamine (red) antibodies. Nuclei were visualized with 49,6-diamidino-2- (blue). (A) Mut BM transplanted
into Ctrl recipient mice. (B) Ctrl BM transplanted into Mut recipient mice. (C) Control group; Mut BM cells transplanted into Mut recipient mice. (D) Control group; Ctrl BM
cells transplanted into Ctrl recipient mice. Note that CD681 cells appeared to be imbedded within the vessel wall. Representative pictures are shown. Yellow arrows

indicate the likely presence of CD681 cells in the vessel wall. (E) Average number of CD681 cells by cell counting from 10 random fields at a magnification of 310.
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Figure 5. Recipient mice contain donor-derived CD31 cells. Lungs of female recipient mice transplanted with male bone marrow (BM) cells were analyzed
16 weeks after transplantation. To visualize the Y chromosome (Ch Y) in donor male BM cells, fluorescence in situ hybridization was combined with
immunohistochemistry. Lung sections were painted with Y probe (aqua) and then costained with CD3–fluorescein isothiocyanate (T cells, green). Nuclei
were visualized with 49,6-diamidino-2-phenylindole (blue). Representative pictures are shown at an original magnification of 3600. (A) Mutant (Mut) BM
transplanted into control (Ctrl) recipient mice. (B) Control group; Ctrl BM transplanted into Ctrl recipient mice.
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microscopy and fluorescence in situ
hybridization analysis for the
Y chromosome as previously
described (38).

Evaluation of Hematopoietic Stem
Cells and Progenitor Cells and
Colony-Forming Unit Assays
Flow cytometric, cfu, and competitive
repopulation assays were done as
previously described (39, 40).
Please see the online supplement for
details.

Cytokine, Microarray, and
Quantitative PCR Expression
Analyses
Cytokine (41) and expression analyses
were done as previously described (42).
Please see the online supplement for
details.

Results

BM Cells from Bmpr2 Mutant Mice
Caused PAH in Control Recipient
Mice whereas Control BM Cells Were
Protective
To determine whether BM cells had a direct
role in PAH development, we transplanted

BM cells isolated from Bmpr2R899X mutant
mice into control mice and control BM
cells into mutant mice. The control groups
consisted of control mice transplanted
with control BM cells and mutant mice
transplanted with mutant BM cells
(Figure 1A; see Table E1 in the online
supplement). All the recipients were
lethally irradiated to ensure complete
myeloablation of the native BM cells.
Engraftment of donor Bmpr2R899X BM
cells into control mice was confirmed by a
previously described real-time PCR assay
for engraftment efficiency in recipient
mice, at the time of phenotyping and
found to be approximately 100%
(Figure E1) (43).

We found that control recipient mice
transplanted with mutant BM cells
developed PAH, as evidenced by increased
RVSP 16 weeks after transplantation
(Figure 1B, compare the first and second
boxplots; P = 0.002), whereas mutant
recipient mouse cells transplanted with
control BM cells had lower RVSP
compared with the control group
(Figure 1B, compare the third and
fourth boxplots; P = 0.05). These data
suggested that mutant BM cells alone
had the capacity to cause PAH in
control recipient mice, whereas control

BM cells had a protective effect on
the development of PAH in the mutant
mice.

Because the lethally irradiated control
mice transplanted with control BM cells did
not develop PAH, it suggested that lethal
irradiation of recipients did not contribute
significantly toward the development
of PAH. Overall transplantation of
BMPR2R899X BM cells into mutant or
control recipient mice did not show a
significant increase in RV/LV1 S (right
ventricle/left ventricle plus septum) ratios
or evidence of significant ventricular
hypertrophy (Figure E2). These data were
consistent with our previous findings that
mice expressing BMPR2R899X mutant gene
were physiologically incapable of RV
remodeling—they dilated and failed instead
(44). Overall, the BM transplantation data
suggested that BM cells might have an
important intrinsic role in PAH
development.

Increased Lung Vascular
Muscularization in Mice Transplanted
with Bmpr2 Mutant BM Cells
We have shown the BMPR2R899X mutant
mice develop muscularization of the
pulmonary vessels on activation of
the transgene (32, 45, 46). We examined the
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Figure 6. Recipient mice contain donor-derived CD681 cells. Lungs of female recipient mice transplanted with male bone marrow (BM) cells were
analyzed 16 weeks after transplantation. To visualize the Y chromosome (Ch Y) in donor male BM cells, fluorescence in situ hybridization was combined
with immunohistochemistry. Lung sections were painted with Y probe (aqua) and then costained with CD68–fluorescein isothiocyanate (macrophages,
green). Nuclei were visualized with 49,6-diamidino-2-phenylindole (blue). Representative pictures are shown at an original magnification of 31,000. (A)
Mutant (Mut) BM transplanted into control (Ctrl) recipient mice. (B) Control group; Ctrl BM transplanted into Ctrl recipient mice.

ORIGINAL ARTICLE

902 American Journal of Respiratory and Critical Care Medicine Volume 193 Number 8 | April 15 2016



lungs of recipient mice and found higher
numbers of fully muscularized vessels in
recipient control mice transplanted with
mutant BM cells compared with mutant
mice transplanted with control BM cells, at
vessel sizes of less than 25 mm in diameter
(P = 0.003), less than 25–50 mm (P = 0.016),
and 50–100 mm (P = 0.046) per microscope
field (Figures 2A and 2B). This suggested
that transplanted mutant BM cells could
cause vascular remodeling.

Increased Number of Inflammatory
Cells in and around the Pulmonary
Microvasculature in Mice
Transplanted with Bmpr2 Mutant BM
Cells
Previous studies have shown that
inflammatory cells, such as monocytes/
macrophages and T cells, tend to accumulate
in the lungs of patients with PAH and PAH
animal models (47–50). We proceeded to
determine whether this was also the case in
the recipient mice. Hematoxylin and eosin
staining of recipient mouse lung tissue
showed that control mice transplanted with
mutant BM cells had increased numbers of
cells in the lung parenchyma and around the
pulmonary vasculature than mutant
mice transplanted with control BM cells
(Figure E3).

We then determined the nature and
relationship of these cells to the vasculature
by immunofluorescence. We found that
there were more T cells (CD31) (Figure 3)
and macrophages (CD681) (Figure 4)
around pulmonary vessels in the lungs
of control or mutant recipient mice
transplanted with mutant BM cells.
Furthermore, macrophages appeared to be
imbedded within the vessel walls
(Figure 4A) and were present in higher
numbers than T cells in lung sections of
mice transplanted with mutant BM cells
(Figures 3E and 4E). A quantitative
determination of the expression of
inflammatory cell markers showed that the
lungs of control recipient mice transplanted
with mutant BM cells had higher
expression of monocyte (CD11b; P = 0.002)
and inflammatory cell (TLR4; P = 0.005)
markers compared with controls
(Figure E4).

The inflammatory cells are donor
derived. Given that the recipient mice were
myeloablated, the inflammatory cells in the
recipient mice would be derived from donor
BM cells. We sought further evidence of this

by tracing donor cells in the lungs of lethally
irradiated recipient mice. We used
Y chromosome fluorescence in situ
hybridization to trace male donor cells in
the lungs of female recipient mice. We
found that the female recipient control
mice had male Bmpr2R899X T cells
(CD31) (Figure 5) and Bmpr2R899X

macrophages (CD681) (Figure 6), as
evidenced by the presence of the
Y chromosome in the nucleus of CD31 and
CD681 cells.

Increased levels of neutrophil chemokine
CXCL1 in lungs of mice transplanted with
mutant BM cells. We determined whether
there were any differences in the
inflammatory milieu in lung tissues
between recipient mice transplanted with
control and mutant BM cells by mouse
cytokine arrays. Of the 40 cytokines
tested, 7 were extremely weak or absent in
all four groups, 21 had weak but likely
present expression, 8 had moderate levels
of expression, and 4 had strong expression
(Table E2). Of those in the category with

at least one sample of moderate
expression, CXCL1 had strong expression
in the lungs of mice that were transplanted
with mutant BM cells compared with mice
transplanted with control BM cells and
the two control groups (mutant into
mutant and control into control).
RANTES (regulated upon activation,
normal T-cell expressed and secreted)
expression was slightly lower in
recipient mice transplanted with
mutant BM cells (Figures 7A–7C).
These data suggest that inflammatory
cytokines may play a role in the
phenotype produced by the transplanted
BM cells.

Altered functions of cells of
hematopoietic lineage in the BM of the
mutant mice. The development of increased
RSVP and muscularization in control
recipient mice transplanted withmutant BM
cells suggested that the phenotype was
driven by the transplanted BM cells,
especially considering that the recipient
mice do not have the mutated Bmpr2 gene.
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Figure 7. Altered chemokine levels in the lungs of recipient mice. Protein extracts from lung tissue
of three recipient mice from each transplant group were pooled and applied to R&D Systems
mouse cytokine array panels. The four analysis groups were as follows: control (Ctrl) bone marrow
(BM) transplanted into Ctrl recipient mice, Ctrl BM transplanted into mutant (Mut) recipient mice,
Mut BM cells transplanted into Ctrl recipient mice, and Mut BM cells transplanted in Mut recipient
mice. (A) Each pair of dots represents an independent cytokine antibody. Forty cytokines were
analyzed per array. The strips containing CXCL1 and RANTES (regulated upon activation, normal
T-cell expressed and secreted) are shown, and the spots representing CXCL1 and RANTES are
underlined. (B) Normalized densitometry of CXCL1 in each group. (C) Normalized densitometry of
RANTES in each group. arb. = arbitrary; CXCL1 = chemokine (C-X-C motif) ligand 1 (melanoma
growth–stimulating activity a).
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We thus evaluated the BM populations of
both mutant and control mice for
functional differences. Previous studies in
humans have shown that patients with
PAH have higher numbers of CD1331

progenitor cells (51). We thus first
enumerated various progenitor populations
in the BM of mutant and control mice
by flow cytometry. Importantly, BM
populations were analyzed just
2–4 weeks after induction of the mutant
transgene to minimize any potential
influence of the developing lung disease
on the behavior of the BM cells. We
found that, consistent with human PAH,
mutant BM had increased numbers of
CD1331 cells compared with control
BM (Figure 8A) (51). Furthermore,
mutant BM cells had elevated numbers
of lineage–, Sca-11, c-Kit1 (LSK) cells
(P = 0.009), hematopoietic stem cells
(HSCs) (LSK/CD48–CD1501; P = 0.0008),
and multipotent progenitors (MPPs)
(LSK/CD341Flt3high; P = 0.006) (Figures
8B–8D). Colony-forming unit assays
showed that mutant BM cells produced

higher numbers of total colonies than
did control BM cells (Figure 8E). No
significant difference in specific types of
progenitor colonies was found (data not
shown).

To determine whether there were
differences in HSC function between the
mutant and control mice, we did in vivo
competitive repopulation assays. Lethally
irradiated 8-week-old control recipient
mice were transplanted with 106 BM cells
from mutant mice at a 1:1 ratio with
106 competitor green fluorescent
protein–expressing control BM cells.
We then examined peripheral blood for
donor chimerism at 16 weeks post-
transplantation. We found that mutant
BM cells had a twofold higher
reconstituting ability/engraftment
potential than did control BM cells
(P = 0.018) (Figure 8F). Increased
numbers of HSCs and progenitor cells as
well as higher reconstituting/engraftment
ability of HSCs and higher colony-
forming unit potential of the mutant BM
suggested the mutant HSCs likely have

increased self-renewal, that the progenitor
cells have increased differentiation
potential, and that differences were cell
intrinsic because the BM cell populations
were analyzed long before they could be
influenced by the developing PAH lung
phenotype.

Mutant BM cells develop an early
molecular signature of inflammation. To
gain insight into the biological and
molecular mechanisms involved in the
effects of Bmpr2 mutation on BM cells, we
compared global gene expression profiles of
Bmpr2 mutant and control BM cells. As
with the functional studies BM cell
expression profiling was done early—2 to
4 weeks after transgene activation—and
long before the development of any lung
pathology in the mutant mice. We
identified 712 genes that were differentially
expressed—487 genes were up-regulated
and 225 genes were down-regulated (by
at least 1.2-fold with a corrected P value
of 0.05) in Bmpr2R899X BM cells (Table 1
and Table E3). The top differentially
expressed genes in the array data set
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Figure 8. Hematopoietic stem cell (HSC) and progenitor cell functions were altered in the mutant (Mut) mice with pulmonary arterial hypertension. Flow
cytometric analysis of cell populations was done in the bone marrow (BM) of Mut and control (Ctrl) mice. (A) CD1331 progenitor cells, (B) Lin–Sca-11c-kit1

(LSK) cells, (C) HSCs (LSK/CD48–CD1501), and (D) multipotent progenitors (MPPs) (LSK/CD341Flt3high). (E) BM cells from Mut mice produced more
colonies in methylcellulose colony-forming assays than BM cells from Ctrl mice. (F) Mut BM cells have higher donor reconstitution units (RU) in long-term
competitive transplantation assays than control BM cells. Data are shown as box-and-whisker plots, with whiskers indicating Tukey whiskers. An a level of
0.05 was chosen, and P values less than 0.05 were considered statistically significant. All P values were two-tailed. Analyses were performed with
Prism 5 for Mac OS X (GraphPad Software Inc., La Jolla, CA).
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were confirmed by real-time PCR
(Figure E5).

Of note, we found that several
genes important in the inflammatory
response and PAH, such as Fos, Ccl3, cJun,
and IL-6, were elevated in the mutant
BM cells. Interestingly, Cwc22, a splice
regulator and partner of ASF/SF2
splicing factor, previously shown to be
important in PAH, was the second highest
differentially expressed gene (52).

Pathway analysis showed that there
was activation of several key inflammatory
signaling pathways with known roles in
PAH such as NFAT, IL-8, IL-1, IL-6,
NF-kB, CD28, JAK/Stat, endothelin, CD28,
and T-helper cells differentiation in the
mutant BM cells (Figure 9). IL-6 is secreted by
monocytes and T cells and data suggest
that IL-6 might be one of the key cytokines in
the pathogenesis of PAH (53).

We then analyzed our data to
determine the cascade of upstream

regulators, that is, mechanistic networks
of genes, which may account for the
gene expression changes seen in our data
set. This analysis showed that Fas and
Ccl5 were predicted to be the top
mechanistic regulators of the differential
gene expression pattern seen in the
array analysis (P = 5.23 10214 and
3.63 10213, respectively) (Figure E6).
This is notable because both Ccl5 and
Fas have a role in PAH with Fas involved
in the cross-talk between autophagy
and apoptosis in PAH through its
interactions with Cav-1 and Ccl5 (54).
Interestingly, even at the gene
expression level and only 2 weeks
postactivation of the mutant transgene,
a downstream effects analysis predicted
activation of several inflammatory
cell functions such as immune response
of macrophages, differentiation of
monocytes, and cytotoxicity of
lymphocytes (Figure 10).

Discussion

We present data that show that Bmpr2R899X

mutant BM cells can cause PAH with
pulmonary vascular muscularization when
transplanted into lethally irradiated control
mice, whereas control BM cells can
moderate increased pulmonary pressures
and decrease remodeling when transplanted
into lethally irradiated mutant mice.
Functional and expression analysis showed
that mutant BM cells had altered function
and were primed for an inflammatory
response early, long before any feedback
from developing lung pathology. Overall,
our data suggest that BM cells may play a
key, initiating role in PAH and, given that
normal BM cells offered relative protection
for the mutant recipients against the
development of PAH, our findings further
suggest the possibility that normal BM cells
might be useful as therapy in PAH in the
form of a BM transplant.

We show that transplanted mutant
BM cells could drive the disease phenotype
by themselves because the lungs of control
recipients expressed wild-type Bmpr2
(Figure 1B). We found early functional
abnormalities in the mutant BM cells
including increased numbers of CD1331

progenitor cells, increased numbers of
MPPs, increased numbers of myeloid
colony-forming units, and increased self-
renewal capacity of the HSCs. Increased
numbers of progenitor cells and increased
colony-forming unit potential could be
one explanation for the increased
numbers of myeloid and T cells seen in
the lungs of mice transplanted with the
mutant BM (Figures 3 and 4). These
findings are consistent with previous
studies showing increased numbers of
CD1331 cells in patients with PAH
(25, 51), and other studies showing that
myeloid and inflammatory cells may be
relevant in PAH (51, 55). Previous studies,
however, have not been able to determine
the source of the increased numbers of
progenitor cells seen in both mouse
models of PAH and humans with PAH.
Our data suggest that the increased
numbers of progenitor cells might in part
be due to more HSCs in the mutant BM
compared with the control BM (Figures
8C and 8F).

Cytokine array analysis showed
elevation of CXCL1 in the lungs of
recipient mice transplanted with

Table 1. Top 15 Up- and Down-regulated Genes in Mutant Bone Marrow Compared
with Control BM Cells

Gene Symbol
Corrected
P Value

Fold Change
Mut versus Control

Log2 Fold Change
Mut versus Control

Anxa3 0.014283723 2.7345881 1.4513235
Cwc22 0.012688569 2.5039344 1.3241968
Gatm 4.013 10–5 2.255848 1.1736698
Snora15 0.002137598 2.1619616 1.1123409
Glrx3 0.032915503 1.8799846 0.9107208
Jun 0.007573118 1.8005234 0.8484163
Gdpd1 8.073 10–5 1.7881864 0.83849716
Ccl3 3.603 10–4 1.7326305 0.792964
Olfr10 0.039548848 1.7275498 0.7887273
Zfp931 0.002489619 1.6726809 0.7421622
Fos 0.001530399 1.6628366 0.7336464
Sqrdl 7.193 10–5 1.5844775 0.6640072
Trpv2 3.243 10–5 1.5761803 0.6564326
Olfr310 0.010107463 1.5510877 0.6332803
Dpep2 0.003690173 1.5448326 0.62745047
Rhoa 0.001682325 21.6033893 20.6811247
Phxr4 0.001431052 21.6069964 20.6843667
Eif4a2 0.010703338 21.618823 20.69494534
Gpr52 0.022888012 21.6221588 20.6979151
Snora73a 7.033 10–4 21.6313282 20.70604706
Actg1 0.001379384 21.6758655 20.7449064
Tpt1 0.004652223 21.7219615 20.78405285
Cd24a 0.004322249 21.8408889 20.88040257
Hspa8 6.653 10–5 21.9101429 20.93368053
Malat1 0.002931156 21.9239621 20.94408035
Tuba1b 0.03283871 22.0622864 21.0442448
Rpph1 3.063 10–4 22.1314666 21.0918465
Snora33 0.01737754 22.2991877 21.2011242
ND6 0.00431217 23.6850224 21.8816733

Definition of abbreviations: BM = bone marrow; Mut =mutant.
Expression analysis was done in young (8-wk-old) mice in which the mutant transgene was activated
for about 2–4 weeks before the development of any lung phenotype in the mutant mice. Each group
consisted of three replicates, with each comprising pooled bone marrow cells from three mice.
Thus, in total, nine mutant and nine control mice were used.
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mutant BM cells, suggesting that
CXCL1 might be important in disease
pathogenesis. The increase in CXCL1
was present only in this one group and
not in the control group of mutant BM
cells in mutant recipient mice. This was
not surprising as we have previously
published that mice with a Bmpr2
mutation affecting SMAD function had
strong induction of a number of cytokines
in both vascular smooth muscle and
endothelium (37, 56, 57), but Bmpr2
mutations that affected the tail domain,
such as R899X, did not show induction
of cytokines (32, 57), including when
expressed in every cell type. Thus when
both donor cells and recipients carry the
tail domain R899X mutation the mice
would be unable to induce a significant
cytokine response, as was the case in the
control group. However, when mutant
BM cells were transplanted into control
mice, increased CXCL1 was likely to be
from the recipient lung tissues, which
had normal/functional Bmpr2.

RNA expression data were consistent
with these data and provided additional
clues as to the molecular mechanisms at
play. The upstream regulators identify a
cascading network of genes that are
differentially expressed and point to
cell types and functions known to
be important in PAH pathogenesis
(Figure 10), all within 2 weeks of
transgene activation—nearly 12 to
14 weeks before detection of any lung
pathology. That these molecular and
previously described functional changes
would occur so soon after mutant gene
activation is a key finding of our study and
further suggests that the functional and
inflammatory responses seen here were
likely BM cell intrinsic. Canonical
pathway analysis of the expression data
showed increased IL-8, IL-1, and IL-6
signaling (Figure 9), suggesting that in this
model of PAH mutant Bmpr2 transgene
expression resulted in an overall increased
inflammatory response. IL-6 is secreted
by monocytes and T cells, and data
suggest that IL-6 might be one of the
key cytokines in the pathogenesis of PAH
(53). Interestingly, IL-6 can up-regulate
CXCL1 expression and thus these
expression data may provide one
explanation for the elevated CXCL1
expression in the lung tissue in mice
(Figure 7). IL-8 is produced by
macrophages, is a growth factor for
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Figure 9. Canonical pathways significantly overrepresented in the gene expression data.
The most statistically significant canonical pathways in the differential expression data
(comparing mutant bone marrow cells with control bone marrow cells) are shown. Orange–red

is indicative of pathway activation; blue is indicative of pathway repression. Color strength
shows the degree of activation and repression. The orange line shows the ratio of genes
found in each pathway over the total number of genes known to be in that pathway. The
dashed black line represents the threshold line and corresponds to a P value of 0.05. The
significance of the association between the dataset and the pathway was measured in two
ways: (1) a ratio of the number of molecules from the dataset that map to the pathway
divided by the total number of molecules that map to the canonical pathways (indicated by
the orange line and boxes), and (2) Fisher’s exact test was used to calculate a P value
determining the probability that the association between the genes in the observed values and
the canonical pathway is explained by chance alone. BMP = bone morphogenetic protein; EIF2 =
eukaryotic initiation factor 2; HMGB1 = high-mobility group box 1; IGF = insulin-like growth
factor; JAK = Janus kinase; mTOR = mammalian target of rapamycin; NFAT = nuclear factor of
activated T cells; NF-kB = nuclear factor-kB; PPARa/RXRa = peroxisome proliferator–activated
receptor-a/retinoid X receptor-a.
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endothelial cells, and can induce
chemotaxis in granulocytes. IL-8 has also
been shown to play a role in early
phases of vascular remodeling in PAH
(58). These data are also consistent with
findings that induction of PAH in
Bmpr21/2 mice resulted in significantly
increased levels of IL-6 and IL-8 in
both the lungs and circulation (59).
Because it is known that IL-6 is important
in hypoxia-induced PAH (60, 61) and
that there might be a feedback loop
between IL-6 and BMP signaling (56),
our data and the study by Soon and
colleagues (59) would suggest that IL-6
signaling may be important in both
BMPR2- and non–BMPR2-related PAH.

Our experimental approach used a
gene-specific PAH mouse model, which

allowed us to more definitively dissect and
focus on the functions of BM cells while
minimizing some key confounders.
For example, we were able to use a
myeloablative BM transplantation model,
which would minimize any potential effects
of recipient BM cells. Furthermore, and
importantly, we used BM cells that were
not manipulated or expanded ex vivo,
which can significantly alter the behavior
and innate functioning of BM cells as
has been done in several previous
studies (8, 10, 12, 15, 62). However, our
model also had several relative limitations,
which should be carefully considered when
relating our data to PAH in general. We
used a Bmpr2-specific mouse model that
ubiquitously overexpressed a mutant
Bmpr2 in all tissues. Overexpression

of a mutant Bmpr2 gene may result in
endoplasmic reticulum stress and an
unfolded protein response, which could
confound proper interpretation. In
addition, our findings may be specific
only for BMPR2-related PAH and not
significantly relevant to non-BMPR2
PAH. Studies with other gene-specific
models of PAH are thus needed to
determine whether the role of BM cells
in PAH is generalizable to other types
of PAH. However, regardless of these
limitations the data presented here
still improve our understanding of
the role of BM cells in PAH
pathogenesis. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 10. Ingenuity pathway analysis regulator effects analyses of expression data predict activation of inflammatory cell functions in mutant bone marrow
cells shortly after mutant transgene activation. The Regulator Effects algorithm connects upstream regulators to downstream cellular functions to explain how
the activation or inhibition of an upstream regulator affects the downstream target molecule expression and the impact of the molecular expression
on functions and diseases. The regulators are colored by their predicted activation state: red (down-regulated), green (up-regulated), orange (predicted
activation), and blue (predicted inhibition). The intensity of color indicates the degree of activation or repression. Darker colors indicate higher absolute
z-scores. Fisher’s exact test with a cutoff P value less than 0.01 was used determine the probability that the association between upstream regulator in
expression data and the downstream cell function is explained by chance alone. The lines connecting the nodes are orange when leading to activation of the
downstream node, blue or dark gray when leading to its inhibition, and yellow if the findings underlying the relationship are inconsistent with the state of
the downstream node. Pointed arrowheads indicate that the downstream node is expected to be activated, whereas blunt arrowheads indicate that the
downstream node is expected to be inhibited. Dashed lines indicate virtual relationships composed of the net effect of the paths between the root regulator
and the target. *Multiple identifiers in the expression data set for this gene.
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