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Idiopathic pulmonary arterial hypertension (PAH [IPAH]) is an insidious and potentially
fatal disease linked to a mutation or reduced expression of bone morphogenetic protein
receptor 2 (BMPR2). Because intravascular inflammatory cells are recruited in IPAH patho-
genesis, we hypothesized that reduced BMPR2 enhances production of the potent chemo-
kine granulocyte macrophage colony-stimulating factor (GM-CSF) in response to an
inflammatory perturbation. When human pulmonary artery (PA) endothelial cells deficient
in BMPR2 were stimulated with tumor necrosis factor (TNF), a twofold increase in GM-CSF
was observed and related to enhanced messenger RNA (mRNA) translation. The mechanism
was associated with disruption of stress granule formation. Specifically, loss of BMPR2
induced prolonged phospho-p38 mitogen-activated protein kinase (MAPK) in response to
TNF, and this increased GADD34-PP1 phosphatase activity, dephosphorylating eukaryotic
translation initiation factor (elF2ca), and derepressing GM-CSF mRNA translation. Lungs
from IPAH patients versus unused donor controls revealed heightened PA expression of
GM-CSF co-distributing with increased TNF and expanded populations of hematopoietic
and endothelial GM-CSF receptor @ (GM-CSFRa)—positive cells. Moreover, a 3-wk infusion
of GM-CSF in mice increased hypoxia-induced PAH, in association with increased perivas-
cular macrophages and muscularized distal arteries, whereas blockade of GM-CSF repressed
these features. Thus, reduced BMPR2 can subvert a stress granule response, heighten
GM-CSF mRNA translation, increase inflammatory cell recruitment, and exacerbate PAH.

Idiopathic pulmonary arterial hypertension
(PAH [IPAHY]) is a lethal disorder characterized
by obliterative changes in small- to medium-sized
pulmonary arteries (PAs; Pietra et al., 1989).
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Familial IPAH has been linked to heterozygous
germline mutations in the bone morphoge-
netic protein receptor 2 (BMPR2; Lane et al.,
2000), but the penetrance of disease is as low as
15-20% (Newman et al., 2004). The BMPR2
mutation is therefore thought to increase suscep-
tibility to IPAH in the context of environmental
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or other genetic factors (Newman et al., 2004). It is important
to note that even PAH patients without a BMPR2 mutation
have reduced expression of this receptor (Atkinson et al.,
2002; Alastalo et al., 2011).

Inflammation is associated with IPAH;i.e., the PA lesions
have elevated levels of inflammatory cytokines such as IL-1,
IL-6, and TNF (Humbert et al., 1995; Itoh et al., 2006; Soon
et al.,2010) and contain inflammatory cells, including macro-
phages, T cells, B cells, and dendritic cells (Tuder et al., 1994),
and tertiary lymphoid follicles (Perros et al., 2012). Evidence
for inflammation as a cause of PAH rather than a consequence
has come from several sources. Recent publications show the
essential role of perivascular macrophages in the pathogenesis
of hypoxia-induced pulmonary hypertension (Vergadi et al.,
2011), as well as interactions between activated fibroblasts and
macrophages that are critical in the development of vascular
pathology (Li et al., 2011). Hepatopulmonary syndrome in
rats results in a proliferative pulmonary vasculopathy similar
to that seen in patients that develop portopulmonary hyper-
tension, which is completely prevented when CD68-positive
macrophages are depleted (Thenappan et al., 2011). More
recently, macrophages have been linked directly to endothe-
lial apoptosis and to the development of PAH in the athymic
rat in which blockade of vascular endothelial growth factor
receptor (VEGFR2) is induced (Tian et al.,2013). In this model,
immune reconstitution with regulatory T cells prevents the
development of PAH, at least in part by enhancing the ex-
pression and activity of BMPR2 to preserve endothelial func-
tion (Tamosiuniene et al., 2011). This is consistent with
experiments showing that heterozygous BMPR2 mutant
mice develop PAH under inflammatory stress that does not
cause PAH in control mice (Song et al., 2005). Moreover,
conditional ablation of BMPR2 in PA endothelial cells (ECs
[PAECs]) of transgenic mice resulted in some of the animals
developing PAH, in association with perivascular infiltration
of CD68-positive cells (Hong et al., 2008). Loss of function
of BMPR?2 in smooth muscle cells (SMCs) doubles the level
of the proinflammatory cytokine IL-6 by a phospho (p)-
p38—dependent signaling mechanism (Hagen et al., 2007).
Moreover, mice overexpressing IL-6 develop severe PAH
(Steiner et al., 2009). It was not known, however, how an in-
crease in p38 activity could elevate levels of IL-6 or other cy-
tokines or chemokines that recruit macrophages or other
inflammatory and/or bone marrow—derived progenitor cells
(Asosingh et al., 2008) that could contribute to the pathobiol-
ogy of PAH (Davie et al., 2004; Frid et al., 2006).

In this study, we investigate the contribution to PAH of GM-
CSF because it is a potent proinflammatory chemokine, impli-
cated in the mobilization of ECs and other progenitor cells
to sites of injury (Takahashi et al., 1999), in the expansion of
myeloid-derived suppressor cells in autoimmunity (Rosborough
et al.,2012) and in pulmonary hypertension (Yeager et al.,2012),
in survival and activation of monocytes/macrophages (Toren and
Nagler, 1998) in pulmonary hypertension (Li et al.,2011),and in
the regulation of leukotriene B4 in macrophages (Serezani et al.,
2012), which has been implicated in PAH (Tian et al., 2013).
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RESULTS

GM-CSF production in PAECs and PASMCs

In human PAECs derived from central PAs, we established,
by ELISA, that TNF induced a dose-dependent increase in
GM-CSF production, beginning as early as 6 h after stimula-
tion. Pretreatment with a high dose (100 ng/ml) of BMP-2
had a modest but significant inhibitory effect on TNF-induced
GM-CSF production in both PAECs and PASMCs. How-
ever, when BMPR2 mRNA and protein were reduced by
RNAI to <50% of the control siRNA value in PAECs
(Fig. 1, A and B), TNF mediated a similar increase in GM-
CSF mRNA (Fig. 1 C), but GM-CSF protein levels were
enhanced by up to twofold (Fig. 1 D). This observation was
confirmed with two different control (scrambled) and two
different GM-CSF siRNAs (see Materials and methods). This
suggested that reduced BMPR2 might be enhancing TNF-
mediated GM-CSF mRNA translation. Similar findings were
evident in PASMC:s (not depicted). To determine whether
this could be a global effect on TNF-mediated cytokine pro-
duction, we also investigated changes induced in IL-6, IL-8,
and MCP-1 (Fig. 1, E-J). Loss of BMPR2 also resulted in an
increase in TNF-mediated p—IL-6 and IL-8 protein secretion
without a comparable increase in mRNA levels. However,
the TNF-mediated increase in MCP-1 mRINA and protein
was unaffected by loss of BMPR2.

Reduced BMPR2 enhanced GM-CSF mRNA translation

To assess translation of GM-CSF mRNA, we performed
polysome analysis by sucrose gradient centrifugation. Effec-
tive separation of polysomes was confirmed by using Western
immunoblotting to detect ribosomal subunit proteins S6 and
L13a in the fractions (Fig. 2, A and B). Based on polysome
profile and Western immunoblot, we divided the polysome
fractions into three groups: untranslated (unbound or mono-
somes, fractions 1-7), moderately translated (light polysomes,
fractions 8-11), and actively translated (heavy polysomes,
fractions 12—15). In cells transfected with control siRNA and
stimulated with TNFE 60% of the GM-CSF mRNA transcript
was found in the moderately translated pool, whereas in cells
with reduced BMPR2, 60% of the GM-CSF mRINA was
distributed in the actively translated fraction (Fig. 2 C). Re-
duced BMPR2 did not affect the distribution of a house-
keeping gene, GAPDH (Fig. 2 D). These data provided further
evidence that impaired BMPR2 function enhances TNF-
induced GM-CSF production by increasing mRNA transla-
tion. Loss of BMPR2 did not affect the stability of GM-CSF
mRNA, as assessed by measuring GM-CSF mRNA levels
after transcriptional inhibition by 5,6-dichloro-1-f-d-ribo-
furanosyl-benzimidazole (DR B; Fig. 2 E).

Modulation of the p38-MK2 pathway by reducing BMPR2

To dissect the mechanism by which reduced BMPR2 en-
hances GM-CSF mRNA translation, we next assessed p38
and MK2 activity, members of a signaling pathway previously
shown to be enhanced with loss of BMPR2 (Hagen et al.,2007)
and to influence the transcriptional and posttranscriptional
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Figure 1. GM-CSF production in PAECs.
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regulation of cytokine production (Hitti et al., 2006; Anderson
and Kedersha, 2008). In PAECs transfected with control siRINA,
TNF induced p38 phosphorylation (p-p38) at 10 min, but
the response was transient, with return to baseline levels at 30
and 60 min. However, in PAECs transfected with BMPR2
siRNA, p-p38 was sustained 30 and 60 min after TNF treat-
ment (Fig. 3, A and B). Consistent with these results, phos-
phorylation of MK2 was significantly prolonged in cells
transfected with BMPR2 siRNA versus control siRINA at
30 and 60 min after TNF treatment (Fig. 3, A and C). TNF-
mediated activation of the transcription factor NF-kB, assessed
by I-kB phosphorylation, was similar in cells transfected with
BMPR2 siRNA and control siRNA (Fig. 3,A and D). When
p38 and MK2 activation were inhibited using SB202190, the
increase in TNF-mediated GM-CSF production in PAECs
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transfected with BMPR2 siRNA was reduced (Fig. 3, E and F).
These results are consistent with the requirement of sustained
activation of p38 mitogen-activated protein kinase (MAPK)
and MK2 to enhance GM-CSF mRNA translation when
there is reduced expression of BMPR2.

Impaired stress response by reduced BMPR2

We next tested the hypothesis that the enhanced TNEF-
mediated GM-CSF mRNA translation in response to reduced
BMPR?2 is related to impaired assembly of stress granules.
We first assessed the phosphorylation of eukaryotic transla-
tion initiation factor (elF2a), a requisite modification for
stress granule assembly, and observed that TNF-mediated
elF2a phosphorylation was reversed when BMPR2 levels
were reduced (Fig. 4 A). The decrease in p-elF2a associated
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Reduced BMPR2 appears to enhance GM-CSF mRNA translation. (A and B) To assess GM-CSF mRNA translation, polysome profiles

were analyzed by sucrose gradient fractionation. Similar profiles were shown for cells stimulated with TNF and transfected with Con (A) or BMPR2
siRNA (B). Western immunoblot for 40S and 60S ribosomal subunit proteins (S6 and L13a, respectively) was performed for each fraction of the su-
crose gradient. GM-CSF and GAPDH mRNA were measured by qRT-PCR and expressed as the percentage of mRNA in all fractions. Fractions 1-7 lack
ribosomes or contain ribosome subunits only (termed untranslated in the text). Fractions 8-11 contain light-weight polysomes (moderately trans-
lated). Fractions 12-15 contain heavy polysomes (actively translated). The experiment in A and B was repeated four times. (C and D) Bars represent
mean + SEM for n = 3 experiments. *, P < 0.05 versus TNF-stimulated and transfected with Con siRNA, all using one-way ANOVA with Bonferroni's
multiple comparison test. (E) GM-CSF relative to GAPDH mRNA levels was assessed in BMPR2 siRNA (B)- and control siRNA (Con)-treated cells after
TNF stimulation as described in the Materials and methods at the indicated time points after DRB to assess changes in mRNA stability. Symbols repre-

sent mean + SEM of n = 4 assessed by ANOVA.

with reduced levels of BMPR2 was p-p38 dependent, as it
was lost when p-p38 was inhibited by SB202190 (Fig. 4 B).
We then investigated whether p38 activation enhanced
phosphatase activity, necessary to dephosphorylate elF2a
and promote mRNA translation. The GADD34-PP1 com-
plex dephosphorylates elF2a, but we found no change in
the levels of GADD34 or PP1 (Fig. 4 C) or in the amount
of complex formed (Fig. 4 D) in response to reduced
BMPR?2 and prolonged p-p38. However, salubrinal, a chem-
ical inhibitor of GADD34-PP1 activity, reversed both the
dephosphorylation of elF2a (Fig. 4 E) and the enhanced
GM-CSF production (Fig. 4 F) associated with reduced
BMPR2. Decreasing PP1 by siRNA (Fig. 4 G) also re-
versed the enhanced GM-CSF production observed in
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TNF-stimulated PAECs with reduced levels of BMPR2
(Fig. 4 H). Collectively, our experiments support a model in
which loss of BMPR2 prolongs p-p38 activity required for
GADD34-PP1 activity, and this dephosphorylates elF2a
and impairs assembly of stress granules facilitating GM-CSF
mRNA translation.

To further assess stress granule assembly in PAECs with
and without loss of function of BMPR2 by immunofluores-
cence microscopy, we first costained the RNA binding pro-
teins TIA-1 and Hu-related protein R (HuR), associated with
stress granules under conditions of TNF stimulation. Arsenite
was used as a positive control for stress granules (Fig. 5, A—H).
Additional experiments were performed using G3BP as a
marker for stress granules. 3 h after the addition of TNF or
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Figure 3. Reduced BMPR2 induces sus-
tained activation of p38 and MK-2. (A) Rep-
resentative Western immunoblots for
BMPR2, p-p38, total p38, p-MK2, total MK2,
p-I-kB, and total I-kB in PAECs transfected
with BMPR2 siRNA (“B") or control siRNA
(Con), 10, 30, and 60 min after stimulation
with 10 ng/ml TNF. (B-D) Densitometric
analysis of the immunoreactive bands for
p38 (B), MK-2 (C), and I-kB (D). Bars are
means + SEM for n = 3 experiments.

* P < 0.05 versus unstimulated control;

1, P < 0.05 versus cells transfected with Con
siRNA, using ANOVA with Bonferroni's multiple
comparison test. (E and F) 24 h after trans-
fection, PAECs were pretreated for 30 min
with 3 uM SB202190 or DMSO and then
stimulated with 10 ng/ml TNF or vehicle
(saline). (E) Representative immunoblot for
p-MK2 levels 30 min after TNF. (F) GM-CSF
by ELISA, 6 h after treatment with TNF or
vehicle. Bars are mean + SEM for n = 4 ex-
periments. *, P < 0.05 versus unstimulated
control; 1, P < 0.05 versus stimulated Con
siRNA (Con); #, P < 0.05 SB202190 versus
DMSO pretreated, all by ANOVA with Bonfer-
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exposure to hypoxia (1% O,; Brown et al., 2011), abundant
stress granules appeared (Fig. 5, [-P). In all conditions studied
(TNE arsenite, and hypoxia), loss of BMPR2 significantly
reduced stress granule formation.

GM-CSF protein is increased in IPAH

versus donor control lungs

To establish the clinical significance of our findings in pa-
tients with IPAH, Western immunoblot for GM-CSF was
performed on whole lung tissue from 10 IPAH patients and
8 control unused donor lungs (Tables 1 and 2 provide clinical
and demographic information on the population studied).
Elevated levels of GM-CSF were observed in the IPAH ver-
sus control samples (Fig. 6, A and B). We then localized the
heightened expression of GM-CSF protein using immuno-
histochemistry. GM-CSF protein was not readily detected in
the PAs of unused donor control lungs (Fig. 6 C), but there
was moderate to intense GM-CSF immunoreactivity in the
endothelium, thickened intima, and hypertrophied media of
the PAs of the IPAH patients (Fig. 6, D-F). GM-CSF co-
distributed with increased immunoreactivity for TNF in
IPAH PAs (Fig. 6, D—F). There was also minimal if any de-
tection of TNF protein in control PAs (Fig. 6 C). Semiquan-
titative analysis for GM-CSF immunoreactivity (not depicted)
indicated statistically significant differences in GM-CSF and
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TNF expression in IPAH versus control vessels of the same
size and location.

GM-CSF receptor o (GM-CSFRa) immunoreactivity

in the lungs of IPAH patients

As GM-CSF can recruit inflammatory and progenitor cells
to the vessel wall, we assessed the distribution and nature of
GM-CSFR a—expressing cells in the PAs of IPAH patients by
immunohistochemistry and by microfluidic-based single cell
transcriptional analysis. In the donor control lungs, GM-
CSFRa immunoreactivity was not detectable in the PAs but
was seen in alveolar macrophages (Fig. 7 A). In the IPAH pa-
tient lung tissues, GM-CSFRa co-distributed with cells ex-
pressing CD31 and CD68 in the thickened intima, in the
media, and in neoangiogenic channels in plexiform lesions
(Fig. 7, B and C).

Consistent with the immunohistochemical analyses, flow
cytometry of freshly isolated lung CD31-positive cells
revealed that the fraction of GM-CSFRo—positive cells
was significantly expanded in IPAH versus unused donor
control lungs (77.4 £ 17 vs. 20.9 £ 12%, P < 0.05; Fig. 7,
D and E). Single cell transcriptional analysis using micro-
fluidic-based real-time quantitative RT-PCR (qRT-PCR)
identified two subpopulations with distinct transcriptional
signatures. 46% of the cells were assigned membership to a
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subpopulation with high expression of other endothelial
genes, includingVWE KDR, TEK, ENG, and CD34 (Fig.7 E
left), and the remaining 54% of the cells comprised a different
subpopulation with high expression of monocyte/macrophage-
associated genes, including CD14, CD68, CD163, vimentin,
and CD44 (Fig. 7 E right). The proportion of GM-CSFRa—
positive cells expressing monocyte/macrophage markers was
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Figure 4. Reduced BMPR2 inhibits elF2a
phosphorylation in a p-p38- and PP1-
dependent manner. (A) PAECs were trans-
fected with BMPR2 (“B") or control siRNA
(Con) and harvested either before (0) or 30
and 60 min after TNF stimulation. Phosphory-
lation of the a subunit of elF2« analyzed by
Western immunoblot is shown above with
densitometry below. Bars are mean + SEM for
n = 3 experiments. *, P < 0.05 versus unstimu-
lated control; t, P < 0.05 versus cells trans-
fected with Con siRNA under the same
condition by ANOVA with Bonferroni's mul-
tiple comparison test. (B) 24 h after transfec-
tion with B or Con siRNA, PAECs were
pretreated with 3 uM SB202190 or DMSO
(vehicle) for 30 min before stimulation with
10 ng/ml TNF. 60 min later, phosphorylation
of elF2ac was analyzed by Western immuno-
blot and densitometric analysis. (C) Represen-
tative immunoblots of GADD34 and PP1

60 min after TNF treatment in the presence or
absence of the p-p38 inhibitor SB202190.
(D) PP1 was immunoprecipitated, and
GADD34 was measured by Western immuno-
blot and normalized for tubulin in the initial
sample. (E) 24 h after B or Con siRNA, PAECs
were pretreated with 75 pM Salubrinal or
DMSO (vehicle) for 30 min before adding

10 ng/ml TNF; 60 min later, p-elF2a was as-
sessed. (F) Secreted GM-CSF by ELISA 6 h after
TNF in the presence or absence of Salubrinal.
For B, D, and E, bars are mean + SEM for

n = 3 experiments; for F, n = 4 experiments.

¥, P < 0.05 versus Con siRNA untreated;

+, P < 0.05 versus DMSO (vehicle)-treated cells
transfected with BMPR2 siRNA by ANOVA with
Bonferroni's multiple comparison test. (G) Rep-
resentative Western immunoblot for BMPR2
and PPI after control, PPI, BMPR2 (B), and
PPl + BMPR2 (PPI + B) siRNA. (H) Secreted
GM-CSF levels by ELISA 6 h after TNF stimu-
lation. Bars are mean + SEM for n = 4.

* P < 0.05 versus Con siRNA; 1, P < 0.05
versus BMPR2 siRNA.

considerably higher in the IPAH lungs than in the control
tissue, i.c., 35 versus 3.5% (not depicted). These experi-
ments suggest a strong association between elevated levels
of GM-CSF and the recruitment of GM-CSFRo—positive
cells that could be of endothelial or hematopoietic lineage.
There was no evidence that GM-CSF at doses of 0.1-10
ng/ml could appreciably induce proliferation of cultured
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PAECs or PASMCs (not depicted), so we propose that its
major function may lie in recruiting cells that could con-
tribute to vascular pathology.

GM-CSF exacerbates and GM-CSF blockade

prevents chronic hypoxic PAH in mice

To determine whether up-regulation of the GM-CSF-GM-
CSFRa axis induces or increases the severity of PAH, we
administered murine GM-CSF to mice exposed to room air
or to chronic hypoxia for 3 wk, as described in the Materials
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Figure 5. Stress granule formation was inhibited by
reduced BMPR2. (A-F) 24 h after transfection with control
siRNA (Con; A, C, and E) or siRNA for BMPR2 (“B"; B, D, and F)
PAECs were stimulated with 10 ng/m! TNF or vehicle for 3 h
or with 0.5 mM arsenite for 45 min. Cells were fixed in 4%
paraformaldehyde and incubated with mouse monoclonal
anti-HuR and goat polyclonal anti-TIA-1 antibodies (1:200)
labeled with Alexa Fluor 488 (for HuR)-conjugated anti-
mouse and Alexa Fluor 594 (for TIA-1)-conjugated anti-
goat secondary antibodies. DAPI was used to label cell
nuclei. (A-F) Representative confocal images of vehicle-
treated cells (A and B), TNF-treated cells (C and D), and
arsenite-treated cells (E and F) with high-magnification
insets showing double immunofluorescent stress granules
in the cytoplasm. Bar, 20 um. (G and H) Quantification of
stress granule (SG) formation. Cells with stress granules
were counted in three randomly chosen microscopic fields
(x200). Bars are the mean + SEM of four different experi-
ments. ¥, P < 0.05 versus unstimulated control; t, P < 0.05
versus cells transfected with control siRNA under the same
condition by ANOVA with Bonferroni's multiple comparison
test (G) or unpaired Student's t test (H). (I-N) A similar
experiment with G3BP as the readout for stress granule
formation with vehicle (I and L), TNF (J and M), and 1%
hypoxia for 3 h (K .and N). High-magnification insets are
shown. Same scale as in A-F. (0 and P) Percentage of cells
with stress granules was calculated as described for G and
H. Bars are the mean + SEM for n = 4.* P < 0.05 versus
control siRNA; and 1, P < 0.05 versus control siRNA under
the same condition, by ANOVA and Bonferroni's multiple
comparison test (0) or unpaired Student's t test (P).

TIA-1
DAPI

DAPI

and methods. GM-CSF administration negatively impacted
body weight in mice exposed to chronic hypoxia for 3 wk
(Table 3). The total number of circulating white blood cells
tended to be higher in the GM-CSF—treated group but did
not reach statistical significance; the proportion of neutro-
phils and monocytes was, however, greater in the GM-CSF-
treated mice (Tables 1 and 2). Hematocrit was, as expected,
higher in hypoxic animals but was unaffected by GM-CSF
administration. Left ventricle (LV) function and cardiac out-
put were unaffected by GM-CSF treatment (Tables 1 and 2).
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Table 1. Patient characteristics for unused donor controls in
the immunohistochemical study

Pt Age Gender Cause of death
yr
1 25 Male Gunshot wound to the head
2 12 Male Brain death, diabetic ketoacidosis
3 60 Male Brain death, aortic dissection
4 54 Male Choking with anoxic brain injury
5 41 Female Subarachnoid hemorrhage
6 17 Male Head injury
7 49 Male Intracranial hemorrhage
8 18 Male Gunshot wound to the head

However, right ventricle (RV) systolic pressure (RVSP) was
significantly higher in the GM-CSF- versus vehicle-treated
group after exposure to hypoxia (Fig. 8 A), consistent with more
severe RV hypertrophy (Fig. 8 B). Morphometric analysis
using barium-injected lung tissues revealed that the percent-
age of muscularized small PAs induced by chronic hypoxia was
also significantly higher in GM-CSF-treated animals (Fig. 8,
C and D), but the reduced number of distal arteries per 100
alveoli was unchanged by GM-CSF administration (Fig. 8 E).
Immunohistochemistry revealed a significantly higher num-
ber of perivascular cells expressing a macrophage marker (Mac-3)
in GM-CSF—treated room air animals, similar to that seen
with hypoxic exposure. The combination of GM-CSF and hy-
poxia was additive in recruiting perivascular Mac-3—positive
cells (Fig. 8, F and G).

Given that recruitment of macrophages in hypoxia was
evident both in our experiments and in those recently re-
ported (Vergadi et al., 2011), we determined whether block-
ing GM-CSF might prevent hypoxia-induced pulmonary
hypertension. Injection of a GM-CSF-neutralizing antibody
prevented hypoxia-induced pulmonary hypertension, RV hy-
pertrophy, and associated vascular changes described above,
including recruitment of perivascular macrophages (Fig. 8).

To determine whether GM-CSF might also be elevated in
an inflammatory model of PAH, we monitored its expression
using qRT-PCR in rats injected with the toxin monocrotaline
as described in the Materials and methods. We observed an
almost twofold increase in mRNA levels for GM-CSF in the
lungs of rats at 14 d after injection of monocrotaline (Fig. 8 H),
a time point we and others have shown is consistent with the
development of significant pulmonary hypertension in this
model (Rosenberg and Rabinovitch, 1988).

DISCUSSION

Clinical and experimental studies have linked reduced expres-
sion of BMPR2 with inflammation and PAH (Song et al.,
2005; Hagen et al., 2007; Hong et al., 2008). Our study has un-
covered a novel mechanism accounting for this link. We have
shown that in response to a proinflammatory cytokine such as
TNE prolonged activation of p38—MK2 occurs if there is re-
duced expression of BMPR2. This activates GADD34-PP1
and dephosphorylates elF2a, thereby impairing assembly of
stress granules and enhancing mRNA translation of GM-CSF
along with a subset of TNF-mediated cytokines that likely in-
cludes IL-6 and IL-8 but not MCP-1. In addition to mRINA
translation, the level of secreted cytokine depends on factors
that stabilize or destabilize the protein.

We show, for the first time to our knowledge, the involve-
ment of GM-CSF in the pathobiology of pulmonary vascular
lesions in IPAH patients. Heightened GM-CSF co-distributes
with increased immunoreactivity for TNF throughout the
vessel wall in patients with IPAH and is associated with an ex-
panded subpopulation of intimal cells positive for GM-CSFR .
We determined by microfluidic-based single cell transcrip-
tional analysis that these cells were divided equally into two
subgroups; one subgroup coexpressed markers of ECs, and
the other subgroup coexpressed markers of monocytes/mac-
rophages. Moreover, we provide evidence that administration
of GM-CSF can worsen pulmonary hypertension in mice
exposed to hypoxia, in association with enhanced recruitment
of perivascular macrophages, and that blockade of GM-CSF

Table 2. Patient characteristics for IPAH in the immunohistochemical study
Pt Age Gender PAP (s/d/m) PVR MW Medication

yr mmHg dyn x s x cm™% x m?
1 58 Female 66/37/50 685 298 Bosentan, Epoprostenol, Sildenafil, Treprostinil
2 7 Male 143/82/105 2,226 256 Bosentan, Epoprostenol, Sildenafil
3 43 Male 55/35/40 756 272 Bosentan, Sildenafil, lloprost
4 47 Female 82/36/51 1,103 121 Bosentan, Epoprostenol, Sildenafil, Treprostinil
5 10 Female 103/43/62 1,400 460 Bosentan, Sildenafil, lloprost, Treprostinil, Imatinib
6 15 Female 175/66/102 2,018 387 Epoprostenol, Sildenafil
7 16 Female 125/72/95 3,238 512 Bosentan, Epoprostenol, Sildenafil, Treprostinil
8 24 Male 113/70/88 1,356 182 Bosentan, Epoprostenol, Sildenafil
9 62 Female 67/22/37 1,018 278 Bosentan, Epoprostenol, Sildenafil
10 38 Female 89/26/50 1,170 288 Bosentan, Sildenafil

PAP, PA pressure (s, systolic; d, diastolic; m, mean); PVR, pulmonary vascular resistance; 6MW, distance (m) walked in 6 min.
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prevents this pathology. In addition, elevated GM-CSF coin-
cides with the development of significant pulmonary hyper-
tension in rats in response to the proinflammatory agent
monocrotaline. Collectively, our experiments provide a novel
mechanistic link between PAH, reduced expression of BMPR2,
and an amplified response to a proinflammatory signal that
promotes GM-CSF—mediated recruitment of cells that can
contribute to pulmonary vascular pathology by their produc-
tion of cytokines, chemokines, leukotrienes, proteolytic en-
zymes, and growth factors.

Several previous studies support the antiinflammatory prop-
erties of BMPR2 signaling (Song et al., 2005; Hagen et al., 2007;
Hong et al., 2008). To further address the proinflammatory
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Figure 6. Increased GM-CSF protein in
lungs of IPAH patients versus unused
donor control lungs. (A) Representative
immunoblots for GM-CSF using lung tissue
from five IPAH patients and five unused donor
control lungs. (B) Densitometric analysis of
Western immunoblots for GM-CSF from lung
tissue of 10 IPAH patients and 8 controls.
Bars are mean + SEM. *, P < 0.05 versus un-
used donor control lungs by unpaired Student's
t test. (C-F) Representative immunohisto-
chemistry for GM-CSF, CD34, a-SM-actin,
and TNF in a PA from a control (C) and IPAH
lung (D-F): PA intima thickness (D), a distal
small PA (E), and plexiform (F). Bars: (C and D)
100 pm; (E) 50 pm; (F) 250 um. Co-distribu-
tion of intense immunoreactivity for GM-CSF
and TNF is seen in the endothelium, intima,
and media of the IPAH vessel wall.

Unused IPAH

Donor

effects of loss of BMPR2 signaling, we stimulated cells with
TNF because high circulating levels of this cytokine are evident
in patients with IPAH (Itoh et al., 2006; Soon et al.,2010). More-
over, TNF can induce PAH in experimental animals, albeit in
association with severe emphysema (Fujita et al., 2002) or related
to heightened vasoreactivity (Stevens et al., 1992). The response
to TNF is the induction of a cytokine/chemokine cascade in-
volving GM-CSF (Crane et al., 1999). Loss of BMPR2, however,
greatly amplified TNF-mediated GM-CSF production by a
mechanism that we related to p-p38—dependent impaired stress
granule assembly and mRNA translation.

It has been reported that MK2, a substrate of p-p38, plays a
critical role in the posttranscriptional as well as the transcriptional

271



JEM

A Unused Donor B IPAH — Thlckened Intlma C IPAH - Plexiform Lesion

D Unused Donor IPAH E CD31*/GM-CSFRa*

10°4 20.9 £12% 10° 4 77.4 £17% 1001 *
& s 80
LL : -
L Live Cells 0
p= (%) 40
01027 l I
of Simw S 20
" lo I1:)’ ' 10° I1é‘ ' 1(‘}5 ; 1‘02 ' 10 I1‘0‘ I1(‘)5 O =
CD31 CD31 Control IPAH

KDR

CD31* GM-CSFRa* Cells from IPAH Lung Tissue
VWF

mTTTh T G
| PR -

| SNAIT
| POUSF1 L
co14 1 N | [ | l|
cD68
cD163
cD44
BAX
NANOG
PECAM1

Color key

11 ‘ - +32
| .8

+2

Median

ML "|l'| |I||||“
=3 ST Lk 1

ENG
BMPR2
ITGB1
BCL2L1
(46%) (54%)

1 III

Figure 7. GM-CSFR-positive cells are expanded in IPAH lungs. (A-C) Immunohistochemistry for GM-CSFRa, CD31, and CD68. (A) PA from control.
(B) PA intima thickness. (C) Plexiform. Boxed areas are shown at higher magnification in the panels on the right. Bars (A) 100 pm; (B, left) 200 um; (C, left)
500 pm; (B and C, right) 25 um. Co-distribution of GM-CSFRa immunoreactivity and CD31-positive cells lining the vessel lumen and that are CD68 positive in the
neointima. (D) Representative FACS analysis of freshly isolated cells from the lung tissues of an unused donor (left) and an IPAH patient (right) and sorted for
immunofluorescence using CD31 and GM-CSFRa antibodies as described in the Materials and methods. (E) Percentage of CD31*GM-CSFRa* cells in IPAH
versus unused donor control lungs. Bars indicate mean + SEM. n = 3;*, P < 0.05 determined by unpaired Student's t test. (F) Microfluidic-based single cell
transcriptional analysis of CD31*GM-CSFRa* cells pooled from three IPAH patients. Gene expression is represented on a color scale from yellow (high) to blue
(low). Gene expression data for individual cells are oriented in vertical columns. Two subpopulations are evident: endothelial (high expression of endothelial/
vascular genes; cluster 1, 46% of cells) and hematopoietic (high expression of monocyte/macrophage markers; cluster 2, 54% of cells).
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Table 3. Body weight and hematological and echocardiographic findings in mice
Parameter Room air Hypoxia

Saline GM-CSF Saline GM-CSF
Final body weight (g) 24.41 + 0.97 (9) 23.56 + 0.78 (9) 22.38 + 0.69 (14) 20.39 + 0.65 (14)
Hematological study
White blood cell (/pl) 4,699 + 480 (7) 6,806 + 1,115 (7) 3,455 + 390 (8) 5,098 + 943 (8)
Neutrophil (%) 14.2 + 4.82 (6) 25.3 + 5.5 (6) 5.6 + 0.84 (7) 21.96 + 4.66 (7)°
Lymphocyte (%) 80.8 + 4.62 (6) 65.0 + 7.45 (6) 92.6 + 1.24 (7) 73.7 + 6.17 (7)°
Monocyte (%) 2.2 +0.54 (6) 5.7 + 1.28 (6)° 1.4 +0.20 (7) 2.9 + 0.54 (7)°
Hematocrit (%) 43.9 + 0.67 (7) 46.5 + 0.96 (7) 59.2 + 0.72 (8) 59.4 + 1.58 (8)°
Serum GM-CSF (pg/ml) ND 17.3+5.2(4) ND 13.27 + 4.90 (4)
Echocardiographic study
LVDd (cm) 0.40 + 0.01 (10) 0.40 + 0.01 (10) 0.37 + 0.005 (10)2 0.37 + 0.01 (10)2
LVFS (%) 27.05 + 1.33 (10) 26.03 + 1.42 (10) 32.72 + 1.42 (10)° 34.03 + 1.26 (10)2
CO (ml/min) 19.86 + 1.40 (10) 16.96 + 0.86 (10) 17.81 + 0.83 (10) 18.76 + 1.59 (10)

LVDd, LV diameter at end-diastole; LVFS, LV fractional shortening; CO, cardiac output. Values are the means + SEM. n is indicated in parentheses.
3P < 0.05 versus room air determined using one way ANOVA with Bonferroni's multiple comparison test.
5P < 0.05 versus saline-treated group, determined using one way ANOVA with Bonferroni's multiple comparison test.

regulation of cytokine production (Kotlyarov et al., 1999).
The duration and magnitude of activity of MAPKs like MK2
are determinants of its biological effect (Keyse, 2000). As
an increase in p-p38 resulting from loss of BMPR2 caused
heightened IL-6 production in PASMCs (Hagen et al., 2007),
we investigated whether there was also enhanced mRNA
translation of IL-6 in response to TNF. Indeed, a similar mecha-
nism of prolonged p-p38 activation with reduced BMPR?2
could explain heightened mRNA translation of both IL-6
and IL-8 in PAECs in response to TNF. We can only specu-
late as to why heightened translation of MCP-1 escapes mod-
ulation by prolonged p-p38 activation. Future studies could
be aimed at identifying the subset of TNF-regulated tran-
scripts that are differentially translated in response to loss of
BMPR2, using microarray (Sampath et al., 2008) or RNA-
Seq gene expression profiling in heavy versus light polysomes,
correlated with proteomic analyses of cell lysates and condi-
tioned media.

To connect prolonged activation of p-p38—MK?2 with en-
hanced mRNA translation in association with TNF stimula-
tion, we investigated whether assembly of stress granules was
impaired under this condition. Stress granules are induced by
inflammatory cytokines such as interferon-y and TNF (Hu et al.,
2010) to silence or dampen mRNA translation by mecha-
nisms that include phosphorylation of eIF2a (Anderson and
Kedersha, 2009). TNF treatment induced the phosphoryla-
tion of elF2a, and this was inhibited by BMPR2 siRINA
treatment in a p-p38—dependent manner. These data support
impaired assembly of stress granules or stress granule disas-
sembly as the mechanism involved in increasing GM-CSF
mRNA translation. We speculated that p-p38 activated the
GADD34-PP1 complex that promotes elF2a dephosphory-
lation (Brush et al., 2003) and initiates mRINA translation.
We did not find an increase in GADD34 and PP1 proteins, a
mechanism previously related to heightened activity of the
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phosphatase complex (Oh-Hashi et al.,2001), nor did we find
an increase in the formation of the complex between these
proteins. We were able to show, however, that salubrinal, a
selective inhibitor of GADD34-PP1 (Boyce et al., 2005), or
lowering levels of PP1 by siRNA subverted the decrease
in phosphorylated elF2a, as well as the enhanced GM-CSF
production attributed to reduced BMPR2. Thus, loss of
BMPR2 likely activates GADD34-PP1 by a novel p-p38—
dependent mechanism.

We confirmed, using immunofluorescence staining, that
loss of BMPR2 could subvert stress granule formation in-
duced by TNF or by other cellular stresses such as hypoxia.
This observation implies that dysfunction of BMPR2 could
interfere with stress granule formation in response to a wide
variety of environmental stimuli implicated in the pathobi-
ology of pulmonary hypertension (Speich et al., 1991; Cool
et al., 2003; Stenmark et al., 2005; Marecki et al., 2006;
Spiekerkoetter et al., 2008). It is possible, although unlikely,
that despite the use of two different BMPR2 siRINAs and
two different scrambled siRINAs, there were off-target effects
independent of reducing BMPR2, which subverted stress
granule assembly.

Once we confirmed heightened expression of GM-CSF
in the PAs of patients with IPAH, we investigated whether
this chemokine might be promoting the vascular pathology.
GM-CSF was originally defined by its ability to generate
granulocyte and macrophage colonies from bone marrow
precursor cells after the proliferation and differentiation of
these cells (Burgess and Metcalf, 1980). Later studies pursued
the role of GM-CSF in regulating the function of more ma-
ture myeloid cells of granulocyte and macrophage lineages,
during host defense and inflammatory reactions (Hamilton,
2008). For example, GM-CSF mediates macrophage polar-
ization and induces production of the pro-inflammatory cyto-
kines TNE IL-6, and IL-12 (Fleetwood et al., 2007), as well as
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GM-CSF exacerbates pulmonary hypertension induced by hypoxia in mice, and anti-GM-CSF reverses it. C57BL/6 mice were exposed

to hypoxia (10% oxygen) or kept in room air for 3 wk. Mice were injected with 0.4 pg/ul murine GM-CSF or saline, 5 d per week for 3 wk. In the second
experiment, mice were exposed to hypoxia and treated with continuous s.c. anti—-GM-CSF or 7 pg/ml isotype control as described in the Materials and
methods. (A) RVSP. (B) Ratio of the RV to the LV plus septum. (C) Representative photomicrographs of barium-filled 15-50-um alveolar wall and duct
(distal) PAs. Muscularity of the distal PA was assessed by Movat pentachrome method (top) and immunostaining with a-SM-actin (bottom). Arteries are
nonmuscular (N), partially muscular (P), or fully muscular (M), as described in Materials and methods. Room air distal arteries are mostly nonmuscular,
whereas hypoxia vessels are mostly partially muscular and with GM-CSF treatment mostly fully muscular. (D) Percentage of N, P, and M arteries described
in C was calculated for each group. In the anti-GM-CSF versus isotype control experiment M + P were pooled (M). (E) Distal PAs per 100 alveoli were
counted in six randomly chosen lung fields per mouse, and the ratio was calculated comparing GM-CSF- and saline vehicle-injected control. (F) Representative
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leukotriene B4 (Serezani et al., 2012), recently implicated in
experimental and clinical PAH (Tian et al., 2013). GM-CSF
responsiveness is not limited to hematopoietic lineages
(Valdembri et al., 2009). ECs respond to GM-CSF and ex-
press both o and 3 subunits of the GM-CSF receptor (Soldi
et al., 1997). GM-CSF—mediated EC activation induces both
proliferation and expression of inflammatory cell adhesion
molecules (Bussolino et al., 1989; Detmar et al., 1992). GM-
CSF did not mediate proliferation of PAECs, and there was
only a modest proliferation of PASMCs, in accordance with
a previous report (Rolfe et al., 1995; unpublished data). Thus,
other factors, i.e., GM-CSF—mediated recruitment of in-
flammatory or progenitor cells, may be relevant to the mech-
anism whereby GM-CSF promotes PAH or atherosclerosis
(Haghighat et al., 2007) by inducing intimal cell proliferation
in nascent lesions (Zhu et al., 2009).

We found heightened immunoreactivity for GM-CSF and
GM-CSFRa in ECs and macrophages in IPAH PAs, and
transcriptional analysis of single cells that express both CD31
and GM-CSFRa identified two subpopulations, one with en-
dothelial and the other with monocyte/macrophage lineage
markers. Collectively, it is conceivable that in the absence of
normal BMPR 2 signaling and in the presence of an inflamma-
tory stimulus, an increase in GM-CSF induces GM-CSFR o—
expressing PAECsand the recruitment of GM-CSFR a—positive
inflammatory cells that induce adverse pulmonary vascular re-
modeling. It is also possible that an increase in GM-CSF con-
verts a PASMC to a macrophage-like cell.

To address whether GM-CSF causes or exacerbates PAH,
we investigated the effects of administering this chemokine
to mice in room air or while exposed to chronic hypoxia.
GM-CSF produced no evidence of PAH during treatment of
the mice in room air but worsened hypoxia-induced PAH.
Lung histology indicated that GM-CSF enhanced muscular-
ization of distal arteries, which is consistent with its modest
effect on proliferation of cultured SMCs that was observed
by our group and others (Rolfe et al., 1995). It has also been
shown that locally applied GM-CSF induces the accumulation
of a-SM Actin—containing myofibroblasts (Rubbia-Brandt
et al., 1991), and this, as well, could also explain the increased
muscularization of distal vessels (Jones, 1992). More striking,
however, was the observation that recruitment of perivascular
macrophages or cells bearing a macrophage marker was ampli-
fied by GM-CSE It has been suggested that macrophages
can contribute to hypoxia-induced PAH (Stenmark et al., 2005;
Vergadi et al., 2011) by enhancing cytokine production (Brissette
et al., 1995; Li et al., 2011) and matrix metalloproteinase
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activity (Wu et al., 2001). That loss of BMPR2 per se does not
aggravate hypoxia-induced PAH and associated vascular changes
(Long et al., 2006), but does cause PAH in response to an in-
flammatory stimulus, suggests that greater loss of BMPR2 or
a more severe hypoxia exposure may be necessary to bring
out the subverted stress granule response that we see in cul-
tured cells with both TNF as well as hypoxia. The reduction
in stress granule formation is also more modest in response to
hypoxia compared with TNE Consistent with this, we showed
that heightened production of GM-CSF is associated with
progressive inflammatory forms of PAH, such as that induced
by the toxin monocrotaline (Wilson et al., 1989). Heightened
GM-CSF may also underlie the increased leukotriene B4
production by perivascular macrophages (Serezani et al.,
2012), which is implicated in the inflammatory PAH pro-
duced in the athymic rat given VEGFR blockade (Tian et al.,
2013), and in clinical PAH, which is also highly inflammatory
(Humbert et al., 1995; Itoh et al., 2006; Soon et al., 2010).

MATERIALS AND METHODS

Materials and regents. Recombinant human BMP-2, anti—a-tubulin anti-
body, anti—B-actin antibody, collagenase IA-S, protease inhibitor cocktail, and
phosphatase inhibitor cocktails I and II were purchased from Sigma-Aldrich.
Recombinant human TNE GM-CSEVEGF165, PDGF-BB, and mouse IgG
were purchased from R&D Systems. BMPR2 and Mac-3 antibodies were
purchased from BD, and S-6, L13a, p38, p-p38, MK2, p-MK2, I-kB, p—I-kB,
elF2a, and p-elF2a antibodies were purchased from Cell Signaling Technol-
ogy. GADD34, protein phosphatase-1, GM-CSFRa, HuR, and TIA-1 anti-
bodies (4H1) and salubrinal were obtained from Santa Cruz Biotechnology,
Inc., and G3BP antibody was obtained from BD. SB202190 was purchased
from EMD Millipore. GM-CSF and TNF antibodies for immunohistochem-
istry were obtained from Abcam, and CD31, CD34, CD68, and a-SM actin
antibodies and normal rabbit Ig were obtained from Dako. HR P-conjugated
rabbit and mouse secondary antibodies and ECL and ECL Plus kits were or-
dered from GE Healthcare. Allophycocyanin (APC)-human CD31 and PE—
GM-CSFRa antibodies were purchased from eBioscience. Recombinant
murine GM-CSF was obtained from PeproTech.

Cell culture. Primary human PAECs from large vessels and human pulmo-
nary microvascular ECs (PMVECs; ScienCell) were grown in commercial EC
media (ScienCell), subcultured at a 1:6 ratio in gelatin-coated dishes and flasks
(BD Falcon and Corning), and used at passages 4-6. Cells were starved in basal
media (ScienCell) with 0.2% FBS and gentamycin/amphotericin overnight
before adding the ligands or the vehicle. Primary human PASMCs from large
vessels (Lonza) were grown in smooth muscle growth media-2 (Lonza), sub-
cultured at a 1:3 ratio in uncoated flasks, and used at passages 4—6.

ELISA for cytokines. 2.5 X 10* cells were plated on 0.2% gelatin-coated
24-well plates and allowed to adhere for 24 h. Cells were washed in PBS and
then starved in 0.2% FBS containing EC or SMC media for 24 h. After
treatment with TNE cell supernatants were collected and stored at —80°C.

immunostaining of lung tissue with the mouse macrophage marker Mac-3. Bars: (C) 50 um; (F) 25 um. (G) Mac-3* cells associated with the distal
PAs were counted, and the means were calculated per mouse. For A, B, D, E, and G, bars represent mean + SEM for n indicated in the panels (in the
anti-GM-CSF experiment; n = 5 for isotype control and n = 7 for anti-GM-CSF). *, P < 0.05 versus room air control; t, P < 0.05 versus hypoxic mice
injected with saline by one-way ANOVA with Bonferroni's multiple comparison test; and ###, P < 0.001 versus isotype IgG control by Student's ¢t test.
(H) Rats were injected with saline or 60 mg/kg of the toxin monocrotaline as described in Materials and methods, and GM-CSF mRNA relative to B-actin
was assessed on days 0 and 21 in the saline controls and on days 2, 7, 14, and 21 in the monocrotaline group. A and B represent triplicate measurements
in two different rats. Note values increase on day 14 by more than twofold relative to all other time points. Bars shown mean + SEM.
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The concentration of GM-CSE IL-6, IL-8, and MCP-1 were determined
using an ELISA kit (Quantikine; R&D Systems) according to the manufac-
turer’s instructions.

siRNA transfection. siRNA specific for BMPR2 (Silencer Select;
Ambion) or nontargeting siRINA as control (Silencer Select negative control;
Ambion) were transfected into PAECs after withdrawal of antibiotics 24 h
before and during treatment with Lipofectamine RNAi max (Invitrogen).
Knockdown efficiency for BMPR2 was determined by Western immuno-
blot. We tested an additional control siRNA (Thermo Fisher Scientific) and
two BMPR2 siRINAs (B2:52045 and B3:s2046; Ambion) with similar results.
Data shown were obtained with the siRNA (B1:s2044; Ambion). Knock-
down efficiency, TNF-induced GM-CSF protein production, and TNF-
induced phosphorylation of p38 and I-kB were analyzed and similar using
either control or BMPR2 siRINA. We also performed experiments using
siRINA specific for protein phosphatase 1c (s10930; Ambion).

Western immunoblotting. For protein expression analysis, PAECs or PM-
VECs were washed with ice-cold PBS, and lysates were prepared by adding
boiling lysis buffer (10 mM Tris HCI, 1% SDS, and 0.2 mM PMSF) contain-
ing protease and phosphatase inhibitors. Lysates were scraped into a 1.5-ml
microcentrifuge tube and boiled for 10 min before centrifugation. Superna-
tants were transferred to fresh microcentrifuge tubes and stored at —80°C.
Protein concentration was determined by the Lowry assay (Bio-Rad Labo-
ratories). Equal amounts of protein were loaded onto each lane of a 4-12%
Bis-Tris gel and subjected to electrophoresis under reducing conditions. After
blotting, polyvinylidene difluoride membranes were blocked for 1 h (5%
milk powder in 0.1% PBS/Tween) and incubated with primary antibodies
overnight at 4°C.The binding of secondary HR P-conjugated antibodies was
visualized by ECL or ECL Plus. Normalizing for total protein was performed
by reprobing the membrane with a mouse monoclonal antibody against
o-tubulin or B-actin. The antibody dilutions used were 1:200 GM-CSE, 1:5,000
B-actin, 1:250 BMPR2, 1:1,000 p38, 1:1,000 p-p38, 1:1,000 MK2, 1:1,000
p-MK2, 1:1,000 I-kB, 1:1,000 p-I-kB, 1:1,000 elF2a, 1:1,000 p-elF2a,
1:200 GADD34 and PPI, and 1:5,000 a-tubulin. Secondary antibodies were
used with dilutions of 1:2,000 to 1:10,000.

gqRT-PCR. Total RNA was extracted and purified from cells using the
RNeasy Mini kits (QIAGEN). The quantity and quality of RNA was de-
termined by using a spectrophotometer, and 2 pg was used as the template
for RT-PCR with random hexamers as primers. RT-PCR was performed
on a 7900HT Sequence Detection System with TagMan Gene Expression
Assays on Demand probes (Applied Biosystems). Primers used are as fol-
lows: GM-CSF, Hs00171266_m1; 32 microglobulin, Hs99999907_m1;
GAPDH, Hs02758991_m1; IL-6, Hs00985639_m1; IL-8, Hs00174103_m1;
and MCP-1, Hs00234140_m1 (Applied Biosystems). In the monocrota-
line experiments, RT-PCR for rat samples was performed by using 4 ng
¢DNA of whole lung lysate with 1 ul of 10 mM mixed primers, 5 pl SYBR
green master mix (QIAGEN), and 4 pl sample. Primer sequences were de-
signed using NCBI’s Primer-BLAST function and are as follows: B-Actin
(F, 5'~ACCCGCCACCAGTTCGCCAT-3"; R, 5'-CTTGCACATG-
CCGGAGCCGT-3") and GM-CSF (F, 5'-GCTGCCCAACCCTGT-
CACC-3"; R, 5'-GGTTGCCCCGTAGACCCTGC-3).

mRNA stability. After treating PAECs with 10 ng/ml TNF for 4 h, 20 pg/ml
DRB was added to the media. GM-CSF mRNA levels were measured by
qRT-PCR before and 20, 40, 60, 80, and 100 min after transcriptional inhibi-
tion by DRB.

Polysome analysis. Polysome analysis was performed as previously de-
scribed (Ying et al., 2009; Wehner et al., 2010). PAECs transfected with
siRNA for BMPR2 or control siRNA were stimulated with TNF for 3 h.
Translation was inhibited with 0.1 mg/ml cycloheximide, and the cells were
scraped and lysed in 500 pl lysis buffer (0.3 M NaCl, 15 mM MgCl,, 15 mM
Tris-HCI, pH 7.5, 1% Triton X-100, and 0.1 mg/ml cycloheximide) on ice
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for 10 min. Nuclei were pelleted at 10,000 g for 10 min, and 500 pl of the
resulting supernatant was fractionated through a 10-60% linear sucrose gra-
dient by centrifugation using a SW41 rotor for 2 h and 45 min at 35,000 rpm
at 4°C. 15 fractions (750 pl each) were collected using a fraction collector
(ISCO with Brandel pump). RNA in each fraction (650 pl) was extracted
with phenol/chloroform/isoamyl alcohol (Invitrogen) and reverse-transcribed
using Superscript IIT (Invitrogen). Real-time qPCR was performed on a
7900HT Sequence Detection System with TagMan Gene Expression Assays
on Demand probes. GAPDH was used as a housekeeping gene. Primers used
are as follows: GM-CSE Hs00171266_m1; and GAPDH, Hs99999907_m1
(Applied Biosystems). The amount of GM-CSF and GAPDH mRNA in
each fraction was calculated. Protein was extracted from 100 ul of each poly-
some fraction by methanol for Western immunoblot analysis to detect
the 40S ribosomal subunit protein S6 (1:1,000; 54D2; Cell Signaling Tech-
nology) and the 60S ribosomal subunit protein L13a (1:1,000; Cell Signal-
ing Technology).

Immunofluorescent staining for stress granule formation. Stress
granule formation was assessed as previously described (Kedersha and Anderson,
2007). 5 X 10* PAECs were plated on a 4-well chamber slide. After serum
starvation for 12 h, cells were treated with vehicle or 10 ng/ml TNF for 3 h.
To assess stress granule formation after hypoxia, cells were incubated in a hy-
poxic chamber (1% O,) and studied under the same conditions. In all experi-
ments, the cells were fixed with 4% paraformaldehyde for 15 min and then
treated with methanol for 10 min. After blocking with 5% horse serum, slides
were incubated with an antibody against G3BP, the protein which is known
to assemble stress granules (Tourriere et al., 2003), followed by Alexa Fluor
594—conjugated secondary antibody. Sections were stained with DAPI (Invi-
trogen) to visualize nuclei and mounted with Prolong Gold Antifade Re-
agent. Stress granule formation was assessed using fluorescence and confocal
microscopy (FluoView 1000; Olympus). Stress granule—positive cells were
counted relative to total cells in three randomly chosen high-power fields in
four different experiments.

Lung tissues from IPAH patients and unused donor lungs. Lung
tissues from IPAH patients who underwent lung transplantation and from
unused donor lungs as controls were obtained through the Pulmonary
Hypertension Breakthrough Initiative (PHBI) Network, which is funded by
the Cardiovascular Medical Research and Education Fund (CMREF). The
tissues were procured at the Transplant Procurement Centers at Allegheny
General Hospital, Baylor University, Cleveland Clinic, Duke University,
Stanford University, the University of California, San Diego, University of
Alabama at Birmingham, and Vanderbilt University, and de-identified patient
data were obtained via the Data Coordinating Center at the University of
Michigan. Lung tissues were kept in RPMI 1640 media supplemented with
antibiotics for up to 24 h during transportation from the transplant procure-
ment centers. Small pieces of the lung tissue were snap-frozen in liquid nitro-
gen and stored at —80°C for biochemical experiments or fixed in 10%
formaldehyde overnight for immunohistochemistry. Procurement of the tis-
sues from human subjects is approved by the Administrative Panel on Human
Subjects in Medical Research at Stanford University (IRB #350, Panel 6).

Immunohistochemistry. Human and mouse sections from formaldehyde-
fixed and paraffin-embedded lung tissues were deparaffinized and rehydrated.
Epitope retrieval was performed by boiling the sections in citrate buffer,
pH 6.0. Sections were reacted with hydrogen peroxide to block endogenous
peroxidase, washed, and blocked with 5% goat serum.The sections were then
incubated with the primary antibodies against GM-CSF (1:400; Abcam),
TNF (1:400; Abcam), a-SM actin (1:1; Dako), CD31 (1:50; Dako), CD34
(1:1; Dako), CD68 (1:100; Dako), GM-CSFRa (1:50; Santa Cruz Biotech-
nology, Inc.), and Mac3 (1:200; BD) overnight at 4°C. After streptavidin-
biotin amplification (LSAB2 kit [Dako]| or Vectastain Elite ABC kit [Vector
Laboratories]), the slides were incubated with 3, 3’'-diaminobenzidine and
counterstained with hematoxylin. A negative control was performed using
mouse IgG or rabbit Ig instead of the primary antibody. The localization and
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intensity (0, 1+, 2+, 3+) of immunoreactivity were assessed by two indepen-
dent examiners, blinded to the diagnosis of PAH or to the mouse treatment
group. In the murine experiments described below, the number of Mac-
3—positive cells per PA was counted for all vessels in the section and a mean
value calculated per mouse.

PAEC and PASMC proliferation assays. Proliferation was assessed by
cell counts. Human PAECs or PMVECs were seeded at 2.5 X 10* cells per
well in a gelatin-coated 24-well plate in a 500-pl volume of growth medium
and allowed to adhere for 24 h. Cells were washed three times and starved in
0.2% FBS containing EC media for 12 h and then incubated for 24 h in the
presence or absence of the different ligands. Cells were counted in a hemo-
cytometer (Bright-Line; Hausser Scientific). PASMCs were seeded as de-
scribed above but starved in 0.1% FBS for 48 h before stimulation.

Cell isolation from lung tissue. Left lung sections (3 X 3 X 2 cm) were
transported in RPMI 1640 medium, then chopped into small pieces (1 X 1 X
2 mm) using scissors, and placed in a 50-ml conical tube. The minced tissue
was digested in 20 ml HBSS (Gibco) containing 0.8 mg/ml collagenase IA-S
(Sigma-Aldrich) on the rotator platform for 45 min at 37°C.The cell suspen-
sion was filtered using a cell strainer (100 pm, Falcon; BD) and centrifuged at
250 ¢ for 5 min.The pellet was resuspended in 2~4 ml of PBS containing 0.1%
BSA. Magnetic beads (30 pl, Dynabeads; Invitrogen) conjugated with anti-
CD31 antibody were added and incubated with the cell suspension for 20 min
at 4°C. The cells bound to the beads were recovered with a magnet rack
(Dynal) and washed five times with PBS containing 0.1% BSA.The cells were
counted with a hemocytometer, and up to 2 X 10° cells were used for FACS.

FACS analysis and sorting. After blocking nonspecific binding with
media containing 5% FBS for 15 min on ice, cell suspensions were centri-
fuged at 250 ¢ for 5 min, resuspended in 100 ul FACS buffer (0.2% fetal
bovine serum, 2 mM EDTA, and PBS, pH 7.2) containing APC-conjugated
CD31 and PE-conjugated GM-CSFRa antibodies, and incubated on ice for
20 min. Then cells were washed with 0.1% BSA/PBS, resuspended in FACS
buffer, and analyzed and sorted using a multiparameter cell sorter (FACS
Aria, BD). Single cells from subpopulations of CD31*GM-CSFRa~ or
CD31*GM-CSFRa* cells were sorted into a 96-well plate that had been
preloaded with RT-PCR reagents (reverse transcription enzyme and prim-
ers) for each gene target.

Microfluidic-based single cell transcriptional analysis. As previously
described (Thorsen et al., 2002; Diehn et al., 2009), single cells were sorted
into each well of a 96-well plate that had been preloaded with 10 pl of a
master mix containing Tris-EDTA buffer, pH 7.0, Superscript III Platinum
reverse transcription/Taq DNA polymerase enzyme mix (Invitrogen), Cells
Direct reaction mix (Invitrogen), target gene—specific TagMan assay (primer/
probe) sets (Applied Biosystems), and SUPERase-In RNase inhibitor (Ap-
plied Biosystems). Exon-spanning primers were used where possible to avoid
amplification of genomic background. Reverse transcription was performed
(20 min at 50°C, 2 min at 95°C), followed immediately by a 22-cycle pream-
plification in the same reaction tube (denature at 95°C for 15 min, anneal at
60°C for 4 min, each cycle). Resultant single cell cDNA was mixed with
sample loading agent (Fluidigm) and Universal PCR Master Mix (Applied
Biosystems) and loaded into 48.48 Dynamic Array chips (Fluidigm) along
with TagMan gene expression assays and assay loading agent (Fluidigm).
Products were analyzed on the BioMark reader system (Fluidigm) using a hot
start protocol to minimize primer-dimer formation. 30 RT-PCR cycles were
performed. Gene expression data from all individual cells were normalized
relative to the median expression for each gene in the pooled sample and
converted to base 2 logarithms. Absolute bounds of =5 cycle thresholds (cor-
responding to 32-fold increases/decreases in expression) were set, and zero-
expressers were assigned to this floor. After normalization of datasets from
multiple chip runs, a pooled analysis was used to examine the characteristics
of the entire population of cells. To detect overlapping patterns within the
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single cell transcriptional data, we used an adaptive fuzzy c-means clustering
algorithm for partitioning of the cells based on similar transcriptional profiles

(Glotzbach et al., 2011).

Animal experiments. The Animal Care Committee of Stanford Univer-
sity approved all protocols, in keeping with the regulations of the American
Physiological Society.

GM-CSF administration to mice exposed to hypoxia. 8-wk-old
C57BL/6 mice were exposed to 10% oxygen or kept in ambient air, and
both groups were either treated with a daily i.p. injection of GM-CSF
(0.4 pg/dose; PeproTech) or saline vehicle for five consecutive days per week,
for 3 wk using a protocol previously described (Haghighat et al., 2007). Sub-
groups in normoxia and hypoxia were treated for 2 wk with continuous s.c.
administration of 7 pg/d rat anti-mouse GM-CSF-IgG (eBioscience) or un-
specific isotype control rat IgG2a (eBioscience) via s.c. mini-osmotic pump
(model 1002; Alzet).

Monocrotaline administration to rats. 12 male Sprague Dawley rats
(220-280 g) were randomly selected for a single injection with 60 mg/kg
monocrotaline (8 animals) or 0.9% saline (4 animals). Lungs of the control
animals were harvested at days 0 and 21, and lungs of monocrotaline-
treated animals were harvested at days 2, 7, 14, and 21 for whole lung ly-
sate mRINA extraction.

Echocardiography. After 20 d of GM-CSF treatment, cardiac function and
output were measured by echocardiography under isoflurane anesthesia (1%,
1 liter/min oxygen) using a Vivid 7 ultrasound machine (GE Healthcare)
and a 13-MHz linear array transducer as in our previous study (Hansmann
et al., 2008).

RVSP measurements. RVSP was measured under isoflurane anesthesia
(1.5%, 1 liter/min oxygen) by inserting a 1.4F catheter (Millar Instruments)
via the right jugular vein as previously described (Hansmann et al., 2008).
Pressure measurements were repeated three times and the mean value used.
Data were collected by Power Lab Data Acquisition system (AD Instru-
ments) and analyzed using LabChart software (AD Instruments) by an inves-
tigator blinded to the treatment group.

Hematological experiments. A blood sample was taken by heart punc-
ture after the completion of the RVSP measurement, and a complete blood
cell count that included a differential count of white blood cells was per-
formed in the diagnostic laboratory of the Stanford Animal Care Facility.

RV hypertrophy. RV hypertrophy was assessed by the weight of the RV
relative to LV plus septum.

Tissue preparation for the histological experiments. After the hemo-
dynamic measurements were completed, the isolated lungs were perfused
with saline, fixed in 10% formalin overnight, and then embedded in paraffin
for immunohistochemistry. Mac-3—positive cells adherent to the distal alve-
olar duct and wall PAs were counted in a full-length section of each lung,
and a mean was calculated for each mouse. A subset of left lungs was pre-
pared for morphometric analysis of the vasculature, using the barium injec-
tion method that has been reported in detail (Guignabert et al., 2009).

Morphometric analysis. Sections parallel to the hilum in the mid-portion
of the barium-injected left lung were taken and embedded in the same man-
ner and stained by the Movat pentachrome method. All barium-filled arter-
ies 15-50 pum in external diameter at alveolar duct and alveolar wall level
were assessed for the presence of muscularity. These distal PAs and alveoli
were counted in six randomly chosen lung fields per mouse, and the ratio of
the number of distal PAs to 100 alveoli was calculated. All measurements
were performed by two investigators blinded to the experimental group
being studied.

277



JEM

Statistical analysis. Values from multiple experiments are shown as mean
+ SEM. Statistical significance was determined using one-way ANOVA
followed by Bonferroni’s multiple comparison test. When only two groups
were compared, statistical differences were assessed with unpaired two-
tailed Student’s f test. A p-value of <0.05 was considered significant. The
number of samples or animals in each group is indicated in the figures or
figure legends.
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