
plausible scenario is one that has the hygiene hypothesis (15) as
its backdrop. The dual relationship between 17q21 variants and
asthma risk may reflect the coevolution of an innate program that
effectively prevents or counteracts the damaging effects of
respiratory viruses, as long as protective environmental cues
such as those that still persist in a traditional farm environment
are available. The loss of these protective cues in the face
of an ever-present viral threat could pave the way to the
respiratory alterations characteristic of childhood asthma. It is
noteworthy that the practical implications of 17q21-regulated
interactions may well be far reaching, because the frequency
of asthma-associated alleles in the general population
approaches 50%.

Moving forward, the good news Loss and colleagues
bring us is that if and when preventive treatments become
available that leverage the asthma-protective mechanisms
engaged by farm exposure, such treatments could be
specifically targeted to, and would be especially successful in,
the substantial proportion of children who carry the 17q21
asthma risk genotypes. Perhaps the day in which personalized
medicine and the hygiene hypothesis will join forces is not so
far away. n
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4. Calışkan M, Bochkov YA, Kreiner-Møller E, Bønnelykke K, Stein MM,
Du G, Bisgaard H, Jackson DJ, Gern JE, Lemanske RF Jr, et al.
Rhinovirus wheezing illness and genetic risk of childhood-onset
asthma. N Engl J Med 2013;368:1398–1407.

5. Loss GJ, Depner M, Hose AJ, Genuneit J, Karvonen AM, Hyvärinen A,
Roduit C, Kabesch M, Lauener R, Pfefferle PI, et al.; PASTURE
(Protection against Allergy Study in Rural Environments) study group.
The early development of wheeze: environmental determinants and
genetic susceptibility at 17q21. Am J Respir Crit Care Med 2016;193:
889–897.

6. Braun-Fahrländer C, Riedler J, Herz U, Eder W, Waser M,
Grize L, Maisch S, Carr D, Gerlach F, Bufe A, et al.; Allergy and
Endotoxin Study Team. Environmental exposure to endotoxin and its
relation to asthma in school-age children.N Engl J Med 2002;347:869–877.

7. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson WO, Braun-
Fahrländer C, Heederik D, Piarroux R, von Mutius E; GABRIELA
Transregio 22 Study Group. Exposure to environmental microorganisms
and childhood asthma. N Engl J Med 2011;364:701–709.

8. von Mutius E, Schmid S; PASTURE Study Group. The PASTURE
project: EU support for the improvement of knowledge about risk
factors and preventive factors for atopy in Europe. Allergy 2006;61:
407–413.

9. Quanjer PH, Stanojevic S, Stocks J, Hall GL, Prasad KV, Cole TJ,
Rosenthal M, Perez-Padilla R, Hankinson JL, Falaschetti E, et al.;
Global Lungs Initiative. Changes in the FEV₁/FVC ratio during
childhood and adolescence: an intercontinental study. Eur Respir J
2010;36:1391–1399.

10. Eder W, Klimecki W, Yu L, von Mutius E, Riedler J, Braun-Fahrländer C,
Nowak D, Martinez FD; Allergy And Endotoxin Alex Study Team.
Opposite effects of CD 14/-260 on serum IgE levels in children
raised in different environments. J Allergy Clin Immunol 2005;116:
601–607.

11. Simpson A, John SL, Jury F, Niven R, Woodcock A, Ollier WE, Custovic
A. Endotoxin exposure, CD14, and allergic disease: an interaction
between genes and the environment. Am J Respir Crit Care Med
2006;174:386–392.

12. Vercelli D. Learning from discrepancies: CD14 polymorphisms, atopy
and the endotoxin switch. Clin Exp Allergy 2003;33:153–155.

13. Simpson A, Martinez FD. The role of lipopolysaccharide in the
development of atopy in humans. Clin Exp Allergy 2010;40:
209–223.

14. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas
TE, Printz MC, Lee WM, Shult PA, Reisdorf E, et al. Wheezing
rhinovirus illnesses in early life predict asthma development in high-risk
children. Am J Respir Crit Care Med 2008;178:667–672.

15. Schaub B, Lauener R, von Mutius E. The many faces of the hygiene
hypothesis. J Allergy Clin Immunol 2006;117:969–977.

Copyright © 2016 by the American Thoracic Society

The Role of Bone Marrow–derived Cells in Pulmonary
Arterial Hypertension
What Lies Beneath?

Observations from diseased human tissues and experimental models
have suggested that bone marrow (BM)-derived myeloid lineages

may either drive or provide protection against the development of
pulmonary arterial hypertension (PAH), and could be manipulated
for therapy, but as of yet, no consensus exists on the causal or
therapeutic role of BM-derived lineages in pulmonary vascular
disease.

Troussard and colleagues originally described the syndrome
of pulmonary venoocclusive disease and associated pulmonary
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hypertension as a known, albeit rare, complication of hematopoietic
stem cell transplantation (1), providing the earliest suggestion
that the BM compartment can adversely influence the pulmonary
vasculature. In fact, compared with healthy control subjects,
patients with PAH may have subclinical BM abnormalities and
a higher number of circulating hematopoietic progenitors,
including proangiogenic CD34+CD133+ lineages (2), but it has
been unclear whether these changes are contributory or secondary
to the disease process. Immunohistochemical studies of lung
tissues obtained from patients with idiopathic pulmonary arterial
hypertension (PAH) have identified c-kit1, apparently BM-derived
cells in the plexiform lesions and perivascular spaces of remodeled
pulmonary arteries (3). Ablative BM transplant studies using
labeled donor cells have demonstrated the accumulation of
BM-derived cells in the pulmonary vascular lesions of hypoxic mice
and monocrotaline-treated rats, giving rise in various studies to
smooth-muscle a-actin-expressing myofibroblasts, endothelial-like
cells, CD451 hematopoietic cells, and other lineages in the
adventitia (4–6), demonstrating not only an association of
BM-derived cells but also a possible contribution to vascular lesions
of PAH. BM-chimeric immunodeficient mice engrafted with
CD1331 myeloid progenitors isolated from the BM of patients with
PAH, but not healthy controls, developed several findings
suggestive of pulmonary vascular disease, including
angioproliferative remodeling and thrombosis in situ associated
with right ventricular hypertrophy (7). Conversely, BM-derived
endothelial-like progenitor cells from healthy animals infused
without ablation into rats after monocrotaline treatment were
found to engraft in the precapillary arterioles and attenuate the
subsequent development of pulmonary hypertension (8). Testing
the impact of ablative versus nonablative transplantation, Aliotta
and colleagues found that infusion of whole BM combined with
total-body irradiation ameliorated established pulmonary
hypertension in monocrotaline-treated mice, an effect that was lost
in the absence of total-body irradiation, whereas whole-BM
infusion itself was sufficient to cause pulmonary hypertension and
remodeling in previously healthy mice and was potentiated by
total-body irradiation (9).

In this issue of the Journal, Yan and colleagues (pp. 898–909)
demonstrate a pivotal role of BM-derived lineages in both causing
and protecting from the development of pulmonary hypertension,
while illustrating the contribution of dysregulated BMPR2
signaling in BM-derived lineages (10). The authors observed that
transplantation of BM that expresses a premature termination
codon mutant bone morphogenetic protein type II receptor
transgene (BMPR2R899X) into lethally irradiated control mice was
sufficient to cause pulmonary hypertension, whereas engraftment
of BMPR2R899X transgenic mice with control BM attenuated
pulmonary hypertension. After essentially complete engraftment
with donor BM, greater numbers of CD31 T cells and CD681

macrophages, both of donor origin, were found to be associated
with remodeled vessels of mice receiving mutant BM. In contrast to
previous BM transplant studies in pulmonary hypertension models,
a BM contribution to smooth muscle or other vascular lineages
was not observed. This study builds on previous work indicating
the BM compartment may be abnormal in PAH and may harbor
protective or disease-causing influences. This work amplifies the
group’s recent findings that global expression of the BMPR2R899X

mutation is linked to systemic abnormalities in tissues beyond the

pulmonary vasculature, including in BM-derived monocytic and
tissue-resident macrophage lineages attributable to perturbed BMP
signaling (11).

This study importantly demonstrates that BMPR2 loss-of-
function mutations, identified in more than 70% of cases of
heritable PAH and 10–25% of sporadic cases of idiopathic
PAH, may exert some of their effects via myeloid and/or
hematopoietic compartments (12). The inducible BMPR2R899X

transgenic mouse and its derived BM cells used in the present
study overexpress BMPR2R899X, in contrast to individuals with
heritable PAH, who typically express heterozygous loss-of-
function BMPR2 alleles, frequently associated with nonsense-
mediated decay, including the premature termination codon
BMPR2R899X mutation (13). As the authors acknowledge,
expression of the transgene may render signaling abnormalities
or cellular defects that exist on a continuum with those present
in the human haploinsufficient state, or may harbor other
abnormalities resulting from exuberant expression of a dominant
negative gene product that would normally be subjected to
nonsense-mediated decay. However, the current study sets the
stage for follow-up efforts to confirm similar BM-mediated
causal or protective effects in other robust genetic models of
pulmonary hypertension that recapitulate heritable PAH
syndromes in man, including caveolin-1 knockout mice (14),
and in heterozygous BMPR2R899X knock-in mice that develop
modest spontaneous pulmonary hypertension (15).

The current findings lend significant weight to a causal
and protective role of BM-derived lineages in PAH. These
reciprocal transplant experiments might suggest that ablative
transplantation with healthy or genetically normal bone marrow
might be explored as potential corrective therapy in very severe
PAH or heritable PAH, respectively. Translatability of an
allogeneic BM transplant approach might be limited, however,
when moving from syngeneic mouse strains to outbred humans,
particularly given the concern that graft-versus-host disease might
contribute to pulmonary venoocclusive disease associated with
hematopoietic stem cell transplants, in addition to conditioning
regimens themselves, which could still complicate the
transplantation of matched-related or autologous, genetically
corrected BM. Moreover, the discrepant results in prior studies
examining the protective versus injurious role of engrafted BM
underscore the complexity of the BM as a heterogeneous
source of multiple progenitor populations whose effects on
recruitment to sites of injury are certainly lineage dependent. The
incomplete rescue of pulmonary hypertension in BMPR2R899X

mutant mice by wild-type marrow leaves open the possible
impact of this mutation in other populations not necessarily in
equilibrium with the BM. For example, lineage-specific effects
of the BM are likely to be modified further by tissue-resident
antigen presenting and inflammatory cells such as lung-resident
macrophages, a population that develops and regenerates
independent of BM monocytes and serve as mediators of
airway disease (16), and that could contribute to pulmonary
vascular disease, a concept that could be tested via tissue-
specific ablation. Precise delineation of the most restricted and
protective BM- or non-BM-derived hematopoietic, myeloid, or
monocytic lineages and their downstream mediators could help
to translate the valuable new insights gained from the current
studies into viable therapeutic approaches. n
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Mueller M, Kinzel B, Yung LM, Wilkinson JM, et al. Selective
enhancement of endothelial BMPR-II with BMP9 reverses pulmonary
arterial hypertension. Nat Med 2015;21:777–785.

16. Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M,
Becker CD, See P, Price J, Lucas D, et al. Tissue-resident
macrophages self-maintain locally throughout adult life with minimal
contribution from circulating monocytes. Immunity 2013;38:
792–804.

Copyright © 2016 by the American Thoracic Society

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

EDITORIALS

http://www.atsjournals.org/doi/suppl/10.1164/rccm.201511-2293ED/suppl_file/disclosures.pdf
http://www.atsjournals.org
http://orcid.org/0000-0003-2145-4944

