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ABSTRACT

Of recent, inflammatory responses, formation of ectopic lymphoid tissue 
and autoantibodies have been increasingly implicated in the pathophysiology 
of pulmonary hypertension (PH). One of the earliest immune cells detected 
in PH and implicated in its pathogenesis were mast cells based on their 
demonstrated abundance in the vicinity of vascular lesions in PH patients, 
as well as in lungs of animal models of PH. Experimental studies using mast 
cell stabilizers or mast cell deficient rats in classic PH models provided proof-
of-principle for the functional relevance of mast cells in the initiation and/or 
progression of PH and lung vascular remodeling. Yet, the cellular mechanisms by 
which mast cells contribute to the development of PH and pulmonary vascular 
remodeling have so far remained largely unclear. Importantly, understanding 
the downstream effectors by which activated mast cells and their secretome 
trigger or promote vascular remodeling may lead to the development of novel 
therapies for PH. Notably, recent work has unveiled a novel interplay between 
mast cells and the adaptive immune system in PH, in that mast cell-targeted 
interventions attenuate the formation of tertiary lymphoid tissue in the lung 
and the formation of autoantibodies. This minireview will focus on the role of 
mast cells in PH and their possible downstream mechanism.

Pulmonary hypertension (PH) is a devastating vascular disease 
characterized by remodeling of the small pulmonary arteries, 
elevated pulmonary artery pressure, and subsequent development 
of right heat failure. The clinical introduction of endothelin receptor 
antagonists, phosphodiesterase 5 inhibitors, and prostacyclin or 
its analogues for the treatment of pulmonary arterial hypertension 
has generated sustained patient benefits in hemodynamic function, 
exercise capacity, and longevity. Yet, while single and combination 
therapies have doubled survival rates for PAH since the 1980s, the 
current overall 5-year survival remains abysmal at approximately 
60%1. Other forms of pulmonary hypertension (PH) such as PH 
due to left heart disease (class 2), PH due to lung diseases and/or 
hypoxia (class 3), or chronic thromboembolic PH (class 4) have even 
less (soluble guanylate cyclase inhibition by riociguat in class 4 PH) 
or no (class 2 & 3 PH) approved treatment strategies, stressing a 
large unmet need for new and better therapeutic targets2. Over the 
past decades, an accumulating body of studies have highlighted a 
possible role of inflammation and immunity in the development of 
the disease. First it was noticed that specific autoimmune diseases 
or inflammatory conditions, such as connective tissue diseases 
or HIV infection, were associated with an increased incidence of 
PH3,4. Histological analyses of lung biopsies revealed an abundance 
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of various immune cells around the vascular lesions. 
Specifically, macrophages, mast cells, T lymphocytes, 
and B lymphocytes were found to accumulate not only 
in patients with underlying autoimmune diseases or 
infections, but similarly in different forms of pulmonary 
arterial hypertension (PAH)5,6. In line with the notion 
that PH may be associated with an inflammatory/
immune response in the pulmonary vasculature, high 
levels of pro-inflammatory cytokines as well as various 
autoantibodies were confirmed in animal models and 
patients with pulmonary hypertension7. In support of a 
potential mechanistic contribution of inflammation and 
autoimmunity in PH disease, perivascular inflammation 
was found to correlate with the severity of pulmonary 
hemodynamics, vascular remodeling, and worse clinical 
outcomes8. Conversely, immuno-targeted therapies have 
demonstrated beneficial effects in animal PAH models 
and some human PAH subtypes associated with marked 
inflammation9. 

Of the various immune cells that have been implicated 
in PH disease, mast cells were among the first to be 
recognized and suggested to potentially play an important 
role in the pathophysiology of pulmonary hypertension. 
As early as in 1879, Paul Ehrlich noted that mast cells 
were abundant in “brown induration of the lung”, i.e. in 
hemosiderosis following mitral stenosis10 – a  disease which 
would nowadays be classified as pulmonary hypertension 
secondary to left heart disease. Since then, pathologic 
studies have confirmed an accumulation of mast cells in 
lungs of patients with PH secondary to congenital cardiac 
septal defects or mitral stenosis as well as in patients 
with idiopathic PH11-13. Similarly, the number of mast 
cells and mast cell-related protein expression was found 
to be significantly increased in the lungs of patients with 
congenital heart disease associated with early pulmonary 
vascular disease14,15. These clinical findings were 
paralleled by reports of similar mast cell accumulations in 
experimental PH16-19. Gene array analysis and subsequent 
RT-PCR confirmed that several genes associated with the 
proliferation and presence of mast cells were induced in 
monocrotaline (MCT)-induced PAH20. Similarly, the gene 
ontology class with the most pronounced differential 
regulation was the class “mast cell activation” in a rat model 
of left heart disease (LHD)-induced PH subsequent to aortic 
banding21. Although these studies cohesively proposed 
an important role for mast cells in PH, until recently this 
hypothesis had never been experimentally tested.

Over the past years, a series of independent experimental 
studies have provided proof-of-principle evidence for a 
critical role of mast cells in pulmonary hypertension and 
lung vascular remodeling. Mast cell deficient Ws/Ws rats,  
in which mutations in the mast cell growth factor receptor 
c-kit inhibit maturation, differentiation, activation and 

migration of mast cells22, develop less PH, lung vascular 
remodeling, and right ventricular hypertrophy in response 
to MCT. Inhibition of mast cell degranulation by so called 
mast cell stabilizers similarly reduced the development 
of MCT-, hypoxia- or LHD-induced PH and lung vascular 
remodeling dramatically21, 23-25. A potential role of mast cells 
in human PH disease was also indicated by a small clinical 
trial in 9 patients treated with the mast cell inhibitors 
cromolyn and fexofenadine for 12 weeks, which resulted 
in a drop in vascular endothelial growth factor (VEGF) and 
circulating proangiogenic CD34+CD133+ progenitor cells, 
and an increase in exhaled nitric oxide26. Although these 
findings strongly indicate a role of mast cell in pulmonary 
hypertension, the underlying mechanism was yet not 
understood.

Two main proteases from mast cells, chymase and 
tryptase were reported to increase and correlate with 
severity of pulmonary hypertension and pulmonary 
vascular remodelling13,14,27-30. In clinical trials, Imatinib, 
a tyrosine kinase inhibitor targeting c-Kit, was shown 
to decrease both total tryptase and pulmonary vascular 
resistance, suggesting c-Kit inhibition as a potential 
mechanism of action of imatinib in PAH and tryptase as a 
potential biomarker of response to therapy31. In addition, 
tryptase may also be of direct mechanistic relevance in PH, 
as tryptase was shown to induce pulmonary artery smooth 
muscle cell proliferation and migration as well as synthesis 
of fibronectin and matrix metalloproteinase-2 in a protease-
activated receptor (PAR)-2- and extracellular signal-
regulated kinase (ERK) 1/2-dependent manner32. Similar 
to tryptase, mast cell chymase has been mechanistically 
implicated in the pathogenesis of PH, specifically in the 
context of lung fibrosis. In a model of bleomycin-induced 
PH, chymase inhibition attenuated the development of 
both PH and pulmonary fibrosis, presumably via reducing 
transforming growth factor-β1 (TGF-β1) and matrix-
metalloproteinase-2 (MMP-2) contents in the lungs28. 
Chymase also processes pro-matrix metalloprotease 9 
(pro-MMP-9) to active MMP-933 which is a biomarker for 
scleroderma-associated PH34. 

In addition to releasing preformed enzymes such as 
tryptase or chymase or biogenic amines like histamine or 
serotonin from their intracellular granules35, mast cells 
also de novo synthesize and secrete mediators which may 
similarly contribute to the induction and/or progression 
of PH. Of late, formation of bronchus-associated tertiary 
lymphoid tissue (BALT), which had initially been reported 
as a classic hallmark in chronic inflammatory lung disorders 
and autoimmune diseases, was identified in lungs of IPAH 
patients and PAH animal models and has been proposed 
to play an important role in disease progression36 since 
diminution of tertiary lymphoid tissue reversed PH and 
pulmonary vascular remodeling in experimental PH37. 
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Notably, c-Kit+ cells with a typical mast cell phenotype 
expressing FcεRIa and tryptase were found to localize 
around BALT, suggesting that mast cells may potentially 
promote lymphoid structure development36. 

Indeed, mast cells can secrete large amounts of 
immunomodulatory compounds which may potentially 
regulate the formation of BALT in PH. In a recent study, 
we showed that mast cells recruit and activate B cells via 
the release of interleukin- 6 (IL-6), thereby promoting the 
formation of tertiary lymphoid tissue and the production of 
autoantibodies, which in turn accelerated the progression 
of PH and pulmonary vascular remodeling38. Accordingly, 
mast cell stabilization as well as B cell depletion by an anti-
CD20 antibody or IL-6 neutralization improved PH and 
reduced pulmonary vascular remodeling in experimental 
models of PAH38. The emerging relevance of an IL-6-
mediated mast cell – B cell axis in PH is in line with the 
high predictive value of elevated IL-6 plasma levels in 
PAH patients39 and the demonstrated pathophysiological 
role of this cytokine in animal models of PH40,41. Originally 
identified as a B cell stimulatory factor that induces 
differentiation into antibody-producing plasma cells42, IL-6 
production has also been linked to increased Ig secretion 
and production of autoantibodies43. Of relevance to the 
proposed mast cell – B cell axis in PH, IL-6 release from 
mast cell constitutes an important regulator of B cell 
development and physiology44, and was shown to be critical 
for the mast cell-induced proliferation and differentiation 
of both naïve and activated B cells in vitro45.

The relevance of IL-6 in PAH is underscored by 
several individual case reports in which PAH patients 
received treatment with the anti-IL-6-receptor antibody 
tocilizumab which consistently resulted in improved 
clinical and hemodynamic parameters46-48. While 
these data support an important role for IL-6 in the 
pathogenesis of PAH, it remains unclear whether IL-6 
is the only mediator by which mast cells may regulate B 
cell activation and differentiation, and the subsequent 
generation of germinal centers, somatic hypermutations, 
affinity maturation of immunoglobins and plasma cell 
differentiation that will ultimately result in autoantibody 
production and autoimmunity49. To this end, Fernando 
and colleagues recently reported that endotracheal 
administration of an adenoviral vector expressing mouse 
oncostatin M (OSM) promotes B cell activation and BALT 
formation independent of IL-650. Notably, OSM is also, 
albeit not exclusively, secreted by mast cells51 and up-
regulated in the bronchoalveolar lavage fluid of patients 
with idiopathic pulmonary fibrosis and scleroderma 
or in plasma of PAH patients52,53, suggesting that mast 
cells may regulate adaptive (auto-)immunity and BALT 
formation via different pathways in PH. The relevance of 
the ensuing autoimmune response is stressed by a series 

of experimental and clinical studies which detected an 
abundance of autoantibodies in plasma of PAH patients54, 
demonstrated that adoptive transfer of autoantibodies into 
naïve rats is sufficient to induce PAH37, and showed that 
B-cell depletion by the anti-CD20 antibody rituximab or 
B cell deficiency in JH-KO rats prevented the development 
of experimental PAH and lung vascular remodeling in 
various animal models38,55. Notably, rituximab is presently 
in clinical trial for the treatment of PAH associated with 
connective tissue diseases such as systemic sclerosis 
(ClinicalTrials.gov Identifier: NCT01086540).

Last but not the least, mast cells may also be involved 
in the regulation of another main component of the 
adaptive immune system, namely T cells. Mast cells are 
now recognized to induce T cell activation, recruitment, 
proliferation, and cytokine secretion in an antigen-
dependent manner56. This notion is consistent with the fact 
that T cell numbers are increased in BALT of PH lung tissue24, 
yet decreased by treatment with an anti-IL-6 antibody or in 
mast cell-deficient Ws/Ws rats, respectively37,38. Conversely, 
mast cells are able to suppress regulatory T cells (Tregs) 
which have been reported to protect against hypoxia-
induced PAH in mice57 . The beneficial effect of Tregs in PH 
was particularly evident in a previous study in athymic rats 
in that the development of lung vascular remodelling and 
PH in response to the VEGF receptor antagonist SU5416 
was attenuated in animals that had been reconstituted 
with CD4+CD25+ T regs58. Although Tregs have been found 
to prevent BALT formation in LPS-induced inflamed 
lungs59, it presently remains unclear whether mast cells 
regulate BALT formation by promoting T cell proliferation 
or suppression of Tregs, respectively. 

Taken together, a considerable body of experimental 
studies and clinical data have implicated an important role 
for mast cells in the pathogenesis of PH. Mast cells may act 
via several independent or, potentially, parallel mechanisms 
ranging from the release of the biogenic amine mediators 
histamine and serotonin, via secretion of the mast cell 
specific enzymes tryptase and chymase, to the regulation 
of adaptive immune responses and autoimmunity in PH 
(Figure 1). In the future, a better understanding of the 
molecular mechanisms by which mast cells promote lung 
vascular remodeling may provide for novel strategies to 
inhibit or even reverse PH development and pulmonary 
vascular remodeling. Such understanding may be fostered 
e.g. by studies aimed at deciphering the mechanisms 
of mast cell recruitment to the lung in PH, of individual 
mast cell-derived mediators such as e.g. serotonin, or by 
functional screening of autoantibodies in serum of PH 
patients. In the meantime, commercially available over-
the-counter drugs for mast cell stabilization may present 
an easily implementable and testable approach for an 
immuno-targeted treatment strategy in PH disease.
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