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ABSTRACT  Although the causal pathomechanisms contributing to remodelling of the pulmonary
vascular bed in pulmonary arterial hypertension (PAH) are still unclear, several analogous features with
carcinogenesis have led to the emergence of the cancer-like concept. The major similarities concern the
altered crosstalk between cells from different tissue types, unexplained proliferation and survival of
pulmonary smooth muscle and endothelial cells, the metabolic (glycolytic) shifts, and the association with
the immune system. However, major differences between PAH and cancer exist, including the absence of
invasion and metastasis, as well as the pathogenic genes involved and the degrees of angiogenesis
impairment and genetic instability. It is clear that PAH is not a cancer, but this cancer-like concept has
opened a new field of investigation and raises the possibility that antiproliferative and/or oncological drugs
may exert therapeutic effects not only in cancer, but also in PAH. Such analogies and differences are
discussed here.

@ERSpublications
Intriguing analogies between PAH pathogenesis and carcinogenesis are observed, but crucial
differences also exist http://ow.ly/pTS6D

Introduction

Pulmonary arterial hypertension (PAH) is a complex and progressive cardiopulmonary disorder, with poor
prognosis and no curative options, characterised by elevated pulmonary vascular resistance (PVR) and
pulmonary artery pressure (PAP) leading to right-heart failure and death [1-4]. The symptoms are
nonspecific and include breathlessness, fatigue, weakness, angina and syncope. The combination of
pulmonary vasoconstriction, in situ thrombosis and pulmonary arterial wall remodelling is largely
responsible for the rise in PVR and PAP in patients with PAH, leading to progressive functional decline in
patients despite current available therapeutic options.
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Pathology of PAH

Pulmonary vascular remodelling, occurring mostly in the small to mid-sized pulmonary arterioles (<500 pum),
is a hallmark of most forms of pulmonary hypertension (PH). Pulmonary vascular lesions occurring in patients
with PAH, as well as in animal models of PH, take place sequentially and include, to varying degrees: abnormal
muscularisation of distal and medial pre-capillary arteries, loss of pre-capillary arteries, thickening of
the pulmonary arteriolar wall with concentric or eccentric laminar lesions, neointimal formation,
fibrinoid necrosis, and the formation of complex lesions commonly named “plexiform lesions” [5].
This remodelling process involves changes in all three layers of the vessel wall (intima, media and
adventitia) that are the consequence of cellular hypertrophy, hyperplasia, inflammation, altered energy
metabolism, defects in cell differentiation and apoptosis, excessive migration, and accumulation of extracellular
matrix components.

Current understanding of PAH pathogenesis and pathophysiology

An expanding body of knowledge has revealed the complex nature of these structural and functional
changes in the pulmonary vasculature implicating unexplained proliferation, migration and survival of
pulmonary vascular cells within the pulmonary arterial wall (ie. smooth muscle cells (SMCs),
myofibroblasts and endothelial cells). Although the causal PAH pathomechanisms are still largely unclear,
important discoveries have been made including many disease-predisposing factors and/or contributing
factors, such as inflammation, pulmonary endothelial dysfunction and aberrant cell proliferation in the
vascular wall, as well as several gene mutations [3-5]. In recent years, the novel cancer-like concept for PAH
has emerged and has its roots in intriguing in situ and in vitro observations [6, 7]. Among them: a
monoclonal expansion of endothelial cells has been found in idiopathic forms of PAH when compared with
endothelial cells found in lungs of patients with congenital heart malformations [8]; evidence has been
obtained indicating instability of short DNA microsatellite sequences within plexiform lesions in idiopathic
PAH [9]; the presence of somatic chromosome abnormalities in the lungs of patients with PAH and
cultured cells has been reported [10]; when removed from their in vivo environment, pulmonary endothelial
cells and SMCs derived from patients with PAH maintain their abnormal hyperproliferative, apoptosis-
resistant phenotype for a longer time than control cells [11-13]; and human pulmonary vascular cells
derived from PAH patients exhibit an altered energy metabolism in situ and in vitro [14-19]. However,
there are crucial differences between PAH pathogenesis and carcinogenesis, as will be discussed later (fig. 1
and table 1)[20, 21]. It is clear that a tumorigenic mechanism alone cannot fully explain PAH, but this
cancer-like concept has opened a new field of investigation regarding the potential use of antiproliferative
and/or oncological drugs in PAH. In this context, some drugs used in the treatment of cancer were recently
tested in PAH [22-26]. It has been demonstrated that tyrosine kinase inhibitors (i.e. imatinib) may have
potential benefits in PAH patients but their safety profile, and particularly severe side-effects, raise many
concerns regarding their use in clinical practice [25, 26]. Therefore, and as discussed in the following
sections, there are reasons to continue clarifying the nature of the similarities and differences between the
PAH pathogenesis and carcinogenesis.

Current theories of carcinogenesis

Carcinogenesis is a general term used to describe the process that results in the development of a malignant
neoplasm. This process can be actively induced by exposure to chemicals, drugs, radiation or infectious
biological agents, by heredity or in the context of immune disease; however, in most of the cases, the cause is
unknown. Although several theories have been proposed, at present there is no generally accepted, unified
theory of carcinogenesis as illustrated with the recent critical review and analysis of the 10 broad features
“hallmarks of cancer” proposed by HANAHAN and WEINBERG (fig. 1a) [20, 21]. The gene mutation theory
(or the somatic mutation theory (SMT)) and the integrative states are the two most widely accepted theories
in the scientific community [20, 21, 27]. The first theory states that cancer begins with a genetic change
within one single cell (initiation event) followed by its clonal expansion to generate malignant cells, and is
supported by a vast body of evidence such as: evidence of genomic instability; inherited genetic conditions;
existence of carcinogens as known mutagens; and activation of cellular oncogene expression by adjacent
viral genomes. However, this theory does not explain several key aspects of carcinogenesis, including
tumour heterogeneity and aneuploidy, as well as the interval between the initiation event and the
development of tumour. In addition, only a subset of the large number of somatic alterations actively
contributes to tumour initiation and maintenance. The alternative theory, also known as the tissue
organisation field theory (TOFT) [27], supports the notion that cancer is a tissue-based disease due to
alterations of the reciprocal interactions among cells and between cells and their extracellular matrix. This
theory also takes into account the notion that proliferation and motility are the default state of all cells, and
that cells are organised to form tissues, organs and organ systems. In addition to the SMT and TOFT
theories, there are also alternative theories including the aneuploidy theory, the oncogene and tumour

544

DOI: 10.1183/09059180.00007513



PATHOGENESIS OF PAH | C. GUIGNABERT ET AL.

b) Degree of similarity with cancer:

al egree of similarity with cancer:

Differencel i Low §§Medium§ iUnknown:

~Benome Enabllng o
instability }{ replicative }
\and mutation" N |mmortal|ty/' ---------

s \" growth >
4 Sustalmng\ suppressors./ 4~ Tumour™,

prollferatwe )‘ ___________ i promoting :‘.
\|nflammat|onf

Intrinsic
proliferative potential and
cellular accumulation:

2
7 Inducmg
\ anglogene5|s

proliferative
. S|gnall|ng e

Impairetl -a-ﬁ_g'il:genesis
and vasoreactivity:

cellular

xenerget|cs/ Hallmarks
of cancer

Hallmarks
of PAH

/ Deregulatmg\
cellular 'l

2 9
/" Impaired \\'
\ vasoreactivity /
N 4

’ g Enabllng “\“ _____________ A____d ____________
""""""" .. replicative } P « / Avoi |ng
v Actwatmg ! arematioe M \
>~ o |nstab|l|t \ermortallty/ { invasion and ‘. l P 9 & immune
"""""" A \ i \lnflammatmn' \ destruction,/

\and mutat|ory

FIGURE 1 The “hallmarks of cancer” proposed by HANAHAN and WEINBERG [20, 21]. a) The six hallmark capabilities originally proposed in 2000 together with
the four additional hallmarks proposed in 2011. b) Although pulmonary arterial hypertension (PAH) shares several cancer capabilities, the degree of similarity
varies. Furthermore, these capabilities can be markedly different to those observed in cancer; in particular, neither invasion nor metastasis has been observed in
PAH. In addition, these features found in PAH also appear to contribute to the disease pathogenesis with different levels of importance.

suppressor theory, the epigenetic theory, the stem cell theory, and the multi-stage, multi-mechanism theory.
All these hypotheses combined with the SMT and TOFT theories gave a plausible explanation for the long
latent period from carcinogen treatment to cancer development, as well as for the clonality aspect, which
underlies the development of neoplastic disease.

Major differences and analogous features between cancer and PAH
Several intriguing analogies between PAH pathogenesis and carcinogenesis have been observed, but crucial
differences also exist (figs 1 and 2).

Tissue invasion and metastasis

Cancer cells are aggressive (cells rapidly reproduce despite restriction of space and nutrients, or signals sent
to stop reproduction), invasive (by destroying adjacent tissues), and/or metastatic (spread to other
locations). As for benign tumour cells, these three malignant properties of cancer cells are not present in
vascular PAH cells, which are self-limited in their growth, do not lose the contact inhibition property, and
do not invade or metastasise.

TABLE 1 Hallmarks of cancer

Cancer hallmarks Therapeutic targeting

Evading growth suppressors Cyclin-dependant kinase inhibitors
Sustaining proliferative signalling EGFR inhibitors

Resisting cell death Pro-apoptotic BH3 mimetics
Enabling replicative immortality Telomerase inhibitors

Inducing angiogenesis Inhibitors of VEGF signalling
Avoiding immune destruction Immune activating anti-CTLA4 monoclonal antibody
Tumour promoting inflammation Selective anti-inflammatory drugs
Genome instability and mutation PARP inhibitors

Deregulating cellular energetics Aerobic glycolysis inhibitors
Activating invasion and metastasis Inhibitors of HGF/c-Met

EGFR: epithelial growth factor receptor; VEGF: vascular endothelial growth factor; CTLA4: cytotoxic T
lymphocyte-associated antigen 4; PARP: poly ADP-ribose polymerase; HGF: hepatocyte growth factor.
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FIGURE 2 Pathogenic concepts of pulmonary arterial hypertension (PAH). The major differences and analogous features between cancer and PAH are
highlighted. FGF: fibroblast growth factor; PDGF: platelet-derived growth factor; EGF: epidermal growth factor; BMPR2: bone morphogenetic protein receptor 2;
ECM: extracellular matrix; ET-1: endothelin-1; 5-HT: serotonin; NO: nitric oxide; PGI,: prostacyclin; Th: T-helper cell; Treg: regulatory T-cell; VEGEF: vascular

endothelial growth factor.

Intrinsic proliferative potential and cellular accumulation

Under physiological circumstances, the balance between proliferation and programmed cell death, usually
in the form of apoptosis, is tightly regulated to ensure the integrity of organs and tissues. Modulation of this
balance is crucial for development, tissue repair and tissue homeostasis; however, the underlying
physiological mechanisms central to such modulation are still only partially understood. Both activation of
proliferative signals and inhibition of death processes, which lead to survival, have been reported in several
vascular proliferative diseases (i.e. atherosclerosis, post-angioplasty restenosis and vein graft disease)
including PAH [11, 12, 28-31]. However, pulmonary vascular remodelling is an active process of structural
change intrinsically linked to modification in cell growth, cell death, cell migration, cell differentiation, and
the synthesis or degradation of extracellular matrix. This hyperplasia occurs in the pulmonary vasculature,
partly in response to long-standing changes in haemodynamic conditions, and many of the vascular cells in
pulmonary arterioles from patients with PAH are non-proliferating cells, even in complex pulmonary
plexiform lesions. In addition, this vascular remodelling process involves all cell types within each of the
three layers of the vessel wall, contrasting with the clonal expansion that is often observed in cancers.

Alterations in the cell proliferation machinery, particularly in the coordinated interaction of cyclins and
cyclin-dependent kinases, are often found in tumour cells, contributing to inappropriate proliferation and
promoting genetic instability. Currently, in PAH, there is no evidence that pulmonary vascular cells acquire
the ability to reproduce without control. However, it is clear that pulmonary endothelial cells and SMCs
derived from patients with PAH have a higher proliferative potential and are more prone to resist the
induction of apoptosis when compared with control cells [11-13]. These observations explain the fact that
interest has been growing in the potential use of anti-proliferative approaches in PAH [32]. We have
recently reported that primary pulmonary endothelial cells generated from PAH lung specimens exhibit
various intrinsic abnormalities and present a modified pro-proliferative, apoptotic-resistant phenotype.
When compared with control cells, we found that both pulmonary endothelial cells and SMCs from patients
with PAH have a more pronounced proliferation in response to fetal calf serum, fibroblast growth factor
(FGF)-2, epidermal growth factor or platelet-derived growth factor, and are less sensitive to apoptosis
induction by either serum deprivation or low doses of hydrogen peroxide and cycloheximide [11, 12].
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Although we have shown that increased activity of the FGF-2 autocrine loop and over-activation of the
adaptor protein p130“* are among the mechanisms needed to acquire this altered endothelial phenotype in
PAH, the exact nature of such alterations remains only partially understood [11, 12]. Consistent with this
apoptotic resistant vascular cell phenotype, several in situ observations were obtained showing that
pulmonary vascular cells from PAH patients exhibit abnormal increases in the key anti-apoptotic factors
Bcl-xL, Bcl-2 and survivin [11, 12, 33]. Excessive release of growth factors that are encrypted in the
extracellular matrix, and/or modification of growth factor production, receptor expression and/or
alterations in the intracellular mitogenic signals have also been reported to have an important role in the
disease. Their inhibition by specific inhibitors, such as tyrosine kinase inhibitors (i.e. imatinib, gefitinib and
dovitinib), have been shown to exert beneficial effects in animal models of PH [11, 34-36]. However,
further efforts still need to be made in order to establish the long-term safety and efficacy of these anti-
proliferative approaches in PAH and their potential additive benefit with other drugs. Furthermore, recent
evidence also suggests that a Warburg phenotype (a chronic shift in energy production from mitochondrial
oxidative phosphorylation to glycolysis) of pulmonary vascular cells is present and may participate in the
pathogenesis [14—19]. Restitution of oxidative metabolism with the use of dichloroacetate (DCA) has been
shown to be efficient in several animal models of PH [17, 19, 37]. Inhibition of pyruvate dehydrogenase
kinase by DCA frees up the mitochondrial gate-keeping enzyme pyruvate dehydrogenase, which is then able
to convert pyruvate to acetyl-CoA and initiate normal oxidative phosphorylation via the Krebs cycle.
However, DCA has a wide spectrum of effects. For example, DCA also partly corrects dysfunctions related
to abnormal activation of the HIF-10-Kv1.5 axis, production of reactive oxygen species, fragmentation and/
or hyperpolarisation of the mitochondrial reticulum. Since mitochondrial fatty acid oxidation contributes
to the “Randle cycle” inhibition of glucose utilisation, the inhibition of fatty acid oxidation has also been
shown to prevent this metabolic shift and limit the proliferative and anti-apoptotic cell phenotype observed
in PH [18]. Whether or not acquisition and/or maintenance of this abnormal vascular cell phenotype is a
cause or a consequence of this characteristic progressive pulmonary vascular obstruction in PAH is
unknown. Thus, several unanswered questions remain regarding its nature and true importance in this
disease. Importantly, our group has underscored altered crosstalks between cells within the vascular wall
[12, 38-40]. The dysfunctional endothelium in PAH displays, to varying degrees, an imbalanced production
of several mediators leading towards an excess of vasoconstriction, smooth muscle hyperplasia and pulmonary
vascular remodelling. We obtained evidence that pulmonary endothelial cells from patients with idiopathic
PAH release excessive amounts of soluble growth factors and cytokines that are able to act on SMCs. Paracrine
overproduction of endothelin-1, serotonin [39], angiotensin II [38, 41] and FGF-2 [11, 12, 34] contributes
to the increased SMC proliferation. Therefore, restoration of an appropriate endothelial cell-SMC crosstalk
may represent another strategy for inhibition of pro-migratory and pro-proliferative signalling pathways in
PAH [32]. As discussed in the following section, an abnormal crosstalk between altered immunity and
vascular wall dysfunction also participates in pulmonary vascular remodelling in PAH [42, 43]. Taken
together, these elements strongly support the notion that anti-proliferative strategies could offer a novel
approach for the treatment of PAH, by downregulating the progression of the disease and reversal of
pulmonary vascular remodelling. Therefore, further studies are needed to better understand the mechanisms
underlying this abnormal over-activation of some growth factor-stimulated signalling pathways in PAH, and
to identify or to develop antiproliferative drugs for PAH.

Pathogenic genes and genome instability

When nuclear DNA is damaged, normal cells initiate a response that includes cell cycle arrest, apoptosis and
transcriptional induction of genes involved in DNA repair. The two tumour-suppressor genes, ataxia-
telangiectasia mutated (ATM) and p53, play a crucial role in responses to damaged DNA. In unstressed
cells, p53 is negatively regulated by murine double minute 2 (MDM2) [44]. In atherosclerosis, as well as in
primary aldosteronism, MDM2 is overexpressed, suggesting that MDM2 is important for pathological
vascular remodelling [44-48]. Consistent with these observations, p53 gene deficiency in mice promotes
hypoxia-induced PH and vascular remodelling [46], and activation of lung p53 by Nutlin-3a (a non-
genotoxic activator of the p53 pathway) prevents and reverses experimental PH in mice [45]. Thus, evidence
suggests that alterations in the MDM2-p53 interaction may also occur in human PAH and may partly
contribute to senescence and apoptosis defects or to altered DNA damage or stress response. Genetic studies
in familial cases of PAH have revealed heterozygous germline mutations in bone morphogenetic protein
receptor 2 (BMPR?2), a gene encoding a receptor for the transforming growth factor-f superfamily [49, 50].
Mutations in BMPR2 display a low penetrance (~20%) and have been reported in >70% of subjects with
familial history of PAH and in 11-40% of sporadic PAH. In addition to BMPR2, mutations in activin A
receptor type II-like 1 (ACVRLI) [51], endoglin (ENG) [52], SMAD family member 9 (SMAD9) (53],
caveolin-1 (CAVI) [54] and the potassium channel subfamily K, member 3 (KCNK3) [55] genes have
recently been identified. Furthermore, a recent study has identified a susceptibility locus near CBLN2
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associated with a two-fold elevated risk of developing PAH [56]. Although evidence of monoclonality,
somatic chromosome abnormalities together with instability of short DNA microsatellite sequences, has
been obtained in PAH [8-10], some patients develop PAH in the absence of mutations in these pathogenic
genes [57].

In contrast to PAH, genomic instability is a hallmark of cancer that leads to an increase in genetic
alterations, thus enabling the acquisition of additional capabilities for carcinogenesis. In addition, a high
degree of heterogeneity is often observed in the amount and type of instability within and between cancer
types. However, it is also known that a significant number of carcinogens do not alter the structure of DNA
(i.e. polypeptide and steroid hormones, specific dietary intake (methyl deficiency and galactosamine excess)
and caloric intake) [58].

Impaired angiogenesis and vasoreactivity

Angiogenesis is critical for proper tissue development, homeostasis and function. Excessive (i.e. arthritis and
diabetic retinopathy) and abnormal (chronic kidney disease and hereditary haemorrhagic telangiectasia)
angiogenesis can lead to a large number of disease conditions. In experimental and human PAH,
angiogenesis is clearly disturbed with loss and progressive obliteration of pre-capillary arteries leading to a
pattern of vascular rarefaction (“dead-tree” picture) despite a high level of angiogenic factors, probably due
to signalling defects in the endothelium in PAH [59-63]. Consistent with this notion, recent data from our
group demonstrated increased pericyte coverage in distal pulmonary arteries in human PAH when
compared with controls. In addition, we obtained evidence that this phenomenon is directly linked to
pulmonary endothelial dysfunction, supporting the idea that future therapeutic strategies and agents should
directly target one of these cell types that regulate both vascular tone and structure. In contrast to PAH,
angiogenesis is essential for the growth and metastasis of solid tumours and represents a potential way for
combating cancer [64, 65].

Inflammation and dysimmunity

Understanding of the inflammation associated with PAH has moved from a common histopathological
curiosity to a key pathomechanism, which could be detrimental in terms of both disease susceptibility and
development of pulmonary vascular remodelling. Several autoimmune and infectious diseases, such as
systemic sclerosis, systemic lupus erythematous and HIV infection, are recognised causes of PAH [57, 66—68].
In addition, a recent study has described lymphoid neogenesis, a hallmark of autoimmune diseases, in detail in
lungs from patients with idiopathic PAH, which correlates with local autoantibody production. In this study,
pulmonary tertiary lymphoid tissues were identified, ranging from small lymphoid aggregates to large
accumulations of lymphocytes resembling highly to organised lymphoid follicles [69]. Thus, the presence of
pulmonary tertiary lymphoid tissues in idiopathic PAH lungs could provide a structural basis for a local
autoimmune response occurring in this apparently idiopathic disease. Further analyses of immunity in PAH
support the notion that maladaptations of the immune response exist and may explain both this accumulation
of perivascular inflammatory cells and the overabundance of cytokines and chemokines. Indeed, a delicate
balance between immunity and tolerance exists and any disturbance may result in chronic inflammation or
autoimmunity. Several types of autoantibodies directed against antinuclear antigens, endothelial cells and
fibroblasts have been found in idiopathic and scleroderma-associated PAH [70-73]. These autoantibodies seem
to play an important role for endothelial cell apoptosis and for the expression of cellular adhesion molecules
[74-76], and we encourage further studies to characterise their pathogenic importance. The role of T-cells and,
more specifically, regulatory T-cells (Treg) in the control of self-tolerance is well established [77-79]
and it has been demonstrated that patients with PAH present altered Treg functions [42, 80]. As observed in
PAH, various types of immune and inflammatory cells are frequently present within tumours. It is now well
established that inflammation increases cancer risk and affects every single step of carcinogenesis, as well as the
response therapy [81]. However, given the complexity of these biological processes, additional insights into
immune cells and key cytokines/chemokines are a prerequisite for a better understanding of disease
immunopathology and, in turn, the development of novel therapeutic strategies.

Conclusions and future visions

In a certain way, PAH and cancer share several features, some stronger, others less so, including altered
crosstalk between cells, abnormalities within various growth factor and mitogen-activated protein kinase
stress-mediated pathways, metabolic (glycolytic) shifts, and the association with the immune system.
However, the degrees of these analogous features in PAH are markedly different than those observed in
cancer and neither local invasion nor metastasis are observed. Several targeted cancer therapies have been
developed and interfere with proteins that are involved in cell signalling pathways that govern cell division,
cell movement, cell death and the complex communication with the immune system. Therefore, further
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studies are needed to identify good targets in order to help identify the appropriate drugs for PAH. Future
anti-proliferative strategies could offer a novel approach for the treatment of PAH, but the potential
impacts of these anti-proliferative molecules on the adaptive response of myocardial hypertrophy will need
to be evaluated cautiously.
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