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    Abstract

Pulmonary arterial hypertension (PAH) is a severe and debilitating disease characterised by vascular proliferation and remodelling of the small pulmonary arteries, leading to a progressive increase in pulmonary vascular resistance, increased afterload on the right ventricle and, ultimately, right heart failure. Although there is no “cure” for PAH, the availability of targeted therapies over the past decade has led to major advances in the management of PAH, reflected in improvements in survival in the modern treatment era. However, despite this, disease progression is inevitable in the majority of patients with PAH and overall the long-term prognosis, although improved, remains poor. There is a clear and urgent need for new therapeutic options, either through the development of improved drugs that act on targets established by existing PAH-specific therapies, or of agents targeting novel pathogenic pathways not addressed by currently available therapies. A number of such new agents that have shown promise in experimental models and preliminary human studies are discussed in this article.


	Endothelin receptor antagonist
	nitric oxide
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The treatment of pulmonary arterial hypertension (PAH) has evolved considerably over the past decade as a deeper understanding of the underlying pathogenesis of the disease and the mechanisms involved has led to the development of targeted therapeutic options. However, despite advances in treatment and improvements in outcome associated with the use of these targeted therapies, long-term prognosis remains poor. Recent data from the French Network on Pulmonary Hypertension registry showed that the survival rates for PAH patients managed in the modern treatment era were 83% (95% CI 72–95%), 67% (95% CI 57–79%) and 58% (95% CI 49–69%) at 1, 2 and 3 yrs, respectively [1]. Although this undoubtedly represents a marked improvement on the median survival of 2.8 yrs reported in the National Institutes of Health registry data from the 1980s [2], there is clearly still room for improvement.
Although associated with a range of underlying aetiologies, all forms of PAH share a common pulmonary arteriopathy characterised by vasoconstriction, remodelling of the pulmonary vessel wall and thrombosis in situ [3]. Originally considered to be a disorder of vasoconstriction and vasodilatation, it has become clear that the predominant characteristic of PAH is abnormal cellular proliferation leading to progressive obliteration of the pulmonary vasculature. There has, therefore, been an increasing interest over the past decade not only in agents which act as effective vasodilators, but also in those which have antiproliferative and anti-remodelling effects [4]. Current PAH-specific therapies target one of three major pathways involved in development and progression of PAH: 1) the endothelin pathway targeted by the endothelin receptor antagonists (ERAs); 2) the prostacyclin pathway, targeted by prostacyclin analogues; and 3) the nitric oxide (NO) pathway, targeted by the phosphodiesterase type-5 inhibitors (PDE-5i) [3]. While it is probable that further advances can be made using existing therapies (e.g. as part of combination regimens or in specific patient populations), there is also the need for the development of new treatment options, with improved efficacy, safety, tolerability and/or convenience profiles. There are two approaches that can be taken to develop new agents for continued improvements in the treatment of PAH: 1) new, more efficacious or more convenient drugs that act on established pathways already targeted by existing PAH-specific therapies; and 2) agents targeting novel pathogenic pathways that are emerging as a result of continued basic scientific research in the field. This article discusses the rationale and key data behind a number of these new agents that have shown promise in experimental models and preliminary human studies and which appear to have potential as future targeted strategies in PAH.

NEW AGENTS TARGETING ESTABLISHED PATHWAYS IN PAH


Endothelin pathway

Endothelin (ET)-1 has a well-established role in the pathogenesis of PAH. Treatment with ERAs has been shown to improve pulmonary haemodynamics, exercise capacity, functional status and clinical outcome in a number of randomised, placebo-controlled trials [5–12]. As well as its effects as a powerful vasodilator, ET-1 is implicated in vascular remodelling in PAH due to its ability to induce fibrosis [13], cell proliferation [14] and inflammation [15]. ET has a primarily paracrine effect, acting on local tissues to exert its effects. In fact, the majority (80%) of the ET-1 produced by endothelial cells is secreted basolaterally and, therefore, into the tissue rather than apically into the bloodstream [16]. The effects of ET-1 are mediated by two cell surface ET receptor subtypes, both of which have been implicated in the pathological processes associated with PAH [17]: ETA receptors, found on pulmonary artery smooth muscle cells, pericytes and fibroblasts in the vessel walls; and ETB receptors present on endothelial cells, as well as pulmonary artery smooth muscle cells. Current ERAs show extremely limited tissue penetration due to their highly ionised state (∼99% for bosentan and 99.9% for ambrisentan [17]) which means only a small proportion of the drug can cross lipophilic cell membranes and, therefore, access ET receptors within the tissues. Improving tissue penetration and, thus, access to these receptors may increase the potency and efficiency of ERAs in PAH, not only with respect to an acute vasodilatory action, but also with regards to modulating vascular remodelling.


Macitentan

Macitentan is an oral dual (ETA and ETB) ERA designed to have improved tissue penetration due to an increased proportion of the non-ionised form of the molecule which is able to cross lipophilic cell membranes [17]. In the rat monocrotaline model of pulmonary hypertension, macitentan reduced mean pulmonary artery pressure (P̄pa) and prevented right ventricular hypertrophy more effectively than bosentan, at a 10-fold lower dose, and resulted in significant improvements in survival [17]. Phase I and II clinical trials conducted to date have demonstrated that macitentan displays dose-dependent pharmacokinetics, and is well tolerated in healthy volunteers and hypertensive patients [18]. The phase III SERAPHIN trial, a multicentre, double-blind, placebo-controlled, event-driven study is currently underway, assessing the effects of macitentan on morbidity and mortality in patients with symptomatic PAH [19]. SERAPHIN is a long-term, event-driven trial and is the largest prospective study in PAH to date, including ∼180 participating centres in over 40 countries with 742 patients enrolled. The primary end-point of the study is time to first morbidity or mortality. The events chosen as trial end-points reflect the recommendations from the proceedings of the 4th World Symposium [20], and are designed to be robust and clinically meaningful, with a broad application in practice (fig. 1). The long-term nature of this trial is particularly relevant given that patients with PAH are likely to require life-long therapy. Global enrolment for SERAPHIN was completed in December 2009 and results are expected mid-2012. The observation period is expected to last for at least 1 yr for the last enrolled patient and for up to 4.5 yrs for the first patient randomised. The availability of long-term morbidity and mortality data from a controlled clinical trial is not only beneficial for assessing the long-term outcomes of patients on the active drug, but will also provide valuable information on the natural history of PAH. While long-term survival data can be obtained from open-label extension studies of shorter trials, there is a bias towards over-estimation of survival as: only responders are entered into the extension phase; a lack of placebo arm means comparison has to be made with historical controls; and, also, the majority of patients enrolled are prevalent rather than incident patients. Therefore, survival data from long-term, placebo-controlled trials should provide a more accurate estimation of survival.
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Figure 1. 
Definition of a morbidity/mortality event: primary end-point used in the SERAPHIN trial. PAH: pulmonary arterial hypertension; 6MWD: 6-min walk distance; WHO FC: World Health Organization functional class; RHF: right heart failure; PDE-5i: phosphodiesterase-5 inhibitor; ERA: endothelin receptor antagonist.







Prostacyclin pathway

Prostacyclin produced by the vascular endothelium is a powerful vasodilator that also has inhibitory effects on platelet aggregation, inflammation and vascular smooth muscle proliferation, all of which are implicated in the development of PAH. Intravenous prostacyclin (epoprostenol) was the first targeted therapy to be used to treat PAH. Treatment with epoprostenol results in symptomatic and haemodynamic improvements and has survival benefits [21–23]. However, its short serum half-life (∼6 min) means epoprostenol needs to be administered by continuous infusion via an indwelling central venous catheter, which is associated with considerable inconvenience and a number of risks related to the delivery system, including infection and potentially life-threatening interruption of dosing due to pump failure. A number of prostacyclin analogues have been developed that attempt to overcome some of these limitations, including subcutaneous treprostinil [24, 25], inhaled iloprost [26–28] and inhaled treprostinil [29–31]. However, despite improving a number of clinical and haemodynamic parameters, neither analogue has demonstrated an impact on survival and each is associated with a range of disadvantages, including injection site reactions (treprostinil) and the need for frequent administration (iloprost). The first orally available prostacyclin, beraprost, improved exercise capacity and some clinical parameters in patients with PAH in the short term, but failed to improve functional class or haemodynamic parameters, or to provide long-term benefits [25, 32, 33].


Selexipag

Selexipag is an orally available prostacyclin IP receptor agonist which, as a diphenylpyrazine derivative, is chemically distinct from prostacyclin and prostacyclin analogues. Selexipag undergoes enzymatic hydrolysis [34] to yield a long-acting active metabolite (ACT-333679 or MRE-269; elimination half-life ∼8 h) that is highly selective for the human prostacyclin IP receptor and, unlike prostacyclin analogues, does not activate other prostanoid receptors [35]. Selexipag exerts greater vasodilatory effects than either beraprost or iloprost which is probably related, at least in part, to the fact that unlike the latter agents, it does not have affinity for the EP3 receptor which mediates vasoconstriction [36]. In the rat monocrotaline model of pulmonary hypertension, treatment with selexipag ameliorated vascular endothelial dysfunction, pulmonary arterial wall hypertrophy and right ventricular hypertrophy, and significantly improved survival (45 day survival 73% versus 33% in rats administered vehicle alone; p=0.03) [36]. A phase II study in patients with PAH found that selexipag was well tolerated at doses of ≤800 mg twice daily, and treatment for 17 weeks resulted in a significant reduction in pulmonary vascular resistance (PVR; treatment effect -33% versus placebo, p=0.0022) (fig. 2) and a numerical, although nonsignificant, improvement in 6-min walk distance (6MWD; +24.7 m change from baseline) [37]. Selexipag is currently being evaluated in the phase III GRIPHON trial, a double-blind, placebo-controlled, event-driven study with a primary end-point of time to first clinical event [38]. Preliminary data are expected in mid-2013.
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Figure 2. 
Change in pulmonary vascular resistance (PVR) from baseline to week 17 in a randomised, placebo-controlled phase II trial of selexipag in patients with pulmonary arterial hypertension. Data are presented as geometric means with 95% confidence intervals. #: Wilcoxon rank sum test. Reproduced from [37] with permission from the publisher.






Oral treprostinil

Oral treprostinil is a novel salt form of treprostinil (treprostinil diethanolamine), delivered via sustained release tablet to support twice-daily dosing. The phase II FREEDOM-C trial in patients with severe PAH failed to meet the primary end-point (significant improvement in 6MWD at week 16), possibly owing to issues regarding the initial titration of the drug, although significant improvements were seen in secondary efficacy measures [39]. Based on the dosing issues in this study, the phase III FREEDOM-M trial was modified, and was recently completed. A preliminary analysis suggests that the primary end-point was met with a significant median improvement of 25 m from baseline for patients who received oral treprostinil, compared with a decline of 5 m in the placebo group [40]. Patients completing FREEDOM-M are eligible for inclusion in the open-label extension FREEDOM-EXT, assessing treatment up to 1 yr [41]. The FREEDOM-C(2) trial studies oral treprostinil in PAH patients who are receiving an ERA and/or a PDE-5i. Data from a preliminary analysis of the results of the trial are expected to be announced in late 2011 [42].




NO pathway

There is mounting evidence concerning the role of the NO pathway in the development and progression of PAH [43]. NO acts as a vasodilator and patients with PAH have been shown to have reduced levels of NO synthase and endogenous NO [44]. Although inhaled NO is widely used as a short-term vasodilator to identify patients with PAH who may respond to calcium channel blockers, its use as a therapeutic agent is restricted by technical problems during administration, and the potential for life-threatening rebound pulmonary hypertension should inhalation be interrupted or discontinued [45]. An alternative method of targeting the NO pathway is via the use of PDE-5i, which enhances the vasodilatory effects of endogenous NO by preventing the degradation of cyclic guanosine monophosphate (cGMP), promoting relaxation of vascular smooth muscle and increasing pulmonary blood flow. PDE-5i has shown short- and long-term benefit in PAH [46–48], but treatment effects using PDE-5i alone are often unsatisfactory and, at present, no survival benefit of treatment has been shown.


Riociguat

Soluble guanylate cyclase (sGC) is a key signal-transduction enzyme activated by endothelial cell-derived NO [49]. sGC converts guanosine 5′-triphosphate to cGMP, leading to vasodilation and inhibition of platelet aggregation and vascular smooth cell proliferation [50]. Patients with pulmonary hypertension have been shown to express decreased levels of endothelial NO synthase, which is thought to contribute to pulmonary vasoconstriction and to the excessive growth of the tunica media associated with this disease [44]. Riociguat is a first-in-class, oral sGC stimulator that acts independently of NO and enhances the sensitivity of sGC to low levels of NO [49–52], which should, theoretically, result in a more potent therapeutic effect than PDE-5i which is dependent on baseline NO expression. In animal models of PAH, riociguat improved pulmonary haemodynamics, and prevented and partially reversed remodelling of the small pulmonary arteries and right ventricle hypertrophy [53, 54]. Riociguat significantly reduced P̄pa, PVR and systemic vascular resistance and increased cardiac index (p<0.02 compared with baseline for all measurements) in a proof of concept study [55]. In a phase II study in patients with moderate-to-severe (functional class II/III) PAH or chronic thromboembolic pulmonary hypertension (CTEPH), treatment with riociguat for 12 weeks was generally well tolerated and resulted in a significant reduction in PVR (-215 dyn·s·cm−5 from baseline; p<0.0001) and an increase in 6MWD (+55 m and +57 m from baseline in patients with CTEPH and PAH, respectively; p<0.0001 for both) [51]. Riociguat is currently under investigation in two large placebo-controlled, phase III trials in patients with PAH [56] and CTEPH [57]. The primary end-points are change in 6MWD at week 12 and 16 of treatment, respectively, and the expected end dates are early and late 2012, respectively.





AGENTS TARGETING NEW PATHWAYS IN PAH


Tyrosine kinase inhibitors

Abnormal pulmonary arterial vasoconstriction and structural remodelling of the pulmonary vessels are key aspects of the pathological processes contributing to the development of PAH. While pulmonary vasodilatation is a major effect of many current PAH-specific therapies, the vascular remodelling process itself is less targeted. Remodelling of the pulmonary arteries in PAH has been said to display many of the features considered to be hallmarks of cancer, such as enhanced cellular proliferation and suppressed apoptosis, changes in cellular metabolism and inflammation [58, 59]. A variety of growth factors have been implicated in the abnormal cellular responses associated with pulmonary remodelling, including platelet-derived growth factor (PDGF), basic fibroblast growth factor, epidermal growth factor and vascular endothelial growth factor, most of which act through the transmembrane receptor tyrosine kinases to activate major signalling transduction pathways [60]. A number of small molecule tyrosine kinase inhibitors have been developed for the treatment of cancer [61], and some of these have also been investigated in PAH [62]. However, safety concerns have arisen with these drugs in other conditions and, therefore, the issue of risk/benefit needs careful consideration in PAH, especially with regards to cardiotoxicity [63].


Imatinib

PDGF has been implicated in the abnormal proliferation and migration of pulmonary vascular smooth muscle cells in PAH [64], and lung tissue from patients with PAH has been shown to have increased expression of PDGF receptors [53]. Imatinib is an orally administered PDGF inhibitor currently licensed for the treatment of chronic myelogenous leukaemia (CML) and certain gastrointestinal tumours. Inhibition of PDGF with imatinib was shown to reverse advanced pulmonary vascular disease in rat models of PAH [53]. In vitro, imatinib had anti-proliferative and pro-apoptotic effects on pulmonary artery smooth muscle cells from patients with PAH [65]. Clinically, treatment with imatinib has been shown to suppress upregulation of PDGF and improve haemodynamic parameters in some patients with PAH in case reports and small studies; however, a range of severe side-effects in some patients have been reported including renal dysfunction and hepatotoxicity [66–71]. A 24-week, phase II, proof of concept study in 59 patients with PAH (functional class II–IV) failed to achieve its primary end-point of a significant increase in 6MWD compared with placebo, although the imatinib group did show a mean improvement of 22 m compared with a decline of 1 m in the placebo group [68]. However, there were significant improvements in secondary end-points, including PVR (imatinib -300 versus placebo -78 dyn·s·cm−5; p<0.01) and cardiac output (imatinib +0.6 versus placebo -0.1 L·min−1; p=0.02). Serious adverse events, including cardiac arrest, syncope and pre-syncope, liver dysfunction and worsening PAH, were seen in 39% of patients treated with imatinib [68]. The phase III trial IMPRES [72] and its extension [73] are currently underway, with initial results expected in the near future.



Nilotinib

Nilotinib is a second generation oral tyrosine kinase inhibitor that was specifically designed to overcome the problems of resistance to imatinib which can develop during therapy for CML. In this setting, nilotinib has a more favourable safety profile than imatinib [74], although it is associated with a risk of cardiac complications, including QT prolongation and sudden cardiac death. In the rat monocrotaline model of PAH, nilotinib was more effective than imatinib in reducing right ventricular pressure and Fulton index (a measure of right ventricular hypertrophy), and in improving pulmonary vasculature [75]. A 24-week, placebo-controlled, phase II study is currently underway to establish the efficacy, safety, tolerability and pharmacokinetics of nilotinib in patients with PAH who have an inadequate response to previous PAH-specific therapy [76]. The primary end-point of the trial is change in PVR, and the trial is expected to complete in late 2011.




Serotonin receptor antagonists

The involvement of the serotonin (5-HT) system in PAH was first suspected when it was recognised that the use of serotoninergic appetite suppressant drugs (aminorex and dexfenfluramine) markedly increased the risk of developing PAH [77]. Serotonin is thought to mediate PAH by promoting both vasoconstriction and remodelling of the pulmonary vasculature, inducing proliferation of pulmonary arterial fibroblasts and pulmonary arterial smooth muscle cells [78]. Both plasma serotonin levels and expression of the serotonin transporter have been reported to be increased in PAH [79, 80]. Experimentally, exogenous serotonin can potentiate the development of hypoxia-induced PAH in rats [81], and inhibition of serotonin receptors or serotonin transporter can inhibit the development of PAH in animal models [82, 83]. Clinically, selective serotonin reuptake inhibitors use has been shown to be associated with reduced mortality in patients with PAH, although evidence in favour of their use is not strong [84, 85].


Terguride

Terguride modulates a range of neurotransmitter receptors including dopamine, α2-adrenergic receptors and serotonin. It is a strong anti-serotoninergic drug, acting as an antagonist of the 5-HT2 receptors which have been implicated in pathogenesis of PAH [86, 87]. In vitro, proliferation and migration of cultured primary human pulmonary arterial smooth muscle cells are dose-dependently blocked by terguride [88]. Terguride inhibited the proliferation of pulmonary artery smooth muscle cells and abolished 5-HT-induced pulmonary vasoconstriction in monocrotaline-induced pulmonary hypertension in rats, and chronic administration resulted in a dose-dependent prevention of the development and progression of pulmonary hypertension in this model [88]. Phase II trials of terguride are underway in some EU countries (Austria, Switzerland, the Netherlands, Germany and Poland) in patients with PAH on stable treatment with best supportive care; the primary end-point is PVR following 12 weeks of treatment [89].




Other therapies in early stage development

Sorafenib is an oral multi-kinase inhibitor currently indicated for the treatment of advanced hepatocellular carcinoma and metastatic renal cancer. Sorafenib acts on a number of cellular targets including Raf-1 kinase, a regulator of endothelial apoptosis, and angiogenic growth factor receptors such as vascular endothelial growth factor [90]. Studies in animal models of PAH showed that treatment with sorafenib resulted in improvements in haemodynamic parameters and attenuation of pulmonary hypertension [91], and prevention of pulmonary remodelling and improvement in cardiac and pulmonary function [60]. In a preliminary dosing study, 12 patients with advanced but stable PAH on parenteral prostanoids (with or without oral sildenafil) were initiated on 200 mg sorafenib daily (the lowest active dosage administered to cancer patients) with dose escalations to a final dosage of 400 mg twice daily [92]. Sorafenib was well tolerated at 200 mg twice daily, and is currently under investigation in a phase I safety and tolerability study in patients with PAH already on existing therapy with a prostacyclin with or without sildenafil [93].

Sapropterin (6r-BH4) is the optically active form of tetrahydrobiopterin (BH4), an oral co-factor for NO synthesis. Animal studies have shown that a defect in endothelial NO synthesis function can be an initiating event leading to both pulmonary hypertension and pulmonary vascular remodelling, and that BH4 plays a pivotal role in endothelial NO synthesis function [94]. Clinically, treatment with sapropterin for 8 weeks in combination with sildenafil and/or an ERA resulted in improvements in 6MWD and was well tolerated [95]. A current phase I study of sapropterin in addition to current PAH therapy is underway [96].

Dicholoracetate has been shown to prevent and reverse monocrotaline-induced PAH in rats [97, 98] and partially regresses established pulmonary hypertension in mice [99]. A phase I trial of dichloroacetate added to current PAH therapy is currently underway in patients with PAH in functional class III–IV stable on their prescribed medical treatment (ERA and/or PDE-5i) [100].




CONCLUSIONS

In depth understanding of the mechanisms of PAH pathogenesis has allowed for the development of drugs that target specific pathways. However, although these PAH-specific therapies have brought undoubted benefits, there is still considerable room for improvement, particularly in terms of long-term prognosis. As well as the development of new strategies using our existing armamentarium of targeted therapies, a number of new drugs are on the horizon that may bring further improvements in the management of PAH. In addition to therapies which target the endothelial control of pulmonary vascular tone and structure, new approaches, such as the use of antiproliferative agents that aim to actively limit pulmonary vascular remodelling, are being investigated and, as further insights into the pathogenesis of PAH are gained, it is likely that additional targets and strategies will be identified. Furthermore, the use of long-term, event-driven trials for agents such as macitentan and selexipag will provide robust, clinically relevant data on which to base future treatment decisions. While much has been achieved in the field of PAH over the past decade, much remains to be done. It is anticipated that over the next decade, data from these on-going trials will drive major improvements in management options and, subsequently, in outcome for patients with this devastating disease.
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