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Abstract | Pulmonary arterial hypertension (PAH) is a rare disorder characterized by progressive obliteration
of the pulmonary microvasculature that results in elevated pulmonary vascular resistance and premature
death. Although no cure exists for PAH, improved understanding of the pathobiological mechanisms of this
disease has resulted in the development of effective therapies that target specific aberrant pathways. Agents
that modulate abnormalities in the prostacyclin, endothelin, and nitric oxide pathways have been shown

in randomized, controlled studies to confer improvements in functional status, pulmonary hemodynamics,
and possibly even slow disease progression. Several additional pathways believed to play an important role
in the pathogenesis of PAH have been identified as potentially useful therapeutic targets and a number of
investigative approaches focusing on these targets are in active development. In this Review, we highlight the
pharmacological agents currently available for the treatment of PAH and discuss potential novel strategies.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare disorder,
with a prevalence in the order of 15-50 patients per million
of the population."? The condition can occur in an idio-
pathic form or develop in the context of other conditions
(Box 1). PAH is characterized by endothelial cell dysfunc-
tion, endothelial and pulmonary artery smooth muscle
cell (PASMC) proliferation, pulmonary vasoconstriction,
and in situ thrombosis, which leads to sustained increases
in pulmonary vascular resistance (PVR) and pulmonary
arterial pressure, culminating in progressive right ventri-
cular dysfunction and death.’ The diagnosis of PAH is
made by invasive hemodynamic assessment at right heart
catheterization and confirmed by a resting mean pulmo-
nary arterial pressure (mPAP) of >25 mmHg and a normal
(<15mmHg) pulmonary capillary wedge pressure.*

Over the past quarter of a century, PAH has been trans-
formed from a disease that was almost universally rapidly
fatal, owing to the lack of treatment strategies, to one
for which several therapeutic options are now available
(Figure 1). In 1991, D’Alonzo et al. reported 1-year and
3-year survival rates of 68% and 48%, respectively, in a
cohort of 194 patients with IPAH from 32 centers in the
USA .’ By contrast, results from a study published 20 years
later by Humbert et al. revealed 1-year and 3-year survival
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rates of 83% and 58%, respectively, among 190 cases of
incident and prevalent idiopathic, familial, or anorexigen-
associated PAH in the French National Registry.® These
findings suggest that, although survival has improved in
the modern management era, PAH remains a progressive
disease with unacceptably high mortality, particularly in
incident cases of the disease. Randomized, clinical trials
have demonstrated that the use of ‘PAH-specific therapies’
confers sustained improvements in important measures
of clinical status, such as exercise capacity, functional
class, and pulmonary hemodynamics, and reduces rates
of clinical detererioration.”® Data from the NIH registry is
often used to contrast the actual survival of patient cohorts
receiving modern PAH therapies with those that could
have been predicted on the basis of older therapies, such
as anticoagulants, oral vasodilators, diuretics, and lung
transplantation. However, comparing outcomes of patients
recruited to modern-day clinical trials of investigational
PAH therapies with those of historical controls from the
NIH registry has important limitations. The results of
several studies published in 2010 suggest that the regres-
sion equation that was devised to predict a patient’s likeli-
hood of survival according to baseline hemodynamic
measurements (the ‘NIH equation’) might not be accurate
in determining prognosis for patients in the modern treat-
ment era.*>!* In 2010, novel equations were proposed in
populations with incident idiopathic, heritable, and drug-
induced PAH.'*" Such equations are probably more useful
comparators when populations of patients with incident
idiopathic PAH are exclusively analyzed.

Substantial changes in current clinical practice could
also contribute to the improved outcomes of patients
receiving investigational treatments for PAH in the
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setting of randomized studies. In particular, ‘conven-
tional’ or ‘background’ therapies are now used in a more
appropriate manner. For example, current best practice
invokes a far more judicious application of traditional
vasodilator therapy, by restricting the use of calcium-
channel antagonists to patients with a confirmed acute
vasodilator response to inhaled nitric oxide (NO) or other
short-acting vasodilators at right heart catheterization. In
addition, oral anticoagulants are now more-broadly used
in the absence of compelling contraindications.'

Despite the tremendous strides that have been made
in the field of PAH therapeutics, no cure for the disease
exists. Further innovations are desperately needed as
many patients inevitably progress despite treatment. In
this Review, we discuss the various approaches used for
the medical management of PAH and highlight potential
novel targets under active investigation.

Currently available therapies

Prostanoids

Endothelium-derived prostaglandin I, (PGI,) or prosta-
cyclin, is a potent pulmonary vasodilator that also exerts
antithrombotic, antiproliferative, antimitogenic, and
immunomodulatory activity. In the pulmonary vascula-
ture and serum of patients with PAH, prostacyclin syn-
thase and prostacyclin metabolites are markedly reduced
or absent."*** The prostanoids are a family of stable prosta-
cyclin analogs available in various formulations that have
been developed for the treatment of PAH (Figure 2).

Epoprostenol

Epoprostenol is a synthetic sodium salt of naturally
occurring PGL,. In the early 1980s, this agent was the first
prostanoid to be tested in patients with PAH. As the half-
life of epoprostenol is <5 min, it requires the use of an infu-
sion pump and an indwelling central venous catheter for
continuous intravenous administration. Meticulous and
frequent monitoring is required for patients being treated
with epoprostenol because of the adverse-effect profile and
the possibility of catheter-related infection. Commonly
reported treatment-related effects are the result of systemic
vasodilatation and include headache, flushing, jaw pain,
and gastrointestinal upset. Interruption of epoprostenol
delivery, either as a result of pump malfunction or cathe-
ter obstruction or damage, can result in potentially fatal
rebound pulmonary hypertension.

The clinical efficacy of epoprostenol was examined in
three unblinded studies.”*"'” In 1990, Rubin et al. reported
that pulmonary hemodynamics improved in patients with
idiopathic PAH (IPAH) after 2 months of epoprostenol
therapy, whereas patients receiving conventional treat-
ments (anticoagulants, oral vasodilators, and diuretics)
experienced clinical deterioration.” A follow-on multi-
center, uncontrolled trial of long-term epoprostenol
use showed that improvements in exercise capacity and
pulmonary hemodynamics were sustained for up to
1 year after initiation of treatment.'® A larger subsequent
study of epoprostenol among 81 patients with IPAH
and NYHA functional class III-IV symptoms demon-
strated a placebo-adjusted increase of 47 m in 6-min
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Key points

= Pulmonary arterial hypertension is a complex, rapidly progressive, and incurable
disease

= The past decade has witnessed a remarkable increase in the number of available
treatments for pulmonary arterial hypertension that can confer meaningful
improvements in important clinical end points

= Currently licensed therapies for pulmonary arterial hypertension target
abnormalities in the endothelin, prostacyclin, and nitric oxide signaling pathways

= Escalation of therapy using combination regimens is recommended for patients
with pulmonary arterial hypertension who continue to exhibit evidence of disease
progression

= Progress in basic and clinical research on pulmonary arterial hypertension has led
to improved understanding of disease pathogenesis and identification of a host of
novel therapeutic targets

Box 1 | Clinical classification of pulmonary arterial hypertension?®

Idiopathic PAH

Heritable PAH:

= Mutations in bone morphogenetic protein receptor type Il (BMPR2)

= Mutations in activin A receptor type Il-like 1 (ACVRL1) or endoglin (ENG),
with or without hereditary hemorrhagic telangiectasia

= Mutations in unknown gene

Drug-induced and toxin-induced PAH

PAH associated with:

= Connective tissue diseases

= HIV infection

= Portal hypertension

= Congenital heart diseases

= Schistosomiasis

= Chronic hemolytic anemia

Persistent pulmonary hypertension of the newborn

walk distance after 12 weeks.!” In addition, a survival
advantage with treatment was confirmed, as eight of the
patients receiving conventional treatment (anticoagulants,
oral vasodilators, diuretic agents, cardiac glycosides, and
supplemental oxygen) died compared with none among the
epoprostenol group."”

Subsequently published retrospective studies reported
significantly improved survival in epoprostenol-treated
patients compared with matched historical controls.'®"”
To date, epoprostenol remains the only PAH therapy to
have been associated with a mortality benefit in a
randomized clinical trial and, on this basis, was granted
regulatory approval for treatment of patients with NYHA
functional class III or IV symptoms. A novel formulation
of epoprostenol (Veletri®, Actelion Pharmaceuticals Ltd,
Allschwil, Switzerland) that is stable for up to 24 h without
refrigeration was approved by the FDA in 2008.

Treprostinil

Treprostinil is a prostacyclin analog with greater stability
and a longer (approximately 4 h) half-life than epopros-
tenol, which can be administered by the subcutaneous,
intravenous, inhaled, or oral routes. The subcutaneous
form of treprostinil is stable at room temperature and is
delivered via a microinfusion pump. In a pivotal 12-week,
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‘ General and supportive measures + acute vasoreactivity testing® ‘

v v
‘ Nonresponder
Calcium-channel blockers
No
Sustained clinical response?
Yes
Continue therapy
NYHA-FC Il NYHA-FC 111 ‘ NYHA-FC IV ‘
ERA PDES5-I ERA PDES5-| Prostanoid ERA PDE5-| Prostanoid
= Ambrisentan = Sildenafil = Ambrisentan = Sildenafil = Epoprostenol = Ambrisentan = Sildenafil = Epoprostenol
= Bosentan = Tadalafil = Bosentan = Tadalafil = lloprost inh = Bosentan = Tadalafil = lloprost inh
= |loprost [V = |loprost IV
= Treprostinil inh L] = Treprostinil inh
= Treprostinil SC = Treprostinil SC
= Treprostinil IV flbination theranig = Treprostinil IV
| ]
v

‘ Unsatisfactory clinical response ‘

!

‘ Sequential combination therapy with >2 treatment classes ‘

'

‘ Unsatisfactory clinical response ‘

!

‘ Balloon atrial septostomy and/or transplantation (lung or heart-lung) ‘

Figure 1 | Treatment algorithm for pulmonary arterial hypertension. *Licensed indications for individual agents with respect
to functional class vary between countries. Abbreviations: ERA, endothelin receptor antagonists; FC, functional class;
INH, inhaled; IV, intravenous; PDE5-I, phosphodiesterase type 5 inhibitors; SC, subcutaneous.

placebo-controlled randomized trial of 470 patients with
PAH that was idiopathic or associated with connective
tissue disease or congenital intracardiac shunt, trepros-
tinil increased 6-min walk distance in a dose-dependent
fashion and conferred improvements in symptoms,
quality-of-life scores, and pulmonary hemodynamics.?
Approval of treprostinil was granted in 2002 in the USA for
patients with NYHA functional class II-IV symptoms. In
Europe, approval was granted in 2005, but only for IPAH
with associated NYHA functional class ITI symptoms. The
major limitation of this formulation is infusion site pain,
which occurs in the majority of patients. Furthermore, no
firm evidence exists that treprostinil therapy improves
survival in patients with PAH, irrespective of the method
of administration.

Continuous intravenous infusion of treprostinil is only
licensed for use in the USA and offers the advantage of
less-frequent need for drug reservoir replacement (every
48h compared with every 12-24h for epoprostenol).?!
Transitioning patients from intravenous epoprostenol to
intravenous treprostinil is feasible, although such an
approach can be associated with mild hemodynamic
deterioration.?” Furthermore, concerns have been
expressed regarding the relatively higher rate of Gram-
negative blood-stream infections with intravenous trepro-
stinil when compared with epoprostenol.”* Switching

patients from treprostinil to epoprostenol can also be
necessary in cases of clinical worsening or intolerance of
the former agent.?

Inhaled treprostinil has also been examined as a poten-
tial add-on therapy for PAH. In an initial open-label study,
the addition of inhaled treprostinil was found to confer
improvements in exercise capacity, modified NYHA
functional class, and pulmonary hemodynamics among
patients already receiving the endothelin receptor antag-
onist bosentan.”” In the subsequent placebo-controlled
TRIUMPH-1 study,* the effect of inhaled treprostinil in
addition to either bosentan or sildenafil was examined
among 235 patients with PAH, the majority of whom had
persistent modified NYHA functional class III symptoms
despite oral therapy (Table 1). After 12 weeks, trepros-
tinil conferred a median improvement in postdose 6-min
walk distance of 20 m and favorably impacted quality-of-
life scores and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) levels. However, no improvements in time
to clinical worsening, Borg dyspnea scores, or NYHA func-
tional class were reported with the active drug. In 2009, the
FDA granted approval for inhaled treprostinil for patients
with PAH and NYHA functional class III symptoms; this
agent is not yet licensed outside the USA.

The oral form of treprostinil has also been the subject
of clinical studies. Investigators in the FREEDOM-C
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Figure 2 | Current and emerging targets and therapies for pulmonary arterial hypertension. Pulmonary artery smooth muscle
cell therapeutic targets and corresponding licensed (green boxes) and investigational (red boxes) treatment approaches for
pulmonary arterial hypertension. Arrows represent receptor stimulation, whereas terminated lines show receptor blockade.
Abbreviations: AC, adenylate cyclase; cAMP, cyclic AMP; cGMP, cyclic GMP; ECE-1, endothelin converting enzyme 1;

eNOS, endothelial nitric oxide synthase ; ETA, endothelin receptor type A; ETB, endothelin receptor type B; ERA, endothelin
receptor antagonists; IP, prostaglandin 12; PDE-5, phosphodiesterase type 5; PDGF, platelet derived growth factor;

PDGF-R TKI, PDGF receptor tyrosine kinase inhibitors; PGIS, pro
VPAC, vasointestinal peptide receptor.

staglandin | synthase; sGC, soluble guanylate cyclase;

trial” randomly assigned 354 patients on stable doses of
other classes of oral PAH therapy (an endothelin receptor
antagonist, a phosphodiesterase (PDE) type 5 (PDE-5)
inhibitor, or both) to receive oral treprostinil, titrated to
the maximum tolerated dose, or placebo. No statistically
significant change in the primary end point of change in
6-min walk distance after 16 weeks was noted for trepro-
stinil, although patients able to achieve higher treatment
doses showed greatest improvement in exercise capac-
ity Results are awaited from the FREEDOM-M study,*
in which the safety and efficacy of oral treprostinil as
monotherapy in patients with PAH is being evaluated.

Beraprost

Beraprost is another orally active prostanoid that has
demonstrated modest efficacy in patients with PAH. In
ALPHABET,” 130 patients with PAH were randomly
assigned to receive oral beraprost (median dose 80 mg
four times daily) or placebo. After 12 weeks, the difference
between treatment groups in the mean change of 6-min
walk distance was +25m in favor of beraprost (P=0.036).
However, only patients with IPAH demonstrated signifi-
cant improvements in exercise capacity. No statistically
significant changes in hemodynamic indices or NYHA
functional class were reported.?”” Findings from a sub-
sequent study of beraprost, in which 116 patients with
NYHA functional class IT or IIT symptoms were evaluated,
indicated that treatment increased exercise capacity and
reduced risk of disease progression at 6 months, although
efficacy was not sustained with extended duration of

therapy.** Indeed, the effect of beraprost was no greater
than placebo at 12 months. Currently, oral beraprost is
licensed for use only in Japan and South Korea.

lloprost

Iloprost is a stable prostacyclin analog developed for
inhaled and intravenous administration. The pulmonary
vasodilatory effects of inhaled iloprost last approximately
30-45min. Regulatory approval for inhaled iloprost was
granted in Europe in 2003 and by the FDA in late 2004
on the basis of the AIR study,* which was conducted at
37 European specialist centers. Treatment with inhaled ilo-
prost was compared with placebo in 203 patients with PAH
(IPAH or PAH associated with scleroderma or the use of
anorexigens) or chronic thromboembolic pulmonary
hypertension and associated NYHA functional class III
or IV symptoms. Study participants received daily inhala-
tions of 2.5 ug or 5.0 ug of iloprost (6-9 times per day) or
placebo. At 12 weeks, 17% of iloprost-treated patients,
compared with 5% of placebo-treated patients, reached
the combined primary end point of improvement in func-
tional class and 10% increase in 6-min walk distance in the
absence of clinical deterioration or death. Postinhalation
pulmonary hemodynamic values were significantly
improved among those receiving iloprost (P <0.001)
and worse in the placebo cohort. The most-commonly
observed adverse events were cough, flushing, jaw pain,
and headache.” However, multiple daily nebulizations of
iloprost, each of which can take up to 15 min to complete,
are required for efficacy. Furthermore, in an open-label
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Table 1 | Key phase Il and Ill clinical trials of investigative PAH therapies since the 2009 ERS/ESC guidelines®

Study name Phase Agent Therapeutic class Administration Primary study Study result
route end point
Prostacyclin pathway
TRIUMPH-12¢ 1] Treprostinil Prostanoid Inhaled 6MWT +20m (P<0.001) at 12 weeks
FREEDOM-C?" Il Treprostinil Prostanoid Oral 6MWT Negative study*
NIPPON™® I Selexipag Prostacyclin receptor ~ Oral Pulmonary 30% decreased PVR (P<0.01)
agonist hemodynamics
GRIPHON™ 1l Selexipag Prostacyclin receptor ~ Oral Time to clinical Study ongoing
agonist worsening
Endothelin pathway
SERAPHIN®® ] Macitentan  Tissue targeting ERA  Oral Time to clinical Study ongoing
worsening
Nitric oxide pathway
PATENT-1%¢ LI} Riociguat Soluble guanylate Oral 6MWT Study ongoing
cyclase stimulator
Vasoactive intestinal peptide
VIps® I Aviptadil Vasointestinal Inhaled Pulmonary Negative study*
peptide pathway hemodynamics
Tyrosine kinase inhibitor
IMPRES®® LI} Imatinib Tyrosine kinase Oral Time to clinical Study ongoing
inhibitor worsening
Rho kinase pathway
SIRGIIES land Il Simvastatin  HMG Co-A reductase  Oral RV mass Negative studys
inhibitor (by MRI)
ASA-STAT*20 1] Simvastatinl HMG Co-A reductase  Oral 6MWT Negative study’

inhibitor

*Placebo-corrected median change in BMWT distance at week 16 of 11 m (P=0.072). *No reduction in PVR compared with placebo, either after a single
inhalation or after 12 weeks of treatment. No changes in BMWT, NT-pro BNP levels or functional class after 12 weeks. SReduced RV mass at 6 months, but
changes not sustained at 12 months. IA second arm of the study examining aspirin versus placebo was also negative using the same end point. fTrend toward
worse 6MWT and dyspnea at 6 months, but study stopped early owing to futility in reaching primary end point. Abbreviations: 6MWT, 6-min walk test; ERA,
endothelin receptor antagonist; ERS, European Respiratory Society; ESC, European Society of Cardiology; HMG Co-A, hydroxy-3-methyl-glutaryl coenzyme A; PVR,

pulmonary vascular resistance; RV, right ventricle.

German study, relatively few patients maintained long-
term clinical stability when inhaled iloprost was initiated
as monotherapy.*

Nonrandomized study data suggest that intravenous
iloprost has an efficacy profile similar to that of intra-
venous epoprostenol,®*** and has greater stability in
solution and a longer plasma half-life of approximately
25min.*>* Intravenous iloprost can be considered for
patients with advanced PAH, although it has not been
formally tested in a randomized, placebo-controlled trial.
Moreover, a retrospective analysis of 79 patients with
PAH who were treated with intravenous iloprost (intro-
duced primarily because of clinical worsening despite
initial inhaled iloprost) revealed a high rate of treatment
failure and poor survival.”” New Zealand remains the
only country to have granted regulatory approval for
intravenous iloprost.

Endothelin receptor antagonists

Endothelin 1 is a potent vasoconstrictor and PASMC
mitogen that plays an important pathogenic role in PAH.*
The various biologic actions of endothelin 1 are the result
of activation of two distinct receptor isoforms, designated
the endothelin A (ETA) and endothelin B (ETB) receptors.
In pulmonary arteries, the ETA receptor is predominantly

expressed on PASMCs, whereas the ETB receptor is pre-
dominantly localized on the vascular endothelium, with
a relatively lesser expression on PASMCs. Binding of
endothelin 1 to ETA and ETB receptors on PASMCs pro-
motes vasoconstriction, whereas activation of ETB recep-
tors on endothelial cells causes vasodilatation through
increased prostacyclin and NO levels.*#

Bosentan

Bosentan is a nonpeptide, pyrimidine derivative that
binds to and irreversibly blocks both endothelin 1 recep-
tor subtypes. Results from an initial placebo-controlled
study involving 32 patients with IPAH or scleroderma-
related PAH confirmed that bosentan conferred signifi-
cant improvements in exercise capacity.*! At the end of
16 weeks, bosentan-treated patients demonstrated an
increase in 6-min walk distance of 76 m compared with
placebo. Adverse events were reported with similar fre-
quency between both groups. However, two patients
receiving bosentan experienced a transient increase in
the level of hepatic transaminases.

The efficacy of bosentan was confirmed in
BREATHE-1,* in which 213 patients with NYHA func-
tional class III and IV symptoms were randomly assigned
to receive twice daily bosentan or placebo in a 2:1 ratio.
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Two dosing schedules of bosentan were examined to
assess the impact of dose ranging. After 16 weeks, placebo-
adjusted changes in the primary efficacy end point of
change in 6-min walk distance of +54 m and +33 m were
observed in patients receiving 250 mg and 125 mg doses
of bosentan, respectively, yielding an overall change of
+44m in favor of bosentan. No significant difference
with respect to change in 6-min walk distance between
the two tested bosentan doses was observed, confirming
a lack of dose-response relationship. Improvements in
NYHA functional class were reported in 42% of bosentan-
treated patients compared with 30% in the placebo arm.
In addition, bosentan-treated patients had overall greater
improvements in dyspnea scores and delayed time to clini-
cal worsening.*? A trend toward higher frequency of liver
injury with bosentan was confirmed in BREATHE-1,*
with increases in levels of alanine aminotransferase, aspar-
tate aminotransferase, or both to >3 times the upper limit
of normal developing in 12% and 14% of patients in the
125mg and 250 mg bosentan groups, respectively. Seven
patients receiving bosentan experienced an increase in
hepatic transaminase levels of >8 times the upper limit of
normal, although these episodes were transient in most
patients. However, three individuals randomly assigned
to receive the 250 mg dose were withdrawn from the study
before completion.*?

Bosentan was granted regulatory approval by the FDA in
2001 and in Europe in 2002 on the basis of BREATHE-1.%2
Treatment is initiated at a dose of 62.5 mg twice daily
for 4 weeks and then increased to the licensed mainte-
nance dose of 125 mg twice daily.* Monthly monitoring
of liver transaminases is mandatory in patients treated
with endothelin receptor antagonists. Postmarketing
surveillance of bosentan has showed that elevated aspar-
tate aminotransferase or alanine aminotransferase levels
>3 times the upper limit of normal are not uncommon
during therapy (annual rate of 10.1%) and may necessitate
dose reduction or treatment discontinuation.*’

The design of the initial bosentan studies precluded
any direct analysis of a potential impact on mortality.
However, results from subsequently published studies
suggest that long-term treatment confers durable
improvements in exercise capacity, modified NYHA
functional class, pulmonary hemodynamics, and possibly
survival.** Data from EARLY* showed that treatment
with bosentan in patients with mildly symptomatic PAH
conferred improvements in PVR and significantly delayed
time to clinical worsening compared with placebo. As a
result, treatment with bosentan is now also licensed for
patients with NYHA functional class II symptoms.

The impact of bosentan in populations with other forms
of PAH has also been examined. Significant improvements
in pulmonary hemodynamic parameters associated with
treatment were reported in a small randomized, placebo-
controlled trial of patients with Eisenmenger’s syndrome,*
and beneficial effects were also reported in children
with PAH,* in patients with HIV-related PAH,*** and
in those with portopulmonary hypertension.’>* Data
from randomized, prospective studies in these specific
populations, however, are lacking.

Ambrisentan

Selective ETA receptor antagonism has been suggested
to be preferable to nonselective ETA or ETB blockade
as, theoretically, the former approach would block the
release of pulmonary vasoconstrictors while preserving
endothelin 1-mediated vasodilatory and antimitogenic
activity through unimpeded activation of the endothelial
ETB receptor.> This hypothesis led to the development
and clinical evaluation of the selective ETA receptor
antagonist class as a PAH treatment.”

Ambrisentan is an orally active, highly selective ETA
receptor antagonist administered once daily. After
demonstrating a favorable safety and efficacy profile in an
initial dose-ranging study,*® ambrisentan was the subject
of two randomized, double-blind, placebo-controlled
studies. ARIES 1 and 2% were essentially identical,
other than the locations of participating study centers
(North America for ARIES-1 and Western Europe for
ARIES-2) and doses of ambrisentan tested (5 mg and
10 mg in ARIES-1; 2.5mg and 5mg in ARIES-2). In
total, 394 patients with IPAH or PAH associated with
anorexigen exposure, connective tissue disease, or HIV
infection were evaluated. Combined analysis of the
two studies demonstrated that ambrisentan treatment
improved 6-min walk distance after 12 weeks compared
with placebo (range +31 m to +59 m). The delay in time
to clinical worsening was significantly longer among
patients randomly assigned to receive ambrisentan in
ARIES-2, but not in ARIES-1, whereas improvements in
modified NYHA functional class were observed among
those receiving the study drug in ARIES-1 only. A favor-
able impact on several secondary end points, including
breathlessness scores, Short Form-36 Health Survey and
BNP levels were also observed among patients receiv-
ing ambrisentan. The most commonly recorded adverse
events were peripheral edema, headache, and nasal con-
gestion. No significant increases in liver transaminase
levels were observed in the ambrisentan arm.”” The low
rate of hepatic injury was confirmed by McGoon ef al. in
2009, who followed up 36 patients receiving ambrisen-
tan after discontinuing bosentan, sitaxentan, or both
owing to increased transaminase levels.”® No elevations
in levels of hepatic transaminases requiring ambrisentan
discontinuation were observed (median drug exposure
of 102 weeks).*®

Patients from these studies were eligible for inclusion in
the long-term ARIES-E (extension) study.”® After 1 year
of treatment, 95% of patients who received ambrisentan
were still alive, with 93% continuing ambrisentan mono-
therapy. After 2 years of treatment, mean increase in
6-min walk distance was maintained at +23 m and +28 m
for the 5mg and 10 mg doses, respectively.*® Ambrisentan
was granted regulatory approval by the FDA in 2007 and
in Europe in 2008 for patients with PAH-related NYHA
functional class II, III (Europe and North America), and
IV (North America only) symptoms.

Sitaxentan
The selective ETA receptor antagonist sitaxentan
was approved in Europe and Canada in 2006 and in
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Australia in 2007 on the basis of favorable results from
the STRIDE-1% and STRIDE-2¢! trials. Data from these
studies suggested a lower rate of liver transaminase
increases with sitaxentan compared with bosentan.
However, a number of deaths attributed to acute liver
failure were subsequently reported in patients receiv-
ing sitaxentan®*** and the drug was withdrawn from the
market worldwide in December 2010.

Macitentan

Macitentan is a novel, highly potent, tissue-targeting
endothelin receptor antagonist characterized by high
lipophilicity that is under investigation.®* By remaining
active in local tissue environments, macitentan has the
theoretical advantage of an extended functional in vivo
half-life. In the phase III placebo-controlled SERAPHIN
trial,* the efficacy and safety of macitentan will be tested
in approximately 750 patients with PAH. The primary
objective in this study is to establish whether treatment
with macitentan prolongs time to the first morbidity or
mortality event. Results are expected in 2012.

Phosphodiesterase type 5 inhibitors

NO is a potent PASMC relaxant that exerts vasodilatory
activity through upregulation of its associated down-
stream signaling molecule, cyclic GMP (cGMP), metabo-
lism of which is dependent on the activation of a number
of PDEs. Within the pulmonary circulation, PDE-5 is the
most abundantly expressed isoform. Accordingly, thera-
peutic strategies that limit cGMP metabolism, thereby
maintaining the beneficial vasodilatory effects of NO, are
recognized to be of interest in the treatment of vascular
diseases. PAH is associated with abnormally low levels of
NO within the pulmonary endothelium, owing in part
to the reduced expression of NO synthase in the lung
microvasculature.® In this regard, inhibitors of PDE-5
have emerged as an important therapeutic class.

Sildenafil

The first large, randomized, placebo-controlled trial
evaluating a PDE-5 inhibitor was the SUPER-1 study,*’
in which the effects of various doses of sildenafil were
tested in 278 patients with IPAH or PAH related to con-
nective tissue disease or surgically corrected congenital
systemic-to-pulmonary shunts. The majority of study
participants had NYHA functional class IT and III symp-
toms. After 12 weeks of treatment, the mean placebo-
adjusted changes in 6-min walk distance for the 20 mg,
40 mg, and 80 mg doses of sildenafil were +45m, +46 m,
and +50 m, respectively. Patients in the various sildena-
fil groups were also more likely to improve by at least
one NYHA functional class and demonstrate improve-
ment in pulmonary hemodynamics than those receiving
placebo. Adverse events more frequently observed with
sildenafil than placebo were headache, flushing, and
dyspepsia. Long-term extension data from 222 patients
who completed 1 year of sildenafil monotherapy at the
80 mg dose revealed sustained improvements in exercise
capacity, suggesting a durable treatment effect.” In addi-
tion, at 3 years of follow-up, functional status was either

improved or stable in 60% of patients enrolled in the
SUPER-1 study,” and 46% has improved or stable 6-min
walk distance. A second PAH therapy was added in 18%
of patients and 3-year survival was estimated at 79%.% In
the USA and Canada, treatment with sildenafil is licensed
for patients with NYHA functional class II-IV symptoms,
whereas approval in Europe was granted only for those
with NYHA class II-III symptoms.

Tadalafil

Another PDE-5 inhibitor, tadalafil, was examined in the
PHIRST-1 trial,® in which the investigators randomly
assigned 405 patients who were either treatment-naive
or already receiving bosentan therapy to placebo or one
of several doses of tadalafil (2.5 mg, 10 mg, 20 mg, or
40mg) for 16 weeks. At study completion, patients receiv-
ing tadalafil showed an overall mean placebo-corrected
increase in 6-min walk distance of 33 m. However, this
increase was dose-dependent, with only the 40 mg dose
achieving the prespecified value for statistical signifi-
cance for improvement. Those receiving this dose also
had both delayed time to clinical worsening and fewer
episodes of clinical worsening compared with placebo.®
Analysis of comparative hemodynamic data from the
93 patients who underwent repeat cardiac catheteriza-
tion showed that tadalafil conferred significant reduc-
tions in mPAP and PVR. Favorable effects with tadalafil
40 mg were confirmed among patients receiving back-
ground bosentan therapy, although improvements were
less marked compared with the treatment-naive cohort.”
Treatment-related changes in modified NYHA functional
class were similar across all groups. Overall, treatment
was well tolerated, with most adverse events being of
mild-to-moderate severity. Tadalafil, which has the
advantage of once-daily dosing, was granted regulatory
approval for use in patients with PAH in North America
and Europe in 2009.

Combination treatment
The various specific PAH therapies that act on the prosta-
cyclin, endothelin, and NO pathways have been shown to
favorably impact a variety of clinically relevant end points.
However, disease progression is frequently observed
despite the use of such treatments and employment of
multidrug regimens in order to simultaneously target
different targets is an appealing concept.”" Accordingly,
combination approaches using two or more agents from
different drug classes are now recommended for patients
with NYHA functional class III-IV symptoms who fail to
improve after initiation of specific therapy, and also for
individuals with NYHA class II symptoms who show clin-
ical worsening with monotherapy.® If the patient’s clinical
status fails to improve sufficiently despite the introduction
of a second therapeutic class of drug, triple combinations
regimens may be considered. Nevertheless, there remains
a lack of prospective studies clearly demonstrating that
combination therapy confers long-term clinical benefits
over monotherapy.

A frequently employed approach is the sequential addi-
tion of treatments in order to meet therapeutic targets’
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and this strategy is advocated in current PAH guidelines.?
However, further studies are needed to establish whether
such a goal-oriented strategy is preferable to upfront
double or and even triple combination approaches.” In
this regard, the AMBITION study”™ is of particular inter-
est; in this trial, the outcomes of three groups randomly
assigned to receive first-line treatment with ambrisentan,
tadalafil, or both will be compared.

Emerging treatment approaches

Prostacyclin receptor agonists

A promising therapeutic approach under investigation
is the use of a nonprostanoid agonist to directly activate
the prostacyclin IP receptor. Selexipag is a first-in-class
orally-active prodrug metabolized to the highly selective
prostacyclin receptor agonist MRE-269, which has a half-
life of over 6 h.” Selexipag does not exhibit high affinity
for the prostaglandin E receptor 3 (EP,) and exerts similar
vasodilatory activity on both large and small pulmonary
arterial branches.” These properties are likely to account
for the greater vasodilatory activity observed with selexi-
pag than with beraprost and iloprost.” Preclinical study
results showed that twice-daily administration of selexi-
pag attenuates right ventricular hypertrophy, improves
pulmonary hemodynamics, and significantly increases
survival in monocrotaline-treated rats.”® In a micro-
dosing study using 100 pg of selexipag in healthy, white,
male volunteers, headache was the most commonly
reported adverse event.”” A 2010 report from a phase Ila
study, involving 43 patients with PAH, showed that treat-
ment with selexipag conferred significant improvements
in PVR values compared with placebo.”® A numerical
improvement in 6-min walk distance was also observed.
A phase I1I randomized trial (GRIPHON)” to examine
the effect of selexipag on morbidity and mortality in
PAH is underway.

Vasointestinal peptide

Vasointestinal peptide (VIP, or its analog aviptadil) is a
28-amino-acid hormone that exerts vasodilatory, anti-
proliferative, and anti-inflammatory effects. When VIP
binds to its associated receptors, vasoactive intestinal
polypeptide receptor 1 (VPAC)) and VPAC,, down-
stream activation of the cyclic AMP (cAMP) and cGMP
second messenger systems occurs, leading to modulation
of vascular tone.®*® In murine models, deletion of the
Vip gene results in pulmonary vascular remodeling and
severe pulmonary hypertension,® whereas Vip-knockout
mice treated with VIP demonstrate attenuated vascular
changes and reduced right ventricular remodeling.®
Patients with PAH show reduced lung and serum VIP
levels and upregulated pulmonary artery expression of
both VIP receptor subtypes,® suggesting that targeting
VIP might be a useful therapeutic approach.

An initial pilot study demonstrated that inhaled
aviptadil improved exercise capacity, dyspnea, and
pulmonary hemodynamics among eight treatment-
naive patients with IPAH.% A subsequent study that
evaluated 20 patients with pulmonary hypertension of
various etiologies demonstrated that inhalation of 100 ug

of aviptadil was associated with transient pulmonary
vasodilatation and increased stroke volume and mixed
venous oxygen saturation.* A modest increase in cardiac
output was also observed. However, results from an as-yet
unpublished double-blind, placebo-controlled, dose-
finding phase II study involving 56 patients with PAH
already treated with endothelin receptor antagonists,
PDE-5 inhibitors, or both showed no significant effects
on exercise capacity or pulmonary hemodynamics after
addition of inhaled aviptadil.®

sGC stimulators and activators
Endothelium-derived NO regulates vascular homeo-
stasis through PASMC relaxation via the activation of
the second messenger cGMP. The clinical benefits associ-
ated with the PDE-5 inhibitor class has led to interest in
testing whether other agents that modulate NO signal-
ing might be similarly beneficial in PAH. Riociguat is
a first-in-class drug that augments cGMP biosynthesis
through direct stimulation of the enzyme soluble guany-
late cyclase (sGC) promoting vasodilatation by direct
stimulation of sGC in an NO-independent fashion and
by sensitization of sGC to low endogenous NO levels.%
Since the therapeutic effect of PDE-5 inhibitors is depen-
dent on baseline NO expression (levels of which are
typically reduced in PAH)* treatments that act directly
on sGC could potentially have a greater efficacy than
PDE-5 inhibitors.

An initial study found that oral riociguat attenuated
acute hypoxic pulmonary vasoconstriction in mice in
a dose-dependent fashion and improved established
monocrotaline-induced PAH in rats.*® Results from a
multicenter, open-label, uncontrolled phase I trial involv-
ing 75 patients with PAH (n=33) and chronic thrombo-
embolic pulmonary hypertension (1 =42) showed that
12 weeks of oral riociguat conferred improvements in
symptoms, NYHA functional class, exercise capacity,
NT-proBNP level, and pulmonary hemodynamics.®
Treatment was well-tolerated overall up to the highest
planned 2.5 mg dose. In an ongoing randomized, placebo-
controlled phase III study of riociguat (PATENT-1),%
which has a primary outcome of change in exercise capac-
ity, 462 patients with PAH will be enrolled. Preliminary
results are expected in 2011.

Tyrosine kinase inhibitors

Platelet-derived growth factor (PDGF) is a potent endo-
thelial and smooth muscle mitogen that contributes to
abnormal pulmonary vascular remodelling.”! Because the
lungs of patients with PAH are characterized by increased
expression of PDGF receptors compared with healthy
controls,”” treatments that modify PDGF signaling have
been proposed to be potentially beneficial. Imatinib is
an orally active PDGF receptor tyrosine kinase inhibitor
currently licensed for the treatment of chronic myelo-
genous leukemia and c-Kit-positive gastrointestinal
tumors that can also reverse experimental pulmonary
hypertension.” Case reports have described favorable
clinical and hemodynamic responses after imatinib was
introduced as a therapeutic adjunct in patients with

REVIEWS

NATURE REVIEWS ‘ CARDIOLOGY

VOLUME 8 | SEPTEMBER 2011 | 533

© 2011 Macmillan Publishers Limited. All rights reserved




REVIEWS

advanced disease receiving other PAH-specific thera-
pies,”** or in patients with PAH who also had chronic
myelogenous leukemia.”®

In 2010, Ghofrani et al. reported the results from a pilot
study involving 59 patients with PAH who had NYHA
functional class II-IV symptoms despite treatment with
prostanoids, endothelin receptor antagonists, PDE-5
inhibitors, or combinations thereof.”” Imatinib treat-
ment failed to improve 6-min walk distance compared
with placebo, although patients in the treatment group
showed statistically significant hemodynamic improve-
ments.”” Because post-hoc analyses in this study showed
that patients with more-marked hemodynamic impair-
ment appeared to respond best to imatinib, enrollment
for the phase III trial has been limited to patients with
PVR >800 dynes.s.cm™. Enrollment of >200 patients in
IMPRES®® has now been completed, and preliminary
results are expected in 2011.

Sorafenib is a multikinase inhibitor with a wider spec-
trum of tyrosine kinase activity than imatinib that has
been shown to attenuate pulmonary vascular remodel-
ling and hemodynamic changes in rat models of pulmo-
nary hypertension.” In a 16-week dose-finding, phase Ib
study involving 12 patients with PAH who were receiv-
ing parenteral prostanoids, with or without associated
sildenafil, oral sorafenib conferred increases in exercise
capacity and echocardiographically-estimated right
ventricular ejection fraction.’® Moderate cutaneous
reactions and alopecia were the most common adverse
treatment effects. Of note, hemodynamic measurements
indicated a reduction in cardiac output on therapy,'®
emphasizing possible cardiac effects of agents that block
vascular endothelial growth factor. Indeed, with the emer-
gence of tyrosine kinase inhibitors as a potential therapy
in PAH, the benefit:risk ratio of this class of agent will
need careful assessment. In particular, concerns have
been raised about potential cardiac toxicity, especially in
patients with pre-existing heart disease.'?!%

Nilotinib is another orally active tyrosine kinase inhibi-
tor used as treatment for chronic myelogenous leukemia
that is currently being assessed in a multicenter, phase II
trial as a potential therapy for PAH.'” The investigators
plan to compare three doses of nilotinib with placebo
among 66 patients with NYHA class II-IIT symptoms, with
change in PVR established as the primary end point.

Hitherto, the potential beneficial effects of tyrosine
kinase inhibitors in patients with PAH have been attrib-
uted primarily to inhibition of vascular smooth muscle
cell proliferation and pulmonary arterial remodeling.
However, data exist to suggest that, in animal models at
least, this class of agent might additionally exert potent
pulmonary vasodilatory activity though attenuation
of pulmonary artery smooth muscle contraction.’®* In
this regard, Abe et al. have demonstrated that intravenous
administration of imatinib reduces right ventricular sys-
tolic pressure in hypoxia-associated pulmonary hyper-
tensive rodents in a fairly pulmonary-selective fashion.'*
The investigators speculated that this effect might occur
through inhibition of a kinase or signaling pathway that
regulates Ca** sensitivity, such as Rho kinase (ROCK).

Other potential targets

A number of other targets and pathways for the treatment
of PAH are under active investigation. Serotonin contrib-
utes to the pathophysiology of pulmonary hypertension
by promoting proliferation of PASMCs and adventitial
fibroblasts.'® Elevated plasma serotonin levels have
been reported in patients with IPAH,' and individuals
exposed to fenfluramine derivatives—anorexigens that
increase plasma serotonin levels—are at increased risk
of the disease.!?”!% Blockade of the serotonin transporter
might thus be a useful strategy in the treatment of PAH.
In addition, the serotonin receptor 2B (5-HT,,) is another
possible target in PAH and a number of 5-HT,; antago-
nists are in clinical development. In this regard, benefi-
cial effects with terguride'® and PRX-08066"" have been
shown in monocrotaline-induced PAH in rat models.

Activation of RhoA/ROCK signaling leads to vaso-
constriction, vascular remodeling, and endothelial dys-
function. Inhibition of this pathway using the ROCK
inhibitor fasudil in animal models of PAH has yielded
promising results.""! Studies in patients with PAH show
favorable acute hemodynamic effects with the inhaled'"?
and intravenous'"’ formulations of fasudil, and evi-
dence exists of increased ROCK activity in platelets,
pulmonary arteries, and lungs in this population.!*!'s
Rho signaling activation is also inhibited by hydroxy-3-
methyl-glutaryl coenzyme A inhibitors''® (statins) and, in
animal models, these agents have been shown to attenuate
pulmonary hypertension.!”!*® However, in a small ran-
domized study of 42 patients with PAH, the addition of
simvastatin to oral PAH therapy did not confer sustained
beneficial effects.!” Furthermore, the NIH-sponsored
ASA-STAT'™ was stopped early following enrollment of
65 patients because of futility for simvastatin in reaching
the prespecified primary end point of change in 6-min
walk distance at 6 months.

The use of bone-marrow derived endothelial progeni-
tor cells (EPCs), a population of circulating proangiogenic
cells that repair and regenerate blood vessels, may rep-
resent an innovative approach to improving endothelial
dysfunction through restoration of damaged pulmonary
microvasculature. Administration of EPCs transduced
with human endothelial NO synthase, the enzyme respon-
sible for NO synthesis, resulted in improvement in estab-
lished monocrotaline-induced PAH in rats.'*! Favorable
effects on exercise capacity and pulmonary hemo-
dynamics following autologous EPC infusion in patients
with PAH have been reported'? and a further study in
underway in Canada.'?

General measures and supportive therapy

A number of important general measures are advo-
cated for patients with PAH in order to provide relief
from symptoms and prevent clinical worsening.’
Recommendations for these interventions are, however,
mostly based on expert consensus or on data from uncon-
trolled observational studies rather than from random-
ized, controlled trials. Limiting physical activity to
avoid potentially dangerous abrupt increases in cardiac
demand is advisable. Cardiopulmonary rehabilitation has
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been studied and found to be safe in patients with PAH,
although additional confirmatory data are needed before
this strategy can be broadly recommended.'*

Administration of medications that might potentially
aggravate PAH (such as p-adrenergic receptor blockers'?
or sympathomimetics) or interfere with the metabolism of
vitamin K-antagonist anticoagulation therapy should be
avoided. Supplemental oxygen should be considered for
individuals with resting or exercise-induced hypoxemia in
order to maintain oxygen saturation levels at >90%. In addi-
tion, oxygen administration during air travel might be war-
ranted, particularly for patients with advanced disease.'?
Vaccinations to prevent pneumococcal pneumonia and
influenza are also advisable.

One of the classic pathological hallmarks of PAH is
widespread in situ intrapulmonary microthrombosis.
In addition, dysregulation of normal coagulation and
fibrinolytic pathways is characteristic in these patients.'””
Therefore, in the absence of compelling contraindications,
oral anticoagulant therapy is recommended in IPAH,
familial PAH, and anorexigen-associated PAH as this
approach has been shown to be beneficial in open-label
studies.'?®!? An assessment of the potential risks and
benefits of long-term anticoagulation should be made for
PAH associated with other diseases, particularly when an
increased risk of bleeding exists. The effect of diuretics on
mortality in patients with PAH has not been systemically
examined. Nevertheless, such treatments offer symptom-
atic benefit in those with right ventricular volume overload
that is not controlled by dietary measures alone.

The additional hemodynamic stresses of pregnancy
and labor are poorly tolerated in patients with PAH,
being associated with an increased rate of potentially
fatal clinical worsening."*® Female patients of childbear-
ing potential should, therefore, be counseled on appro-
priate contraceptive measures. Because effectiveness of
hormonal contraception can be reduced by certain PAH-
specific treatments, a combination of pharmacological
and mechanical (for example, an intrauterine device)
contraception is advised.

A minority of patients with IPAH, familial PAH, or
anorexigen-related PAH demonstrate significant hemo-
dynamic improvements after administration of acute vaso-
dilators at right heart catheterization."*" Approximately
half of these ‘responders’ will benefit from treatment with
high-dose calcium-channel blockers."*! However, confir-
mation of a sustained clinical and hemodynamic improve-
ment by repeat catheterization after initiation of these

1. Humbert, M. et al. Pulmonary arterial 5.

D’Alonzo, G. E. et al. Survival in patients with

agents is mandatory. The choice of agent is determined by
the patient’s heart rate at baseline. Treatment with nifede-
pine or amlodipine is preferred for patients with relative
bradycardia, whereas diltiazem is favored for those with
relative tachycardia.

Surgery has a key role in the treatment of patients who
have progressive disease despite medical management.
Lung transplantation is indicated for end-stage disease,
with bilateral sequential lung transplantation and heart—
lung transplantation being the most common procedures
performed in patients with PAH."? Balloon atrial septo-
stomy can be considered for patients with intractable
right heart failure, particularly in countries where access
to PAH-specific drugs is restricted.*?

Conclusions

With an ever-increasing number of targeted thera-
pies becoming available for the treatment of PAH, the
management of this disorder has become increasingly
complex. Although published guidelines provide broad
recommendations for optimum approaches accord-
ing to type and severity of disease, many uncertainties
remain. Clinicians must select the most appropriate
agent or agents for individual patients; such choices are
influenced by patient preferences and local economic
and regulatory considerations. Routine monitoring of
response to treatment by clinical, functional, and hemo-
dynamic assessment is critically important in guiding
therapeutic decision-making. When treatment goals are
considered to be unmet, escalation of therapy is recom-
mended. However, the optimal timing and type of combi-
nation strategies require further study. Several novel
agents are currently being evaluated in clinical trials and
might eventually be shown to confer additional clinical
improvements for patients with PAH.

Review criteria

Data and other information used in this review were
derived from articles selected after a search of the
NCBI/PubMed database for pertinent papers on therapy
for pulmonary arterial hypertension. Key search terms
included “endothelin”, nitric oxide”, “prostacyclin”,
“pulmonary arterial hypertension”, and “treatment”. The
literature search was restricted to papers written in the
English language published between 1980 and 2010. In
addition, reference lists from identified publications were
used as a cross-reference, particularly in relation to novel
therapeutic approaches.
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