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Abstract: Prostacyclin is an endogenous eicosanoid produced by endothelial cells; through actions
on vascular smooth-muscle cells, it promotes vasodilation. Pulmonary arterial hypertension (PAH)
is characterized by elevated mean pulmonary artery pressure due to a high pulmonary vascular
resistance state. A relative decrease in prostacyclin presence has been associated with PAH; this
pathway has thus become a therapeutic target. Epoprostenol, the synthetic equivalent of prosta-
cyclin, was first utilized as short-term or bridging therapy in the 1980s. Further refinement of its
long-term use via continuous intravenous infusion followed. A randomized controlled trial by Barst
et al in 1996 demonstrated functional, hemodynamic, and mortality benefits of epoprostenol use.
This work was a groundbreaking achievement in the management of PAH and initiated a wave
of research that markedly altered the dismal prognosis previously associated with PAH. Analogs
of prostacyclin, including iloprost and treprostinil, exhibit increased stability and allow for an
extended array of parenteral and non-parenteral (inhaled and oral) therapeutic options. This review
further examines the pharmacology and clinical use of epoprostenol and its analogs in PAH.
Keywords: pulmonary arterial hypertension, prostacyclin analogs, epoprostenol, treprostinil,
iloprost

Introduction

Pulmonary arterial hypertension (PAH) describes a particular subset of pulmonary
hypertension fitting within Group 1 of the World Health Organization (WHO) clas-
sification system. Hemodynamically, patients exhibit elevation in mean pulmonary
artery pressure (mPAP) of =25 mmHg — with normal pulmonary artery wedge pres-
sure (PAWP) (=15 mmHg), and elevation in pulmonary vascular resistance (PVR)
of >3 Wood units.! On a histologic level, PAH is characterized by abnormal remodel-
ing of the pulmonary vasculature that may be idiopathic, heritable, or related to certain
disease processes including connective tissue disease, congenital heart disease, portal
hypertension, and drug exposure. Significant left heart, pulmonary parenchymal, and/
or chronic thromboembolic disease is absent; patients with pulmonary hypertension of
these types fall into separate WHO groups. Similarities in clinical manifestations and
hemodynamics may exist between patients with PAH and other forms of pulmonary
hypertension; however all prostaglandin-related therapies, as discussed in this review,
are currently approved only for patients with WHO Group 1 PAH.

Prior to the introduction of advanced therapies, survival in PAH was poor. Early
registry data following idiopathic PAH patients demonstrated overall survival of
2.8 years, with median 6-month survival in those with functional class IV disease
(severe functional limitations and symptoms with any activity).? Over the last
20 years three major classes of PAH therapies have emerged, with clear impact on
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the morbidity and mortality of the disease. Current registry
data now supports 1- and 3-year survival of 91% and 74%,
respectively, for patients with idiopathic or heritable PAH.?
While only one individual randomized controlled trial has
shown a mortality benefit,* meta-analyses have supported a
statistically significant improvement in survival with the use
of PAH-specific therapy.>¢

Choice of initial therapy for PAH depends on several
factors, most importantly the WHO functional class of the
patient. Similar to the New York Heart Association classifica-
tion for congestive heart failure, WHO functional classes are
graded I to IV, from most mild to most severe limitations.
Recommended treatment algorithms from the Fifth World
Symposium on Pulmonary Hypertension support initiating
an oral agent for those with mild (WHO functional class II)
symptoms. Options include phosphodiesterase type-5
inhibitors (PDE-5Is: sildenafil, tadalafil), the related

soluble guanylate-cyclase stimulator riociguat, and
the endothelin-receptor antagonists (ERAs: bosentan,
ambrisentan, and macitentan).’

For patients with moderate to severe limitation (WHO
functional class III or IV disease), prostacyclin analogs are
often a key part of the treatment regimen. In the USA and
Europe, options include intravenous epoprostenol, inhaled
iloprost, and treprostinil, which can be administered via subcu-
taneous, intravenous, inhaled, and, most recently, oral routes.
Combining data from all prostanoid trials, a recent meta-anal-
ysis supported improvements in mortality, clinical worsening,
exercise capacity, and hemodynamics (Figure 1).%

Prostanoid therapy in pulmonary

arterial hypertension
Prostacyclin, or prostaglandin I, (IP), is an endogenous
eicosanoid produced by endothelial cells. Epoprostenol is

Study RR (95% CI) %
ID weight
Epoprostenol
Rubin et al*? 0.36 (0.04-3.00) 5.91
Barst et al* * 0.06 (0.00-0.96) 17.71
Badesch et al*® 0.79 (0.22-2.77) 10.39
Subtotal (/2=39.0%, P=0.194) 0.33 (0.13-0.85) 34.01
Beraprost
Galié et al™® 1.00 (0.06-15.65) 2.06
Barst et al’” 0.47 (0.04-5.01) 4.26
Subtotal (/2=0.0%, P=0.681) 0.64 (0.11-3.74) 6.32
lloprost
Olschewski et al AIR® 0.25 (0.03-2.22) 8.20
Hoeper et al®? (Excluded) 0.00
McLaughlin et al®’ (Excluded) 0.00
Subtotal (/2=0.0%, P=0.0) 0.25 (0.03-2.22) 8.20
Treprostinil
Simonneau et al®® 0.91 (0.38-2.20) 20.46
Hiremath et al®® 0.47 (0.11-2.03) 8.42
McLaughlin et al TRIUMPH 17 0.35(0.01-8.45) 3.02
Tapson et al FREEDOM-C® 0.34 (0.01-8.22) 3.07
Jing et al FREEDOM-M®2 0.83 (0.31-2.23) 16.50
McLaughlin et al* (Excluded) 0.00
Subtotal (/2=0.0%, P=0.896) 0.75 (0.42-1.32) 51.47
Overall (17=0.0%, P=0.840) 0.56 (0.35-0.88) 100.00
I I
0.00342 292

Relative risk of death

Figure | Forest plot of randomized clinical trials utilizing prostanoid therapies: All cause mortality. Cumulative relative risk (RR) estimate of death in active treatment groups
was compared with that in control groups, excluding non-event trials. No heterogeneity was found. Fixed effect model for combined effect size was adopted.

Notes: Data points to the left of the solid line favor the prostanoid treatments, while data points to the right of the solid line favor placebo. Overall relative risk of death with
active therapy was 0.56 (95% confidence interval 0.35-0.88, P=0.01). Springer and European Journal of Clinical Pharmacology, 70,2013, 13-21, Prostanoid therapy for pulmonary
arterial hypertension: a meta-analysis of survival outcomes, Zheng Y, Yang T, Chen G, et al, Figure 2, © Springer-Verlag Berlin Heidelberg 2013, with kind permission from

Springer Science and Business Media.?

Abbreviations: RR, relative risk; Cl, confidence interval; AIR, Aerosolized lloprost Randomized study; TRIUMPH, TReprostinil sodium Inhalation Used in the Management

of Pulmonary arterial Hypertension.
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the synthetic equivalent of prostacyclin, and treprostinil and
iloprost are both stable synthetic analogs.

Deficiency of prostacyclin activity has long been iden-
tified as an important part of the pathobiology of PAH.
Christman et al demonstrated decreased urinary excretion
of prostacyclin metabolites in 34 patients with idiopathic
or secondary pulmonary hypertension as compared with
controls.’ Loss of expression of prostacyclin synthase has
also been observed in lung tissue of patients with PAH.!°

The primary target of prostacyclin and its analogs
appears to be the IP receptor on vascular smooth-muscle
cells. Activation of other vasodilatory prostaglandin recep-
tors, such as EP, and EP, (prostaglandin E2 and E4 recep-
tors, respectively), has also been observed, although this is
of unclear importance.!"!? After prostacyclin binds target
receptors on smooth-muscle cells, intracellular signaling
leads to adenylate cyclase activation and an increase in
cyclic adenosine monophosphate levels. Resulting smooth-
muscle relaxation with vasodilation is one of the primary
actions of prostacyclin. However, the important effects
of the prostanoids expand well beyond pure vasodilation,
targeting the pathologic vascular remodeling observed in
PAH. Treprostinil and iloprost have been shown to suppress
pulmonary artery smooth-muscle proliferation in vitro.!>!
Additional prostanoid effects include inhibition of platelet
aggregation,' inhibition of inflammation,'®!” and augmenta-
tion of ventricular inotropy.'*

The pharmacokinetics, dosing, efficacy, and pertinent
adverse effects for each agent are discussed following. Clini-
cal efficacy data is further summarized in Table 1.

Intravenous epoprostenol

Epoprostenol, the synthetically produced formulation of prosta-
cyclin, was the first medication to be approved for the treatment
of PAH by the US Food and Drug Administration (FDA) in
1995. Epoprostenol sodium for intravenous therapy is marketed
as Flolan® (GlaxoSmithKline plc, London, UK) and is also
available generic (Teva Pharmaceutical Industries Ltd, Petah
Tikwva, Israel). Since 2008 a room-temperature stable (RTS) for-
mulation of epoprostenol (Veletri®, Actelion Pharmaceuticals
Ltd, Allschwil, Switzerland) has also been available.

Pharmacokinetics

The in vivo half-life of epoprostenol is less than 6 minutes,
thus necessitating drug delivery by continuous intravenous
infusion. Epoprostenol is rapidly broken down, sponta-
neously or enzymatically, into two very weakly active
primary metabolites. Metabolites are primarily excreted in
the urine.'*?

Once infused, traditional and RTS preparations of
epoprostenol are regarded as equivalent from biologic and
efficacy standpoints.?!2

Dosing and administration

Epoprostenol is administered by continuous intravenous
infusion using an ambulatory, battery-operated infusion
pump. The drug is supplied as a sterile powder (0.5 or 1.5
mg per vial) that must be reconstituted and diluted to the
desired concentration with a sterile diluent specific to epo-
prostenol. At room temperature, reconstituted epoprostenol
loses stability and cannot be used for longer than 8 hours.
Thus, epoprostenol for injection is administered with cold
pouches to maintain solution temperature at 2°C to 8°C,
extending use time to 24 hours. An extended-stability
RTS epoprostenol has been subsequently introduced;
this formulation combines epoprostenol with arginine
(as opposed to glycine as in traditional epoprostenol),
resulting in a more alkaline pH after reconstitution and
consequently greater RTS.!2° RTS epoprostenol must be
reconstituted in sterile water or sodium chloride; following
reconstitution and dilution it is stable at room temperature
for 48 hours.?

Intravenous epoprostenol is initiated in a monitored
hospital setting, with a recommended starting dose of
2 ng/kg/min and titration rates variable according to
disease severity and side effects. Long-term dosing goals
are similarly individualized. In one observational study
of 178 patients started on intravenous epoprostenol, as an
example, mean doses at 3 months and | year were 14 and
21 ng/kg/min, respectively.*

Clinical efficacy

The first published experience with epoprostenol in PAH
occurred in 1980; an 8-year-old female with severe idio-
pathic PAH was administered prostacyclin with pulmonary
artery catheter in place. Doses up to 44 ng/kg/min reduced
mPAP and PVR and improved cardiac index.?® Previous
to this, successful use of prostacyclin in a neonate with
severe hypoxemia and persistent fetal circulation had been
described.? Further series of acute use in adults with PAH
followed.?”?

Early adoption of epoprostenol as a therapy was lim-
ited by administration challenges. Higenbottam et al first
described a 27-year-old female with idiopathic PAH and
severe symptoms who noted significant improvement in
symptoms and hemodynamics with acute epoprostenol while
hospitalized.* A tunneled catheter was placed with delivery
of epoprostenol by electric infusion pump, and she was able
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use of lower starting and titration doses,

adverse effects were still common,

Improvement in 6MWD was relatively
modest for a monotherapy trial. Most
with 11% drug discontinuation

significance. High incidence of adverse
Primary endpoint was not met. Despite

secondary end points did not meet

effects

corrected 6MWD increase of +23 m (modified
intention-to-treat analysis, P=0.0125). No change
in functional class, dyspnea scores, or clinical

No significant increase in placebo-corrected
6MWD (+10 m in the treatment group, P=0.089).
No significant change in functional class, dyspnea
scores, or clinical worsening

worsening

233) or placebo

Dose-titrated oral treprostinil (mean dose The treatment group experienced a placebo-

3.4 mgatweek 12, n
Addition of dose-titrated oral treprostinil

(mean dose 3.1 mg at week 16, n=157)
or placebo (n=153) twice daily

(n=116) twice daily for 12 weeks
for 16 weeks

310) with PAH of familial

349) with PAH of familial
or idiopathic cause (65%) or related

or idiopathic cause (75%) or related

and/or PDE-5I at baseline

Patients (n

Patients (n
to congenital heart disease, connective

to congenital heart disease, connective
tissue disease, or HIV; on ERA

tissue disease, or HIV; not on PAH

therapy at baseline

Abbreviations: 6MWD, 6-minute walk distance; AIR, Aerosolized lloprost Randomized study; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CTEPH, chronic thromboembolic pulmonary hypertension; ERA, endothelin-

receptor antagonist; m, meters; PDE-5I, phosphodiesterase-5 inhibitor; TRIUMPH, TReprostinil sodium Inhalation Used in the Management of Pulmonary arterial Hypertension.

Jing et al
FREEDOM-M#
Tapson et al
FREEDOM-C2%

to be discharged home with great improvement in quality of
life. The further courses of this patient and nine others were
described separately.’! These patients received long-term
(1-25 months) epoprostenol infusions, with demonstrated
improvements in exercise capacity and symptoms.

In the first randomized trial of continuous intravenous
epoprostenol, Rubin et al randomized 23 patients to receive
epoprostenol or conventional therapy.’? After 8 weeks, total
pulmonary resistance decreased in the epoprostenol group
(21.7 Wood units at trial start, to 13.9 Wood units at trial
end), with no significant change seen in the conventional
therapy group. Functional class improvements were also
more frequent in the epoprostenol group, and there were three
deaths among those receiving conventional therapy versus
one death in those receiving epoprostenol.*?

The landmark trial of epoprostenol in PAH randomized
81 patients with functional class III or IV idiopathic PAH
to epoprostenol plus conventional therapy or conventional
therapy alone.* At 12 weeks, 6-minute walk distance (6MWD)
improved by 31 meters in the epoprostenol group, and
decreased by 29 meters in the conventional therapy group.
There was a between-treatment decrease in mPAP (—6.7
mmHg) and PVR (4.9 Wood units) and improvement in
cardiac index in favor of epoprostenol. Benefits on functional
class, dyspnea scores, and quality of life scores were also noted.
Eight patients died in the conventional therapy group, versus
none in the epoprostenol group (P=0.003).* A similar random-
ized trial in 111 patients with scleroderma-related PAH showed
that epoprostenol has positive impact on 6 MWD, hemodynam-
ics, and functional class in this population as well.33

Long-term data have also supported the benefits of intra-
venous epoprostenol. McLaughlin et al followed 162 patients
with idiopathic PAH on epoprostenol for a mean of
36 months. Survival at 1, 2, and 3 years was 88%, 76%, and
63%, respectively, which was above expected survival based
on registry data (59%, 46%, and 35%, respectively, P<<0.001
for each comparison).>* A separate long-term study of 178
treated idiopathic PAH patients demonstrated improved
mortality compared with controls.?*

Safety and tolerability

Adverse effects associated with intravenous epoprostenol
include flushing, headache, jaw pain (typically described
with the first bite of food), nausea/vomiting, diarrhea, and
flu-like symptoms.'*? During initiation and dose escalation,
the acute development of pulmonary edema suggests an
underlying diagnosis of pulmonary veno-occlusive disease
and can be fatal.**
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The presence of a chronic indwelling catheter predis-
poses patients to additional risk, including infection and
thrombosis. From the 12-week randomized study treating
41 patients with epoprostenol, there were four episodes of
catheter-related sepsis and one episode of thrombosis with
paradoxical embolus.* Long-term observational work has
found catheter-related infection/sepsis rates of 0.14 to 0.19
per patient-year.?*3* Drug interruption due to pump or cath-
eter malfunction is another serious concern — due to rebound
severe pulmonary hypertension and short drug half-life, this
complication can be fatal if not immediately recognized and
managed.?**

Subcutaneous and intravenous

treprostinil

The poor stability and short plasma half-life of epopros-
tenol stimulated interest in developing more stable analogs.
Treprostinil, a benzindine prostanoid, was initially studied for
potential use in congestive heart failure,* transplantation,’’
and peripheral vascular disease.*® Support for treprostinil’s
utility in PAH was sealed with a large subcutaneous infusion
clinical trial.*

Parenteral treprostinil (Remodulin®, United Therapeutics
Corporation, Silver Spring, MD, USA) is supplied for admin-
istration via subcutaneous or intravenous route. Subcutaneous
treprostinil was approved by the FDA in 2002; with scientific
support for bioequivalence, intravenous use of treprostinil
was subsequently approved in 2004.

Pharmacokinetics
Subcutaneous treprostinil is rapidly absorbed with com-
plete bioavailability.***! As a result of this documented
bioequivalence, from an efficacy standpoint both routes of
administration are considered similar, though important dif-
ferences in risks and adverse effects remain. The relationship
between infused dose and measured plasma concentration
is linear in healthy volunteers** and in PAH patients treated
intravenously or subcutaneously over a dosing range of 10
to 125 ng/kg/min.®

With chronic intravenous or subcutaneous therapy,
the plasma half-life of treprostinil has ranged from 2.9 to
4.6 hours, significantly longer than that of epoprostenol.*#2
Metabolism of treprostinil occurs primarily in the liver
by CYP2CS8, with the majority of metabolites inactive
and excreted in the urine. Medication interactions with
cytochrome P450 inhibitors or inducers should be noted.
Rifampin, a CYPC28 inducer, decreases exposure to trepro-
stinil, while the inhibitor gemfibrozil increases exposure.**

Dosing and administration

Treprostinil sodium is supplied in vials containing four pos-
sible drug concentrations, from 1 to 10 mg/mL. For patients
using subcutaneous therapy, treprostinil is continuously
administered undiluted via a self-inserted subcutaneous
catheter with an appropriate infusion pump. Undiluted trepro-
stinil from a single syringe is used for up to 72 hours. For
patients using intravenous therapy, treprostinil is diluted in
sterile water, saline, or epoprostenol diluent, with administra-
tion similar to that of epoprostenol solution. After dilution,
intravenous treprostinil solution at room temperature can be
administered for up to 48 hours.*

Parenteral treprostinil is initiated at a dose of 1.25 ng/
kg/min, with dose escalation dependent on efficacy and
side effects. For subcutaneous treprostinil, a rapid escala-
tion plan (starting dose of 2.5 ng/kg/min, with increases of
2.5 ng/kg/min twice in the first week and then weekly or
biweekly thereafter) led to greater improvements in exercise
capacity at 12 weeks and actually decreased infusion-site
pain.® Of patients involved in randomized clinical trials
of subcutaneous treprostinil, those remaining on therapy at
1 and 3 years were treated with a mean dose of 26 and 42 ng/
kg/min, respectively.*® Escalation of intravenous treprostinil
dosing can typically be achieved more rapidly. In 16 treat-
ment-naive patients initiating intravenous treprostinil, the
mean dose was 41 ng/kg/min at 12 weeks, and 98 ng/kg/min
at 48 weeks.¥’

A novel, completely implantable delivery system for
intravenous treprostinil has been under investigation, with
prospects of improving patient convenience and safety.*$4

Clinical efficacy

The pivotal study of subcutaneous treprostinil in PAH
was reported by Simonneau et al in 2002.%° A total of
470 patients from 40 international centers were random-
ized to receive subcutaneous treprostinil, starting at a dose
of 1.25 ng/kg/min, or infused placebo. The primary out-
come was 6MWD at 12 weeks, with secondary outcomes
including signs and symptoms of pulmonary hyperten-
sion, hemodynamics, dyspnea scores, and quality of life
measures. After 12 weeks, the median between-treatment
difference in 6 MWD was 16 meters, in favor of treprostinil
(95% confidence interval 4.4-27.6 meters, P=0.006). The
mean treprostinil dose was 9.3 ng/kg/min, and there was a
significant relationship between achieved treprostinil dose
and improvement in 6MWD (those in the highest quartile
of treprostinil dosing had a median 6MWD improvement
of 36 meters). Secondary outcomes were also in favor of

submit your manuscript

540

Dove

Therapeutics and Clinical Risk Management 2015:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Prostanoids in PAH

treprostinil.* Further analysis of the subset with connective
tissue disease-associated PAH also confirmed benefits in
this population.>

An open-label study described outcomes of 860 PAH
patients (including subjects from the randomized clinical
trial) treated long-term with subcutaneous treprostinil. Sur-
vival at 1, 2, 3, and 4 years was 87%, 78%, 71%, and 68%,
respectively, which was well above anticipated survival rates
from historical data. Fifteen percent of patients had other
PAH-specific agents added during the study period.*® Another
long-term study of 99 patients with PAH and 23 with chronic
thromboembolic pulmonary hypertension (CTEPH) using
subcutaneous treprostinil reported similar survival — 89%
at 1 year and 71% at 3 years. Significant improvements in
6MWD (305-445 meters, P=0.0001), dyspnea scores, and
functional class were noted.*!

Efficacy of intravenous treprostinil has also been inde-
pendently supported by clinical studies. Tapson et al treated
16 PAH patients with open-label intravenous treprostinil
(mean dose 41 ng/kg/min at end of study) over 12 weeks,
with noted improvements in 6MWD, dyspnea scores, and
hemodynamics.> Subjects were then followed on therapy
for a 48-week period; further improvements in exercise
capacity and hemodynamics were demonstrated. In the
same study an additional 31 patients were transitioned from
intravenous epoprostenol (mean baseline epoprostenol dose
41 ng/kg/min), of whom 23 remained on treprostinil at 1 year
(mean treprostinil dose 111 ng/kg/min). Exercise parameters
and hemodynamics were similar at 48 weeks compared with
baseline on epoprostenol.*’

Safety and tolerability

Diarrhea, jaw pain, flushing, and edema were all more
common with treprostinil in comparison to placebo.*
Delivery system problems (pump malfunction or infusion-
set complications) occurred in 30% during the long-term
subcutaneous study; no serious complications developed
as a result of these.*

Infusion-site pain was common (85%, versus 27% with
placebo) in patients administered subcutaneous treprostinil
in the large randomized trial;* this led to drug discontinu-
ation in 8%. In the long-term continuation study, site pain
was responsible for almost all of the drug withdrawals due to
adverse events (23% of the total study population).* Infusion-
site pain and reactions can be decreased with appropriate site
selection; as pain peaks in the first few days after a site change,
use of a single site for 4 weeks or more can be helpful and
safe. Additional topical and/or systemic therapies, including

topical anesthetics and steroids, analgesics, and histamine
antagonists, are often employed to improve tolerance.>
While intravenous therapy eliminates the problem of
infusion-site pain, as with intravenous epoprostenol, the risks
ofinfection and thrombosis must be considered. Bloodstream
infections, with Gram-negative infections in particular, occur
more commonly in patients receiving intravenous treprostinil
compared with intravenous epoprostenol.>*¢ Data from
1,146 patients who received intravenous prostanoid therapy
enrolled in the REVEAL Registry™ were reviewed by
Kitterman et al.’ Treatment with treprostinil was associated
with a significant increase in bloodstream infection rates
in comparison with epoprostenol (0.36 vs 0.12 infections
per 1,000 treatment days, P<<0.001); for Gram-negative
bloodstream infections a 6.86-fold increased incidence was
found.*® Diluting treprostinil with the basic pH epoprostenol
diluent instead of sterile water or saline was associated with a
decreased risk of Gram-negative infections in one study.’’

Inhaled iloprost

Due to the complexities and risks associated with parenteral
prostanoids, development of alternative modes of adminis-
tration, including oral and inhaled routes, has additionally
been pursued. Inhalational therapy also has the benefit of
reducing systemic side effects. Success with two nebulized
prostanoids, iloprost and treprostinil, was achieved. Iloprost
for inhalation (Ventavis®, Actelion Pharmaceuticals Ltd) was
approved by the FDA for the treatment of PAH in 2004.

Pharmacokinetics
After inhalation, an early peak in iloprost levels in the serum
is seen with undetectable levels 30 to 60 minutes after 5 ug
dosing.’®* Half-life is reported to be 20 to 30 minutes.
In one clinical study, however, serum half-life was shorter
(6.5 to 9.4 minutes); the half-life of physiologic effect (PVR
decrease) was considerably longer, from 21 to 25 minutes.”
The discrepancy between molecular half-life and physiologic
effect is also noted with inhaled treprostinil and may suggest
storage of the drug in the perivascular lung tissue.®® Dura-
tion of molecular and cellular effects after receptor binding
also likely outlasts the prostanoid’s presence within the
microvasculature.

Tloprost is metabolized by B-oxidation and the major
metabolite is excreted primarily through the urine.?

Dosing and administration
Inhaled iloprost is introduced at a dose of 2.5 pg and up-
titrated to 5 g if well tolerated. Inhalations are recommended
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six to nine times daily (at least 2 hours apart), inhaled via
a specific nebulizer system, the I-neb® Adaptive Aerosol
Delivery (AAD®) system (Philips Healthcare, Amsterdam,
the Netherlands).

Clinical efficacy

Several uncontrolled case reports and series described
substantial benefits of inhaled iloprost in PAH.® In the
largest, a 1-year study of inhaled iloprost in 24 idiopathic
PAH patients, significant improvements in 6MWD (278 to
363 meters) and hemodynamics (mPAP 59 to 52 mmHg,
with cardiac output improvement) were noted.%

Positive uncontrolled data led the way for the first
placebo-controlled study of inhaled iloprost, Aerosolized
Iloprost Randomized (AIR). AIR studied the efficacy of ilo-
prost (2.5 or 5.0 pg per dose, six to nine times daily, median
daily dose 30 pg) versus inhaled placebo in 203 patients with
PAH or inoperable CTEPH. The primary endpoint, requiring
a 10% increase in 6 MWD, improvement in functional class,
and absence of clinical deterioration, occurred in 16.8%
versus 4.9% of the iloprost and placebo groups, respectively
(P=0.007).%¢ A subsequent randomized controlled trial using
iloprost as add-on therapy to bosentan demonstrated near-
significant improvements in 6MWD (placebo-adjusted dif-
ference 26 meters, P=0.051) and improvement in functional
class and hemodynamics.®” However, long-term stability on
iloprost monotherapy has been questioned. In one study,
only 42% of 76 patients on monotherapy were still stable
on iloprost alone after 1 year.®

Safety and tolerability

Safety data from AIR suggested several relevant adverse
effects, including flushing (27%), cough (39%), headache
(30%), and jaw pain (12%). Serious syncopal episodes
were also more common in the iloprost group (five patients
[5%]).% A 2-year, prospective, open-label study of iloprost
in 63 patients with PAH showed similar findings; during
the study only two patients discontinued therapy — one due
to back pain, headache, and vertigo, and the other due to
throat irritation.®

Inhaled treprostinil

Relative to iloprost, the half-life of treprostinil is prolonged,
and inhalations of treprostinil can therefore be dosed on
a less frequent basis (four times daily versus six to nine times
daily). Treprostinil for oral inhalation (Tyvaso®, United
Therapeutics Corporation) was approved by the FDA for the
treatment of PAH in 2009.

Pharmacokinetics

Systemic concentrations of treprostinil peak within
15 minutes after inhalation, with the maximal concentration
proportional to the inhaled dose.”®”! In a pilot study of PAH
patients administered a single 60 g dose of inhaled trepros-
tinil, peak concentration (C__ ) was 1.59 ng/mL, similar to the
plasma concentration in healthy subjects administered intra-
venous treprostinil at a dose of 15 ng/kg/min.**’! As serum
concentrations decrease steadily following inhalation (less
than 0.5 ng/mL by 120 minutes),”" total drug exposure
(area under the curve [AUC]) will be considerably lower
with inhalational therapy than with most clinically relevant
doses of subcutaneous or intravenous treprostinil. Plasma
half-life, at 44 to 52 minutes, is longer than that of iloprost
after inhalation.”

Similar to inhaled iloprost, plasma concentration and
physiologic effect profiles are offset with inhaled treprostinil.
Two studies described mPAP and PVR profiles following
a single inhaled dose of treprostinil (15, 30, or 45 mcg) in
PAH patients.®®’ The hemodynamic effects of treprostinil
continued out to 180 minutes after inhalation, a time when
serum concentrations are negligible based on the data by
Voswinckel et al.”

Similar to parenteral therapy, inhaled treprostinil is
metabolized predominantly in the liver by CYP2C8.7

Dosing and administration

Treprostinil for inhalation is administered using a specific
ultrasonic pulsed delivery system, the Tyvaso® Inhalation
System, with either the newer TD-100 or older Optineb
models (United Therapeutics Corporation). Doses are admin-
istered four times daily, spaced throughout waking hours, at
least 4 hours apart. At initiation, patients are delivered three
breaths (18 Lg) per session; this is serially increased to the
full dose of nine breaths (54 ug) four times daily.

Clinical efficacy
Acute hemodynamic benefits of treprostinil inhalation were
first described in three patients with PAH; two went on to
be treated long-term, with benefits on functional class and
6MWD seen at 3 months.® Positive effects of inhaled trepro-
stinil on mPAP were also noted acutely in PAH patients on
background bosentan’ or sildenafil” therapy. Channick et al
further continued the former study out to 12 weeks, with
improvements in mPAP, 6MWD, and functional class also
found at that time point.”™

The TReprostinil sodium Inhalation Used in the Man-
agement of Pulmonary arterial Hypertension (TRIUMPH 1)
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study randomized 235 PAH patients at 31 centers to inhaled
treprostinil (escalated up to 54 ng/dose, four times daily) or
placebo. The majority of subjects were functional class I1I
and all were on background therapy with bosentan or sildena-
fil. After 12 weeks, the median between-treatment increase in
post-dose 6 MWD was 20 meters (P=0.0004). Quality of life
measures and brain natriuretic peptide levels also improved
compared with placebo.”™ Extension data from TRIUMPH
I, out to 24 months, were also presented. Improvements in
6MWD at 12 and 24 months were 31 and 18 meters, respec-
tively. Survival in those on therapy was 97% at 12 months
and 91% at 24 months.”

Safety and tolerability

Cough (54% vs 29% taking placebo in TRIUMPH 1), head-
ache (41%), nausea (19%), dizziness (19%), flushing (15%),
and throat irritation (14%) were the more common side
effects noted in the clinical trial. Adverse effects lead to study
withdrawal in 6%.7* In the 24-month extension study, 19%
discontinued treprostinil due to adverse events.”

Due to inhibition of platelet function, bleeding is a con-
cern with all formulations of prostanoids. Most relevant to
inhaled treprostinil, during an open-label study, hemoptysis
occurred in three patients and was fatal in one case.”

Oral treprostinil
Potential for an oral prostacyclin derivative has long been
of great interest. Investigations using oral beraprost, another
prostacyclin analog, were initially encouraging, with a
25-meter improvement in 6MWD, the primary outcome,
noted.” However, a subsequent 12-month study failed to
show such efficacy beyond the 6-month mark, and beraprost
was never approved in the USA or Europe as a result.”’
Oral treprostinil (Orenitram®, United Therapeutics Cor-
poration) is the most recent of the prostanoid formulations
to gain approval in the USA.

Pharmacokinetics

Treprostinil diolamine is provided in sustained-release tablets
designed to supply the systemic circulation with a more con-
stant concentration of the drug. In patients with PAH receiv-
ing chronic twice-daily dosing, C  increased with increasing
doses of oral treprostinil, with time to maximum concentration
within 8 hours; median 4 hours. Total exposure to treprostinil
(AUC) increases linearly with increasing oral treprostinil
dose.”® The oral bioavailability is approximately 17%."
In comparison to the fasted state, C __and AUC are increased
and time to maximum concentration delayed when the

medication is ingested with a high-fat, high-calorie meal,
though no significant difference in absorption kinetics was
seen in healthy volunteers taking in four different meal
types.®

Treprostinil is metabolized primarily by the liver,
with similar metabolic pathways as in parenteral therapy.
Administration to patients with mild, moderate, and severe
hepatic impairment resulted in significantly increased drug
exposure.®! Oral treprostinil is contraindicated in those with
severe hepatic impairment.”

Dosing and administration

The recommended starting dose for oral treprostinil is 0.25 mg
twice daily, 12 hours apart, with food, with dose escalations
of 0.25 to 0.50 mg twice daily every 3 to 4 days. However,
patients not tolerant of initial dosing or escalation can be
provided with 0.125 mg tablets and can be dosed three times
daily (every 8 hours).” Similar to parenteral formulations,
the maximum dose is limited by tolerability. The mean dose
at 12 weeks in the monotherapy clinical trial was 3.4 mg
twice daily.®

Clinical efficacy

The FREEDOM-C study investigated effect of oral trepros-
tinil in 350 patients with PAH on background therapy with
a PDE-51, an ERA, or both, over the 16-week study period.
At study initiation the starting dose of treprostinil was
1 mg twice daily with escalation of 1 mg per dose; protocol
amendments subsequently allowed for lower starting doses
and incremental increases due to difficulties with tolerance of
side effects. Lower discontinuation rates were observed with
availability of these lower doses. A nonsignificant between-
treatment improvement in 6MWD of 11 meters (P=0.07)
occurred in those on treprostinil; suggestion of improved
efficacy in those achieving higher treprostinil doses and with
access to smaller dosing increments was observed.** Due to
the described dosing and tolerance problems, FREEDOM-C2
enrolled 310 further subjects on background therapy; subjects
were initiated at 0.25 mg twice daily, with incremental
increases of 0.25 or 0.50 mg. Using the new protocol, the
mean dose in the treatment group at 16 weeks was 3.1 mg
twice daily, and difference in 6MWD between groups was
again not statistically significant (10.0 meters, 95% confi-
dence interval —2.2 to 22.0 meters, P=0.089).%

Efficacy in a population not on background therapy
was studied in FREEDOM-M, a randomized, double-blind,
placebo-controlled trial enrolling 349 subjects with PAH not
on other advanced therapies. Subjects were WHO functional
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class II (33%) and III (66%) and the majority (75%) had
idiopathic or heritable PAH. Similar protocol amendments
were enacted to allow access to lower-dose tablets for
228 patients. In the intention-to-treat analysis, at 12 weeks
a mean improvement in 6MWD of 26 meters (P=0.0001)
was noted.*

Safety and tolerability
The most common noted adverse reactions in FREEDOM-M
included headache (69% in the intention-to-treat population),
diarrhea (37%), nausea (39%), jaw pain (25%), and flush-
ing (21%). In subjects with access to the lower-dose tablets,
4% discontinued due to adverse effects.®

As with other prostanoid formulations, due to platelet
aggregation inhibition, an increased risk of bleeding is
anticipated. Specific to the oral formulation, caution should
be taken in patients with diverticulosis, as the tablet shell
does not dissolve and can lodge in a diverticulum.”

Transitioning between prostanoids
As the number of available PAH therapies has expanded in
recent years, transitions from one line of therapy to another
have become more familiar scenarios. Within prostanoid-
based therapy, switching from one modality to another may
be needed due to progression of symptoms (eg, change from
inhaled therapy to subcutaneous or intravenous) or intoler-
ance of mode of delivery (cough with inhaled therapy, site
pain with subcutaneous, or bloodstream infections with intra-
venous). As newer agents have been introduced, transitions
for patient safety or convenience are also recognized.

Transition from intravenous epoprostenol to parenteral
treprostinil has been well described and is successful in
most patients. Hospitalization is required during this change,
which is typically done with stepwise increases in treprostinil
combined with decreases in epoprostenol, over 1 to 2 days
for change to intravenous treprostinil.**%> Several days may
be needed for conversion to subcutaneous therapy.®#” At the
end of the transition period, the treprostinil dose is typically
equal to or greater than the initial epoprostenol dose and
often requires further up-titration to a dosing range approxi-
mately double the starting epoprostenol dose. In one series of
31 patients making an epoprostenol to intravenous treprostinil
transition, mean epoprostenol dose started at 40 ng/kg/min;
at the time of hospital discharge treprostinil was administered
at an average of 47 ng/kg/min, and by week 12 the mean dose
was up to 83 ng/kg/min.®

Select patients on low to moderate doses of paren-
teral prostanoids who also display reasonable functional

status and right ventricular function may be appropriate
to consider for transition to inhaled prostanoid therapy. In
a few small series this has been successful in many patients,
though some do not tolerate such a change.®*° In the largest,
a multicenter observational study of 37 PAH patients
on parenteral epoprostenol or treprostinil (mean dose
16.8 ng/kg/min), 29 (78.4%) successfully transitioned to and
remained on inhaled iloprost at 90 days. Six of these patients
also had changes made to their oral therapies; background
use of an ERA or a PDE-5I was additionally associated with
greater likelihood of persisting on inhaled therapy.®® Transi-
tioning between inhaled therapies (iloprost and treprostinil)
appears to be well tolerated and safe.”!

Conclusion

Associated with deficiencies in production or action, pros-
tacyclin has been identified as having an important role in
the pathobiology of PAH. The treatment of PAH patients
with epoprostenol and related molecules takes advantage
of their vasodilatory properties; antiproliferative and other
secondary actions of these prostanoids are also notewor-
thy and gaining increasing attention. In clinical trials, the
prostanoid agents — namely epoprostenol, treprostinil, and
iloprost delivered via intravenous, subcutaneous, inhaled,
and now oral routes — confer benefits in function, morbidity,
and mortality to PAH patients. Much about the use of these
agents, from analog selection to route of delivery to dose
titration, is highly individualized and requires experience
and understanding on the part of both the patient and the pro-
vider. Particularly for patients with the most severe disease,
prostanoid-based therapy remains a critical component of
the optimal management of PAH.
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