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Abstract: The development of parenteral prostacyclin therapy marked a dramatic breakthrough
in the treatment of pulmonary arterial hypertension (PAH). Intravenous (IV) epoprostenol was
the first PAH specific therapy and to date, remains the only treatment to demonstrate a mortal-
ity benefit. Because of the inherent complexities and risks of treating patients with continuous
infusion IV therapy, there is great interest in the development of an oral prostacyclin analog
that could mimic the benefits of IV therapy. Herein, we highlight the development of oral
prostacyclin therapy, focusing on oral treprostinil, the only US Food and Drug Administration
approved oral prostacyclin. Recent Phase III clinical trials have shown the drug to improve
exercise tolerance in treatment-naive PAH patients, but not patients on background oral therapy.
Oral treprostinil appears to be most efficacious at higher doses, but its side effect profile and
complexities with dosing complicate its use. While oral treprostinil’s current therapeutic role
in PAH remains unclear, ongoing studies of this class of medication should help clarify their
role in the treatment of PAH.
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Introduction: management issues in pulmonary

arterial hypertension

The first reported case of pulmonary arterial hypertension (PAH), published in 1891
by Romberg,' described a patient who died suddenly, identifying both right ventricular
and pulmonary artery sclerosis without apparent cause. It was not until 1951, fol-
lowing the development of cardiac catheterization, that Dresdale et al* was able to
describe the hemodynamic findings of PAH and coined the term “primary pulmonary
hypertension”.? Nearly 100 years later, the first specific treatment for PAH was the US
Food and Drug Administration (FDA)-approved epoprostenol. Barst et al®* published
their pivotal findings demonstrating that intravenous (IV) epoprostenol improved
6-minute walk distance (6MWD) and hemodynamics. Though the patient numbers
were small and the study duration was short, this remains the only clinical trial in PAH
to demonstrate a mortality benefit to date. Great progress has since been made with
the development and approval of three separate classes of drugs for the treatment of
PAH: prostacyclins, endothelin receptor antagonists (ERAs), and phosphodiesterase-5
(PDE-5) inhibitors/soluble guanylate cyclase stimulators. To date however, there
is general agreement that by far the most effective therapy for patients with severe
PAH is the parenteral or subcutaneously infused prostanoids. This class of medica-
tions is also however the most difficult to use. They require placement of a long-term
tunneled vascular or subcutaneously positioned catheter, extensive patient training,
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and significant lifestyle modification to accommodate the
preparation and administration of a continuously infused
medication. Over the past two decades, considerable effort
has been directed to the development of an effective and
tolerable oral prostacyclin with the aim of both increasing
the availability of this class of medication and perhaps ulti-
mately eliminating the need for IV or subcutaneous (SubQ)
prostanoid therapy. This review will highlight the develop-
ment of oral prostacyclin therapies focusing specifically on
the use and role of oral treprostinil.

Overview of prostacyclin

pharmacology

Prostacyclin, or prostaglandin I, was first described in 1976
by Moncada et al* who isolated an enzyme from pig and rat
aortas that inhibited platelet aggregation and caused arterial
vasodilation. It is now known that prostacyclin is derived from
the vascular endothelium and has potent pulmonary vasodila-
tory, antiplatelet, and antiproliferative properties.>® Patients
with PAH have decreased prostacyclin production including a
deficiency in prostacyclin synthase as well as increases in the
vasoconstrictive and prothrombotic prostaglandin thrombox-
ane.”® Prostacyclin exerts its effects primary through the IP
receptor, a G-protein-coupled receptor that initially activates
adenylate cyclase with subsequent downstream activation of
protein kinase A mediating a host of effects including inhibi-
tion of platelet aggregation, relaxation of smooth muscle, and
vasodilation of the pulmonary arteries.® Prostacyclins also
exert anti-inflammatory and antiproliferative effects on a vari-
ety of cell types.'*!3 Epoprostenol is a synthetic prostacyclin
with a half-life (7',) of 2-3 minutes and is stable at room
temperature for only 8 hours.!* Due to its inherent instability,
significant effort has been directed toward the development
of other, more stable prostacyclin analogs including iloprost
(T,,=20-30 minutes), beraprost (7, ,=40-60 minutes), and
treprostinil (7',=180-270 minutes).'*'>'* While all of the
synthetic prostanoids primarily signal through the IP recep-
tor, there are differences in both their selectivity and affinity
to other prostaglandin receptors that may give them unique
pharmacologic properties.'® For example, epoprostenol has
some affinity for the vasoconstrictive prostaglandin E (EP,),
prostaglandin E, (EP,), and thromboxane (TP) receptors,
while treprostinil can also bind the vasodilatory prosta-
glandin E, (EP,) and prostaglandin D, (DP) receptors.'*!”
Similarly, it appears that iloprost and treprostinil, but not
epoprostenol, have potent venodilator effects in isolated
human pulmonary veins which may be mediated through DP
receptors.'” The additional anti-inflammatory and antiprolif-
erative properties mediated through IP receptor activation

can occur via cyclic adenosine monophosphate-dependent
mechanisms (ie, inhibition of platelet-derived growth factor,
mitogenic responses) as well as through cyclic adenosine
monophosphate-independent mechanisms such as activation
of the mitogen-activated protein kinases pathway.'® Prosta-
cyclin and its analogs are also able to signal through nuclear
receptors such as peroxisome proliferator-activated recep-
tors (PPARs) with differences in their affinity for the three
isoforms: PPARc, PPAR[, and PPARY.!® While the PPARs
have diverse cellular functions, with regard to prostacyclin
activation, they appear to be important in vasorelaxation,
vascular endothelial growth factor production, pulmonary
artery endothelial survival, and inhibition of smooth muscle
cell proliferation.!®!-18-20 Because none of these medications
have been directly compared in clinical trials, the clinical
implications of these differences remain unknown.

The development of oral
prostanoid therapy

Enthusiasm for developing effective alternate routes of
administration for prostacyclin therapy fueled a series of
clinical studies published in 2002 involving SubQ, inhaled,
and oral prostanoid formulations. Simonneau et al,”! in a
Phase III randomized controlled trial (RCT), demonstrated
that SubQ treprostinil improved exercise tolerance (median
placebo-corrected SMWD 16 m), dyspnea indices, and hemo-
dynamics in PAH patients at 12 weeks compared to placebo.
However, the medication required continuous infusion,
treatment effect was modest compared to IV epoprostenol,
and infusion-related site pain led to discontinuation of drug
in a significant number of patients (8%). During the same
year, Olschewski et al*> demonstrated (Phase III RCT) that
inhaled iloprost led to an improvement in the combined end
point of exercise capacity, New York Heart Association
(NYHA) functional class (FC), and clinical deterioration in
NYHA FC III/IV PAH/inoperable chronic thromboembolic
pulmonary hypertension (PH) patients at 12 weeks. However,
inhaled iloprost required administration every 2—4 hours and
patients were often plagued by significant cough, further
raising interest for an oral prostanoid formulation.
Beraprost sodium was the first chemically stable and
orally active prostacyclin analog.? The initial, large Phase I1I
trial involving oral beraprost (Arterial Pulmonary Hyper-
tension and Beraprost European Trial), also published in
2002, included 130 World Health Organization (WHO) FC
II and III PAH patients randomized 1:1 to receive beraprost
or placebo four times daily.?> There was a significant
improvement in the primary outcome of placebo-corrected
6MWD (25.1 m, P=0.036) at 12 weeks with post hoc
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analysis suggesting that most of this occurred in patients
with primary PH (53.9% of study population) versus asso-
ciated PH. With regard to secondary outcomes, there was
a significant improvement in Borg dyspnea index, but no
change in FC, combined end point of hospitalization or death,
or hemodynamics. However, Barst et al** published a follow-
up Phase III RCT of oral beraprost including 116 WHO
FC II/III patients with the primary end point being disease
progression (death, transplantation, initiation of prostanoid
therapy, or a >25% decrease in peak VO, during exercise
from baseline) at 12 months. The trial was stopped early due
to sponsor-initiated accelerated data review, but 93% of the
patients completed 12 months and 100% completed 9 months
of therapy. There was no significant difference in the primary
outcome of disease progression at 9 or 12 months or any
of the secondary outcomes including change in WHO FC,
placebo-corrected 6MWD, hemodynamics, Borg dyspnea
score, or quality of life. Interestingly there were significant
differences in disease progression at 6 months and placebo-
corrected MWD at 3 and 6 months (similar to that in Arterial
Pulmonary Hypertension and Beraprost European Trial) that
waned by 9 and 12 months highlighting the importance of
long-term studies in a chronic disease such as PAH. Addition-
ally, beraprost use was associated with a 70% incidence of
adverse events, mostly gastrointestinal side effects, flushing,
headaches, and jaw pain.?*?* As a result, beraprost did not
get FDA approval in the US, but is approved in Japan and
South Korea.®

The pharmacology of oral

treprostinil

Most recently, an oral formulation of treprostinil was deve-
loped, becoming the only other oral prostanoid to be tested in
large clinical trials. The oral formulation known as treprostinil
diolamine (previously UT-15C) is a salt-derived form of the
original compound tricyclic benzidine treprostinil sodium,
trade name Remodulin™ (United Therapeutics Corporation,
Silver Spring, MD, USA).? Oral treprostinil (Orenitram™,
United Therapeutics Corporation) has a bioavailability of
17% compared to IV treprostinil with mean peak drug con-
centrations in approximately 4 hours, a plasma half-life of
approximately 4.5 hours, and sustained plasma concentra-
tions for 8—10 hours.?** There is a linear relationship between
oral dosage and plasma concentrations (range =0.5-15 mg
BID [two times a day]) in both BID and TID (three times a
day) dosing indicating that peak plasma concentrations are
mostly a function of tolerability of drug.?’-*® Bioavailability
is affected by food, and to ensure appropriate absorption,
the drug should be taken with a minimum of 250 calories

containing 30%—50% of fat.”” Metabolism occurs in the liver
primarily through CYP2CS8 and to a lesser extent through
CYP2C9, where it is converted into six inactive metabolites.>
It is 96% protein bound and almost exclusively eliminated in
the urine, but clearance is not affected by renal impairment
or dialysis.?”*! Because it is metabolized in the liver, drug
clearance is significantly impacted by liver impairment and
is proportional to the degree of liver disease.*

With regard to drug—drug interactions between other PAH
therapies, there is no conclusive evidence that interactions
exist between PDE-5 inhibitors or ERAs. Pharmacokinetic
(PK) data were obtained in healthy volunteers exposed
to combinations of both treprostinil and sildenafil and
treprostinil and bosentan without PK interaction for either
agent.3>33

Oral treprostinil clinical trials
There have been three Phase III trials published to date
to determine the efficacy and safety of oral treprostinil in
patients with PAH (Table 1). The first trial to be published
(Freedom-C) aimed at determining the efficacy and safety
of oral treprostinil in patients receiving concomitant oral
ERA and/or PDE-5 inhibitor therapy.’* They randomized
354 patients on background ERA, PDE-5 inhibitor, or both
in a 1:1 manner to receive oral treprostinil or placebo. At
16 weeks, there was no significant difference in their primary
end point of placebo-corrected change in 6 MWD or the sec-
ondary end points of time to clinical worsening, mortality,
or FC at 16 weeks. The only positive secondary end points
were improvement in median dyspnea fatigue index score
and combined 6MWD and Borg dyspnea score. Importantly,
patients were initially started on 1 mg BID of drug, which
was to be increased in 1 mg increments to 16 mg BID. Due to
poor tolerability, the study protocol was amended mid-study
to give patients access to 0.5 mg and later 0.25 mg doses
of drug. The discontinuation rate due to adverse effects in
patients starting with 1 mg tablets (tabs; n=51) was 25% and
dropped to 12% in those with access to 0.5 mg tabs (n=100)
and 0% in those with access to 0.25 mg tabs (n=23). When
patients were stratified by having access to only 1 mg tabs
versus those with access to all 3 doses, the former only had
a 5 m change in placebo-corrected 6WMD, while the later
had a 29.5 m change. Additionally, there appeared to be a
dose response relationship to change in 6MWD distance:
dose <1 mg BID +4 m (n=58), 1.25-3.25 mg BID +18 m
(n=49), 3.5-16 mg BID +34 m (n=52). The median dose at
16 weeks for the overall population was 3.0 mg BID.

In an attempt to resolve the problems with poor tol-
erance at higher doses, the follow-up Freedom-C2 trial
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Table | Comparison of Freedom trials determining the efficiency of oral treprostinil in pulmonary arterial hypertension

Trial Design Background Dosage Primary Secondary outcomes
therapy outcome
Freedom-M*  Placebo-controlled RCT None Initially | mg BID, later  Positive: Positive:
N=349 pts (2:1, drug: placebo) changed to 0.25 and PC 6MWD (26 m)  combined 6MWD/Borg
12 weeks 0.5 mg
Median at 12 weeks: Negative:
3.6 mg BID TTCW, dyspnea score,
mortality, FC at 12 weeks
Freedom-C3*  Placebo-controlled RCT ERA/PDE-5i Initially | mg BID, later ~ Negative: Positive:
N=354 pts (I:1) changed to 0.25 and PC 6MWD dyspnea index and combined
16 weeks 0.5 mg Borg/6WMD
Median at |6 weeks: Negative:
3 mg BID TTCW, mortality, FC
at 16 weeks
Freedom-C2* Placebo-controlled RCT ERA/PDE-5i 0.25 mg BID Negative: Negative:
N=310 pts (I:I) Median at 16 weeks: PC 6MWD TTCW, dyspnea score,
16 weeks 3 mg BID mortality, FC at 16 weeks

Abbreviations: RCT, randomized controlled trial; pts, participants; ERA, endothelin receptor antagonist; PDE-5i, phosphodiesterase-5 inhibitor; BID, two times a day;
6MWD, six-minute walk distance; PC, placebo-corrected; TTCW, time to clinical worsening; FC, functional class.

was undertaken.® This trial randomized 310 patientsina 1:1
manner with nearly identical design to Freedom-C, but gave
all patients access to 0.25 mg tabs (all patients except those
in the People’s Republic of China also had access to 0.125 mg
tabs) from the start of the study. All patients were initiated on
0.25 mg BID and were able to increase the dose by 0.25 mg
BID every 3 days. However, even using this approach, study
participants achieved a median dose of only 3.1 mg BID at
16 weeks (very similar to the 3 mg BID achieved in
Freedom-C). At study completion (16 weeks) there were no
significant differences in the primary end point of placebo-
corrected change in 6MWD or any of the secondary end
points. Discontinuation of treprostinil because of adverse
events occurred in 11% of patients in Freedom-C2 compared
to 22% in Freedom-C. However, there were no discontinua-
tions in the 23 patients in Freedom-C who had access to all
three doses (0.25, 0.5, 1 mg).

The Freedom-M trial was designed to assess the safety
and efficacy of oral treprostinil therapy in de novo PAH
patients who were not concurrently receiving approved PAH
therapy.?® Freedom-M enrolled 349 patients in a 2:1 fashion
to receive drug (initially 1 mg tabs and later 0.25 or 0.5 mg
tabs) or placebo for 12 weeks. Because of tolerability issues
with the 1 mg doses also reported in Freedom-C, a modified
intention to treat (mITT) group (n=228) that had access to
the 0.25 or 0.5 mg tabs was analyzed separately from the
entire group (ITT). Study drug doses achieved at week 12
were slightly higher in Freedom-M (3.4 in mITT and 3.6 mg
in ITT) than in Freedom-C (3 mg) or Freedom-C2 (3.1 mg).
There were significant differences in the primary outcome
of placebo-corrected change in 6 MWD at 12 weeks in both

the mITT (23 m) and ITT (26 m) populations. There was
also a significant difference in the combined 6MWD/Borg
dyspnea score at week 12, but not in any of the other sec-
ondary outcomes such as time to clinical worsening or FC.
Discontinuation of drug because of adverse effects was low
at 10% for the ITT population and 4% in the mITT compared
to 3% in those receiving placebo.

In summary, the Freedom trials suggest that oral
treprostinil has beneficial effects on exercise tolerance in
treatment-naive PAH patients, but did not meet statistical
significance in those on background oral PDE-5 inhibitor
or ERA therapy. As a result of improved exercise tolerance
in Freedom-M along with the established clinical efficacy
of parenteral and inhaled treprostinil (modified formulation
of previously approved medication), the FDA-approved oral
treprostinil for the treatment of WHO group 1 PAH.

The future of oral treprostinil?

There was still some enthusiasm for oral treprostinil after
Freedom-C because it appeared that it was well tolerated if
titrated in smaller increments (0.25 mg tabs) and much more
efficacious (34 m 6MWD difference) in the 52 patients that
were able to tolerate higher doses in the range of 3.5-16 mg
BID.** This is not surprising as prior studies with IV and
SubQ treprostinil as well as epoprostenol have all demon-
strated both an efficacy and side effect profile that is dose
dependent.>?!3637 With regard to tolerability, the initial 1 mg
BID dosing used in Freedom-M and Freedom-C is equiva-
lent to 8—12 ng/kg/min of IV or SubQ treprostinil, much
higher than the typical 2 ng/kg/min starting dosages used for
initiation of parental treprostinil therapy.?’*** The 0.25 mg
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BID dosage is equivalent to 2—3 ng/kg/min of IV or SubQ
drug, the typical dosage increment used in parenteral titra-
tions and understandably much better tolerated with regard
to dose titration than the 0.5 or 1 mg tabs. Recently, White
etal”’ published PK data obtained from 70 patients enrolled in
the Freedom trials showing that there is a linear relationship
between the dose of oral treprostinil and maximum plasma
concentrations. While the authors were not able to correlate
plasma concentrations of drug to efficacy or adverse effect data,
they did find that many of the patients were on an oral dose
of treprostinil that produced plasma concentrations typically
below what is considered a reasonable therapeutic dose for
patients receiving parenteral therapy: 10-30 ng/kg/min.*'?"3#
For example, in White et al’s*’ cohort, most of the patients were
either on 2 mg BID or 6 mg BID. In patients taking the 2 mg
BID dose, they were above 10 ng/kg/min for less than 6 of the 12
hours studied, while it required a dose of 6 mg BID to be above
this threshold for the entire 12-hour window, a dose that was
nearly twice the median dosage in the Freedom trials (Figure 1).
Importantly, drug clearance estimates and time to maximum
plasma concentrations were similar between patients.

It is also worth mentioning that concerns have been raised
regarding potential drug interactions between oral treprostinil
and patients on background PH therapy.*® White et al*’ did find
a trend (P<<0.11) suggesting possible effects of background
therapy (74% were taking an ERA) on the AUC , of oral
treprostinil. Furthermore, in the Freedom-C and Freedom-C2
trials 6MWDs were consistently higher in patients taking

S 4,000

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Time (h)

-+ 2mg UT-15C SR (n=10) - 6 mg UT-15C SR (n=8)

Figure | Mean concentration—time profiles of treprostinil diolamine (UT-15C): 2
and 6 mg.

Notes: Subjects had blood samples drawn before the morning dose (t=0) and then
0.5, 1, 2, 4, 6, 8, and 12 hours after a meal and the dose of treprostinil diolamine.
The dose on the prior evening was taken between || and 13 hours before time
t=0. Vertical bars show standard deviation; the shaded gray area corresponds
approximately to plasma levels when patients are using parenteral treprostinil doses
between 10 and 30 ng/kg/min. Reproduced with permission from White R, Torres F,
Allen R, et al. Pharmacokinetics of oral treprostinil sustained release tablets during
chronic administration to patients with pulmonary arterial hypertension. | Cardiovasc
Pharmacol. 2013;61(6):474—481.77 Promotional and commercial use of the material
in print, digital or mobile device format is prohibited without the permission
from the publisher Wolters Kluwer Health. Please contact healthpermissions@

oral treprostinil and PDE-5 inhibitors versus oral treprostinil
and ERAs.**% While intriguing, none of these data meet
statistical significance and no firm conclusions can be made
regarding potential synergy between treprostinil and PDE-5
inhibitors (or negative drug interaction with ER As) as have been
suggested between epoprostenol and PDE-5 inhibitors.*

Based on the PK data along with some of the efficacy
data from Freedom-C, it is possible that oral treprostinil
could be effective if titrated to higher doses or the dosing
interval was reduced. PK data in healthy volunteers taking
oral treprostinil TID revealed a sustained mean steady-
state plasma concentration of drug over 24 hours without
drug accumulation, an improvement over BID dosing®
(Figures 1 and 2). With regard to titrating to higher dosages, it
remains unknown if the Freedom-C2 trial had been extended
if patients would be able to tolerate further dose increases
over time. It should be noted that despite better patient toler-
ability and less medication discontinuation owing to smaller
dosage increments in Freedom-C2, median doses at week 16
were almost identical to those in Freedom-C. Results of the
uncontrolled, open-label extension of Freedom-M may also
reveal if patients are able to tolerate higher doses over time.
Answers to the effectiveness of TID dosing and a longer
duration of therapy will hopefully be answered in the ongo-
ing FREEDOM EV (NCT01560624) trial. In this multicenter
randomized placebo-controlled trial, oral treprostinil is being
administered TID in patients with PAH on background ERA
or PDE-5 inhibitor therapy (but not both) with the coprimary
end points of 6MWD at 24 weeks and time to clinical wors-
ening up to 4 years.

o
3
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Figure 2 Mean steady-state daily plasma treprostinil concentration after 0.5 mg
TID regimen.

Notes: The downward arrows represent the times at which doses were given.
Patients received 8 days of oral treprostinil, data was obtained on day 7. N=19.
Reproduced with permission from Jones A, Wang-Smith L, Pham T, Laliberte K.
Pharmacokinetics of 3 times a day dosing of oral treprostinil in healthy volunteers.
J Cardiovasc Pharmacol. 2014;63(3):227-232.% Promotional and commercial use of the
material in print, digital or mobile device format is prohibited without the permission
from the publisher Wolters Kluwer Health. Please contact healthpermissions@
wolterskluwer.com for further information

wolterskluwer.com for further information

Abbreviation: TID, three times a day.
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(another approach)

Selexipag is an oral nonprostanoid selective IP receptor
agonist. It is rapidly metabolized by hepatic microsomes
into the active metabolite ACT-333679 (7, ,=9-12 hours)
allowing for twice daily dosing.*’ The reported advantages
of selexipag over prostanoids are more favorable pharma-
cokinetics and greater selectivity for the IP receptor leading
to less gastrointestinal intolerance.!®**> Simonneau et al,*
in a 43 patient randomized Phase 1II trial in patients with
PAH (all oral background therapy), demonstrated a 30.3%
change in pulmonary vascular resistance with a side effect
profile similar to that of prostacyclin analogs. The recently
completed GRIPHON trial, enrolled 1156 PAH patients
(20% PAH treatment-naive) randomized 1:1 to selexipag
or placebo with the primary end point being time from
randomization to first morbidity or mortality event with
patients being treated up to 4.3 years.* The final results
of this trial are expected soon. A second oral prostacyclin
agonist, ralinepag, or APD-811 (Arena Pharmaceuticals,
San Diego, CA, USA), is currently in a Phase II clinical
trial in PAH.

Conclusion

Treprostinil is currently the only FDA-approved oral pros-
tacyclin for the treatment of PAH. While current evidence
suggests that the drug is efficacious at improving exercise
tolerance in treatment-naive PAH patients, at this time, its
place in a treatment paradigm remains unclear. The use of
oral treprostinil is complicated, as it requires titration using
a number of different formulation strengths and a TID dos-
ing regimen. Additionally, its expected but significant side
effect profile, high cost, and perceived modest drug effect
without demonstrated efficacy in combination with other
PAH medications compared have hindered its adoption
in the therapeutic armamentarium for PAH. Still, despite
these difficulties, complexities with administration and side
effects of IV, SubQ and even inhaled prostanoid therapies
have encouraged further investigation of its use. Long-term
data with oral treprostinil will be required to determine
whether it has effects on pulmonary vascular remodeling
and whether this is mediated through activation of the IP
receptor or through other pathways. While we are still with-
out answers regarding the definitive role of oral prostacyclin
therapy in PAH, the rapid pace of medication development
and the potential benefits to patients with the expanding
pool of pharmacotherapy offers great hope to clinicians
and patients alike.
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