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ABSTRACT

Introduction: Treprostinil is a prostacyclin
vasodilator widely used for the treatment of
pulmonary arterial hypertension (PAH) and, in
its inhaled form, for pulmonary hypertension
associated with interstitial lung disease (PH-
ILD). Treprostinil palmitil inhalation powder
(TPIP) is a dry powder formulation of trepros-
tinil palmitil (TP), an ester prodrug of trepros-
tinil. TPIP is designed to provide sustained
release of treprostinil in the lung over a pro-
longed period, potentially enabling a once-daily
(QD) dosing regimen and significantly higher
tolerated doses compared with currently avail-
able treprostinil formulations. This phase 1
study assessed the safety, tolerability, and
pharmacokinetics of TP and treprostinil fol-
lowing single and multiple QD administrations
of TPIP in healthy volunteers.
Methods: Healthy adults (aged 18–45 years)
were randomized to receive single or multiple
QD inhalation doses of TPIP. Participants in the
single-dose phase received TPIP 112.5, 225, 450,

or 675 lg (n = 6/dose) or placebo (n = 2). Par-
ticipants in the multiple-dose phase received
TPIP 225 lg QD for 7 days (n = 6), 112.5 lg QD
for 4 days followed by 225 lg QD for 3 days
(n = 6), or placebo for 7 days (n = 4).
Results: Overall, 41 of 42 participants (97.6%)
completed the study. In the single-dose phase,
70.8% (n = 17/24) of TPIP-treated participants
experienced a treatment-emergent adverse
event (TEAE) vs 0% (n = 0/2) of placebo-treated
participants; the most common TEAEs (C 20%)
were cough (45.8%), dizziness (29.2%), and
throat irritation (20.8%). In the multiple-dose
phase, 83.3% (n = 10/12) of TPIP-treated par-
ticipants experienced a TEAE vs 50.0% of pla-
cebo-treated participants (n = 2/4); the most
common TEAEs were cough (58.3% TPIP vs
50.0% placebo), headache (50.0% vs 0%), nau-
sea (33.3% vs 0%), chest discomfort (33.3% vs
0%), and dizziness (25.0% vs 0%). Most TEAEs
were mild; only seven patients experienced a
moderate TEAE, and no severe or serious TEAEs
occurred. In the multiple-dose phase, partici-
pants whose doses were titrated from TPIP
112.5 lg QD to 225 lg QD experienced fewer
TEAEs than those who received 225 lg QD at
treatment initiation (66.7% vs 100.0%), and all
TEAEs with dose titration were mild. After a
single dose of TPIP, treprostinil elimination t1/2
was 8.67–11.6 h and exposure was dose pro-
portional, with mean (CV%) Cmax 78.4–717 pg/
mL (38.6–72.9%) and AUC0-? 1090–5480 pg�h/
mL (11.5–30.0%). At steady state (TPIP 225 lg),
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the mean (CV%) of Cmax, Cmin, and AUCs were
193–228 pg/mL (32.9–46.4%), 17.6–22.8 ng/mL
(43.7–64.4%), and 1680–1820 pg�h/mL
(28.7–36.6%), respectively. The elimination t1/2
was 6.84–8.82 h after repeat dosing. No steady-
state accumulation was observed. Plasma con-
centrations of TP were below the limit of
quantification (100 pg/mL) at all time points
measured.
Conclusion: TPIP was well tolerated at the
doses tested, and dose titration improved tol-
erability. Treprostinil pharmacokinetics were
linear and supportive of a QD treatment regi-
men. These results support further development
of TPIP in patients with PAH and PH-ILD.

Keywords: Treprostinil palmitil inhalation
powder; Pulmonary hypertension;
Pharmacokinetics; Pulmonary arterial
hypertension; Treprostinil; Phase 1 study;
Interstitial lung disease

Key Summary Points

Treprostinil palmitil inhalation powder
(TPIP), a treprostinil prodrug, was
generally well tolerated in healthy adults.
Adverse events were dose-related, and
attenuated with uptitration in once-daily,
multiple-dose administration

Treprostinil pharmacokinetics showed
both a much longer half-life and lower
peak concentrations than currently
available inhaled treprostinil formulations

These findings support further evaluation
of TPIP as a once-daily inhalation therapy
in patients with pulmonary arterial
hypertension and pulmonary
hypertension associated with interstitial
lung disease

INTRODUCTION

Pulmonary arterial hypertension (PAH), a sub-
type of pulmonary hypertension associated

with high morbidity and mortality rates, is a
progressive disease characterized by high pul-
monary arterial pressure due to occluded and/or
constricted pulmonary vasculature that results
in right-sided heart failure and death [1, 2].
Clinically, PAH is defined by a mean pulmonary
arterial pressure (PAP) greater than 20 mmHg at
rest in the setting of normal pulmonary arterial
wedge pressure of at most 15 mmHg with pul-
monary vascular resistance of at least 3 Wood
units [3, 4]. On the molecular level, PAH is the
result of an imbalance between vasodilatory
and vasoconstrictive pathways, including nitric
oxide, endothelin, and prostacyclins [5].
Although PAH is generally considered a rare
disease, a recent systematic review of global
national registries and databases found a wide
range of the estimated incidence (1.5–32
patients per million) and prevalence (12.4–268
patients per million) of PAH in adults [2].
Patients with PAH typically present with non-
specific symptoms, including angina, fatigue,
shortness of breath, and syncope [2].

Several targeted treatments for PAH are
available, including endothelin receptor antag-
onists, phosphodiesterase type 5 inhibitors,
prostaglandin receptor agonists, and soluble
guanylate cyclase activators, all of which reduce
PAP by increasing pulmonary vasodilation
[1, 5]. Treprostinil, a vasodilatory tricyclic ben-
zidine analogue of prostacyclin, is a pros-
taglandin receptor agonist and, along with
epoprostenol, iloprost, and beraprost, it is one
of the four prostacyclin analogues approved in
various countries for the treatment of PAH [1].
Binding of treprostinil to various relaxant
prostaglandin receptors (IP, EP2, EP4, and DP1
receptors) on the surface of smooth muscle cells
activates adenylate cyclase to produce cyclic
adenosine monophosphate, altering intracellu-
lar calcium levels and promoting vasodilation
[1, 6, 7]. Nonclinical studies have also shown
that treprostinil potentially inhibits remodeling
of the pulmonary vasculature [6, 8]. Treprostinil
is available in many countries for the treatment
of PAH as an injection for intravenous or sub-
cutaneous use (Remodulin) and in the USA as
an inhalation solution (Tyvaso) and extended-
release oral tablet (Orenitram). Treprostinil
inhalation solution is also approved in the USA
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for the treatment of pulmonary hypertension
associated with interstitial lung disease (PH-
ILD). Treprostinil has proven to be efficacious
but is rapidly eliminated from the circulation
and requires either frequent administration or
continuous infusion to maintain efficacy. With
an elimination half-life (t1/2) of 26–54 min, tre-
prostinil treatment requires frequent inhalation
(e.g., four times per day) or continuous intra-
venous/subcutaneous infusion. Orally adminis-
tered treprostinil has a more prolonged
elimination, but still requires dosing 2–3 times
per day [9]. In addition, high systemic levels of
treprostinil are associated with dose-limiting
adverse events (AEs) [10]. In patients with PAH,
inhaled treprostinil is associated with headache,
nausea, cough, throat irritation, flushing, and
syncope [11–14].

Treprostinil palmitil (TP) is a hexadecyl ester
prodrug of treprostinil. TP does not interact
with prostanoid receptors and inflammatory
mediators, but it is hydrolyzed slowly in the
lung via endogenous esterases to form trepros-
tinil [1, 10, 15, 16]. In rat and dog models of
pulmonary hypertension, TP provided sus-
tained treprostinil release in the lung and
demonstrated prolonged reduction of pul-
monary arterial pressures [15]. A phase 1 study
of a previous formulation of TP (treprostinil
palmitil inhalation suspension [TPIS]) con-
firmed fewer AEs compared with inhaled tre-
prostinil at comparable doses [13, 17].
Following a single dose of TPIS 85, 170, or
340 lg, treprostinil exposure was dose propor-
tional and the elimination t1/2 was 5.7–7.6 h.
Participants in the 85 lg cohort also received a
single dose of inhaled treprostinil 54 lg
(equivalent dose to TPIS 85 lg), 24 h prior to
TPIS dosing. Compared with inhaled trepros-
tinil 54 lg, TPIS 85 lg produced approximately
tenfold lower maximum observed plasma con-
centration (Cmax) (89 vs 958 pg/ml), similar area
under the plasma concentration–time curve
(AUC) (614 vs 872 ng�h/ml), and approximately
tenfold longer elimination t1/2 (5.7 vs 0.49 h)
[13, 17]. Treprostinil palmitil inhalation powder
(TPIP), which was developed to improve con-
venience over TPIS, is in clinical development
for PAH and PH-ILD.

In this phase 1 study, the safety, tolerability,
and pharmacokinetics (PK) of single and mul-
tiple daily doses of TP delivered as TPIP were
evaluated in healthy adults. TPIP doses for the
study presented here were selected on the basis
of safety, tolerability, and PK findings from the
previous phase 1 study of TPIS administered to
healthy adults [13, 18, 19].

METHODS

Study Design

This was a randomized, double-blind, placebo-
controlled, phase 1 study that was conducted
sequentially in two parts, with two cohorts in
each phase (four cohorts in total). The primary
objective was to evaluate the safety and tolera-
bility of single and multiple doses of TPIP, and
the secondary objective was to evaluate the PK
of TP and treprostinil in healthy volunteers.
PPD Phase I Clinic (Austin, TX, USA) generated
the randomization schedule, and each cohort
was independently assigned by a qualified
individual who was not involved in study con-
duct, data management, or data analysis. All
participants entered the study after a 27-day
screening period.

In the single-dose phase, the first cohort of
participants was randomized 1:1:1 to receive an
inhaled dose of TPIP (112.5 lg, 225 lg, or
450 lg), and the second cohort of participants
was randomized 3:1 to receive TPIP 675 lg or
placebo (Fig. 1). Participants were admitted to
the clinic for 4 days, during which a single dose
of assigned treatment was administered on
day 1 followed by 3 days of assessments and
observations. Safety data were collected for 72 h
after dosing. A blinded safety review was con-
ducted before dose escalation. On the basis of
the review of safety data, the sponsor and
investigator could have chosen to repeat a dose
level, administer a dose higher or lower than
the previous dose, escalate to a dose that was
higher or lower than the next planned dose,
and/or change the number of participants to be
randomized to receive placebo. Participants
were discharged on day 4 and contacted via
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telephone for a safety follow-up approximately
30 days after dosing.

In the multiple-dose phase, the first cohort
of participants was randomized 3:1 to receive an
inhaled dose of TPIP 225 lg once daily (QD) or
placebo QD for 7 days. In the second cohort,
participants were randomized 3:1 to receive
TPIP 112.5 lg QD for 4 days followed by 225 lg
QD for 3 days (titrated group) or placebo QD for
7 days (Fig. 1). Safety results from the two
cohorts of participants in the single-dose phase
were used to determine the titration step. Par-
ticipants were admitted to the clinic for 10 days,
during which daily doses of TPIP or placebo
were administered for the first 7 days followed
by 3 days of assessments and observations. Par-
ticipants were discharged on day 10 and con-
tacted via telephone for a safety follow-up
approximately 30 days after the last dose.

The study was carried out in accordance with
the ethical principles derived from interna-
tional guidelines, including the Declaration of
Helsinki and the Council for International
Organizations of Medical Sciences International
Ethical Guidelines, International Council for
Harmonisation Good Clinical Practice Guide-
line, and applicable local regulatory require-
ments and laws. Before study entry, all
participants provided written informed consent

in compliance with US Title 21 Code of Federal
Regulations, Part 50, which was submitted by
the investigator to the institutional review
board for the study site.

Participants

Healthy male and female nonsmokers aged 18
to 45 years who had a body mass index from
19.0 to 32.0 (calculated as weight in kilograms
divided by height in meters squared) and no
clinically significant abnormal findings from
medical history, physical examination, vital
sign measurements, 12-lead electrocardiogram,
or clinical laboratory tests were eligible. Partic-
ipants were excluded if they had a documented
history of anaphylaxis or hypersensitivity to
any drug including treprostinil and TPIP excip-
ients, abnormal renal function (estimated
glomerular filtration rate less than 60 mL/min/
1.73 m2 by the Chronic Kidney Disease Epi-
demiology Collaboration equation), HIV infec-
tion, surgery requiring general anesthesia
within 90 days, or malignancy within 5 years
(excluding nonmelanoma skin cancer) before
screening. Use of prescription medication (ex-
cluding hormonal birth control) or over-the-
counter medications within 14 days of the first

Fig. 1 Study design. All doses were administered using
112.5-lg single-actuation capsules. d day, PK pharmacoki-
netics, QD once daily, Scn screening, TPIP treprostinil
palmitil inhalation powder. aBlood samples for PK
assessments in the single-dose phase were collected within
15 min before dosing and at 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10,
12, 24 (day 2), 36 (day 2), 48 (day 3), and 72 (day 4) hours

after administration of TPIP or placebo; blood samples for
PK assessments in the multiple-dose phase were collected
within 30 min before dosing and at 0.25, 0.5, 1, 1.5, 2, 4, 6,
8, 10, and 12 h after dosing on day 1, before dosing only
on days 2, 3, 4, 5, and 6, and before dosing on day 7 and
0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 24 (day 8), 48 (day 9),
and 72 (day 10) hours after day 7 dosing
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dosing day or throughout the study was not
permitted. Concomitant medications deemed
necessary for the welfare of the participant
during the study were allowed at the investiga-
tor’s discretion. The complete list of inclusion
and exclusion criteria are provided in Online
Resource 1.

Study Drug Treatment

Dosing of TPIP (7.5 mg dry powder per capsule
packaged in a single actuation capsule con-
taining 112.5 lg TP) or matching placebo
occurred after an overnight fast for at least 10 h.
Water was permitted except for 1 h before and
1 h after study drug administration when serial
PK samples were collected. Study drug was
administered via an actuated device held by
study staff. Participants performed up to two
inhalations per capsule over a period up to
15 min and remained seated or standing for at
least 1 h after dosing. Active drug and placebo
were identical in appearance, and all partici-
pants within their cohort were dosed with the
same number of capsules. When multiple dose
levels were required, the number of capsules
administered was determined by the number of
capsules required to achieve the highest desired
dose level, and other dose levels were achieved
by an appropriate mix of active and placebo
capsules. An unblinded pharmacist dispensed
the capsules in a manner consistent with
maintaining the blinding.

Safety Analyses

Safety was assessed via monitoring and record-
ing of AEs (including treatment-emergent AEs
[TEAEs] and serious AEs), clinical laboratory test
results (hematologic assessments, serum chem-
istry, and urinalysis), vital sign measurements
(blood pressure, pulse rate, respiratory rate, and
body temperature), and physical examination
findings. Clinical laboratory testing occurred at
screening, check-in, and day 4 in the single-
dose phase and at day 8 and day 10 in the
multiple-dose phase. On dosing days, vital signs
were measured at screening, check-in, 15 min
before dosing, and 0.5, 1, 2, 4, 8, and 12 h after

dosing. Vital signs were also measured on non-
dosing days at times that coincided with those
on dosing days (i.e., time-matched intervals at
4, 8, and 12 h after scheduled dosing).

AEs (defined as any untoward medical
occurrence regardless of whether it is consid-
ered drug related) were coded by preferred term
and system organ class using the Medical Dic-
tionary for Regulatory Activities (MedDRA)
v23.0. TEAEs were defined as any event that was
not present before exposure to study drug or
any event that worsened in intensity or fre-
quency after exposure. AEs were assessed from
administration of the first dose until partici-
pants were discharged from the clinic and up to
approximately 30 days after the last dose. All
AEs were followed up until they were resolved,
stable, or judged clinically insignificant by the
investigator.

PK Analyses

PK samples were analyzed by a validated liquid
chromatography coupled with tandem mass
spectrometry assay for treprostinil and TP in
plasma samples with potassium EDTA as coag-
ulant. The treprostinil analysis methods con-
sisted of a BetaSil C8 Column (5 lm;
ThermoFisher Scientific), [13C2D1]treprostinil as
an internal standard, and a mobile-phase gra-
dient of 5 mM ammonium bicarbonate and
methanol. Treprostinil and its internal standard
were detected under a negative ionization mode
at m/z 389.2 ? 331.1 and 392.1 ? 332.1,
respectively. The TP analysis method consisted
of a C18 column (Poroshell 120 EC-C18
30 9 3.0 mm, 2.7 lm [Agilent]), TP-d4 as an
internal standard, and a mobile-phase gradient
of 0.1% trifluoroacetic acid in 10 mM ammo-
nium acetate and acetonitrile. TP and its inter-
nal standard were detected under electrospray-
positive ionization at m/z 632.5 ? 355.3 and
636.5 ? 355.3, respectively. The quantitation
limits for treprostinil and TP were 10 pg/mL and
100 pg/mL, respectively.

In the single-dose phase, serial blood samples
were collected on day 1 before dosing and 0.25,
0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 24, 36, 48, and 72 h
after dosing. In the multiple-dose phase, serial
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blood samples were collected on day 1 before
dosing and 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10, and
12 h after dosing; before dosing only on days 2,
3, 4, 5, and 6; and before dosing on day 7 and
0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 24, 48, and
72 h after dosing.

PK parameters derived from plasma samples
were calculated using a noncompartmental
analysis with Phoenix WinNonlin version 8.0 or
higher (Certara, Inc) or SAS version 9.4 or
higher (SAS Institute Inc), including the time to
maximum plasma concentration (Tmax), Cmax,
AUC from time 0 to the last time with quan-
tifiable concentration (AUClast), AUC from time
0 to 24 h (AUCs), AUC from time 0 to infinity
(AUC0-?), t1/2, total drug clearance following
extravascular administration (CL/F), and vol-
ume of distribution at the terminal phase (Vd/
F).

Statistical Analyses

Plasma concentrations below the limit of
quantification (BLQ) were treated as zero for
descriptive statistics. For PK parameter calcula-
tions, predose data on day 1 were treated as
zero. All postdose BLQ values were considered
missing.

Dose proportionality was assessed in the
single-dose phase using the power regression
model for AUCs and Cmax defined by ln[PK
parameter] = b0 ? b1ln[dose]. The null hypoth-
esis was that AUCs and Cmax were dose pro-
portional, or slope (b1) was equal to 1. Dose
proportionality was concluded if the 90% con-
fidence interval (CI) of the slope b1 was entirely
within [1 ? ln(0.5)/ln(r), 1 ? ln(2)/ln(r)], where
r was a ratio of highest dose to lowest dose that
described the dose range. Steady state was tested
in the multiple-dose phase by visual inspection
of individual plasma trough levels from days 1
to 7.

The safety population consisted of partici-
pants who received at least one dose of TPIP or
placebo. The PK population consisted of par-
ticipants who received at least one dose of TPIP
and had at least one measurable postdose
plasma concentration. Sample sizes were not
based on a formal statistical power calculation

but were chosen to obtain reasonable evidence
of safety and tolerability without exposing an
undue number of participants to TP during this
phase 1 study. The sample size was based on
previous experience in phase 1 studies and not a
formal statistical power calculation. All analyses
were performed using SAS version 9.4 or higher
(SAS Institute Inc).

RESULTS

Participants

A total of 42 participants ranging from 21 to
44 years of age were randomized, 26 in the
single-dose phase and 16 in the multiple-dose
phase. A total of 97.2% (35 of 36) of participants
who received at least one dose of TPIP and 100%
(6 of 6) of those who received placebo com-
pleted the study. The first participant was
enrolled on September 17, 2020, and the study
was completed (i.e., the last participant con-
tacted) on January 12, 2021. The mean partici-
pant age was 31.8 years in the single-dose group
and 35.0 years in the multiple-dose group. In
the single-dose group, baseline characteristics
across treatment groups were generally similar,
with slight variations with respect to sex, race,
and ethnicity (Table 1). In the multiple-dose
group, baseline characteristics across treatment
groups varied slightly with respect to age, sex,
race, and ethnicity (Table 1).

Safety

In the single-dose phase, TEAEs were reported in
70.8% (17 of 24) of TPIP-treated participants
and 0% of placebo-treated participants. The
most common TEAEs (15% or greater overall)
among those treated with a single dose of TPIP
were cough, dizziness, throat irritation, nausea,
and hypotension (Table 2). Most TEAEs were
mild. Four participants experienced a moderate
TEAE: one participant in the TPIP 225 lg group
(nausea and vomiting) and three participants in
the TPIP 675 lg group (hypotension, n = 2;
chest discomfort, oxygen saturation decreased,
and dyspnea, n = 1). Treatment for chest
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discomfort and dyspnea was provided, and all
TEAEs resolved.

In the multiple-dose group, 83.3% (10 of 12)
of participants treated with multiple doses of
TPIP experienced a TEAE compared with 50% (2
of 4) of placebo-treated participants. The most
common TEAEs (15% or greater overall) among
participants treated with multiple doses of TPIP
were cough, headache, nausea, chest discom-
fort, and dizziness (Table 2). Most TEAEs were
mild and occurred more frequently among
those who did not undergo titration. Three
participants, all in the TPIP 225 lg nontitrated
group, experienced a moderate TEAE that
resolved (throat irritation, n = 1; syncope, n = 1;
chest discomfort, n = 1). The participant who

experienced syncope experienced the AE
approximately 8 h after the first dose (TPIP
225 lg), soon after a blood draw, and continued
with dosing through completion. The partici-
pant who experienced moderate chest discom-
fort discontinued the study after two doses.
Fewer participants in the TPIP multiple-dose
group whose doses were titrated from TPIP
112.5 lg QD to 225 lg QD (66.7% [n = 4])
experienced TEAEs compared with those who
received 225 lg QD at treatment initiation
(100.0% [n = 6]); all TEAEs experienced with
TPIP titration were mild (Table 2).

In both the single- and multiple-dose phases,
no severe or serious TEAEs were reported, and
no deaths occurred. No clinically significant

Table 1 Demographic and baseline participant characteristics (safety population)

TPIP single-dose groups
(n = 26)

TPIP multiple-dose groups
(n = 16)

112.5 lg
(n = 6)

225 lg
(n = 6)

450 lg
(n = 6)

675 lg
(n = 6)

Placebo
(n = 2)

225 lg
QD
(n = 6)

112.5 lg
QD 1
225 lg
QD
(n = 6)

Placebo
(n = 4)

Age, years 32.2 (8.3) 33.5 (6.5) 29.0 (3.3) 33.3 (4.4) 30.0 (2.8) 33.8 (6.0) 33.5 (4.9) 39.0 (4.2)

Sex

Female 1 (16.7) 4 (66.7) 2 (33.3) 3 (50.0) 1 (50.0) 5 (83.3) 3 (50.0) 0

Male 5 (83.3) 2 (33.3) 4 (66.7) 3 (50.0) 1 (50.0) 1 (16.7) 3 (50.0) 4 (100.0)

BMI, kg/m2 29.2 (1.8) 28.1 (2.9) 26.5 (3.1) 26.2 (4.3) 25.3 (1.9) 26.4 (2.3) 26.6 (3.3) 26.5 (2.2)

Height, cm 178.3 (10.5) 169.9 (8.0) 169.6 (8.7) 169.1 (7.7) 167.2 (5.5) 165.2 (6.0) 164.0 (14.1) 178.3 (2.1)

Weight, kg 92.9 (10.3) 81.6 (14.3) 76.7 (14.0) 75.3 (14.8) 70.8 (9.9) 72.6 (11.4) 72.5 (18.1) 84.3 (8.3)

Race

White 4 (66.7) 2 (33.3) 4 (66.7) 5 (83.3) 2 (100.0) 4 (66.7) 3 (50.0) 2 (50.0)

Black 2 (33.3) 4 (66.7) 2 (33.3) 1 (16.7) 0 2 (33.3) 3 (50.0) 2 (50.0)

Ethnicity

Hispanic 2 (33.3) 1 (16.7) 4 (66.7) 3 (50.0) 1 (50.0) 3 (50.0) 2 (33.3) 2 (50.0)

Non-

Hispanic

4 (66.7) 5 (83.3) 2 (33.3) 3 (50.0) 1 (50.0) 3 (50.0) 4 (66.7) 2 (50.0)

Values are expressed as mean (standard deviation) except for sex, race, and ethnicity, which are expressed as n (%)
BMI body mass index, QD once daily, TPIP treprostinil palmitil inhalation powder
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findings from laboratory assessments or physi-
cal examinations were reported. Overall, vital
signs observed after dosing were similar to those
at baseline, except for mean decreases in dias-
tolic and systolic blood pressure and increased
mean pulse rate (greater than 10 beats per
minute) observed mostly in the single-dose
phase among participants treated with TPIP
675 lg, and mean decreases in diastolic and
systolic blood pressure in those in the multiple-
dose group, mostly among those whose doses
were titrated from TPIP 112.5 lg QD to 225 lg
QD. Changes in these vital signs among partic-
ipants treated with a single dose of TPIP occur-
red within 8 h and started to resolve by 12 h

post dosing. In those treated with multiple
doses, mean diastolic blood pressure was lowest
at 0.5 h after dosing on day 1, while the lowest
mean systolic blood pressure occurred at 0.5 h
after dosing on day 7. Importantly, any changes
in either diastolic or systolic blood pressure
began to resolve within an hour of dosing.

PK

TP plasma concentrations after single and
multiple dosing were BLQ (less than 100 pg/mL)
in all participants at all time points. Treprostinil
plasma concentrations were dose dependent

Table 2 Safety summary (safety population)

n (%) TPIP single-dose groups (n = 26) TPIP multiple-dose groups (n = 16)

112.5 lg
(n = 6)

225 lg
(n = 6)

450 lg
(n = 6)

675 lg
(n = 6)

Placebo
(n = 2)

225 lg
QD
(n = 6)

112.5 lg
QD 1 225 lg QD
(n = 6)

Placebo
(n = 4)

Any TEAE 4 (66.7) 3 (50.0) 4 (66.7) 6 (100.0) 0 6 (100.0) 4 (66.7) 2 (50.0)

Moderate TEAE 0 1 (16.7) 0 3 (50.0) 0 3 (50.0) 0 0

Severe TEAE 0 0 0 0 0 0 0 0

Serious TEAE 0 0 0 0 0 0 0 0

TEAE leading to

discontinuation

0 0 0 0 0 1 (16.7) 0 0

Death 0 0 0 0 0 0 0 0

TEAEs in C 2 participants in any treatment group

Cough 2 (33.3) 2 (33.3) 3 (50.0) 4 (66.7) 0 6 (100.0) 1 (16.7) 2 (50.0)

Dizziness 1 (16.7) 1 (16.7) 2 (33.3) 3 (50.0) 0 2 (33.3) 1 (16.7) 0

Headache 0 0 1 (16.7) 1 (16.7) 0 4 (66.7) 2 (33.3) 0

Nausea 0 1 (16.7) 2 (33.3) 1 (16.7) 0 3 (50.0) 1 (16.7) 0

Chest discomfort 1 (16.7) 0 1 (16.7) 1 (16.7) 0 2 (33.3) 2 (33.3) 0

Throat irritation 2 (33.3) 2 (33.3) 1 (16.7) 0 0 1 (16.7) 0 0

Hypotension 0 1 (16.7) 1 (16.7) 2 (33.3) 0 0 0 0

Fatigue 0 0 0 2 (33.3) 0 0 0 0

Feeling hot 0 0 0 2 (33.3) 0 0 0 0

Hyperhidrosis 0 0 0 2 (33.3) 0 0 0 0

QD once daily, TEAE treatment-emergent adverse event, TPIP treprostinil palmitil inhalation powder
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and measurable within 15 min and up to 72 h
after TPIP dosing. Peak concentrations occurred
1.00 to 3.00 h after dosing, followed by expo-
nential decline (Fig. 2). Elimination phases were
parallel across all TPIP doses, and a moderate
elimination rate was observed; t1/2 ranged from
8.67 to 11.6 h in participants treated with single
TPIP doses (Table 3). In the multiple-dose
group, mean steady-state elimination was
8.82 h with TPIP 225 lg QD for 7 days and
6.84 h with TPIP 225 lg QD when titrated from
112.5 lg (Table 4), and mean treprostinil
plasma concentrations were BLQ by 48 h after
day 7 dosing.

Treprostinil exposure was dose dependent,
with low to moderate interindividual variability
(Tables 3 and 4). No steady-state treprostinil
accumulation was observed across all TPIP
groups. Overall, treprostinil PK was linear
within the dose range because CL/F, Vd/F, and
t1/2 were comparable across TPIP treatment
groups.

On the basis of a power model, treprostinil
Cmax and AUC were proportionally correlated to
the dose with slopes of 0.911 to 1.17 (Table 5).

DISCUSSION

In this phase 1 study, single- and multiple-dose
TPIP was generally well tolerated in healthy
adults. The TEAEs reported by participants were
dose related, mostly occurring in the highest
single-dose TPIP groups (450 and 675 lg) and in
the nontitrated multiple-dose group (TPIP
225 lg). Fewer TEAEs were reported in partici-
pants who received TPIP 112.5 lg for 4 days
followed by 225 lg for 3 days compared with
those who received TPIP 225 lg for 7 days. The
uptitration approach appeared to improve TPIP
tolerability. It is important to note that the
doses in this study, which were informed by a
phase 1 study of TPIS, were relatively high
compared with the target dose of inhaled tre-
prostinil (54–72 lg) in the currently approved
product label for Tyvaso in the USA [10]. Even
so, most TEAEs experienced with TPIP were
mild, and all resolved.

In the present study, treprostinil PK in par-
ticipants administered TPIP was linear, and
systemic exposure was dose proportional. PK
parameters were comparable among those

Fig. 2 Treprostinil plasma concentration in healthy
participants following a single TPIP dosing or b multiple
QD TPIP dosing (PK population). d day, PK pharma-
cokinetics, QD once daily, TPIP treprostinil palmitil
inhalation powder. aPre-dose samples were collected all

days; serial post-dose samples were only collected on days 1
and 7
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treated with TPIP 225 lg, which was the most
commonly used dose in the study as it was
administered to two multiple-dose treatment
groups and the single-dose group, indicating
the reproducibility of the results despite differ-
ent dosing schemes as well as a lack of effect of
interindividual variability. Furthermore, no
accumulation at steady state was observed.

Treprostinil exposure in this study was
comparable to the exposure when treprostinil is
administered as TPIS [13]. Compared with daily
doses of available treprostinil products, treat-
ment with TPIP 225 lg resulted in lower tre-
prostinil systemic exposure (both Cmax and
AUC) with a much longer elimination t1/2 due
to the prolonged conversion from the prodrug
TP. On the basis of in vitro data, TP is slowly
converted to treprostinil in human lung tissues
and then absorbed into systemic circulation
[16]. Hence, the elimination of treprostinil with
TPIP dosing is limited by its formation. On the
basis of results from preclinical studies, the
plasma half maximal effective concentration
(EC50) of treprostinil was 60-fold (rats) and
550-fold (dogs) lower with inhaled TP than with
treprostinil delivered via intravenous infusion
[15]. These results suggest a considerable local

effect of TPIP on the pulmonary vasculature
that, if found to translate to patients, may pro-
vide a clinical benefit in PAH or PH-ILD, with
relatively low systemic treprostinil exposure.
Achieving high pulmonary exposure while
maintaining low systemic exposure could allow
for greater achievable efficacy through higher
tolerated doses and a reduced risk for AEs that
are associated with systemic delivery. Addi-
tionally, the prolonged conversion of trepros-
tinil from TP after TPIP administration suggests
the potential for QD administration.

If study results demonstrate efficacy, this
could potentially provide an option that may be
more tolerable and convenient than available
inhaled treprostinil, which requires frequent
administration because of rapid elimination
from the circulation. High systemic treprostinil
levels, additionally, are associated with dose-
limiting AEs [10]. In fact, a phase 1 study
showed greater tolerability of inhaled TP deliv-
ered as TPIS compared with inhaled treprostinil,
as well as approximately tenfold lower Cmax,
similar AUC, and approximately tenfold longer
t1/2 [13, 17]. Given improved tolerability, it is
conceivable that steady-state exposures of tre-
prostinil from TPIP may approach what can be

Table 3 PK parameters of treprostinil in healthy participants following single-dose TPIP administration (PK population)

PK parameter,
mean (CV%)

TPIP single-dose groups

112.5 lg (n = 6) 225 lg (n = 6) 450 lg (n = 6) 675 lg (n = 6)

AUC0–?, pg�h/mL 1090 (19.8) 2130 (30.0)a 4040 (27.4) 5480 (11.5)

AUCs, pg�h/mL 815 (15.0) 1710 (48.6) 3840 (27.5) 5260 (11.7)

Cmax, pg/mL 78.4 (72.9) 287 (46.6) 387 (38.6) 717 (52.8)

tmax, h
b 3.00 (1.00–4.00) 1.50 (0.32–4.00) 1.78 (0.25–6.15) 2.00 (0.50–4.00)

t1/2, h 11.6 (19.4) 8.67 (10.2)a 9.36 (22.6) 9.76 (9.99)

CL/F, L/h 106 (18.9) 112 (24.7)a 119 (28.5) 124 (10.6)

Vd/F, L 1740 (20.0) 1430 (32.7) 1590 (35.0) 1760 (16.2)

AUC0–? area under the plasma concentration–time curve from time 0 to infinity, AUCs area under the plasma concen-
tration–time curve from time 0 to 24 h, CL/F total drug clearance following extravascular administration, Cmax maximum
observed plasma concentration, CV coefficient of variation, PK pharmacokinetics, t1/2 elimination half-life, Tmax time to
maximum plasma concentration, TPIP treprostinil palmitil inhalation powder, Vd/F volume of distribution at the terminal
phase
an = 5
bMedian (minimum–maximum)
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achieved through continuous intravenous or
subcutaneous infusion of treprostinil. In that
manner, TPIP may compare favorably to intra-
venous or subcutaneous administration of tre-
prostinil in patients with PAH, with more
convenient administration. Efficacy and tolera-
bility of QD TPIP administration in patients

with PAH and PH-ILD are currently being
assessed in ongoing and planned phase 2 trials.

The findings of this study should be inter-
preted in light of the limitations that phase 1
studies carry; for this study, these limitations
included the small number of study participants
and that TPIP effects were assessed in healthy

Table 4 PK parameters of treprostinil in healthy participants following QD administration of TPIP (PK population)

PK parameter, mean (CV%) Day TPIP multiple-dose groups (n = 12)

225 lg QD (n = 6) 112.5 lg QD 1 225 lg QD (n = 6)

AUCs, pg�h/mL 1 1570 (22.3) 975 (17.5)a

7 1680 (28.7)a 1820 (36.6)

RAUCs 7 1.12 (24.5) N/Ab

AUC0–?, pg�h/mL 1 2100 (24.1) 1230 (26.3)a

7 1990 (31.3)a 1990 (36.2)

AUClast, pg�h/mL 1 1560 (22.0) 837 (30.6)

7 1680 (28.7)a 1790 (39.6)

Cmax, pg/mL 1 293 (73.9) 96.0 (51.9)

7 193 (32.9)a 228 (46.4)

RCmax 7 1.05 (46.6)a N/Ab

Cmin, pg/mL 7 22.8 (43.7)a 17.6 (64.4)

Tmax, h
c 1 1.50 (0.50–4.00) 3.00 (1.50–6.00)

7 1.00 (0.25–2.00)a 2.00 (1.00–2.00)

t1/2, h 1 11.7 (19.1) 9.71 (41.8)a

7 8.82 (14.6)a 6.84 (22.4)

CL/F, L/h 1 114 (28.5) 96.1 (22.4)a

7 144 (29.7)a 143 (44.4)

Vd/F, L 1 1880 (26.9) 1280 (28.5)a

7 1810 (29.3)a 1390 (51.6)

AUC0–? area under the plasma concentration–time curve from time 0 to infinity, AUClast area under the plasma con-
centration–time curve from time 0 to the last time with quantifiable concentration, AUCs area under the plasma
concentration–time curve from time 0 to 24 h, CL/F total drug clearance following extravascular administration, Cmax

maximum observed plasma concentration, Cmin observed plasma trough concentration, CV coefficient of variation, N/A not
applicable, PK pharmacokinetics, QD once daily, RAUCs accumulation ratio based on AUCs on day 7 and AUCs on day 1
(day 7/1), RCmax accumulation ratio based on Cmax (day 7/1), t1/2 elimination half-life, Tmax time to maximum plasma
concentration, TPIP treprostinil palmitil inhalation powder, Vd/F volume of distribution at the terminal phase
an = 5
bNot applicable due to dose differences on days 1 and 7
cMedian (minimum–maximum)
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volunteers, not in patients with PAH or PH-ILD.
Larger phase 2 studies to assess the safety and
efficacy of TPIP in patients with PAH or PH-ILD
are planned or in progress.

CONCLUSION

The findings from this phase 1 study demon-
strated that TP delivered via TPIP was generally
well tolerated, with a safety profile consistent
with that of other prostanoid therapies, and
that an uptitration strategy improved tolerabil-
ity. Furthermore, the PK profile indicated the
potential for QD administration, an important
distinction from the currently approved inhaled
PAH medications. Taken together, the PK and
safety results from this phase 1 study support
further evaluation of TPIP administered QD in
patients with PAH and PH-ILD.
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