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Treprostinil palmitil (TP) is a prodrug of treprostinil that has been formulated as an inhaled
powder, termed TPIP, for evaluation in patients with pulmonary arterial hypertension. In
these characterization studies we investigated the aerosol performance of TPIP in
response to changes in capsule fill, device resistance, and inspiratory flow rate to
enable selection of an inhaler for clinical use. Capsules containing 8, 16 or 32mg of
TPIP (80, 160, or 320 μg TP, respectively) were evaluated using four commercially-
available, breath-actuated RS01 devices (Plastiape, S. p.A., Osnago, Italy) with low,
medium, high or ultra-high inspiratory resistances, creating 12 different capsule and
device configurations for evaluation. Aerosol characterization was performed using the
next generation impactor at compendial conditions of 23°C and 35% relative humidity and
a flow rate corresponding to a 4 kPa pressure drop. The aerosol mass median
aerodynamic diameter, geometric standard deviation, fine particle fraction, emitted
dose and fine particle dose (FPD) were calculated from the in vitro impactor data. The
TP emitted dose at 4 kPa exceeded 75% for all 12 capsule and device configurations. The
FPD, an estimate of the respirable dose, varied between 61.0 and 70.6% of the loaded TP
dose for all four devices with the 8 and 16mg TPIP capsule dose. For the 32 mg TPIP
capsule dose, the FPD remained above 61.0% for the high and ultra-high resistance
devices but decreased to 48.5 and 52.6% for the low and medium resistance devices,
respectively. Based on this initial data, the high resistance device was selected for
additional characterization studies at 40 and 80 L/min corresponding to pressure
drops of 1.4 and 5.4 kPa. The FPD was relatively insensitive to changes in flow rate,
providing an expectation of a consistent total lung dose of TP under scenarios simulating
variability in how the device is used. Based on these findings, the high resistance device
was chosen for further development in human clinical trials.

Keywords: device performance, dry powder inhaler, drug delivery, aerosol characterization, treprostinil palmitil, fine
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening and rare disease characterized by a
progressive increase in pulmonary vascular resistance due to narrowing of the pulmonary arteries
that inexorably leads to right heart failure and death for most patients (Chapman et al., 2020). Most
approved therapeutic interventions in PAH have been directed towards reducing pulmonary
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vasoconstriction and include the prostanoids, endothelin
receptor antagonists, and phosphodiesterase five inhibitors, but
none have been successful in reversing the pathology of the
disease (Corboz et al., 2017).

Prostanoids are arguably the most effective therapies for PAH
by inhibiting further vascular remodeling, increasing pulmonary
vasodilation and providing general anti-inflammatory and
antifibrotic activities (Corboz et al., 2018; Chapman et al.,
2020). Of the approved prostanoids, treprostinil (TRE) and
iloprost are available in inhaled formats, which provide high
drug levels at the target organ (i.e., the lung) immediately after
delivery. However, due to their rapid elimination from the lung,
they must be readministered frequently to maintain effect:
inhaled TRE (Tyvaso) is labeled for administration four times
daily while inhaled iloprost (Ventavis) is administered six to nine
times daily.

To overcome the pulmonary barriers for inhaled drugs with
poor pharmacokinetics and extend the duration of
pharmacological effect, formulation strategies (Cipolla and
Gonda, 2011) as well as prodrug strategies (Chen et al., 2021;
Plaunt et al., 2022) have been explored. Both strategies have been
applied to TRE including the recent development of a prodrug of
TRE, treprostinil palmitil (TP), initially formulated as a lipid
nanoparticle to provide prolonged exposure of TP in the lung
fluid after inhalation (Leifer et al., 2018). The TP prodrug consists
of a 16-carbon alkyl chain covalently attached to TRE through an
ester bond. Once deposited in the lung, the nanoparticle is
designed to slowly release TP and generate TRE through the
action of endogenous lung esterases. The sustained presence of
TP and the formation of TRE in the lungs was confirmed in two
species in single dose PK studies of a nebulized TP inhalation
solution (TPIS) delivered by nose-only inhalation to rats and via
face masks to beagle dogs (Corboz et al., 2017; Chapman et al.,
2018).

Inhalation administration of TP may not only provide
prolonged TRE activity in the lung, allowing for a reduction in
the frequency of administration compared to TRE, but may also
reduce peak TRE plasma levels and reduce the adverse effects
associated with systemic exposure to TRE (Corboz et al., 2017;
Chapman et al., 2018). In vivo studies in rats and dogs
demonstrated that inhaled TPIS provided sustained
vasodilation with plasma levels of TRE that were ~60-fold and
~550-fold lower, respectively, vs systemic levels of intravenous
TRE required to generate a comparable vasodilatory effect
(Chapman et al., 2018). In a rat sugen/hypoxia model of PAH,
once-daily inhaled administration of TPIS improved the
pulmonary vascular hemodynamics, reduced the increase in
right heart size, enhanced cardiac performance and attenuated
the histological changes compared to the positive control (Corboz
et al., 2021a).

Regarding side effects, in a guinea pig model, evidence of
cough was not observed with inhaled TP until it was administered
at a ten-fold higher lung dose as compared to the lung dose for
inhaled TRE that provoked cough (Chapman et al., 2021a).
Studies were also performed in a hypoxia rat model to assess
another concern with inhaled or continuous infusion of
TRE–tachyphylaxis, or the desensitization of the TRE

receptors that requires a continual escalation of dose to
maintain efficacy. There was no evidence of tachyphylaxis with
repeat daily dosing of TPIS for 32 days, the length of the study, in
contrast to TRE infusion where it was observed after 16 days
(Chapman et al., 2021b).

A spray-dried inhaled powder formulation of TP, termed
treprostinil palmitil inhalation powder (TPIP), has been
developed for delivery using a dry powder inhaler (DPI).
The transition to a DPI format was made because of the
potential to reduce administration time with improved ease
of use for the patient, which could lead to greater patient
satisfaction compared to nebulizer delivery. However, the
choice of the DPI device for delivery of the TPIP powder is
a complex one, as there are many DPI formats available
including capsule-based single dose devices or multidose
devices that either store powder in a reservoir or utilize
blister strips containing individual powder doses. We
decided to use a capsule-based DPI, the commercially
available RS01 device, because of its simplicity of use and
more rapid product development times compared to the
multidose devices. The RS01 DPI pierces the capsule, and
upon inspiration, the capsule rotates releasing the powder that
deaggregates as it enters the inhalational air stream. There are
multiple RS01 device designs with varying resistances to
airflow, and for the same inspiratory effort, the air flow
rate will decrease as the device resistance increases. This
enables the drug developer to select the device that most
effectively disperses their powder formulation at an
inspiratory effort that can be effectively achieved by their
patient population (Huynh et al., 2015; Sahay et al., 2021).

Inhaled TPIP demonstrated a similar PK profile to TPIS in
rats with a half-life in the lung of ~5–7 h over the 24-h study
(Gauani et al., 2021). Furthermore, consistent with the earlier
data reported for TPIS in a sugen/hypoxia rat model of PAH,
TPIP demonstrated favorable efficacy compared to oral
selexipag, and inhaled and intravenous TRE (Corboz et al.,
2021b). In this paper, we evaluated the in vitro performance of
TPIP utilizing breath-actuated RS01 DPI devices with varying
resistances. The goal was to identify the RS01 variant with
relatively stable delivery performance for the different capsule
doses to be evaluated in phase 1 dose escalation human clinical
studies. The high resistance RS01 DPI was chosen for more
extensive characterization at flow rates both above and below
the compendial standard to understand the sensitivity of the
aerosol performance to variations in user operation. Based
upon this in vitro data, the high resistance RS01 device was
ultimately selected for use in the phase 1 clinical dose
escalation studies.

MATERIALS AND METHODS

Four Plastiape RS01 Model 7 DPIs (Plastiape S. p.A., Osnago,
Italy) were selected for evaluation (Figure 1). They differed with
respect to their device resistance: Ultra-high Resistance (UHR,
code 239700005AA), High Resistance (HR, code 239700002AA),
Medium Resistance (MR, code 239700006AA) and Low
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Resistance (LR, code 239700001AB). The pressure drop across
each device containing an empty capsule was measured as a
function of flow rate between 30 and 120 L/min (LPM)
(Supplementary Figure S1).

TPIP composed of 1.0% TP, ~69.7% mannitol and ~29.3%
leucine was manufactured at GLP production scale by Bend
Research Inc. (Bend, OR). After spray drying, TPIP powder is
characterized with a white physical appearance composed of
collapsed spheres by scanning electron microscope, a tap
density of ~0.52 g/cm3 and a bulk density of ~0.25 g/cm3.
The powder contained 0.38% moisture and the particle size
distribution by volume was characterized by laser diffraction
(Malvern Mastersizer 3,000 with the Aero S Dry Powder
Disperser Unit, Malvern, PA) with a D10 of 0.3 µm, D50 of
1.7 µm, D90 of 3.8 µm, and a Span represented by ((D90-D10)/
D50) of 2.0. Size #3 Harro-filled Vcaps® Plus Hypromellose
capsules (Capsugel Manufacturing Inc., Greenwood, SC) were
filled with 8, 16 or 32 mg of TPIP, representing a loaded dose of
80, 160 or 320 μg TP, respectively.

Aerosol Characterization in the Next
Generation Impactor
Aerosol characterization was performed using the NGI (MSP
Corp., Shoreview, MN) at environmental conditions of 23°C
and 35% RH. In the aerosol characterization studies, each of
the four DPIs was tested with each of the three capsule doses,
in triplicate, for a total of 36 NGI experiments. The
performance of the UHR, HR and MR devices was
evaluated by drawing 4 L of air through the DPI at a flow
rate of 40, 60 and 85 LPM, respectively, corresponding to the
4 kPa air pressure drop recommended by the compendia. The
LR DPI was tested at 100 LPM, corresponding to a 3.4 kPa
pressure drop, slightly below the compendial value of 4 kPa,
but this represented the highest calibrated flow rate for
the NGI.

Additional NGI testing was performed in triplicate for the
HR device with all three different capsule fill weights at a lower

flow rate of 40 LPM (corresponding to a 1.4 kPa pressure drop)
and a higher flow rate of 80 LPM (corresponding to a 5.4 kPa
pressure drop) to compare the aerosol performance relative to
that at 60 LPM. These represented 18 additional NGI
experiments.

The aerosol performance of each device/capsule configuration
was characterized for TP with respect to the emitted dose (ED),
mass median aerodynamic diameter (MMAD), geometric
standard deviation (GSD), fine particle fraction <5 µm (FPF)
and fine particle dose <5 µm (FPD) as described below. The total
recovery of TP was also measured to provide assurance that each
experiment was conducted acceptably.

Quantitation of TP
TP was quantified by HPLC with mass spectrometry detector
using an 8-point internal standard log-log calibration range of
4–500 ng/mL TP. The sample injection volume was 20 µl with
separation conducted at an isocratic flow rate of 1.0 ml/min using
a mobile phase of 85:15 acetonitrile:water containing 1% formic
acid. The C8 HPLC column was equilibrated at 35°C.

An Agilent 6,130 single quad mass spectrometer was used as
follows: The spray chamber was operated at a drying gas flow
of 7 L/min, a nebulizer pressure of 35 psig, a vaporizer
temperature of 175°C, a drying gas temperature of 225°C, a
capillary voltage of 2,000 V, a corona current of 4.0 µA and a
charging voltage of 2,000 V.

The TP in the powder recovered from the individual NGI
stage cups, throat/adapter, pre-separator, and residual powder
left in the device and capsule was extracted using 75% IPA and
then further diluted with 40% acetonitrile, 40% methanol and
20% water prior to evaluation by HPLC.

Determination of ED, MMAD, GSD, FPF
and FPD
After quantitation of TP in the residual powder in the capsule and
DPI, and from the components of the NGI, the total recovery of
TP was expressed relative to the nominal loaded dose of TP in the

FIGURE 1 | Picture of the four RS01 devices evaluated with size three capsules containing TPIP.
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capsule. The emitted dose represents the percentage of TP
recovered in the NGI relative to the total recovery of TP. The
aerosolMMAD,GSD, FPF and FPDwere calculated followingUSP
and Ph. Eur compendial methods [European Pharmacopoeia,
2008; United States Pharmacopeia and National Formulary
(USP 35/NF-31), 2012]. A linear regression analysis was
performed on the log normal plot of the cumulative proportion
of drug vs the cut-off diameter associated with each NGI stage. The
MMADwas calculated as the midpoint in particle size based on TP
recovery. The GSD was calculated as the square root of the ratio of
the aerodynamic diameter associated with 84.1% of the cumulative
TPmass to that for 15.9% of the cumulative TPmass. The FPF was
calculated as the percentage of TP in particles with an aerodynamic
diameter less than 5 µm. The FPD was calculated as the mass of TP
in particles with an aerodynamic diameter less than 5 µm.

The cut-off diameters of each NGI stage varied with flow
rate. At 40 LPM, the cut-off diameters for stages 1–7 were
10.03, 5.51, 3.45, 2.01, 1.17, 0.70, and 0.45 µm, respectively.
At 60 LPM, the cut-off diameters for stages 1–7 were 8.06,
4.46, 2.82, 1.66, 0.94, 0.55 and 0.34 µm, respectively. At 80
LPM, the cut-off diameters for stages 1–7 were 6.90, 3.84,
2.44, 1.45, 0.81, 0.46 and 0.28 µm, respectively. At 85 LPM,
the cut-off diameters for stages 1–7 were 6.68, 3.72, 2.37, 1.41,
0.78, 0.45 and 0.27 µm, respectively. At 100 LPM, the cut-off
diameters for stages 1–7 were 6.12, 3.42, 2.18, 1.31, 0.72, 0.40
and 0.24 µm, respectively.

Statistical Analyses
Mean values of ED, FPF, and FPD were compared for each of
the combinations of the four Plastiape devices (UHR, HR, MR,

FIGURE 2 | TP Aerosol Particle Size Distribution Profiles from the Next Generation Impactor (NGI). The profiles show the recovery of TP (mean ± SD) from each
stage of the NGI with respect to its stage cut-off diameter for the ultra-high resistance (UHR, blue), high resistance (HR, orange), medium resistance (MR, gray) and low
resistance (LR, yellow) devices. (A): 8 mg TPIP capsules. (B): 16 mg TPIP capsules. (C): 32 mg TPIP capsules.
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LR) with capsules filled with three different TPIP doses (8, 16
or 32 mg) using a one-way Analysis of Variance (ANOVA) in
Microsoft Excel. A statistically significant difference was noted
for p-values < 0.05. Using Microsoft Excel, the best fit linear
regression analysis of the mean FPD response for each
combination tested is represented in Figures 3, 5. For the
FPD response to capsule dose in Figure 3C, the linear
regression analysis was forced through zero.

RESULTS

Evaluation of the Four DPIs With 8, 16, and
32mg TPIP Capsule Doses
The TP aerosol particle size distribution profiles for the UHR,
HR, MR, and LR DPI devices are shown in Figures 2A,B,C, for
the 8, 16 and 32 mg TPIP capsules, respectively. The TP aerosol
particle size distribution profiles are polydisperse for the LR, MR
and HR devices with the UHR device showing a trend towards a
less polydisperse profile. The values for the total mass recoveries,
emitted dose, MMAD, GSD, FPF, and FPD for the UHR, HR,
MR, and LR devices loaded with 8, 16 and 32 mg TPIP capsules
are shown in Table 1. The mean total recovery of TP ranged
between 90 and 100% for the 12 conditions indicating that the
experimental procedure was well executed.

The EDwas independent of capsule dose ranging from 76 to 86%
for the 8 mg capsule, 76–88% for the 16 mg capsule, and 82–89% for
the 32 mg capsule. However, the ED for the UHR device was lower
than for the other three devices ranging from 76 to 82% vs 83–89%
for the HR device, 85–86% for the MR device, and 81–88% for the

LR device. This suggests that the lower inhalation flow rate of 40
LPM for the UHR device may not have been adequate to completely
empty the capsule in one 4 L inhalation.

The MMADs increased with capsule dose but remained
within the respirable range with MMADs close to 1 µm for the
8 mg capsule and increasing to 1.6–2.0 µm for the 32 mg
capsule. For the 32 mg capsule, the MMAD was highest for
the UHR device suggesting that the 40 LPM flow rate was not
as effective at dispersing the powder as the higher flow rates
used for the lower resistance devices. The GSDs were all above
three for the HR, MR and LR devices indicating significant
polydispersity in aerosol particle size. The UHR device had
lower polydispersity with GSD values ranging between 2.4
and 2.7 for the three capsule doses. The MMAD and GSD data
together suggest that while there was incomplete dispersion
of the powder for the highest capsule dose, because the
primary powder particles are very small, the percentage of
TP in the respirable range is relatively unaffected by
capsule dose.

The FPF decreased with capsule load ranging from 80 to
85% for the 8 mg capsule and decreasing to 71–81% for the
16 mg capsule and 58–76% for the 32 mg capsule (Figure 3A).
The FPF was lower for the MR and LR devices at each capsule
dose compared to the UHR and HR devices, and this was
especially evident for the 32 mg capsule dose with the FPF
decreasing to 62 and 58%, respectively. The FPD was uniform
for all four devices for the 8 and 16 mg capsule doses, ranging
between 51 and 56 μg TP for the 8 mg dose and 98–104 μg TP
for the 16 mg dose (Figure 3B). The FPD was dose
proportional for the UHR and HR devices with an FPD of

TABLE 1 | TPIP aerosol particle size distribution characteristics as a function of device resistance.

Device n Total recovery Emitted dose MMAD GSD FPF (<5 µm) FPD (<5 µm)

% µg, TP % µg, TP µm % % Of
loaded
dose

µg, TP

8 mg capsule containing 80 μg TP

UHR 3 96.9 ± 4.0 77.5 ± 3.2 76.1 ± 4.3 60.9 ± 3.5 1.17 ± 0.09 2.72 ± 0.03 84.8 ± 1.5 64.5 ± 4.4 51.6 ± 3.5
HR 3 98.9 ± 5.6 79.1 ± 4.5 83.5 ± 5.8 66.8 ± 4.6 0.97 ± 0.16 3.31 ± 0.35 84.5 ± 1.4 70.6 ± 5.6 56.5 ± 4.5
MR 3 100.3 ± 7.1 80.3 ± 5.7 85.5 ± 3.2 68.4 ± 2.6 1.00 ± 0.04 3.80 ± 0.09 81.6 ± 0.5 69.8 ± 2.3 55.8 ± 1.8
LR 3 93.3 ± 0.9 74.6 ± 0.7 81.3 ± 1.3 65.1 ± 1.1 1.09 ± 0.03 3.83 ± 0.09 79.5 ± 0.5 64.7 ± 1.2 51.7 ± 1.0

16 mg capsule containing 160 μg TP

UHR 3 92.0 ± 1.1 147.2 ± 1.8 75.5 ± 2.3 120.8 ± 3.6 1.55 ± 0.04 2.61 ± 0.01 80.7 ± 0.5 61.0 ± 1.7 97.6 ± 2.8
HR 3 94.0 ± 1.4 150.4 ± 2.2 83.2 ± 0.9 133.1 ± 1.4 1.30 ± 0.03 3.44 ± 0.17 78.4 ± 1.5 65.2 ± 1.1 104.4 ± 1.7
MR 3 94.8 ± 0.8 151.6 ± 1.3 85.9 ± 0.2 137.4 ± 0.3 1.22 ± 0.10 4.87 ± 0.24 71.3 ± 1.7 61.2 ± 1.3 98.0 ± 2.1
LR 3 95.5 ± 1.6 152.8 ± 2.6 87.5 ± 2.6 140.0 ± 4.1 1.16 ± 0.10 5.20 ± 0.30 72.3 ± 2.3 63.3 ± 3.1 101.2 ± 4.9

32 mg capsule containing 320 μg TP

UHR 3 95.9 ± 5.6 306.9 ± 17.8 81.6 ± 6.3 261.1 ± 20.1 2.07 ± 0.05 2.43 ± 0.10 76.4 ± 1.7 62.4 ± 5.2 199.6 ± 16.7
HR 3 98.1 ± 2.9 314.0 ± 9.3 88.9 ± 1.7 284.7 ± 5.3 1.75 ± 0.10 4.03 ± 0.10 69.0 ± 0.8 61.4 ± 1.9 196.6 ± 6.0
MR 3 91.1 ± 3.6 291.4 ± 11.7 85.4 ± 3.7 273.2 ± 11.9 1.83 ± 0.14 5.61 ± 0.60 61.6 ± 0.8 52.6 ± 2.2 168.3 ± 7.0
LR 3 89.9 ± 2.1 287.8 ± 6.8 84.2 ± 2.2 269.4 ± 6.9 1.63 ± 0.10 6.78 ± 0.21 57.6 ± 2.1 48.5 ± 2.4 155.1 ± 7.6

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation; FPF, fine particle fraction; FPD, fine particle dose; TP , treprostinil palmitil; UHR, ultra high resistance;
HR, high resistance; MR, medium resistance; LR, low resistance.
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197–200 µg for the 32 mg capsule dose; however, for the MR
and LR devices the FPD decreased to 168 and 155 μg,
respectively (Figure 3C). The statistical analysis of the

FPD values indicated no statistical difference among the
DPI devices for the 8 and 16 mg capsule doses with p
values of 0.167 and 0.089, respectively (Table 2). However,

FIGURE 3 | (A): TP Fine Particle Fraction (FPF) and (B): TP Fine Particle Dose (FPD) as a Function of Device Resistance for the 8 mg (blue), 16 mg (orange), and
32 mg (gray) Capsule Dose. (C): TP FPD as a Function of Capsule Dose for Each Device. Trend lines are only shown for the UHR and HR DPIs in 3c. The ultra-high
resistance (UHR), the high resistance (HR), the medium resistance (MR) and the low resistance (LR) devices were tested at 40, 60, 85 and 100 LPM, respectively.

TABLE 2 | Trend Analysis of the Aerosol FPD as a Function of Flow Rate (associated with data in Figure 3B).

FPD (<5 µm)

Capsule Dose Slope Intercept R-Squared ANOVA: Single Factor p-value
8 mg 0.003 53.711 0.001 0.167
16 mg 0.017 99.109 0.019 0.089
32 mg −0.790 236.163 0.936 0.002

FPD, fine particle dose.
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for the 32 mg capsule dose, there was a significant difference
among these devices with a p value of 0.002 (Table 2).

Evaluation of the High Resistance DPI at 1.4,
4 and 5.4 kPa With 8, 16 and 32mg TPIP
Capsule Doses
Based on the totality of the aerosol characterization data for the
four devices, the HR device was selected for further analysis at
flow rates that deviated from the compendial target of 4 kPa. The
TP aerosol particle size distribution profile for the4device
operated at 1.4, 4 and 5.4 kPa (corresponding to 40, 60 and 80

LPM, respectively) is shown in Figures 4A,B,C, for the 8, 16 and
32 mg TPIP capsules, respectively. Not surprisingly, the TP
aerosol particle size distribution profiles for the HR device
remained polydisperse when increased to the 80 LPM flow
rate but became less polydisperse at 40 LPM, similar to what
was observed for the UHR device at 40 LPM. The values for the
total recovery, emitted dose, MMAD, GSD, FPF, and FPD are
shown in Table 3. The mean total recovery of TP ranged between
94 and 105% for the nine conditions indicating that the
experimental procedure was well executed.

The ED was relatively independent of capsule dose ranging
from 78 to 86% for the 8 mg capsule, 83–87% for the 16 mg

FIGURE 4 | TP Aerosol Distribution Profiles from the Next Generation Impactor (NGI). The profiles show the recovery of TP (mean ± SD) from each stage of the NGI
with respect to its stage cut-off diameter for high resistance (HR) device operated at 40 LPM (blue), 60 LPM (orange), and 80 LPM (gray). (A): 8 mg TPIP capsules. (B):
16 mg TPIP capsules. (C): 32 mg TPIP capsules.
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capsule, and 88–89% for the 32 mg capsule and no reduction
in ED was observed at the lower flow rate of 40 LPM (p =
0.106). As observed in the earlier studies, the MMADs
increased with capsule dose but remained within the
respirable range with MMADs close to 1 µm for the 8 mg
capsule and increasing to 1.8–2 µm for the 32 mg capsule. For
all three capsule doses, the MMAD was slightly higher at the
lower flow rate of 40 LPM. The GSDs were all above 3 for at
the 60 and 80 LPM flow rate, indicating significant
polydispersity in aerosol particle size but decreased to
below 3 at 40 LPM, consistent with what was observed for
the UHR device at 40 LPM.

The FPF decreased with capsule load ranging from 81 to
86% for the 8 mg capsule dose and decreasing to 74–81% for
the 16 mg capsule dose and 60–73% for the 32 mg capsule dose
(Table 3). The FPF was lowest for each capsule dose at 80 LPM
and highest for each capsule dose at 40 LPM. The FPD was
uniform at all three flow rates for the 8 and 16 mg capsule
doses, ranging between 54 and 56 μg TP for the 8 mg dose and
104–109 μg TP for the 16 mg dose (Figure 5). The FPD was
dose proportional for the HR device at 40 and 60 LPM with an
FPD of 197–207 µg for the 32 mg capsule dose; however, at 80
LPM the FPD decreased to 168 µg. The statistical analysis of
the FPD values indicated no statistical difference over 40 to 80
LPM flow rate range for the 8 and 16 mg capsule doses with p
values of 0.537 and 0.108, respectively (Table 4). However, for
the 32 mg capsule dose, there was a significant difference over
the flow rate range with a p value of 0.004.

DISCUSSION

There are multiple device technologies that can be used to deliver a
drug via inhalation including metered dose inhalers (MDIs), DPIs,
soft mist inhalers and nebulizers (Anderson et al., 2022). Each
delivery format has distinct attributes, and the optimum choice of

delivery format (and device within that format) for clinical
development depends on multiple factors including the target
dose to the lung, the drug’s therapeutic window, the ease of
formulation development, the stability of the drug, the target
patient population, and their capability to use the device
correctly (Cipolla et al., 2010; Laube et al., 2011). TP was
initially formulated as an inhaled suspension (TPIS) for
nebulized delivery (Leifer et al., 2018) as that provided the most
rapid development path for confirmation of clinical effect.
However, to provide improved patient convenience, efforts were
conducted in parallel to generate both an inhaled MDI product
(Plaunt et al., 2021) and a DPI product (TPIP). TPIP was selected
over theMDI product for subsequent clinical investigation in phase
1 dose escalation studies. The choice of the specific RS01 device to
deliver the TPIP powder was established based on the in vitro
studies summarized in this manuscript.

When a new dry powder formulation like TPIP is developed, the
characteristics of the powder must be studied in concert with the
choice of DPI, taking into consideration the capability of the target
patient population to use that device. Using the selected DPI, the
patient’s inhalation flow rate must be able to effectively deaggregate
and disperse the powder to ensure that a consistent dose is emptied
from the capsule, and that the particles are of a uniform size to avoid
significant deposition in the oropharyngeal region so that the drug
reaches the target organ, the lung (de Boer et al., 1996; Clark, 2015).
The primary particle size of TPIPwas designed to be between 1 and 2
microns, to facilitate delivery to the airways and deep lung even if
TPIP were incompletely dispersed upon inspiration.

In this study, the in vitro performance of TPIP was evaluated
utilizing RS01 DPIs with varying resistances. The performance of
the TPIP powder in all four devices was excellent, with emitted
doses exceeding 76% across all device and capsule dose
configurations with MMADs between 1 and 2 µm. These
attributes led to high fine particle fractions exceeding 70% for
the HR and UHR devices with all capsule doses and for the LR and
MR devices with the 8 and 16mg capsules, but not with the 32 mg

TABLE 3 | TPIP aerosol particle size distribution performance characteristics for the high resistance DPI as a function of flow rate.

Flow rate (LPM) n Total recovery Emitted dose MMAD GSD FPF (<5 µm) FPD (<5 µm)

% µg, TP % µg, TP µm % % Of loaded dose µg, TP

8 mg capsule containing 80 μg TP

40 3 99.5 ± 3.7 79.6 ± 2.9 78.0 ± 1.4 62.4 ± 1.1 1.15 ± 0.08 2.84 ± 0.02 85.8 ± 0.6 67.0 ± 0.9 53.6 ± 0.7
60 3 98.9 ± 5.6 79.1 ± 4.5 83.5 ± 5.8 66.8 ± 4.6 0.97 ± 0.16 3.31 ± 0.35 84.5 ± 1.4 70.6 ± 5.6 56.5 ± 4.5
80 3 100.0 ± 2.1 80.0 ± 1.6 85.8 ± 2.7 68.6 ± 2.1 0.99 ± 0.02 3.71 ± 0.06 80.5 ± 1.9 69.1 ± 3.2 55.3 ± 2.6

16 mg capsule containing 160 μg TP

40 3 99.9 ± 2.5 159.8 ± 4.0 83.4 ± 2.6 133.5 ± 4.2 1.52 ± 0.01 2.72 ± 0.08 81.3 ± 0.8 67.9 ± 2.5 108.6 ± 4.0
60 3 94.0 ± 1.4 150.4 ± 2.2 83.2 ± 0.9 133.1 ± 1.4 1.30 ± 0.03 3.44 ± 0.17 78.4 ± 1.5 65.2 ± 1.1 104.4 ± 1.7
80 3 96.0 ± 4.4 153.7 ± 7.0 87.4 ± 3.6 139.8 ± 5.7 1.25 ± 0.09 4.54 ± 0.21 74.2 ± 3.1 64.8 ± 0.4 103.7 ± 0.6

32 mg capsule containing 320 μg TP

40 3 104.6 ± 2.6 334.8 ± 8.2 89.4 ± 2.2 286.0 ± 7.1 2.03 ± 0.14 2.84 ± 0.13 72.5 ± 2.9 64.8 ± 2.6 207.4 ± 8.2
60 3 98.1 ± 2.9 314.0 ± 9.3 88.9 ± 1.7 284.6 ± 5.3 1.75 ± 0.10 4.03 ± 0.10 69.0 ± 0.8 61.4 ± 1.9 196.6 ± 6.0
80 3 95.6 ± 3.9 305.9 ± 12.6 87.9 ± 3.6 281.2 ± 11.6 1.91 ± 0.12 5.26 ± 0.17 59.8 ± 2.4 52.6 ± 3.6 168.2 ± 11.6

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation; FPF, fine particle fraction; FPD, fine particle dose; TP, treprostinil palmitil; DPI, dry powder inhaler.
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capsule. With respect to FPD, both the HR and UHR devices
provided a dose proportional response over the 8, 16 and 32mg
capsule doses, which is a desirable attribute when evaluating dose
response in a clinical setting. For the 32mg capsule dose, the
variability in FPD for the UHR device (8.3% RSD) was greater than
that for the HR device (3.1% RSD), resulting in the selection of the
HR device for further characterization studies evaluating its
robustness to changes in flow rate.

The aerosol performance of TPIP in the RS01 devices compares
favorably to published data for other micronized and spray-dried
powders. Huynh et al. (2015) evaluated 20mg micronized mannitol
(median size of 5 µm) in the LR and HR devices. The ED for
micronized mannitol was 73.8 and 72.5%, respectively, lower than
that observed for all capsule doses of TPIP. The micronized mannitol
study was not designed to report FPFs due to its large primary size.
Yazdi and Smyth (2016) evaluated jet milled ibuprofen with a median
size of 1.9 µm in the HRRS01 device. For the 10 and 25mg ibuprofen
capsule doses, the ED was 70 and 72%, respectively, lower than the
83% ED for the 8 and 16mg TPIP doses. The FPF for the ibuprofen
doses ranged between 76 and 80%, comparable to the TPIP FPF that
ranged between 78 and 85%. Buttini et al. (2018) evaluated capsules
containing 32mg of spray dried tobramycin powder (median size of
2.4 µm) in a HR RS01 device. The tobramycin ED of 63% was lower
than that for TPIP, but the FPF of 82%was comparable. Finally, Shetty
et al. (2018) evaluated 10mg capsules containing spray dried colistin
and ciprofloxacin (median size of 1.4 µm) in a LR RS01 device. The
50:50 colistin:ciprofloxacin formulation had the best aerosol
performance with an FPF of 67%; however, it was still lower than
the FPF of 85% for the 8mg TPIP capsule. In summary, the
performance of TPIP in the RS01 devices is comparable or
superior to that reported for other inhaled powders in the RS01

devices, likely owing to its small primary particle size and good
dispersibility. The good dispersibility is attributed to the presence of
~30% leucine in the formulation, which yields spray dried particles
with low surface energy, reduced interparticle interactions (Chew
et al., 2005) and superior protection against exposure to humidity
(Wang et al., 2021).

DPIs have become increasingly popular because of their ease of
use.However, due to their distinct designs and operatingmechanisms,
they have different resistances and therefore will produce different
peak inspiratory flow rates upon inhalation by the same subject (Clark
and Hollingworth, 1993). For breath-actuated DPIs like the ones
evaluated in this study, the flow rate that the patient utilizes during
inhalation is responsible for providing the turbulent energy to disperse
the powder particles and empty the powder from the device. Formost
passive DPIs, patient use instructions guide the patient to first exhale,
and then inhale forcefully on the DPI from the beginning of
inhalation. This guidance generally leads to a faster rate of
acceleration of inspiratory flow, which helps to ensure that the
timing of capsule emptying occurs near the peak inspiratory flow
(Clark et al., 2020). Peak inspiratory flow is often cited as the key
predictor of clinical efficacy (Azouz et al., 2015). However, the ability
to achieve a peak flow sufficient for effective DPI use is controlled by
the subject’s ability to generate an adequate inspiratory pressure (Clark
et al., 2020). The USP and other compendia recommend a 4 kPa
pressure drop to evaluate inhaler device performance, and this is
supported by a review of the literature: in healthy adults, maximum
inspiratory pressures exceed 4 kPa out to 80 years of age (Clark, 2015).
In our in vitro studies with TPIP, a pressure drop of 4 kPa was utilized
to compare the performance of the RS01 DPIs, but after selecting the
HR RS01 device for further testing, its performance was measured
using a higher (5.4 kPa, equivalent to 80 LPM) and lower pressure

TABLE 4 | Trend Analysis of the Aerosol FPD as a Function of Flow Rate for the HR Device (associated with data in Figure 5).

FPD (<5 µm)

Capsule Dose Slope Intercept R-Squared ANOVA: Single Factor p-value
8 mg 0.042 52.601 0.334 0.537
16 mg −0.122 112.884 0.856 0.108
32 mg −0.980 249.545 0.938 0.004

FPD, fine particle dose.

FIGURE 5 | TP Fine Particle Dose (FPD) as a function of Device Resistance and TPIP Capsule Dose for the HRDevice. The dotted lines show the change in FPD for the
8 mg capsule dose (blue), 16 mgcapsule dose (orange), and 32 mgcapsule dose (gray) as a function of flow ratewith the high resistance device tested at 40, 60 and 80LPM.
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drop (1.4 kPa, equivalent to 40 LPM) to simulate variability in
patient use.

In those in vitro studies at both extremes of flow rates (40 and 80
LPM), the capsule emptying performance was not compromised,
with EDs exceeding 78% for the HR RS01 device for all three
capsule doses. While the MMAD slightly increased for all three
TPIP capsule doses at the lower flow rate, the FPF values increased,
instead of decreasing. Thus, at the low flow rate of 40 LPM, the
FPD had even greater consistency across all three capsule doses
ranging from 65 to 68% vs. 61–71% under the compendial testing
at 60 LPM. At the higher flow rate of 80 LPM, while the FPD
ranged from 65 to 68% for the 8 and 16mg capsule doses, it
declined to 53% for the 32mg capsule dose due to the reduction in
FPF. In summary, the performance of TPIP in the HR RS01 device
is generally robust with respect to deviations in inspiratory flow,
especially for lower inspiratory pressures that may arise when a
user executes a more comfortable inhalation maneuver.

While FPD is generally used to reflect the respirable dose, that
portion of the drug that is likely to be inhaled and avoid
deposition in the upper respiratory tract, a more precise
metric termed the impaction parameter considers the influence
of flow rate on particle size (Weers et al., 2019). For an aerosol
particle to deposit in the lung, it needs to first avoid deposition in
the upper respiratory tract, which primarily occurs by inertial
impaction and is governed by flow rate multiplied by the square
of the particle diameter (Weers et al., 2019). Thus, at higher
inspiratory flow rates, inertial impaction can increase even with
no change in FPD, leading to lower lung deposition. With an
MMAD varying between 1 and 2 µm over an inspiratory flow rate
of 40–80 LPM, the impaction parameter for TPIP remains low
suggesting that FPDmay indeed be a good approximation of lung
dose. Based on the FPDs for the HR RS01 device operated at 60
LPM, the lung dose of TP may be close to ~57, 104 and 197 µg for
the 8, 16 and 32 mg capsule strengths, respectively. After
conversion of TP to the active moiety (TRE) in the lung, the
equivalent lung dose of TRE would be ~36, 66 and 125 μg,
respectively. In comparison, the approved dose of Tyvaso®
(treprostinil inhalation solution, United Therapeutics Corp.,
Research Triangle Park, NC) is 54 μg TRE QID [package
insert1]. Recognizing such differences as dosing interval, fine
particle dose, and the kinetics of the conversion of TP to TRE,
we believe that these TPIP capsule strengths will allow us to reach
a therapeutic (and safe) effect in subjects with PAH.

One limitation of this study is that it represents only in vitro data.
In vivo studies will be needed to confirmwhether a dose proportional
exposure is observed in actual use, first with healthy subjects, which
has already been conducted and confirmed, followed by those with
disease. The clinical populations proposed for evaluation of TPIP, a
prodrug of TRE, may include the same ones already indicated for
treatment with inhaled TRE; i.e., PAH and pulmonary hypertension
due to interstitial lung disease (PH-ILD) (Waxman et al., 2021), as
well as those populations under clinical evaluation with inhaled TRE
including pulmonary hypertension due to chronic obstructive
pulmonary disease (PH-COPD, trial NCT03496623) and

idiopathic pulmonary fibrosis (IPF, trials NCT04708782 and
NCT04905693). To our knowledge, there are no published
studies evaluating the inspiratory capability of patients specifically
with PH-ILD or PH-COPD, but there have been studies in ILD and
COPD, generally, and these can be used as comparators.

In a study of 41 patients with IPF, one of themore common types
of ILD, the mean peak inspiratory pressure observed was 9.4 kPa
(Nishiyama et al., 2005), comparable to healthy adults. Numerous
studies have demonstrated the preservation of inspiratory force in
ILD patients with a varied etiology including interstitial pneumonia,
nonspecific interstitial pneumonia, fibrotic nonspecific interstitial
pneumonia, acute interstitial pneumonia, lymphocytic interstitial
pneumonia, fibrotic hypersensitivity pneumonitis, extrinsic allergic
alveolitis, undifferentiated connective tissue disease and unspecified.
In those studies, the mean peak inspiratory pressures were 10.0 kPa
(n = 14, Garcia Rio et al., 2003), 9.3 kPa (n = 25,Walterspacher et al.,
2013), 9.3 kPa (n = 30, Watanabe et al., 2013), and 7.9 kPa (n = 30,
Pietro et al., 2017), evidencing little to no loss in the force generating
capacity of the inspiratory muscles of these ILD patients. Turning to
COPD, Clark (2015) reviewed the literature and reported that while
there was a slight decrease in maximum inspiratory pressure for
COPD subjects relative to controls, the mean values from those
studies ranged between 5.5 and 7.0 kPa. Thus, the studies in ILD,
PAH and COPD reported maximum inspiratory pressures that all
exceed the compendial value of 4 kPa.

In contrast, PAH disease is associated with weakness in
inspiratory and expiratory muscles (Meyer et al., 2005).
Respiratory muscle dysfunction has been reported in subjects
with idiopathic PAH, leading to mean reductions in their
maximal inspiratory pressures of ~35% in both men and
women compared to healthy subjects (Meyer et al., 2005). This
could potentially lead to generation of inadequate inspiratory
pressures to inhale a lung dose or a reduction in their ability to
effectively use a DPI. However, Faria-Urbina et al. (2021) evaluated
both the LR and MR RS01 devices in subjects with PAH who were
guided to forcefully inhale from the DPI.While PAH subjects were
able to generate adequate inspiratory flow with both devices, a 20%
greater inspiratory effort was achieved using the MR device
(3.2 kPa) vs the LR device (2.6 kPa), implying that greater
turbulent energy was available to disperse the drug particles in
the MR device. Sahay et al. (2021) compared the inspiratory flow
patterns of subjects with PAH using the LR and HR RS01 devices.
Given instructions to inhale maximally, the PAH subjects achieved
mean peak inspiratory pressures that were 76% higher for the HR
device (6.5 kPa) vs the LR device (3.7 kPa), and the inspiratory
pressure for theHR device exceeded the compendial value of 4 kPa.
In contrast, when provided with instructions to inhale comfortably,
the mean peak inspiratory pressure was 2.0 kPa, which is still
greater than the lowest setting of 1.4 kPa that was utilized to
aerosolize TPIP in the HR RS01 DPI. Notably, even at an
inspiratory pressure of 1.4 kPa, the TPIP FPD values were
comparable to those generated at the compendial value of 4 kPa.

Thus, the literature data on subjects with PAH, IPF, ILD and
COPD suggests that they will be able to achieve adequate
inspiratory pressures to effectively disperse and inhale the
TPIP powder from the HR RS01 device, even if they choose to
inhale comfortably, rather than forcefully.1https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/022387s017lbl.pdf.
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GLOSSARY

ANOVA Analysis of variance

CMC Chemistry, manufacturing and controls

COPD chronic obstructive pulmonary disease

CV Coefficient of variation

DPI Dry powder inhaler

ED Emitted dose

FPD Fine particle dose (less than 5 µm)

FPF Fine particle fraction (less than 5 µm)

GSD Geometric standard deviation

HPLC High performance liquid chromatography

HR High resistance DPI

ILD Interstitial lung disease

IP Induction port (of the NGI)

IPF Idiopathic pulmonary fibrosis

LD Loaded dose (of treprostinil palmitil)

LPM Liters/min

LR Low resistance DPI

MMAD Mass median aerodynamic diameter

MOC Micro-orifice collector (of the NGI)

MR Medium resistance DPI

NGI Next generation impactor

PAH Pulmonary arterial hypertension

PH-COPD Pulmonary hypertension due to chronic obstructive
pulmonary disease

PH-ILD Pulmonary hypertension due to interstitial lung disease

QID Quarter in die (Four times daily)

RH Relative humidity

RSD Relative standard deviation

SD Standard Deviation

TP Treprostinil palmitil

TPIP Treprostinil palmitil inhalation powder

TPIS Treprostinil palmitil inhalation suspension

TRE Treprostinil

UHR Ultra-high resistance DPI

VMD Volume median diameter
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