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Abstract

Serotonin plays a key role in the development and maintenance of the

pathobiology associated with pulmonary arterial hypertension (PAH). Platelet‐
driven and locally produced serotonin from lung tissue and arterial endothelial

cells induce excessive growth of pulmonary artery smooth muscle cells. The

unchecked growth of these cells is a major driver of PAH including the

remodeling of pulmonary arteries that dramatically reduces the diameter and

flexibility of the arterial lumen. Tryptophan hydroxylase 1 (TPH1) is the rate‐
limiting enzyme for biosynthesis of serotonin and is upregulated in PAH arterial

endothelial cells, supporting TPH1 inhibition to treat PAH. Targeting the

serotonin pathway via inhibition of peripheral serotonin and local production in

diseased tissues, rather than individual receptor‐mediated or receptor‐
independent mechanisms, may result in the ability to halt or reverse pulmonary

vascular remodeling. Rodatristat ethyl, a prodrug for rodatristat, a potent,

peripheral inhibitor of TPH1, has demonstrated efficacy in monocrotaline and

SUGEN hypoxia nonclinical models of PAH and robust dose‐dependent
reductions of 5‐hydroxyindoleacetic acid, the major metabolite of serotonin in

plasma and urine of healthy human subjects. ELEVATE 2 (NCT04712669) is a

Phase 2b, double‐blind, multicenter trial where patients with PAH are

randomized to placebo, 300 or 600mg twice daily of rodatristat ethyl. The trial

incorporates endpoints to generate essential clinical efficacy, safety, pharmaco-

kinetic, and pharmacodynamic data needed to evaluate the ability of rodatristat

ethyl to ameliorate PAH by halting or reversing pulmonary vascular remodeling

through its unique mechanism of TPH1 inhibition. Herein we describe the

experimental design highlighting the trial's unique features.
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INTRODUCTION

ELEVATE 2 is a Phase 2b, double‐blind, international,
multicenter trial to evaluate the clinical efficacy, safety,
pharmacokinetics, and biomarker pharmacodynamics of
rodatristat ethyl administered as an oral twice‐daily
(BID) treatment to ameliorate pulmonary arterial hyper-
tension (PAH). Rodatristat ethyl is a first‐in‐class
prodrug for rodatristat, a potent inhibitor of tryptophan
hydroxylase, the rate limiting enzyme in the biosynthesis
of serotonin from dietary tryptophan. Rodatristat ethyl is
anticipated to ameliorate PAH by halting or reversing
pulmonary vascular remodeling caused in part by
increased pulmonary artery endothelial cell serotonin
synthesis and subsequent proliferation of pulmonary
artery smooth muscle cells (PASMCs).

PAH is one of five pulmonary hypertension sub-
groups that is classified based on hemodynamic, clinical,
and diagnostic data.1 PAH is a rare, incurable, progres-
sive disease characterized by vasoconstriction, cellular
proliferation, and remodeling in the pulmonary arterial
bed. These changes lead to elevations in resting mean
pulmonary arterial pressure, subsequent right ventricular
hypertrophy, and ultimately, right heart failure and
death.2 Serotonin (5‐HT) is a bioactive amine produced
via two enzymatic steps, from the dietary amino acid
tryptophan. The rate limiting step in the biosynthesis is
production of 5‐hydroxytryptophan from tryptophan by
isoforms of tryptophan hydroxylase (TPH). Because

serotonin does not cross the blood‐brain barrier, two
separate pools of serotonin exist and have unique
functions. In the central nervous system (CNS), serotonin
is a neurotransmitter produced via tryptophan hydroxy-
lase 2 (TPH2), whereas it is an autacoid in the periphery
produced via tryptophan hydroxylase 1 (TPH1). The
majority of the body's serotonin in healthy individuals
(90%–95%) is produced by the enterochromaffin cells of
the gastrointestinal tract and to a lesser extent in the cells
of blood vessels, bones, immune system, pancreas, lungs,
and skin.3 Imbalance of peripheral serotonin is associ-
ated with gastrointestinal disorders, fibrosis, inflamma-
tion, anorexigen usage, and PAH.3,4

TPH1 is overexpressed in the lungs and pulmonary
arterial endothelial cells of patients with PAH and leads
to excess local serotonin production.5,6 Locally produced
serotonin from pulmonary arterial endothelial cells,
exacerbated by gut‐derived serotonin, induces prolifera-
tion of PASMCs.5 The unchecked growth of PASMCs is a
major driver of the pathology of PAH and contributes to
the remodeling of pulmonary arteries that dramatically
reduces the diameter and flexibility of the arterial lumen
(Figure 1). Serotonin has been shown to promote
pulmonary smooth muscle cell proliferation and
contraction through multiple mechanisms, including
receptor mediated (5HT1B) vasoconstriction and receptor
independent uptake (serotonin transporter [SERT])
followed by downstream signaling pathways that drive
proliferation (Figure 1).7,8 Expression of the 5HT1B

FIGURE 1 The role of serotonin in the
development of pulmonary arterial
hypertension (PAH). DNA, deoxyribonucleic
acid; TPH1, tryptophan hydroxylase 1
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receptor is upregulated in PASMCs from female PAH
patients potentially exacerbating the impact of increased
serotonin levels.9

Recent advances highlight the importance of dysre-
gulated signaling with bone morphogenetic protein
receptor type 2 (BMPR2), a transforming growth factor‐
β superfamily receptor.10,11 Balance of antiproliferative
and proproliferative signaling via BMP receptors, includ-
ing BMPR‐2 and ActR2a, is important for pulmonary
vascular homeostasis11,12 and up to 86% of familial PAH
and 35% of idiopathic PAH patients show a genetic defect
in BMPR2.11 Dysregulated serotonin signaling is also
thought to interact with BMPR2‐associated mechanisms
driving the pathogenesis of pulmonary hypertension.
Mice lacking a copy of BMPR2 (Bmpr2+/−) exhibit
increased pulmonary artery systolic pressure and arterial
remodeling in response to hypoxia combined with
chronic infusion of serotonin. PASMCs from Bmpr2+/−

mice demonstrated an increased proliferative response to
serotonin compared with wild‐type cells. Serotonin
inhibited BMP signaling in PASMCs and resulted in a
decrease of Smad1/5 phosphorylation and BMP2‐
stimulated expression of the antiproliferative gene
ID3.13 Thus, inhibition of serotonin signaling by rodatri-
stat may decrease PASMC proliferation in PAH patients
with BMPR2 heterozygous mutations.

Current standard‐of‐care therapies for the treatment
of PAH mainly aid in the alleviation of symptoms,
primarily through vasodilation. These agents do not
address the underlying pathology, halt disease progres-
sion, nor reverse the disease process.14 Several serotonin‐
targeted approaches have been evaluated including
receptor antagonists (e.g., ketanserin and terguride),
receptor agonists (e.g., sumatriptan), or transporter
reuptake inhibitors (e.g., fluoxetine).15–18 Unfortunately,
the results have been disappointing and limited by
several factors including choice of receptor target, use of
a receptor agonist rather than antagonist, or inadequate
drug exposure.7,19,20 No clinical PAH studies have
evaluated reduction in the overall peripheral and lung
serotonin pool via TPH1 inhibition. Since TPH1 is the
rate‐limiting enzyme in the biosynthesis of serotonin and
there is wide acceptance of the role of serotonin in the
pathobiology of PAH, inhibiting TPH1 presents as a
reasonable approach to treat PAH.7,21 Moreover, a more
complete targeting of the serotonin pathway via inhibi-
tion of peripheral serotonin and local production in
diseased tissues, instead of the individual receptor‐
mediated and receptor‐independent mechanisms, may
lead to beneficial pulmonary vascular remodeling.20

Rodatristat, the active component of the oral prodrug
rodatristat ethyl has a unique target product profile in
that it has a novel mechanism of action distinct from the

pathways employed by approved PAH medications; has
the potential to halt or reverse remodeling of the
pulmonary vasculature, and has low potential for drug‐
drug interactions with other approved PAH medications
allowing for evaluation in combination with approved
therapies.22

The effects of rodatristat have been evaluated in
nonclinical safety pharmacology and tissue distribution
studies and both support low potential for pharmaco-
logical effects in the CNS. By design, rodatristat has
negligible ability to cross the blood‐brain barrier.
Quantitative whole‐body autoradiography and multiple
dose study data in rats suggest that rodatristat ethyl and
rodatristat have sub‐pharmacologically relevant exposure
levels in the CNS and do not reduce brain 5‐HT levels.
Analysis of lung exposure data supports accumulation of
the active drug in the lung. This is important as there is
evidence to suggest that serotonin production is upregu-
lated in the lungs of PAH patients.5,6 In repeat‐dose
studies characterizing CNS drug exposure at steady state,
male Wistro‐Kyoto rats were dosed with rodatristat ethyl
once daily (QD) at 30, 100, and 300mg/kg/day for a
period of 1, 5, or 13 days and brain tissues were collected
24 h postdosing. The efficacious 100mg/kg daily dosing
regimen resulted in CNS exposures below the TPH2 IC50,
indicating a low probability of a CNS effect. In the lung,
rodatristat ethyl and rodatristat concentrations were
quantifiable in all animals across all rodatristat ethyl
dosing groups on days 1, 6, and 14. Dosing at 100 and
300mg/kg resulted in unbound rodatristat lung concen-
trations above the TPH1 IC50, suggesting pharmaco-
logically meaningful exposures are achieved in the
lung.23 Before ELEVATE 2, over 150 healthy subjects
had received either single or multiple doses (up to 14
days of 800mg BID) across three studies. Rodatristat was
safe and well tolerated with no serious adverse events,
dose‐limiting toxicities or deaths observed. No clinically
significant findings for vital signs, electrocardiograms, or
the Columbia‐Suicide Severity Rating Scale were
detected. The most common treatment‐emergent adverse
events (TEAEs) were mild to moderate gastrointestinal‐
related and mild elevations in hepatic enzymes. In
repeat‐dose studies the TEAEs rarely led to dis-
continuation of study drug (<5% incidence, n= 4).

Pharmacodynamic assessments for reduction in sero-
tonin biosynthesis demonstrated robust, dose‐dependent
reductions of 5‐hydroxyindoleacetic acid (5‐HIAA), the
major biomarker metabolite of serotonin, in plasma and
urine. Reductions in serotonin biosynthesis in healthy
subjects were observed that exceeded levels associated
with efficacy in rat monocrotaline and SUGEN‐hypoxia
models of PAH.24 Rodatristat ethyl doses selected for
the ELEVATE 2 Phase 2 trial described herein are
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anticipated to achieve a clinically meaningful reduction
in serotonin in the majority of patients with PAH.25

METHODS

Trial design

As we enter an era of innovative drug development for
PAH, we must recognize increasing patient empower-
ment and the meaningful involvement of patient
communities in the research process and beyond. The
physiologic, emotional, and even economic value of
symptom alleviation is critical in patient‐centric develop-
ment. Qualitative patient feedback, coupled with the use
of quantitative deidentified clinical data helped to inform
the design of ELEVATE 2.

ELEVATE 2 (NCT04712669) is a Phase 2b, random-
ized, double‐blind, placebo‐controlled, multicenter trial
comparing the efficacy, safety, and tolerability of two
rodatristat ethyl oral regimens in patients with PAH over
a 24‐week treatment period. It is planned to randomize a
total of 90 patients in a 1:1:1 ratio to placebo, 300mg BID
or 600mg BID rodatristat ethyl (Figure 2). The study is
being conducted at specialized referral centers experi-
enced in PAH management in approximately 17 countr-
ies in North America and Europe. Patients who complete
the 24‐week treatment period (Main Study) have the
option to enroll into an Open‐Label Extension (OLE).
Patients randomized to receive active investigational
product (IP) during the Main Study will typically remain
on the same active dose in the OLE. Participants
receiving placebo will be rerandomized 1:1 to receive
300 or 600mg BID of rodatristat ethyl. The rodatristat
ethyl dose will continue to be blinded during the OLE.

The Main Study consists of standard clinical visits, as
well as the option for domiciliary and telemedicine visits
to alleviate travel burden to patients and caregivers and
mitigate exposure to severe acute respiratory syndrome
coronavirus 2. Being the first study of rodatristat ethyl in
PAH patients, it is important to monitor long‐term safety
and potential efficacy. The first 24 weeks of the OLE will

match that of the Main Study each comprising clinic
visits (Day 1 [Week 24 of the Main Study], Weeks 4, 12,
and 24), the option of a clinic or home visits (Weeks 8
and 18), and a telemedicine/phone call (Week 2). The
total trial duration for patients that either terminate early
or do not enroll in the OLE will be ≤32 weeks.

This trial is conducted in accordance with the
protocol and the consensus of ethical principles of the
Declaration of Helsinki and Council for International
Organizations of Medical Sciences International Ethical
Guidelines; applicable International Conference on
Harmonization Good Clinical Practice Guidelines; and
applicable laws and regulations. All relevant documents
were approved by the respective institutional review
board or independent ethics committee and competent
authority before study activation. Written, informed
consent will be obtained from all patients before they
are enrolled in the study. The trial is registered under
the name A Study of Rodatristat Ethyl in Patients
with Pulmonary Arterial Hypertension (ELEVATE 2;
NCT04712669, EudraCT: 2020‐004971‐42).

An external, multidisciplinary Independent Data
Monitoring Committee will review the progress of the
trial and perform interim reviews of unblinded safety and
efficacy data at regular intervals and provide safety
recommendations. An external, separate, Independent
Adjudication Committee will standardize the review of
the clinical worsening endpoint and reduce the bias and
variability from investigators involved in the study.

INVESTIGATIONAL PRODUCT

Rodatristat ethyl is provided as a 300‐mg oral tablet
manufactured by Patheon Pharmaceuticals. All partici-
pants will receive two tablets BID based on their
randomization (either 2 ×matched placebo (placebo),
1 × 300mg and 1 × placebo, or 2 × 300mg). Rodatristat
ethyl doses selected for the study are based on prior
pharmacodynamic observations in nonclinical models of
PAH and pharmacokinetic, pharmacodynamic, safety,
and tolerability data in healthy subjects administered

FIGURE 2 Trial schematic for ELEVATE 2
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rodatristat ethyl for up to 14 days. In addition, a dose‐
response model accounting for variabilities in drug
exposure and pharmacodynamic response observed in
previous clinical studies with healthy subjects was
developed, and after conducting 10,000 simulations,
doses of 300 and 600mg BID were identified as having
a high probability (61% and 84%, respectively) of
achieving the targeted 40% reduction in serotonin
biosynthesis that was associated with achieving efficacy
endpoints in the nonclinical MCT and SuHx PAH
studies.25 Thus, these simulations support the 300 and
600mg BID dose regimens having a high probability of
lowering serotonin biosynthesis to an extent that has the
potential to lower pulmonary vascular resistance (PVR)
and improve exercise capacity over a 24‐week treatment
period.

Temporary dosage reductions or discontinuations
may be made to manage an adverse event including
gastrointestinal (e.g., diarrhea, nausea, or vomiting) or
liver enzyme increase occurring during the 24 weeks of
the study. Judicious use of most antidiarrheal and/or
antiemetic medications are permitted. One level of dose
reduction is allowed. If an adverse event(s) continues, the
patient may stop taking the IP completely for up to seven
days before restarting. All determinations of IP dose
reduction are to be discussed with the medical monitor
before implementing unless the reduction is being
implanted for safety and time does not allow for
discussion.

OBJECTIVES FOR THE MAIN
STUDY

The study endpoints are consistent with clinically
meaningful assessments, established in prior Phase 2
PAH trials. Evaluation of the change in PVR as measured
by right heart catheterization, is a uniformly accepted
parameter to assess disease progression and efficacy of a
pharmacological intervention in PAH patients. Accord-
ingly, the percent change from baseline of PVR was
selected as the primary endpoint of the study.

Secondary objectives of the study aim to evaluate
physiologic function, clinical worsening, biomarkers of
disease progression, and importantly, changes in health‐
related quality of life. Symptoms commonly associated
with the disease have a debilitating impact not only on
patients' physical functioning, but also psychosocial
well‐being.26,27 The Pulmonary Arterial Hypertension‐
Symptoms and Impact (PAH‐SYMPACT®) is a PAH‐
specific patient reported outcome instrument that is
widely used in clinical practice and clinical trial research,
and sensitive to patient improvement.28 Assessment of

TABLE 1 Endpoints for the main study objectives for
ELEVATE 2

Endpoints for the primary objective

• Percent change from baseline to 24 weeks of pulmonary
vascular resistance between an active cohort and the
placebo arm

Endpoints for the Secondary Objectives

• Change from baseline in World Health Organization
Functional Class

• Change from baseline in the 6‐min walk distance
• Change from baseline in N‐terminal probrain natriuretic
peptide

• Change in safety parameters including adverse events, vital
signs, laboratory values, and electrocardiogram assessments

• Change from baseline in cardiac index, mean pulmonary
artery pressure, mean right atrial pressure, mixed venous
oxygen saturation, and pulmonary artery compliance

• Time to clinical worsening defined as the first occurrence of a
composite endpoint of: 1. Death from any cause, OR 2.
Hospitalization for worsening pulmonary arterial
hypertension (any hospitalization for worsening PAH, lung or
heart transplantation, atrial septostomy, or initiation of
parenteral prostanoid therapy), OR 3. Disease progression
defined as a decrease of more than 15% from baseline in the 6‐
min walk distance combined with World Health Organization
Functional Class III or IV symptoms at two consecutive visits
separated by at least 14 days (adjudicated)

• Death from any cause
• Change from baseline in right atrial size and right ventricle
function (tricuspid annular plane systolic excursion, tricuspid
annular systolic velocity, and right ventricle fractional area
change)

• Change from baseline in Pulmonary Arterial Hypertension‐
Symptoms and Impact (PAH‐SYMPACT®) Questionnaire

• Change from baseline in Register to Evaluate Early and Long‐
Term Pulmonary Arterial Hypertension Disease Management
Lite 2 score

• Population pharmacokinetic parameters of rodatristat ethyl,
and its active metabolite rodatristat

• Change from baseline in 5‐hydroxyindoleacetic acid (plasma
and spot‐urine concentrations and creatinine‐corrected
urinary 5‐hydroxyindoleacetic acid)

Endpoints for the exploratory objectives

• Time to clinical improvement defined as a >10% increase in
the 6‐min walk distance or 30m and an improvement to or
maintenance of World Health Organization Functional Class
II symptomatology, in the absence of a deterioration in
clinical condition or death during the 24 weeks of the Main
Study

• Change from baseline in actual daily activity (counts/minute)
as determined by actigraphy:

o Light to vigorous activity/day
o Moderate to vigorous activity/day
o Total movement/day

(Continues)
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the safety, tolerability, pharmacokinetics and pharmaco-
dynamics of rodatristat are included as secondary
objectives. The endpoints for the trial objectives are
listed in Table 1.

Objective for the OLE

The purpose of the OLE is to provide continuous,
uninterrupted access to rodatristat ethyl for patients
who participated in the Main Study if the patient appears
to benefit from the therapy as determined by the
investigator and patient. The OLE also provides patients
receiving placebo during the Main Study the opportunity
to receive treatment with rodatristat ethyl (300 or 600mg
BID). The objective of the OLE is to further evaluate the
long‐term safety, tolerability, and efficacy of rodatristat
ethyl in patients with PAH.

Patient recruitment and eligibility

The study population will include patients with World
Health Organization Group 1 PAH, and the protocol
closely follows the published guidance of the 6th World
Symposium on pulmonary hypertension hemodynamic
criteria and clinical classifications of pulmonary hyper-
tension. Eligible clinical classifications include idiopathic
and heritable PAH, or PAH that is drug‐ or toxin‐
induced, or associated with connective tissue disease,
congenital systemic pulmonary shunt repaired at least 1
year before screening, or human immunodeficiency virus
infection. The inclusion and exclusion criteria are listed
in Table 2.

Placebo‐controlled randomized studies provide the
most robust results and are thus considered the most
appropriate design. However, approved therapies for
PAH are available, making a placebo‐controlled rodatri-
stat ethyl monotherapy trial unethical. Therefore, all
participating patients are required to be on a stable
background therapy for PAH with their regimens
stabilized for ≥12 weeks and their dose(s) stabilized for
≥8 weeks before their screening right heart catheteriza-
tion. Oral, inhaled, or parenteral prostanoids are

TABLE 1 (Continued)

Endpoints for the primary objective

o Best 6‐min walk effort
• Plasma selexipag and its active metabolite, ACT‐333679
trough concentrations at baseline and Week 4 for patients
receiving selexipag as part of background therapy

TABLE 2 Participant inclusion and exclusion criteria for
ELEVATE 2

Main Study

Inclusion criteria

1. Male and female patients ≥18 years of age;
a. Male patients and female partners must agree to use

contraception starting at screening, during the treatment
period, and for at least 100 days after the last dose of
investigational product (IP). Male patients must refrain from
donating sperm during this period.

b. Female patients of childbearing potential must agree to use
protocol‐approved contraception starting at screening,
during the treatment period, and for at least 4 weeks after
the last dose of IP.

2. Body mass index ≥18 kg/m2 and ≤40 kg/m2

3. Patients with symptomatic pulmonary arterial hypertension
(PAH) belonging to one of the following 2018 Clinical Group
1 Subtypes:

a. Idiopathic PAH
b. Heritable PAH
c. Drug‐ or toxin‐induced
d. PAH associated with
i. Connective tissue disease
ii. Congenital systemic pulmonary shunt (atrial septal defect,

ventricular septal defect, patent ductus arteriosus) repaired
at least 1 year before screening

iii. Human immunodeficiency virus infection ‐ if diagnosed
with human immunodeficiency virus, must have stable
disease status as defined as

1. Stable treatment with human immunodeficiency virus
medications for at least 8 weeks before screening

2. No active opportunistic infection during the screening period
3. No hospitalizations due to human immunodeficiency virus

for at least 4 weeks before screening
4. World Health Organization (WHO) Functional Class II or III
5. Confirmed diagnosis of PAH and meet all following

hemodynamic criteria by means of a screening right heart
catheterization (RHC) completed before randomization:

a. Mean pulmonary artery pressure of >20mmHg
b. Pulmonary vascular resistance ≥350 dyne•sec/cm5

c. Pulmonary capillary wedge pressure (PCWP) or left
ventricular end diastolic pressure (LVEDP) of ≤12mmHg if
PVR ≥ 350 and <500 dyne•sec/cm5, or PCWP/
LVEDP ≤ 15 mmHg if PVR ≥ 500 dyne•sec/cm5

6. Six‐min walk distance of 100–550m at screening
7. Currently on a stable treatment regimen with ≥1 treatments

approved for PAH. Stable therapy is defined as receiving the
same medication(s) for ≥12 weeks before the screening RHC
and at a stable dose level for each for ≥8 weeks before the
screening RHC.

8. Meet all of the following criteria determined by pulmonary
function tests completed no more than 24 weeks before
screening (performed with or without bronchodilation):

a. Forced expiratory volume in 1 s ≥ 60% of predicted normal
b. Total lung capacity (TLC) ≥70% of predicted normal or

forced vital capacity (FVC) ≥70% predicted if TLC is not
available; for patients with connective tissue disorder
associated PAH, if TLC is ≥60% of predicted but <70% of
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TABLE 2 (Continued)

Main Study

predicted or if FVC ≥60% of predicted but <70% of predicted,
high‐resolution computed tomography obtained within 6
months of screening may be utilized to demonstrate limited
interstitial lung disease

9. If participating in an exercise program for pulmonary
rehabilitation, the program must have been initiated ≥12
weeks before screening, and the patient must agree to
maintain the current level of rehabilitation for the first 24
weeks of receiving IP. If not participating in an exercise
training program for pulmonary rehabilitation, the
patient must agree not to enroll in an exercise
training program for pulmonary rehabilitation during
the screening period and the first 24 weeks of
receiving IP.

10. Willing and able to give written informed consent and to
comply with the requirements of the trial for its duration

Exclusion criteria

1. Women of childbearing potential who are pregnant,
planning to become pregnant, or lactating, or female/male
patients unwilling to use effective contraception as defined
in the protocol

Medical Conditions
2. WHO pulmonary hypertension (PH) Group 1 PAH

associated with portal hypertension or schistomomiasis, PH
due to left heart disease (WHO PH Group 2), lung diseases
and/or hypoxia (WHO PH Group 3), chronic
thromboembolic PH (WHO PH Group 4), or PH with
unclear multifactorial mechanisms (WHO PH Group 5)

3. PH associated with significant venous or capillary
involvement (pulmonary capillary wedge pressure
>15mmHg), pulmonary capillary hemangiomatosis, portal
hypertension, or unrepaired congenital heart defects

4. Three or more of the following risk factors for left ventricular
disease:

a. Body mass index ≥30 kg/m2

b. Diagnosis of essential hypertension that is actively treated
c. Diabetes mellitus
d. History of significant coronary artery disease (e.g., chronic

stable angina, history of coronary intervention within the
last 3 months, or a stenosis >70% on coronary angiography)

e. Atrial fibrillation
f. Left atrial volume index (LAVi) >41ml/m2 or left atrial

diameter >4 cm if LAVi is unavailable
5. Known genetic hypertrophic cardiomyopathy
6. Known cardiac sarcoidosis or amyloidosis
7. The patient has a history of, or currently has, a constrictive

cardiomyopathy
8. Known history of any left ventricular ejection fraction <40%

by echocardiogram within 3 years of randomization (Note: a
transient decline in left ventricular ejection fraction <40%
that occurred and recovered >6 months before the start of
screening and was associated with an acute intercurrent
condition [e.g., atrial fibrillation] is allowed)

(Continues)

TABLE 2 (Continued)

Main Study

9. Hemodynamically significant valvular heart disease as
determined by the Investigator, including

a. Greater than mild aortic and/or mitral stenosis and/or
b. Severe mitral and/or aortic regurgitation (> Grade 3).
10. Severe arthritis, musculoskeletal problems, or morbid

obesity that, in the opinion of the Investigator, is the cause
of the patient's functional limitation and would affect the
patient's ability to perform or complete the 6‐min walk test

11. Planned major surgery within the next 3 months, including
lung transplantation, major abdominal or major intestinal
surgery

12. End stage renal disease defined as receiving peritoneal
dialysis hemodialysis, or status after renal transplantation,
or severe liver disease defined as Child‐Pugh Class C, with
or without cirrhosis

13. Known congenital long QT syndrome or known family
history of long QT syndrome

14. Depression that is currently rated as severe (defined as a
score of ≥16 on the Quick Inventory of Depressive
Symptomatology [Clinician Rated] and/or Hospital Anxiety
and Depression Scale depression and/or anxiety score ≥15),
recent suicidal behavior (either preparatory acts/behavior,
aborted attempt, interrupted attempt, or actual attempt in
the past 3 months per the screening Columbia‐Suicide
Severity Rating Scale), or active suicidal ideation with
intent to act (defined as Columbia‐Suicide Severity Rating
Scale category score of 4 or 5 in the past month)

15. Patients with (during screening):
a. Severe hypertension (systolic blood pressure [SBP]

>180mmHg and/or diastolic blood pressure
[DBP] >110mmHg), and patients with severe hypotension
(SBP <90mmHg and/or DBP <50mmHg)

b. Hypertension or hypotension considered not controlled in
line with clinical standards

16. Clinically significant electrolyte abnormality (e.g.,
hypokalemia, hypomagnesemia, or hypocalcemia) in the
judgment of the Investigator

17. Current or prior history within the last 5 years of neoplasm
(except for treated basal cell or squamous small cell
carcinoma of the skin with no evidence of recurrence)

18. Any current clinically significant medical condition/
disorder that within in the Investigator's opinion would
interfere with the patient's ability to comply with or
complete the trial or could affect the interpretation of the
efficacy and safety variables

Prior/Concomitant Therapy
19. Use of any of the following medications or supplements

within 30 days before screening:
a. Monoamine oxidase inhibitors as listed per the protocol
b. 5‐hydroxytryptophan or L‐tryptophan
c. Telotristat ethyl
20. Patients currently taking ≥1 drugs known to prolong the

QT interval and which are clearly associated with a known
risk of Torsades de Pointe

(Continues)
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permitted. Patients' standard‐of‐care regimens at entry
will be maintained for the duration of the trial. Eligible
patients are stratified based on the number of back-
ground PAH therapies they are receiving (1 vs. 2 vs. 3).
The number of patients who are on a prostanoid infusion
or selexipag will be capped at 50% and 20%, respectively,
of the total patients enrolled.

Sample size justification

Thirty patients per cohort will provide at least 80%
power at a significance level of 0.05 (2‐sided hypothe-
sis) to detect a treatment difference of 0.75 times of
standard deviation in the percentage change for PVR
from baseline between an active cohort and the
placebo cohort.

Efficacy‐related assessments

This study will compare the efficacy, safety, and
tolerability of two dosing regimens of rodatristat ethyl
to placebo in patients with PAH. The primary endpoint is
the percent change from baseline in PVR for each of the
two active arms versus the placebo arm, calculated from
measurements obtained during right heart catheteriza-
tion over 24 weeks of treatment. Main secondary
endpoints are the change from baseline in World Health
Organization Functional Class, 6‐min walk distance, and
N‐terminal‐pro‐brain natriuretic peptide. Other end-
points are shown in Table 1. In prior studies of patients
treated with PAH therapies, up to 24 weeks of treatment
with study medication were necessary to demonstrate
efficacy as well as allow for assessment of safety and
tolerability.10 Change in safety parameters including
adverse events, laboratory values, electrocardiograms,
and other clinical assessments will be evaluated from
baseline to Week 24.

Pharmacokinetics of rodatristat ethyl and
rodatristat

A population PK approach will be utilized to characterize
the PK of rodatristat ethyl and rodatristat in subjects with
PAH. In vitro experiments and in silico modeling to
evaluate the drug‐drug interaction potential with roda-
tristat ethyl and rodatristat have not identified high or
even moderate risks for interactions. There is the
potential for weak interactions with substrates of the
drug metabolizing enzymes cytochrome P450, CYP2C8,
and CYP3A, and drug transporters P‐glycoprotein or
organic anion‐transporting polypeptide. Of relevance to
the current study, selexipag and its active metabolite,
ACT‐333679, are prostacyclin receptor agonists approved
for the treatment of PAH and are sensitive substrates of
cytochrome P450 CYP2C8. A selexipag‐rodatristat ethyl
clinical interaction study in healthy subjects was
performed and steady‐state of rodatristat 600mg BID
co‐administered with single‐dose selexipag 400 µg,
increased selexipag area under the concentration‐time
curve 1.18‐fold and reduced ACT‐333679 area under the
concentration‐time curve by 40.5%. Safety data from the
study show that diarrhea, headache, nausea, and
stomachache were reported (in ≥2 subjects) at approxi-
mately the same frequency during exposure to rodatristat
ethyl alone and coadministration of selexipag and
rodatristat ethyl. There were no changes in laboratory
parameters, vital signs, or electrocardiograms of
clinical significance. The current understanding of the

TABLE 2 (Continued)

Main Study

Diagnostic Assessments
21. Estimated glomerular filtration rate <30ml/min/1.73m2 at

screening
22. 12‐lead electrocardiogram results at screening

demonstrating QTcF interval >450ms for males or >470ms
for females

23. Elevated alanine aminotransferase, aspartate
aminotransferase, or total bilirubin level >2 times the
upper limit of normal

24. Any electrocardiogram or clinical laboratory abnormality
which precludes safe participation in the trial in the
opinion of the Investigator

Lifestyle
25. History of active substance abuse disorder (including

alcohol) within the past 2 years which, in the opinion of the
Investigator, would limit the ability of the patient to provide
adequate informed consent or to comply with trial
requirements

26. Use of any investigational drug within 30 days or 5 half‐
lives (whichever is longer) before screening or 90 days if an
investigational drug for PAH, or anytime while on IP
(including during Open Label Extension), unless local
health authority guidelines mandate a longer period, or in
consultation with the medical monitor, will not interfere
with the safety or efficacy of the study

27. Any history of hypersensitivity to rodatristat ethyl, any of
its components, or any components in the placebo
preparation

28. Patient is deprived of their liberty by a judicial or
administrative decision. Patient is receiving psychiatric care
and is admitted to a mental health or social institution

29. Patient is subject to legal protection or is unable to express
consent
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magnitude of this interaction in patients with PAH and
the clinical relevance of these changes in exposure are
unknown. Thus, pharmacokinetic samples for assess-
ment of selexipag and ACT‐333679 trough concentra-
tions are collected in ELEVATE 2 to further investigate
this finding.

Blood samples for pharmacokinetic analysis of
plasma rodatristat ethyl, rodatristat, selexipag, and
ACT‐333679 will be assayed using validated liquid
chromatography with tandem mass spectrometry meth-
ods. During the Main Study, blood samples for evaluation
of plasma rodatristat ethyl and rodatristat are collected
predose on Day 1 and Week 4, postdose on Week 12
(blood sample will be collected between 1 and 8 h after
the morning dose), and a trough sample following the
last dose Week 24 (if the patient enrolls in the OLE, this
blood sample will be collected before the morning
rodatristat ethyl dose). Blood samples for evaluation of
selexipag and ACT‐333679 are collected during the Main
Study (predose on Day 1 and Week 4) and during the first
24 weeks of the OLE (OLE baseline visit and Week 4).
Patients will take their selexipag in the clinic at these
visits allowing the pharmacokinetic samples to be
collected approximately 12 h after the prior dose. Blood
samples for the pharmacokinetic analysis of selexipag
and ACT‐333679 are only collected in patients whose
standard‐of‐care therapy includes selexipag.

Pharmacodynamics

5‐HIAA is a stable metabolite of serotonin and a target‐
specific biomarker of its biosynthesis. Blood samples and
urine samples are being collected for determination of
plasma and urine creatinine‐corrected 5‐HIAA concen-
trations at pre‐dose on Day 1 and at Weeks 4, 12, and 24.
Plasma and urine concentrations of 5‐HIAA will be
determined using validated liquid chromatography with
tandem mass spectrometry methods. Urine creatinine
will be measured by means of a Roche Cobas (Roche
Diagnostics) using the Roche Jaffé creatinine method as
part of the clinical chemistry panel.

Statistical analyses

Primary and secondary efficacy analyses will be per-
formed using the modified intent‐to‐treat and per
protocol populations which ensure patients completed
at least one postbaseline efficacy assessment and
completed the Week 24 visit without major protocol
deviations, respectively. Percent change from baseline in

PVR will be analyzed using an analysis of covariance
with baseline PVR as the covariate. Additional baseline
characteristics may also be evaluated as covariates in the
model. The estimated between‐treatment differences,
95% confidence intervals, and p values will be deter-
mined. For patients who discontinue from the trial early,
the last‐observation‐carried‐forward method will be used
to impute the PVR at Week 24.

For the secondary efficacy endpoints, the change
from baseline to Week 24 will be analyzed using an
analysis of covariance model with treatment as a fixed
effect, randomization stratum and baseline assessment as
covariates. The estimated between‐treatments differ-
ences, 95% confidence intervals, and p values will be
determined.

The change in 6‐min walk distance from baseline to
Week 24 will be compared between cohorts using
nonparametric analysis of covariance within the framework
of the extended Cochran‐Mantel‐Haenszel test. For end-
points measured over time, a mixed effect of repeated
measure model may be used as sensitivity analyses. The
time from the first dose of IP until the first clinical
worsening event will be summarized using Kaplan–Meier
estimates and compared between treatment cohorts using
the log‐rank test.

Safety analyses will be performed using the safety
population. Safety and tolerability will be evaluated by
assessment of adverse event incidence and changes in
clinical laboratory tests, physical examinations, vital
signs measurements, electrocardiogram readings, and
suicidal ideation and behavior ratings at various time
points during the trial.

CONCLUSION

TPH inhibitors, including rodatristat, reduce the cellular
release of serotonin that promotes proliferation of
pulmonary smooth muscle cells,22 ELEVATE 2 is a
clinical trial to further establish and target serotonin as a
critical effector of PAH disease pathogenesis and is the
first PAH study to address aberrant production of
peripheral serotonin by treating with rodatristat ethyl
to inhibit TPH1. All patients in ELEVATE 2 will be
receiving background SOC treatment. Nonclinical stud-
ies in the rat SuHx model of PAH indicated at least an
additive effect of combination rodatristat ethyl and
ambrisentan treatment in reducing vessel wall thickness
and mean pulmonary arterial pressure and was superior
to the combination of ambrisentan and tadalafil. Thus, it
is possible that the addition of one agent to another could
confer additive or synergistic benefits.
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