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last two decades, long-term outcomes remain
unsatisfactory.2 Prostacyclins are a mainstay of
treatment for patients with more advanced symp-
toms of PAH.? Treprostinil is a prostacyclin
analog approved for the treatment of PAH and
available in several different routes of administra-
tion, including subcutaneous, intravenous, inha-
lation, and oral.# Oral treprostinil diolamine
(Orenitram®) was the first oral prostacyclin
analog to be approved by the FDA in 2013.5

Prostacyclin treatment response is highly individu-
alized and predictors of response are not well-
understood.® Current treatment paradigms are
empiric and iterative, and primarily based on indi-
ces of PAH disease severity through risk stratifica-
tion.3 The heterogeneity of prostacyclin response is
illustrated through prior reports of epoprostenol,
which included the identification of some patients
being described as ‘super responders.’® Less is
known about treprostinil, including the oral for-
mulation, which has the advantage of not requiring
an indwelling catheter and may be appropriate for
select patients who are eligible for transition from
parenteral treprostinil.?7 Clinical studies have also
shown significant variability in dosing and treat-
ment response with oral treprostinil.”-1° Treatment
persistence and higher doses improve clinical out-
come with oral treprostinil, but patients may
develop intolerable adverse effects or require tran-
sition to infusion or inhaled prostacyclins from the
oral formulation.1%13  Understanding which
patients would be most likely to gain benefit and
least likely to experience toxicity from prostacyclin
analogs underscores the importance of a precision
medicine approach to PAH care.!%15

Pharmacogenomics is the study of how genetic
variations affect medication response through the
correlation of gene expression or single nucleo-
tide polymorphisms with efficacy and toxicity.16
Genomic studies in PAH are emerging and are
being increasingly used to improve our knowl-
edge of the disease process, although few studies
have evaluated pharmacogenomics in this popu-
lation.!718  Pharmacogenomic variants which
affect prostacyclin metabolism and transport have
not been well-characterized. The primary enzyme
pathways that metabolize treprostinil are the
hepatic cytochrome P-450 (CYP) isoenzyme sys-
tem (CYP2C8 and CYP2C9) and these are known
to be polymorphic.>!° In fact, pharmacogenomic
variants of CYP2C9 (*2 and *3 alleles) with
known functional consequences (e.g. reduced or

no function alleles leading to intermediate or poor
metabolizer phenotypes) have reported popula-
tion frequencies of 35% in Caucasians.!%2? In
addition to metabolic pathways for treprostinil,
transporters also have the potential to influence
medication response. ATP-binding cassette
(ABC) transporters are transmembrane proteins
that use ATP for the active transport of various
drugs, thereby leading to their elimination.
Multidrug resistance protein 4 (MRP4), encoded
by ABCC4, is among the most common trans-
porters, is highly polymorphic, and is of interest
with regard to its role as a potential transporter of
treprostinil. MRP4 may also have a role in cardio-
vascular homeostasis and platelet function.2!

The primary aim of our study was to evaluate the
effect of pharmacogenomics as a source of varia-
bility in treatment persistence and dosing with
oral treprostinil. The secondary aim was to char-
acterize whether an association exists between
predicted metabolizer status and treprostinil drug
concentrations.

Methods

Study design

This was an investigator-initiated, proof-of-con-
cept, pilot study of oral treprostinil dosing and
clinical response variability as a function of pre-
dicted metabolizer status based on pharmacog-
enomic variants. In addition, we explored trends
between predicted metabolizer status and trepro-
stinil concentrations. Study participants were
recruited from an Institutional Review Board
(IRB) approved biobank registry of patients with
pulmonary hypertension at UPMC Presbyterian
Hospital in Pittsburgh, PA. All patients with PAH
(World Health Organization Group 1) aged
18years and older who were prescribed oral trepro-
stinil since FDA approval (20 December 2013)
through 30 June 2019 were screened for participa-
tion and had the opportunity to enroll. The target
population included both those who were newly
initiated on oral treprostinil (de novo), and those
who transitioned from other treprostinil formula-
tions (inhaled, intravenous, and subcutaneous).

The University of Pittsburgh IRB approved the
consent and study protocol. This was in accord-
ance with the ethical standards of the Helsinki
Declaration. All study participants provided writ-
ten informed consent.
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Clinical data were extracted from the electronic
health record to capture the following variables:
age, sex, race, weight, PAH etiology, World Health
Organization (WHO) functional class, background
PAH therapy, de novo oral treprostinil use or tran-
sition from another treprostinil formulation, total
daily dose of treprostinil at last date of clinical
observation (last visit with PAH provider closest to
the end of the study period), dosing frequency,
adverse effects, and persistence with treatment.
Treatment persistence was defined as maintenance
on therapy without discontinuation. Participants
who remained on treatment at the last date of clini-
cal follow-up were presumed to have maintained
on therapy for analysis purposes. For instances of
treatment discontinuation before the end of obser-
vation, the reason(s) were also collected.

Pharmacogenomic analysis. Genomic DNA was
isolated from whole blood or buffy coat using Gen-
tra Puregene Blood Kit according to the manufac-
turer (Qiagen, Germantown, MD). DNA was
quantified using Nanoquant and an Infinite® 200
PRO plate reader (Tecan, Switzerland). Variants in
CYP2C8, CYP2C9, and ABCC4 were detected by
TagMan® allelic discrimination assay (Thermo-
Fisher Scientific, Waltham, MA). Variants tested
for in CYP2C8 were the *3 (rs10509681,
rs11572080) and *4 (rs1058930) alleles which
have an expected frequency of 10-20% in the Cau-
casian population. CYP2C9 variants tested were
the *2 (rs1799853, decreased function) and *3
(rs1057910, no function) alleles which have an
expected frequency of 15% in Caucasians. Finally,
variants in ABCC4 included rs1751034 and
rs3742106, which have expected minor allele fre-
quencies of 20% and 40%, respectively.?? Pre-
dicted phenotypes for CYP2C9 were based on
diplotype to activity score mappings by the Clinical
Pharmacogenetics Implementation Consortium
(CPIC) where *1=1, *2=0.5, and *3=0.2° Pre-
dicted phenotypes for CYP2C8 were determined
to be intermediate or poor metabolizer status when
one or two decreased or loss-of-function alleles
were detected, respectively. For both CYP2C8 and
CYP2C9, in the complete absence of variants
tested, participants were assigned normal metabo-
lizer status (*1/*1 genotype).

Pharmacokinetic analysis. For the oral treprosti-
nil pharmacokinetic analysis, we assumed steady
state concentrations with three-times daily dosing
and slow absorption with a time to maximum
concentration (Tmax) of approximately 4-6h.23

One 4ml blood sample was collected from each
research participant at a time point that was
approximated to be at or near the anticipated
maximum concentration (Cmax). Blood samples
were collected in K3 EDTA tubes and kept imme-
diately in ice. These were then centrifuged as soon
as possible at 25°C for 10 min at 2500g. Plasma
was placed in polypropylene cryovials and stored
at —80°C until analysis. A validated HPLC-MS-
MS assay was used to measure treprostinil con-
centrations in the plasma. The coefficient of
variation of the assay is less than 10%.

Sample size and statistical analysis

This was a pilot study designed to evaluate a cohort
of all patients treated with oral treprostinil at our
institution since its FDA approval. Statistical anal-
yses were performed with R version 3.6.2 (R Core
Team, Vienna Austria). Continuous data are pre-
sented as mean and standard deviation or median
and interquartile range. Categorical data were
evaluated with Fisher’s Exact test. Continuous
data were evaluated by Kruskal-Wallis or Wilcoxon
Rank Sum tests. Genetic variants were included in
models according to an additive (e.g. AA versus Aa
versus aa) inheritance pattern or based on estab-
lished genotype to phenotype definitions (e.g.
metabolizer status, activity score). The primary
endpoints were oral treprostinil treatment persis-
tence and dose as a function of genotype and pre-
dicted phenotype. Total daily dose was evaluated
by Kruskal-Wallis and dosing frequency assessed
by Wilcoxon Rank Sum to compare all patients
with no variants detected versus at least one variant
detected. Treatment persistence was evaluated
with survival analysis. Time to treprostinil discon-
tinuation was defined as the date of follow-up
when treatment was discontinued. Cases were
censored at the last date of follow-up. The overall
time to treprostinil discontinuation based on activ-
ity score was compared using Cox regression. The
secondary aim was to explore trends between pre-
dicted metabolizer status and treprostinil concen-
trations. The Kruskal-Wallis test was used to test
differences between phenotype and dose-normal-
ized concentrations as a function of each gene.

Results
Patient and treatment characteristics

A total of 15 adult patients received oral
treprostinil and consented to study participation.
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Table 1. Baseline demographic and treatment characteristics.

Characteristic (n=15)

Demographics

Aget (years)

Female sex (%)

Caucasian race (%)

PAH etiology, severity, and background treatment
PAH associated with connective tissue disease (%)
Idiopathic PAH (%)

WHO functional class Il or Il (%)

Background PDES5i therapy (%)

Background ERA therapy (%)

Prostacyclin naive (%)

Oral Treprostinil Dosing Information

Transition from other treprostinil formulation (%)
Total daily dosef (mg])

Three-times daily dose frequency (%)

Four-times daily dose frequency (%)

53 (42, 61)
73
93

43
36
87
93
67
47

53
22.5(13.5, 43.1)

67
&)

¥Median, interquartile range.

ERA, endothelin receptor antagonist; PAH, pulmonary arterial hypertension; PDEbi,

phosphodiesterase type-5 inhibitor; WHO, World Health Organization.

Baseline demographic and treatment characteris-
tics of study participants are summarized in Table
1. The study population was predominantly
females who were of middle age. The majority of
the population was Caucasian. Nearly 80% of
patients had either PAH associated with connec-
tive tissue disease or idiopathic PAH. Nearly all
patients had WHO functional class II or III symp-
toms at the time of oral treprostinil initiation. The
majority of patients were on background therapy
with a phosphodiesterase type-5 inhibitor and/or
an endothelin receptor antagonist. Nine of the 15
patients were on both classes of these medica-
tions. The cohort was approximately evenly split
between those who were prostacyclin naive and
those who transitioned from other treprostinil
formulations. Variability in oral treprostinil dos-
ing was evident, with a more than four-fold
difference in total daily dose achieved between
patients with a median of 22.5mg (13.5, 41) at
last clinical observation. There were also notable

differences in dose frequency, including both
three- and four-times daily dosing at last
follow-up.?* Patient demographics and treatment
characteristics by treatment persistence are
summarized in Table 2.

A total of 40% of patients (6/15) discontinued
treatment, the majority (5/6) of whom experi-
enced intolerable adverse effects. The median
time to discontinuation was 13 months. The rea-
sons for discontinuation for these five patients
included: gastrointestinal adverse effects (2/6),
gastrointestinal adverse effects and headache
(1/6), flushing (1/6), and non-specific complaints
(1/6). Of these five patients who discontinued
oral treprostinil due to adverse effects, three were
switched to subcutaneous treprostinil and two
were switched to selexipag. There was one patient
who discontinued oral treprostinil due to clinical
worsening (progressive dyspnea, orthopnea, and
paroxysmal nocturnal dyspnea over several
months), then subsequently was switched to
intravenous treprostinil and later underwent lung
transplantation. The median total daily dose for
the six patients who discontinued oral treprostinil
was 28.8mg at last clinical follow-up (Table 2).
Each of these patients received three-times daily
dosing, with the exception of one who received
four-times daily dosing.

Pharmacogenomic analysis

Approximately 27% of patients had a variant in
CYP2C8 (*1/*3 or *1/*4), whereas 47% of
patients had a variant in CYP2C9 (*1/*2, *1/*3,
or *2/*2). Minor allele frequencies for ABCCH4
(rs1751034 and rs3742106) were 0.17 and 0.43,
respectively. The total daily dose and status (dis-
continued or still taking) at last follow-up across
all genes and variants are shown in Figure 1.
Survival analysis (Figure 2) showed that increased
CYP2C9 activity score was associated with
decreased risk for treatment discontinuation (HR:
0.13;95% CI: 0.02, 0.91; p=0.04). Most patients
(83%) who had at least one decreased or no func-
tion allele in CYP2C9 discontinued treatment
due to adverse events, which limited the available
‘final’ dosing available for comparison. For
ABCC4 rs1751034, all samples had at least one
variant present which precluded further statistical
analyses for dosing differences. There were no
significant differences in total daily dose detected
for CYP2C9 (p=0.82), CYP2C8 (p=0.15), or
ABCC4 1rs3742106 (p=0.51). Similarly, no
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Table 2. Baseline demographics and treatment characteristics by phenotype.

Characteristic (n=15)

Treatment persistence (n=9)

Treatment discontinuation (n=6)

Aget (years)

Female sex (%)

PAH associated with connective tissue disease (%)
Idiopathic PAH (%)

Background PDESi therapy (%)

Background ERA therapy (%)

Prostacyclin naive (%)

Transition from other treprostinil formulation (%)

Oral treprostinil dose at last follow-up (mg)

57 (50, 61) 41 (36, 55)

67 83

56 17

K 50

100 83

56 83

56 33

b 67

16 (13.5, 42) 28.8(15.8, 41.9]

¥Median, interquartile range.

ERA, endothelin receptor antagonist; PAH, pulmonary arterial hypertension; PDEbi, phosphodiesterase type-5 inhibitor.

significant differences in dosing frequency were
found for CYP2C9 (p=0.39), CYP2C8 (p=0.50),
and ABCC4 1rs3742106 (p=0.21). Although
genetic variants were not significantly associated
with daily dosing or dose frequency, the single
lowest total daily dose was reported in the patient
with CYP2C9 *2/*2 who would be a predicted
intermediate metabolizer and in the lowest
CYP2C9 activity score (1) group observed in this
cohort.?® A similar trend was observed between
alleles predicting decreased CYP2C8 metabolizer
status (*3, *4) and dosing, although this did not
meet statistical significance. No apparent trend
was seen between ABCC4 and dosing. Figure 3
shows treprostinil total daily dose as a function of
predicted metabolizer status for CYP2C8 and
CYP2C9, but no significant differences were
observed (p=0.15 and p=0.26, respectively).

Pharmacokinetic analysis

A total of nine patients whose treatment with oral
treprostinil persisted during the study follow-up
period consented to venipuncture and provided
blood samples for determination of treprostinil
concentration. The median concentration was
2.86ng/ml (2.17ng/ml, 3.46ng/ml) and the
median sampling time post-dose was 4.25h (3.4—
5.75h with one at 1.75h). It is known that Cmax
after oral administration is around 4-6h.5
Therefore, the measured concentrations can be
considered to be close to Cmax values. The
median total daily dose for these patients was

16 mg at last clinical observation. The median
duration of treatment was approximately
48 months. Five of these patients received three-
times daily dosing, with the remainder dosed at
four-times daily dosing. Treprostinil Cmax con-
centrations were linear across the range of total
daily doses (Figure 4). A significant positive cor-
relation was found between total daily dose and
treprostinil Cmax concentration (Figure 4;
Spearman rank correlation coefficient=0.79;
p<<0.05). Figure 5 illustrates the dose normalized
Cmax concentrations for treprostinil as a function
of predicted metabolizer status for CYP2C8 and
CYP2C9. No significant differences were found
between the CYP2C8 and CYP2C9 phenotypes
and treprostinil concentrations (p=0.38 and
p=0.77, respectively).

Discussion

Our main finding is that pharmacogenomics
appears to be an important driver of variability in
treatment persistence to oral treprostinil. Study
participants with an estimated CYP2C9 activity
score of 2 were 13% as likely to discontinue ther-
apy compared to those with an activity score of 1.
This assessment occurred at approximately
48 months after treatment initiation. Interestingly,
we did not observe a significant association
between predicted CYP2CS8 activity and trepro-
stinil persistence. However, markers for CYP2C9
*2 and CYP2C8 *3 are in linkage disequilibrium
(tend to co-occur), making it difficult to ascertain
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Total Daily Dose (mg)

Total Daily Dose (mg)

Figure 1. Treprostinil dosing and pharmacogenomic variants.
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Total daily dose defined as the date of last clinical observation.
For patients who discontinued therapy, total daily dose was determined on date of discontinuation.
TRE, treprostinil.
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Per one point decrease in Activity Score: HR (95%Cl) = 0.13 (0.02, 0.91); p = 0.040

500

1000 1500 2000

Days After Starting TRE

Figure 2. Cox regression for probability of treprostinil continuation.

Date of treatment discontinuation was defined as the date of follow-up in which treatment was discontinued. Subjects were
censored at the last date of follow up during which therapy was still active.

AS, activity score; TRE, treprostinil.

which gene is ultimately responsible for these extent by CYP2C9.> A trend was apparent for
findings.?> Both CYP2C8 and CYP2C9 are each gene where patients with alleles predicting
responsible for the metabolism of treprostinil, decreased activity were the ones who generally
even though the drug is metabolized to a lesser received lower oral treprostinil doses. This was
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particularly noteworthy for the patient who was
predicted to be a CYP2C9 intermediate metabo-
lizer with the lowest activity score, and who
received the lowest oral treprostinil dose in this
study. However, these overall differences in dos-
ing based on allele and predicted phenotype were
not significant and may be related to insufficient
power. Finally, no significant findings were seen
between the ABCC4 transporter gene variation
and dosing.

Registry data in the modern era indicates that PAH
mortality remains high, even with rapid advances
in medical care over the past two decades.26-28
Current treatments are based primarily on markers
of disease severity, with parenteral therapies
reserved for those with advanced disease, and oral
and inhaled therapies often indicated for those
with milder disease.?-2° In aggregate, the effect of
PAH medications on the historical benchmark of
6-minute walk distance improvement has been
relatively modest.1”30  Predicting individual
response to a certain medication is typically not
possible, therefore, a trial-and-error approach is
the current standard of practice.!® Individual med-
ication and/or formulation selection within a class
is often left to prescriber preference and patient
convenience. For those patients who have a poor
response by way of adverse effects or lack of bene-
fit, the time lost to inadequate treatment leads to
further disease progression.!»2

Matching an individual patient to the medication
likely to be most effective is the promise of preci-
sion medicine.3! This concept is not new to PAH,
as a notable example includes the use of calcium
channel blockers for patients with a positive vasore-
activity test.32 Significant interindividual variability
in response to different PAH medications is clini-
cally apparent and suggests a role for genetic differ-
ences in treatment response, disease severity, or
both. Endothelin receptor antagonists (ERAs) pro-
vide a compelling use case. For example, women
and Caucasians may have a better response to
ERAs than men and non-Caucasians.?> Another
example includes the association of a decreased
function allele CYP2C9*2 with bosentan-induced
liver injury.3* In addition, polymorphisms in the
endothelin-1 pathway have been shown to be pre-
dictive of treatment response.?> Integrating phar-
macogenomic data could enhance the efficiency of
appropriate clinical treatment and address the vex-
ing challenge in PAH care of selecting the most
appropriate treatment for an individual patient.

65 65
60 60
55 55
50 50
545 X 545
3 o 3 o
o 40 o 40
(%] (%]
835 x 835
> > o
=30 =30
o o
< 25 < 25
X X
20 20
15 ¢ 15 o
o ] o l
X
5 51 &
0 0
NM IM AS=1 AS=1.5 AS=2
CYP2C8 Phenotype CYP2C9 Phenotype
O Currently Taking TRE X  TRE Discontinued O Currently Taking TRE X TRE Discontinued

Figure 3. Treprostinil dosing and predicted metabolizer status.

Total daily dose defined as the date of last clinical observation.

For patients who discontinued therapy, total daily dose was determined on date of
discontinuation.

AS, activity score; IM, intermediate metabolizer; NM, normal metabolizer; TRE,
treprostinil.

N

Concentation (ng/mL)
[ )

20 40 60
Total Daily Dose (mg)

Figure 4. Treprostinil concentrations and total daily dosing.

Furthermore, identifying genes of significance to
PAH medications could help to enrich future stud-
ies by including those with an excellent response
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Figure 5. Dose-normalized treprostinil concentrations and predicted

metabolizer status.

AS, activity score; IM, intermediate metabolizer; NM, normal metabolizer.

(i.e. ‘super responders’).® This would offer advan-
tages by maximizing therapeutic benefit for study
participants while saving time and resources for
those conducting and sponsoring such trials.3®

The advancement of pharmacogenomic approaches
to PAH management was highlighted as one of
the key opportunities by the National Heart,
Lung, and Blood Institute and will be a high pri-
ority for ongoing and future research.'%17 Qur
study adds to the ongoing efforts to research per-
sonalized medicine approaches in PAH by pro-
viding important clues to understanding variability
in medication response. Our work is innovative
because it has evaluated the extent to which phar-
macogenomics effects variability in response to
oral treprostinil and describes associations with
drug concentrations. We determined treprostinil
plasma concentrations for 9 out of 15 patients in
the study cohort. Treprostinil Cmax concentra-
tions were positively correlated across the dosing
range and included patients who received up to a
total daily dose of 60 mg. Dose-normalized con-
centrations as a function of predicted metabolizer
status showed a pattern of higher drug concentra-
tions among patients who were intermediate or
poor versus normal metabolizers; however, these

findings were not significant due to the small
number of subjects in each group. This finding
could also be the result of titration of the medica-
tion to effect over time. It is possible that any
apparent difference in metabolism earlier in ther-
apy would be accounted for by dose adjustments
throughout longer-term treatment. Patients who
discontinued therapy earlier in treatment due to
adverse effects did not have an opportunity for
blood sample collection to determine drug con-
centrations. Therefore, this pharmacokinetic aim
should be further explored in future studies.

Our pilot data should prompt further investiga-
tions of pharmacogenomic associations with
treatment response in a broader population of
patients with PAH including those treated with
other prostacyclins and non-prostacyclins. The
prostacyclin use case would be of particular inter-
est considering the multiple formulations availa-
ble in practice and recent study showing
improvement in PAH disease progression with
oral treprostinil.1® The significance of any phar-
macogenomic associations with treatment persis-
tence, adverse effects, and dosing should also be
evaluated in the context of whether the prostacy-
clin was de novo or transitioned from a different
formulation. This could help to discern whether
there is a treatment interaction between prostacy-
clin exposure and pharmacogenomics.

Limitations

The main limitations of our study are that it was
single center study and that our sample size was
limited. While all participants at our center who
had received oral treprostinil were enrolled, the
relative number of patients on this particular
treatment was relatively low. Therefore, the study
was likely underpowered to detect differences in
treatment response and dosing based on pre-
dicted metabolizer status and reduced function
alleles in CYP2C8 and CYP2C9. Nearly all study
participants with CYP2C9 decreased function
allele(s) ultimately discontinued oral treprostinil
during follow-up; therefore, the final dosing
assessment could not be determined. Nonetheless,
this underscores one of the primary findings of
the study, which is that patients carrying CYP2C9
decreased function alleles were significantly asso-
ciated with lower treatment persistence.

In addition, Cox regression is a semi-parametric
test, and it is reasonable to suggest that the low
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sample size in this study precludes optimal use of
parametric tests. However, the assumptions of
the Cox model were upheld in our analysis
(Schoenfeld test; p=0.63). We also captured sev-
eral clinical variables of interest which could have
influenced medication response (e.g. age, sex,
PAH etiology, concomitant PAH therapy) and
reported differences between those who remained
on oral treprostinil and those who discontinued
treatment (Table 2). Patients who discontinued
treprostinil were younger and were less likely to
have PAH associated with connective tissue dis-
ease. Patients who did not persist on treatment
during follow-up also reached numerically higher
median doses than those who continued treat-
ment. However, other clinical variables were not
able to be collected (i.e. right ventricular func-
tion, biomarkers, and hemodynamics) and could
not be compared between groups. We also did
not collect certain interacting medications that
significantly interact with treprostinil (e.g.
rifampin and gemfibrozil), although these are
uncommonly used within our practice. Sample
size also precluded controlling for clinical varia-
bles when ascertaining potential genetic differ-
ences underlying treatment response. With
regards to the pharmacokinetics aim of the study,
we were only able to obtain a single blood sample
for each participant. This resulted from the study
design itself, which relied on patient recruitment
from the clinic environment. Therefore, a more
robust study evaluating multiple samples per par-
ticipant would be needed to fully characterize any
associations between drug concentrations and
pharmacogenomics. We were also unable to col-
lect blood samples from the patients who had
already discontinued oral treprostinil at the time
of consent for this aim.

Conclusion

Genetic variants responsible for the metabolism
of oral treprostinil were common. An increased
CYP2C9 activity score was associated with
decreased risk for treatment discontinuation.
However, dosing was not associated with genetic
variants in the major metabolizing enzymes for
treprostinil. Our findings suggest significant vari-
ability in treatment persistence to oral treprostinil
with pharmacogenomics being a potentially
important contributor. Future studies should
explore the effect of pharmacogenomics on PAH
medication dosing and response in larger patient
cohorts.
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