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Abstract

Pulmonary arterial hypertension (PAH) is a rare, complex, and deadly
cardiopulmonary disease. It is characterized by changes in endothelial cell
function and smooth muscle cell proliferation in the pulmonary arteries,
causing persistent vasoconstriction, resulting in right heart hypertrophy and
failure. There are multiple drug classes specific to PAH treatment, but
variation between patients may impact treatment response. A small subset of
patients is responsive to pulmonary vasodilators and can be treated with
calcium channel blockers, which would be deleterious if prescribed to a typical
PAH patient. Little is known about the underlying cause of this important
difference in vasoresponsive PAH patients. Sex, race/ethnicity, and pharma-
cogenomics may also factor into efficacy and safety of PAH-specific drugs.
Research has indicated that endothelin receptor antagonists may be more
effective in women and there have been some minor differences found in
certain races and ethnicities, but these findings are muddled by the impact of
socioeconomic factors and a lack of representation of non-White patients in
clinical trials. Genetic variants in genes such as CYP3A5, CYP2C9, PTGIS,
PTGIR, GNG2, CHST3, and CHST13 may influence the efficacy and safety of
certain PAH-specific drugs. PAH research faces many challenges, but there is
potential for new methodologies to glean new insights into PAH development
and treatment.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare,
progressive cardiopulmonary disease with no cure apart
from a lung transplant. Small arteries in the lungs
become overly constricted and force the right ventricle of
the heart to work harder to overcome the increased
resistance, creating heart damage in the form of right
ventricle hypertrophy over time that can eventually be
fatal. PAH has an estimated prevalence of 47.6-54.7 cases
per one million adults," and prognosis worsens with
delayed treatment.” The normal course of treatment
includes one or more PAH-specific pharmacologic
treatments. There are four main classes of drugs
approved for PAH: endothelin receptor antagonists
(ERAs), phosphodiesterase type 5 inhibitors (PDE5
inhibitors), prostacyclin analogs or prostacyclin receptor
agonists, and soluble guanylate cyclase (sGC) stimula-
tors. However, there are many subclasses of PAH with
different etiologies, survival rates, and possibly responses
to treatment. There are currently 13 PAH-specific Food
and Drug Administration (FDA)-approved drugs and
each drug is often used in combination with another
PAH drug of a different class (Table 1). At present,
clinicians are unable to predict the most effective

treatment for each patient. Individualized PAH treat-
ment could have several benefits such as improved
outcomes and reduced disease progression as a result of
immediately identifying an effective drug regimen. Here,
we briefly summarize the pathophysiology and clinical
presentation of PAH and survey the current literature on
inter-individual variability in pharmacological response
in PAH patients.

PATHOPHYSIOLOGY AND
CLINICAL PRESENTATION

PAH is hemodynamically defined as having mean
pulmonary arterial pressure 220 mmHg, relatively nor-
mal left atrial pressure (£15 mmHg pulmonary arterial
wedge pressure), and pulmonary vascular resistance
(PVR) 23 Wood units.” It is characterized by progressive
thickening of pulmonary arteries, resulting in narrowed
blood vessel lumens that require more force to pump
blood through (Figure 1). Over time this increased load
on the heart causes right ventricle hypertrophy, leading
to eventual heart failure and death. The arterial
thickening and subsequent vasoconstriction is caused
by a combination of endothelial cell dysfunction and

TABLE 1 FDA-approved pharmacotherapy for the treatment of pulmonary arterial hypertension.

Drug class Drug name
Calcium channel Amlodipine
blockers (CCBs) Dilitiazem
Nifedipine
Endothelin receptor Ambrisentan
antagonists (ERA) Bosentan
Macitentan
Type IIA-Fc fusion protein® Sotatercept®
Phosphodiesterase type 5 Sildenafil
inhibitors (PDE5i) Tadalafil
Prostacyclin analogs or Epoprostenol
prostacy'clin receptor Tloprost
antagonists
Treprostinil
Soluble guanylate cyclase (sGC) Riociguat
stimulators
Oral prostacyclin (PGI2) Selexipag

receptor agonist

Brand name PAH classification

Katerzia, Norligva, Norvasc -

Cardizem, Tiazac Class I
Procardia Class I
Letairis Class II, III, and IV
Tracleer Class 11, III, and IV
Opsumit Class II, III, and IV

Revatio, Viagra

Adcirca, Alyq, Cialis, Tadliq
Flolan, Veletri

Ventavis

Orenitram, Remodulin, Tyvaso

Adempas

Uptravi

Class II, III, and IV
Class II, III, and IV
Class III and IV

Class II (iv and oral
only), III, and IV
(iv only)

Class II, III, and IV

Class I

Abbreviation: FDA, Food and Drug Administration.

Sotatercept is not currently FDA approved for the treatment of pulmonary arterial hypertension. iv indicates intravenous.
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Pulmonary artery remodeling and known cellular interactions in PAH. Left: Diagram of PAH progression in pulmonary

arteries and right ventricle of the heart. Right: Key cell types and signaling molecules involved in PAH pathology and progression. EC,
endothelial cell; SMC, smooth muscle cell; VEGF, vascular endothelial growth factor.

proliferation, smooth muscle cell overproliferation,
immune response, and other factors.*> PAH is diagnosed
by right heart catheterization (RHC) and can be found in
any population, including pediatric patients, but is most
commonly diagnosed in women with a female/male ratio
of almost 2:1.*° The severity of PAH is assessed by
several parameters including World Health Organization
(WHO) and New York Heart Association (NYHA)
functional classes. Both scales use a four-point index
(I-IV) with higher numbers associated with more severe
symptoms even at low physical activity.

PAH is broken down into subtypes based on etiology
including idiopathic (idiopathic pulmonary arterial
hypertension [IPAH]) where there is no known under-
lying cause, heritable (heritable pulmonary arterial
hypertension [HPAH]) where a genetic risk factor such
as a BMPR2 mutation is present, PAH associated with
other conditions such as connective tissue disease or
schistosomiasis (APAH), and PAH induced by drugs or
toxins. IPAH is the most prevalent subtype and is
responsible for more than 50% of all PAH cases.”
However, it is unclear if these clinical subgroups
constitute a single heterogeneous disease, but there are
some known differences between classifications such as
differing survival rates. PAH associated with congenital

heart disease (CHD) and HIV (67% and 64%, respectively)
has the highest 7-year survival rates of PAH subtypes and
portopulmonary hypertension and connective tissue
disease have the lowest survival rates (29% and 35%,
respectively).” In addition, PAH associated with connec-
tive tissue disease (APAH-CTD) is less responsive to PAH
therapies than patients with IPAH.® PAH is a common
complication in patients with CHD and is the most
preventable form of PAH.? Surgical correction in pediat-
ric patients is the most effective form of prevention and
treatment, and studies have found a correlation between
acute vasoreactivity and improved surgical outcome and
survival.'®!!

HPAH is a common subtype and at least 16 PAH risk
genes have been identified.'>'* BMPR2 mutations are the
most frequent, with more than 70% of HPAH cases
identified to have a BMPR2 mutation."* PAH patients
with BMPR2 mutations often develop more severe
disease at a younger age and are potentially at increased
risk of death.'> BMPR2 is highly expressed on vascular
endothelial cells in healthy lungs and forms a complex
with ALK1 or ALK2 receptors. BMP9 (encoded by GDF2)
and BMP10 ligands activate the complex with coreceptor
ENG and protect against apoptosis and excessive
proliferation.'* Loss of BMPR2 causes endothelial
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dysfunction, transition to a mesenchymal cell phenotype,
and overproliferation of smooth muscle cells.'* Muta-
tions in ALKI, ENG, SMAD genes (downstream media-
tors of BMP signaling), and CAV1 (protein component
where BMP receptors are located, may be required for
initiation of BMP signaling) can also cause PAH.'?
SOX17, HLA-DPA1/DPBI, and IL6 promotor variants
have also been associated with PAH disease risk.'®'’
While genetic variation has an established role in PAH
development, it may also impact response to treatment as
discussed later.

Patients with PAH are often prescribed drug treat-
ment paired with an exercise program and undergo
regular, lifelong evaluations to monitor disease progress
and treatment efficacy. There are 13 medications
currently approved for PAH in the United States and a
combination of these is recommended, even at the
beginning of treatment.'”® ERAs, prostacyclin analogs/
receptor agonists, PDES5 inhibitors, and sGC stimulators
are the four main classes of PAH drugs (Figure 2). ERAs
act upon the endothelin-1 (ET-1) receptors, ETA and
ETB, and repress their activation. When stimulated by

Endothelin Pathway

Nitric Oxide Pathway

ET-1, ETA receptors cause vasoconstriction, smooth
muscle cell proliferation, production of reactive oxygen
species, and promotion of an inflammatory response,
while ETB receptor activation leads to vasodilation."”
Prostacyclin analogs activate the prostacyclin pathway,
which aids PAH patients in vasodilation, improvement of
endothelial dysfunction, anti-proliferation, and strength-
ening of right heart contractions amongst other
benefits.”® The newest FDA-approved drug for PAH,
Selexipag, is an oral prostacyclin receptor agonist.*!
PDES5 inhibitors act on the nitric oxide (NO) pathway. In
this pathway, NO binds to sGC and leads to the synthesis
of cyclic guanosine monophosphate (cGMP), which
causes vasodilation and reduction of smooth muscle cell
proliferation. PDE5 inactivates cGMP in the lungs, so
PDES5 inhibitors repress this inactivation and allow for
the positive effects of cGMP to occur in PAH patients.
One of the newer PAH drug classes is sGC stimulators,
which activate sGC without NO. Riociguat is currently
the only PAH drug in this class and was FDA approved
in 2013. Calcium channel blockers (CCBs) can also be
used to treat PAH, but only in a small subset of patients.

Prostacyclin Pathway
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FIGURE 2 Mechanisms of action of PAH drugs (purple boxes) in the three biological pathways they act upon (blue) and related
pharmacogenes (red ovals). AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; cGMP, cyclic
guanosine monophosphate; ECE-1, endothelin converting enzyme 1; eNOS, endothelial nitric oxide synthase; ERAs, endothelin receptor
antagonists; ET-A receptor, endothelin receptor type A; ET-B receptor, endothelin receptor type B; GMP, guanosine monophosphate; GTP,
guanosine triphosphate; IP receptor, prostacyclin receptor; NO, nitric oxide; sGC, soluble guanylyl cyclase; PDE5, phosphodiesterase type 5;

PTGIS, prostacyclin synthase.
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CCBs inhibit a subset of calcium channels, reducing
calcium influx into smooth muscle cells, causing
vasodilation.

Although not yet FDA approved as of April 2023,
recent studies indicate sotatercept is beneficial in the
treatment of PAH. Several studies have shown sotater-
cept's impact in the treatment of symptomatic PAH
(WHO functional Class II and III). In the phase-2 study,
PULSAR, sotatercept showed a significant, dose-
dependent reduction of PVR at 24 weeks compared to
placebo in patients on maximum tolerated PAH
therapy.”> In STELLAR, a phase-3 study, sotatercept
demonstrated a significant increase in 6-min walk
distance (6MWD, a commonly used test to measure
exercise capacity in PAH) at 24 weeks compared to
placebo.?® Sotatercept is a fusion protein that consists of
the extracellular domain of human actin receptor type
IIA linked to the Fc domain of human IgG.>* This novel
drug binds actins and growth differentiation factors to re-
establish balance between PAH growth promoting and
signaling pathways.*

DIFFERENTIAL DRUG RESPONSE
BY VASORESPONSIVENESS

A small portion of PAH patients are considered
vasoresponsive, which may dramatically improve clinical
outcomes and offer new treatment options. During a
diagnostic RHC in PAH, a pulmonary vasodilator
challenge is performed to test for vasoreactivity using a
short-acting pulmonary vasodilatory agent such as
inhaled NO, nebulized epoprostenol, inhaled treprostinil,
inhaled iloporst, intravenous adenosine, or intravenous
epoprostenol.”* Pulmonary arterial pressure is measured
at rest and after drug exposure and the test is considered
positive if there is a decrease of 210 mmHg in mean
pulmonary artery pressure that reaches an absolute value
of <40 mmHg without a decrease in cardiac output.
Pulmonary vasoreactivity testing is typically reserved for
IPAH, HPAH, or drug-induced PAH patients considering
high-dose CCB treatment. In all other forms of PAH and
PH, results can be misleading.>> Positive vasoreactivity
tests are relatively rare and patients can lose vasoreactiv-
ity over time. Acute responders can lose responsiveness
to CCBs within a year of treatment while long-term
vasoresponders have sustained improvement in hemo-
dynamics from CCB treatment alone after at least 1 year
and are in NYHA functional class I or II1.*® One study
reported that only 13% of IPAH patients are acute
vasoresponders and 7% are long-term responders.*
Another study that included all subtypes of PAH found
that only 2.4% were long-term responders, with the

[Opon Accoss:

highest frequency of responders occurring in anorexigen-
associated PAH (9.4%).”” Patients with BMPR2 mutations
may be even less likely to be vasoresponsive (3% vs.
13%).">*® Long-term responders are not only more likely
to have less severe PAH,?® but can also benefit from
treatment with CCBs.””*° Long-term responders have
significantly better survival than non-responders, with
one study in patients with PAH reporting that long-term
CCB responders had a survival rate of 97% after 7 years
while non-responders revealed a 48% survival rate after 5
years.”® An accurate vasoresponsive diagnosis is critical,
as use of CCBs in nonresponsive patients can cause
serious adverse events such as hypotension, decreased
systemic oxygen saturation, and worsen right ventricular
function.”®** It remains unclear why certain patients
respond well to CCB therapy while it can be deadly in
most PAH patients. Although vasoreactivity testing
cannot definitively determine whether patients will
experience clinical improvement with CCBs, decoding
the mechanism of vasoresponsive PAH could guide new
therapeutic approaches in PAH.

Vasoreactivity in PAH may partly be explained by
genetic variation. A study observed that 35% of patients
with silent BMPR2 mutations displayed acute vasoreac-
tivity while only 4% of patients with dysfunctional
BMPR2 mutations were responders.”® While the BMPR2
gene is strongly implicated in some PAH cases, other
genes not as directly connected to PAH have also been
implicated. Vascular smooth muscle contraction genes
were found to be more enriched in circulating lympho-
cytes of vasoresponsive patients than non-responsive
patients with PAH.>* No genetic tests to predict acute
and long-term vasoreactivity have yet been proposed, but
such tests could reduce the need for periodic pulmonary
vasodilator challenge tests to confirm continued
responsiveness.

SEXUAL DIMORPHISM IN PAH
DRUG RESPONSE

It is well-established that PAH occurs more commonly in
women, although men have decreased survival rates.*>’
This may be partially attributable to estrogen levels, but
there is conflicting evidence in the role of estrogen in
PAH pathology especially between humans and models
of PAH known as the “estrogen paradox.”***° Research-
ers have recently observed benefits of increased estrogen
levels on PAH outcome and severity.**~** In the study by
Wu et al.,** higher estradiol and estradiol/testosterone
levels were associated with risk of PAH diagnosis (odds
ratio [OR] of 3.55 in estradiol and 4.30 in estradiol/
testosterone), while higher testosterone and progesterone
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were associated with a reduced risk (OR of 0.48 in
testosterone and 0.09 in progesterone). The same study
found that the 5-year survival rate in patients also
differed significantly as men with higher estradiol levels
had a survival rate of 38.6% while those with lower
estradiol levels had a survival rate of 68.2%. Sex-based
differences in treatment response to PAH-specific medi-
cations have also been observed in several studies
(Table 2). ERAs tend to be more effective and have
greater benefit in women, with women having signifi-
cantly greater improvement in 6MWD than men treated
with ERAs.** Additionally, women on ERAs have
significantly reduced risk of clinical events compared to
men*** Little research has been performed focusing on
sex differences in PDES5 inhibitor treatment, and there
are conflicting results between studies. One study found
a correlation with better prognosis in women than men
on PDES5 inhibitors.*> Another study focused on tadalafil
found that men had better 6MWD outcome and were
more likely to achieve minimum difference in outcome.*®
Yet another study in a Spanish registry observed that
male sex was a predictor of favorable response to PDE-5i
when used as mono- or add-on therapy.*” Further
research is needed on this topic to elucidate interactions
between sex and PDES5 inhibitor treatment response. A
single study looked at sex and prostacyclin analog
treatment such as beraprost and epoprostenol and found
no significant difference in survival between sexes.*’
While the correlation between ERA safety in women is
stronger than the limited evidence in other PAH drug
classes, more research is needed to affirm the findings.
While there is very limited evidence presently available
for sex-based differences in treatment response, it is
intuitive that there may be a distinction between sexes
based on known differences in PAH epidemiology,
prognosis, and the role of estrogen in PAH.

DIFFERENCES IN DRUG
RESPONSE BASED ON RACE,
ETHNICITY, AND ANCESTRY

Differences in PAH outcomes have also been suggested
based on race and ethnicity. At least two-thirds of PAH
patients are white and there is an overrepresentation of
black people and an underrepresentation of Hispanics
and Asian/Pacific Islanders in PAH based on the general
population.®>* Multiple analyses have found increased
mortality in nonwhite patients, especially black patients,
although two analyses of the REVEAL study suggested
that mortality is somewhat higher in white patients than
black patients or that there is no difference in survival
based on race at all.*®**>*>> Recent data in large

national cohorts also suggests reduced mortality in
Hispanic patients and patients with Native American
ancestry.”® Self-reported Hispanic patients (n=290)
exhibited significantly reduced mortality versus non-
Hispanic white patients (n=1970) after global meta-
analysis (hazard ratio [HR]: 0.60 [0.41-0.87], p = 0.008).
Although not significant, increasing Native American
genetic ancestry appeared to account for part of the
observed mortality benefit (HR: 0.48 [0.23-1.01],
p=0.053) in the two national registries. An inpatient
mortality benefit was also observed for Hispanic patients
(n =1524) versus non-Hispanic white patients (n = 8829;
OR: 0.65 [0.50-0.84], p = 0.001) and for Native American
patients (n = 185) versus non-Hispanic whites (OR: 0.38
[0.15-0.93], p =0.034). Importantly, this study did not
account for sociocultural factors that may also underly
these associations and therefore these apparent differ-
ences may not necessarily be driven by genetics. One
registry study with 98 Hispanics also found a significant
survival benefit for Hispanics, but when adjusted for
social factors such as access to healthcare, education
level, and income, there was no longer an association
between Hispanic ethnicity and survival.”® Researchers
have also found a sex difference in PAH prevalence
between racial groups. A higher ratio of women with
PAH was found in nonwhite populations than in the
white population.”® The significance of these findings
remains debated, but there is potentially some variation
between PAH patient racial populations, and this may
extend into response to PAH drug treatment.

One study exploring possible differences in response
to ERAs based on race found no significant difference but
did note that white patients had fewer clinical events and
a large increase in 6MWD while black patients had a
small reduction in 6MWD with ERA treatment.** The
authors propose a potential explanation for this observed
difference, citing that black people have higher circulat-
ing ET-1 levels and a greater increase in ET-1 in response
to stress, so ERAs are not able to sufficiently inhibit ERs.
No studies on differential treatment response in PDE5
inhibitors based on race and ethnicity have been
performed in the context of PAH, but tadalafil was
shown to be as effective and well-tolerated in black and
Hispanic patients as in white patients with erectile
dysfunction.’”*® Likewise, no studies have yet been
performed examining the possible influence of race and
ethnicity on prostacyclin analog treatment response.

It is important to remember that any possible drug
response differences between races or ethnicities may not
represent biological differences, but may be more
explained by lack of representation in clinical trials and
by systemic racial/ethnic disparities in healthcare sys-
tems, including differences in socioeconomic status,
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(Continued)

TABLE 2

NYHA or WHO

Race

functional class,

n (%)

PAH etiology,

n (%)

distribution,
n (%)

Female,
n (%)

Summary of findings

Patients (n)

2515

Drug/drug class

N/A

Study

Hispanic PAH patients have improved

White: 1970 (78) IPAH & HPAH Not reported

Black: 255 (10)

1973 (78)

Karnes®

survival

(2020)

Hispanic: 290 (12)

Patients of Asian/Pacific Islander

Not reported

Primary or

White: (67)

Not reported

10,300

N/A

Gaznabi”!

decent had longer hospital stays,

secondary
(APAH)

Black: (19)

(2020)

higher mortality scores and higher

Hispanic: (8)
Asian: (2)
Native

mean readmission scores than other

racial groups.

American: (<1)

Unknown: (3)

MILLER ET AL.

Abbreviations: APAH-CHD, PAH associated with congenital heart disease; APAH-CTD, PAH associated with connective tissue disease; CCB, calcium channel blocker; ERA, endothelin receptor antagonist; HPAH,

hereditary PAH; IPAH, idiopathic pulmonary arterial hypertension; NYHA, New York Heart Association; PDI, phosphodiesterase inhibitor; WHO, World Health Organization.

education level, access to care, quality of care, and
environmental exposures. Historically, the biological
construct of ancestry has been conflated with the
sociocultural constructs of race and ethnicity. This has
led to erroneous conclusions that genomic associations
with disease or drug response are driven by biological
rather than social influences.’>®° The majority of PAH
clinical studies recruit at least 78% white patients and
have been unable to recruit a diverse patient population
with sufficient sample size to establish differential effects
by race/ethnicity and accurate PAH subtype prevalence
by race/ethnicity.* A study by Pakish et al.’®> aimed to
investigate the association of race, disease characteristics,
and insurance status with clinical PAH outcomes. They
found that when adjusting for only age and PAH
functional class, black patients had a greater mortality
risk than white patients. However, when adjusting for
insurance status (Medicare, Medicaid, private, or self-
pay), there was no difference in survival rate between the
two groups.”® These observations underscore the impor-
tance of characterizing social determinants of health in
determining influences on disease and drug response,
especially when genetic analyses are being performed.
Concurrently, while there is little concrete evidence on
any PAH drug response differences between races or
ethnicities, any potential racial variation in PAH drug
response may also be due to genetic polymorphisms that
are more prevalent in one race or another, and several
pharmacogenomic differences are explored in the next
section.

PHARMACOGENOMICS IN
VARIABLE PAH DRUG RESPONSE

Genetic variants like those in the BMPR2 gene have been
associated with PAH development, outcomes, and
treatment response.>®" Genetic differences outside of
those implicated in PAH can also affect individual
response to treatment. Variants in genes encoding for
enzymes that metabolize PAH drugs can alter enzyme
function, leading to variable metabolic processing of the
drug and subsequent drug response. Cytochrome P450
(CYP) enzymes are the main class of drug-metabolizing
enzymes in humans and large variations in metabolizing
ability can be due to genetic factors. In fact, approxi-
mately 90% of variation in hepatic CYP3A4 (one of the
most abundant enzymes in the liver) activity is under
genetic control.®> Many PAH medications are metabo-
lized by CYPs, and thus a relatively large amount of
research has been performed on the impact of CYP
genetic variants and response to PAH medications
(Table 3).
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CYP3A5 and CYP3A4 are the main metabolizers of
PDES5 inhibitors, and genetic polymorphisms may
contribute to variability between individuals, especially
for CYP3A5 polymorphisms and vardenafil.®>”® The
CYP3A5*3 allele (rs776746) creates enzymes with
reduced activity, and one study showed that individuals
with the CYP3A5*3/*3 genotype had higher mean
plasma concentrations of sildenafil than individuals with
a CYP3A5*1/*3 or CYP3A5*1/*1 genotype.’”> This dis-
crepancy in pharmacokinetic profile between genotypes
may lead to variable clinical response. The CYP3A5
allelic distribution may also provide a genetic link to
potential racial disparities in PDES5 inhibitor response.
CYP3A5*3 allele frequency varies from approximately
50% in African Americans, 70% in Chinese, to 90% in
Caucasians.”"’* The CYP3A5*1 allele is found in up to
15% of Caucasians, 60%-90% of African descent, and
23%-40% of Asians.”> In addition to CYP3AS5, the
CYP3A4*22 (rs35599367) variant may also be associated
with peak plasma concentrations of sildenafil, but this
only reached significance in a white population.®*

CYP2C9, prostaglandin 12 synthase, and prostaglan-
din I2 receptor variants have been shown to affect
response to prostacyclin analogs. In a study on oral
treprostinil treatment, 83% of patients with at least one
decreased function (*2, rs1799853) or nonfunctional (*3,
rs1057910) CYP2C9 allele discontinued oral treporostinil
treatment due to adverse events.”> Some patients were
able to switch to a different route of treprostinil
administration, but the study did not report if the
adverse events stopped when transferred to an alterna-
tive formulation and route of administration. Some of the
patients in the study had previously been taking
treprostinil in its injectable form before switching to
the oral form for the study, but it is unknown if these
patients had any prior adverse events from taking the
drug. It is, therefore, unclear whether the potential
adverse event problem is related to treprostinil itself or
just the oral formulation.

In the lungs, prostaglandin I2 synthase (PTGIS,
CYP8AL1) is mainly found in endothelial cells and plays
a role in cell viability and apoptosis, which is critical to
PAH development.”*”® It is also downregulated in lung
vasculature of patients with severe PAH.”* Rare PTGIS
variants were associated with improved response to
iloprost, although the clinical effect remains to be
researched.®® However, rare variants in the prostaglandin
12 receptor (PTGIR) were found to decrease the
binding affinity of iloprost and cause defective cAMP
production.”®”” The R212H variant in particular had
adverse effects on receptor activation.”” The clinical
implications of these rare variants have not been
explored, but these studies may provide some evidence

for avoiding the prescription of prostacyclin analogs in
patients with such variants.

Little research has been performed on the potential
effect of genetic polymorphisms on ERA response, but
researchers have suggested gene candidates for this
research including a His323His variant in endothelin
receptor type A (EDNRA), the major site of action for
ERAs.°” In one study, patients with the rs11157866
variant in the gene GNG2, which has a role in apoptosis,
proliferation, inflammation, and drug response, showed
improved walk distance after 12 months of ERA
treatment compared to patients without the variant.®®
Genomic variants can also be associated with increased
likelihood of adverse events. A recent study found that
two SNPs in CHST3 and CHST13 (genes responsible for
proteoglycan sulfation) were significantly associated with
bosentan-induced liver injury.®® This highlights the
importance of testing for genetic variants to reduce risk
of harm to patients and take a step toward individualized
medicine. While little is known about pharmacogenomic
influences on PAH drug response, current evidence
warrants further investigation of these and other poten-
tial factors that may allow avoidance of adverse events in
some patients. Pharmacogenomic research and imple-
mentation in clinical settings could provide the ability to
predict clinical response to therapy, allowing for more
efficient therapeutic decisions.

FUTURE DIRECTIONS

While the future promise of personalized medicine draws
closer, there is potential to apply these techniques to
PAH and improve clinical practice in a patient popula-
tion with great need. There are currently many gaps in
knowledge of this devastating disease, its subtypes, and
the best way to treat it. Drug response research based on
pharmacogenomics for the newest PAH drug class, sGC
stimulators, has yet to be explored, but riociguat dose
exposure shows moderate interindividual (60%) and low
intraindividual (30%) variability in PAH patients.”® One
of the greatest issues facing PAH research is the rarity of
the disease. It is difficult for studies to recruit large
numbers of patients, especially for different PAH
subtypes and with representative racial diversity. Larger,
more focused studies on potential factors impacting PAH
drug response are needed to elucidate new findings that
can be applied in a clinical setting and in future research.
Further research is needed especially in the area of
vasoresponsiveness, as an understanding of what differ-
entiates acute responders, long-term responders, and
non-responders could inform the development of new
drugs or drugs to sensitize patients to CCB therapy and
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allow them to benefit from CCB therapy. Drug-drug
interactions and combinations with non-PAH drugs are
also important considerations, especially when the drugs
act upon, induce, or inhibit relevant metabolic pathways.
Treatment options with reported potential have yet to be
explored include repurposing of current drugs, such as
HMG-CoA reductase inhibitors (statins) and some
tyrosine kinase inhibitors, and gene therapy.”®

Another challenge for researchers is finding common
pathways to target for the treatment of all subtypes of
PAH, but recent evidence suggests that the current
classification of PAH subtypes may not be optimal.
Rather than etiologic subclasses, classification based on
biomarkers may be more useful and classification based
on endophenotypes should be explored. Other fields have
advanced precision medicine through identification of
endophenotypes defined by distinct biologic mechanisms
that are identifiable with biomarkers. In asthma, various
asthma phenotypes that are characterized by specific
biomarkers have been identified.””*" Biological drugs
can be used to treat severe persistent asthma according to
Type 2 inflammation biomarker profiles based on the
role of Type 2 (Th2) lymphocytes. Increasingly, acute
respiratory distress syndrome is being recognized as a
collection of heterogeneous syndromes with potentially
distinct responses to therapy.®'®* Research aimed at
discovering distinct mechanisms of syndromes within a
disease has the potential to identify biomarkers that
predict drug response, to refine pathways contributing to
disease pathogenesis, and also to streamline clinical trials
focused on differential treatment effects through enrich-
ment for specific biological mechanisms. The field of
oncology provides many excellent examples of defining
endophenotypes and predicting drug response based on
molecular mechanisms of individual cancers.®***

A new perspective was recently proposed that
suggests PAH can be classified into four distinct immune
endophenotypes rather than the many clinical subtypes
listed today, as none of those subtypes had a distinct
immune signature.®> These four immune endopheno-
types are based on distinct blood cytokine profiles, have
different disease severity and survival rates, and could
stimulate new mechanistic studies and inform the best
patient-specific treatment options.*> Other literature
suggests that endophenotypes based on transcriptomics
or proteomics can predict survival®**” and it is likely that
these differences in profiles and signatures could also be
predictive of drug response. More studies utilizing these
new systems of classification are needed to determine if
molecular endophenotypes would provide more granu-
lar, tailored therapy and better predict optimal treatment
for individual patients, a major goal of the Redefining
Pulmonary Hypertension through Pulmonary Vascular

on Access

Disease (PVD) Phenomics (PVDOMICS) initiative.®®
PVDOMICS aims to integrate genomics, metabolomics,
proteomics, tissue functioning and other clinical traits
into the classification of PVD. By performing compre-
hensive, deep phenotyping across 1000 participants with
various types of PH, and 500 participants without or at
risk for PH, PVDOMICS is aimed at deconstructing the
traditional classification and defining new sub-
classifications of patients with PH.

The complexity of PAH suggests that agnostic
approaches, which do not rely on prior biological
knowledge, may be more fruitful in identifying patho-
genic mechanisms of PAH. Emerging approaches that
have not been sufficiently applied to PAH disease and
drug response research include bioinformatics like
genome-wide association studies (GWAS), RNA-seq,
and single cell sequencing approaches. Such methodolo-
gies could uncover new biomarkers and mediators of
PAH and lead to the development of new therapies.

CONCLUSION

PAH is a rare but devastating disease whose only cure is
a lung transplant and there is still a need for better
treatments. While research continues to better under-
stand PAH pathophysiology and develop new treatments,
in the meantime we may be able to better utilize the
medications we currently have to delay PAH progression
and extend the lifespan and healthspan of patients
suffering from PAH. Current research has found that
ERAs may be more effective in women, but race-based
differences have been unclear and difficult to study, as
the vast majority of patients in clinical trials have been
white. There has been more research on the impact of
pharmacogenomics on PAH drug response. The
CYP3A5%*3 allele may reduce response to PDES5 inhibitors
and CYP2C9*2 and *3 alleles were associated with more
frequent adverse events when treated with oral trepros-
tinil, although more research should investigate if this is
the case with other prostacyclin analogs. Rare PTGIS
variants may improve iloprost response while rare PTGIR
variants may diminish iloprost response, but more
research is needed on the potential clinical effects and
if they extend to other prostacyclin analogs. Additionally,
patients with the GNG2 rs11157866 variant have better
outcomes when treated with ERAs. Pharmacogenomics
can also be used to prevent adverse reactions, as in the
case of patients with two SNPs in CHST3 and CHST13
were prone to liver injury from bosentan treatment.
Considering factors such as sex and pharmacogenomic
variants when prescribing treatment could reduce the
time required to find an effective treatment, slowing
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disease progression and extending the lives of PAH
patients.
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