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Abstract

Major advances in pulmonary arterial hypertension, pulmonary
hypertension (PH) associated with lung disease, and chronic
thromboembolic PH cast new light on the pathogenetic mechanisms,
epidemiology, diagnostic approach, and therapeutic armamentarium
for pulmonary vascular disease. Here, we summarize key basic,
translational, and clinical PH reports, emphasizing findings that build
on current state-of-the-art research. This review includes cutting-edge
progress in translational pulmonary vascular biology, with a guide to

the diagnosis of patients in clinical practice, incorporating recent PH
definition revisions that continue emphasis on early detection of
disease. PH management is reviewed including an overview of the
evolving considerations for the approach to treatment of PH in
patients with cardiopulmonary comorbidities, as well as a discussion
of the groundbreaking sotatercept data for the treatment of
pulmonary arterial hypertension.
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Pulmonary hypertension (PH) is a
heterogenous clinical disease characterized
foremost by an abnormal increase in
pulmonary artery pressure. Pulmonary
vasculopathy, characterized by pathologic
remodeling and vasoconstriction of the
pulmonary arteries and (in the case of certain
PH subtypes) veins, results in progressive
dyspnea, exercise intolerance, right
ventricular (RV) failure, and death. Earlier
diagnosis and specialist referral is an
emergent focus in the PH field (1), which
is in line with a recent change in the
hemodynamic criteria for diagnosing PH
that now includes mean pulmonary artery
pressure (mPAP) >20 mm Hg (from
=25mm Hg) and pulmonary vascular
resistance (PVR) >2.0 Wood units (WU)
(from >3.0 WU) (2, 3). Major advances
expanding the molecular mechanisms
underpinning PH (Figure 1) dovetail
progress advancing novel therapeutics

for patients with pulmonary arterial
hypertension (PAH), particularly the
emergence of sotatercept, a novel first-in-
class activin signaling inhibitor (4-6). Here,
we summarize the most recent state-of-the-
art research in PH, beginning with
translational scientific discoveries and
emphasizing promising therapeutic targets,
and then we discuss key clinical advances
and future goals for the PH field.

Progress in Translational
Science

Proliferative, fibrotic, and plexogenic
remodeling of distal pulmonary arterioles is
the hallmark pathological feature of PAH.
PAH vasculopathy is controlled by a
heterogenous array of molecular events that
differ subtly between patients and across
cohorts. Despite this variability, certain
recent advances have emerged with strong
therapeutic relevance. For example,
sotatercept is the first activin signaling
inhibitor shown to improve outcomes in
PAH clinical trials, which follows years of
accumulating basic and translational data on
the association between bone morphogenetic
protein receptor type 2 (BMPR2) genetic
variants, aberrant bone morphogenetic
protein (BMP) signaling, and pulmonary
artery (PA) remodeling. BMPR2 receptors
belong to the large family of transforming
growth factor-B (TGF-) receptors that exert
diverse and partially opposing effects
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through their variable receptor complex
composition and affinity for different ligands
(e.g., activins, inhibins, BMPs). The
imbalance between proliferative and
antiproliferative TGF-f3 receptor signaling in
the development of PH has long been
established; however, sotatercept is the first
therapeutic approach to rebalance TGF-8
signaling by the inhibition of proproliferative
ligands—specifically, activins (7). This
milestone establishes a new paradigm for
developing disease-specific therapeutics and
is aligned with progress in epigenetics,
transcription factor biology, tyrosine kinase
signaling, and pulmonary vascular
immunology. Here, we summarize these and
other recent advances, including progress in
understanding unique molecular events that
underpin pulmonary vascular and RV
dysfunction and therapeutic prospects on the
basis of these translational discoveries.

Epigenetic Mechanisms
Since the discovery of BMPR2 variants in
PAH, knowledge about the genetic basis
of PH has expanded significantly to now
include information on novel epigenetic
regulators of gene transcription and
translation. The transcription factors T-box
TF 4 and SRY-box TF 9 are normally
expressed only prenatally; however,
epigenetic derepression has been described
in persistent PH in the newborn and adult
PAH (8), implying an association between
developmental gene programming and PH.
Methylation and de-methylation epigenetic
processes have also been addressed in PAH.
For example, deleterious germline variants
coding for the DNA methylation enzyme
ten-eleven translocation methylcytosine
dioxygenase 2 (or, TET2) are sixfold more
common in patients with PAH compared
with unaffected controls, and TET2™'~ mice
develop PAH spontaneously (9). Similarly,
upregulation of DNA methyltransferase 3B
(DNMTS3B) is observed in pulmonary artery
smooth muscle cells from PAH patients, and
Dnmt3b~'™ is associated with a severe
pathophenotype in experimental
(inflammatory) PAH in vivo (10).

Novel epigenetic regulators of gene
transcription and translation include
long noncoding RNAs, which belong to a
group of transcripts that are not translated
into proteins but regulate epigenetic,
transcriptional, and posttranscriptional
processes. Tyrosine kinase receptor-inducing
long noncoding RNA (or, TYKRIL) has been

shown to repress platelet-derived growth
factor receptor 3 (or, PDGFRP) signaling
in idiopathic PAH, which regulates
proliferation and apoptosis resistance in
pulmonary artery smooth muscle cells
and human pericytes, respectively (11).

As PDGFR has emerged as a promising
drug target in PAH—for example, imatinib
(12) and seralutinib (13)—additional
studies are needed to address the potential
therapeutic and off-target effects of these
epigenetic mechanisms (Figure 1).

Transcription Factors in PAH
Transcription factors may be more accessible
to therapeutic intervention than genetic

and epigenetic targets. Mutations of the
transcription factor SRY-related HMG-box17
(SOX17) were recently identified as imposing
a novel genetic predisposition to PAH (14).
It is interesting that patients with PAH with
SOX17 pathogenic variants show a severe
phenotype that is frequently associated with
congenital heart disease and malformations
that affect pulmonary vessels as well as
bronchial arteries (15). Large genome-wide
association studies indicate that impairment
of SOX17 because of genetic variations at
loci in an enhancer near SOX17 might be
more common in patients with PAH than
anticipated (16). Subsequent animal

studies confirm the functional relevance of
SOX17 downregulation, which increases the
susceptibility of mice to hypoxia-induced
PH. It is interesting that these alterations are
linked to overactivated c-Met hepatic growth
factor signal transduction and are inhibited
pharmacologically with the c-Met inhibitors
crizotinib and capmatinib (17).

Other transcription factors hold promise
as therapeutic targets in PAH; for example,
inhibiting pulmonary endothelial Twist-
related protein 1 (TWIST-1) expression
inhibits endothelial-mesenchymal transition,
which underlies vascular fibrosis in PAH
(18). More recently, it was observed that
TWIST-1 expression is increased in PAH
pulmonary artery smooth muscle cells in situ
and that TWIST-1-dependent degradation of
GATA-binding protein 6 (or, GATA-6)
disrupts BMPR?2 signal transduction to
promote cellular proliferation in vitro (19). In
turn, smooth muscle cell-specific TWIST-1
downregulation normalizes BMPR2 to
attenuate PH in animal models in vivo. This
raises speculation that targeting E3-ligase
murine double minute 2 pharmacologically,
which mediates TWIST1-induced GATA-6
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Figure 1. Current treatment approaches and novel targets in pulmonary arterial hypertension. Current treatment approaches focus on endothelin, nitric
oxide, and prostacyclin signaling. Novel treatment targets address 7) epigenetic mechanisms/transcriptional factors; 2) oxidative stress; 3) hypoxia and
metabolic signaling; 4) BMPR2-mediated signaling; 5) tyrosine kinase and growth factor signaling; 6) fibrosis and extracellular matrix remodeling; and
7) inflammation and immune cell infiltration. 4PBA = 4-phenylbutyric acid; AA = arachidonic acid; ActRIl = activin receptor type II; BMP = bone
morphogenetic protein; BMPR2 = bone morphogenetic protein receptor type 2; cDC = conventional dendritic cell; DNMT3B = DNA methyltransferase 3
B; ET =endothelin; GDFs = growth and differentiation factors; HIF = hypoxia-inducible factor; JAGGED-1 =jagged canonical Notch ligand 1;

JAK = Janus kinase; MAO-A = monoaminoxidase A; MMP = matrix metalloproteinase; NUDT1 = nudix hydrolase 1; NEDD9 = neural precursor
cell-expressed developmentally downregulated protein 9; NFU1 = NFU1 iron-sulfur cluster scaffold; NO = nitric oxide; NOS = nitric oxide synthase;
PAEC = pulmonary artery endothelial cell; PASMC = pulmonary arterial smooth muscle cell; PDE5 = phosphodiesterase 5; PGI2 = prostacyclin;

PINK1 = phosphatase and tensin homolog—-induced kinase 1; SDF1 = stromal cell-derived factor 1; sGC = soluble guanylate cyclase; SOX9 = SRY-box
transcription factor 9; SOX17 = SRY-box transcription factor 17; SPARC = secreted protein acidic and rich in cysteine; TBX4 = T-box transcription factor
4; TET2 = Tet methylcytosine dioxygenase 2; TWIST1 = Twist family BHLH transcription factor 1; TYKRIL = tyrosine kinase receptor-inducing long
noncoding RNA.

degradation and is already the focus of active
clinical trials in oncology, could be important
to consider in PAH (Figure 1).

BMPR2-mediated RV-PA Remodeling
In light of the recent sotatercept results
(discussed later), the TGF-3/BMP pathway is
perhaps the most promising target for novel
therapeutic approaches for PH. A number of
preclinical models are being used in current
investigations of TGF-3/BMP signaling.
Chaperone 4-phenylbutyrate (4PBA), which
is a sodium salt of an aromatic fatty acid,
rescues BMPR?2 signaling in a murine model
with the pathogenetic BMPR2 (C118W)
variant to restore SMAD1/5 expression,

530

among other effects (20). The administration
of 4PBA to BMPR2“'"*" mice in vivo
attenuated proliferative pulmonary vascular
changes in situ. As 4PBA is a drug approved
by the Food and Drug Administration
(FDA) that could be repurposed for PH
treatment, further studies are warranted.
Other therapeutic approaches address the
ligands of BMPR2, which are BMP9 and
BMP10. Accordingly, heterozygous
mutations in 4PBA (which encodes BMP9)
are associated with decreased plasma levels
of BMP9 and, surprisingly, also BMP10 in
patients with PAH (21). Along these lines,
exogenous BMP9 has been advanced as a
potential therapeutic in pulmonary veno-

occlusive disease (22). The complexity of
BMP signaling has been investigated in a
recent study showing that, at least under
physiological conditions, BMP9/BMP10
supplementation promoted a switch from
a synthetic to a contractile phenotype of
pulmonary vascular smooth muscle cells,
whereas a loss of both ligands caused a
massive decrease of contractile vascular
smooth muscle cells (23). Fresh data
affirmed prior work (24), implicating
circulating BMPs in the diagnoses of
both portopulmonary hypertension and
hepatopulmonary syndrome. Compared
with cirrhotic controls awaiting liver
transplant, levels of BMP9 (synthesized in
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the liver) in patients with portopulmonary
hypertension were significantly lower, and
those with hepatopulmonary syndrome had
significantly reduced levels of both BMP9
and BMP10. These results perpetuate
ongoing interest in the mechanistic roles

of BMPs in cardiopulmonary complications
of cirrhosis (25).

Tyrosine Kinase and Growth

Factor Signaling

Opposing protective and pro-PAH effects
have been reported for various tyrosine
kinase inhibitor drugs, although the
mechanisms by which to account for this
finding are not fully known (26). Thus, the
search for more precise tools targeting
growth factor signaling is warranted.
Findings from a tyrosine kinase-dependent
phosphorylation screening assay (27)
demonstrated that Janus kinase 2 (or, JAK2)
is overactivated in PAH, leading to the
discovery that ruxolitinib (which targets
JAK2 and is approved for myelofibrosis
among other diseases associated with PH)
(28) inhibits cellular proliferation and
partially reverses PH in animal models (29).
Further research is needed to understand the
therapeutic potential of specific tyrosine
kinase inhibitors and kinase activity assay
screening in patients with PAH before
treatment.

Dysregulated Cellular Metabolism and
Oxidant Stress

Reactive oxygen species (ROS) accumulation
in vascular cells is known to dysregulate
critical (and druggable) pathways that
maintain normal pulmonary vascular
reactivity and tone, including nitric
oxide-soluble guanylyl cyclase signaling (30),
endothelin receptor-B receptor-ligand
interactions (31), and peroxisome
proliferator-activated receptor gamma
(PPAR-y)-BMPR2 signaling (32), among
numerous others. Contemporary
observations identify upregulation of
monoaminooxidase A, which generates the
bioactive oxidant hydrogen peroxide, in
experimental PAH. Treatment with the
monoaminooxidase-selective antagonist
clorgyline attenuated PAH in vivo, but not
right heart dysfunction directly induced by
mechanically induced RV afterload (through
PA banding) (33).

However, currently, the relevance of
ROS as a therapeutic target is controversial,
as oxidant stress may also exert effects that
attenuate PH. Building on prior evidence
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showing that remodeled pulmonary
arterioles express DNA damage
marker—positive cells (i.e., 53BP1 and
v-H2AX), Meloche and colleagues
demonstrated that detoxifying DNA enzyme,
nudrix hyrolase 1 (NUDT1), is increased in
pulmonary artery smooth muscle cells
isolated from patients with PAH (34, 35).
Pharmacological inhibition of NUDT1
using (S)-crizotinib decreased PH in SU-
5416/hypoxia (angioproliferative) and
monocrotaline (inflammatory) PAH in rats,
indicating that the protection of DNA
against oxidative stress may allow the cell to
escape apoptosis and promote proliferative
remodeling. This study reinforces the
diverse actions of ROS, which include
proproliferative signaling molecules as

well as toxins, depending on subcellular
localization and concentration (36).

Hypoxia and Metabolic Signaling
The therapeutic potential of hypoxia-
inducible factor (HIF)-2a was shown
in experiments using the novel HIF-2a
inhibitor PT2567, which improves PH and
right heart remodeling in rodent models
when administered using disease-prevention
and -reversal protocols (37). The cell
type-specific effects of HIF and derivative
effects of HIF-1a versus those of HIF-2a,,
per se, likely need further empiric
investigation, as there appear to be
differential effects through each pathway
on pulmonary vascular and RV remodeling.
Metabolic and mitochondrial
dysregulation are key features of PAH.
Recent work by Wertheim and colleagues
has demonstrated a shift toward cellular
glucose and proline avidity in PAH as a
mechanism by which the highly synthetic
pulmonary artery endothelial cell
pathophenotype may induce vascular
fibrosis (38). Other metabolic alterations,
with similarities to solid tumor metabolism,
include increased glutaminolysis, which may
be therapeutically targeted (39). Saraji and
colleagues showed that exaggerated
phosphatase and tensin homolog-induced
putative kinase 1 (or, PINK1)-dependent
mitophagy may play a role in hypoxia-
induced pulmonary vascular remodeling
(40). In rats, engineered point mutations
in NFU1, a mitochondrial protein essential
for iron sulfate cluster biogenesis and
mitochondrial function, resulted in aberrant
hemodynamics and vascular rarefaction,
as well as the sexual dimorphism that is
characteristic of PAH (41). Further

mitochondrial proteins that are involved in
PAH are the uncoupling protein 2 and the
NAD-dependent deacetylase sirtuin-3.

Loss of their function was suggested to
promote human PAH and shown to trigger
development of PH in mice (42). Although
there is one clinical study of dichloroacetate
with mixed results (43), metabolic and
mitochondrial dysfunction remains a desired
druggable target in the field.

Fibrosis, Thrombosis, and
Extracellular Matrix Remodeling
The mechanisms that regulate persistent
fibrothrombotic remodeling after luminal
pulmonary embolism are poorly
characterized but could be important for
developing disease-specific therapies in
chronic thromboembolic PH (CTEPH).
CTEPH is a disease that involves several
pathogenetic factors, such as inflammation
and abnormal coagulation (44), but also
may be related to hypoxia in affected tissue
(45, 46). Upregulation of HIF-1a increases
pulmonary endothelial neural precursor cell
expressed developmentally downregulated
protein 9 (NEDD9), which interacts with
P-Selectin expressed on activated platelets.
This is a key event that controls platelet
adhesion to pulmonary artery endothelial
cells, with direct therapeutic implications for
patients with CTEPH (47). It has been
shown that NEDD? also regulates
extracellular matrix remodeling (48), which
is consistent data with identifying key matrix
metalloproteinase (MMP) subtypes in the
pathogenesis of PAH (49). In this regard, the
matricellular glycoprotein protein secreted
protein acidic and rich in cysteine (or,
SPARC), which regulates a variety of cellular
functions such as extracellular matrix
production and proliferation, is identified as
a novel regulator of vascular cell function in
PH. Its knockdown improves hemodynamic
and cardiac function in mice with PH (50).
Not all matrix proteins are
pathogenetic, however, as MMP-8 appears
to be protective against PAH (51). Global
MMP-8~'" mice exhibit exaggeration of
hypoxia-induced PH, whereas genetic
ablation of MMP-8 in pulmonary artery
smooth muscle cells induces the pro-
remodeling, mechanosensitive focal
adhesion kinase-Yes-associated protein
(YAP)/transcriptional coactivator with
PDZ-binding motif (TAZ) pathway. These
data, thus, imply endogenous negative
regulation of YAP/TAZ, which is reported
previously to affect cell adhesion and type
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IV (basement membrane) collagen in
remodeled idiopathic PAH pulmonary
arterioles (52-54). These findings emphasize
the interaction between mechanical stress,
extracellular matrix signaling, and pathways
underlying the development of PH. The
importance of extracellular matrix signaling
is also addressed in a current clinical trial in
healthy volunteers (ClinicalTrials.gov ID:
NCT03522935) that aims to develop the
elastase inhibitor elafin for PAH treatment.

Inflammation and Immune Cell
Infiltration
Despite the widely accepted contributions of
inflammation and immune cells in the
development of PAH, currently, no approved
therapy addressing inflammation is available.
Thus, further studies to understand the
inflammatory mechanisms in PH are
warranted. In this regard, exposure to black
mold (Stachybotrys chartarum) causes a
time-dependent T cell response involving
peribronchiolar and perivascular infiltration,
resulting in PA remodeling (55). Repetitive
intratracheal application of the common
aeroallergen house dust mite induces
perivascular inflammation and neointimal
formation in mice by means of Notch-
mediated signaling through JAGGED-1 (56).
The extent to which vascular injury is
directly caused by foreign (biological)
particles or from an exaggerated immune
response through IgE signaling (57) is not
known and, thus, requires further
investigation. T cell responses have also been
a focus of attention; one study showed that
activated conventional dendritic cells (cDCs),
which regulate T cell responses and are
increased in lungs with idiopathic PAH,
induce development of PH in genetically
altered mice with an increased portion of
activated cDCs (58). In this regard, the
monocrotaline PH model may better reflect
the increase in cDCs and interstitial
macrophages described in human PAH
than the Sugen-5416/hypoxia model (59).

Pericytes are emergent players in PH
pathology, possibly by promoting both
vascular remodeling and pruning. Increased
expression of the chemotactic chemokine
stromal cell-derived factor 1 in neural/glial
antigen 2-positive cells, including pericytes
and pulmonary artery smooth muscle cells,
promotes accumulation of these cells in
muscularized microvessels leading to
PH (60).

Stem cell therapy may provide
another therapeutic approach to pulmonary
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vascular disease, at least in certain cases, as
demonstrated recently in a case report with a
3-year-old female with severe heritable PAH
who was treated with conditioned media
from allogenic human umbilical cord
mesenchymal stem cells (MSCs) and showed
remarkable clinical improvement (61).
Currently, the exact mechanism of stem
cell-related treatment effects is unclear, but
recent studies in preclinical PH models
support the findings that MSCs exert most of
their therapeutic effects through a paracrine
mechanism (62); for example, extracellular
vesicles released by MSCs (63).

Cutting-Edge Developments
in Clinical PH

Lowering the Thresholds—PH
Redefined
Regardless of PH subtype, there is a
continuous relationship between all-cause
mortality and mPAP that begins at
~20 mm Hg (64-68) which is also the upper
limit of normal (although a slight mPAP rise
is expected with increasing age) (69, 70).
Nonetheless, physiological conditions (e.g.,
pregnancy, reversible anemia, high cardiac
output states) may induce flow-mediated
elevation in mPAP, as described originally by
Wood (71); thus, PVR has been added to
enhance the specificity of PH diagnostic
criteria compared with mPAP alone (72, 73).
However, there was a need to clarify the
classical threshold of PVR > 3.0 WU in
contemporary terms along a spectrum of
mPAP and PVR clinical risk (Table 1).

A retrospective analysis of more than
32,000 patients with elevated mPAP found
that PVR = 2.2 WU was associated with a

47% increase in mortality and a 17% increase
in heart failure-associated hospitalizations,
compared with PVR <22 WU (74).Ina
cohort of 284 well-phenotyped patients with
systemic sclerosis with mPAP > 20 mm Hg,
PVR > 2.0 WU was associated with
significant decreases in 6-minute-walk
distance (6MWD), tricuspid annular plane of
systolic excursion (TAPSE; a measure of RV
systolic function on echocardiography), PA
compliance, and long-term survival (75).
Nevertheless, as discussed later,
hemodynamics are only one criterion to be
placed in context before the designation of
PAH, which remains a clinical diagnosis.

Novel Hemodynamic Parameters
Pulmonary artery compliance (Cpy,) is a
pulsatile measure of RV afterload calculated
as stroke volume/pulmonary artery pulse
pressure (ml/mm Hg) (76). Unlike PVR
which represents static RV afterload, Cpa
captures the capacity for the PA bed to dilate
and accommodate RV stroke volume (77).
The prognostic significance of Cpy has been
established for over a decade (77), but there
is interest in utilizing it as an RV workload
surrogate to risk-stratify patients. For
example, among patients with heart failure
with preserved ejection fraction (HFpEF),
each unit increase in Cp, was associated with
a significantly decreased risk of mortality and
cardiac hospitalization by 23% and 13%,
respectively (78).

RV Pressure-Volume Analysis and
RV-PA Coupling

Pressure-volume (PV) analysis, the gold-
standard method to assess dynamic
ventricular function, is performed at end-
expiration using a conductance catheter

Table 1. Overview of the 2022 ESC/ERS Definitions of PH

Type of PH

Precapillary PH

Isolated postcapillary PH

Combined pre- and postcapillary PH

Definition

mPAP >20 mm Hg
PAWP < 15mmHg
PVR>2 WU

mPAP >20 mm Hg
PAWP > 15 mm Hg
PVR<2 WU

mPAP >20 mm Hg
PAWP > 15 mm Hg
PVR>2 WU

Definition of abbreviations: ERS = European Respiratory Society; ESC = European Society of
Cardiology; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge
pressure; PH = pulmonary hypertension; PVR = pulmonary vascular resistance; WU = Wood units.
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which approximates RV volume on the basis
of the distance between electrodes and the
cross-sectional area (79). Among patients
with PH, a notched or trapezoidal
relationship between beginning systolic
pressure and end systolic pressure is
representative of RV-PA uncoupling and
associated with higher PVR, mPAP, and
brain natriuretic peptide (BNP) and a
lower Cpy, (80, 81). Catheter-based PV
measurements depend on sophisticated
equipment that is not readily available

at most centers but do correlate with
noninvasive measures of ventriculoarterial
coupling and load-independent RV function
(82). Initial studies utilized this method
for characterization of ventriculoarterial
coupling in patients with PH (83, 84) and
to show the beneficial effects of iloprost
treatment on RV contractility independent
from its vasodilatory effects (85).

Approach to Diagnosis: Technique
and Timing

PH is often suggested by findings on
transthoracic echocardiography, including
an increased tricuspid regurgitant jet velocity
>2.8 m/s, elevated systolic pulmonary artery
pressure, and dilated right heart chambers
(86). However, accurate hemodynamic
measurement during right heart
catheterization (RHC) is essential for proper
PH clinical classification and thereby informs
appropriate treatment (Figure 2). A single-
center study demonstrated the value of
repeat hemodynamic measurements,
especially for patients with borderline
elevated PA wedge pressure (PAWP)

(14-16 mm Hg) on first assessment,

where the final diagnosis changed in 10% of
patients across measurements (87). Similarly,
a single-center, standard-of-care protocol to
confirm the accuracy of PAWP > 15 mm Hg

|
|

with suspected inaccurate waveform tracings
revealed that confirmatory PAWP saturation
measurements resulted in significantly lower
PAWP and, therefore, higher PVR
determinations. As a result, 12% of the
N=111 patients studied required
reclassification (88).

Standardizing RHC timing may be a
major opportunity to limit misclassification
of PH subtype. For example, RHC after full
diuresis in patients with impaired left
ventricular diastolic function at index
presentation for heart failure often suggests
precapillary PH but may simply reflect
postcapillary PH after iatrogenic volume
optimization. To improve diagnostic yield
and capture patients earlier in the PH
trajectory, proposed contemporary
indications for RHC include unexplained
dyspnea, unexplained (including
asymptomatic) RV dysfunction, and

Figure 2. Echocardiographic features supportive of pulmonary hypertension and characteristic confirmatory right heart catheterization tracings.
(A) The velocity of the tricuspid regurgitant jet (3.75m/s), measured with continuous-wave Doppler imaging in the apical four-chamber view, is
used to calculate systolic pulmonary artery pressure (sPAP); sSPAP = 4V2 + CVP. (B) In the short-axis two-chamber view, the interventricular
septum imaged at end systole is flat (“D sign”), indicative of RV volume and pressure overload. (C) TAPSE, a measure of right ventricular
function, represents the apical displacement of the tricuspid annulus between diastole and systole measured by M-mode echocardiography.
(D) Typical pulmonary artery wedge pressure tracing at end-expiration with black line representing average pressure over the respiratory cycle
which can be reported in cases with significant respiratory variation, as opposed to typical end-expiration; a-wave and v-wave are noted in red,
with the v-wave falling outside the T-wave on an associated ECG. (£) Example of an optimal pulmonary artery pressure waveform with
preserved dichroic notch. 4V2=V is the peak velocity (m/sec) of the tricuspid regurgitant jet; CVP = central venous pressure; RV =right
ventricular; TAPSE = tricuspid annular plane of systolic excursion.
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estimated RV systolic pressure >30 mm Hg
(without obvious left heart disease)
(68, 89-93).

Exercise Hemodynamics

Invasive hemodynamics from healthy adults
during exercise demonstrate a significant
increase in mPAP and PAWP, with a slight
but nonsignificant decrease in PVR, because
of the recruitment and distensibility of a
normal pulmonary vasculature (70). This
relationship is influenced by age; an
abnormal pulmonary hemodynamic
response during exercise is characterized by
an increased mPAP/cardiac output (CO)
slope of 1.6 and 3.3 WU for subjects 30 and
70 years of age, respectively (94, 95).
Exaggerated elevation of mPAP in response
to increased CO during exercise is associated
with impaired physical activity level and
clinical events. Although variability between
centers and studies is reported for the
method used to collect exercise-
hemodynamic data, an mPAP/CO slope
between rest and exercise >3 mm Hg/L/min
is generally viewed as pathogenic (2, 3, 96).
Classification of PH remains a clinical
diagnosis supported (or refuted) by
hemodynamic values, and the implications of
treating milder and exercise PH
pharmacologically are largely unknown.

Next-Generation Imaging in
Pulmonary Vascular Disease
Quantitating disease burden noninvasively
may afford critical opportunities to monitor
the effect of therapeutic interventions on
disease trajectory (97). A study of 2,500
adults from the Framingham Heart Study
utilizing noncontrast computed tomography
(CT) to quantitate the distal pulmonary
vessel loss (i.e., “vascular pruning”)
characteristic of PH at autopsy identified a
significant correlation between small-vessel
volume and all-cause mortality (97). In fact,
the quartile of individuals with the most
severe vascular pruning, as measured by the
cross-sectional area of small vessels (<5
mm?) compared with the total volume of
intraparenchymal vessels, had a 2.64-fold
higher rate of death (95% confidence interval
[CI] =1.30, 5.39; P=0.0008). Similarly, using
volumetric reconstruction of CT imaging,
Rahaghi and colleagues found lower small-
vessel venous volume in patients with
normal resting hemodynamics and
exercise-induced PH, compared with that of
controls who did not demonstrate PH during
cardiopulmonary exercise testing (98).
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Among patients with established and
advanced PAH, vascular reconstruction of
high-resolution CT was used to estimate
thoracic blood volume and explain the
airway compression that occurs as a result of
pulmonary artery dilation. These findings
may account for the dyspnea and dynamic
hyperinflation seen in pulmonary function
testing in advanced PAH (99). Finally, CT
may be helpful for further understanding the
risk profile of patients who were previously
thought to have isolated idiopathic IPAH
(IPAH) or Group 3 PH. A recent study
comparing 303 patients with IPAH with no
evidence of parenchymal lung disease on a
CT chest scan to 190 patients with IPAH
with minor parenchymal abnormalities
found a significant 5-year survival benefit
among patients with no CT abnormalities
(78%) compared with those with mild
abnormalities (22%), P < 0.0001; there was
no difference in those whose imaging
findings were more consistent with
emphysema as compared with interstitial
lung abnormalities (100).

Socioeconomic Parameters and
Access to Health Care
The health disparities that adversely impact
patient access to medical care are especially
burdensome to individuals with PAH, in
which the disease trajectory can be affected
by prompt identification, treatment, and
follow-up at experienced centers. A recent
prospective study of individuals enrolled in
the Pulmonary Hypertension Association
Registry (PHAR) found that Hispanic
patients were more likely to have Medicaid
or to be uninsured compared with non-
Hispanic White patients (25% vs. 12% and
7.1% vs. 1.4%, respectively) and required
more frequent hospitalizations despite
similarly severe disease (101). Studies such
as these emphasize the importance of the
inclusion of underrepresented minorities,
among others, in clinical trials and registries
to adequately address the social determinants
of health that influence disease course (101).
Additionally, therapeutic advances
should be paralleled by discussions
surrounding care access and affordability,
especially in geographically isolated
communities (102). A recent claims-based
study of a national cohort of patients with PH
identified an increased risk of all-cause
mortality in patients living in rural counties as
compared with patients living in metropolitan
counties (hazard ratio [HR] = 1.48; 95% ClI,
1.14-1.92; P=0.003) (103).

Methamphetamine abuse, a practice
more common among those with lower
socioeconomic status, including lower
income, level of education, and employment,
is associated with a 42% increase in risk of
developing PAH, compared with non-users
(HR = 1.42; 95% CI = 1.26, 1.60) (104). A
unique profile of methamphetamine-
associated pulmonary arterial hypertension
(meth-APAH) has emerged from the PHAR
data, defined by younger age, lower cardiac
index, more severe symptom burden (i.e.,
lower functional class), and lower health-
related quality of life, compared with those
with idiopathic PAH (105, 106).

PH and Obesity

It has long been recognized that PAH occurs
more commonly in obese patients compared
with lean counterparts (107); however, it is
unclear whether adiposity directly regulates
vascular remodeling or whether obesity is
simply a highly prevalent comorbidity in
at-risk patients. Higher thoracic visceral
adipose tissue, but not subcutaneous adipose
tissue, measured by CT, is associated with

a decreased risk of PH (possibly as an
autonomous source of vasoactive hormone
synthesis, such as estrogen). Through the
secretion of cardioprotective adipokines
including vaspin, the visceral adipose tissue
may exert favorable effects on the vascular
endothelium, including potentiation of nitric
oxide and inhibition of endothelial cell
apoptosis (108). The association between

fat distribution and PH risk was evaluated
recently in a multicenter observational

study of patients with advanced lung disease
who were being evaluated for lung
transplantation (109). In the PHAR,
overweight and obese participants had
significantly less favorable PH-specific,
health-related quality-of-life scores and
elevated rates of hospitalizations when
compared with individuals of normal

weight (110). However, overweight and
obese individuals had longer transplant-free
survival. This paradoxical observation

may be due to adipose-related dimorphic
effects or collider bias in a multipathogenic
disease.

PAH with Comorbidities versus
Severe PH with Left Heart Disease
Approximately 30% of patients diagnosed
with PAH also harbor features of left heart
disease (111). Owing to the association
between severely elevated PVR (>5.0 WU)
and mortality or hospitalization for heart
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Figure 3. Prognostic value of pulmonary vascular resistance (PVR) in pulmonary hypertension (PH) caused by interstitial lung disease (ILD).

(A) Kaplan-Meier survival curve stratified by the current hemodynamic definition of severe PH in lung disease: mean pulmonary arterial pressure
(mPAP) = 35mmHg or mPAP = 25 mm Hg with cardiac index <2.0L/min/m?. (B) Kaplan-Meier survival curve stratified by PVR<5 WU and

PVR >5 WU. (C) Kaplan-Meier survival curve stratified by PVR<8 WU and PVR >8 WU. WU =Wood units. Reprinted by permission from

Reference 126.

failure in combined pre- and postcapillary
PH (Cpc-PH) (74), referral to a specialty care
center for affected patients for consideration
of individualized care is reasonable (78, 112).
However, the best approach to management
in this subgroup is not known. At present,
management of HFpEF (with or without PH)
should focus on decongestion with diuretics
as well as SGLT-2 inhibitor therapy (113, 114)
and mineralocorticoid receptor antagonism
therapy (115), which improve survival and
cardiac remodeling in this population,
respectively, and may also have salutary
benefits in patients with Cpc-PH independent
of volume-modulating effects (116-118).
Prospective studies evaluating approved
therapies for PAH in patients with PH
because of left heart disease are inconclusive
or harmful, and contemporary data are
lacking. A placebo-controlled trial of
selective endothelin receptor antagonism
in patients with HFpEF and CpcPH was
associated with fluid retention with no
significant change in hemodynamics (119).
In a small study of patients with HFpEF and
CpcPH (mean PVR, ~3.5 WU), nitric oxide
potentiation with the phosphodiesterase-5
inhibitor sildenafil demonstrated
improvement in right heart hemodynamics
and quality of life, although the results were
not replicated in a similar prospective
investigation (120, 121). Sildenafil improved
exercise capacity at 12 weeks in a small study
of patients with heart failure with reduced
ejection fraction (HFrEF) and Cpc-PH;
however, larger studies with longer follow-up
are needed (122).

State of the Art

Additional prospective data from
patients with overlapping phenotypes are
necessary to refine the role for PAH
therapies, if any, in patients with Cpc-PH.
In the context of shared pulmonary vascular
remodeling between patients with heart
failure and those with PAH (123), it may be
the case that the emergence of therapies with
specificity toward endothelial dysfunction
and cellular proliferation will lead to the
identification of PAH treatments with
efficacy in patients with combined
precapillary and postcapillary disease.

The actively enrolling CADENCE trial
(ClinicalTrials.gov ID: NCT04945460) for
sotatercept in HFpEF-associated Cpc-PH
will address this question. At present,
pulmonary vasodilator therapy is not
recommended for patients with HFpEF-PH
who are outside of individualized care plans
that are developed at a PH center (2, 3).

PAH with Comorbidities versus
Severe PH with Lung Disease

Chronic lung disease is the second most
common cause of PH, affecting ~50% of
patients with chronic obstructive pulmonary
disease (COPD) and two-thirds of patients

with interstitial lung disease (ILD) (124, 125).

Similar to patients with left heart disease,
there is emerging interest in characterizing
phenotypes beyond those classified by the
underlying lung disease itself, especially as
they may pertain to treatment-responsive
subgroups. A retrospective review of 139
patients with COPD and PH (COPD-PH)
identified PVR > 5 WU as the best predictor

of adjusted all-cause mortality (HR =2.59;
95% CI = 1.58,427; P < 0.001). In a separate
study of patients with ILD and PH (ILD-
PH), higher PVR was independently
associated with a modest increase in risk of
death (HR=1.09, 95% CI=1.02, 1.17;
P=0.014) and PVR > 5 WU was similarly
associated with a significantly worse survival
compared with PVR<5 WU (P=0.03). A
PVR cutoff of 8 WU provided even stronger
discrimination between groups (P < 0.0001).
In contrast, consideration of patients with
ILD-PH on the basis of the current definition
of severe disease (mPAP = 35 mm Hg or
mPAP = 25 mm Hg with cardiac index

<2.0 L/min/m?) failed to differentiate groups
(Figure 3) (126, 127). An additional study of
incident COPD-PH demonstrated the
mortality risk associated with concomitant
PH, where a cohort of 99 patients with a
median PVR of 6.3 WU (interquartile range
[IQR] =4.2-7.9) experienced a mean survival
of 15.0 months (IQR = 13.9-16.0) (128). In
fact, multicenter prospective data tracking
transplant-free survival identified incident
Group 3 PH as a greater risk compared with
Group 1 PH (HR = 4.26; 95% CI=1.79,
10.17) (111).

In a retrospective review of patients in
the ASPIRE (Assessing the Spectrum of
Pulmonary Hypertension Identified at a
Referral Centre) registry previously
characterized as isolated IPAH, the
presence of mild lung disease on CT as well
as a reduction in DLcg < 45% incurred
independent prognostic significance.
Among those with mild emphysema or
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SV, 60-65%

Figure 4. Baseline pulmonary arterial hypertension (PAH) risk stratification. PAH treatment decisions should be made in the context of risk
stratification. For example, the European Respiratory Society/European Society of Cardiology three-stratum risk stratification tool (presented here
in an abbreviated form) is then paired with a treatment algorithm guided by risk (see Figure 5). BNP = brain natriuretic peptide; Cl = cardiac
index; NTproBNP = N-terminal-pro hormone brain natriuretic peptide; RA =right atrial; SVo,=mixed venous oxygen saturation; sPAP =systolic
pulmonary arterial pressure; TAPSE =tricuspid annular plane systolic excursion; V,, = volume of oxygen consumption. Reprinted with permission

from References 2 and 3.

fibrosis on imaging, 5-year survival was 22%,
compared with 70% among those without
radiographic lung disease (P < 0.0001) (100).
Additionally, in the absence of lung disease
on imaging, 5-year survival for patients
with IPAH with reduced Do was 45%,
compared with 84% among patients with
Drco = 45% (P < 0.0001). A subsequent
study including patients from the
Comparative Prospective Registry of
Newly Initiated Therapies for Pulmonary
Hypertension (COMPERA) found that
patients with IPAH and a lung phenotype
(defined by a DLco < 45% and smoking
history) experienced significantly reduced
response to PAH therapy compared with
those with classical IPAH, suggesting a role
for prospective enrollment of overlapping
World Symposium on Pulmonary
Hypertension Group 1 and Group 3
subgroups in clinical trials to investigate
whether treatment-responsive subgroups
may emerge (129).

PH associated with neurofibromatosis
type 1 (NF1-PH)—with NF1 being a
systemic disease associated with vascular
remodeling as well as ILD (characterized by
panlobular cystic changes and ground
class)—is a newly established risk factor for
PH. Characteristics of patients with NF1-PH

include severe PH at the time of diagnosis,
including mean mPAP of 45 mm Hg, cardiac
index of 2.3 L/min/m?, and PVR of 10.7 WU,
with limited, if any, clinical improvement in
response to PAH therapy, which may also
worsen hypoxemia (130).

Cumulatively, these data support the
importance of lung disease—associated PH
assessment at expert centers and the
development of individualized care plans,
including early consideration for transplant
referral. To date, investigations of oral
therapies approved for PAH in patients with
lung disease-associated PH are inconclusive
or associated with harm (131, 132). However,
encouraging results from the INCREASE
trial in ILD-PH support the concept that
inhaled prostacyclin drug formulations may
be a preferable way to optimize
ventilation/perfusion matching where
patients with ILD-PH experienced a +31m
improvement in 6MWD compared with the
placebo group (95% CI=16.9-45.4 m;

P <0.001). The reproducibility of these
benefits outside the tightly controlled
framework of a clinical trial, particularly
given the high cost of the medication and
challenges with use compliance, are not
known. Protocols to standardize patient
evaluation and appropriate prescribing and,

ultimately, pragmatic clinical studies in real-
world populations may be helpful for
addressing these lingering concerns (133).

Risk Stratification

A multitude of point-of-care risk assessment
scales exist to determine patient disease
severity at presentation and to determine
prognosis. These include COMPERA (134),
REVEAL (the U.S. Registry to Evaluate Early
and Long-Term PAH Disease Management)
(135), and the European Society of
Cardiology/European Respiratory Society
risk stratification tables (Figure 4) (2, 3, 136).
Higher risk calculations not only predict
hospitalization but are associated with higher
(worse) baseline and follow-up scores on the
Emphasis-10 (e10), a PH-specific, health-
related quality-of-life survey (137, 138). Risk
scores require baseline evaluation of multiple
clinical, hemodynamic, and exercise
parameters, with the strongest emphasis on
World Health Organization functional status
(WHO-FC), N-terminal-pro hormone brain
natriuretic peptide (NT-proBNP) levels, and
6MWD.

Work by Hoeper and colleagues
recently introduced the benefit of a
simplified and non-invasive four-stratum
follow-up risk assessment tool, as compared
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Figure 5. Baseline pulmonary arterial hypertension (PAH) treatment algorithm. Dual-oral combination therapy is the standard of care for low-
and intermediate-risk patients; parenteral prostacyclin analogue therapy should be added for high-risk patients. Treatment decisions for patients
with PAH and cardiopulmonary comorbidities are different from those with isolated World Health Organization Group 1 PAH and should center
around initial monotherapy. Cardiopulmonary comorbidities include left ventricular diastolic dysfunction, obesity, hypertension, diabetes mellitus,

coronary artery disease, and parenchymal lung disease. Vasoreactivity testing® is recommended for patients with idiopathic, heritable, and
drug-induced PAH. °Positive response, or “vasoreactive,” is defined as a mean pulmonary artery pressure reduction = 10mmHg to absolute
value < 40 mm Hg with improved or unchanged cardiac output. ERA = endothelin receptor antagonist (either ambrisentan or macitentan);
PDESI = phosphodiesterase 5 inhibitor (either sildenafil or tadalafil); PH = pulmonary hypertension; |.V. =intravenous; S.Q. = subcutaneous,
prostacyclin analog (either epoprostenol or treprostinil).

with a three-stratum tool (low, intermediate,
and high risk). Among the 76% of patients
falling into an intermediate-risk group at
baseline, COMPERA 2.0 demonstrated that
patients moving from the intermediate-high
risk follow-up group to the intermediate-low
risk follow-up group experienced a 20.1%
decreased risk of death (HR = 0.799; 95%
CI=0.611, 1.046) (139). A validation of

this four-stratum tool among patients with
PAH in the French PH registry confirmed
improved discrimination of 1-year

mortality as compared with the three-
stratum model (140).

Indeed, a minority of patients with PAH
who are classified as intermediate or high risk
(35-43%) will transition to low-risk status
after 6 months of standard-of-care treatment
with dual oral pulmonary vasodilatory
therapy. Therefore, opportunities remain to
add precision to risk stratification and to
discriminate patients in the intermediate—low
risk and intermediate-high risk range (141).
Among responders, risk reduction appears to
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be a function of PVR reduction, whereas
nonresponder status (i.e., blunted PVR
improvement by <25.8% [the lower tertile of
PVR change]) is associated with age
>60 years, male sex, mPAP > 48 mm Hg,
and TAPSE < 18 mm. In a study evaluating
risk response to standard oral combination
therapy (i.e., ambrisentan and tadalafil), as
assessed by using REVEAL 2.0, at 2-year
follow-up, 14% of patients remained high
and 44% remained an intermediate risk.
When evaluating risk score as a function of
change in PVR (percent from baseline),
favorable risk score response was most likely
to be achieved among patients with PAH
with >50% reduction in PVR at 24 months
(142). These data emphasize the breadth of
the intermediate-risk category, highlighting
that subgroups remain clinically vulnerable
despite dual oral therapy (143).
Incorporation of baseline risk assessment
as a criterion for clinical trial enrollment may
be helpful to ensure similar prognosis between
groups. Despite the aim that a change in risk

score may represent a more efficient clinical
trial endpoint than events of clinical worsening
(CW), recent data highlights that risk scores
may not be valid as surrogate endpoints in
clinical trials. In fact, Blette and colleagues
found that while multicomponent risk scores
predict outcomes, treatment-induced effects
on low-risk status explained very little (7-13%,
well below the desired threshold of 50%) of the
effect of random treatment assignment on
time to clinical worsening (144). Similar results
were demonstrated in a post hoc analysis of
FREEDOM-EV, a randomized clinical trial of
oral treprostinil versus placebo added to
background therapy, where 15-33% of the
proportion of the treatment effect was
explained by REVEAL Lite 2 scores (145).
These recent studies highlight the need for
continued efforts to validate endpoints in the

field.

Serum Biomarkers
At this time, BNP and NT-proBNP are the
only biomarkers considered useful in clinical
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and elastin staining, respectively. Scale bar, 50 mm. Reproduced with permission from Reference 175. (B) When modeling mean pulmonary
artery pressure (mPAP) as a continuous variable across a national cohort of 21,727 veterans, mortality risk that is associated with increases in
mPAP emerges at 19 mmHg. Subtle increases in mPAP between 19 and 24 mm Hg are associated with a much greater change in mortality,
suggesting an opportunity to modulate clinical risk in the range of mild rather than severe PH. Reproduced with permission from Reference 65.
(O) Increased mortality in an Australian national cohort of patients with mild PH suggested by echocardiography is associated with pathogenic
changes to RA and right ventricular (RV) geometry. Reprinted with permission from Reference 92. (D) The pathogenicity of mild PH is
suggested further by evidence of impaired tricuspid annular plane of systolic excursion (TAPSE) and surrogate for RV-pulmonary arterial
coupling (TAPSE/RVSP). Reprinted with permission from Reference 91. ePH = echocardiographic PH; eRVSP = estimated right ventricular systolic

pressure; H/E = hematoxylin and eosin; RA =right atrial; RVSP =right ventricular systolic pressure.

practice. A recent study examining a novel
risk score utilizing routine laboratory data
with prognostic significance in left heart
disease, including y-glutamyl transferase and
the ratio aspartate aminotransferase/alanine
aminotransferase (both surrogates of inferior
vena cava back flow and hepatic venous
congestion), discriminated PH risk profiles at
baseline and follow-up in a derivation and
validation cohort of patients with either PAH
or CTEPH, suggesting the potential for
expanded utility of routine serum evaluations
(146). Cartilage intermediate layer protein 1
was recently identified as a novel marker for
RV remodeling and ventriculoarterial
uncoupling in patients with precapillary PH;
higher serum levels were seen in PH patients
with maladaptive right ventricular
remodeling as compared with patients with
left heart disease (147). Overall, however,
validated disease-specific biomarkers remain
lacking for PAH.

State of the Art

Novel Assessment Tools

A recent study evaluated the relationship
between uncoached daily activity (i.e., step
counts measuring using Fitbit devices) and
clinical outcomes in PAH. In a cohort of 41
subjects with PAH, an average daily step
count of <5,500 was associated with a
significant increase in hospitalization rate
compared with patients who averaged
>5,500 steps (P=0.04). A high daily step
count was also associated with lower odds of
worsening WHO-FC (odds ratio

[OR] =0.38; 95% CI=0.16, 0.92; P=0.03)
(148). An additional study found that the
incorporation of automated text-messaging
reminders may improve daily activity for
patients with PH. In a trial of 42 patients
with PAH who were randomized to text-
messaging versus usual care, the texting
intervention resulted in a higher number of
average daily steps, with a secondary benefit
in subjective Emphasis 10 score as well as

TAPSE measurements at 12-week follow-up
(149). Last, peak Vo, and VE/VCO, slope
obtained during noninvasive
cardiopulmonary exercise testing are also
useful in the risk stratification of patients. A
recent study of intermediate-risk patients
found a 3-year event-free survival rate of 41%
among patients with a Vo, peak < 10 ml/kg/
min as compared with 79% among those
with a Vo, peak of 14 ml/kg/min (150).

Updates in the Approach to
Treating Patients with PAH
and CTEPH

Sotatercept

Sotatercept, a fusion protein of the Fc
domain of human IgG and the extracellular
domain of activin receptor type II A
(ActRIIA), acts as an activin signaling
inhibitor. Through this mechanism,
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Figure 7. Balloon pulmonary angioplasty of proximal and distal chronic pulmonary emboli. Representative pulmonary angiogram before and
after balloon pulmonary angioplasty. (A) Global pulmonary angiogram in a patient with surgically accessible proximal lesions (Group 1). (A-a)
Pulmonary angiogram before balloon pulmonary angioplasty (BPA). (A-b) Pulmonary angiogram after four BPA procedures. (B) Global
pulmonary angiogram in a patient with surgically inaccessible distal lesions (Group 2). (B-a) Pulmonary angiogram before BPA. (B-b) Pulmonary
angiogram after four BPA procedures. Reprinted by permission from Reference 165.

pathogenetic members of the TGF-3
superfamily rebalance proliferative ActRII
ligands (activins A and B), which bind at the
ActRII and activin receptor-like kinase
(ALK) 4/5/7 receptor complex and

trigger proliferative signaling by means of
Smad 2/3 phosphorylation. Inhibition of
proproliferative signaling is then balanced
against antiproliferative signaling involving
BMPs through the receptor complex
consisting of BMPR2, ALK 1/2/3/6, and
Smad 1/5/8 phosphorylation. The potential
for imbalanced TGF- signaling as a driver
of PAH was suggested in 1994 (151), and
later, BMPR?2 loss-of-function mutations
were linked to the penetrance of heritable
PAH and identified in idiopathic PAH.
Downregulation of BMP signaling is
characteristic of PAH, regardless of the
presence of a BMPR2 mutation. Notably,
Guignabert and colleagues recently
demonstrated the prognostic relevance of
circulating levels of activin A and the ActRII
ligand inhibitor follistatin-like 3 in patients
with idiopathic, hereditary, or anorexigen-
associated PAH (152). Although the precise
mechanistic effects of sotatercept remain to
be elucidated, inhibition of ALK 4/5/7-
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ActRIIA signal transduction derepresses (i.e.,
net increase) nongenomic and genomic
antiproliferative targets that are regulated
through the BMPR2 receptor (Figure 1)
(153). Thus, the overall functional effect

of sotatercept is to rebalance the TGF-
B-BMPR2 axis, upregulating antiproliferative
and inhibiting proproliferative pathways in
pulmonary artery endothelial and smooth
muscle cells.

The groundbreaking results of two
recently published trials studying sotatercept
in PAH are summarized here.

PULSAR, a large Phase-2 randomized
placebo-controlled clinical trial tested the
effect of sotatercept (administered every
3 weeks) versus placebo on changes in
PVR from baseline at Week 24 in a cohort
of 106 patients with prevalent PAH who
were treated with standard-of-care
background therapy (4). Nearly half of the
patients enrolled continued to experience
WHO-FC III dyspnea, despite triple-
combination therapy, one-third of whom
were managed with intravenous prostacyclin
therapy. Compared with placebo, when
added to standard PAH therapy, the least-
squares mean PVR difference was

—145.8dyn-s-cm > (P < 0.001) and
—239.5dyn-s-cm > (P < 0.001) for
sotatercept at 0.3 mg/kg and 0.7 mg/kg,
respectively (4). The open-label extension
study found that, over a period of

18-24 months, those who were initially in the
placebo arm had significant improvements in
PVR, 6MWD, and WHO-FC on sotatercept,
and clinical benefit was maintained (but not
improved further) in those who had been
continued on the study drug (154). Of the
entire cohort, 30.8% had treatment-emergent
adverse events (~10% with telangiectasia),
9.6% of which led to study discontinuation
(Table 2).

STELLAR, the Phase-3 randomized
placebo-controlled trial, evaluated the
impact of 0.3 mg/kg (target dose, 0.7 mg/
kg) sotatercept every 3 weeks versus placebo
on change from baseline 6 MWD at
24 weeks in patients with PAH and WHO-
FC II or III symptoms despite background
therapy (6). Two-thirds of patients were on
triple-combination therapy, including
parenteral prostacyclin in 40% of those
enrolled. Patients treated with sotatercept
experienced a mean change in 6MWD of
+40m (95% CI=29.9, 50.2) compared
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Figure 8. Alternative clinical trial approaches. (A) Risk assessment-based eligibility criteria for enrichment. Green indicates low risk, yellow indicates
intermediate risk, and red indicates high risk. (B) Adaptive enrichment recruitment based on interim analysis response. Dark blue indicates patients
who might benefit from treatment A. Light blue indicates patients that might benefit from treatment B. All randomly assigned patients (light orange).
(C) Randomized discontinuation study design. Dark blue indicates patients who improve with therapy, light blue indicates patients who are stable with
treatment, and violet indicates patients who deteriorate with treatment. Reprinted by permission from Reference 174.

with —1.4m (95% CI=—13.2, 10.3) in the
placebo group (P < 0.001). The study
additionally met eight of the nine
secondary hierarchical endpoints, including
a three-tiered multicomponent endpoint of
I) =30-m increase in 6MWD; 2) =30%
decrease in NT-proBNP (or an NT-
proBNP < 300 pg/ml); and 3) improvement
in WHO-FC to at least II, as well as

State of the Art

reduction in PVR, shorter time to first
occurrence of death or clinical worsening,
and improvement in PAH quality-of-life
scores. Telangiectasis occurred in 10.4% of
the sotatercept group. Increased
hemoglobin, thrombocytopenia, and
bleeding events (including epistaxis and
gingival bleeding) occurred more
commonly in the treatment group. With a

mean time from diagnosis to trial
enrollment of 8.8 years, the results of the
actively enrolling HYPERION study
(ClinicalTrials.gov ID: NCT04811092) of
sotatercept for newly diagnosed patients
with PAH will lend insight into the
potential for sotatercept to mitigate disease
progression and associated morbidity and
mortality (Table 2).
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Updates on Combination Therapy

in PAH

Cumulative data from clinical trials
evaluating the efficacy of both sequential
add-on or upfront combination PAH
therapy demonstrate significantly decreased
risk of clinical worsening compared with
monotherapy (risk ratio = 0.65; 95%
CI=0.58,0.72; P << 0.00001), as well as
improvement in PH-specific outcomes,
including WHO-FC and 6MWD (155). The
recently published TRITON study (156) was
the first to prospectively investigate upfront
triple-combination therapy (selexipag added
to macitentan/tadalafil) versus double-
combination therapy (macitentan/tadalafil)
for incident PAH. Dual therapy was started
on Day 1 of the study, and the oral
prostacyclin receptor agonist selexipag,
versus placebo, was added on Day 15. The
primary hemodynamic outcome of change in
PVR at 26 weeks was nonsignificantly
different between groups (157). Boucly and
colleagues retrospectively evaluated risk of
death on the basis of initial treatment
strategy; in the overall population, 5-year
survival for patients receiving triple-
combination therapy, including intravenous
or subcutaneous prostacyclins, was
significantly improved (91%), compared with
those receiving dual-combination therapy or
monotherapy (61%) (158). Prospective
randomized controlled trial data are needed
to provide conclusive evidence of parenteral
prostacyclin-based, triple-combination
therapy superiority over dual-combination
therapy (Figure 5) (159). Additionally,
pending FDA approval, sotatercept is likely
to be integrated into combination therapy
regimens, noting significant MWD benefit
in patients on background dual- as well as
triple-combination therapy (6).

Treating Mild PH and Mild PAH

There are now data showing that mild PH is
associated with substantial PA remodeling,
pathogenic changes to right heart geometry
and function, and mortality (Figure 6).
However, at present, there are no data to
warrant pulmonary vasodilator therapy in
patients with mPAP of 20-25 mm Hg (2, 3).
One recent retrospective study of 82 patients
with PAH (mPAP =27 mm Hg

[IQR =25-30]; PVR =2.2 WU

[IQR = 1.9-2.7]) (which did not require
PVR > 3.0 WU for treatment) who were
initiated on ERA or PDE5i monotherapy
showed that, at first follow-up, there was an
average +46 m improvement in 6 MWD and
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that 35% of patients improved at least one
New York Heart Association functional class;
at 5 years, the survival rate was 84% (160).
Populations with established PH risk where
screening is recommended may serve as a
starting point to prospectively study
treatment of early disease. For example, in
systemic sclerosis (161), where PAH-
associated mortality is as high as 18% within
3 years and mild PH (mPAP, 21-24 mm Hg)
predicts disease progression (162), studies
such as the actively enrolling Sildenafil for
Early Pulmonary Vascular Disease in
Scleroderma study will evaluate the impact of
sildenafil versus placebo on 6MWD in
patients with mPAP of 21-24 mm Hg
(ClinicalTrials.gov ID: NCT04797286). Large,
adequately powered, prospective studies are
necessary across World Symposium on
Pulmonary Hypertension groups to
understand the impact of treatment on early
disease, although identifying at-risk patients
may be challenging because most patients
with PAH are diagnosed with advanced-stage
disease. Thus, innovative strategies that
leverage artificial intelligence applied to ECG
testing as well as consideration to genetic
profile to identify at-risk patients early may
be helpful (163).

Balloon Pulmonary Angioplasty

and CTEPH

Pulmonary endarterectomy (PTE) remains
the gold standard for operable disease but
requires a high-volume center and careful
patient selection for optimal results (i.e.,
anatomical clot considerations, few
comorbidities, PVR < 12 WU, absence of
right heart failure) (164). In patients with
surgically accessible, proximal disease who
either decline PTE or are ineligible for
surgical intervention because of advanced
age or significant comorbidities, retrospective
data suggest that balloon pulmonary
angioplasty (BPA) is an effective strategy to
treat otherwise surgically accessible lesions
(Figure 7) (165), although prospective data
comparing PTE to BPA are needed.

Two recent studies have addressed the
question of whether BPA is superior to
medical therapy for inoperable CTEPH. A
Phase-3, multicenter, open-label,
randomized controlled trial including 105
patients receiving care at 23 French centers
with inoperable CTEPH randomized to
riociguat or BPA demonstrated that PVR
reduction at 26 weeks was higher in the BPA
group, but so were treatment-related serious
adverse events; patients required an average

of 7.7 BPA procedures (166). In an ancillary
52-week follow-up study of patients with
residual PVR >4 WU or WHO-FC I
despite 26 weeks of riociguat, add-on BPA
was associated with less adverse events in the
combination therapy group—5 (2%) of 201
sessions—as compared with the initial BPA-
alone group—33 (8%) of 33 sessions—
suggesting a complementary role for
riociguat in reducing BPA-related
complications. A second multicenter, open-
label, controlled trial at four Japanese centers
randomized 61 patients with inoperable
CTEPH to BPA or riociguat and
corroborated that patients who underwent
BPA had better hemodynamic improvement
at 12 months, although it acknowledged the
increased risk of procedural complications
and the need for ~5 BPA procedures (167).

Physical Activity in PAH

Clinically meaningful endpoints should
robustly capture how a patient feels or
functions and whether survival is affected.
Given the importance of exercise limitation
in PAH and the rise of mobile health
technologies, actigraphy has been proposed as
a novel study endpoint. A recent analysis of
baseline accelerometry data from the recently
completed PHANTOM trial (ClinicalTrials.
gov ID: NCT03229499) identified physical
activity phenotypes that tracked with 6MWD,
RV function, and quality of life (168).
Additionally, a large, randomized controlled,
multicenter trial including 116 patients from
different centers and European countries
demonstrated that, compared with usual care,
a PAH- and CTEPH-specific standardized
rehabilitation program was safe, feasible, and
associated with significant improvements in
6MWD, quality of life, WHO-FC, and peak
oxygen consumption (169). As a result,
exercise should be encouraged in patients
with PAH stabilized on standard
pharmacotherapy (2, 3).

Clinical Trial Design

PAH clinical trials face several unique
challenges, including low disease prevalence,
indolent clinical course, and the
heterogenous effect of various background
treatment profiles. Future trial designs must
adapt accordingly (Figure 8). For example,
phenotypic and prognostic enrichment
strategies may serve as a time- and cost-
saving tool (170). Large-scale studies are
underway that apply deep phenotyping
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techniques to discover molecular signatures
that may more precisely refine enrichment
(171). Use of adaptive trial design protocols
with prespecified interim analyses and
predetermined modifications may improve
the efficiency of trials as well (172).
Enrichment strategies limit
generalizability of results. Pragmatic clinical
trials, which evaluate the effectiveness of
therapy in real-world populations, including
those with frequently co-occurring
comorbidities for heart and lung disease,
may improve generalizability in real-world
practice and decrease the risk of slow
enrollment caused by extensive exclusion
criteria. Pragmatic trials provide a window
into clinical efficacy of drugs outside highly
controlled circumstances of (extremely) well-
funded Phase 3 clinical trials. In addition,
this approach decentralizes clinical trials to
improve access to participation among
cohorts that are generally underrepresented
in PH clinical trials (see the previous section
“Socioeconomic Parameters and Access to

Health Care”) (173). Finally, pragmatic trials
with Bayesian and/or adaptive designs allow
for more rapid iteration with “go/no-go”
decisions on therapeutics of interest.

There is a need to reexamine important
clinical endpoints in PAH and shift from
classical endpoints such as submaximal
exercise capacity to novel endpoints
including actigraphy, multiparametric risk
assessments, and patient-reported outcomes,
once adequately validated (174). We
advocate for 1) universal protocols that allow
for subsequent data harmonization, 2)
accelerated conditional FDA approval of
therapeutics found to be efficacious in Phase
3 clinical trials, 3) clinician support for
enrollment including in nonindustry-
sponsored trials, and 4) journal editorial
support for publication of negative results.

Future Directions

Successes in preclinical, translational, and
clinical pulmonary vascular research

underscore the momentum achieved in the
field as we move toward a refined
understanding of pathophysiology,
subphenotyping, and risk stratification.
Enhanced appreciation for the
heterogeneity of PH—particularly patient
comorbidities, more nuanced utilization of
existing drugs, and the emergence of
promising novel therapeutics—will allow
ongoing discoveries that promote improved
outcomes for this highly morbid
cardiopulmonary disease.
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