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The field of pulmonary vascular disease
remains a rapidly growing area of research.
In 2014, investigators discovered new
genetic determinants of pulmonary
hypertension (PH) risk and described
novel molecular mechanisms of disease
pathogenesis. New studies have provided
significant insights into our understanding
of disease complexity, highlighting critical
roles of cellular metabolism, inflammation,
and regulatory function of microRNAs that
could lead to development of novel targeted
therapeutics (1). Studies of the prediction
of outcomes in pulmonary vascular disease
and venous thromboembolism could lead
to more efficient and effective management
strategies. This review provides a brief
summary of the many scientific
accomplishments in the field of pulmonary
vascular disease during the past year.

American Thoracic Society
Statements and Guidelines

An American Thoracic Society (ATS)
Statement (2) focused on current and future
approaches to phenotyping patients with PH.
Although the current clinical classification has
been useful for clinical trials and regulatory
approval (3), the World Health Organization
(WHO) categories may miss more subtle
variability and endotypes that could not only
point to potential new therapeutics but also
result in the use of advanced therapies in

a “personalized” or “precision” medicine
approach. This Statement highlighted the
importance of a more granular approach

to phenotyping patients, particularly in studies
of genetics and genomics, which provided

some justification for an NHLBI-sponsored
multicenter study of patients with pulmonary
hypertension using ’omics technology
(PVDOMICS [Pulmonary Vascular Disease
Phenomics]).

A comprehensive, evidence-based
ATS Clinical Practice Guideline focused on the
diagnosis, risk stratification, and management
of PH in sickle cell disease (SCD) (4). The
Guidelines outlined the complex underlying
pathobiology of SCD characterized by both
pulmonary vascular remodeling and left
ventricular diastolic dysfunction and the
attributable risk of hemolytic anemia in the
pathogenesis. The roles of echocardiography,
N-terminal pro-brain natriuretic peptide, and
right heart catheterization in screening,
diagnosis, and mortality risk assessment, and
treatment approaches were discussed in
depth. Specifically, up to 10% of unselected
adult patients with SCD have PH defined by
right heart catheterization and are at
increased risk of death. Screening to identify
this population of patients with SCD at high
risk of having PH and of death was
recommended, but the diagnosis of PH
requires right heart catheterization. Therapies
should target the underlying hematological
condition, including hydroxyurea and iron
chelation, oxygen, and transfusion as
indicated. Pulmonary arterial hypertension
(PAH)-specific therapies were not
recommended for most patients with PH in
the setting of SCD (strong recommendation,
moderate-quality evidence). For selected
patients meeting certain hemodynamic
criteria, a trial of a prostacyclin analog or
endothelin receptor antagonist was suggested
(weak recommendation, very-low-quality

evidence). The guidelines clearly summarized
the knowledge gaps to be addressed with
further studies.

Epidemiology and Outcomes

The outcome in acute pulmonary embolism
(PE) is heavily dependent on whether the
patient is hypotensive or shows evidence
of shock or not. Risk stratification within
a “low-risk” group is more difficult; being
able to decide which patients could be
treated as outpatients and which are at risk
of adverse outcomes could facilitate safe,
cost-effective triage. Jiménez and colleagues
(5) created a prediction rule derived from
848 individuals in the PROTECT
(Prognostic Value of CT) study, which
recruited adult patients with acute PE who
were hemodynamically stable and not
treated with thrombolytics at PE diagnosis
from 12 hospitals in Spain between 2009
and 2011. This rule was validated in 529
normotensive patients with acute PE in the
PREP (Prognostic Factors for Pulmonary
Embolism) study (6). The outcome of
interest was a “complicated course” within
30 days, defined as death, hemodynamic
collapse, or recurrent PE.

The overall pretest probability of a
complicated course was 7.4% in the
derivation and 4.5% in the validation
cohorts. Using recursive partitioning, a
Simplified Pulmonary Embolism Severity
Score (sPESI) of 0 points (i.e., age < 80 yr, no
history of cancer or chronic cardiopulmonary
disease, heart rate < 110 bpm, systolic
blood pressure = 100 mm Hg, and oxygen
saturation = 90%) and brain natriuretic
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peptide levels less than 100 pg/ml were
found in 25% of the derivation population
and demonstrated a very low risk of death
(0.9%, 95% confidence interval [CI], 0-2.2%;
or a negative predictive value of 99%, 95%
CI, 96-100%). This combination was found
in 36% of the validation cohort with

a 30-day complicated course risk of 0% (or
negative predictive value of 100%; one-sided
97.5% CI, 98.1%). An sPESI score greater
than 0 (with the presence of any factor listed
above), brain natriuretic peptide greater
than 100 pg/ml, troponin greater than

0.05 ng/ml, and a proximal deep venous
thrombosis on lower limb compression
ultrasound was present in only 3.6% of
patients in the derivation cohort and
predicted a 25.8% (95% CI, 10.4-41.2%)
chance of having a complicated course. In
the validation cohort, 4.1% had this high-
risk profile, with a positive predictive value
of 21.2% (95% CI, 9.0-38.9%).

The identification of those at low risk
for complications applied to more patients
and reduced the probability of a complicated
course from 4 to 7% (already quite small)
to 1% or less. The prediction of “high risk”
only applied to a small portion of this
patient population, and even among those
with this designation, most (75-85%) did
not have complications. The majority of
patients in the derivation and validation
cohorts remained unclassified by the above
two categories. Randomized clinical trials
(RCTSs) using this rule in the treatment and
triage of patients with PE (most likely the
low-risk group) should be the next step.

Autoimmunity and inflammation have
been studied as important mechanisms in
PAH. Specifically, the high risk of PAH in
patients with connective tissue disease has
been attributed to autoimmunity. Becker
and colleagues (7) found that patients with
connective tissue disease-related PAH,
systemic sclerosis-related PAH (SSc-PAH),
or SSc alone had higher levels of functional
autoantibodies against the Ang II type-1
receptor (ATIR) and the endothelin
receptor Type A (ETAR) (which up-
regulate ERK1/2 and increase endothelial
cell [EC]-dependent cytokine secretion)
than patients with idiopathic PAH, chronic
thromboembolic pulmonary hypertension,
and congenital heart disease PAH.

Certain levels of anti-ETAR and AT1R
antibodies were associated with a diagnosis
of PAH in a prospective cohort of 253
patients with SSc without PAH at baseline;
this cutoff was derived from receiver

operating characteristic curves with areas
of approximately 0.64 (0.50 indicates
chance), indicating weak discrimination.
In a multivariate model, however, only
systemic pulmonary artery (PA) pressure
by echocardiography at baseline predicted
the onset of PAH. In a smaller group of
patients with SSc-PAH, higher antibody
levels were associated with a greater risk of
mortality; again, these cutoffs were derived
from receiver operating characteristic
curves with areas of approximately 0.67.
At this point, such antibody measurements
are more likely to have mechanistic
importance than clinical usefulness,
considering the low discriminatory power
for prediction of disease or survival.

Although pediatric pulmonary vascular
disease is commonly subsumed under the
WHO categories most recently revised in
Nice (3), these conditions differ from those
seen in adults. del Cerro Marin and
colleagues (8) initiated the Spanish Registry
for Pediatric Pulmonary Hypertension that
collected data retrospectively at 21 pediatric
cardiology centers throughout the country
from 1998 and prospectively from January
2009. Patients were classified according
to the WHO and the pediatric Panama
Classifications (3, 9). Only two (<1%) of
the children were lost to follow-up. Almost
one-third had multifactorial disease
showing the complexity of the phenotypes
of pediatric PH. Predictors of better
outcome in the entire cohort included (1)
a diagnosis of PAH, (2) older age at
diagnosis, (3) better functional class at
diagnosis, and (4) lower right atrial
pressure. In children with PAH, age at
diagnosis younger than 2 years, worse
functional class at diagnosis, lower cardiac
index, and higher right atrial pressure were
associated with an increased risk of death.
Continued follow-up of this pediatric
cohort will provide important information
about the long-term outcomes of pediatric
pulmonary vascular disease.

Yorke and colleagues across the UK
(10) published the emPHasis-10, a short
questionnaire to assess health-related
quality of life in PH. A simple scoring
system and nonproprietary status make it
a very attractive patient-reported outcome
for observational research and clinical
trials. Although further studies are needed,
the emPHasis-10 is an important advance
in measuring how PH affects our patients
and whether we are succeeding at making
them feel better with our therapies.
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Pulmonary Hypertension in
the Setting of Parenchymal
Lung Disease

Despite the progress in the understanding of
the mechanisms and treatment of PAH and
chronic thromboembolic pulmonary
hypertension, more common forms of PH
remain understudied and without specific
effective medical treatment. PH in the
setting of diffuse parenchymal lung disease,
especially idiopathic pulmonary fibrosis
(IPF), is associated with reduced exercise
capacity and an increased risk of death (11,
12), but treatment attempts have been
disappointing (13). Even more concerning,
some studies of therapies for PH in IPF
have gone unpublished (ACTIVE [A
Clinical Trial in IPF to Improve Ventilation
and Exercise], NCT00109681 and
ARTEMIS-PH [Study of Ambrisentan in
Subjects with Pulmonary Hypertension
Associated with Idiopathic Pulmonary
Fibrosis], NCT00879229). Corte and
colleagues (14) showed the challenges of
studying treatments for PH in interstitial
lung disease in their double-blind RCT,
which allocated patients with either IPF or
fibrotic nonspecific interstitial pneumonia
to bosentan (n =40) or to placebo (n =20).
The authors found no difference in

a reduction in pulmonary vascular resistance
(PVR) index of 20% over 16 weeks (the
primary end point; ~30% in both groups), 6-
minute-walk distance, health-related quality
of life, or oxygen saturation. This study
demonstrated the challenges of studying

a small subset of a population with a rare
disease with a particularly high morbidity and
mortality, but important lessons may be
gleaned. First, the use of something other
than an intermediate or ultimate end point of
a disease as a primary end point should

be supported by data suggesting surrogacy.
Even in PAH, drug-induced changes in PVR
only explain a small amount of the
therapeutic impact on outcomes in the short
term (15). The lack of any signal in multiple
other clinical end points, however, supports
the findings. Second, the high risk of drop-
out, death, and other reasons for not
measuring the primary end point show the
importance of using end points that will be
measurable in all (or virtually all) subjects at
the end of a study. Third, the publication of
this study is itself important. Patients enroll
in clinical trials with the altruistic notion that
their participation will result in an impact on
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the field and a betterment of the human
condition; studies that are completed but are
never published in peer-reviewed journals
leave this motivation unfulfilled and are
questionable from several vantage points (16).
Finally, this study shows the importance of
performing RCTs in types of PH other than
PAH and not just using PAH therapies
indiscriminately.

Although PH is well known to
accompany IPF, the prevalence and
importance of PH in cystic fibrosis (CF) is
less clear. Hayes and colleagues (17) used the
Organ Procurement and Transplant
Network Standard Transplant Analysis and
Research Database to study patients with CF
who were listed for lung transplantation
between 1987 and 2013, did not undergo
lung transplantation, and had complete data.
There was close to a doubling in the risk of
death for those with mean pulmonary artery
pressure (mPA) greater than 25 mm Hg and
a two to four times increased risk of death
for those with mPA greater than 35 mm Hg.
The generalizability of this study was greatly
limited by the exclusion of the vast majority
(75% or more) of the patients with CF
actually listed for transplant (including those
surviving to transplant) and the exclusion
(by design) of patients who were too well to
undergo evaluation (or who were evaluated
and not listed). Lung function, likely
a strong confounder of the association
between PH and survival, was not included
in the multivariate analyses, and differences
in spirometry could explain the results.
Missing data and the potential for selection
bias (by excluding those who underwent
transplant) were other important limitations.
The authors propose a change in the
“standard of care” to screen and focus on
early diagnosis of PH in CF, which may be
premature based on current knowledge.

Blood, Body Mass Index, and
Bad Endothelium

The complexity of the interplay between blood
flow and organ perfusion, baseline endothelial
function, and vascular integrity and response
after the transfusion of aged stored red blood
cells (RBCs) has come into clearer focus. It is
hypothesized that aged stored blood
hemolyzes during storage and after transfusion
with the released cell-free hemoglobin and red
cell microparticles inhibiting NO signaling and
impairing vascular function. Berra and
colleagues (18) performed a crossover study of
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the effect of duration of blood storage in
overweight patients with documented
systemic endothelial dysfunction. With 2-
week intervals between interventions, each
volunteer received autologous leukoreduced
blood stored for 2 to 3 days (3d challenge) or
blood stored for 38 to 42 days with

(40d challenge) or without NO inhalation
(40d + NO challenge). The study was
powered to detect a difference in the reactive
hyperemia index (the primary end point),

a measure of vasodilation, in the 5 minutes
after transitory ischemia of one arm.
Echocardiographic measurements were added
to the assessment after the first four patients
were enrolled, and the report focuses on
pulmonary artery acceleration time (PAAT),
which can be used to estimate mPA. There
were no changes in the reactive hyperemia
index based on duration of storage. However,
the 40d challenge reduced PAAT and
increased estimated mPA compared with the
3d challenge. 40d blood also increased plasma
hemoglobin levels, NO consumption by
plasma hemoglobin, serum iron, and indirect
bilirubin levels. NO inhalation increased
PAAT (reduced estimated mPA) and reduced
NO consumption, which appeared to depend
on the change in plasma hemoglobin and
account for the increase in mPA, albeit in
cross-sectional analyses. Supernatant-free
hemoglobin was strongly associated with NO
consumption, which was directly related to
the change in estimated mPA.

This study showed that transfusion of
RBC:s after short- and long-term storage did
not affect systemic vascular function in
overweight and obese patients with preexisting
endothelial dysfunction. The PAAT decrease
after transfusion of blood stored for a longer
duration may be related to changes in systemic
NO processing. The clinical implications of
subclinical increases in mPA (and possibly
PVR) are currently unknown, but NO
consumption may be a key mechanism.

Interestingly, a large multicenter RCT
of fresher versus older stored RBC has been
published. The RECESS (Red Cell Storage
Duration) study of 1,098 cardiac surgery
patients in the United States (19)
randomized patients to RBCs stored less
than 10 days or more than 21 days. The
primary outcome was the change in
multiorgan dysfunction score through Day 7.
The median time of storage was 7 days in
the fresh stored blood group and 28 days on
the older stored blood group. There were
no differences in the primary outcome of
multiple organ dysfunction score or 7-day

or 28-day mortality rates. How do we
interpret these clinical trial results in the
context of the preclinical and human
physiological studies? One possible
explanation is that the animal and
physiological human studies have evaluated
blood at the limits of storage, which for
human blood banking approaches 42 days,
whereas the clinical studies have explored
median storage times of 28 days. More
studies looking at the safety of blood storage
and transfusion after longer storage times
are required to address these concerns.

Sex, Endogenous Estrogen,
and Aromatase Inhibitors

The best-established risk factor for
idiopathic and heritable PAH is female sex.
Even so, multiple studies have shown that
women with PAH have better outcomes
than men, potentially explained by better
right ventricular (RV) function and
response to therapy (20-24). Extensive
evidence supports both protective and
pathological roles of estrogen in PH,

a phenomenon known as the “estrogen
paradox” (25). By studying lungs from
rodent PH models and human pulmonary
artery vascular smooth muscle cells
(PAVSMC), Mair and colleagues (26) found
that, compared with male PAVSMC, female
PAVSMC had higher levels of aromatase, an
enzyme responsible for estrogen synthesis,
and reduced levels of bone morphogenic
protein receptor type II (BMPRII), which
may explain the increased incidence of PAH
in women. The aromatase inhibitor
anastrozole (approved by the U.S. Food and
Drug Administration for the treatment of
breast cancer) and inhibition of estrogen
receptor-a increased BMPRII and attenuated
PH exclusively in the female animals,
suggesting a sex-specific adverse effect of
estrogenic signaling. Aromatase inhibitors
are currently being studied in a small RCT of
patients with PAH (NCT01545336).

Novel Gene Modifiers in PH

Although the role of mutations in the gene
that codes for BMPRII (BMPR2) in PAH
pathogenesis is well known, there is
significant unexplained variation in
phenotypic expression (27, 28). A cohort
study by Girerd and colleagues (29) revealed
that patients with mutations in the BMPR2
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cytoplasmic tail, which do not affect the
kinase domain and downstream Smad
signaling, were older at diagnosis, had less
severe hemodynamic abnormalities, and
were more likely to have a long-term
response to calcium channel blockers than
affected carriers with mutations in other
BMPR? regions, suggesting that mutation
location may impact disease severity.
Another group (30) identified noncoding
promoter variants of prostacyclin synthase
associated with increased gene expression
that were overrepresented in nonaffected
BMPR2 carriers, implying a protective effect.
de Jesus Perez and colleagues (31) used
whole-exome sequencing of patients with
idiopathic PAH without BMPR2
mutations to identify TopBPI, encoding
topoisomerase DNA II-binding protein 1, as
a new genetic cause of PAH and showed that
the deficiency of the protein product in PA
endothelial cells (PAEC) led to increased
susceptibility to DNA damage and apoptosis.
Although PAH has been the focus of most
genetic and genomic studies, other forms of PH
may have genomic risk modifiers. Zhang and
colleagues (32) found that patients with SCD
with precapillary PH had up-regulation of
hypoxic response genes and reduced
expression of MAPKS, which encodes
a proapoptotic mitogen-activated protein
kinase. Homozygosity for a MAPK8
polymorphism was present in all of the
patients with precapillary SCD PH, supporting
its pathogenic role. Hoffmann and colleagues
(33) uncovered distinct gene expression
patterns in remodeled PAs from patients with
chronic obstructive pulmonary disease
(COPD)- and IPF-associated PH, with the
most significant differences in retinol
metabolism and extracellular matrix receptor
interaction pathways. Eyries and colleagues
(34) used whole-exome sequencing to detect
recessive functional mutations in EIF2AK4
(GCN2), which encodes protein kinase-
negative regulator of translation initiation
factor-2 and protein synthesis in individuals
with pulmonary venoocclusive disease. These
studies highlight the complex genetic
architecture of PH and could lead to new
diagnostic tools and/or molecular targets for
therapy (Figure 1).

Cell Fate in PH

Pulmonary vascular remodeling is integral
to many forms of PH, and a number of
cellular sources of neomuscularization of

precapillary PAs and neointima formation
have been implicated (35). Two groups used
PAVSMC and EC tracing in transgenic
mice to determine their fate in PH
development. Sheikh and colleagues (36)
found that hypoxia caused existing

distal PAVSMC to recapitulate an earlier
developmental program. PAVSMC
dedifferentiated, migrated distally,
proliferated, and then redifferentiated,
giving rise to new distal PAVSMC.

Qiao and colleagues (37) found that
microvascular PAEC in the monocrotaline
model turned on smooth muscle protein
expression and contributed to neointima
formation, strongly supporting the role of
endothelial-mesenchymal transition in
pulmonary vascular remodeling.

Pulmonary Vascular
Remodeling, Metabolism,
and RV Dysfunction

Metabolic abnormalities, a pathological
component of PAH, have attracted
significant interest from the research
community, extending observations from
cancer biology. Chen and colleagues (38)
demonstrated that increased PAVSMC-
specific expression of sphingosine kinase 1,
and elevated levels of its product,
sphingosine-1-phosphate, caused PAVSMC
proliferation in human PAH and
experimental hypoxia-induced PH, and
inhibition prevented the development of PH.
Goncharov and colleagues (39) found that
mammalian target of rapamycin (mTOR)
complex 2 (mTORC2), a master regulator of
cell metabolism and survival (40), supported
a proliferative, apoptosis-resistance human
PAH PAVSMC phenotype via inhibiting the
metabolic sensor AMP-activated protein
kinase (AMPK). They provided evidence
that the mTORC2-AMPK is a potential
target pathway for therapeutic intervention.
Hemnes and colleagues (41) showed
that global overexpression of dominant-
negative BMPR2 R899X induced RV
dysfunction with an impaired hypertrophic
response and intracardiomyocyte
accumulation of triglycerides and ceramide,
known mediators of lipotoxicity and
apoptosis, respectively. Metformin decreased
RV lipid deposition. RV samples from
patients with heritable PAH also showed
lipid deposition and impaired fatty acid
oxidation, suggesting the potential for
AMPK activators to reduce lipotoxic

Pulmonary, Sleep, and Critical Care Update

cardiomyopathy and improve RV function
(42). Interestingly, Ball and colleagues (43)
found that vascular smooth muscle
cell-specific deletion of HIFla, a key
pathologic player in hypoxia-induced PH
(44), attenuated pulmonary vascular
remodeling and RV systolic pressure
increase but not RV hypertrophy. Together
with a study showing that exposure to
higher levels of air pollutants was linked to
greater RV mass in adults without clinical
cardiovascular disease (45), these data show
that the determinants of RV morphology
may be varied and go beyond simple
measures of afterload (Figure 1).

MicroRNAs in PH

Growing evidence supports an important
role of microRNAs, short noncoding

RNAs that regulate protein-coding RNA
transcription and translation (46), in PH
pathogenesis. Sharma and colleagues (47)
reported that miR-193 deficiency in
human PAH and experimental PH
increased plasma levels of oxidized lipids
and promoted PH progression. Potus and
colleagues (48) showed that a deficiency of
endothelial-specific proangiogenic miR-
126 in patients with PAH attenuated
angiogenesis via overexpression of its
downstream target Sprouty-related EVH1
domain-containing protein 1, leading to
impaired skeletal muscle microcirculation
and exercise intolerance. Bertero and
colleagues (49) used an innovative
network-based bioinformatic approach to
identify miR-130/301 family as a top-
ranked master regulator of subordinate
miRNAs. The miR-130/301 family was up-
regulated in the pulmonary vasculature in
PAH and experimental PH. It was induced
by multiple PH triggers, including
hypoxia, inflammatory cytokines IL-13
and IL-6, and BMPR2 or CAV1
knockdown. Importantly, miR-130/301
controlled the PPARY-STAT3-miR-204
pathway in PAVSMC, the apelin-miR-
424/503-FGF2 pathway in PAEC, cell
proliferation, and PH development. Although
more work should be done, these findings
suggest the potential attractiveness of
microRNA-based therapies (Figure 1).

Inflammation and PH

Genetic, metabolic, and signaling
abnormalities underlying PAH pathogenesis
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Genetic Risk Factors and Modifiers:
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Figure 1. Novel genetic risk factors, gene modifiers, and new mechanisms underlying the pathogenesis of pulmonary hypertension. Up arrow indicates
up-regulation; down arrow indicates down-regulation. A number in parentheses corresponds to a source article in the Rererences. BMPR = bone
morphogenic protein receptor; CMC = cardiomyocytes; COPD = chronic obstructive pulmonary disease; EC = endothelial cells; FOXO1 =forkhead box
O transcription factor 1; GM-CSF = granulocyte macrophage colony-stimulating factor; HIF = hypoxia-inducible factor; IPF = idiopathic pulmonary fibrosis;
miR = microRNA; mTORC2 = mammalian target of rapamycin complex 2; PAEC = pulmonary artery endothelial cells; PAH = pulmonary arterial
hypertension; PAVSMC = pulmonary artery vascular smooth muscle cells; PH = pulmonary hypertension; PVOD = pulmonary venoocclusive disease; RV =
right ventricular; SCD = sickle cell disease; SphK = sphingosine kinase; TopBP = topoisomerase DNA ll-binding protein.

are closely linked to altered inflammation
and immune responses (50). Savai and
colleagues (51) found that inflammatory
signals induced PAVSM-specific down-
regulation of Forkhead box O transcription
factor 1 (FoxO1), a key negative regulator
of cell proliferation, in human and
experimental PH. This induced PAVSMC
proliferation, reduced apoptosis, and
promoted PH, whereas up-regulation of
FoxO1 had the opposite effect. Sawada and
colleagues (52) found that the combination
of BMPRII deficiency and increased levels
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of tumor necrosis factor led to PAEC-
specific production of granulocyte
macrophage colony-stimulating factor and
demonstrated a critical role of this potent
proinflammatory chemokine in
macrophage recruitment and worsening of
PH (Figure 1).

Conclusions

This review highlights the richness of
investigation into pulmonary vascular
disease, spanning basic mechanisms of

vascular physiology and cellular metabolism,
proliferation, and senescence to genetics and
the regulation of protein signaling by
microRNAs. Clinical studies have been
enlightened by better understanding of genetics
and phenotypes and by studying the
determinants of outcome. As the best studies
generate more questions than answers, there

is much work to do to better understand pul-
monary vascular disease in the years to come. M

Author disclosures are available with the text
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