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Editorial on the Research Topic
Pulmonary Hypertension: Mechanisms and Management, History and Future

From pulmonary hypertension observed at high altitude to pulmonary hypertension associated
with left heart disease, this Frontiers Research Topic illustrates the diversity of clinical and
pathological phenotypes associated with elevated pressure in the pulmonary circulation. The topic
articles highlight the breadth of ongoing research into understanding this multi-faceted disease
and are based on the content of a symposium that drew inspiration from the work of the British
pathologist, Donald Heath, who published his manuscript on hypertensive pulmonary vascular
disease after working as junior doctor in Shefhield (1, 2).

Despite advances in therapy over the last two decades, most forms of pulmonary hypertension
(PH) have a poor prognosis. The greatest improvements in outcome have been observed in patients
with CTEPH (3) where surgery may provide a cure, and pulmonary arterial hypertension (PAH)
where younger patients with idiopathic disease (IPAH) in the UK now have a 5-year survival in
excess of 80% (4). Intuitively, earlier diagnosis and institution of treatment may slow vascular
remodeling and improve outcomes. However, despite increased awareness and the availability
of new therapies the time from symptom onset to diagnosis remains unchanged at 2-3 years,
suggesting that new approaches need to be taken to improve disease detection (5). This highlights
the importance of identifying easily performed and scalable tests that can be deployed in the
investigative pathway. Three of the studies in this Research Topic highlighted different modalities
used in the diagnosis of pulmonary hypertension: exercise, serological biomarkers, and imaging.
Billings et al. reported the utility of exercise testing in newly diagnosed, treatment naive patients
with pulmonary hypertension. Although this was a large retrospective study, only a small number
of patients (1% of 895) were diagnosed while in WHO FC 1. These data are consistent with early
vascular changes preceding the development of symptoms and highlight the need for effective
and sensitive screening tools for early disease. Billings et al. provide evidence that an incremental
shuttle walk distance (ISWD) of <80% predicted identified 8 out of 9 patients with pulmonary
hypertension in WHO FC I, while diffusing capacity (DLCO) measurements, using a cut-off of
80% predicted, only identified 4 of these patients. Further work is required to assess whether
the simple and adaptable incremental shuttle walk test is a suitable field walking test to identify
exercise limitation and to aid screening of high-risk populations, perhaps in combination with
other biomarkers.
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One such high risk group are those with connective
tissue diseases, particularly systemic sclerosis (6). Hickey et al.
discuss putative blood-based or lung tissue biomarkers for the
identification of systemic sclerosis patients who have developed
pulmonary hypertension. A significant issue with potential
biomarkers is heterogeneity of patient phenotype even within
this sub-group of PAH patients (7). Notably, the contribution of
co-morbid interstitial lung disease is difficult to unravel. Hickey
et al. also point out limitations associated with NT-proBNP,
perhaps the foremost blood-based biomarker for PH in clinical
use. While NT-proBNP features as an important component of
early screening algorithms for SSc-PAH (8), it lacks specificity
and carries the inherent disadvantage that the right ventricular
strain, driving its release, is not a feature of early disease.

The third study with a focus on enhancing diagnosis, Chin
et al,, reports a strong correlation between CT measurement of
pulmonary artery diameter and mean pulmonary artery pressure
in the presence or absence of interstitial lung disease. This
report implies that use of simple CT parameters could help
predict presence of pulmonary hypertension in patients with
lung disease, contrasting with previous reports suggesting that
PA diameter was a less useful indicator of PH in patients
with interstitial lung disease. Nonetheless, however useful our
predictive tools, the armory of treatment of PH in these patients
with interstitial lung disease remains frustratingly empty.

Work on the role of hypoxia in vascular remodeling offers
potential promise for patients with PH associated with lung
disease. At a molecular level, the importance of hypoxia
inducible factors in vascular cell phenotypes is becoming clearer.
These oxygen sensors, the discovery of which was recently
acknowledged by the 2019 Nobel prize award to three HIF-
biologists, are discussed in a review by Young et al. and the
specific impact of altitude hypoxia on the pulmonary circulation
is highlighted. While hypoxia has a defining role in PH associated
with hypoxia and lung disease, the relevance of hypoxia at early
stages of the pathogenesis of other forms of PH is less clear.

One important mediator of vascular remodeling with a
potentially ubiquitous role across all forms of PH is neutrophil
elastase. Neutrophils are considered the dominant source of
elastase in vivo but as noted by Taylor et al., they are a relatively
understudied cell in PH. Nonetheless, an excess of neutrophils
(or high neutrophil to lymphocyte ratio) is reportedly correlated
with poor outcomes in patients with PH (9) and inhibition of
neutrophil elastase reversed disease in mouse models (10). The
effect of elastase on turnover of the vascular extracellular matrix,
and specifically changes resulting in stiffening of the large and
small pulmonary vessels, is the subject of the review by Sun
and Chan. Recent work from this group has shown that changes
in arterial stiffness precede proliferative remodeling and that
mechanosensitive pathways play important roles in regulating
vascular cell expansion (11).

The complexity of pro-proliferative signaling in the
pulmonary vasculature is further illustrated by the role of
TRAIL, reviewed by Braithwaite et al.. Cleavage of TRAIL,
a transmembrane protein, results in a soluble cytokine that
can signal via a number of cell surface receptors but can
also bind to decoy receptors. TRAIL canonically induces

apoptosis in cancer cells and in virus-infected epithelial cells
but paradoxically promotes vascular smooth muscle cell
proliferation. These contrasting effects are mediated by at
least two distinct signaling pathways and but exactly how cell
and context-specific effects of TRAIL are mediated requires
further study. Notably, the importance of TRAIL in infection,
fibrosis and cancer might complicate therapeutic targeting of
this pathway. However, other mediators known to interact
with TRAIL, such as osteoprotegerin, have shown therapeutic
promise (12).

Mechanistic insights are increasingly being generated by
omics studies (13, 14) and this burgeoning field is reviewed
by Hemnes. Blood-based or genetic signatures to enhance
the granularity of patient classification or simply to facilitate
diagnosis would have great utility, although relatively small
patient numbers limit power and validation of predictive
signatures. Furthermore, identifying whether omics are
capable of detecting changes that precede pulmonary vascular
remodeling will be challenging. Nonetheless, omics approaches
could not only be used to stratify or diagnose PH but could also
provide more personalized treatment approaches. Following
interesting work on patients with positive vasodilator responses
(15), Hemnes suggests using omics data to identify signatures
defining a good response with other treatments. The concept
of enriching clinical studies using specific omics signatures
and then refining those signatures based on clinical response is
proposed. Such strategies might increase the efficiency of later
phase clinical trials.

While the majority of topic articles focus on the pulmonary
circulation, Charalampopoulos et al. provide a comprehensive
overview of PH due to left heart disease. Echocardiographic
features that favor left heart disease over PAH are highlighted and
the authors discuss studies reporting use of fluid challenges or
exercise during right heart catheterization to identify occult left
heart disease. The question of whether pulmonary vasodilators
have any role in these patients or in patients with combined
pre- and post-capillary pulmonary hypertension is the subject
of ongoing clinical trials (e.g., SERENADE, NCT02246634) but
unfortunately for this large group of patients, there is as yet, no
clear answer.

The final review in the topic, by Middleton et al., notes the
lack of specific guidelines for arrhythmia management in PAH.
Indeed, there is a paucity of data on arrhythmia prevalence
and on how frequently arrhythmia contributes to death in
PAH patients. Deterioration in the context of atrial arrhythmia
is a common clinical scenario that is potentially reversible.
Therefore, exciting advances in monitoring technology,
including wearable or implantable monitors, are an important
avenue for future research. Indeed, our group are examining the
utility of invasive pulmonary artery pressure and implantable
rhythm monitors.

The broad and systematic approaches covered by the
manuscripts included in this Research Topic highlight many of
the current challenges to improve patient outcome and well-
being in PH. Earlier diagnosis of patients with PH remains a
major challenge. Despite advances in treatment and increasing
awareness of the disease over the last 2-3 decades, many patients
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arrive at specialist centers after a significant diagnostic delay (16).
While not reviewed in this topic, recent work from our center
has sought to improve this issue by highlighting the potential
use of artificial intelligence to interrogate routine healthcare data
in order to identify patients at high risk of idiopathic PAH
at an earlier stage (5). Furthermore, the topic only alludes to
the use of novel tools to phenotype these high-risk patients.
Multi-omic profiling and imaging of cardiac and lung structure
and function (17, 18) including the use of emerging techniques
such as hyperpolarised gases (19) or 4-dimensional magnetic
resonance imaging (20) will likely hold the key to developing
more sensitive and specific assessment tools. Such tools should
generate new insights into molecular targets that alter vascular
remodeling and could provide better clinical trial endpoints for
assessment of treatment efficacy. The development of biomarkers
and imaging tools using patients with earlier disease should be
a priority for improving the treatment of PH in the precision
medicine era.

REFERENCES

1. Heath D. Travellers on a Hidden River. ] Med Biogr. (1998) 6:105-113.
doi: 10.1177/096777209800600208

2. Heath D, Whitaker W. Hypertensive pulmonary vascular disease. Circulation.
(1956) 14:323-43. doi: 10.1161/circ.14.3.323

3. Quadery SR, Swift AJ, Billings CG, Thompson AAR, Elliot CA,
Hurdman J, et al. The impact of patient choice on survival in chronic
thromboembolic pulmonary hypertension. Eur Respir J. (2018) 52:1800589.
doi: 10.1183/13993003.00589-2018

4. National Audit of Pulmonary Project Board. National Audit of Pulmonary
Hypertension, 10th Annual Report - NHS Digital. (2019). Available online
at: https://digital.nhs.uk/data-and- information/publications/statistical/
national-pulmonary-hypertension-audit/2019  (accessed November 24,
2019).

5. Bergemann R, Allsopp J, Jenner H, Drage E, Samyshkin Y, Schmitt
C, et al. High levels of healthcare utilization prior to diagnosis in
idiopathic pulmonary arterial hypertension support the feasibility of an
early diagnosis algorithm: the SPHInX project. Pulm Circ. (2018) 8:1-9.
doi: 10.1177/2045894018798613

6. Hurdman J, Condliffe R, Elliot CA, Davies C, Hill C, Wild JM, et al. ASPIRE
registry: Assessing the Spectrum of Pulmonary hypertension Identified at a.
Eur Respir J. (2012) 39:945-55. doi: 10.1183/09031936.00078411

7. Ramjug S, Hussain N, Hurdman J, Billings C, Charalampopoulos A,
Elliot CA, et al. idiopathic and systemic sclerosis-associated pulmonary
arterial hypertension: a comparison of demographic, hemodynamic,
and MRI characteristics and outcomes. Chest. (2017) 152:92-102.
doi: 10.1016/j.chest.2017.02.010

8. Coghlan JG, Denton CP, Griinig E, Bonderman D, Distler O, Khanna
D, et al. Evidence-based detection of pulmonary arterial hypertension in
systemic sclerosis: the DETECT study. Ann Rheum Dis. (2014) 73:1340-9.
doi: 10.1136/annrheumdis-2013-203301

9. Harbaum L, Baaske KM, Simon M, Oqueka T, Sinning C, Glatzel A,
et al. Exploratory analysis of the neutrophil to lymphocyte ratio in patients
with pulmonary arterial hypertension. BMC Pulm Med. (2017) 17:72.
doi: 10.1186/s12890-017-0407-5

10. Cowan KN, Heilbut A, Humpl T, Lam C, Ito S, Rabinovitch M. Complete
reversal of fatal pulmonary hypertension in rats by a serine elastase inhibitor.
Nat Med. (2000) 6:698-702. doi: 10.1038/76282

11. Bertero T, Oldham WM, Cottrill KA, Pisano S, Vanderpool RR, Yu Q,
etal. Vascular stiffness mechanoactivates YAP/TAZ-dependent glutaminolysis
to drive pulmonary hypertension. J Clin Invest. (2016) 126:3313-35.
doi: 10.1172/JCI86387

12. Arnold ND, Pickworth JA, West LE, Dawson S, Carvalho JA, Casbolt H,
et al. A therapeutic antibody targeting osteoprotegerin attenuates severe

AUTHOR CONTRIBUTIONS

AT and AL drafted the editorial with input from MW, JW,
and DK.

FUNDING

AT is supported by a British Heart Foundation Intermediate
Clinical Fellowship (FS/18/13/33281). AL is supported by British
Heart Foundation Senior Basic Science Research Fellowship
(FS/13/48/30453).

ACKNOWLEDGMENTS

The authors gratefully acknowledge topic contributors and the
sponsorship of the topic by Actelion, a Janssen Pharmaceutical
Company. The sponsor played no role in the writing of
this editorial.

experimental pulmonary arterial hypertension. Nat Commun. (2019) 10:5183.
doi: 10.1038/s41467-019-13139-9

13. Graf S, Haimel M, Bleda M, Hadinnapola C, Southgate L, Li W,
et al. Identification of rare sequence variation underlying heritable
pulmonary arterial hypertension. Nat (2018)  9:1416.
doi: 10.1038/s41467-018-03672-4

14. Rhodes CJ, Ghataorhe P, Wharton ], Rue-Albrecht KC, Hadinnapola
C, Watson G, et al. Plasma metabolomics implicates modified
transfer RNAs and altered bioenergetics in the outcomes of
pulmonary arterial hypertension.  Circulation. (2017)  135:460-75.
doi: 10.1161/CIRCULATIONAHA.116.024602

15. Hemnes AR, Trammell AW, Archer SL, Rich S, Yu C, Nian H, et al. Peripheral
blood signature of vasodilator-responsive pulmonary arterial hypertension.
Circulation. (2015) 131:401-9. doi: 10.1161/CIRCULATIONAHA.114.013317

16. Armstrong I, Billings C, Kiely DG, Yorke J, Harries C, Clayton S, et al. The
patient experience of pulmonary hypertension: a large cross-sectional study of
UK patients. BMC Pulm Med. (2019) 19:67. doi: 10.1186/s12890-019-0827-5

17. Swift AJ, Capener D, Johns C, Hamilton N, Rothman A, Elliot C, et al.
Magnetic resonance imaging in the prognostic evaluation of patients with
pulmonary arterial hypertension. Am J Respir Crit Care Med. (2017) 196:228-
39. doi: 10.1164/rccm.201611-23650C

18. Johns CS, Kiely DG, Rajaram S, Hill C, Thomas S, Karunasaagarar
K, et al. Diagnosis of pulmonary hypertension with cardiac MRI:
derivation and validation of regression models. Radiology. (2019) 290:61-68.
doi: 10.1148/radiol.2018180603

19. Arai TJ, Horn FC, S4 RC, Rao MR, Collier GJ, Theilmann R}, et al. Comparison
of quantitative multiple-breath specific ventilation imaging using colocalized
2D oxygen-enhanced MRI and hyperpolarized 3 He MRI. ] Appl Physiol.
(2018) 125:1526-35. doi: 10.1152/japplphysiol.00500.2017

20. Fidock B, Barker N, Balasubramanian N, Archer G, Fent G, Al-
Mohammad A, et al. A systematic review of 4D-Flow MRI derived mitral
regurgitation quantification methods. Front Cardiovasc Med. (2019) 6:103.
doi: 10.3389/fcvm.2019.00103

Commun.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Thompson, Wilkins, Wild, Kiely and Lawrie. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

April 2020 | Volume 7 | Article 125


https://doi.org/10.1177/096777209800600208
https://doi.org/10.1161/circ.14.3.323
https://doi.org/10.1183/13993003.00589-2018
https://digital.nhs.uk/data-and-information/publications/statistical/national-pulmonary-hypertension-audit/2019
https://digital.nhs.uk/data-and-information/publications/statistical/national-pulmonary-hypertension-audit/2019
https://doi.org/10.1177/2045894018798613
https://doi.org/10.1183/09031936.00078411
https://doi.org/10.1016/j.chest.2017.02.010
https://doi.org/10.1136/annrheumdis-2013-203301
https://doi.org/10.1186/s12890-017-0407-5
https://doi.org/10.1038/76282
https://doi.org/10.1172/JCI86387
https://doi.org/10.1038/s41467-019-13139-9
https://doi.org/10.1038/s41467-018-03672-4
https://doi.org/10.1161/CIRCULATIONAHA.116.024602
https://doi.org/10.1161/CIRCULATIONAHA.114.013317
https://doi.org/10.1186/s12890-019-0827-5
https://doi.org/10.1164/rccm.201611-2365OC
https://doi.org/10.1148/radiol.2018180603
https://doi.org/10.1152/japplphysiol.00500.2017
https://doi.org/10.3389/fcvm.2019.00103
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

1' frontiers
in Medicine

REVIEW
published: 24 May 2018
doi: 10.3389/fmed.2018.00157

OPEN ACCESS

Edited by:

A. A. Roger Thompson,
University of Sheffield,
United Kingdom

Reviewed by:

Bertrand De Meulder,

European Institute for Systems
Biology and Medicine (EISBM), France
Christopher J. Rhodes,

Imperial College London,

United Kingdom

Charaka Hadinnapola,

University of Cambridge,

United Kingdom

*Correspondence:
Anna R. Hemnes
anna.r.hemnes@vanderbilt.edu

Specialty section:

This article was submitted to
Pulmonary Medicine,

a section of the journal
Frontiers in Medicine

Received: 30 January 2018
Accepted: 04 May 2018
Published: 24 May 2018

Citation:

Hemnes AR (2018) Using Omics to
Understand and Treat Pulmonary
Vascular Disease. Front. Med. 5:157.
doi: 10.3389/fmed.2018.00157

Check for
updates

Using Omics to Understand and Treat
Pulmonary Vascular Disease

Anna R. Hemnes*

Division of Allergy, Pulmonary and Critical Care Medicine, Vanderbilt University Medical Center, Nashville, TN, United States

Pulmonary arterial hypertension (PAH) is a devastating disease for which there is no cure.
Presently this condition is differentiated from other diseases of the pulmonary vasculature
by a practitioner’s history, physical examination, and clinical studies with clinical markers
of disease severity primarily guiding therapeutic choices. New technologies such as
next generation DNA sequencing, high throughput RNA sequencing, metabolomics and
proteomics have greatly enhanced the amount of data that can be studied efficiently
in patients with PAH and other rare diseases. There is emerging data on the use of
these “Omics” for pulmonary vascular disease classification and diagnosis and also new
work that suggests molecular markers, including Omics, may be used to more efficiently
match patients to their own most effective therapies. This review focuses on the state of
knowledge on molecular classification and treatment of PAH. Strengths and weaknesses
of current Omic technologies are discussed and how these new technologies can be
used in the future to improve diagnosis of pulmonary vascular disease, more effectively
treat patients with existing and future drugs, and generate new understanding of disease
pathogenesis and mechanisms underlying treatment success or failure. Bioinformatic
methods to analyze the large volumes of data are developing rapidly, but still present
major challenges to interpretation of potential Omic findings in pulmonary vascular
disease, with low numbers of patients studied and a potentially high false discovery rate.
With more experience, precise and established drug response definitions, this field with
move forward and will likely be a major component of the clinical care of PH patients in
the future.

Keywords: pulmonary hypertension, omics-technologies, precision medicine, right ventricle, OMICS data

INTRODUCTION

Despite major advances in the last several decades, pulmonary vascular disease is a major source of
morbidity and mortality. Primarily manifest as elevated pulmonary arterial pressure or pulmonary
hypertension (PH), pulmonary vascular disease also includes pulmonary embolism and vascular
malformations. PH has been subdivided in the current classification scheme into conditions that
have a primary pulmonary vasculopathy, e.g., pulmonary arterial hypertension (PAH) and chronic
thromboembolic PH (CTEPH) and conditions in which PH is considered to be a secondary
phenomenon (1). For instance, left atrial hypertension raises pulmonary venous pressure and
subsequently pulmonary arterial pressure, but if the left atrial pressure were removed, the PH would
regress, theoretically. Similarly, parenchymal lung disease such as chronic obstructive pulmonary
disease is associated with PH occasionally, but pathologic specimens do not uniformly demonstrate
pulmonary arterial vasculopathy. Many of these conditions predispose to right ventricular failure
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and ultimately result in death, despite new treatments, making
improved diagnostic and therapeutic options potentially highly
clinically impactful.

Some forms of PH, e.g., PAH and chronic thromboembolic
pulmonary hypertension (CTEPH), have specific medical or
surgical therapies (2, 3), however the majority of PH and
pulmonary vascular disease in general have no therapy aside
from supportive care. Further complicating this group of
diseases is the lack of specific diagnostic material. Lung
biopsy is generally considered high risk in patients with
PH or other forms of pulmonary vascular disease (4, 5),
making diagnosis reliant on clinical factors, radiographic
findings and invasive hemodynamics. This leaves clinicians
with a major challenge of potentially missing a treatable
condition such as PAH or CTEPH when they diagnose other
forms of PH. Alternatively, PAH-directed therapy has been
shown to potentially harm patients with non-PAH PH (6, 7),
thus a practice pattern of simply treating all PH as PAH
is potentially dangerous. In short, the field is in need of
improved diagnostic modalities and more efficient mechanisms
through which to identify patients who respond to a specific
treatment.

Recent advances in biomedical research and bioinformatics
approaches are now available to apply to pulmonary vascular
disease and hold tremendous promise to improve diagnostic
accuracy and improve treatments of all forms of pulmonary
vascular disease. The term “Omics,” hereafter referred to
Omics, refers to the field of study generally ending in -
omics” such as genomics, proteomics, and transcriptomics.
Broadly speaking, Omics suggests study of the entire field
of proteins, metabolites or genes that may contribute to a
disease state or phenomenon. Although early work in Omics
included studies of genomics, transcriptomics, metabolomics,
and proteomics, more recent work has added other fields such
as radiology (radiomics) and cell biology (cell biomics). The use
of transcriptomics and genomics in pulmonary vascular disease
is most established, but recent work has drawn attention to
how other Omics may be used to understand and optimally
treat pulmonary vascular disease. This review will focus on
these two key areas: First, use of Omics to classify PH and,
second, use of Omics to optimize therapy in PAH and PH more
broadly.

OMICS TO CLASSIFY PH

Originally developed in the second World Symposium on
Pulmonary Hypertension in 1998, the classification of
PH attempts to categorize patients by similar clinical and
hemodynamic patters that correlate with specific pathologic
findings and response to therapies (8). Although modifications
have been made, the classification of PH continues to rely on
clinical metrics (1). One notable exception to this is heritable
PAH in which genetic mutations such as those in bone
morphogenetic protein receptor type 2 (BMPR2) and other
mutations are well-described (9-13) and may be used to assist in
classification of patients.

Although the classification is generally quite useful in
predicting response to PAH-directed therapies, many patients
have features of multiple forms of PH, so-called “mixed” or
“combined” PH. An example of a patient with combined
group 1 and 2 PH is the 75 year old woman, an aunt in
the blood line of a patient with heritable PAH who has
normal lungs by chest imaging and spirometry, no evidence of
chronic thromboembolic PH by ventilation perfusion lung scan,
and a right heart catheterization demonstrating a pulmonary
arterial wedge pressure of 20 mmHg and pulmonary arterial
pressure of 95/50 mmHg with a normal cardiac output. Her
elevated pulmonary arterial wedge pressure suggests group 2 PH,
however she has a wide diastolic pressure gradient, suggesting
underling pulmonary vasculopathy. Further, she likely carries a
BMPR2 mutation, making PAH possible. After the 2012 World
Symposium on PH, this patient would be called combined pre-
and post-capillary PH (Cpc-PH) (14) and her case demonstrates
a common clinical scenario of a patient with multiple potential
etiologies of PH. As lung biopsies are not routinely obtained due
to risk of bleeding and increased surgical risk in PH patients
(3, 4), precise classification of many patients’ pulmonary vascular
disease may not be possible. Further, since most medical therapy
is reserved for patients with exclusively PAH (2, 3, 15), patients
with indicators they may have other forms of PH in addition
to PAH may not be recommended for life-saving therapies.
Thus, there are significant limitations to the current clinical
classification of PH.

Although specific gene sequencing for mutations in BMPR2,
ALK]1, and other genes can, in the right clinical context, confirm
a diagnosis of heritable PAH, these are specific, targeted tests
and only applicable to small number of even patients with PAH,
and a minute fraction of PH in general (9, 16, 17). Recently
there has been interest in using Omic technologies to enhance
the current classification of PH, thus moving beyond tests of
single gene mutations. Early work in this field has used multiple
Omic technologies to understand primarily how PAH patients
are different from healthy controls. Given that PAH can be
challenging to diagnose and is a relatively heterogeneous group of
diseases including congenital heart disease and multiple different
connective tissue diseases, some of the earliest Omic work
focused on heritable PAH, in which the diagnosis is firm and
the disease etiology less heterogeneous. West and colleagues used
microarray analysis on cultured peripheral blood lymphocytes to
define RNA transcript patterns in patients with heritable PAH
compared with controls (18). Cultured lymphocytes offer the
advantage of several weeks of ex vivo culture, thereby removing
environmental influences on the cells. These data demonstrated
alterations in estrogen metabolism, actin organization, growth,
and apoptosis signaling with significant differences between
heritable PAH and control patients. These early studies used a
very well-defined disease phenotype to compare to controls and
served as a prototype for future Omic analysis, focusing on tight
phenotype and pathway or gene ontology analysis.

More recently, Rhodes and colleagues performed a
comprehensive study of 1,416 plasma metabolites using
ultraperformance liquid chromatography mass spectrometry in
patients with PAH and healthy controls (19). They included only
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idiopathic and heritable PAH patients, again ensuring a relatively
homogenous population and compared with both healthy and
disease controls. Using an unbiased approach to analysis, they
identified metabolites that discern PAH from controls and,
after correcting for various factors, found 20 metabolites that
distinguish PAH from healthy and disease controls. A network
analysis of these metabolites highlights alterations in amino
acid, nucleoside and glucose and lipid metabolism. They further
developed a discriminant score using seven metabolites to
separate PAH from healthy and disease controls. Taken together,
these data demonstrate that metabolomics can be used to define
detectable, metabolic differences between PAH and control
patients and perhaps point to pathways key to development or
maintenance of PAH.

Our own group has used genomics to understand whether
patients with Cpc-PH have genetic variant patterns that are more
similar to PAH than to group 2 PH with isolated post-capillary
PH (Ipc-PH). Assad and colleagues first defined demographics
in the three groups of patients and showed the Cpc-PH is
distinct and characterized by younger age than Ipc-PH patients
with more severe pulmonary hemodynamics (20). Using a DNA
biorepository with pre-existing data on single nucleotide variants
linked to de-identified clinical data, distinct gene variant patterns
in Cpc-PH were identified that were more similar to PAH than to
Ipc-PH patients and were in pathways known to be of relevance
to PAH such as extracellular matrix and immune function. These
data show that there may be genetic variant patterns that could be
used to both understand etiology of pulmonary vascular disease,
but also to define phenotypes and endophenotypes of pulmonary
vascular disease.

Other groups have used similar methodologies to explore
expression patterns in the lung, clearly a highly relevant tissue to
pulmonary vascular disease. Geraci and colleagues demonstrated
different expression patterns in PAH compared to controls
in lung tissue (21). Others have used Omics in tissue and
peripheral blood to study differences in RNA expression patterns
in scleroderma-associated PAH (22, 23). Taken together, these
data show the broad applicability of RNA expression pattern
studies to pulmonary vascular disease, both in the peripheral
blood and the affected tissues. Unfortunately, due to low numbers
of patients undergoing lung transplantation or autopsy, studies
of tissues are limited in number, thereby potentially limiting data
generated and increasing false discovery rate. Nonetheless, when
available, tissue can provide key insights into disease pathology
and also critical confirmatory information of peripheral blood
findings.

There is much enthusiasm that Omics will 1 day either
augment or replace our current clinical classification of PH.
With large numbers of patient enrollees, new molecular
classifications discovered using Omics, may allow for more
precise diagnoses, similar to progress made in cancer diagnostics.
With homogenous diagnostic categories, discovery of molecular
etiologies, identification of new therapeutics and more targeted
clinical trials will all be possible (24). The National Institutes
of Health/National Heart, Lung and Blood Institute (NHLBI)
has funded a multi-center United States cohort study to use
Onmics, including genomics, transcriptomics, proteomics, and

metabolomics, among other Omics, to advance understanding
and classification of PH patients and is presently enrolling
(NCT02980887) (25). Studies such as these potentially will
change the classification and diagnosis of PH type to one
that incorporates measurement of blood-based metrics into
clinical parameters to define disease etiology and treatment
recommendations.

OMICS TO IMPROVE THERAPY IN PH

PAH is a specific form of PH in which the distal pulmonary
arterioles develop occlusive lesions, termed plexiform lesions,
as well as other changes resulting in elevations in pulmonary
vascular resistance generally with right heart failure and death
within 3-5 years if untreated. While major progress has been
made in therapy of PAH in the last several decades, it remains
a highly mortal disease, with a recent publication showing
that despite modern therapy, 40% of newly diagnosed patients
die within 5 years (26), survival similar to early stage lung
cancer. There are 10 FDA-approved therapies in three broad
classes, however, clinicians have a very limited capacity to
determine which patients are likely to respond to which drug
class. This leads to costly prescription of multiple classes of
medications, greater exposure to side effects of medications and
greater burden of therapy, without clear therapeutic benefit.
While the combination of tadalafil and ambrisentan has been
shown to improve time to clinical worsening (27), there is
very limited data on the efficacy of other combinations of
medications. Additionally, PAH therapy is expensive, with
annual costs ranging from $20,000 to $1,000,000 per patient.
Use of costly and potentially ineffective drugs is untenable for
healthcare systems. Thus, there is a pressing need to develop
novel treatment strategies in PAH, ideally using drugs that
are presently FDA-approved in the short term, and applying
these strategies to future pivotal trials of drugs in all forms of
PH.

Omics technologies have been used to improve patient care
through identification of markers or patterns of markers that
indicate positive responses to specific therapies, often drugs.
While occasionally the same marker that defines a disease state
can be used to predict treatment responses, e.g., the presence of
cystic fibrosis with G551D mutation responds to treatment with
ivacaftor (28), it is possible and perhaps likely that markers of
drug responsiveness are different from those of disease diagnosis.
Here we focus on Omic predictors of responses to PAH therapies,
as there are presently no data for other forms of PH.

Some forms of PAH may provide clues as to how we can more
effectively and efficiently treat PH. It has long been recognized
that about 5-10% of patients with PAH have an acute pulmonary
vasodilatory response when confronted with vasodilator therapy
with normalization or near-normalization of pulmonary arterial
pressures and preservation of cardiac output (29). Patients
meeting these criteria can be treated safely with calcium channel
blocker medications with substantially improved mortality and
a much cheaper drug treatment cost (30). The identification of
acute vasodilator response as a predictor of long term response
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FIGURE 1 | (A) Histograms of survival in ongoing survivors (n = 25) vs.
deceased patients (n = 14). Y axis depicts years since initiation of IV
epoprostenol. Patients with good response may be considered those still alive
after 8 years of drug or those who are deceased but after 8 years of IV
epoprostenol therapy. Eight years is the median survival in our cohort (31). (B)
Table showing proposed single or combined metrics of response to parenteral
prostacyclin therapy.

to calcium channel blocker therapy was a key development in the
therapy of PAH as it (1) was the first foray into precision medicine
in the field of pulmonary vascular disease and (2) defined a
phenotypically homogenous group of drug responders that later
could be studied to understand molecular etiology and markers
of drug responsiveness in PAH.

Years after the discovery of this distinct phenotype, Omic
technologies had advanced such that their use to find predictors
of drug responsiveness now seemed plausible. Our group used
transcriptomics to determine if the clinical response to calcium
channel blocker therapies could be predicted using molecular
markers (32). A major limitation to studying this condition is
its extreme rarity making study of untreated patients infeasible.
We overcame this limitation using cultured lymphocytes as
above. Because the lymphocytes were cultured ex vivo for
weeks, potential confounding by exposure to calcium channel
blockers was minimized. We used microarray to measure mRNA
expression levels and found that there were distinct patterns
of RNA expression in the vasodilator-responsive PAH patients
compared to those that were not. Since our primary goal was
to define a simple RNA expression pattern to predict vasodilator
responsive PAH, we confirmed the most differentially expressed
genes using whole blood RNA. After doing this, we developed an

o0 00
N o

» Refine Omic signature

FIGURE 2 | Schematic of how Omic data could be used in a precision
medicine trial of a drug in pulmonary arterial hypertension.

algorithm of RNA expression patterns that predicted this drug-
responsive PAH phenotype and validated it in an external cohort.
The strengths of this approach are that the RNAs were selected
agnostic of their biologic plausibility, allowing the selection of
the strongest predictors and the use of cultured lymphocytes to
remove environmental influences on RNA patterns. These data
suggested that in a cohort of tightly phenotyped drug responders,
with a clear definition of drug response, Omic predictors might
potentially be used to predict drug responses.

The most appealing Omic field for predicting drug responses
is genomics. Generally not impacted by external forces or
intercurrent illness, DNA is also more stable facilitating transfer
to different facilities and readily available through blood draws
or buccal mucosa swab. In addition, DNA would not be expected
to change if a patient is already started on PAH-directed therapy,
whereas metabolomics, proteomics, and transcriptomics may be
altered by the therapy itself. Given these appealing qualities,
there have been a few recent attempts to predict drug responses
using genomics. First, Benza and colleagues used targeted DNA
sequencing to study gene variants in the endothelin signaling
pathway (33). They identified several variants that predict clinical
outcomes with endothelin receptor antagonist therapy in PAH.
The authors approach was limited to only genes known to
be in the endothelin pathway and it is possible that with
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a discovery-based approach they would have identified even
stronger predictors of endothelin receptor antagonist therapy
outcomes.

Our group used whole exome sequencing in PAH patients
with and without acute vasodilatory response. Again using this
distinct endophenotype as a proof of the concept that genomics
can be used to predict drug responses. We did not identify one
single gene or gene variant that predicts calcium channel blocker
responses, however we did find over 1,500 DNA variants unique
to PAH patients. Next generation DNA sequencing is well known
to identify hundreds of variants of undetermined significance,
a limitation we attempted to avoid using pathway analysis of
identified variants, comparing patients with acute response to
vasodilators and those without. After filtering out gene variants
associated with the presence of idiopathic pulmonary fibrosis
and those not predicted to be deleterious using online resources,
we studied the variants based on their frequency and found
that there were generally more gene variants in patients with
vasodilator-responsive PAH and also these genes were enriched
in pathways associated with smooth muscle cell contraction. In
the case of vasodilator-responsive PAH, we learned that there
likely is not a single gene that differentiates PAH from control,
but more likely a pattern of gene variants. Perhaps with greater
numbers, these data can be refined and a gene variant risk
score for PAH may be developed. Presently, these drug Omic
methodologies are not appropriate for clinical care, though
hopefully their use is not far away.

Future areas in which Omics may be useful in PAH
therapeutics include development of genetic or other markers
of predictors of response to endothelin receptor antagonists,
phosphodiesterase type 5 inhibitors, riociguat, and prostacyclin
pathway therapeutics. Prostacyclins may be particularly
appealing for this sort of analysis as excellent clinical response
are well described, and endpoints such as death and transplant
are unfortunately relatively common, making numbers of
enrollees required to generate useful data relatively low (34).
Examples of how groups may be defined, either singly or in
combination, are shown in Figure 1, including a demonstration
of how survival (Figure 1A) or clinical metrics (Figure 1B)
could be used to define good or poor clinical response. Figure 2
outlines a schema of how Omics could be used to refine future
trials in pulmonary hypertension medications, both existing and
future.

CHALLENGES IN THE USE OF OMICS IN
PULMONARY VASCULAR DISEASE

In order to move this field forward, we need a commonly agreed
upon definition of “good response” to drugs to allow segregation
of groups. A key feature that made analysis of RNA expression
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Pulmonary hypertension due to left heart disease (PH-LHD) is the most common type
of pulmonary hypertension, although an accurate prevalence is challenging. PH-LHD
includes PH due to systolic or diastolic left ventricular dysfunction, mitral or aortic valve
disease and congenital left heart disease. In recent years a new and distinct phenotype of
“combined post-capillary and pre-capillary PH,” based on diastolic pulmonary gradient
and pulmonary vascular resistance, has been recognized. The roles of right ventricular
dysfunction and pulmonary vascular compliance in PH-LHD have also been elucidated
recently and they appear to have significant clinical implications. Echocardiography
continues to play a seminal role in diagnosis of PH-LHD and heart failure with preserved
LV ejection fraction, as it can identify valve disease and help to distinguish PH-LHD
from pre-capillary PH. Right, and occasionally left heart catheterization, remains the
gold-standard for diagnosis and phenotyping of PH-LHD, although Cardiac Magnetic
Resonance Imaging is emerging as a useful alternative tool in non-invasive diagnostic
and prognostic assessment of PH-LHD. In this review, the latest evidence for more recent
advances will be discussed, including the role of fluid challenge and exercise during
cardiac catheterization to unravel occult post-capillary and the role of vasoreactivity
testing. The use of many or all of these diagnostic techniques will undoubtedly provide key
information about sub-groups of patients with PH-LHD that might benefit from medical
therapy previously considered to be only suitable for pulmonary arterial hypertension.

Keywords: pulmonary hypertension, left heart disease, heart failure with preserved ejection fraction, left
ventricular diastolic dysfunction, right heart catheterization

INTRODUCTION

Pulmonary hypertension due to left heart disease (PH-LHD) is the most common type of
pulmonary hypertension (PH). The prevalence of PH in patients with heart failure varies
significantly with diagnostic criteria from 25 to 83% (1-4). PH-LHD is defined by post-capillary
hemodynamics at right heart catheterization (RHC); that is a mean pulmonary arterial pressure
>25 mmHg and a mean pulmonary arterial wedge pressure (PAWP) > 15 mmHg. PAWP
is a surrogate marker of left atrial pressure (LAP). An elevated LAP causing PH can
occur in systolic and/or diastolic left ventricular (LV) dysfunction and in left-sided valvular
disease. In the most recent clinical classification of PH (5) two additional etiologies of
PH-LHD have been recognized: PH due to congenital or acquired left ventricular outflow tract
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TABLE 1 | Definitions.

Pre-capillary PH Mean PAP > 25 mmHg, mean PAWP

<15 mmHg

Mean PAP > 25 mmHg, mean PAWP
>15 mmHg, DPG < 7 mmHg and/or
PVR < 3 Wood units

Mean PAP > 25 mmHg, mean PAWP
>15 mmHg, DPG > 7 mmHg and/or
PVR > 3 Wood units

Isolated post-capillary PH

Combined pre-capillary and
post-capillary PH

PAR, pulmonary artery pressure; PAWR pulmonary artery wedge pressure; DPG, diastolic
pressure gradient; PVR, pulmonary vascular resistance. Modified from 2015 ESC/ERS
Pulmonary Hypertension Guidelines (5).

obstruction and pulmonary vein stenosis. In the same guidelines,
a new PH phenotype of “combined pre-capillary and post-
capillary PH” (Cpc-PH) has been introduced on the grounds
of a diastolic pressure gradient (DPG)-the difference between
diastolic pulmonary arterial pressure and mean PAWP-equal
or higher than 7 mmHg (Table1). This new term came to
replace the older “PH out of proportion to LHD.” Although,
pathophysiology of Cpc-PH is not entirely clear, a chronic
elevation of LAP due to longstanding LHD is believed to
cause a profound pulmonary artery remodeling and pulmonary
vascular resistance (PVR) rise, which is not usually found in
isolated post-capillary PH. Patients with Cpc-PH seem to be
in the middle of a spectrum of which pre-capillary PH and
isolated post-capillary PH are the two extremes, regarding their
clinical and echocardiographic characteristics (6).The prevalence
of Cpc-PH amongst patients with systolic and diastolic heart
failure is believed to be within 12 and 14% (7). An adequate
understanding of pathophysiology along with an accurate
diagnosis and differentiation of PH-LHD from pre-capillary PH,
such as pulmonary arterial hypertension (PAH) and chronic
thromboembolic PH (CTEPH), are of paramount importance to
select the appropriate treatment for the patient.

PATHOPHYSIOLOGY

The pathophysiological hallmark of PH-LHD is elevated LAP. LV
systolic and diastolic dysfunction as well as aortic and/or mitral
valve stenosis and/or regurgitation can raise left ventricular
filling pressure and subsequently LAP over a period of time.
LAP can then be transmitted backwards via pulmonary veins
to the pulmonary vasculature leading to pulmonary arterial
intimal thickening and medial hypertrophy and PH (Figure 1).
Compliance in the pulmonary vasculature, unlike in the systemic
circulation, is more evenly distributed across the pulmonary bed
and the distal vessels are responsible for most of it (8). Hence,
compliance is mostly determined by PVR. The relationship
between PVR and compliance is an inverse hyperbolic one.
“Passive” left-sided elevated pressures shift the hyperbole
leftwards leading to an additional decline of compliance for a
given PVR and thus enhanced pulmonary wave reflections which
return during ventricular systole and increase the systolic (but
not the diastolic) pulmonary artery pressure (9). In a recent
study, pulmonary arterial compliance (or capacitance) defined

as the ratio of stroke volume to pulmonary pulse pressure
was the best predictor of mortality in PH-LHD associated with
heart failure with preserved left ventricular ejection fraction
(HFpEF) (10).

The Right Ventricle (RV)

The first compensatory mechanism of the RV to the elevated
pulmonary pressure is hypertrophy. Thus, the RV can adapt with
a 4- to 5-fold increase in myocardial contractility, a process which
is described pathophysiologically as right ventricular-pulmonary
artery (RV-PA) “coupling.” In the next progressive stage the RV
starts dilating, wall stress according to LaPlace’s law increases,
imbalance between oxygen demand and supply and RV ischemia
occurs, contractility declines, the RV fails to maintain cardiac
output and inevitably “uncoupling” and decompensation begins.
The development of tricuspid (TR) and pulmonary regurgitation
due to annular dilatation leads to RV volume overloading and
decreases stroke volume even further. RV-PA coupling has been
estimated by echocardiography as the ratio of tricuspid annular
plane systolic excursion (TAPSE) to pulmonary artery systolic
pressure (PASP) and a cut-off limit <0.36 has been shown to
have prognostic value (11). Coupling has also been estimated by a
hybrid method combining RHC and cardiac magnetic resonance
(CMR) as the ratio of pulmonary artery effective elastance, which
is a measure of arterial load, to the maximum end-systolic RV
elastance, which is an index of contractility (12).

Up until recently the impact of PH-LHD on RV function had
been underestimated. In recent years, however, its significance
and prognostic value has been highlighted. RV systolic
dysfunction assessed by echocardiography has been found in at
least 1/5 of patients with HFpEF and potentially up to 30-50%
(13). In addition, a decrease of TAPSE by 5mm was associated
with a 26% mortality rise (13), while in another study a decrease
of RV fractional area change by 7% with a 2.2-fold increase of
all-cause mortality after adjustment for pulmonary pressures in
patients with HFpEF (14).

Ventricular Interdependence and

Comorbidities

Other parameters such as ventricular interdependence may
contribute to decreased cardiac output and heart failure. As
RV pressure increases and interventricular dyssynchrony is
established, the interventricular septum bows toward the LV
moving “paradoxically” and leading to a decrease of LV diastolic
filling and a further drop of stroke volume. In addition,
atrial fibrillation, coronary artery disease via right coronary
or circumflex artery stenosis leading to reduced RV oxygen
supply, chronic obstructive pulmonary disease, obstructive sleep
apnea, diabetes, and obesity, all comorbidities frequently seen
in patients with LHD may increase pulmonary pressures and
further compromise RV function.

The Role of DPG

DPG has been considered to be a more accurate indicator of
pulmonary vascular remodeling in LHD than transpulmonary
gradient (the difference between mean pulmonary artery pressure
and mean PAWP [TPG]), as it is theoretically not influenced
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LV systolic dysfunction
LV diastolic dysfunction
Valvular disease
Congenital LVOT obstruction/
cardiomyopathies
Congenital/acquired pulmonary vein stenosis
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Backward pressure transmission to
pulmonary vasculature
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.. . Profound pulmonary artery remodeling
Minimal pulmonary artery remodeling (medial hypertrophy and intimal thickening)

Isolated post-capillary PH Combined pre- and post-capillary PH

FIGURE 1 | Pathophysiological mechanisms of pulmonary hypertension due to left heart disease.

by the variability of cardiac output or the impact of LAP  who had undergone orthotopic heart transplantation and in
on pulmonary vascular compliance. In a retrospective large  patients with unexplained cardiomyopathy did not confirm the
study in patients with PH-LHD an elevated DPG > 7 mmHg  prognostic value of DPG (16, 17). In a more recent study
was correlated with worse median survival compared with a  the risk of death in Cpc-PH and isolated post-capillary PH
DPG < 7 mmHg and a high TPG > 12 mmHg (15). In the  after adjustment of relevant covariates was similar, however
same study, in a small number of patients high DPG was the researchers identified 75 common exonic single-nucleotide
also correlated with greater pathological pulmonary vascular  polymorphisms between Cpc-PH and pre-capillary PH in
remodeling compared to patients with high TPG but normal  pathways pertinent with cell structure, extracellular matrix and
DPG. Two further studies, retrospective as well, in patients  immune function (6).
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DIAGNOSIS

Risk Factors, Clinical Symptoms, and
Signs

Features of metabolic syndrome such as obesity, systemic
hypertension, diabetes and dyslipidemia, are more prevalent in
patients with PH-LHD than PAH. Researchers have shown that
two or more of these features were present in 94.1% of PH-
LHD patients vs. only 34.3% of PAH (18). The findings were
confirmed in another study, which showed that older age, the
presence of systemic hypertension and coronary artery disease
are more frequent in PH-LHD and can best differentiate from
PAH along with other echocardiographic and hemodynamic
parameters (19). In the same study there was a similarly high
female predominance in the PH-LHD and PAH groups but more
pronounced than in the HFpEF without PH group. In addition to
these risk factors, the prevalence of permanent atrial fibrillation
in PH-LHD seems to be significantly higher than in patients with
PAH and risk factors for LHD (20).

The symptoms and clinical signs of patients with PH-LHD
are these of heart failure. Exertional dyspnea, orthopnea, and/or
paroxysmal nocturnal dyspnea, anginal chest pain typically on
exertion, palpitations, dry cough, pre-syncope and/or syncope,
hepatomegaly, ascites, elevated jugular venous pressure, and
peripheral edema are the most common ones. Right ventricular
heave, a loud pulmonary component of the second heart sound
and a pansystolic murmur of tricuspid regurgitation may also
be present. In a retrospective study which compared patients
with PAH with or without cardiovascular comorbidities to PH-
LHD, patients with PH-LHD were more likely to have peripheral
edema, whilst there was a trend toward a worse functional class
after adjustment for age but no difference in 6-min walking test
distance (20). Patients with PH-LHD usually have normal resting
oxygen saturations with a possible drop on exercise, unless if they
also have respiratory comorbidity or a right-to-left shunt.

Chest X-Ray, ECG, and Pulmonary

Function Test

The chest X-ray may show signs of cardiomegaly and enlarged
pulmonary artery branches. Pleural effusions may be seen
more frequently in PH-LHD than PAH, although they are not
uncommon in severe PAH as well (21).

Left QRS axis deviation, atrial fibrillation and signs of left
ventricular hypertrophy are more likely on ECG in PH-LHD
than in pre-capillary PH, whereas right axis, sinus rhythm, R
wave dominant in lead V1, ST-T segment depression, and T-
wave inversion in the right precordial and inferior leads are more
frequently seen in pre-capillary PH. Right bundle branch block
does not appear to differentiate the two conditions (20, 22). These
ECG findings have been recently incorporated in predictive score
models to discriminate non-invasively between PH-LHD and
PAH (23, 24).

It is well-known that pulmonary alveolar diffusion is impaired
in patients with congestive heart failure. Gas transfer factor for
carbon monoxide (TLco) is reduced in this population compared
to controls (25). In addition, TLco and end-tidal CO, have been
found to be lower in PAH patients compared to PH-LHD (26, 27).

In the ASPIRE registry, mean TLco in the PAH group was 55 vs.
62% predicted in the PH-LHD one (26).

Natriuretic Peptides

Brain natriuretic peptide (BNP) and its N-terminal fragment NT-
proBNP can both be elevated in heart failure with reduced LV
ejection fraction and HFpEF. They can be secreted from the
cardiomyocytes of both ventricles due to stretching from volume
overload. The upper limit of normal for BNP is 35 pg/mL and
for NT-proBNP 125 pg/mL (28). Natriuretic peptides may be
elevated in elderly people, atrial fibrillation and renal impairment
without heart failure. They can also be disproportionally low in
obese patients. In addition, they cannot differentiate between
pre-capillary PH and PH-LHD as they may be raised in both
conditions. Their role in patients’ follow-up, assessment of
response to treatment and detection of progression of the
underlying disease as well as their prognostic role can be very
important.

Echocardiography

Echocardiography plays a seminal role in the detection of signs of
PH-LHD. It can diagnose LV systolic and diastolic dysfunction,
aortic and mitral valve disease, LV outflow tract obstruction,
restrictive and hypertrophic cardiomyopathy and constrictive
pericarditis. In all these conditions, LV diastolic dysfunction
usually occurs and may lead to PH-LHD. The estimation of
PASP, which raises the suspicion of PH when elevated, derives
from applying continuous Doppler and the modified Bernoulli
equation: 4 x peak TR velocity (TRV)? + estimated right atrial
pressure. Right atrial pressure can be estimated from the size and
collapsibility during respiration/snift of the inferior vena cava
on the subcostal view (29). According to the current ESC/ERS
guidelines a threshold of peak TRV higher than 2.8 m/s is
considered suspicious of PH with or without the presence of
other echocardiographic signs of PH and risk factors for PH
(5). However, peak TRV is angle and flow-dependent and it can
frequently be under- or overestimated (30). Peak TRV should
be measured from several different acoustic windows and views,
while in atrial fibrillation an average of measurements from the
view with the highest velocities should be taken and only a well-
defined, spade-shaped, dense spectral profile should be measured.
In cases with no or trivial TR when TRV cannot accurately be
estimated, mean pulmonary artery pressure can be calculated
instead from the peak velocity of a pulmonary regurgitant jet at
the beginning of diastole or from the acceleration time (time from
onset to peak) of the forward flow at the right ventricular outflow
tract (29).

Diagnosing LV diastolic dysfunction with echocardiography
sometimes can be challenging. Four parameters have been
recently included in an algorithm to determine diastolic
dysfunction: an average (of septal and lateral) E/e’ > 14, a septal
€ < 7 cm/s or lateral <10 cm/s, a TRV > 2.8 m/s and a left
atrial volume index >34 ml/m?. If <50% of these parameters
are present, diastolic function is normal, if >50%, there is
diastolic dysfunction and when exactly 50%, diastolic function
is indeterminate (31). Other echocardiographic signs such as
mitral “L” velocity >20 cm/s (ongoing LV filling in mid-diastole
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due to markedly delayed LV relaxation), mitral inflow E/A wave
velocity ratio and E wave deceleration time, as well as a higher
diastolic wave velocity than the systolic one in the pulmonary
vein Pulsed Doppler profile may also be useful (31). Unlike PH-
LHD, significant LV diastolic dysfunction in PAH is very unlikely.
In a small study, 88% of PAH patients demonstrated grade I
(mild) diastolic dysfunction and 10% normal diastolic function
(32).

Left atrial dilatation is considered to be one of the most useful
indicators of LHD. However, in the presence of atrial fibrillation
may not always represent elevated LAP. In atrial fibrillation, an
average E/e’ >11 instead of 14 should be used as a marker of
diastolic dysfunction (31). Researchers in the past have described
conditions such as severe mitral regurgitation with a dilated left
atrium but normal LAP. Left atrial compliance seems to play
a pivotal role in these cases (33). The absence of mid-systolic
“notching” in the right ventricular outflow tract Pulsed Doppler
envelope has also been shown to be highly predictive of a PVR <
3 Wood units and a PAWP >15 mmHg (34). On the other hand, a
PASP > 70 mmHg is more likely to represent PAH than PH-LHD
(35). The severity of TR cannot differentiate between PH-LHD
and PAH. In a prospective cohort of patients with PAH and PH-
LHD, 45% had mild, 34% moderate, and 21% severe TR. The
mechanisms causing TR were annular dilatation, RV remodeling-
tethering and inadequate tricuspid valve leaflet area (36). Finally,
a RV end-diastolic diameter to LV end-diastolic diameter ratio
(measured in the 4-chamber apical view at the tips of the
atrioventricular valves) <1 and the absence of pericardial effusion
seem to be more likely in PH-LHD than PAH (20). Table 2
summarizes the distinct echocardiographic characteristics in pre-
capillary PH and PH-LHD. An echocardiographic score based
on LA dimension, mid-systolic notching and E/¢’ to differentiate
between PH-LHD and PAH has been proposed (37). More
recently another echocardiographic score, which seems to be
useful in discriminating between isolated and Cpc-PH as well, has
been published (38).

CMR

CMR may play an important role in making diagnosis and
identifying prognosis of PH in general and PH-LHD in
particular. Especially in cases where visualization or accuracy of
measurements is limited, CMR should be strongly considered.
CMR remains the gold standard imaging modality for RV
assessment (39). Beyond RV size and function, CMR can quantify
the curvature of interventricular septum and more recently
pulmonary arterial stiffness, which may detect early stages
of pulmonary vascular remodeling (40, 41). In the ASPIRE
registry, patients with PH-LHD had lower RV mass, a better-
preserved cardiac function and less gadolinium hinge-point
enhancement compared to pre-capillary PH (42). In addition,
CMR is an excellent tool for myocardial tissue characterization
and with the use of late gadolinium enhancement it can diagnose
infiltrative cardiomyopathies e.g., amyloidosis, hypertrophic
cardiomyopathy, as well as systolic and diastolic LV dysfunction.
CMR can also play a significant role in diagnosis of congenital
heart diseases, which may be related to both PAH and PH-LHD.

TABLE 2 | Echocardiographic features likely to be present in pre- and

post-capillary pulmonary hypertension.

Pre-capillary PH

PH-LHD

Normal sized or small LV cavity
No LV hypertrophy

Preserved LVEF

Normal sized or small left atrium

Grade | LV diastolic dysfunction
or normal LV diastolic function

Presence of mid-systolic
notching

RV/LV ratio > 1

PASP > 70 mmHg
Pericardial effusion

No mitral and/or aortic valve

Normal sized or dilated LV cavity
LV hypertrophy

Variable LVEF

Dilated left atrium

> Grade Il LV diastolic
dysfunction

Absence of mid-systolic notching

RV/LV ratio < 1

Typically PASP < 70 mmHg

No pericardial effusion

Mitral and/or aortic valve disease

disease

PH-LHD, pulmonary hypertension due to left heart disease; LV, left ventricle; LVEF, left
ventricular ejection fraction; RV/LV ratio, right ventricular to left ventricular end-diastolic
diameter ratio; PASF, pulmonary artery systolic pressure. Modified from Roberts JD and
Forfia PR. Pulm Circ. 2011;1:160-181.

Predictive Non-invasive Score Models

Over the last few years, score models to assess the pre-
RHC probability of PH-LHD have been created aspiring to
avoid potentially unnecessary catheterizations. Bonderman et al.
proposed a model based on RV strain on ECG and BNP (23).
Jacobs et al. suggested a risk model including history of LHD, the
sum of S deflection in V1 and R deflection in V6 on the ECG,
left atrial dilatation and left valve disease worse than mild on
echocardiogram (24). Finally, Richter et al. suggested a prediction
score for elevated PAWP based on age >68 years, BMI > 30
kg/m?, absence of RV enlargement and presence of left atrial
dilatation on echocardiography (43).

RHC-Fluid

Challenge-Exercise-Vasoreactivity Testing

The gold standard method for the diagnosis of PH-LHD remains
RHC. All pulmonary pressures should be measured at end-
expiration with the patient breathing spontaneously. The mean
PAWP has been better correlated with mean LAP than the LV
end-diastolic pressure (LVEDP) in patients with LV disease,
except for very high PAWP over 25 mmHg (44, 45). However,
a LVEDP > 15 mmHg on left heart catheterization can be used
to define PH-LHD, when an accurate PAWP is not feasible
(e.g., in chronic thromboembolic disease). An accurate PAWP
may be challenging to obtain. A waveform consistent with atrial
waveform, a PAWP < diastolic pulmonary arterial pressure,
blood easily aspirated and highly oxygenated in the wedge
position and the placement of the tip of the catheter in West zone
3 (at the lung base, where pulmonary artery and venous pressure
exceeds pulmonary alveolar pressure, which represents lung areas
with the greatest blood flow rates), below left atrial level, can
eliminate technical difficulties. Mitral regurgitation may cause
large “v” waves that can be mistakenly interpreted as an elevated
PAWP. This can be accounted for by reading the PAWP at the
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time of the “a” wave. Patients with PH-LHD tend to have a higher
mean right atrial pressure, cardiac output and right ventricular
end-diastolic pressure, as well as lower PVR compared with PAH
(19, 20).

Patients with clinical and echocardiographic features
suggestive of PH-LHD may sometimes have pre-capillary PH,
especially if they have been previously heavily diuresed. Fluid
challenge, which is the rapid intravenous administration of a high
volume of normal saline, is believed to be helpful to unpick cases
of occult PH-LHD with resting pre-capillary hemodynamics
and unmask LV diastolic dysfunction. The current ESC/ERS
PH guidelines do not recommend fluid loading at RHC due to
lack of standardization as well as the theoretical risk of a rapid
significant PAWP elevation to result in pulmonary edema. Three
studies with fluid challenge in PH patients have been conducted
since the publication of these guidelines though. In the first
one, the infusion of 500 mL of saline within 5-10 min led to the
reclassification of 22.2% of patients as occult PH-LHD (defined
as a mean PAWP > 15 mmHg), while in another small study in
patients with systemic sclerosis a similar percentage of patients
with pre-capillary baseline hemodynamics were found to have a
LVEDP > 15 mmHg post-infusion of 500 mL within 5-10 min
(46, 47). In the most recent one, rapid infusion of saline at a
rate of 7 mL/kg reclassified 8% of patients with no PH and 6%
of patients with pre-capillary PH at baseline. A cut-off limit of
PAWP > 18 mmHg was used in the latter study (48). In all three
studies, fluid loading was safe. Of note, even in healthy subjects
a rapid fluid infusion will lead to a PAWP > 15 mmHg in a
percentage >60%, however with a larger than 500 mL volume of
saline (49). Likewise, exercise during RHC may unmask diastolic
dysfunction in patients with suspected HFpEF and a baseline
PAWP < 15 mmHg. Exercise can be performed on a supine
or upright bike (the latter would be feasible when the RHC is
done from the neck or the arm) or with leg lifting. In normal
subjects and athletes, an increase of PAWP up to 25 mmHg in
a broadly linear fashion with cardiac output has been shown
(50). However, significant increases of PAWP at a cardiac output
<10 L/min is uncommon in normal individuals. Exercise during
RHC seems to be particularly helpful in obese patients with a
borderline, between 12 and 15 mmHg, PAWP (51).

According to the ESC/ERS guidelines vasoreactivity testing
is only recommended in patients with suspected idiopathic,
familial, or drug-induced PAH (5). In the context of PH-LHD
vasodilator challenge can be used in the evaluation of patients
for listing for cardiac transplantation, especially those with a
TPG > 12-15 mmHg and/or PVR > 3 Wood units. The
preferable vasodilator agent is inhaled nitric oxide. An increase
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Pulmonary arterial hypertension (PAH) develops in 7-12% of patients with systemic
sclerosis (SSc) and is associated with a 3 year survival of 52%. Early detection by
screening is therefore recommended for all patients with SSc. Historically, screening has
been performed using echocardiography and measurement of gas transfer. More recently
the DETECT protocol, using a combination of biomarkers (including N-terminal pro-brain
natriuretic peptide) and clinical parameters, has been developed. The optimal method
of screening for PAH with high sensitivity and specificity is, however, not clear. Protein
expression differences between different SSc disease phenotypes have been reported,
and include alterations in concentration of NT-proBNP, endoglin, soluble vascular
endothelial growth factor receptor 1, placenta growth factor, growth differentiation
factor-15, vascular endothelial growth factor alpha, resistin-like molecule beta, and
soluble thrombomodulin. This review summarizes the current knowledge of these protein
changes in patients with SSc and PAH.

Keywords: systemic sclerosis, pulmonary arterial hypertension, protein, biomarkers, diagnosis

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare disease characterized by a progressive
vasculopathy of the small pulmonary arteries leading to increased pulmonary vascular resistance
and right ventricular afterload. This results in right ventricular failure and premature death. PAH
may be idiopathic, heritable, related to various drugs and toxins or may be associated with a number
of medical conditions including congenital systemic to pulmonary shunts, portal hypertension,
HIV and connective tissue disease, most notably systemic sclerosis (SSc). Although these forms
of PAH have similarities in underlying pathophysiology and treatment regime, it is increasingly
recognized that there are differences in pathobiology, response to treatment and prognosis.

Between 7 and 12% of patients with SSc develop PAH (SSc-PAH) at some point in their
disease course (1-4). Compared to idiopathic pulmonary arterial hypertension (IPAH), histological
patterns in SSc-PAH show greater intra-individual variability, a relative absence of plexiform
lesions, more prominence of intimal fibrosis and a much greater involvement of pulmonary venules
(5). Prognosis is significantly worse than in other forms of PAH with median survival of 3 and 7.8
years in SSc-PAH and IPAH cohorts respectively (6). Response to treatment is generally felt to be
worse in SSc-PAH than in IPAH (7).
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The diagnosis of PAH can be challenging, due in part to the
relatively low incidence of this condition, and in part due to
the non-specific nature of the early symptoms. As a result, the
diagnosis of PAH is often made at an advanced stage after a large
proportion of the pulmonary vascular bed has been irreversibly
obliterated by pathological vascular remodeling.

Given the progressive nature of vascular remodeling in PAH,
interest in the outcome of patients detected early has led to
investigation of alternative screening methods in patients with
systemic sclerosis. It is thought that early diagnosis and treatment
leads to a favorable prognosis (8, 9). Historically, screening for
PAH in SSc has involved estimating systolic pulmonary arterial
pressure at annual echocardiography + the measurement of
diffusion capacity of the lung for carbon monoxide (DLco).
The DETECT protocol was developed to provide an evidence-
based multi-modality approach to screening patients with
SSc for the presence of PAH. It combines variables from
clinical examination, echocardiography, electrocardiography,
pulmonary function tests and blood tests [uric acid and
N-terminal pro-brain type natriuretic peptide (NT-proBNP)] to
produce a score with high sensitivity (95%), but relatively low
specificity (48%) for the presence of PAH (10). The DETECT
protocol involves several steps which add complexity and in
real-life clinical practice, may prove significantly more expensive
and can lead to delay and even failure to refer for definitive
investigations (11).

Abnormal concentrations of many candidate proteins have
been shown in both the tissue and circulating compartments in
patients with PAH. These proteins may reflect the underlying
pulmonary vascular disease as well as the response of the right
ventricle to the increased afterload. They may also reflect the
underlying SSc rather than PAH. It is conceivable that a panel
of protein biomarkers may have utility in identifying PAH in
still asymptomatic patients with systemic sclerosis. This paper
reviews the current published evidence base for altered protein
biomarker concentrations in SSc-PAH.

METHODS

To identify suitable primary research articles on this topic,
a literature search was conducted using Ovid Medline
and PubMed. Keywords used were “Systemic sclerosis,”
“Scleroderma,” “Pulmonary hypertension,” “PAH; “Protein,”
and “Biomarker.” Date of publication was limited from 1990
to present day. One hundred and forty eight publications were
returned from this search.

We included studies identifying a cohort of patients diagnosed
with systemic sclerosis with PAH with comparator groups
including healthy volunteers (HV), systemic sclerosis without
pulmonary hypertension (SSc-no PAH) and/or idiopathic PAH.

Studies were included if they reported data on differential
protein expression between subgroups which were related to
objective measurements of pulmonary hypertension.

Protein Biomarkers in SSc-PAH
The circulating protein biomarkers identified by the literature
search are summarized in Table 1 and Figure 1.

N-Terminal Pro-Brain Natriuretic Peptide
(NT-proBNP)

NT-proBNP is a marker of myocardial stress and therefore
a non-specific marker for pulmonary hypertension (PH).
Brain type natriuretic peptide (BNP) and NT-proBNP
the only blood-based biomarkers suggested by
guidelines for routine clinical use (21). NT-proBNP is an
inactive cleavage product released during the activation of
BNP from its prohormone. BNP is released in response to
ventricular stretch and stimulates natriuresis and diuresis
via the kidney in order to reduce ventricular preload. NT-
proBNP is elevated in PH of any cause (22) and correlates with
echocardiographic, hemodynamic and functional measurements
(23-25).

NT-proBNP may be elevated in systemic sclerosis in the
absence of pulmonary hypertension as a result of left ventricular
disease and primary myocardial involvement (26).

In a prospective observational study of 109 patients with
systemic sclerosis, including 68 with PH and 41 without PH
at right heart catheter, Williams et al. set out to evaluate
the utility of NT-proBNP concentrations as a screening tool
for PAH. NT-proBNP concentration was significantly higher
in patients with PAH than without (1474 pg/ml vs. 139
pg/ml respectively, p = 0.0002). The authors also reported a
significant correlation between NT-proBNP concentration and
mean pulmonary arterial pressure (mPAP) (r = 0.62, p < 0.0001),
pulmonary vascular resistance (PVR) (r = 0.81, p < 0.0001)
and right atrial pressure (RAP) (r 0.53, p < 0.0001) at
right heart catheterization (RHC). For the ability to accurately
diagnose PAH a threshold of 395 pg/ml was selected, returning
a sensitivity 55.9%, specificity 95.1%, PPV 95.1% and NPV
56.5%. Longitudinal analysis of baseline and change in serial NT-
proBNP measurements both demonstrated significant prognostic
utility (27). More recent work has provided validation, with
Chung et al. reporting a sensitivity and specificity of 73 and 78%
respectively for NT-proBNP at a threshold of 210 pg/ml, slightly
superior to that of BNP at 71 and 59% respectively at a threshold
concentration of 64 pg/ml (13).

Comparing between PAH phenotypes in a study of 98
prevalent PAH patients (SSc-PAH n = 55; IPAH n = 38;
Anorexigen n = 5), Mathai et al. found that NT-proBNP levels
were significantly higher in the SSc-PAH group vs. IPAH group
(1846 pg/ml vs. 808.5 pg/ml respectively, p < 0.01), and this was
despite a significantly higher mPAP in the patients with IPAH (41
mmHg vs. 48 mmHg, SSc vs. IPAH respectively, p < 0.01). The
authors also noted stronger correlations between NT-proBNP
concentrations and hemodynamic measures of PAH for patients
with SSc-PAH than for those with IPAH; cardiac index (CI)
(r=—0.58, p < 0.01 vs. r = —0.46, p < 0.01 respectively); PVR
(r =054, p < 0.01 vs. r = 041, p < 0.01 respectively). When
serial protein measurements were analyzed in each subgroup, the
prognostic value of NT-proBNP for predicting death remained
only in the group with SSc-PAH (SSc-PAH: hazard ratio (HR)
3.07, p < 0.01; IPAH: HR 2.02, p = 0.29) (14).

The DETECT study investigated a population of SSc patients
who were enriched for the presence of PAH by the inclusion
of patients with a DLco <60% predicted (10). NT-proBNP

remain
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TABLE 1 | Summary of potential protein biomarkers in SSc-PAH.

Protein Comparison Number of Outcome Correlations in Reference
Groups Patients SSc-PAH
NT-proBNP SSc-PAH vs. SSc 109 Significantly higher in SSc-PAH vs. SSc. Sens mMPAP (r = 0.62; (12)
SSc-PAH vs. SSc 329 55.9%, Spec 95.1%. Correlated with invasive p < 0.0001) (13)
SSc-PAH vs. IPAH 98 hemodynamics PVR (r=0.81; (14)
NT-proBNP superior to BNP for detection of p < 0.0001)
PAH in SSc Cl(r = -0.58;
Significantly higher in SSc-PAH, correlated with p < 0.01)
hemodynamics and predicted survival in PVR (r = 0.54;
SSc-PAH group. p < 0.01)
Endoglin SSc-PAH vs. SSc 60 Serum levels significantly higher in SSc-PAH (15)
vs. HV than control
sFLT-1 SSc-PAH vs. SSc 77 Plasma levels significantly higher in SSc-PAH RVSP (r = 0.32; (16)
and correlate with RVSP and inversely with p =0.01)
DL¢o. Possible predictor of PH progression. DLgo (—0.29;
p =0.01)
PIGF SSc-PAH vs. SSc 77 Plasma levels significantly higher in SSc-PAH. DLgo (r= —0.031; (16)
Correlates with severity of Raynaud’s p =0.01)
phenomenon and inversely with DLgg.
VEGF-A SSC-PAH vs. SSc 53 Serum levels significantly higher in SSc-PAH sPAP (r = 0.58; (17)
vs. HV than either SSc or HV. Levels correlate with p < 0.01) DLgo
echocardiographic sPAP, dyspnoea score and (r=-0.47;p < 0.01)
DLgo.
GDF-15 SSc-PAH vs. SSc 54 Plasma levels significantly higher in SSc-PAH, RVSP (r = 0.56; (18)
correlate with echocardiographic RVSP and p < 0.001)
circulating NT-proBNP. Discriminates between
PH and non-PH.
RELM-B SSc-PAH vs. IPAH 26 Tissue concentrations significantly higher in (19)
vs. HV SSc-PAH than in IPAH or HV.
sThrombomodulin SSc-PAH vs. SSc 92 Significantly higher plasma levels in SSc-PAH (20)

vs. HV

compared to either SSc or HV.

NT-proBNR, N-terminal pro-brain type natriuretic protein; sFLT-1, soluble vascular endothelial growth factor receptor 1; PIGF, placenta growth factor; VEGF-A, vascular endothelial growth
factor A; GDF-15, growth differentiation factor-15; RELM-B3, resistin like molecule-B; sThrombomodulin, soluble thrombomodulin; SSc-PAH, systemic sclerosis related pulmonary arterial
hypertension; SSc, systemic sclerosis; IPAH, idiopathic pulmonary arterial hypertension; HV, healthy volunteer; Sens, sensitivity; PH, pulmonary hypertension; Spec, specificity; mPAR,
mean pulmonary artery pressure; PVR, pulmonary vascular resistance; Cl, cardiac index; RVSR right ventricular systolic pressure; DL co, diffusing capacity for carbon monoxide; sPAR,

systolic pulmonary artery pressure; EC, endothelial cells.

was included in a final 2-step algorithm which also included
electrocardiography and echocardiography to select patients to
proceed to RHC. Sensitivity for the detection of PAH was high
(96%) but specificity was only 48%.

Both BNP and NT-proBNP levels have been demonstrated to
be important prognostic predictors at baseline in PAH (28, 29).
Subsequently, the change in NT-proBNP level after therapy was
shown to be a powerful independent predictor of survival (30).
More recently three large studies have confirmed the importance
of changes in NT-proBNP in the risk stratification of patients
with PAH during follow-up. (12, 31, 32).

Endoglin

Transforming growth factor beta (TGF-8) signaling has been
strongly implicated in the pathogenesis of PAH, and extensively
studied, particularly with regard to bone morphogenetic protein
receptor type-2 mutations (26). TGF-88 signaling regulates several
processes including cellular proliferation and angiogenesis.
Endoglin (Eng) is a transmembrane protein expressed in
endothelial cells which acts as a TGF-f3 signaling complex
component (33).

Both TGF-8 serum concentration and Eng level are raised in
IPAH patients, with Eng localized to endothelial cells in tissue
samples (34). Germline Eng mutation have shown a protective
effect against the development of pulmonary hypertension in
heterozygous models exposed to chronic hypoxia (34).

Coral-Alvarado et al. investigated circulating Eng
concentration in 60 patients (20 SSc-PAH; 20 SSc-no PAH;
20 HV). PH was diagnosed by estimation of systolic pulmonary
artery pressure >35 mmHg, or tricuspid regurgitant jet velocity
>3 m/s. The authors report higher Eng concentrations in the
SSc-PAH group, however possibly due to small study numbers,
the difference is only statistically significant between SSc-PAH
vs. healthy volunteer (HV) groups (SSc-PAH: 6.89 ng/ml,
SSc-no PAH: 6.2ng/ml, HV: 5.42ng/ml; SSc-PAH vs. SSc-no
PAH p = 0.2447, SSc-PAH vs. HV p = 0.0006, SSc-no PAH
vs. HV p = 0.057). There was no correlation noted between
Eng concentration and echocardiographic measurements of
PH (15).

There is some evidence for altered Eng expression in PAH,
however in SSc specifically, this evidence is weak in part due
to small study sizes and study design. Given the potential role
of Eng in TGF-8 signaling, a role in the pathogenesis of PAH
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FIGURE 1 | Cellular origin and pathways for each protein described in the context of SSc-PAH. Description of the likely origin of each protein, along with the
pathophysiological process it has a role in. If a component of one of the pathways known to be relevant to pathogenesis of PAH then this is also given. SMC, vascular
smooth muscle cell; EC, vascular endothelial cell; RV, right ventricle; TGF-B, transforming growth factor beta; VEGF, vascular endothelial growth factor; NT-proBNP,
N-terminal pro-brain natriuretic peptide; GDF-15, growth differentiation factor-15; RELM-B, resistin-like molecule beta; VEGF-A, vascular endothelial growth factor A;
sFLT-1, soluble vascular endothelial growth factor receptor 1; PIGF, placenta growth factor; Eng, endoglin; sThrombomodulin, soluble thrombomodulin.

remains reasonable, however further work in this area is needed
to establish its role.

VEGF-A

Vascular Endothelial Growth Factor-A (VEGF-A) is a member
of the PDGF superfamily of growth factors. It is one of the
most potent regulators of angiogenesis, and acts on vascular
endothelial cells through stimulation of KDR (VEGF receptor 2)
and FLT-1 (VEGF receptor 1) to promote angiogenesis, increase
vascular permeability and stimulate endothelial cell migration
(35, 36).

Serum VEGF-A concentrations are known to be elevated in
patients with PAH and have been demonstrated within plexiform
lesions of remodeled vasculature (17, 37).

In a study including 53 participants (SSc-PAH n = 20,
SSc-no PAH n 20, HV n 13) Papaioannou et al.
examined the relationship of serum VEGF-A concentration to
echocardiographic markers of pulmonary hypertension. In this
study, participants were treatment naive, and any patients with
pulmonary fibrosis were excluded. Estimated sPAP >35 mmHg
was used to define patients with SSc-PAH. The authors found
significantly higher VEGF-A concentrations in all patients with
SSc as compared to HV (267 pg/ml vs. 192 pg/ml respectively,
p < 0.01), and further found that those with SSc-PAH had
higher levels than those with SSc-no PAH (352 pg/ml vs. 240
pg/ml respectively, p < 0.01). In patients with SSc, significant
correlations were found between serum VEGF-A concentration
and systolic pulmonary arterial pressure (sPAP) (r = 0.58,
p < 0.01); MRC dyspnoea score (r = 0.34, p = 0.031); and
DLco (r = —0.47, p < 0.01). In multivariate modeling of sPAP
as the dependent variable, VEGF-A concentration remained a
significant predictor when adjusted for age and gender (17).

VEGEF-A expression is known to be upregulated in both
patients PAH, and with systemic sclerosis, both conditions

characterized by pathologically excessive endothelial activation.
In patients with SSc-PAH the VEGF pathway is upregulated,
however baseline levels have not been assessed for utility as
diagnostic biomarkers.

Placenta Growth Factor (PIGF) and Soluble
Vascular Endothelial Growth Factor (VEGF)
Receptor 1 (sFLT-1)

Placenta growth factor is a member of the vascular endothelial
growth factor family of proteins which binds with high
affinity for VEGF receptor 1 (FLT-1/ VEGF-R1), but not
for VEGF receptor 2 (KDR/ VEGFR2)—regarded as the
main effector protein of VEGF signaling (38). PIGF alone
does not stimulate tyrosine kinase phosphorylation or
proliferation in human endothelial cell lines, however
the addition of PIGF potentiates the effect of VEGF-A
in stimulating proliferation of cultured endothelial cells
(38).

sFLT-1 is a variant of VEGF receptor 1 (FLT-1) which can
bind VEGF-A, VEGEF-B, and Placenta growth factor (PIGF). It
functions as a decoy receptor, downregulating free ligand and
therefore thought to control excessive endothelial activity (39).

Recognizing the need for further study into diagnostic
biomarkers for patients with SSc-PAH, McMahan et al. designed
a case-control study of 77 patients with SSc (37 with PH, 40
without PH). The groups were unbalanced for age (64.9 vs. 55.9
respectively, p < 0.01) and lung volumes (FVC% 67.5 vs. 88.1
respectively, p < 0.01). Diagnosis of PH was based on mPAP >
25 mmHg at right heart catheterization. The authors report that
both PIGF (24.8 pg/ml vs. 19.1 pg/ml, p = 0.02) and sFLT-1 (101.8
pg/ml vs. 89.7 pg/ml, p = 0.02) are significantly upregulated
in patients with PH that in those without. Both proteins were
significantly inversely correlated to DLco (PIGF: r = —0.31,
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p = 0.01 and sFLT-1: r = —0.29, p = 0.01). sFLT-1 was also
correlated to RVSP (r = 0.32, p = 0.01) (16).

This study was designed to evaluate potential biomarkers
of pulmonary hypertension in systemic sclerosis. No comment
is made about extent of pulmonary fibrosis, so it remains
conceivable that these are imbalanced given the difference in
baseline pulmonary function tests, and it is not clear why
no comparisons were given for protein concentration and
invasive right heart catheter measurements. Although protein
concentration changes are noted, no statistics have been given for
the performance of these proteins as diagnostic markers.

GDF-15

Growth Differentiation Factor-15 (GDF-15) is a member of the
TGE-f3 superfamily of cytokines playing an important role in
cell growth and differentiation. It is a stress responsive cytokine
associated with tissue damage and inflammation. Increased levels
have been reported in heart failure, atherosclerosis, endothelial
dysfunction and diabetes and have been linked to disease
progression and prognosis (40).

In treatment naive IPAH, serum GDF-15 is increased and is a
significant predictor of survival (41). In a mixed cohort of PAH
patients, tissue levels of GDF-15 are increased—localizing to the
pulmonary endothelium, and in remodeled vessels strong signals
are identified in plexiform lesions (42). In-vitro studies using
pulmonary endothelial cells and varying concentrations of GDF-
15 resulted in reduction in hypoxia induced apoptosis suggesting
a potential pathological mechanism in PAH (42).

Meadows et al. studied a cohort of 111 patients (SSc-PAH
n = 30, SSc-no PAH n 24, IPAH n 44, HV n 13)
for circulating GDF-15 concentrations. PH was defined at right
heart catheterization. Patients with PAH were already established
on PH specific therapy at the time of entry to study. Both
plasma and tissue levels of GDF-15 were elevated in SSc-PAH
(442 pg/ml), and differentiated it from SSc without PAH (108
pg/ml, p = 0.0004), IPAH (173 pg/ml, p = 0.0003) and HV (66
pg/ml, p = 0.0013). Within the SSc subgroup, GDE-15 levels
correlated with echocardiographic RVSP (r = 0.556, p < 0.001),
and with NT-proBNP concentration (r = 0.484, p < 0.001),
but not with other invasive hemodynamics. On diagnostic ROC
analysis, GDF-15 has been shown to have good discriminative
power with area under curve (AUC) 0.91 for differentiation of
SSc-PAH from SSc without PH with an optimal threshold for
GDEF-15 of 125 pg/ml demonstrating 93% sensitivity and 88%
specificity for the presence of SSc-PAH. Furthermore, patients
below this threshold were found to have significantly improved
survival (18).

Resistin-Like Molecule-B (RELM-B)

RELM-f3 is a member of a relatively newly described resistin
family. Largely studied through their effects on animal models,
these proteins have been shown to induce angiogenesis and
vascular remodeling (19).

Following the identification that hypoxia induced mitogenic
factor(HIMF) is upregulated in animal models of PH, Angelini
et al. sought to evaluate this in human tissues. In a small study
involving 26 prevalent patients (SSc-PAH n = 9, IPAH n = 11,

HV n = 6), the authors found that in human lung tissue samples,
RELM-f} (a close human homolog to HIMF) is upregulated in
patients with SSc-PAH as compared to healthy control (p < 0.01,
measured by relative intensity on western blot) and localizes
to remodeled vasculature. In comparison, although some
expression of RELM-f} was noted in remodeled vessels of patients
with IPAH, this was inconsistent, and relative quantification
showed no difference between IPAH and HV concentrations.
Additional in-vitro study showed mitogenic activity of RELM-§
on both human lung microvascular endothelial cells and human
pulmonary artery smooth muscle cells (19).

This is a relatively novel candidate protein, which appears
to show higher expression in SSc-PAH, however more work is
needed to assess its concentration in the circulating compartment
if it is to be considered further as a biomarker as lung tissue
samples are not practical for this purpose.

Soluble Thrombomodulin

(sThrombomodulin)

Thrombomodulin is a glycoprotein expressed on endothelial
cells. Its physiological function is to bind thrombin and alter its
activity, to subsequently activate protein C (15). The pathogenesis
of both systemic sclerosis and PAH involves and injury to and
activation of the vascular endothelium. Soluble thrombomodulin
is increased in conditions associated with endothelial damage
(43).

Stratton et al. studied 92 patients (SSc-PAH n = 34, SSc-no
PAH n = 38, HV n = 20) and found that sThrombomodulin
was increased plasma of patients with SSc-PAH (65.4 ng/ml)
compared to SSc without PH (43.3 ng/ml, p < 0.05), and healthy
controls (38.1ng/ml, p < 0.05). There was no difference in
circulating concentration between SSc without PH and healthy
control (20). This is in contrast to previous studies which have
shown a significant decrease in circulating sThrombomodulin
concentration in patients with PAH (IPAH and PAH due to
Eisenmenger’s’ syndrome) compared to healthy controls (26 vs.
44 ng/ml respectively, p = 0.0001) (44).

DISCUSSION

A biomarker has been defined by the NIH as “a characteristic that
is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention.” Strimbu, et al. (45)
NT-proBNP is the most widely studied circulating biomarker in
clinical use in patients with suspected or known PAH. Elevations
in NT-proBNP result from right ventricular (RV) strain as a result
of increased RV afterload. As it does not reflect the underlying
pathophysiology of the pulmonary arterial vasculopathy resulting
in increased RV afterload in PAH, NT-proBNP levels can be
elevated due to other pathophysiological processes including
increased RV afterload due to PH arising from left heart disease
and from disease processes directly affecting the myocardium.
As such, the specificity of NT-proBNP in the diagnosis of SSc-
PAH tends to be rather low resulting in a significant number
of RHCs being performed in patients who do not in the end
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have PAH (10). Furthermore, given the dismal prognosis in SSc-
PAH, identifying patients early in their disease process before the
development of RV strain is desirable (46, 47). The identification
of a biomarker or panel of biomarkers which more reflect the
underlying pulmonary vasculopathy in SSc-PAH prior to the
development of RV strain is therefore of interest.

The data described in the current manuscript summaries the
current evidence for various candidate circulating diagnostic
biomarkers for SSc-PAH, several of which do relate known
pathways known to be important in PAH pathogenesis, especially
the TGF-8 and VEGF pathways. Further study within well
phenotyped cohorts of patients to compare the performance of
these candidate circulating biomarkers against NT-proBNP and
the DETECT protocol are clearly warranted.
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Pulmonary Artery Size in Interstitial
Lung Disease and Pulmonary
Hypertension: Association with
Interstitial Lung Disease Severity and
Diagnostic Utility

Matthew Chin, Christopher Johns ', Benjamin J. Currie ', Nicholas Weatherley’,
Catherine Hill?, Charlie Elliot?, Smitha Rajaram?2, Jim M. Wild', Robin Condliffe?,
Stephen Bianchi?, David G. Kiely? and Andrew J. Swift :3*

" Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield, Royal Hallamshire Hospital,
Sheffield, United Kingdom, 2 Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield, United Kingdom, ° Institute for in
silico Medicine, Sheffield, United Kingdom

Purpose: It is postulated that ILD causes PA dilatation independent of the presence of
pulmonary hypertension (PH), so the use of PA size to screen for PH is not recommended.
The aims of this study were to investigate the association of PA size with the presence and
severity of ILD and to assess the diagnostic accuracy of PA size for detecting PH.

Methods: Incident patients referred to a tertiary PH centre underwent baseline thoracic CT,
MRI and right heart catheterisation (RHC). Puimonary artery diameter was measured on CT
pulmonary angiography and pulmonary arterial areas on MRI. A thoracic radiologist scored
the severity of ILD on CT from 0 to 4, 0 = absent, 1 = 1-25%, 2 = 26-50%, 3 = 51-75%,
and 4 = 76-100% extent of involvement. Receiver operating characteristic analysis and linear
regression were employed to assess diagnostic accuracy and independent associations of
PA size.

Results: 110 had suspected PH due to ILD (age 65 years (SD 13), M:F 37:73) and 379
had suspected PH without ILD (age 64 years (SD 13), M:F 161:218). CT derived main PA
diameter was accurate for detection of PH in patients both with and without ILD - AUC
0.873, p =< 0.001, and AUC 0.835, p =< 0.001, respectively, as was MRI diastolic PA area,
AUC 0.897, p =< 0.001, and AUC 0.857, p =< 0.001, respectively Significant correlations
were identified between mean pulmonary arterial pressure (MPAP) and PA diameter in ILD (r
=0.608, p < 0.001), and non-ILD cohort (r = 0.426, p < 0.001). PA size was independently
associated with mPAP (p < 0.001) and BSA (p = 0.001), but not with forced vital capacity %
predicted (p = 0.597), Transfer factor of the lungs for carbon monoxide (T, ~n) % predicted
(p =0.321) or the presence of ILD on CT (p = 0.905). The severity of ILD was not associated
with pulmonary artery dilatation (r = 0.071, p = 0.459).

Conclusions: Pulmonary arterial pressure elevation leads to pulmonary arterial dilation, which
is not independently influenced by the presence or severity of ILD measured by FVC, T, o,

Abbreviations: AA, Ascending Aorta; ILD, Interstitial Lung Disease; mPAP, mean Pulmonary Artery Pressure; NSIP, Non-
specific Interstitial Pneumonia; PA, Pulmonary Artery; UIP, Usual Interstitial Pneumonia.
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Pulmonary Artery Interstitial Lung Disease

or disease severity on CT. Pumonary arterial diameter has diagnostic value in patients with
or without ILD and suspected PH.

Keywords: interstitial lung disease, computed tomography (CT) scanning, right heart catheterisation, pulmonary
artery diameter, pulmonary hypertension

INTRODUCTION

Pulmonary hypertension (PH) is defined on right heart
catheterisation (RHC), as a resting mean pulmonary artery
pressure (mPAP) greater than or equal to 25 mmHg (1, 2). PH
commonly complicates lung disease and chronic hypoxia, such as
interstitial lung disease (ILD). When present in lung disease, PH
is associated with a poor outcome (3).

CT is used to diagnose and phenotype suspected ILD, and is
often part of the workup of patients with unexplained breathlessness
and suspected PH (4). Dilatation of the main pulmonary artery
(PA) or major branch vessels has been identified as markers of the
presence of PH and is often the first imaging finding to suggest the
diagnosis (5-9). As CT is commonly used in the investigation of
patients with ILD, it would be useful to use the pulmonary arterial
size to screen for the presence of pulmonary hypertension. Routine
CT pulmonary angiography is performed without ECG gating.
Pulmonary arterial size changes during the cardiac cycle. MRI
is typically gated to the cardiac cycle and allows assessment of
pulmonary arterial size at both systole and diastole. Some authors
have suggested that in the presence of established lung fibrosis,
the main PA diameter is not accurate for estimation of mean
pulmonary arterial pressure as dilatation of the main PA develops
in patients with pulmonary fibrosis in the absence of PH (5, 10).

The aim of this study was to investigate the role of main
pulmonary arterial size in patients with ILD and suspected
pulmonary hypertension. Firstly, by investigating the factors
associated with main pulmonary arterial dilatation, including
markers of disease severity in interstitial lung disease. Secondly,
to compare the diagnostic accuracy of PA size in patients with
suspected pulmonary hypertension with and without ILD.

METHODS

Patients

Consecutive patients who were referred to a pulmonary
hypertension centre from 24 April 2012 to 30 March 2016 were
identified from the ASPIRE registry (3). Patients with a CT scan
within 90 days of MRI and RHC were included. In order to meet
inclusion criteria, a diagnostic quality CT pulmonary angiogram
(CTPA) with a slice thickness of less than 5 mm was required.
Patients underwent systemic evaluation as part of their routine
clinical workup, which included clinical review, multi-modality
imaging and lung function testing.

The aetiology of pulmonary hypertension was decided at a multi-
disciplinary team meeting, based upon review of radiological, RHC
and clinical information. The North Sheffield Ethics Committee
approved this study and institutional review board approval was
attained.

All patients with ILD were assessed for radiological disease pattern
on CT. The most common pathological patterns of fibrosis referred to
our PH centre are usual interstitial pneumonia (UIP) and non-specific
interstitial pneumonia (NSIP). These groups were prospectively
separated to examine for differences between these groups.

CT Acquisition

The majority of CTPA scans (76.8%) were conducted at Shefhield’s
Pulmonary Vascular Disease Unit with a further 114 cases performed
at the referring hospitals in Wales or the North of England. All
Sheftield CTPA cases were performed on a 64-slice MDCT scanner
(light-speed General Electric Medical Systems, Milwaukee, WI),
with standard acquisition parameters: 100 mA with automated dose
reduction, 120 kV; pitch 1, rotation time 0.5 s and 0.625 mm slice
thickness. A 400 x 400 mm field of view was used with an acquisition
matrix of 512 x 512. 100 ml of intravenous contrast agent (Ultravist,
Bayer, Berlin, Germany) was administered at a rate of 5 ml/sec
through a wide bore cannula, into a large central vein, typically in
the ante-cubital fossa. The scan was then timed using a bolus tracking
technique. HRCT was reconstructed using the contrast-enhanced
acquisitions with 1.25 mm collimation from the apex of the lung to
the diaphragm. In order to be included, any CTPA from an outside
Trust had to be of diagnostic quality, as decided by a radiologist and
slice thickness <5 mm. In the 23.2% (114) CTPAs performed outside
of Sheffield, CT scanner and detailed acquisition parameters were not
available for reporting.

MR Acquisition

Cardiac magnetic resonance (CMR) imaging was performed on
a 1.5T whole body scanner GE HDx (GE Healthcare, Milwaukee,
USA), using an 8-channel cardiac coil. Patients were in the supine
position with a surface coil and with retrospective ECG gating. A
retrospective cardiac gated multi-slice balanced steady state free
precession (bSSFP) sequence was performed orthogonal to the
main pulmonary artery. The bSSFP sequence parameters were:
TR 2.8 ms, TE 1.0 ms, Flip angle of 50°, FOV = 48 x 43.2, 256 x
256 matrix, 125 kHz bandwidth and slice thickness of 10 mm (11).

Pulmonary Function Testing

All patients underwent lung function testing. Percent of predicted
values for forced vital capacity (FVC), and transfer factor of the
lungs for carbon monoxide (T} ) were calculated. The gender,
age and physiology (GAP) score is a simple tool for estimating
mortality in ILD from demographic and pulmonary function
metrics and was calculated as previously described (12).

CT Image Analysis
Image analysis was carried out on picture archive and
communication system (PACS) imaging on CE stamped Barco
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bifurcation, perpendicular to direction of vessel.

FIGURE 1 | CT images of pulmonary artery diameter measurements in patients with (A) a patient without PH (mean pulmonary arterial pressure of 20 mmHg), (B)
a patient with PH with moderate elevation in pulmonary arterial pressure (MPAP 54 mmHg). Diameter measured where largest and most consistent - proximal to

diagnostic monitors. The observer was blinded to the all other
clinical and imaging data.

The main pulmonary artery was measured proximal to
bifurcation, perpendicular to the direction of the vessel at the point
where largest diameter is most consistent. The ascending aorta
diameter was also measured on the same CT slice, see Figure 1.
Right and left pulmonary artery diameters were recorded 1 cm
from the bifurcation, at their most consistent value. A thoracic
radiologist scored the severity of ILD on CT, using the Likert semi-
quantitative score, ranging from 0 to 4, 0 = absent, 1 = 1-25%, 2
=26-50%, 3 = 51-75%, and 4 = 76-100% involvement (13). The
imaging subtype of ILD was also recorded (UIP or NSIP).

MR Image Analysis

Image analysis was performed on a GE Advantage Workstation
4.4 and GE Advantage Workstation Report Card. Scans were
defined as non-diagnostic when image quality significantly
affected cardiac measurements or volumetric analysis could not
be accurately performed. From the magnitude phase imaging
images, the maximal (systolic) and minimal (diastolic) PA areas
were measured, and relative area change (RAC) was defined by
the following equation: RAC = (maximum area-minimum area)/
minimum area (14, 15).

Statistics

The differences in CT and MRI pulmonary arterial size between
the patients with and without ILD were analysed using an
independent ¢-test for continuous data and the chi-square for
categorical data. ANOVA with Bonferroni correction was used for
multiple group comparison. Pearson’s correlation coefficient was
used to assess the correlation between CT and MRI pulmonary
arterial measurements and mPAP. Pearson correlations were
conducted for cohorts of ILD, non-ILD and radiological subtypes
against CT and MRI derived metric variables. Receiver operating
characteristic (ROC) analysis was performed to determine

diagnostic accuracy of CT and MRI pulmonary arterial size
measurements with area under the ROC curve (AUC) results
presented. Multiple t-tests were used to assess intergroup
variance of PA diameter, PA to Aorta (PA:AA) ratio and PA
relative to body mass index (PA index). The relationship between
PA diameter with candidate predictors mPAP, ILD severity of
CT, FVC T}, and age, sex and body surface area (BSA) was
assessed using multivariate linear regression analysis.

Statistical analysis was performed in IBM SPSS Statistics 22
(SPSS, Chicago) and graphed in GraphPad Prism (GraphPad, San
Diego). A two-tailed p-value of <0.05 was considered statically
significant.

RESULTS

Patients

From the ASPIRE database 489 patients with suspected PH were
identified, including 198 males and 291 females. 420 patients had
pulmonary hypertension. The mean age for the whole cohort
was 65 (SD - SD 13). One hundred and ten patients had CT
features of ILD (101 patients with pulmonary hypertension and
9 patents without), of which 46 patients had UIP and 43 had
NSIP radiological subtypes. Chronic EAA (n = 1), asbestosis
(n = 1), desquamative interstitial pneumonia (n = 1), chronic
extrinsic allergic, alveolitis (n = 1), silicosis (n = 1), Langerhans
cell histiocytosis (n = 1), radiotherapy (n = 1) and post infective
interstitial disease and scarring (n = 4). 379 patients with
suspected PH had no CT evidence of ILD (319 patients with
pulmonary hypertension and 60 patients without) as shown in
Figure 2. Table 1 provides the baseline demographic data, lung
function, CT and MRI derived variables for the study cohort as
a whole and split into the ILD and not ILD cohorts. The mean
(SD) interval between CT and RHC was 17.6 days (46.1), the
interval between MRI and RHC was 0.2 days (4.2).
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Patients with suspected PH identified from the
ASPIRE registry between April 2012 and March
2016 who underwent CT and MRI (n=839)

Total excluded (n=348)

- Prevalent cases a—
- CT and right heart

catheterisation > 90 days apart
- Unenhanced CT

Incident cases of suspected PH with . PH (n=420)
diagnostic CTPA and MRI (n=489) No PH (n=69)
ILD (n=110) Non-ILD (n=379)
No PH (n=9) PH (n=101) No PH (n=60) PH (n=319)

FIGURE 2 | The Study Cohort. PH, pulmonary hypertension; CT, computed tomography scan; MRI, magnetic resonance imaging; MPA, main pulmonary artery;
CTPA, computed tomography puimonary angiogram; ILD, interstitial.

TABLE 1 | Demographic table.

Whole Cohort ILD Non-ILD p Value*
Mean (SD)N =489 Mean (SD)N =110 Mean (SD) N = 379
Demographics
Age 65 (13) 66 (11) 64 (13) 0.656
Sex M/F 198/291 37/73 161/218
PH/No PH 420/69 101/9 319/60 0.003
WHO Functional Class /A 1/59/378/42 0/9/80/18 1/50/298/24 <0.001
ILD Sub-Types UIP/NSIP/Sarcoid/Chronic EAA, 46/43/11/1/20
Other
Right Heart Catheter
mMRAP (mmHg) 10 (6) 9(6) 10 (5) 0.017
mPAP (mmHg) 41 (15) 41 (13) 42 (15) 0.856
PAWP (mmHg) 13 (5) 12 (5) 13 (5) 0.014
Cl (L/min/m2) 2.7(0.8) 2.7(0.8 2.7(0.8) 0.981
PVR (dyn.s.m-5) 529.2 (394.3) 539.7 (348.7) 526.1 (408.1) 0.267
Pulmonary function tests
Predicted FVC % 81.6 72.7 85.0 <0.001
FVC (l) 29(1.1) 2.4 (0.9 3.1(1.1) <0.001
Predicted T\ oo % 47.9 33.7 52.3 <0.001
Tico® 3.9 (2.0) 2.5(1.6) 4.3 (2.0) <0.001
CT
Main PA diameter (mm) 32 (6) 31 (4.9) 32 (5.8) 0.092
PA/AA 1(0.2) 1(0.2) 1(0.2) 0.453
PA/BSA 17.6 (3.5) 18 (3.0) 18 (3.6) 0.434
Right PA diameter (mm) 26 (5) 25 (4.4) 26 (4.7) 0.234
Left PA diameter (mm) 24 (4) 24 (3.4) 25 (4.0) 0.309
MRI
Systolic PA area (mm?) 920 (306) 887 (269) 930 (316) 0.607
Diastolic PA area (mm?) 833 (276) 807 (255) 814 (281) 0.809
PA relative area (mm?) 10.9 (9.5) 10.6 (7.2) 10.9 (9.3 0.394

WHO, World Health Organisation; mRAFR, mean Right Arterial Pressure; mPAR, mean Pulmonary Arterial Pressure; PAWR Pulmonary Artery Wedge Pressure; Cl, Cardiac Index;
PVR, Pulmonary Vascular Resistance; TLCO, Transfer Factor of the lungs for Carbon Monoxide; FVC, Forced Volume Capacity.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 32 June 2018 | Volume 5 | Article 53


https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org

Chin et al Pulmonary Artery Interstitial Lung Disease

A 801 B 50+
- L ]
g 60+ 40+ ® . o e
0 e . L]
3 ) ‘g » [ - »
E £ 304 .‘ a0 & .o
< 404 © .. . .0.. r
a 0 5 - . .
- . <
S 204 . o
= 10-
0 L] L) T T 0 L] T 1 T
Minor Mild Moderate Severe Minor Mild Moderate Severe
CT Derived ILD Severity CT Derived ILD Severity
C D
80+ 80+
(] (13
=4 . .
2 60{ P, r=-0.3942 i 604 =-0.163
3 7= * =0.0002 £
o o p=0. 2 p=0.1357
L]
S VR fo i,
a o e ® . =] * . 2
= : Ny o. ® & v e e i
S 20- * e F 204 .
=
0 T Ll L) 1 0 T Ll Ll 1
0 50 100 150 200 0 50 100 150 200
TLCO % Predicted TLCO % Predicted
E F
o0 r=-0.0834 90-
5 % . Bt 0.1533
3 60+ . 60+ L=l
2 Meee L8 w° 3 p =0.1380
@ -. . L] . [iT}
E ! ‘. Q‘ ‘ v . € ot
. ® . - .
< 40 « * “f. i 840 - oh..}:'~ e @
= » % %Y o ® we iy >e, L
' ] ™ ‘~ -v. .~. < '. v . * o L]
3] . . o L] L] L] .
o 204 *e 204
=
0 T L 1 0 L) L] 1
0 50 100 150 0 50 100 150
FVC % Predicted FVC % Predicted
FIGURE 3 | Correlations between mean PA pressure and PA diameter with pulmonary function tests and CT-derived severity score. Graphs ( A) and (B) represent
the association with ILD severity on CT in ILD cohort. Graphs (C) and (D) scatter plot showing the association of PA pressure and diameter with TLCO %predicted
and graphs (E) and (F) scatter plots showing the association of PA pressure and diameter with FVC %predicted.

Group Comparisons cohort, there was no significance between PA size diameters

Patients with PH had larger pulmonary arteries (33 mm) in different semi-quantitative radiological severity scores of
than patients without PH (27 mm) (p < 0.001) In the ILD ILD, see (Figure 3A, mPAP and ILD severity). There was no
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FIGURE 4 | Scatter distribution showing the relationship between mean PA pressure and PA diameter. Subgroups include ILD cohort (A), non-ILD (B), ILD with
UIP pattern of disease (C) and ILD with NSIP pattern of disease (D).

difference in mPAP between radiological severities of ILD scores
(Figure 3B, PA diameter and ILD severity). Furthermore there
were no significant differences in PA size or diameter between
CT derived ILD severity within the pathological subgroups, UIP
p =0.630 and NSIP p = 1.000.

Correlations

CT derived main PA diameter correlated positively with mPAP
in the ILD cohort (r = 0.608; p < 0.001), which improved when
the pulmonary artery diameter was indexed to body surface

area (r = 0.674 ; p < 0.001). MRI derived systolic and diastolic
pulmonary artery area also correlated significantly with mPAP
in the ILD cohort, (r = 0.423 and 0.479 respectively, p < 0.001).
In the pathological subtypes, PA diameter correlated with mPAP
for both UIP (r = 0.592; p < 0.001) and NSIP (r = 0.621; p <
0.001). Each are shown in Figure 4. In the non-ILD cohort, the
correlation between mPAP and PA diameter was weaker but
still significant, r = 0.426 (p < 0.001). Table 2 presents Pearson
correlations for ILD and non-ILD cohorts, with pathological
UIP and NSIP subtype analysis. In the ILD cohort, there was

TABLE 2 | Correlations of CT and MRI measurements with mean pulmonary arterial pressure.

Pearson Correlations to mPAP ILD V] NSIP Non ILD

R Value p Value R Value p Value R Value p Value R Value p Value
CT
PA Diameter 0.608 <0.001 0.592 <0.001 0.621 <0.001 0.426 <0.001
PA/AA Ratio 0.478 <0.001 0.515 <0.001 0.631 <0.001 0.431 <0.001
PA Index 0.498 <0.001 0.374 0.01 0.674 <0.001 0.402 <0.001
Right PA Diameter 0.466 <0.001 0.396 0.006 0.472 0.002 0.262 <0.001
Left PA Diameter 0.393 <0.001 0.406 0.005 0.656 0.029 0.332 <0.001
MRI
Systolic PA area 0.423 <0.001 0.461 0.001 0.510 <0.001 0.353 <0.001
Diastolic PA area 0.479 <0.001 0.563 <0.001 0.558 <0.001 0.426 <0.001
PA relative area -0.397 <0.001 -0.457 0.001 -0.387 0.010 -0.310 <0.001

change

AA , Ascending Aorta; ILD , Interstitial Lung Disease; mPAP , mean Pulmonary Artery Pressure; NSIP, Non-specific Interstitial Pneumonia; PA , Pulmonary Artery; UIP, Usual

Interstitial Pneumonia.
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TABLE 3 | Area under the receiver operating characteristic curve for CT and
MRI pulmonary arterial measurements in ILD and non-ILD cohorts.

TABLE 4 | Linear regression analysis, identifying covariates with independent
association with pulmonary arterial diameter.

CT and MRI Metrics ILD Non ILD
AUC p value AUC p value
CT
Main PA Diameter 0.873 <0.001 0.835 <0.001
PA/AA 0.799 0.003 0.794 <0.001
PA Index 0.595 0.347 0.836 <0.001
Right PA Diameter 0.7538 0.012 0.757 <0.001
Left PA Diameter 0.729 0.023 0.754 <0.001
MRI
Systolic PA area 0.887 <0.001 0.824 <0.001
Diastolic PA area 0.897 <0.001 0.857 <0.001
PA relative area change 0.388 0.266 0.365 <0.001

AA , Ascending Aorta; PA, Pulmonary Artery.

no significant correlation between PA diameter and FVC (r =
-0.113; p = 0.301) or Ty (r = —0.041; p = 0.692) respectively,
as shown in Figure 3 shows the correlations between mean PA
pressure and PA diameter for ILD (r = 0.608; p < 0.001), non-
ILD (r = 0.461; p < 0.001), UIP (r = 0.592; p < 0.001), NSIP (r
=0.595; p < 0.001).

Diagnostic Accuracy

Table 3 provides the ROC area under the curve (AUC) values
for CT and MRI metrics in both ILD and non-ILD cohorts
for the diagnosis of PH. In the ILD cohort, main PA diameter
on CT had strong diagnostic accuracy, AUC = 0.873 as did
systolic and diastolic PA area on MRI (AUC = 0.887 and AUC
= 0.897, respectively). In addition, high diagnostic accuracy of
PA diameter on CT, AUC 0.835 and PA systolic and diastolic
areas (AUC 0.824 and 0.857, respectively) on MRI were found in
the non-ILD cohort. The relative area change of the pulmonary
artery during the cardiac cycle was a weaker diagnostic marker
than pulmonary arterial size.

Model Regression SE R T Statistic  p value
Co-efficient

(Constant) 11.060 3.471 3.187 0.002

PA Mean 0.205 0.033 0.525 6.168 <0.001

BSA 6.738 1.914 0.300 3.520 0.001

BSA, Body Surface Area; PA, Pulmonary Artery.

A previous threshold of 29mm tested in the ILD cohort
resulted in 75.2% sensitivity, 88.9% specificity, 98.7% positive
predictive values and 24.0% negative predictive value. In the non-
ILD cohort, pulmonary arterial diameter was also accurate for
the diagnosis of PH, with AUC=0.835 (p<0.001). The optimal
threshold identified was 30mm, providing 76.3% sensitivity and
73.3% specificity. Figure 5 shows the ROC curves for the CTPA
measured pulmonary arterial diameter metrics (PA diameter,
PA:AA ratio and PA index) in both ILD and non-ILD cohorts.

The highest AUC values for MRI derived variables in the ILD
cohort (Table 2) were diastolic pulmonary arterial area (0.897) and
systolic pulmonary arterial area (0.887). MRI variables have shown
a similar diagnostic accuracy within this study cohort compared
to CT derived parameters of PA size.

Factors Associated with Pulmonary
Arterial Size in ILD

At multivariate linear regression analysis, mPAP and body surface
area were independent predictors of pulmonary arterial size,
[11.1 + (0.2 x mean pulmonary arterial pressure) + (6.7 x BSA)].
Age, sex, GAP score, ILD severity on CT, FVC %predicted and
T\ co %predicted were not multivariate predictors of pulmonary
artery diameter (10). Table 4 shows linear regression analysis.
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Mean pulmonary arterial diameter had an adjusted correlation
coefficient of 0.575 (p < 0.001) and BSA of 0.249 (p = 0.001).

DISCUSSION

In this retrospective study of 491 patients with suspected pulmonary
hypertension referred to a tertiary referral centre, we show that
main pulmonary arterial diameter has similar diagnostic utility in
patients with and without ILD. In our cohort, pulmonary arterial
diameter is independently associated with mean pulmonary
arterial pressure and body size. The size of the pulmonary artery
was not independently influenced by semi-quantitative radiological
severity score of ILD, FVC, T} -, or GAP score.

It has been postulated that in patients with pulmonary fibrosis
the pulmonary artery dilates in the absence of elevated pulmonary
arterial pressure, as consequence of architectural distortion of
the lung parenchyma. In contrast, in this cohort of patients,
we have found that pulmonary arterial diameter is diagnostic
of pulmonary hypertension in ILD, to a similar accuracy as
seen in patients with pulmonary hypertension who do not have
ILD (AUC 0.874 for ILD cohort and AUC 0.835 for non-ILD
cohort), irrespective of the underlying radiological ILD pattern.
UIP is typified by significant parenchymal distortion, including
honeycombing, traction bronchiectasis and volume loss (16),
therefore if PA size is driven by architectural destruction in ILD,
it should be apparent in this group. However, PA size remains
more closely associated with PH metrics than quantitative
metrics of ILD severity in patients with UIP. In addition, the
optimal pulmonary arterial diameter threshold for prediction
of elevated mean pulmonary artery pressure was relatively low
in patients with ILD at 29 mm, similar to 30 mm for patients in
the non-ILD cohort. Mean pulmonary arterial diameter in our
ILD cohort with pulmonary hypertension was 32 mm, compared
to a mean of 25 mm in patients with ILD without pulmonary
hypertension.

As expected, T} - and FVC were lower in the patients with
ILD than those without. However, the ILD and non-ILD cohorts
were well-matched in terms of PH severity, as defined by their
RHC metrics. The clinical and radiological markers of ILD
severity (T o FVCand CT semi-quantitative severity score) had
weak correlations with pulmonary arterial diameter (r = —0.148,
p=0.174/r=-0.153, p = 0.138/r =0.082, p = 0.393 respectively).
Furthermore, there is a strong correlation between PA diameter
and mean PA pressure within the ILD cohort (r = 0.608). On
multivariate linear regression, the clinical and radiological
markers of disease severity were not independent predictors of
pulmonary arterial size. In fact, the independent predictors were
body surface area and pulmonary arterial pressure.

Both CT and MRI derived pulmonary arterial size metrics were
assessed. MRI variables showed high diagnostic accuracy with both
systolic and diastolic pulmonary arterial area having diagnostic
utility in both ILD and non-ILD cohorts. MRI derived diastolic
pulmonary arterial area, was the most accurate diagnostic variable
across the whole study cohort, regardless of the presence of ILD.
Diastolic pulmonary arterial size was of systematically marginally
higher diagnostic accuracy than systolic. We postulate that this is

because of greater pulsatility of the pulmonary artery of a patient
without pulmonary hypertension, allowing the pulmonary artery to
reduce in size in diastole to a greater extent relative to a patient with
pulmonary hypertension.

PA size measured on MRI also correlated well with RHC derived
mean pulmonary arterial pressure and showed similar diagnostic
accuracy to CT derived PA diameter. This trend was similar in both
patients with and without interstitial lung disease. A limitation
of routine CT pulmonary angiography is lack of cardiac gating;
MRI with cardiac gating has provided additional proof of the
equivalent utility of PA diameter in interstitial lung disease and
non- interstitial lung disease

The pulmonary artery can dilate over time in a patient with
elevated pulmonary arterial pressure (17). Hence the absolute
instantaneous measure of pulmonary arterial pressure in a patient
with pulmonary hypertension will be dependent not only on the
pressure but also the duration of the disease, which explain the
variable correlation observed between pulmonary arterial size
and pressure in patients with suspected PH (5-7, 11, 18-20). All
patients were referred with suspected pulmonary hypertension,
however it is unknown how long the pressure has been elevated,
given the insidious onset of the disease, absolute quantification of
duration of disease is challenging.

LIMITATIONS

This study is limited by its retrospective design at a single
tertiary referral centre, although in order to reduce bias from
the retrospective analysis, the cohort is made up of consecutive
patients. As this was performed in a pulmonary hypertension
referral centre, there is a bias towards the presence of PH and as
such there are only a few patients with no PH, so these results
are only valid in the setting of a PH referral centre. It is expected,
however that the strong correlation between mPAP and PA size
in this cohort of patients would be similar in a non-selected
patient cohort. A study in a non-PH centre, in a cohort with
more even distribution of patients with and without pulmonary
hypertension would be of benefit.

Interstitial lung diseases are a heterogeneous group of diseases
with idiopathic and known-cause aetiologies. We have grouped the
largest cohorts of fibrotic ILDs here to explore if the architectural
destruction of UIP had a greater influence on PA dilatation than
NSIP, but in practice these are not clinical diagnoses. However, in
practice these are the patterns most likely to lead to fibrotic-driven
architectural distortion and so we have taken a pragmatic approach
in separating these. Further work evaluating the impact of varying
forms of ILD, such as scleroderma related and drug induced ILD on
the pulmonary vasculature, in terms of PA size and haemodynamic
changes would be of value.

CONCLUSION

Pulmonary arterial pressure elevation leads to pulmonary arterial
dilation, which is not independently influenced by the presence or
severity of ILD measured by FVC, T -, or disease severity on CT.
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Pulmonary arterial diameter has diagnostic value in patients with
or without ILD, key for the screening of suspected PH.
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Incremental Shuttle Walking Test
Distance Is Reduced in Patients With
Pulmonary Hypertension in World
Health Organisation Functional
Class |

Catherine G. Billings', Robert Lewis’, lain J. Armstrong’, Judith A. Hurdman’,

lan A. Smith', Matthew Austin’, Charlie A. Elliot?, Athanasios Charalampopoulos’,
lan Sabroe?, Allan Lawrie?, A. A. Roger Thompson?2, Robin Condliffe’ and

David G. Kiely 23
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Sheffield, United Kingdom, 2 Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield, Medical
School, Sheffield, United Kingdom, ¢ Insigneo Institute for in Silico Medicine, University of Sheffield, Sheffield, United Kingdom

Background: There is increasing interest in screening for and diagnosing pulmonary
hypertension earlier in the course of disease. However, there is limited data on
cardiopulmonary abnormalities in patients with pulmonary hypertension newly diagnosed
in World Health Organization Function Class (WHO FC) .

Methods: Data were retrieved from the ASPIRE registry (Assessing the Spectrum of
Pulmonary hypertension Identified at a REferral center) for consecutive treatment naive
patients diagnosed with pulmonary hypertension by cardiac catheterization between
2001 and 2010 who underwent incremental shuttle walk exercise testing.

Results: FEight hundred and ninety-five patients were diagnosed with Group 1-5
pulmonary hypertension. Despite the absence of symptoms, patients in WHO FC | (n = 9)
had a significant reduction in exercise capacity (Incremental shuttle walk distance percent
predicted (ISWD%pred) 65 + 13%, Z score —1.77 + 1.05), and modest pulmonary
hypertension with a median (interquartile range) pulmonary artery pressure 31(20) mmHg
and pulmonary vascular resistance 2.1(8.2) Wood Units, despite a normal diffusion of
carbon monoxide adjusted for age and sex (DLco)%pred 99 + 40%. Compared to
patients in WHO FC [, patients in WHO FC Il (n = 162) had a lower ISWD%pred 43
+ 22 and lower DLco%pred 65 4+ 21%.

Conclusion: Our results demonstrate that patients with newly diagnosed pulmonary
hypertension with no or minimal symptomatic limitation have a significant reduction of
exercise capacity.

Keywords: incremental shuttle walk test, pulmonary hypertension, WHO functional class, screening, early
diagnosis, hemodynamics, exercise testing
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Billings et al.

Iswt in Early Pulmonary Hypertension

INTRODUCTION

Despite advances in treatment, pulmonary hypertension (PH)
remains a progressive life-limiting disease (1). Studies have
suggested that earlier intervention results in better outcomes
(2, 3). However, patients are usually diagnosed when the disease
is advanced (4, 5) and consequently there is interest in developing
strategies to enable earlier diagnosis (6). To diagnose pulmonary
hypertension prior to the development of significant disease,
it is recommended that people at increased risk of developing
pulmonary hypertension such as patients with systemic sclerosis
should be screened (7). These international guidelines emphasize
the importance of echocardiography in the screening process.
In systemic sclerosis where the prevalence of pulmonary
arterial hypertension is particularly high, investigators have also
recommended the use of diffusion capacity of the lung for carbon
monoxide percent predicted (DLco%pred) which is frequently
reduced in patients with systemic sclerosis and pulmonary
arterial hypertension (8-10). More recently a cross-sectional,
international study looked at a large number of candidate
biomarkers in systemic sclerosis to construct a model to aid
decisions to proceed to cardiac catheterisation (the DETECT
study) (11).

At rest the pulmonary circulation has large microcirculatory
reserves. These are recruited during exercise, increasing the
capillary surface area available for gas exchange and maintaining
alow pulmonary artery pressure despite increased flow (12). Any
reduction in pulmonary vasculature reserves may therefore be
first detected during exercise. Although exercise testing using
the 6-min walk test was included as a candidate marker in the
DETECT study, and may have been expected to contribute to an
early diagnostic model, it had no utility in the model constructed
to diagnose pulmonary arterial hypertension. This may reflect
the inability of the 6-min walk test to identify the presence of
early pulmonary vascular disease given its ceiling effect where
in mild disease 6 min walking test distance no longer reflects
maximal oxygen aerobic capacity (13-15) or disease severity (16)
or be due to an inability of patients with systemic sclerosis to
exercise as a consequence of musculoskeletal disease. In addition,
a systematic review of studies looking at the correlation of the
New York Heart Association (NYHA) Classification and the 6-
min walk distance (6MWD) in patients with heart failure without
musculoskeletal disease (17) also found no significant difference
between asymptomatic/mildly symptomatic patients (NYHA I
and IT).

The incremental shuttle walking test (ISWT) has no ceiling
effect (18) and correlates better with peak exercise capacity
than the 6-min walking test (19). We have hypothesized that
the incremental shuttle walking test will be reduced in patients
with pulmonary hypertension in World Health Organization
functional class I (WHO FC I) when the patients have either no
or minor symptoms of breathlessness.

METHODS

Data were retrieved from the ASPIRE registry (Assessing the
Spectrum of Pulmonary hypertension Identified at a REferral

center) for consecutive, treatment naive patients diagnosed
with pulmonary hypertension between 2001 and 2010 (4). The
systematic assessment of the patients has previously described
in detail (4). Patients included in this retrospective study were
diagnosed as Group 1-5 PH and were required to have mean
pulmonary artery pressure at right heart catheterisation of at least
25 mmHg and had a baseline ISWT within 3 months of cardiac
catheterization.

Incremental Shuttle Walk Test

The ISWT was performed according to the method of Singh et al.
(20). Patients were asked to walk as far as possible around the
10 m course keeping in time to an audio signal until they were too
breathless or could no longer keep up with the speed. The initial
walking speed was 0.50 m/s and this increased incrementally
every minute to a maximum of 2.37 m/s. Breathlessness was
measured at rest and at the end of the test using the modified
Borg scale. Heart rate was measured throughout the test. ISWT
distance (ISWD) percent predicted (ISWD%pred) and z score
were calculated for each patient based on sex, age and BMI
using the equation derived by Probst et al. (21). No supplemental
oxygen was used during testing. If patients could not walk or
could not walk without oxygen the distance was recorded as 0 m.

Lung Function Tests

Lung function tests were performed in accordance to the
European Respiratory Society guidelines (22-25). Predicted
DLco (DLco%pred) and z score were calculated for each patient

Patients undergoing investigation for PH
1737 with catheter based approach

Excluded =:393
No PH = 225
PH inclusion criteria not met = 85
PH multiple diagnoses = 38
PH on exercise in CTD = 41
Lost to follow-up =4

Incident cases diagnosed with PH
1344

Excluded = 346
ISWT not <3 months of
cardiac catheterization

Treatment-naive patients with ISWT
within 3 months of cardiac catheter
998

[PH-CTD not PAH = 101 |

|Unable to calculate ISWD%pred = 2 Ii

WHO Group 1-5 with ISWD%pred data

895

FIGURE 1 | Patient flow diagram.
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TABLE 1 | Patient characteristics and hemodynamic parameters.

WHO functional class

1 n 1] v
n 9 162 592 132
Sex male/female % 44/56 46/54 38/62 37/63
Age years 51 +£13 56 + 16 61 + 16* 64+ 16
BMI kg/m2 282+ 4.7 28.0 + 6.1 27.7 £ 6.2 27.1 £ 6.6
Smoking % Never/Ex/Current 43/57/0 48/44/8 38/51/12 36/57/7
Pack years 10+ 16 12+ 19 17 £ 20 25 + 301
Oxygen therapy % None/LTOT/Other 100/0/0 89/6/5 62/32/7 26/68/6
HEMODYNAMICS
mRAP mmHg 8(8) 8(7) 9(8) 128t
mMPAP mmHg 31(20) 37(16) 45(17) 47(12)
SPAP mmHg 51(38) 58(25) 74(29) 75(24)
Wedge mmHg 16+9 183+6 12+6 11+5
CI L/min/m? 34+18 3.1+08 2.7 +0.8" 2.1+ 0.61
PVR Wood Unit 2.1(8.2) 3.6(3.9) 7.0(6.9)* 11.5(6.8)t
SmvO2 % 67 £6 67 £7 63 £+ 9* 58 + 9t
ISWT
ISWD m 450(150) 280(258)4 120(140)* 10(68)t
ISWD%pred 65(20) 42(28)A 20(21) 309) T
ISWD Z score —1.77 £1.05 —2.36 4+ 1.364 =311 £ 1.14* —3.48 £ 1.101
Starting Sa02 % 96.7 £ 2.1 93.8+4.04 91.0 + 6.3* 85.01
Lowest Sa02 % 84.2 £10.5 83.4+11.0 82.6+11.2 79.1 +£ 1.6t
Starting HR bpm 85. + 14 82 + 17 83+ 17 85+ 18
Highest HR bpm 144 + 37 125+ 30 114 + 23* 110+ 23
Resting SBP mmHg 125+ 25 1831 +£22 127 + 20* 117 £ 19t
Highest SBP mmHg 159 + 11 158 + 25 145 + 27* 128 + 24t
Borg dyspnea score
Pre-test 0.6 £0.7 0.7+1.0 1.1 4+£1.3" 1.8+ 1.4t
Post-test 3.8+1.6 42+19 43+19 4.7 £ 2.0t
LUNG FUNCTION
FEV1%pred 97 £ 14 75+ 234 74 £ 21 67 + 23t
FVC%pred 103 £ 17 87 +£23 87 +£23 81 +27
DLco mmol/min/kPa 7.6+32 5.6+ 2.24 4.3+20" 29+1.71
DLco%pred 99 + 40 72 £244 59 + 22* 41 £ 21t
DLco Z score —0.57 £ 3.43 —2.22 + 1.964 —3.45 £ 2.37* —5.69 &+ 3.10t

Presented as mean + SD for parametric data and median(interquartile range) for nonparametric data. Categorical variables were presented as %. ISWT, incremental shuttle walk test;
WHO FC, World Health Organisation functional class; BMI, body mass index; mRAR, mean right atrial pressure; mPAFR, mean pulmonary arterial pressure; sPAR, systolic pulmonary arterial
pressure; Cl, cardiac index; PVR, pulmonary vascular resistance; SmvOZ2, mixed venous oxygen saturation; ISWD, incremental shuttle walk test distance; %pred: percent predicted;
Sa02, oxygen saturation; HR, heart rate; SBF, systolic blood pressure; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; DLco, diffusion factor across the lung
for carbon monoxide; z score, standardized score; Ap < 0.05 WHO FC | vs. WHO FC II; *p < 0.05 WHO FC Il vs. WHO FC Ill; fp < 0.05 WHO FC Il vs. WHO FC IV.

using the Global Lung Function Initiative (GLI) reference
equations (26).

Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics
v19 (SPSS, Chicago, IL, USA). Data is presented as mean =+
SD for parametric data and median (interquartile range) for
nonparametric data. Categorical variables were presented as
%. To evaluate our hypothesis that the incremental shuttle
walking test will be reduced in WHO FC I, the main outcome
variable was ISWD%pred. DLco%pred was a secondary outcome

to be used in comparison to the ISWD. Pearson’s correlation
test was used to assess correlations between these parameters
and WHO FC and hemodynamic parameters. The student ¢-
test and Mann Whitney U-test and Kruskal-Wallis test were
used to compare groups. Event (death or transplantation)
free survival from date of diagnosis was estimated using
the Kaplan-Meier method with comparison between groups
performed by the log-rank test. Cox proportional hazards
regression analysis was used to assess the effect of ISWD%pred,
age, sex, BMI, mPAP and DLco on survival time. As left
to right shunt is known to result in high DLco%pred (27),
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TABLE 2 | Correlation of ISWD%pred with WHO FC, hemodynamics, dyspnea
score and DLco%pred.

N r 95% CI P
WHO FC 895 —0.576 —0.598 —0.553 < 0.001
mRAP 778 —0.238 —0.301 —-0.175 < 0.001
sPAP 762 —0.145 -0.214 —0.075 < 0.001
mPAP 7 —0.171 —0.239 —0.103 < 0.001
PVR 755 —0.263 —0.327 —0.195 < 0.001
Cl 754 0.271 0.139 0.336 < 0.001
SmvO2 762 0.284 0.217 0.348 < 0.001
Wedge 724 0.014 —0.059 0.087 0.697
Borg Pre 631 —0.366 —0.432 —-0.297 < 0.001
Borg Post 617 0.032 0.111 —0.047 0.433
DLco%pred 815 0.371 0.311 0.413 < 0.001

ISWD%pred, Incremental Shuttle Walk Test distance percent predicted; WHO FC, World
Health Organization functional class;, mRAPR, mean right atrial pressure; sPAR, systolic
pulmonary arterial pressure; mPAR, mean pulmonary arterial pressure; PVR, pulmonary
vascular resistance; Cl, cardiac index; SmvO2, mixed venous oxygen saturation; ISWD,
Incremental Shuttle Walk Test distance; %pred, percent predicted; DLco%pred, diffusion
factor across the lung for carbon monoxide percent predicted.

separate analyses were also performed omitting patients with
congenital heart disease. Post-hoc analyses were also performed
on the group of patients in WHO FC I and II with
pulmonary hypertension related to systemic sclerosis who had
undergone screening for PH. A p-value of <0.05 was deemed
statistically significant. Ethical approval was granted by the
North Sheffield Research Ethics Committee (Reference No.
06/Q2308/8).

RESULTS

During the duration of the study 895 patients were diagnosed
with pulmonary hypertension and met the entry criteria
(Figure 1). At diagnosis 9 patients (1%) were in WHO functional
class 1, and 162 (18%), 592 (66%), and 132 (15%) in WHO
Functional Class II, III, and IV, respectively. Of those in WHO
FC I, 3 had systemic sclerosis (one of whom had a PAWP
> 15 mmHg), 3 had congenital heart disease with left to
right shunts, 1 left heart disease, 1 chronic thromboembolic
pulmonary hypertension and 1 hereditary pulmonary arterial
hypertension.

Demographics and Pulmonary

Hemodynamics

Patients’ characteristics are shown in Table1. Patients in
WHO FC I were not significantly different to patients in
the other WHO FC’s with respect to age, sex distribution
or smoking history. No patients in WHO FC I were on
oxygen therapy compared with 6% in WHO FC II. Patients
in WHO FC I had modest pulmonary hypertension: mPAP
median(Interquartile  range) 31(20) mmHg, preserved
cardiac index (CI): mean = standard deviation 3.4 =+
1.8 I/min/m? with no significant difference compared to
WHO FCIIL

Incremental Shuttle Walking Test and Lung

Function Testing

Incremental shuttle walking distances (absolute, %pred and
standardized (z) score) were all significantly higher in WHO FC1
compared to WHO FC II. In addition, resting oxygen saturation
pre-test was significantly higher in WHO FC I compared to
WHO FC II. There was no significant difference in Borg dyspnea
score between these 2 groups either pre- or post-ISWT and no
significant difference in highest heart rate or highest systolic
blood pressure measured. ISWD%pred correlated significantly
(p all <0.05) with WHO FC, mRAP, mPAP, sPAP, CI, PVR, and
SmVO; (Table 2).

There were also significant differences in lung function
between WHO FC I and II. DLco, DLco%pred, DLco z score
and FVC were all significantly higher in WHO FC I. DLco%pred
correlated with WHO FC, CI, PVR, and SmVO, but not mRAP,
mPAP, or sPAP. There was a stronger correlation of WHO FC
with ISWD%pred compared with correlation to DLco%pred,
—0.576 and —0.382, respectively.

Although there were significant correlations between WHO
FC and ISWD%pred and DLco%pred, there was heterogeneity
in ISWD%pred and particularly DLco%pred within each WHO
FC (Figure 2). Figures 3A,B show the median and interquartile
range of results for ISWD%pred and DLco%pred, respectively,
for all patients by WHO FC. A large interquartile range was noted
for DLco%pred in WHO FC 1. When patients with congenital
heart disease were omitted from analysis (Figures 3C,D) the
interquartile range of DLco%pred in WHO FC I was reduced.
However, although ISWD%pred still discriminated between
patients in WHO FC I and II (63 =+ 15 vs. 45 & 23 p = 0.02),
DLco%pred (74 £ 14 vs. 69 £+ 17) and FVC%pred (96 £ 12
vs. 89 £ 23) were no longer significantly different (p > 0.05).
Similar patterns of heterogeneity was seen in the frequency of
standardized scores.

To assess the suitability of the ISWT as a screening tool, cut-
off points using %pred and z-score were investigated. Figure 4
shows the percentage of patients with an ISWD%pred of <80%.
A greater percentage of patients were identified using a cut-
off of <80 ISWD%pred than by using the DLco%pred <80
cut-off. Figure 2 shows that for any given %pred cut-off point,
ISWD%pred will positively identify more of the PH patients than
DLco%pred. Using z scores, ISWD is again a better discriminator
than DLco (Figure 5). In WHO FC 1 44% of patients had an
ISWD below the 5th percentile and 78% were below the 10th
percentile. Overall 73% of patients in WHO FC I and II are below
the 5th percentile for ISWD compared to only 58% below the 5th
percentile for DLco. Eighty four percent vs. 66% respectively were
below the 10th percentile.

Survival Analysis

Kaplan-Meier survival analysis demonstrated that WHO FC was
a significant predictor of outcome with decreasing survival with
increasing WHO FC (p < 0.0001) (Figure 6). Multivariate Cox
survival analysis including the parameters ISWD%pred, age, sex,
BMI, mPAP and DLco showed that ISWD%pred remained a
significant predictor (p < 0.001) (Table 3).
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FIGURE 2 | Histogram of Incremental shuttle walk distance percent predicted (ISWD%pred) and Diffusing capacity across the lung for carbon monoxide percent
predicted (DLco%pred) frequencies by World Health Organization functional class.

DISCUSSION

To our knowledge we have shown for the first time that patients
with pulmonary hypertension in WHO FC I have a significant
reduction in exercise capacity compared to predicted values. We

have also demonstrated that exercise capacity is more sensitive
than measurements of gas transfer made at rest in identifying
patients with pulmonary hypertension in WHO FC I and WHO
FCII. A single cut-off point is often suggested for screening as it
is easy to remember and apply. We evaluated the use of a cut-off
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point of 80%pred looking for early changes and found that 89%
of patients in WHO FCI were below this cut-off point. Whilst
traditionally the normal range for a lung function parameters
was considered as being between 80 and 120%pred it is known
now that this could lead to misdiagnosis (28). We therefore also
examined percentile scores as cut-off points and again found that
the ISWT was a sensitive test with 73% of patients in WHO FC I
and II below the 5th percentile for ISWD.

In addition to confirming the findings of previous studies
(4, 29, 30) that WHO FC has a significant impact on survival,
we have also demonstrated that in the absence of symptoms of
breathlessness or in the presence of mild symptoms (i.e. patients
in WHO EC 1/1I) patients have a modest elevation of pulmonary
artery pressure at initial diagnosis. In contrast patients with
more severe symptoms of breathlessness (WHO FC III and
IV) had significantly higher mean pulmonary artery pressure
elevation. Therefore strategies to diagnose patients earlier when
they have less symptomatic limitation is likely to identify patient
with less severe pulmonary haemodynamic disease. Patients in
WHO FC I included 3 patients with systemic sclerosis who had
been identified from screening regimens and these patients had
only mild elevation of mean pulmonary artery pressure, median
27 mmHg. Patients not undergoing regular screening, may also
have been referred on the basis of echocardiograms performed

for the assessment of incidental murmurs or on the basis of
morphological changes consistent with pulmonary hypertension
seen on cross sectional imaging.

It could be possible that there is some misclassification of
the patients as classification into WHO FC is limited by patient
and physician subjectivity and agreement between observers is
often poor (31). There are however significant differences in
ISWD%pred and DLco%predicted between FC I and II and
there is a trend for increased survival. Breathlessness post ISWT
is no greater in WHO FC I suggesting that the increased
distance walked is not due to increased effort. This study,
therefore, does emphasize that if we are to rely on self-reported
symptoms of breathlessness to diagnose pulmonary hypertension
then patients will have established hemodynamic changes of
pulmonary hypertension at the time of diagnosis.

Current ESC/ERS guidelines recommend the use of Doppler
echocardiography for screening for pulmonary hypertension in
at risk patients. Like all screening tools echocardiography has
limitations. In 10-20% of patients it is not possible to obtain
interpretable results and the precision of echocardiography
estimation of systolic pulmonary artery pressure can be poor (32).
To overcome these difficulties other data, using lung function
tests and utilizing gas transfer (which is reduced as a consequence
of vascular involvement), have been used inscreening algorithms.
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Most work has been done in systemic sclerosis using DLco%pred.
Hanchulla et al. (9) in a French multi-center trial found that a low
DLco of <60% predicted was associated with a higher probability
of PAH with only 30% of the newly diagnosed patients having
a DLco > 60%pred. A UK study among 243 systemic sclerosis-
associated PH patients found that <10% had a DLco >60%pred
(10). Guidelines now suggest using a cut-off of DLco%pred
<60% as part of the screening algorithm indicative of possible
pulmonary hypertension in systemic sclerosis (33). This strategy
has been shown to successfully enrich this population of
patients undergoing right heart catheter to investigate possible
pulmonary hypertension (11). However, whilst this algorithm
has been used with some success in systemic sclerosis it is not
applicable in patients with pulmonary hypertension associated
with other aetiologies (34). Our study highlights the large range
of DLco%pred found in WHO FC I, even when omitting patients
with congenital heart disease. In contrast ISWD%pred correlated
well with WHO FC with <10% of patients in WHO FC I and II
having an ISWD >80%pred.

A number of studies have looked at the use of exercise testing
including cardiopulmonary exercise testing, exercise Doppler
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FIGURE 5 | Percentage of all patients with Incremental shuttle walk distance
percent predicted (ISWD%pred) Il and Diffusing capacity across the lung for
carbon monoxide percent predicted (DLco%pred) less than (A) the 5th
percentile and (B) the 10th percentile World Health Organization Functional
Class (WHO FC).

echocardiography or diffusion capacity during exercise (35-39)
to try to detect loss of compliance in the cardiopulmonary
circulation earlier than parameters measured at rest but the tests
used are complex. The advantage of the ISWT for screening
is that it is a very simple test to perform and has been
shown to reflect disease severity without a ceiling effect (8).
Data from this study suggest it might be suited to detecting
early disease. Pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension, for which specific
therapies exist, are rare and therefore early identification relies
on having a high degree of awareness in patients at risk and
deploying appropriate disease specific strategies. Reducing the
time to diagnosis and institution of treatment for patients with
pulmonary hypertension requires a number of complimentary
approaches and screening for pulmonary hypertension in at
risk groups is only one approach. In addition to considering
pulmonary hypertension in high risk groups (e.g., systemic
sclerosis, portal hypertension, HIV, family history of PAH), there
needs to be an increased awareness amongst patients to seek
advice when they have exercise limitation and for physicians
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TABLE 3 | Multivariate Cox survival analysis.

HR 95% CI P
ISWD%pred 0.983 0975 - 0.990 <0.0001
Age 1.017 1.007 - 1.026 <0.0001
BMI 0.980 0.961 - 0.999 0.044

mPAP 1.022 1.011-1.082 <0.0001
DLco%pred 0.974 0.967 - 0.980 <0.0001

ISWD%pred, Incremental shuttle walk test percent predicted; BMI, body mass index;
mPAR, mean pulmonary arterial pressure; DLco%pred, diffusion factor across the lung
for carbon monoxide percent predicted; HR, hazard ratio; Cl, confidence interval.

to more systematically assess the breathless patient. Our results
suggest that exercise limitation (identified using a maximal
exercise test) is an almost universal finding in patients with
pulmonary hypertension even in patients who are asymptomatic.
Further study is required to assess whether the incremental
shuttle walking test could be used as a first line investigation or
as part of a battery of tests to screen at risk patients, proceeding
to more complex testing if abnormal.

LIMITATIONS

This was a retrospective, single center study. Within the studied
population only 1% of patients were diagnosed in WHO FC
I and 18% in WHO FC II. These percentages are small (but
are very similar to those found in the Geissen Pulmonary
Hypertension Registry, which has 1.0% patients in WHO FC
I, and confirm the findings in other registries (4, 26) that the
majority of patients are diagnosed with PH in WHO FC III when

symptomatic and haemodynamic severity are advanced. Given
the small number of patients in WHO FC I, interpretation of
negative results must be viewed with caution Classification of
WHO FC may be limited by patient and physician subjectivity
and agreement between observers is often poor (31). However
in this study there appears to be a trend to increased survival
in WHO FC 1 patients and ISWD is significantly higher in
patients in WHO FC I. Although patient motivation could affect
distance walked, the ISWT is externally paced which limits
the effect of motivation and patients in WHO FC I did not
report a higher dyspnoea score post-test suggesting that the
difference in distance walked was not due to greater patient
effort.

CONCLUSION

Our results demonstrate that patients with newly diagnosed
pulmonary hypertension with no or minimal symptomatic
limitation have a significant reduction of exercise capacity.
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Pulmonary arterial hypertension (PAH) is a historically neglected and highly morbid
vascular disease that leads to right heart failure and, in some cases, death. The molecular
origins of this disease have been poorly defined, and as such, current pulmonary
vasodilator therapies do not cure or reverse this disease. Although extracellular matrix
(ECM) remodeling and pulmonary arterial stiffening have long been associated with
end-stage PAH, recent studies have reported that such vascular stiffening can occur
early in pathogenesis. Furthermore, there is emerging evidence that ECM stiffening
may represent a key first step in pathogenic reprogramming and molecular crosstalk
among endothelial, smooth muscle, and fibroblast cells in the remodeled pulmonary
vessel. Such processes represent the convergence of activation of a number of
specific mechanoactivated signaling pathways, microRNAs, and metabolic pathways in
pulmonary vasculature. In this review, we summarize the contemporary understanding of
vascular stiffening as a driver of PAH, its mechanisms, potential therapeutic targets and
clinical perspectives. Of note, early intervention targeting arterial stiffness may break the
vicious cycle of PAH progression, leading to outcome improvement which has not been
demonstrated by current vasodilator therapy.

Keywords: pulmonary arterial hypertension, arterial stiffness, endothelium, extracellular matrix, vascular
metabolism

INTRODUCTION

Pulmonary hypertension (PH) is defined as an elevation of the mean pulmonary artery pressure
above 25 mmHg at rest. It can be divided into 5 clinical groups according to the World Health
Organization (WHO) Classification of PH, last updated in 2013 (1) and scheduled to be revised later
in 2018. Briefly, Group 1 PH is pulmonary arterial hypertension (PAH), often familial or heritable,
related to connective tissue disease or toxins, with unknown underlying etiology (idiopathic PH).
Group 2 refers to PH caused by left heart disease (pulmonary vein hypertension). Group 3 includes
pulmonary hypertension resulting from lung diseases or hypoxia, such as chronic obstructive
lung disease or sleep apnea. Group 4 disease is related to chronic thromboembolic obstruction
in pulmonary arteries. Group 5 includes other less-common causes such as hematological or
metabolic disorders that do not fit into any of the other four groups. The different groups of
PH differ not only in fundamental pathogenesis but also patients’ prognosis and corresponding
treatment strategies. As a severe form of PH, PAH (WHO clinical Group 1) is a devastating
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condition characterized by progressive pulmonary vascular
remodeling and gradual obstruction of pulmonary arterioles
(at times, from pathognomonic plexiform lesions), resulting
in increased pulmonary vascular resistance and pressure. The
increase in pulmonary arterial pressure can lead to right
ventricular heart hypertrophy, failure, and premature death.

PAH has idiopathic, heritable, and comorbid etiologies,
associated with other chronic diseases. Although PAH is a highly
morbid disease, it has been historically neglected since symptoms
such as dyspnea and right heart failure often present late in
disease. The onset of PH symptoms is unfortunately associated
with a markedly impaired prognosis, and the historical survival
rate of PAH without treatment is only 34% at 5 years (2). The
current treatment options for PAH—including calcium-channel
blockers, prostanoids, endothelin receptor antagonists, and
phosphodiesterase inhibitors/soluble guanylyl cyclase agonists—
primarily target pulmonary vascular dilation, thus lowering
pulmonary arterial pressure, providing symptom relief and
prolonging of the time to clinical deterioration. These treatments,
however, are not curative and do not stop or reverse this disease.
This may stem from the fact that these medications largely do
not target to molecular origins of PAH (3), many of which still
remain poorly defined. As such, there are obvious and critical
needs, both scientifically and clinically, for advanced insights
into the mechanisms of PAH pathogenesis in order to identify
novel biomarkers for the early detection of PAH, to offer valid
prognosis estimation, and to define novel targets for specific
molecular therapeutics.

In this article, we will focus on the emerging appreciation of
pulmonary vascular and extracellular matrix (ECM) stiffening as
a distinct and early initiating cause of PAH. We will summarize
the current understanding of pulmonary vascular stiffening,
which serves not only as a consequence of PAH but also a critical
driver of disease. We will review the progress in the studies on
the mechanisms of pulmonary vascular stiffening, the potential
therapeutic targets, and relevant clinical perspectives.

PULMONARY ARTERIAL STIFFENING AND
ECM REMODELING IN PAH

Pulmonary Arterial Remodeling and
Stiffening

Pulmonary arterial stiffening is a key component in the
pathogenesis of PAH. Stiffness occurs in the proximal and
distal pulmonary arteries in multiple subtypes of PAH (4, 5),
and stiffness can serve as an index of disease progression
(6). At the histologic level, pulmonary vessel stiffening in
PAH is characterized by the activation and proliferation of
all cellular subtypes in the three layers of the pulmonary
arterial wall, including endothelial cells of the tunica intima,
vascular smooth muscle cells of the tunica media, as well
as adventitial fibroblasts. Spatially and functionally associated
with the endothelial cell layer in the intima, the fibroblasts
and myofibroblasts in the media and adventitia are activated,
resulting in the synthesis and stromal deposition of ECM
components. Within the tunica media, activated smooth muscle

cells together with myofibroblasts derived from the adventitia
can also migrate into the endothelial cell layer. As a result of
this complex interplay between cells and ECM components,
a concentric hyperplasia of the tunica intima develops (7).
Of note, there is convincing evidence to suggest the active
interaction between inflammatory cells especially macrophages
with pulmonary arterial cells which plays important roles in
the pathogenesis of PAH (8). Interestingly, the histopathological
feature of this remodeling can resemble allograft vasculopathy
as found after heart transplantation (9). The expression of some
fetal variants of certain cell adhesion modulating proteins such
as fibronectin or tenascin-C, as well as the impact of fibroblast to
myofibroblast trans-differentiation and vascular smooth muscle
cell activation have been extensively described in both settings of
allograft vasculopathy and PAH. This remodeling process in the
pulmonary vasculature results in a progressive decrease in arterial
compliance and an increase in vascular stiffening.

Clinically, pulmonary arterial stiffening can be assessed
by pulse wave velocity measurement
ultrasound or magnetic resonance imaging, based on the
pulsatile characteristics of the pulmonary arteries. Pulse wave
velocity is the speed of flow waves propagate along the lumen,
which depend on the stiffness and dimensions of the blood
vessels. Concomitant measurement of pulmonary arterial
stiffness indices could allow for more precise prediction for risk
of developing severe PAH and mortality, especially in the early
stage of the disease (10). For example, in children with congenital
heart disease, increased pulmonary arterial stiffening predicts
the progression into advanced PAH even in the patients with low
pulmonary vascular resistance, suggesting intrinsic pulmonary
arterial stiffness may serve as an independent index that may
enhance predictions of disease progression and survival (11).

Pulmonary arterial compliance (PACa), as measured
invasively or more recently via non-invasive means, is another
pulmonary arterial stiffening index (6, 12). PACa refers the
change in pulmonary arterial cross-sectional area or volume over
change in pressure. Unlike pulmonary arterial resistance, which
is calculated by the pressure difference across the pulmonary
vasculature under a certain cardiac output, PACa reflects the
pulmonary arterial stiffness more directly. PACa is increasingly
appreciated as a parameter of prognostic relevance in patients
with various subtypes and severities of PH (13, 14). In chronic
thromboembolic PH (WHO Group 4), reduced PACa is a
determinant of poor functional capacity and is a marker of poor
prognosis in the patients. Reduced PACa may even serve as the
most prominent hemodynamic feature found in early stages of
PAH. Furthermore, in PH due to left heart disease (WHO Group
2), reduced PACa has been found to offer prognostic value,
both in those with elevated and normal pulmonary vascular
resistance (15).

ECM Stiffening

At the histologic level, ECM remodeling plays a central role
in pulmonary arterial stiffening. The ECM network provides
biophysical support for various cells in the vessel wall, thus
maintaining the mechanical stability and elastic recoil of
the arteries. Biochemical and biophysical signals induced by

via non-invasive

Frontiers in Medicine | www.frontiersin.org

49

July 2018 | Volume 5 | Article 204


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Sun and Chan

Vascular Stiffness in PAH

the ECM direct vascular cellular function, differentiation,
migration and apoptosis, enable intracellular communication,
playing a decisive role in vascular development, remodeling
processes and maintenance of vascular homeostasis, as previously
reviewed (16). The pulmonary arterial ECM is highly dynamic,
consisting mostly of collagens, elastins, and laminins as
well as other components such as fibronectin, tenascin C,
and glucosaminoglycans. Dynamic balance of the ECM is
dictated by bidirectional alterations of proteolytic enzymes
such as a disintegrin and metalloproteases (ADAMs), matrix
metalloproteinases (MMPs), and their endogenous inhibitors,
tissue inhibitors of metalloproteinases (TIMPs). In PAH,
buildup of collagen, neutrophil-elastase and MMPs, along with
decrease of their modulating counterparts TIMPs causes an
imbalance of ECM turnover and subsequently a pathogenic
alteration of the structure and stiffness of the pulmonary vessel
wall. A landmark of this remodeling process, endothelial-to-
mesenchymal transition, is controlled by a complex upstream
intracellular signaling network including TGF-B, Wnt, and
Notch pathways (17). The restoration of ECM Kkinetics has
been promoted as a strategy to prevent or ameliorate vascular
remodeling processes but only recently have the molecular
control points of this balance begun to be clarified.

ECM remodeling and stiffening can be triggered by
various PAH pathogenic factors, such as vascular injury,
pro-inflammation factors, abnormal growth factor expression,
and/or hypoxia exposure. It has been shown that accumulation of
ECM is a key pathologic change notable across the vascular wall
in PH (18). Vascular-specific serine elastase activity in the ECM
has been implicated in PAH (19). In parallel with elastase activity,
MMPs exhibit an elevated activity, especially MMP-2/9, leading
to accelerated turnover of ECM and play an important role in
the initial remodeling of ECM in pulmonary vessels in both
patients and animal models of PAH (20-22). Since the function
of MMPs is tightly controlled by endogenous inhibitors TIMPs,
the loss of balance between MMPs and TIMPs has been shown
to induce ECM remodeling in patients with idiopathic PAH. As
an example, Wang et al. found that vascular collagen buildup
promotes hypoxia-induced pulmonary vascular remodeling
in both small and large arteries (23). ECM remodeling could
also delay the recovery of pulmonary hemodynamics and
subsequently worsen right ventricular function (24). In regard
of pulmonary vascular adventitial remodeling, the expression of
type I collagen in cultured fibroblasts is upregulated by hypoxia
(25). In rodent hypoxia-induced PH models, the expression of
ECM proteins, especially the collagens that contribute to arterial
stiffening, has been found to be elevated, even after hypoxic
stress has been removed. This process is thought to be mediated
by impaired degradation of type I collagen (26).

Approaches to target ECM remodeling in experimental
animal models have shown efficacy in reducing PAH. Zhang et al.
demonstrated that the extension of arterial stiffening is alleviated
by inhibiting 15-lipoxygenase (15-LO) and consequent collagen
accumulation in pulmonary arteries in hypoxia mouse models
(25). Alternatively, in monocrotaline (MCT)-induced PAH in
rats, the activation of AMP activated protein kinase (AMPK)
by the AMPK agonist metformin inhibited ECM remodeling in

pulmonary arteries, thus reducing the elevated right ventricle
systolic pressure and right ventricle hypertrophy (27). The
mechanisms underlying AMPK-induced suppression of ECM
remodeling in pulmonary arteries were coupled to decreased
MMP-2/9 activity and TIMP-1 expression. Importantly, however,
the known pleiotropy of AMPK agonism in PAH likely extends
far beyond the direct effects on pulmonary vascular stiffness (28,
29). Thus, while these results suggest the potential therapeutic
value of AMPK activation in PAH, these studies did not fully
prove the causative role of matrix stiffening per se in this disease.
Phosphodiesterase type 5 enzyme (PDE-5) inhibitors are widely
used in the clinical management of PH through the mechanism of
NO mediated vasodilatation. As mentioned above, it is generally
thought that the vasodilators present no significant effect in
stopping or reversing the progression of PAH. However, data
exist that show the PDE-5 inhibitor sildenafil restores BMP
signaling in cultured BMPR2 deficient smooth muscle cells,
and also reduces pulmonary vascular remodeling in the MCT-
induced PAH rat model (30).

ARTERIAL AND ECM STIFFENING AS
EARLY DRIVER OF PAH

Although the connection of pulmonary vascular stiffening/ECM
remodeling to PAH has been well established, until recently,
the question remained unanswered as to whether ECM
remodeling represented simply an end-stage consequence of
PAH. Contemporary studies, including work from our group,
have advanced the concept that vascular stiffening and ECM
remodeling are early and potent pathogenic triggers in PAH,
occurring at time points prior to typical hemodynamic and
histologic evidence of PAH or medial thickening (31-33). Several
major mechanisms have been identified in this process, especially
the activation of mechanosensitive metabolic pathways, the
pro-inflammatory phenotype switch of activated fibroblasts
and macrophages, and the involvement of certain groups of
mechanosensitive microRNAs.

Metabolic Mechanisms Involved in
Pulmonary Vascular Stiffening in PAH

Metabolic reprogramming in both the diseased pulmonary
vasculature and right ventricle is increasingly appreciated as a
crucial mediator of the pro-proliferative condition in PAH. Not
only hypoxia but also other PAH-inducing factors, such as genetic
mutations, congenital heart disease, scleroderma, and HIV
infection, are all related to profound metabolic dysregulation
in the pulmonary vasculature. For instance, broad metabolic
reprogramming, beyond aerobic glycolysis and independent of
hypoxia, has been identified through metabolomic screening
in pulmonary endothelial cells carrying a bone morphogenetic
protein receptor type 2 (BMPR2) mutation, a known genetic
driver of PAH (34). The utilization and metabolism of glutamine
have also been found to be increased in the course of rat right
ventricle remodeling and human PAH (35).

The shift of energy production from mitochondrial oxidative
phosphorylation to glycolysis chronically (Warburg-like effect),
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represents a central feature of the extensive reprogramming
found in pulmonary arterial endothelial cells and smooth
muscle cells in PAH, as reviewed previously (36). Furthermore,
such metabolic reprogramming has also been linked to
a pathophenotypic switch of both pulmonary vascular
macrophages and fibroblasts which then can contribute
extensively to pulmonary arterial stiffening and matrix
remodeling in PAH. In both experimental hypoxic PH in
rodents and human PAH, a model of cellular crosstalk has
emerged whereby adventitial fibroblasts can recruit, retain, and
activate naive macrophages into a hyper-proliferative, apoptosis-
resistant, and proinflammatory phenotype (37-39). To drive
this process in adventitial fibroblasts, pathogenic suppression
of mitochondrial bioenergetics was found to be accompanied
by increased mitochondrial fragmentation, resulting in less-
efficient ATP synthesis, hyperpolarized mitochondria, and
increased mitochondrial superoxide production. In contexts
both dependent and independent of hypoxia, these changes
resulted in a pro-oxidative and pro-inflammatory status in the
pulmonary vascular micro-environment (38, 40), thus driving
matrix alterations and resulting in pulmonary vascular stiffening.
Metabolic reprogramming in activated macrophages has also
been described in PAH, highly dependent on increased aerobic
glycolysis, altered TCA cycle activity, and reduced mitochondrial
respiration (Warburg-like effect). Such reprogramming has been
linked to a number of distinct and complicated mechanisms
involving a cohort of metabolic enzymes and accumulated
metabolites, as well as transcriptional regulatory factors such as
the hypoxia inducible factor (HIF)-1a and downstream signaling
molecules such as STAT3 [see reviews by (41, 42)].

Of note, the energy production from the increased glycolysis
alone is not sufficient to fulfill the metabolic demands for
the cells that are actively proliferating during the process
of vascular remodeling in PAH. The energy generated from
the classic tricarboxylic acid (TCA) cycle is necessary to
maintain the cellular reprogramming process. Additionally,
large amounts of various precursor substrates are produced
via TCA cycle activity. These substrates are critical for amino
acid, carbohydrate and lipid biosynthesis which supports
rapid cell growth and proliferation. In doing so, a large
quantity of carbon intermediates are consumed continuously
and requires replenishment. This replenishment of TCA carbon
intermediates, also termed anaplerosis, depends on two major
mechanisms. One is glutaminolysis, which deamidates glutamine
via the enzyme glutaminase 1 (GLS1). The other pathway
is the carboxylation of pyruvate to oxaloacetate, which is
mediated by ATP-dependent pyruvate carboxylase. Particularly,
GLS1-mediated glutaminolysis in the proliferating cells during
pulmonary vascular remodeling serves as a critical mechanism
to support not only the mobilization of cellular energy, carbon
and nitrogen to maintain cellular biomass but also the metabolic
switch from oxidative phosphorylation to glycolysis.

Recently, emerging evidence, including findings from
our group, has demonstrated a link between matrix
mechanotransduction (i.e., mechanisms by which cells sense
and react to external mechanical forces and convert extracellular
mechanical cues into intracellular signaling) and pulmonary

vascular metabolic reprogramming, thus triggering the initiation
and development of PAH (31, 33). We previously defined the
pulmonary vascular function of YAP (Yes Associated Protein
1) and TAZ (Transcriptional Coactivator with PDZ-Binding
Motif, or WWRT1), which serve as transcriptional coactivators
in the Hippo signaling pathway. YAP/TAZ are mechanoactivated
by stiff ECM in pulmonary vascular cell types and function
as central regulators of cellular proliferation. They do so by
activating the enzyme GLS1 which promotes glutaminolysis and
anaplerosis and downstream effects on cellular proliferation,
migration, and apoptosis among multiple vascular cell types in a
timed and stage-specific manner. As such, YAP/TAZ-dependent
control of glutaminolysis may act as a central mechanism of the
pulmonary vascular dysfunction induced by the change of the
extracellular environment in PAH (Figure 1) (33).

Besides YAP/TAZ-GLS1 activation, some additional
mechanisms may also be involved in the metabolic switch in
the setting of pulmonary arterial stiffening. The enzymes lactate
dehydrogenase A (LDHA) and the ATP-dependent pyruvate
carboxylase (PC) have both been identified as associated
checkpoints in stiffness-induced alterations of glycolysis and
anaplerosis, respectively (33). Furthermore, YAP/TAZ signaling
has been linked to AMPK activation, resulting in the induction
of aerobic glycolysis (43). These findings suggest broader control
over metabolic reprogramming in PAH by YAP/TAZ and
vascular stiffness. Future work will be important to delineate
more completely the connections of pulmonary vascular stiffness
and glutaminolysis with cellular reprogramming, crosstalk, and
also the timed evolution of cellular function and identity in
PAH. These findings may also endorse the application of novel
pharmacologic agents targeting the metabolic effects of vascular
stiffness to prevent or even reverse PAH, which will be further
discussed below.

MicroRNA-Related Mechanisms in

Pulmonary Arterial Stiffening

MicroRNAs (miRNAs) are non-coding RNAs that vary in length
between 19 and 25 nucleotides. They regulate gene expression
by affecting mRNA stability and translation into protein, and
they serve as essential mediators of multiple cellular processes
involving cell-cell and cell-matrix interactions (44). Although
many crucial roles of miRNAs in the cardiovascular system
have been well established, studies of miRNAs in PAH are
still advancing (3, 45). Until recently, the interaction between
miRNAs and pulmonary arterial stiffening/ECM remodeling had
not been well established, and the targets and downstream
mechanisms of miRNAs were largely unexplored.

Numerous miRNAs have been found to function in the
pathogenesis and progression of PAH, as previously reviewed
(46). Among them, the miR-130/301 family has been shown
to regulate the systems-wide, proliferative and vasoconstrictive
actions in pulmonary vasculature. The involvement of miRNAs
in pulmonary ECM biology, their targets and mechanisms, have
been recently studied as an early driver of PAH progression.
Specifically, mechanosensitive YAP/TAZ signaling has been
found to activate miR-130/301 to form a feedback loop, thus
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FIGURE 1 | Model of the positive feedback loop and vicious cycle triggered by
pulmonary arterial and matrix stiffening in PAH inception and development.
Pulmonary arterial stiffening and matrix remodeling activate mechanosensitive
signaling. A prominent example includes YAP/TAZ-dependent reprogramming,
which induces the key metabolic enzymes to promote glutaminolysis and
glycolysis and sustains the metabolic needs of hyperproliferative vascular cells.
In the other hand, mechanoactive YAP/TAZ signaling also induces miRNAs
that are related to tissue fibrosis and remodeling (“fioromirs”), through
interacting with multiple, and potentially synergistic, target mRNAs. These
mechanisms drive pro-proliferative vascular cell phenotypes and ECM
remodeling and in turn further enhance mechanotransduction, forming a
vicious cycle underlying the progression of PAH. ECM, extracellular matrix. The
symbol € indicates a positive feedback effect to maintain the vicious cycle.

promoting PAH via ECM remodeling and vascular stiffening
(31). The downstream mediators of the YAP/TAZ-miR-130/301
circuit relevant to ECM remodeling were found to involve
predominantly the pro-proliferative PPARy-APOE-LRP8-LOX
pathway. Overexpression or knockdown of PPARY or its direct
target ApoE, disrupted miR130/301 mediated vascular collagen
disposition and remodeling (31). Other secreted factors, such
as fibroblast growth factor 2 (FGF2), interleukin-6 (IL-6), and
endothelin 1 (EDN1), as well as miRNAs such as miR-21
and miR-27a, have further defined an overlapping molecular
hierarchy important to the remodeled ECM in PAH [as reviewed
in Negi and Chan (3)]. The early development of ECM
remodeling in PAH and the positive feedback loop connecting
the ECM to the YAP/TAZ-miR-130/301 circuit suggest the
pathogenic relevance of this axis both early and late in disease
as well as present a model of self-sustained propagation of ECM
remodeling throughout the pulmonary vascular tree as PAH
progresses.

Much future work remains in studying the roles of miRNAs
in pulmonary arterial stiffening. It is likely that an even more
complex and broad interactome is active among YAP/TAZ, a
cohort of fibrosis-related miRNAs including miR-130/301, and
their targets. For example, independent of YAP/TAZ, pulmonary
vessel stiffening has also been found to be regulated by a miRNA-
dependent process involving the Runt-related transcription

factor 2 (Runx2) to promote vascular calcification (47).
Moreover, mechanoactivation of YAP/TAZ independent of miR-
130/301 can promote increased matrix deposition and stiffening,
thus propagating vessel stiffness throughout the pulmonary
vascular tree in PAH (48). Recent studies have implicated the
control of metabolic, inflammatory, and proliferative regulatory
programs in diseased adventitial fibroblasts in PAH to miR-124
(49, 50) and transcriptional regulators, such as the C-terminal
binding protein-1 (CtBP1) (51) and the polypyrimidine tract
binding protein 1 (PTBP1)-pyruvate kinase muscle (PKM) axis
(49).

Thus, a set of mechanosensitive and ECM-related miRNAs
(“fibromirs”) may comprise an important link in the complex
regulation of ECM stiffening in PAH (Figure 1). Future work will
be required to define additional mechanisms of RNA-dependent
control of this process in PAH, specifically in regard to other
aspects of ECM remodeling beyond biogenesis, such as matrix
degradation and turnover.

NOVEL TRANSLATIONAL APPROACHES
TARGETING PULMONARY ARTERIAL
STIFFENING IN PAH

Diagnostic and Therapeutic Targets in the
ECM for PAH

Given the pathogenic importance of vascular ECM
reorganization in PAH, investment is ongoing to identify matrix
components that may serve either as biomarkers for diagnosis
and prognostic estimation in PAH or as true therapeutic targets.
The translational value of measuring fetal ECM components,
such as tenascin-C variants, as biomarkers, both in tissue
and in circulating blood, has been proposed (52, 53). Due to
the stable extracellular deposition, these matrix components
could also be considered as target molecules for specific
therapeutic modulation in PAH. For example, fibronectin
and tenascin-C have been considered as feasible molecular
targets for antibody-based delivery of diagnostic agents (e.g.,
radionuclides) or direct therapeutics (i.e., bioactive payloads
such as cytokines or small molecule inhibitors). Such agents, in
particular immunocytokines or antibody-drug conjugates, have
been successfully administered in a variety of animal models of
neoplastic and non-neoplastic chronic-inflammatory diseases
(54-56). Applications of these approaches in PAH could advance
considerably in the near future.

Therapeutic Strategy Targeting
miRNA-Dependent or Metabolic
Mechanisms of Pulmonary Arterial
Stiffening

Multiple novel therapeutic gene targets in adventitial fibroblasts
have shown promise recently in experimental rodent models of
PH, including the CtBP1 inhibitor 4-methylthio-2-oxobutyric
acid (MTOB) (51) and the PKM2 inhibitors TEPP-46 and
shikonin (49) among others. Importantly, however, similar
to targeting AMPK activity, the therapeutic effects of these
pleiotropic agents may not solely be dependent on their effects

Frontiers in Medicine | www.frontiersin.org

July 2018 | Volume 5 | Article 204


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Sun and Chan

Vascular Stiffness in PAH

on pulmonary vascular stiffness alone. On the other hand,
the description of a true mechanosensitive YAP/TAZ-GLS1
circuit regulating glutaminolysis and cellular proliferation sets
the stage for developing novel clinical management strategies
in PAH that target pulmonary arterial stiffening more directly.
As a historical example, the lysyl oxidase (Lox) inhibitor -
aminopropionitrile (BAPN) has been used to improve both
hemodynamic and histologic indices of PAH in experimental
rodent models, thus reinforcing the therapeutic feasibility of
targeting collagen cross-linking and ECM reprogramming in PH
(33, 57-59). Consistent with more recent evidence supporting
the important roles of YAP and GLS1 in the pathogenesis
of PAH, a YAP inhibitor such as verteporfin (33, 60), an
oligonucleotide inhibitor of the miR-130/301 family (61), as
well as GLS1 inhibitors such as CB-839 and C968 (33) have
all been shown to mediate robust improvement of rodent
PAH. Downstream of YAP, a liver X receptor (LXR) agonist
GW3965, which upregulates ApoE level when administered
orally to hypoxia treated mice, was shown to ameliorate ECM
remodeling and PAH through interaction with YAP/TAZ-miR-
130/301 circuit in vivo (31, 62). Importantly, verteporfin is
already approved for use intravenously in treatment of age-
related macular degeneration (63). Cyclic YAP-like peptides that
interrupt YAP-TEAD interactions in oncogenesis (64) could
also be applied to PAH. Moreover, CB-839, acting as oral
GLS1 inhibitor, is developed for cancer therapy and currently
under evaluation in an early human clinical trial (Clinical Trial
NCT02071862) (65). Notably, since LXR along with the sterol
regulatory element-binding protein (SREBP) also act together
to mediate the actions of AMPK (66), there may exist an even
greater interdependence and convergence of YAP with AMPK
than already appreciated. Therefore, a strategy of repurposing
these inhibitors for YAP, GLS1, or miR-130/301, potentially along
with a LXR agonist and/or AMPK modulator, may provide
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The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a widely
expressed cytokine that can bind five different receptors. TRAIL has been of particular
interest for its proposed ability to selectively induce apoptosis in tumour cells. However,
it has also been found to regulate a wide variety of non-canonical cellular effects
including survival, migration and proliferation via kinase signalling pathways. Lung
diseases represent a wide range of conditions affecting multiple tissues. TRAIL has
been implicated in several biological processes underlying lung diseases, including
angiogenesis, inflammation, and immune regulation. For example, TRAIL is detrimental
in pulmonary arterial hypertension—it is upregulated in patient serum and lungs, and
drives the underlying proliferative pulmonary vascular remodelling in rodent models.
However, TRAIL protects against pulmonary fibrosis in mice models—by inducing
apoptosis of neutrophils—and reduced serum TRAIL is found in patients. Conversely,
in the airways TRAIL positively regulates inflammation and immune response. In COPD
patients and asthmatic patients challenged with antigen, TRAIL and its death receptors
are upregulated in serum and airways. Furthermore, TRAIL-deleted mouse models have
reduced airway inflammation and remodelling. In the context of respiratory infections,
TRAIL assists in immune response, e.g., via T-cell toxicity in influenza infection, and
neutrophil killing in S. pneumoniae infection. In this mini-review, we examine the functions
of TRAIL and highlight the diverse roles TRAIL has in diseases affecting the lung.
Disentangling the facets of TRAIL signalling in lung diseases could help in understanding
their pathogenic processes and targeting novel treatments.

Keywords: TRAIL, TNF-related apoptosis-inducing ligand, pulmonary arterial hypertension, immune regulation,

pulmonary vascular disease, pulmonary fibrosis, respiratory tract infections, chronic obstructive pulmonary
diseases

INTRODUCTION

The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), also known as Apo2 ligand
is an apoptosis-inducing cytokine that is expressed in most cell types. As its name suggests, TRAIL
was primarily of particular interest for its ability to selectively induce apoptosis in tumour cells
in vitro and in vivo, while apparently exhibiting minimal off-target effects (1-3). TRAIL-deficient
mice are also more susceptible to tumour formation and metastasis (4), suggesting TRAIL has a
protective role in cancer suppression. Consequently TRAIL signalling has been targeted for use
in several anticancer therapies (5), however several types of cancer cells are resistant to TRAIL-
induced apoptosis. In these cells, TRAIL can activate pro-inflammatory signalling pathways (6, 7),
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proliferation (8-10) and metastasis (11). The purpose of this
mini-review is to discuss how the known function of TRAIL
has evolved beyond apoptosis to these alternative effects and
highlight the different roles TRAIL has in diseases affecting the
lung (Figure 1), where TRAIL is widely expressed (12, 13). The
better understanding of the diverse roles for TRAIL in lung
disease could lead to the development of more effective, and
novel treatments.

TRAIL MOLECULAR SIGNALLING

TRAIL, a type II transmembrane protein, is a member of the
death receptor ligand family; a subclass of the tumour necrosis
factor family (14) and is widely expressed in a variety of human
tissues, most predominantly in lung, spleen and prostate (14).
TRAIL is proteolytically-cleaved and its extracellular domain can
bind five TRAIL receptors: membrane-bound death receptors
DR4 (TRAIL-R1) and DR5 (TRAIL-R2), membrane-bound
decoy receptors DcR1 (TRAIL-R3), and DcR2 (TRAIL-R4) and
the soluble decoy osteoprotegerin (OPG) (15-21) [TRAIL is
conserved in mice—they have two decoy receptors and a single
TRAIL death receptor, mDR5, which is more similar to DR5 than
DR4 (22)].

TRAIL is composed of 281 amino acids and forms
a homotrimeric structure upon binding three receptor
molecules (23). The death receptors DR4 and DR5 are
type I transmembrane proteins containing a cytoplasmic
death domain. In the canonical TRAIL apoptosis signalling
pathway (Figure 2A), binding of death receptors by TRAIL
leads to recruitment of Fas-associated protein with death
domain (FADD), formation of a complex known as death-
inducing signalling complex (DISC), activation of caspase-8 and
subsequently downstream caspase-3 dependent apoptosis of the
cell [Figure 1; (24-26)]. Unlike the TRAIL death receptors, the
decoy receptor DcR1 has no death domain (15, 18) and DcR2
has a truncated, non-functional death domain (15, 17, 27). These
decoy receptors, and additionally binding with lower affinity, the
soluble OPG, are suggested to suppress apoptotic signalling by
competitively binding TRAIL (28, 29).

Conversely, TRAIL can also stimulate pathways promoting
cell survival, proliferation and migration via activation of
kinase signalling pathways (Figure 2B) (30). This non-canonical
signalling may depend on the formation of a secondary signalling
complex after initial DISC assembly (31), recruiting other
factors including FADD, Caspase 8, RIPK1, TNF receptor-
associated factor 2 (TRAF2) and inhibitor of NF-kB kinase
subunit gamma (IKK-y). Activation of non-canonical TRAIL
signalling pathways may also be regulated by expression of
DcR1, as antibody neutralisation of this decoy receptor can
inhibit TRAIL-induced cell proliferation (30). Downstream non-
canonical signalling by TRAIL has been shown to be effected

Abbreviations: COPD, Chronic obstructive pulmonary disease; DcR1/2, Decoy
receptor 1/2; DISC, Death-inducing signalling complex; DR4/5, Death receptor
4/5; EC, Endothelial cell; PAH, Pulmonary arterial hypertension; PF, Pulmonary
fibrosis; SMC, Smooth muscle cell; SSc, Systemic sclerosis.

by activation of kinase signalling e.g., NF-kB, p38, c-Jun N-
terminal kinase (JNK), phosphatidylinositide 3-kinases (PI3K),
Akt, and extracellular signal-regulated kinases (ERK); leading to
activation of gene transcription (32). By activating NF-«kB, TRAIL
can also modulate levels of FADD-like interleukin-1B-converting
enzyme)-inhibitory protein [c-FLIP; (33)], a negative regulator
of caspase-mediated apoptosis—a further mechanism by which a
cell may deviate from pro-apoptotic to pro-survival signalling in
response to TRAIL.

PULMONARY ARTERIAL HYPERTENSION

TRAIL has been implicated in the pathobiology of pulmonary
arterial hypertension (30, 34). This is indicated by elevated levels
of soluble TRAIL found in the serum of PAH patients, and
increased abundance of serum TRAIL, which is associated with
worsened clinical severity (35). The pulmonary vasculature is
complex, and many aberrant processes can lead to disease. PAH
is a multifactorial disorder characterised by remodelling of the
pulmonary arteries and a progressive increase in pulmonary
vascular resistance, leading to raised afterload on the right
ventricle and ultimately right heart failure (36). The most
frequent alterations are sustained pulmonary vasoconstriction
and remodelling of the pulmonary arteries and arterioles. The
arterial remodelling is characterised by medial hypertrophy,
intimal fibrosis and often the development of thrombotic or
plexiform lesions (37). Together, these processes cause the
occlusion of small pulmonary arteries. Combined with the
muscularisation and progressive obliteration of distal vessels,
the subsequent loss of cross-sectional area generates increased
right ventricular afterload. At the cellular level, the neoplastic
pathologies of PAH are thought to be driven by excessive
proliferation of apoptosis-resistant endothelial cells (ECs),
together with proliferation and migration of medial smooth
muscle cells (SMCs) and fibroblasts.

TRAIL immunoreactivity has been shown in pulmonary
vascular lesions from idiopathic PAH patients (13) and increased
TRAIL mRNA expression is detected in the lungs of rodent
models of PAH (35, 38). Furthermore, TRAIL has been
demonstrated—by knockout and by inactivation—as necessary
for the development of PAH in multiple pre-clinical models of
PAH (30). Reversal of established PAH in rodent models was
also demonstrated by administration of an anti-TRAIL antibody
(30). TRAIL knockout also had a similar protective effect in a
Sugen5416 and hypoxia mouse model of PAH (34). Increased
TRAIL, DR4 and DcR1 mRNA levels have been detected in
explanted pulmonary artery SMCs from idiopathic PAH patients,
compared to healthy control cells (30). Additionally, TRAIL
depletion or blockade in rodent models of PAH is associated with
reduced pulmonary arterial remodelling with fewer proliferating
pulmonary artery SMCs (30, 34). This evidence indicates that
TRAIL is a key promoter of the pulmonary arterial SMC
proliferation associated with the pathogenic vascular remodelling
in PAH. Recombinant TRAIL was also shown to induce
proliferation and migration of idiopathic PAH patient pulmonary
artery SMCs in vitro, via phosphorylation of ERK1/2 (30). The
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FIGURE 1 | TRAIL functions in lung disease. A brief summary of evidence for the varied roles of TRAIL in different lung diseases. 1 and | represent up- and
down-regulation, respectively. Akt, protein kinase B; COPD, chronic obstructive pulmonary disease; DR4/5, TRAIL death receptor 4/5; ERK, extracellular
signal-regulated kinase; PAH, pulmonary arterial hypertension; PF, pulmonary fibrosis; RSV, respiratory syncytial virus; SSc, systemic sclerosis; TRAIL, tumour necrosis
factor-related apoptosis-inducing ligand.

pro-proliferative effect of TRAIL was reversed by the addition  in vascular ECs in vitro, including proliferation (33, 42, 43),
of DcR1 neutralising antibody, suggesting this decoy receptor  migration (33, 43, 44) and tubule formation (43). Similarly to
is essential to non-canonical TRAIL signalling in pulmonary  non-canonical TRAIL signalling in SMCs, its angioproliferative
artery SMCs. Other studies have similarly demonstrated that effect in ECs has been linked to activation of Akt and ERK
TRAIL can stimulate proliferation and migration of vascular  pathways (42), as well as upregulation of DcR2 (45). Conversely,
SMCs via non-canonical kinase signalling cascades (39, 40).  TRAIL has also been demonstrated to have apoptotic (12, 46)
Additionally, following activation of NF-kB, TRAIL has been  and anti-angiogenic (47) effects on vascular ECs. The reason for
shown to stimulate production and release of pro-inflammatory  this disparity is unclear, although each of these studies used a
cytokines in vascular SMCs (41). relatively high concentration of recombinant TRAIL (100 ng/ml),

EC dysfunction is another key aspect of the angioproliferative ~ suggesting the pro-angiogenic signalling in endothelium may
state of pulmonary arteries in PAH. Several studies have  preferentially occur atlower TRAIL concentrations. In Cantarella
demonstrated that TRAIL can stimulate angiogenic processes et al. (33), high levels of TRAIL were shown to induce caspase
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FIGURE 2 | Molecular signalling of TRAIL. (A) Three proteolytically-cleaved tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) proteins form a
homotrimeric structure when binding death receptor 4 (DR4) or death receptor 5 (DR5) at the cell membrane. These are joined by Fas-associated death domain
(FADD) and procaspase-8 to form the so-called death-inducing signalling complex (DISC). The DISC causes activation of the caspase cascade, leading to apoptosis
of the cell. TRAIL may also bind the membrane decoy receptors (DcR1/2) or soluble osteoprotegerin (OPG), which do not contain a death domain, thus preventing
TRAIL-induced apoptosis. Apoptosis can also be suppressed by (FADD-like interleukin-1p-converting enzyme)-inhibitory protein (c-FLIP), which inhibits the function of
the DISC. (B) In the non-canonical signalling pathway, the receptor and ligand are thought to be lost, leaving FADD and caspase-8 to be joined by receptor-interacting
serine/threonine-protein kinase 1 (RIPK1), TNF receptor-associated factor 2 (TRAF2) and inhibitor of NF-kB kinase subunit gamma (IKK-y). This secondary signalling
complex initiates protein kinase signalling pathways, leading to activation of kinases including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
p38 (mitogen-activated protein kinase; MAPK), c-Jun N-terminal kinase (JNK), phosphatidylinositide 3-kinases (PI3K) and extracellular signal-regulated kinase (ERK).
The effects of these kinases include survival, proliferation and migration.

8-mediated apoptosis of ECs, whereas low levels of TRAIL were ~ PAH (50, 51). SSc is a heterogeneous autoimmune disorder,
pro-angiogenic. Interestingly, these dose-dependent opposing  characterised by tissue fibrosis and vascular injury. Pulmonary
effects of TRAIL in ECs were linked to modulation of levels  fibrosis (PF) is a condition often found in interstitial lung
of c-FLIP, a procaspase-8 homolog and negative regulator of  disease and autoimmune disorders of the connective tissue,

apoptosis (33). including SSc and rheumatoid arthritis. Elevated serum TRAIL
levels have been found in SSc patients compared to healthy
AUTOIMMUNE DISEASE controls, in addition to being elevated in SSc patients with

either PAH or PF compared to those without pulmonary

TRAIL is now known to have crucial functions in regulation  involvement (52), suggesting that TRAIL may also may play
of inflammation and immune response. These systems are a key role. In contrast, soluble TRAIL has been found at
significant in the pathogenesis of many forms of lung disease,  lower levels in the serum of patients with the idiopathic
including autoimmune disorders and respiratory infection in  form of PF than health controls (53). Within the idiopathic
addition to pulmonary vascular disease (Figure2). A role for ~ PF patient group, lung function—shown by transfer factor of
TRAIL in regulating inflammation via apoptosis was highlighted ~ the lung for carbon monoxide—was correlated with serum
in a knockout of the mouse TRAIL death receptor, as in  levels of TRAIL, suggesting it may have a protective role in
addition to tumour formation, the mice were prone to chronic  idiopathic PF (53). Furthermore, a direct link to PF pathobiology
inflammation (48). Additionally, TRAIL has been demonstrated  is illustrated in TRAIL-deficient mice, where fibrosis in the
to suppress the early inflammatory response via apoptosis of ~ bleomycin model of PF was enhanced in comparison to wild-
neutrophils (49). type mice (53). In this model, TRAIL deletion also increased
PAH is an associated complication in autoimmune disease,  pulmonary inflammation (neutrophil counts in bronchoalveolar
e.g., 7-12% of patients with systemic sclerosis (SSc) develop  lavage fluid). The inflammatory phenotype in TRAIL knockout
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mice was accompanied by a reduced number of apoptotic cells
in lung tissue, with a corresponding reduction of apoptotic
neutrophils in bronchoalveolar lavage fluid. This suggests that
TRAIL-mediated apoptosis of neutrophils is a protective process
in this form of PF.

AIRWAY INFLAMMATION

Contrary to its protective effect in idiopathic PE, TRAIL appears
to have a detrimental role in the context of both acute and
chronic airway inflammation, by upregulating inflammation
and autoimmune responses (Figure 2). TRAIL is elevated in
bronchoalveolar lavage fluid from asthmatic patients following
antigen challenge, and isolated eosinophils express more TRAIL
and DcR2, but less DR4 and DR5 (54). Deletion of the TRAIL
gene in mice diminishes airway hyper-reactivity, inflammation
and remodelling in an ovalbumin-induced model of allergic
asthma (55, 56) and a rhinovirus-induced asthma model (57).
Additionally, chronic asthmatic inflammation, remodelling and
lung function are worsened by TRAIL deletion in mice infected
as neonates with chlamydia (58).

Prolonged exposure to irritants and inflammation can lead
to chronic obstructive pulmonary disease (COPD). A role for
TRAIL in COPD has been highlighted by its elevated levels
in the lungs of COPD patients. One study found increased
TRAIL, DR4, DR5, and DcR1 protein in lung parenchyma from
COPD patients (59). Higher levels of TRAIL, DR4, and DR5
mRNA were also found in airway epithelial brushing of COPD
patients compared to healthy controls (60). Another study found
increased levels of serum TRAIL and DR5 in COPD patients
compared to healthy controls (61). Additionally, with the COPD
patient group serum levels of TRAIL and DR5 were found
to be inversely correlated with forced expiratory volume (61).
Inflammation and alveolar cell apoptosis are key processes in
many forms of COPD. A pro-apoptotic function of TRAIL
in COPD was originally suggested, as emphysematous lung
tissue is more sensitive to TRAIL-induced apoptosis than health
lung (62). However, a pro-inflammatory element may also be
important. In a chronic cigarette smoke-exposure mouse model
of COPD, TRAIL mRNA, and protein expression was increased
in the airway epithelium and parenchyma, and in mice with
TRAIL deletion, airway inflammation—as well as remodelling—
was reduced (60). The activation by TRAIL of both apoptotic and
inflammatory pathways within COPD highlights its varied roles
and how specific cell types are targeted—whether or not this is
this mediated by differential receptor expression or some other
mechanism remains unclear.

RESPIRATORY INFECTION

In lower respiratory tract infections, TRAIL has differing roles
in immune response and damage to host tissues (Figure 2).
Apoptosis of virus-infected cells is a key mechanism for clearance
of viral infection and in vitro. In the context of influenza
infection, TRAIL-induced apoptosis of human lung alveolar

epithelial cells is enhanced; an effect which is inhibited by
blocking DR5 (63). Similarly, TRAIL, DR4, and DR5 are strongly
upregulated in response to respiratory syncytial virus infection
in pulmonary epithelial cells, leading to increased sensitivity to
apoptosis (64). In animal models, TRAIL expressed by CD8+ T-
cells has been demonstrated as essential for viral immunity, with
TRAIL knockout mice exhibiting increased influenza-associated
morbidity and reduced CD8+ T-cell cytotoxicity (65-67). DR5
expression was also shown to be upregulated in influenza-
infected pulmonary epithelial cells in vivo (63, 65).

In opposition to its protective role in viral clearance, other
studies have shown that TRAIL expressed by macrophages is
instrumental in damage to airways caused by apoptosis of
alveolar epithelial cells in influenza infection (68, 69). Deletion
of TRAIL in mice led to a reduction in mortality and the alveolar
epithelial apoptosis and alveolar leakage associated with influenza
virus pneumonia (68). This highlights an interesting situation
whereby TRAIL death signalling may be used for host for viral
clearance, while also assisting in viral infection via tissue damage.
TRAIL has also been demonstrated as important in immune
response to bacterial respiratory infection. In the context of
Streptococcus pneumoniae infection, deletion of TRAIL in mice
reduces bacterial clearance in the lungs and worsens survival—an
effect that is reversed by treatment with TRAIL or DR5 agonist
antibody (70). In the same study, neutrophils were found to be
the key source of TRAIL (70).

CONCLUSIONS

As highlighted in this mini-review, TRAIL is multifaceted in a
variety of lung diseases. TRAIL also has the ability to function
as either pro-apoptotic or pro-survival depending on the cells
type, and receptor expression on local tissue to mediate either
protective or pathogenic mechanisms. The exact mechanism by
which TRAIL modulates these functions is not fully understood,
although regulation of TRAIL, and its cleavage, as well as
the expression of receptors by specific cell types is clearly
important in determining its effects. Further work is required
to fully elucidate the divergent roles of TRAIL to gain a better
understanding of the role it plays in underlying processes of
lung disease, and its potential as a therapeutic agent—or target—
depending on disease context.
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Pulmonary arterial hypertension (PAH) is a severe vasculopathy characterized by
the presence of fibrotic lesions in the arterial wall and the loss of small distal
pulmonary arteries. The vasculopathy is accompanied by perivascular inflammation and
increased protease levels, with neutrophil elastase notably implicated in aberrant vascular
remodeling. However, the source of elevated elastase levels in PAH remains unclear. A
major source of neutrophil elastase is the neutrophil, an understudied cell population in
PAH. The principal function of neutrophils is to destroy invading pathogens by means of
phagocytosis and NET formation, but proteases, chemokines, and cytokines implicated
in PAH can be released by and/or prime and activate neutrophils. This review focuses on
the contribution of inflammation to the development and progression of the disease,
highlighting studies implicating neutrophils, neutrophil elastase, and other neutrophil
proteases in PAH. The roles of cytokines, chemokines, and neutrophil elastase in the
disease are discussed and we describe new insight into the role neutrophils potentially
play in the pathogenesis of PAH.

Keywords: neutrophils, neutrophil elastase, pulmonary hypertension, pulmonary arterial hypertension, vascular
remodeling

PULMONARY ARTERIAL HYPERTENSION AND INFLAMMATION

Pulmonary arterial hypertension (PAH) is a progressive disease characterized by thickening,
and progressive occlusion of distal arteries in the lung related to vascular cell dysfunction, and
perivascular inflammation. As a consequence of elevation in pulmonary arterial pressure, the
right ventricle hypertrophies and later becomes dysfunctional leading to right heart failure (1, 2).
Perivascular inflammation has been observed in all subsets of PAH and correlates with clinical
markers of disease progression such as an increase in pulmonary vascular resistance and a
decrease in the 6-min walk test (3, 4). The consequences of perivascular inflammation include
cytokine production by vascular and inflammatory cells, and degradation of the extracellular
matrix (ECM) by proteases (5, 6). Both the increased cytokine production and the peptides
that are released as a result of ECM degradation cause activation and recruitment of circulating
immune cells (6, 7). Neutrophils are among the cells that are recruited, and these cells release
proteolytic enzymes, including neutrophil elastase (NE), that cause vascular injury (8). Although
many aspects of perivascular inflammation can cause progressive PAH, this review will focus
on neutrophils and NE. We will review evidence of neutrophil accumulation in PAH, discuss
the role of NE and other proteases in driving vascular remodeling and highlight potential
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Neutrophils, Neutrophil Elastase, and PAH

interactions between neutrophils, NE and the key genetic driver
of PAH, bone morphogenetic protein receptor type 2 (BMPR2).

NEUTROPHILS AND PAH

Neutrophils are the predominant circulating leukocyte
population and are important in modulating innate and
adaptive immunity. They are early responders and are recruited
to sites of sterile inflammation and infection by environmental
cues.

Relatively little attention has been given to the role of
neutrophils in the pathogenesis of PAH. Neutrophil and
macrophage perivascular accumulation has been observed
in murine lungs in association with hypoxic pulmonary
hypertension (PH) and in monocrotaline-induced PH in rats (9,
10). It has also been established that the neutrophil to lymphocyte
ratio is increased in PAH patients when compared to healthy
controls (11) and that increased neutrophil to lymphocyte ratio
positively correlates with New York Heart Association (NYHA)
functional class (FC) and predicts event free survival (12, 13). It
is not clear why this relative increase in circulating neutrophils
is associated with PAH progression. However, neutrophils
produce a wide range of substances that could contribute to
vascular remodeling and promote inflammation in PAH. For
example, myeloperoxidase (MPO), a catalyst for reactive oxygen
species (ROS) formation, has recently been implicated in the
pathophysiology of PAH (14). Two independent cohorts of PAH
patients had increased plasma MPO relative to healthy controls
and Mpo~/~ mice displayed reduced right ventricular pressures
following hypoxic exposure (14). Interestingly, although MPO
can reduce nitric oxide (NO) bioavailability in other vascular
beds (15), there was no evidence supporting a difference in
NO availability between wild-type and MPO-deficient mice (14).
Instead, activation of a Rho kinase pathway by MPO was found
to drive pulmonary vasoconstriction and SMC proliferation (14).

In addition to MPO and ROS, neutrophils produce proteolytic
enzymes. Activity of these enzymes is tightly controlled by
endogenous inhibitors, but excessive protease activity has
the potential to destroy tissue and cause extensive fibrotic
remodeling, leading to organ failure (16). Indeed neutrophil
proteases are implicated in airway and parenchymal lung diseases
[reviewed by Taggart et al. (17)] and are known to have roles in
systemic vascular pathology (18, 19).

Neutrophil granule proteases include members of the
serine protease family (NE, cathepsin G, proteinase 3) and
matrix metalloproteinases [neutrophil collagenase (MMP-8) and
gelatinase (MMP-9)] (20). Of these proteases, NE has been most
heavily implicated in the pathogenesis of PAH, as described
below.

SOURCES OF NEUTROPHIL ELASTASE IN
PAH

Neutrophils are the dominant cellular source of NE but it
is also produced by macrophages and smooth muscle cells
(SMC) (21-24). There is evidence of both augmented NE

release from neutrophils isolated from PAH patients (25)
and upregulation of endogenous NE in PAH patient SMCs
and in experimental animal models of PH (23, 26, 27).
Macrophages are observed in the plexiform lesions of PAH
patient lungs and activated macrophages release leukotriene
B4, which induces endothelial cell (EC) injury and results in
EC apoptosis, but could also promote neutrophil recruitment
(28). Moreover, in vitro work suggests that human alveolar
macrophages internalize NE through ingestion of apoptotic
neutrophils, and act as a vehicle for the enzyme, transporting it
to the tissues and subsequently releasing the active form (29).
However, further work is required to show conservation
of this mechanism in perivascular or interstitial lung
macrophages.

NE is dispensed by neutrophils during degranulation and
upon release of neutrophil extracellular traps (NETs). NETs
consist of decondensed chromatin decorated with NE and other
antimicrobial proteases. NE plays an important role in NET
release, evidenced by reduced NET formation in the presence of
NE inhibitors and in NE knockout mice (30). Upon stimulation,
NE is discharged from azurophilic granules and translocates
to the nucleus where it contributes to histone degradation,
facilitating chromatin decondensation (30). Depending on the
stimulus, chromatin is then expelled via vesicles (31) or suicidal
NETosis (32), reviewed by Jorch et al. (33).

NETs assist in microbial trapping and killing (32), but non-
infectious roles for NETs are emerging and NETs have been
identified in vascular pathologies such as atherosclerosis and
PAH (34, 35). Detrimental consequences attributed to NETs
include nuclear factor kappa-light-chain-enhancer of activated
B cells-dependent PA EC pathological angiogenesis, release
of the vasoactive agent endothelin-1, and promotion of SMC
proliferation (34). NETs can also directly induce EC cell death
(36) and promote thrombus formation (37). In PAH lung
tissue, markers of NET formation (DNA, myeloperoxidase, and
citrullinated histone H3) have been identified in proximity to
plexiform lesions and circulating DNA levels were elevated in
IPAH patient plasma (34), although this study did not investigate
whether IPAH patient neutrophils are more prone to releasing
NETs.

Studies prior to the identification of NETs had suggested that
binding of NE to DNA inhibited the activity of the protease
(38). However, Kolaczkowska et al. used an in vivo zymography
assay to demonstrate that NE associated with NETs remains
proteolytically active (39). This implies that NE attached to NETs
is shielded from endogenous anti-protease activity and thus high
NET levels in PAH may represent an important source of active
NE.

NEUTROPHIL ELASTASE IN THE
PATHOLOGY OF PAH

Elastolytic activity has been implicated in the pathogenesis
of PAH for over three decades, with evidence of fragmented
internal elastic laminae in the pulmonary arteries of children
with congenital heart defects (40). There is a clear temporal
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relationship between increased NE activity and vascular changes
in PAH experimental rat models (41). Furthermore, inhibition
of NE enzymatic activity not only attenuates the progression of
PAH but can also reverse the disease process in experimental
models. This was first shown in the monocrotaline model
where a progressive and fatal form of PH was reversed
by elastase inhibitors in association with normalization of
hemodynamic changes of PH and structural abnormalities that
included extensive occlusive muscularization (26). Nickel et al.
also demonstrated reversal of hemodynamic and histological
measures of PH in the Sugen/Hypoxia rat model following
treatment with recombinant human elafin (42). Increased
NE activity was demonstrated in the lungs of rats with
Sugen/Hypoxia-induced PH and this was attenuated by elafin
(42). Importantly, relevance to human disease was confirmed
through use of a human pulmonary artery explant model.
Tissue sections containing pulmonary arteries were isolated
from the explanted lungs of PAH patients and treatment with
elafin induced regression of neointimal changes and improved
measures of vessel lumen size (42).

Release of NE can stimulate adverse remodeling by degrading
virtually all the components of the ECM in addition to elastin,
and including collagen, fibronectin, and laminin (43). As a
consequence, degraded ECM releases bioactive peptides and
growth factors such as epidermal growth factor (EGF) and
fibroblast growth factor (FGF), which have both mitogenic
and motogenic effects on SMCs and fibroblasts (44-47).
Additionally, heightened NE activity leads to the activation
of matrix metalloproteinases (MMPs), which could potentiate
ECM degradation, and induction of tenascin C, a glycoprotein
associated with the upregulation of growth factor receptors and
proliferation of SMCs (48). The sub-endothelial deposition of
tenascin C and fibronectin appears to be a chemotactic factor
for PA SMCs, facilitating their migration and the formation of
neointimal lesions (48, 49). Conversely, inhibition of NE leads to
reduced tenascin C, induction of SMC apoptosis, and regression
of pulmonary artery (PA) medial hypertrophy (26).

The role of elastase in vascular remodeling was further
explored using transgenic mice that over-express the S100A4
protein (23, 27). Following infection with the murine herpes
virus, MHV-68, S100A4 mice develop histological features of
human PAH including neointima formation (27). These vascular
lesions display fragmented elastic laminae associated with
heightened lung elastase activity (27). Infusion of recombinant
human elafin, an endogenous elastase inhibitor, reduced the
number and severity of neointimal lesions in this model (23).
Furthermore, using FLAG-tagged elafin, NE was identified as the
serine elastase responsible for the elevation in elastase activity
in the S100A4 lungs (23). While this finding implies that NE is
the dominant target in this model, the relative importance of NE
above other proteases in human disease has not been confirmed
and the potential roles of other proteases will be discussed below.

The source of NE in the SI00A4 lungs was localized not
only to neutrophils but also to PA SMCs and, as indicated
above, this finding was conserved in human disease, evidenced
by cultured PA SMCs from IPAH patients expressing higher levels
of NE than cells from control donor lungs (23). Interestingly, ex

vivo perfusion of S100A4 lungs with porcine pancreatic elastase
suggested that the elastin fibers in these mice were more prone
to degradation (23). This implies that certain viral infections,
and potentially other inflammatory stimuli, may predispose
the vasculature to pathological remodeling upon exposure to
elastase.

NEUTROPHIL ELASTASE AND
PERPETUATION OF INFLAMMATION IN
PAH

In addition to the impact of NE on SMC migration and
proliferation, this enzyme contributes to PAH pathogenesis by
proteolytic modification of cytokines. For example, NE promotes
IL-1pB activity by cleaving the pro-isoform of IL-1f in human
coronary ECs, thereby increasing the secretion of the bioactive
form in extracellular vesicles (50). Notably, secretion of active
IL-1B could promote neutrophil survival, an example of positive
regulation of neutrophil activity by cytokines (51).

NE also cleaves CXCL12 (SDF-1 alpha), a chemokine involved
in the regulated release of neutrophils from the bone marrow
(52-54). CXCL12 inactivation would promote mobilization of
neutrophils into the circulation, particularly in the context
of elevated plasma IL-8 levels, as observed in PAH patients
(4, 54). On the other hand, NE can inactivate tumor-necrosis
factor (55) and IL-6 (56), suggesting that there is a balance
that must be maintained between elastase and anti-elastase
activity. The chronic perivascular inflammatory phenotype of
PAH patients characterized by elevated levels of circulating
and tissue cytokines, is consistent with persistent neutrophil
activation. Indeed, many of the cytokines elevated in PAH are
known to enhance neutrophil function and survival and may thus
perpetuate neutrophil-mediated inflammation (Table 1).

OTHER PROTEASES IMPLICATED IN
TISSUE REMODELING IN PAH

As mentioned above, other neutrophil proteases may contribute
to the vascular remodeling observed in PAH. For example,
MMP-9 expression is upregulated in human plexiform
pulmonary arterial lesions (61) and in lungs isolated from
rats with monocrotaline-induced pulmonary hypertension (62).
Furthermore, transgenic overexpression of human MMP-9
exacerbated monocrotaline-induced pulmonary hypertension in
mice (63). The role of other MMPs and MMP inhibitors in PAH
has been reviewed by Chelladuri et al. (64).

This review has focused mainly on neutrophil proteases,
but it should be noted that many other cells release proteases.
For example, upregulation of MMP-9 has been detected in
natural killer cells from patients with PAH (65) and it is also
released by monocytes and macrophages (66). Further examples
of important non-neutrophil proteases are chymase and tryptase,
the main proteases released by mast cells. Heath and Yacoub (67)
noted increased perivascular mast cell numbers in both primary
and secondary forms of pulmonary hypertension compared to
controls, an observation confirmed more recently by others (68,
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TABLE 1 | Cytokines elevated in PAH and known to alter neutrophil function.

Cytokine Release Priming Adhesion Chemotaxis ROS Survival References
CCL2 X X X X (57)

IL-1a X (58)

IL-1B X X X X X X (4, 58, 59)
IL-4 X (4)

IL-6 X X (4, 58-60)
IL-8 X X X (4)

IL-10 X )

IL-12 X (4)
Interferon- y X X (4)

TNF-a X X X X X (4, 58)

The x symbols indicate which functions are altered by each cytokine. ROS, reactive oxygen species generation; CCL2, C-C Motif Chemokine Ligand 2, also known as monocyte

chemoattractant protein 1; IL, interleukin; TNF, tumor necrosis factor.

69). Circulating tryptase levels were elevated in PAH patients
compared to controls and correlated with disease severity as
assessed by brain natriuretic peptide level (68). In this study a
small number of patients were treated with mast cell stabilizers,
but there were no changes in clinical endpoints such as 6-min
walk distance or BNP level.

A key question about protease activity in any disease
process is how the protease evades suppression by endogenous
inhibitors. NE is inhibited by several anti-proteases including
al-antitrypsin, secretory leucocyte peptidase inhibitor (SLPI)
and elafin. On the one hand it is possible that localized
release of the protease simply overcomes anti-protease activity
in the immediate microenvironment. Indeed, markers of pre-
inhibited elastase activity have been reported including the
cleaved fibrinogen product, Aa-Val*®® (70). On the other hand,
proteases may be shielded from their inhibitors by attachment
to NETS (discussed above), or via transport in exosomes.
Neutrophil-derived exosomes degrade NE substrates and induce
emphysematous changes in murine lungs following intra-
tracheal administration (71). It is also possible that proteases have
enzyme-independent functions but the beneficial consequences
of elafin treatment in animal models of PH and in lung explant
models (23, 42) would favor the hypothesis that there is an
excess of protease activity. Interestingly, however, elafin may
exert protective effects independently of protease inhibition as
described below.

NEUTROPHILS AND PAH RELATED TO
BMPR2 DEFICIENCY

The bone morphogenetic protein receptor 2 (BMPR2) signaling
pathway has become a key focus of investigation since BMPR2
gene mutations were identified as the main predisposing risk
factor in the heritable forms of PAH (HPAH) (72), with
dysfunction in the signaling pathway present in all subtypes of
PAH (73). However, although present in a high proportion of
HPAH cases—identified in 70% of familial PAH cases (74)—the
autosomal dominant BMPR2 mutation exhibits low penetrance
with 70-80% of those carrying the mutation never developing
PAH (75). This, and the lack of spontaneous PAH in most

heterozygous BMPR2 animal models, implies that a second
insult or background genetic variants are needed for predisposed
individuals to develop PAH. Inflammation has been proposed as
a second hit which promotes adverse remodeling when there is a
loss of BMPR2.

BMPR?2 is expressed by all cells in the arterial wall but by
far the highest level of expression is present in endothelial cells
(73). Reduced BMPR2 signaling is related both to excessive
vascular smooth muscle proliferation (76) and exaggerated PA
EC apoptosis (77). A study by Burton et al. (78) investigated the
role of BMPR2 in maintaining the barrier function of PA ECs and
in suppressing inflammation within the pulmonary vasculature.
Using static and flow-based in vitro systems, they were able to
demonstrate that a reduction in BMPR2 expression facilitated
neutrophil transmigration across the PA EC monolayer and
reported that a lack of BMPR2 led to overexpression of IL-8,
which in turn led to the recruitment of neutrophils. Similarly, loss
of BMPR?2 can lead to heightened expression of IL-6, an inducer
of SMC proliferation (79). Taken together, BMPR2 plays a role in
dampening inflammatory signals in the pulmonary vasculature
that could influence neutrophil recruitment and elastase activity.

Conversely, neutrophils may also impact BMPR2 function by
releasing NE and degrading BMP9, an anti-angiogenic ligand
for the BMPR2/ALK1 heterodimer present on PA ECs (80).
BMP9 has been shown to circulate in humans at biologically
active levels (81), maintaining vascular quiescence. Li et al.
showed that BMP9 is readily cleaved by NE, released by activated
neutrophils (80). Further work by this group demonstrated that
the administration of recombinant BMP9 reversed established
PH in BMPR2-deficient mice, overcoming reduced BMPR2
levels, and preventing lung vascular leakage (82). Paradoxically,
Appleby et al. demonstrated that BMP9 could have a pro-
inflammatory role and, in fact, facilitate neutrophil recruitment
to the pulmonary vasculature by activated endothelial cells
(83). However, the mouse model used in that study was acute
endotoxemia, so this may not relate directly to PAH pathogenesis.

Opverall, it appears that inflammation-driven release of NE can
suppress BMPR2 signaling. Nickel and colleagues investigated
the impact of the NE inhibitor elafin on BMPR2 signaling in PAH
(42). In the Sugen/Hypoxia rat model of PH, elafin improved
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pulmonary endothelial expression of apelin, a BMPR2 target  in contributing to vascular changes seen in PAH because they
gene. Loss of apelin expression in the pulmonary endothelium  are among the first cells to arrive at sites of inflammation.
during PAH is associated with the failure to repress the release ~ The evidence of increased circulating elastase in PAH patients
of fibroblast growth factor-2 (FGF2) (84). Nickel et al. also  and fragmented elastic lamina in PAH vessels, highlights a key
found that in human cells, elafin augmented BMPR?2 interactions  pathogenic role for proteolytic enzymes and in particular NE. NE
with caveolin-1, another downstream target of BMPR2 signaling  has a wide range of targets, but we describe evidence for how it
(42). Unfortunately, changes in BMP9 levels following elafin  could contribute to PAH pathogenesis by modulating the activity
administration were not measured. Nonetheless, the findings  of cytokines and degrading ECM releasing growth factors that
suggest that improving BMPR2 signaling in addition to the  promote remodeling. Moreover, the release of NE and NETs is
beneficial sequelae of inhibiting NE, described earlier in this likely to alter the local inflammatory environment, augmenting
review, could reverse the vascular remodeling observed in  leukocyte responses and further driving inflammation in PAH.
PAH. Interestingly, targeting NE activity may be of particular It is also evident that reduced BMPR2 receptor signaling
importance in patients with BMPR2 mutations, as histological =~ cooperatively interacts with the sequelae of inflammation
assessment of pulmonary vessels in such patients demonstrates  and neutrophil activation in contributing to adverse vascular
a reduction in elastin and fibrillin-1, the two major constituents =~ remodeling. Figure1l provides a summary of the role of
of elastic fibers (85). Furthermore, pulmonary artery elastic fibers  neutrophils, NE and NETs in PAH.

from mice with compound Bmpr2/la mutations were more While increases in NE activity coincide with changes in
susceptible to elastase-mediated degradation of elastic fibers  vascular remodeling in animal models, it remains unclear
compared to wild-type mice (85). whether intrinsic neutrophil abnormalities are necessary to

initiate aberrant remodeling in human lungs or whether
SUMMARY alterations in NET and NE release by neutrophils are a

consequence of other features of the disease. To better
Collectively the studies discussed above implicate the neutrophil ~ understand the role of neutrophils at different stages of
and neutrophil products such as MPO, proteases and NETs in ~ PAH pathogenesis, a longitudinal study to evaluate how they
the pathogenesis of PAH. Neutrophils are attractive candidates ~ become increased and activated would be important. However,

§3@ 5 IL-1beta + ©
N oxa2 ye
Tenascin-C
@ % <‘FGF
Adventitia Media Intima 9 EGF )
—r—— 7 8

Health Disease
@ Neutrophil == Smooth Muscle Cell BMP9 5;:] Apoptotic EC
(43 Macrophage Fibroblast T BMPR2 Receptor iﬁ NETS
I Endothelial Cell —= ECM QO Elastase

FIGURE 1 | Following vascular injury (1), the release of chemokines and chemotactic peptides from surrounding tissue recruits and activates neutrophils (2).
Neutrophils release elastase (3) although it can also be released from activated macrophages that engulf neutrophil elastase (4) and from smooth muscle cells.
Release of neutrophil elastase leads to cleavage of cytokines resulting in the conversion of the pro-to active form of IL-1b, promoting neutrophil survival, and
degradation of CXCL12, favoring release of neutrophils from the bone marrow (5). BMP9 is also cleaved, impacting upon BMPR2 receptor signaling (6). Degradation
of the ECM by elastase (7) releases SMC mitogenic growth factors promoting SMC proliferation (8). Neutrophil elastase is also involved in the release of NETs, which
may induce EC apoptosis (9) and therefore contribute to endothelial dysfunction.
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directly targeting neutrophils as a therapeutic strategy would
be challenging given their vital role in host defense and as
mentioned above, cells other than neutrophils can produce
damaging proteases. Of these proteases, NE provides an attractive
target as evidence from animal models suggests that NE
inhibition has the potential to inhibit aberrant remodeling
of the pulmonary vessels and indirectly dampen persistent
inflammation in PAH. These findings have encouraged initiation
of clinical trials of elastase inhibitors such as elafin for PAH
(NCT03522935). Further, the potential for NE inhibitors such as
elafin to enhance BMPR2 signaling and target pathology driven
by BMPR2 deficiency, identifies these drugs as promising novel
therapies for PAH.
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The association between pulmonary hypertension (PH) and hypoxia is well-established,
with two key mechanistic processes, hypoxic pulmonary vasoconstriction and
hypoxia-induced vascular remodeling, driving changes in pulmonary arterial pressure.
In contrast to other forms of pulmonary hypertension, the vascular changes induced by
hypoxia are reversible, both in humans returning to sea-level from high altitude and in
animal models. This raises the intriguing possibility that the molecular drivers of these
hypoxic processes could be targeted to modify pulmonary vascular remodeling in other
contexts. In this review, we outline the history of research into PH and hypoxia, before
discussing recent advances in our understanding of this relationship at the molecular
level, focussing on the role of the oxygen-sensing transcription factors, hypoxia inducible
factors (HIFs). Emerging links between HIF and vascular remodeling highlight the potential
utility in inhibiting this pathway in pulmonary hypertension and raise possible risks of
activating this pathway using HIF-stabilizing medications.

Keywords: hypoxia, pulmonary hypertension, altitude, vascular remodeling, hypoxic pulmonary vasoconstriction

(HPV)

INTRODUCTION

Pulmonary hypertension (PH) is a feature of several distinct clinical phenotypes which, by differing
means, result in increased pressure within the pulmonary vasculature. Despite some advancements
in treatment over recent years (1), most forms of PH are progressive and life-limiting. In the
current classification of PH etiology, Group III (PH due to lung diseases and/or hypoxia) is the
second commonest cause of elevated pulmonary artery pressure, behind heart disease (2). Group III
encompasses a broad range of conditions such as chronic obstructive pulmonary disease (COPD),
interstitial lung disease (ILD) and sleep apnoea (3). Alongside parenchymal changes, two key
pathological process, pulmonary vascular remodeling and vasoconstriction, contribute to PH in
this group of patients but treatment with pulmonary vasodilators has, to date, been disappointing.
New approaches to the management of these patients are thus urgently required to improve
outcomes as 3 year survival remains as low as 33% for COPD patients with mean pulmonary
artery pressures >40 mmHg (1, 2, 4). While pathologic mechanisms might vary depending on the
underlying disease or phenotype, a better understanding of the defining component of Group III
disorders, hypoxia, may help provide new targets for therapies.

A causal relationship between hypoxia and PH is well established; hypoxia is frequently used to
both precipitate PH in animal models (5) and to induce aberrant cell phenotypes in vitro (6). These
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approaches have greatly improved our understanding of the
underlying physiological mechanisms that drive the pathology.
In humans, compelling evidence of the effects of hypoxia
on pulmonary vascular tone and remodeling derives from
studies performed at altitude, where the inherent reduction in
barometric pressure results in hypobaric hypoxia. This approach
is advantageous for evaluation of the effects of hypoxia on
the pulmonary vasculature in relative isolation, without the
complicating factors of disease. In this review, we outline
the historical context of research into PH and hypoxia and
discuss emerging molecular mechanisms for this relationship.
We focus on the role of the oxygen-sensing transcription factors,
hypoxia inducible factors (HIFs), and links between HIFs and
vascular remodeling.

IMPORTANT DEFINITIONS

Before embarking on this review, it is important to consider
the definitions of PH used within this manuscript and others.
The term PH is used to describe elevation in mean pulmonary
artery pressure (mPAP) from any cause. PH was first classified
as a mPAP exceeding 25 mmHg at the 1st World Symposium on
Pulmonary Hypertension (WSPH) in 1973 (7). Notably, at the
recent 6th WSPH, the upper limit of normal for mPAP was set at
20 mmHg, argued in part due to emerging evidence of poorer
survival in patients with mPAPs of 21-24 mmHg and in part
based on the distribution of values in healthy population data
(8). For a diagnosis of pre-capillary pulmonary hypertension,
of any cause, an increased pulmonary vascular resistance (PVR
> 3 WU) is also required (8). Pre-capillary hemodynamics that
meet the above definition, are not uncommon in patients with
lung disease (4, 9), but the prevalence of increased PVR in
healthy individuals who are hypoxic without lung disease, for
example altitude residents and those with sleep apnoea, is less
clear and will be discussed later (10). To avoid confusion we have,
where possible, included values (£SD) from the cited literature
indicating recorded pulmonary artery pressures and/or PVR.

PULMONARY HYPERTENSION: A HISTORY

Pathological changes in the pulmonary arteries co-existing with
right ventricular hypertrophy (RVH) were first observed by
the German physician Ernst von Romberg toward the end of
the nineteenth century, which he coined “pulmonary vascular
sclerosis” (11). However, the etiology of PH remained elusive at
this time and was wrongly attributed to syphilis for many years
(12, 13). Whilst the British cardiologist Oscar Brenner eventually
disproved this link in 1935, he could not provide an explanation
for pulmonary vascular changes coinciding with RVH (14). It
was only with the advent of right heart catheterization in the
mid-twentieth century that these observations were intrinsically
linked by raised pulmonary artery pressure (PAP). Despite
extensive use in animals in the early twentieth century, cardiac
catheterization in humans was widely considered unsafe until
Werner Forssman’s gallant self-catheterization of his right heart
in 1929 (15, 16). Whilst this act of bravery was initially

poorly received and widely ignored by the medical community,
American physicians Dickinson Richards and Andrew Cournard
would recognize the importance of Forssman’s work in the 1940s.
Their pioneering research characterized mPAP in cardiac and
pulmonary diseases for the first time, a feat for which they were
awarded a Nobel Prize, together with Forssman, in 1956 (17, 18).

Further work in the 1950s began to establish the clinical
and pathological features of PH. In 1951, one of the first
detailed descriptions of the haemodynamic profiles of the
disease was provided by David Dresdale who also observed
cyanosis, orthopnoea and haemoptysis amongst patients with
idiopathic PH. Dresdale and others termed their findings
“primary pulmonary hypertension” (19, 20); this terminology
provided important nomenclature for the emerging research
community. Additionally, an extensive characterization of
histological changes in PH was described by Donald Heath
who, in collaboration with William Whitaker, first detailed
extensive thickening of the pulmonary arterial wall associated
with fibrosis in 1953, amongst individuals with congenital heart
disease, mitral stenosis and idiopathic PH (21, 22). Heath and
Jesse Edwards subsequently produced a detailed histological
classification system correlated to PH severity in Eisenmenger’s
syndrome, which ranged from early vascular medial hypertrophy
in mild PH to late intimal fibrosis in severe disease (23).

EARLY LINKS BETWEEN ACUTE HYPOXIA
AND PULMONARY HYPERTENSION

Despite elevated PAP being first associated with ventilatory
failure in 1852 (24), a causal relationship between hypoxia
and PH only became established in 1946 when von Euler and
colleagues demonstrated increased mPAP on exposing cats to
both hypoxia and hypercapnia (25); in 1947, Dresdale reported
similar findings in humans (26). These reports constituted
the first measurements of pulmonary arteriole constriction
to hypoxia, or hypoxic pulmonary vasoconstriction (HPV),
a phenotype which contrasts the vasodilating properties
of hypoxia on the systemic circulation (27). At the time,
von Euler correctly hypothesized that this physiological
response is beneficial in order to shunt blood from areas of
regional lung hypoxia that stems from reduced ventilation,
thus maintaining blood oxygenation (a concept now termed
ventilation-perfusion matching).

However, the adverse effects of this response in the context
of more global alveolar hypoxia soon became apparent,
particularly in relation to high-altitude pulmonary oedema
(HAPE). Whilst a syndrome of cough, blood-stained sputum and
severe breathlessness was previously recognized in high altitude
sojourners, Hurtado was the first to attribute this to pulmonary
oedema in 1937 (28). PH was first identified as co-existing with
HAPE in 1962 by Fred et al. (29) in one patient with a mPAP
of 46 mmHg, although Hultgren and Spickard had proposed
this association in 1960, providing clinical descriptions of a loud
second heart sound and electrographic changes consistent with
PH in 41 cases of HAPE in Peru (30). Hultgren et al. subsequently
confirmed this in seven individuals following acute exposure to
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high altitude in 1964, in whom mPAP ranged from 33 to 117
mmHg (PVR reported in 2 patients; 8 and 36 WU). Importantly,
the authors could also demonstrate a degree of reversibility of
pulmonary oedema and elevated mPAP on administration of
100% oxygen (31). Further work from this group, along with
others (32), identified a predisposition to pulmonary oedema
amongst five individuals with mPAPs of 38.8 & 10.3 mmHg on
ascent to 3,100 m (33).

Despite the early identification of PH as a factor in
the pathogenesis of HAPE, how this results in oedema
formation remains unclear. Hultgren proposed that because
HPV is heterogeneous, areas of the lung are over-perfused
leading to pulmonary capillary stress failure in HAPE (34).
Indeed, subsequent studies in HAPE-susceptible individuals have
provided evidence of exaggerated heterogeneity of perfusion (35),
whilst haemodynamic studies have also demonstrated elevated
pulmonary capillary pressures (19 & 1 mmHg vs. 13 + 1 mmHg
in controls) and arterial pressures (mPAP 37 £ 2 mmHg vs. 26 &
1 mmHg in controls) amongst such individuals at high altitude
(36). Other factors in HAPE pathogenesis include impaired nitric
oxide (NO) biosynthesis and reduced alveolar fluid reabsorption,
as reviewed here (37, 38).

CHRONIC HYPOXIA AND REMODELING
OF THE PULMONARY VASCULATURE

Concurrently, research began to investigate the effects of
chronic hypoxia on the pulmonary vasculature of high-altitude
populations. This initially began in cattle which often developed
significant oedema around the lower chest at high altitude,
dubbed “brisket disease,” a condition that caused significant
mortality upon ascent. In the 1940s, Rue Jensen first identified
right ventricular dilatation and failure co-existing with brisket
disease amongst the high-altitude cattle populations in Colorado
(39), with further work with Grover, Reeves and Will identifying
a positive correlation between the severity of RVH and the degree
of raised PAP (40). Further breeding experiments led by Grover
and Reeves suggested an autosomal dominant inheritance of
HAPH among these cattle (41, 42). In contrast to Hultgren’s
later findings amongst patients with HAPE (31), 100% oxygen
did not fully reverse PH in cattle (40), indicating a lesser role
of HPV in PH pathogenesis in the setting of chronic hypoxia.
Interestingly, similar findings were documented by Anand et al.
amongst a human population, detailing evidence of peripheral
oedema and shortness of breath amongst Indian soldiers who
had sojourned at altitudes above 5,800 m for 18 weeks. While
no measurements were made at altitude, shortly after return to
sea level right heart catheter studies on these patients provided
evidence of mild pre-capillary pulmonary hypertension, with
mPAP and PVR measured as 26.1 & 4.5 mmHg and 3.41 + 2.46
WU, respectively (43).

Elevated PAP in human populations at high altitude was
first reported in 1956 by Canepa in one of the first reports of
human right heart catheterization in Peruvians from Morochoca
(4,540 m), recorded as 25 (range 18-29) mmHg amongst 7
highlanders and 34 and 35 mmHg amongst two chronic

mountain sickness patients; however, these findings were
initially attributed to polycythaemia, abnormal ventilation and
increased cardiac output (44). It would take the work of fellow
Peruvians Dante Pefialoza and Javier Arias-Stella in the 1960s
to demonstrate that PH amongst high altitude populations was
associated with remodeling of the pulmonary vasculature (45—
47). Earlier work from Pefialoza confirmed elevated mPAP (23
=+ 5.1 mmHg) associated with RVH in Peruvians at high altitude
(48, 49) and interestingly, also identified PH amongst new born
children both at sea level and altitude, with a swift resolution at
sea level that was not recognized amongst Peruvian infants (50).
Importantly, the authors found no difference in PAWP and CO
between residents at sea level and altitude, with PVR elevated
at 4.15 £ 2.66 WU in high altitude dwellers (46, 49). Oxygen
administration to Peruvian adults resulted in minor reductions
in mPAP of 15-20% (45, 47), mirroring prior results in brisket
disease (40) and indicating that pulmonary vascular remodeling
was primarily responsible for PH in chronic hypoxia. Further
weight to this hypothesis was added by Jensen and Alexander,
who later demonstrated a linear relationship between medial
hypertrophy of the pulmonary arteries and PAP amongst cattle
(51). Notably, despite a failure of immediate resolution with
oxygen, Penaloza identified a normalization of mPAP (12 +
1.9 mmHg) and PVR (1.81 £ 0.44 WU) amongst high altitude
populations following 2 years spent at sea level, demonstrating
that changes as a result of chronic hypoxic exposure are not
permanent (52). Complementing this finding, the Indian soldiers
studied by Anand et al., who had developed signs of right heart
failure during their altitude sojourn, made a full recovery, with
reversal of cardiomegaly and normalization of mPAP (16.3 +
2.9 mmHg) and PVR pulmonary vascular resistance (1.34 & 0.48
WU) 12-16 weeks after descent from high altitude (43).

While the above studies in healthy individuals imply that
elevated pulmonary artery pressures are found ubiquitously at
altitude, whether the magnitude of elevation in healthy altitude
residents reaches that which would define pre-capillary PH
remains unclear. A recent meta-analysis by Soria et al. revealed
an average systolic PAP of 25.3 mmHg across high altitude
populations with a wider distribution than amongst lowlanders
implying a low prevalence of PH even by the new WHO criteria
(8, 10). Furthermore, PVR is seldom reported and a notable
limitation of reported PVRs among historical catheterization
studies at altitude, is the lack of correction for hematocrit.
Resistance to blood flow is dependent upon viscosity as well as
vessel dimensions [reviewed by Vanderpool and Naeije (53)],
with equations describing the relationship derived from isolated
perfused lung experiments involving alterations in haematocrit
(54). Thus, reporting of haematocrit is important in determining
true PVR (53, 55) and may lead to false assumptions regarding
the extent of vascular remodeling in healthy individuals following
hypoxic exposure.

Nonetheless, similar to observations in patients with lung
disease, there is a sub-population of altitude residents who
develop more severe PH. A consensus definition for high altitude
PH (HAPH) was reported in 2005, to encompass those at altitude
with exaggerated elevation in PAP and signs of RVH and right
heart failure (56). HAPH was defined as a mean PAP of >30
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mmHg (or systolic PAP > 50 mmHg) in the absence of excessive
erythrocytosis (hemoglobin concentration > 19 g/dl for women,
> 21 g/dl for men). This definition allowed discrimination
between HAPH and chronic mountain sickness (CMS), in which
there is excessive erythrocytosis (57, 58). Despite aforementioned
epidemiological studies indicating the rarity of HAPH by the
above definition amongst high altitude dwellers (10), the study of
such individuals may provide important insights into molecular
pathways that drive vasoconstrictive and remodeling processes in
both hypoxic PH and, potentially, other forms of PAH. However,
it could be argued that a revision of the current definition of
HAPH, to include haematocrit-corrected PVR, would facilitate
this research.

INTER-SPECIES VARIATION AT HIGH
ALTITUDE

Following these results in both humans and cattle, Donald Heath
became interested in inter-species variability in the pulmonary
vasculature of high-altitude populations. Heath traveled to Cerro
de Pasco, Peru (4,330m) alongside Peter Harris in 1965, in
what became the first of many high-altitude research expeditions
dedicated to PH research. A descriptive overview of this work is
provided by one of this article’s authors in Box 1. In 1974, Heath
published their research in llamas (Lama glama) demonstrating
alack of pulmonary arteriole muscularisation or RVH at altitude,
contrasting previous findings in humans and cattle (Bos taurus)
(59). A similarly thin walled pulmonary vasculature was also
identified in the Himalayan yak (Bos grunniens) (60), indicating
a role of natural selection in the loss of the thick-walled, reactive
pulmonary arteries typically characteristic of the Bos genus.

An interesting biological issue arises when species from within
the same genus interbreed; one such example is the interbreeding
of cattle giving rise to species such as the dzo (cow x yak) and
stol (dzo x bull) (61). In 1986, work from Peter Harris' group
identified that protection from PH correlated with the degree
of yak heritage; whilst dzos and yaks demonstrated minimal
PH, half of the stols had significantly raised PAPs similar to
that of cattle (62), indicating a degree of inheritance. These
observations lend support to the concept that animals indigenous
to high altitude have become genetically adapted to their hypoxic
environment, vs. acclimatization as seen in other species.

MOLECULAR MECHANISMS OF PH IN
ACUTE AND CHRONIC HYPOXIC
EXPOSURE

While the evidence above clearly illustrates connections between
hypoxic exposure and pulmonary hypertension, the underlying
genetic, molecular and cellular mechanisms that regulate
these phenotypes remain unclear and in part, controversial.
Nonetheless, basic science work over the last 25 years has
advanced our understanding of common pathways that govern
both adaptation to altitude and hypoxia-induced PH. Reviewed
extensively elsewhere (63-65), pulmonary vasoconstriction in
acute hypoxia comprises at least two phases involving distinct

Box 1 | Adaptation to chronic hypoxia in the andes.

The recognition of the different biological classes of man and mammals at
high altitude is best illustrated by taking a mental stroll around the streets and
surrounding countryside of any small town in the high Andes. The studies
undertaken demonstrated that there was no single stereotypical man or
mammal at high altitude.

Cerro de Pasco is a mining community with a population of 70,000 people,
situated at an attitude of 4330 m in the central Andes of Peru. In the streets will
be a number of lowlanders who may have arrived at high altitude in a matter
of hours from Lima on the coast. Approximately 50% will suffer from benign
acute mountain sickness mainly characterized by headache, insomnia,
anorexia, nausea and dizziness. These symptoms are the consequence of
hypobaric hypoxia and may be regarded as the physiological components of
early acclimatization.

In contrast, most people are native Quechua Indians born and bred in the
high Andes. These descendants of the Inca people have very characteristic
physical features of skin color with deeply polycythaemic and suffused
conjunctiva and lips. Many will have a capacious chest which looks
prominent and out of proportion to their short and stocky physique. These
native highlanders lead normal busy lives at high altitude. They participate
in vigorous games of football at altitudes exceeding the summit of the
Matterhorn in the Swiss Alps.

Living on the pastures surrounding Cerro de Pasco are examples of
indigenous mountain animals such as the llama, alpaca, vicuna and guanaco.
These animals have been living on the Andean altiplano for many thousands
of years. One cannot help but be impressed by the vigor and activity of these
animals in an atmosphere characterized by severe hypobaric hypoxia.

mechanisms. Initially, changes in redox status within smooth
muscle cell mitochondria mediate alterations in potassium and
voltage-gated calcium channel flux, promoting contraction (63).
Subsequently, vasoconstriction is maintained by mechanisms
that include reduced bioavailability of NO (66), release of
endothelial-derived vasoconstrictors (67) and increases in
myofilament calcium sensitivity (68). The focus of this article will
be on the role of the hypoxia-inducible factors (HIFs) in vascular
remodeling due to chronic hypoxic exposure.

HYPOXIA-INDUCIBLE FACTORS (HIFs)
AND PULMONARY VASCULAR
REMODELING

HIFs are a family of heterodimeric transcription factors,
discovered in 1995 (69), whose alpha subunits are stabilized
in hypoxia by the inhibition of oxygen-dependent prolyl
hydroxylase (PHD) enzyme activity (70); under normoxic
conditions, hydroxylation of HIF-alpha by PHDs targets them
for ubiquitination by the VHL complex, resulting in subsequent
proteasomal degradation (Figurel) (71). Whilst HIF-la is
expressed ubiquitously throughout body tissues (72), HIF-2a
expression is tissue specific with an endothelial bias (73, 74). In
hypoxia, stabilization of HIF-a subunits induces transcription of
targets with a wide range of functions.

Perhaps unsurprisingly, genetic variation in the HIF pathway
has been identified amongst indigenous altitude dwellers.
Notably, genome wide association studies in the Tibetan
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Normoxia

FIGURE 1 | Pulmonary vascular responses to hypoxia with emphasis on the role of HIF isoforms in remodeling. The right upper branch of this vessel depicts
vasoconstriction in acute hypoxia, occurring due to alterations in redox and NO signaling and release of vasoactive mediators. The lower branch indicates remodeling
in the context of sustained hypoxic exposure and illustrates HIF-dependent processes revealed by tissue-specific deletion of HIF-isoforms in endothelial cells (HIF-2a)
or smooth muscle cells (HIF-1a). Below the vessel, a schematic shows degradation of hydroxylated HIF-a subunits in normoxia via the von-Hippel Lindau (VHL)
pathway. In hypoxia or following treatment with prolyl hydroxylase inhibitors (PHDI), HIF-a stabilization and dimerization with HIF-g occurs, leading to transcription of
target genes. HIF inhibitors (HIFi) with specific activity against HIF-2a are in clinical development.
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population have identified single nucleotide polymorphisms
(SNPs) in EPASI (encoding HIF-2a) and ELGNI (encoding
PHD?2) that were not enriched in lowlanders (75-77). EPASI
variants were associated with lower PAP (78) and a high
frequency ELGNI mutation has been linked to reduced
proliferation of erythroid progenitors in response to EPO,
thus dampening hypoxia-induced erythrocytosis (79). These
findings demonstrate a selection pressure for specific HIF
pathway polymorphisms over 25,000 years at altitude that has
aided adaptation for the Tibetan population. Interestingly, such
variation is not observed in Andean counterparts, a population
that has resided at altitude for 15,000 years and who are more
susceptible to PH (80, 81) and erythrocytosis (82).

However, the evidence for HIF pathway polymorphisms
influencing remodeling processes is weakened by the observation
that correction for erythrocytosis reduces mPAP amongst
Andean populations to values near those of Tibetans (57). Thus,
correcting for erythrocytosis argues against a susceptibility of
Andean populations to HIF-mediated remodeling processes. In
light of the new PH definition (8), however, Andean corrected
mPAP remains consistently above 20 mmHg at rest and the
slope of rise in mPAP with cardiac output is steeper than that of
lowlanders (57).

Furthermore, evidence from murine models strongly
implicates the HIF pathway in hypoxia-induced vascular
remodeling. Soon after the discovery of the pathway, early
work in both Hifla and Hif2a heterozygotes revealed a marked
reduction in PH and vascular remodeling following chronic
exposure to 10% oxygen (83, 84). Conversely, HIF2A (EPASI)
gain-of-function mutations can predispose to PH; a Hif2a variant
in high altitude cattle increases susceptibility to brisket disease
(85), whilst a HIF2A mutation causing familial erythrocytosis
is also associated with elevated systolic PAP in humans (86).
A mouse generated to have the same G536W gain-of-function
mutation in the Hif2a gene also developed erythrocytosis and
PH, providing further evidence of cross-species conservation
of this HIF-2a role (87). Additionally, both animal models and
patients with Chuvash polycythaemia (CP), characterized by
a VHL mutation, exhibit marked erythrocytosis and elevated
PAP that could be rescued in mice by Hif2a but not Hifla
deletion (88-90). While the descriptions of elevated PAP in
humans with CP did not include right heart catheter data or
haematocrit-corrected PVR, it is worth noting that elevations
in systolic PAP and vessel muscularisation in young mice
with homozygous VHL mutations, preceded the onset of
polycythaemia (90).
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TISSUE-SPECIFIC MANIPULATION OF HIF
EXPRESSION REVEALS DISTINCT ROLES
FOR HIF ISOFORMS IN PULMONARY
VASCULAR REMODELING

Evidence is now emerging as to how the HIF isoforms
regulate pulmonary vascular cell function, with advances gained
through use of murine tissue-specific deletion models, see
Figure 1. For example, HIF-1a has been implicated in both
vasoconstriction and vascular cell proliferation, the two key
components of hypoxic pulmonary hypertension. Ball et al.
demonstrated that inducible Hifla deletion in PASMCs reduced
right ventricular systolic pressure, arterial wall thickness and
vessel muscularisation in chronic hypoxia (91), whilst Shiekh
et al. reported a dependence on Hifla in PASMC progenitors
in order to drive distal migration and expansion (92). Proposed
mechanisms that could explain these findings include enhanced
intracellular calcium via Hifla dependent downregulation of K
channels (93) and upregulation of transient receptor potential
calcium channels (94), recognized to enhance vasoconstriction,
PASMC proliferation and migration (95). HIF-1a also mediates
pro-proliferative metabolic changes in PASMCs and fibroblasts
that could contribute to hypoxia-induced remodeling. One
widely recognized consequence of HIF signaling amongst
cancer cells is the favoring of glycolysis over oxidative
phosphorylation in aerobic conditions, known as the “Warburg
effect)” inducing glycolytic enzymes to enhance ATP production
and promote tumor growth (96, 97). Interestingly, HIF signaling
amongst pulmonary arterial smooth muscle cells (PASMCs)
and fibroblasts results in a similar shift to aerobic glycolysis
as seen in tumors (98-100), with increased glucose uptake
observed in the lungs of rats with hypoxia-induced PH and
in PAH patients (101, 102). This metabolic reprogramming of
pulmonary vascular cells has proven stable ex vivo with evidence
of underlying epigenetic regulation (103, 104). Targeting these
mechanisms may limit hypoxia-induced PASMC proliferation in
the pulmonary vasculature.

Consistent with its predominantly endothelial expression
profile, a growing body of evidence implicates endothelial cell
(EC) HIF-20 expression as essential for pulmonary vascular
remodeling through varied biological mechanisms, see Figure 1.
Two studies have demonstrated severe and spontaneous PH
following Phd2 knockdown in murine ECs (105, 106). Double
knockouts of Phd2 and either HIF isoform revealed that this was a
Hif2a-mediated phenotype (105, 106) but the studies highlighted
different mechanisms: one associating HIF-2a expression with
reduced expression of the potent vasoconstrictor endothelin-1
(ET-1) (106) and the other demonstrating HIF-2a involvement
in CXCL12-mediated PASMC proliferation (105). Reduced EC
Phd2 expression was also observed amongst occlusive vessels in
IPAH (105), implying relevance to human pathology. Notably,
these Phd2 knockout mice did not develop polycythaemia prior
to the development of PH.

The NO synthesis pathway has also been implicated in
EC HIF-2a-mediated remodeling. Cowburn et al. observed
a similar level of protection from hypoxia-induced PH as

Hif2a knockdown following EC-specific deletion of arginase-
1 (Argl), a downstream HIF-2a target and negative regulator
of NO synthesis (107). Additionally, ECs from PH patients
demonstrated impaired NO production in vitro, restored on
arginase inhibition (107). A further mechanism by which HIF-
200 could contribute to remodeling is through regulation of
endothelial-mesenchymal transition (EMT), a process implicated
in pathogenic remodeling (108). Tang et al. showed that
markers of EMT were regulated by HIF-2a in ECs and that
while endothelial-specific deletion of Hif2a protected mice from
hypoxia-induced PH, deletion of Hif2a in vascular smooth
muscle cells did not (109).

There remain notable controversies the literature
surrounding HIF-mediated regulation of remodeling. Whilst Ball
et al. demonstrated a role for PASMC Hifla in chronic hypoxic
remodeling using a tamoxifen-inducible conditional deletion
(91), Kim et al. reported enhanced pulmonary arterial tone in
the absence of arterial muscularisation following constitutive
PASMC-specific Hifla deletion (110). Similarly, constitutive EC
Hifla deletion was found to confer no protection to PH by three
authors (105-107), whilst Shiekh et al. could ameliorate PH
following tamoxifen-inducible conditional EC Hifla deletion,
which prevented PASMC expansion and distal migration (92).
Alongside evidence detailing the importance of embryonic HIF
signaling for the developing vasculature (111), these observed
differences imply a role of early HIF-1a signaling in pulmonary
vessel development.

The crucial role of HIF isoforms in hypoxia-induced PH
has identified the inhibition of these molecules as an important
strategy for targeting remodeling processes. Whilst efforts
to develop HIF pathway inhibitors have previously proven
challenging due to poor efficacy, HIF isoform specificity and
adverse effects (112, 113), a specific HIF-2a small molecule
inhibitor developed to treat renal cancer has demonstrated
a favorable safety profile in a recent Phase I trial (114).
Encouragingly, the use of another HIF-2a inhibitor, C76,
has recently been demonstrated to attenuate remodeling in
three murine models of PH, with no notable inhibition of
HIF-1a (115).

The pleiotropic nature of HIF signaling has identified several
other pathways as possible therapeutic targets. Using congenic
linkage analysis, Zhao et al. discovered a dependence on
intracellular zinc in hypoxia-induced remodeling. Homozygous
deletion of the zinc transporter ZIP12, a target of both
HIF-1a and HIF-2a, was found to attenuate PAP, RVH and
vascular remodeling in chronic hypoxia (116). Additionally,
induction of ZIP12 was also reported in the pulmonary
tissue in Brisket disease and highland human populations
(116). How intracellular zinc influences hypoxia-induced
remodeling remains unclear; however, targeting intracellular
zinc homeostasis may represent a further therapeutic strategy.

in

CONCLUSIONS

This article has reviewed historical observations connecting
hypoxia and pulmonary hypertension and described more
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recent insights into the molecular mechanisms involved in
hypoxia-induced remodeling. Notably, the evidence linking HIF
expression to processes involved in vascular remodeling strongly
raises the prospect of HIF inhibition, and in particular HIF-2a
inhibition, as a strategy in order to ameliorate vascular pathology
in the context of chronic hypoxia. The recent success of a HIF-2a
inhibitor in several murine models is supportive of such a strategy
and may lead to the consideration of clinical trials amongst PH
patients in the future. However, the mechanistic links between
HIF-pathway activation and PH, notably the development of
spontaneous PH following Phd2 deletion, should also raise a
note of caution for use of PHD inhibitors which are currently
undergoing Phase II/III clinical trials in renal anemia (117).
Genetic insights gained through study of high-altitude
populations suggests that a greater appreciation of factors
underlying altitude adaptation may highlight further
mechanisms involved in the regulation of vascular remodeling.
However, while similarities exist between the pathological
features of hypoxia-induced PH and other forms of the disease,
the extent of overlap in the pathological mechanisms, even
for patients with chronic respiratory disease, remains unclear.
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Pulmonary arterial hypertension (PAH) is a devastating, life-limiting disease driven by
small vessel vascular remodeling leading to a rise in pulmonary vascular resistance
(PVR). Patients present with a range of symptoms including shortness of breath,
exercise intolerance, palpitations or syncope. Symptoms may be related to vascular
disease progression or arrhythmia secondary to the adaptation of the right heart to
pressure overload. Arrhythmic burden is high in patients with left heart disease and
guideline-based treatment of arrhythmias improves quality of life and prognosis. In
PAH the incidence and prevalence of arrhythmias is less well-defined and there are no
PAH-specific guidelines for arrhythmia management. We undertook a literature search
identifying 13 relevant papers; detection of arrhythmias was acquired from 12-lead
electrocardiogram (ECG) or Holter monitors. In all forms of pulmonary hypertension
(PH) the prevalence of supraventricular arrhythmias (SVA) was 26-31%, ventricular
arrhythmias (VA) 24% and a 5-year incidence of SVA ~13.2-25.1%. Prevalence and
incidence of arrhythmias in PAH is less clear due to limited study numbers and
the heterogenous nature of the patient population studied. For arrhythmia treatment,
only single-arm studies of therapeutic strategies were reported using antiarrhythmic
drugs (AAD), direct current cardioversion (DCCV) and ablation. Periods between
ECG or Holter have not been investigated, highlighting the possibility that significant
arrhythmias may be undetected. Advances in monitoring allow long-term surveillance
via implanted/non-invasive monitors. Use of such technologies may provide an accurate
estimate of incidence and prevalence of arrhythmias in patients with PAH, further defining
relationships to adverse outcomes, and therapeutic options.

Keywords: arrhythmia, pulmonary arterial hypertension, right heart failure, atrial fibrillation, atrial flutter,
ventricular tachycardia
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Arrhythmic Burden in PAH

INTRODUCTION

The recent World Symposium classifies pulmonary hypertension
into five groups based on underlying cause (1). Group one
incorporates pulmonary arterial hypertension including familial
and idiopathic causes; group two is secondary to left sided
heart disease; group three to lung disease and hypoxia;
group four is secondary to chronic thromboembolic disease
(CTEPH) and group five includes miscellaneous causes including
sarcoidosis and hematological disease (1). Increased right
ventricular pressure and volume overload of the right heart
leads to structural changes that impair left ventricular filling
(2) and function which may predispose to the development
of arrhythmias. In this review we will discuss the prevalence
and incidence of arrhythmia in PAH and the potential
treatment options.

CARDIAC ARRHYTHMIAS:
CLASSIFICATION AND MECHANISM

Cardiac arrhythmias are caused by either disruption of the
cardiac action potential or structural/functional changes to
the heart that result in abnormalities of electrical conduction.
Classification is made based on heart rate (bradycardic
or tachycardic) and sub-divided based on site of origin
(supraventricular or ventricular arrhythmia). In the left and
right atrium, dilatation and stretch results in structural, and
ion channel adaptations resulting in an increased development
of SVA’s including atrial fibrillation (AF) and atrial flutter (see
Figures 1A,B). Subsequent loss of atrial contraction leads to
underfilling of the ventricle and reduction in cardiac output
(CO). VAs can be precipitated by a dilated, dysfunctional
ventricle, or altered ventricular substrate in the form of scar (3),
giving rise to pro-arrhythmic myocardium (see Figures 2A,B). In
left sided heart failure there is an increased risk of arrhythmia,
which when present often exacerbates left ventricular failure (3,
4). Impaired left ventricular function results in reduced CO due
to inadequate filling and contraction leading to compensatory
hypertrophy and dilatation of the left ventricle. These changes
increase sarcomere length and alter sensitivity to calcium leading
to more forceful ventricular contraction (5), the resultant ion
channel remodeling (6) can make myocardium pro-arrhythmic
(3). Bradyarrhythmia presents often secondary to changes in
heart structure, nodal fibrosis, or rate-limiting medication used
to treat heart failure.

Current guidelines for the treatment of arrhythmia specifically
relate to patients with left sided heart disease (4-9). Management
strategies include AAD’ that alter the action of specific
ion channels to stabilize myocardium; anticoagulation to
reduce stroke risk in AF (6); synchronized DCCV to revert
to normal sinus rhythm (NSR); electrophysiology studies
(EPS); and/or ablation to identify abnormal heart rhythms
using intracardiac catheters and ablation to disrupt abnormal
conduction pathways and finally permanent pacemakers or
internal defibrillator devices (7, 10). Guidance for the treatment
of arrhythmias in patients with PAH is lacking despite the

potential harmful/unknown effects of AAD’s and or therapies in
this cohort (7).

Arrhythmias in PAH

Patients with PAH often describe palpitations and/or syncope.
The incidence and prevalence of cardiac arrhythmias in PAH
is not well-described, however a number of recent studies
describe a significant arrhythmic burden in all forms of PH,
and a relationship to clinical outcome. These studies are
based on “snapshots” in time using 12 lead ECGs or short-
term Holter monitors. We undertook a literature-based review
searching PubMed with the search terms “pulmonary arterial
hypertension, supraventricular, and ventricular arrhythmias,
atrial fibrillation/flutter, ventricular tachycardia, and mode of
death,” 13 relevant papers were reviewed as well as PAH registry
data. A review of the REVEAL PAH registry data demonstrated a
relationship between increased heart rate and adverse outcomes
(11, 12) and during follow up, Burger et al. found 5.1% of patients
were admitted secondary to an arrhythmia, however further
details were not provided (13).

Supraventricular Arrhythmias

Prevalence

In a multi-center, observational study (14), patients with
PAH/inoperable CTEPH attending routine outpatients had their
notes reviewed retrospectively for evidence of AF or atrial
flutter. 297 patients were identified as fulfilling criteria (PAH
266/CTEPH 31) with 90% on PAH specific medication. An
ECG diagnosis of AF or atrial flutter was noted in 79 (26.5%),
approximately 50% of those were deemed to be paroxysmal in
nature. Patients with AF were as a group, of increased age, male
gender with a higher systolic blood pressure (BP), a reduced
left ventricular ejection fraction (LVEF), and had a higher rate
of chronic obstructive lung disease (COPD). At right heart
catheterization (RHC), the AF group had a higher pulmonary
capillary wedge pressure (PCWP), and lower pulmonary vascular
resistance, potentially suggesting a more elderly population with
a greater burden of co-morbid condition. There was no difference
found in mean pulmonary artery pressure (PAP) or CO. Results
suggest that a diagnosis of permanent or paroxysmal AF/atrial
flutter in PAH confers an increased mortality. The use of 12-
lead ECGs alone and the unbalanced co-morbidities of patients
with and without AF/atrial flutter masked the true burden of
arrhythmias in patients with PAH (14).

Rottlaender et al. (15), investigated patients with all forms of
PH who developed SVA in a retrospective study of 225 patients.
Thirty one percentage of patients recruited were found to have
AF (41% paroxysmal) and it was apparent that AF was more
likely if secondary to PH-left heart disease and less common
in CTEPH. All patients identified as having AF deteriorated
clinically at the time of arrhythmia. The true prevalence of
SVA was again difficult to determine due to the inclusion of
all types of PH. In contrast Ruiz-Cano et al. retrospectively
reviewed 282 patients with PAH. In total 28 SVA episodes were
detected: AF 12 patients (42.8%); atrial flutter 12 (42.8%); other
SVA 4 (14.2%), 82% of SVA episodes resulted in symptoms
and clinical deterioration / worsening right heart failure (RHF).
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FIGURE 1 | (A) An ECG of atrial fibrillation. An example of an ECG taken from a patient with atrial fibrillation showing uncoordinated atrial activity resulting in an
irregular ventricular rate. (B) An ECG of atrial flutter. An example of an ECG taken from a patient with atrial flutter. It is characterized by rapid, regular atrial
depolarizations (typically, but not always at a rate of 300 bpm) resulting in a ventricular rate of 150 bpm.

Time from PAH diagnosis to SVA was approximately 60 months  Table 1), with 6-year incidence of SVA in PAH approximately
and time from SVA diagnosis to death/transplant was 17.8  15.8% and in all forms of PH a 5-year incidence of between 13.2
months suggesting increased morbidity and mortality with the  and 25.1% (17-21). In a retrospective, cohort study, Cannillo

development of SVA. et al. examined patients with PAH, lung disease-associated PH,
and CTEPH who had NSR at baseline on a 12-lead ECG, patients
Incidence with previous SVA diagnosis were excluded (18). Retrospective

A number of studies investigated incidence through  analysis of ECG’s was undertaken during follow-up, if admitted
prospective/retrospective  cohort studies (summarized in  or if they developed palpitations. Holter monitors were only
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FIGURE 2 | (A) An ECG of ventricular tachycardia. An example of an ECG from a patient with sustained monomorphic ventricular tachycardia. It is characterized by
regular, broad QRS complexes of similar morphology often over 100 bpm. (B) An ECG of Ventricular fibrillation. An example of an ECG from a patient with ventricular
fibrillation. It is characterized by rapid, erratic ventricular activity as the heart fibrillates rather than pumps effectively. This rhythm quickly degenerates into cardiac arrest.
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fitted in patients reporting palpitations, not as a screen for
asymptomatic SVAs. 77 patients met criteria, 17 patients
(22%) were newly diagnosed with SVA during the follow-up
period (35 months). Patients were found to have persistent
AF in 8 patients (47%), permanent AF 3 patients (17%),
paroxysmal SVA 3 patients (17%), atrial ectopic tachycardia
2 patients (12%), right atrial flutter 2 patients (12%) and
paroxysmal AF (PAF) in 1 patient (6%), other SVA 1 patient
(6%). Diagnosis of SVAs occurred on average 15.1 months after
PH diagnosis and was associated with worsening parameters
(World health organization (WHO)-functional class/6-min walk
test (6MWT)/brain natriuretic protein (BNP), and increased
mortality. This suggests SVA to be a manifestation of more
severe PAH [as per Tongers (21) and Ruiz-Cano (16)]. Severe
PAH resulted in more hospital admissions and closer monitoring
by default, potentially introducing detection bias of SVA in these
patients. Consistent with these findings, Mercurio et al. (17)
again looked at PAH only and specifically idiopathic PAH and
systemic sclerosis-associated pulmonary hypertension (SSc-PH).
A prospective, single center study recruited 317 patients in total
(116 idiopathic PAH) and of these 42 developed SVA. In keeping
with Smith et al. (14) these patients had higher baseline PCWP
and in this case right atrial pressure (RAP). In 90.1% cases the
onset of SVA resulted in clinical worsening and RHF. A 5-year
incidence of SVA in idiopathic PAH and SSc-PAH was found to
be 13.2%, lower than previously documented by Olsson et al. in a
similar PH group (20). Olsson et al. described a 5-year incidence
of 25.1% of SVA in PAH and inoperable CTEPH. Patients again
had NSR at baseline and diagnosis of arrhythmia was based on
12-lead ECG’s only. Forty-Eight patients (20%) had at least one
episode of SVA. They also showed patients with persistent AF
to have a worse prognosis than those with PAF or NSR (20).
This followed on from a previous study by Tongers et al. (21),
that retrospectively recruited 231 patients under follow-up for
PAH and inoperable CTEPH. Thirty-one episodes of SVA were
noted on 12-lead ECG in 27 patients (Atrial flutter 15, AF 13,
and other SVA 3). Episodes were again associated with marked
clinical deterioration and RHF (84% SVA episodes), improving
if NSR was restored. Interestingly this study appears to show
an increased mortality in AF patients where NSR could not be
restored. All 15 patients with atrial flutter had NSR, restored with
medication (1), DCCV (6), overdrive pacing (15) or ablation (5),
with one death during follow-up. In the AF group only 2 patients
had NSR restored by DCCV. NSR in the remaining 9 was not
achieved despite multiple medications and DCCYV, with 8 deaths
during follow-up. This suggests an increased mortality in AF and
PAH if NSR is not achieved. It would also appear that treatment
measures in the AF group were less aggressive (ablation was
not attempted) but the study was from 2007 so potentially now
outdated as ablation is more common place today.

In patients with idiopathic PAH on disease specific therapies
Wen et al. (19) undertook a prospective, cohort study with 280
patients recruited specifically with NSR at baseline. Forty patients
developed SVA at least once during follow-up, 5-year incidence
was calculated as 15.8%, potentially a more realistic reflection in
PAH alone. Patients as with previous studies did not tolerate SVA
and restoration of NSR correlated with clinical recovery. Studies

again only diagnosed SVA on 12-lead ECG, potentially failing to
diagnose asymptomatic SVA.

Treatment
AAD’s, overdrive pacing, DCCV, and radiofrequency ablation
are all guideline based therapies for SVA (6, 7), (although not
PAH-specific). Existing data showed that rhythm control has
been the most popular first line strategy and restoration of
NSR demonstrated clinical improvement. Cannillo et al. (18)
attempted rhythm control in 76% of patients diagnosed with
SVA, NSR was restored in 11 (65%) cases but there was a high
recurrence rate (~80%). Olsson et al. (20) diagnosed patients
with SVA on 12-lead ECG and largely from patients presenting
with deterioration of PAH/RHF symptoms rather than symptoms
of arrhythmia [as per Cannillo et al. (18)]. Those with atrial flutter
received ablation earlier with the concurrent use of AAD’s with or
without synchronized DCCV. For stable AF 10-14 days of oral
amiodarone was prescribed pre DCCV and continued thereafter.
If there were signs of RHF, amiodarone was given intravenously,
and DCCV was performed. NSR was restored in 21/24 patients
with atrial flutter and 16/24 patients with AFE resulting in clinical
improvement. As such this observational study demonstrates
that amiodarone was well-tolerated in PAH. Five-year survival
in PAH/inoperable CTEPH was 68% with a fall to 58% if
the patient developed a transient SVA and reduced further to
47% in permanent SVA. They also found that AF was more
resistant to treatment than atrial flutter (similar to non-PAH
disease). Consistent with these findings, Ruiz-Cano et al. (16)
found that after the first episode of SVA (despite restoration of
NSR/adequate rate control) 46.4% patients required an increase
in PAH-specific medications secondary to progressive RHE, an
interesting observation but not guideline directed. This data may
suggest that the onset of SVA can be a prelude to RHF and/or
clinical deterioration and that restoration of NSR or escalating
PAH-specific therapy should be considered. Zhang et al. (22)
specifically reviewed the efficacy and safety of electrophysiology
studies and ablation in SVA and PAH. A retrospective study
it reviewed 300 patients over 3 years [PAH 100 (observation)
and non-PAH 200 (control)] with PAF undergoing ablation for
the first time. All patients had a 24h Holter monitor fitted
immediately post ablation and AAD’s were stopped 2 months
later. EPS and ablation were found to be safe and reasonably
effective in this cohort of patients. Bandorski et al. (23) agreed
and found that 12/14 patients (all PH types) with a diagnosis
of atrial flutter during EPS subsequently had successful ablation.
Zhang et al. (22) noted that 11.3% of patients had an early
recurrence PAF and 7.3% a late recurrence, with some correlation
between a higher RAP and the incidence of late PAF recurrence.
In conclusion, incidence of SVA in PH (including PAH) ranges
from 13.2 to 25.1% with a relationship to clinical worsening.
As such this may be an indicator for restoration of NSR or
alteration of PAH specific therapy. A range of therapeutic
strategies have been investigated, however conclusions on efficacy
are challenging to substantiate as the majority of studies were
single arm. Little evidence of harm was identified. As in left heart
disease NSR was easier to restore in atrial flutter vs. AF and all
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TABLE 1 | Summary of literature reviewing SVA in PH.

Reference Type of study Pathology Number of patients Demographics Prevalence/ Investigation  Rhythm identified NSR restored?  Treatment given Outcome
in arrhythmia groupincidence
Smith et al. (14) Retrospective 4-year PAH CTEPH PAH 266 CTEPH 31 F:M 53:14% Prevalence 12-Lead ECG  AF/atrial flutter 31 patients 86% AAD’s
study Age 61.8+14 50% paroxysmal 14% Not specified
MeanPAP 44411
Rottlaender et al. (15) Retrospective 4-year Al types of PH Total 225 F:M 36:64% Prevalence 12 Lead ECG  AF 41% paroxysmal Not discussed Not discussed Permanent AF = Clinical
study Age 71.2+1.1 deterioration.
MeanPAP 40.8+1.6
Ruiz- Cano et al. (16) Retrospective, 4-year, PAH Total 282 F:M 61:39% Prevalence Medical AF/atrial flutter Attempted inall  All underwent EPS +/—  Restoration of NSR =
single center study Age 47.3+4.3 notes/12-lead  /atrioventricular node ablation clinical improvement
ECG re-entry tachycardia 4 SVA recurrence
(AVNRT)
Mercurio et al. (17)  Prospective, single Idiopathic PAH 116 IPAH F:M 71-29% Incidence at 5 AF/atrial flutter/atrial Attempted in all 90.1% SVA = clinical Restoration of NSR =
center study PAH-SSc 201 SSc-PH Age 59+-12.1 years 13.2% tachycardia worsening/RHF. clinical improvement
MeanPAP 47.3+-14.3
Cannillo et al. Retrospective, single  PAH Total 77 F:M 55:45% Incidence 12 Lead ECG  AF/atrial flutter 13 patients AAD’s/DCCV/ablation Recurrent SVA in 9 patients
(18) center study? type of PH secondary to lung Mean age 63 Holter 4 paroxysmal (23%). SVA = worsening
PH experienced SVA disease MeanPAP 43 if symptomatic prognostic parameters and
CTEPH (inoperable) RHF.
NSR restored in 11 cases
Li-Wen et al. (19) Prospective, cohort  Idiopathic PAH (all Total 280 F:M 72.5:27.5% Incidence at 6 AF/atrial flutter /atrial 21 patients AAD’s/DCCV/ablation NSR restored = clinical
6-year study taking PH meds) Age 39+-15 years (15.8%) tachycardia SVA = clinical deterioration improvement
MeanPAP 64+--18 6 x recurrence
Olsson et al. (20) Prospective 5-year, PAH or CTEPH 157 PAH F:M 65:35% Incidence at 5 12-Lead ECG  AF/atrial flutter 21/24 atrial flutter  AAD’s/overdrive pacing NSR = clinical improvement
single center study (inoperable) 82 Inoperable CTEPH  Age 58+-9 years (25.1%) 16/24 AF /DCCV/ablation
NSR at baseline, all MeanPAP 52+-8
receiving PH meds
Tongers et al. (21) Retrospective 6-year PAH Total 231 F:M 65:35% Cumulative 12 Lead ECG  AF/atrial flutter /AVNRT 15/15 atrial flutter  AAD’s/overdrive pacing Restoration of NSR =
study CTEPH (inoperable) Age 49+-13 incidence of AVNRT 4 SVA recurrence 2/13 AF /DCCV/ablation clinical improvement.
MeanPAP 50+-10  11.7% and annual diagnosed Increased mortality in
risk of 2.8%/ on EPS AF group
patient.
Zhang et al. (22) Retrospective, 3-year, PAH PAH 100 F:M 54.4:45.6% X Holter post 11.8% early recurrence Attempted in all All patients underwent Suggests raised PAP
single center study Non- PAH Non-PAH 200 Age 62.9 + 6.8 ablation + 24-h  of PAF radiofrequency ablation increases chance of late
PAF MeanPAP 31.9+-6.2 Holter 3 monthly 7.3% Late recurrence AAD'’s stopped 2 months  recurrence PAF.
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studies suggested that restoration of NSR resulted in improved
clinical outcomes.

Ventricular Arrhythmias

The impact of ventricular arrhythmias in patients with PH
is examined in a series of papers by Bandorski et al. An
initial retrospective, two-center study (23) analyzed data from
55 PH patients presenting with indications for EPS (14 with
group I PH). Fifteen had non-sustained ventricular tachycardia
(NSVT) on a Holter monitor, however the prognostic relevance
is unclear although likely to infer increased risk and extrapolation
of prevalence from such a study is challenging due to small
numbers and the large contribution of patients (23 in this
study) with left heart disease-associated PH. There were no
evidence suggesting EPS or ablation to be unsafe or ineffective in
PH patients.

In a larger study, Bandorski et al. (24) sought to determine
the incidence of VA in PH. Ninety two patients were
enrolled in total (54 Group I, 10 Group 3, 26 Group 4,
2 Group 5), all of whom were on PAH-specific medication
and in NSR at the time of enrolment. During 72-h Holter
monitoring, 17 patients (18.5%) had a detectable arrhythmia
[NSVT (12 patients), second degree atrioventricular block (1),
intermittent complete heart block (1), and atrial flutter (1)].
Although small and including patients with all PH types,
they undertook Holter monitoring and found arrhythmia in
asymptomatic patients highlighting the potential inaccuracy
of determining the incidence or prevalence of asymptomatic
arrhythmia from 12-lead ECG. It highlighted that the use of
Holter monitoring in this cohort was beneficial for arrhythmia
diagnosis and this may be a useful tool in PAH patients
also. To determine the prognostic significance of NSVT
Bandorski et al. (25) examined 78 patients with PAH or
inoperable CTEPH. Fifty-Five patients with PAH and 23 CTEPH
underwent a clinical review, bloods, Holter monitoring, 6 MWT,
echocardiography and RHC (25), of whom 12 had newly
detected NSVT.

Relatively little evidence exists defining the prevalence and
incidence of VA in PAH. Prevalence is estimated to be ~27%
in all PH types with a considerable proportion of whom have
co-existing left heart disease. Longer studies utilizing Holter
monitoring rather than 12-lead ECG show higher rates of VA
suggesting a bias in methods. The most reliable incidence of
VA in all PH was ~15-18.5% based on Holter monitoring (25)
suggesting a significant burden. Therapeutic options are unclear
with only single arm studies available.

Bradyarrhythmia’s

Limited data is available. Whilst determining the incidence of
VA in PH Bandorski et al. (24), identified that 4/17 patients
with newly diagnosed arrhythmias had intermittent heart block.
Two patients, despite not taking rate limiting medication,
progressed to complete heart block, and required pacemaker
implantation. Studies are small and the relationship to poor
outcome is uncertain.

Mode of Death

The predominant cause of death in patients with PAH is thought
to be RHF or sudden cardiac death (SCD) (26). Hoeper et al.
(27) undertook a retrospective, multi-center (17 referral centers
in Europe and the United States) looking at patients with
PAH who had developed cardiac arrest. 3130 patients with
PAH were treated over 3 years and 513 had circulatory arrest.
Cardiopulmonary resuscitation (CPR) was attempted in 132
(26%) but despite the majority occurring in a hospital setting only
8 patients (6%) survived to > 90 days. No apparent differences
were found preceding cardiac arrest accounting for why a patient
did or did not survive. It is difficult to fully assess cause of
death, this data showed that 54% of patients were admitted
with intercurrent illness; 49% died from progressive RHF; 18%
respiratory failure, and 8% from other causes. Seventeen percent
died from SCD and it is unclear as to whether this was secondary
to PAH progression or potentially treatable arrhythmia.

CONCLUSION

Present data suggest that patients with PH have increased risk
of arrhythmia, however accurate estimates of incidence and
prevalence in patients with PAH remain elusive. PAH is a rare
disease and as such patient numbers are often limited and
the studies undertaken have grouped patients with PAH with
other forms of related disease. As such, longitudinal studies
with defined enrolment criteria are required to determine
the arrhythmic burden of patients with PAH. The enrolment
of patients with pre-existing symptoms is a potential source
of bias exemplified by the increased rates of asymptomatic
SVA and VA (24) identified with prolonged monitoring.
Arrhythmias have been demonstrated to precede adverse
clinical events and it is therefore of clinical importance to
accurately define prevalence and incidence and examine
potential therapeutic options. Current evidence highlights
gaps in our knowledge as we only have “snapshots” of data
from a 12-Lead ECG or Holter monitoring. Advances in
technology now allow for long term monitoring of cardiac
rhythm and as such a prospective study with continuous
monitoring may further inform incidence, prevalence
and relationships to adverse outcomes, prior to studies of
therapeutic strategies.
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NOMENCLATURE

6MWT: 6-minute walk test
AAD: Antiarrhythmic drugs
AF: Atrial fibrillation
AVNRT: Atrioventricular node re-entry tachycardia
BP: Blood pressure
BNP: Brain natriuretic protein
CO: Cardiac output
COPD: Chronic obstructive pulmonary disease
CPR: Cardiopulmonary resuscitation
CTEPH: Chronic thromboembolic pulmonary hypertension
DCCYV: Direct current cardioversion
ECG: Electrocardiogram
EPS: Electrophysiology study
LVEEF: Left ventricular ejection fraction
NSR: Normal sinus rhythm
NSVT: Non-sustained ventricular tachycardia
PAF: Paroxysmal atrial fibrillation
PAH: Pulmonary arterial hypertension
PAP: Pulmonary arterial pressure
PCWP: Pulmonary capillary wedge pressure
PH: Pulmonary hypertension
PVR: Pulmonary vascular resistance
RAP: Right atrial pressure
RHC: Right heart catheter
RHEF: Right heart failure
SCD: Sudden cardiac death

SSc-PH: Systemic sclerosis-associated pulmonary hypertension

SVA: Supraventricular arrhythmia
VA: Ventricular arrhythmia
WHO: World health organization
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