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STATEMENT AS TO HOW THE PUBLICATIONS SUBMITTED HAVE CONTRIBUTED TO KNOWLEDGE IN
THE FIELD OF CARDIOVASCULAR MEDICINE

Introduction

The healthy adult pulmonary circulation is a low resistance vascular bed, with a mean resting
pulmonary artery pressure (mPAP) of 14.0+3.3 mmHg. The first world symposium on the subject in
1973 accepted a mPAP >25mmHg as an arbitrary definition of pulmonary hypertension®. This was
revised to >20mmHg in 2018, in part recognising that elevated mPAP represents a continuum of risk,
with measured evidence of increased mortality beginning at 19mmHg relative to 10mmHg2.

The 1973 symposium acknowledged that pulmonary hypertension occurs most commonly in
association with lung and left heart disease, but the focus of the meeting was the pathology, clinical
features and epidemiology of the more rare presentation of pulmonary hypertension of unknown
cause, termed primary pulmonary hypertension. A clinical classification of chronic pulmonary heart
disease was provided in Annex 1 of the symposium record, with 3 categories based on diseases
primarily affecting airways, the thoracic cage and the pulmonary vasculature, respectively®. This was
revisited and developed further 25 years later at what is recognised as the second world symposium3.
Here the clinical presentations of pulmonary hypertension were sorted into 5 main categories and the
term pulmonary arterial hypertension or PAH was introduced to replace primary pulmonary
hypertension. At the third world symposium in 2003, the classification was widely regarded as useful
for clinical and epidemiological purposes, less so for research®.

The current clinical classification?, visited in 2018, still holds to the 5 major category structure but is
increasingly challenged by observations from molecular science. Patients do not always fit easily into
one of the main categories. Not only is there overlap between them, but clinical heterogeneity is
present within each category. This lack of precision arises from a lack of understanding of the
molecular drivers of pulmonary hypertension and impairs novel drug development.

For the past 20 years, my research has been directed at discovering and exploiting the molecular
drivers of pulmonary hypertension and has tested the established clinical classification, with a view to
providing a better tailored, more personalised approach to the management of the condition.

Over-arching hypothesis

The hypothesis that underpins my research is that deep molecular phenotyping of patients presenting
with a clinical diagnosis of pulmonary hypertension will identify subgroups that share one or more
druggable disease-associated pathways and accessible biomarkers of response to treatment

Translational Research in Pulmonary Hypertension at Imperial College (TRIPHIC)

In 2002, | began to assemble data and biosamples from a cohort of patients presenting to
Hammersmith Hospital with a tentative diagnosis of pulmonary hypertension. Patients were reviewed
and investigated by the clinical team and assigned a diagnostic category and management pathway
following international guidelines. Clinical data were collated and, in 2013, | registered a database
called TRIPHIC that complied with contemporary regulatory requirements and linked to samples taken
at clinical and research visits, aliquoted and stored at -80°C. The database now stands at 2,121 patients
and captures clinical features from 20 primary sources, including key investigations such as
haemodynamics, imaging and functional measurements, co-morbidities and treatments. The biobank
holds over 70,000 coded retrievable samples — DNA, mRNA, plasma, serum, urine, cells and tissue.
The majority of patients have a clinical diagnosis of PAH (33%) or chronic thromboembolic disease
(23%). Patients with suspected pulmonary hypertension in whom the diagnosis was excluded by
cardiac catheterisation (18%) provide disease controls.
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Translational Research in Pulmonary Hypertension at Imperial College (TRIPHIC) database

The database and biobank have provided the foundation for the molecular interrogation of pulmonary
hypertension by myself and others, both locally and internationally. It preceded, and was the major
contributor to, the UK National Pulmonary Arterial Hypertension Cohort Study led by Nicholas Morrell
from Cambridge, which networked data and sample collection from around 8 expert hospital centres
in the UK; the Hammersmith Hospital cohort constituted over 25% of the national cohort. TRIPHIC has
provided data and samples for overseas investigators. And it has fuelled a steady stream of discoveries
shared in high profile publications that are shaping our concepts about the pathogenesis, diagnosis
and management of pulmonary hypertension and the development of new therapies.

Proteomics

In an early attempt to identify key molecular pathways in pulmonary vascular disease | used label-free
liguid chromatography tandem mass spectrometry to analyse the protein profiles in lung samples
from 8 patients with PAH and 8 control subjects (PMID: 21041689). The PAH samples were acquired
from patients at lung transplantation while the control specimens came from uninvolved regions of
lobectomy tissue from patients undergoing surgery for bronchial carcinoma. From 362 proteins
detected, 25 were differentially expressed (either increased or decreased) in PAH lung tissue. Several
had been reported in PAH lung previously, giving confidence to the approach and, in particular,
credibility to the novel observation of upregulation of chloride intracellular channel protein 4 (CLIC4)
in PAH. The latter was confirmed by Western blotting and immunostaining and was taken forward as
a molecule of interest with my colleague, Beata Wojciak-Stothard at Imperial (PMID: 24503951). We
showed that deletion of CLIC4 attenuated the development of pulmonary hypertension in mice
exposed to hypoxia while over-expression compromised endothelial barrier function. We concluded
that approaches that reverse increased pulmonary endothelial CLIC4 expression may be beneficial in
patients with PAH.

A limitation of studying end-stage disease at lung transplantation is that repair and other
compensatory mechanisms may overshadow aberrant pathways responsible for the disease. Lung
biopsy is not a safe procedure in PAH and so | turned my attention to proteins that circulate in blood.
The plasma proteome is an amalgamation of proteins that are secreted or leak from damaged tissue



and provides an accessible “liquid biopsy” that informs on health. The vast pulmonary vascular bed
would be expected to be a major contributor to the plasma proteome and the advent of high-
throughput platform technologies offered a route to conducting an unbiased screen of changes in the
plasma proteome with pulmonary vascular disease.

| opted for the aptamer-based SomaScan platform operated by Somalogic. In the first study of this
kind, | assayed samples from patients (n=218) with well-phenotyped idiopathic or heritable PAH
registered in the TRIPHIC biobank and 136 patients from 2 international cohorts for 1129 circulating
proteins (PMID: 28624389). | argued that protein levels associated with survival might be more likely
to be related to the biology of condition and, working with Chris Rhodes at Imperial College, found 14
proteins that robustly identified survivors, independent of the cardiac biomarker, N-terminal pro-
brain natriuretic peptide (NT-proBNP), and confirmed 9 by targeted immunoassay. These 9 proteins
described several pathological processes related to pulmonary vascular disease, such as inflammation,
pulmonary vascular cellular dysfunction and structural dysregulation, iron status, and coagulation. A
risk score was constructed out of these 9 proteins that improved risk estimates above established
clinical risk equations and offered the first multi-marker panel for risk stratifying PAH patients. |
recently revisited and refined this multimarker approach by measuring 4,152 proteins by aptamer
assay in patients (n=357) with idiopathic, heritable or drug-induced-PAH from the UK National Cohort
of PAH and a French cohort (n=79) (PMID:35081018). Thirty-one proteins robustly informed prognosis
independent of NT-proBNP and 6 minute walk distance in the UK Cohort. The addition of a weighted
combination score of 6 proteins to NT-proBNP improved prediction of 5-year outcomes.

Metabolomics

The plasma metabolome, the sum total of circulating metabolites, is, arguably, closer to clinical
phenotype than proteins. It provides an equally rich ‘vocabulary’ for describing disease. | used
ultraperformance liquid chromatography mass spectrometry to analyze 1416 metabolites in plasma
from patients with idiopathic or heritable PAH (n=365) from the UK National PAH Cohort study and
identified 52 that distinguished these patients from healthy controls (n=121); 20 of the 53 also
separated PAH from disease controls (n=139) (PMID: 27881557). Sixty-two metabolites were
prognostic in PAH, with 36 of 62 independent of established prognostic markers. Increased circulating
modified nucleosides (N2,N2-dimethylguanosine, N1-methylinosine), TCA cycle intermediates
(malate, fumarate), glutamate, fatty acid acylcarnitines, and polyamine metabolites and decreased
levels of steroids, sphingomyelins, and phosphatidylcholines are characteristics of patients with PAH
that distinguish them from symptomatic patients without pulmonary hypertension. Serial
measurements in a subset of patients suggested that correction of these metabolite disturbances is
linked to improved outcomes. Of specific note, patients defined as vasoresponders, who have
excellent outcomes on calcium channel blocker therapies, demonstrated metabolic profiles more
similar to those of healthy control subjects than to other patients.

| followed this analysis with a closer examination of lipid metabolism in PAH, using nuclear magnetic
resonance spectroscopy to measure 105 discrete lipoproteins in plasma from PAH patients registered
in TRIPHIC (PMID: 30478197). Contemporaneous plasma protein levels from the previous SomaScan
platform study were used to identify proteins linked to the lipoprotein subclasses. Reduced levels of
small Apo A-2-rich high-density lipoprotein-4 was independently linked with higher mortality. The
hypothecated mechanism is that these particles transport fibrinolytic proteins, such as alpha-2-
antiplasmin, and vasoactive peptides, such as prekallikrein, and suggest that increasing levels of small
high-density lipoprotein and its associated proteins in PAH may have therapeutic benefit.

Genetics
The National Institute of Health Research BioResource Rare Diseases (BRIDGE) consortium provided
funding to sequence 13 rare diseases and PAH was adopted as one of these (PMID: 32581362). Whole



genome sequencing was performed on 1038 PAH index cases, including 271 from TRIPHIC. Nick
Morrell and Stefan Graf from Cambridge led the rare variant analysis and observed over
representation of rare variants in 3 new genes in PAH (ATP13A3, AQP1 and SOX17), and confirmed
the association of GDF2 with the condition (PMID: 29650961).

The common variant analysis of this dataset was led by myself with Inga Prokopenko and Chris Rhodes,
both at Imperial College. In a genome-wide association study we identified two common variants that
reached the accepted threshold for statistical significance; namely, a locus near SOX17 and a second
locus in HLA-DPA1 and HLA-DPB1 (collectively referred to as HLA-DPA1/DPB1) within the class Il MHC
region (PMID: 30527956). These two loci were confirmed in a metanalysis using data from 3 additional
international studies, totalling 2085 patients of European ancestry. Deeper analysis revealed that the
SOX17 locus had two independent signals associated with PAH and functional and epigenomic data
support the contention that these risk variants alter gene regulation via an enhancer active in
endothelial cells. The study indicates that impairment of SOX17 function might be more common in
PAH than suggested by rare mutations in SOX17. Survival analysis showed that the HLA-DPA1/DPB1
(rs2856830) genotype was strongly associated with survival; median survival from diagnosis in PAH
patients with the C/C homozygous genotype was double that of those with the T/T genotype, despite
similar baseline disease severity. It makes a case for HLA typing or rs2856830 genotyping patients in
clinical trials if time to clinical worsening is a declared trial endpoint.

Genetic variants associated with disease can signhal drug targets. SOX17 and HLA-DPA1/DPB1 are not
readily druggable. In extending my search for druggable targets with genetic evidence of association
with pulmonary hypertension | have looked for protein quantitative trait loci (pQTL) associated with
PAH. This involved drawing on extensive plasma proteome and whole genome sequence data from
patients (n=357) with idiopathic or heritable PAH, healthy volunteers (n=103) and relatives (n=23) of
PAH patients. With Lars Harbaum and Chris Rhodes, | found that triangulating plasma proteins that (i)
differentiated PAH from health, (ii) carried prognostic information and (iii) showed genetic control
through a pQTL provided 8 proteins that met all 3 criteria. Mendelian randomisation analysis using
these pQTL and data from our genome-wide association metanalysis support 3 pQTL as causally
related to PAH; namely, netrin-4, thrombospondin-2 and endoglin. The added value of employing
Mendelian randomisation is that it helps interpret the significance of altered circulating plasma
protein levels. The direction of effect from Mendelian randomisation argues that there is likely to be
therapeutic benefit from reducing netrin-4 levels/activity but augmenting thrombospondin-2 and
endoglin levels/activity, despite the elevated levels of the latter two in PAH.

In parallel with genetic studies in PAH, | have also led a long-term project to understand the genetic
basis of adaptation to hypoxia-induced pulmonary hypertension. The premise is that an increase in
pulmonary vascular resistance to alveolar hypoxia, leading to pulmonary hypertension, is a
characteristic of most adult mammalian pulmonary circulations; as such, understanding the genetic
basis for why some pulmonary vascular beds are more resistant than others will illuminate the
underlying mechanisms that might be amenable to pharmacological manipulation. In one success, |
compared the exomes of Kyrgyz highlanders who appeared resistant to developing pulmonary
hypertension above 3,000m with those from highlanders that were susceptible and found an
activating mutation in GUY1A3, that encodes the alpha-subunit of soluble guanylate cyclase (PMID:
25373139); this observation is consistent with a therapeutic strategy that augments the cyclic GMP
signalling pathway as a treatment for pulmonary hypertension (PMID: 18591337).

In another successful line of study, | took advantage of a strain of rat, the F344 strain, that, as a result
of an experiment of nature, is more resistant to hypoxia-induced pulmonary hypertension than the
WKY strain. Through a congenic breeding and detailed phenotyping program, with Lan Zhao at
Imperial, and then comparative genomics, with Tim Aitman (also at Imperial College at the time), the



resistance phenotype was narrowed to a mutation in S/c39a12 which predicted a truncated protein,
zinc transporter 12 (Zip12) (PMID: 26258299). The expression of Zip12 in vascular cells is hypoxia
dependent and regulates the influx of Zn?* into cells. Knockout of Zip12 in the susceptible strain
confers resistance to hypoxia-induced pulmonary hypertension. Zip12 is upregulated in lung tissue
from patients with PAH (and hypoxia-induced pulmonary hypertension) and is now the focus of a drug
development programme, targeted at inhibiting Zip12 in PAH.

microRNAs and Transcriptomics

Circulating microRNAs (miRs) regulate gene expression and reports have emerged of changes in
candidate miRs, such as miR-204 and miR-21, in lung tissue from patients with PAH and animal models.
| took an unbiased approach, and working with Stefanie Dimmeler from Frankfurt, completed a
microarray screen of plasma from 8 patients with PAH and 8 healthy controls and found that miR-150
was markedly downregulated in PAH (PMID: 23220912). Further investigation in samples from the
TRIPHIC database (145 patients) and a separate validation group (of 30 treatment naive patients) from
Sheffield showed that plasma levels predicted survival. Subsequent studies led by Beata Wojciak-
Stothard have shown that miR-150 has anti-apoptotic, anti-proliferative and anti-inflammatory
properties and that endothelium-targeted delivery of miR-150 has a protective effect in a rodent
(Sugen/hypoxia) model of pulmonary hypertension®.

Whole blood transcriptome profiles offer another approach to interrogating the pathology of
pulmonary vascular disease. | initiated RNA sequencing of whole blood samples from patients with
PAH (n=359) from the UK National cohort and matched controls (n=72) (PMID: 32352834). With Dr
Chris Rhodes, differences in expression levels of 507 genes between PAH and controls were noted and
used to construct a model that score disease severity and predict long-term survival. Using two-
sample Mendelian randomisation analysis in collaboration with international colleagues from the
genome-wide association study, an eQTL for SMADS5 was associated with risk of developing PAH; lower
expression was associated with increased risk. SMAD5 encodes an intracellular transcriptional
modulator that is activated by ligand binding of bone morphogenetic protein receptor 2, the most
common genetic risk factor in heritable PAH, giving biological plausibility to the observation.
Interestingly, SMADS5 also controls levels of the master iron regulator, hepcidin, which | had previously
reported to be elevated and likely drive iron deficiency in PAH and is associated with a poor clinical
outcome (PMID: 21737024). One conclusion from the study is that therapeutic strategies that restore
normal SMADS function may have broader benefit beyond patients with BMPR2 mutations. Another
consideration is whether patients with genetically lower SMADS5 levels, or simply with the variant
associated with lower SMADS5 levels, might show a differential response to novel therapeutics
targeting the BMPR2 signalling pathway.

The transcriptomic data lend themselves to deeper interrogation for molecular clusters to better
understand the heterogenous population left behind once known causes of pulmonary hypertension
have been excluded. Unsupervised machine learning of these data, led by Allan Lawrie and Dennis
Wang from Sheffield, identified 3 major patient subgroups associated with poor, moderate and good
prognosis (PMID: 34876579). Significantly, the endophenotype associated with poor prognosis was in
part defined by the C/C variant of HLA-DPA1/DPB1 identified in the genome-wide association study.

Imaging

Advanced imaging affords not only deep phenotyping of patients but also the potential to understand
mechanisms of response to drugs. Given the difficulty of obtaining lung tissue from patients, | explored
the use of positron emission tomography (PET) as a tool for following the response of pulmonary
vascular disease to treatment; specifically, using 18F-fluorodeoxyglucose (18FDG) to follow
proliferation and inflammation in the diseased lung and develop a bridging biomarker to follow
pulmonary vascular remodelling. A proof-of-concept study in a rodent model showed that lung 18FDG



uptake was increased in the disease model and reduced with treatment (PMID: 23900048). | then used
this technique in a study of a novel drug from PAH, dichloroacetate, and showed lung parenchymal
18FDG uptake was increased in PAH and reduced in patients that showed signs of improvement on
the drug (PMID: 29070699). The dynamic range of the 18FDG signal was small (i.e. in many patients,
18FDG uptake was just above background). Coupled with the need for PET, this particular tracer is not
likely to be adopted for experimental medicine studies, but it illustrated the principle of using PET to
follow drug response.

Cardiac magnetic resonance (CMR) is more accessible and has become the ‘gold standard’ for
investigating cardiac structure and function. | was an early adopter of CMR and used this in two
investigator-led studies to follow the response of the right heart to treatment. In the Sildenafil versus
Endothelial Receptor Antagonist in Pulmonary Hypertension (SERAPH) study | reported that sildenafil
had a beneficial action in reducing right ventricular hypertrophy (PMID: 20460548). In the Simvastatin
in Pulmonary Hypertension (SiPHT) study | reported that high-dose simvastatin, unlike in multiple
rodent studies, has no long-term beneficial effect on cardiac mass or function (PMID: 20460548).

CMR data contain more information that the simple metrics usually used to define cardiac function,
such as ejection fraction and mass. Collaborating with Declan O’Regan at Imperial College and two co-
supervised PhD students, Tim Dawes and Mark Attard, to mine data from over 250 patients in TRIPHIC,
we were able to show that 3-dimensional cardiac motion analysis and fractal analysis of right
ventricular trabeculae, by taking into account how the heart as a whole behaves in response to
pulmonary hypertension, improves survival prediction (PMID: 28092203, PMID: 29869959, PMID:
30535300, PMID: 30801055).

Summary and future directions

The application of the tools of experimental medicine, in particular, high-throughput ‘omic platforms,
advanced imaging and bioinformatics, to patients with clinically identified pulmonary hypertension
has challenged the conventional clinical pathways for diagnosing and managing this condition. My
research has been at the forefront of this, resulting in a succession of publications that are recognised
internationally and demonstrate leadership in the field. The clinical utility of the research has been
the identification of novel drug targets and potential biomarkers for risk stratification and monitoring
response to treatment. Beyond this is the promise of a greater overhaul of the manner in which
pulmonary hypertension is categorised and treated, as outlined in a recent review (PMID: 32201940)
and workshop (PMID: 33888254).

Rather than attempting to fit each patient into a clinical category based on haemodynamic
measurements and the presence or absence of co-existing disease, deep-molecular phenotyping
together with advanced imaging offers the future prospect of a new taxonomy of pulmonary
hypertension that defines patient clusters coupled to druggable targets. The approach to treating
pulmonary hypertension would then become more akin to that increasingly adopted by oncologists,
where treatment is mechanism-based and selected based on the most active aberrant signalling
pathway, irrespective of clinical nomenclature (PMID: 33541614).
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STATEMENT ON CONJOINT WORK

All the work submitted has been a collaborative effort. | have led or co-led all the studies included in
the publication list, having provided and/or shaped the original idea, developed the collaborations,
raised the funding as principal applicant or co-applicant, provided supervision, and engaged in data
analysis and interpretation. | have referenced key collaborators in the narrative overview and here
expand on the background.

Clinical studies

The TRIPHIC database at Imperial College relied on the provision of clinical data by the clinical team,
led by Simon Gibbs until his retirement and then Luke Howard. The governance of the database was
co-ordinated through John Wharton at Imperial College.

Proteomics and metabolomics

The proteomic lung mass spectrometry was supervised Robert Edwards and the lipidomic assay by
Jeremy Nicholson at Imperial College. The high-throughput plasma proteomic and metabolomic
assays were commercial offerings, from Somalogic and Metabolon respectively. Chris Rhodes and
latterly Lars Harbaum from Imperial, provided invaluable bioinformatic expertise.

Genetics

The whole genome sequencing of PAH patients and the interpretation of rare variants was led by Nick
Morrell and Stefan Graf at Cambridge. Inga Prokopenko at Imperial College provided her expertise
and together with Chris Rhodes conducted the common variant analysis. The Kyrgyz expeditions were
co-ordinated by the late Almaz Aldashev from Bishkek. The rat genome studies were conducted with
Lan Zhao and Tim Aitman at Imperial College, who led on the phenotyping and comparative genomics
respectively.

miRNA and transcriptomics

The miRNA assays were conducted by Stefanie Dimmeler in Frankfurt and interpreted with
bioinformatic expertise from Chris Rhodes. The whole blood RNAseq was conducted by Imperial
Biomedical Research Genomics Facility and data interpretation was again with Chris Rhodes. The
cluster analysis was overseen by Allan Lawrie and Dennis Wang from Sheffield.

Imaging

The PET studies were conducted at Imperial College using local expertise to derive the data. Routine
clinical imaging was provided by local hospital radiology departments. The advanced cardiac magnetic
resonance studies and data analysis were led by Declan O’Regan at Imperial College.



