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Abstract

The Division of Lung Diseases of the National Heart, Lung and Blood Institute, (NHLBI) and the
Cardiovascular Medical Education and Research Fund (CMREF), held a workshop to discuss how
to leverage the anticipated scientific output from the recently launched “Redefining Pulmonary
Hypertension (PH) through Pulmonary Vascular Disease Phenomics” (PVDOMICS) program to
develop newer approaches to pulmonary vascular disease. PVDOMICS is a collaborative,
protocol driven network to analyze all PH patient populations to define novel pulmonary
vascular disease (PVD) phenotypes. Stakeholders, including basic, translational and clinical
investigators, clinicians, patient advocacy organizations, regulatory agencies, and
pharmaceutical industry experts joined to discuss the application of precision medicine to PVD
clinical trials. Recommendations were generated for research priorities in line with NHLBI

Strategic Vision Goals.

1. A national effort to coordinate bio-samples and bio-data from funded programs so that
information can be shared and correlated with other research projects. Example
programs include PVYDOMICS, PHBI, the National Biological Sample and Data Repository
for PAH and the National Precision Medicine Initiative.

2. Ataskforce to develop a master clinical trials protocol for PVD to apply precision
medicine principles to future clinical trials. Specific features include:

a. Adoption of smaller clinical trials that incorporate biomarker guided enrichment
strategies, using adaptive and innovative statistical designs.
b. Development of newer endpoints that reflect well-defined and clinically

meaningful changes.



3. Development of imaging, hemodynamic, cellular, genomic and metabolic variables that
will identify individual and shared features of PVD, to serve as the basis of novel

phenotypes for therapeutic interventions.

Keywords: pulmonary vascular disease, pulmonary hypertension, precision medicine, master

protocol, clinical trials, PVDOMICS, genomics

Introduction



For centuries doctors, scientists, and patients have known that the manifestations of a
disease and its response to any particular therapy varied widely among individuals. Yet,
medical practice, including pulmonary vascular disease (PVD) and pulmonary hypertension
(PH), has been based upon inclusive disease definitions, with a one-size-fits-all treatment
approach, despite the likelihood that multiple mechanisms of disease lead to PH (1). To change
the status quo practice, several programs funded by the Division of Lung Diseases of the
National Heart Lung and Blood Institute (NHLBI), have sought to subtype certain diseases based
upon clinical, biochemical, and molecular biomarkers to lay the groundwork for therapies
targeted to an individual’s specific characteristics (2, 3). This is the promise of personalized
medicine using a precision medicine approach (4).

Inadequacies of therapy of PH using the traditional approach.

From 1995 until the present, there have been 12 medicines approved for treatment of
pulmonary arterial hypertension (PAH) (5). These, for the most part, have had a small impact on
the outcome of the patients (6). The treatment effects on symptoms and exercise capacity are
limited, with only one drug showing an improvement in survival (7). There are many reasons
for the treatment failures that need to be addressed if we are to make future clinical trials for
PH more successful. First, patient phenotypes are not mechanistically defined and delineated.
The clinical classification of pulmonary hypertension established with the World Health
Organization (WHO) in 1998 was created to enlighten physicians to the associated conditions
that may affect the development or progression of pulmonary hypertension (8). In spite of the
elaborate subgrouping within the clinical classification scheme, there is considerable

heterogeneity and ambiguity among and within groups that makes it difficult to identify a single



group of patients who may have a common underlying pathophysiology (9). The most common
form of PH today is associated with heart failure with preserved ejection fraction (HFpEF), yet
there appears to be more uncertainty on how to define this group of patients than any other
(10).

A second problem is the lack of satisfactory clinical trial endpoints. While the 6-minute walk
(6MW) test has been the primary endpoint in most of the PAH registration trials, no minimum
change has been established as a requirement (11) and (Table 1). Since walking can be affected
by many physiologic variables independent of the pulmonary circulation, it becomes difficult to
attribute small changes solely to a drug effect on PAH. Because PAH is usually a fatal disease,
using survival as an endpoint is not practical. The recently tested “time to clinical worsening”
endpoint may be useful to determine durability of a treatment effect, but it is unable to inform
a physician about the efficacy of a specific therapy in a given patient (12). Additionally, there
have never been endpoints that reveal the manner in which a drug is working in the pulmonary
circulation in these patients. In spite of more than 20 years of therapies, there are no clear data
that answer whether any of the existing medications reverse the disease, halt progression of
the disease, or even affect the rate of progression of disease.

Third, there is limited understanding of the underlying mechanism of action of any treatment
in human PH. Future trials need to incorporate endpoints that inform not only if a drug is
effective but where it is working and how it is working, and its effect on modifying the

underlying disease.

Why a precision medicine approach is appropriate for PVD.



The recent launch of the Precision Medicines Initiative (PMI) has generated interest in
exploring this approach for several diseases (4). To be successful, it will require a clear
understanding of the fundamental processes underlying PVD, and the identification of
biological measures that will identify a specific phenotype that will predict the efficacy of a
specified treatment. In actuality, a precision medicine approach is currently part of the
assessment of patients with PAH. At the initial right heart catheterization of a suspected
patient, vasodilator challenge is a recommended practice to determine if the patient has
pulmonary vasoreactivity (13). Those who are vasoreactive can be treated with calcium
channel blocker drugs, with an expectation of markedly improved clinical symptoms and up to
decades of survival (14, 15). While this revelation was made years before the PMI was
established, it supports the notion that identifying a highly predictive biomarker will enable
effective treatment of PAH. Proof that genetic phenotyping is possible and potentially of use in
treating PH also comes from the case of vasoreactive PAH. Recent work has shown that this
endophenotype can be identified in the peripheral blood using RNA expression patterns (16,
17) (Figure 1) and potentially through the identification of a pattern of genetic variants (18).
PVDOMICS -Linking Phenotype with Biological Mechanisms: Seeking Precision Insights.

The 2010 NHLBI Pulmonary Vascular Strategic Plan identified the development of a
comprehensive cohort to define phenotypes integrating “Omics” technologies and systems
approaches as a top priority in PVD (2). The overall goal of the PVDOMICS network is to perform
clinical phenotyping (demographic, physiologic, clinical chemistries, and imaging) and
endophenotyping (genomic, proteomic, metabolomic, coagulomic, cell and/or tissue based)

across all PH groups in order to deconstruct the traditional classification and define new



meaningful sub-classifications of patients with PVD (3). The long-term goal is utilization of
endophenotypes/biomarkers for early diagnosis, at-risk screening, and personalized
approaches for interventions and/or prevention of PVD. Perhaps the most innovative aspect of
the analysis will be to compare all omics data without regard to PH Group designation to
generate a new, more accurate classification of pulmonary vascular disease leading to PH.
While it seems obvious that knowledge of the molecular mechanisms of drug effects is
necessary to move the field forward, no registration clinical trial to date has included biological
samples for this type of analysis. PVDOMICS seeks to explore this gap, by incorporating
genetics, genomics, epigenomics, proteomics, metabolomics and coagulomics (19). (Table 1)

A genomic approach to precision medicine in PVD will be especially critical. Genetic variants
are particularly well suited to apply to precision medicine because they have high specificity
and thus can be measured only once. In addition, DNA is routinely extracted and can be
performed on samples drawn at any time in the therapeutic intervention. RNA expression
patterns, while less stable than DNA, have been validated in PAH and can be drawn in
peripheral blood.

Genetic variants and gene expression patterns can be used to characterize the likelihood of a
patient responding to a given drug, as illustrated by their association with clinical outcomes in
patients treated with endothelin receptor antagonists (18).

The Role of Large Data Analytics.
Re-analysis of Prior Clinical Trials. One need not wait for newly defined endophenotypes to
apply precision medicine strategies in PH. Clinical data from registration trials is now available

to allow deeper analysis and the investigation of secondary evaluations and associations that



may not have been evident on first analysis. Randomized clinical trials have enrolled thousands
of patients with PAH with detailed assessments at baseline and randomization to active therapy
and placebo. Much of the data from these clinical trials are not used in the primary and
secondary analyses of drug effects, and it may be difficult to study comparative effectiveness in
individual studies. Yet, when harmonized in individual participant data meta-analyses, these
data may be used to answer important questions in PAH, such as the response to PAH therapy
by sex and race, (20) and the comparative effectiveness of treatment and risk of adverse events
in distinct types of PAH such as connective tissue disease. (21, 22) A precision medicine
approach, where treatments are studied in those most likely to respond, may be available by
meta-analyzing multiple studies, achieving the large sample sizes often needed for such
analyses.

To achieve the full potential of these completed studies and to optimize the design of future
clinical trials in PAH, the creation of common data elements for PAH would facilitate both
harmonization of legacy studies and start-up of future studies. Sponsors and investigators
involved in the planning phase of studies should adhere to new guidelines for data sharing from
the Academy of Medicine and the ICJME (23, 24).

Application of machine learning. Deep learning is a branch of machine learning that is
increasing in popularity due to its ability to process highly non-linear data that requires
modeling of increasingly higher level of abstractions across multiple processing layers (25, 26).
Examples of uses of deep learning in medicine include automated processing and diagnosis of
medical images and for making clinical predictions from large amounts of data from the

electronic health record, a process that has been termed “deep patient”(27). While the current
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focus on precision medicine is on —omics type data, the data that is used for machine learning

can be of any type (e.g., -omics of any kind; environmental data; lifestyle data such as

accelerometry; electronic health record data). Indeed for many clinical syndromes, such as PH,

the genomic-centric approach may not be sufficient. PH is a complex clinical syndrome with

multiple etiologies and pathophysiologies. In addition, because accessing the diseased tissue is

not readily available, large-scale gene expression analyses and tissue characterization of the

pulmonary vasculature are not possible. Thus, for clinical syndromes such as PH, we must

leverage non-genetic data, coupled with machine learning in order to resolve the heterogeneity

of the PH syndrome, which will allow for more targeted therapeutics. With improvements in
phenotyping techniques, including imaging, proteomics, and metabolomics, we can take
advantage of modern, “big data” analytics. For example, in patients with heart failure with
preserved ejection fraction (HFpEF), a common cause of PH, the combination of deep
echocardiographic phenotyping with unsupervised model-based clustering-based machine
learning (i.e., “phenomapping” [Figure 2]) resulted in the detection of 3 mutually exclusive
subcategories of HFpEF that differed greatly in their clinical characteristics, pathophysiology,
and outcomes (28). Similar approaches could ultimately be used in PH to develop targeted,
personalized therapies for specific subtypes of PH.

Considerations in the Conduct of Clinical Trials for a Precision Medicine Approach.

Primary endpoints. Early clinical trials in PAH were of short duration with the most common
primary endpoint being the 6MW distance. Meta-analysis had demonstrated that change in
6MW did not correlate with other important endpoints including all cause death,

hospitalization, or initiation of rescue therapy (11). Recently, time to clinical worsening has
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been used as a primary endpoint in PAH trials (12) with the definition to include time to 1) all-
cause mortality, 2) hospitalization for PAH, and 3) disease progression defined as worsening
functional class and a reduction in 6MW. While applicable to group data, this endpoint will not
be helpful for a personalized approach.

A clinical endpoint that incorporates how an individual patient feels and functions during a
drug intervention is necessary for successful personalized treatments. Patient reported
outcomes have not been included as primary endpoints in any of these trials. Recently, the
Pulmonary Hypertension Association queried patients regarding measures of drug efficacy
using a vignette describing a newly diagnosed patient with a chronic, progressive disease being
prescribed a therapeutic regimen specifically for patients linked with their genetic makeup. The
responses revealed that patients mostly want improvement in how they feel. Symptom
reduction, increased exercise capacity and improved quality of life dominated their perceived
goals, whereas improved survival, cure and reduced disease progression were about half as
important. Endpoints in future clinical trials should include patient preferences as important
measurements if they are to be relevant (29).

Secondary Endpoints. The clinical trials in PH have largely ignored informative endpoints
essential for understanding how a drug is working in patients, and its effect on the underlying

disease process. Yet, it is possible with current tools to acquire this data. These include:

e Mechanism of action. When a drug may affect vascular receptors in different circulatory
beds, it would be important to ascertain on which vessels and tissues the clinical effects

are manifest.
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Disease modification. Decades ago the severity of pulmonary vascular disease was
estimated in patients with PAH and congenital heart disease with a simple pulmonary
wedge angiogram (30) While it cannot address which cell lines are changing, it can
provide an overall picture of disease progression or reversal. CT technology has now
been used in a more comprehensive way in pulmonary vascular disease (31). Studies
have also shown that molecular imaging of the human pulmonary vascular endothelium
is possible using an adrenomedulin receptor ligand (32) (figure 3) PET scans can
demonstrate increased lung 18FDG uptake in animal models and patients, and reveal
changes with effective treatments (33), Figure 4.

Right ventricular (RV) function and pulmonary vascular compliance (34). Advancing
knowledge about the molecular, cellular, and functional characteristics of the RV and
pulmonary arteries will accelerate progress in the treatment of PH. It is a valid strategy
to develop effective therapies will be directed towards the RV, as the morbidity and
mortality in PAH have been correlated best with hemodynamics and RV ejection
fraction. Knowledge of whether new medications work solely on the RV, or on both the
RV and pulmonary circulation is of critical importance.

Prognostic and predictive biomarkers. The profiling of metabolites, including lipids,
sugars, nucleotides, amino acids, and amines, is particularly relevant to the
understanding of RV-PV dysfunction (35). The goal is to identify biomarker signatures
that provide a more rational approach to clinical phenotypes, and that will predict
favorable responses to each of multiple therapies (or their combination), and

subsequently test resulting hypotheses in future, larger studies. Ideally it would be very
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useful to establish biomarkers as surrogate endpoints in clinical trials, which could then

be incorporated into adaptive trial designs (19).

Considerations in the Design of Clinical Trials.

Advances in regulatory science need to be exploited in PVD, given its orphan disease status.
Several strategies have been identified which can be applied to phase Il and phase Il precision
medicine trials (36-38). (Table 3) Predictive enrichment strategies are used to select subjects
for study who have the greatest chance of benefit based on a validated biomarker. Adaptive
clinical trials evaluate a treatment by measuring appropriate outcomes on a prescribed
schedule, and then modify the trial protocol in a prospective strategy based on the observed
effects. Modifications can be made in an adaptive manner to the dose and schedule of drug,
patient selection to include enrichment with responsive patients, and avoidance of non-
responders. A factorial study design allows investigators to test multiple hypotheses at once. A
crossover study design has greater power compared to parallel trial design for the same
number of participants. A randomized discontinuation trial is optimal for studying long-term,
noncurative therapies, especially when the use of placebo is considered unethical. An N-of-1
trial design involves multiple crossover experiments performed over predefined time periods to
compare the effects of different treatments on outcome measures within an individual patient.
A patient enrolled in an N-of-1 trial undergoes baseline measurement of a specific outcome
measure followed by an intervention for a pre-specified time period, after which performance
on the outcome measures is reassessed. After a drug washout period, the same experimental

design is repeated to measure the effect of a second therapy on the same outcome measures.

14



The Challenges

The challenge from the regulatory perspective: The development of biomarker-based
approaches to personalized medicine in cardiovascular disease has been challenging, in part,
because most cardiovascular therapies treat acquired syndromes which develop over many
years and represent the end result of several pathophysiological mechanisms. Success in
designing clinical trials for personalized medicine will require the selection of patient
populations with attributes that can be targeted or that predict outcome, and the use of
appropriate enrichment strategies once such attributes are identified. In oncology, the ability
to identify specific molecular targets has resulted in therapies that work in small populations,
but with a magnitude of benefit that is amplified. Cardiovascular studies approach
hypertension and heart failure as population- based diseases and test which disease responds
to specific drugs through trial and error. While there has been a long appreciation for the
importance of understanding different pathways in PH, the current therapies are for all WHO
PAH subgroups and work via non-pulmonary-specific vasodilation effects.

Considering the relatively modest benefits that PAH drugs possess, regulatory agencies have
tolerated considerable uncertainties in the safety profile resulting from much smaller safety
databases than are typically expected of chronic therapies. This uncertainty will be aggravated
by further reduction in the size of development programs targeting progressively more
constrained populations. This means that the benefits with such targeted therapies will need to
fundamentally larger than those of current drugs, e.g. mortality, avoidance of hospitalization, or

functional or symptomatic improvements unequivocally large enough for individual subjects to
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perceive as meaningful. More reliance on post marketing surveillance of efficacy and safety will
be inevitable.

The FDA has permitted the use of drugs that have a proven benefit on some disease marker,
even if that marker is not wholly satisfactory to the field. In PAH, the 6 MW is an example. If a
drug has a satisfactory safety profile and gives a statistical increase in the 6MW, the drug is
approvable. If post-marketing use of the drug identifies a significant toxicity the FDA has the
responsibility and right to either demand a boxed warning, or to decertify a drug from the
marketplace. The FDA is poised to be a partner in the evolution of precision medicine based on
better understanding of shared mechanisms of disease in PH cohorts, and will work with
trialists and the pharmaceutical industry to develop satisfactory trial designs and to aid in
innovative approaches towards PH, Figure 6.

Pharmaceutical industry challenges with precision medicine clinical trials.

The advances in genomics, and understanding of individual responses to efficacy and safety of
therapeutics has challenged the traditional “one size fits all’ drug development paradigm. As
the cost of drug development has accelerated, with the average cost for one new approved
drug a staggering $2.6B (2000 — 2010), the industry is looking for more efficient drug
development pathways. While the overall likelihood of regulatory approval from phase 1 for all
drug candidates is approximately 10%, the success rate increases with use of selection
biomarkers and in rare diseases. New drugs for PVD will require new models of collaboration
between academia, industry and the FDA. These consortia must address the organizational
complexity to gain the potential benefits. These include the sharing and/or combination of

biomarker databases, agreement on intellectual property rights, standardization of operating
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procedures in a clinical consortium, decisions on funding and influence within a consortium,
and how prioritization and other decisions are made. Industry needs to be open minded as to
what constitutes a true commercial advantage which must be protected yet maintaining the

spirit of open collaboration and most important, the interests of the patients.

Clinical trials in PAH have many challenges. The sample sizes required to establish the utility of
novel drugs and therapeutics is increasing for reasons that include the paucity of treatment
naive patients, and the small incremental improvements anticipated in traditional endpoints
that necessitate high enrollment numbers for adequate powering. Heterogeneity of treatment
effects is a problematic issue. Specifically, those that benefit most from novel treatments are
usually the most severely affected by PAH, but small in number. Conversely, the least severely
affected which are available to study are those that receive little benefit from the treatments.
However, these less ill patients are exposed to same risks for side effects as the most severely
affected people. In addition, the least severely affected PAH patients also have the least room
for improvement in response to effective novel treatment, leading to increased clinical trial

sample sizes.

The cost of new medicines will continue to draw attention, as niche drugs usually come with
high price tags. Political tensions will probably increase when patients are denied access to
precision medicines for financial reasons. The FDA is not in a position to intercede in this area,

but societal demands will require a dialogue between the payers and the drug sponsors.
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Summary of Recommendations to the National Heart, Lung and Blood Institute

1. A national effort, led by the NIH, should seek to co-ordinate bio-samples and bio-data from
all funded programs to a web based repository so that information can be shared and
correlated with other and all research projects. This should be a requirement of all future
multicenter trials.

2. Genomic data should be coordinated with the National Precision Medicine Initiative so that
large genetic databases can be used to detect genotype-phenotype relationships.

3. Ataskforce, inclusive of the principle stakeholders, should be created to develop a Master
Clinical Trials Protocol for PVD that will apply precision medicine principles to future
interventional clinical trials. With the input and approval of regulatory agencies, the Master
Protocol would provide a reasonable path for drug development (Phase Il) and registration
(Phase lll), while it addresses the needs of academia, clinicians and patients. Specifically:

e Patient centered outcome measures that incorporate patient needs and preferences
should be identified in PVD, and included, in future clinical trials along with traditional
medical outcomes measures.

e As the development of precision medicine initiatives alter the size and composition of
clinical trials, statistical expertise and FDA insights will be needed to allow for flexible
and innovative statistical design.

e Thereis a need for testing of newer endpoints, both primary and secondary, that
represent well-defined and clinically meaningful changes which accurately reflect

whether a drug is working in a given patient.
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* There should be ongoing development of static and dynamic imaging, hemodynamic,
cellular, genomic and metabolic variables that will identify patients for their personal
features. Such development should be hypothesis based where possible to reveal
differences that can lead to improved trials development whose effects can be

objectively measured.
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Table 1. The reported change in 6 minute walk distance in patients randomized to active

therapy in the PAH registration trials. Courtesy of Valerie McLaughlin and Robert Frantz.

Drug Change in walk (meters)
epoprostenol i.v. 31

bosentan 36
ambrisentan 45
macitentan 12

sildenafil 45

tadalafil 33

riociguat 30

iloprost (inhaled) 18
treprostinil (s.q.) 10
treprostinil (i.v.) not measured
treprostinil (inhaled) 14
treprostinil (oral) 13

selexipag 4

i.v.= intravenous. s.g.=subcutaneous
Comparisons between drugs should not be made from these results, as the trials varied with

respect to the severity of the PAH, and the use of background therapies. The minimal

improvement for a patient to acknowledge a real benefit has been reported to between 54 and
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80 meters. (43) Exercise training in patients who are stable on optimal therapy can increase
their BMW distance by 96 meters. (44)
Table 2. Genomic, epigenomic, proteomic, metabolomic and coagulomic biomarkers with

potential application to a precision medicine approach to PVD (19)

e endothelial and smooth muscle cell biology with:

0 BMPR2

0 KCNK3 (and other ion channels)

0 endothelin

O angiotensin

0 serotonin mediator networks and

O circulating progenitor cells that mark injury and repair processes
e hypoxia signaling pathways
* coagulation:

O initiation of coagulation (procoagulant activity),

O coagulation cascade,

o fibrinolysis
e markers of heart health

O BNP / ANP peptides; troponin), braveheart RNA
e function of hormone receptor signaling (e.g. estrogen receptor, aldosterone receptor)
e cancer-like processes

e arachidonic acid signaling network



e determinants of nitric oxide and guanylyl cyclase signaling

e metabolic shift in lung, vascular, heart and immune cells with mitochondrial remodeling;
O metabolic syndrome,
0 insulin resistance and
0 type ll diabetes
e matrix remodeling of the lungs, the pulmonary blood vessels and the heart
0 proteases to anti-protease imbalance;
o fibrosis
e oxidative stress in the cell environment and intracellular imbalance of the redox system
* responses by the network hubs of
0 Interleukin (IL)-1
0 Tumor necrosis factor — TNF super-families.
* immune response mediators
0 network hubs of IL-13 / IL-4 including resistin like molecule
0 theIL-33 receptor ST2
o IL-17A
0o IL-6
e Interferon response

0 network hubs of type-I Interferons (IFN) and IFNy)
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Table 3. Characteristics of Proposed and Established Study Designs in PAH

Trial Type Design

Advantage

Limitation

Patients randomized to study
agent or placebo and outcomes
assessed at follow-up

Randomized controlled trial

22 factors, each with 22
levels: 2x2 factorial design;
drug A+placebo B; placebo

A+placebo B; placebo A+active
B; active A+active B

Factorial design

Each subject is administered a
particular therapy at different
time points

Crossover study

Randomized discontinuation trial  Responders to drug therapy are
randomly assigned to placebo or

continued treatment

N-of-1 clinical trial Multiple crossover experiments

over a predefined time period

Placebo control demonstrates
efficacy.
Powered adequately to
determine effect

Test multiple hypotheses at once

Test combination of agents

Within-subject analysis possible
Smaller sample size necessary

Removal of patients who are
therapy nonresponders is an
element of study design

Individualized therapeutic
response identified.

Expense
Ethics of placebo use
Subpopulations not well studied

Potential interaction between
agents

Rapid clinical deterioration may
affect results and limit eligibility
of patients

Adverse events may occur on
withdrawal of drug

Limited statistical power,
generalizability of findings to
other patients unknown

Adapted with permission from: Ryan JJ, Rich JD, Maron BA., MD. Building the Case for Novel
Clinical Trials in Pulmonary Arterial Hypertension. Circ Cardiovasc Qual Outcomes. 2015; 8:

114-123

Figure 1. Example of a decision tree to differentiate vasodilator responsive pulmonary
arterial hypertension (VR-PAH) from vasodilator-nonresponsive pulmonary arterial

hypertension (VN-PAH).
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Adapted with permission from: Hemnes AR, Trammell AW, Archer SL, RICH S, Yu C, Nian H,
Penner N, Funke M, Wheeler L, Robbins IM, Austin ED, Newman JH, West J. Peripheral blood
signature of vasodilator-responsive pulmonary arterial hypertension. Circulation 2015; 131:
401-4009.

Figure 2: Phenomapping for novel classification of heart failure with preserved ejection
fraction.

A. Phenotype heat map (phenomap) of heart failure with preserved ejection fraction
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Columns represent individual study participants; rows, individual phenotypes. Red indicates
increased value of a phenotype; blue, decreased value of a phenotype.

A. Survival free of cardiovascular (CV) hospitalization or death stratified by phenogroup
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Adapted with permission from: Sanjiv J. Shah, Daniel H. Katz, Senthil Selvaraj, Michael A. Burke,

Clyde W. Yancy, Mihai Gheorghiade, Robert O. Bonow, Chiang-Ching Huang and Rahul C. Deo.
Phenomapping for Novel Classification of Heart Failure with Preserved Ejection Fraction.

Circulation. 2015; 131:269-279

Figure 3. Selective Adrenomedullin Receptor Ligand as an Imaging Modality of the Pulmonary

Vascular Endothelium
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A) Molecular SPECT imaging of the pulmonary circulation with **™Tc-PulmoBind, a selective
adrenomedullin receptor ligand, in a healthy human and in subjects with PH. B) Intense staining
(red) of the adrenomedullin receptor in human lung capillaries. C) Reduced protein expression
of the adrenomedullin receptor in the rat monocrotaline model of PH.
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Adapted with permission fram:
1. Hagrer S, Stahl U, Knoblauch B, McGreger GP, Lang RE. Calcitonin receptor-like receptor: Identification and distribution in

human peripheral tissues. Cell Tissue Res. 2002;310:41-50
2. Dupuis J, Harel F, Fu ¥, Nguyen QT, Letourmeau M, Prefontaine A, Fournier A. Molecular imaging of menscrotaline-indused

pulmanary vascular disease with radiolabeled linear adrenomedullin. J Nuel Med. 2009:50:1110-1115

Figure 4. Lung FDG uptake in patients with PAH are shown in comparison to normal control

patients.



A, 8FDG uptake in the IPAH patient group was increased compared with controls. B, Two-
tissue compartment model analysis demonstrated a significantly higher ks in IPAH patient lungs
than in control subjects consistent with increased intracellular glucose metabolism. C, a,
Computed tomographic thorax image (transverse view). b, Computed tomographic
thresholding to define lungs. ¢, Defined region of interest in computed tomographic view of
lung parenchyma. d, Coregistration of region of interest with positron emission tomography
image. e, Representative map of lung parametric FDG score in region of interest. f, Distribution
of voxels with top 25% FDG scores in region of interest. D, Representative 3-dimensional
parametric map generated from computed per-voxel FDG scores from an IPAH patient showing

uneven FDG uptake within the lung.
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Adapted with permission from: Lan Zhao, Ali Ashek, Lei Wang, Wei Fang, Swati Dabral, Olivier
Dubois, John Cupitt, Soni Savai Pullamsetti, Emanuele Cotroneo, Hazel Jones, Gianpaolo Tomasi,
Quang-De Nguyen, Eric O. Aboagye, Mona A. El-Bahrawy, Gareth Barnes, Luke S. Howard, J.
Simon R. Gibbs, Willy Gsell, Jian-Guo He and Martin R. Wilkins. Heterogeneity in Lung 18FDG
Uptake in Pulmonary Arterial Hypertension. Potential of Dynamic 18FDG Positron Emission
Tomography with Kinetic Analysis as a Bridging Biomarker for Pulmonary Vascular Remodeling
Targeted Treatments. Circulation. 2013; 128:1214-1224

Figure 6

Approach to Develop Personalized Treatments

Patient with PVD

Genomic Signature

Clinical Phenotype T Omic Phenotype

Individual Features & Shared Endophencotype

!

Clinical Trials and Treatments Tailored to Patient

Schematic approach to acquire basic and phenotypic information on multiple individuals and
groups of patients with pulmonary vascular disease (PVD). This information will lead to
therapies and trials that are more directed at specific mechanisms of disease than is now
possible.
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