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Background: Thousands of biomarker tests are either available or
under development for lung diseases. In many cases, adoption of
these tests into clinical practice is outpacing the generation and
evaluation of sufficient data to determine clinical utility and ability
to improve health outcomes. There is a need for a systematically
organized report that provides guidance on how to understand and
evaluate use of biomarker tests for lung diseases.

Methods: We assembled a diverse group of clinicians and researchers
from the American Thoracic Society and leaders from the National
Heart, Lung, and Blood Institute with expertise in various aspects of
precision medicine to review the current status of biomarker tests in
lung diseases. Experts summarized existing biomarker tests that are
available for lung cancer, pulmonary arterial hypertension, idiopathic
pulmonary fibrosis, asthma, chronic obstructive pulmonary disease,
sepsis, acute respiratory distress syndrome, cystic fibrosis, and other
rare lung diseases. The group identified knowledge gaps that future
research studies can address to efficiently translate biomarker tests into
clinical practice, assess their cost-effectiveness, and ensure they apply
to diverse, real-life populations.

Results: We found that the status of biomarker tests in lung
diseases is highly variable depending on the disease. Nevertheless,
biomarker tests in lung diseases show great promise in
improving clinical care. To efficiently translate biomarkers

into tests used widely in clinical practice, researchers need

to address specific clinical unmet needs, secure support

for biomarker discovery efforts, conduct analytical and

clinical validation studies, ensure tests have clinical utility,

and facilitate appropriate adoption into routine clinical
practice.

Conclusions: Although progress has been made toward
implementation of precision medicine for lung diseases in clinical
practice in certain settings, additional studies focused on
addressing specific unmet clinical needs are required to evaluate
the clinical utility of biomarkers; ensure their generalizability

to diverse, real-life populations; and determine their cost-
effectiveness.
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Overview

Despite a dearth of objective criteria for
clinical utility and ability to improve health
outcomes, thousands of biomarker tests are
available or under development for lung
diseases. Research studies are also underway
to identify novel biomarkers and seek
evidence to support their translation into
clinical practice. Health providers routinely
use select biomarker-based tests in clinical
practice, but some providers lack confidence
in deciding when biomarker tests are
needed. Researchers performing biomarker-
related studies require greater clarity
regarding the translation process.

Experts in precision medicine for a
wide range of lung diseases gathered for a
daylong meeting in May 2017 and wrote this
systematically organized report. It provides
guidance on how to understand and
evaluate use of biomarker tests for lung
diseases and identifies research topics that
could be prioritized in the future. Common
themes emerged that may help accelerate the
identification and translation of clinically
useful biomarker tests across multiple
pulmonary diseases:

e Translational studies to clinically validate
biomarkers are needed, in which
significance is valued over innovation.

® More biomarker discovery research, in
which hypothesis generation is viewed
favorably, is necessary.

e Efforts to integrate existing
heterogeneous datasets via appropriate
data-mining strategies are required.

Introduction

Precision medicine refers to understanding
how a person’s biology, exposures, and
lifestyle help determine approaches to
prevent and treat disease (1, 2). Advances
in precision medicine, including the
development of biomarkers that allow the

Box 1. Experience shared by Maki Inada. NIH director Dr. Francis Collins used this story during his 2016 NIH Budget Request for
continued funding for precision medicine initiatives (https://www.c-span.org/video/?c4529945/collinstestimony).

During the winter of 2007, I caught a bad cold and cough that persisted for 2 months. An X-ray was ordered, and my doctors found a
large, 7-cm mass in my lung. Because I was an active, healthy, 36-year-old nonsmoker, my doctors didn’t believe that this mass could
be a tumor, so they sent me home with antibiotics and asked me to come back in a few weeks. During my next appointment, I felt
better, although I still had a cough. Unfortunately, the new X-ray looked the same as the previous one. After further tests, I was
diagnosed with non-small-cell lung adenocarcinoma. With this diagnosis, I did some research on lung cancer in Wikipedia and
found that 90% of people with lung cancer are smokers, and only 15% of lung cancer patients survive 5 years. I was in total shock!
However, I read further about new targeted therapies that were being developed that seemed to work well for nonsmoking Asian
women. I met all three of those criteria, but next I had to find out how to get this new therapy. I met with a doctor who is a specialist
in EGFR mutations in lung cancers and targeted therapies. We opted to have a surgical biopsy in order to have genetic testing done
on the mutational status of my tumor, but the surgeon found tumor studs on the inside lining of my lungs and sent me away because
she was not willing to operate on a stage IV patient like me. Totally devastated, I returned home to Ithaca, NY, to begin standard
chemotherapy but also began taking the newly developed targeted therapy, Tarceva. During treatment, I did everything I could think
of to fight my prognosis. After 3 long weeks, I learned that my tumor had an EGFR exon 19 deletion mutation. “Congratulations!
Best of the bunch,” wrote my oncologist, referring to the likelihood that Tarceva would work on my tumor because of its mutation
type. After 3 months and four rounds of chemotherapy plus Tarceva, my tumor shrunk in size to less than a centimeter. I was
scheduled for surgery 2 weeks later and had an upper left lobectomy. I took daily Tarceva for 2 years postsurgery and then went off
Tarceva to start a family. We are very lucky to have a beautiful girl! I have subsequently had three recurrences, undergone additional
treatment with Tarceva, and had additional surgeries. Along the way, I acquired a common resistance mutation known as T790M,
but it has been 4 years since my last surgery, and as of today, we cannot detect any signs of disease. However, if I were to have
another recurrence, I am reassured in knowing that the development of other targeted therapies to inhibit resistance mutations are
underway. Thanks to precision medicine, I am a 10-year nonsmoker lung cancer survivor!
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tailoring of treatments to individuals, have
tremendous promise to improve population
health (3, 4). Since the launch of the
Precision Medicine Initiative in 2015, the
NIH and other organizations have made
progress toward enabling the selection of
interventions and treatments on the basis
of which ones will work for particular
individuals (2). Box 1 provides a
compelling patient story that illustrates
the promise of this approach. Although
focused initially on tailored therapy
for cancer, precision medicine has
rapidly expanded to other conditions,
including lung diseases. Most notably,
the NIH’s All of Us Research Program
(https://allofus.nih.gov/) is recruiting and
tracking more than 1 million individuals
to study precision medicine broadly.
Precision medicine includes the
identification of biomarkers that characterize
clinical heterogeneity to help diagnose
diseases, aid in prognosis, and dictate optimal
treatment (5). Thousands of molecular
biomarkers, consisting of measures such as
genetic variation, gene expression changes,
and levels of proteins and metabolites, are
either available or under development. For
example, as of January 29, 2018, the Genetic
Testing Registry contained information on
nearly 14,000 tests for lung diseases (6). The
National Heart, Lung, and Blood Institute
(NHLBI) funds several programs in lung
precision medicine, including:

o Centers for Advanced Diagnostics and
Experimental Therapeutics in Lung Diseases
(CADET). Accelerates development of
novel agents for diagnosis and treatment
of lung diseases using strategies based on
fundamental pathobiologic processes,
such as mucus production.

® Genomic Research in Alpha-1 Antitrypsin
Deficiency and Sarcoidosis (GRADS).
Seeks to discover links between genes
and microbes in the lung for two
underrecognized lung diseases.

e Precision Interventions for Severe and/or
Exacerbation Prone Asthma (PrecISE)
Network. Uses patient phenotypes and/or
endotypes along with biomarkers in
sequential adaptive clinical trials to
evaluate precision interventions.

® Pulmonary Vascular Disease Phenomics
Program (PVDOMICS). Performs deep
clinical phenotyping and blood-based
omics studies to discover molecular-
based subtypes of pulmonary vascular
disease.

e118

e Severe Asthma Research Program
(SARP). Characterizes molecular,
cellular, and biological mechanisms that
lead to different types of asthma via an
observational longitudinal study.

e Trans-Omics for Precision Medicine
(TOPMed). Collects and integrates
whole-genome sequencing and other
omics data to understand heart-, lung-,
and blood-related conditions.

Despite the promise of precision medicine
and the fact that thousands of biomarker
tests are available or under development for
lung diseases, many have not been readily
adopted in clinical practice for reasons that
include lack of objective criteria for using
them and uncertainty regarding their ability
to broadly improve health outcomes. In
addition to biomarker discovery research,
efforts to translate biomarkers into clinical
practice are critical to improving population
health. Moreover, a strong evidence base for
using genomic medicine is critical to its
widespread use in clinical practice (7).

Given rapid advances in lung-related
omics research and the fact that genomic
medicine is on the cusp of a new era of
improving population health, the time is ripe
to summarize the status of lung precision
medicine, with a particular focus on
molecular-based biomarkers. This joint
research statement between NHLBI and the
American Thoracic Society (ATS) provides
practical guidance regarding the assessment
and use of personalized tests for lung diseases
and identifies gaps in knowledge to focus
future research efforts related to biomarker
test development. The project on which this
report is based began with a series of
conference calls among ATS members and
NHLBI representatives, during which key
discussion points for an in-person meeting
were prioritized. Each topic and lung disease
area was assigned an expert, who prepared a
written summary for meeting attendees to
review. Subsequently, during the in-person
meeting, participants agreed on a framework
for biomarker evaluation, discussed the status
of precision medicine in select lung diseases,
and participated in breakout sessions whose
major points were also discussed with the
whole group.

Definitions

We used definitions that were established by
the BEST (Biomarkers, Endpoints, and

other Tools) Resource, a document
developed by the U.S. Food and Drug
Administration (FDA) and NIH to promote
consistent use of biomarker terms and
concepts (8).

Biomarker

BEST defines a biomarker as a
“characteristic that is measured as an
indicator of normal biological processes,
pathogenic processes, or responses to an
exposure or intervention, including
therapeutic interventions. Molecular,
histologic, radiographic, or physiologic
characteristics are types of biomarkers. A
biomarker is not an assessment of how an
individual feels, functions, or survives.” We
focused primarily on molecular biomarkers
during our meeting, but we noted other
types of biomarkers that were commonly
used in clinical practice. Categories of
biomarkers are provided in Table 1 (8).

Analytical Validation

Refers to establishing that the performance
characteristics of a biomarker test are
acceptable in terms of its specificity,
sensitivity, accuracy, precision, and other
relevant performance characteristics using a
specified technical protocol, which may
include specimen collection, handling, and
storage procedures. Analytical validation
alone does not ensure that a biomarker is
clinically useful.

Clinical Validation

Refers to the process of establishing that a
biomarker acceptably identifies, measures,
or predicts the concept of interest. The
concept is an aspect of a person’s clinical,
biological, physical, or functional state that a
biomarker is intended to capture or reflect.

Qualification

A conclusion based on a formal regulatory
process that within a stated context of use, a
medical product development tool can be
relied on to have a specific interpretation
and application in medical product
development and regulatory review.

Methods

This project, which was approved by the
ATS Program Review Subcommittee, was
initiated by ATS members, who reached out
to NHLBI members to participate. ATS and
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Table 1. Biomarker Categories

Category

Diagnostic biomarker

Monitoring biomarker

Pharmacodynamic/response
biomarker

Predictive biomarker

Prognostic biomarker

Safety biomarker

Definition

Used to detect or confirm presence of a disease or
condition of interest or to identify individuals with a
subtype of the disease

Measured serially for assessing status of a disease
or medical condition or for evidence of exposure to
(or effect of) a medical product or an environmental
agent

Used to show that a biological response has
occurred in an individual who has been exposed to
a medical product or an environmental agent

Used to identify individuals who are more likely than
similar individuals without the biomarker to
experience a favorable or unfavorable effect from
exposure to a medical product or an environmental
agent

Used to identify likelihood of a clinical event, disease
recurrence, or progression in patients who have
the disease or medical condition of interest

Measured before or after an exposure to a medical
product or an environmental agent to indicate the

likelihood, presence, or extent of toxicity as an
adverse effect

Susceptibility/risk biomarker

Indicates the potential for developing a disease or

medical condition in an individual who does not
currently have clinically apparent disease or the
medical condition

NHLBI members agreed that the project
should be a joint effort.

Committee Composition

Four co-chairs, including two
representatives from NHLBI and two ATS
members, organized the ad hoc committee.
Members with expertise in various aspects
of precision medicine specific to pulmonary
and critical care conditions were invited,
as well as experts from the FDA and one
patient. Participants disclosed all potential
conflicts of interest, which were vetted and
managed in accordance with the policies
and procedures of the ATS.

Literature Search

Co-chairs performed a literature search in
Medline using PubMed for biomarkers
related to conditions considered. This search
was supplemented by disease-specific
literature searches performed by leaders of
each topic. All members were allowed to
supplement the literature by performing
their own searches or identifying
biomarkers in other ways (e.g., those used in
clinical practice). The literature search
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conducted for this research statement was
not a systematic review.

Framework for Biomarker Evaluation
Experts from the FDA provided insights
into 1) the process of identifying, reviewing
regulatory submissions, and accepting or
qualifying biomarkers as drug development
tools; and 2) approving or clearing
biomarker assays, tests, and devices. The
committee surveyed currently available and
promising biomarkers for the conditions
listed below, reviewed how specific cutoffs
for analytic and clinical validity are deemed
appropriate, and determined how to assess
clinical utility of biomarkers.

Research Knowledge Gaps
Disease-specific experts summarized
existing biomarkers and corresponding
evidence specific to each condition
considered. Salient knowledge gaps and
common themes related to the process of
biomarker discovery were identified via
discussion and consensus. Suggestions for
future research studies were formulated to
address identified knowledge gaps.

Document Development

Co-chairs created a document outline.
Disease-specific leaders sent drafts of their
disease areas to co-chairs, who edited
contributions into a single document. Notes
taken by various group members and
breakout session leaders during the in-
person meeting held on May 20, 2017
formed the basis of remaining sections,
which were written by co-chairs. Box 1 was
provided by our patient participant. The
final draft was sent to all participants for
review and feedback. After multiple cycles of
review and revision, all authors agreed on a
final draft version.

Framework for Biomarker
Evaluation

Medical products regulated by the FDA
include drugs, biologics, and medical
devices. Biomarker tests can be reviewed
and approved by the FDA, or they can be
developed within clinical laboratories under
the purview of the Clinical Laboratory
Improvement Act. Although we based our
framework for biomarker evaluation on
FDA approval processes, it also applies to
laboratory-developed tests, because similar
criteria must be established for any
biomarker test to be clinically useful, despite
potential differences in regulatory review.
Figure 1 provides a summary of steps
involved in identifying a biomarker and
ensuring it becomes a clinically used test.
Regulatory considerations differ
whether investigators seek for biomarkers
to be I) approved biomarker tests as
in vitro diagnostic devices, or 2) accepted as
medical product development tools. In both
cases, translating a potential biomarker
into a formal biomarker test or gaining
acceptance as a medical product
development tool involves clearly defining
the object (i.e., subject and specimen type)
from which the biomarker will be
measured, the assay to measure the
biomarker (i.e., supplies, equipment,
protocol), and interpretation method and
criteria. In vitro diagnostic devices are
evaluated in a patient care setting to
establish a benefit-to-risk ratio for an
intended use. Subsequently, their FDA
approval is granted via premarket review.
Biomarkers accepted as medical
product development tools, most often drug
development tools, are evaluated in an
investigational setting to establish their
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Identify unmet need ]

|

Define intended use population ]

|

Biomarker discovery ]

|
|
|

\
[ Analytical validation ]
|
|

|

Clinical validation ]

|

Establish broad clinical utility ]

|

[ Enable widespread use ]

Figure 1. Biomarker development steps.

benefit-to-risk ratio under a specific context
of use. Acceptance of biomarkers often
occurs when biomarkers are part of the
drug approval process itself, in which case
drug labels, reviews, and guidances include
relevant biomarker information. Other
pathways include qualification of
biomarkers through the Biomarker
Qualification Program, which was
developed to accelerate the process

of biomarker integration into drug
development. Alternatively, they can

be identified via scientific community
consensus, a lengthy process involving
substantial evidence from published articles
in favor of the biomarker, followed by
regulatory acceptance.

The identification or use of biomarkers
in drug development spans steps from
basic science research to clinical trials (9).
In the initial stages, biomarker candidates
are selected based on understanding of
molecular pathways leading to disease, or,
conversely, potential biomarkers may be
used to investigate molecular pathways that
lead to better biomarkers, an increased
understanding of drug mechanisms of
action, or the identification of novel
drug targets. During clinical trials,
biomarkers can be used to select or
stratify patients, select dose of drugs, or
aid in safety and efficacy assessments.
Each of these functions during clinical
development may be critical for drug
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approval, for example, ensuring a specific
prognostic biomarker aids a clinical trial
design by having proper statistical power
to measure efficacy in a target population.
For the Biomarker Qualification Program,
the evidentiary criteria framework is a
process that begins with a needs
assessment and context of use discussion,
as these drive the level of evidence that is
necessary for approval of a biomarker test
(10). The context of use is a concise
statement describing the biomarker, its
category, and its intended use in drug
development. Subsequently, evidence
regarding the benefits and risk of

using, or not using, a biomarker in

this specific context is gathered.
Qualification is granted when the
evidentiary criteria, including data on
assay performance, biological rationale,
known associations with clinical
outcomes, and reproducibility of data,
support use of the biomarker in a specific
context. Qualification recommendations
and review documentation are made
publicly available on the FDA’s
Biomarker Qualification Program
webpage (11).

Developing and Validating
Biomarkers for Clinical Use

Ideally, biomarker development begins with
a needs assessment, in which a clear
question that addresses an unmet clinical
need is identified (Figure 1). Although this
may seem obvious, many omics studies
collect samples from large numbers of
patients without a clear hypothesis, partly
because of the feasibility of adding on an
omics component to existing biobanks and
epidemiological studies. Biomarkers can be
identified via broad exploratory omics
projects, but the likelihood of gathering
appropriate data that can later motivate
translational studies to improve an unmet
need is decreased.

With a clear question, biomarker
discovery studies can be designed more
effectively. First, an intended use population
can be identified. That is, the biomarker can
be studied in the individuals who will benefit
from the test, increasing the likelihood that
an identified biomarker will succeed at
addressing an important clinical problem.
The FDA and local regulatory affairs
offices are often willing to provide early
feedback to facilitate biomarker

development, including providing advice
about validation strategies and integration
of tests into clinical practice. Discussions
regarding the motivation and imperatives
from industry partners are also

helpful to seek the “widest” populations
for biomarker development. A therapeutic
product profile may be drafted at this
stage.

Next, analytical validation of a specific
test proceeds. Analytical validation includes
information about the process of obtaining,
storing, and transporting a sample; taking
the measure via a specific assay; and
interpreting data to evaluate a biomarker,
including measures of sensitivity, specificity,
accuracy, and precision. At this stage,
measures are usually restricted to a
discovery cohort and, ideally, replicated
in an independent population. As a
biomarker may have been selected from
among many candidates, details on
statistical or machine learning methods
used to identify the candidate are critical,
as investigators need to be mindful of
overfitting when assessing performance of
tests, especially those based on omics
studies.

Proper analytical validation is critical to
proceed with clinical validation, which
establishes a biomarker test as acceptable for
its intended purpose in clinical practice or as
a drug development tool for a specific
context of use. Clinical validation studies
may be retrospective, prospective, and/or
randomized clinical trials. To develop
biomarkers as drug development tools
intended for clinical use, the correlation to
the expected outcome needs to be evaluated
in a nonclinical or clinical study that
includes groups with and without the
biomarker. Additional evaluations in groups
with and without the biomarker, and with
and without treatment, may help distinguish
between prognostic and predictive abilities
of a biomarker. Strategies to address the
salient cost limitations that arise at this stage
include partnering with industry, using
innovative platforms such as large biobanks,
or forming a start-up company supported by
an academic institution. Conflicts of interest
must be managed carefully to ensure actual
or perceived conflicts are avoided. After
analytical and clinical validation, an overall
statement about the strength of evidence
for a biomarker test can be made, which
may lead to FDA acceptance or approval
or a Clinical Laboratory Improvement
Act-certified test.
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Status of Precision Medicine
in Select Lung Diseases

Biomarkers are in use and under
development to varying degrees for lung
diseases. Rare diseases are often inherently
more decipherable than common diseases,
especially those related to a single gene
change, thus facilitating the development of
molecular pathway-driven diagnostics and
therapeutics. Most complex diseases do not
yet have well established omics-based
biomarkers, but efforts are underway to use
biomarkers to identify disease subtypes and
targeted therapies. Table 2 summarizes the
most prominent biomarkers for the diseases
considered. The biomarkers discussed in
this research statement are not intended to
be comprehensive; we selected biomarkers
to review for the purposes of research

and not to make clinical practice
recommendations.

Lung Cancer

Lung cancer is the leading cause of cancer-
related death in the world (12). Although
lung cancer has been grouped into
small-cell carcinoma, non-small-cell
squamous-cell carcinoma, non-small-cell
adenocarcinoma, and large-cell carcinoma
subtypes, studies of genomic biomarkers
such as those enabled by next-generation
sequencing have identified more than

a thousand potential signatures that
accompany observed histologies (13-15).
Current methods to detect lung cancer
include chest imaging and biopsy, which
can include bronchoscopy, transthoracic
needle biopsy, and surgical lung biopsy
(16). For imaging-based diagnosis, yearly
chest computed tomography (CT) scans are
often performed in adults, particularly
those with a smoking history who are at
higher risk, but many pulmonary nodules
observed are of indeterminate status.
Sensitivity of bronchoscopy ranges from
34% to 88%, depending on the location and
size of the lesion (17). Thus, there is a need
for biomarkers that guide clinical decision
making.

Promising biomarkers in lung cancer
include diagnostic biomarkers that can
distinguish benign versus malignant lesions
found on chest CT scan, monitoring
biomarkers that identify individuals who are
most likely to benefit from more intense
screening and/or chemoprevention, and
predictive and response biomarkers that can
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lead to use of targeted therapies. Molecular
markers for early detection in lung cancer
have been sought in plasma, airway
epithelium, and sputum. Various potential
markers have reached phase 1 and 2 studies,
but there is a marked drop in the number of
markers that make it past phase 3 and 4
studies. This expensive “valley of death”
of biomarkers is partly due to the biased
discovery populations that do not match
the intended use populations for tests
evaluated.

Many prognostic biomarkers are
available or are being developed for lung
cancer. Among these are tumor immune
and microenvironment biomarkers, such as
PD1 (programmed cell death protein 1),
PDL1 (PD1 ligand 1), and VEGF-A
(vascular endothelial growth factor-A).
PDLI is an example of a response biomarker
that can influence treatment and lead
to clinical benefit. PD1 is a negative
costimulatory receptor that is expressed
primarily on the surface of activated T cells,
and when PD1 binds to one of its ligands, it
can inhibit a cytotoxic T-cell response so
that tumors can escape T cell-induced
antitumor activity (18-24). PDL1
expression in at least 50% of tumor
cells is correlated with improved efficacy
of pembrolizumab, an inhibitor of
programmed cell death (25). Genetic
aberration biomarkers (e.g., KRAS [KRAS
proto-oncogene, GTPase], ERBB2 [Erb-B2
receptor tyrosine kinase 2], BRAF [B-Raf
proto-oncogene, serine/threonine kinase],
and EGFR [epidermal growth factor
receptor]), epithelial-to-mesenchymal
transition-associated biomarkers (e.g.,
SNAI2 [Snail family transcriptional
repressor 2], FOXC2 [Forkhead box protein
C2], and TGF-B [transforming growth
factor-B]), and resistance and susceptibility
to treatment biomarkers (e.g., ERCC1
[ERCC excision repair 1, endonuclease
noncatalytic subunit] and RRM1
[ribonucleotide reductase catalytic subunit
M1]) also show promise (13).

One diagnostic biomarker that made
it through the discovery-to-adoption-in-
clinical-practice process was the result of
carefully designed studies and substantial
efforts to secure funding. The biomarker
in question, which is based on a gene-
expression signature observed in
cytologically normal bronchial epithelial
cells collected from the mainstem bronchus
via bronchoscopy, has improved diagnostic
performance compared with bronchoscopy

alone for the detection of lung cancer among
current and former smokers (26). Two
independent, multicenter, prospective,
observational studies, the AEGIS (Airway
Epithelial Gene Expression in the Diagnosis
of Lung Cancer) trials (AEGIS-1 and
AEGIS-2), demonstrated that the
combination of the classifier plus
bronchoscopy had a sensitivity of 96% (95%
confidence interval, 93-98%) in AEGIS-1
and 98% (95% confidence interval, 96-99%)
in AEGIS-2 (27). Subsequently, its clinical
utility was demonstrated via a registry study
that showed the test improved patient health
outcomes and had a positive economic
benefit (i.e., avoided thoracotomies) (28).
The diagnostic biomarker became a
Medicare-covered test in 2016.

Knowledge gaps. Studies are needed
to identify I) noninvasive diagnostic
biomarkers that are able to detect disease in
its early stages (i.e., before the occurrence of
irreversible lung changes) and 2) prognostic
biomarkers that lead to treatment strategies
based on identification of tumor subtypes.

Pulmonary Arterial Hypertension
Pulmonary arterial hypertension (PAH), a
disease in which widespread obstruction
of the smallest pulmonary arteries leads

to pulmonary hypertension and right
ventricular failure, occurs most commonly
in women (threefold increased risk) and
across the age spectrum (29, 30). Although
therapies developed over the past two
decades improve clinical function and
survival for many patients, PAH remains a
disease with high morbidity and mortality
and no cure.

Diagnosis and early initiation of
treatment in PAH is currently based on
exclusion of other diseases that may cause
pulmonary hypertension, including heart
disease, lung disease, hypoxia, pulmonary
embolism, as well as a variety of conditions,
such as connective tissue diseases, portal
hypertension, and HIV infection (31).
Clinical testing for diagnosis includes heart
and lung imaging with echocardiography,
CT, nuclear medicine perfusion scanning,
pulmonary arteriography, and pulmonary
function testing to accurately identify
other diseases that cause pulmonary
hypertension. Cardiac catheterization is
also required to confirm the presence of
pulmonary hypertension and exclude
cardiac etiologies. In the absence of other
identified causes, PAH usually is sporadic
(called idiopathic PAH), but 6% to 20% of
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Table 2. Summary of Salient Pulmonary Disease Biomarkers

Disease Biomarker
Lung PDL1
cancer
PAH BNP
IPF MMP7
IPF PBMC gene
expression
profile
Asthma FEno
COPD Fibrinogen
Sepsis Lactate
ARDS Pao,/Fio, ratio
Cystic Sweat chloride
fibrosis concentration
LAM VEGF-D
PAP GM-CSF

autoantibody

level

Biomarker
Category

Response

Prognostic,
predictive,
monitoring,
and response

Diagnostic and
prognostic

Diagnostic and
prognostic

Predictive

Prognostic

Prognostic,
predictive,
monitoring,
and response

Prognostic and
predictive

Diagnostic and
response

Diagnostic,
prognostic,
predictive,
and response

Diagnostic and
predictive

Biological Rationale

A negative
costimulatory
receptor expressed
on activated T-cells

Released primarily from

the heart as a result
of myocardial strain
and used in
natriuresis and
vasodilation via the
renin/angiotensin
pathway
Up-regulated in the

BAL fluid and serum

Decreased expression
of genes in the
costimulatory

pathway during T-cell

activation

Proinflammatory
mediator
predisposing to
airway

hyperresponsiveness

Associated with
all-cause mortality
and exacerbations

Signifies a shift from

aerobic to anaerobic

metabolism during
inadequate tissue
metabolism
Defines degree of
hypoxemia

Mutations of the gene
encoding CFTR

cause cystic fibrosis,

and sweat chloride
reflects the function
of the CFTR protein
Denotes active
lymphangiogenesis
asitisa
lymphangiogenic
growth factor
GM-CSF signaling

regulates function of

alveolar
macrophages

Biomarker Function Analytical Validity

PDL1 expression in at
least 50% of tumor
cells is correlated
with efficacy of
pembrolizumab, an
inhibitor of PD1

BNP and NT-proBNP
correlate with
hemodynamic
parameters, disease
severity, and
mortality

MMP7 overexpression
in lung tissue and
BAL is found in IPF

PBMC is predictive of
poor transplant-free
survival

Higher Feno levels
associated with
steroid
responsiveness

Fibrinogen is a
measure of
inflammation

Pyruvate is
metabolized to
lactate

Identifies disease
severity

Elevated sweat
chloride
concentration
>60 mM indicates
CFTR dysfunction

Higher VEGF-D levels
are associated with
greater rate of lung
function decline

Elevated GM-CSF
autoantibodies are
diagnostic of
autoimmune PAP

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Lacks sufficient
sensitivity and
specificity for
clinical use

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Repeatable and
reproducible

Strength of
Evidence

Found in two
independent,
multicenter,
prospective,
observational
studies

Only guideline-based
biomarker for the
disease

Used in a
multidimensional
index and staging
system for IPF
identified
retrospectively

Used in multiple
retrospective
studies

Supported by multiple
RCTs

Qualified as a
biomarker by the
COPD Foundation
Biomarker
Qualification
Consortium

Guideline-based
biomarker for the
disease

Only guideline-based
biomarker for the
disease

Guideline-based
biomarker for the
disease

Guideline-based
biomarker for the
disease

Demonstrated in
multiple
retrospective and
prospective studies

Definition of abbreviations: ARDS = acute respiratory distress syndrome; BNP = brain natriuretic peptide; CFTR = cystic fibrosis transmembrane conductance
regulator; COPD = chronic obstructive pulmonary disease; Feno = fractional exhaled nitric oxide; GM-CSF = granulocyte-macrophage colony-stimulating
factor; IPF = idiopathic pulmonary fibrosis; LAM = lymphangioleiomyomatosis; MMP7 = matrix metallopeptidase 7; NT-proBNP = N-terminal pro-B-type
natriuretic peptide; PAH = pulmonary arterial hypertension; PAP = pulmonary alveolar proteinosis; PBMC = peripheral blood mononuclear cell; PD1 =
programmed cell death protein 1; PDL1 = programmed cell death ligand 1; RCT = randomized controlled trial; VEGF-D = vascular endothelial growth factor D.
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cases are familial. PAH diagnosis is often
delayed, sometimes many years, because
the progression of underlying pulmonary
vascular disease is silent until sufficiently
severe to reduce cardiac output, at which
time rapidly progressive symptoms or even
death can happen unexpectedly. It is an
enormous preventative limitation that
presymptomatic pulmonary microvascular
loss cannot be detected clinically.

Genetic variants, or genotypes, are
biomarkers with diagnostic, prognostic,
and/or predictive potential. Initially, genetic
variants were identified as the mechanism
explaining familial PAH. In sporadic PAH, a
genetic basis may be concealed by decreased
penetrance (20%), which is the basis for
skipped generations. Disease-causing
mutations for PAH have been identified
in 10 genes (32). Most notably, BMPR2
(bone morphogenetic protein receptor type 2)
mutations are responsible for the disease
in 75% of familial cases and in 25% of
sporadic cases. A collaborative international
meta-analysis of 1,550 patients with PAH
found that those with a BMPR2 mutation
had onset at younger age, more severe
disease, and increased risk of death
compared with those without an identified
mutation (33). Other genes whose variants
are associated with PAH include SMAD9
(SMAD family member 9), ACVRLI
(activin A receptor-like type 1), and
ENG (endoglin), which are the basis for
hereditary hemorrhagic telangiectasia (34).
Pulmonary venoocclusive disease, a rare
pulmonary vascular disease, which is
difficult to distinguish clinically from PAH,
is now believed to be a phenotypic variation
of another disease, pulmonary capillary
hemangiomatosis. Recently, both have been
shown to be caused by a homozygous
mutation of EIF2AK4 (eukaryotic
translation initiation factor 2« kinase 4)
(35). It is especially important to recognize
these conditions because some PAH
therapies are not beneficial, and may carry
unique risks, in pulmonary venoocclusive
disease (36).

Scoring systems on the basis of clinical,
hemodynamic, and exercise parameters
such as the Registry to Evaluate Early and
Long-Term PAH Disease Management
(REVEAL) risk score and the French PAH
registry equation are the main PAH
prognostic biomarkers in clinical use (36).
Composite risk scores are used because
no single variable provides definitive
prognostic information (36).
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Risk assessment must be considered in
conjunction with current treatment.
Over the past 2 decades, four classes
(i.e., prostacyclins, endothelin receptor
antagonists, phosphodiesterase inhibitors,
soluble guanylate cyclase stimulators) of
pharmacologic therapies have received
FDA approval for PAH therapy. However,
response to any specific therapy is not
predictable, and these therapies may lose
efficacy with time.

Brain natriuretic peptide (BNP) is a
biomarker recommended for risk
stratification in PAH and as a monitoring
biomarker during treatment (a “normal”
level of BNP is suggested as a treatment
goal) (37). Acute vasodilation in the
presence of nitric oxide (NO) inhalation
during cardiac catheterization is the only
predictive biomarker clinically used for
PAH therapy, and it is associated with
survival among patients with PAH on oral
calcium blocker therapy (38). A whole-
exome sequencing study found that
vasodilator-responsive patients with PAH
had an enrichment of associated variants in
genes that regulate vascular smooth muscle
contraction (39). A study of 25 gene
expression levels in peripheral blood
showed that levels of two genes could be
used to stratify patients with PAH
according to the subphenotype of being
responsive to calcium channel blocker
therapy (40). Gene expression changes
have the potential to predict responses
to other PAH treatments. For example,
one study of 1,198 patients with PAH
examining endothelin-1 pathway gene
polymorphisms and treatment responses to
endothelin receptor antagonists found that
one variant (rs11157866) was associated
with symptom improvement at 12 and
18 months (41).

Knowledge gaps. Studies to identify
and validate diagnostic, prognostic, and
predictive biomarkers would greatly
enhance the care of patients with PAH.

A special need is to distinguish patients
who are unlikely to respond to medical
therapy, in whom rapid priority for lung
transplantation may be the best option.

Idiopathic Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF), a
condition with median survival of 3 to

5 years after diagnosis, is localized to the
lung and characterized by a pattern of
heterogeneous, subpleural patches of
fibrotic, remodeled lung (42, 43). IPF

affects 5 million people worldwide,
disproportionately affects men, and is
associated with cigarette smoking (44, 45).
In addition, IPF incidence increases with
age, is inexplicably increasing in prevalence
(46, 47), and is likely underdiagnosed (43,
46, 48). Among the general population aged
50 years and older, 1.8% of individuals have
reticulation, honeycombing, or other
features of pulmonary fibrosis detectable
by chest CT scan (48), and among
asymptomatic relatives of families with two
or more cases of IPF, 15% to 20% have
radiographic or pathological evidence of
asymptomatic or “preclinical” pulmonary
fibrosis (49). Although pirfenidone (50) and
nintedanib (51) have been shown to slow
IPF progression, most patients with IPF are
discovered in the advanced stage when little
can be done to influence survival. Earlier
diagnosis of IPF would enable detection of
patients with a lower burden of fibrotic
lung disease (52, 53) and may reveal novel
molecular targets for intervention that
substantially improve the prognosis of this
progressive disease.

IPF is a complex, heterogeneous genetic
disorder that is associated with rare and
common sequence variants in many genes
(e.g., MUC5B [mucin 5b, oligomeric
mucus/gel-forming], TERT [telomerase
reverse transcriptase], TERC [telomerase
RNA component], RTELI [regulator of
telomere elongation helicase 1], PARN
[poly(A)-specific ribonuclease], SFTPC
[surfactant protein C], and SFTPA2
[54-61]) and at least 11 novel loci (62, 63).
Genetic risk variants play major and similar
roles in the development of both familial
and sporadic fibrotic idiopathic interstitial
pneumonia (IIP), accounting for up to
35% of the risk of IIP (62). Although
rs35705950, a promoter variant in MUC5B,
is the strongest risk factor for the
development of IIP, and more specifically
IPF (62, 64-68), it has a low penetrance
(62, 64), indicating that interactions of
rs35705950 with other genetic and/or
environmental factors are critical
determinants of IPF risk. Besides
associations of genetic variants with IPF,
multiple emerging epigenetic (69-73) and
transcriptional (74-77) profiles have been
identified. In aggregate, these findings
suggest that IPF is a heterogeneous disease
and that genetic and molecular subtypes of
IPF will provide essential clues to disease
pathogenesis (78, 79), prognosis (80-96),
treatment (50, 51, 97, 98), and survival (99),

e123



all of which remain substantial challenges
in treating patients with IPF.

Biomarkers are playing an emerging
role in IPF diagnosis, treatment, and early
detection. In addition to demographics
and physiology (100), serum and lavage
concentrations of MMP7 (matrix
metallopeptidase 7) (83, 96, 101) and a
52-gene peripheral blood expression
signature have proven to be the most
reproducible prognostic biomarkers in IPF
(102, 103). Although further validation is
needed, serum concentrations of surfactant
proteins A and D (87, 104, 105), ICAM
(intercellular adhesion molecule 1) (101),
MUCI (mucin 1, cell surface associated)
(105-107), CH13L1 (chitinase 3-like 1)
(84), CXCL13 (C-X-C motif chemokine
ligand 13) (108), POSTN (periostin) (109),
anti-HSP70 (110), CCL18 (C-C motif
chemokine ligand 18) (111), and collagen
degradation products (112) are also
associated with IPF progression. Sequence
variants in MUC5B (113), TOLLIP (Toll-
interacting protein) (67), and TLR3 (Toll-
like receptor 3) (114), as well as aging
biomarkers (peripheral blood mononuclear
cell [PBMC] telomere length [115] and
free mitochondrial DNA) have also been
associated with survival in IPF.

Although several biomarkers, including
the MUCS5B promoter variant (48, 116),
serum surfactant protein D, MMP7 (49),
and serum galectin-3 (117), have been
associated with early forms of interstitial
lung disease, it is not yet clear which, if any,
of these peripheral blood biomarkers will
prove useful for predicting the presence of
earlier forms of pulmonary fibrosis in
diverse, unselected patient groups. Thus,
additional diagnostic biomarkers are
needed to improve the detection of early
forms of pulmonary fibrosis.

Knowledge gaps. Studies are needed to
identify risk and diagnostic biomarkers for
IPF, as well as drug response biomarkers
for currently available therapies, such as
pirfenidone and nintedanib.

Asthma

Asthma is a chronic disease of the airways
characterized by variable and recurring
symptoms, airflow obstruction, bronchial
hyperresponsiveness, and underlying
inflammation (118). Its diagnosis relies

on medical history, physical examination,
and pulmonary function tests (118).
Consideration of alternative diagnoses

is important and may include
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bronchoprovocation with methacholine,
histamine, cold air, or exercise challenge;
chest radiography; and allergy testing (118).
Asthma places a significant economic
burden on the United States, with a total
cost of $81.9 billion in 2013 (119).
Management of asthma and choice of
appropriate medications is currently
based on established clinical guidelines
that do not include use of biomarkers
(118).

Studies have clustered patients
with asthma on the basis of clinical
characteristics, with the goal of identifying
disease endotypes that lead to tailored
therapies. One such study identified
transcriptional differences between
clinically defined asthma and nonasthma
groups and further characterized subgroups
of patients with asthma via hierarchical
clustering and topological data analysis
(120). Although the clinical utility of
stratifying patients on the basis of such
markers has not been demonstrated, the
findings do show that gene expression
of circulating cells does not follow
current clinical classifications of asthma
severity (120).

The gold standard for determining
lower airway inflammation type involves
invasive bronchial biopsies; therefore,
identifying noninvasive biomarkers would
enhance patient care. One potential
predictive biomarker for asthma is periostin,
an important regulator of inflammatory cell
infiltration and activation (121). Periostin
appears to protect mice from allergic airway
inflammation and accelerates allergen-
induced eosinophil recruitment in the lung
(122, 123). Furthermore, periostin appears
to be involved in eosinophil recruitment,
airway remodeling, and development of
a Th2 phenotype and contributes to
increased expression of inflammatory
mediators (124, 125). Data demonstrating
that periostin can be used for clinical
decision making in patients with asthma
are currently lacking. The fraction of
exhaled NO (Feno) is another potential
noninvasive predictive and response
biomarker. Fexo levels may represent
epithelial activity on the basis of nitric
oxide synthase that indicates eosinophilic
airway inflammation and may be predictive
of corticosteroid responsiveness. Meta-
analyses thus far have not found that
choosing therapies on the basis of FEyo
levels resulted in improved clinical
outcomes.

Novel biologics directed at the 10% to
15% of patients with asthma with persistent
severe eosinophilic asthma have been
developed recently, including mepolizumab
and reslizamab, which are anti-IL-5;
dupilumab, which is anti-IL-4; and
benralizumab, which is anti-IL-5 receptor.
These biologics are expensive, costing
$30,000 to $40,000 per year, and there
is no reliable way of identifying which
patients respond to them. Thus, response
biomarkers for these treatments are needed.
Of the biomarkers that could be useful for
eosinophilic asthma (i.e., eosinophil count
in sputum or peripheral blood, Fino,
periostin), none have high accuracy,
reproducibility, sensitivity, or specificity.
Because their measures are correlated, using
sputum eosinophil count as a response
biomarker is currently the most reasonable
choice, because of its low cost and simple
assay.

Knowledge gaps. Studies are needed to
identify prognostic and response asthma
biomarkers, particularly for expensive drugs
such as asthma biologics. In addition, there
is a need to leverage existing data from large
real-life populations of individuals with
asthma to accelerate biomarker discovery.

Chronic Obstructive Pulmonary
Disease

In the United States, chronic obstructive
pulmonary disease (COPD) was the second
leading cause of disability-adjusted life years
lost and the fourth leading cause of death in
2010 (126). Over the next 15 years and
owing largely to the aging population, the
number of patients with COPD is expected
to double (127). Aside from smoking
cessation, there are no disease-modifying
therapies (128). Instead, current therapies
are targeted at improving patient symptoms
and reducing exacerbations, defined
clinically by acute worsening of patient
symptoms beyond the day-to-day variation
(128). However, these therapies are
imprecise. The number needed to treat
(NNT) for long-acting bronchodilators,
mainstays of COPD management, to
prevent a single exacerbation over 1 year
is 16. That is, the average number of
patients with COPD who need to be treated
with long-acting bronchodilators to prevent
one exacerbation over a year is 16. A
common second-line therapy for COPD is
a combination of inhaled corticosteroids
(ICS) and a long-acting 3,-agonist, which is
prescribed to patients who experience
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exacerbations frequently (i.e., two or more
exacerbations or a hospitalization within
the previous year) (128). The NNT for
ICS/long-acting 3,-agonist to prevent a
single exacerbation over 1 year is 20 (129),
and to prevent one hospitalization is greater
than 30 (129). Disconcertingly, the long-
term use of ICS has been associated with
increased rates of pneumonia, with an NNT
to induce harm of 20 (130).

COPD is diagnosed based on patient
symptoms, persistent airflow limitation
that is not fully reversible, and a history
of exposure to cigarette smoke or significant
biomass (128). Therapeutic choices are
largely guided by severity of patient
symptoms, as no biomarkers or objective
measurements are available. Not
surprisingly, there is tremendous variation
in the rate of exacerbation among patients
and across different healthcare systems
(131). Promising biomarkers are in
development. In 2015, as a result of COPD
Foundation Biomarker Qualification
Consortium work, the FDA qualified
plasma fibrinogen as a prognostic
biomarker for all-cause mortality and
exacerbations in patients with COPD (132).
Plasma fibrinogen lacks sufficient
resolution (i.e., sensitivity or specificity) to
be useful clinically, but it is anticipated that
use of this biomarker to enrich clinical trials
for patients with COPD at moderate to
high risk of mortality or exacerbation will
increase the rate of success for identifying
novel therapeutics. Other prognostic blood
biomarkers that have been evaluated
include C-reactive protein (which is
associated with exacerbations and
mortality), leukocytosis (which is associated
with exacerbation and mortality), IL-6
(which is associated with mortality), and
adiponectin (which is associated with FEV;
decline). Lung-specific proteins that
demonstrate promise as prognostic
biomarkers include surfactant protein D,
which is associated with exacerbation and
mortality, and SCGB1A1 (secretoglobin
family 1A member 1) and CCL18, which
are associated with FEV, decline (133).
Although all of these proteins show
statistically significant associations with one
or more important COPD outcomes, the
associations have low effect sizes, making
them unsuitable for clinical use (134).

Peripheral eosinophil counts have been
recently touted as a response biomarker to
guide ICS use in COPD (135), after the
observation that ICS appear to have larger
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beneficial effects in patients with COPD
with higher peripheral eosinophil count
(136). However, there is currently no
consensus on the threshold value at which
ICS should be used in patients with COPD.
Some have advocated an eosinophil
threshold of 2% (135, 137), whereas others
have used a 300/l cutoff (138). Other
concerns in the use of peripheral eosinophil
counts as a biomarker for ICS use include
the lack of stability of peripheral eosinophil
counts within individuals over time and the
relatively weak correlation between airway
eosinophil and peripheral eosinophil counts
(139). Nonetheless, given the widespread
availability and low cost of eosinophil count
measures, using them as biomarkers
deserves additional study.

Knowledge gaps. Studies are needed to
identify prognostic biomarkers that enable
discovery of novel therapeutics, as it is very
difficult clinically to separate patients with
COPD according to disease severity and
according to “active” versus “burnt-out”
disease.

Sepsis

Sepsis is a syndrome characterized by a
dysregulated inflammatory response to
microbial infection that can lead to organ
damage and death. A consensus definition
for sepsis offered in 1992 defines it as a
concern for infection and the presence of
two or more systemic inflammatory
response syndrome (SIRS) criteria
(temperature >38°C or <36°C; heart rate
>90 beats/min; respiratory rate >20
breaths/min or Paco, <32 mm Hg; white
blood cell count >12,000/pl, <4,000/pl,
or >10% immature bands) (140). This
definition was extremely broad, however, as
up to 50% of hospitalized patients meet
these criteria at some point during their
stay (141). In 2016, a more specific sepsis
definition termed “Sepsis 3” was proposed:
suspected infection and a change in
Sequential Organ Failure Assessment
score of at least 2 (142). Sepsis using this
definition is associated with in-hospital
mortality rate greater than 10% (143).
Debate about whether sepsis should be
defined narrowly (Sepsis 3, high-mortality
cohort) versus prior definitions with SIRS
(less specific but potentially present earlier)
continues. The clinical performance of
most sepsis biomarkers was evaluated using
the old definition, and their diagnostic
and prognostic utility may change in the
Sepsis 3 era.

Plasma lactate is the most established
biomarker in sepsis, with higher levels
indicating more severe disease. According to
Sepsis 3, septic shock is clinically identified
by a vasopressor requirement to maintain a
mean arterial pressure of 65 mm Hg or
greater and serum lactate level greater than
2 mmol/L in the absence of hypovolemia
(143). Although this definition is associated
with hospital mortality rates greater than
40%, even a modest elevation of lactate
(2.1-4.0 mmol/L) has been associated with
increased risk of death in normotensive
patients with sepsis (144, 145). Lactate
clearance is also associated with mortality.
Patients with sepsis who fail to decrease
lactate by at least 10% in the first 6 hours of
treatment have at least twice the likelihood
of death as those whose lactate declines by
at least 10% (146). Randomized controlled
trials that use lactate clearance as an
endpoint in sepsis have been inconclusive,
but, nonetheless, measurement of 6-hour
lactate clearance was included in the
2012 Surviving Sepsis Guidelines and is
incorporated in the Sepsis Centers for
Medicare & Medicaid Services Core
(SEP-1) Measure (147).

Lactate is by no means the only
biomarker in sepsis. A 2010 review
identified 178 candidate biomarkers in 3,370
references (148). The Acute Physiology and
Chronic Health Evaluation (APACHE) 3
score includes numerous routine clinical
labs (e.g., creatinine, pH, and sodium) that
are each individually highly associated with
ICU mortality.

Biomarkers that distinguish bacterial
from viral sepsis or sterile SIRS, thus
allowing more targeted antimicrobial use,
are also highly needed. Among these is
procalcitonin, another biomarker that is
often used in clinical practice and has been
widely studied. Procalcitonin is highly
associated with both sepsis and sepsis
mortality, although its diagnostic
performance in a meta-analysis was found
to be modest (sensitivity and specificity of
71% to identify sepsis among critically ill
patients), and, hence, its clinical utility for
diagnosis is limited (149). On the other
hand, because procalcitonin is a marker
of bacterial infection, some algorithms
that incorporate serial procalcitonin
measurement have been shown to be useful
for avoiding prolonged courses of
antibiotics (150). A recent whole blood
gene expression study identified a gene
signature that can separate sterile
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inflammation from infection and viral from
bacterial infection with sensitivity of 94%
for bacterial infection (151).

Knowledge gaps. Studies are needed
to identify and validate biomarkers that
differentiate bacterial, fungal, and viral
sepsis from sterile inflammation, and thus
enable targeted and narrow treatment in
sepsis care.

Acute Respiratory Distress Syndrome
Acute respiratory distress syndrome
(ARDS) is a syndrome characterized by
acute onset of respiratory failure, hypoxia
(Pag /Fip, ratio < 300), and bilateral
infiltrates not fully explained by heart
failure. It occurs in critically ill patients
with diverse risk factors, including direct
lung injury (e.g., aspiration, pneumonia)
and indirect lung injury (e.g., sepsis,
pancreatitis, burns). ARDS carries
substantial morbidity and mortality and is
estimated to occur in 10% of patients who
are admitted to ICUs and 23% of patients
who receive mechanical ventilation (152).
Treatment of ARDS involves a low-
pressure, low-tidal volume ventilation
strategy, a practice that has contributed to
markedly falling mortality in ARDS over
time (153-155).

The most common ARDS biomarker is
the Pag /Fip, ratio, serving as a diagnostic,
prognostic, and predictive biomarker. In
2012, a group of ARDS experts convened to
define ARDS and ARDS severity thresholds
and found that more complex models could
not out-perform Pag /Fi, ratio thresholds
as a predictor of mortality in ARDS (156).
Thus, in the 2012 “Berlin Criteria,” ARDS
severity was defined using the Pag /Fip,
ratio, with severe less than 100, moderate
100 to 200, and mild 200 to 300 categories.
Pag /Fip, is not only diagnostic and
prognostic but also a predictive biomarker,
as patients with lower Pag /Fio, ratios
benefit from adjunctive ventilator
treatment. Specifically, in patients
with Pag /Fip, ratio less than 150,
neuromuscular blockade showed a strong
trend toward improved mortality (157).
Furthermore, prone positioning, which had
been ineffective in studies that included all
patients with ARDS, achieved a striking
mortality benefit when applied early to the
subset of patients with severe disease (155).

Promising plasma-based biomarkers in
ARDS have been identified via targeted
proteomics studies, representing biological
pathways such as markers of inflammation,
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coagulation, and epithelial and endothelial
dysfunction (158). Although biomarkers
have shown associations in independent
cohorts, none have been validated for
clinical use. Attempts to incorporate
multiple inflammatory, epithelial, and
endothelial plasma biomarkers that were
individually associated with ARDS
mortality into a model that includes the
APACHE score found that limited
prognostic value was added by the
biomarkers (159). Recent ARDS biomarker
work has focused on endotyping disease—
that is, “splitting” the syndrome into
multiple endotypes, rather than “lumping”
all patients into one. For example, latent
class modeling has been used to identify
two distinct endotypes of ARDS, including
a hyperinflammatory subset characterized
by high levels of IL-8 and tumor necrosis
factor-a and low levels of bicarbonate.
Patients with this hyperinflammatory
endotype in three independent trials had a
much higher risk of death and, importantly,
a differential response to both high positive
end-expiratory pressure and conservative
fluid treatment strategies (160, 161).
Knowledge gaps. Studies are needed
to identify biomarkers associated with
ARDS-specific mortality (as opposed to
general ICU mortality) and development
of biomarkers that validate ARDS
subtypes with distinct prognosis and
pathophysiology. Such biomarkers are
critical for designing targeted and
adequately powered ARDS clinical trials.

Cystic Fibrosis

Cystic fibrosis, the most common lethal
genetic disorder among white individuals,
affecting more than 30,000 people in the
United States and more than 70,000 people
worldwide (162), is caused by mutations
in the gene encoding the cystic fibrosis
transmembrane conductance regulator
(CFTR) protein. CFTR dysfunction leads
to mucus obstruction, infection, and
inflammation that produce obstructive
lung disease, airway remodeling,
bronchiectasis, and ultimately respiratory
failure. Untreated cystic fibrosis causes
death in infancy. The median age of
survival of patients with cystic fibrosis has
risen to 47.7 years, thanks to advances in
symptomatic therapies and, potentially,
the more recent introduction of CFTR
modulators, treatments that target specific
CFTR-causing mutations. Indeed, more
than half of patients with cystic fibrosis are

now adults, a trend that has been increasing
for several decades (163).

Diagnostic biomarker tests for cystic
fibrosis are well established, and some can
serve as prognostic biomarkers. Patients
with cystic fibrosis are typically identified
within weeks of birth through newborn
screening, which is followed with
confirmatory testing at cystic fibrosis care
centers. Newborn screening includes testing
of immunoreactive trypsinogen in
bloodspots with or without screening for
known CFTR mutations. Diagnosis is based
on signs and symptoms of disease, or
family history plus evidence of CFTR
dysfunction (i.e., elevated sweat chloride
concentration > 60 mM) and/or the
detection of two well-characterized
CFTR variants associated with disease.
Immunoreactive trypsinogen/DNA-based
cystic fibrosis newborn screening
algorithms have 97.8% sensitivity and
99.7% specificity to diagnose or exclude
cystic fibrosis (164). The sweat chloride
concentration test demonstrates excellent
sensitivity and specificity to diagnose cystic
fibrosis, and it can effectively discriminate
between subjects without CFTR mutations,
heterozygous carriers, and patients with
two disease-causing mutations (165).
Patients with one or more mutation who
retain partial CFTR function frequently
have pancreatic sufficiency, higher lung
function, and lower sweat chloride values,
which are associated with later diagnosis,
better growth, and increased longevity
(163). Subjects with indeterminate genetic
testing and intermediate sweat chloride
concentration values (i.e., 30-60 mM) are
classified as having CFTR-related metabolic
syndrome or CFTR-related disorder if
testing is performed outside of newborn
screening. A minority of these individuals
go on to meet cystic fibrosis diagnostic
criteria, but their clinical course is typically
milder than that of patients with classic
cystic fibrosis (164).

The development of effective therapies
for cystic fibrosis has been linked directly to
the development of relevant disease and
pharmacodynamic biomarkers. These vary
depending on what aspects of cystic fibrosis
are targeted (e.g., obstructive lung disease,
lung infection, pancreatic insufficiency). For
pulmonary therapies, pharmacodynamic
and safety biomarkers with regulatory
approval that have emerged as reliable
surrogate endpoints (i.e., substitutes for
clinical efficacy measures) include FEV;%
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predicted, risk of pulmonary exacerbations,
and the respiratory symptom domain of
the Cystic Fibrosis Quality of Life
Questionnaire-Revised. Among these,
FEV,% predicted generally has the greatest
precision and power to detect therapeutic
effect, although it does not have an
established minimal clinically important
difference that is universally applied to
pulmonary therapies. Furthermore, some
therapeutic targets have little effect on
FEV,% predicted (e.g., antiinflammatories).

Multiple-breath washout and the lung
clearance index have emerged as sensitive
pharmacodynamic biomarkers of airway
obstruction for young patients with cystic
fibrosis and patients with less-advanced
disease (166, 167). Sensitive pulmonary
function tests such as these are critical for
the assessment of new therapies in cystic
fibrosis, as improved lung function of study
participants (either due to advances in
baseline therapies or evaluation in younger
patients) limits the ability to detect drug
efficacy via older, established endpoints
(e.g., FEV}, pulmonary exacerbation risk).
Multiple-breath washout/lung clearance
index demonstrates excellent reliability,
with mean coefficient of variation within
one session in children reported between
3% and 7%, and excellent validity

(discriminating between patients with
cystic fibrosis and control subjects without
cystic fibrosis in 22 of 23 studies) (168). It
has increased sensitivity compared with
FEV,% predicted to detect biologic activity
of at least four different pulmonary therapies
in young patients with cystic fibrosis with
preserved lung function (169-172). How this
test will be used in clinical care as a disease-
monitoring biomarker is currently unclear,
but it is attractive for some cystic fibrosis
populations, as it is effort independent, does
not require forced expiratory maneuvers,
and is sensitive in the setting of mild disease.
Sweat chloride concentration is
an invaluable diagnostic and
pharmacodynamic biomarker in cystic
fibrosis. Its value is highly dependent on
CFTR expression and activity, and sweat is
not affected by disease state compared with
other tissues where CFTR is expressed
(173). As a pharmacodynamic biomarker, it
has been adapted for use in multicenter
clinical trials of CFTR modulators and has
repeatedly demonstrated the capacity to
detect biologic activity and associate with
benefit as measured by other established
surrogate endpoints. It offers low within-
patient variance (19.3-19.8 mmol/L in
placebo-treated control patients with cystic
fibrosis and minimal-function CFTR

Table 3. Prominent Cystic Fibrosis Biomarkers

mutations) and has thresholds associated
with clinical status to diagnose cystic
fibrosis and CFTR disorders (e.g.,
pancreatic-sufficient cystic fibrosis, subjects
with intermediate sweat chloride
concentration values, and subjects without
cystic fibrosis) (163, 173). As a biomarker
to monitor individual CFTR modulator
response, it has not demonstrated direct
associations with established pulmonary
surrogate endpoints, such as FEV;%
predicted, on a patient-specific basis (174).
There are many likely reasons for this,
including variability of baseline lung
function, disease state, and secondary
pulmonary therapies of patients with
cystic fibrosis that independently

impact FEV . Nevertheless, data from
clinical trials analyzed in aggregate
demonstrate a clear direct relationship
between change in sweat chloride
concentration and change in FEV;%
predicted (175).

There are numerous additional
biomarkers used in cystic fibrosis for clinical
care and research, some of which are
summarized in Table 3 (176, 177). Cystic
fibrosis care is currently undergoing a
transformation as a result of the
development of mutation-specific CFTR
modulators coupled with early diagnosis.

Modality

CFTR function

Examples

Nasal potential difference

Biomarker type

Diagnostic and response

Intestinal current measurement

Imaging 8Eesi )c(::ll_'ay
es

Chest MRI

Hyperpolarized gas

Perfusion

Sputum and/or serum
inflammatory
biomarkers

Sputum (e.g., NE, IL-1B3, IL-6,
IL-8, HMGB-1, total cell
count, and % PMNs), serum

Prognostic, monitoring, and
response

Comments

Nasal potential difference and intestinal current

measurement are secondary tests of CFTR
function that can be used to 7) diagnose
cystic fibrosis and 2) detect CFTR bioactivity
of drugs that improve CFTR function

Chest X-ray sensitivity limits its use
CT radiation concerns limit regular use

MRI tools emerging

Prognostic, predictive, and
response

(hsCRP, calprotectin, SAA,

and GCSF)

Respiratory tract
microbial analysis

Detection of pathogens (e.g.,
Pseudomonas aeruginosa,

NE in BAL fluid predicts bronchiectasis in young

patients with cystic fibrosis

Sputum access limited to those with

established disease

High variability and low sensitivity limit use

Diagnostic, prognostic,
monitoring, and response

MRSA, and Burkholderia sp.)

Routine part of cystic fibrosis care to monitor

disease and guide treatment

Definition of abbreviations: CFTR = cystic fibrosis transmembrane conductance regulator; CT = computed tomography; GCSF = granulocyte colony—
stimulating factor; HMGB-1 = high-mobility group box 1 protein; hsCRP = high sensitivity C-reactive protein; MRI = magnetic resonance imaging; MRSA =
methicillin-resistant Staphyloccus aureus; NE = neutrophil elastase; PMN = polymorphonuclear leukocytes; SAA = serum amyloid A.
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Knowledge gaps. Studies are needed to
assess how existing or new biomarkers can
increase therapeutic precision for mutation-
specific CFTR modulators, the use of which
requires new pharmacodynamic endpoints
and disease-monitoring tools, and to
identify prognostic biomarkers for disease
exacerbations and rapid lung function
decline that might benefit all patients and
lead to novel mutation-agnostic therapies.

Rare Lung Diseases

Rare diseases are defined in the United
States as conditions that affect fewer than
200,000 people. There are more than 6,800
rare diseases, which collectively affect an
estimated 25 million Americans and
represent a substantial burden of morbidity,
mortality, health care utilization, and
caregiver costs. Although the number of rare
lung diseases has not been formally defined,
there are approximately several hundred
entities depending on the extent of
delineation of subgroups, with growing
subtypes as additional genetic etiologies are
increasingly identified. Some rare diseases
(i.e., cystic fibrosis, IPF), are discussed

in other sections of this document.

Here, biomarkers are described for
lymphangioleiomyomatosis (LAM),
pulmonary alveolar proteinosis (PAP), and
Hermansky-Pudlak syndrome (HPS).
Common challenges in biomarker
development for rare lung diseases include
limited patient cohorts for validation studies
and the lack of resources and incentives to
facilitate transfer of assays out of the
research domain into certified clinical
laboratories.

LAM. LAM is a rare neoplasm that
affects women almost exclusively and results
in progressive cystic lung disease and
respiratory failure. Although chest CT
findings may suggest the diagnosis of LAM,
additional criteria are required for confident
diagnosis, such as either tuberous sclerosis
complex or renal angiomyolipoma.
However, the majority of patients with LAM
lack these additional features, and therefore
lung biopsy is often performed for
diagnostic certainty. Serum VEGF-D
(vascular endothelial growth factor D), a key
growth factor in tumor metastasis, is the
most successful biomarker used in clinical
care of patients with LAM. After the
observation that serum levels of VEGF-D
were elevated in patients with LAM
compared with healthy control subjects
(178), VEGE-D levels in patients with LAM

e128

were compared with those of individuals
with other causes of cystic lung disease, and
it was found that VEGF-D could be a
diagnostic biomarker (179). The 2016
ATS/Japanese Respiratory Society Clinical
Practice Guideline, which provides
evidence-based recommendations for the
diagnosis and treatment of patients with
LAM, formally evaluated the role of VEGF-D
as a potential noninvasive diagnostic test for
LAM (180). On the basis of a systematic
review of seven studies, serum VEGF-D
testing had a low false-positive rate and a
high false-negative rate, and thus, its use
may eliminate the need for an invasive lung
biopsy in patients who present with cystic
lung disease that lacks confirmatory features
of LAM. Those with positive tests could be
diagnosed with confidence, whereas those
with a negative test would proceed with
usual diagnostic testing (i.e., lung biopsy).

There are also data to suggest
that serum VEGF-D may have roles
as a prognostic, predictive, and
pharmacodynamics biomarker. The MILES
(Multicenter International LAM Efficacy of
Sirolimus) trial was a double-blind trial of
sirolimus versus placebo in women with
moderate to severe pulmonary impairment
due to LAM (181). In this trial, a higher
baseline VEGF-D level was associated with
both better lung function response in the
sirolimus group and more rapid lung
function decline in the placebo group. Serum
VEGEF-D level greater than 800 pg/ml was
also associated with a faster rate of decline of
FEV, compared with patients with a serum
VEGEF-D less than 800 pg/ml (182). The
utility of VEGF-D as a biomarker has also
been demonstrated in other clinical trials,
but there are no data indicating that extent
of VEGF-D reduction correlates with
clinically meaningful outcome measures.

KnowLeDGE Gaps. Longitudinal
studies are needed to refine the use of
VEGEF-D in treatment and disease
monitoring, as well as studies to identify
novel diagnostic biomarkers.

PAP. PAP is a rare syndrome
characterized by the accumulation of
surfactant in alveolar macrophages and
alveolar spaces resulting in respiratory
compromise due to hypoxemia. PAP occurs
because of a number of disparate but
intersecting pathogenic mechanisms and is
not a single disease. Common symptoms
include cough, dyspnea on exertion, fatigue,
and weight loss. PAP syndrome is identified
based on a compatible history, typical

radiologic findings, BAL cytology and/or
lung biopsy findings, and compatible
biomarkers (183).

Granulocyte-macrophage colony-
stimulating factor (GM-CSF) plays a vital
role in the catabolism of surfactant and
other alveolar macrophage functions critical
for surfactant homeostasis, alveolar stability,
lung function, and innate host defense.
Disruption of GM-CSF signaling causes
PAP syndrome in many patients.
Autoimmune PAP is caused by the
disruption of GM-CSF signaling by
anti-GM-CSF antibodies (GMAb) and
provides rationale for GMAD as a
diagnostic biomarker. In fact, GMAb may
have the strongest scientific rationale of
any biomarker in pulmonary medicine,
including the demonstration that transfer
of GM-CSF autoantibodies confers PAP
disease (184, 185). Elevated serum GM-CSF
is used as a diagnostic biomarker for
autoimmune PAP in patients with typical
clinical and radiologic findings. The test is
noninvasive and has high precision, and the
sensitivity and specificity approach 100% at
a cutoff serum GMAD level of 5 pg/ml
(186). In addition, because autoimmune
PAP responds better to whole-lung lavage
and GM-CSF therapy than other causes of
PAP, GM-CSF autoantibodies also serve as
a predictive biomarker. Although widely
accepted as a key diagnostic test, GM-CSF
autoantibody testing is currently available
only on a research basis.

A number of additional biomarkers are
useful for identification of other causes of
PAP syndrome and can be used in an
algorithmic manner (183). For example,
patients with negative serum GM-CSF
autoantibodies and elevated levels of serum
GM-CSF without apparent underlying
diseases known to be associated with PAP
need further evaluation for hereditary PAP by
analyzing GM-CSF receptor gene (CSF2RA or
CSF2RB) mutations. Whole-blood GM-CSF
signaling tests, such as the GM-CSF-induced
STATS5 (signal transduction and activator of
transcription 5) phosphorylation index test,
may support the diagnosis of primary PAP.

KNowLEDGE Gaps. Studies are
needed to identify and validate diagnostic
biomarkers focused on PAP syndrome that
is not due to autoimmune causes.

HPS. HPS is a recessive disorder that is
associated with oculocutaneous albinism
and bleeding diatheses due to platelet
dysfunction. HPS gene products are
ubiquitously expressed, and recessive
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mutations result in defects in hetero-
oligomeric intracellular protein trafficking
complexes. There are currently 10 genetic
loci associated with HPS in humans, and
pulmonary fibrosis has been associated with
some genes (i.e., HPSI [HPSI, biogenesis of
lysosomal organelles complex 3 subunit 1],
AP3BI (adaptor-related protein complex 3
subunit 1), and HPS4 [HPS4, biogenesis
of lysosomal organelles complex 3 subunit
2]) but not others. In the affected subtypes,
pulmonary fibrosis has been reported to
develop in all patients typically in the third
to fourth decades of life, with most patients
succumbing within 3 to 10 years of
diagnosis in the absence of lung
transplantation. Although HPS can be
diagnosed based on clinical features and
evaluation of platelet-dense granules by
electron microscopy, the subtypes are
clinically indistinguishable. Therefore,
genetic testing serves as both a diagnostic
and a prognostic biomarker in HPS.
Advances in genetic sequencing technologies
have dramatically improved affordability,
accessibility, and scope of genetic analyses,
although access and cost remain limitations
in clinical practice. HPS mutations are
identified in most, but not all, patients with
the clinical syndrome of HPS, suggesting
incomplete sensitivity of testing methods
and the likelihood of additional causal genes.

KNowLEDGE Gaps. Studies are needed
to create affordable and easily interpretable
genetic tests on the basis of known HPS
mutations, and continued studies are needed to
identify biomarkers in those patients who do
not have a known mutation.

Establishing Clinical Utility:
Cost-Effectiveness and
Applicability of Biomarkers
to Diverse and Real-Life
Populations

Clinical utility of a validated biomarker test
must be established before it is widely
adopted (187, 188). That is, evidence that
the test improves patient health outcomes
in the real world and has a positive
economic benefit must be obtained. As
costs of biomarker tests decline, performing
such testing in large populations is possible,
which should facilitate translation of
biomarkers into clinical practice (189).
Although clinical trials are necessary to
explore the short-term benefits and risks of
testing for specific conditions (190, 191),
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the clinical utility of biomarker tests,
particularly among asymptomatic
individuals, in terms of long-term impact
on morbidity, mortality, quality of life, and
diagnosis and treatment costs remains
uncertain (189, 192). Furthermore, the
benefits and costs of integrating biomarker
testing into routine clinical care have not
been systematically assessed (193). Some
considerations during validation and early
use maximize the likelihood that a
biomarker test will be clinically useful. First,
capturing appropriate data for those using
biomarkers outside of originally studied
settings is important to, for example, identify
biomarker-medication interactions with
already approved therapeutics. Second,
considering the generalizability of the
biomarker test beyond the originally studied
populations, and including diverse, real-life
populations during validation, will help
ensure biomarker tests are broadly useful.

Relatively few genomics studies have
been conducted in individuals with diverse
ancestries (194). As of 2009, only 4% of
genome-wide association studies were
conducted in individuals not of European
descent (195), and although by 2016 this
figure rose to 20%, most of the studies in
individuals who were not European were
limited to individuals of Asian ancestry
(194). Reasons that few studies have been
completed of individuals of African and Latin
American ancestry and indigenous people
include that I) researchers have avoided the
increased difficulty of identifying true from
spurious associations when ancestral
differences among cases and controls may
differ, which happens more often in admixed
populations; 2) logistical issues have led
researchers to make use of large datasets
established by large medical centers, some
of which are not accessible to minority
individuals; and 3) minority individuals elect
not to participate in research studies for
cultural or historical reasons (194, 196).
Despite potential challenges, including diverse
populations in precision medicine research is
imperative to ensure biomarker tests advance
health for all (196, 197).

Resource allocation may improve if
biomarker tests lead to earlier and better
targeting of treatments and thereby reduce
healthcare costs. However, the extent of this
improvement is unknown, as studies of
biomarker testing cost-effectiveness that
assess their relative value in terms of health
benefits and monetary costs are lacking
(198). Patient health outcomes are

influenced by intersecting factors at the
health system, provider, and patient levels
that affect a chain of events, including who
gets tested, screened, or treated; when; and
which specific technology is received (199).
Access to biomarker tests and related
services often depends on cost and coverage
of services by health plans, and differential
access to biomarker tests may increase
health care-related disparities (200-206).

Infrastructure Needed for
Widespread Adoption of
Precision Medicine in Clinical
Practice

Beyond establishing clinical utility, there are
additional barriers to implementation of
precision medicine that must be addressed
before use of biomarkers can become routine
in clinical practice. First, clarity regarding test
reimbursement is needed. Few U.S. insurance
providers have developed clear policies
regarding reimbursement of molecular
studies, and fewer than 50% of ordered tests
are eventually covered (202, 207, 208). In
countries with centralized payer systems,
heterogeneity exists regarding criteria used
for evaluating clinical effectiveness of orphan
drugs and personalized medicine diagnostics;
the bar for coverage approval is considerably
higher for diagnostic testing than for orphan
drugs, despite the greater costs associated
with the latter (209). Economic concerns
influence use of genomic tests and
medications coupled to them, even when
patients are knowledgeable regarding
genomic testing and results and are receptive
to undergoing testing (210-220).

Second, providers lack adequate
training in genomics and confidence in
deciding when biomarker tests are needed
(213, 221-223). This is partly because the
majority of today’s physicians graduated
medical school before the introduction of
most biomarkers. Approaches to overcome
the lack of knowledge among active
pulmonary healthcare providers include
developing effective electronic health
record alerts and decision support tools,
training genetic counselors who specialize
in pulmonary diseases, and developing
pulmonary-specific programs in continuing
medical education in genetics and
genomics. ATS has made strides in this
regard, including hosting relevant
postgraduate courses and through
participation in the Inter-Society
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Coordinating Committee for Practitioner
Education in Genomics (224).

Third, rapid dissemination of clinically
actionable information to health providers is
critical for widespread adoption of precision
medicine. For example, there are no
centralized databases supported to
guarantee that genetic information
concerning pathogenicity of sequence
variants is reliably curated in a sustained
manner, and in the absence of universally
adopted guidelines, interpretation of
clinically actionable variants often differs
across clinical sequencing laboratories
(225). The Clinical Genome Resource
(ClinGen) is attempting to address this
deficiency through the establishment of
standards for variant interpretation
and a publicly accessible informatics
infrastructure to efficiently exchange
expertly curated information (226).
Although ClinGen has established eight
Clinical Domain Working Groups covering
31 diseases, expert panels in pulmonary
disease have yet to be convened.

Gaps in Current Research
and Suggestions for Future
Studies

An impediment to precision medicine shared
across most diseases considered was the lack of
effective translation of promising biomarkers
into widely used clinical tests. Common
themes emerged for future studies to address
this gap and help accelerate the identification
of clinically useful biomarker tests:

e There are limited options for validating
biomarkers in prospective trials because
of the high costs associated with this
endeavor. Despite this difficulty,
additional translational studies to
clinically validate biomarkers are needed,
in which significance is valued over
innovation.

® More biomarker discovery research, in
which hypothesis generation is viewed
favorably, is necessary. This includes
gathering cohorts for specimen collection
or leveraging existing large datasets and

databases so that specific clinical unmet
needs can be addressed.

e Efforts to integrate relevant existing
datasets are required. This includes
careful merging of heterogeneous data
types within cohorts as well as merging
of data across cohorts to facilitate
biomarker discovery research via
appropriate data-mining strategies.

Conclusions

Despite notable advances in lung
precision medicine, with thousands of
biomarker tests either available or under
development for several lung diseases, few
biomarkers are in widespread clinical use.
This ATS/NHLBI Research Statement
summarizes the process of developing
biomarkers, reviews current biomarkers
for various pulmonary diseases, outlines
barriers that must be overcome, and
suggests research priorities to achieve the
promises of lung precision medicine.
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