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Abstract

Sarcoidosis is a complex, polygenic disease of unknown cause with
diverse clinical phenotypes, ranging from self-limited, asymptomatic
disease to life-altering symptoms and early disease-relatedmortality. It is
unlikely that a single common environmental exposure (e.g., infection,
antigen) entirely explains the disease, and numerous genetic mutations
are associatedwith thedisease.As such, it is reasonable to assume, aswith
other phenotypically diverse diseases, that distinct genetic mechanisms
and related biological biomarkers will serve to further define sarcoidosis
subphenotypes, mechanisms, and possibly etiology, thus guiding
personalized care. Thefields of “omics” and systems biology research are

widely applied to understand polygenic and phenotypically diverse
diseases, such as sarcoidosis. “Omics” refers to technologies that allow
comprehensive profiling of sets of molecules in an organism. Systems
biology applies advanced computational approaches tomake sense of the
enormous data sets that are typically generated from “omics”
platforms. The primary objectives of this article are to review the
available “omics” tools, assess the current status of “omics” and systems
biology research in the field of sarcoidosis, and consider how this
technology could be applied to advance our understanding of the
mechanistic underpinnings of disease and todevelopnovel treatments.
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This workshop report was developed after a
National Heart, Lung, and Blood Institute
(NHLBI) workshop entitled “Leveraging
Scientific Advancements to Understand
Sarcoidosis Variability and Improve
Outcomes” was held. Our working group was
tasked with considering how systems biology
approaches can be used to address the
phenotypic variability of sarcoidosis and how
the results could improve the understanding
of the etiology and treatment of sarcoidosis.
In this report we describe (1) the current
state-of-the-art in terms of what is known
about the elements of systems biology in
sarcoidosis and the tools available for further

study, (2) knowledge and resource gaps that
offer opportunities for development, and (3)
recommendations for future research
directions, with a special emphasis on
studying the extreme phenotypes.

Current State-of-the-Art of
“Omics” and Systems
Biology: Methodologies

Methodologies and Experimental
Design Considerations
Systems biology is defined as a multidisciplinary
holistic approach to the study of biological

systems that often utilizes unbiased
computational approaches to “omics”
technologies (1, 2), including microarrays (3),
next-generation sequencing platforms, and
other technologies that allow the study of the
full molecular compendium. Many of the
considerations are shared for all technologies.
Initially, investigators need to determine
whether the whole “omics” repertoire needs
to be assayed or whether a targeted approach
(4–6) is appropriate. Similarly, although the
genome is identical for all cells and tissues in a
given organism, other “omes” are cell-specific,
posing challenges when tissues or cellular
admixtures are studied. Fresh tissue sorting,
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single-cell analysis, and laser capture
microdissection (7) are all increasingly used,
including in lung disease (8). Finally, the
tissue compartment is critically important:
the affected organ is preferable, although
other compartments, such as bronchoalveolar
lavage (BAL), sputum, exhaled breath
condensate, or even blood may all be
informative. In a systemic and variable
disease such as sarcoidosis, obtaining multiple
“omic” profiles from multiple compartments
may allow better modeling of the disease
process.

The ability to measure millions of data
points for every single “omics” experiment
makes hypothesis generation dependent
on advanced computational approaches.
“Machine learning” techniques are among the
most widely used approaches to address this
problem (9). The term “machine learning”
refers to the computer science field of
applying mathematical algorithms to “learn”
from one source of data, usually to make
predictions about a new source of data. For
example, machine learning techniques can
identify sets of genes whose expression
distinguishes the disease of interest from
other states or to predict clinical disease
severity. The algorithms used in machine
learning include applications of graph theory,
clustering, and other data mining approaches,
and can be applied in ways that incorporate
existing information or ideas (supervised),
that largely ignore preconceived ideas
(unsupervised) or somewhere in between
those two extremes (semisupervised). The
relative benefits and challenges of each
algorithm and approach differ depending on
the application and purpose of the analysis.

Barriers to Applying “Omics” and
Systems Biology
Barriers to the application of “omics” and
systems biology include the constant evolution
of research technologies, the variety of
platforms, the ever-expanding content of
databases, and the understandable reluctance
of the community to adopt the technologies.
For instance, it is a challenge to directly
compare genomic data generated on a gene
array platform with data from next-generation
sequencing. Likewise, the discovery of new
molecular mechanisms and the related changes
in genomic databases leads to a revised
interpretation of the same “omics” data over
time. Standardized research techniques,
validation steps, experimental designs
incorporating replication, and careful
documentation of analytical approaches

are necessary. Furthermore, specific
study design considerations may be required
depending on the tissue analyzed and research
objectives (Table 1). Because interpretation
depends on advanced analytical approaches, the
development of multidisciplinary teams and
specific education of pulmonary faculty and
trainees in systems biology approaches are
needed to overcome existing barriers to
adopting these innovative approaches.

Sarcoidosis Systems Biology:
Current State-of-the-Art

Genomic Sarcoidosis Research
Genome-wide association studies (GWASs)
have generated significant insights in sarcoidosis.
As detailed in the accompanying article by
Moller and colleagues in this issue (pp. S429–
S436), various disease-modifying factors, and at
least one disease-causing gene polymorphism
(the butyrophilin-like 2 gene), have been
identified by conventional GWAS approaches
(10–14). These studies highlighted the genetic
factors influencing disease phenotype and
provide valuable mechanistic insights.

Despite the notable successes, the
limitations of GWASs for sarcoidosis are

significant. The polygenetic nature of
sarcoidosis is reflected by multiple genetic
risk factors, the impact of which are often
influenced by race and ethnicity. Many of the
discovered loci are noncoding polymorphisms
whose functions are unclear (15), and the
studies have been limited to common variants.
Most importantly, most sarcoidosis GWASs
excluded African Americans, a population
disproportionately affected with more severe
disease. Thus, the future of genomic research
in sarcoidosis depends on more powerful
genomic technologies, careful delineation of
phenotypes, and increased focus on African
American subjects. The advanced research
methods will allow identification of noncoding
effects, including allele-specific effects relating
to methylation of transcription factor–binding
sites, inhibition of gene expression, or the
influence of alternative splicing. The focus
on detailed disease subphenotypes will allow
identification of heritable traits that determine
subphenotype demarcations, and the focus on
African Americans will address a significant
unmet need (15).

Transcriptomic Sarcoidosis Research
“Transcriptomics” refers to profiling all the
transcripts expressed in a cell, organ, or

Table 1. Study design considerations

Hypothesis Drives Sample Collection

d Characteristics of subjects (human or animal) need to be carefully considered
d Timing and frequency of sample collection depend on desired “snapshot” of biological
process of interest, disease natural history, and accessibility of tissue

d Compartment, tissue type, and cell type(s) of interest need to be considered

Preparation Determines Product

d Single cell (12) vs. multiple cells
d Capturing “omics” vs. targeted aspects of feature
d Feature captured, for example:

B Total RNA
B RNA bound to ribosomes
B DNA predicted to bind to specific proteins (10, 11)
B Bacterial DNA or RNA (31–34)
B Metabolites in certain size range
B Capture of protein modifications (phosphorylation, glycosylation)

Molecular Analysis Depends on Sample Collection and Preparation

d Sequencing DNA or RNA
B Amplification steps (8) or single molecule (9)
B Depth of coverage

d Identification and quantification of proteins, metabolites (29, 30)
B Liquid chromatography
B Mass spectrometry
B Ultraviolet detection
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tissue including coding and noncoding
RNAs, using RNA profiling techniques.
At the cellular level transcriptomes reflect
a summary of cellular processes at a given
moment, as every stimulus, stress, or
normal process is reflected by changes
in RNA expression. At the level of the
organ and in the context of human
disease, the transcriptome represents the
integration of multiple factors, including
the patient’s genetic background, the
environmental stimuli to which the patient
is exposed, the disease process, and many
other variables. Thus, transcriptomics can
be considered a tool for comprehensive
molecular phenotyping of the patient,
useful for identifying new disease
subphenotypes, generating hypotheses
regarding disease mechanisms and in
some cases discovery of disease genetics.

The application of transcriptomics has
focused thus far on discovery of novel
biomarkers and disease mechanisms.
Crouser and colleagues identified two matrix
metalloproteinases (MMP-12, ADAMDEC1)
that were highly expressed in lung tissue and
BAL, and correlated with clinical disease
activity (16). Other differentially expressed
transcripts observed in lung tissue were
subsequently shown by Koth and colleagues
to be represented in peripheral blood (17),
some of which, particularly the chemokine
(C-X-C motif) ligand 9 gene and certain
T-cell receptor–related transcripts, were
predictive of chronically active and self-
limited phenotypes (18). Tissue-specific gene
expression profiling was shown to be useful
for differentiating cardiac sarcoidosis from
other common forms of myocarditis (19).

As for discovery of novel disease
mechanisms, the relatedness of differentially
expressed genes can be derived from a
supervised “machine learning” approach,
wherein gene networks are identified
according to known or predicted
interrelated functions or interactions (9).
These networks typically represent
coregulated genes, such as would be
expected in response to the activation of a
specific transcription factor or cell receptor.
Applying this approach to sarcoidosis lung
tissues identified genes conforming to
networks regulated by IFN-g and signal
transducer and activator of transcription 1
(16). Using a similar approach for
microRNA expression in lung, lymph node,
and peripheral blood mononuclear cell
(PBMC) tissues revealed microRNAs from
each tissue that were predicted to target

components of the transforming growth
factor-b/wingless-related integration site
signaling pathway (20), a critical
regulatory pathway of lung inflammation
and fibrosis (21, 22). Although “machine
learning” approaches can provide an
informative and unbiased interpretation
of complex transcriptomics data,
subsequent experiments are required
to validate and confirm the
observations (23).

Proteomic Sarcoidosis Research
Proteomics approaches provide a
comprehensive analysis of all proteins
present in a sample, and the most common
methods are either arrays that detect
proteins captured by specific probes or
matrix-assisted laser desorption/ionization,
which uses a laser to fragment the proteins,
followed by an ionization step that allows
the fragments to be identified by mass
spectroscopy.

Proteomic analyses have proven useful
for identifying sarcoidosis disease
biomarkers. For instance, Häggmark and
colleagues employed antigen microarrays to
screen for autoimmunity and to identify
novel disease biomarker proteins. IgG
reactivity to a panel of more than 3,000 self-
antigens was determined in 73 BAL
samples from subjects with sarcoidosis or
asthma, and from healthy control subjects.
The initial findings were further validated
in a larger cohort. Reactivity toward zinc
finger protein 688 and mitochondrial
ribosomal protein L43 was discovered with
higher frequencies in patients with
sarcoidosis, and L43 was particularly
associated with a more severe disease
phenotype (24). Silva and colleagues
performed proteomic analysis (matrix-
assisted laser desorption/ionization–time of
flight mass spectrometry) of alveolar
macrophages in subjects with sarcoidosis.
Twenty-five unique proteins were identified
compared with control samples, and were
further shown by network analysis to be
regulated by nuclear factor kappa-light-
chain-enhancer of activated B cells. In
particular, phospholipase D and RhoA
expression differentiated patients with
Löfgren’s syndrome and those without
Löfgren’s syndrome (25).

Metabolomics
Expanding from theoretical mechanisms
implied by gene networks and related
proteins, the next immediate challenge

is to determine the implications in
terms of complex cell and organ
functions. Metabolomics, the
comprehensive study of small-molecule
metabolites present in biological samples,
can provide a fingerprint left by disease
for the purpose of detection (i.e., a
biomarker), such as was reported in
the context of fibrotic pulmonary
sarcoidosis (26), or could direct
investigators in terms of understanding
disease mechanisms to guide novel
therapeutics or to monitor the progression
of disease (27, 28).

Microbiomics
Humans exist symbiotically with
microbes that inhabit multiple body
sites, including the skin and the
gastrointestinal and respiratory tracts.
The microbiome varies from one
individual to the next depending on
environmental and genetic variables.
Significant evidence indicates that
the microbiome can influence the
development and function of the
immune system in the context of health
and disease (29). At present little is
known about the role of the microbiome
in the pathogenesis of sarcoidosis, but
considering that microbiome alterations
affect host immunity, it is possible
that such changes will contribute to
granuloma formation by presenting
antigens and/or by modifying the
function of immune cells.

Low levels of microbial DNA are
present in the lungs of healthy people.
These sequences largely reflect
microbial communities present in the
upper respiratory tract, and thus are
likely derived mainly by passive
microaspiration (30), which may impact
immune responses (31). Garzoni and
colleagues did not find any difference in
the BAL microbiome profiles of patients
with interstitial pneumonia and
sarcoidosis (32). However, animal
studies specifically implicate gut
microbiota in the development of
abnormal systemic inflammatory responses,
including autoimmune disease (33, 34),
allergy, cancer, and cardiovascular
disease (35), reflecting the complexity of
interactions and the need to sample
relevant compartments. Genomic, and
more specifically “metagenomic” (the study
of genetic material from environmental
sources), analysis of the intestinal
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microbiome shows great promise for
understanding the link between the
microbial environment and inflammatory
diseases (36), an approach that holds
promise for advancing our understanding
of sarcoidosis

Integration of “Omics” Platforms
A major challenge is integration
and interpretation of multiple “omics”
and clinical data types, which are
commonly classified into “horizontal” and
“vertical” (37). Horizontal data integration
compares a common set of “omics” data
collected from various sources. The
objective of the analysis is similar to
traditional meta-analysis, namely,
leveraging the additional power derived
from multiple data sets to identify a
universal pattern of change. In contrast,
vertical integrative analysis deals with
multiple types of “omics” data (Table 1)
as well as clinical data that are measured
in parallel in every subject in a cohort.
It is postulated that the analysis of
multiple hierarchies of “omics” data
would improve disease classification
(e.g., unique disease phenotypes
responsive to different treatments).
For example, in the context of sarcoidosis
it could be valuable to integrate “omics”
data horizontally across clinically
similar entities (e.g., Mycobacterium
tuberculosis) and vertically among different
“omics” platforms (e.g., microbiome,
genome) to identify common disease
mechanisms (e.g., environmental factors,
genetic variables). Although there is no
definite solution at this stage of data
integration, some intriguing approaches
have been developed including
subclassifications by principal
component analysis (38), partial least
squares (39), nonnegative matrix
factorization (40), and an integrative
phenotyping framework (41) to reduce
features and identify patterns across
multiple “omics” data sets, as well as
novel clustering methods to identify
novel disease subclasses (42).

Attempts to integrate genomic,
transcriptomic, and proteomic data in
sarcoidosis have been limited. Maver
and colleagues reviewed the available
literature and identified nine candidate
molecules that are distinctly associated
with sarcoidosis and that could have
potential functional implications (43).
Fischer and colleagues integrated

genomic and proteomic approaches
to identify novel sarcoidosis risk genes.
They first identified single-nucleotide
risk polymorphisms in a European
cohort, including novel associations
with genes encoding the butyrophilin-like
2 gene promoter region, human leukocyte
antigen–B*0801, human leukocyte
antigen–DPB1, and IL-23R. Related
functional predictions and proteomic
analysis further identified a potentially
drug-targetable IL-23/T-helper cell type
17–signaling pathway (11).

It is expected that novel multiomic
data sets will generate the foundations
for implementing vertical integrative
data analysis approaches, and in this
regard the GRADS (Genomics Research
in Alpha-1 Antitrypsin and Sarcoidosis)
study provides a template for future
sarcoidosis research. GRADS is a
national, multicenter research study, funded
by the NHLBI, that addresses two
understudied lung diseases: alpha-1
antitrypsin deficiency and sarcoidosis
(described in detail in Reference 44).
GRADS planned to enroll 400 participants
with a minimum of 35 in each of nine
clinical phenotype subgroups (see Table 3
in Reference 44) prioritized by their
clinical relevance to understanding the
pathobiology and clinical heterogeneity of
sarcoidosis. Participants with a confirmed

diagnosis of sarcoidosis underwent baseline
and 6-month follow-up assessments,
including self-administered questionnaires,
computed tomography scan, pulmonary
function testing, blood testing, and
bronchoscopy with BAL. Fecal samples
were collected for gut microbiome
analysis. GRADS has generated a unique
sarcoidosis resource. Blood collection
included PBMCs, serum, plasma, and
whole blood RNA and DNA; BAL
included supernatant and cell pellet; and
stool was also collected. Analyses
performed through the GRADS Genomics
and Informatics Center include RNA
sequencing of BAL cells and PBMCs;
microbiome, virome, and fungal
determinations in BAL and stool; and a
data-sharing portal is being created.
GRADS is powerfully positioned to inform
and direct studies on the pathobiology of
sarcoidosis, identify diagnostic or
prognostic biomarkers, and provide novel
molecular phenotypes that could lead to
improved personalized approaches to
therapies for sarcoidosis. Results of these
studies will be forthcoming.

Limitations of “Omics” and Systems
Biology Research in Sarcoidosis
Sarcoidosis presents numerous challenges
relating to the existence of distinct clinical
phenotypes; the ability to define these

Mechanism
Tissue

Cell
Exposure

Response to Treatment Response to Treatment

Pathologic
Physiologic
Prognosis

Well-Characterized

Large Cohort Studies

Molecular Characterization Clinical Characterization

Multiple Biological Samples
Follow-up Over Time

Exposure

Figure 1. Proposed translational research paradigm. The clinical diversity of sarcoidosis mandates
careful clinical phenotype characterization to inform related “omics” and systems biology research to
improve the molecular characterization of the disease. Clinical validation of research observations
(e.g., discovery of novel mechanisms and related treatments, biomarker discovery) requires
longitudinal follow-up (e.g., large cohort studies) and sequential sampling from a large, well-
characterized patient population.
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phenotypes easily; the lack of access to
readily available and well-phenotyped tissues
in a cross-sectional let alone longitudinal
manner, including target tissue with active
granulomatous inflammation and the ability
to analyze distinct cell populations within
tissues; and the lack of efforts to integrate the
various “omics” platforms to strengthen
the resulting systems biology–generated
conclusions. The impact of the research is
further influenced by the quality of the
tissue samples, including variable results
influenced by processing, storage
techniques, and the cellular components
represented in the samples.

Challenges and Opportunities:
Creating a Roadmap for
“Omics” and Systems Biology
Research in Sarcoidosis

Progress in sarcoidosis research is significantly
impeded by the lack of relevant animal or
ex vivo laboratory models of the disease. In
lieu of such models, and given that sarcoidosis
is a relatively rare disease, it is essential to
optimize the scientific information that can
be gained from each human participant in
sarcoidosis research. Ideally, research would
engage as many subjects as possible, including
those with limited access to health care, many

of whom are at highest risk of severe disease
complications (45, 46). Our working group
identified the major goals and made
recommendations aimed to address current
challenges relating to rapidly recruiting
biological samples from carefully phenotyped
sarcoidosis cohorts, using standardized and
reproducible research techniques.

Goals
In keeping with the mission of agencies that
are actively supporting sarcoidosis research,
including the National Institutes of Health
and Foundation for Sarcoidosis Research,
our working group recommended that the

1

2

3

Primary Center

Rural Centers

Regional Centers

4

Primary
Sarcoid
Center

Novel
Therapies &
Clinical Tools

Specialized
Research
Expertise

Sarcoidosis Patients

Regional
Referral
Centers

Rural
Referral
Centers

Specialized
Education &

Outreach
Programs

Specialized
Clinical

Expertise

Clinical
Trials

B

A

5Coordinating
Center

Figure 2. Proposed international network for sarcoidosis research. (A) An international network of regional “centers of excellence” that is regulated by a
coordinating center, the details of which would require further development. (B) The proposed functions of a regional center of excellence in terms of
serving the clinical and educational needs of the regional sarcoidosis population, while conducting translational research (in conjunction with other national
“centers”) designed to improve the access to and quality of care of patients with sarcoidosis. Sarcoid = sarcoidosis.
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scientific priorities of emerging (e.g.,
GRADS) and future “omics” and systems
biology research should be directed toward
projects that translate readily to the clinical
setting, as portrayed in Figure 1. Clinical
translation is categorized as follows:

1. Biomarkers that improve the diagnosis
of sarcoidosis

2. Prognostic biomarkers that identify
extreme sarcoidosis phenotypes

3. Discovery of novel disease mechanisms
4. Identification of therapeutic targets
5. Inclusion of minorities and underserved

populations; representing more severe
clinical phenotypes (and deserving equal
access to cutting edge research).

Recommendations

1. Establish Clinical Centers of
Excellence to Form the Foundation of
Future Sarcoidosis Research
In keeping with the approach used to
research other rare lung disorders (e.g.,
idiopathic pulmonary fibrosis [47], cystic
fibrosis, and others), it was recommended
that each participating site within a future
sarcoidosis network conform to uniformly
high standards of clinical care, maintain a
registry of the sarcoidosis population and
their long-term clinical data, and develop the
capacity to obtain high-quality biological
specimens for the purpose of scientific
discovery. Sarcoidosis exemplifies health
care disparities relating to race, sex, and
factors influenced by lower socioeconomic
status and related factors, such as diet,
exercise, and environmental stress (48).
Thus, the integration of underserved
populations would be addressed at each
research center within the sarcoidosis
network through community outreach
mechanisms, including patient and health
care provider education, the establishment of
processes to enhance health care access to
underserved urban and rural communities,
and by engaging with sarcoidosis patient
advocacy organizations. Because sarcoidosis
has pronounced geographic differences in

incidence and clinical features (10, 45), this
network ideally should include sarcoidosis
cohorts and centers globally, to ensure
inclusion of varied disease manifestations
and to enable studies to address
commonality and differences across distinct
geographic and clinical groups. A strategic
distribution of sarcoidosis “centers of
excellence” is envisioned to optimize the
quality of translational research, including
greater representation of severe disease
phenotypes and underrepresented patient
populations, while accelerating the pace of
scientific discovery (Figure 2).

2. Develop Animal or in Vitro Models
to Improve Research Efficiency
The development of highly relevant animal
and/or in vitro models of pathological
granuloma formation that closely resemble
the features of sarcoidosis is considered to
be a high priority. Such models would
accelerate the rate of scientific discovery
while reducing the costs of research relative
to relying primarily on human tissue–based
research. A thorough discussion of the
barriers to creating such models is beyond
the scope of this article, although the
animal model is reviewed in part in an
accompanying article (10).

3. Improve Resolution of “Omics” Data
It is important to optimize the resolution of
patient-based research by more carefully
dissecting disease mechanisms in specific
sarcoidosis subphenotypes, particularly
extreme phenotypes associated with
poor outcomes. Because GRADS has
addressed the requirements for bulk
analysis, future studies should focus on
specific cell populations, distinct tissue
microenvironments, and single-cell
“omics.” Such approaches will address the
effects of cellular admixture and improve
the mechanistic implications of the results.

4. Utilize Computer Models to
Leverage “Omics” Data
The dynamics of complex molecular
interactions identified by “omics” research
can be modeled mathematically and further
manipulated to simulate the effects of a

novel therapeutic intervention, such as was
demonstrated in sarcoidosis by Hao and
colleagues (49). Although computer models
allow for the rapid “testing” of many
potential therapeutic interventions, or
combinations thereof, validation of the
mathematical predictions ultimately requires
longitudinal testing in humans. The
inevitable reliance on relatively slow-moving
and costly human research emphasizes the
pressing need for developing relevant animal
and/or in vitro models of disease.

Conclusions

With the advent of powerful “omics”
research platforms, it is now feasible to
simultaneously assess innumerable
molecular events representing multiple
biological functions in the context of disease
or health. The application of systems biology
to “omics” data allows the recognition of
biological patterns translatable into novel
human disease–relevant scientific
hypotheses, which are validated by more
conventional laboratory and clinical research
techniques. Considering the complexity and
varying presentations of sarcoidosis, “omics”
and systems biology techniques promise to
catalyze scientific discovery to elucidate
the biological mechanisms underlying
disease phenotypes to identify more
effective disease biomarkers and
treatments. n
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