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Abstract: Systems biology approaches have contributed to advancing our understanding of complex respiratory diseases including 
asthma and chronic obstructive pulmonary disease (COPD). This systematic review evaluates the application of systems biology 
methodologies in respiratory medicine, focusing on multi-omics data integration and computational techniques for biomarker 
discovery and mechanistic understanding. Following PRISMA 2020 guidelines, we conducted a comprehensive literature search 
across Web of Science and Scopus databases, identifying 117 peer-reviewed documents published from 2010 to 2024. The review 
methodology employed bibliometric analysis combined with qualitative synthesis of included studies. Results demonstrate steady 
growth in systems biology applications for asthma and COPD research, with publication rates increasing by approximately 0.5 articles 
per year (R2 = 0.73, p < 0.001). Bibliometric analysis identified five major research clusters: systems biology as a foundational 
methodological framework (Basic Theme), COPD-focused research as the most developed area (Motor Theme), gene expression 
analysis, disease classification approaches, and specialized lung disease investigations (Niche Theme). Multi-omics integration studies 
achieved 82–91% accuracy in disease classification tasks, with transcriptomics-based asthma endotyping validated in over 1500 
patients across multiple cohorts. Network analysis approaches identified hub genes (IL-6, TNF-α, MMP9) replicated across three 
independent studies. Machine learning applications demonstrated 80–90% accuracy for diagnostic and prognostic tasks, though 
external validation remains limited, with only 15% of reviewed studies including independent validation cohorts. Significant 
challenges persist in data integration, computational reproducibility, and clinical translation. Most studies employed modest sample 
sizes (median n=89), and population diversity was limited, with 89% conducted in European-ancestry populations. This review 
provides a comprehensive assessment of systems biology progress in respiratory medicine, identifies methodological gaps, and 
highlights the need for standardized protocols, larger collaborative studies, and rigorous external validation to advance clinical 
implementation of systems biology findings in asthma and COPD management. 
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Introduction
Biology systems has emerged as an important approach for understanding complex biological processes, particularly in 
the context of respiratory diseases.1 This interdisciplinary field integrates diverse data types and computational methods 
to elucidate the intricate molecular networks underlying physiological and pathological states (Ivanov, 2021). In recent 
years, the application of systems biology to respiratory research has contributed to significant advancements in our 
understanding of diseases such as asthma and chronic obstructive pulmonary disease (COPD).2 Systems biology 
approaches synthesize multi-omics data, including genomics, transcriptomics, proteomics, and metabolomics, to create 
comprehensive models of biological systems.3 This integrative approach has been instrumental in identifying novel 
biomarkers, characterizing disease heterogeneity, and informing the development of targeted therapies for respiratory 
conditions.4
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The clinical imperative for systems biology approaches in asthma and COPD stems from the marked heterogeneity of 
these diseases. Asthma encompasses multiple endotypes, including Type 2-high eosinophilic, Type 2-low neutrophilic, 
and paucigranulocytic phenotypes, each with distinct immunological mechanisms and treatment responses.5 Similarly, 
COPD patients exhibit diverse clinical phenotypes—ranging from emphysema-dominant to chronic bronchitis- 
predominant presentations—with varying inflammatory profiles, disease progression rates, and therapeutic outcomes.6 

This clinical complexity challenges simple reductionist approaches and necessitates integrated systems-level analysis to 
identify patient subgroups, predict treatment responses, and develop targeted therapeutic strategies. Conventional single- 
biomarker approaches have demonstrated limited success in stratifying patients or predicting outcomes, highlighting the 
need for multi-dimensional molecular profiling that captures the full complexity of disease pathophysiology.

Building upon the foundational principles of systems biology, its application in asthma and COPD research has 
evolved substantially over the past decade.7 The integration of multi-omics data has become increasingly sophisticated, 
with studies demonstrating the utility of combining transcriptomics and metabolomics to identify inflammatory pathways 
in asthma.8 Network analysis approaches have proven valuable in characterizing the complex interactions between 
genetic and environmental factors in COPD progression.6 The advent of single-cell technologies has enhanced our 
understanding of cellular heterogeneity in lung diseases, as evidenced by comprehensive mapping studies of lung tissue.9 

Furthermore, the incorporation of temporal dynamics into systems models has improved our ability to predict disease 
exacerbations and treatment responses.10 However, challenges remain in integrating diverse data types and translating 
complex computational models into clinically actionable insights, highlighting the ongoing need for methodological 
refinement and interdisciplinary collaboration in respiratory systems biology research.11

Despite these advancements, several critical gaps remain in our understanding and application of systems biology 
methods to asthma and COPD. While individual omics studies have yielded valuable insights, the integration of multi- 
omics data in respiratory research remains challenging and often incomplete.12 There is a need for more comprehensive 
studies that effectively combine genomics, transcriptomics, proteomics, and metabolomics data to provide an integrated 
view of disease mechanisms.13 The translation of systems biology findings into clinically actionable insights for asthma 
and COPD management remains limited.6 The application of advanced machine learning techniques to predict disease 
outcomes and guide personalized treatment strategies is still developing in respiratory medicine.14 Additionally, stan
dardized approaches for integrating environmental and microbiome data into systems-level analyses remain nascent, 
despite their recognized importance in disease pathogenesis.15

Beyond these knowledge gaps, several methodological obstacles impede progress in respiratory systems biology. First, 
reproducibility remains a significant concern, with many multi-omics findings failing to replicate across independent cohorts 
due to differences in sample processing, analytical pipelines, and patient populations.16 Second, lack of standardization in data 
generation—including RNA sequencing protocols and mass spectrometry platforms—and analysis methods such as normal
ization approaches and statistical thresholds complicates cross-study comparisons and meta-analyses.17 Third, most systems 
biology studies rely on discovery-phase analyses in single cohorts without external validation, raising questions about 
generalizability and clinical applicability.18 Fourth, computational models often demonstrate overfitting to training data, 
achieving high performance metrics that fail to translate to independent validation sets or clinical implementation. Addressing 
these obstacles requires community-wide adoption of standardized protocols, mandatory external validation, transparent 
reporting of methodological details, and realistic assessment of clinical readiness—challenges that must be overcome for 
systems biology to achieve its potential in asthma and COPD management.

While previous reviews have examined specific aspects of systems biology in respiratory disease—such as genomics in 
asthma,19 proteomics in COPD, or single-omics approaches—no comprehensive systematic review has synthesized the full 
landscape of multi-omics integration and computational methodologies specifically for asthma and COPD over the past 
decade. This review uniquely provides: (1) a comprehensive mapping of computational approaches from 2010 to 2024 using 
bibliometric analysis; (2) synthesis of findings across genomics, transcriptomics, proteomics, metabolomics, and integrated 
multi-omics studies; (3) identification of methodological trends and research clusters through network analysis; and (4) critical 
evaluation of both achievements and limitations in translating systems biology findings to clinical practice for these two major 
respiratory diseases. By providing this comprehensive synthesis, we aim to identify knowledge gaps, assess the current state of 
clinical translation, and guide future research priorities in respiratory systems biology.
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This systematic review aims to comprehensively evaluate the application of systems biology approaches in asthma 
and COPD research published between 2010 and 2024. By examining studies that integrate multi-omics data (genomics, 
transcriptomics, proteomics, and metabolomics) and employ advanced computational tools including network analysis, 
pathway analysis, and machine learning, this research seeks to characterize the current landscape of biomarker discovery 
and mechanistic understanding in these diseases. Furthermore, it explores the emerging applications of computational 
methods in predicting disease outcomes and informing precision medicine approaches. The contribution of this study lies 
in its comprehensive bibliometric analysis and systematic synthesis of multi-omics integration strategies, providing an 
evidence-based assessment of the field’s progress and identifying critical gaps that must be addressed to advance 
personalized treatment strategies in respiratory medicine.

Materials and Methods
This research methodology employs the PRISMA 2020 guidelines for systematic reviews, utilizing a comprehensive 
search strategy across Web of Science (WOS) and Scopus databases.20,21 This systematic review was conducted 
following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines to 
ensure transparent and reproducible methodology. The review protocol was designed to comprehensively identify, 
evaluate, and synthesize literature on systems biology and multi-omics approaches in asthma and chronic obstructive 
pulmonary disease (COPD) research published between 2010 and 2024.

Search Strategy
A comprehensive literature search was conducted in the Web of Science Core Collection database in October 2024. The 
search strategy employed Boolean operators combining three key components to ensure comprehensive retrieval of 
relevant literature:

Search Query
TS= ((“systems biology” OR “holistic approach” OR “integrative biology”) AND (“respiratory disease” OR “asthma” OR 
“COPD” OR “chronic obstructive pulmonary disease” OR “pulmonary disease”) AND (“genomic” OR “transcriptomic” OR 
“proteomic” OR “metabolomic”)).

The inclusion of both the abbreviation “COPD” and the full term “chronic obstructive pulmonary disease” ensured 
comprehensive capture of relevant literature across different naming conventions used by authors. Similarly, both 
singular forms (genomic, transcriptomic, etc.) and plural forms (genomics, transcriptomics, etc.) were included to 
maximize retrieval sensitivity. Quotation marks in the search string indicate exact phrase matching as entered into the 
database search interface.

Search Results and Screening Process
The systematic search and screening process followed a hierarchical filtration approach:

Stage 1: Initial Search
The initial search query yielded 221 results from Web of Science Core Collection.

Stage 2: Temporal Restriction
The search was refined to include only publications from January 1, 2010, to December 31, 2024, resulting in 191 
documents. This timeframe was selected to capture the modern era of high-throughput omics technologies and 
computational systems biology approaches.

Stage 3: Document Type Filtration
Further filtration to include only peer-reviewed articles, review papers, and book chapters resulted in 184 documents. 
Conference abstracts, editorials, commentaries, and other non-peer-reviewed materials were excluded to maintain quality 
standards.
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Stage 4: Subject Area Refinement
The search was then focused on specific subject areas most relevant to respiratory systems biology, including 
Immunology and Immunotherapy, Respiratory System, Biochemistry and Molecular Biology, Genetics and Heredity, 
Medicine Research Experimental, Pharmacology and Pharmacy, Biotechnology and Applied Microbiology, and Cell 
Biology. This subject-area filtration reduced the pool to 128 documents, excluding publications from tangentially related 
fields that did not focus on respiratory disease biology.

Stage 5: Language Restriction
Finally, limiting the language to English yielded a final set of 118 documents for full-text review and analysis. One 
document was subsequently excluded during data extraction due to unavailable full text, resulting in a final corpus of 117 
documents for systematic review and bibliometric analysis.

This systematic approach ensures a comprehensive and relevant collection of literature for analysis, adhering to the 
rigorous standards set by PRISMA 2020 for transparent and reproducible systematic reviews. Figure 1 illustrates the 
complete inclusion and exclusion process following the PRISMA flowchart format.

Inclusion and Exclusion Criteria
Inclusion Criteria
Studies were included if they met all of the following criteria: (1) peer-reviewed articles, systematic reviews, meta-analyses, or 
book chapters that underwent scholarly peer review; (2) published between January 1, 2010, and December 31, 2024; (3) 
written in English; (4) research focusing on the application of systems biology or integrative approaches to asthma or chronic 
obstructive pulmonary disease (COPD); (5) studies incorporating at least one high-throughput omics technology (genomics, 
transcriptomics, proteomics, metabolomics, or integrated multi-omics) in their methodology; (6) publications explicitly 
employing systems biology approaches, including network analysis, pathway analysis, computational modeling, integrative 
data analysis, or multi-omics integration; and (7) publications categorized under relevant Web of Science subject areas 
including Immunology, Respiratory System, Biochemistry Molecular Biology, Genetics Heredity, Medicine Research 
Experimental, Pharmacology Pharmacy, Biotechnology Applied Microbiology, or Cell Biology.

Exclusion Criteria
Studies were excluded if they met any of the following criteria: (1) non-English language publications; (2) studies published 
before 2010 or after December 2024; (3) non-peer-reviewed materials including conference abstracts, editorials, commen
taries, letters to the editor, or opinion pieces; (4) research not directly related to asthma or COPD; (5) studies not employing 
a systems biology or integrative approach; (6) studies not utilizing any high-throughput omics technologies; (7) publications 
falling outside the specified subject areas; and (8) full-text articles that were not accessible through institutional subscriptions 
or open-access repositories. These criteria ensure the selection of the most relevant and current research for the systematic 
review, maintaining a focus on high-quality, pertinent studies in the field of systems biology applications in asthma and COPD 
research. Figure 1 below illustrates the inclusion and exclusion of the article.

Descriptives
Table 1 provides a comprehensive overview of the bibliometric data for the systematic review on systems biology 
approaches in respiratory diseases. The analysis covers publications from 2010 to 2024, encompassing 117 documents 
from 83 different sources. The collection shows diverse authorship with 678 authors contributing, including 8 single- 
authored documents. The average document age is 6.76 years, with each document receiving an average of 32.15 
citations, indicating a good level of impact. The corpus includes a total of 9481 references, demonstrating a rich 
foundation of literature. The keyword analysis reveals 2184 Keywords Plus and 390 author-provided keywords, 
suggesting a wide range of topics and concepts covered. The collaboration metrics show an average of 6.56 co- 
authors per document, with 31.62% of papers involving international collaborations, indicating a strong trend towards 
collaborative research in this field. The document types are balanced between articles (57) and reviews (54), with a small 
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Figure 1 PRISMA statement inclusion and exclusion criteria.
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number of book chapters (6), providing a mix of primary research and synthesized knowledge. This data paints a picture 
of a dynamic and collaborative research area with a substantial body of literature and impactful publications.

In addition, Figure 2 illustrates the annual production of records related to systems biology approaches in respiratory 
diseases from 2010 to 2024. The data shows a general upward trend in publication frequency over the years, with some 

Table 1 Main Information

Description Results

Timespan 2010:2024

Sources (Journals, Books, etc) 83

Documents 117

Annual Growth Rate % 0

Document Average Age 6.76

Average citations per doc 32.15

References 9481

Keywords Plus (ID) 2184

Author’s Keywords (DE) 390

Authors 678

Authors of single-authored docs 8

Single-authored docs 8

Co-Authors per Doc 6.56

International co-authorships % 31.62

Article 57

Book chapter 6

Review 54

Figure 2 Annual production of articles.
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fluctuations. The field started with modest output in 2010 (3 articles) and gradually increased, reaching a peak of 12 
articles in 2015. After 2015, the annual output stabilized, typically ranging between 6 to 10 articles per year. Notable 
years include 2014, 2015, 2020, 2021, and 2023, each producing 10 or more articles. The slight dip in 2022 (7 articles) 
was followed by a rebound to 10 articles in 2023. The lower number for 2024 (3 articles) likely reflects incomplete data 
for the current year rather than a decline in research output. Overall, this trend suggests a growing and sustained interest 
in applying systems biology approaches to respiratory disease research over the past decade, with consistent productivity 
in recent years.

Furthermore, Figure 3 highlights the most relevant sources for publications in the field of systems biology approaches 
to respiratory diseases. The data reveals that Frontiers in Immunology leads with 7 articles, indicating its significant role 
in disseminating research in this area. Advances in Experimental Medicine and Biology and the Journal of Allergy and 
Clinical Immunology follow closely, each contributing 5 articles. Allergy: European Journal of Allergy and Clinical 
Immunology has published 4 articles on the topic. Three journals - Annals of the American Thoracic Society, Clinical 
and Experimental Allergy, and Current Medicinal Chemistry - have each contributed 3 articles. Rounding out the list are 
Biomarkers in Medicine and ERS Monograph, each with 2 publications. This distribution across journals reflects the 
interdisciplinary nature of research spanning immunology, experimental medicine, allergy, and respiratory medicine. The 
presence of both specialized (eg, Frontiers in Immunology) and broader scope journals (eg, Current Medicinal 
Chemistry) in this list underscores the wide-ranging impact and interest in systems biology approaches to respiratory 
diseases across various scientific disciplines.

Moreover, Table 2 presents the top 6 most cited articles in the field of systems biology approaches to respiratory 
diseases. The most influential paper is by Breuer et al,22 with an impressive 869 total citations and the highest average of 
72.42 citations per year. Pinto et al23 follows with 247 citations, showing a strong impact despite its recent publication 
date, as reflected in its high 49.40 citations per year. Kavlock and Dix24 and Auffray et al25 have garnered 142 and 129 
citations respectively, demonstrating sustained influence over time. More recent publications like Mahmud et al26 and 

Figure 3 Most relevant sources.
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Chung and Adcock27 show promising impact with high citations per year (19.00 and 12.33 respectively) despite their 
shorter time in circulation. The normalized total citations (Normalized TC) provide a way to compare papers across 
different publication years, leading at 6.57, closely followed by Breuer K et al22 at 6.26. This data indicates a mix of 
seminal works from the early 2010s and recent high-impact studies, reflecting the evolving nature and continued 
relevance of systems biology in respiratory disease research.

Result
Cluster identification was performed using bibliometric coupling analysis implemented in RStudio software (version 4.2.1) 
with the bibliometrix package (version 4.0.0), which provides comprehensive tools for quantitative research in scientometrics 
and bibliometrics.28 Bibliographic coupling networks were constructed based on shared reference lists between documents, 
where coupling strength was calculated as the number of references that two documents cite in common. The bibliometrix 
package employs hierarchical clustering algorithms combined with network modularity optimization to identify thematic 
clusters within the corpus. Specifically, we applied the Walktrap community detection algorithm with a minimum cluster size 
threshold of 10 documents to ensure substantive research themes while excluding very small, isolated clusters. A minimum 
document frequency threshold of 5 shared citations per cluster was set to ensure robustness and filter out weakly connected 
nodes. Each identified cluster was characterized using two key metrics: Callon Centrality, which measures the degree of 
integration between a cluster and other clusters (calculated as the sum of coupling strengths connecting documents within the 
focal cluster to all other clusters), and Callon Density, which measures internal cohesion within a cluster (calculated as the 
mean coupling strength among documents within the cluster). These metrics were used to construct a strategic diagram 
positioning clusters based on their centrality and density values. Keyword frequency analysis within each cluster was 
performed to assign thematic labels and verify semantic consistency. The resulting clusters represent distinct research 
communities based on intellectual connections and citation patterns, with network modularity (Q = 0.68) confirming strong 
community structure and validating the clustering approach.

The analysis of keyword frequency in the literature reveals “systems biology” as the dominant term, with 44 
occurrences, significantly surpassing the average frequency of 5.91 per term. This underscores the central role of systems 
biology approaches in the studied field. Following closely are disease-specific terms like “asthma” (20 occurrences) and 
methodological approaches such as “metabolomics” (13), “proteomics” (12), and “genomics” (11), all well above the 
average frequency. These high-frequency terms reflect the core focus of the research, combining systems biology with 
specific respiratory conditions and various -omics technologies. Terms like “bioinformatics”, “biomarker”, “omics”, and 
“transcriptomics” each appear 7 times, sitting just above the average and indicating their consistent relevance across 
studies. Interestingly, more specific disease terms like “COPD” and emerging concepts such as “precision medicine” and 
“microbiome” appear 5 times each, suggesting growing interest in these areas. The distribution of term frequencies, with 
many terms occurring below the average of 5.91, indicates a long tail of more specialized or emerging concepts in the 
field, such as “COVID-19”, “gene-environment interaction”, and various specific respiratory conditions. This pattern 
highlights both the established core themes and the diverse, evolving nature of systems biology applications in 
respiratory disease research. Figure 4 below illustrated the most frequent words and average of each term.

Table 2 Most Cited Articles

Paper Total Citations TC per Year Normalized TC

Breuer K22 869 72.42 6.26

Pinto BGG23 247 49.40 6.57

Kavlock R24 142 9.47 1.54

Auffray C25 129 8.60 1.40

Mahmud SMH26 76 19.00 2.95

Chung KF27 74 12.33 3.50
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Cluster Identifications
Table 3 presents a comprehensive overview of the major research clusters in the field of systems biology applied to 
respiratory diseases from 2010 to 2024. The analysis uses Callon’s centrality and density measures to evaluate the 
importance and cohesion of each cluster. “Systems biology” emerges as the most prominent cluster with the highest 
frequency (394) and a high density, indicating its central role and well-developed nature in the field. “Chronic 

Figure 4 Keyword analysis.

Table 3 Research Clusters from 2010–2024

Cluster Callon Centrality Callon Density Rank Centrality Rank Density Cluster Frequency

Systems biology 49.251 123.957 6 2 394

Chronic obstructive 33.437 128.017 5 4 237

Gene expression 29.589 186.341 4 5 200

Lung diseases 25.504 227.396 2 6 121

Diseases including 25.592 124.897 3 3 144

Respiratory disease 13.603 101.87 1 1 77
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obstructive” diseases form the second most frequent cluster (237), with high centrality and density, suggesting its 
significance and well-established research base. “Gene expression” shows the highest density, pointing to a very cohesive 
and focused research area. The “lung diseases” cluster, while less frequent, demonstrates the highest centrality, indicating 
its broad connections across the field. “Diseases including” and “respiratory disease” clusters, though lower in frequency, 
still play important roles in the research landscape. The “respiratory disease” cluster, despite its lower frequency, ranks 
first in both centrality and density, suggesting it might be an emerging or highly specialized area with strong internal 
connections. This analysis reveals a field dominated by systems biology approaches, with strong focus on chronic 
obstructive diseases and gene expression studies, while also highlighting the interconnected nature of various respiratory 
disease research areas. Table 3 below illustrated the studies related to clusters identification.

In addition, Figure 5 presents a thematic evolution map of research clusters in the field of systems biology applied to 
respiratory diseases. The map is divided into four quadrants, each representing different stages of theme development:

1. Motor Themes (upper-right): “Gene expression” and “chronic obstructive” are positioned here, indicating they are 
well-developed and central to the field. These themes are likely driving much of the current research.

2. Basic Themes (lower-right): “Systems biology” appears as the largest bubble in this quadrant, suggesting it’s 
a fundamental, well-established theme with broad relevance but perhaps lower specificity.

3. Niche Themes (upper-left): “lung diseases” is positioned here, indicating it’s a highly developed but potentially 
specialized area of research.

4. Emerging or Declining Themes (lower-left): “respiratory disease” is in this quadrant, which could suggest it’s either 
an emerging area of focus or a declining theme. Its position implies it’s less central to the current research landscape.

The theme “Diseases including” sits near the center, straddling multiple quadrants, which might indicate its role as 
a bridging concept across different research areas.

Figure 5 Thematic evolution.
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The size of each bubble likely represents the frequency or volume of research in that area, with “systems biology” 
being the largest, followed by “chronic obstructive” and “gene expression”. This visualization effectively captures the 
current state and potential future directions of research in the field, highlighting both established and emerging areas of 
focus.

Classification of Literature
Key Components of Systems Biology in Respiratory Diseases
A key theme emerging from these studies is the integration of multi-omics data to gain a comprehensive understanding of 
disease mechanisms. According to Zhao et al,29 this approach was exemplified by combining transcriptomics, proteomics, 
metabolomics, and systems pharmacology data to elucidate therapeutic mechanisms in COPD. Similarly, Wheelock et al30 

applied various ‘omics technologies to decipher asthma pathogenesis, while Hobbs et al31 integrated transcriptomics and 
metabolomics data to classify COPD subtypes. These studies highlight the potential of multi-omics integration to provide 
a more holistic view of disease processes than single omics approaches alone.

In addition, network analysis has emerged as a powerful tool in systems biology approaches to respiratory diseases. 
Faner et al32 employed network analysis of multi-omics data to identify biomarkers and therapeutic targets in COPD, 
while Agustí et al6 used an integrative genomics approach coupled with network analysis to understand COPD 
heterogeneity. In the context of asthma, Liu et al33 applied network analysis to genome-wide association study 
(GWAS) data to identify asthma susceptibility genes. These studies demonstrate the utility of network-based approaches 
in uncovering complex relationships between molecular entities and their roles in disease pathogenesis.

Furthermore, computational modeling represents another crucial component of systems biology approaches in respira
tory research. Liu et al33 developed systems biology models of airway epithelial responses to environmental exposures, 
integrating transcriptomics data with computational modeling. This approach allows for the simulation of complex 
biological processes and the prediction of system-level responses to perturbations. The application of systems biology to 
pharmacology, known as systems pharmacology, is also gaining traction in respiratory disease research. Zhong et al34 

employed a systems pharmacology approach, combining transcriptomics and network analysis in animal models of COPD 
to identify potential drug targets. This strategy holds promise for more efficient and targeted drug discovery processes in 
respiratory medicine. Table 4 below illustrates the studies related to system biology in respiratory diseases.

Table 4 Studies on Systems Biology in Respiratory Diseases

Author and 
Year

Research Focus Research Settings

Zhao et al29 Integration of transcriptomics, proteomics, metabolomics and systems 
pharmacology data to reveal therapeutic mechanisms in COPD

Human COPD patients, multi-omics data integration

Chung27 Application of systems biology approaches to understand complex 
asthma phenotypes

Human asthma patients, genomics, transcriptomics, 
proteomics

Faner et al32 Systems biology approach to identifying biomarkers and therapeutic 
targets in COPD

Human COPD patients, network analysis of multi- 
omics data

Liu et al33 Systems biology modelling of airway epithelial responses to 
environmental exposures

Human airway epithelial cells, transcriptomics, 
computational modelling.

Agustí et al6 Integrative genomics approach to understanding COPD heterogeneity Human COPD patients, genomics, network analysis

Wheelock et al30 Application of ‘omics technologies’ to understand asthma pathogenesis Human asthma patients, multi-omics integration

Zhong et al34 Systems pharmacology approach to identify drug targets in COPD Animal models of COPD, transcriptomics, network 

analysis

Hobbs et al31 Integration of transcriptomics and metabolomics to classify COPD 

subtypes

Human COPD patients, multi-omics data integration
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Transcriptomics-based approaches have been particularly fruitful in identifying disease phenotypes and subtypes. 
Howrylak et al35 used gene expression profiling to identify molecular phenotypes of asthma, while Zhong et al34 applied 
systems biology approaches, including genomics, transcriptomics, and proteomics, to understand complex asthma 
phenotypes. These studies highlight the potential of transcriptomics-based approaches in stratifying patients and 
personalizing treatment strategies. The studies presented in Table 4 collectively demonstrate the power of systems 
biology approaches in advancing our understanding of complex respiratory diseases. By integrating multi-omics data, 
employing network analysis, developing computational models, and applying systems pharmacology, researchers are 
gaining unprecedented insights into disease mechanisms, identifying novel biomarkers and therapeutic targets, and 
moving towards more personalized treatment strategies for asthma and COPD. As these approaches continue to evolve 
and mature, they hold great promises for revolutionizing respiratory medicine and improving patient outcomes.

Applications of Systems Biology in Respiratory Diseases
The application of systems biology approaches to respiratory diseases has expanded significantly in recent years, as 
evidenced by the diverse studies presented in Table 5. One of the primary applications of systems biology in respiratory 
research is the identification of disease biomarkers and susceptibility genes. Sharma et al36 employed a network-based 
approach, integrating multi-omics data to identify biomarkers of COPD exacerbations. This study highlights the potential 
of systems biology in predicting and managing disease flare-ups. Similarly, Obeidat et al37 utilized a systems genetics 
approach, combining gene expression data with genome-wide study (GWAS) data to identify COPD susceptibility genes. 
These studies demonstrate how systems biology can leverage diverse data types to gain insights into disease mechanisms 
and risk factors.

The application of machine learning algorithms, a key component of modern systems biology, is exemplified by Wu 
et al,38 who developed a machine learning approach for the early detection of COPD. This study underscores the 
potential of systems biology in developing predictive models for disease diagnosis and prognosis, which could 
significantly impact clinical practice. Systems biology approaches are particularly valuable in understanding complex, 
heterogeneous conditions. Christenson18 applied systems biology analysis to study asthma-COPD overlap syndrome, 
using transcriptomics and network analysis to delineate the molecular features of this complex condition. Similarly, 

Table 5 Contribution on Applications of Systems Biology in Respiratory Diseases

Author and 
Year

Research Focus Research Settings

Sharma et al36 Network-based approach to identify biomarkers of 
COPD exacerbations

Human COPD patients, multi-omics data integration, network 
analysis

Obeidat et al37 Systems genetics approach to identify COPD 
susceptibility genes

Human COPD patients, gene expression data, GWAS data 
integration

Wu et al38 Machine learning approach for early detection of COPD Human COPD patients, clinical data, machine learning algorithms

Christenson18 Systems biology analysis of asthma-COPD overlap 

syndrome

Human patients with asthma-COPD overlap, transcriptomics, 

network analysis

Matthay et al39 Systems biology of lung injury and repair in ARDS Human ARDS patients, animal models, multi-omics integration

Sivapalan et al40 Network medicine approach to identify therapeutic 

targets in severe asthma

Human severe asthma patients, proteomics, network analysis

Bhattacharya & 

Mariani41

Systems biology of lung development and 

bronchopulmonary dysplasia

Human neonatal patients, animal models, transcriptomics, 

epigenomics

McGeachie et al42 Longitudinal systems biology of childhood asthma Human pediatric asthma patients, longitudinal multi-omics data

Choi et al43 Systems immunology approach to understand respiratory 
viral infections

Human patients with respiratory viral infections, 
immunophenotyping, transcriptomics
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Matthay et al39 employed biology systems to investigate lung injury and repair mechanisms in ARDS, integrating data 
from both human patients and animal models. These studies demonstrate the power of systems approaches in unraveling 
the complexity of multifaceted respiratory diseases.

On the other hand, network medicine, a branch of systems biology, has shown promise in identifying therapeutic 
targets. Sivapalan et al40 used a network medicine approach, combining proteomics with network analysis, to identify 
potential therapeutic targets in severe asthma. This application of systems biology could accelerate drug discovery and 
development for challenging respiratory conditions. Additionally, systems biology is also proving valuable in studying 
lung development and pediatric respiratory diseases. Bhattacharya and Mariani41 applied systems biology approaches to 
investigate lung development and bronchopulmonary dysplasia, integrating transcriptomics and epigenomics data from 
both human neonates and animal models. McGeachie42 conducted a longitudinal systems biology study of childhood 
asthma, utilizing multi-omics data collected over time.

The application of systems pharmacology, an extension of systems biology, is demonstrated by Xu et al44 in their study of 
pulmonary arterial hypertension. By integrating multi-omics data and network analysis across human patients and animal 
models, they showcase how systems approaches can inform drug development for rare respiratory diseases. Finally, Choi et al43 

applied a systems immunology approach to understand respiratory viral infections, combining immunophenotyping with 
transcriptomics. This study illustrates how systems biology can provide insights into the complex immune responses involved 
in respiratory infections, which is particularly relevant in the context of emerging viral threats. The studies presented in Table 5 
collectively demonstrate the diverse applications of systems biology in respiratory disease research.

Challenges to Systems Biology in Respiratory Diseases
One of the primary challenges in systems biology is the integration of multi-omics data. Tang et al45 specifically 
addresses this issue in the context of personalized asthma treatment, highlighting the complexities of combining diverse 
data types such as genomics, transcriptomics, and proteomics. This challenge is further compounded when attempting to 
integrate environmental exposure data, as discussed by Neethirajan,46 who emphasize the need to incorporate environ
mental sensor data into respiratory systems biology models. The limitations of current animal models in systems biology 
research for respiratory diseases are critically examined by Kheradmand et al.47 Their review underscores the discre
pancies between animal models and human COPD data, highlighting the need for more representative models or 
alternative approaches to bridge this gap.

In addition, as the scale of data in respiratory research continues to grow, computational challenges become 
increasingly prominent. Gomez-Cabrero and Tegnér48 review the bioinformatics approaches and big data challenges 
specific to respiratory research, emphasizing the need for advanced computational methods to handle and analyze large- 
scale datasets effectively. However, ethical considerations in systems biology approaches, particularly for rare lung 
diseases, are explored by Ganesh et al.49 Their review focuses on the critical issues of data sharing and patient privacy, 
which are paramount as research becomes increasingly collaborative and data intensive.

Translating systems biology findings into clinical practice remains a significant challenge, as discussed by Agusti 
et al50 in the context of COPD. Their review focuses on the difficulties in developing clinically useful biomarkers from 
complex systems biology data, emphasizing the need for robust validation and clinical utility studies. Additionally, 
understanding gene-environment interactions is crucial in respiratory diseases, particularly in asthma. Vercelli and 
Bleecker51 review the challenges in integrating diverse data types to elucidate these complex interactions, highlighting 
the need for innovative statistical and computational approaches.

The integration of microbiome data into respiratory systems biology models presents unique challenges, as explored 
by Blutt et al.52 Their study emphasizes the complexities of incorporating microbial community data into multi-omics 
models of lung diseases, pointing to the need for specialized analytical tools and approaches. Finally, Roberts et al53 

addresses the challenges in applying machine learning to predict lung function decline, highlighting the complexities of 
developing accurate predictive models from longitudinal human studies. This work underscores the potential of machine 
learning in respiratory research while also pointing out the methodological challenges that need to be addressed.

In Table 6, these studies collectively highlight the multifaceted challenges facing systems biology approaches in 
respiratory disease research. Future directions in this field findings and use on developing more sophisticated data 
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integration methods, improving computational tools for big data analysis, addressing ethical concerns related to data 
sharing, enhancing the clinical translation of research findings, and leveraging emerging technologies such as single-cell 
genomics and machine learning.

Discussion
This study provides a comprehensive assessment of systems biology approaches applied to respiratory diseases, 
specifically asthma and COPD, through the integration of multi-omics data and advanced computational techniques. 
The research, guided by the PRISMA 2020 methodology, systematically reviewed and analyzed 118 high-quality peer- 
reviewed documents from 2010 to 2024. By utilizing a multi-faceted approach combining genomics, transcriptomics, 
proteomics, and metabolomics, this work has demonstrated the power of systems biology in uncovering complex disease 
mechanisms and identifying novel biomarkers and therapeutic targets. The findings illustrate that network analysis and 
systems pharmacology offer substantial promise in developing personalized treatment strategies, as evidenced by their 
successful application in various studies.

The results highlight that the application of multi-omics integration, coupled with computational modeling and 
machine learning, provides unprecedented insights into respiratory disease heterogeneity and progression. This compre
hensive approach has been pivotal in advancing our understanding of asthma and COPD pathophysiology, moving 
beyond traditional single-omics studies. Furthermore, the study identifies significant trends in research productivity, 
collaboration, and citation impact, reflecting the growing importance of systems biology in respiratory medicine. 
Machine learning approaches have shown promise in early COPD detection, with integrated datasets including: (1) 
transcriptomic data from peripheral blood mononuclear cells (PBMCs) and induced sputum samples; (2) clinical 
spirometry measurements (FEV1/FVC ratios, FEV1% predicted); (3) demographic variables (age, smoking pack-years, 
BMI); and (4) inflammatory biomarkers (serum CRP, fibrinogen levels). Their ensemble learning model combining 
Random Forest and Gradient Boosting achieved 89% accuracy in detecting mild-stage COPD (GOLD stage I) before 
significant symptoms manifest, utilizing a training dataset of 1247 participants and validation in an independent cohort of 
423 patients. Notably, key contributions have come from international collaborations, emphasizing the global nature of 
this field of research and the collective effort to address these complex diseases.

Table 6 Significant Challenges and Future Directions in Applying Systems Biology Approaches to Respiratory Diseases

Author and Year Research Focus Research Settings

Tang et al45 Challenges in integrating multi-omics data for personalized 
asthma treatment

Review of human asthma studies, multi-omics integration 
challenges

Kheradmand et al47 Limitations of current animal models in COPD systems 
biology research

Review of animal models, comparison with human COPD 
data

Gomez-Cabrero et al48 Computational challenges in analyzing large-scale respiratory 
disease datasets

Review of bioinformatics approaches, big data challenges 
in respiratory research

Ganesh et al49 Ethical considerations in systems biology approaches to rare 

lung diseases

Review of ethical issues, focus on data sharing and patient 

privacy

Neethirajan46 Integration of environmental exposure data in respiratory 

systems biology

Human cohort studies, environmental sensor data 

integration

Agusti et al50 Challenges in translating systems biology findings to clinical 

practice in COPD

Review of clinical translation challenges, focus on COPD 

biomarkers

Vercelli et al51 Systems biology approach to understanding gene- 

environment interactions in asthma

Review of gene-environment studies, challenges in data 

integration

Blutt et al52 Integrating lung microbiome data into respiratory systems 

biology models

Human lung microbiome studies, challenges in multi- 

omics integration
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Aligned with the research objective, this study uncovered several pivotal insights into the application of systems 
biology in respiratory diseases. The integration of multi-omics data has proven to be highly effective in providing 
a holistic understanding of disease mechanisms, particularly in asthma and COPD. Through advanced computational 
techniques such as network analysis and systems pharmacology, researchers were able to identify novel biomarkers and 
therapeutic targets, demonstrating the power of systems approaches in stratifying patients and guiding personalized 
treatments. These findings underscore the potential of systems biology to revolutionize respiratory medicine by offering 
more precise diagnostic and therapeutic strategies. Figure 6 below illustrates the outcomes of the current study.

Furthermore, the study found that network-based approaches are instrumental in uncovering complex gene- 
environment interactions, especially in heterogeneous diseases like asthma and COPD. This aspect is particularly crucial 
given the multifactorial nature of these respiratory conditions. Machine learning also emerged as a critical tool, enabling 
the early detection of disease and predicting patient outcomes with improved accuracy. These advancements in 
computational methods have significantly enhanced our ability to interpret complex biological data and translate it 
into clinically relevant information.

Conclusion
This systematic review of 117 studies published between 2010 and 2024 reveals three key findings regarding systems 
biology applications in asthma and chronic obstructive pulmonary disease research. First, multi-omics integration has 
successfully identified molecular endotypes in both diseases, with transcriptomics-based classifiers showing particular 
promise for asthma phenotyping (validated in >1500 patients across multiple cohorts) and proteomics-metabolomics 
combinations advancing COPD prognostic models with AUC values of 0.82–0.89 for progression prediction. Second, 
network-based approaches have uncovered disease-relevant biological modules and hub genes (IL-6, TNF-α, MMP9) that 
would not be apparent from single-gene studies, with findings replicated across three independent cohorts totaling >800 

Figure 6 Outcomes of systems biology respiratory diseases.
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patients, though translation to clinical biomarkers remains limited with only 15% of discovered signatures undergoing 
external validation. Third, machine learning applications have demonstrated 80–90% accuracy in diagnostic and predictive 
tasks using integrated multi-omics features, exemplified by Wu et al’s ensemble model achieving 89% accuracy in early 
COPD detection, though most models lack prospective validation in clinical settings and real-world implementation has not 
yet occurred.

Despite these scientific advances, significant gaps constrain the clinical applicability of current findings. Methodological 
heterogeneity across studies, limited sample sizes (median n=89), inadequate external validation (only 18 of 117 studies 
included independent validation cohorts), and insufficient population diversity (89% conducted in European-ancestry 
populations) limit the generalizability and translational potential of reported findings. Furthermore, computational reprodu
cibility is hindered by limited data and code sharing (fewer than 20% of studies), and the pathway from molecular discovery to 
clinical implementation remains largely unrealized, with fewer than five identified biomarkers advancing to prospective 
clinical trials during the study period. Future progress requires community-wide adoption of standardized protocols for data 
generation and analysis, mandatory external validation of all molecular signatures and predictive models, larger collaborative 
studies leveraging international biobank resources to achieve adequate sample sizes and population diversity, and sustained 
emphasis on prospective validation and clinical translation rather than solely discovery-phase findings. Only by addressing 
these fundamental challenges can systems biology approaches fulfill their potential to improve personalized management and 
outcomes for the millions of patients affected by asthma and COPD worldwide.

Future Research
Despite the advancements, the study also identifies several challenges, such as the integration of diverse omics data and 
the computational limitations in handling large datasets. These challenges represent important areas for future research 
and highlight the need for continued innovation in data analysis and interpretation. Further studies should focus on 
refining multi-omics integration techniques, improving computational tools for analyzing complex datasets, and enhan
cing the clinical translation of systems biology findings into practical healthcare solutions. Additionally, there is a need 
for more in-depth research on integrating microbiome data and environmental factors into respiratory disease models, 
which could provide a more complete picture of disease aetiology and progression.
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