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Purpose: As a common respiratory disease, chronic obstructive pulmonary disease (COPD) has a high morbidity and mortality.
Current clinical therapies are not ideal and do not improve lung function or long-term life quality. It is very important to find new
potential pathogenic mechanisms, biomarkers, and targets with therapeutic value in COPD.

Methods: Serum samples collected from acute exacerbation and stable COPD and healthy participants were analyzed using label-free
liquid chromatography tandem mass spectrometry to identify the differentially expressed proteins (DEPs) between two groups.
Bioinformatics analyses were performed to determine the biological processes associated with those DEPs. Key proteins were
validated by enzyme linked immunosorbent assay (ELISA).

Results: In total, 661 proteins were detected in serum from patients with COPD and healthy participants. Compared with healthy
participants, patients with acute exacerbation of COPD had 45 DEPs, 13 were upregulated and 32 were downregulated; and patients with
stable COPD had 79 DEPs, 18 were upregulated and 61 were downregulated. Gene Ontology functional annotation results indicated that
the DEPs identified in patients with COPD were associated with the terms cellular anatomical entity, binding, and cellular process. Kyoto
Encyclopedia of Genes and Genomes functional annotation analysis and the Clusters of Orthologous Genes database analysis indicated
that the functions of these DEPs were primarily in signal transduction mechanisms and amino acid transport and metabolism. The ELISA
results for three key proteins of IGFBP2, LRG1 and TAGLN were consistent with the LC-MS/MS results and the area under the receiver
operating characteristic of the combined index was 0.893 (95% CI: 0.813, 0.974).

Conclusion: Our findings suggested pathogenic mechanisms underlying COPD stages and indicated three key proteins that may
warrant further study as potential biomarkers for early diagnosis or prognosis of COPD or as therapeutic targets.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a common, preventable, and treatable disease. Characterization of
COPD includes persistent respiratory symptoms and airflow limitation due to airway or alveolar abnormalities typically
caused by significant exposure to noxious particles or gases.' It is well documented that COPD is a heterogeneous and
multifaceted disease affected by genetic and environmental factors.” The World Health Organization reports that by 2030,
COPD will rank third among chronic diseases that cause morbidity and death.® Studies also predict that every year,
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4.5 million people will die of COPD and its related diseases by 2030, and more than 5.4 million by 2060.* China
Pulmonary Health analyzed data from 50,991 people, including 21,446 men and 29,545 women, to determine the
prevalence of spirometry-defined COPD to be 8.6%. The report further pointed out that there are approximately
99.9 million people with COPD in China, of which the prevalence rate among males is 11.9%, and among females, it
is 5.4%. The prevalence rate among people aged 40 years or older is higher than that among people aged 20 to 39
years.”® COPD has a high incidence, disability rate, and mortality rate worldwide. Therefore, studies leading to increased
prevention and treatment for COPD are urgent.

Given the higher risks and expenses associated with surgical therapies, few patients select this treatment. Thus, at
present, treatment of COPD mainly relies on internal medicine therapies. The three classes of clinical therapeutic agents
currently used to treat COPD exacerbations are bronchodilators, antibiotics and corticosteroids.”> COPD is a recurrent
disease that requires long-term drug control, which can lead to drug resistance and adverse effects, such as immuno-
suppression, osteoporosis, glaucoma, and cataracts. Although those agents dilate bronchi, improve symptoms, and
reduce deterioration, they do not target the specific causes inducing COPD. In addition, no study has shown that
these drugs improve the lung function of patients, medication compliance, and long-term quality of life. Therefore, the
development of new therapeutic agents for etiological treatment rather than symptomatic treatment of COPD are
needed.'"!

With the relatively recent development of proteomics using high-sensitivity mass spectrometry (MS), the sensitivity,
accuracy, and speed of protein profiling technology have been greatly improved, aiding the study of COPD.'? For
example, Nicholas et al collected sputum samples from 15 patients with COPD and 18 healthy smokers, and used two-
dimensional gel electrophoresis and mass spectrometric identification techniques to identify 40 DEPs between the two
groups.13 Such studies analyzing proteomics and peptide profiles in serum samples obtained from patients with COPD
may identify biomarkers linked to the occurrence and development of the disease. Liquid chromatography tandem mass
spectrometry (LC-MS/MS) is a powerful proteomics methods that can identify many differentially expressed proteins
(DEPs) with high sensitivity and specificity. We may effectively find key proteins involving the occurrence and
development of COPD through LC-MS/MS experiment. Thus, the present study used this strategy. We collected
serum samples from healthy control participants, patients with acute exacerbation of COPD, and patients with stable
COPD, and utilized label-free LC-MS/MS methods to identify DEPs. We further employed bioinformatics methods to
analyze the signaling pathways associated with the DEPs and to determine whether any of them may be associated with

the development of acute exacerbation or stable COPD.

Materials and Methods

Clinical Information and Sample Collection
From August to September 2021, among patients admitted to the Department of Respiratory and Critical Care Medicine,
the Second Affiliated Hospital of Anhui Medical University, 11 serum samples were collected for LC-MC/MS experi-
ments. Of them, eight serum samples were collected from patients with COPD, of which five patients were in an acute
exacerbation stage and three patients were in a stable stage, and the remaining three samples were from healthy control
volunteers. All clinical diagnoses followed the Global Initiative for Chronic Obstructive Lung Disease in 2021
guidelines.

The research was in compliance with the Declaration of Helsinki. Before the experiment, the research proposal was
submitted to the Medical Research Ethics Committee of the Second Affiliated Hospital of Anhui Medical University,
which approved the study (Anhui Medical Ethics Approval Number: YX2021-103). The informed consent of each

patient was obtained in writing before the study.

Protein Extraction, Quantification, and Quality Control
We used Pierce Top 12 Abundant Protein Depletion Spin Columns (Cat. No. 85165, Thermo) to extract proteins. To
determine the concentration of the extracted proteins, we used the Bradford method. All serum samples were subjected to
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sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) to determine the total amount of undegraded
protein, and silver staining was used to detect the proteins in the polyacrylamide gel.

Enzymatic Hydrolysis of Protein by Trypsin

We combined 60 pg of the quantified protein with 5 puL of dithiothreitol solution (1 M) in a centrifuge tube. The
mixture was kept at 37 °C for 1 h. Then, 20 pL of iodoacetamide solution was added to the centrifuge tube in the dark,
and the mixture was left at room temperature for another hour. After centrifuging all samples, we discarded the
supernatant. The pellet was mixed with 100 pL of uric acid buffer (8§ M urea, 100 mM Tris-HCI; pH 8.0). After three
episodes of centrifugation and the removal of the supernatant each time, the resulting precipitate was mixed with NH,
HCO; (50 mM, 100 pL). The mixture was centrifuged three more times and the supernatant was discarded each time.
Trypsin was added to an ultrafiltration tube in a ratio of 50:1 protein to trypsin. The samples were digested at 37 °C for
12-16 h.

LC-MS/MS Analysis

To identify the DEPs between the groups, an LC-MS/MS spectroscopic system was used. After the labeled sample was
mixed with 40 pL of formic acid aqueous solution (0.1%), the polypeptides in the mixture were separated using
a nanoliter flow rate high-performance LC liquid phase system. Phase A of the mobile phase was 0.1% formic acid in
water, and phase B was 0.1% formic acid in acetonitrile. The following B phase gradient parameters were used: 0—50
min, increased to 26%; 50—70 min, increased to 38%; 70—71 min, increased to 100%; and 71—78 min, remained at 100%.
The obtained peptides were detected using an Orbitrap Fusion Lumos mass spectrometer (Cat. No. 85165, Thermo
Scientific).

Sequence Database Search and Analysis

The data obtained through LC-MS/MS analyses were assessed using Proteome Discoverer, version 2.4 software (Thermo
Fisher Scientific). Peptide identification was performed by using the human proteomic database containing UniProt
sequences.

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and
Clusters of Orthologous Group (COGs) of Proteins Signaling Pathway Analyses

The Gene Ontology Resource (http://www.geneontology.org/) is currently the most common database used to retrieve

gene functions, and compared with other databases, it has the most comprehensive content.'*'> The GO knowledge base
uses the definition of gene functions (GO terms) to connect these classes to find specific relationships.'® The GO
knowledge base defines and describes the functions of genes and proteins and is often used to clarify the roles played by
genes and proteins in cells. The GO knowledge base also includes GO annotations, which are primarily used to link
terms in the ontology to specific genetic products. To explore the significance of enrichment of the DEPs, we carried out
GO functional annotation analysis. All identified DEPs were mapped to their respective GO terms, and then signifi-
cantly enriched GO functional terms were identified through analyses to determine the significant related biological
functions.

KEGG is a set of databases containing various signaling pathways in cellular processes and is mainly used to
understand advanced biological functions and utility at the genomic and molecular levels.'” The KOBAS online analysis
database (http://kobas.cbi.pku.edu.cn/kobas3) functions include gene/protein functional annotation and functional gene

enrichment. This database was used to determine the biochemical metabolic pathways and signal transduction pathways
associated with the DEPs.

The COGs database is annotated with the functions of homologous proteins and includes the KOG database
(eukaryotic homologous protein clusters) and COG database (prokaryotic homologous protein clusters).'® The number
of proteins in the COGs was obtained by comparing the sequence of the proteome with the COG database. Protein
functional descriptions and classifications were obtained."”
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Enzyme Linked Immunosorbent Assay (ELISA)

In order to verify the results of the LC-MS/MS experiment, serum samples from 30 patients with acute exacerbation of
COPD and 30 healthy control volunteers were used to detect leucine-rich alpha-2-glycoprotein (LRG1), insulin-like
growth factor binding protein 2 (IGFBP2) and transgelin (TAGLN) protein concentration. All operations are carried out
under the guidance of the kit instructions.

Statistical Analysis

In the present study, the Fisher’s chi-square test was used to compare the categorical variable (only gender data). Values are
expressed as means £ SEM, and a value of P < 0.05 was considered statistically significant. For the comparison of indicators
between two groups, the indicators with normal distribution were tested by independent-samples ¢ test, and the indicators
without normal distribution were tested by Mann—Whitney U-test and expressed by P50 (P25, P75). The count data were
expressed by case number (n) and percentage (%). We used the ELISA data to draw the receiver operating characteristic
(ROC) curves to evaluate the predictive performance of these indicators for the diagnosis of COPD. The main software used
for statistical analysis includes GraphPad Prism (version, 9.0.0), SPSS (version, 26.0) and MedCalc (version, 19.6.4).

Results

Participants

There was no significant difference in age between the groups of patients with acute exacerbation of COPD and the
healthy control group (67.8 £ 1.2 vs 69.0 + 2.3 years; P = 0.62), or between the groups of patients with stable COPD and
the healthy control group (69.7 = 2.2 vs 69.0 + 2.3 years; P = 0.84). The clinical diagnoses and demographic
characteristics of the 11 participants are shown in Table 1.

SDS-PAGE

All 11 serum samples were separated by SDS-PAGE, and the proteins were effectively isolated in the molecular weight
range of 15-220 kDa without protein degradation. Protein levels were sufficient for subsequent experiments (Figure 1).

LC-MS/MS Analysis and Identification of DEPs

LC-MS/MS is a tool for identifying proteins in mixed samples. A total of 661 proteins were detected in patients with acute
exacerbation of COPD and participants in the healthy control group, of which 45 were DEPs, with 13 upregulated and 32
downregulated (Table 2). In addition, 661 proteins were detected in the group of patients with stable COPD and the group of
healthy participants, of which 79 were DEPs, with 18 upregulated and 61 downregulated (Table 3). A volcano plot based on
the size of the fold change (log2 FC) shows the distribution of all protein expression changes (Figure 2A and C). The cluster

Table | Clinical Diagnoses and Demographic Characteristics of Participants

Case ID No. Diagnosis Sex Age (Years) | Group ID No.
Case | Healthy control Male 73 |
Case 2 Healthy control Male 69 2
Case 3 Healthy control Female 65 3
Case 4 Acute exacerbation of COPD Female 66 4
Case 5 Acute exacerbation of COPD Female 71 5
Case 6 Acute exacerbation of COPD Male 65 6
Case 7 Acute exacerbation of COPD Male 70 7
Case 8 Acute exacerbation of COPD Male 67 8
Case 9 Stable COPD Female 74 9
Case 10 Stable COPD Male 68 10
Case |1 Stable COPD Male 67 1

Abbreviations: COPD, chronic obstructive pulmonary disease; ID, identification.
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Figure | Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lane M contains markers. Lanes |-3 are proteins without the highly abundant proteins obtained from
serum samples of healthy controls. Lanes 4-8 are proteins without the highly abundant proteins obtained from serum samples of patients with acute COPD, whereas lanes
9—11 are proteins without the highly abundant proteins obtained from serum samples of patients with stable COPD.

analyses of these DEPs indicated that the protein expression patterns of the group with acute exacerbation of COPD were
clustered together and group with stable COPD were clustered together and that the expression pattern of each of these
groups was significantly different from that of the healthy control group (Figure 2B and D).

GO Functional Annotation and Enrichment Analysis

Gene ontology is a comprehensive approach that indicates the properties of genes and gene products in organisms. GO
terms are categorized into three components: biological process, cellular component, and molecular function. The results
of the GO functional annotation of DEPs between the group with acute exacerbation of COPD and the healthy control
group are shown in Figure 3A. For the cellular component category, 45 DEPs were associated with the GO term cellular

Table 2 Serum Proteins Differentially Expressed Between Patients with Acute Exacerbation of COPD and
Healthy Control Participants

Change | Protein Accession Protein-Coding Protein Description FC
Number Gene Name
UP P08670 VIM Vimentin 19.45
upP P08238 HSP90AB | Heat shock protein HSP 90-beta 8.8l
UP Q01995 TAGLN Transgelin 8.44
upP P62979 RPS27A Ubiquitin-40S ribosomal proteinS27a 5.74
UP P04040 CAT Catalase 3.75
UP P02750 LRGI Leucine-rich alpha-2-glycoprotein 2.54
UP P18065 IGFBP2 Insulin-like growth factor binding protein 2 | 2.51
UP P05362 ICAMI Intercellular adhesion molecule | 1.92
UP Q8NBJ4 GOLMI Golgi membrane protein | 1.91
UP P35916 FLT4 Vascular endothelial growth factor 1.85
receptor 3
UP Q5T5SI CCDCI83 Coiled-coil domain-containing protein 183 1.72
UpP AOAO0C4DH26 IGKV6D-41 Probable non-functional immunoglobulin 1.66
kappa variable 6D-41
up Q86U17 SERPINALI | Serpin Al 1.56
DOWN Ql6610 ECMI Extracellular matrix protein | 0.66
(Continued)
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Table 2 (Continued).

Change | Protein Accession Protein-Coding Protein Description FC
Number Gene Name
DOWN P08887 IL6R Interleukin-6 receptor subunit alpha 0.65
DOWN P05556 ITGBI Integrin beta-| 0.64
DOWN P55103 INHBC Inhibin beta C chain 0.63
DOWN P22891 PROZ Vitamin K-dependent protein Z 0.62
DOWN P58335 ANTXR2 Anthrax toxin receptor 2 0.61
DOWN P02787 TF Serotransferrin 0.60
DOWN PI1362 FGFRI Fibroblast growth factor receptor | 0.59
DOWN 095428 PAPLN Papilin 0.58
DOWN P04066 FUCAI Tissue alpha-L-fucosidase 0.51
DOWN P02751 FNI Fibronectin 0.51
DOWN P02753 RBP4 Retinol-binding protein 4 0.50
DOWN P08195 SLC3A2 4F2 cell-surface antigen heavy chain 0.49
DOWN PO5154 SERPINAS Plasma serine protease inhibitor 0.48
DOWN P35590 TIEI Tyrosine-protein kinase receptor Tie-| 0.46
DOWN P00533 EGFR Epidermal growth factor receptor 0.41
DOWN P16930 FAH Fumarylacetoacetase 0.38
DOWN P28799 GRN Progranulin 0.35
DOWN P00488 FI3AI Coagulation factor XIII A chain 0.33
DOWN 076061 STC2 Stanniocalcin-2 0.33
DOWN P02768 ALB Albumin 0.32
DOWN Q9BWX5 GATAS Transcription factor GATA-5 0.29
DOWN Q66K66 TMEMI98 Transmembrane protein 198 0.27
DOWN Q9HCB6 SPONI Spondin-| 0.26
DOWN Q07075 ENPEP Glutamyl aminopeptidase 0.24
DOWN Q5D862 FLG2 Filaggrin-2 0.23
DOWN P19440 GGTI Glutathione hydrolase | proenzyme 0.22
DOWN 043895 XPNPEP2 Xaa-Pro aminopeptidase 2 0.15
DOWN P23280 CA6 Carbonic anhydrase 6 0.15
DOWN AOA075B6Q5 IGHV3-64 Immunoglobulin heavy variable 3—64 0.09
DOWN AOAO0C4DH35 IGHV3-35 Probable non-functional immunoglobulin 0.09
heavy variable 3-35
DOWN Q86YZ3 HRNR Hornerin 0.03

Abbreviations: COPD, chronic obstructive pulmonary disease; FC, fold change (the logarithmic value of the quantitative ratio in the

protein concentration between the two groups of samples).
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Table 3 Serum Proteins Differentially Expressed Between Patients with Stable COPD and Healthy
Control Participants

Change | Protein Accession | Protein-Coding Protein Description FC
Number Gene Name

UP P49913 CAMP Cathelicidin antimicrobial peptide 10.07
UP Q66K66 TMEMI98 Transmembrane protein 198 9.27
UP PI3611 VCAN Versican core protein 7.61

upP Q96EE4 CCDCI26 Coiled-coil domain-containing protein 126 | 7.46
UP P08238 HSP90ABI Heat shock protein HSP 90-beta 6.20
upP PODOX3 N/A Immunoglobulin delta heavy chain 6.10
up P02768 ALB Albumin 3.87
up Q7Z7M9 GALNTS Polypeptide 2.92

N-acetylgalactosaminyltransferase 5

upP P33151 CDH5 Cadherin-5 241

upP PODOX5 N/A Immunoglobulin gamma-| heavy chain 2.26
upP P07998 RNASE|I Ribonuclease pancreatic 2.17
up P05090 APOD Apolipoprotein D 2.17
upP P18428 LBP Lipopolysaccharide-binding protein 1.82
upP P08253 MMP2 72 kDa type IV collagenase 1.78
uP P04003 C4BPA C4b-binding protein alpha chain 1.78
up P09382 LGALSI Galectin-| 1.71

upP P02749 APOH Beta-2-glycoprotein | 1.67
upP P48740 MASPI Mannan-binding lectin serine protease | 1.54
DOWN P02753 RBP4 Retinol-binding protein 4 0.66
DOWN Q9Y4G8 RAPGEF2 Rap guanine nucleotide exchange factor 2 | 0.65
DOWN P00734 F2 Prothrombin 0.65
DOWN P16930 FAH Fumarylacetoacetase 0.65
DOWN Q92820 GGH Gamma-glutamyl hydrolase 0.64
DOWN P12955 PEPD Xaa-Pro dipeptidase 0.63
DOWN PI15144 ANPEP Aminopeptidase N 0.62
DOWN P80108 GPLDI Phosphatidylinositol-glycan-specific 0.62

phospholipase D

DOWN P11279 LAMPI Lysosome-associated membrane 0.61
glycoprotein |

DOWN P00742 F10 Coagulation factor X 0.59
DOWN 095445 APOM Apolipoprotein M 0.59
DOWN P12821 ACE Angiotensin-converting enzyme 0.58
(Continued)
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Table 3 (Continued).
Change | Protein Accession | Protein-Coding Protein Description FC
Number Gene Name
DOWN P06396 GSN Gelsolin 0.57
DOWN Q8TAQ9 SUN3 SUN domain-containing protein 3 0.56
DOWN P19823 ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2 | 0.56
DOWN P26038 MSN Moesin 0.53
DOWN P03952 KLKBI Plasma kallikrein 0.53
DOWN P15151 PVR Poliovirus receptor 0.53
DOWN PO7195 LDHB L-lactate dehydrogenase B chain 0.53
DOWN P04040 CAT Catalase 0.52
DOWN Qleé610 ECMI Extracellular matrix protein | 0.50
DOWN P07737 PFNI Profilin-1 0.49
DOWN A6NMY6 ANXA2P2 Putative annexin A2-like protein 0.47
DOWN P00338 LDHA L-lactate dehydrogenase A chain 0.47
DOWN Q9COE2 XPO4 Exportin-4 0.46
DOWN PO0751 CFB Complement factor B 0.45
DOWN Q08554 DSCI Desmocollin-| 0.45
DOWN P04075 ALDOA Fructose-bisphosphate aldolase A 0.44
DOWN P02655 APOC2 Apolipoprotein C-II 0.44
DOWN AlL4HI SSC5D Soluble scavenger receptor cysteine-rich 0.43
domain-containing protein SSC5D
DOWN P00390 GSR Glutathione reductase, mitochondrial 0.42
DOWN P55056 APOC4 Apolipoprotein C-IV 0.41
DOWN Q13867 BLMH Bleomycin hydrolase 0.39
DOWN Q16270 IGFBP7 Insulin-like growth factor-binding protein 7 | 0.37
DOWN PO7711 CTSL Procathepsin L 0.34
DOWN QI9BUNI MENT Protein MENT 0.34
DOWN QI3103 SPP2 Secreted phosphoprotein 24 0.32
DOWN Q92859 NEOI Neogenin 0.31
DOWN Q9UBQ6 EXTL2 Exostosin-like 2 0.31
DOWN P29401 TKT Transketolase 0.30
DOWN AOAO0C4DH26 IGKVé6D-41 Probable non-functional immunoglobulin 0.28
kappa variable 6D-41
DOWN Q8NG48 LINSI Protein Lines homolog | 0.27
(Continued)
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Table 3 (Continued).

Change | Protein Accession | Protein-Coding Protein Description FC
Number Gene Name
DOWN P61626 Lyz Lysozyme C 0.25
DOWN 094966 USPI9 Ubiquitin carboxyl-terminal hydrolase 19 0.24
DOWN Q8NBJ4 GOLMI Golgi membrane protein | 0.23
DOWN Ql2841 FSTLI Follistatin-related protein | 0.20
DOWN Q9BWX5 GATA5 Transcription factor GATA-5 0.18
DOWN 095497 VNNI Pantetheinase 0.18
DOWN P02751 FNI Fibronectin 0.15
DOWN P04275 VWF von Willebrand factor 0.15
DOWN P32004 LICAM Neural cell adhesion molecule LI 0.12
DOWN Q86UN3 RTN4RL2 Reticulon-4 receptor-like 2 0.12
DOWN QI9NY97 B3GNT2 N-acetyllactosaminide beta- 0.12
1,3-N-acetylglucosaminyltransferase 2
DOWN Q12907 LMAN2 Vesicular integral-membrane protein VIP36 | 0.12
DOWN Q13449 LSAMP Limbic system-associated membrane 0.10
protein
DOWN 076061 STC2 Stanniocalcin-2 0.09
DOWN Q9H7Z3 NRDE2 Nuclear exosome regulator NRDE2 0.08
DOWN Q6Q788 APOAS Apolipoprotein A-V 0.07
DOWN 060279 SUSD5 Sushi domain-containing protein 5 0.07
DOWN Q9HBW9 ADGRL4 Adhesion G protein-coupled receptor L4 0.05
DOWN Q13508 ART3 Ecto-ADP-ribosyltransferase 3 0.03

Abbreviations: COPD, chronic obstructive pulmonary disease; FC, fold change (the logarithmic value of the quantitative ratio in
the protein concentration between the two groups of samples).

anatomical entity, and the top three upregulated proteins for this term were VIM, HSP90OABI1, and TAGLN. For the
molecular function category, 40 DEPs were associated with the GO term binding, and the top three upregulated proteins
for this term were VIM, HSP90AB1, and TAGLN. For the biological process category, 40 DEPs were associated with the
GO term cellular process, and the top three upregulated proteins for this term were VIM, HSP90AB1, and TAGLN.
The GO functions for proteins differentially expressed between the group with stable COPD and the healthy control
group are shown in Figure 3B. For the cellular component category, 78 DEPs were associated with the GO term cellular
anatomical entity, and the top three upregulated proteins for this term were CAMP, TMEM198, and VCAN. For the
molecular function category, 64 DEPs were associated with the GO term binding, and the top three upregulated proteins
for this term were CAMP, VCAN, and HSP90ABI. For the biological process category, 72 DEPs were associated with
the GO term cellular process, and the top three upregulated proteins in this process were CAMP, TMEM198, and VCAN.
The assessment of the GO functional enrichment analysis of the DEPs between the acute COPD group and the
healthy control group (Figure 4A) indicated that the terms mainly included positive regulation of cell communication,
positive regulation of signaling, positive regulation of signal transduction, and apical plasma membrane. The GO
functional enrichment analysis of the DEPs between the stable COPD group and the healthy control group (Figure 4B)
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Figure 2 Differentially expressed proteins (DEPs). (A and C) Volcano plots showing upregulated proteins represented by red dots, downregulated proteins represented by
green dots, proteins with no significant represented by black dots (absolute log|q fold change and P < 0.05 as the standard) between the group with acute exacerbation of
COPD and the healthy control group (A), and between the group with stable COPD and the healthy control group (C). (B and D) Heat map showing the clustergram of the
upregulated and downregulated DEPs between the acute COPD group ((B): a, 4-8) and the healthy control group ((B): b, 1-3), and between the stable COPD group ((D): a,
9-11) and the healthy control group ((D): b, 1-3). Each row represents a protein, each column represents a sample, and colors represent different levels of expression (log,
values of quantitative values are median-corrected during heat mapping).

indicated that the terms mainly included lipid binding, primary metabolic process, intracellular membrane-bounded
organelle, and cellular metabolic process.

KEGG Pathway Analysis

KEGG is a public database that can be analyzed to identify the most important biochemical metabolic pathways and
signal transduction pathways associated with DEPs. In this study, DEPs identified in serum samples between the group
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Figure 3 Gene ontology (GO) functional annotation. Upregulated and downregulated proteins in the GO categories of biological processes, cellular components, and
molecular functions between the group with acute exacerbation of COPD and the healthy control group (A), and between the group with stable COPD and the healthy

control group (B)

with acute exacerbation of COPD and the healthy control group were analyzed with KEGG functional annotation. The
pathway, and proteoglycans in cancer (Figure 5A). In addition, DEPs identified in serum samples between the group with

results showed that the KEGG pathways annotated with the DEPs included pathways in cancer, the PI3K-Akt signaling

stable COPD and the healthy control group were also analyzed. The results showed that KEGG pathways annotated with

the DEPs included metabolic pathways, complement and coagulation cascades, and regulation of actin cytoskeleton

(Figure 5B).
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KEGG pathway enrichment analysis showed that the main signaling pathways associated with the group with acute
exacerbation of COPD were pathways in cancer, the PI3K-Akt signaling pathway, and proteoglycans in cancer
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Figure 4 Gene ontology (GO) functional enrichment. Enriched GO terms and the associated numbers of proteins between the group with acute exacerbation of COPD
and the healthy control group (A), and between the group with stable COPD and the healthy control group (B). The circle size represents the number of differentially
expressed proteins in the GO term. The circle color indicates the -log;o P value representing the significant degree of enrichment.
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Figure 5 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. KEGG pathways enriched for the upregulated and downregulated proteins and the
associated numbers of proteins between the group with acute exacerbation of COPD and the healthy control group (A), and between the group with stable COPD and the

healthy control group (B).
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(Figure 6A). Propanoate metabolism, regulation of actin cytoskeleton, fluid shear stress, and atherosclerosis were the

main signaling pathways associated with the group having stable COPD (Figure 6B).

COG Protein Functional Analysis

The COG database was used to analyze DEPs detected in the serum samples between patients with acute exacerbation of
COPD and healthy control participants. We predicted the possible functions of these proteins and performed functional
classification statistics (Figure 7A). The results showed that the functions of these DEPs were mainly focused on signal
transduction mechanisms, extracellular structures, amino acid transport and metabolism, and carbohydrate transport and
metabolism. The results analyzing the DEPs between the group with stable COPD and the healthy participants
(Figure 7B) indicated that the functions of these DEPs were mainly focused on signal transduction mechanisms,
amino acid transport and metabolism, extracellular structures, and posttranslational modification, protein turnover, and
chaperones.
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Figure 6 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation. KEGG pathway annotation for the upregulated and downregulated proteins and the
associated number of protein between the group with acute exacerbation of COPD and the healthy control group (A), and between the group with stable COPD and the
healthy control group (B). The circle size represents the number of differentially expressed proteins in the GO term. The circle color indicates the —log o P value
representing the significant degree of enrichment.
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Figure 7 Clusters of Orthologous Groups (COGs) annotated for differentially expressed proteins. COG annotation for the upregulated and downregulated proteins and
their associated frequency between the group with acute exacerbation of COPD and the healthy control group (A), and between the group with stable COPD and the
healthy control group (B). The x-axis represents the functional class in the COG database. The y-axis represents the frequency of each functional class.

Key Protein Concentration in Serum
We use ELISA to verify the results of LC-MS /MS experiment and select a key protein IGFBP2, LRG1 and TAGLN mainly
from the perspective of clinical significance. The demographic and biomarker information of the participants in the ELIAS

experiment are shown in Table 4. ELISA data showed a significant increase in the group with acute exacerbation of COPD

compared with the the healthy control group, which was consistent with the LC-MS /MS data (Figure 8).

Predictive Performance of Key Protein for the Diagnosis of COPD

By drawing the ROC curve, we obtained the area under the receiver operating characteristic (AUROC) of the three key
proteins (Table 5, Figure 9). The AUROC value of the combined index of the three key proteins was 0.893 (95% CI:
0.813, 0.974) indicating that the combined indicator had high accuracy for the diagnosis of COPD.
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Table 4 Demographic and Biomarker Data of Patients Used for ELISA
Variables Non-COPD (n=30) COPD (n=30) P
Age (years) 60.50 (55.00-69.50) 66.50 (58.25-71.00) 0.399°
Female, n (%) 13 (433) 14 (46.7) 0.795°
WBC (|09/L) 5.79+0.20 11.83+£0.97 <0.001°¢
Neutrophil (|09/L) 3.49 (2.89-3.82) 9.11 (6.08-12.89) <0.001*
Lymphocyte (10%/L) 1.65 (1.35-2.24) 113 (0.65-2.02) 0.015°
Eosinophil (|09/L) 0.1'1 (0.06-0.24) 0.02 (0.00-0.10) <0.001*
Basophil (|09/L) 0.03 (0.02-0.04) 0.02 (0.01-0.04) 0.067°
Monocyte (10°/L) 0.42 (0.35-0.47) 0.65 (0.33-0.90) 0.012°
Notes: Statistical methods used to calculate p-values: *mann-Whitney U-test; °Chi-Square test;
‘Independent-Samples T test.
Abbreviations: WBC, white blood cell; ELISA, enzyme linked immunosorbent assay; COPD, chronic
obstructive pulmonary disease.
Discussion

The discovery of new protein biomarkers and signaling pathways may be achieved by using a proteomics approach.

Previous studies have used this approach to find biomarkers for COPD. For example, Liu et al obtained lung tissues from
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Figure 8 Comparison of biomarker levels between patients with acute exacerbation of COPD and healthy control participants. The horizontal axis represents the healthy
control group and the group with acute exacerbation of COPD. The y-axis indicates the concentration of biomarker. Values are shown as median with interquartile range; n =
30. *P < 0.005 indicates a significant difference for the healthy control group (Non-COPD) vs the group with acute exacerbation of COPD analyzed by Mann—-Whitney U-test.
Abbreviations: IGFBP2, insulin-like growth factor binding protein 2; LRGI, leucine-rich alpha-2-glycoprotein; TAGLN, transgelin.
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Table 5 Biomarker Levels in Patients with Acute Exacerbation of COPD and Healthy Control Participants

Biomarkers Non-COPD COPD Statistical P value AUROC COP SEN SPE
(n=30) (n=30) Result (95% CI)

IGFBP2 377.27 972.45 z=-478 <0.001 0.86 660.12 0.80 0.77

(ng/mL) (213.26-675.17) (662.04—1209.43) (0.77,0.95)

LRGI 569.62 738.33 z=—44| <0.001 0.83 681.21 0.73 0.90

(ng/mL) (528.71-639.54) (623.92-848.52) (0.73,0.94)

TAGLN 80.28 112.99 z=-294 0.03 0.72 93.34 0.83 0.73

(ng/mL) (71.90-116.17) (102.56-120.63) (0.58,0.86)

Abbreviations: IGBP2, insulin-like growth factor binding protein 2; LRGI, leucine-rich alpha-2-glycoprotein; TAGLN, transgelin; COPD, chronic obstructive pulmonary
disease; AUROC, the area under the receiver operating characteristic; Cl, confidence interval; COP, cutoff point; SEN, sensitivity; SPE, specificity.

three patients with COPD and three healthy controls, and then used high-resolution LC-MS/MS and quantitative tandem
mass spectrometry labeling (6-fold) to identify and analyze the DEPs, including GP6 and PF4, which are involved in
platelet activation and wound healing.”® Our approach differed in the present study in that we used a label-free method
and we assessed serum protein levels to determine DEPs between patients with acute exacerbation of COPD and healthy
control participants. We identified 661 proteins, of which the levels of 45 proteins were significantly different between
the two groups, with 13 proteins upregulated and 32 proteins downregulated. According to our GO functional annotation
analyses, these significantly changed proteins were primarily included in the GO terms cellular anatomical entity,
binding, and cellular process. The main upregulated proteins were VIM, HSP90AB1, and TAGLN. For the proteomic
analysis of the DEPs in serum between the group with stable COPD and the healthy participant group, among 661
detected proteins, 79 proteins were significantly differentially expressed: 18 were upregulated and 61 were down-
regulated. According to our GO functional annotation analyses, these significantly changed proteins were mainly
included in the terms cellular anatomical entity, binding, and cellular process. The main upregulated proteins were
CAMP, TMEM198, VCAN, and HSP90ABI.
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Figure 9 The receiver operating characteristic curves of these biomarkers.
Abbreviations: IGFBP2, insulin-like growth factor binding protein 2; LRGI, leucine-rich alpha-2-glycoprotein; TAGLN, transgelin; COPD, chronic obstructive pulmonary
disease; AUROC, the area under the receiver operating characteristic; Combination, the combination of the three key protein.
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The proteins upregulated in the group with acute exacerbation of COPD included IGFBP2 (insulin-like growth factor
binding protein 2). IGFBP2 binds to IGF-I and IGF-II in the blood to inhibit IGF-mediated growth and development rates,
or binds to many different ligands within cells to perform the corresponding functions.?' Six structurally similar IGFBPs
with high-affinity to IGFs are composed of an N-terminal domain and C-terminal domain connected by an L-terminal
domain. Both the N-terminal domain and C-terminal domain are highly conserved and can bind independently to IGFs.
Because the dissociation kinetics of the C-terminal are slower than the N-terminal, the binding of the C-terminal with IGF
can produce more effects.”” The L-terminal domain of IGFBP2 is a relatively active linkage region and is sensitive to
proteases. The L-terminal domain can be proteolyzed by proteases such as MMPs, PAPP-A, and cathepsin-D.>* IGFBP2 is
highly expressed in rapidly dividing cell populations and in regions directly adjacent to cell growth and differentiation, such
as the ectoderm after early implantation, the ventricular zone of rostral neuroepithelium, and the apical ectoderm ridge as
well as in progenitor cells of the spleen.>*** Many studies have also reported that IGFBP2 is a tumorigenic factor with key
oncogenic functions in the vast majority of human cancers and is a viable therapeutic target.”® In the present study, we found
that compared with that in the serum of healthy participants, the expression of IGFBP2 was significantly increased in the
serum of patients with acute exacerbation of COPD and thus may be involved in COPD. But the detailed mechanisms for
the involvement of IGFBP2 in the occurrence or development—or indeed the relationship—with acute exacerbation of
COPD is still unknown, and future experimental study will be needed.

VCAN (Versican core protein) was found to be upregulated in the group with stable COPD. VCAN is a proteoglycan
whose biochemical structure consists of four different types of core proteins accompanied by a glycosaminoglycan,
which can undergo varying degrees of sulfonation. VCAN functions primarily in cell migration and inflammation.?’”
COPD is a chronic inflammatory disease of the airways and lung parenchyma and blood vessels, and the remodeling of
the airways results in persistent airflow restriction. The extracellular matrix (ECM) is constantly reshaped in the human
body and contributes to the airway structure.”® Inflammatory cells secrete various proteases and cytokines/chemokines in
the early stages of inflammation. Some proteases bind to the ECM, and the ECM degrades under these interactions.
Cytokines/chemokines activate interstitial fibroblasts and endothelial cells, and VCAN is expressed in activated fibro-
blasts, endothelial cells, and infiltrated macrophages. When white blood cells pass through the vascular endothelium, they
interact with the ECM. The ECM affects the generation of internal signals needed to regulate key reactions in the
inflammatory cascade.?>*® Covalently bound glycosaminoglycans form prostaglandins, which can undergo various
degrees of sulfation. Proteoglycan molecules regulate cell behavior in the ECM and act on lung infection, inflammation,
and tissue repair.>’ VCAN is one of the deposited proteoglycans and an important participant in COPD.** Generally,
VCAN as an ECM molecule, participates in the inflammatory response; therefore, VCAN may be an important target for
investigating the pathogenesis of stable COPD and may have potential therapeutic value in the future.

Studies have found that the occurrence of emphysema is related to sphingomyelin, and glycosphingolipids are closely
related to COPD deterioration.>* Nicholas et al collected sputum from patients with COPD and healthy smokers and applied
two-dimensional gel electrophoresis and mass spectrometry to identify the DEPs in the specimens between the groups. The
study detected 1325 individual proteins, of which 40 were DEPs. The expression of APOA-I (apolipoprotein A-I) was
greatly decreased in the specimens from patients with COPD." Li et al used enzyme linked immunosorbent assays to
determine the levels of ApoM and pentraxin-3 in 110 patients with COPD and 110 controls. In addition, they used
automated biochemical analyzers to assess the levels of C-reactive protein, cholesterol, and triglycerides. Their results
showed that the degree of increase in ApoM is positively correlated with the exacerbation of COPD, with the serum ApoM
level increased most in patients with severe COPD.** In our study assessing the DEPs between the groups of patients with
stable COPD and healthy control participants, we found that ApoA-V (apolipoprotein A-V) was decreased in stable COPD.
The discovery of ApoA-V was based on comparative sequencing of mouse and human genomes and was first described in
2001.*® This molecule is located on chromosome 11¢23 and exists in the ApoA1-C3-A4 gene cluster. The liver is the only
site where ApoA-V is synthesized, and there it is translated into a 366 amino acid pre-protein. After the intracellular
proprotein is cleaved to a signal peptide of 23 amino acids and ApoA-V matures, it appears in the plasma together with other
apolipoproteins.®®*” Through the analysis of human and mouse data, it has been concluded that the main effect of ApoA-V
is to reduce plasma triglyceride levels.*> The mechanism by which apolipoprotein A-V reduces plasma triglyceride levels
remains unclear. The same apolipoprotein may be regulated differently in different cells in COPD and may play different
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roles in the final pathogenesis of COPD. Therefore, it may be of great significance to study the cell-specific changes and
functions of apolipoprotein in COPD.

In the present study, we mainly provide proteomics analysis for COPD, but deep replication experiments to verify our
findings is still limited. Therefore, further study should be valuable for clarifying the importance of these key DEPs. In
addition, our data did not exam the clinical known blood protein markers, such as SP-D. This may be caused by the
concentration is not enough to be tested by label-free LC-MS/MS.

Conclusions

In summary, we used label-free LC-MS/MS experiment to identify DEPs in the serum of patients with acute exacerbation
of COPD and patients with stable COPD compared with healthy participants. Our study identified multiple key proteins
and important signaling pathways maybe involved in the pathogenesis of COPD. Our study also provided three potential
biomarkers including IGFBP2, LRG1 and TAGLN that may be potentially useful for the early diagnosis of COPD.
Signaling pathway analyses further provided key proteins that may be involved in the occurrence and development of
COPD, and these proteins may become new potential therapeutic targets for future COPD study and treatment.

Abbreviations

COPD, chronic obstructive pulmonary disease; DEPs, the differentially expressed proteins; IGBP2, insulin-like growth
factor binding protein 2; LRGI, leucine-rich alpha-2-glycoprotein; TAGLN, transgelin, VCAN, versican core protein;
APOA-I, apolipoprotein A-I; ApoA-V, apolipoprotein A-V; GO, gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; COGs, clusters of Orthologous Group; AUROC, the area under the receiver operating characteristic; CI,
confidence interval; COP, cutoff point; SEN, sensitivity; SPE, specificity; ELISA, enzyme linked immunosorbent assay;
LC-MS/MS, liquid Chromatography-Mass Spectrometry; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis.
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