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Abstract—A comparative study of the exhaled-breath-condensate (EBC) proteome that was obtained for
four donor groups was carried out using ion cyclotron resonance mass spectrometry with electrospray ioniza-
tion. The groups included subjects with diagnosed lung cancer, chronic obstructive pulmonary disease, com-
munity-acquired pneumonia, and healthy nonsmoking control subjects. More than 300 proteins were iden-
tified, while 19 of them were found in the EBC samples of the donors who were diagnosed with lung cancer
in the early stages and are potentially significant in the development of a diagnostic lung-cancer biomarker
panel. It was shown that the EBC protein profiles of different donor groups can be distinguished. It may be
possible to highlight a specific protein group that is typical for certain conditions/diseases of the respiratory
system. Thus, the EBC analysis could be a promising non-invasive method for early diagnosis of lung cancer.
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INTRODUCTION

The respiratory system performs essential func-
tions of life support and reflects human lifestyles and
health. Chemical breath tests have a wide range of
applications from approved FDA (United States)
measurement of exhaled nitric oxide fraction for mon-
itoring the effectiveness of anti-inflammatory therapy
in asthma to the determination of volatile organic
compounds (VOCs) and profiling of non-volatile
biomarkers in a cooled breath sample, which is called
exhaled breath condensate (EBC) [1, 2]. The breath
test can be easily carried out as it is non-invasive; it
allows clinicians and researchers to evaluate the pro-
cesses that are occurring in the human body. Even in
the case of patients who are very ill such sampling can
be performed and repeated in short intervals [3]. Thus,
the respiration study can be successfully used in
screening programs [4].

Along with well-known components such as
hydrogen, oxygen, carbon dioxide, inert gases and
water vapor, exhaled breath also contains thousands of
volatile and non-volatile components, mainly in trace

amounts, making their detection a rather complicated
challenge. The use of modern highly sensitive technol-
ogies in the sample analysis is the basis of the accurate
identification of these biomaterials. The use of innova-
tive technologies, such as metabolomics, proteomics,
and mass spectrometry, has great potential in biomar-
ker profiling of exhaled breath [5]. Biomarker evalua-
tion of exhaled breath is necessary for understanding
disease pathomechanisms, as well as for the prescrip-
tion of the appropriate therapy [1].

Lung cancer is one of the most lethal types of can-
cer and is characterized by the highest mortality [6, 7];
the 5-year survival rate is only 15% in lung cancer [8].
If the cancer is diagnosed when it is still localized, a
surgical procedure is performed, the prognosis
improves, and the 5-year survival reaches 52% [9].
Early cancer diagnosis provides treatment success and
a decrease in mortality. However, while screening pro-
grams have enabled a reduction in mortality and
improvement of the prognosis in bowel, breast, and
cervical cancers [10], lung cancer programs are still
unsuccessful [11].
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Table 1. The characteristics of donor groups
Donor group
Parameter

COPD pneumonia lung cancer control
Number of people 17 13 26 23
Age, years 64.7 £4.7 36.2+12.2 56.5+11.5 27.5+4.8
Men, heads (%) 13 (76) 7 (54) 21 (81) 10 (43)
Women, heads (%) 4 (24) 6 (46) 5(19) 13 (57)
Still smoking, former smoker, non-smoker 12/5/0 4/2/7 14/4/8 0/0/23
Stages of the disease 0/3/10/42 2/4/2/3/2° 1/8/12/5°¢ d
Histological type — — 11/4/1/10° —

3Stages of COPD I/11/111/1V, >2 positive Anthonisen criteria;

brisk classes according to PSI: I/11/111/IV/V; Sstages of lung cancer:

I/II/III/IV no symptoms of allergy, chronic respiratory dlseases and acute respiratory symptoms during 2 months prior to EBC sam-
pling; ®squamous cell carcinoma/adenocarcinoma/angiocarcinoma/other types of cancer with metastases in the lungs.

The aim of this study is to analyze the proteome of
the EBCs of patients who were diagnosed with lung
cancer in the first/second stage and selection of poten-
tial biomarkers for early disease stages.

MATERIALS AND METHODS

Donors. Seventy-nine people were surveyed:
17 patients with chronic obstructive pulmonary dis-
ease (COPD) in the acute stage, 13 patients with com-
munity-acquired pneumonia, 26 patients diagnosed
with lung cancer, and 23 healthy non-smoking volun-
teers. Patients with COPD and pneumonia were hos-
pitalized in the Pulmonology Department of Moscow
City Clinical Hospital No. 57. Diagnosis of COPD
and pneumonia was carried out based on generally
accepted recommendations, viz., the WHO Global
Initiative for Chronic Obstructive Lung Disease
(GOLD) (http://www.goldcopd.org) and Guidelines
for the management of adult lower respiratory tract
infections (Joint Taskforce of the European Respira-
tory Society and European Society for Clinical Micro-
biology and Infectious Diseases) [12]. The patients who
were diagnosed with lung cancer were hospitalized in the
Thoracic Surgery Department of the Herzen Moscow
Oncology Research Institute; the diagnosis was car-
ried out based on computed tomography of the chest
and the results of biopsy analysis. The characteristics
of donor groups are shown in Table 1.

This study of exhaled breath condensate was
approved by the Ethics Committees of the Emanuel
Institute of Biochemical Physics, the Research Insti-
tute of Pulmonology, and the Herzen Moscow Oncol-
ogy Research Institute; all the donors signed informed
consent to participate in the study.

Exhaled breath condensate sampling and chroma-
tography-mass spectrometry analysis (HPLC-MS/MS).
Exhaled breath condensate of patients who were diag-
nosed with COPD and community-acquired pneu-
monia was collected using a stationary ECoScreen
device according to previously published protocols
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[13]. In order to facilitate the procedure for patients
who were diagnosed with lung cancer and not disturb
them, EBC sampling was performed using a portable
RTube device according to previously published pro-
tocols [14]. Comparative analysis of the protein lists
that were obtained using the ECoScreen and RTube
devices was carried out for the control group. Finally,
it was shown that the type of device does not influence
the final result (data not shown). Sample preparation
for mass spectrometry and chromatography-mass
spectrometry analysis (HPLC-MS/MS) was per-
formed according to previously published protocols
[13, 14].

Bioinformatics data analysis. The list of the exact
mass values for the peptides and their fragments was
used to search for and identify the proteins in the data-
base using Mascot software (Matrix Science, London,
UK version 2.0.04). For the identification of proteins
the IPI-human database (version 3.82; released April 6,
2011; 92 104 entries), which was provided by the
European Bioinformatics Institute, was used with the
following search parameters: enzyme, trypsin; mass
accuracy for the parent ion, 5 ppm; mass accuracy for
MS/MS fragments, 0.50 Da; and modification, oxida-
tion of methionine. It was taken that the protein was reli-
ably identified if at least two unique peptides (Score > 70)
were found for it in one of the donors, as well as in the
case where the protein was found in several donors of
the considered group in the presence of at least one
unique peptide (Score > 30).

The GeneCards (http://www.genecards.org), Gene-
Ontology (GO) (http://geneontology.org), MOPED
(https://www.proteinspire.org/MOPED), BioGPS
(http://biogps.org), and UniProt (www.uniprot. org)
bioinformatics databases were used for the annotation
and analysis of the results; as well, Qiagen products
(http://www.qiagen.com) were used for profiling a
variety of physiological and pathological processes in
the human body.
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RESULTS AND DISCUSSION

Proteomic analysis of the EBC of the four pre-
sented donor groups revealed more than 300 different
proteins. Type II cytoskeletal keratins (1, 2, 3, 4, 5,
and 6) and type I cytoskeletal keratins (9, 10, 14, 15,
and 16) were invariant for all the samples. In the pre-
liminary experiments we and other authors showed
that cytoskeletal keratins are the major protein com-
ponents of the EBC for smokers, as well as for non-
smoking healthy individuals [13, 16]. According to the
human-protein catalog, cytokeratins CK 1, 2, 9, and
10 have an epidermal origin; thus, it is believed that
these proteins are obtained during sample preparation
or have an exogenous origin, i.c., they are not among
the respiratory proteins. In a previous study [13, 17],
we assumed that these exogenous keratins in EBC are
freely circulating proteins in the air.

The complete list of non-keratin proteins that were
identified in the samples of the control group and the
groups with COPD, community-acquired pneumo-
nia, and lung cancer is given in Table 2.

It can be seen from Table 2 that 21 proteins turned
out to be common to all the considered donor groups.
The highest frequency of occurrence in the samples
was found for dermicidin, which is an antibiotic pep-
tide with antimicrobial and proteolytic activities. It is
known that dermicidin is secreted by sweat glands in
humans [18, 19], while a number of studies have
shown that dermicidin and its derivative peptides are
present under acute coronary heart disease in blood
[20], placenta [21], brain, and neuronal cell lines [21].
According to the MOPED database, dermicidin
expression is observed in many tissues, including the
lungs and respiratory tract. Moreover, dermicidin was
suggested as a possible oncogene in studies on onco-
logical diseases [22]. It was also shown that it stimu-
lates proliferation of tumor cells in mice, rats and
humans [22—24].

The data on the EBC proteomes of the patients
with the first and second stages of lung cancer were
used for further analysis, because they are of the great-
est interest from the diagnostic and prognostic points
of view [9].

In the EBC of the donors who were diagnosed with
lung cancer in the first/second stage, 42 proteins of a
non-keratin origin, which are absent in the EBC of
healthy non-smoking control group, as well as in the
EBC of the donors with COPD and community-
acquired pneumonia, were identified.

Based on detailed annotation using bioinformatics
resources, as well as the analysis of the frequency of
occurrence, 19 proteins that may be proposed as a
diagnostic panel for lung cancer via study of exhaled
breath condensate were highlighted (Table 3). As seen
from the data that are given in Table 3, the majority of
the represented proteins are classified as regulatory
proteins according their functional characteristics and
have intracellular localization. Expression of all of the
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represented proteins is increased in this disease; some
of them are present in commercial PCR tests on lung
cancer profiling in blood (Qiagen™).

It has been shown [25] that the presence of the
POTE ankyrin domain family member E is typical for
many types of cancer (while it is practically absent in
normal tissues). Subsequent studies on the expression
of this protein, including in lung cancer [26], have
confirmed its promise as a tumor marker; POTE
ankyrin domain family member E has been proposed
as a target for the development of a cancer vaccine
[27]. Serine/arginine-rich splicing factor 1 also often
attracts the attention of researchers as a marker of the
tumor process [28, 29].

It should be noted that among the proteins that
have been identified in the EBC of cancer patients
there are many proteins that are involved in mitosis, as
well as transcription, translation, and alternative splic-
ing, which may reflect a process of uncontrolled divi-
sion of tumor cells (BSD domain-containing protein,
Heat shock protein HSP 90-alpha, Nuclear ubiqui-
tous casein and cyclin-dependent kinase substrate 1,
Probable ATP-dependent RNA helicase DDX20,
Protein Spindly, Septin-7, Serine/arginine-rich splic-
ing factor 1—6, WD repeat-containing protein 1).
Identification of the group of splicing factors (SR family),
which play a critical role in tumor development, is of a
great interest [30].

In addition to the represented panel of 19 proteins,
the presence of the HMG-I/Y protein family and
lactoferrin in the EBC of donors with lung cancer can
be noted; this may be associated with capillary network
overgrowth that are induced by tumors and the
immune response to the activity of cancer cells [14].

Based on the analysis results of the exhaled breath
condensate proteome it can be stated that the protein
profiles of the different donor groups can be distin-
guished and there is a chance to highlight a specific
protein group typical for certain condition/disease of
the respiratory system. It should be noted that the pro-
teome of cancer patients that was determined in the
EBC is very different from the proteomes of not only
healthy young non-smoking control group, but also
from the proteomes of the patients with COPD and
pneumonia in the same age group, indicating the
potential use of the EBC as a screening test followed by
verification using other methods, such as computed
tomography.
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