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Abstract

To improve biomedical knowledge and to support biomarker discovery studies, it is essential to
establish comprehensive proteome maps for human tissues and biofluids, and to make them publicly
accessible. In this study, we performed an in-depth proteomics characterization of exhaled breath
condensate (EBC), a sample obtained non-invasively by condensation of exhaled air that contains
submicron droplets of airway lining fluid. Two pooled samples of EBC, each obtained from 10 healthy
donors, were processed using a straightforward protocol based on sample lyophilization, in-gel
digestion and liquid chromatography tandem-mass spectrometry analysis. Two ‘technical’ control
samples were processed in parallel to the pooled samples to correct for exogenous protein
contamination. A total of 229 unique proteins were identified in EBC among which 153 proteins were
detected in both EBC pooled samples. A detailed bioinformatics analysis of these 153 proteins showed
that most of the proteins identified corresponded to proteins secreted in the respiratory tract (lung,
bronchi). Eight proteins were salivary proteins. Our dataset is described and has been made accessible
through the ProteomeXchange database (dataset identifier: PXD007591) and is expected to be useful
for future MS-based biomarker studies using EBC as the diagnostic specimen.

Abbreviations

COPD

Chronic obstructive pul-

Introduction

Exhaled breath condensate (EBC) is a biological

di
fnonaty disease sample collected by condensing droplets of airway
EBC Exhaled breath lining fluid present in the exhaled air. It is a highly
condensate diluted matrix containing diverse components includ-
FDR False discovery rate ing salts, phospholipids, metabolites, proteins and
GO Gene ontology inhaled particles such as carbonaceous and metal
IBAQ Intensity-based absolute nanoparticles [1]. EBC collection and physico-
quantification chemical characterization driYe in.creasing research
LC-MS/MS  Liquid chromatography .effort.s to explo_re pathophyswlogllcal changes and
tandem-mass identify new biomarkers for toxic exposure [2],
respiratory diseases [3, 4] and systemic diseases [5]. In

spectrometry . "
) this context, the Task Force of the European Respira-
PEx EXh?le air endogenous tory Society has recently published guidelines and
particles recommendations to standardize sample collection

SELDI Surface-enhanced laser

desorption/ionization

and to evaluate technical approaches targeting various
analytes in exhaled breath [6]. In the field of
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proteomics, a few investigations using surface-
enhanced laser desorption/ionization (SELDI) mass
spectrometry profiling, two-dimensional electrophor-
esis and/or liquid chromatography tandem-mass
spectrometry analysis (LC-MS/MS) have attempted to
characterize the protein content and modifications to
EBC in specific situations [7-9]. Some of these studies
revealed potential protein biomarkers for asthma [10],
chronic obstructive pulmonary disease (COPD)
[11, 12] and lung cancer [13, 14]. However, improve-
ments in sampling and analytical procedures are still
required to achieve sensitive and comprehensive
proteomics characterization of EBC [6, 15].

Although easily collected by a non-invasive techni-
que, EBC is difficult to handle for proteomics analysis
as it is extremely diluted (protein concentration
<1 pgml ") and because it contains surfactant phos-
pholipids. All previous studies used methods for pro-
tein concentration and phospholipid removal,
considering them essential for in-depth characteriza-
tion of the EBC proteome. Moreover, most experi-
ments were performed using pooled EBC samples to
improve the detection of low abundance proteins
(near the detection limit in individual samples) and
enhance the depth of proteome coverage. In 2012,
Bredberg et al [7] reported the identification of 32 and
116 proteins in exhaled air endogenous particles (PEx)
using LC-MS/MS analysis of pooled samples from six
and 10 healthy donors, respectively. Exhaled endogen-
ous particles were collected on a specific device and
were concentrated using silicon plates before trypsin
digestion and LC-MS/MS analysis. Thoroughly, the
authors introduced a negative control to correct for
non-specific protein identification. In 2015, Mucilli
et al [9] identified 167 proteins in EBC based on
LC-MS/MS analysis of a single lyophilized EBC pool
collected from nine healthy donors; nine out of the 10
most abundant proteins identified were cytokeratins
[9]. More recently, in the context of a lung cancer bio-
marker discovery study, Lopez-Sanchez et al [14] col-
lected 49 EBC samples from healthy donors and
identified a total of 123 proteins in these EBC speci-
mens based on sample lyophilization, in-solution
digestion and LC-MS/MS analysis.

In line with international initiatives that stream-
line and coordinate efforts in the field of exhaled bio-
markers [6], we engaged this study to extend the
knowledge of EBC proteome composition and to
assess the risk of contamination associated to EBC
sample collection and processing. To do this, we per-
formed an in-depth nanoLC-MS/MS analysis of two
pooled EBC samples, each of which corresponded to
exhalate from 10 healthy donors. Pooled EBC samples
were collected using the RTube commercial device,
lyophilized, digested in-gel with trypsin and finally
submitted to nanoLC-MS/MS analysis. Based on a
rigorous procedure to exclude technical con-
taminants, 153 unique proteins were reliably identi-
fied in both EBC pools.
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Materials and methods

EBC collection and preparation

EBC was collected from 20 healthy non-smoking
volunteers (seven men and 13 women, mean age:
36 + 10 years) with no known significant health
problems (systemic or respiratory disease) and no
symptoms of respiratory tract infection. The RTube®©
collection device (Respiratory Research Inc., USA) was
used to collect EBC samples as previously described
[2]. Volunteers breathed normally into the pre-cooled
(—20°C) device for 15min, using a nose clip to
prevent nasal inhalation and exhalation. For each
volunteer, the collected sample corresponded to 1201
of exhaled breath condensed in a final volume of
1.5-2 ml [16]. Samples were immediately frozen, dried
by lyophilization (—47 °C, 9 kPa, 12 h) and stored at
—80 °C. During the EBC sampling procedure, gloves
and gowns were used to minimize keratin
contamination.

SDS-PAGE and in-gel trypsin digestion

Individual samples were combined to constitute two
pools of 10 EBC samples each (characteristics of the
subjects included in each pool are presented in
supplemental table 1 is available online at stacks.iop.
org/JBR/12/021001/mmedia). To produce each
pool, 25 ul of Laemmli buffer (glycerol, 3 mercap-
toethanol, SDS, bromophenol blue (1%), Tris-Cl
pH 6.8) was added to the first dried sample (sample 1)
and centrifuged at 800 g, 4 °C, for 1 min. Sample 1 was
then pipetted and added to dried sample 2. These steps
were repeated until 10 samples had been combined.
Proteins from pooled samples were stacked on the top
of a precast polyacrylamide gel (NuPAGE ™ 4%—12%
bis-Tris protein gel, Invitrogen) and revealed by
Coomassie blue staining. Gel pieces containing EBC
proteins were manually excised and proteins were
digested in-gel with trypsin as previously described
[17]. Two control samples (distilled water) were
included and processed in parallel with the EBC pools
as blanks to allow monitoring for protein contamina-
tion occurring during the pre-analytical procedure.
Peptide digests were resolubilized in 25 ul of 2%
acetonitrile, 0.1% formic acid, and 10 pl was injected
into the LC-system.

Mass spectrometry-based proteomic analyses

Peptides resulting from trypsin digestion were ana-
lyzed by nanoliquid chromatography combined with
tandem-mass spectrometry (Ultimate 3000 coupled to
LTQ-Orbitrap Velos Pro, Thermo Scientific) using a
120 min gradient, as previously described [18]. RAW
files were processed using MaxQuant [19] version
1.5.3.30. Spectra were searched against the SwissProt
database (Homo sapiens taxonomy, December 2015
version) and the pig trypsin sequence. Trypsin was
chosen as the enzyme and two missed cleavages were
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allowed. Precursor mass error tolerances were set at 20
and 4.5 ppm for first and main searches, respectively.
Fragment mass error tolerance was set at 0.5 Da.
Peptide modifications allowed during the search were:
carbamidomethylation (C, fixed), acetyl (Protein
N-term, variable) and oxidation (M, variable). Mini-
mum peptide length was set to seven amino acids.
Minimum number of peptides, razor + unique pep-
tides and unique peptides were all set to 1. Maximum
false discovery rates (FDR)—calculated by employing
areverse database strategy—were set to 0.01 at peptide
and protein levels. Intensity-based absolute quantifi-
cation (iBAQ) [20] values were calculated from MS
intensities of unique + razor peptides. Proteins iden-
tified in the reverse database and trypsin were dis-
carded from the list of proteins identified. LC-MS/MS
data (original raw files) have been deposited to the
ProteomeExchange Consortium via the PRIDE part-
ner repository with the dataset identifier:
PXDO007591 [21].

Data filtering and mining

Protein contamination is a crucial issue when analyz-
ing EBC. Two types of contamination were consid-
ered: (i) technical contamination during sample
preparation and (ii) biological contamination by saliva
during sample collection. To correct for protein
contamination during sample processing, ‘technical’
control samples (distilled water) were processed and
analyzed alongside the two pooled EBC samples. For
each protein identified, a minimum of 100-fold
enrichment between the pooled EBC sample and its
corresponding ‘technical’ control sample was required
for inclusion in the final EBC protein list. Proteins
with an enrichment ratio below 100 were considered
as technical contaminants. To evaluate contamination
of EBC with salivary proteins, the expression pattern
for each protein identified was examined using the
Human Protein Atlas database (http://proteinatlas.
org/). Functional analysis of the EBC proteome was
performed using Gene Ontology (GO) (http://
geneontology.org) enrichment using the ClusterProfi-
ler R package [22]. P-value threshold for enrichment
significance was set to 0.05. The lung proteome was
considered as background dataset (5469 genes) and
was extracted from the Human Protein Atlas accord-
ing to the following criteria: tissue = ‘lung’, level (of
expression) = ‘Medium’ or ‘High’, and Reliability =
‘Approved’ or ‘Supported’.

Results and discussion

EBC proteome characterization

Two pools of 10 individual EBC samples and two
‘technical’ control samples were constituted to allow
in-depth and reliable characterization of the EBC
proteome. Samples were processed as follows: lyophi-
lization, protein concentration using a stacking gel,
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in-gel digestion with trypsin and analysis of peptide
digests by single-shot nanoLC-MS/MS (figure 1). Data
processing using 1 significant peptide per protein and
a FDR below 1% at the peptide and protein levels led
to the identification of 430 proteins in the four samples
(supplemental table 2). To extract the ‘core’ EBC
proteome, data were further filtered using more
stringent criteria: (i) identification with a minimum of
two significant peptides per protein, (ii) minimal iBAQ
enrichment of 100-fold between each pooled EBC
sample and its corresponding ‘technical’ control
sample. Based on these criteria, we identified a total of
229 unique proteins in the two pooled EBC samples.
More precisely, 175 proteins were present in the first
pooled EBC sample, 207 in the second sample, and
153 proteins were common to both pools (table 1).
The final list of 153 unique proteins identified in the 2
pooled samples was considered as the ‘core’ proteome
of EBC (tables 2 and 3).

Importantly, several previous investigations of
EBC protein content reported cytokeratins as major
constituents of the EBC proteome [9, 23]. However,
this group of proteins can also be present due to tech-
nical contamination during sample processing. In this
study, following filtering, 10 cytokeratins were reliably
identified as true components of the EBC proteome. A
group of 10 other proteins, however, were identified in
both ‘technical’ control samples with an enrichment
in EBC samples below the fixed threshold. These pro-
teins were thus considered to be technical con-
taminants (table 4). Their specific or highly
predominant expression in the skin was confirmed
using the Human Protein Atlas database [24].

As EBC samples are obtained from air exhaled
through the oral cavity, and even though the RTube
collection device contained a saliva trap to separate
saliva from the exhaled breath, contamination with
salivary proteins had to be assessed. Several studies
quantified a-amylase activity levels as a means to
assess salivary contamination. Alternatively, the EBC
proteome can be compared to the salivary proteome,
as characterized by Sivadasan et al [25]. However, the
origin of proteins identified in both samples is difficult
to determine; does it correspond to true overlap or
cross-contamination? In this study, we decided to
check the expression pattern for each protein of the
‘core’ EBC proteome using the Human Protein Atlas,
which was originally developed as an expression dic-
tionary for all protein-coding genes in human tissues
and organs [24], the NextProt database [26] and bib-
liographic information. We sorted the proteins identi-
fied into four different groups: (i) proteins specifically
expressed in the salivary glands (n = 8), (ii) proteins
expressed both in the salivary gland and in other tis-
sues from the respiratory tract (lung, bronchi and
nasopharynx) (n = 94), (iii) proteins not expressed in
the salivary glands and expressed in the respiratory
tract (n = 49) and (iv) 2 proteins expressed in the ton-
gue, esophagus and skin (tables 2 and 3). Interestingly,
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Figure 1. Workflow for EBC sample pooling, preparation and LC-MS/MS analysis.
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Table 1. Proteins identified in EBC pooled samples using nanoLC-MS/MS analysis.

Number of significant pep- Number of proteins Number of proteins Total number of identified Number of proteins
tides considered for protein identified in the first identified in the second proteins in EBC common to both
identification EBC pool EBC pool EBC pools

> 1 peptide 267 305 349 188

> 2 peptides 175 207 229 153

among the 49 proteins expressed in the respiratory
tract only, some are mainly expressed in the upper
respiratory parts such as serpin B3 (bronchi, naso-
pharynx); others are more abundant in the deep lung
such as fatty acid-binding protein 5, which is strongly
expressed in lung macrophages. At last, some proteins
are expressed all along the respiratory tract, such as
cystatin-A. While the precise contribution of each
respiratory compartment to the EBC content is still
under discussion [13], our results bring additional
confirmation that EBC may be representative of all the
levels of the respiratory tract including deep lung
which is a critical target for different toxicants such as
nanoparticles.

Functional annotation of the EBC proteome

The list of 145 proteins identified in the two pooled
EBC samples (excluding the eight salivary proteins)
was submitted to GO-term enrichment analysis [22]
to determine functions that were significantly
enriched in our EBC proteomic dataset compared to
the lung proteome (corresponding to 5469 genes
extracted from the Human Protein Atlas). According
to this analysis, the main biological processes that were
found over-represented in EBC compared to lung
were immune system processes, exocytosis and NAD/
NADH metabolism (figure 2(A)). Hence, the EBC
proteome was found to contain several proteins of the
airway mucus including mucin 5B, DMBT]1 (deleted




Table 2. List of the 145 unique proteins (excluding the eight salivary proteins) identified in both pooled EBC samples by LC-MS/MS with at least two significant peptides (FDR 1%).

suiysiiand dol

Expression pattern®
Protein Protein accession number Number of peptides Salivary glands + respiratory Tongue, esophagus Respiratory
number (UniProt) Protein name (razor + unique) tract and skin tract only
1 P15924 Desmoplakin 69 X
2 P02538 Keratin, type II cytoskeletal 6A 53 X
3 P02768 Serum albumin 44
4 P08779 Keratin, type I cytoskeletal 16 29
5 Q02413 Desmoglein-1 24
6 P07355 Annexin A2; putative annexin A2-like protein 22
7 P14923 Junction plakoglobin 22 X
8 P02788 Lactotransferrin 21
9 QI9HC84 Mucin 5B 21 X
10 P29508 Serpin B3 20 X
11 P63261 Actin, cytoplasmic 2 19 X
12 Q8N1N4 Keratin, type II cytoskeletal 78 18 X
13 Q04695 Keratin, type I cytoskeletal 17 18
14 P01876 Igalpha-1 chain Cregion 16 X
15 Q01469 Fatty acid-binding protein 5, epidermal 15 X
16 P31944 Caspase-14 15 X
17 P01833 Polymeric immunoglobulin receptor 15 X
18 P06733 Alpha-enolase 15 X
19 P25311 Zinc-alpha-2-glycoprotein 15 X
20 Q15149 Plectin 15 X
21 P19013 Keratin, type II cytoskeletal 4 13 X
22 Q6KB66 Keratin, type II cytoskeletal 80 13 X
23 Q08188 Protein-glutamine gamma-glutamyltransferase E 12
24 P13646 Keratin, type I cytoskeletal 13 11 X
25 Q86YZ3 Hornerin 11 X
26 P04259 Keratin, type II cytoskeletal 6B 10 X
27 P02545 Prelamin-A/C;Lamin-A/C 10
28 P04083 Annexin Al 10
29 P11021 78 kDa glucose-regulated protein 10
30 P02787 Serotransferrin 9 X
31 P04040 Catalase 9 X
32 P31151 Protein S$100-A7 9 X
33 P31947 14-3-3 protein sigma 9 X

100120 (8102) T "oy yivaig °[
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Table 2. (Continued.)

Expression pattern®
Protein Protein accession number Number of peptides Salivary glands + respiratory Tongue, esophagus Respiratory
number (UniProt) Protein name (razor + unique) tract and skin tract only
34 Q96P63 Serpin B12 9 X
35 P14618 Pyruvate kinase PKM 9
36 P60174 Triosephosphate isomerase 9
37 Q06830 Peroxiredoxin-1 9 X
38 P01040 Cystatin-A 8
39 P05089 Arginase-1 8
40 P01834 Igkappa chain C region 8 X
41 P04406 Glyceraldehyde-3-phosphate dehydrogenase 8 X
42 PODMV9 Heat shock 70 kDa protein 1B 8 X
43 P13639 Elongation factor 2 8 X
44 P35579 Myosin-9 8 X
45 P68371 Tubulin beta-4B chain 8 X
46 Q8WVV4 Protein POF1B 8 X
47 075635 Serpin B7 7 X
48 P01857 Ig gamma-1 chain Cregion 7 X
49 P61626 Lysozyme C 7 X
50 P68363 Tubulin alpha-1B chain 7
51 P01009 Alpha-1-antitrypsin; short peptide from AAT 6
52 P07900 Heat shock protein HSP 90-alpha 6
53 QINZH38 Interleukin-36 gamma 6
54 043707 Alpha-actinin-4; alpha-actinin-1 6 X
55 075223 Gamma-glutamylcyclotransferase 6 X
56 P00338 L-lactate dehydrogenase A chain 6 X
57 P07339 Cathepsin D 6 X
58 P62987 Ubiquitin-60S ribosomal protein L40 6 X
59 P10599 Thioredoxin 6 X
60 QIUGM3 Deleted in malignant brain tumors 1 protein 6 X
61 QIUI42 Carboxypeptidase A4 6 X
62 P47929 Galectin-7 5
63 Q13867 Bleomycin hydrolase 5
64 Q6P4A8 Phospholipase B-like 1 5
65 075369 Filamin-B 5
66 P00441 Superoxide dismutase [Cu-Zn] 5 X
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Table 2. (Continued.)

Expression pattern®
Protein Protein accession number Number of peptides Salivary glands + respiratory Tongue, esophagus Respiratory
number (UniProt) Protein name (razor + unique) tract and skin tract only
67 P04792 Heat shock protein beta-1 5 X
68 P11142 Heat shock cognate 71 kDa protein 5 X
69 P58107 Epiplakin 5 X
70 P60842 Eukaryotic initiation factor 4A-I 5 X
71 P62937 Peptidyl-prolyl cis-trans isomerase A 5 X
72 P63104 14-3-3 protein zeta/delta 5 X
73 Q92820 Gamma-glutamyl hydrolase 5 X
74 075342 Arachidonate 12-lipoxygenase, 12R-type 4 X
75 P09211 Glutathione S-transferase P 4 X
76 P31025 Lipocalin-1 4 X
77 P48594 Serpin B4 4 X
78 Q14574 Desmocollin-3 4 X
79 Q5T750 Skin-specific protein 32 4 X
80 Q6UWPS Suprabasin 4 X
81 060911 Cathepsin L2 4 X
82 P00558 Phosphoglycerate kinase 1 4 X
83 P04075 Fructose-bisphosphate aldolase A 4 X
84 P07384 Calpain-1 catalytic subunit 4 X
85 POCGO5 Iglambda-2 chain Cregions 4 X
86 P18206 Vinculin 4 X
87 P62258 14-3-3 protein epsilon 4 X
88 P68871 Hemoglobin subunit beta 4 X
89 Q9C075 Keratin, type I cytoskeletal 23 4 X
90 A8K2U0 Alpha-2-macroglobulin-like protein 1 3 X
91 P00738 Haptoglobin 3 X
92 P01011 Alpha-1-antichymotrypsin 3 X
93 P02763 Alpha-1-acid glycoprotein 1 3 X
94 P18510 Interleukin-1 receptor antagonist protein 3 X
95 P22528 Cornifin-B 3 X
96 P30740 Leukocyte elastase inhibitor 3 X
97 P80188 Neutrophil gelatinase-associated lipocalin 3 X
98 Q15828 Cystatin-M 3 X
99 Q9HCY38 Protein S100-A14 3 X
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Table 2. (Continued.)

Expression pattern®
Protein Protein accession number Number of peptides Salivary glands + respiratory Tongue, esophagus Respiratory
number (UniProt) Protein name (razor + unique) tract and skin tract only
100 P01623 Igkappa chain V-III region 3 X
101 P01877 Igalpha-2 chain C region 3 X
102 P06396 Gelsolin 3 X
103 P14735 Insulin-degrading enzyme 3 X
104 P20933 N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase 3 X
105 P25788 Proteasome subunit alpha type-3 3 X
106 P26641 Elongation factor 1-gamma 3 X
107 P36952 Serpin B5 3 X
108 P40926 Malate dehydrogenase, mitochondrial 3 X
109 QIY6R7 IgGFc-binding protein 3 X
110 095274 Ly6/PLAUR domain-containing protein 3 2 X
111 P00491 Purine nucleoside phosphorylase 2 X
112 P04080 Cystatin-B 2 X
113 P09972 Fructose-bisphosphate aldolase C 2 X
114 P19012 Keratin, type I cytoskeletal 15 2 X
115 P20930 Filaggrin 2 X
116 Q96FX8 p53 apoptosis effector related to PMP-22 2 X
117 QIUIV38 Serpin B13 2 X
118 P01625 Igkappa chain V-IV region Len 2 X
119 P01765 Igheavy chain V-III region TIL 2 X
120 P01766 Igheavy chain V-III region BRO 2 X
121 P01860 Ig gamma-3 chain C region 2 X
122 P01871 Ig mu chain Cregion 2 X
123 P05090 Apolipoprotein D 2 X
124 P06870 Kallikrein-1 2 X
125 P07858 Cathepsin B 2 X
126 P08865 40S ribosomal protein SA 2 X
127 P11279 Lysosome-associated membrane glycoprotein 1 2 X
128 P13473 Lysosome-associated membrane glycoprotein 2 2 X
129 P19971 Thymidine phosphorylase 2 X
130 P23284 Peptidyl-prolyl cis-trans isomerase B 2 X
131 P23396 40S ribosomal protein S3 2 X
132 P25705 ATP synthase subunit alpha, mitochondrial 2 X
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Table 2. (Continued.)

Expression pattern®

Protein Protein accession number Number of peptides Salivary glands + respiratory Tongue, esophagus Respiratory
number (UniProt) Protein name (razor + unique) tract and skin tract only
133 P27482 Calmodulin-like protein 3 2 X

134 P31949 Protein S100-A11 2 X

135 P40121 Macrophage-capping protein 2 X

136 P42357 Histidine ammonia-lyase 2 X

137 P47756 F-actin-capping protein subunit beta 2 X

138 P48637 Glutathione synthetase 2 X

139 P49720 Proteasome subunit beta type-3 2 X

140 P50395 Rab GDP dissociation inhibitor beta 2 X

141 P59998 Actin-related protein 2 /3 complex subunit 4 2 X

142 P61160 Actin-related protein 2 2 X

143 P61916 Epididymal secretory protein E1 2 X

144 P63244 Guanine nucleotide-binding protein subunit beta-2- 2 X

like 1
145 Q9BQ50 Three prime repair exonuclease 2 2 X

* Expression pattern for each protein was determined using the Human Protein Atlas (24), the NextProt database (26) and bibliographic information.
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Table 3. Salivary proteins identified in EBC pooled samples.

M Lacombe et al

Protein accession number (UniProt) Protein name Number of peptides (razor + unique)
P04745 Alpha-amylase 1 23

QINZT1 Calmodulin-like protein 5 8

P12273 Prolactin-inducible protein 6

Q96DA0 Zymogen granule protein 16 homolog B 5

P01036 Cystatin-S 5

Q8TAX7 Mucin-7 2

P01037 Cystatin-SN 2

P09228 Cystatin-SA 2

Table 4. Proteins considered as technical contaminants.

Protein accession number (UniProt) Protein name Number of peptides (razor + unique)
P04264 Keratin, type II cytoskeletal 1 61
P35908 Keratin, type II cytoskeletal 2 epidermal 40
P13645 Keratin, type I cytoskeletal 10 40
Q5D862 Filaggrin-2 14
Q5T749 Keratinocyte proline-rich protein 13
Q8IW75 Serpin A12 3
P81605 Dermcidin 3
P22531 Small proline-rich protein 2E 3
P59666 Neutrophil defensin 3 2
P78386 Keratin, type II cuticular Hb5 2

in malignant brain tumors 1) protein and alpha-1-
antitrypsin [27]. Mucosal secretion prevents adher-
ence of pathogens to the airway epithelial cells and
ensures their clearance by the mucociliary escalator,
together with inhaled particles. Lysozyme and lacto-
ferrin which are the two most abundant antibacterial
proteins secreted into the respiratory tract were also
identified in our dataset as well as a myriad of proteins
secreted by immune system cells [28]. In general, these
results demonstrate that EBC constitutes a relevant
matrix to study major physiological functions of the
respiratory tract, especially mucosal layer secretion,
innate and adaptive antimicrobial defense mechan-
isms and clearance of inhaled particles [28, 29].

Comparison with previous studies

Our experimental design and the dataset produced
(i.e. the list of 153 proteins identified in both pooled
EBC samples including the 8 salivary proteins) were
compared to the two most extensive EBC proteome
maps previously described for healthy subjects [7, 9].
In 2015, Mucilli et al [7] collected EBC from nine non-
smoking volunteer donors using a Turbo DECCS
device (Medivac, Italy). Samples were pooled to create
a single EBC sample with a final volume of 65 ml
(equivalent to 1800 1 of exhaled breath). After lyophi-
lization, in-gel digestion and LC-MS/MS analysis,
these authors identified 167 proteins (two significant
peptides per protein, FDR 1%), 77 of which were also
included in our protein list (figure 2(B), supplemental
table 2). Unlike our procedure, Mucilli et al [ 7] omitted
a control to assess contamination during sample
processing, and the eight most abundant proteins in

their dataset were cytokeratins, representing 48% of
the total emPAI (exponentially modified protein
abundance index) [30].

Another proteomics study was performed in 2012
by Bredberg et al [7] to characterize the protein com-
position of endogenous particles in exhaled air (PEx).
These authors used a specific sampling procedure
involving silicon plates. Two pooled samples
(obtained from six and 10 subjects with forced exhala-
tion) and a negative control (sampling device exposed
to ambient air and processed in parallel with the two
pooled samples) were analyzed by LC-MS/MS after
in-gel digestion. This analysis identified 124 proteins
from the two pooled samples, but only 24 proteins
were shared by both pools, as a result of the high varia-
bility of PEx sample collection. Among the 124 pro-
teins identified in at least one pooled sample, 36 were
also identified in our dataset (figure 2(B), supple-
mental table 2). As already discussed by Mucilli et al
[9], these data demonstrate that the sampling method
can influence the protein composition of the collected
samples. For instance, in 2012, a PEx sampling techni-
que described by Larsson et al [31] was shown to be
more efficient in collecting albumin and surfactant
protein A than classical EBC collection. Accordingly,
no surfactant protein was identified by Mucilli et al [9]
and we could detect surfactant protein A in the second
EBC pool only (supplemental table 2).

Importantly, 59 proteins from our dataset were
identified in neither of these previous studies. A com-
plementary analysis using GO-term annotation [32]
showed that these 59 proteins have the same func-
tional distribution between the different proteomic
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Figure 2. Functional and comparative analysis of the ‘core’ EBC proteome dataset. (A) Gene ontology (GO) categories (biological
processes) enriched in the ‘core’ EBC proteome compared to the lung proteome (1 = 5469 genes extracted from the Human Protein
Atlas). Each bar indicates the number of genes assigned to each GO category. Enrichment significance is conveyed by the p-value. (B).
Venn diagram showing the overlap between our dataset and previous EBC characterizations in healthy donors. (C) Comparative
GO-term annotation (level 3) of the three EBC proteome datasets and the specific list of 59 new proteins identified using our analytical

Bredberg  Mucilli

e 59 new proteins

datasets (figure 2(C)). All together, these data demon-
strate that our analytical procedure did not enrich a
specific subproteome but merely extended the cover-
age of EBC proteome. Undoubtedly, the use of a 2h
LC gradient improved peptide distribution through-
out MS/MS analysis and enabled the identification of
these novel EBC proteins.

Biomedical potential of EBC proteome
As a non-invasive specimen, EBC could be used for
biomarker discovery and analysis. In line with these

potential applications, comparative proteomics stu-
dies identified biomarker candidates for a variety of
pulmonary diseases, including COPD [11, 12], asthma
[10], pulmonary emphysema with a-1-antitrypsin
deficiency [8] and lung cancer [13, 14]. In agreement
with these studies, some of these biomarker candidates
(such as a-1l-antitrypsin, hornerin, cytokeratins 6A
and 6B) were identified in our EBC proteomics
dataset. However, our study also identified 10 proteins
with high abundance in the two ‘technical’ control
samples, including dermcidin, which was recently
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selected as a potential biomarker for lung cancer in
EBC [14]. The expression pattern for dermcidin may
have been modified by tumorigenesis processes (in
healthy individuals, dermcidin is not expressed in the
respiratory tract), but its presence might also be a
technical artefact. This result emphasizes the impor-
tance of reliable reference proteome datasets to
support clinical biomarker studies [10, 15] and
occupational health monitoring of workers exposed to
engineered nanoparticles [33].

Most published investigations of the EBC pro-
teome were performed using pooled and lyophilized
samples to counteract dilution and favor the detection
of low-abundant proteins. However, pooling of EBC
samples precludes the evaluation of biological varia-
bility which is known to be influenced by age, gender,
height and other factors [6, 34]. In our study, we opti-
mized a straightforward analytical procedure based on
sample lyophilization, in-gel digestion and nanoLC-
MS/MS analysis to characterize EBC specimens.
Interestingly, only 40% of each of the peptide digests
obtained from 10 healthy subjects was required for
injection into the liquid chromatography system
before MS/MS analysis. Undoubtedly, this opens the
possibility to work with larger sample cohorts, at indi-
vidual scale using shotgun LC-MS/MS or better still,
targeted proteomics approaches.

Recently, shotgun nanoLC-MS/MS experiments
were performed at individual scale using EBC samples
from 49 healthy volunteers [14]. However, after sam-
ple concentration and digestion, very few proteins
were identified (an average of 13 proteins per EBC
sample) illustrating the difficulty to process sub-
microgram protein amounts and to achieve in-depth
proteome characterization. In this context, targeted
proteomics methods such as selected reaction mon-
itoring (SRM) [35] appear extremely promising. SRM
—also referred to as multiple reaction monitoring—is
a highly selective MS-based technique that overcomes
some limitations of untargeted LC-MS/MS methods.
SRM analyses offer the unique possibility to specifi-
cally and simultaneously monitor the signatures—so
called SRM transitions—of hundreds of preselected
peptides generated by protein digestion. Due to its
high selectivity, SRM methodology is inherently more
sensitive than MS/MS and is especially adapted to the
detection of low-abundant proteins in biological
matrices. In addition, when combined with isotope-
dilution quantification standards, SRM experiments
can provide quantitative data for each protein tar-
geted. Likely, proteins identified from untargeted LC-
MS/MS analyses of EBC pools will be detectable and
quantifiable at individual scale using SRM approaches.

Conclusion

Over the last decade, significant advances in MS-based
proteomics instrumentation and methodologies have

M Lacombe et al

supported the establishment of comprehensive pro-
teomics maps for human tissues and biofluids. These
characterization efforts were sustained by several
international research initiatives, such as the Human
Proteome Project (HPP) [36-38]. Reliable proteomics
surveys, most of which were acquired by LC-MS/MS,
are now available for human tissues and biofluids in
public repositories. Simultaneously, the European
Respiratory Society and the American Thoracic
Society have provided recommendations and guide-
lines to increase the reliability and comparability of
exhaled biomarker studies [6]. As a contribution to
this field, we performed an in-depth and reliable
characterization of the EBC proteome for healthy
subjects, taking into account potential exogenous
(technical) and endogenous (salivary) sources of
protein contaminants. Undoubtedly, this dataset will
support future clinical studies dedicated to the dis-
covery of novel protein biomarkers for pulmonary
diseases and toxic exposure.
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