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Abstract 

This thesis aimed to characterize the proteome of various biological matrices using 

proteomic methods. We have focused mainly on proteomic approaches to design and validate 

biomarkers of multiple diseases. Mass spectrometric methods and methods based on 

electrophoresis play a crucial role in this thesis. We have characterized the process of 

discovering biomarkers, and the difficulties in this process were mentioned. Biomarkers of 

diseases could be searched in many biological matrices, and there is a need to look for non-

invasively taken ones. Once introduced into clinics, non-invasive diagnostics would facilitate 

the investigation and diagnosis of many diseases and for patients, make sampling less burdening 

than the current invasive methods. Exhaled breath condensate (EBC) was selected to be 

described and further studied as a promising matrix that is collected non-invasively and is 

suitable for detecting biomarkers of various respiratory and systemic diseases.  Biomarkers of 

response to treatment could be so-called biomarkers of drug toxicity and efficacy, and it is 

necessary to identify them to understand the mechanism of drug action. Ways to search for and 

identify these biomarkers have also been described. 

In the experimental part, a gel-free mass spectrometry approach was used for in-depth 

characterization of the EBC proteome with high reproducibility. This approach includes high 

resolution mass spectrometry and gel-free sample processing. Because EBC is the body fluid 

proximal to lung and airways, it could be successfully used to detect biomarkers of lung and 

other respiratory diseases. In our work, the age-related changes in protein profiles of EBC have 

been reported in healthy children and adults. It has been suggested that proteins that are 

differentially expressed in different age groups are predictive markers of age-related diseases 

and resistance or susceptibility to certain diseases. In the second part of the experimental work, 

proteomic methods for the biomarker validation were implemented. The cellular response to 

oxaliplatin treatment was assessed by mass spectrometry-based proteome profiling. The 

identified biomarkers of this cellular response were successfully validated by Western blot. 

Furthermore, the Drug Affinity Responsive Target Stability (DARTS) method is useful in the 

biomarker validation. It has been used to confirm that the NPL4 protein is a molecular target of 

the old alcohol aversion drug disulfiram (Antabuse) when used to treat cancer. 
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Abstrakt 

Cílem předkládané dizertační práce bylo charakterizovat proteom různých biologických 

matric s využitím proteomických metod. Zaměřili jsme se zejména na proteomické přístupy pro 

navržení a validaci biomarkerů různých onemocnění. Stěžejní část této práce tvoří hmotnostně 

spektrometrické metody, ale i metody založené na elektroforéze. Byl popsán proces hledání 

biomarkerů a byly zmíněny okolnosti komplikující tento proces. Biomarkery mohou být 

identifikovány v mnoha různých biologických matricích a snahou je využívat takový biologický 

materiál, jenž je možné odebrat neinvazivně. V případě zavedení nového biomarkeru do 

klinické praxe může neinvazivní způsob odběru usnadnit vyšetření a diagnostiku řady 

onemocnění a odběr vzorku bude pro pacienta méně zatěžující než invazivní odběr. Za slibnou 

biologickou matricí pro neinvazivní diagnostiku respiračních a systémových onemocnění je 

považován i kondenzát vydechovaného vzduchu (EBC). Ten byl v práci detailně popsán a dále 

studován. Biomarkery buněčné odpovědi na léčbu jsou také chápány jako biomarkery toxicity 

a účinků léčiva. Tyto biomarkery je důležité identifikovat pro pochopení mechanismu účinku 

daného léčiva a jsou popsány také metody, jak je hledat a identifikovat. 

V experimentální části práce byl zaveden nový přístup pro detailní a vysoce 

reprodukovatelnou charakterizaci proteomu EBC. Tento přístup využívá hmotnostní 

spektrometrii o vysokém rozlišení a zpracování vzorku bez předchozí elektroforetické separace. 

Vzhledem k tomu, že EBC je proximální tekutinou plic a dýchacích cest, může být využíván 

pro úspěšnou detekci biomarkerů plicních onemocnění a respiračního traktu. V naší práci byly 

popsány změny v proteinovém profilu EBC v závislosti na věku u zdravých dětí a dospělých 

jedinců. Předpokládá se, že proteiny, které byly rozdílně exprimovány v EBC jedinců různých 

věkových kategorií, jsou prediktivními biomarkery onemocnění spojených s věkem a 

s rezistencí, případně s vnímavostí k některým onemocněním. Ve druhé kapitole 

experimentální části práce jsou popsány proteomické metody pro validaci biomarkerů. Buněčná 

odpověď na ošetření oxaliplatinou byla analyzována pomocí proteomického profilování 

založeného na hmotnostní spektrometrii. Identifikované biomarkery buněčné odpovědi na 

léčbu byly úspěšně validovány metodou Western blot. Dále byla zavedena metoda DARTS 

(Drug Affinity Responsive Target Stability), která se ukázala být velice užitečnou pro validaci 

biomarkerů. Tato metoda byla použita pro potvrzení skutečnosti, že protein NPL4 je 

molekulárním cílem disulfiramu (Antabus), pokud se toto léčivo, dříve předepisované k léčbě 

závislosti na alkoholu, využije pro terapii rakoviny. 
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1 INTRODUCTION – PROTEOMICS IN THE BIOMARKER 

DISCOVERY 
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1.1. Introduction to discovery of the protein biomarkers 

Biomarkers are indicators of a biological process. It could be proteins as well as genes, 

small molecules, or metabolites (Hale et al., 2003). The biomarker discovery could be focused 

on identifying the diagnostic and prognostic biomarkers of the diseases (Drabovich, Martínez-

Morillo and Diamandis, 2019) or to report a drug efficacy and toxicity as a key step in a drug 

development process (Hale et al., 2003). The significant progress in a protein biomarker 

discovery was connected with the development of mass spectrometry, which allowed the 

accurate and sensitive identification of proteins in the biological matrix and is a crucial method 

in many of the publications cited in this work. Mass spectrometry, together with other methods 

connected with this thesis, is summarized in the following chapter. 
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1.2. Proteomic methods for biomarker discovery identification and 

validation 

 

1.2.1. Electrophoretic methods 

Electrophoretic methods are used to separate proteins based on their charge and size. High-

resolution separation of proteins according to their charge was described by disc 

electrophoresis, displacement electrophoresis (isotachophoresis) and isoelectric focusing (IEF). 

Separation of by molecular weight is performed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The two-dimensional gel electrophoresis (2-DE) combines the 

gel IEF, followed by SDS-PAGE of the proteins previously separated by IEF, and thus affords 

the high resolution with up to several thousand spots per gel (Vesterberg, 1993). 

Nowadays, SDS-PAGE is the most widely used method for protein separation. This could 

be used to estimate protein size, verify protein purity and quantity, monitor protein integrity, 

compare protein profiles of different samples or analyze the number and size of polypeptide 

subunits. It could be followed by mass spectrometry-based shotgun proteomics, Western blot 

or by the second dimension of 2-DE (Righetti and Candiano, 2011). Proteins separated by SDS-

PAGE or analyzed by 2-DE could be visualized and analyzed in the gel by several approaches. 

However, it is usually used as a separation technique for other techniques. For spot detection, 

Coomassie Blue is typically used because of its simplicity as a regressive staining approach.  

The limitations of Coomassie Blue staining are the poor detection sensitivity and small linear 

dynamic range. Silver staining techniques are based upon saturating gels with silver ions. Silver 

staining methods are able to detect a single nanogram of protein. However, it is a multistep 

process that must be stopped at some arbitrary time point to avoid overdevelopment. 

Radiolabeling is quite sensitive but hazardous and expensive. The use of radioisotopes is now 

limited to in vivo experiments. Fluorescent detection is sensitive and suitable for incorporation 

into integrated proteomics platforms. It is sensitive that 4 - 8 ng of protein can be detected and 

its linear dynamic range is superior to colorimetric staining methods. Fluorescent SYPROTM 

dyes were designed for a simple, rapid, one-step staining procedure which does not involve a 

destaining step. Reverse stain methods are used for in-gel visualization followed by subsequent 

MS detection and include Coomassie Blue staining, potassium chloride, copper chloride, and 

zinc chloride – imidazole methods. Copper chloride staining is slightly more sensitive, while 

potassium chloride staining is significantly less sensitive than Coomassie Blue staining. Zinc 
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chloride–imidazole staining is the most sensitive (Patton, 2002). Destaining method of silver-

stained gels was developed for subsequent MS identification (Shevchenko et al., 1996). 

Although 2-DE was very popular in the past, it is displaced by the high-performance mass 

spectrometry-based methods (Lee, Saraygord-Afshari and Low, 2020). However, there are 

many works where the 2-DE is combined with spot excision and mass spectrometry detection 

in biomarker discovery research (Gianazza et al., 2004; Fumagalli et al., 2008; Paul et al., 2016; 

Lee, Saraygord-Afshari and Low, 2020). A combination of 2-DE and mass spectrometry spot 

identification was successfully used for proteomic profiling studies. For example, this approach 

has led to description mechanisms of drug resistance of T-lymphoblastic leukemia cells to 

anticancer agent bohemin (Skalnikova et al., 2011), cancer cells response to anthracyclines 

(Tyleckova et al., 2012), proteins responsible for drug-induced apoptosis after paclitaxel 

treatment (MacKeigan et al., 2003). Up to date, the 2-DE is used in clinical proteomics for 

comparative studies, and for this purpose, an algorithm for automatic spot alignment was 

developed (Pérès et al., 2008). Another approach for comparative proteomics is difference gel 

electrophoresis (DIGE) which is used for the detection of differences between two protein 

samples in a single 2-DE gel. It was described as a reproducible, sensitive method which can 

detect the difference between two Drosophila embryo extracts at nanogram levels. Two protein 

samples were prelabeled with two cyanine dyes Cy3 and Cy5, and thus his approach enables to 

run two different samples on the same gel in both dimensions. Protein spots can be detected by 

fluorescence imaging immediately after electrophoresis with sensitivity equal to silver staining 

(Ünlü, Morgan and Minden, 1997). Two-dimensional electrophoresis has been shown to 

distinguish different charges or mass forms of a single protein. Thus, it could be applied to 

characterize post-translational modifications, including glycosylation, phosphorylation, 

oxidation, and nitrosylation with high resolution and reproducibility. One of the applications of 

2-DE in post-translational modifications analysis was the characterization of post-translational 

modifications of mammalian 20S proteasome complexes (Zong et al., 2008). 
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1.2.2. Western blot 

Western blot is a method for the subsequent identification of proteins separated in the 

first step by gel electrophoresis. The separated proteins are then transferred to a membrane, 

which forms a band for each protein. The membrane is then incubated with labeled antibodies 

specific for the protein of interest (Mahmood and Yang, 2012). It is one of the most commonly 

used laboratory techniques for protein identification and semi-quantitative protein level 

measurement. Western blotting can also be used for absolute protein quantification, but this 

requires a standard linear curve of the purified target protein. Thus, the Western blot is rarely 

used for absolute quantification and the main application is a semi-quantitative estimation of 

protein levels (Ghosh, Gilda and Gomes, 2014). Western blot is widely used to validate protein 

biomarkers even in recent publications (Xu et al., 2015; Paul et al., 2016; Madda et al., 2020). 

For the first time, the method was described by Harry Towbin’s group as the 

electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets. 

Immobilized proteins were detected by immunological methods. Additional nitrocellulose 

binding capacity was blocked by excess protein, then a specific antibody was bound and a 

secondary antibody against the primary antibody was applied. The secondary antibody was 

either radiolabeled or conjugated to fluorescein or peroxidase. The specific protein was then 

detected either by autoradiography, under UV light, or by the peroxidase reaction product. The 

Towbin’s method described the quantitative transfer from urea-containing gels and not 

quantitative transfer without loss of resolution from sodium dodecyl sulfate gels (Towbin, 

Staehelin and Gordon, 1979). Western blotting comes from W. Neal Burnette, who adapted the 

protocol to ensure the complete and quantitative transfer of most proteins from SDS gels to 

nitrocellulose without loss of electrophoretic resolution (Burnette, 1981). Efficient protein 

transfer with high protein yields has also been described using polyvinylidene difluoride 

(PVDF) membranes instead of nitrocellulose (Mozdzanowski, Hembach and Speicher, 1992). 

Unlike a nitrocellulose membrane, the PVDF membrane is hydrophobic and an initial soaking 

of the PVDF membrane in methanol is required before blotting (Mansfield, 1995). Soaking in 

transfer buffer is another important step, as higher concentrations of SDS could inhibit protein 

transfer. Higher concentration of methanol in transfer buffer also reduce protein recovery 

(Mozdzanowski, Hembach and Speicher, 1992). After transfer, membranes could be stained to 

monitor the transfer efficiency before subsequent immunodetection or to visualize proteins. 

There are several options for staining the membrane. The staining with amido black or 

Coomassie blue R-250 showed similar sensitivity (more than 50 ng of protein per band), but 

amido black is staining faster and Coomassie staining could not be used for nitrocellulose 
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membranes due to high concentrations of methanol in the staining solvent that resulted in the 

dissolution of nitrocellulose. Once visualized, the amido black staining and Coomassie blue R-

250 staining appears as dark blue bands on a light blue background. Ponceau S staining appears 

as red bands on a pink background and is widely used because it is simple, rapid, and easily 

reversible. However, its sensitivity is low (200 ng protein per band). Another reversible staining 

is MemCode reversible protein stain, which is more sensitive (25 ng protein per band) but less 

fast and appears as blue bands on a white background. Colloidal gold is highly sensitive (2 ng 

protein per band), the commercial staining kits are available, and it appears as red bands on a 

pink background. Colloidal silver staining is less sensitive (5 ng protein per band) than colloidal 

gold, but it is more economical and appears as black bands on a brown background. India ink 

staining showed a sensitivity and appearance (black bands on a gray background) similar to 

colloidal silver. Fluorescent dyes such as SYPRO Ruby or fluorescamine are highly sensitive 

(about 2 ng of protein per band) and the membranes can be used for subsequent 

immunodetection (Goldman, Harper and Speicher, 2016). At the time of its discovery, 

immunodetection on membranes was described as sensitive that 100 pg of protein was clearly 

detectable (Towbin, Staehelin and Gordon, 1979). However, using alkaline phosphatase-

labeled secondary antibodies and enhanced chemifluorescence reagents, a sensitivity of less 

than one femtomole (i.e. hundreds of attomoles) has been achieved (Coorssen et al., 2002). 

Specific detection of proteins is performed using primary antibodies. The membrane is blocked 

after the electroblotting to reduce the likelihood of nonspecific binding of the primary antibody. 

Blocking can be done with skim milk powder or bovine serum albumin. The protein – primary 

antibody complex is visualized by a secondary antibody targeted against the primary antibody 

and is associated with a label (e.g. chemiluminescent or fluorescent). Then, the signal of the 

label is developed (Bass et al., 2017). 

 Both 1-D and 2-D gels can be used for Western blot transfer. In the case of 2-DE, 

isoforms and post-translationally modified target proteins with similar molecular masses can 

be identified (Ghosh, Gilda and Gomes, 2014). It is suitable for denatured and native proteins. 

A nondenaturing polyacrylamide gel electrophoresis (PAGE) system coupled to Western 

blotting was developed to detect native proteins. A system with a very low (0.1%) SDS 

concentration was used to keep the proteins in the native state. Proteins were successfully 

blotted onto a nitrocellulose membrane and detected by monoclonal antibodies (Cohen et al., 

1986).  It is also possible to use Western blot transfer blue native PAGE gel, where the gel is 

incubated in a transfer buffer supplemented with low SDS concentrations (such as 0.037%) 

before transfer by standard Western blot (Dewson, 2015). 
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The Western blot's main limitation is the need for a primary antibody against the protein 

of interest. In the case of specific post-translational modifications, particular antibodies should 

be used. Other limitations include the non-specificity of some antibodies, the need to optimize 

the protocol independently for each antibody, relatively high inter-operator variability or 

transfer efficiency. At the same time, the membrane may not retain small proteins (< 10kDa), 

and large proteins (> 140kDa) may not be transferred to the membrane (Ghosh, Gilda and 

Gomes, 2014). 
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1.2.3. Mass spectrometry 

Mass spectrometry-based techniques are widely used in analytical chemistry since they 

were developed more than a hundred years ago. Applications in proteomics came with 

development of soft ionization techniques in the 1980s (Cañas Montalvo et al., 2006). 

Currently, MALDI (matrix-assisted laser desorption/ionization; Karas and Hillenkamp, 1988) 

and ESI (electrospray ionization; Yamashita and Fenn, 1984) are used for protein analysis. 

Since 1980s, these two ionization techniques have remained the most important methods for 

ionization of biomolecules in mass spectrometry applications. In MALDI, the analyte is spotted 

to a MALDI plate with a typically acidic matrix that strongly absorbs UV light. The molecules 

are excited by a short laser pulse; parts of the matrix are heated rapidly and are vaporized and 

ionized together with the analyte. In ESI, an electric field is applied to the analyte solution 

flowing through the capillary. At the fine tip of the capillary, the liquid is emitted towards the 

counter electrode. The solvent evaporates, the droplet size decreases, and this results in a 

Coulomb explosion and smaller droplets with charged ions are generated (Nadler et al., 2017). 

The complementarity of these two ionization techniques has been reported (Medzihradszky et 

al., 2001; Nadler et al., 2017). Each ionization technique allows the detection of significantly 

different peptides. Differences between the resulting peptide sets were observed with respect to 

amino acid composition, charge-related parameters, hydrophobicity, and modifications of the 

detected peptides (Nadler et al., 2017). Several mass analyzers, such as ion trap (IT) a 

quadrupole (Paul and Steinwedel, 1953), time-of-flight mass spectrometer (TOF; Wiley and 

McLaren, 1955), mass reflectron time-of-flight mass spectrometer (Mamyrin et al., 1973), 

Fourier transform ion cyclotron resonance spectroscopy (FT-ICR; Comisarow and Marshall, 

1974), Orbitrap (Makarov, 2000) could be used and combined to gain the best results and 

optimal resolution and sensitivity. Liquid chromatography (LC) coupled to tandem mass 

spectrometry (called LC-MS/MS) is widely used to achieve efficient separation of biological 

materials and sensitive identification of individual components by mass spectrometry. This is a 

powerful strategy for the analysis of peptides and proteins. Electrospray ionization technique is 

used to combine liquid chromatography with mass spectrometry. In a typical LC-MS/MS 

experiment, the analyte is eluted from the reverse phase column to separate the peptides by 

hydrophobicity and is ionized and transferred with high efficiency to a mass spectrometer for 

analysis. Prior to LC-MS/MS, methods such as 1-D or 2-D electrophoresis, 

immunoprecipitation, or other protein purification techniques could be used to obtain better 

results (Mann, Hendrickson and Pandey, 2001). 
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1.2.3.1. Shotgun proteomics 

Shotgun proteomics is most frequently used approach for biomarker identification using 

mass spectrometry methods. Shotgun proteomics is an approach in which a protein mixture is 

proteolytically cleaved to obtain a mixture of peptides, which is then separated by single- or 

multi- dimensional high-pressure liquid chromatography (LC or LC/LC) and identified by 

tandem mass spectrometry (MS/MS) analysis. This approach is suitable for complex samples. 

Despite gel-based techniques, shotgun proteomics shows advantages in speed, sensitivity, scope 

of analysis, and dynamic range. However, in the case of complex protein samples, shotgun 

proteomics is usually combined with pre-processing by gel-based methods. Despite the fact that 

these approaches are strong and constantly improving, there is no approach that can detect all 

proteomic challenges (McDonald and Yates, 2002). 

 

1.2.3.2. Data acquisition modes 

Data-dependent acquisition (DDA) has been widely used in proteomics since the beginning 

of this millennium. In DDA, the subset of the most abundant ions reaching the mass 

spectrometer detector during the MS1 scan is individually isolated and fragmented in the MS2 

sequential scans, and each MS2 scan can be analyzed using a database search algorithm. Recent 

improvements in mass spectrometer design and bioinformatics algorithms have resulted in the 

rediscovery and development of data-independent acquisition (DIA), which is able to sample 

each peptide in a protein digest in a comprehensive and repeatable manner and create a complex 

set of mass spectra that is usually interpreted by external spectral libraries (Wolf-Yadlin, Hu 

and Noble, 2016). 

 

1.2.3.3. Orbitrap technology in shotgun proteomics 

Orbitrap mass spectrometry is the latest technology in mass analysis, which has led to 

increased selectivity and reliability of analyzes and is still evolving. The measurements provide 

accurate mass and high resolution, and these properties are similar to FT ICR instrumentation. 

The Fourier transformation is also used in Orbitrap to obtain oscillation frequencies for ions 

with different masses, which leads to an accurate reading of their m/z (Scigelova and Makarov, 

2006; Zubarev and Makarov, 2013). The Orbitrap mass spectrometer allowed high coverage 

proteome analyzes. Draft map of the human proteome was identified using Orbitrap technology. 

The proteomic profile was analyzed from 30 histologically normal human samples, including 

17 adult tissues, 7 fetal tissues, and 6 purified primary hematopoietic cells. In this study, a 

complex mixture of peptides obtained by tryptic digestion of gel bands from SDS–PAGE or 
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basic RPLC fractions was separated on a micro-capillary RPLC column, ionized by nanoflow 

electrospray ionization and analyzed on LTQ-Orbitrap Elite or LTQ-Orbitrap Velos mass 

spectrometers using HCD fragmentation. The analysis resulted in the identification of 17,294 

genes, which is approximately 84% of the total annotated genes encoding proteins in humans 

(Kim et al., 2014). In-depth proteomic analyzes that have identified more than 5000 proteins in 

samples usually require long nano-spray HPLC columns (>50 cm) and long MS machine run 

times (up to several days or more per sample run). Thus, the effort has led to a faster and more 

convenient method for deep proteome analysis of large-scale samples. One step towards better 

identification technology was the introduction of the Orbitrap Fusion, the first model of the 

Orbitrap tribrid mass spectrometer. Using Orbitrap Fusion, the approach for deep proteome 

analysis was optimized. With the optimized method and off-line high pH separation, more than 

5000 proteins were identified using an in-house packed 10 cm C18 RP column in a single one 

hour LC-MS run and 8493 proteins with 6 orders of dynamic range in only 10 hours of MS run 

time in HeLa cells. More than 4500 phosphopeptides were identified in one hour LC-MS run 

after optimization. These results supported the fact that Orbitrap Fusion technology with an 

optimized method is suitable for system-wide proteomic profiling and protein post-translational 

modification studies and would facilitate the discovery of proteomic biomarkers (Nie et al., 

2016). Orbitrap technology is still evolving; the latest technology is called Orbitrap Exploris, 

which is quadrupole-orbitrap mass spectrometer. This instrument is equipped with a front-end 

High Field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS) interface which acts 

as an ion selection device and an electrospray filter that prevents neutrals from entering the 

orifice of the mass spectrometer while reducing chemical background noise. The FAIMS 

interface increases the sensitivity and number of identifications. It has also been designed for 

in-depth proteome profiling and single cell proteomics with high sensitivity and high proteome 

coverage. Both data-dependent acquisition (DDA) and data-independent acquisition (DIA) can 

be performed. In the case of the DDA approach in combination with FAIMS, more proteins but 

fewer peptides were identified (i.e. resulting in lower sequence coverage), while in the case of 

DIA more proteins were identified and the number of peptide identifications was maintained 

(Bekker-Jensen et al., 2020). 

 

1.2.3.4. Targeted proteomics 

Targeted proteomics methods are used to complement shotgun proteomics as a next step 

to validate potential biomarkers (Lange et al., 2008). Targeted proteomics detects proteins of 

interest with high sensitivity, quantitative accuracy and reproducibility. The triple quadrupole 
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mass spectrometer which was originally developed in the late 1970s still remains a widely used 

tool in targeted proteomics. The triple quadrupole is used for an approach called Selected 

Reaction Monitoring (SRM), also known as Multiple Reaction Monitoring (MRM), which 

focuses on a mass spectrometer to detect a preselected group of analytes. It is possible to detect 

even several thousand peptides in a single sample. A thousands of samples could be analyzed 

using this approach (Marx, 2013). 

Multiple reaction monitoring (MRM) LC-MS/MS has been the standard for targeted 

proteomics when accurate quantification and validation were the main objectives (Wolf-Yadlin, 

Hu and Noble, 2016). Sensitivity and reproducibility are the main advantages of MRM, and 

once MRM assays are generated, it is much faster than a typical discovery-based experiment 

(Marx, 2013). Selectivity and dynamic range is another advantage of this approach and it is 

possible to detect low-abundance proteins in highly complex mixtures (Lange et al., 2008). 

There was an evidence of MRM analysis in 1978 when the method was applied for direct 

analysis of metabolites in complex samples. Here, the mass-analyzed ion kinetic energy 

(MIKE) spectrometry was used and fragmentation spectra for MS/MS were obtained by 

collision induced dissociation (Kondrat, McClusky and Cooks, 1978). In the MRM experiment, 

a predefined precursor ion and one of its fragments are selected by the two mass filters of a 

triple quadrupole instrument and monitored over time for accurate quantification. A series of 

transitions (which means precursor and fragment ion pairs) in combination with the retention 

time of the targeted peptide are set in the assay. The first and the third quadrupoles are used as 

filters to specifically select predefined m/z values corresponding to the peptide ion and the 

specific fragment ion of the peptide, and the second quadrupole serves as a collision cell (Lange 

et al., 2008). 

Using the DIA approach, parallel reaction monitoring (PRM) has been introduced as a 

newer version of MRM (Wolf-Yadlin, Hu and Noble, 2016). This approach was developed for 

a new generation of quadrupole-equipped high resolution and accurate mass instruments such 

as the quadrupole equipped Orbitrap MS. In the PRM experiment, all products of a target 

peptide are simultaneously monitored under conditions that offer high resolution and high mass 

accuracy. The precursor selection and fragmentation in the collision cell is performed in the 

same way as in the case of MRM. However, the PRM monitors all product ions of a mass-

selected peptide target in parallel with a single ion injection and full mass range by Orbitrap 

mass analysis. Spectra are highly specific because all potential product ions of a peptide are 

monitored instead of just 3–5 transitions, which allowed a higher probability of peptide 

identification. Then, higher resolution and scanning of full fragmentation spectrum allowed 
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better chance to distinguish the co-isolated background peptides. It is not necessary to preselect 

the target transitions before analysis. Much of the effort required to develop and optimize the 

traditional MRM assay is eliminated in PRM. Data analysis of the PRM results is facilitated 

and automated compared to MRM. Additionally, PRM provided quantitative data in a wider 

dynamic range than the MRM method (Peterson et al., 2012). A sometime before the 

publication of PRM method, a DIA approach was developed on a LTQ-Orbitrap instrument 

without a quadrupole. In this so-called Fourier Transform-All Reaction Monitoring (FT-ARM), 

the need for precursor mass selection was replaced with high-resolution mass measurement on 

all fragment ions. The ions are not physically filtered during the analysis as in the MRM assay. 

All ions are fragmented at each scan during LC separation to give a total ion chromatogram and 

complex fragmentation spectrum of all ions is performed and compared to hypothetical peptide 

fragmentation spectra (Weisbrod et al., 2012). 

Another approach using the DIA acquisition is SWATH analysis (Marx, 2013). In this 

approach, data were acquired on a fast, high resolution quadrupole-quadrupole time-of-flight 

(TOF) instrument by repeated cycling through 32 consecutive 25-Da precursor isolation 

windows (swaths). The analysis consists of the consecutive acquisition of high resolution, 

accurate mass fragment ion spectra during the entire chromatographic elution (retention time) 

range by repeated stepping through 32 discrete precursor isolation windows of 25-Da width 

across the 400 –1200 m/z range. In a single sample injection, time-resolved fragment ion spectra 

are recorded for all analytes detectable within this precursor range and in a user-defined 

retention window. A series of isolation windows acquired for a given precursor mass range and 

across the LC is referred to as a swath. The cycle time is defined as the time required returning 

to the acquisition of the same precursor isolation window. This method combines the 

advantages of quantifying of as many compounds as those typically identified by conventional 

shotgun proteomics, with the accuracy and reproducibility of MRM across many samples 

(Gillet et al., 2012). 

 

1.2.3.5. Quantitative mass spectrometry 

It is possible to introduce methods of absolute and relative quantification. Absolute 

quantification employed preparation of synthetic peptides and is basically used for targeted 

proteomics. Relative quantification methods include metabolic labeling of proteins in cell 

culture, and chemical reagent labeling of proteins in a sample or cell lysate is commonly used 

for shotgun proteomic analysis (Gygi et al., 1999; Ong et al., 2002; Gerber et al., 2003; 

Thompson et al., 2003; Ross et al., 2004; Choe et al., 2007).  



22 
 

The absolute quantification of proteins and their modification states is called AQUA. 

Peptides are synthesized with stable isotopes (13C or 15N) incorporated as ideal internal 

standards to mimic native peptides generated by proteolysis. These synthetic peptides can also 

be prepared by post-translational modification. The synthetic internal standard peptides are then 

used to accurately and quantitatively measure the absolute levels of proteins and post-

translationally modified proteins after proteolysis using a selected reaction monitoring analysis 

in a tandem mass spectrometer (Gerber et al., 2003).  

A method of quantitative proteomics based on stable isotope quantification called SILAC 

was designed for the metabolic in vivo incorporation of specific amino acids into all mammalian 

proteins. Mammalian cell lines are grown in standard growth media and in parallel, in media 

lacking a standard essential amino acid, but supplemented with a non-radioactive, isotopically 

labeled form of this amino acid. It was shown that there is no difference in cell morphology, 

doubling time, and the ability to distinguish between cells grown with a standard or modified 

amino acid. Complete incorporation of the modified amino acid occurred after five doublings 

in the cell lines and proteins. Cells from experimental and control samples are mixed in 1:1 

ratio immediately after harvesting. This method is widely used for mass spectrometric 

identification and relative quantitation of changes in complex protein mixtures. Originally, the 

method was published using deuterated leucine (Leu-d3) as an isotopically labeled form of the 

amino acid (Ong et al., 2002). Later, 13C6-labeled arginine was used rather than Leu-d3 in the 

SILAC method (Ong, Kratchmarova and Mann, 2003). Several SILAC amino acids could be 

used and are commercially available with different numbers of 13C, 15N or 2H. Amino acids 

labeled by 13C and 15N are more expensive, however, they can simplify data analysis because 

the SILAC pairs do not separate as much in LC–MS. Ideally, the SILAC amino acid should be 

essential for survival of the cultured cells, because in this case the heavy amino acid in media 

is the only source of that particular amino acid. Leucine, lysine and methionine are the essential 

amino acids that have been used in SILAC. Arginine is not an essential amino acid, but it is 

mostly obtained through diet in whole organisms and has been shown to be essential in many 

cultured cell lines. Thus, arginine and has been successfully used for SILAC labeling (Ong and 

Mann, 2007). For comparative analysis of prostate cancer cells with varying metastatic 

potential, 12C6- or 13C6- l-lysine was introduced (Everley et al., 2004). A combination of 13C6-

arginine and 13C6-lysine is usually used as well. This approach has also been extended to the 

quantification of phosphoproteins (Ibarrola et al., 2003; Zhang and Neubert, 2009). For 

identification and quantification of in vivo methylation sites, labeling with [13CD3] methionine 

was implemented. Heavy [13CD3] methionine is converted intracellularly to [13CD3] S-adenosyl 
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methionine which transfers the heavy methyl groups to methyl acceptors such as proteins. 

Heavy methyl groups are fully incorporated into methylation sites in vivo, and thus directly 

label the post-translational modified methyl sites (Ong, Mittler and Mann, 2004). 

Isotopic labels in proteomics were for the first time used for bacterial proteins analysis, 

where uniformly 15N-labeled (>96%) rich cell growth media was used for labeling. This 

approach has led to the incorporation of 15N into all amino acids in bacterial proteins (Oda et 

al., 1999; Lahm and Langen, 2000). However, this method is limited to use in case of 

microorganisms because 15N-substituted media are difficult and expensive to make for 

mammalian system. Another limitation of 15N-label is that the degree of incorporation is not 

necessarily 100% and interpretation of the resulting mass spectra would be difficult (Ong et al., 

2002). 

The first of the approaches based on chemical reagents was termed isotope-coded affinity 

tags (ICAT) and protein identification and quantification by tandem mass spectrometry. 

Isotope-coded affinity tags (ICAT) is composed of three functional elements: a specific 

chemical reactivity, an isotopically coded linker, and an affinity tag. The cysteines in proteins 

are reduced and the tag is bound via a specific chemical reactivity group with specificity toward 

sulfhydryl groups. One sample is derivatized with the isotopically light form of the ICAT 

reagent, the second with the isotopically heavy reagent. The two samples are combined and 

enzymatically cleaved to generate peptides. The tagged (cysteine-containing) peptides are 

isolated by affinity chromatography and the isolated peptides are separated and analyzed by 

LC-MS/MS. However, the main disadvantage of this approach is that only highly abundant 

proteins are detected when complex sample such as total lysate is measured and is limited to 

cysteine-containing peptides (Gygi et al., 1999). 

Amine-reactive isobaric tagging reagents were developed for multiplex analysis where 

more than two samples should be compared. The derivatized peptides are indistinguishable in 

MS, but exhibit intense low-mass MS/MS signature ions that support quantitation. Up to 4-fold 

multiplexing was enabled simultaneously for relative protein measurements. An isobaric 

reagent consists of amine reactive group and isobaric tag. During MS2, the isobaric tag is 

fragmented to the reporter group, which ranges in mass from m/z 114.1 to 117.1, and a balance 

group which makes the mass constant (145.1 Da) when bound to peptide, and is lost during the 

MS2 as a neutral loss. The tags are added to tryptic digest to label the peptides. The option to 

determinate absolute levels of a target protein was reported using the comparative analysis of 

three peptide mixture labeled with 114, 115 and 116 tag and synthetic peptide standards labeled 

with 117 isobaric tag (Ross et al., 2004). This new class of isobaric reagents was 
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commercialized by the same group at Applied Biosystems in 2004 as iTRAQ™ Reagents 

(Zieske, 2006). An 8-plex version of an isobaric reagent for the quantitation of proteins using 

shotgun methods was published by the same group which developed iTRAQ labels. The 8-plex 

version of the reagent was based on amine-labeling chemistry of peptides similar to 4-plex 

reagents. Reporter ions for MS/MS were used at 113, 114, 115, 116, 117, 118, 119, and 121 

m/z are used to quantify protein expression in cerebrospinal fluid of subjects undergoing 

intravenous immunoglobulin treatment for Alzheimer’s disease (Choe et al., 2007). 

A quantification strategy for comparative analysis of complex protein mixtures by MS/MS 

isotopomer labels, referred to as tandem mass tags (TMT). These tags have the same overall 

mass and are designed to ensure that identical peptides labeled with different TMTs exactly 

comigrate in all separations. Each tag comprises a sensitization group and a mass differentiated 

group that together comprises the TMT fragment that is actually detected. The TMT fragment 

is linked to a mass-normalization group that ensures that each tag in a pair of tags shares the 

same overall mass and atomic composition. The first and second generation tags are 

distinguished by the presence of an additional fragmentation-enhancing group, proline, in the 

second generation tag. The tags will additionally comprise a reactive functionality to enable the 

tag to be coupled to any peptide. These tags were originally developed for differential analysis 

of two samples (Thompson et al., 2003). The peptides are also labeled by TMT after proteolytic 

digestion (Dayon et al., 2008). The TMT fragment is detached from a mass-normalization group 

during MS fragmentation by CID (Thompson et al., 2003). During MS/MS fragmentation, 

quantification information is obtained through the losses of the reporter ions. Firstly, 6-plex 

isobaric mass tagging technology was performed with respective reporter ions at m/z 126.1, 

127.1, 128.1, 129.1, 130.1 and 131.1 (Dayon et al., 2008). Up to date, the standard TMT labels 

with dimethylpiperidine reporter are used up to 11-plex assays. Recently, the TMTpro reagents 

were synthesized for multiplexing up to 16 samples.  The new reporter structure provided a set 

of 16 tags for use with resolution of 6.3 mDa mass differences in high-resolution mass 

spectrometers and a set of 9 reagents with 1 Da spacing between reporter ions for single dalton 

analysis using 9 heavy nuclei per tag (Thompson et al., 2019). Using 16 isobaric reagents based 

on an isobutyl-proline immonium ion reporter structure (TMTpro), more than 8,800 proteins 

per replicate were quantified with an analysis time of only 1.1 h per proteome. These reagents 

have similar characteristics to existing tandem mass tag reagents but with increased 

fragmentation efficiency and signal. The use of TMTpro reagents led to quantification with no 

missing values across the 16 samples and no loss in quantitative integrity (Li et al., 2020). The 

method using 27-plex TMT was described combining commercially available TMT 11-plex 
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and TMTpro 16-plex. Labeling with TMT reagents was coupled with two-dimensional liquid 

chromatography (LC/LC) for extensive peptide fractionation and high-resolution tandem mass 

spectrometry (MS/MS) for peptide quantification and the approach was applied to evaluate the 

complex human brain proteome of Alzheimer’s disease (Wang et al., 2020).  

Despite the recent advances in the field of isotope labeling methods, these methods have 

some limitations such as increased time and complexity of sample preparation, the requirement 

for higher sample concentration, high cost of the reagents or incomplete labeling (Zhu, Smith 

and Huang, 2010). Therefore, the methods of label-free proteomics are still widely used. 

One of the label-free approaches is the measurement of ion intensity changes based on 

peptide peak areas or peak heights in chromatography. The second methodology is based on 

the spectral counting of identified proteins after MS/MS analysis. Peptide peak intensity or 

spectral count is measured for individual LC-MS/MS or LC/LC-MS/MS runs and changes in 

protein abundance are calculated via a direct comparison between different analyses (Zhu, 

Smith and Huang, 2010). 
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1.2.4. Drug Affinity Responsive Target Stability (DARTS) 

A method, drug affinity responsive target stability (DARTS) was described for identifying 

molecular targets, global mapping of protein–metabolite interaction networks and in the label-

free screening of unlimited varieties of compounds for development as molecular imaging 

agents (Lomenick et al., 2009). In the context of the thesis, DARTS was used for validation of 

the biomarker of the treatment response. 

The method is based on a reduction in the protease susceptibility of the target protein upon 

drug binding. The both, protein in complex with small molecule and protein alone are lysed by 

protease. When a small molecule compound is bound to a protein, the interaction stabilizes the 

target protein’s structure and thus, the protein becomes protease resistant and no proteolysis 

occurs. In the case of protein without small molecule bound, nothing is protected and the protein 

is digested. The two variants are always performed, one with small molecule and the second 

serves as control (without small molecule). The differences are compared with the methods 

such as Western blotting, SDS-PAGE, 2D-PAGE, and gel-free or gel-based mass spectrometry 

proteomics. The use of DARTS method is universal because is independent of the mechanism 

of drug action and it is not limited by synthetic chemistry, which means that it does not require 

modification or immobilization of the small molecule. Additionally, the DARTS is applicable 

to any sample, from pure proteins to complex protein mixture while there is no need to reduce 

sample complexity (Lomenick et al., 2009, 2011).  
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1.3. Identification of protein biomarkers of the diseases 

 

1.3.1. Introduction to identification of protein biomarkers of the diseases 

The vision of biomedical and translational science is to discover diagnostic and prognostic 

biomarkers of almost all diseases including cancer, cardiovascular and neurodegenerative 

diseases. This is facilitated using high‐throughput ‐omics technologies such as genomics, 

epigenomics, transcriptomics, and proteomics. Using these approaches, the analyses resulted in 

obtaining a global profile of genes, mRNA, and proteins and distinguishing healthy condition 

from the disease (Drabovich, Martínez-Morillo and Diamandis, 2019). Additionally, single-cell 

omics methods can play an important role in cancer biomarker research. It is evident that 

individual tissues, especially tumor tissues, are heterogeneous structures. Continuing 

advancements in single-cell technology can lead to the identification of intra-tumor changes 

and to the development of more personalized cancer treatment  (Ortega et al., 2017).  

Biomarker discovery is a very perspective field of scientific work and the number of 

publications uncovering potential biomarkers is continuously increasing. However, the number 

of biomarkers approved by the USA Food and Drug Administration (FDA) is still low. For 

instance, no major cancer biomarker for screening or early diagnosis was approved by FDA in 

the last 25 years. Only a few biomarkers could satisfy the requirements for the ideal biomarker. 

The major problem is low specificity (Drabovich, Martínez-Morillo and Diamandis, 2019). 

Prostate specific antigen could serve as a good example. Prostate specific antigen (PSA), which 

is nowadays used in clinical practice, was approved by FDA in 1986 to monitor prostate cancer 

and in 1994 PSA was approved as a tool for prostate cancer detection in men older than 50 

years. The screening of PSA has significantly increased the detection of prostate cancer 

(Duskova and Vesely, 2015). Prostate specific antigen is used as a marker for prostate cancer 

screening, monitoring of treatment efficacy and prediction of cancer recurrence (Freedland et 

al., 2003). Expression of PSA is prostate gland specific but it is increased in many both 

malignant and benign diseases (Duskova and Vesely, 2015). Elevated expression of PSA was 

detected in inflammatory prostate diseases (Azab, Osama and Rafaat, 2012). Another example 

is human epididymis protein 4 (HE4) which was found to be highly expressed in the early stages 

of ovarian cancer. Human epididymis protein 4 was described as a promising marker of the 

early diagnosis and potential important early indicator of the recurrence of the disease. The 

patients with ovarian cancer demonstrated high levels of HE4 with 96.9% sensitivity and there 

was 3.7% positivity in the other pathologies (Anastasi et al., 2010). However, HE4 was 
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approved by the FDA only for monitoring of the cancer recurrence (Drabovich, Martínez-

Morillo and Diamandis, 2019). 

The biomarker identification is a multistep process beginning with gene transcript or 

protein identification and candidate qualification, continuing with verification, development of 

pre-clinical assay, clinical validation and is terminated with assay approval by health agencies. 

The integrated processes protein identification and candidate qualification provide dozens of 

candidate proteins for the verification phase. The sensitive, complicated and low-throughput 

technologies are displaced by easy and high-throughput techniques and the number of patients 

samples increasing towards the end of the whole process. The whole process timeline could 

exceed many years and its cost could include millions of dollars (Drabovich, Martínez-Morillo 

and Diamandis, 2019). 
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1.3.2. Biological matrices which could serve as a source of biomarkers 

The tumor tissue itself is good, but still limited, tool for cancer diagnosis. Nevertheless, the 

tumor biopsy remains the gold standard for cancer detection, analysis of suspicious mass, 

diagnosis and possible treatment indications. Tissue biopsy could be performed only in the case 

that the tumor mass is visible, so the detection is not as early as needed and thus the probability 

of treatment success is potentially decreased. Other complications include that the tissue 

biopsies are invasive, cause pain and distress for the patients and that certain tumors are not 

accessible to biopsies because of it locations. The subsequent analysis of tissue biopsy is 

complicated because of tumor tissue heterogeneity (Mannelli, 2019).  

The biomarker research of tumor biopsies includes mainly the analysis of formalin‐fixed 

paraffin‐embedded (FFPE) tissue which is stable over time and is usually associated with rich 

clinical and phenotypic data. Analysis of FFPE tissue samples was performed on the genomic, 

transcriptomic and proteomic levels. Immunohistochemistry (IHC) is the widely used method 

for protein analysis on FFPE tissue samples. Immunohistochemical analysis is applied for FFPE 

samples since 1991 when the heat‐induced antigen retrieval (HIAR) technique for IHC assay 

was developed (Zhu et al., 2019). Since then, recombinant antibody microarrays for sensitive 

and multiplex protein expression profiling were developed (Pauly et al., 2013) as well as several 

mass spectrometric approaches (Nazarian et al., 2008; Byrum et al., 2011; Holub et al., 2019; 

Zhu et al., 2019). The high-throughput proteomic analyses are used, these include recently 

developed a PCT – SWATH (Pressure Cycling Technology – Sequential Windowed 

Acquisition of All Theoretical Fragment Ion) mass spectrometry workflow (Zhu et al., 2019). 

The data dependent analysis on the Orbitrap Elite Hybrid Ion Trap-Orbitrap mass spectrometer 

was successfully used for amyloid typing in FFPE tissue samples (Holub et al., 2019).  

The barriers of tissue biopsies could be overcome by the liquid biopsies which mean the 

analysis of body fluids. Liquid biopsy is less invasive and could be implemented in the clinical 

setting for screenings, diagnosis, and targeted therapies and to monitor disease evolution and 

progression. The most common kind of liquid biopsy is the analysis of circulating tumor DNA 

(ctDNA) in the blood (Mannelli, 2019). 

Blood is generally the most common body fluid used for biomarker identification. It is 

because of the simplicity of obtaining blood samples. However, identifying protein biomarkers 

from blood show limits which are the consequence of blood sample complexity. Serum and 

plasma are very complex mixtures of proteins and some of them are very abundant. The most 

abundant proteins form 95% of the total protein amount but only 0.1% of total protein species. 

Thus, the detection of low abundant biomarkers will be difficult and the strategies to reduce the 
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serum or plasma complexity are usually introduced (Tessitore et al., 2013). Additionally, the 

blood is not organ specific and each organ secretes the specific body fluid where the biomarker 

concentration should be higher than in human blood. Among these specific body fluids, urine, 

sputum, sperm, cervical mucus, cerebrospinal fluid, pancreatic juice, bile, amniotic fluid, tears, 

saliva, nasal mucus, bronchoalveolar lavage or exhaled breath condensate could be mentioned. 

Some of them such as cerebrospinal fluid, amniotic fluid or bronchoalveolar lavage are used in 

clinics nowadays but the collection is invasive, not pleasant for patients and can be 

accompanied by serious complications. Therefore, intensive research work is conducted to 

develop non-invasive methods for biomarker detection. The experimental part of this thesis and 

related articles are focused on non-invasive collection and analysis of exhaled breath 

condensate as a promising source of biomarkers of respiratory diseases. Thus, the exhaled 

breath condensate analysis will be further described in detail.  
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1.3.3. Exhaled breath condensate analysis 

The collection of exhaled breath condensate is a non-invasive and easy method to obtain 

lung samples from human adults as well as preschool children (Horváth et al., 2005; Rosias et 

al., 2008). When collected, exhaled breath is directed through a cooling device, resulting in a 

liquid or solid phase accumulation of exhaled breath constituents depending on the condenser 

temperature. It is a safe method, while no adverse events have been reported in over 10,000 

measurements performed in different laboratories with different devices (Horváth et al., 2005). 

In this thesis, the EcoScreen® collection device and TurboDECCS device was used (Figure 1). 

TurboDECCS consists of a portable Turbo Unit (Turbo is an acronym for Transportable Unit 

for Research of Biomarkers Obtained) and a Disposable Exhaled Condensate Collection System 

(DECCS). DECCS is equipped with a mouthpiece, a non-return valve, a tube, and a collecting 

cell inserted in an electrical cooling system of the Peltier type (Konstantinidi et al., 2015). 

 

 

Figure 1. Collection devices and sample collection. (A) EcoScreen® collection device,  

(B) TurboDECCS collection device, (C) sample collection using TurboDECCS device. The 

photos were taken in IMTM and Department of Pediatrics, respectively. 

 

Exhaled breath condensate (EBC) collection does not have any influence on lung function 

or mediator levels, and can be repeated several times with short intervals (minutes) between 

measurements (Horváth et al., 2005). The human adult is able to provide 1 – 3 ml of condensed 

breath during 10 minutes of quiet breathing. Most of the condensate consists of water vapor 

which is 99.9% of the condensate volume and the analytes are very diluted (Konstantinidi et 

al., 2015). Exhaled breath condensate also contains various volatile and nonvolatile molecules 

from the lower respiratory tract (Mutlu et al., 2001). This thesis is focused on protein 

biomarkers in EBC.  

The characterization of the EBC proteome is not easy even with very sensitive methods 

such as mass spectrometry. The low protein concentration is the major problem in the study of 
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the EBC proteome (Bloemen et al., 2009). One of the first EBC analyses was performed using 

high-resolution 2-D electrophoresis. The proteins in exhaled breath condensates were detected 

in subnanogram amounts. The proteins that were spotted are supposed to be a surfactant protein 

A (SP-A), complement C3 and albumin but no confirmation of the protein identity was done 

(Griese, Noss and Von Bredow, 2002). Cytokines and growth factors were detected in asthmatic 

children using enzymatic immunoassays (Shahid et al., 2002; Leung et al., 2005) and multiplex 

immunoassays (Rosias et al., 2008). The first study using mass spectrometry to analyze the 

proteome of EBC was done and published by Gianazza et al., 2004. They analyzed individual 

samples from 25 smokers compared to 21 non-smokers using 1D electrophoresis. Protein spots 

were detected by 1D and 2-D gel electrophoresis. For mass spectrometry analysis, the samples 

from each group (smoking and non-smoking) were pooled and analyzed by 2-D electrophoresis 

(2-DE), excised, in-gel digested and analyzed by HPLC-MS / Q-TOF mass spectrometer, 

resulting in the identification of human keratins (cytokeratin 9 and cytokeratin 1), while some 

2-DE spots remained unidentified. The study was not able to distinguish smokers from non-

smokers based on proteins identified by MS. Gel electrophoresis showed that smokers' breath 

condensate samples are more abundant in proteins compared to nonsmokers (Gianazza et al., 

2004). The presence of cytokeratins (CK) was confirmed by another study involving the 

identification of three cytokeratins: CK-2, 9 and 10 in 30 mechanically ventilated patients and 

ten healthy volunteers. Gel electrophoretic analysis was performed and specific bands that 

distinguished patients from controls were evaluated by MALDI-TOF MS (Gessner et al., 2008). 

Cytokeratin identification was the result of SELDI-TOF MS analysis in 20 patients with 

pulmonary emphysema (associated with α1 antitrypsin deficiency) and 25 non-smoking 

volunteers with peaks corresponding to CK-10, 9 and 1. Protein profiles also evidenced some 

less intensive peaks of interleukin 15, 2, and γ- interferon. No signals corresponding to proteins 

were identified in the EBC of the individual controls. Some peaks were described (5 ± 1 peak), 

but no protein was reported, in the pooled controls (Fumagalli et al., 2008). It has been 

hypothesized that the presence of cytokeratins is caused by mechanical stress and may be a 

marker of lung injury (Fumagalli et al., 2008; Gessner et al., 2008). In another study in patients 

with pulmonary emphysema, samples were analyzed by 1D electrophoresis followed by in-gel 

digestion and HPLC/MS analysis (HPLC/ESI-ION TRAP LCQ-Advantage). This approach, 

like the previous study, showed poor MS signal quality and the search against human protein 

database was not successful. Furthermore, protein separation was performed by 2-DE for each 

individual and for pooled sample consisting of three controls; differential spots were identified 

by HPLC/MS as cytokeratins. Where 2-DE failed to delineate the complete protein profile, 
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protein coverage in each sample was improved by using µ-HPLC fractionation. In-solution 

trypsin digestion of separately collected peaks allowed obtaining additional information on the 

number of cytokeratins present in each patient's EBC. All analyses performed in this study 

revealed that cytokeratins were observed in all twenty patient samples, but were not detected in 

controls unless the controls were pooled from at least three individuals (Fumagalli et al., 2008). 

The methods for characterization of EBC proteome are constantly improving and protein 

biomarkers of lung diseases in the EBC are currently uncovered by number of scientific groups. 

Efforts to characterize the EBC proteome and suggest biomarkers of various lung diseases are 

described in detail below. A summary of recently proposed biomarkers in the EBC is provided 

(Table 1).  
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Table 1: A summary of proteins identified in the EBC of healthy subjects and patients with various lung diseases published to date. 

disease Proteins comment reference 

healthy 

subjects 

cytokeratins; calgranulin A and B; hemoglobin; lysozyme C  Bloemen et al., 2009 

cytokeratins: CK 1, 2, 5, 6, 9, 10, 14, 16, 17, 25, keratin type II; dermcidin; prostaglandin H2 D-isomerase; cystatin A; α1-

microglobulin/bikunin precursor; ubiquitin 
 Kurova et al., 2009 

cytokeratins: CK 1, 2, 9, 6B, 5, 16, 14, 17, 10, 13, 18, 23, Hb6, 1b, 3, 4, 72, 78, 79, 80; actin; cystatin; desmoplakin; 

filaggrin; hornerin; calgranulin; zinc-alpha-2-glycoprotein 
 Muccilli et al., 2015 

cytokeratins; serpin B3; fatty acid-binding protein; cystatin A; mucin 5B; DMBT1 protein; α-1-antitrypsin; lysozyme; 

lactoferrin 
 Lacombe et al., 2018 

albumin; surfactant proteins (including SP-A); various immunoglobulins; serotransferrin; Clara cell protein (CC16); 

lysozyme C; proteases and inhibitors (including α1-antitrypsin); annexins; complement factors 
 Bredberg et al., 2012 

asthma cytokeratins: CK 1, 2, 9, 10, 5, 6, 8, 14, 16; albumin; actin; hemoglobin; lysozyme; dermcidin; calgranulin B 
not asthma specific, present 

both in asthma and controls 
Bloemen et al., 2011 

COPD 

 

type I cytokeratins: CK 9, 14, 26; type II cytokeratins: CK 1, 2, 5, 6B; inflammatory cytokines: IL-1α, IL-1β, IL-2, IL-12 α 

and β subunits, IL-15, interferon α and γ; tumor necrosis factor α; complement C3 

predominant in EBC of 

patients 
Fumagalli et al., 2012 

fibroblast growth factor receptor 4; sushi domain-containing protein; cytoplasmic actin 1; LIM domain containing 

preferred translocation partner in lipoma isoform CRA_e; tropomodulin-2; spondin-1; tubulin β-chain; glutamine-tRNA 

ligase; histone H1.0; 60S ribosomal protein L24; heterochromatin protein 1-binding protein 3; filamin-A; cysteine and 

glycine-rich protein 2; vinexin; transcriptional coactivator YAP1 

upregulated in patients 

 

Sun et al., 2019 

protein deglycase DJ-1; non-erythrocytic spectrin α-chain 1; T-complex protein 1 subunit β; tumor suppressor p53-binding 

protein; moesin; RWD domain-containing protein 4; inositol-3-phosphate synthase 1; heat shock cognate 71 kDa protein; 

polyubiquitin-C 

downregulated in patients 

intubated 

newborns 

keratins type I cytoskeletal: 9, 10, 12, 16, 18, 24; type II cytoskeletal 1, 1b, 2, 5 not specific for any group 

Kononikhin et al., 2017 

complement C4-B cluster; cluster of Ig-α-1 chain C region; vitronectin; basement membrane specific heparan sulfate 

proteoglycan core protein; prostaglandin-H2 D-isomerase; osteopontin; Ig κ-chain C region; fibronectin; clusterin; 

extracellular matrix protein 1; immunoglobulin J chain; prothrombin; α-2-HS-glycoprotein; cluster of Ig mu chain C region 

elevated in pneumonia 

 

dermcidin; cystatin A; calmodulin-like protein 5; cluster of ubiquitin-40S ribosomal protein S27a; caspase 14; protein 

Shroom3; mucin-like protein 1; suprabasin; protein S100-A7; prolactin inducible protein; thioredoxin 
elevated in LCDH 

astronauts 

after the 

spaceflights 

keratins: 1, 2, 5, 6A, 6C, 9, 10, 14; dermcidin identified in all samples 

Kononikhin et al., 2019 
caspase-14; desmoglein-1; desmoplakin; junction plakoglobin; keratin 6B; plakophilin-1; 14-3-3 protein sigma; protein-

glutamine gamma-glutamyltransferase K; protein-glutamine gamma-glutamyltransferase E; actin; cytoplasmic 2; tubulin 

alpha-1C chain; tubulin alpha-4A chain; tubulin beta chain; tubulin beta-8 chain; 14-3-3 protein zeta/delta 

typical for astronauts after 

spaceflights 

lung cancer 

mitochondrial pantothenate kinase 2; dihydropyrimidinase-related protein 2; dihydropyrimidinase-related protein 5; 

probable ATP-dependent RNA helicase DDX20; septin 7; mitochondrial ATPase inhibitor; TBC1 domain family member 

1; TBC1 domain family member 4; nuclear ubiquitous casein and cyclin-dependent kinase substrate 1; POTE ankyrin 

domain family member E; serine/arginine-rich splicing factors: 1, 3, 4, 6; WD-repeat-containing protein 13; synapsin-1; 

protein Spindly; BSD domain-containing protein 1; heat shock protein HSP 90-α 

increased in cancer patients 

 
Fedorchenko et al., 2016 

cytokeratins 6A, 6B, 6C; hemoglobin subunit β; histones: H2A, H2B, H4 increased in cancer patients López-Sánchez et al., 2017 

epidermal growth factor  increased in NSCLC patients Chen et al., 2019 
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1.3.3.1. Improvement of sample preparation and MS methods in groups of healthy subjects 

One of the improvements brought an approach with a gel-free method followed by 

MALDI-TOF MS. This study compared EBC from six healthy smokers and non-smokers. 

Proteomic MS analysis identified the more abundant proteins in smokers as cytokeratins, which 

were discussed as a sign of airway epithelial damage. In addition to cytokeratins, calgranulin A 

and B, hemoglobin and lysozyme C were also identified. Calgranulin B was specific marker of 

smokers (Bloemen et al., 2009). Similarly to the work of Gianazza et al., 2004, all identified 

proteins were more abundant in smokers compared to non-smokers. Compared to the most 

abundant protein, cytokeratin 10, the calgranulin B concentration was approximately 20 times 

lower, suggesting an improvement in the sensitivity of the used gel-free method (Bloemen et 

al., 2009). Cytokeratins and dermcidin were identified in another study using the gel-free 

method followed by HPLC-MS/MS with a 7-Tesla Finnigan LTQ-FT mass spectrometer. This 

study evaluated a breath condensate from 17 young healthy non-smoking donors. The MS 

revealed that the major identified proteins are cellular keratins. In addition to keratins, at least 

30% of condensate donors experienced dermcidin, prostaglandin H2 D-isomerase, α1-

microglobulin/bikunin precursor, ubiquitin and cystatin A. Proteome EBC samples obtained 

with and without a dust filter from three individuals were compared and the results were similar. 

Room air was collected and condensed for 5 h and 20 h and this analysis identified the 

contaminants which should be excluded (Kurova et al., 2009). Another research group 

(Muccilli et al., 2015) analyzed pooled EBC samples from nine healthy subjects. For relative 

quantification of the protein composition of the EBC, they used a high-resolution HPLC tandem 

mass spectrometry (Orbitrap Elite) method coupled with electrophoretic separation. This 

approach led to the identification of 167 unique gene products. Cytokeratins were again the 

most abundant proteins in EBC samples (Muccilli et al., 2015). In general, the cytokeratin 

profile was very similar to that described above (Kurova et al., 2009). In addition to keratins, 

some of the proteins including actin, cystatin, desmoplakin, filaggrin, hornerin, calgranulin, and 

zinc-alpha-2-glycoprotein are located at the epithelial lining level (Muccilli et al., 2015). In 

another study (Lacombe et al., 2018), condensates were collected from 20 healthy subjects, and 

two pooled samples from 10 individuals were analyzed. The pooled EBC samples were 

lyophilized, in-gel digested and analyzed by nanoLC-MS/MS LTQ-Orbitrap Velos Pro. A total 

of 229 unique proteins were identified in the two pooled EBC samples, 153 proteins were 

common to both pools. They also identified keratin major components of EBC and 10 

cytokeratins were reliably identified. Moreover, they identified 49 proteins expressed only in 

the respiratory tract, some are mainly expressed in the upper respiratory tract such as serpin B3, 
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others are more abundant in the lower pulmonary airways such as the fatty acid-binding protein, 

which is strongly expressed in the lung macrophages. Proteins such as cystatin A are expressed 

throughout the respiratory tract. Proteins present in airway mucus have been identified 

including mucin 5B, deleted in malignant brain tumors 1 (DMBT1) protein, α-1-antitrypsin, 

lysozyme and lactoferrin, which are the two most abundant antibacterial proteins, together with 

plenty of immune system proteins (Lacombe et al., 2018). In comparison with other studies 

employing pooled samples of healthy subjects, Lacombe’s group reported 27 proteins common 

in all 3 studies (Bredberg et al., 2012; Muccilli et al., 2015; Lacombe et al., 2018), 50 proteins 

common in Muccilli et al. study, 9 proteins common in Bredberg et al. study, and 59 unique 

proteins (Lacombe et al., 2018). Bredberg’s group collected not directly EBC but endogenous 

particles present in exhaled air. The individuals exhaled into a sampling device that uses a three-

stage impactor to collect endogenous particles. Samples collected from 6 healthy subjects in 

the first session and 10 healthy subjects in the second session were analyzed. Samples were 

analyzed by 1D SDS-PAGE, digested and measured by high-resolution HPLC/MS-LTQ-FT-

ICR (linear quadrupole ion trap - Fourier transform ion cyclotron resonance). 124 proteins were 

identified in 2 pooled samples (32 proteins in the first sample, 116 in the second sample, 24 

proteins common in both samples). There were no keratins and the most abundant proteins 

were: albumin, surfactant proteins (including SP-A), various immunoglobulins, serotransferrin, 

Clara cell protein (CC16), lysozyme C, proteases and inhibitors (including α1-antitrypsin), 

annexins and complement factors (Bredberg et al., 2012). Albumin and SP-A protein were 

confirmed in another study by ELISA (Larsson et al., 2012). 

 

1.3.3.2. Exhaled breath condensate analysis in patients with asthma, COPD and other 

specific groups such as mechanically ventilated newborns and cosmonauts after 

long-term spaceflights. 

Another milestone in the protein breath condensate was achieved by Bloemen et al. who 

analyzed 40 children with asthma and compared them to 30 healthy controls. EBC proteins 

were concentrated on reverse-phase POROSTM R2 beads, followed by tryptic cleavage into 

peptides and analyzed by MALDI TOF/TOF MS. The analysis was performed for individual 

samples in the study and, to identify as many proteins as possible additional pooled samples 

from healthy volunteers were analyzed using this approach. In order to focus on less abundant 

proteins, present in the samples, exclusion lists containing peptide masses of more abundant 

proteins have been used for which two positive matches have already been found. Additionally, 

inclusion lists containing the peptide masses selected in the pattern were used and the settings 
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were changed for different samples to obtain more identifications. Spectra from all samples 

were compared to the positive matches, to identify proteins based on the presence of masses 

and retention times. They tried to construct a model that could differentiate asthma patients and 

healthy controls based on proteolytic peptide pattern. By applying proteomics combined with 

support vector machine (SVM) statistical analysis, they were able to select a signature based 

on 10 peptide masses, making it possible to distinguish between partially or uncontrolled 

asthmatic patients and healthy controls. Moreover, a model based on 11 peptide masses was 

able to predict whether the overall pattern of abundance of these peptides more closely 

resembled the typical pattern observed in the control group or in the controlled patient group. 

Based on 14 peptides a 98% correct classification between all asthma patients and healthy 

controls was obtained. An attempt to distinguish between the five groups (suspicious asthma, 

controlled asthma, moderate asthma, uncontrolled asthma, and healthy individuals) using one 

model yielded no useful results, probably due to the inclusion of five different groups, which 

were all rather small. Regarding protein identification, the cytokeratins were found in most 

individual samples. Additionally, cytokeratins and some less abundant proteins, such as 

albumin, actin, hemoglobin, lysozyme, dermcidin, and calgranulin B, were identified in the 

pooled samples. In individual samples, corresponding peptides were present. Identification of 

these proteins was based, respectively, on a maximum 8, 3, 3, 3, 2, and 2 different peptides. 

However, none of these peptides could discriminate between the asthma group and controls 

(Bloemen et al., 2011). 

Concerning COPD patients, pooled samples of controls, chronic obstructive pulmonary 

disease (COPD) patients without emphysema and patients with pulmonary emphysema 

associated with α1-antitrypsin deficiency (AATD) were analyzed by gel-free approach. Samples 

were vacuum dried and prepared for HPLC-MS/MS measurement (LTQ mass spectrometer and 

LTQ Orbitrap mass spectrometer). All of the 44 proteins that were identified were found in the 

pool of healthy controls, 17 of them in COPD patients and 15 of them in AATD subjects 

(Fumagalli et al., 2012). The analysis with individual COPD patients (not samples pools) 

included 19 COPD patients and 19 healthy controls by matching with age, sex and smoking 

history was performed using tandem mass tags (TMT 6-plex) quantitative mass spectrometry 

(nano-UPLC-MS/MS- Orbitrap Q Exactive). This approach was used for the first time in the 

analysis of individual EBC samples. A total of 257 proteins were identified and 24 proteins 

were differentially expressed in COPD patients (Sun et al., 2019). These two studies differ in 

reported proteins. In pooled samples, the most abundant proteins found in LC-MS were some 

type I and type II cytokeratins. Cytokeratins have been found mainly in EBC of healthy 
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individuals, contradictory to the hypothesis that cytokeratins are markers of bronchial epithelial 

damage. Several inflammatory cytokines and complement C3 were detected as predominant in 

EBC of patients. Lysozyme C was discussed as detected only in AATD with emphysema, but 

according to the results, it was identified in controls as well. The study included proteins that 

have been previously reported such as cytokeratins, cystatin A and surfactant proteins 

(Fumagalli et al., 2012). The second study (Sun et al., 2019) reported different proteins than 

those identified in previous studies, but these proteins also played a predominant role in 

inflammatory response. Of the 257 proteins identified in individual samples, 15 were 

upregulated and 9 downregulated. The pathway analysis showed that most of the annotated 

pathways had been acknowledged in COPD including MAPKs signaling pathway, phagosome, 

Ras signaling pathway, PI3K-Akt signaling pathway, leukocyte migration, nuclear damage and 

apoptosis that is in concordance with COPD mechanism. Six proteins (upregulated vinexin, 

filamin-A, fibroblast growth factor receptor 4; and downregulated, non-erythrocytic spectrin α-

chain 1, heat shock cognate 71 kDa protein, polyubiquitin-C) were annotated as participants of 

MAPK signaling pathway so they could be novel biomarkers of COPD. Similarly, the identified 

cytoskeleton-associated proteins were likely to be biomarkers of COPD (Sun et al., 2019). 

The EBC of intubated newborns (Kononikhin et al., 2017) was directly used for in-solution 

sample preparation for HPLC analysis coupled with 7-T LTQ-FT Ultra high-resolution mass 

spectrometer. EBC samples were collected from 24 mechanically ventilated intubated 

newborns, 12 with congenital pneumonia and 12 infants with a left-sided congenital 

diaphragmatic hernia (LCDH) used as a control group. Both proteomic and metabolomics 

analyses were performed. Using label-free semi-quantitative approach, 119 proteins in 64 

clusters in EBC of intubated preterm newborns were identified. Invariant part of EBC proteins 

belonged to different types of keratins, but the cytokeratin putative identification was not 

specific for infant’s group studied. Some non-keratin proteins were found as markers 

significantly elevated in pneumonia and these proteins included mainly immune system related 

proteins. For LCDH group the significantly elevated markers were dermcidin, cystatin A, 

calmodulin-like protein 5, cluster of ubiquitin-40S ribosomal protein S27a, caspase 14, protein 

Shroom3, mucin-like protein 1, suprabasin, protein S100-A7, prolactin inducible protein and 

thioredoxin. They concluded that a single biomarker could not reflect the pathology of 

premature inborn. They suggested to use the combination of the suggested biomarkers, which 

should be validated on a larger cohort (Kononikhin et al., 2017). Another recent and exciting 

study compared the EBC of five Russian astronauts taken one month before the spaceflight, 

immediately upon landing after 169-199 days’ lasting spaceflight (R0) and seventh day after 
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landing (R+7). The HPLC-MS- TiMS TOF analysis revealed 164 different proteins, 150 of 

them were unique for R0 time point, 10 were unique for the background samples (one month 

before the spaceflight), 4 were unique for the R+7 time point and 9 proteins (8 cytokeratins and 

dermcidin) were common for all collections. All of these proteins are typical for EBC, despite 

the condition of the pulmonary system. However, CK2 increased and CK9 decreased after 

spaceflight. Pathways enrichment analysis showed that most proteins detected after spaceflight 

play a role in innate immune processes and neutrophil degranulation; some of the proteins are 

part of keratinization. Enrichment analysis using KEGG database revealed significant 

participation of detected proteins in pathogenic E. coli infection. Another sign of infection was 

detection of dermcidin, CK1 and CK6A which are involved in the immune response. Microbial 

contamination was confirmed by microbiological cultivation assays that revealed the highest 

microbial contamination by E. coli and S. aureus during spaceflight. During the rehabilitation, 

the quantitative and species microflora was normalized as well as protein composition 

(Kononikhin et al., 2019).  

 

1.3.3.3. Lung cancer patients’ analysis 

Three scientific groups (Fedorchenko et al., 2016; López-Sánchez et al., 2017; Núñez-

Naveira, Mariñas-Pardo and Montero-Martínez, 2019) published the proteomic analysis of lung 

cancer biomarkers in the EBC. The first study on early diagnosis of lung cancer by EBC was a 

comparative study of 4 donor groups: 26 subjects diagnosed with lung cancer (9 patients in 

first/second stage, 17 patients in third/fourth stages), 17 patients with chronic obstructive 

pulmonary disease (COPD), 13 patients with community-acquired pneumonia and 23 healthy 

non-smokers. The samples were processed by the gel-free method and analyzed by high-

resolution HPLC MS/MS – ICR mass spectrometry. Of the more than 300 identified proteins, 

21 proteins turned out to be common to all donor groups, and 19 of these have been found in 

EBC of patients with early-stage of lung cancer and are potentially important as biomarkers 

(Fedorchenko et al., 2016). In the second study concerning early diagnosis of lung cancer, a 

higher number of samples was used, thereby increasing the coverage of the EBC proteome. 

EBC was collected from 192 individuals: 49 controls, 49 smokers, 46 COPD and 48 lung cancer 

patients. Using nanoLC in conjunction with QqTOF tandem mass spectrometry, 348 different 

proteins showed a different pattern among the groups. Importantly, more proteins 

(approximately 2-fold higher protein counts) were identified from lung cancer patients in EBC 

compared to other groups. Most (146) of the total 348 proteins were unique in the lung cancer 

group (López-Sánchez et al., 2017). In the third, most recent work, a 100 peptides and 18 
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proteins were detected while EBC was collected from 30 healthy volunteers (15 smokers and 

15 non-smokers), processed by gel-free approach and HPLC/MS-MALDI TOF/TOF (Núñez-

Naveira, Mariñas-Pardo and Montero-Martínez, 2019). 

The main components of the EBC proteome were keratins. Several isoforms of cytokeratin 

6 (6A, 6B and 6C) have the potential to be biomarkers of lung cancer. Quantification of most 

keratins (particularly CK1, 6C, 9 and 10) showed significant positive correlation with tumor 

size. When a prediction model was constructed to diagnose lung cancer, it turned out that the β 

hemoglobin subunit was clearly the most important discriminative variable followed by keratin 

type I cytoskeletal 16 (López-Sánchez et al., 2017). The highest incidence was found for 

dermcidin, a peptide with proteolytic and antimicrobial activities (Fedorchenko et al., 2016; 

López-Sánchez et al., 2017) and hornerin (López-Sánchez et al., 2017). No correlation with 

tumor size was observed with these proteins, despite the fact in the case of dermcidin a higher 

number of peptides of this protein was identified in patients with lung cancer. Hornerin (protein 

S100A2) was more frequently detected in EBC from controls than in patients; its incidence is 

associated with the worst prognosis, shorter survival and high risk of metastasis and is 

downregulated in most cancers (López-Sánchez et al., 2017).  In a study by Núñez-Naveira et 

al., the candidate proteins for lung cancer biomarkers were selected from identified proteins 

according to literature. Dermcidin, protein S100A9, and cathepsin G were selected and 

quantified by ELISA in EBC samples of 9 lung cancer patients and nine healthy non-smokers. 

Dermcidin and S100A9 expressions were significantly higher in lung cancer than in healthy 

volunteers. Cathepsin G was barely detectable with statistically significant differences between 

lung cancer patients and control group (Núñez-Naveira, Mariñas-Pardo and Montero-Martínez, 

2019).  

Proteins commonly identified in lung cancer patients were hemoglobin subunit β and 

several isoforms of histones: H2A, H2B, H4 (López-Sánchez et al., 2017). In the EBC of 

patients with lung cancer in the first/second stage, 42 proteins of a non-keratin origin were 

identified, which were absent in the EBC of healthy non-smoking control group, as well as in 

the EBC of the patients with COPD and community-acquired pneumonia. Of these candidates, 

19 proteins were selected as a diagnostic panel for lung cancer in EBC. Expression of all 

represented proteins is increased in cancer patients (Fedorchenko et al., 2016). Among these 

proteins, the following ones were represented in both Fedeorchenko and López-Sánchez lung 

cancer studies. The heat shock protein HSP 90-α was identified only in lung cancer patients and 

POTE ankyrin domain family members (E, F, I, J) were identified in controls and lung cancer 

but disappeared in COPD. The number of peptides identified in the POTE ankyrin domain 
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family member E increased in lung cancer (López-Sánchez et al., 2017). In addition to the 19 

potential lung cancer biomarkers, the HMG-I/Y protein family and lactoferrin in the EBC of 

lung cancer patients can be noted; this may be associated to capillary network overgrowth 

induced by tumors and to immune response to the activity of cancer cells (Fedorchenko et al., 

2016).  Epidermal growth factor (EGF), a known biomarker of lung cancer was detected with 

80 % sensitivity and 89.6 % specificity by ELISA in the EBC of non-small lung cancer 

(NSCLC) patients. EGF levels were higher in patients than in controls, EBC quantity was higher 

in the group of smokers, and in later stages III and IV. Patients with better survival exhibited 

lower EGF levels in EBC (Chen et al., 2019). 

 

1.3.3.4. Keratin and saliva proteins contamination 

Despite the fact that most previous studies have claimed that there is a significant difference 

between patients and the control group, there is still some controversy about keratins (López-

Sánchez et al., 2017).  

The first mass spectrometry-based proteomic studies claimed that the studies were 

designed to exclude external keratin contamination, and therefore identified keratins are 

associated with mechanical stress during ventilation and are increased in lung cancer EBC 

(Gianazza et al., 2004; Fumagalli et al., 2008; Gessner et al., 2008). One of the later studies 

included two technical control samples (containing distilled water only) as blank samples to 

check possible protein contamination during pre-analytical procedure. Identified keratins were 

absent in technical controls and claimed as a valid component of EBC (Lacombe et al., 2018). 

Keratins were described in bronchial and alveolar epithelial cells but not in alveolar septa, 

capillaries and other non-epithelial elements (Blobel et al., 1984; Gessner et al., 2008). Several 

isoforms of cytokeratin 6 have the potential to be biomarkers of lung cancer and the most 

keratins in EBC samples showed a significant positive correlation with tumor size (López-

Sánchez et al., 2017).   

By contrast, Fedorchenko et al. did not report any keratins as biomarkers and claimed that 

some cytoskeletal type I and type II keratins, were invariant for all the samples. According to 

human protein catalog, cytokeratins CK 1, 2, 9 and 10 are of epidermal origin and have been 

considered to be exogenous keratins from the air (Fedorchenko et al., 2016). However, the same 

group in the following work concerning effect of spaceflights on EBC of cosmonauts reported 

significant changes in keratin quantity and admitted that the keratins could be a real part of the 

EBC and are involved in cellular signaling (Kononikhin et al., 2019). Núñez-Naveira´s group 

excluded keratins or salivary and submucosal cells related proteins from the study and 
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considered them to be contamination (Núñez-Naveira, Mariñas-Pardo and Montero-Martínez, 

2019). 

In some studies, α-amylase was measured to check saliva contamination, and most of the 

studies reported zero amylase activity and no saliva contamination (Gianazza et al., 2004; 

Fumagalli et al., 2008, 2012; Gessner et al., 2008; Bloemen et al., 2009; Kononikhin et al., 

2017). In the first EBC study with just the electrophoretic detection of the proteins, saliva 

contamination of the samples was excluded, however, about two-thirds of the spots detected in 

EBC were also present in the matched saliva samples (Griese, Noss and Von Bredow, 2002). 

In one study (Bloemen et al., 2011) the samples with proven saliva contamination were 

excluded. Lacombe’s group compared the EBC protein profile with the salivary proteome 

described in previous studies (Lacombe et al., 2018). 

 

1.3.3.5. Sample concentration methods 

As the protein level in the exhaled breath condensate is low, the preconcentration methods 

and their effect on the quality of mass spectrometry measurements have been the subject of 

some studies. Protein precipitation by trichloroacetic acid, pyrogallol red, and precipitation on 

POROS-20-R2-RP beads, ultrafiltration, ultracentrifugation, lyophilization and vacuum 

concentration methods were studied. The precipitation by pyrogallol red was proven to be a 

reliable method with high recovery, but this dye could not be removed upfront of MS protein 

analysis. Therefore, a protein capture on beads was alternatively chosen. After ultrafiltration, 

most proteins were irreversibly lost on the membrane and it was noted that vacuum 

concentration might result in protein instability, while freeze-drying was found to be highly 

irreproducible (Bloemen et al., 2009). In contrast to these findings, the freeze-drying was 

chosen as the gentlest and rapid procedure among the above-mentioned protein concentration 

methods by another study (Kurova et al., 2009). According to further EBC study measured by 

the MALDI TOF/TOF, neither ultracentrifugation nor freeze-drying was suitable, and no 

proteins were detected. The reversed-phase chromatography was chosen as an effective method 

(Núñez-Naveira, Mariñas-Pardo and Montero-Martínez, 2019). In this case, however, 

suppression of the signal by the present ions can play an important role. 
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1.4. Identification of protein biomarkers of the cellular response to 

treatment 

 

1.4.1. Introduction to identification of protein biomarkers of the cellular response to 

treatment 

Biomarkers of drug efficacy and toxicity are one of the key steps in drug development. 

Protein biomarkers provide predictive information of the response to treatment and could be 

used in monitoring the effects of drug treatments (Hale et al., 2003).  

Many efforts lead to evaluate the biomarkers of drug toxicity and biomarkers which help 

to uncover the molecular mechanism of action. Toxicity caused by toxic substances including 

drugs induces significant pathological responses. Identification of toxicity biomarkers, potential 

drug targets and characterization of toxicity mechanisms is an important step towards drug 

safety. Drug safety is a major point of concern during the development phase and clinical 

application. The methods of quantitative proteomics were successfully used for the 

identification of the toxicity biomarkers (Gao, Holland and Yu, 2009).  Each anticancer 

treatment induces stress to the cells. The cellular response to this stress is a key determinant of 

drug activity. It has been shown that the checkpoint proteins which drive the cell progression 

into the next step of the cell cycle plays the important role in this response. The checkpoint 

proteins are tightly connected to the activation of any repair mechanisms or with triggering cell 

death. The understanding of these mechanisms could lead to the increased activity and 

specificity of anticancer agents (Damia and Broggini, 2004). 

In this thesis, the identification of protein biomarkers of the response to treatment includes 

cooperation in searching for specific biomarkers in proteomic profiling and drug repurposing 

studies. For such studies, the biomarkers are searched for in the biological matrices treated by 

a drug that is already routinely used in clinical practice. In proteomic profiling study, cellular 

response to an antitumor treatment was evaluated. In the second case, the biomarkers of the 

treatment response were searched for in the cancerous biological matrices treated by a drug 

which was previously used for the treatment of completely different disease. 
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1.4.2. Proteomic profiling of the cellular response to antitumor treatment 

Proteomic profiling is increasingly being used for molecular stratification of cancer 

patients and cell-line panels (Ali et al., 2018). Mass spectrometry is a widely used tool for 

protein profiling studies in both cell lines and patients’ samples. Despite the fact that the 

uncovering of global cellular response to already approved antineoplastic agents by modern 

high-resolution proteomic approaches should be highly beneficial, only a few publications 

focused on this. Here, the summary includes the experimental efforts which utilize mass 

spectrometry for proteomic profiling and were published over the last decade. 

The proteomic profile of two breast cancer cell lines treated with the chemotherapeutic 

agent doxorubicin followed by the death receptor ligand TRAIL was measured using iTRAQ 

labeling coupled with multidimensional LC−MS/MS-QqTOF of the enriched mitochondria and 

endoplasmic reticulum fraction. Peptidyl-prolyl cis−trans isomerase B, neuroblast 

differentiation-associated protein, solute carrier family 1 member 5 were detected as biomarkers 

for assessing response to doxorubicin and TRAIL cancer treatment in both cancer cell lines. 

Upregulation of peptidyl-prolyl cis−trans isomerase B and downregulation of neuroblast 

differentiation-associated protein and solute carrier family 1 member 5 was confirmed by 

immunofluorescence followed by confocal microscopy visualization (Leong et al., 2012). The 

response of human multiple myeloma cell line to bortezomib was evaluated by the combination 

of two methods for studying cancer cells, deep sequencing of RNA and iTRAQ LC-MS/MS 

quantitative proteomics. Each iTRAQ sample was then analyzed using two separate mass 

spectrometers, QqTOF and Orbitrap. Another step was the SRM assay for iTRAQ validation. 

Concerning deep sequencing methods, ribosome profiling and mRNAseq were performed; deep 

sequencing was performed on an Illumina HiSeq 2000. Bortezomib is a proteasome inhibitor 

and the mentioned approaches were used to globally examine the dynamic interplay between 

transcription, translation, and proteolytic degradation during bortezomib-induced apoptosis. 

Ribosome profiling revealed preferential translation and translational regulation of genes 

expected to reduce unfolded protein stress after bortezomib treatment. Despite these changes in 

translational control, only a few critical anti-apoptotic proteins were detectably increased in 

proteomic studies against a background of general translation inhibition. It was shown that 

degradation by caspases is largely independent of upstream bortezomib effects. Moreover, 

previously uncharacterized non-caspase proteolytic events also participate in cellular 

deconstruction. There is evidence that the combination of bortezomib with anti-apoptotic 

regulator HSF1 (transcription factor regulating the heat shock response) inhibition could be 

beneficial to promote cell death in myeloma therapy (Wiita et al., 2013). A SILAC based 
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quantitative gel-based proteomic approach followed by LC-MS/MS-Orbitrap identification was 

used to evaluate global changes of cellular protein abundance in HeLa cells after paclitaxel 

treatment. Validation methods such as gene silencing by shRNA, immunoprecipitation, PCR 

methods and Western blotting were used. The MS method led to the identification of 347 

proteins whose levels changed in response to paclitaxel treatment. Among them, it was 

confirmed that paclitaxel downregulates tumor suppressor programmed cell death 4 (PDCD4) 

and upregulates ubiquitin K11 linkage conjugating enzyme critical for mitotic exit (UBE2S). It 

was shown that PDCD4 is a cell-cycle regulated protein and that changes in its abundance are 

sufficient to alter sensitivity to paclitaxel in multiple human cancer cell lines. High levels of 

PDCD4 in lung cancer tissues are positively correlated with the longer overall survival time of 

the examined lung cancer patients. Tumor suppressor PDCD4 was also offered as a predictive 

biomarker for paclitaxel-based personalized chemotherapy in the treatment of lung cancer (Xu 

et al., 2015). Proteomic profiling was also used for the discovery of etoposide chemoresistance 

markers in non-small cell lung carcinoma. Electrophoretic methods 2-DE and DIGE were 

coupled with MALDI-TOF/TOF and iTRAQ based quantitative proteome analysis and used to 

explore the differential proteome in etoposide sensitive and resistant lung cancer cell lines. The 

potential markers of chemoresistance were validated by RT PCR, Western blotting and MRM. 

The MS analysis results in the identification of 83 differentially expressed proteins, which are 

involved in various cellular processes like cytoskeleton organization, protein folding, metabolic 

regulation, and apoptosis. Of these candidates, 12 proteins were confirmed as markers of 

chemoresistance (Paul et al., 2016). Two proteomic technologies, targeted reverse-phase 

protein array (RPPA) and global mass spectrometry (MS), were tested for their accuracy in 

predicting the sensitivity of cancer cells from NCI-60 cell lines panel to both cytotoxic 

chemotherapeutics and molecularly targeted anticancer compounds. These approaches were 

valuable for understanding and predicting drug sensitivities in cancer patients. The protein 

profiles obtained by MS and RPPA methods were complementary for the response prediction. 

Global MS data revealed plethora of proteins for drug response prediction but there is a 

common problem with missing values. When the number of proteins dropped dramatically from 

8113 (original MS data) to 42 (COSMIC cancer census genes with no missing values), it 

resulted in maximal predictive accuracy for both cytotoxic and targeted compounds (Ali et al., 

2018). Using nanoUPLC-ESI-Q-TOF MS/MS, the significant markers from high-grade 

osteosarcoma in patients after cryotherapy and irradiation were revealed. This comparative 

proteomic analysis led to the identification of 131 differentially expressed proteins in high-

grade osteogenic sarcomas treated versus untreated. Among these, 91 proteins were upregulated 
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and 40 proteins were downregulated in untreated/treated samples. The functional enrichment 

analysis revealed that the identified differentially expressed proteins have belonged to more 

than 10 different protein categories include cytoskeletal, extracellular matrix, immune, enzyme 

modulators, and cell signaling molecules. Extracellular matrix proteins significantly 

contributed to cancer progression and were significantly downregulated after freezing and 

irradiation treatments of high-grade osteosarcoma. Among them, fibronectin and protein S100 

A4 were selected. These were two candidates that were upregulated with more than two folds 

in the untreated group and the MS results were confirmed using Western blot analysis (Madda 

et al., 2020). 

The study present in this thesis was focused on the proteomic profile of chemosensitive 

CCRF-CEM cell line to oxaliplatin treatment by HPLC-MS/MS-Orbitrap method followed by 

multiple validation steps (Ozdian et al., 2017). 
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1.4.3. Drug repurposing 

A drug repurposing is a strategy for identifying new uses for approved or investigational 

drugs (Pushpakom et al., 2018). It is a useful strategy in drug research and development because 

these drugs have already been approved and tested in humans, and so detailed information is 

available on their pharmacology, formulation, dosing and potential toxicity (Collins, 2011). 

Drug repurposing is attractive mainly because the compounds are already de‑risked and because 

of potentially lower overall development costs and shorter development time (Pushpakom et 

al., 2018). Although many clinical properties have already been established, approved drugs 

are needed to be evaluated for novel therapeutic indications through the specification of the 

right dose for new application and through the discovery of biologically and clinically relevant 

affinities for new targets. Potential candidates for drug repurposing could be generic drugs that 

were already approved and are no longer protected by patent, then those drugs that have been 

through some stage of clinical development but are currently not on the market or eventually 

patented drugs, either approved or in the late stage of clinical development. Several approaches 

were used for drug repurposing including in silico modeling, searching for hits of the approved 

drugs against new diseases in cells using high‐throughput screening platforms, as well as –omic 

methods such as transcriptomics, genomics, epigenetics and proteomics, both alone or in 

combination to multi –omics level (Cha et al., 2018).  These days, the role of drug repurposing 

is increasing because many drugs including antineoplastic agents are tested for repurposing 

against SARS-CoV-2 infection (Ciliberto, Mancini and Paggi, 2020). 

Concerning drug repurposing to gain new anticancer agents, one of the possibilities is to 

test psychiatric drugs for the anticancer effect. The long history of use makes the psychiatric 

drugs ideal candidates for repurposing. For example, valproic acid is primarily used for bipolar 

disorder, epilepsy, and migraine headaches and has also been identified as a promising anti-

neoplastic drug based on histone deacetylase inhibition. It is active against many malignancies 

including the advanced ones such as breast, rectal and cervical cancer, recurrent and metastatic 

nasopharyngeal carcinoma, gliomas or acute myeloid leukemia. However, the use of these 

drugs is accompanied by many side effects such as weight gain and associated metabolic 

disorders (Huang et al., 2018). Recent research has shown a role of proteomics in drug 

repurposing studies. Using shotgun proteomics, the mechanisms of nitroxoline anticancer 

action were discovered. Nitroxoline is an antibiotic that is widely used in several countries from 

the 1960s and is able to chelate divalent metal ions such as Mg2+ and Mn2+, an activity which 

is considered as a possible mechanism for its antibacterial action. It was found out that 

nitroxoline is highly effective against pancreatic cancer in several cellular models in vitro and 
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animal cancer models. The shotgun proteomics experiments identified proteins consistently 

deregulated by nitroxoline. Additionally, it was confirmed that nitroxoline induces 

downregulation of Na/K-ATPase pump and β-catenin, which associated with drastic 

impairment in cell growth, migration, invasion, increased ROS production and induction of 

DNA damage response. As well, nitroxoline induced previously unknown deregulation of 

molecules with a critical role in cell bioenergetics, which resulted in mitochondrial 

depolarization. It was suggested that the deregulation of cytosolic iron homeostasis and of co-

translational targeting to membrane contribute to nitroxoline anticancer action (Veschi et al., 

2020). The antitumor activity of nitroxoline was reported before using methods such as flow 

cytometry, immunohistochemistry, Western blot, cell invasion assay, mouse models and 

magnetic resonance imaging.  It was reported that nitroxoline induced apoptosis and inhibited 

the proliferation and invasion of glioblastoma cells both in vivo and in vitro (Lazovic et al., 

2015). A good example of drug repurposing is disulfiram (Antabuse) which is an old drug and 

is used as aversion therapy for alcoholics up to date. In the human body, disulfiram is rapidly 

metabolized to dithiocarb (diethyldithiocarbamate) which is a strong copper chelator and reacts 

with copper forming Cu(II)diethyldithiocarbamate complex (CuET). There was some evidence 

that disulfiram could be a new nonprofit drug for cancer (Cvek, 2012). Anti-cancer effects of 

disulfiram were reported in various malignant tumors. The first evidence was that sodium 

dithiocarb improves disease-free survival of patients with non-metastatic high-risk breast 

cancer (Dufour et al., 1993). Breast cancer is the first and the most studied use of disulfiram for 

anticancer treatment. In breast cancer cell cultures and xenografts, it was shown that disulfiram 

induces apoptotic cell death and that the mechanism of action is the inhibition of proteasome 

activity (Chen et al., 2006). Antitumor activity was demonstrated in lymphoid malignant cells 

in vitro and in vivo via ROS-related activation of the JNK pathway and inhibition of NF-κB and 

Nrf2 (Zha et al., 2014). Disulfiram inhibits growth and induces apoptosis of prostate cancer 

cells where the growth inhibition is absolutely dependent on copper and ROS act as a mediator 

of the copper-dependent cytotoxic effects of disulfiram (Safi et al., 2014). The copper-

dependent anticancer activity was confirmed also in gliomas by inducing apoptosis and anti-

angiogenic activity through the EGFR/Src/VEGF pathway (Li et al., 2015). Anti-cancer effects 

in head and neck squamous cell carcinoma via autophagic cell death were confirmed in vitro as 

well as in xenograft animal model (Park et al., 2018). Disulfiram was successfully tested in 

patients with newly diagnosed metastatic non-small cell lung cancer. The addition of disulfiram 

to combination treatment with cisplatin and vinorelbine was well tolerated and appeared to 

prolong survival (Nechushtan et al., 2015). Additionally, enzymatic, cell-based, mass 
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spectrometric and mutagenesis experiments have shown that inhibition of phosphoglycerate 

dehydrogenase is one of the mechanisms of action of disulfiram (Spillier et al., 2019). In the 

present study, it was shown that disulfiram acts as an anticancer drug towards breast cancer and 

its mechanism of action is executed via p97 segregase adaptor NPL4 (Skrott et al., 2017). 
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2 EXPERIMENTAL PART  
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2.1. Aims 

This thesis aimed to employ proteomic methods such as mass spectrometry, 

electrophoresis, Western blot and drug affinity responsive target stability (DARTS) to identify 

or validate biomarkers recently identified at IMTM. The exhaled breath condensate is a 

promising source of biomarkers that is collected noninvasively. Thus, it was chosen as a 

biological matrix where the biomarkers of individual physiological conditions and various 

respiratory diseases can be found. The biomarker validation is a subsequent step that should 

follow the proteomic profiling studies. Validation studies are performed independently on 

previous research and are done to confirm or displace potential biomarkers. 

 

1. Exhale breath condensate (EBC) analysis 

a) Describe an approach to identify as many proteins as possible in the EBC. 

b) Evaluate the reproducibility of mass spectrometric measurements when 

introducing biological and technical replicates, comparing the protein profile 

between individual samples of healthy subjects, and describing the 

reproducibility between three technical replicates of a single sample. 

c) Evaluate healthy individuals’ exhaled breath condensate to predict age 

according to proteomic signatures and describe differences in proteomic profile 

according to sex and smoking status. 

2. Validation of the biomarkers of the response to treatment. 

a) Use Western blot to validate the potential biomarkers of the cellular response to 

oxaliplatin in T-lymphoblastic leukemia cells (CCRF-CEM). 

b) Use the DARTS method to validate that the Nuclear protein localization protein 

4 homolog (NPL4) protein is affected by disulfiram in response to breast cancer 

treatment. 
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2.2. Exhaled breath condensate analysis 

 

 

2.2.1. Introduction to exhaled breath condensate analysis 

The exhaled breath is a promising source of biomarkers collected noninvasively and could 

be used to diagnose various respiratory diseases. As is described in the introduction in part 

1.3.3. “Exhaled breath condensate analysis”, there were many efforts to characterize EBC 

and to reveal the biomarkers of some respiratory diseases and condition of human lungs. We 

described a gel-free mass spectrometry-based approach which showed in-depth characterization 

of the EBC proteome.  
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2.2.2. Materials and methods 

 

2.2.2.1. EBC collection and study cohorts 

Exhaled breath condensates were collected using EcoScreen® collection device (Erich 

Jaeger GmbH, Hoechberg, Germany) or using Turbo 14 Turbo DECCS System (Medivac, Italy) 

respectively. The EBC was being collected for 10 min without wearing the nose clip. After 

collection, samples were immediately frozen and stored at -80°C until analysis.  

In the first study, samples were taken from 3 individuals from one family. These individuals 

included two sisters, ages 8 and 11, and their father, aged 45. These samples were collected 

using Turbo 14 Turbo DECCS System (Medivac, Italy).  

The second study included 248 healthy controls, of them 61 were pediatric healthy 

individuals (samples were collected using EcoScreen® collection device) and 187 adult healthy 

individuals (samples were collected using Turbo 14 Turbo DECCS System). The participants 

were classified according to age, sex and smoking status. 

 

2.2.2.2. Sample preparation 

The exhaled breath condensate samples were freeze-dried using a SpeedVac (Thermo 

Fisher Scientific). Proteins were solubilized in the TEZ buffer (10 mM Tris, pH 8.0; 1 mM 

EDTA; 0.002% Zwittergent 3-16), cleared at 14,000 g, at 20 °C for 10 min and the supernatants 

were transferred to 1.5 ml Eppendorf tubes. Heat-mediated antigen retrieval was performed at 

98 °C for 90 min. Proteins were denatured by sonication in a water bath for 30 minutes at room 

temperature and digested with trypsin at 37 °C overnight. Trypsin (Trypsin Gold, Mass 

Spectrometry Grade, Promega) was added at a final concentration of 0.5 µg per sample. Proteins 

were reduced with dithiothreitol (10 µM final concentration) and peptides were purified using 

Stage tips (Rappsilber, Ishihama and Mann, 2003). The purified samples were concentrated in 

a vacuum concentrator (Eppendorf) and dissolved in 50 µL solution of 1% acetonitrile, 0.05% 

trifluoroacetic acid (TFA). 

 

2.2.2.3. Mass spectrometric (MS) analysis  

In the first study, MS analysis was performed in 3 technical replicates using the Orbitrap 

FusionTM mass spectrometer with the Proxeon EASY-Spray ionization source (Thermo Fisher 

Scientific) coupled to the Dionex UltiMate 3000 RSLC Nanoliquid chromatograph. The 

peptides were loaded on the Acclaim PepMapTM 100 nano trap column (nanoViper C18 100 µm 
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i.d. × 2 cm, 5 µm particle size, 100 Å pore size; Thermo Fisher Scientific), loading solvent was 

1% acetonitrile with 0.05% TFA in water and sample loading volume was 10 µl using a partial-

loop injection mode. The trap column was directly connected to analytical EASY-Spray column 

PepMapTM RSLC C18 (75 µm × 15 cm, 3 µm particle size, 100 Å pore size; Thermo Fisher 

Scientific) heated to 35 °C. The peptides were separated for 95 minutes; the starting organic 

phase gradient was set to 2% (0 to 5 min), then it increased gradually to 35% (5 to 65 min), 

then to 90% (65 to 73 min), and finally dropped quickly back to 2%. As the aqueous and organic 

mobile phases, water and acetonitrile were used, respectively, both with 0.1% formic acid. 

Concerning MS analysis, the static positive ion spray voltage was set to 2000 V, ion transfer 

tube temperature was 200 °C, master scan was performed in Orbitrap, positive mode, FTMS 

resolution was set to 120,000 and the m/z mass range for scanning of precursor ions was 400–

1500. Cycle time data dependent mode was chosen, time between master scans was set to 3 s. 

Ion fragmentation was performed by the collision-induced dissociation (CID). The MS2 scan 

was performed in an ion trap, the rapid scan rate was set, the collision energy was 30% and the 

activation time was 10 ms. The profile data type was recorded in both master scan and MS2. 

In the second study, MS analysis was performed in 2 technical replicates using Orbitrap 

EliteTM mass spectrometer with Proxeon Easy-Spray ionization source (Thermo Fisher 

Scientific) coupled to a Dionex UltiMate 3000 RSLC Nanoliquid chromatograph. The peptides 

were loaded on nano trap column Acclaim PepMapTM 100 (nanoViper C18 100 µm i.d. × 2 cm, 

5 µm particle size, 100 Å pore size; Thermo Fisher Scientific), loading solvent was 1% 

acetonitrile with 0.05% TFA in water and sample loading volume was 10 µl using partial-loop 

injection mode. The trap column was directly connected to analytical EASY-Spray column 

PepMapTM RSLC C18 (75 µm × 15 cm, 3 µm particle size, 100 Å pore size; Thermo Fisher 

Scientific) heated to 35°C. The peptides were separated for 105 min total run time and the 

gradient of organic phase was increasing from 2% up to 10th min to 35% up to 65th min, to 90% 

up to 77th min and then it dropped quickly back to 2% of organic phase again. The aqueous 

mobile phase was water with 0.1% formic acid and organic mobile phase was acetonitrile with 

0.1% formic acid. Concerning MS analysis, the MS1 was performed in Orbitrap, it was set to 

full scan type, positive mode, FTMS resolution was set to 120,000 and m/z mass range for 

scanning of precursor ions was 300 – 1700. The ten most intense ions were selected for 

fragmentation by collision-induced dissociation (CID). The MS2 scan was performed in an ion 

trap, normal scan rate was set, normalized collision energy was 35 V and activation time was 

10 ms. Profile data type was recorded in both MS1 and MS2. 
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2.2.2.4. Data processing 

In the first study, protein search was performed in beta version of Proteome Discoverer™ 

2.5 Software (Thermo Fisher Scientific). The processing workflow includes a search against 

the complete human UniProtKB database, which included both Swiss-Prot reviewed and 

TrEMBL computationally analyzed but unreviewed proteins (https://www.uniprot.org/uniprot/, 

downloaded in January 2020). Sequest HT search engine was used where oxidation, N-terminal 

acetylation, methionine loss and, finally, methionine loss in combination with N-terminal 

acetylation were set as dynamic modifications. The Fixed Value PSM Validator was used. 

In the second study, which contains older data but is still preparing for publication, protein 

search was performed in Proteome DiscovererTM software version 2.4 (Thermo Fisher 

Scientific). Processing workflow includes a search against the complete human UniProtKB 

database, which included both Swiss-Prot reviewed and TrEMBL computationally analyzed 

but unreviewed proteins (https://www.uniprot.org/uniprot/, downloaded in March 2019); 

chromatogram RT limit was set to 10 min from beginning and ending to decrease a size of the 

data set to make the software able to complete the next step (consensus workflow); Sequest HT 

and MS Amanda 2.0 search engines were used where oxidation and N-terminus acetylation 

were set as dynamic modifications and Fixed Value PSM Validator was used. 

Consensus workflow included the same parameters for both studies. It was set as followed. 

Retention time alignment was enabled, only unique peptides were used for quantification, total 

peptide amount normalization was performed, no scaling was done, protein abundances were 

calculated using top 3 average method, protein ratio calculation was performed using protein 

abundance based method, low abundance resampling mode was chosen for missing values 

imputation and ANOVA (individual proteins) hypothesis test was used. Results were filtered 

only for high confidence peptides. 

 

2.2.2.5. Statistical analysis 

In the first study, a peptide/protein was considered to be present in a sample, if it had been 

detected at least in one of the technical replicates of this sample. For each sample and each 

peptide/protein, abundance was calculated as the log2 value of the median of the three values 

(from Proteome Discoverer) from technical replicates of this sample. Statistical analysis was 

performed using the R program, ver. 3.5.2 (R Core Team 3.5.1., 2018). Heatmaps were created 

with the Heatmap function (from the ComplexHeatmap library). 

In the second study, technical replicates of each sample were aggregated by mean and 

transformed with the log2 function. For analyzes performed in R software (R Core Team 3.5.1., 

https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
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2018), a subset of 936 proteins detected at least in 2/3 of samples of at least one condition (age 

category, gender, smoking) subgroup was selected. The multinomial logistic regression model 

LASSO (glmnet R package, ver. 2.0-16; Friedman, Hastie and Tibshirani, 2010) was fitted on 

the balanced training dataset (n = 12 x 7 = 84 samples) and gender subsets. The proteins selected 

by LASSO models were used for building classification trees and graphically presented by 

heatmaps annotated with clinical characteristics and predictions calculated by each particular 

model. The relationship between the abundance values of each of the selected proteins and the 

age category was also analyzed by univariate analysis methods (Kruskal-Wallis test + multiple 

testing). 
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2.2.3. Results 

 

STUDY 1. 

 

Aim: Evaluate the reproducibility of mass spectrometric measurements when introducing 

biological and technical replicates, comparing the protein profile between individual samples 

of healthy subjects, and describing the reproducibility between three technical replicates of a 

single sample. 
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In the first study, we have focused on reproducibility of mass spectrometric 

measurements, benefits of introducing biological and technical replicates and comparison of 

EBC samples collected from one family members (Václavková J, P. Kouřilová, J. Vrbková, 

D. Holub, M. Hajdúch, P. Džubák. Proteomic Analysis of Exhaled Breath Condensate Samples: 

High Reproducibility of Mass Spectrometric Measurements. Chem. Listy 2020, 114, 470−479, 

ISSN 1213-7103, IF: 0.39; see Appendix 8.1). 

The study cohort included 3 persons, namely, two children (daughters: D1 and D2) and an 

adult (father, F). Samples were taken at 3 time points in the interval of two hours from each 

person and each sample was measured in 3 technical replicates. Thus, 27 samples were 

analyzed. All these samples were evaluated by Proteome Discoverer software in one search. 

All the statistical analyses were performed at both protein and peptide level. The protein search 

led to the identification of 2797 proteins and 5006 peptides across all 27 samples and of them 

2263 proteins and 4189 peptides were quantified.  

The protein count per one technical replicate was equal to 1056 ± 354 proteins. A protein 

content of each sample (also called biological replicate) was achieved by combining of 3 

technical replicates. Protein was considered to be detected in a sample, if it was detected in at 

least one of the technical replicates of the sample. The overlap between technical and biological 

individual replicates was high. However, introducing of technical replicates have increased a 

number of identifications. In our study, the number of detected proteins increased to 1198 ± 

454 proteins per sample. A higher number of proteins (1603 ± 607) was identified in an adult 

(father’s) sample compared to 996 ± 140 in daughter’s samples. The number of proteins 

detected in individual biological and technical replicates is summarized in Table 2. Despite this 

observation, this is not the conclusion that the adult EBC contains more proteins than that from 

children generally because the study cohort was too small to make such a decision and is not 

the aim of our study. Instead, we showed high reproducibility of mass spectrometric 

measurements both in biological and technical replicates, advantages of introducing such 

replicates and we performed characterization and comparison of EBC samples taken from 

members of one family.  
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Table 2. Numbers of proteins detected in samples and technical replicates of samples. Samples 

were taken from three persons: father (F) and two daughters (D1 and D2). Three samples were 

taken from each person (the time delay between samples was about one hour), i.e. there were 

nine samples in the analysis. Each of the nine samples was measured in three technical 

replicates. A protein was considered to be detected in a sample if it was detected in at least one 

of the technical replicates of the sample (Václavková et al., 2020). 

 

number of detected 

proteins in the sample 

(biological replicate) 

number of detected proteins 

in the technical replicate 

( 1st|  2nd| 3rd) 

D1_01 1196 1052|1068|1069 

D1_02 884 767|  794|  787 

D1_03 888 753|  778|  803 

D2_01 903 725|  772|  804 

D2_02 956 793|  859|  764 

D2_03 1148 986|  972|1006 

F_01 2307 1869|1871|1900 

F_02 1434 1276|1204|1213 

F_03 1067 993|  949| 930 

 

 

The analyses of protein and peptide count showed the same evidence, except the fact that 

the peptide number was higher than the protein number. The overlap between individual 

samples (biological replicates) of individual persons was relatively high. In the case of proteins, 

the overlap contained 644, 753 and 818 proteins for particular samples (Figure 2A). Of those 

overlapping proteins, 358 proteins were common to all three individuals. In the case of peptides, 

955, 1147, and 1606 peptides were overlapping between individual biological replications and 

532 of them were common to all three persons (Figure 2B).  
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Figure 2. The number of (A) proteins and (B) peptides detected in each sample and the overlap 

between biological replicates of each person expressed by Venn diagrams (Václavková et al., 

2020).  
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A functional protein enrichment analysis was performed for 358 proteins common to all 

three persons in the study using STRING tool. It revealed that these proteins are involved in 

processes such as cornification, keratinocyte differentiation, skin development, keratinization, 

epidermis development, inter-mediate filament cytoskeleton organization, epithelial cell 

differentiation, intermediate filament organization, tissue development and epithelium 

development. However, all these processes are mediated by the same key proteins, mainly 

keratins. On the other hand, neutrophil degranulation, myeloid leukocyte activation, leukocyte-

mediated immunity, cell activation, programmed cell death, regulated exocytosis, immune 

effector process, leukocyte activation, immune response, secretion by cell and immune system 

process, involved various proteins from the interaction network. All the processes reported were 

scored with the false discovery rate (FDR) < 0.001. 

Heatmaps were constructed to express protein and peptide abundancies and to show the 

samples clustering (Figure 3). The number of proteins used for heatmap construction was lower 

than number reported above, because only the quantified proteins were utilized in the heatmaps. 

Proteins that were detected in some samples but not quantified in at least one of the samples 

were excluded because an abundance value is needed to draw a heatmap. Including values 

which are all imputed to the heatmap is useless and could be misleading even though the 

imputed values are very low. The cluster analysis of all nine samples (biological replicates) was 

performed to see whether the individual samples of the particular persons are clustered together 

or not. The heatmap has shown that the samples of individual family members are quite similar. 

Daughters’ samples were clustered together with one exception. One of the daughters’ samples 

(D1_01) clustered together with the father’s samples (Figure 4A). This was the sample with the 

highest number of proteins and the reason why it belonged to the cluster with father’s samples 

could be the fact that the father’s samples generally include a higher number of proteins. The 

impact of the protein count could overbalance the impact of protein composition in such a 

situation when the samples are collected in one family and are quite similar. The same 

observations are reported on the peptide level (Figure 4B). 
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Figure 3. Heatmaps of abundance. (A) proteins and (B) peptides in three samples of each 

person. In each person-heatmap there are proteins or peptides that have been detected and 

quantified in at least one sample of that person (Václavková et al., 2020). 
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Figure 4. Heatmap expressing the abundance of all proteins and peptides across nine samples 

from individual family members. (A) Heatmap with all 2263 quantified proteins and  

(B) heatmap with all 4189 quantified peptides. The presented proteins and peptides are those 

that have been detected in at least one of the 9 samples. The columns represent individual 

proteins (respectively peptides), the rows represent the clustering of EBC samples of family 

members. The daughter’s samples are clustered together except for the first replicate of D1, 

which contained the highest number of proteins and formed a cluster with the father samples 

(Václavková et al., 2020). 

 

To evaluate a degree of variability of mass spectrometric measurements, the distance of the 

abundancies form mean was calculated. This distance was calculated for each person, each 

protein. For each sample (biological replicate) and for each protein in the sample separately, 

the mean value of protein abundancies was counted and then, the difference of the three values 

of abundancies from the mean was calculated. The four intervals were established and it was 

evaluated whether the individual values belong to this interval or not. The 4 intervals for the 

values were following: ± sd (mean – sd; mean + sd); ± 2sd (mean – 2sd; mean + 2sd); ± 10% 
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(0.9 × mean; 1.1 × mean); ± 25% (0.75 × mean; 1.25 × mean). In case that all 3 values of 

abundancies laid in the interval, it was considered as a stable value which is inside the interval 

and denoted as IN. In case that at least one of the 3 values of abundancies laid out of the interval, 

it was considered as a value out of the interval and was denoted as OUT (Figure 5). The same 

calculations, intervals and criteria were used for peptide analysis. There was only one difference 

that only the peptides, which were quantified in all technical and all biological replicates from 

the particular person, were included in the analysis (Figure 6).  

 

 

Figure 5. The distance of the abundancies of the three samples was analyzed for each person 

and each protein to evaluate the variability of the measured values. Only proteins that have been 

quantified in at least one sample of individual person are included in the heatmaps. Thus, the 

total number of proteins is lower than reported before. Four types of intervals were determined 

and the proteins were divided into two groups: IN = the abundance of all three samples lies in 

the respective interval; OUT = the abundance of at least one of the three samples is outside this 

interval. Heatmaps (A – D) expressing proteins that lie in or out of intervals. Selected intervals 

were: (A) ± sd (mean – sd; mean + sd), (B) ± 2sd (mean – 2sd; mean + 2sd), (C) ± 10% (0.9 × 

mean; 1.1 × mean), (D) ± 25% (0.75 × mean; 1.25 × mean). Table (E) lists the number of 

proteins which lie in and out of the respective intervals. Mean = mean of the abundancies of the 

protein of the three samples of each person; sd = standard deviation of the mean (Václavková 

et al., 2020). 
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Figure 6. The distance of the abundancies of the three samples was analyzed for each person 

and each peptide. For each individual, peptides quantified in all three technical replicates and 

in all samples of the person were included, i.e. only peptides that were quantified in 9 replicates 

(technical and biological) of the individuals, no values imputed by Proteome Discoverer 

software were included. Four types of intervals were set and the peptides were divided into two 

groups: IN = the abundance of all three samples lies in the respective interval; OUT = the 

abundance of at least one of the three samples is outside this interval. Heatmaps (A – D) 

expressing peptides that lie in or out of intervals. Selected intervals were: (A) ± sd (mean – sd; 

mean + sd), (B) ± 2sd (mean – 2sd; mean + 2sd), (C) ± 10% (0.9 × mean; 1.1 × mean), (D) ± 

25% (0.75 × mean; 1.25 × mean). Table (E) lists the number of peptides that lie within and out 

of the respective intervals. Mean = mean of the abundancies of the peptide in the three samples 

of each person; sd = standard deviation of the mean (Václavková et al., 2020). 

 

Analyses on both protein and peptide level have shown the same outcomes. Firstly, the 

criteria, that the distance of the abundancies from the mean should be lower than the difference 

of one standard deviation or lower than 10%, were too strict. In the case of one standard 

deviation, no protein or peptide laid in the perspective interval. In the case of 10% difference 

from the mean, more than half of the proteins and peptides were denoted as in the interval which 

is better but still not suitable. Secondly, when the criteria were relaxed, the doubling of the 

standard deviation (± 2 × sd) caused that all the proteins and peptides belonged to this interval. 
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When we analyzing proteins and peptides with the distance from the mean which is less than 

25%, almost all values laid in this interval.  Only a few tens of proteins and 2 peptides were 

denoted as outliers. The reason why the number of peptides is lower than number of proteins is 

that the peptides included in the analysis were reduced only to peptides which were in all 

technical and all biological replicates from the particular person. The number of peptides in the 

analysis was lower and thus, all the numbers were lower than in the case of all proteins. Protein 

data did not include the information whether the value was imputed or really quantified, so all 

the proteins have to be included. 

Next, we were interested if the deviations are a consequence of variability of mass 

spectrometric method or biological variability of the samples. The commercial standard of 

bovine serum albumin (BSA) was chosen to evaluate the variability of MS method. The chosen 

commercial BSA standard (Pierce™ BSA Protein Digest Standard, LC/MS Grade, Thermo 

Fisher Scientific) is used routinely for quality control of the MS measurements in our labs. The 

same amount as for quality control measurement which is 100 fmol BSA was injected for all 

the measurements in this analysis. The mean of log2 abundance of 3 technical replicates for 

each peptide separately. The difference from the mean was calculated for all three values. The 

absolute value of the largest difference was chosen and expressed as a percentage of the mean 

value. Again, only the peptides which were quantified in all technical and all biological 

replicates from the particular person were included. For the BSA standard, it meant that all the 

identified peptides were always quantified and thus, included. The maximum distance for all 

the peptides was equal to 8.11%. This should be considered as a threshold for the variability of 

mass spectrometric measurements. This value is significantly lower than the variability of 

individual biological replicates. However, the commercial standard was used and it should be 

expected that the variability of technical replicates will be lower in the case of standardized 

mixture of peptides from one protein than in the case of complex protein mixture in biological 

matrix. To confirm this, we have evaluated variability of technical replicates of each person’s 

samples. We applied the same criteria for peptide inclusion and calculated the maximum 

distances from the mean the same way as for BSA standard. The values of the distances from 

the mean abundance were calculated for all included peptides of all samples of all study 

participants. These values were compared and summarized in Table 3. The results have shown 

that all the maximum distances from the mean are above 20%. The maximum value achieved 

in the whole study was 19.69%. 
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Table 3. The maximum distances from the mean abundance value of the three technical 

replicates (expressed in %) for individual samples (Václavková et al., 2020). 

 

 
maximum distance (%) 

from the mean 

D1_01 12.66 

D1_02 19.69 

D1_03 17.61 

D2_01 13.13 

D2_02 10.33 

D2_03 8.31 

F_01 9.04 

F_02 13.39 

F_03 13.44 

 

 

Our data have shown that the differences in abundances below 10% are believed to be 

caused by the deviation of the MS measurement and the influence of biological variations is 

minimized. Then, the change in protein expression which is lower than 20% is a consequence 

of method variability and should not be considered as a change in protein expression when the 

label-free MS approach is used. And additionally, variability between individual biological 

samples of one person is greater than between technical replicates of one EBC sample. 

However, this difference is quite small. 
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STUDY 2. 

 

Aim: Evaluate the exhaled breath condensate of healthy individuals to predict age 

according to proteomic signatures and describe differences in proteomic profile according to 

sex and smoking status. 
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In the second study, we focused on age prediction by proteomic signatures in exhaled 

breath condensate (Václavková et al., unpublished data). We have detected 3202 proteins across 

the whole individuals’ cohort; of them 2769 proteins were quantified. By protein filtering 936 

proteins were selected and evaluated. Protein abundance and clustering were expressed by 

heatmap (Figure 7).  

 

 

Figure 7. Protein profile clustering of the 936 selected proteins across all samples expressed by 

heatmap. 

 

Number of detected proteins in individual samples in each age category (children and 

young adults, adults, elderly group) was summarized in a Table 4. Both in males and females, 

the statistically significant increase in number of proteins detected was observed between adult 

group (18 – 65 years old) compared to children and young adults (less than 18 years old) and 

elderly group (more than 65 years old). However, when compared children and young adults 

and elderly group there was not statistically significant difference. 
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Table 4: Number of samples by age category, sex and smoking status (smoking in family in the 

age category “≤ 18”) and number of detected proteins per sample. The adult group showed 

significantly higher number of proteins than children and young adults or elderly group. There 

was not significant difference in protein count between children and young adults and elderly 

individual group. 

 

* one sample with missing smoking status 

# significant difference between adults group and elderly and between adults group and 

children and young adults (post-hoc Nemenyi test, p < 0.001) 

 

To avoid the influence of gender and smoking status in each age category, the LASSO 

multinomial logistic regression model (glmnet R package, ver. 2.0-16; Friedman, 2010) were 

fitted on the balanced training dataset randomly selected (dplyr R package, ver. 0.8.3) from 

each condition subgroup (n = 12 x 7 = 84 samples). The rest of the 164 samples were used for 

model testing with a simple error rate measure. The proteins selected by LASSO model were 

consequently used as input for building a classification tree (rpart R package, ver. 4.1-13, 

rpart.plot, ver. 3.0.8) on the same training dataset of 84 samples (Figure 8A). Prediction of age 

category was performed for males and females; smokers, ex-smokers and nonsmokers 

respectively. Error rates calculated for training and test dataset showing that the prediction is 

quite nice for children and young adults (≤ 18) and still good, but generally worse, in adults and 

elderly groups independently on gender and smoking status (Figure 8B). 
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Figure 8. Model construction and age category prediction. (A) Model construction. Samples 

were split into training and test dataset. The LASSO multinomial logistic regression model was 

fitted on the balanced training dataset randomly selected from each condition subgroup (n = 12 

x 7 = 84 samples) to avoid the influence of gender and smoking status in each age category. 

The rest of 164 samples were used for model testing with a simple error rate measurement. The 

proteins selected by LASSO model were consequently used as an input for building a 

classification tree on the same training dataset of 84 samples. The CART (Classification And 

Regression Tree) chose 2 proteins, which are Cystatin-SN (P01037) and Forkhead box protein 

N1 (O15353) for age category prediction. (B) Age category prediction, the number of wrongly 

classified individuals and error rates of predicted age. The numbers of wrongly classified 

individuals and error rates were calculated for LASSO multinomial logistic regression model 

and for CART as well. In both cases, calculations were performed for training and test dataset 

separately. The number of wrongly classified individuals and error rates of predicted age was 

calculated; firstly, the values were counted for males and females separately and secondly for 

nonsmokers, ex-smokers and smokers separately. The numbers of wrongly classified 

individuals are written in red. 

  

The LASSO multinomial logistic model chose 27 proteins which can be used for age 

category prediction (Figure 9A) and of them, Cystatin-SN and Forkhead box protein N1 were 

chosen by classification tree (Figure 9B). Cystatin SN is highly abundant in children and young 

adults compared to other groups and Forkhead box protein N1 disappears in the elderly group 

(Figure 9C).  
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Figure 9. Proteins selected by LASSO multivariate analysis and CART. (A) The proteins  

(n = 27) selected by LASSO models for age category prediction and their relative abundance 

and clustering expressed by heatmap. Real age (green scale) and real age category (yellow, 

orange, violet) are marked. Age category predicted is marked (with the same yellow, orange, 

violet colors) above the real age category. Proteins selected by CART are labeled by black 

squares on the left side. (B) The CART for age category prediction – complete dataset (total 

number of 248 samples). The number of individuals who were classified into the respective 

group is written below each node. The number of wrongly classified individuals is labeled in 

red. (C) The relative abundance of these selected proteins in individual subgroups is graphically 

presented by boxplots. The univariate analysis and Kruskall-Wallis test were performed for 

significance determination. Significant results (p-value < 0.001) are labeled in the box plots. 

 

Then, the age prediction by proteomic signatures in exhaled breath condensate was 

performed for males and females separately. Because of the small size of the balanced training 

dataset of all male and female samples analyzed separately, the analyses were performed with 

whole gender subsets (without separation to the test-training dataset). Proteins selected by the 

LASSO multinomial logistic regression models were used for building classification trees and 
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similar univariate analyses were done as in the first training-test datasets analysis (Figure 10A). 

Prediction of age category was performed for male and female subset separately and was 

counted for the individual smoking conditions. The prediction was correct in all cases in the 

children group and again, was worse, but still good, in adults independently on smoking status 

(Figure 10B).  

LASSO multinomial logistic model chose 43 protein predictors for age category estimation 

in females (Figure 11A) and those 30 for males (Figure 11B). Classification trees revealed 

Cystatin-SN and Forkhead box protein N1 again for both males and females with similar 

behavior as described above. For females, Protein inscuteable homolog is typically highly 

abundant in the adult group and was chosen to distinguish it from the elderly group.  For males, 

cDNA FLJ10929 fis, clone OVARC1000479, highly similar to Cullin-associated NEDD8-

dissociated protein 1 is differently abundant in the adult group and elderly group while the 

elderly group is characterized by lower levels of this protein.  

These results have shown that we were able to detect changes in the protein profile of EBC 

induced by age. The biggest difference in the EBC protein profile was reported in the case of 

children and young adults whose EBC proteome was quite different from groups of adults. This 

could be useful for the identification of predictive markers of age-related diseases and resistance 

or susceptibility to some diseases. 
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Figure 10: Model analysis of all male and female samples separately – model construction and 

proteins were chosen for age category prediction. (A) Model construction. LASSO multinomial 

logistic regression model and CART was performed for the male and female subgroup. The 

error rate was calculated for LASSO model and for CART as well. For female subset 

classification tree assigned Cystatin-SN (P01037); Forkhead box protein N1 (O15353) and 

Protein inscuteable homolog (Q1MX18) as age category predictors. For the male subset, the 

age category predictors were Cystatin-SN (P01037); Forkhead box protein N1 (O15353) and 

cDNA FLJ10929 fis, clone OVARC1000479, highly similar to Cullin-associated NEDD8-

dissociated protein 1 (B3KMG3). (B) Age category prediction, the number of wrongly 

classified individuals and error rates of predicted age for male and female subset evaluated 

separately. The numbers of wrongly classified individuals and error rates were counted for each 

subset, both females and males. In both cases, the values were counted for LASSO multinomial 

model and CART. Firstly, the whole female and a male subset was evaluated (left half of the 

tables) and secondly, the values were counted for nonsmokers, ex-smokers and smokers 

separately (right half of the tables). 
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Figure 11: The performed as regressors in LASSO model in female and male subset for age 

category prediction and their relative abundance and clustering expressed by heatmap.  

(A) Proteins (n = 43) selected by LASSO for age category prediction in female subset and  

(B) proteins (n = 30) selected by LASSO for age category prediction in male subset. In 

heatmaps, real age (green scale) and real age category (yellow, orange, violet) is marked. The 

age category predicted is marked (with the same yellow, orange, violet colors) above the true 

age category.  
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2.2.4. Discussion 

We have shown that our mass spectrometric method is sensitive and highly reproducible 

and could be implemented for in depth characterization of human EBC and biomarker discovery 

research of lung diseases.  

In both studies reported in this thesis, the numbers of proteins detected (or quantified 

respectively) were higher than the protein numbers reported in any of the previously published 

studies, even if the studies used pooled samples. The studies using pooled samples are 

predominantly focused on in depth characterization of EBC from healthy subjects. Firstly, when 

endogenous particles in exhaled air were collected, 124 proteins were detected in two pooled 

samples from 12 volunteers (Bredberg et al., 2012). In a pool of nine healthy subjects, 167 

proteins were identified (Muccilli et al., 2015). Analysis of two pooled samples where each 

consisted of 10 individuals led to the identification of 229 proteins (Lacombe et al., 2018). 

Analyses that focused on biomarker discovery usually did not use the pooled samples but 

measured individual samples. These included the EBC analysis of 24 intubated newborns, 

where each sample was measured in triplicate and 119 proteins were identified (Kononikhin et 

al., 2017). So far, the highest number of proteins was 348 different proteins identified across 

the cohort of 192 individuals in the study which compared lung cancer and COPD patients and 

control subjects and suggested the biomarkers of lung cancer and COPD (López-Sánchez et al., 

2017).  

The second study has shown that the number of identified proteins was significantly higher 

in adults compared to children and elderly groups. This confirmed hypothesis that arose from 

the first study where, however, the study cohort was too small to make such a conclusion. Our 

hypothesis was that this is due to the larger lung surface in adults compared to children. The 

number of proteins dropped again in the elderly group, most probably due to physiological 

changes during lung aging. There was no significant difference between protein count in 

children and young adults and the elderly. However, the protein signature of children EBC was 

quite different than those in adults. This is supported by the fact that the cluster of children 

group was separated from the adults nicely in the heatmaps and the numbers of wrongly 

classified individuals were quite low in children during age prediction. Up to date, there is no 

evidence in the literature concerning age-dependent changes in protein count in the EBC. 

Both studies had shown that keratins are the most abundant and most frequent proteins in 

human EBC. Looking to the past, keratins were the first proteins that were identified in the 

breath condensate using a mass spectrometric approach (Gianazza et al., 2004). The keratins 

were also usually reported in most EBC studies. We were able to detect 37 keratins, 20 of these 
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were among 936 proteins which were further statistically evaluated in the second study. We 

have identified keratins type I cuticular: Ha1 and Ha6; keratins type II cuticular Hb4 and Hb5; 

keratins, type I cytoskeletal 9, 10, 14, 16, 17; keratin, type II cytoskeletal 1b, 2 (epidermal and 

oral), 3, 5, 6B, 75, 78, 80. In healthy controls keratins, type I cytoskeletal 9, 10, 14, 16, 17  and 

keratins, type II cytoskeletal 1b, 2, 3, 5, 6B, 78, 80 were previously identified (Gianazza et al., 

2004; Fumagalli et al., 2008; Gessner et al., 2008; Bloemen et al., 2009; Kurova et al., 2009; 

Muccilli et al., 2015; Lacombe et al., 2018). A study performed by Fumagalli et al., 2012 

analyzed COPD patients without emphysema and patients with pulmonary emphysema 

associated with α1-antitrypsin deficiency (AATD) but they found cytokeratins mainly in pooled 

EBC samples of healthy individuals. We have detected the similar keratin profile as Muccilli et 

al., 2015, the same keratins included type I cytoskeletal 9, 10, 14, 16, 17; keratin, type II 

cytoskeletal 1b, 2, 3, 5, 6B, 78, 80.  Muccilli’s study was performed on the same mass 

spectrometer as our study, Orbitrap Elite. In contrast to our approach, Muccilli et al. used 

pooled control samples and gel-based method. Some scientific groups claimed that keratins are 

exogenous contamination and should be excluded from further analysis (Fedorchenko et al., 

2016; Núñez-Naveira, Mariñas-Pardo and Montero-Martínez, 2019). However, we confirmed 

that keratins play an important role when detected in EBC. Regarding patients’ studies, the 

cytokeratins 2, 5, 6, 9, 10, 14 and 16 and, were found in various samples of healthy controls 

and asthma patients and additionally to our study, cytokeratins 1 and 8 were identified 

(Bloemen et al., 2011). Keratins such as keratin type I cytoskeletal 9, 10, 12, 16, 18, 24; and 

type II cytoskeletal 1, 1b, 2, 5 were identified in the EBC of intubated newborns but was not 

specific for any of the infants group, neither congenital pneumonia or a left-sided congenital 

diaphragmatic hernia (Kononikhin et al., 2017). Several isoforms of cytokeratin 6 (6A, 6B and 

6C) have the potential to be biomarkers of lung cancer. Quantification of most keratins 

(particularly CK1, 6C, 9 and 10) showed a significant positive correlation with tumor size 

(López-Sánchez et al., 2017). In another lung cancer study, cytoskeletal keratins type II 1, 2, 3, 

4, 5, 6 and cytoskeletal keratins type I 9, 10, 14, 15 and 16 were invariant for all the samples 

which included lung cancer patients and healthy controls (Fedorchenko et al., 2016). 

As well, the identified proteins were included in the immune system processes. These were 

reported as the main processes in the EBC of intubated newborns (Kononikhin et al., 2017) and 

were overrepresented in EBC compared to lung proteome in healthy controls which was 

considered as evidence that EBC was a relevant matrix to study the major physiological 

functions of the respiratory tract, particularly mucosal secretion, innate and adaptive 

antimicrobial defense mechanisms and clearance of inhaled particles (Lacombe et al., 2018). 
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Concerning proteins that were identified as key age-related protein biomarkers in EBC, 

cystatin SN and forkhead box protein N1 were chosen for age category prediction. Cystatin SN 

is involved in inflammation, cell cycle, cellular senescence, tumorigenesis, and metastasis. 

Cystatin SN is also known to participate in signaling pathways like Wnt signaling pathway, 

GSK3 signaling pathway, Akt signaling pathway, and IL-6 signaling pathway. In healthy 

individuals, cystatin SN acts as the inhibitor of cysteine proteases in the oral environment and 

is involved in the control of the proteolytic events such as inhibiting the activity of papain in 

vivo (Liu and Yao, 2019). In contrast to our findings, the consistent and strong upregulation of 

Cystatin SN (CST1) expression was reported during cellular senescence on cellular models 

(Keppler et al., 2011). However, later publication reported that knockdown of CST1 induces 

cellular senescence. They concluded that extracellular CST1 is a positive regulator of 

extracellular Cathepsin B and contributes to tumorigenesis by preventing cellular senescence 

through the inhibition of abnormal glycogen accumulation (Oh et al., 2017). Cystatin SN was 

found in many cancer types, in cancer there was a higher expression of CST1. It was found to 

be an independent prognostic factor through univariate and multivariate analyses and was 

greatly related to the survival of cancer patients (Liu and Yao, 2019). In the study EBC study 

with Russian astronauts after spaceflights where the biological samples were collected 1 month 

before the spaceflight, immediately after landing and on the seventh day after landing, the 

Cystatin SN was detected in the individuals on the seventh day after landing (Kononikhin et 

al., 2019) which could suggest that the CST1 is a marker of lungs reparation. Forkhead box 

protein N1 (FOXN1) is a ubiquitously expressed member that has been implicated in the 

embryo development, metabolism, aging and cancer. It was described as a tumor suppressor; 

the higher level of FOXN1 was associated with a better prognosis of non-small lung cancer 

(NSCLC) patients (Ji et al., 2018). Experiments on mouse model showed that FOXN1 

disappears during aging (Rode et al., 2015) which is in concordance with our findings in EBC.  

Cystatin SN and forkhead box protein N1 were selected for age prediction by decision tree 

for whole individuals group as well as for the female subgroup and male subgroup respectively. 

Cystatin SN was reported as decreasing with age in both females and males in another 

proteomic study using 2-D electrophoresis and MS identification of selected spots (Fleissig et 

al., 2010). The decision tree selected Protein inscuteable homolog (Insc) as the third protein 

which was female-specific for prediction of age category 18 – 65 years old and disappearing in 

children and older adults too. Protein inscuteable is usually described in Drosophila where it 

plays role in asymmetric cell division and mitotic spindle orientation (Bowman et al., 2006). 

Human Insc shows an overall amino acid similarity to 25%. Human Insc was detected in various 
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tissues with abundant expression in the lung, kidney, pancreas, and small intestine (Izaki et al., 

2006). Its role was described in the asymmetrical cell division of human neural stem cells and 

other stem cells (Katoh and Katoh, 2003). The role in asymmetric cell division and apico-basal 

spindle orientation was later confirmed by crystallographic assays and in vitro binding assays 

(Culurgioni et al., 2011). When the same was performed for the men subgroup, the decision 

tree selected cDNA FLJ10929 fis, clone OVARC1000479, highly similar to Cullin-associated 

NEDD8-dissociated protein 1 as the third and male-specific protein. This protein was detected 

at the transcript level only. It is not present in children and younger adults but appears in older 

adults (> 65 years old). 
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2.3. Validation of biomarkers that indicate a response to treatment 

 

 

2.3.1. Objectives 

The validation of biomarkers that indicate a response to treatment was performed to 

independently verify the findings of in-depth studies conducted by other research groups at the 

Institute of Molecular and Translational Medicine. 

 

 

STUDY 1 – Proteomic profiling reveals DNA damage, nucleolar and ribosomal stress are 

the main responses to oxaliplatin treatment in cancer cells. 

 

In this study, the biomarker validation was a part of the proteomic profiling study. The 

protein profile was analyzed to evaluate the cellular response to treatment by oxaliplatin, an 

antineoplastic agent widely used for cancer treatment alone or in combination with other drugs 

since its approval in 2005. This study included high resolution mass spectrometric approach 

with SILAC quantification method to reveal differential proteomic profile after oxaliplatin 

treatment. The identified protein biomarkers of the response to oxaliplatin treatment such as 

cyclin B1 (CCNB1), probable U3 small nucleolar RNA-associated protein 11 (UTP11L), WD 

repeat-containing protein 46 (WDR46), probable ATP-dependent RNA helicase DDX56 

(DDX56), 40S ribosomal protein S19 (RPS19) and cellular tumor antigen p53 (TP53) were 

further validated by several methods including Western blot (Ozdian T, D. Holub, Z. 

Maceckova, L. Varanasi, G. Rylova, J. Rehulka, J. Vaclavkova, H. Slavik, P. Moudry, P. 

Znojek, J. Stankova, J. B. de Sanctis, M. Hajduch, P. Dzubak. Proteomic profiling reveals DNA 

damage, nucleolar and ribosomal stress are the main responses to oxaliplatin treatment in cancer 

cells. Journal of Proteomics 2017 Jun; 162:73-85. DOI: 10.1016/j.jprot.2017.05.005. ISSN: 

1874-3919; IF: 3.867; PMID: 28478306; see Appendix 8.2). 
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STUDY 2 - Alcohol-abuse drug disulfiram targets cancer via p97 segregase adaptor 

NPL4. Validation of molecular targets by Drug Affinity Responsive Target Stability 

(DARTS). 

 

In the second study, a repurposed drug disulfiram was tested as an anticancer agent. 

Disulfiram is rapidly metabolized to a strong cooper chelator dithiocarb 

(diethyldithiocarbamate) and forms a CuET (Cu(II)diethyldithiocarbamate) complex (Cvek, 

2012). Several epidemiological and experimental approaches including experiments on cellular, 

in vivo animals, patient blood samples and purified protein level, led to discovering the 

mechanism of action of disulfiram that targets cancer via p97 segregase adaptor NPL4. Drug 

affinity responsive target stability (DARTS) was performed as another independent approach 

to validate the drug binding to NPL4 (Skrott Z, M. Mistrik, K. Andersen, S. Friis, D. Majera, J. 

Gursky, T. Ozdian, J. Bartkova, Z. Turi, P. Moudry, M. Kraus, M. Michalova, J. Vaclavkova, 

P. Dzubak, I. Vrobel, P. Pouckova, J. Sedlacek, A. Miklovicova, A. Kutt, J. Li, J. Mattova, C. 

Driessen, Q. Dou, J. Olsen, M. Hajduch, B. Cvek, R. Deshaies, J. Bartek. Alcohol-abuse drug 

disulfiram targets cancer via p97 segregase adaptor NPL4. Nature 2017, 552 (7684), 194-199; 

ISSN: 0028-0836; IF: 40.137; PMID: 29211715; see Appendix 8.3). 
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2.3.2. Material and methods 

 

2.3.2.1. Cell cultivation and lysis 

The T-lymphoblastic leukemia-derived cell line (CCRF-CEM) obtained from ATCC were 

used for experiments. Cells were cultured in RPMI-1640 medium supplemented with 20% fetal 

calf serum and antibiotics (100 IU/ml penicillin and 10 μg/ml streptomycin). Cells (CCRF-

CEM seeded to final cell concentration of 1×106/ml) were treated with a 29.3 μM of oxaliplatin 

(i. e. concentration equal to 5 × IC 50), which approximately corresponds to the IC 50 value 

when compared to cell count used in cytotoxic MTT assay. Cells were harvested and 

centrifuged at 90g for 5 min at 4 °C and then washed twice in phosphate buffer saline (PBS) 

with protease and phosphatase inhibitors (5 mM sodiumpyrophosphate, 1 mM 

sodiumorthovanadate, 5 mM sodium fluoride and 1 mM PMSF). After washing, the cells were 

lysed with SDS lysis buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 1% 

mercaptoethanol, 0.5% bromophenol blue), heated for 10 min at 95 °C, and incubated with 2 

units of benzonase for one hour at room temperature to prepare a whole cell lysate (Ozdian et 

al., 2017).  

 

2.3.2.2. SDS-PAGE and Western blot analysis 

Total protein concentration was measured using the Pierce 660 nm Protein Assay 

containing the Ionic Detergent Compatibility Reagent. Samples were loaded to SDS-PAGE 

with uniform loading 10 μg of total protein and were separated on 4% stacking and 12% 

separation acrylamide gels. After SDS-PAGE, the proteins were blotted onto a nitrocellulose 

membrane (0.2 μm pore size, Bio-Rad) using the TransBlot Turbo semi-dry system (Bio-Rad). 

Then, the membrane was blocked for 1 h with 5% non-fat dry milk in Tris-buffered saline with 

0.1% Tween-20 (TBS/T) and incubated with appropriate primary antibodies in 5% v/v BSA 

and 0.1% sodium azide in TBS/T overnight at 4 °C with agitation. After incubation, the 

membranes were washed with TBS/T, incubated with a peroxidase-labeled secondary antibody, 

and visualized using the Luminata Forte peroxidase substrate. Chemiluminescence was 

recorded using a Li-Cor Odyssey FC instrument equipped with HCD camera. The image 

analysis and comparison with previous mass spectrometric data were performed (Ozdian et al., 

2017). 
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2.3.2.3. DARTS with purified protein 

The target protein NPL4 was obtained in a purified form for the experiment. The purified 

protein with glutathione (GST) tag for purification was used for the validation experiment. The 

experiment was performed according to a modified published protocol for DARTS (Lomenick 

et al., 2011).  

Purified wild-type GST–NPL4(WT) and mutant GST–NPL4(MUT) proteins were diluted 

by 100 mM phosphate buffer, pH 7.4 to the final concentration of 0.03 μg/μl (the concentration 

was optimized on BSA-carborane system, data not shown). The proteins were treated with 

CuET (metabolite of disulfiram, Cu(II)diethyldithiocarbamate complex; final concentration of 

5 μM; dissolved in DMSO) for 1 h and equal amounts of DMSO were added to the solutions, 

which served as control samples. Pronase (Sigma-Aldrich) was dissolved in TNC buffer (50 

mM Tris-Cl, 50 mM NaCl, 10 mM CaCl2, pH 7.5). The 0.025 μg of pronase was added to 50 

μl of protein solution and incubated for 1 h at 37 °C. Samples without pronase served as the 

non-digested controls. The pronase reaction was stopped by the addition of 5× SDS loading 

buffer; the samples were boiled at 95 °C for 15 min and loaded on SDS–PAGE gels. After 

SDS–PAGE, gels were silver-stained and scanned on a GS-800 Calibrated Densitometer (Bio-

Rad) or used for Western blot analysis (Skrott et al., 2017). 
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2.3.3. Results 

 

STUDY 1 - Biomarker validation by Western blot. 

 

As discussed in the theoretical introduction to the methods in part 1.2.2. “Western blot”, 

the Western blot validation is a widely used method for the biomarker validation. Here, the 

response to oxaliplatin treatment was evaluated by gel-based proteomics approach with mass 

spectrometry identification which revealed the significant regulation of protein biomarkers such 

as cyclin B1 (CCNB1), probable U3 small nucleolar RNA-associated protein 11 (UTP11L), 

WD repeat-containing protein 46 (WDR46), probable ATP-dependent RNA helicase DDX56 

(DDX56), 40S ribosomal protein S19 (RPS19) and cellular tumor antigen p53 (TP53). The 

expression level of all of these proteins was evaluated by Western blot (Figure 12).  

 

 

Figure 12: The expression level of studied proteins as a result of the Western blot method. The 

Western blot verification was performed to validate results obtained by MS. Expression levels 

of all the proteins showed the same trend (downregulation or upregulation) in both Western 

blot and MS experiments. Downregulated proteins were cyclin B1 (CCNB1), probable U3 small 

nucleolar RNA-associated protein 11 (UTP11L), WD repeat-containing protein 46 (WDR46), 

probable ATP-dependent RNA helicase DDX56 (DDX56) and 40S ribosomal protein S19 

(RPS19).  Cellular tumor antigen p53 (TP53) protein was upregulated after treatment. For each 

loading, the cell lysate was prepared independently and the replicates depicted are the three 

biological replicates. The results here are representative pictures from three Western blot 

experiments (Ozdian et al., 2017). 
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In all cases, the results of the Western blot confirmed the data obtained by MS. All reported 

proteins except p53 were downregulated after oxaliplatin treatment. Cellular tumor antigen p53 

was upregulated after oxaliplatin treatment (Figure 12). Further results in this article have 

shown that p53 is activated by a mechanism independent of the MDM2 pathway. Therefore the 

p53 protein is not involved in oxaliplatin-induced nucleolar and ribosomal stress in T-

lymphoblastic leukemia cells (Ozdian et al., 2017). 
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STUDY 2 – Biomarker validation by DARTS.  

 

The present study demonstrated the activity of the old anti-alcohol aversion drug disulfiram 

against cancer cells, and in vivo models demonstrated preferential accumulation of the CuET 

complex in tumors. It was shown that the CuET complex acts as a proteasome inhibitor, which 

is caused by p97-dependent protein degradation. Inhibition of the p97 pathway is independent 

of ATPase activity but depends on the p97 segregase, NPL4 and UFD1 protein complex 

components. CuET has been shown to bind and immobilize NPL4.  

The drug affinity responsive target stability (DARTS) is based on the fact that a ligand 

specifically binds to the target protein and sterically prevents complete digestion of protein by 

the protease. Our research on the identification and validation of biomarkers using DARTS 

included determining optimal conditions for the identification and validation of drug targets. It 

is a useful method to identify the interaction of the native protein with a small molecule. Here, 

DARTS was chosen as another independent approach to verify the binding of CuET to NPL4. 

It was shown that NPL4 was differentially cleaved by pronase after the addition of CuET 

compared to the mock-treated sample and that full-length NPL4 is cleaved more in the mock-

treated sample than in the CuET treated sample due to stabilization and steric protection of 

protein structure after drug binding. In the case of NPL4 mutant protein, there was no change 

in pronase cleavage (Figure 13). Concerning the obtained mutated protein, site-directed 

mutagenesis was used within the amino acid sequence of the putative zinc finger domain of 

NPL4. It was proved that the CuET does not bind the mutated protein, and thus, the tested zinc 

finger domain is responsible for the interaction between CuET and NPL4 protein. As before, 

DARTS was one of the methods that independently verified this result (Skrott et al., 2017).  
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Figure 13. Drug affinity responsive target stability (DARTS) experiments with recombinant 

NPL4 proteins showed that differential pronase-mediated proteolysis after CuET addition is 

apparent for wild-type NPL4 protein (WT) but not for mutated protein (MUT). The differential 

cleavage by pronase was detected by either silver-stained SDS–PAGE (red dots mark the most 

prominent differential bands) or by blotting with an anti-NPL4 polyclonal antibody. The results 

depicted are representative of two independent experiments (Skrott et al., 2017). 

 

The application of DARTS successfully confirmed the NPL4 protein as a molecular target 

of disulfiram. These results showed us that DARTS is an advantageous and relatively fast 

method in the case of the availability of purified recombinant protein.  
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2.3.4. Discussion 

Western blot is a method that is widely used to validate protein biomarkers previously 

identified by MS. This validation was also used in studies where, as in our study, biomarkers 

of cellular response to treatment were evaluated. Western blot was one of the methods used to 

validate identified proteins in a SILAC-based MS experiment that revealed mechanisms of 

cellular resistance to paclitaxel (Xu et al., 2015) and also in an iTRAQ-based MS experiment 

to reveal etoposide resistance mechanisms (Paul et al., 2016). Confirmation of MS results by 

Western blot was performed by validation of markers from high-grade osteosarcoma in patients 

after cryotherapy and irradiation (Madda et al., 2020). As in these studies, we have decided to 

choose Western blot as a relatively fast and accurate validation approach. Immunoprecipitation, 

ELISA, flow cytometry, microscopic methods and PCR method were also used to reveal other 

mechanisms of action and protein interactions, Proteins for which the level of expression has 

been validated are those whose regulation triggers a response to DNA damage, and thus, 

nucleolar and ribosomal stress (Ozdian et al., 2017).  

Unlike the Western blot method, the DARTS has never been used to verify biomarkers or 

molecular targets. The original work published by the Lomenick’s group (Lomenick et al., 

2009, 2011) was focused mainly on compounds with unknown molecular targets. Thus, 

molecular targets were identified by comparing proteolytic patterns of treated and untreated 

complex cellular lysates. Our work was focused on the interaction of purified proteins with a 

small molecule ligand. The application of DARTS to purified proteins was also mentioned in 

Lomenick’s dissertation but was never published. However, we found this application very 

useful. A limitation of the method is that the efficiency of pronase digestion depends on the 2D 

and 3D structure of the protein, thus the digestion conditions are not universal and applicable 

to all proteins. Some proteins are more resistant to protease and no digestion is observed using 

the same conditions as for NPL4. In such cases, digestion conditions (temperature, the 

concentration of pronase, time of digestion) must be re-optimized. 
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3 SUMMARY 

 

The presented thesis focuses on the application of proteomic methods such as mass 

spectrometry (MS), Western blot and Drug Affinity Responsive Target Stability (DARTS) for 

biomarker discovery and validation. In experimental work, we studied exhaled breath 

condensate as an excellent tool for monitoring the condition of human lungs and describing a 

method for discovering biomarkers of respiratory and systemic diseases. The second part of our 

work involved the validation of protein biomarkers that were recently identified at IMTM. 

Exhaled breath condensate (EBC) is a biological matrix collected non-invasively that is a 

potential biomarkers source. In the proposed thesis, we developed a gel-free mass spectrometric 

approach for in-depth characterization of the EBC proteome (section 2.2). Our method involved 

freeze-drying sample concentration, digestion of proteins in-solution, purifying the peptides 

using Stage Tips and HPLC-MS/MS-Orbitrap identification. The search for proteins and 

peptides was performed in the Proteome DiscovererTM tool (Thermo Fisher Scientific). The 

optimal parameters were set in cooperation with Thermo Fisher Scientific developers to obtain 

the most reliable identifications. Using our approach, we were able to identify many more 

proteins than reported in any of the studies published previously.  

In the first EBC study, we reported 2797 proteins across 27 analyzed samples. It was almost 

ten times higher than in previous publications. To date, the highest number of identifications 

was 348 different proteins in a cohort of 192 individuals in a study which compared lung cancer 

and COPD patients and controls (López-Sánchez et al., 2017). We have shown that our MS 

method is quite sensitive and highly reproducible between individual measurements and is a 

suitable tool for subsequent biomarkers studies. In tests of the variability of the reported results, 

we have shown that the difference in the abundances of proteins or peptides that are distant less 

than 10% from the mean is much more the consequence of the MS measurement deviation than 

the biological variability of the samples. In addition, the distance from the mean up to 20% 

could be caused by method variability. It should not be considered a change in protein 

expression when the data is evaluated using a label-free MS approach (Václavková et al., 

2020).  

In the second EBC study, we analyzed the age-related changes in protein expression. We 

identified 3202 proteins across 248 individuals’ samples. We have reported the changes in the 

protein profile of EBC according to age. The largest difference was observed in the children 

and young adult groups (under 18 years of age) and adult’s groups (adults under 65 years of 
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age and the elderly over 65 years of age). Slight differences were found between adult and 

elderly groups, and age-related markers between the male and female subgroups were also 

reported. Incorrect age prediction of a group of adults and the elderly can be caused by different 

biological ages of individuals. However, age-related changes in protein profiles may predict 

resistance or susceptibility to age-related diseases (Václavková et al., unpublished data). 

The presented work continued with the verification of biomarkers (section 2.3). In the first 

validation study, we validated biomarkers of the cellular response to oxaliplatin treatment. 

These biomarkers were identified in a proteomic profiling study based on mass spectrometry. 

The study was performed on an oxaliplatin-treated T-lymphoblastic leukemia cell line. 

Following oxaliplatin treatment, Western blot confirmed the downregulation of cyclin B1, 

probable U3 small nucleolar RNA-associated protein 11, WD repeat-containing protein 46, 

probable ATP-dependent RNA helicase DDX56 and 40S ribosomal protein S19  and 

upregulation of the cellular tumor antigen p53 (Ozdian et al., 2017). 

The last study in the thesis and the second biomarker validation study provided independent 

evidence that the NPL4 protein is the target of disulfiram. Here, the old drug disulfiram was 

tested for anticancer activity. We used the DARTS method, which is based on the fact that the 

ligand binds specifically to the protein of interest and prevents it from being entirely digested 

by the protease. We applied the DARTS method to both wild-type and mutant forms of NPL4 

protein. We reported that the wild-type NPL4 after disulfiram treatment showed a differential 

protease cleavage pattern compared to the mock-treated protein. In the case of the mutant 

protein, proteolytic cleavage showed the same pattern in disulfiram and the mock-treated 

protein. Thus, the DARTS approach confirmed that disulfiram binds the NPL4 protein and that 

mutations within the amino acid sequence of the putative zinc finger domain of NPL4 prevent 

disulfiram binding (Skrott et al., 2017).  

 

In conclusion, mass spectrometry methods are very sensitive and widely used in the 

discovery of protein biomarkers. Our MS-based approach for in-depth characterization of the 

EBC proteome has proven to be highly reproducible and applicable to biomarker discovery 

studies. We have achieved excellent proteome coverage thanks to samples’ preconcentration, 

gel-free sample preparation, Orbitrap-based MS analysis, and a highly efficient protein search 

tool. We have also proved that exhaled breath condensate is a suitable matrix for the biomarker 

discovery. Non-invasive diagnostics of respiratory diseases from the human breath could 

replace or complement bronchoscopy or other recently used invasive techniques. Analysis of 

exhaled breath would be relatively inexpensive and much more pleasant for patients.  
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To conclude the biomarker validation studies, current methods are a relatively quick and 

inexpensive way to confirm the conclusions of long-running experiments that require expensive 

equipment. Western blot is a widely used method for the validation of biomarkers identified by 

mass spectrometry. On the other hand, DARTS has not been used to validate biomarkers in any 

current publication. It was originally used for molecular target discovery, where proteolytic 

patterns were compared between treated and untreated cell lysates. Our application of DARTS 

is an excellent tool for evaluation of drug – protein interactions and for independent validation 

whether the identified protein is the true target of the drug of interest. 
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4 SOUHRN 

 

Předkládaná dizertační práce se zabývá využitím proteomických metod, jako jsou 

hmotnostní spektrometrie (MS), Western blot a metoda stability molekulárního cíle závislé na 

afinitě léčiva (Drug Affinity Responsive Target Stability; DARTS), k identifikaci a validaci 

biomarkerů. Experimentální část je zaměřena na kondenzát vydechovaného vzduchu, který je 

vynikajícím biologickým materiálem pro monitorování stavu lidských plic a který byl využit 

k vývoji metody pro objev biomarkerů respiračních a systémových onemocnění. Druhá část 

experimentální práce se týká validace biomarkerů, které byly nedávno identifikovány jinými 

výzkumnými skupinami na ÚMTM.  

Kondenzát vydechovaného vzduchu (EBC) je biologická matrice, která je odebírána 

neinvazivně a je bohatým zdrojem biomarkerů. V této dizertační práci jsme vyvinuli 

hmotnostně spektrometrický přístup s metodou zpracování vzorků bez předchozí 

elektroforetické separace. Tento přístup vedl k detailní charakterizaci proteomu EBC (viz 

kapitola 2.2). Součástí naší metody je zakoncentrování vzorku vysušením mrazem, štěpení 

proteinů na peptidy v roztoku, přečištění peptidů s využitím Stage Tips technologie a měření 

na přístroji HPLC-MS/MS-Orbitrap. Vyhledání proteinů a peptidů z hmotnostně 

spektrometrických dat bylo provedeno v softwaru Proteome DiscovererTM (Thermo Fisher 

Scientific), přičemž nastavení optimálních parametrů pro vyhledávání bylo provedeno 

ve spolupráci s developery softwaru z firmy Thermo Fisher Scientific tak, abychom získali co 

nejspolehlivější data. S využitím našeho přístupu se podařilo identifikovat více proteinů než 

ve studiích doposud publikovaných.  

V první studii týkající se EBC jsme identifikovali 2797 proteinů napříč všemi 27 

analyzovanými vzorky. Tento počet je téměř desetkrát vyšší než počet proteinů 

identifikovaných v předchozích publikacích. Doposud nejvyšší identifikovaný počet proteinů 

byl 348 a tento počet byl publikován ve studii, jež zahrnovala 192 jedinců a srovnávala 

proteinový profil pacientů s nádory plic, s chronickou obstrukční plicní nemocí (CHOPN) a 

zdravých kontrol (López-Sánchez et al., 2017). Dokázali jsme, že naše MS metoda je opravdu 

citlivá a jednotlivá měření jsou vysoce reprodukovatelná. Tato metoda je také vhodným 

nástrojem pro další studie, které se zaměří na konkrétní biomarkery. Když jsme testovali 

variabilitu našich výsledků, dokázali jsme, že pokud je vzdálenost abundancí proteinů a peptidů 

od průměru menší než 10%, je to mnohem pravděpodobněji dáno odchylkou MS měření než 

biologickou variabilitou vzorků. Dále jsme dospěli k závěru, že pokud je vzdálenost od průměru 
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menší než 20%, je to pravděpodobně způsobeno variabilitou metody a tato změna by, pokud 

používáme label-free techniky hmotnostní spektrometrie, neměla být považována za změnu 

v expresi proteinu (Václavková et al., 2020). 

Ve druhé studii týkající se EBC jsme analyzovali a popsali změny v proteinové expresi 

v závislosti na věku. Identifikovali jsme 3202 proteinů napříč souborem 248 jedinců. Největší 

rozdíl byl pozorován mezi skupinou dětí a mladších dospělých (do 18 let věku) a dvěma 

skupinami dospělých (dospělými do 65 let věku a dospělými pokročilejšího věku nad 65 let). 

Pouze malé rozdíly v identifikovaných proteinových profilech byly patrné mezi skupinou 

dospělých a dospělých pokročilejšího věku. Dále byly patrné rozdíly v biomarkerech spojených 

s věkem mezi podskupinami žen a mužů. Nesprávná predikce věku mezi skupinami dospělých 

a dospělých pokročilejšího věku může být způsobena odlišným biologickým věkem 

studovaných jedinců. Ovšem změny v proteinovém profilu v závislosti na věku mohou 

predikovat rezistenci, nebo náchylnost k nemocem spojeným s věkem (Václavková et al., 

nepublikovaná data). 

Dizertační práce dále pokračuje projekty zaměřenými na validací identifikovaných 

biomarkerů (kapitola 2.3). V první validační studii jsme validovali biomarkery buněčné 

odpovědi na ošetření oxaliplatinou. Tyto biomarkery byly identifikovány jako součást studie, 

která byla zaměřena na proteomické profilování s využitím hmotnostní spektrometrie. V této 

studii byla buněčná linie odvozená od T-lymfoblastické leukémie ošetřena oxaliplatinou a byla 

zkoumána buněčná odpověď. Metoda Western blot potvrdila, že exprese proteinů CCNB1, 

UTP11L, WDR46, DDX56, RPS19 byla snížena a exprese nádorového antigenu p53 byla 

zvýšena (Ozdian et al., 2017). 

Poslední studie v dizertační práci a současně druhá studie týkající se validace biomarkerů 

přinesla nezávislý důkaz, že protein NPL4 je molekulárním cílem disulfiramu. Jde o součást 

studie, v níž byly zkoumány protinádorové účinky disulfiramu - Antabusu, který se využívá 

k léčbě alkoholismu. V tomto případě jsme použili metodu DARTS, která je založena na tom, 

že se malá molekula  specificky váže na protein a tento cílový protein stericky chrání proti 

kompletnímu rozštěpení proteázou. Metodu DARTS jsme aplikovali na standardní i mutantní 

protein NPL4. Bylo zjištěno, že pokud se na standardní protein NPL4 naváže disulfiram, jsou 

po proteolytickém štěpení pozorovány jiné štěpné produkty než v případě proteinu NPL4 bez 

léčiva. V případě mutantního NPL4 proteinu jsou po proteolýzy pozorovány stejné štěpné 

produkty bez ohledu na to, zda je tento protein disulfiramem ošetřen, či nikoliv. S využitím 

metody DARTS jsme tedy dokázali, že se disulfiram váže na protein NPL4 a že mutace 
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v aminokyselinové sekvenci domény zinkového prstu proteinu NPL4 brání navázání 

disulfiramu (Skrott et al., 2017) 

Závěrem lze říci, že hmotnostně spektrometrické metody jsou velmi citlivé a jsou hojně 

využívány při objevování proteinových biomarkerů. Náš přístup založený na hmotnostní 

spektrometrii vedl k detailní charakterizaci proteomu EBC. Ukázalo se, že tento přístup je 

vysoce reprodukovatelný a lze jej aplikovat ve studiích zabývajících se identifikací nových 

biomarkerů. Díky zakoncentrování vzorků, přípravě vzorků bez předchozí elektroforetické 

separace, MS analýzy s využitím Orbitrapu a velmi efektivního nástroje pro vyhledávání dat 

(ProteomDiscover) jsme dosáhli velmi dobrého pokrytí proteomu. Také jsme potvrdili, že 

kondenzát vydechovaného vzduchu je vhodnou biologickou matricí pro hledání biomarkerů. 

Neinvazivní diagnostika respiračních onemocnění z lidského dechu může v budoucnu doplnit, 

nebo nahradit bronchoskopii a další používané invazivní techniky odběru vzorků od pacientů. 

Analýza vydechovaného vzduchu by mohla být poměrně levnou a pro pacienty příjemnější 

alternativou. 

Co se týče shrnutí studií zaměřených na validaci biomarkerů, lze říci, že zmíněné metody 

jsou relativně rychlou a levnou cestou, jak potvrdit výsledky dlouhodobých experimentů, které 

vyžadují nákladné přístrojové vybavení. Western blot je velmi rozšířenou metodou používanou 

pro validaci biomarkerů, které byly identifikovány pomocí hmotnostní spektrometrie. Na 

druhou stranu, metoda DARTS ještě v žádné publikaci nebyla použita pro validaci 

identifikovaných biomarkerů. Tato metoda byla původně využita k identifikaci molekulárních 

cílů tak, že byly porovnávány výsledné produkty proteolytického štěpení mezi dvěma vzorky, 

z nichž jedním byl buněčný lyzát ošetřený léčivem a druhým buněčný lyzát neošetřený léčivem. 

Naše využití metody DARTS se ukázalo být skvělým nástrojem pro ověření interakce mezi 

léčivem a proteinem a pro nezávislou validaci, zda je identifikovaný protein opravdu cílem 

studovaného léčiva. 
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5 ABBREVIATIONS 

 

12C6- “light” form of amino acid, containing naturally occurring carbon 

isotope 

 13C6-  “heavy” form of amino acid, containing one proton heavier 

carbon isotope than naturally occurring one 

13CD3 one carbon-13 and three deuterium atoms 

15N- heavy” form of amino acid, containing one proton heavier 

nitrogen isotope than naturally occurring one 

1-D one-dimensional 

2-D two-dimensional 

2-DE  two-dimensional gel electrophoresis 

2D-PAGE  two-dimensional polyacrylamide gel electrophoresis 

7-T LTQ-FT 7-Tesla linear ion trap quadrupole combined with a Fourier 

transform ion cyclotron resonance mass analyzer 

AATD α1-antitrypsin deficiency 

Akt protein kinase B (Akt kinase); serine/threonine-specific protein 

kinase 

ANOVA analysis of variance 

AQUA absolute quantification of proteins and their modification states 

ATCC American Type Culture Collection 

ATP adenosine triphosphate 

BSA  bovine serum albumin 

C18 18-carbon chain 

CART  classification and regression tree 

CC16 Clara cell protein 

CCNB1 cyclin B1 

CCRF-CEM acute lymphoblastic leukemia cell line derived from human 

lymphoblasts from peripheral blood of a child with acute 

leukemia 

cDNA complementary DNA 

CID collision-induced dissociation 

CK  cytokeratin 
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COPD chronic obstructive pulmonary disease 

COSMIC  catalogue of somatic mutations in cancer 

CST1 cystatin SN 

ctDNA  circulating tumor DNA 

CuET  Cu(II)diethyldithiocarbamate complex 

Da Dalton unit 

DARTS  drug affinity responsive target stability 

DDA data-dependent acquisition 

DDX56 probable ATP-dependent RNA helicase DDX56  

DIA data-independent acquisition 

DIGE  difference gel electrophoresis 

DMBT1 deleted in malignant brain tumors 1 protein 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

E. coli Escherichia coli 

EBC exhaled breath condensate 

EDTA ethylenediaminetetraacetic acid 

EGF  epidermal growth factor 

EGFR  epidermal growth factor receptor 

ELISA enzyme-linked immunosorbent assay 

ESI  electrospray ionization 

ESI-ION TRAP LCQ-Advantage electrospray ion-trap mass spectrometer with MSn-capability 

FAIMS   front-end high field asymmetric waveform ion mobility 

spectrometry 

FDA USA Food and Drug Administration 

FDR  false discovery rate 

FFPE formalin‐fixed paraffin‐embedded (tissue) 

FOXN1 forkhead box protein N1 

FT-ARM Fourier transform – all reaction monitoring 

FT-ICR Fourier transform ion cyclotron resonance spectroscopy 

FTMS Fourier transform mass spectrometry 

GSK3 glycogen synthase kinase 3 

GST  glutathione 

HCD higher-energy collisional dissociation 
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HE4 human epididymis protein 4 

HeLa cells Henrietta Lacks cells, immortal cell line derived from cervical

 cancer cells 

HIAR  heat‐induced antigen retrieval 

HMG-I/Y protein family  high mobility group I/Y protein family 

HPLC high performance liquid chromatography 

HPLC-MS  high performance liquid chromatography coupled to mass 

spectrometry 

HPLC-MS/MS  high performance liquid chromatography coupled to tandem mass 

spectrometry 

HSF1 heat shock factor 1 

i.d.  inner diameter 

i.e. id est; that is to say 

IC 50 half maximal inhibitory concentration 

ICAT isotope-coded affinity tags 

ICR ion cyclotron resonance spectroscopy 

IEF  isoelectric focusing  

IHC  immunohistochemistry 

IL-6 interleukin 6 

IMTM Institute of Molecular and Translational Medicine 

Insc protein inscuteable homolog 

IT ion trap 

iTRAQ  isobaric tags for relative and absolute quantification 

IU international unit 

JNK  c-Jun N-terminal kinase 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LASSO least absolute shrinkage and selection operator 

LC liquid chromatography 

LC/LC  multidimensional liquid chromatography 

LC/LC-MS/MS multidimensional liquid chromatography coupled to tandem mass 

spectrometry 

LCDH  left-sided congenital diaphragmatic hernia 

LC-MS liquid chromatography coupled to mass spectrometry 

LC-MS/MS liquid chromatography coupled to tandem mass spectrometry 
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Leu-d3 deuterated leucine 

LTQ linear trap quadrupole 

LTQ-FT linear ion trap quadrupole combined with a Fourier transform ion 

cyclotron resonance mass analyzer 

m/z mass to charge ratio 

MALDI  matrix-assisted laser desorption/ionization 

MAPK mitogen-activated protein kinase 

MDM2 mouse double minute 2 homolog; E3 ubiquitin-protein ligase 

Mdm2 

MIKE  mass-analyzed ion kinetic energy 

MRM multiple reaction monitoring 

mRNA messenger RNA 

mRNAseq messenger RNA sequencing 

MS mass spectrometry, mass spectrometer 

MS/MS  tandem mass spectrometry 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; 

tetrazolium salt used for cytotoxicity assay 

MUT mutant 

Na/K-ATPase sodium–potassium adenosine triphosphatase 

nanoLC/nanoUPLC (ultra performance) liquid chromatography with nanoliter flow 

NCI-60 National Cancer Institute – 60 human cancer cell lines for the 

screening of compounds to detect potential anticancer activity 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

NPL4 nuclear protein localization protein 4 homolog 

Nrf2 nuclear factor erythroid 2-related factor 2 

NSCLC  non-small lung cancer 

p97 ATPase, also called valosin-containing protein (VCP) 

PBS  phosphate buffer saline 

PCR polymerase chain reaction 

PCT – SWATH pressure cycling technology – sequential windowed acquisition 

of all theoretical fragment ion 

PDCD4 programmed cell death protein 4 

pH decimal logarithm of the reciprocal of the hydrogen ion activity 

PI3K phosphatidylinositol 3-kinase 
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PMSF phenylmethylsulfonyl fluoride 

PRM parallel reaction monitoring 

PSA prostate specific antigen 

PSM peptide sequence match 

Q quadrupole 

QqTOF quadrupole-quadrupole-time-of-flight mass analyzer 

Q-TOF  quadrupole – time-of-flight hybrid mass analyzer 

Ras “Rat sarcoma” protein; small GTPase, a cell signaling protein 

RNA ribonucleic acid 

ROS reactive oxygen species 

RP reverse phase 

RPLC reverse phase liquid chromatography 

RPMI-1640  growth medium used in cell culture, name come from Roswell 

Park Memorial Institute 

RPPA reverse-phase protein array 

RPS19 40S ribosomal protein S19  

RT PCR real-time polymerase chain reaction 

RT retention time 

S. aureus Staphylococcus aureus 

SARS-CoV-2 severe acute respiratory syndrome-related coronavirus 

sd standard deviation 

SDS sodium dodecyl sulfate 

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SELDI surface enhanced laser desorption/ionization 

shRNA short hairpin RNA 

SILAC stable isotope labeling by amino acids in cell culture 

SP-A surfactant protein A 

Src  proto-oncogene tyrosine-protein kinase from Src protein family 

SRM  selected reaction monitoring  

SWATH sequential windowed acquisition of all theoretical fragment ion 

TBS/T  Tris-buffered saline with 0.1% Tween-20 

TEZ buffer Tris, EDTA and Zwittergent buffer 

TFA  trifluoroacetic acid 
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TiMS TOF   trapped ion mobility spectrometry coupled to time-of-flight mass 

analyzer 

TMT  tandem mass tags 

TNC buffer  buffer containing Tris-Cl, NaCl, CaCl2 

TOF time-of-flight mass analyzer 

TOF/TOF  hybrid time-of-flight mass analyzer enabling tandem mass 

spectrometry analysis 

TP53 cellular tumor antigen p53 

TRAIL tumor necrosis factor (TNF)-related apoptosis-inducing ligand 

Turbo DECCS transportable unit for research of biomarkers obtained and 

disposable exhaled condensate collection system 

UFD1 ubiquitin recognition factor in ER-associated degradation 

protein 1 

UPLC ultra performance liquid chromatography 

UTP11L  probable U3 small nucleolar RNA-associated protein 11  

UV ultraviolet 

VEGF  vascular endothelial growth factor 

WDR46 WD repeat-containing protein 46  

Wnt  name created from the names Wingless and Int-1; signal 

transduction pathway 

WT wild-type 
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Extended data. 
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8.3. Proteomic profiling reveals DNA damage, nucleolar and ribosomal 

stress are the main responses to oxaliplatin treatment in cancer cells.  
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