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Uvod

Odbér kondenzatu vydechovaného vzduchu (EBC,
z angl. Exhaled Breath Condensate) je jednoduchd, neinva-
zivni, a tedy slibnda metoda, pomoci které miZzeme ziskat
vzorek komplexniho materialu z dychacich cest. Konden-
zat vydechovaného vzduchu je mozné jednoduse odebrat
a nasledné analyzovat i v ptipad¢ pacientl z fad déti pred-
$kolniho véku?. Odbér EBC byva provadén s vyuzitim
riznych odbérovych pfistrojii, a to bud’ vlastnimi, nebo
komeréné dostupnymi zafizenimi. Z komeréné dostupnych
zafizeni lze zminit EcoScreen, TurboDECCS, RTube,
a sklenény kondenzator Anacon glass. V této studii bylo
pouzito odbérové zatizeni TurboDECCS, které se sklada
z prenosné Turbo jednotky (Turbo je akronym anglického
Transportable Unit for Research of Biomarkers Obtained)
a odbérové soupravy DECCS (z angl. Disposable Exhaled
Condensate Collection System). Odbérova souprava
DECCS se sklada z naustku, jednocestného ventilu, odbé-
rové zkumavky a sbérné cely, ktera je soucasti chladiciho
systému Peltierova typu. Pokud dospély ¢loveék do piistro-
je klidné dycha po dobu 10 min, je mozné ziskat 1-3 ml
EBC (cit.’). Kondenzat vydechovaného vzduchu je tvofen
2 99,9 % kondenzovanou vodni parou® a zbytek tvoii riizné
tékavé i netdkavé sloudeniny z dolniho respiraéniho traktu’.
Vétsina biomarkeri je zde pfitomna ve velmi malém mnoz-
stvi, které je blizké detekénimu limitu vétsiny metod”.

V minulosti byly proteiny v EBC detegovany meto-
dou vysokorozlisovaci 2D elektroforézy v mens$im nez
nanogramovém mnozstvi’. U déti s astmatem byly identifi-
kovany cytokiny a ristové faktory s vyuzitim enzymové
imunoanalyzy®’ a multiplexni imunodetekce’. Prvnim
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hmotnostné spektrometrickym analyzam piedchazelo roz-
déleni proteind gelovou elektroforézou, po kterém nasle-
dovala identifikace vyfezanych spotil s vyuZzitim hmotnost-
niho spektrometru®'. Timto p¥istupem bylo v EBC identi-
fikovano nékolik keratind, a to jak pfi analyze EBC zdra-
vych jedinct®, tak pii analyze EBC mechanicky ventilova-
nych pacientd’ apii analyze EBC u pacientd s plicnim
emfyzémem'®. Autofi zminénych studii se potykali
s problémem nizké koncentrace proteind ve vzorcich EBC,
a proto néktefi z nich pfistoupili ke spojeni odebranych
vzorkil do jednoho vzorku®'’,

Nizka koncentrace proteinli ve vzorku je hlavnim
problémem pfi studiu proteomu EBC (cit.'"). V minulosti
byly testovany rizné metody detekce proteini bez pred-
chozi separace gelovou elektroforézou a nékolik pristupil
pro zakoncentrovani vzorkd. Byly otestovany a publikova-
ny metody precipitace proteinii kyselinou trichloroctovou,
precipitace pyrogalolovou cerveni, zachyceni proteinlli na
poréznim nosi¢i na bazi kopolymeru styrendivinylbenzenu
(POROS-20-R2-RP), odstranéni lipidii a precipitace me-
thanolem a chloroformem, precipitace deoxycholatem
sodnym a kyselinou trichloroctovou, ultramembranova
centrifugace s vyuzitim riznych membran, extrakce na
pevné fazi s vyuzitim kolon ZipTipC18, vysuSovani mra-
zem, vysuSovani pod vakuem a chromatografie na reverzni
fazi''"™". Precipitace pyrogalolovou &erveni vykazovala
vysokou navratnost proteind, nicméné toto barvivo neni
kompatibilni s MS analyzou. Z vySe zminénych metod pro
zakoncentrovani proteind bylo nejvyhodnéj$i zachyceni
proteinti na nosi¢i POROS-20-R2-RP, soucasné bylo zjis-
téno, ze vysuSovani mrazem je Spatn¢ reprodukovatelna
metoda''. Jind vyzkumna skupina vsak publikovala, Ze
lyofilizace je nejSetrnéjsi a nejrychlejsi metodou
s vysokym vytéZkem proteinti'2. Také chromatografie na
reverzni fazi byla publikovana coby vhodna metoda pro
zakoncentrovani proteinti ve vzorku'’. Implementace me-
tody pro zakoncentrovani vzorku a pouziti metody bez
predchozi elektroforetické separace vedlo ke zlepSeni citli-
vosti detekce. Ditkazem toho je, Ze relativni kvantita jed-
noho z proteintl, kalgranulinu B, byla pfiblizné¢ 20x nizsi
nez v piipad¢ nejabundantnéj$iho proteinu, cytokeratinu
10 (cit.').

Dalsim krokem k charakterizaci kompletniho proteo-
mu EBC byla analyza vzorku vzniklého smichanim EBC
odebraného od deviti zdravych jedinct. Proteiny v tomto
vzorku byly identifikovany vysokorozliSovaci hmotnostni
spektrometrii (HRMS) s vyuzitim technologie Orbitrap,
ionizace nanoESI, ve spojeni s pfedchozi elektroforetickou
a HPLC separaci. Tento pfistup vedl k identifikaci
167 unikatnich produktti genové exprese'®. V dalsi studii,
v niz byla pouzita metoda elektroforetické separace ve
spojeni s detekci proteintt pomoci nanoLC a hmotnostni
spektrometrie s technologii Orbitrap, bylo identifikovano
229 unikatnich proteind. Zminénych 229 proteinii bylo
identifikovano ve dvou vzorcich, z nichz kazdy byl pfipra-
ven smichanim 10 vzorkii EBC od zdravych jedincd. Pro-
teintl, které byly identifikovany v obou analyzovanych
vzorcich, bylo 153 (cit.'). Pro analyzu jednotlivych vzor-
ki od 24 intubovanych novorozenct napojenych na me-
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chanickou ventilaci byla pouzita metoda pfimé pfipravy
vzorku v roztoku spojena s HPLC separaci a detekci na
hmotnostnim spektrometru zaloZeném na iontové cyklotro-
nové rezonanci s Fourierovou transformaci (FT-ICR MS).
S vyuzitim semi-kvantitativni techniky bez znaceni protei-
nl bylo moZno detegovat 119 proteinli ve vSech vzor-
cich'®.

Dalsi zlepSeni ve smyslu poctu identifikovanych pro-
teind pfinesla analyza EBC ve studiich tykajicich se plic-
nich nadortt a chronické obstrukéni plicni nemoci
(CHOPN). Vice nez 300 proteini bylo detegovano ve
vzorcich, které byly zpracovany metodou bez piedchozi
elektroforetické separace a analyzovany metodou HPLC
FT-ICR MS s vysokym rozligenim'’. Ve studii zabyvajici
se vcasnou detekci rakoviny plic bylo analyzovano jesté
vice vzorku, atudiz vzrostl i pocet identifikovanych pro-
teinl. Kondenzaty vydechovaného vzduchu byly odebrany
od 192 jedinci: 49 zdravych kontrol, 49 kuraka,
46 pacientti s CHOPN a 48 pacienti s rakovinou plic. Ana-
lyza svyuzitim hmotnostnitho spektrometru nanoESI
QqTOF vedla k identifikaci 348 riznych proteint'. Obé
zminéné studie také navrhly potencialni biomarkery pro
véasnou diagnozu rakoviny plic'™'®. Nicmén& to, Ze
v téchto studiich byl identifikovan vys$i pocet proteind,
mize byt ovlivaéno také tim, Ze v EBC pacientll
s rakovinou plic byla prokdzana pfitomnost vice proteinli
nez v piipadé pacienti s CHOPN a zdravych kontrol'®.
Dalsim pfistupem bylo vyuziti kvantitativni hmotnostni
spektrometrie s vysokym rozliSenim pomoci technologie
Orbitrap, kdy bylo identifikovano 257 proteint. Do této
studie bylo zahrnuto 19 pacientii s CHOPN a 19 zdravych
kontrol, pfi¢emz byly analyzovany jednotlivé vzorky. Me-
zi zminénymi 257 proteiny bylo objeveno 24 proteind,
které byly rozdiln¢ exprimovéany u pacienti s CHOPN ve
srovnani s kontrolou'’.
schopny vyfesit problém s nizkou koncentraci proteini ve
vzorcich EBC. Nicmén¢ publikované studie se zaméfuji na
kompletni charakterizaci proteomu EBC, nebo na identifi-
kaci biomarkeri onemocnéni. Ve vétsing studii, jez se
zaméfily na kompletni charakterizaci proteomu, bylo vice
odebranych vzorklt EBC spojeno do jednoho vzorku, coz
sice vedlo ke zvySeni poctu identifikovanych proteind, ale
ztratila se informace o interindividudlni variabilité¢ vzorkd
od jednotlivych jedinct. Nase studie je prvni studii, ktera
zavedla méfeni vzorkli dechového kondenzatu v biologic-
kych a technickych replikatech, porovnala proteinovy pro-
fil jednotlivych vzorkii od zdravych jedinch a charakteri-
zovala reprodukovatelnost méteni tfi technickych replikat
jednoho vzorku.

Experimentalni ¢ast
Vzorky ve studii
Vzorky byly odebrany od 3 zdravych ¢lend jedné

rodiny. Jednalo se o vzorky EBC dvou sester ve véku 8
a 11 let a jejich otce ve veku 45 let.
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Odbér EBC

Kondenzat vydechovaného vzduchu byl od tcastnikli
studie odebran pomoci pfistroje Turbo 14 Turbo DECCS
System (Medivac, Italie). Ugastnici studie dychali do pii-
stroje po dobu 10 min s volnym nosem, pfi¢emz vzorky
byly odebrany ve tfech ¢asovych bodech béhem dvou ho-
din. Po odbéru byly vzorky EBC okamzité¢ zamrazeny
a skladovany pti —80 °C do doby analyzy.

Ptiprava vzorku

Kondenzaty vydechovaného vzduchu byly lyofilizo-
vany v pfistroji SpeedVac (Thermo Fisher Scientific).
Lyofilizované proteiny byly rozpuStény v TEZ pufru
(10 mM Tris, pH 8,0; 1 mM EDTA; 0,002% Zwittergent
3-16). Vzorky byly stoceny v centrifuze pii 14 000 g; 20 °C,
po dobu 10 min a supernatanty byly pfeneseny do 1,5ml
eppendorfek. Bylo provedeno teplem zprostiedkované
zpiistupnéni antigenu pii 98 °C po dobu 90 min a poté
byly proteiny denaturovany sonikaci ve vodni l4zni po
dobu 30 min pfi pokojové teploté. Nasledné probéehla di-
gesce trypsinem (Trypsin Gold, Mass Spectrometry Grade,
Promega, vysledna koncentrace trypsinu ve vzorku 0,5 pg)
pii 37 °C pfes noc. Proteiny byly redukovany 10 pM dithi-
othreitolem a ziskané peptidy byly purifikovany za pouziti
kolonek Stage tips’. Purifikované vzorky byly zakoncen-
trovany ve vakuové odparce (Eppendorf) a rozpustény
v 50 pl roztoku 1% acetonitrilu a 0,05% kyseliny tri-
fluoroctové (TFA).

Hmotnostné spektrometricka analyza

Hmotnostné spektrometricka analyza kazdého vzorku
byla provedena ve 3 technickych replikatech na hmotnost-
nim spektrometru Orbitrap Fusion™ s ionizaénim zdrojem
Proxeon EASY-Spray (Thermo Fisher Scientific) po jejich
separaci na kapalinovém chromatografu s nanolitrovym
pritokem Dionex UltiMate 3000 RSLC. Peptidy byly na-
neseny na predkolonu Acclaim PepMap™ 100 (nanoViper
C18, 100 pm vnitini pramér x 2 cm, velikost ¢astic 5 um,
velikost pértt 100 A; Thermo Fisher Scientific). Mobilni
fazi pro naneseni vzorku na ptedkolonu byl 1% acetonitril
s 0,05% TFA ve vodé. Bylo naneseno 10 pl vzorku a pro
nastfik byl zvolen typ nastiiku ,,partial-loop*. Predkolona
byla pfimo propojena s analytickou kolonou EASY-Spray
column PepMapTM RSLC C18 (75 pm % 15 cm, velikost
&astic 3 um, velikost pért 100 A; Thermo Fisher Scienti-
fic), kterda byla vytemperovana na 35 °C. Peptidy byly
separovany po dobu 95 min a gradient organické mo-
bilni faze byl na pocatku nastaven na 2 % (05 min)
aplynule rostl na 35 % (5-65 min) a pak na 90 % (6573 min)
a po 73. minuté gradient opét rychle klesl na 2 % organic-
ké mobilni faze. Vodna mobilni faze obsahovala 0,1 %
kyseliny mraven¢i ve vodé a organicka mobilni faze obsa-
hovala acetonitril s 0,1 % kyseliny mravenéi. Co se tyce
hmotnostni spektrometrie, statické napéti na iontovém
spreji bylo 2000 V v pozitivnim modu, teplota na nastiiko-
vé kapilafe byla nastavena na 200 °C, prekurzorovy sken
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probéhl v orbitrapu v pozitivnim modu, rozliseni FTMS
bylo nastaveno na 120 000 a rozpéti m/z pro skenovani
prekurzorovych iontd bylo 400—1500. Byl zvolen cyklic-
ky, na datech z4visly mod skenovani (cycle time data de-
pendent mode), ¢as mezi prekurzorovymi skeny byl 3 s.
Fragmentace iontll byla provedena kolizi indukovanou
disociaci (CID). Produktovy sken MS2 byl proveden
v iontové pasti, byl nastaven rychly moéd skenovani (rapid
scan rate), kolizni energie byla 30 % a ¢as aktivace 10 ms.
Pro prekurzorovy i produktovy sken byl nastaven sbér dat
typu profile.

Zpracovani dat

Zpracovani hmotnostné spektrometrickych dat bylo
provedeno v beta verzi programu Proteome Discoverer™
2.5 (Thermo Fisher Scientific). Prvni vyhledavaci krok
(processing workflow) obsahoval kompletni lidskou data-
bazi z UniProtKB, ktera obsahovala jak recenzované pro-
teiny z databaze Swiss-Prot, tak nerecenzované vypocetné
ovétené proteiny z databaze TTEMBL. Databaze byla sta-
zena z https://www.uniprot.org/uniprot/ v lednu 2020. Byl
pouzit vyhledavaci algoritmus Sequest HT, jako dynamic-
ké modifikace byly nastaveny oxidace, N-terminalni acety-
lace, ztrata methioninu a ztrata methioninu v kombinaci
s N-terminalni acetylaci. Pro validaci dat byl pouzit Fixed
Value PSM Validator. Nasledny krok vyhledavani
(consensus workflow) obsahoval prohledani 10 min okna
reten¢niho Casu, zda neobsahuje piky jiz nalezené v jiném
vzorku (retention time alignment), pro kvantifikaci byly
pouzity pouze unikatni peptidy, byla pouZzita normalizace
na celkové mnozstvi peptidu (total peptide amount norma-
lization), nebyla provedena zména méfitka (scaling), rela-
tivni kvantita proteinti byla vypocitana s pouzitim Top3
metody a pro vypocet poméru proteinii byla nastavena
metoda zaloZena na abundanci proteinti (protein abundan-

Tabulka I
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ce based method). Pro imputaci chybéjicich hodnot byl
zvolen mdd doplnéni z hodnot nizkych abundanci (low
abundance resampling) a byl zvolen test hypotéz zaloZeny
na ANOVA modelu (ANOVA (individual proteins) hypo-
thesis test). Byly vyfiltrovany vysledky pouze pro peptidy
s vysokou spolehlivosti detekce.

Statistické analyza

Peptid popt. protein byl povazovan za detegovany,
pokud byl identifikovan alespon v jednom z technickych
replikatt vzorku. V kazdém ze vzorkl byla abundance pro
peptid popf. protein vypoctena jako log2(m), kde m je
median z hodnot stanovenych (pomoci softwaru Proteome
Discoverer) ve tfech technickych replikatech vzorku. Sta-
tisticka analyza byla provedena v programu R, ver. 3.5.2
(cit?"). Heat mapy byly vytvofeny funkci Heatmap
(balicek ComplexHeatmap).

Vysledky a diskuse

Byly analyzovéany 3 vzorky od tff osob, jednoho do-
sp€lého jedince (otce, F) a dvou déti (jeho dcer, D1 a D2),
kazdy z nich byl zméfen ve tfech technickych replikatech,
tzn. celkem bylo analyzovano 27 vzorkd. Vzorky byly
analyzovany v softwaru Proteome Discoverer v jednom
vyhledavacim kroku, pfi¢emz analyza byla provedena
nejen na Urovni proteintl, ale také na Grovni peptidi. Ve
vSech vzorcich bylo identifikovano 2797 proteintli a z nich
bylo kvantifikovdno 2263. Proteiny byly stanoveny na
zakladé identifikace 5006 peptidd, z nichz 4189 bylo kvan-
tifikovano. V nasi studii byl identifikovan vyssi pocet pro-
teint nez ve studiich doposud publikovanych. Prestoze byl
v pfedchozich studiich vyuzivan pfistup, kdy byly odebra-
né vzorky spojeny do jednoho vzorku a ten pak byl analy-
zovéan, vnaméfenych datech bylo identifikovdno méné

Pocet proteind detegovanych v jednotlivych vzorcich, resp. v technickych replikatech daného vzorku.

Vzorky byly odebrany tfem osobam: otci (F) a jeho dvéma dceram (D1 a D2). Kazdé osobé byly odebrany tii vzorky
(s rozestupem mezi odbéry cca jedna hodina), tj. celkem bylo analyzovano devét (biologickych) vzorkl. Kazdy ze vzorki
byl vyhodnocen ve tfech technickych replikatech. Protein byl povazovan za detegovany v daném vzorku, pokud byl detego-

vany alesponi v jednom technickém replikatu tohoto vzorku

Vzorek Pocet detegovanych proteint Pocet detegovanych proteinti
v jednotlivych vzorcich v jednotlivych technickych replikatech
(biologickych replikatech) (1.] 2.13)
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
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proteinti. Ve vzorku, ktery vznikl spojenim 9 vzorkt zdra-
vych jedincd, bylo identifikovano 167 proteind'. Ve dvou
vzorcich, kde kazdy z nich vznikl spojenim 10 vzorkd od
zdravych jedinct, bylo identifikovano 229 proteind'.
A pfi analyze endogennich ¢astic pfitomnych ve vydecho-
vaném vzduchu bylo ve dvou vzorcich, z nichz kazdy byl
pripraven smichanim vzorkt od 6 zdravych jedincd, iden-
tifikovano 124 proteint®. V nasledujicich studiich jiz byly
vzorky analyzovany samostatné a nebyly pfipravovany
smichdnim vice vzorkl. Pfi analyze vzorki od
24 intubovanych novorozencii, pticemz kazdy vzorek byl
zméfen  ve  3replikatech, bylo  identifikovano

(EV
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119 proteint'®. Doposud nejvy$si pocet identifikovanych
proteinti byl 348. Tohoto poctu bylo dosazeno pii hledani
biomarkerd rakoviny plic a CHOPN, pfi¢emz studovana
skupina ¢itala 192 jedinca'®.

V nasi studii bylo detegovano primérné 1056 + 354
proteinti v jednom technickém replikatu. Data ze ti{ tech-
nickych replikatd byla spojena do jednoho vzorku. Protein
byl povazovan za pfitomny v daném vzorku, pokud byl
detegovan alespon v jednom technickém replikatu tohoto
vzorku. Prekryv detegovanych proteinll mezi jednotlivymi
technickymi replikaty byl vysoky, ale piesto doslo
k navyseni poctu identifikovanych proteinti na 1198 + 454

Obr. 1. Poéty (A) proteini a (B) peptidi detegovanych v jednotlivych vzorcich, vyjadit‘ené pomoci Vennovych diagramu
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ve vzorku v porovnani s méfenim jednoho technického
replikatu. Pocet proteini detegovanych v jednotlivych
technickych replikatech a ve vzorcich je shrnut v tab. I. Ve
vzorcich od otce byl detegovan vyssi pocet proteinti (1603
+ 607) nez ve vzorcich od dcer (996 + 140). V literatute
doposud nebyl popsan rozdil mezi poctem identifikova-
nych proteinti u déti a dospélych. Avsak porovnani vzorki
od déti a dospé€lého neni cilem této studie a naSe testovana
skupina je pfili§ mala na to, abychom mohli na zakladé
zminéného vysledku ucinit zavér. Nasim cilem bylo ukazat
reprodukovatelnost mezi biologickymi a technickymi
replikaty jednotlivych vzorki, ukazat vyhody méfeni vzor-

A)

D1: 1397 proteint

D2: 1256 proteint
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ki ve vice replikatech a charakterizovat vzorky kondenza-
tu vydechované¢ho vzduchu odebranych od ¢leni jedné
rodiny.

Prekryv mezi biologickymi replikaty (jednotlivymi
vzorky) od kazdé osoby byl relativné velky. Pro jednotlivé
vzorky byl pocet prekryvajicich se proteinti 644, 753 a 818
(obr. 1A). Ze zminénych proteind, které se vyskytovaly ve
vSech biologickych replikatech, bylo 358 proteint spolec-
nych pro vSechny tfi jedince. Analyza prekryvu identifiko-
vanych peptidi ukazala vysledky podobné analyze na
urovni proteind. Prekryv mezi biologickymi replikaty byl
opét relativné vysoky, konkrétné bylo identifikovano 955,

B)

D1 01

D1_02|

D1_03

D1: 2587 peptida

D2 01

D2_02 ‘

0

D2: 2234 peptida

D2_03

F: 2157 proteini

W30
M2
20
15
10

F: 4003 peptida

Obr. 2. Heat mapy zobrazujici abundance (A) proteini a (B) peptidia ve tié'ech vzorcich u dané osoby. U kazdé osoby jsou do heat
mapy zafazeny pouze ty proteiny, popt. peptidy, které byly detegovany alespoti v jednom jejim vzorku (a zaroveti je u nich urcena abun-

dance)
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1147 a 1606 peptidd, znichz 532 bylo spolecnych pro
vSechny vzorky od vsech jedinct ve studii (obr. 1B).

Byla provedena analyza funkénich proteinovych siti
pro proteiny spole¢né pro vSechny vzorky vsech tii ¢leni
rodiny. Spoleénych 358 proteind bylo analyzovano progra-
mem STRING, ktery vyhodnocuje proteinové sité na za-
klad¢ funk¢ni asociace proteinti. Mezi biologické procesy,
které byly vyhodnoceny s pomémnym mnozstvim falesné
pozitivnich vysledki (FDR) < 0,001, patfily kornifikace,
diferenciace keratinocyti, procesy spojené se stavbou kiize
a epidermis, keratinizace, organizace cytoskeletu zpro-
sttedkovana intermediarnimi filamenty, diferenciace epite-
lidlnich bunék, organizace intermediarnich filament, vyvoj
tkani a epitelidlni vyvoj. AvSak vSech zminénych procesi
se ucastni stejné klicové proteiny, predevsim keratiny.
Keratiny byly historicky prvnimi proteiny, které byly

A)
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v EBC identifikovany® a byvaji obvykle popisovany jako
nejabundantnéjsi proteiny v EBC vzorcich zdravych jedin-
cg®!H2I4133 “hg daliich biologickych procest byly jiz
zapojeny rizné skupiny identifikovanych proteini. Mezi
tyto procesy, které byly vyhodnoceny s parametrem FDR
< 0,001, patii degranulace neutrofilti, aktivace myeloid-
nich leukocytd, leukocyty zprostiedkovana imunita, bu-
nécna aktivace, programovana bunécna smrt, regulovana
exocytoza, procesy efektorii imunity, aktivace leukocytd,
imunitni odpovéd’, bunééna sekrece a procesy imunitniho
systtmu. Na zakladé Gene Ontology analyzy bylo
v minulosti ukazano, ze imunitni déje jsou hlavnim biolo-
gickym procesem, do né¢hoz jsou zapojeny proteiny obsa-
7ené v EBC intubovanych novorozencii'®. Proteint zapoje-
nych do imunitnich procest bylo u zdravych jedinct dete-
govano vice v EBC nez v plicnim proteomu. Toto zjisténi

F_01
D1_01

F_03

F_02
D2_03
D2_01
D2_02
D1_03

D1_02

Obr. 3. Heat mapy zobrazujici abundance vSech proteind, pop¥. peptidi, u vSech deviti vzorka prislusnika zkoumané rodiny. (A)
Heat mapa zahrnuje vSech 2263 kvantifikovanych proteint a (B) heat mapa pak vSech 4189 kvantifikovanych peptidi. Sloupce v heat
map¢ reprezentuji jednotlivé proteiny, popf. peptidy, fadky pak jednotlivé biologické vzorky. V obou ptipadech je z dendrogrami na
pravé strané heat map ziejmé, ze vzorky jednotlivych osob se shlukuji k sobg&, s vyjimkou jednoho vzorku od dcery D1 (s nejvy$sim po-
¢tem proteind, popi. peptidl), ktery vytvati spolu se vzorky od otce jeden shluk
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je povazovano za dikaz toho, ze EBC je dilezitou biolo-
gickou matrici pro studium funkce respiracniho traktu,
zejména mukozniho sekretu, vrozenych a adaptivnich anti-
mikrobialnich obrannych mechanismil a odstranéni inhalo-
vanych &astic'®.

Pro vyjadfeni abundanci identifikovanych proteint
v biologickych replikatech jednotlivych ¢lentt rodiny
a zobrazeni proteinovych shlukii byly vykresleny heat
mapy (obr. 2A). Heat mapy byly vykresleny také pro stej-
né analyzy na Grovni peptidl (obr. 2B). Do heat map jsou
zafazeny pouze ty proteiny, které byly kvantifikovany.
Proteiny, které byly detegovany, ale nebyly kvantifikova-
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ny ani v jednom ze vzorkl, byly z heat map vylouceny.
Vylouéeni bylo provedeno, protoze k vykresleni heat ma-
py je potfebna hodnota abundance a nema smysl zahrnovat
do heat map ty hodnoty, které jsou u vSech proteind impu-
tovany, piestoze imputované hodnoty jsou velmi nizké.
Bylo studovano, zda se vzorky jednotlivych osob shlukuji
k sobé, proto byla vytvofena heat mapa pro vsech devét
vzorkl (obr. 3A). Vzorky jednotlivych osob se shlukovaly
k sobé s vyjimkou jednoho biologického replikatu od dce-
ry D1 (D1_01). Jednalo se o vzorek, ktery obsahoval vétsi
pocet identifikovanych proteinll nez vSechny dalsi vzorky
od dcer a tvofil shluk spolu se vzorky od otce. Vzhledem

D2
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|
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D1 D2 F
IN  OUT | IN OUT | IN _ OuT
sd 0 1397 0 1256 0 2157
(E) L 2sd 1397 0 1256 0 2157 0
10% | 871 526 | 1002 254 | 1152 1005
25% | 1357 40 | 1240 16 | 2094 63
celkem 1397 1256 2157

Obr. 4. U jednotlivych proteini byla k vyjadieni variability abundanci, naméienych ve ti‘ech vzorcich u kaZdé z osob, pouZita
vzdalenost téchto abundanci od jejich priiméru. Do heat map pro danou osobu byly zahrnuty pouze proteiny, které byly kvantifikova-
ny alesporti v jednom ze vzorku této osoby. Z tohoto dtivodu je celkovy pocet proteinti nizsi, nez bylo uvedeno vyse v textu. Pro charakte-
rizaci vzdalenosti od priméru byly uvazovany C¢tyii rizné intervaly. Pro kazdy typ intervalu a danou osobu pak byly proteiny rozdéleny
do dvou disjunktnich skupin, oznacenych jako IN a OUT. Pokud pfislusny interval obsahoval vSechny tfi abundance naméfené ve vzor-
cich dané osoby, byl zatazen do skupiny IN. V opaéném piipadg, tj. pokud u proteinu leZela hodnota asponi jedné abundance mimo tento
interval, byl protein zatazen do skupiny OUT. Heat mapy (A)—(D) zobrazuji abundance u téchto dvou skupin proteinti samostatné. Typy
intervald byly zvoleny takto: (A) # sd = (primér — sd; primér + sd), (B) £ 2x sd = (primér — 2x sd; priamér + 2x sd), (C) = 10 % = (0,9
primér; 1,1x primér), (D) + 25 % = (0,75% primér; 1,25% pramér), kde primérem rozumime pramér z abundanci proteinu ve tfech vzor-
cich u dané osoby a jako sd oznaCujeme smérodatnou odchylku tohoto primeéru. V tabulce (E) jsou shrnuty pocty proteint patficich do

skupin IN a OUT v jednotlivych pfipadech
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k tomu, Ze vzorky byly odebrany od ¢lend jedné rodiny,
lze ptedpokladat, ze vzorky budou vzajemné vykazovat
velkou podobnost. Vzorky od otce obecné obsahovaly vice
proteind nez vzorky od dcer. To miize byt zapfi¢inéno tim,
ze otec je dospéla osoba s vétSim objemem a aktivnim
povrchem plic, coz mize mit za nasledek i vyssi pocet
proteinti ve vzorku EBC. Pocet proteinti miize mit pii ana-
lyze velmi podobnych vzorkl velky vliv na shlukovou
analyzu. Stejna situace byla pozorovana i v pfipadé analy-
zy na urovni peptida (obr. 3B).

Byla analyzovana vzdalenost abundanci jednotlivych
proteini naméfenych ve tiech vzorcich u kazdé z osob od
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jejich priméru. Pro kazdy protein samostatné byla vypoci-
tana pramérnd hodnota abundance a byl vypocitan rozdil
tfi naméfenych hodnot abundance od tohoto priméru. Tato
analyza byla provedena pro v§echny tfi vzorky (biologické
replikaty) a pro vSechny tfi osoby. Pro charakterizaci vzda-
lenosti od pruméru byly uvazovany nasledujici étyfi inter-
valy: £ sd = (pramér — sd; primér + sd), = 2x sd = (prumér
— 2x sd; pramér + 2x sd), = 10 % = (0,9% pramér; 1,1x
pramér) a + 25 % = (0,75x pramér; 1,25% pramér). Bylo
zkoumano, zda naméfené abundance proteind lezi
v ptislusném intervalu, nebo mimo ngj (obr. 4). Opét byla
stejna analyza provedena i na urovni peptidi. Pro analyzu
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(E) H-2sd 687 0 800 0 1128 0
-10% 509 178 765 3s 931 197
H25% 685 2 800 0 1126 2
celkem 687 800 1128

Obr. 5. U jednotlivych peptidi byla k vyjadfeni variability abundanci, naméienych ve tfech vzorcich u kazdé z osob, pouZita
vzdalenost téchto abundanci od jejich priméru. Pro kazdou z osob byly do heat map zahrnuty pouze peptidy, které byly u této osoby
kvantifikovany ve vSech tfech vzorcich ve vSech tfech replikatech, tj. pouze peptidy kvantifikované ve vSech deviti replikatech
(technickych a biologickych), a tedy zadna z hodnot abundanci nebyla imputovana softwarem Proteome Discoverer. Pro charakterizaci
vzdalenosti od priméru byly uvazovany Ctyfi rizné intervaly. Pro kazdy typ intervalu a danou osobu pak byly peptidy rozdéleny do dvou
disjunktnich skupin, oznacenych jako IN a OUT. Pokud pfislusny interval obsahoval vSechny tii abundance naméfené ve vzorcich dané
osoby, byl zatazen do skupiny IN. V opac¢ném pfipadé, tj. pokud u peptidu lezela hodnota aspon jedné abundance mimo tento interval, byl
peptid zafazen do skupiny OUT. Heat mapy (A)—(D) zobrazuji abundance u téchto dvou skupin peptidii samostatné. Typy intervalti byly
zvoleny takto: (A) £ sd = (primér — sd; primér + sd), (B) + 2sd = (primér — 2x sd; pramér + 2% sd), (C) = 10 % = (0,9% pramér; 1,1x
primér), (D) + 25 % = (0,75% primér; 1,25% primér), kde primérem rozumime primér z abundanci peptidu ve tfech vzorcich u dané
osoby a jako sd oznac¢ujeme smérodatnou odchylku tohoto priméru. V tabulce (E) jsou shrnuty pocty peptidii patficich do skupin IN
a OUT v jednotlivych piipadech
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peptidi byly do individualnich heat map zahrnuty pouze ty
peptidy, které byly kvantifikovany ve vsech technickych
a biologickych replikatech vzorkli od dané osoby. Pocet
peptidl kvantifikovanych ve vSech vzorcich byl v pfipadé
dcer 687 a 800 a v pfipadé otce 1128 (obr. 5). V analyze
proteint i peptidll se vzdalenost jedné smérodatné odchyl-
ky od prameéru ukazala jako pfili§ striktni kritérium, nebot’
u kazdého z peptidi i proteinti lezela vzdy alespon jedna
jeho hodnota abundance mimo interval = sd, a tedy
(vzhledem k intervalu + sd) byly vSechny peptidy i protei-
ny zafazeny do skupiny ozna¢ené OUT (OUT = vyskytuji-
ci se mimo nastaveny interval). V pfipadé pouziti dvojna-
sobku smérodatné odchylky byly naopak vSechny peptidy
i proteiny zafazeny (vzhledem k intervalu + 2 sd) do sku-
piny oznacené IN (IN = vyskytujici se v nastaveném inter-
valu). Pokud byla odchylka abundanci od priméru vyjad-
fena jako procento z prumeéru, pak pozadavek odchylky
nejvyse 10 % byl opét dosti striktni. I pfesto vSak byla
(vzhledem k intervalu = 10 %) vice nez polovina peptidii
i proteind zafazena do skupiny IN, tj. vzdalenost vSech tii
abundanci od primeéru byla mensi nez 10 % tohoto primeé-
ru. Pokud byl pozadavek odchylky nejvyse 25 %, pak mi-
mo tento interval leZelo pouze par desitek proteind, popt.
2 peptidy, které byly kvantifikovany ve vSech vzorcich.
Naésledné bylo zkouméno, zda tyto zminéné odchylky
abundanci jsou disledkem odchylky méteni pomoci hmot-
nostni spektrometrie, nebo zda jsou zpisobeny intraindivi-
dualni biologickou variabilitou vzorkd. Analyzovali jsme
maximalni vzdalenost abundanci od priméru pro jednotli-
vé technické replikaty méfeni komeréniho standardu hoveé-
ziho sérového albuminu (Pierce™ BSA Protein Digest
Standard, LC/MS Grade, Thermo Fisher Scientific), ktery
je vnasi laboratofi rutinn€ pouzivan pro kontrolu kvality
hmotnostné spektrometrickych méfeni. Hovézi sérovy
albumin (BSA) je dodavan lyofilizovany, nastépeny na
peptidy a pro kazdé méfeni na hmotnostnim spektrometru
bylo nastiiknuto mnozstvi 100 fmol BSA. Pro analyzu
technickych replikati BSA byla vypocitana primérna log2
abundance ze 3 technickych replikatd pro kazdy peptid
samostatné. Byly vypocitany vzdalenosti jednotlivych
replikatd od zminéné primérné abundance. Byla vybrana
nejvetsi vzdalenost v absolutni hodnoté. Dale byl vypocten
podil této odchylky na priméru a vyjadien v %. Tento
vypocet byl proveden pro vSechny peptidy, které byly
kvantifikovany ve vSech zméfenych replikatech. V ptipadé
BSA byly vSechny identifikované peptidy také ve vSech
replikatech kvantifikovany. Analyza ukdzala, ze u vSech
peptidii byla maximalni vzdalenost abundanci od priméru
mensi nez 8,11 %. Z téchto dat je jasné, ze mezi vysledky
méfeni technickych replikati standardu je odchylka a Ze je
mensi nez odchylka mezi vysledky méfeni biologickych
replikatt. OvSem standard BSA je komer¢ni smés peptidii
o presn¢ definované koncentraci peptidii a obsahuje vy-
hradné peptidy proteinu BSA, proto lze ocekavat, ze od-
chylka méfeni v pripadé standardu bude niz$i nez
v ptipadé komplexnich biologickych vzorkd. Abychom
tuto hypotézu ovéfili, byla vypocitana maximalni vzdale-
nost abundanci od priméru pro technické replikaty vzorku.
Vypocet byl proveden stejné jako v pfipadé analyzy tech-
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Tabulka II

Maximalni vzdalenost abundanci, namétenych v jednotli-
vych technickych replikatech, od jejich priméru v jednot-
livych vzorcich

Vzorek Max. vzdalenost abundanci [%]
od priméru

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

nickych replikatt BSA. Opét byly do analyzy zahrnuty
pouze peptidy, které byly u této osoby kvantifikovany ve
vSech jejich technickych a biologickych replikatech. Vy-
pocet byl proveden pro kazdou osobu, kazdy vzorek
a kazdy peptid a vypocitané hodnoty byly dale porovnava-
ny. V tab. II jsou pro jednotlivé vzorky uvedeny maximal-
ni vzdalenosti abundanci, které byly naméteny v jednotli-
vych technickych replikatech. VSechny tyto odchylky jsou
mensi nez 19,69 %. Tyto vysledky ukazaly, ze variabilita
mezi biologickymi replikaty vzorkti od jedné osoby je
vétsi nez v pripad€ technickych replikatli, ale rozdil ve
variabilit¢ mezi biologickymi a technickymi replikaty neni
vyrazny. Zavérem je mozné konstatovat, Ze rozdil
v abundanci proteint a peptidd, jejichz vzdalenost od pru-
méru je do 10 %, je zplisoben vice odchylkou méfeni po-
moci hmotnostni spektrometrie nez biologickou variabili-
tou vzorkll. Nase vysledky také ukazuji, ze zména
v abundanci proteinu pod 20 % pruméru je zpisobena
variabilitou metody a neméla by byt povazovana za vy-
znamnou zménu Vv expresi proteinu, pokud pouzivame
label-free techniky hmotnostni spektrometrie.

Zavér

V této praci jsme popsali metodu pro analyzu protei-
ni v kondenzatu vydechovaného vzduchu zaloZzenou na
hmotnostni spektrometrii. Soucasné jsme prokazali, Ze se
jedna o citlivou a reprodukovatelnou analyzu, kdy variabi-
lita méfeni je piijatelna pro dalsi interpretaci vysledku a je
schopna identifikovat stovky unikatnich proteini. Metoda
je tedy vhodnym nastrojem pro biologicky zaméfené veé-
decko-vyzkumné prace, a to zejména pro hledani biomar-
ker( plicnich onemocnéni.

Tato prace byla podporena z grantu Ministerstva
zdravotnictvi CR s reg. ¢. 16-32302A.Veskera prava podle
predpisii na ochranu dusevniho viastnictvi jsou vyhrazena.
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Exhaled breath condensate is considered a rich source
of biomarkers that can provide valuable information for
early diagnosis of respiratory and systemic diseases. How-
ever, exhaled breath condensate (EBC) consists mainly of
water vapor and the concentration of analytes in the ex-
haled breath condensate sample is very low, close to the
detection limit of sensitive methods such as mass spec-
trometry. Here, we have developed a mass spectrometry-
based approach to characterize the EBC proteome. We
compared biological and technical replicates of the meas-
ured samples, compared the protein profile between indi-
vidual samples of healthy individuals and described the
reproducibility between the three technical replicates of
the sample taken. We have found that repeated measure-
ments of samples are reproducible and can increase the
number of proteins identified. Analysis led to the detection
of 2797 unique proteins in all samples. Based on statistical
analysis, it was shown that the 10% difference from the
mean is due more to the deviation of the mass spectrome-
try measurements than to the biological variability of the
samples. And second, the change in protein amount below
20% of the average in the case of EBC is due to method
variability and should not be considered a significant
change in protein expression using label-free mass spec-
trometry techniques.
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Introduction

Exhaled breath condensate (EBC) sampling is
a promising, easy and non-invasive method to obtain sam-
ples from human lungs. EBC was successfully taken and
analyzed even in case of preschool children'?. EBC collec-
tion could be performed by various devices including
some lab-made or commercially available ones such as
EcoScreen, TurboDECCS, RTube, and Anacon glass con-
denser. In this study, the TurboDECCS device was used. It
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. After
10 minutes of quiet breathing, 1-3 mL of EBC could be
collected from adults®. Approx. 99.9% of the EBC sample
is constituted by condensed water vapor’, while the rest
contains various volatile and nonvolatile molecules from
the lower respiratory tract'. Most biomarkers are highly
diluted, close to the lower assay sensitivity limits of the
methods’.

Proteins in exhaled breath condensates were previous-
ly detected in subnanogram amounts by high-resolution
2D electrophoresis®. Cytokines and growth factors were
identified in children with asthma using enzymatic immu-
noassays”’ or multiplex immunoassays’. The first mass
spectrometry-based analyses included gel-based electro-
phoretic separation followed by mass spectrometric identi-
fication of excised spots®'°. This approach led to a few
keratin identifications in healthy controls using an HPLC-
MS / Q-TOF mass spectrometer®, as well as in mechanical-
ly ventilated patients using MALDI-TOF MS’ and in pa-
tients with pulmonary emphysema using the HPLC-MS /
ESI-ION TRAP model LCQ-Advantage'®. The authors of
these studies faced a problem of a low protein concentra-
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tion in EBC samples and therefore some of them used
pooled samples®'°.

As the low protein concentration represents the main
problem in the study of the EBC proteome'’, the following
methods to concentrate the proteins were studied: protein
precipitation by trichloroacetic acid or pyrogallol red, pre-
cipitation on POROS-20-R2-RP [poly(styrene-co-divinyl-
benzene)] beads, EBC delipidation and precipitation with
methanol and chloroform, protein precipitation with sodi-
um deoxycholate and trichloroacetic acid, ultramembrane
centrifugation on various membranes, solid phase extrac-
tion with ZipTipCl18, freeze-drying, vacuum concentration
and reversed-phase chromatography''"'?. The precipitation
with pyrogallol red showed high protein recovery but this
dye is not compatible with MS protein analysis. Protein
capture on POROS-20-R2-RP beads was selected by some
authors as the best method for EBC samples protein con-
centration, while lyophilization was found to be highly
irreproducible'!. However, another group found the lyoph-
ilization as the finest and most rapid method of protein
concentration with high protein recovery'. The reversed-
phase chromatography concentration was also chosen as
a suitable method”. In a study by Bloemen’s group, the
relative quantity of one of the proteins, calgranulin B, was
found to be approximately 20-fold lower, as compared to
the most abundant protein, cytokeratin 10. This was con-
sidered as an evidence that using a sample concentration
method and gel-free approach improve the sensitivity''.

The next step to complete the characterization of the
EBC proteome was the analysis of pooled EBC samples
from nine healthy subjects using the high-resolution Or-
bitrap-based mass spectrometry (HRMS), nanoESI ioniza-
tion, combined with electrophoretic separation for protein
identification. This approach led to the identification of
167 unique gene products'®. Another study using electro-
phoretic separation and high resolution Orbitrap-based
mass spectrometry has led to identification of 229 unique
proteins in two pooled samples (each consisted of 10 indi-
vidual EBC samples) and 153 proteins common to both
pools'. A direct in-solution sample preparation and HPLC
analysis in conjunction with Fourier-Transform Ion-
Cyclotron-Resonance Mass Spectrometry (FT-ICR MS) of
EBC samples collected from 24 mechanically ventilated
newborns were able to detect 119 proteins using label-free
semi-quantitative approach'®.

Another increase of the number of protein identifica-
tions came with lung cancer and COPD studies. More than
300 proteins were identified in the samples that were pro-
cessed by the gel-free method and analyzed by high-
resolution HPLC FT-ICR MS"". In another study on early
diagnosis of lung cancer, more samples were used, thereby
increasing the coverage of the EBC proteome. EBCs were
collected from 192 individuals: 49 controls, 49 smokers,
46 COPD, and 48 lung cancer patients; here, the nanoESI
QqTOF mass spectrometry analysis revealed 348 different
proteins'®. Both studies suggested potential biomarkers of
early-stage lung cancer'”'". However, higher number of
proteins in these studies should be influenced by the fact
that more proteins were identified in EBC from lung can-
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cer patients, as compared to healthy controls and COPD
patients'®. In another approach'®, a total of 257 proteins
were identified in the high resolution and quantitative Or-
bitrap-based mass spectrometry study. This study was
performed with individual samples (not sample pools),
comprising 19 COPD patients and 19 healthy controls. It
revealed 24 proteins that were differentially expressed in
COPD patients'”.

Thus, assays based on mass spectrometry have al-
ready solved successfully the problem of low protein con-
centrations in EBC samples. However, these studies are
aimed at complete characterization of the EBC proteome
or disease biomarkers discovery. Most studies focused on
complete proteome analysis used pooled samples, which
increased the number of identifications but lost infor-
mation about the interindividual variability of the samples.
In the present study, the measurements of the EBC sam-
ples in biological and technical replicates are introduced
for the first time, comparing the protein profile between
individual samples of healthy subjects and describing the
reproducibility between three technical replicates of a sin-
gle sample.

Materials and methods
Study cohort

The samples were taken from 3 individuals from one
family. These individuals included two sisters of age 8 and
11 and their father (45).

EBC collection

The exhaled breath condensates were collected from
the study participants using the Turbo 14 Turbo DECCS
System (Medivac, Italy). The EBC was being collected for
a period of 10 min without wearing a nose clip. Samples
were taken at three time points in the interval of two hours.
After collection, samples were immediately frozen and
stored at —80 °C until analysis.

Sample preparation

The exhaled breath condensates were freeze-dried
using a SpeedVac (Thermo Fisher Scientific). Proteins
were solubilized in the TEZ buffer (10 mM Tris, pH 8.0;
ImM 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. Pro-
teins 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 Spec-
trometry Grade, Promega) was added at a final concentra-
tion of 0.5 pg per sample. Proteins were reduced with di-
thiothreitol (10 pM final concentration) and peptides were
purified using Stage tips®. The purified samples were con-
centrated in vacuum concentrator (Eppendorf) and dis-
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solved in 50 pL solution of 1% acetonitrile, 0.05% tri-
fluoroacetic acid (TFA).

Mass spectrometric analysis

Mass spectrometric analysis was performed in 3 tech-
nical replicates using the Orbitrap Fusion™ mass spec-
trometer 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 PepMap™ 100 nano trap column
(nanoViper C18 100 umi.d. x 2 cm, 5 um particle size,
100 A pore size; Thermo Fisher Scientific), loading sol-
vent was 1% acetonitrile with 0.05% TFA in water and
sample loading volume was 10 uL using a partial-loop
injection mode. The trap column was directly connected to
analytical EASY-Spray column PepMap™ RSLC C18
(75 um x 15 cm, 3 um particle size, 100 A pore size; Ther-
mo Fisher Scientific) heated to 35 °C. The peptides were
separated for 95 minutes; the starting organic phase gradi-
ent 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. Ton 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.

Data processing

Protein search was performed in beta version of Pro-
teome Discoverer™ 2.5 Software (Thermo Fisher Scien-
tific). 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, methi-
onine loss in combination with N-terminal acetylation
were set as dynamic modifications. The Fixed Value PSM
Validator was used. The consensus workflow included
retention time alignment, only unique peptides were used
for quantification, total peptide amount normalization was
performed, no scaling was done, protein relative quantities
were calculated using the Top 3 average method, protein
ratio calculation was performed using protein abundance
based method, low abundance resampling mode was cho-
sen for missing values imputation and ANOVA
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(individual proteins) hypothesis test was used. The results
were filtered only for high confidence peptides.

Statistical analysis

A peptide/protein was considered to be present in
a sample, if it had been detected at least in one of the tech-
nical replicates of this sample. For each sample and each
peptide/protein, abundance was calculated as the log2 val-
ue of the median of the three values (from Proteome Dis-
coverer) from technical replicates of this sample. Statisti-
cal analysis was performed using the R program, ver. 3.5.2
(cit.2"). Heatmaps were created with the Heatmap function
(from the ComplexHeatmap library).

Results and discussion

We have evaluated 3 samples from 3 persons, name-
ly, two children (two daughters, D1 and D2) and an adult
(father, F); each sample was measured in three technical
replicates, i.e. 27 samples altogether. These samples were
evaluated by Proteome Discoverer software in one search.
In our study, in addition to protein analysis, analyses were
also performed at the peptide level. We have identified
2797 proteins across all samples and 2263 of them were
quantified. The proteins were determined on the basis of
the identification of 5006 peptides, of which 4189 were
quantified. The number of proteins identified in our study
was higher than that in previously published studies. Even
if the pooled samples were used, 167 proteins were identi-
fied in a pool of nine healthy subjects'®, 229 proteins in
two pooled samples from 10 individuals'’, and 124 pro-
teins in two pooled samples from 6 individuals where en-
dogenous particles were collected in exhaled air*. The
number of 119 proteins were identified using individual

Table I
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samples in a cohort of 24 intubated newborns, where each
sample was measured in triplicate'®. Up to date, the high-
est protein count was 348 different proteins identified in
the search for biomarkers of lung cancer and COPD in the
entire group of 192 individuals'®.

We have detected 1056 + 354 proteins per technical
replicate. Three technical replicates were combined into
one sample. 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. The overlap of technical repli-
cates was high; in spite of this, however, the number of
detected proteins increased to 1198 + 454 per sample, as
compared to a single measurement (the number of proteins
detected in individual replicates and samples are shown in
Table I). The number of proteins in the sample from the
adult (1603 + 607) was higher than that from the daughters
(996 + 140). In the literature, there is still no evidence of
differences in protein counts between children and adults.
However, a comparison between children and adult sam-
ples is not the aim of this paper, and the group under study
is too small to make any conclusion based on this differ-
ence. Instead, our intention was to show the reproducibil-
ity of biological and technical replicates of the samples, to
present the advantages of introducing these replicates and
to characterize samples of exhaled breath condensate taken
in one family.

The overlap between biological replicates (individual
samples) of each subject was relatively high and contained
644, 753 and 818 proteins for particular samples (Figure
1A). Of those proteins, which overlapped between biologi-
cal replicates, 358 proteins were common to all the three
individuals. Peptide analysis of peptide overlap showed
results similar to protein analysis. However, as expected,
all the numbers increased. The overlap between biological
replications also remained relatively high, in particular
955, 1147, and 1606 peptides, 532 of which were common

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 rep-
licates. 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

Sample Number of detected Number of detected proteins in
proteins in the sample the technical replicate
(biological replicate) (15 2M 3™

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 127612041213

F 03 1067 993| 949|930
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to all the three individuals (Figure 1B).

We performed a functional protein enrichment analy-
sis common to all samples of all the three family members.
Common proteins included 358 proteins that were submit-
ted to STRING functional protein association networks
analysis. Cornification, keratinocyte differentiation, skin
development, keratinization, epidermis development, inter-
mediate filament cytoskeleton organization, epithelial cell
differentiation, intermediate filament organization, tissue
development and epithelium development were among
biological processes with false discovery rate (FDR) below
0.001. However, the same key proteins, especially

(A)
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keratins, take part in all these processes. Historically, the
keratins were the first proteins identified in EBC samples®
and were usually referred to as the most abundant proteins
in EBC samples of healthy controls®!'"'*!*!3%3 QOther pro-
cesses with FDR < 0.001, such as neutrophil degranula-
tion, myeloid leukocyte activation, leukocyte-mediated
immunity, cell activation, programmed cell death, regulat-
ed exocytosis, immune effector process, leukocyte activa-
tion, immune response, secretion by cell and immune sys-
tem process, involved various proteins from interaction
network. Using Gene Ontology, immune system processes
have been reported to be the main biological processes of

Fig. 1. 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
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proteins in EBC of intubated newborns'® and were also
overrepresented in EBC compared to lung proteome in
healthy controls. This finding was considered as an evi-
dence that EBC was a relevant matrix to study the major
physiological functions of the respiratory tract, particularly
mucosal secretion, innate and adaptive antimicrobial de-
fense mechanisms and clearance of inhaled particles'’.
Heatmaps were used to express abundancies and clus-
tering of proteins (Figure 2A) and peptides (Figure 2B) in
biological replicates of individual family members. Only
quantified proteins were used to construct the heatmap.
Proteins that were detected but not quantified across all

D1: 1397 proteins

D2: 1256 proteins

)
|
I ,

F: 2157 proteins

l
|

HE om
3a888
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samples were excluded because we needed an abundance
to draw a heatmap, and it was useless to include values
that were all imputed, despite the fact that the imputed
values were very low. We assessed whether or not the
samples of the individuals were clustered together, so the
heatmap was constructed for all the nine samples (Figure
3A). Daughters’ samples were clustered together, except
for the first biological replicate from D1 (D1 _01). It was
a sample with a higher number of proteins identified than
that of the other samples of daughters and was clustered
together with father’s ones. Since the samples were taken
from the members of the same family, it could be assumed

D2 01

D2_02 ’

D2_03 ‘ ‘

D2: 2234 peptides

F: 4003 peptides

Fig. 2. Heatmaps of abundance. (A) proteins and (B) peptides in three samples of each person. In each person-heatmap there are
proteins or peptides detected and quantified in at least one sample of that person
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that a high similarity will be observed between the sam-
ples. Father’s samples generally showed higher protein
numbers than daughters’ ones. This may be caused by the
fact that the father is an adult with a higher lung volume
and active lung surface; this, as a result, may lead to an
increase in protein concentration at the same time. The
number of proteins can have a big impact on such a situa-
tion. The same situation was observed in the heatmap at
the peptide level (Figure 3B).

We have evaluated the distance of the abundancies of
the three samples for each person and each protein. The
mean value of protein abundancies and the difference of
the three values of abundancies from the mean were calcu-
lated for each protein separately. This was done for each
sample (biological replicate) of all three individuals. The
following four intervals were set: + sd (mean — sd; mean +
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sd), £ 2 x sd (mean — 2 x sd; mean + 2 x sd), £ 10% (0.9
xmean; 1.1 X mean), and £ 25% (0.75 x mean; 1.25 x
mean) and it was assessed whether the values for individu-
al proteins were in or out of the interval (Figure 4). This
analysis was also performed on peptide level. For peptide
analysis, we used only fully quantified peptides, which
were quantified in all technical and all biological samples
(biological replicates) from the given individual. The num-
ber of this fully quantified peptides was 687 and 800 for
daughters’ samples (D1 and D2) and 1128 for father’s
samples (Figure 5). In both protein and peptide analyses,
the difference of one standard deviation from the mean
appeared to be too strict criterion because, for each of the
proteins and peptides, at least one abundance value lay
outside of the + sd interval (denoted as OUT). In the case
of double the standard deviation (+ 2 x sd), all the proteins

| KN
M2
20

15
10

Fig. 3. 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 detected in at least one of the 9 samples. The columns represent individual proteins (or peptides), the rows represent the clustering
of EBC samples of family members. Daughters’ samples are clustered together except for the first replicate of D1, which contained the

highest number of proteins and formed a cluster with father’s samples
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and peptides lay in this interval (denoted as IN). Analysis
using the percent distance from the mean showed that 10%
was also too strict criterion. However, more than half of
the proteins and peptides belonged to this interval (IN), i.e.
the distance of all the three abundances from the mean was
less than 10%. When we analyzed proteins the distance of
which from the mean was more than 25%, there were only
a few tens of proteins or only 2 peptides lying outside this
interval.

Then we tested whether these distances were due to
variations in mass spectrometric measurements or rather to
biological variability. We evaluated the maximum distance
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[ M |
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from the mean for technical replicates of the commercial
bovine serum albumin standard (Pierce™ BSA Protein
Digest Standard, LC/MS Grade, Thermo Fisher Scientific)
which is routinely used to check the quality of mass spec-
trometry measurements by our group. The 500 pmol of
lyophilized digested bovine serum albumin (BSA) was
dissolved with 500 uL of 0.1% formic acid in water, and
then 15 pL of this solution was further diluted with 285 pL
of 0.1% formic acid in water to obtain 50 fmol/uL BSA.
An amount of 100 fmol BSA was injected for each MS
measurement. For an analysis of the technical replicates,
we calculated the mean of log2 abundance of 3 technical

D2 F

I

D1 D2 ¥
IN ouUT IN ouT IN ouT
=sd 0 1397 0 1256 0 2157
(E) =2sd 1397 0 1256 0 2157 0
H=10% 871 526 1002 254 1152 1005
=25% 1357 40 1240 16 2094 63
total 1397 1256 2157

Fig. 4. The distance of the abundancies of the three samples 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) =2 x sd (mean — 2 x sd; mean + 2 x sd), (C) = 10% (0.9 x mean; 1.1 x mean), (D) +25% (0.75 % mean; 1.25
x mean). The 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
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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. This was performed for
all fully quantified peptides of all replicates. For the BSA
standard, all identified peptides were fully quantified. The
analysis has shown that all maximum distances from the
mean were less than 8.11%. Based on these results, it is
clear that there is some deviation between the measure-
ments of the technical replicates of the standard which is
significantly lower than in the case of biological replicates.
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However, the BSA standard is a commercial mixture of
peptides with defined concentrations of the components,
which includes only the peptides of this single protein, so
that the deviation can be expected to be lower for the
standard than for complex biological samples. To test this
hypothesis, we examined the maximum distance from the
mean in the case of technical replicates of a single person
sample. This was done using the same calculations as for
the BSA. Calculations were performed for all fully quanti-
fied peptides of all samples of all subjects and the values
thus obtained were further compared. In the case of tech-

D2 F

Wlm
o LR g
WL ‘W
i

D1 D2 F
IN ouT IN ouT IN ouT
sd 0 687 0 800 0 1128
(E) +2sd 687 0 800 0 1128 0
+=10% 509 178 765 35 931 197
H-25% 685 2 800 0 1126 2
fotal 687 800 1128

Fig. 5. The distance of the abundancies of the three samples analyzed for each person and each peptide. For each individual, pep-
tides 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 lies in or out
of intervals. Selected intervals were: (A) =+ sd (mean — sd; mean + sd), (B) £2 x sd (mean — 2 x sd; mean + 2 x sd), (C) = 10% (0.9 x
mean; 1.1 x mean), (D) = 25% (0.75 x mean; 1.25 x mean). Table (E) lists the number of peptides that lie within and out the respective
intervals. Mean = mean of the abundancies of the peptide in the three samples of each person; sd = standard deviation of the mean
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Table I1

The maximum distances from the mean abundance value
of the three technical replicates (expressed in %) for indi-
vidual samples

Sample Max. 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

nical replicates of human samples, the maximum distanc-
es from the mean received for each sample are given in
Table II. All maximum distances from the mean were
smaller than 19.69%. These results have shown that there
is a greater variability between biological replicates of
a given person than in the case of technical replicates of
a single EBC sample. Thus, the difference in the protein or
peptide abundancies which are distant less than 10% from
the mean are much more due to the deviation of the mass
spectrometry measurements than to the biological variabil-
ity of the samples. These results also showed that, when
mass spectrometry data are evaluated by label-free quanti-
fication, the change in protein abundancies below 20% of
the mean value is due to the method variability and should
not be considered as a change in protein expression.

Conclusion

In this work, a method of protein analysis in exhaled
breath condensate based on high resolution mass spec-
trometry is described. At the same time, it is shown that
this analysis is sensitive and reproducible, and the variabil-
ity of the measurements is acceptable for further interpre-
tation of the results and able to identify hundreds of unique
proteins. This method therefore represents a suitable tool
for other biologically oriented research work, especially
for the search for biomarkers of lung diseases.

This work was supported by Ministry of Health of the
Czech Republic, grant nr. 16-32302A. All rights reserved.
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Abstract

Exhaled breath condensate (EBC) is considered to be
a rich source of biomarkers that can provide valuable in-
formation for early diagnosis of respiratory and systemic
diseases. However, EBC consists mainly of water vapor
and the concentration of analytes in its condensed sample
is very low, close to the detection limit of sensitive meth-
ods such as mass spectrometry. Here, we have developed
amass spectrometry-based approach to characterize the
EBC proteome. We compared biological and technical
replicates of the measured samples, compared the protein
profile between individual samples of healthy individuals
and described the reproducibility between the three tech-
nical replicates of the sample taken. We have found that
repeated measurements of samples are reproducible and
can increase the number of proteins identified. The anal-
yses led to the detection of 2797 unique proteins in all
samples. Based on statistical analysis, it was shown that (i)
the 10% difference from the mean is due more to the devi-
ations of the mass spectrometry measurements than to the
biological variability of the samples and (ii) the change in
protein amount of 20% of the average in the case of EBC
is due to the method variability and should not be consid-
ered as a significant change in protein expression using
label-free mass spectrometry techniques.
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