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Streszczenie

Przewlekte zapalenie zatok przynosowych (PZZP; ang. chronic rhinosinusitis) to choroba
dotykajaca ok. 5-12% spoteczenstwa. PZZP wystepuje w dwdch podstawowych typach: z polipami
(PZZPzP) oraz bez polipéw (PZZPbP). Objawia sie poprzez wystepowanie jednoczesnie co najmniej
dwdch objawdw sposrdd takich jak: niedroznos¢ / przekrwienie/ zablokowanie nosa lub/ i
Sciekanie wydzieliny po przedniej lub/ i tylnej Scianie gardta lub/ i bdl/ ucisk twarzy lub/ i
upos$ledzenie/ utrata wechu przez czas co najmniej 12 tygodni. Choroba ta wigze sie
z przewlektym stanem zapalnym oraz przebudowg nabtonka oddechowego wysciefajgcego jamy
nosa i zatoki przynosowe. Czynnikami sprzyjajgcymi i zaostrzajagcymi chorobe s3 infekcje:
bakteryjne, wirusowe, grzybicze, zanieczyszczenia powietrza, jak rdéwniez choroby
wspottowarzyszgce takie jak: alergia, mukowiscydoza, wady anatomiczne, czy stany
immunosupresyjne. Pomimo tego, iz PZZP pojawia sie do$¢ powszechnie w spoteczenstwie
i znaczaco obniza jakosé zycia, to molekularne podfoze choroby pozostaje nadal stabo wyjasnione,
a gtebsze poznanie etiopatogenezy moze pomdc w identyfikacji nowych biomarkeréw choroby

oraz stworzeniu skuteczniejszych metod diagnostycznych i terapeutycznych.

Kluczowymi aspektami w patogenezie PZZP s3: zmieniona aktywnos$¢ uktadu
odpornosciowego oraz pojawiajagce sie zmiany strukturalno-funkcjonalne nabtonka
oddechowego, ktére prowadzg do niedroznosci ujscia zatok przynosowych i w konsekwencji
symptomoéw choroby. W pracy pogladowej pt. ,Immunological Aspects of Chronic Rhinosinusitis”
dokonano przegladu literatury dotyczacej modyfikacji funkcji poszczegdlnych populacji komérek
uktadu odpornosciowego, a takze zaburzen jakie pojawiajg sie w obrebie btony sluzowej

wyscietajacej jamy nosa i zatok przynosowych.

W zwiazku z tym, ze najnowsze doniesienia naukowe wskazujg na istotng role matych
pecherzykéw zewngtrzkomérkowych, tzw. egzosomédw w patogenezie wielu chordb, celem
kolejnej pracy pogladowej pt. ,, The Emerging Role of Small Extracellular Vesicles in Inflammatory
Airway Diseases” byt przeglad literatury dotyczacej znaczenia egzosoméw w patogenezie
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przewlektych chordb zapalnych gérnych drég oddechowych, ze szczegdlnym uwzglednieniem
PZZP. Opisana zostata biogeneza egzosomow, transportowany przez nie tadunek molekularny,

funkcje oraz potencjat diagnostyczny i terapeutyczny.

Dane literaturowe podajg, ze transportowany przez egzosomy tadunek molekularny
odzwierciedla aktywnos¢ wydzielajgcej je komorki. W przypadku PZZP wykazano, ze wydzielane
przez nabtonek pecherzyki transportujg czasteczki zaangazowane w patogeneze PZZP.
Przebudowa tkanki nabtonkowej i utrata przez nig fizjologicznych funkcji oraz zmiana aktywnosci
rezydujgcych w warstwie podnabtonkowej fibroblastdw sg jednymi z kluczowych mechanizméw
zwigzanych z rozwojem PZZP. Sciezka TGFB1/Smad uczestniczaca w przebudowie tkanek
towarzyszacej licznym schorzeniom ma znaczenie takie w patogenezie PZZP, przy czym
w literaturze istniejg rozbieznosci, co do jej zaangazowania w poszczegdlnych endotypach PZZP.
Jeszcze inne badania wskazujg na role adenozyny i $ciezek zwigzanych z cAMP w przewlektych
stanach zapalnych gérnych drég oddechowych. Co wiecej, zaobserwowano wspdtdziatanie TGF3
i adenozyny m.in. w zmianie aktywnosci fibroblastéw. Adenozyna moze powstawac m.in. poprzez
przeksztatcenie 2’,3’- cAMP bedacego produktem rozpadu mRNA i przy udziale CNPazy — enzymu
przeksztatcajagcego 2’,3’- cAMP do 2’- AMP i 3’-AMP, ktére nastepnie przeksztatcane sg do

adenozyny.

Celem przeprowadzonych przez nas badan byta ocena ekspresji biatek TGFB1, Smad2, pSmad3
oraz CNPazy w nabtonku pacjentéw z PZZPzP, PZZPbP oraz grupy kontrolnej. Wykonane analizy
immunohistochemiczne wykazaty ekspresje wszystkich czterech antygenéw w nabtonku
pochodzacym od trzech grup pacjentédw. Poziom ekspresji Smad2 byt wyiszy w przypadku
pacjentdw z PZZPbP niz PZZPzP i grupie kontrolnej, pSmad3 i TGFB1 wyzszy u PZZPzP niz w grupie
kontrolnej, natomiast poziom CNPazy byt nizszy u pacjentéw PZZPbP niz w grupie kontrolne;j.
Dodatkowo, stwierdzono pozytywng korelacje pomiedzy ekspresjg CNPazy i TGFB1 u pacjentéw
z PZZPbP, co sugeruje ich mozliwe wspoétdziatanie. Ekspresja TGFB1, Smad2, pSmad3 korelowata
takze pozytywnie z wybranymi parametrami klinicznymi. Przeprowadzone badania zostaty

opisane w pracy pt. ,Evaluation of CNPase and TGFB81/Smad Signalling Pathway Molecule
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Expression in Sinus Epithelial Tissues of Patients with Chronic Rhinosinusitis with (CRSwNP) and

without Nasal Polyps (CRSSNP)”.

Podsumowujac, badania przeprowadzone w ramach pracy doktorskiej wykazaty rdznice
w ekspresji poszczegdlnych antygendéw: TGFB1, Smad2, pSmad3 oraz CNPazy w nabtonku
oddechowym pomiedzy pacjentami z przewlektym zapaleniem zatok oraz w odniesieniu do grupy
kontrolnej. Co istotne, jako pierwsi wykazalismy obecno$é CNPazy w nabtonku pochodzacym
od pacjentéw z PZZP oraz jej mozliwe wspédtdziatanie z TGFB1. Ponadto, CNPaza moze przyczyniac
sie do regulacji wydzielania egzosoméw, ktdrych jak przedstawione zostato w naszej pracy
pogladowej funkcjonowanie ma ogromne znaczenie dla aktywnosci komdrek uktadu
odpornosciowego i komodrek budujacych wyscietajgcg zatoki przynosowe btone sluzowa.
Przeprowadzone w ramach pracy doktorskiej badania moga otworzy¢ sciezke do odkrycia
niepoznanych dotad nowych mechanizméw patogenezy choroby, ustalenia specyficznych dla
danego endotypu biomarkerdw i w przysztosci skuteczniejszych metod diagnostycznych oraz

terapeutycznych.
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Title of dissertation:

Chronic rhinosinusitis — an attempt to identify new disease biomarkers

Abstract

Chronic rhinosinusitis (CRS) affects almost 5 - 12% of the global population. CRS appears in the
two main endotypes: chronic rhinosinusitis with nasal polyps (CRSWNP) and without (CRSsNP).
The symptoms of CRS include at least two of the following: nasal blockage/ obstruction/
congestion or nasal discharge (anterior / posterior nasal drip), facial pain/ pressure, reduction/
loss of smell due to time no less than 12 weeks. CRS relates to chronic inflammation and nasal
airway epithelium remodeling. Factors contributing and leading to exacerbation of disease include
bacterial, viral, fungal infections, airway pollution, as well as comorbidity diseases such as: allergy,
cystic fibrosis, anatomical dysfunctions or immunosuppression. Despite the fact that CRS occurs
commonly and significantly reduces the quality of life, the molecular background of disease
remains elusive. The better understanding of CRS etiopathogenesis might lead to identification

of the novel biomarkers as well as diagnostic and therapeutic solutions.

The key aspects of CRS pathogenesis include: altered immunity activity and structural with
functional changes in the upper airway epithelium. It triggers to obstruction of the paranasal
sinuses opening and in consequence symptoms of disease. In our article: “Immunological Aspects
of Chronic Rhinosinusitis” the literature review concerning modification of respective immune

cells populations and disabilities in the paranasal sinuses mucosa has been done.

Due to the fact that the newest scientific reports indicate the crucial role of small extracellular
vesicles, called also exosomes, in the pathogenesis of various diseases, the aim of the our next
article ,The Emerging Role of Small Extracellular Vesicles in Inflammatory Airway Diseases” was
to review the literature concerning the role of exosomes in the pathogenesis of chronic upper

inflammatory diseases with special focus on chronic rhinosinusitis. In this article the exosomes
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biogenesis, transported molecular cargo their functions as well as diagnostic and therapeutic

potential has been described.

Current scientific reports describe that exosomes transport molecular cargo reflecting the
activity of originated cell. In case of CRS, it has been found that epithelium secrete the exosomes
with the content involved in the disease pathogenesis. The key aspects of CRS pathogenesis are
tissue remodeling with loss of its physiological functions and altered activity of residue in the
subepithelial area nasal fibroblasts. It has been found that TGFB1/Smad that is involved in the
tissue remodeling in various diseases is active also in case of CRS. However, in case of CRS, the
activity of TGFB1/Smad signaling in proper disease endotype remain inconclusive. Another
studies, concern the role of adenosine and cAMP — related pathways in the CRS pathogenesis
of upper chronic inflammatory pathways. What is more, the relationship between TGFB and
adenosine in the altered fibroblast’s function. Adenosine might occur due to 2’,3’- cAMP
conversion that is previously derived from mRNA breakdown. In this process takes part CNPase —
the enzyme converting the 2’,3’- cAMP to 2’-AMP and 3’-AMP. The aim of our study was the
evaluation of the sinus epithelium expression of TGF1, Smad2, pSmad3 oraz CNPase derived
from CRSWNP, CRSsNP and control group patients. Our immunohistochemistry staining analysis
indicated the positive expression for all of them in each group, however the level of expression
was different between proper groups. The level of Smad2 expression was higher in case of CRSsNP
comparing to CRSWNP and controls, pSmad3 and TGFB1 were higher in CRSWNP than in controls
and CNPase was decreased in CRSsNP in compared to controls. In addition, positive correlation
between CNPase and TGFB1 in CRSsNP has been found and it suggest their possible collaboration.
The expression of TGFB1, Smad2, pSmad3 were positively correlated also with selected clinical
symptoms. Our study has been described in detail in the article: ,Evaluation of CNPase and
TGFB1/Smad Signalling Pathway Molecule Expression in Sinus Epithelial Tissues of Patients with
Chronic Rhinosinusitis with (CRSWNP) and without Nasal Polyps (CRSsNP)”.

In summary, the study conducted as the part of doctoral thesis indicated the differences in the

sinus’s epithelium expression of TGFB1, Smad2, pSmad3 oraz CNPase between CRSWNP, CRSsNP
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and control patients. Importantly, we as the first has been shown the CNPase expression in the
upper airway epithelium of CRS patients and its possible cooperation with TGFB1. Moreover,
CNPase might regulate exosomes concentration that as we have described in our review article,
play crucial role in modulation of immune and mucosal cells activity. The research performed
in the doctoral thesis might open new horizons to discover novel mechanisms involved in the CRS
pathogenesis, specific endotype’s biomarkers and more effective diagnostic and therapeutic

solutions in the future.
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1.

Wstep

1.1 Przewlekte zapalenie zatok — definicja, objawy i etiologia choroby

Przewlekte zapalenie zatok przynosowych (PZZP; ang. chronic rhinosinusitis) to choroba
zwigzana z chronicznym stanem zapalnym w obrebie jamy nosowej i zatok przynosowych,
ktdremu towarzyszy przebudowa nabtonka gérnych drég oddechowych i nacieki zapalne,
co przyczynia sie do licznych dysfunkcji w obrebie twarzoczaszki i powstawania objawdw znaczaco
pogarszajgcych jakos$¢ zycia pacjentédw. Zachorowalno$é dotyczy szacunkowo okoto 5-12%
populacji globalnie [1]. PZZP definiuje sie jako obecnos¢ dwéch lub wiecej symptomédw, sposréd
takich jak: niedroznosé/przekrwienie/zablokowanie nosa lub/i sciekanie wydzieliny po przedniej
lub/i tylnej Scianie gardta lub/i bdl/ucisk twarzy lub/i uposledzenie/utrata wechu. Waznym
kryterium pozwalajgcym skutecznie diagnozowaé schorzenie jest takze czas wystepowania
objawdw wynoszgcy nie mniej niz 12 tygodni [1]. Objawy PZZP utrudniajg codzienne
funkcjonowanie pacjentéw, a niekiedy uniemozliwiajg aktywnos¢ zawodowa, jak dzieje sie m.in.
w przypadku oséb narazonych na codzienne, znaczace zmiany cisnienia atmosferycznego
pracownikéw m.in. linii lotniczych oraz nurkéw. Co wiecej, nieleczone PZZP moze prowadzié¢ do
licznych powiktarn w postaci astmy, zaburzen oddychania podczas snu w tym zespotu oporu
gornych drég oddechowych, zespotu obturacyjnego bezdechu sennego, hipsomii, ansomii,
alergicznego grzybiczego zapalenia zatok z polipami, zmian strukturalnych w obszarze oczodotéw

i w elementach kostnych twarzoczaszki [2].

Rozrdznia sie dwie podstawowe formy kliniczne PZZP: z polipami (PZZPzP; ang. chronic
rhinosinusitis with nasal polyps; CRSWNP) oraz bez polipdw (PZZPbP; ang. chronic rhinosinusitis
without nasal polyps; CRSsNP), jednak ze wzgledu na heterogenno$¢ choroby uwarunkowang
lezgcymi u jej podstaw mechanizmami, ktére dodatkowo zalezg od lokalizacji geograficznej oraz
rasy, najnowsze wytyczne dotyczgce leczenia PZZP (ang. EPOS; European Position Paper on
Rhinosinusitis and Nasal Polyps [1]) proponujg zastosowanie podziatu na bardziej szczegétowe

endotypy w celu zastosowania skuteczniejszych metod terapeutycznych. Uwzgledniajg one
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lokalizacje anatomiczng PZZP, dominujacy endotyp: typu-2 lub typu nie-2 oraz kryteria takie jak:

wystepowanie alergii, infekcji grzybiczej, czy naciekéw eozynofilowych [1].

PZZP to schorzenie wieloczynnikowe o stabo poznanym tle molekularnym. Czynnikami
towarzyszacymi rozwojowi PZZP sg infekcje wirusowe, bakteryjne i grzybicze, ekspozycja na
zanieczyszczenia powietrza, a takze niektére jednostki chorobowe takie jak: alergia, astma
oskrzelowa, mukowiscydoza, obturacyjna choroba ptuc, stany immunosupresyjne, czy tez
zaburzenia wynikajgce z czynnikdw genetycznych lub wad anatomicznych w obrebie
twarzoczaszki np. skrzywienia przegrody nosa. Pomimo, iz PZZP to choroba dotykajaca znaczacej
czesci spoteczenstwa, nadal brakuje efektywnych i szeroko dostepnych metod diagnostycznych
i terapeutycznych pozwalajgcych na zatrzymanie choroby w jej wstepnych etapach, a leczenie
pacjentdw wymaga specjalistycznej pomocy i opiera sie w pierwszym etapie na leczeniu
farmakologicznym, a gdy te pozostaje nieskuteczne, wtgczeniu leczenia operacyjnego majacego
na celu udroznienie ujscia zatok przynosowych i polepszenie samopoczucia pacjentow. Niestety,
jak pokazuja statystyki w przypadku PZZPzP, az 40% pacjentdéw spotyka sie z nawrotem choroby
[3] i koniecznoscig ponownego leczenia chirurgicznego, a przyczyny tego zjawiska pozostajg caty

czas stabo poznane.

1.2 Zatoki przynosowe — budowa anatomiczna, funkcje i charakterystyka nabtonka
oddechowego gérnych drég oddechowych

Zatoki przynosowe to pneumatyczne struktury twarzoczaszki bezposrednio potaczone
z jama nosowg i wyscielone urzesionym nabtonkiem oddechowym o sumarycznej powierzchni
od 100 do 200 cm?[4]. W zalezno$ci od lokalizacji w twarzoczaszce wyrdzniamy zatoki: szczekowe,
czotowe, sitowe i klinowe (Rycina 2). Funkcje zatok pozostajg nie do konca poznane, jednak
wiadomo, ze chronig one delikatne obszary mdzgoczaszki, wyréwnujg pojawiajgce sie rdznice
cisnienia, a takze co istotne nawilzajg, ogrzewajq i oczyszczajg dostajgce sie z zewnatrz powietrze
[5]. Stanowig wiec pierwszg bariere ochronng przed dostajgcymi sie z zewnatrz czynnikami
patogennymi  (bakteriami,  wirusami, grzybami, alergenami) i $rodowiskowymi
(zanieczyszczeniami powietrza, czynnikami chemicznymi). Prawidtowe funkcjonowanie zatok

mozliwe jest m.in. dzieki aktywnosci nabtonka goérnych drég oddechowych, ktéry w swojej
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strukturze posiada wysoce wyspecjalizowane i wspétpracujagce ze sobg komérki pofaczone
tzw. Scistymi potgczeniami komoérkowymi (ang. tight junctions) oraz tzw. klirensowi $luzowo-
rzeskowemu umozliwiajgcemu usuwanie wraz ze S$luzem dostajacych sie z zewnatrz
zanieczyszczen. W obrebie nabtonka oddechowego wystepuja komérki nabtonkowe urzesione,
komorki kubkowe - produkujace $luz (ang. goblet cells) oraz komdrki chemosensoryczne. Istotng
role odgrywaja takze usytuowane w warstwie podnabtonkowej fibroblasty nosowe uczestniczace
zarowno w fizjologicznie wystepujgcych mechanizmach regeneracyjnych, jak i w przypadku
zmiany ich aktywnosci w patogenezie choréb zapalnych gérnych drég oddechowych m.in. PZZP

[6].

1.3 Patogeneza przewlektego zapalenia zatok

Aktualne doniesienia naukowe wskazujg na to, ze do rozwoju choroby moga przyczyniaé
sie zarédwno czynniki srodowiskowe [7, 8], jak i te zalezne od ogdlnej kondycji zdrowotnej
gospodarza i chordb towarzyszgcych [9]. Na poziomie molekularnym patogeneza PZZP przejawia
sie w kilku wspétzaleznych od siebie aspektach, wsrdd ktdrych kluczowymi sa: rozwijajacy sie stan
zapalany z korelujacg z nim zmiang aktywnosci uktadu odpornosciowego oraz zaburzenia
strukturalno-funkcjonalne nabtonka oddechowego wyscietajgcego powierzchnie zatok i jamy

nosowej (Rycina 3).

Nabtonek gérnych drég oddechowych stanowi pierwsze miejsce interakcji pomiedzy
czynnikami sSrodowiskowymi dostajgcymi sie z wdychanym przez nozdrza powietrzem a wnetrzem
organizmu cztowieka, poprzez co stanowi swoisty filtr i bariere ochronna. Jest to bariera
strukturalna i funkcjonalna, ktérg zapewnia wspétdziatanie: (1) specyficznie uksztattowanego
nabtonka wraz z obecnymi w nim mechanizmami zapewniajgcymi skuteczne oczyszczanie,
(2) mechanizmoéw uktadu opornosci wrodzonej i nabytej oraz (3) lokalnie wystepujgcej mikroflory
bakteryjnej [10]. W warunkach fizjologicznych elementy te umozliwiajg utrzymanie homeostazy
i w konsekwencji efektywne oczyszczanie dostajgcego sie powietrza, a w przypadku czynnikéw
patogennych odpowiednig reakcje eliminujgcq powstate zagrozenie, tak by uchronié¢ organizm
przez narazeniem dolnych drég oddechowych, a wraz z krwioobiegiem takze innych organéw

wewnetrznych. W przypadku PZZP dochodzi do zaburzen na poziomie wszystkich wymienionych
18



mechanizméw obronnych —zaréwno struktury jak i funkcji nabtonka [11], modyfikacji aktywnosci
poszczegdlnych elementéw uktadu odpornosciowego, jak tez funkcjonowania mikrobiomu [12-
15]. Co wazne, zaburzenia prawidtowej aktywnosci jednego z elementéw ochronnych wptywaja
na dysfunkcyjne dziatanie pozostatych, poprzez co trudno jest okresli¢ pierwotng przyczyne
powstatych defektdw. Przeprowadzone obecnie badania staraja sie lepiej zrozumie¢ mechanizmy
patogenezy, co w przysztoSci moze prowadzi¢ do stworzenia terapii ukierunkowanych

na konkretny cel molekularny.

1.3.1 Immunologiczne aspekty przewlektego zapalenia zatok przynosowych

PZZP wigze sie z zaburzong relacjg pomiedzy zewnetrznymi czynnikami srodowiskowymi,
ktdre stykajg sie z nabtonkiem goérnych drég oddechowych wyscietajgcym powierzchnie jamy
nosowej izatok przynosowych, a aktywnoscig uktadu odpornosciowego cztowieka. Jednym
z pierwszych mechanizméw obronnych obecnym w btonie sluzowej nosa chronigcych wnetrze
organizmu przed szkodliwymi czynnikami srodowiska i chorobotwdrczymi drobnoustrojami jest
wrodzona odpowiedZ? immunologiczna pobudzajgca nastepnie do aktywnosci elementy
odpowiedzi nabytej. W przypadku PZZP dochodzi do zaburzen w funkcjonowaniu obu elementéw
uktadu odpornosciowego, czego skutkiem jest powstanie przewlektego stanu zapalnego. Pierwszg
linie obrony zapewnia pokrywajgcy nabtonek $luz wraz z obecnymi w nim substancjami
antybakteryjnymi, a nastepnie klirens sluzowo-rzeskowy (ang. mucocilliary clereance, MCC), ktéry
usuwa go z gornych dréog oddechowych oczyszczajagc w ten sposéb btone Sluzowa [16].
Pojawiajgce sie w PZZP uposledzenie funkcjonowania rzesek, hiperplazja komérek produkujgcych
$luz, czesto pojawiajgca sie nadekspresja mucyny 5AC (MUC5AC) i mucyny 5B (MUC5B) [17] oraz
zaburzenia w powstawaniu komodrek urzesionych [18] prowadzg do akumulacji i zalegania
wydzieliny w jamie nosowej i zatokach tworzac tym samym mikrosrodowisko sprzyjajgce
rozwojowi infekcji bakteryjnych, wirusowych i grzybiczych. Dodatkowo, nabtonek oddechowy
wydziela substancje obronne takie jak lizozym, laktoferyna, nadtlenek wodoru, ktére
unieszkodliwiajg dostajace sie z zewnatrz patogeny [19]. Spotkanie patogenu z nabtonkiem
oddechowym oraz komodrkami takimi jak: makrofagi, komorki dendrytyczne, komdrki tuczne

i eozynofile skutkuje takze produkcjg cytokin - IL-25, IL-33 oraz TSLP [20-23]. Biatka te moga
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oddziatywaé na fibroblasty usytuowane w warstwie podnabtonkowej [24], komérki limfoidalne
i limfocyty T indukujgc m.in. wydzielanie cytokin typu Th2 [23, 25, 26]. Obecne w nabfonku
komorki chemosensoryczne (ang. SCCs) produkuja IL-25 aktywujgcg komorki ILC2 posredniczgce
w uruchomieniu odpowiedzi typu Th2 oraz dzieki obecnym w ich bfonie tzw. receptorom
smakowym (ang. T2Rs) wydzielaja tlenek wegla (NO) posiadajacy witasciwosci antybakteryjne,
a takze wzmacniajacy bicie rzesek [27, 28]. Kolejnym elementem uczestniczacym w pierwszej linii
obrony sg receptory TLR (ang. Toll-like receptors) obecne w btonie komérek nabtonkowych,
endosomach, retikulum ednoplazmatycznym oraz lizosomach. Rozpoznajg one wzorce
molekularne prezentowane przez patogeny, wskutek czego produkowane s3 cytokiny, chemokiny
i czasteczki obronne aktywujgce komérki uktadu odpornosciowego. Cytokiny produkowane przez
nabtonek uruchamiajg aktywnos¢ komérek limfoidalnych (ang. innate lymphoid cells), ktére
z kolei poprzez wydzielane cytokiny aktywujg odpowiednie populacje komdrek odpowiedzi
nabytej, w szczegdlnosci subpopulacje limfocytéw T [29-31]. W przypadku PZZP obserwuje sie
zachwianie balansu pomiedzy populacjg limfocytéw typu Th1l, a limfocytami Th2, a co za tym idzie
produkowanymi przez nie cytokinami. Oprécz wymienionych powyzej mechanizmdéw obronnych
zapewnionych przez nabtonek oddechowy, wazng role odgrywajg réwniez komoérki odpornosci
wrodzonej takie jak: neutrofile, monocyty, makrofagi, bazofile, komérki tuczne oraz eozynofile

[32].

Badania ostatnich lat wykazaty niezwykle wazng role eozynofilii w patogenezie oraz
przebiegu PZZP [33], co znalazto przetozenie w diagnozowaniu i leczeniu pacjentéw. Nacieki
eozynofilowe obserwuje sie gtdwnie w przypadku PZZPzP, a ich wysoki poziom moze przyczyniac
sie do zaostrzenia symptomdw oraz nawrotu PZZP. Dziatanie eozynofilii w patogenezie PZZP jest
wielokierunkowe, a ich aktywnosc¢ i zywotnos¢ sg silnie regulowane przez IL-5. Dane literaturowe
podaja, ze zastosowanie Mepolizumabu bedgcego przeciwciatem monoklonalnym skierowanym
przeciwko IL-5 i uniemozliwiajgcym przytaczenie cytokiny do receptora na eozynofilach
redukowato wielkos¢ polipéw nosowych oraz zmniejszato niedroznos¢ nosa [34]. W przypadku
pacjentéw z eozynofilowym PZZPzP w osoczu, tkankach oraz wydzielinie z jam nosa obserwuje sie

znaczagco podwyzszony poziom produkowanej przez eozynofile neurotoksyny (ang. EDN)
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i skorelowane z tym wieksze nasilenie choroby. Zauwazono takze, ze neurotoksyna ta bierze
udziat w indukcji ekspresji genu dla metaloproteinazy 9 (MMP-9) zaangazowanej w przebudowe
tkanki [35, 36]. Badanie poziomu EDN moze w przysztosci znalez¢ zastosowanie w diagnostyce

i monitorowaniu aktywnosci choroby.

Doktadna charakterystyka immunologicznych aspektéw PZZP byta przedmiotem przegladu

literatury [37] stanowigcego jeden z elementéw przedstawionej rozprawy doktorskiej.

1.3.2 Zmiany aktywnosci mikrobiomu

W warunkach fizjologicznych nabtonkowi oddechowemu wyscietajgcemu jame nosowa
i zatoki towarzyszy specyficzna lokalnie wystepujaca mikroflora bakteryjna wspierajaca
mechanizmy ochronne. W przebiegu PZZP obserwuje sie znaczacg dysbioze. Jedng z bakterii,
majacych tendencje do dominacji niszy mikroflory, w szczegdlnosci w przypadku zapalenia zatok
z polipami (pojawia sie u 67% pacjentéw) jest Staphylococcus aureus. Co wiecej, bakteria ta silnie
koreluje z nawrotami choroby, a takze gorszym rokowaniem po endoskopowych operacjach
zatok. Poprzez formowany biofilm i wytwarzang enterotoksyne B prowadzi do destrukcji struktury
nabtonka oraz modulacji aktywnosci uktadu opornosciowego przyczyniajac sie do wzmozonych

naciekéw zapalnych [38, 39].

1.3.3 Zmiany strukturalno-funkcjonalne nabtonka oddechowego

W przebiegu PZZP dochodzi do licznych zmian w strukturze nabtonka oddechowego
(Rycina 1A) oraz warstwy podnabtonkowej. Na poziomie histologicznym obserwuje sie rdznice
pomiedzy PZZPbP oraz PZZPzP, przy czym duza heterogennos¢ choroby utrudnia jednoznaczng
klasyfikacje endotypowaq. W przypadku pacjentdw z PZZPbP powszechnie pojawia sie zwtdknienie
(Rycina 1B), odktadanie kolagenu, hiperplazja komodrek produkujgcych $luz (Rycina 1C) i gruczotéw
podsluzéwkowych (Rycina 1D), naciek komérek mononuklearnych, natomiast PZZPzP silniej

koreluje z wystepowaniem obrzeku, nagromadzeniem albumin, powstawaniem torbieli,
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naciekiem eozynofilowym (Rycina 1E), wzmozong angiogenezg
i zmienionym unaczynieniem w tkance podnabtonkowej (Rycina 1F)
[40-42]. W PZZP obnizeniu ulega ilos¢ produkowanych substancji
i funkcjonowanie mechanizmoéw antybakteryjnych, zmienia sie tez
aktywno$é towarzyszacych komodrek odpornosciowych [40].
Dodatkowo, u wielu pacjentéw zwieksza sie grubos¢ btony
podstawnej (Rycina 1C) znaczgco ograniczajgc transport substancji
odzywczych do zakotwiczonych w niej komérek nabtonkowych.
Zauwazono, ze w przypadku pacjentdéw z polipamiistnieje korelacja
pomiedzy zwiekszonym naciekiem eozynofilowym w warstwie
nabtonkowej i podnabtonkowej, a uszkodzeniem nabtonka
i zwiekszong gruboscig btony podstawnej [43]. Spadajg réwniez
ilosci biatek: ZO-1, okludyny, klaudyny tworzacych sciste potaczenia
pomiedzy komdrkami tworzgcymi nabtonek, co przyczynia sie do
zniszczenia struktury zapewniajgcej selektywng przepuszczalnos$é
dla czynnikdéw zewnetrznych. Czynnikiem sprzyjajagcym rozerwaniu
potgczen miedzykomérkowych jest hipoksja [44] pojawiajgca sie
m.in. na skutek znaczgcego zamkniecia ujscia zatok w przebiegu
PZZP, zwiekszonej ilosci produkowanego $luzu wraz z zaburzonymi
mechanizmami jego usuwania i w konsekwencji toczacego sie
w obrebie btony $luzowej stanu zapalnego [44, 45]. Wazinym
mechanizmem uczestniczgcym w przebudowie tkanki u pacjentéw
z PZZP jest przemiana epitelialno-mezenchymalna (ang. epithelial
to mesenchymal transition) w trakcie, ktorej komarki nabtonkowe
nabywajg charakteru komérek mezenchymalnych. Komérki

nabtonkowe tracg Sciste potaczenia miedzykomdrkowe, nabywaja

Ryc. 1 Barwienie hematoksyling i eozyng
(powiekszenie: A,B,C,E- 400x; D — 200x; F -100x)
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zdolnosci przemieszczania sie, zmienia sie ich cytoszkielet i struktura, zawartos¢ macierzy
wewnatrzkomoérkowej oraz ekspresja gendw i biatek [46]. Do przebudowy tkanki przyczyniajg sie
tez znaczaco fibroblasty umiejscowione w warstwie podnabtonkowej, ktére na skutek aktywacji
poprzez rézne czynniki takie jak np. reaktywne formy tlenu lub TGFB1, produkujg zwiekszone
ilosci macierzy zewnatrzkomérkowej oraz ulegajg przeksztatceniu w miofibroblasty [47].
W warunkach fizjologicznych, jak i patologicznych wszystkie komodrki tworzace nabtonek,
wchodzgce w skfad lokalnej odpowiedzi immunologicznej oraz rezydujace fibroblasty oddziatujg
na siebie poprzez wzajemng komunikacje. Jedng z form przekazywania sygnatu i modulacji
aktywnosci bedacych w poblizu oraz znaczaco oddalonych od siebie komérek sg pecherzyki
zewnatrzkomorkowe [48], a w szczegdlnosci ich populacja nazywana matymi pecherzykami

zewnatrzkomadrkowymi (ang. small extracellular vesicles; sEVs) lub egzosomami (ang. exosomes).
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Rycina 2. Fizjologiczna struktura i funkcje zatok przynosowych oraz charakterystyka nabtonka
oddechowego wysciefajgcego wnetrze jam nosowych i zatok.
(Grafiki stworzone przy wykorzystaniu programu Biorender.com)
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1.4

ang. exosomes) to rodzaj pecherzykéw zewnatrzkomdrkowych pochodzenia endosomalnego
wydzielanych przez komérki do otoczenia i posiadajgcych podwdjng btone lipidowa. Wielkos¢
egzosoméw wynosi od okoto 30 do 150 nm [49]. Pecherzyki na swojej powierzchni lub wewnatrz
przenoszg okreslone kargo w postaci m.in. biatek, lipidéw, kwaséw nukleinowych, receptoréw,
czy réznego rodzaju metabolitdw. Dzieki temu, ze uwalniane sg zewnatrzkomérkowo do ptynéw
ustrojowych, mogg modulowac aktywnos¢ komérek znajdujacych sie w swoim sasiedztwie, jak
i tych znaczaco od siebie oddalonych, a co wazne ich stezenie w badanym materiale klinicznym

oraz niesiony fadunek molekularny stanowig atrakcyjny cel
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Rycina 3. Struktura i dysfunkcje zatok przynosowych oraz charakterystyka nabtonka
oddechowego wyscietajgcego wnetrze jam nosowych i zatok w przebiegu PZZP.
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zastosowaniem w metodach diagnostycznych i terapeutycznych [50] (Rycina 4). W przypadku
PZZP szczegdlna uwaga skoncentrowana jest na egzosomach obecnych lokalnie w bfonie $luzowej
jamy nosowej i zatok obecnych w poptuczynach izolowanych z jamy nosowej i zatok (ang. NALF;
nasal lavage fluid) oraz krgzgcych systemowo we krwi i uzyskiwanych z osocza lub surowicy
pacjentéw. Badania prowadzone na materiale klinicznym od pacjentéw z PZZP, wskazujg na
istotng role egzosomoéw w procesach takich jak angiogeneza, proliferacja komdérek, udziat
w przebudowie tkanki, mechanizmach obronnych, czy regulacji aktywnosci ukfadu
odpornosciowego [51-59]. Charakterystyka oraz funkcje egzosomédw w chorobach zwigzanych
z przewlektym stanem zapalnym gérnych drég oddechowych, w tym przewlektym zapaleniem
zatok przynosowych zostaty opisane w pracy pogladowej stanowigcej element niniejszej rozprawy

doktorskiej [60].

Literatura podaje liczne przyktady tego, ze egzosomy wydzielane przez konkretnag
populacje komodrek transportujg zawartos¢ bedacg odzwierciedleniem jej aktywnosci [61-63].
W zwigzku z tym, poszukiwanie zaleznosci pomiedzy ekspresjg nabtonkowg poszczegdlnych
biatek zaangazowanych w patogeneze PZZP moze pomdc w odkryciu nowych niepoznanych
dotychczas mechanizméw zwigzanych z rozwojem choroby, ich regulacji, a takze utatwic

precyzyjng, szerzej dostepna diagnostyke i spersonalizowane metody terapeutyczne.
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Rycina 4. Mechanizm wydzielania matych pecherzykéw zewngtrzkomdrkowych oraz rozprzestrzeniania sie
pomiedzy komdrkami nabtonka oddechowego i komdrkami uktadu odpornosciowego naptywajgcymi
do warstwy podnabtonkowej.

1.5 Szlak TGF-B/ Smad2 w patogenezie PZZP

1.5.1 Biatko TGFB1

TGFB1 to cytokina o dziataniu plejotropowym i funkcjonalnosci zaleznej od wielu
czynnikdw m.in. wydzielajgcych jg komérek, mikrosrodowiska i kontekstu aktywnosci. Odgrywa
istotna role zaréwno w mechanizmach fizjologicznych — m.in. rozwoju embrionalnym, gojeniu ran,
zapewnieniu szeroko rozumianej homeostazy tkankowej, regulacji aktywnosci wielu komdrek
uktadu odpornosciowego w tym: subpopulacji limfocytow T i B, komérek NK, komérek
dendrytycznych, makrofagéw i neutrofili, jak i patologicznych — m.in. dotyczacych defektéw
W rozwoju, uposledzeniu gojenia sie ran i chorobach zwigzanych z wiéknieniem, chorobach
zapalnych, infekcyjnych, alergicznych i nowotworach. TGFB1 kontroluje takie procesy jak:
przezywalnos¢ komaorek, ich wzrost, proliferacje, réznicowanie, zdolnosci adhezyjne i migracyjne,
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zachodzgce w komdérkach procesy metaboliczne oraz zwigzane ze $miercig komérkowa [64, 65].

TGFB1 magazynowane jest w postaci dimeru potaczonego z peptydem LAP (ang. latency -

associated peptide) oraz biatkiem LTBP1 (ang. latent TGF-B-binding protein) w przestrzeni miedzy

komérkowej lub w potgczeniu z LAP kierowane na powierzchnie komorki. Dojrzate TGFB1 petni

swoje funkcje po uwolnieniu z wigzacego je kompleksu, ktére nastepuje poprzez aktywacje przez

integryny [66] lub niezaleznie od integryn m.in. na skutek aktywnosci srodowiska kwasowego lub

zasadowego, reaktywnych form tlenu (ang. ROS; reactive oxygen species), trombospondyny-1

(ang. TSP-1) oraz proteaz [65]. Uwolnione TGFB1 przytacza sie w pierwszej kolejnosci do receptora

TBRII, nastepnie receptora TBRI [67], po czym nastepuje dalsza transdukcja sygnatu na drodze

kanonicznej zaleznej od rodziny czynnikdw transkrypcyjnych Smad lub poprzez sciezki

niekanoniczne zwigzane z: ERK, GTPazg, p38 MAPK, JNK, NF-kB, PI3K/ AKT lub JAK/STAT [65].
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1.5.2 Szlak sygnatowy TGFB1/Smad2-Smad3

Na drodze Sciezki kanonicznej sygnat od
TGFB1 przekazuje dalej rodzina czynnikéw
transkrypcyjnych  Smad, a ich aktywnos¢
kontrolowana jest przez szereg dodatkowych
uwarunkowan zaleznych m.in. od bodicow
docierajacych do komérki oraz jej zapotrzebowania.
Smad2 i Smad3 (ang. R-Smads; receptor-activated
Smads) obecne w cytoplazmie komodrkowej sa
prezentowane receptorowi TPRI poprzez biatko
SARA (ang. Smad anchor for receptor activation), po
czym ulegajg fosforylacji i oligomeryzacji oraz
potgczeniu ze Smad4 (ang. co-Smad, common-
partner Smad). Nastepnie, w postaci kompleksu
transportowane s3 do jadra komérkowego

i przytgczaja sie do DNA regulujac ekspresje genow
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odpowiedzialnych m.in. za ekspresje biatek tworzacych $ciste potaczenia miedzykomérkowe,
macierz  zewnatrzkomérkowa, widknienie, regulujacych aktywnos¢ komdrek uktadu

odpornosciowego, cykl komdrkowy oraz apoptoze [65, 68].

1.5.3 Udziat szlaku TGFB1/SMAD w patogenzeie PZZP

Dane literaturowe wskazujg na znaczacg role TGFB1 w patogenezie PZZP, w szczegdlnosci
poprzez regulacje aktywnosci komdrek nabtonkowych, fibroblastéw i komérek uktadu
odpornosciowego. TGFB1 i aktywowane przez nie sciezki majg istotne znaczenie w przebudowie
tkanki m.in. poprzez udziat w przeksztatcaniu fibroblastéw nosowych w miofibroblasty oraz
przemianie epitelialno — mezenchymalnej. Wykazano, ze TGFB1 poprzez $ciezke Smad2/3
indukuje w fibroblastach nosowych ekspresje biatka HSP47, co uczestniczy w przeksztatceniu
fibroblastéw w miofibroblasty i zwiekszonej produkcji macierzy pozakomérkowej [69].
Zauwazono takze, ze uzyskane od pacjentéw z PZZP fibroblasty na skutek aktywacji Sciezki
TGFB1/Smad2/3 wytwarzajg kolagen i czynnik wzrostu tkanki tgcznej (CTGF) prowadzac do
modyfikacji tkanki [70]. Aktywacja $ciezki TGFB1/Smad2/3 wptywa takze na zwiekszone zdolnosci
do migracji i kurczliwosci fibroblastéw oraz nagromadzenia fibronektyny [71, 72]. W literaturze
istniejg rozbieznosci dotyczace ekspresji i roli Sciezki TGFB1/Smad2/3 w poszczegdlnych
endotypach choroby, co moze by¢ zwigzane m.in. ze zrédtem anatomicznym pobranego do

analizy materiatu.

1.6 Sciezka 2’,3’- cAMP - CNPaza - adenozyna - potencjalna rola w patogenezie PZZP

Najnowsze doniesienia naukowe wskazujg na istotng role adenozyny i Sciezek
molekularnych powigzanych z cAMP (cyklicznym adenozynomonofosforanem) w patogenezie
choréb zapalnych gérnych drég oddechowych [73]. Adenozyna jest endogennie wytwarzanym
nukleozydem  purynowym, ktéry bierze udziat w wielu procesach wewnatrz
i zewnatrzkomdrkowych, zaréwno fizjologicznych, jak i patologicznych, a jej aktywnosé
regulowana jest poprzez szereg czynnikéw takich jak: jej stezenie, mikrosrodowisko dziatania oraz
co istotne, rodzaj receptoréw dla adenozyny obecnych na komérkach do ktérych sie przytacza.

Oprocz szeroko znanego mechanizmu powstawania adenozyny poprzez hydrolize ATP, istnieje
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alternatywna sciezka syntezy adenozyny, ktérej pierwotnym zrédtem jest mRNA i jego rozpad na
skutek m.in. uszkodzenia tkanek i zniszczenia komérek (Rycina 5) [74, 75]. Powstate z rozpadu
MRNA — 2°,3’- cAMP jest nastepnie przeksztatcane przez CNPaze (2’,3’-cykliczng nukleotydo 3’-
fosfodesteraze; CNP) do 2° i 3’- AMP, ktére nastepnie przy udziale ektonukleotydaz
sg transformowane do zewnatrzkomérkowej adenozyny posiadajgcej zdolnos¢ do wigzania sie ze
swoimi receptorami na spotkanych komérkach (Rycina 5). CNPaza uczestniczy w mielinizacji
komoérek nerwowych oraz reguluje aktywnos$é mikrotubuli. Jej ekpresja zostata wykryta takze
w niemielinizujgcych komérkach: nabtonka wechowego oraz nabtonka soczewki. Co wiecej,
badania wykazaty, ze CNPaza wspoétdziata z TGFB2 w przebudowie nabtonka soczewki prowadzac
do witdknienia i rozwoju za¢my [76]. Dodatkowo, CNPaza moze takze regulowac funkcjonowanie
mikrotubuli w sposdb zalezny od Smad2 i Smad3 [77]. Inne badania pokazaty, ze adenozyna
poprzez aktywacje sciezek zaleznych od TGFp, reguluje aktywno$é fibroblastow i wydzielang przez
nich ilo$¢ macierzy zewngatrzkomérkowej [78,79]. Dane literaturowe podajg takze, ze CNPaza
reguluje stezenie wydzielanych matych pecherzykdw zewnatrzkomérkowych, a obnizenie jej
ekspresji prowadzi do wiekszego stezenia egzosomdw [80]. Biorgc pod uwage wczesniejsze
doniesienia naukowe, zbadanie zaleznosci pomiedzy ekspresjg sciezki TGFB1/Smad2/3 a CNPazg
w nabtonku pacjentéw z PZZP daje nadzieje na odkrycie nowych, niepoznanych dotad

mechanizmdw zaangazowanych w patogeneze choroby.

29



czynniki srodowiskowe np
e b (SN Zanieczyszczenia powietrza
wzrost reaktywnych form

o
tlenu
letka * dysbioza
z.if. R ‘ uszkodzenia komérek | o infelcle
= niedobory odpomasd
adenozyna co3? = wirosl poziomu cAMP
» 4
mRNA ATP =
. —
RNazy // cvklaza ."r/ eyl
| adenylanows ( ADP ’—_\
< < co7s
2, 3-cAMP 3.5 -cAMP AMP | _“\{
(wewnatrzkomdrkowe) [wewnatrzkomérkowe)

Transportery ' Transportery & ADENOZYNA
np. MRPA/S L np. MRP4/S |

2,3 -cAMP 35" -cAMP
(zewnatrzkomdrkowe) [zewnatrzkomdrkowe)
Fhto-2 3-PDESS, Fhin-3' 5'-PDEs I-’f receptory dla adenozyny
np. CNPaza) L " na komarkach
——— uktadu odpornodciowego,
-m nablonka oddechowego
2-AMP/3-AMP i fibroblastach
[ (zewnatrzkemdrkowe) "\._ —
s i
( -
[Filo:2 3 ey ADENOZYNA
CEtyCaLy (zewnatrzkomorkowa)

Ryc.5. Schemat ilustrujqcy sciezki powstawania adenozyny. Zmodyfikowane na podstawie

Jackson et al. [74].

1.7 Rola sciezki TGFB1/Smad2/3, CNPazy i matych pecherzykdéw zewnatrzkomadrkowych
w patogenezie przewlektego zapalenia zatok przynosowych

Dane literaturowe wskazujg na istotng role zmian zachodzgcych w nabtonku oddechowym
wyscietajgcym jamy nosa i zatoki przynosowe w patogenezie PZZPbP oraz PZZPzP [81-83]. Liczne
badania wykazaty znaczacy udziat Sciezki TGFB1/Smad2/3 w przebudowie tkanek [84, 85], w tym
zmianach zachodzgcych w PZZP [69, 70, 86, 87], jednak istniejg rozbieznosci dotyczace jej
aktywnosci i regulacji w poszczegdlnych endotypach choroby. Ostanie dane wskazujg, ze
adenozyna moze by¢ jedng z czasteczek wptywajgcych na aktywnosé TGFB1 [78]. Jednym ze
zrodet adenozyny jest sciezka 2’,3’- cAMP, ktérej aktywnosé zostata opisana w patogenezie
przewlektych standéw zapalnych gérnych drég oddechowych [73] . Dodatkowo, CNPaza - enzym

aktywny w $ciezce 2’,3’- cAMP - adenozyna odgrywa role w regulacji powstawania matych
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pecherzykéw zewnatrzkomdrkowych [80]. Egzosomy, poprzez niesiony fadunek moga by¢
odzwierciedleniem proceséw zachodzacych w wydzielajgcych je komédrkach i regulowac
aktywnos$é pobierajgcych je komérek. Mozliwe, ze wydzielane przez nabtonek oddechowy
lokalnie lub do krwioobiegu pecherzyki zawierajg kargo powigzane ze zmianami jakie majg
miejsce w nabtonku w trakcie chronicznego stanu zapalnego, poprzez co z jednej strony stanowig
atrakcyjny cel badan ze wzgledu na ich potencjalny udziat w patogenezie choroby, z drugiej zas
strony poznanie mechanizméw ich dziatania moze przyczyni¢ sie do stworzenia nowych
skuteczniejszych metod diagnostycznych i terapeutycznych. Badania przeprowadzone w ramach
niniejszej rozprawy doktorskiej poprzez ocene aktywnosci sciezki TGFB1/Smad2/3 oraz CNPazy,
jakiich ewentualnego wspétdziatania oraz roli egzosomdw w patogenezie PZZP, mogg przyczynic
sie do lepszego zrozumienia patogenezy choroby oraz znalezienia odmiennych mechanizméw

zaangazowanych w patogeneze poszczegdlnych endotypow schorzenia.

31



2.

Zatozenia i cel pracy

Na podstawie danych literaturowych wskazujgcych na istotng role uktadu immunologicznego,
biatek TGFB1, Smad2, pSmad3, CPNazy, a takze matych pecherzykéw zewnatrzkomérkowych
(egzosomdéw) w schorzeniach zwigzanych z przewlektym stanem zapalnym i przebudowg
tkankowa, postawiono hipoteze, ze czynniki te uczestniczg réwniez w patogenezie przewlektego

zapalenia zatok przynosowych.

Dlatego celem pracy byta:

1. Ocena roli uktadu immunologicznego i egzosomdéw w patogenezie przewlektego zapalenia
zatok przynosowych z polipami i bez polipéw.

2. Ocena ekspresji nabtonkowej biatek TGFB1, Smad2, pSmad3, CNPazy oraz jej znaczenia
klinicznego jako potencjalnego biomarkera u pacjentéw z przewlektym zapaleniem zatok

przynosowych z polipami i bez polipow.
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3.

Kopie opublikowanych prac
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Abstract: Chronic rhinosinusitis with and without nasal polyps (CRSwNP and CRSsNP, respectively)
is a chronic inflammatory disease affecting almost 5 to 12% of the population and exhibiting high
recurrence rates after functional endoscopic sinus surgery (FESS). TGFB1-related pathways contribute
to tissue remodelling, which is one of the key aspects of CRS pathogenesis. Additionally, adenosine
signalling participates in inflammatory processes, and CNPase was shown to elevate adenosine levels
by metabolizing cyclic monophosphates. Thus, the aim of this study was to assess the expression
levels of Smad2, pSmad3, TGF31, and CNPase protein via immunohistochemistry in sinus epithelial
tissues from patients with CRSwNP (1 = 20), CRSsNP (1 = 23), and non-CRS patients (1 = 8). The
expression of Smad2, pSmad3, TGF31, and CNPase was observed in the sinus epithelium and
subepithelial area of all three groups of patients, and their expression correlated with several clinical
symptoms of CRS. Smad2 expression was increased in CRSsNP patients compared to CRSWNP
patients and controls (p = 0.001 and p < 0.001, respectively), pSmad3 expression was elevated in
CRSwNP patients compared to controls (p = 0.007), TGEf31 expression was elevated in CRSwNP
patients compared to controls (p = 0.009), and CNPase was decreased in CRSsNP patients compared
to controls (p = 0.03). To the best of our knowledge, we are the first to demonstrate CNPase expression
in the upper airway epithelium of CRSWNP, CRSsNP, and non-CRS patients and point out a putative
synergy between CNPase and TGF@1/Smad signalling in CRS pathogenesis that emerges as a novel
still undiscovered aspect of CRS pathogenesis; further studies are needed to explore its function in
the course of the chronic inflammation of the upper airways.

Keywords: chronic rhinosinusitis; TGFf31; Smad2; pSmad3; CNPase; adenosine; airway epithelium

1. Introduction

Chronic rhinosinusitis (CRS) is a multifactorial inflammatory disease with a preva-
lence of 5 to 12% in the global population and is further clinically classified into CRS with
nasal polyps (CRSWNP) and without nasal polyps (CRSsNP) [1]. CRS is characterised by
an ambiguous molecular background and high recurrence rates, particularly in patients
with CRSWNP [2-6]. Interestingly, recent evidence suggests that familial predisposition
is a relevant factor in the pathogenesis of CRSWNP [7,8]. One of the key aspects involved
in CRS pathogenesis is airway tissue remodelling [9-15]. The interior of the nose and
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paranasal sinuses has a surface area from 100 to 200 cm? and is covered with pseudostrat-
ified epithelium (upper airway epithelium; UAE) [16], which is crucial for maintaining
the proper functionality of the sinuses. Persistent inflammation triggers AE remodelling,
specifically epithelial-to-mesenchymal transition (EMT) [14]. A growing body of evidence
suggests an involvement of the TGFf3 /Smad pathway in CRS pathogenesis. TGF31 me-
diates microenvironmental context-dependent processes, including immunoregulation,
fibrosis, tissue remodelling, angiogenesis, metastasis, tumour progression, myofibroblast
differentiation, and pro- or anti-inflammatory capacities [10,11,17-27]. TGF{1 acts through
both Smad-dependent and Smad-independent signalling pathways. In the canonical Smad-
dependent pathway, TGF(31 actives TGFp1 type II and type I receptors, leading to the
subsequent phosphorylation of Smad2 and Smad3 (receptor-activated Smads). The Smad
2/3 complex binds to Smad4 (Co-Smad) and translocates to the nucleus, where it regu-
lates the expression of genes involved in processes such as proliferation, differentiation,
immunoregulation, and tissue remodelling [19,28]. The detailed role of Smad2 and Smad3
in TGFf1 signal transduction is currently under investigation [29]. Recently, adenosine
(ADO) and cAMP-related signalling emerged in the context of the pathogenesis of chronic
upper airway inflammatory diseases [30]. ADO is an endogenous purine nucleoside with
a wide range of intra- and extracellular activities in both physiological and pathological
conditions and can exert pro- or anti-inflammatory activity. The effects of ADO depend
on its concentration, microenvironmental conditions, duration of action, and the types
of receptors activated on the surface of target cells [30]. In addition to ATP hydrolysis,
which is a well-known source of ADO, mRNA breakdown during tissue injury and cellular
damage has been identified as an alternative source [31]. 2/,3’-cAMP derived from mRNA
is converted via CNPase (2/,3'-cyclic nucleotide 3'- phosphodiesterase; CNP) to 2’-AMP,
which is subsequently transformed by ectonucleotidases into extracellular ADO [32,33].
CNPase is primarily expressed in myelinated nerve cells, where it supports nerve myelina-
tion and regulates microtubule activity. However, it is also expressed by non-myelinated
cells such as olfactory ensheathing cells [34] and lens epithelium cells [35]. It has been
shown that the TGFp-dependent expression of CD73 is involved in the generation of ADO
by regulatory T cells (Tregs), CD8+ T cells, dendritic cells, and macrophages [36]. Addi-
tionally, increased cAMP levels have been found to alter the TGF(3- and Smad-induced
expression of extracellular matrix (ECM) components and fibroblast activity [37]. Further-
more, CNPase has been shown to contribute to epithelial remodelling via the TGF32-notch
pathway, potentially playing a role in fibrosis and cataract development [35]. Additionally,
ADO has been found to regulate fibroblast functions and activity, as well as the structure
of the ECM through TGFf signalling [38,39]. This regulation may play a crucial role in
tissue remodelling related to CRS pathogenesis, particularly involving subepithelial nasal
fibroblasts. In the nasal polyp tissue, the expression of both TGF@31 and TGF(32 isoforms
has been demonstrated [40]. Another significant point is that CNPase associates with
microtubules (MTs) [41] and interestingly, Smad2 and Smad3 proteins bind to MTs in the
absence of TGFf. Treatment with TGFf leads to the dissociation of Smad 2 and Smad3
from MTs, followed by their phosphorylation, translocation to the nucleus, and activation
of transcription [42]. Therefore, there may be a possible relationship between the expression
of TGFf, Smad2 and pSmad3, and CNPase in UAE and CRS pathogenesis, although this
connection has yet to be clarified.

The molecular background of CRS remains elusive, necessitating extensive inves-
tigation to pave the way for more effective therapeutic and diagnostic solutions. The
interplay between the TGF31, Smad, and CNPase pathways could represent a novel and
yet undiscovered aspect of tissue remodelling that contributes to disease pathogenesis.
Therefore, the aim of this study was to assess the expression of TGF31, Smad2, pSmad3,
and CNPase in sinus epithelial tissues obtained from patients with CRSsNP, CRSwNP, or
non-inflammatory controls, and to evaluate their mutual co-expression.
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2. Materials and Methods
2.1. Patients

Samples of sinus tissue were obtained from 43 patients diagnosed with CRS, includ-
ing 23 patients with CRSsNP and 20 patients with CRSWNP, who underwent functional
endoscopic sinus surgery (FESS) for the first time in the Department of Otolaryngology, the
Medical Centre of Postgraduate Education in Warsaw. The diagnosis of CRS was based
on recommendations according to the European Position Paper on Chronic Rhinosinusitis
(EPOS2020) [1]. The study included patients qualified for FESS for the first time due to
insufficient disease control with pharmacological treatment. Exclusion criteria included
previous sinus surgery, a diagnosis of cystic fibrosis, immunodeficiencies, smokers, sys-
temic corticosteroids users, and systemic or local antibiotic therapy within four weeks
prior to FESS. As controls, mucosal tissue samples were obtained from eight patients (NC;
N = 8) undergoing surgery for non-CRS upper airway disorders, such as septoplasty or
sleep apnoea syndrome. The mucosal samples in NC were taken from the lateral surface
of the middle nasal concha, while in CRS patients, they were taken from the uncinate
process. Additionally, normal retro auricular excess skin samples from ten patients oper-
ated on for middle ear cholesteatoma were used as positive staining control tissues for the
tested antigens.

This study was approved by the Local Ethics Committee at the Medical Centre of
Postgraduate Education (#50/PB/2019 to K.C. and #15/PB/2018 to 1.K.). All subjects
enrolled in the study completed the Sino-Nasal Outcome Test (SNOT-20) questionnaire [43]
and signed informed consent forms. Patients were also interviewed for symptoms described
in the EPOS 2020—main symptoms: nasal patency, mucus, sinus pain, and smell; additional
symptoms: headache, fatigue, fetor ex ore, fever, toothache, cough, and earache. The
questionnaire for patients based on the EPOS 2020 is included in Supplementary Table S1.
The clinicopathologic characteristics of the CRS and control group patients included in this
study are presented in Table 1.

Table 1. Clinicopathological characterisation of CRSWNP, CRSsNP, and NC patients included in
this study 2.

Characteristic NC Patients CRSwNP Patients CRSsNP Patients
(n=28) (n =20) (n=23)
Sex
Male 6 12 15
Female 2 8 8
Age
Range 19-44 26-71 19-65
Median 32 48.5 35
Allergy 0 8 9
Asthma 1 3 2
Aspirin sensitivity /
non-exacerbated
. . 0 2 0
respiratory disease
(N-ERD)
Eosinophiles [%] 2.1 6.118 3.275
(average £ SD) (+£1.183) (+£4.94) (£2.236)
Eosinophiles [10%/uL] 0.129 0.427 0.229
(average + SD) (£0.063) (£0.404) (£0.178)

2 Statistical analysis for age: control vs. CRSsNP: p = 0.298; control vs. CRSWNP: p = 0.003; CRSWNP vs. CRSsNP:
p = 0.003; for sex: control vs. CRSsNP: p = 0.944, control vs. CRSWNP: p = 0.755, CRSWNP vs. CRSsNP: p = 0.971.
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2.2. Immunohistochemistry

Tissues were fixed in 10% buffered formalin solution, paraffin-embedded, and sec-
tioned into 4 uM thick slices, and then mounted on the Adhesive Superfrost Plus Slides
(Thermo Scientific, Waltham, MA, USA, JI800AMNZ). The following primary antibodies di-
luted in Antibody Diluent (Leica Biosystems Newcastle, Newcastle upon Tyne, UK, RE7133)
were used for immunostaining: mouse monoclonal anti-human CNPase (1:200; Abcam,
Cambridge, UK, ab6319), rabbit monoclonal anti-human anti-Smad2 (1:100; Cell Signalling,
Danvers, MA, USA, 5339T), rabbit polyclonal anti-human anti-Phospho-Smad3 (1:400;
St John's Laboratory, London, UK, STJ114841), rabbit polyclonal anti-human anti-TGFf31
(1:125, Abcam, Cambridge, UK, ab92486), or the appropriate isotype control IgG. After
standard deparaffinisation, rehydration, and antigen retrieval in pH = 9 (Epitope Retrieval
Solution, Novocastra, Leica Biosystems Newcastle, Newcastle upon Tyne, UK, RE7119)
for 30 min in a water bath at 98 °C, sections were stained according to the manufacturer’s
instructions for the Novolink Polymer Detection System (Leica Biosystems Newcastle,
Newecastle upon Tyne, UK, RE7140-K). First, the activity of endogenous peroxidase was
blocked with Novocastra™ Peroxidase Block (Leica Biosystems Newcastle, Newcastle
upon Tyne, UK, RE7101), and then Novocastra™ Protein Block was used to eliminate
the non-specific binding of the primary antibody and polymer. Next, sections were incu-
bated with the primary antibody or only with the Antibody Diluent (negative controls)
for 75 min at room temperature (RT) in the moist chamber, followed by incubation with a
secondary antibody—Novocastra™ Post Primary (Leica Biosystems Newcastle, Newcastle
upon Tyne, UK, RE7111)—to detect mouse antibodies, and subsequently incubation with
Novolink™ Polymer occurred (Leica Biosystems Newcastle, Newcastle upon Tyne, UK,
RE7112), a solution that recognizes the Post Primary and rabbit antibodies, and finally
with DAB (3,3'-diaminobenzidine) Chromogen (Leica Biosystems Newcastle, Newcastle
upon Tyne, UK, RE7105) diluted in the Novolink™ DAB Substrate Buffer (Leica Biosystems
Newcastle, Newcastle upon Tyne, UK, RE7143). Sections were counterstained with Novo-
castra™ haematoxylin (Leica Biosystems Newcastle, Newcastle upon Tyne, UK, RE7107),
dehydrated following standard procedures, and coverslipped with mounting medium
(CV Mount, Leica Biosystems, REF 14046430011). Slides were evaluated using a ZEISS
Observer Z1 light microscope (AxioVision 4.8 software; illumination system LUMEN 200;
PRIOR, %400 magnification) by two independent researchers (M.].S. and K.P.). The sections
were scored based on the percentage of positively stained tissue (P) for CNPase, Smad2,
pSmad3, and TGFB1 (<25% = 0; 25-75% = 1; >75% = 2). The level of staining intensity (I)
was recorded as follows: 0—none, 1—weak, 2—moderate, 3—strong. Expression (E) of the
staining was calculated by multiplying values of positivity (P) and intensity (I) for each sec-
tion. The haematoxylin and eosin staining was performed on a few selected tissue sections
from each group of patients. In the first step, tissues were deparaffinised, rehydrated, and
stained with haematoxylin for 5 min. Afterwards, sections were rinsed with water, stained
with eosin for 1.5 min, then dehydrated and coverslipped with mounting medium.

2.3. Immunofluorescence Tissue Staining

For immunofluorescence detection of TGF{31 and CNPase expression, the same pri-
mary antibodies mentioned above were used. After standard deparaffinisation, rehydration,
and antigen retrieval, sections were blocked in a 4% BSA-PBS solution (Sigma Aldrich,
St. Louis, MO, USA, A7906) for 1.5 h at RT. Then, sections were incubated with the primary
antibody or only with Antibody Diluent (negative controls) overnight at 4 °C in a moist
chamber. After overnight incubation, tissues were incubated with a secondary antibody at
RT in the dark. The following secondary antibodies were used: goat anti-mouse conjugated
with Alexa 488 (1:1000, Life Technologies, Eugene, OR, USA, A-11001) and goat anti-rabbit
conjugated with Alexa 594 (1:1000, Life Technologies, Eugene, OR, USA, A-11012). To
counterstain the nucleus, sections were then incubated with DAPI solution (1:1000, Thermo
Scientific, Rockford, IL, USA, 62248) and coverslipped with Fluorescent Mounting Medium
(Dako, Carpinteria, CA, USA, S3023).
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2.4. Statistical Analysis

Statistical analysis was performed using R programme language (v4.2.2) in the pro-
gramme RStudio (v2023.03.0). The packages rstatix (v0.7.1) and Hmisc (v5.0-1) were used
for analysis and ggpubr (v0.5.0) and corrplot (v0.92) for visualisation. The Kruskal-Wallis
and Mann-Whitney tests were used to evaluate the differences between groups in selected
immunohistochemistry and clinical parameters, and Spearman correlation analysis was
used to assess the correlation between those factors.

3. Results
3.1. Levels of Smad2, pSmad3, TGFB1, and CNPase Antigens in the Upper Airway Epithelium and
Blood Eosinophils of CRSsNP, CRSwNP, and NC Patients

Smad2-positive cells were detected in the UAE of all patient groups (Figure 1b(J-L)),
with the highest levels of Smad2 expression observed in the CRSsNP patient group. Smad2
expression was significantly elevated in patients with CRSsNP compared to those with
CRSwNP (p = 0.001). Furthermore, Smad2 expression was markedly higher in CRSsNP
patients compared to NC patients (p < 0.001; Figure 1c). pSmad3-positive cells were
present in the UAE of the CRSsNP, CRSwNP, and NC groups (Figure 1b(M-0O)), with the
highest expression levels of pSmad3 in the CRSWNP group. The expression of pSmad3
was significantly elevated in the CRSWNP group compared to the NC group (p = 0.007;
Figure 1c). TGFB1-positive cells were detected in UAE derived from the CRSsNP, CRSwNP,
and NC groups (Figure 1b(G-I)), with expression significantly increased in CRSwNP
patients. TGFp31 expression was higher in CRSWINP patients compared to NC patients
(p = 0.009; Figure 1c). Similarly, CNPase-positive cells were present in tissues from all
three patient groups (Figure 1b(P-R)), with the highest levels in the NC group. CNPase
expression was significantly decreased in CRSsNP compared to NC patients (p = 0.03;
Figure 1c). Additionally, Smad2-, pSmad3-, TGF1-, and CNPase-positive cells were
detected in the subepithelial matrix area in patients in the CRSsNP, CRSwNP, and NC
groups (Figure 2).

For the evaluation of co-expression, fluorescence staining was performed, revealing
that TGFP1 and CNPase were co-localised in the epithelium of patients with CRSsNP and
CRSwNP, as well as in the epithelium harvested from NC patients (Figure 3).

The levels of blood eosinophils were significantly elevated in patients with CRSWNP
compared to NC, both in terms of their percentage in the blood (p = 0.006) and their absolute
concentrations (p = 0.004; Figure 4a,b, respectively).
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Figure 1. Tissue section staining. (a) Positive staining control tissue (normal skin): (A) H+E staining;
(B) isotype control IgG; (C) TGFP1; (D) Smad2; (E) pSmad3; (F) CNPase; (b) H+E; TGFB1; Smad2;
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pSmad3; and CNPase immunohistochemical staining of the upper airway epithelium derived from
normal control (NC) (1: A,D,G,J,M,P), CRSsNP (2: B,E,H K,N,Q), and CRSwNP (3: C,F,I,L,OR);
400 x magnification; (c) Smad2, pSmad3, TGFf1, and CNPase expression (E) in the upper airway
epithelium of NC, CRSsNP, and CRSWNP (* p < 0.05, ** p < 0.01, *** p < 0.001, ns—non-statistical
significance). The graphs present median values of staining expression.

CRSsNP (1) CRSWNP (2)

Figure 2. TGFp1-, Smad2-, pSmad3-, and CNPase-positive cells (arrows) infiltrating the subepithelial
area of the airway epithelium derived from CRSsNP (1) and CRSwNP (2) patients (400 x magnifi-
cation). The images present the representative TGF1+, Smad2+, pSmad3+, and CNPase+ cells in
the subepithelial area that we have observed in the stained tissues; however, an evaluation of their
quantity was not the aim of our current study.
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Figure 3. TGFp1 and CNPase immunofluorescence staining of the upper airway epithelium derived
from NC (1) (B,F,J,N), CRSWNP (2) (C,G,K,O), and CRSsNP (3) (D,H,L,P); Isotype control IgG
(AE,LM); 600 x magnification.
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Figure 4. Eosinophiles in the blood of CRSwWNP, CRSsNP, and NC at the percentage (a) and concen-
tration [103/uL] in the blood (b) (** p < 0.01); ns—non-statistical significance.
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3.2. Expression Levels of Smad2, pSmad3, TGF 1, and CNPase Correlate Positively with Each
Other within Specific Patient Groups, Clinically Observed Symptoms, and Selected Questions from
SNOT-20 and EPOS 2020 Questionnaires

The correlations between TGFf31, Smad2, pSmad3, and CNPase antigens were assessed
within NC, CRSwNP, and CRSsNP patients, and all relationships are presented in the
correlation matrices in Figure 5a—c, respectively. In our study, groups did not differ by sex
(Chi? test).
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Figure 5. Correlation matrix between Smad2, pSmad3, TGF(1, and CNPase immunostaining in the
upper airway epithelium of NC (a), CRSWNP (b), and CRSsNP (c) and within groups (* p < 0.05,
***p <0.001). Heatmaps present correlation between median values of antigen expression and

quantities of blood eosinophiles.

3.2.1. Correlations within Control Patients

In NC patients, pSmad3 expression correlated positively with the following questions
from the SNOT-20 questionnaire: q 10—facial pain (p = 0.01; r = 0.832), q 16—reduced
productivity (p = 0.016; r = 0.805), q 17—reduced concentration (p = 0.017; r = 0,8), and with
fatigue (p = 0.012; r = 0.826). Negative correlations were observed between the expression
of Smad?2 and nasal patency (p = 0.041; r = —0.726), as well as TGF31 with q 2—sneezing
(p = 0.043; r = —0.0722) (Figures 6a and 7a).

3.2.2. Correlations within the Group of Patients with CRSsNP

In CRSsNP patients, positive correlations were observed between expression levels
of CNPase and TGFf31 (p = 0.049; r = 0.413). Additionally, in CRSsNP patients, CNPase
expression correlated with the level of blood eosinophils (p = 0.0497; r = 0.414) (Figure 5c¢),
as well as with patient age (p = 0.024; r = 0.472). In CRSsNP patients, pSmad3 expression cor-
related positively with the following questions from the SNOT-20 questionnaire (Figure 7c):
q 4—cough (p = 0.036; r = 0.439), q 17—reduced concentration (p = 0.013; r = 0.512), and
cough in the EPOS questionnaire (p = 0.028; r = 0.457). Negative correlations were found
with q 7—ear fullness (p = 0.019; r = —0.483). Smad?2 expression correlated positively with
swelling observed in endoscopy (p = 0.005; r = 0.562) and toothache (p = 0.017; r = 0.490).
TGFf1 negatively correlated with fever (p = 0.025; r = —0.467) (Figures 6¢ and 7c).

3.2.3. Correlations within the Group of Patients with CRSWNP

In patients with CRSwNP, blood eosinophils positively correlated with the expression
levels of CNPase (p = 0.012; r = 0.555) and TGFp1 (p = 0.0000578; r = 0.749). TGFp1
expression also showed positive correlations with fatigue (p = 0.032; r = 0.481), fever
(p=0.042; r = 0.458), q 2—sneezing (p = 0.027; r = 0.493), q 3—runny nose (p = 0.046;
r = 0.451), and q 6—thick nasal discharge (p = 0.006; r = 0.594). Smad2 expression correlated
positively with swelling observed in endoscopy (p = 0.045; r = 0.452), cough in the EPOS
questionnaire (p = 0.041, r = 0.460), fetor ex ore (p = 0.043; r = 0.457), q 4—cough (p = 0.049;
r = 0.446), and q 7—ear fullness (p = 0.016, r = 0.531) (Figures 6b and 7b).
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3.3. Age of Patients Correlated with the Subtype of CRS and CNPase Expression Level

The age of patients was significantly higher in the CRSWNP group compared to the
CRSsNP group (p = 0.016) and NC group (p = 0.01). A positive correlation was observed
between patient age and CNPase expression (p = 0.024) in CRSsNP patients.
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Figure 6. Correlation matrix between Smad2, pSmad3, TGF(1, and CNPase immunostaining in the
upper airway epithelium of NC (a), CRSWNP (b), and CRSsNP (c) and selected clinically observed
symptoms (* p < 0.05, ** p < 0.01, *** p < 0.001). Grey cells represent parameters not applicable in the
indicated group of patients.
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Figure 7. Correlation matrix between Smad2, pSmad3, TGFp1, and CNPase immunostaining in
the upper airway epithelium of NC (a), CRSwNP (b), and CRSsNP (c) and the SNOT-20 questions
(*p<0.05 ** p < 0.01). q1—need to blow nose; q 2—sneezing; q 3—runny nose; q 4—cough;
q 5—postnasal discharge; q 6—thick nasal discharge; q 7—ear fullness; q 8—dizziness; q 9—ear pain;
q 10—facial pain/pressure; q 11—difficulty falling asleep; q 12—wake up at night; q 13—lack of
good night’s sleep; q 14—wake up tired; q 15—fatigue; q 16—reduced productivity; q 17—reduced
concentration; q 18—frustrated /restless/irritable; q 19—sad; q 20—embarrassed.

4. Discussion

Current evidence indicates that tissue remodelling plays a crucial role in the pathogen-
esis of CRS [10,13,14,27]. It involves modifications in epithelial cells, resident fibroblasts,
the ECM, and the activity and composition of infiltrating immune cells. These changes col-
lectively contribute to oedema, fibrosis, pseudocysts [44], basement membrane thickening,
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goblet cell hyperplasia [18], submucosal gland alterations [45], and changes in vascular-
ity [46]. Based on the literature, we hypothesised that TGFf3 /Smad signalling and CNPase
may play a role in tissue transformation in CRS.

In this study, we demonstrated the expression of TGFf31, Smad2, pSmad3, and CNPase
in the epithelium obtained from patients with CRSsNP and CRSwNP as well as NC, with
several distinctions between patient groups. TGF31 expression was upregulated in the
mucosa of CRSWNP compared to NC. Smad?2 expression was significantly increased in the
CRSsNP group compared to CRSWNP and NC. pSmad3 expression was overexpressed in
CRSwWNP compared to NC. In contrast, another study reported the increased expression
of TGFB1 and TGF[32, a higher number of pSmad2-positive cells, and increased collagen
expression in CRSsNP patients compared to controls, with the downregulation of TGFf1,
pSmad2, and collagen in CRSwNP patients [47]. Differences in these results may be due to
variations in the tissues analysed [48], the type of sinuses, the disease state of patients, or
differences in the technical approach to immunohistochemical staining and analysis.

The molecular mechanisms underlying TGF(31/Smad2 activity in the UAE are not well
understood. It has been shown that TGF{31 treatment alters the morphology and activity
of epithelial cells and fibroblasts. In bronchial epithelial cells, TGFp1 triggers Smad3
phosphorylation and induces changes characteristic of EMT, including (1) the expression
of cellular markers, (2) alterations in cellular morphology, (3) overexpression of proteins
related to ECM and migratory capacities, and (4) upregulation of TGFBRI (TGF-f receptor I)
and TGFp1 itself [49]. Similarly, TGFf1 induces EMT in epithelial cells derived from nasal
polyps or the inferior turbinate, with this effect being particularly pronounced in tissues
with high levels of TGFf31 and Smad3 compared to healthy tissue samples [50], consistent
with our findings. Fibroblasts residing in the subepithelial area of the upper airways are
significant in CRS pathogenesis. TGF(31 treatment activates Smad signalling, resulting
in (1) the overexpression of EMT-related genes [51], (2) increased production of collagen
and connective tissue growth factor (CTGF) [5], (3) enhanced migratory and contraction
capacities [6], (4) formation of myofibroblasts, particularly in the pedicle area of nasal
polyps, and (5) accumulation of fibronectin, which is significantly elevated in CRSwNP
patients compared to controls [52-54]. We also observed a positive correlation between
Smad?2 expression and swelling observed during endoscopy in CRSsNP and CRSwNP
patients, suggesting its role in tissue remodelling.

Our findings show enhanced Smad2 expression in CRSsNP patients. In renal ep-
ithelium, Smad2 inhibits Smad3 phosphorylation, nuclear translocation, and activation of
target genes involved in ECM production and fibrosis [55]. Additionally, Smad? can inhibit
the translocation of the Smad2/3 complex to the nucleus, potentially regulated by Smad3
in a negative feedback loop [19,28]. Our data suggest that the interactions within the Smad
family may differ between CRSsNP and CRSwNP patients.

In this study, we demonstrated for the first time, to the best of our knowledge, the
expression of CNPase in the epithelium of CRSsNP, CRSwNP, and control non-CRS patients.
The aim of this study was to evaluate the presence of CNPase in these tissues, compare its
expression levels among the patient groups, and assess potential relationships with TGF{31,
Smad?2, and pSmad3 proteins. The role of CNPase, particularly in non-myelinated cells,
remains poorly understood and represents an exciting research gap with the potential to
enhance our understanding of various disorders, including chronic upper inflammatory
conditions. Based on the literature and our study, we propose several possible directions
for CNPase activity. However, a detailed investigation of its mechanisms using advanced
cell culture models and materials from a broader patient cohort is necessary.

Firstly, we found a positive correlation between CNPase and TGF{31 expression in
the sinus epithelium from CRSsNP patients, as well as their colocalisation in the epithelial
area. Therefore, we hypothesize a potential synergistic effect of CNPase and TGF@1 in
promoting EMT. This hypothesis is supported by recent findings that CNPase promotes
EMT in lens epithelial cells, leading to the increased expression of EMT-related markers
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(vimentin, x-SMA, and fibronectin). Interestingly, this process was also mediated by a
member of the TGF family [35].

Secondly, CNPase expression was significantly decreased in the epithelium of CRSsNP
patients compared to NC patients. However, this effect needs to be confirmed in a larger
patient cohort to determine if it is a general characteristic of CRSsNP or specific to certain
phenotypes. Additionally, including more non-CRS patients in the control group would
be beneficial. The absence of CNPase enzyme activity in the tissue might lead to an
accumulation of 2/,3'-cAMP, which is known to promote the opening of mitochondrial
permeability transition pores (mPTPs), resulting in apoptosis, necrosis, and further tissue
damage. In the case of kidney injury, CNPase has been shown to mediate the metabolism
of 2/,3’-cAMP, leading to increased levels of ADO and an anti-inflammatory, renoprotective
process [31]. Furthermore, cells lacking CNPase expression exhibit increased levels of
secreted small extracellular vesicles [56], which play a role in regulating immune cell
activities, tissue remodelling, and angiogenesis in CRS [54,57-64]. These vesicles are
present in all body fluids and can transport proteins, lipids, and nucleic acids between
neighbouring or distant cells/tissues, modulating their activities. For example, small
extracellular vesicles isolated from the nasal mucosa of CRSwNP patients contained miR-
375-3p, which inhibits a molecule involved in preventing EMT, thereby promoting EMT-
triggering mechanisms [65]. Recent research has also found that the mitochondrial isoform
of CNPase is crucial for inhibiting SARS-CoV-2 virion development [66]. Interestingly, a
study of a Korean cohort demonstrated an increased risk of SARS-CoV-2 infection and
severe COVID-19 in CRSsNP patients [67]. Moreover, in a murine model of viral acute
rhinosinusitis, the topical intranasal administration of ADO reduced proinflammatory
cytokines, cell damage, goblet cell hyperplasia, and mucus production, indicating an
anti-inflammatory effect mediated through adenosine 2A (A,) receptor signalling [68].
Additionally, exogenous aerosol containing ADO has been shown to enhance mucociliary
clearance (MCC) [69].

In eosinophilic CRSwNP, increased serum concentrations of ADO are associated with
tissue infiltration by eosinophils [70]. Additionally, serum levels of eotaxin in CRSWNP
patients might predict postoperative recurrence [71]. Eosinophils infiltrating nasal polyps
secrete TGF1, which leads to stromal fibrosis and basement membrane thickening [72]. In
our study, we observed elevated levels of eosinophiles in the blood of CRSwINP patients
compared to NC patients, as well as a positive correlation between blood eosinophile
counts and tissue CNPase levels in both CRSwINP and CRSsNP patients, and with TGF31
in CRSWNP patients. Given the diminished levels of CNPase in the sinus epithelium
of CRSsNP patients, the positive correlation between tissue CNPase and ADO in the
bloodstream may have a potential diagnostic value.

Another possible aspect of decreased CNPase in the CRSsNP epithelium could be
related to cilia dysfunction. MCC is a key defence mechanism of the nasal epithelium, help-
ing to remove external factors such as environmental pollutants, allergens, and pathogenic
microorganisms through mucous transport. In CRS patients, ciliary structure, beating, and
function are often impaired [73-75], leading to mucous accumulation, an altered, infection-
prone microenvironment, and hypoxic conditions. Interestingly, CNPase is associated with
microtubules [41], which are crucial components of ciliary structure; thus, reduced CNPase
expression might be linked to these dysfunctions.

There are some limitations to this study. The main limitation was the relatively small
number of participants in the control group. We performed additional Cohen’s d effect
size analysis (using rstatix v0.7.1 package for R) and power analysis (using pwr v1.3-0
package for R), showing six large effects, five small effects, and one moderate effect for
tested molecules (Supplementary Table S2). Although the differences in CNPase expression
between CRSWNP and NC patients were statistically insignificant, the highest scores in
a few CRSWNP patients may reflect specific clinical states that could be more apparent
in a larger cohort. We observed statistically significant differences in pSmad3 and TGFf31
staining intensity between CRSwINP and CRSsNP patients, suggesting that larger studies
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may reveal statistically significant differences between these groups. Additionally, we
noted the presence of TGFf1-, Smad2-, pSmad3-, and CNPase-positive immune cells
infiltrating the subepithelial area in tissues from CRSsNP, CRSWNP, and NC, indicating
similar underlying mechanisms. Based on morphological characteristics, we assume that
different cell populations are involved, including innate immune cells such as eosinophiles,
basophiles, mast cells, and macrophages, as well as adaptive immune cells like T and B cells.
Further staining for specific markers is needed to differentiate between these populations.
Due to different eosinophil counts, there is a possibility that different endotypes were
enclosed to the investigated groups of patients.

Another limitation is that the CRSWNP group was significantly older than the patients
in the other two groups. However, this is consistent with other studies that have observed
a correlation between nasal polyps and older age [76].

In this study, we identified correlations between selected antigens stained in the
epithelium and common CRS symptoms, as assessed through the SNOT-20 and EPOS
2020 questionnaires and endoscopic examination. In CRSsNP, pSmad3, and CRSwNP,
Smad? correlated positively with cough. Cough reflex sensitivity might be mediated by
nasal sensory nerves [77], which can be activated by viral and bacterial infections that
also activate pSmad2 and pSmad3 [78]. Additionally, Smad2 and Smad3 may be involved
in tissue remodelling, potentially irritating the nerves responsible for cough reflex. In
CRSsNP, the positive correlation between pSmad3 and reduced concentration may result
from impaired nasal airflow due to tissue remodelling, leading to sleep disturbances and
cognitive issues. We also found a negative correlation between pSmad3 and ear fullness in
CRSsNP patients. Larger patient cohorts have shown a 69% increased risk of developing
middle ear cholesteatoma in CRS patients [79]. Cholesteatoma pathogenesis is associated
with decreased Smad3 expression, which is suggested to have pro-apoptotic functions [80].
This protein may link CRS and cholesteatoma pathogenesis, though a further investigation
is needed. In CRSsNP, Smad? positively correlated with toothache, likely due to the close
proximity of sinus cavities to the roots of the teeth, where both sinus inflammation and
dental disorders may interact [81].

In CRSwNP, TGF1 positively correlated with sneezing, runny nose, and thick nasal
discharge. TGF[31 regulates mucin activity in the nasal epithelium [82], and mucins are the
main components of airway mucus. The overexpression of gel-forming mucins MUC5AC
and MUCSB can lead to symptoms such as runny nose or thick nasal discharge [83]. The
activation of sensory nerves in the epithelium may also trigger sneezing. Smad?2 positively
correlated with ear fullness in CRSwNP. Otologic symptoms in CRS patients, such as
Eustachian tube dysfunction (ETD), are prevalent between 15 and 42% [84] and can cause
ear pain, pressure, and fullness. Mucosal oedema and sinus secretions may contribute
to ETD by impairing the Eustachian tube’s ability to equalize pressure [85]. Therefore,
Smad?2’s involvement in tissue remodelling and immune cell activity might be related
to these ear disorders. Smad?2 also positively correlated with fetor ex ore in CRSWNP
patients; however, the multifactorial nature of halitosis warrants further investigation into
its relationship with Smad2.

We observed a correlation between TGF(31 and fever, with CRSsNP showing a negative
correlation and in CRSWNP a positive one. Since fever was excluded as a criterion at
the time of surgery and was a general question in the questionnaire without specified
duration, this represents a limitation of this study. To obtain conclusive results, a larger
patient cohort is needed. Additionally, both groups showed a positive correlation between
Smad2 expression and swelling observed during endoscopy, suggesting its critical role in
tissue remodelling.

These findings indicate that TGF31, Smad2, and pSmad3 participate not only at the
molecular level but also in the clinical symptoms of CRS. Their involvement in tissue
remodelling and epithelial alterations may contribute to nasal blockage, obstruction, and
reduced nasal airflow, which, as previously shown, can trigger sleep disturbances [86,87].
Although this study did not find a statistically significant direct correlation between TGF[31
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expression and sleep disorders, other analyses have reported associations between TGFf1
and sleep disturbances in rabbit models [88] and CRS patients [89]. The data suggest that
alterations in the TGF{3 /Smad signalling pathway may reflect clinical symptoms and could
be useful for diagnostic and therapeutic applications, but further detailed investigation
and inclusion of a broader patient cohort are needed.

5. Conclusions

This study demonstrates the expression of TGF1, Smad2, pSmad3, and CNPase in
the UAE obtained from CRSsNP, CRSwNP, and NC patients. To the best of our knowledge,
this is the first study evaluating CNPase expression in the sinus epithelium, suggesting
the existence of the 2/,3’-cAMP-ADO pathway in the upper airways. The identification of
CNPase expression in the upper airway mucosa, along with its decreased levels in CRSsNP
patients, sheds new light on the pathogenesis of respiratory inflammatory diseases and
could lead to novel diagnostic and therapeutic approaches. The positive correlations
between TGFf31, Smad2, pSmad3, and CNPase in the sinus epithelium of CRS patients
suggests the presence of unexplored synergistic pathways in disease pathogenesis that
require further investigation.
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Abstract: Chronic rhinosinusitis (CRS) is related to persistent inflammation with a dysfunctional
relationship between environmental agents and the host immune system. Disturbances in the
functioning of the sinus mucosa lead to common clinical symptoms. The major processes involved in
the pathogenesis of CRS include airway epithelial dysfunctions that are influenced by external and
host-derived factors which activate multiple immunological mechanisms. The molecular bases for
CRS remain unclear, although some factors commonly correspond to the disease: bacterial, fungal
and viral infections, comorbidity diseases, genetic dysfunctions, and immunodeficiency. Additionally,
air pollution leads increased severity of symptoms. CRS is a heterogeneous group of sinus diseases
with different clinical courses and response to treatment. Inmunological pathways vary depending
on the endotype or genotype of the patient. The recent knowledge expansion into mechanisms
underlying the pathogenesis of CRS is leading to a steadily increasing significance of precision
medicine in the treatment of CRS. The purpose of this review is to summarize the current state
of knowledge regarding the immunological aspects of CRS, which are essential for ensuring more
effective treatment strategies.

Keywords: chronic rhinosinusitis; immunology; inflammation; sinusitis; nasal polyps; inflammatory
endotype

1. Introduction

Chronic rhinosinusitis (CRS) is a heterogeneous group of sinus diseases with unclear
molecular bases, although some factors are associated with the disease: bacterial, fungal
and viral infections, comorbidity diseases, genetic dysfunctions, and immunodeficiency
(Figure 1).

The different types of CRS reflect the variety of immunological response pathways
and advancements in the understanding of the immunology and endotyping of CRS that
are essential for improving the treatment regimen. The major processes involved in the
pathogenesis of CRS include airway epithelium (AE) dysfunctions that are influenced by
external and host-derived factors. The pathogenesis is mainly influenced by the activation
of multiple immunological mechanisms, leading to persistent chronic inflammation (PCI).
The purpose of this review is to summarize selected mechanisms of CRS pathogenesis with
particular attention to immunological aspects of the disease (Figure 2).
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Figure 1. Main factors related to CRS.
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2. Immunological Response Pathways in CRS

CRS and PCI are both characterized by a dysfunctional relationship between environ-
mental factors (EFs) and the host immune system. Immune response pathways depend
on various factors including the endotype and genotype of the patient; however, the
detailed mechanisms that mediate CRS immunopathogenesis are complex and still not
sufficiently explained.

CRS can be divided into CRS with nasal polyps (CRSWNP) and chronic rhinosinusitis
without nasal polyps (CRSsNP) depending on the endoscopically observed presence of
nasal polyps in the middle nasal meatus. Classification that better reflects underlying path-
omechanisms is based on endotypes [1]. Three main inflammatory endotypes, type 1, type
2 and type 3, are controlled by distinct gene signatures and can be found in both CRSwNP
and CRSsNP phenotypes [2,3]. In Western countries, CRSWNP is mainly associated with
type 2 inflammation [1].

The sinus mucosa (SM) is an anatomical site that is exposed to EFs and where precisely
regulated cooperation between innate and adaptive immunity is crucial for homeostatic
balance. In CRS, mucosa activity is compromised by PCI, leading to tissue remodeling,
which might result from AE cells dysfunction and enhanced barrier permeability [1].
The first line of defense in SM constitutes the mechanical barrier of AE and mucociliary
clearance. The next line of local defense provides the innate and complement immune
system (IIS and CIS, respectively). Their activities lead to the identification and elimination
of external pathogenic agents and also antigen presentation to activate cells of the adaptive
immune response (AIR) [1]. The AIR appears later, but is highly specialized in action and
employs multiple subpopulations of T and B cells (Figure 3).

T cell
APC cell CD8+
Th17 CD4+ Ireg
Th-17 cytokines Thi Th2
PHYSIOLOGIC
BALANCE
‘ ) Th1-Th2
Th-1 cytokines | Th-2 cytokines |
e.g. IL4,
IL-5,
IL-10,
IL-13
&
S
W
® A
& B cell Eosinophil
IgE

Figure 3. Mechanism of inflammation in different endotypes: Th-2 dependent and non-Th-2 depen-
dent (Thl and Th17 dependent).
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2.1. Airway Epithelium as the First Line of Defense in Sinuses
2.1.1. Structure and Functions of Sinusal Airway Epithelium

Mucociliary clearance is the primary innate defense mechanism, supporting mucous
relocation and removal. Mucus is mainly produced by goblet cells (GCs) and contains
mucins with antibacterial properties. Impairment of AE cilia functions in CRS impedes
mucous transport and elimination. A decrease in the differentiation of ciliated cells and
beating frequency is mediated by interferon-y (IFN-y) and interleukin-13 (IL-13) and is
also noticeable in GC hyperplasia [4]. Primary ciliary dyskinesia may also be the reason for
mucociliary clearance disabilities [1]. Additionally, the eosinophilic endotype of CRSwNP
is characterized by increased levels of two main airway mucins that are involved in mucous
formulation (MUC5AC and MUC5B) and of the anion exchanger pendrin [5-7]. Increased
MUCS5AC expression and GC metaplasia were also observed in human CRS sinonasal tissue
in response to cigarette smoke exposure [8]. In addition, several multifunctional proteins
are upregulated in the mucus of CRSWNP such as cystatin 2, pappalysin-A, periostin, and
serpins. Periostin expression is associated with the presence of basement membrane thick-
ening (BMT), fibrosis, and tissue eosinophilia [9] and may be involved in the remodeling of
NPs [10]. Cystatin 2 triggers epithelial barrier functions and immunomodulation. Cystatin
SN, a type 2 cysteine protease inhibitor, was increased in patients with eosinophilic CR-
SwNP but decreased in patients with non-eosinophilic CRSWNP in comparison to control
subjects [11]. High levels of cystatin SN in nasal secretions are correlated with a faster
onset and higher rate of uncontrolled status in CRSwWNP [12]. Pappalysin-A stimulates
proliferation mediated by the insulin-like growth factor 1. Periostin leads to prolifera-
tion, angiogenesis, invasion, eosinophil recruitment, Th2 immune response, and airway
remodeling. Serpins, especially serpinF2 and serpinEl, trigger the inhibition of fibrinoly-
sis. Interestingly, after surgery, levels of cystatin 2, pappalysin A, periostin, and serpinF2
decrease, whereas serpinEl increases, and in the course of the follow-up period—levels
of cystatin 2, pappalysin A, and periostin increase [13]. Proteomic analysis of SM samples
from CRS patients demonstrated downregulation of pathways associated with mucosal
immunity and upregulation of cellular metabolism related to tissue remodeling [14]. Mucus
inflammatory proteins might be also involved in olfaction dysfunction and their profile
is distinct when comparing CRSwINP and CRSsNP patients [15]. Tight junctions (T]s) by
closely located AE cells form selectively permeable barriers. In the course of CRS, levels
of molecules building TJs decrease: JAM-A, E-cadherin [16], zonula occludens 1 (ZO-1),
occludin 1 [17], and also IFN-y and IL-4, which most likely play an important role in this
process [18]. Barrier integrity and cilia dysfunction are also mediated by a decrease in
p63 [19], as well as decreased Wnt pathway activity that may lead to NP formation by
reprogramming the epithelium morphology, especially cilium and adherens junctions [20].

2.1.2. Secretory Functions of Airway Epithelium

Another function of the AE is the secretion of defense molecules acting against
pathogens. The AE secretome includes lysozyme, lactoferrin, hydrogen peroxide, and
nitric oxide (NO) and in the course of CRS secretion of dual oxidases 1 and 2 (DUOX1 and
DUOX2, respectively) is accelerated and responsible for hydrogen peroxide production [21].
In response to stimulation with external pathogens and EFs the epithelium releases cy-
tokines and in CRS, IL-25, IL-33, TSLP (thymic stromal lymphopoietin) play a crucial role.
Additionally, those cytokines are released by immune cells—IL-33 is mainly produced by
macrophages and dendritic cells (DCs) [22] and IL-25 is produced by eosinophils or mast
cells (MCs) [23,24]. IL-25 interacts with nasal fibroblasts [25] that are possibly involved in
NP formation [24,26]. Similarly, IL-25 triggers lung fibrosis by reprogramming alveolar
epithelial cells and fibroblasts [27]. Experimental studies showed that cells stimulated with
poly (I:C) release IL-25 and TSLP [28] and that overexpression of TSLP correlates with
induction of Th2 inflammatory factors [29]. IL-33 modulates Th2 cytokine production [30]
and upregulated levels of IL-33 in the NPs might also contribute to mucosal repair functions
by activating the Notch-1 signaling pathway [31]. In the CRSWNP, TSLP and IL-33 activate
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ILC2 to produce IL-5 that activates eosinophils together with IL-13 [32]. MCs, especially in
the eosinophilic CRSWNP, produce periostin [33] and periostin stimulates the secretion of
TSLP by the epithelium which activates MCs to produce IL-5, ultimately stimulating DCs.
Those may lead to Th2 response and eosinophilia in CRSWNP [34] (Figure 4).
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Figure 4. Sinusal airway epithelium (H and E staining, bar indicates 150 pum; courtesy of K. Piszcza-
towska). (A) CRSwNP; (B) CRSsNP.

2.1.3. Chemosensory Cells in the Pathogenesis of CRS

Solitary chemosensory cells (SCCs) are present in the AE [35] and appear widely in
NPs. They are efficient producers of IL-25 which activates ILC2 responsible for mediation
of the Th2 immune response pathway [36,37]. The surface of SSCs is decorated by many
forms of taste receptors (T2Rs) with immunoregulatory functions. Bitter stimulation of
T2Rs leads to antimicrobial peptide and NO production, as well as elevated ciliary beating
frequency. Hereby, the functions of T2Rs in the upper respiratory epithelium may be
genetically dependent [38]. In the case of CRSsNP the non-tasting genotype of a bitter
taste receptor, taste receptor 2 member 38 (T2R38), relates to increased Gram-negative
bacteria colonization and a worse course of disease [39]. Interestingly, the human T2R38
can be detected on the surface of some immune cell populations, for instance on CD4+ and
CD8+ T lymphocytes, and is stronger pronounced in lymphocytes of younger than elderly
patients [40]. In addition, T2Rs present in SM contribute to NO production which improves
its defense properties [41]. T2Rs also occur on lung macrophages and stimulation with
receptor agonists resulted in a decrease in cytokine production [42].

2.1.4. TLRs in the Pathogenesis of CRS

TLRs (Toll-like receptors) are present on the cell surface and also in endosomes, endo-
plasmic reticulum, and lysosomes and recognize pathogen associated molecular patterns
(PAMPs). Depending on their cellular localization they identify pathogen membrane sur-
faces or nucleic acids [43,44]. Activation of AE-associated TLRs by pathogens triggers the
production and release of cytokines, chemokines, and defense molecules and the activation
of immune cells, thus, TLRs contribute to initiating and maintaining an inflammatory
response. TLRs can also activate interferon I after exposure to viruses [45]. In the case of
CRSsNP, TLR2, TLR4, transforming growth factor 3 (TGFf3), and collagen are upregulated
in comparison to CRSWNP and expression of TLR2 and TLR4 correlate with neutrophil
infiltration [46]. In the case of CRSWNP upregulation of TLR2 leads to Th17/T regulatory
cell (Treg) imbalance and treatment of peripheral blood mononuclear cells with Aspergillus
flavus accelerates T17-mediated inflammation [47]. Additionally, overexpression of TLR2
and nuclear factor k3 (NF-kf3) in the CRS mucosa is associated with biofilm formation [48].
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2.1.5. Hypoxic Conditions in the Airway Epithelium

Hypoxic conditions contribute to immune regulation in CRSWNP by triggering an
increase in levels of IL-17A, hypoxia-inducible factor 1a« (HIF-1x), and HIF-2ex [49]. HIF-1ox
expression in SM of patients with CRSwNP is significantly increased compared to SM of
healthy controls and the HIF-1«x level in polyp tissues is positively associated with IL-17A
production and neutrophilic inflammation [50]. Experimental in vitro models of nasal
epithelial cells cultured under hypoxic conditions showed intensified chemokine secretion
and chemotaxis of eosinophils and neutrophils compared to normoxic conditions [51]
and increased levels of Eotaxin-1 (CCL11), Eotaxin-2 (CCL24), and Eotaxin-3 (CCL26) in
NPs [52]. Another study demonstrated that hypoxic conditions that may appear in mucosa
during sinusitis lead to increased HIF-1x and additionally MUC5AC expression [53].

2.2. Innate Immune Cell Response in CRS

General information regarding the role of immune cell populations in chronic inflam-
mation in CRS are shown in Figure 5.
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Figure 5. General information regarding the role of main immune cells in chronic inflammation in
CRS. In the boxes provided are descriptions of particular immune cells’ main functions.

2.2.1. Innate Lymphoid Cells

The main activators of innate lymphoid cells (ILCs) are the epithelial cytokines IL-25,
IL-33, and TSLP. Activated ILCs produce the proinflammatory cytokines IFN-y, IL-5, IL-13,
IL-22, and IL-17A [54] and modulate functional responses of other immune cell populations.
ILC1, ILC2, and ILC3 cooperate, respectively, with the CD4+ T lymphocyte subsets Thl,
Th2, and Th17 [55]. Each ILC type produces proper cytokines albeit are able to overtake the
function of others depending on stimulation with epithelial cytokines or antigen-presenting
cells [56]. In general, ILC1 regulates response to viruses and intracellular bacteria and
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promotes Th1 response with secretion of cytokines, mainly IFN-y. ILC2 are responsible for
responding to parasites, allergy, and trigger of tissue repair and favor a type 2 response
orchestrated by the cytokines IL-4, IL-5, and IL-13. ILC3 corresponds to extracellular
organisms, relates to Th17 immune response, and secretes IL-17 and IL-22 [57,58]. To the
best of current knowledge, the main role in CRS play ILC2s. However, ILC1s and ILC3s
also appear in CRS, but their functional contribution remains unclear.

2.2.2. Neutrophils

Neutrophils are mainly activated by microbes, tissue damage, epithelial IL-8 or fungi
and contribute to phagocytosis as well as incapacitation of extracellular microbes. The
role of neutrophils in CRS remains unclear; however, they are associated with CRSwNP in
Asia, significantly more when comparing to the Caucasian population [59]. Neutrophils
contribute to tissue damage and barrier disruption by degranulation [60,61], but on the
other hand can secrete oncostatin M that triggers repair of epithelial functions and in-
tegrity [62] and counteracts the profibrotic effect of IL-4 and TGF1 [63]. The polyp tissue
microenvironment leads to the differentiation of IL-17-positive T cells and their quantity
correlates with infiltration of neutrophils. Additionally, it has been reported that Staphylo-
coccus aureus (SA) might be involved in upregulation of IL-17- and IL-17-positive T cells in
NPs [64]. The amount of neutrophil extracellular traps (NETs) in nasal secretion, which
participate in innate immunity by trapping microorganisms, is increased in exacerbated
CRS in comparison to stable CRS [65]. NETs are significantly increased in NPs which
indicates a potential role in pathogenesis of neutrophil inflammation in CRSwNP [66].

2.2.3. Monocytes and Macrophages

Monocytes play a role in the elimination of microbes from the blood and tissues. In the
site of inflammation monocytes are able to transfer into macrophages which differentiate
into two distinct phenotypes: M1 macrophages which are active in early inflammatory
processes-promoted by T1 cytokines and M2 macrophages stimulated by Th2 cytokines.
Studies have shown that M2 macrophages in NPs may also be involved in fibrin deposition
modulated by the factor XIII-A. Macrophages attract neutrophils and eosinophils to the
inflammatory site [67-69]. In NP tissue, M1 macrophages are the major cellular source
of IL-17A and a possible influence on NP formation was demonstrated in a murine NP
model [70].

2.2.4. Basophils

Basophils mostly circulate in the blood; however, their release of IL-4 triggers a
Th2-mediated inflammatory response [71]. Their increased levels were detected in NPs
of patients with aspirin exacerbated respiratory disease (AERD) compared to CRSwNP
patients, which may contribute to severity unique to AERD [72]. The role of basophils in
CRS immunopathology remains unclear and needs further investigation.

2.2.5. Mast Cells

MCs occur in connective tissues, under the epithelium and in the neighborhood of
glandular tissue inside polyps and are activated by stimulation of TLRs with microbes, CIS
or antibodies. Degranulation of MC components leads to increased vascular permeability,
pathogen defense, allergy and finally, tissue oedema, extracellular matrix (ECM) degrada-
tion, and disabled epithelial barrier integrity [73-77]. In the case of CRS MCs contribute
to eosinophilic inflammation [78] and trigger CRSwINP and AERD through the release of
leukotrienes (cysLTs) or prostaglandins (PGD2) [79,80]. MCs also release periostin that is a
meaningful factor with regard to the eosinophilic CRSWNP [33].

2.2.6. Eosinophils

Eosinophilic inflammation is more prevalent with regard to CRSWNP [81]; however, it
negatively impacts the course of the disease, independent of the presence of NPs [82,83].
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Especially recurrent CRSwINP patients have more eosinophil as well as mucin eosinophilic
aggregates [84]. Feng et al. also indicated increased levels of eosinophils in the peripheral
blood of eosinophilic CRS patients, suggesting its potential diagnostic value in evaluation
of disease severity [85]. In CRS, the activation of eosinophils is maintained by epithelial
cytokines, Th2 cytokines, proteases, components of the complement system, stem cell
factors, and eicosanoids [86—88]; however, the biggest contributors are ILCs and Th2
cells [32]. Moreover, some microRNAs (miRNAs) might regulate eosinophil activity such
as miR-125b that is enriched in eosinophilic CRSwINP [89]. Additionally, the elevated levels
of IgE correlate with eosinophil infiltration and possibly lead to NP development [90]
as well as Semaphorin 7A—a factor relevant to fibrinolysis that occurs on the airway
eosinophils [91]. It was shown for CRSsNP patients with a total IgE serum concentration
over 100 IU/mL that systemic steroid therapy is more effective than intranasal steroids [92].

2.2.7. Natural Killer Cells

Natural killer cells (NKs) are cytotoxic lymphocytes with abilities to recognize and kill
infected cells and release IFN-y to stimulate macrophage activation [55]. In CRSWNP, NK
cells have decreased degranulation properties and also IFN-y or tumor necrosis factor «
(TNF-ot) production [93].

2.3. Adaptive Immune Response Cells in CRS
2.3.1. Dendritic Cells

DCs present antigens to naive T cells and in this way connect innate and AIR. Ep-
ithelial cytokines and ILCs activate DCs, leading to pertinent T cell polarization [55,94].
DCs might infiltrate NP tissue and activate T cells by the CD40/CD40L costimulatory
molecules [94]. Other studies described increased levels of programmed cell death 1
(PD-1) in CRSwNP [95] and also programmed cell death 1 ligand 1 (PD-L1) in the case of
eosinophilic endotype in Asia population [96]. In the eosinophilic CRSwNP, DCs expressing
0OX40 ligand (OX40L)/PD-L1 lead to activation of the Th1/Th2/Th17 pathway, whereas in
non-eosinophilic CRSWNP, DCs with lower expression of OX40L/PD-L1 mediate Th1/Th17
response [97]. DCs isolated from CRS patients overexpress miR-150-5p that together with
its target—early growth response 2 (EGR2)—trigger T cell activation and proliferation [98].

2.3.2. T Cells

T cells have a variety of biological functions including effector cell recruiting, neutral-
ization of infected cells, cooperation with B cells resulting in production of immunoglobu-
lins, and their role as memory cells in IIC. The main subtypes of T cells are CD4+ T helper
cells and CD8+ cytotoxic T cells. CD4+ T cells differentiate into five main subsets: Th1, Th2,
Th17, follicular helper T cells, and Tregs [55]. Th1 cells are activated by phagocytosed mi-
crobes also with the support of ILC1s. Th1 cells release IFN-y, TNF-«, and TNF-f3 that help
in microbiome phagocytosis by activating macrophages and antigen presentation, as well
as stimulating IgG production by B cells, neutrophils and local tissue inflammation [99,100].
Th2 are mainly activated by parasites which mobilize eosinophils, MCs, ILC2s and enhance
the production of IgE [101]. Th2 cells release IL-4, IL-5, and IL-13 which contribute to
activation of eosinophils, mucus production, and stimulation of macrophages which may
produce growth factors, leading to tissue repair mechanisms [102]. The Th17 subpopulation
activates neutrophils, monocytes and secretes IL-17A, IL-17F, and IL-22 [1].

The levels of proper T cell subtypes in CRS differ depending on the endotype and
genotype. Increased levels of the Th2 subset with eosinophils appear in CRSwNP patients
from Western regions and increased levels of Th1/Th17 and neutrophils are found in
Asian population and additionally in patients with NPs [103-105]. Studies have shown a
similar inflammatory profile of NPs and neighboring non-polypoidal mucosa from the same
patients. NP tissues treated with SA enterotoxin B (SEB) are characterized by an activated
Th2/Th17 response pathway in comparison to controls. In the NP tissue and non-polypoid
tissue in comparison to control, gene expression levels of IL-5, IL-8, and TLR4 are increased
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and TBX21 (encodes for T-bet), FOXP3, IL-1B and IL-6 decreased. It was demonstrated
that treatment of NPs with SEB results in an increase in gene expression levels of IL-5
and IL-17A in the tissue and increased TLR4 and decreased IL-1B gene and protein levels
in supernatants. Proinflammatory phenotype of contiguous tissue and decreased levels
of antibacterial cytokines might be involved in disabled response to pathogens, chronic
inflammation and also NP formation [106]. CD8+ T cells may transform into cytotoxic T
cells with abilities to kill infected or damaged cells when stimulated by antigens or other
factors [55]. It was demonstrated that higher levels of CD8+ than CD4+ T cells can be found
in CRSWNP and that the local microenvironment of NPs promotes T cell variation [107]
and the release of proinflammatory cytokines with antiapoptotic properties for T cells [108].
CD8+ T cells are upregulated in both: eosinophilic and non-eosinophilic CRSwNP [109].

Overall, in CRSsNP the Th1 and Th17 immune response pathways are activated and
relate to the expression of TGFf3, INFs and IL-6, IL-8, and IL-17 [110]. In contrast, another
analysis did not demonstrate significant differences in the level of IFN-y between CRSWNP,
CRSsNP and in comparison to the control group [111]. CD4+ Tregs characterized by
Foxp3 expression have immunosuppressive functions. They are involved in self-antigen
recognition, self-tolerance, and general homeostasis [1]. In CRS, decreased levels of Tregs
may lead to a chronic inflammatory state [112] and overall, their levels are decreased in
peripheral blood of CRS patients. The quantities of Tregs are similar in CRSwNP and
CRSsNP patients, but the tissue infiltration levels of Tregs are higher in CRSWNP compared
to CRSsNP. In CRS, Tregs express more proinflammatory than regulatory capacities [113]
and additionally in CRSwNP the migration potential of Tregs is limited [114].

2.3.3. B Cells

Activated B cells produce highly specialized immunoglobulins that bind antigens
and play a crucial role in neutralization of many pathogenic factors. B cell levels are
increased in the group of CRSWNP patients when compared to CRSsNP patients [115]
and have an accelerated memory phenotype and are less mature or regulatory for Th
lymphocytes [116]. Several factors are upregulated in CRS which have the potential to
modulate B cell response pathways. The chemokines CXCL13 and CXCL12 are upregulated
in CRS and lead to B cell recruitment [117]. IL-21, which is overexpressed in CRSWNP,
activates B cell differentiation and leads to IgG and IgA secretion [118]. In CRSwNP, ILC2
triggers local B cell activation [119]. In the NP tissue, the close cooperation of B cells with
MCs enhances local IgE production [77]. Additionally, in CRSWNP, activation of TLR9
leads to the release of type I interferon, ultimately increasing levels of B cell-activating
factor [120]. The increased levels of B cell-activating factor in the serum positively correlate
with blood eosinophil counts and percentages, tissue eosinophil counts, and total IgE in
serum. Hereby, the levels of B cell-activating factor are significantly higher in patients with
recurrent polyps, which might suggest its role in distinguishing CRSwINP endotypes and
predicting postoperative recurrence [121].

3. Other Selected Aspects of CRS Pathogenesis
3.1. High Mobility Group Box (HMGB1) Protein and a Receptor for Advanced Glycation and
Products (RAGE) Pathway in CRS

HMGBI is an alarmin protein involved in many chronic inflammatory diseases and
also plays a role in CRS pathogenesis. Tissue expression of HMGB1 and its receptor RAGE
correlates with the disease course of CRSwNP. We have previously described that RAGE is
more pronounced during disease development [122]. Similarly, we have also demonstrated
that in the CRSsNP, HMGBI1 expression in the tissue indicates no differences in comparison
to healthy volunteers, meanwhile, RAGE is overexpressed, relates with disease activity and
allergy [123]. Elevated levels of HMGBL1 appear especially in eosinophilic CRSWNP [124].
Additionally, TLR4 is upregulated in CRSwNP tissue and is another HMGB1 receptor [125].
In CRSwNP, HMGBL is overexpressed in the nucleus of epithelial cells, but decreased
in cytoplasm [126], albeit hypoxic conditions regulate the functions of HMGB1 in the



Diagnostics 2022, 12, 2361

10 of 20

upper airway, triggering its translocation. HMGBI leads also to the production of reactive
oxygen species (ROS) in AE cells and ROS derived from DUOX2 leads to increased IL-
8 secretion [127]. Interestingly, elevated levels of ROS in the freshly wounded nasal
epithelial cells and fibroblasts obtained from CRS individuals might be reduced by some
antibiotics and trigger a decline in nasal fibroblast migratory capacity without affecting
nasal epithelial cells [128]. Recently, studies demonstrated the role of HMGB1-RAGE
signaling pathway in the process of epithelial to mesenchymal transition (EMT) in the
case of CRSWNP patients. Vetuschi et al. observed in CRSWNP tissues an upregulation
of the AGE/RAGE/p-ERK pathway and also of the mesenchymal markers vimentin
and IL-6, suggesting that their cooperation might be associated with tissue remodeling.
However, the authors were not able to find any differences in the TGFf3 /Smad3 pathway
between CRSWNP and normal controls [129]. Similarly, another study demonstrated
that HMGB1 promotes upregulation of mesenchymal markers (vimentin, x-SMA) and
diminished epithelial markers (occludin, ZO-1, E-cadherin) and hypoxia—induced HMGB1
release might lead to EMT through the RAGE pathway [130]. In accordance with the
findings of Vetuschi et al., HMGBJ1-treated cells did not secrete TGFf3 on the apical and
basal side, suggesting that EMT in CRSwWNP might be TGFf3 independent. Increased
levels of HMGBI1 appeared in cytoplasm or extranuclear compartments and NPs fluid
in comparison to control mucosa. Additionally, HMGBI1 instilled to the mouse model,
proved their EMT inducing capacity and also analysis of human NP tissue indicated
increased levels of HMGBI1 as well as mesenchymal markers, whereas epithelial markers
were decreased [130]. HMGB1 induced myofibroblast differentiation and ECM production
in nasal fibroblast [131]. In the case of eosinophilic CRSWNP, when cells were treated
with thHMGBI (recombinant human HMGB1), the expression of vimentin and N-cadherin
was increased and the expression of E-cadherin and ZO-1 were decreased, both in a
concentration-dependent manner. Use of peroxisome proliferator-activated receptor y
(PPAR-y) agonist resulted in a decrease in lipopolysaccharide (LPS)-stimulated HMGB1
secretion and an EMT retraction [132].

3.2. Tissue Remodeling in CRS

An important mechanism involved in tissue remodeling is EMT, also presented in
Figure 6.

During EMT, epithelial cells lose their functions and acquire the character of mesenchy-
mal cells. Cells lose TJs, gain motility function, remodel cytoskeleton and ECM, and have
altered gene and protein expression [133]. The TGF3 pathway is among the best known
factors involved in the process of EMT. In eosinophilic and non-eosinophilic CRSWNP, miR-
182 regulated EMT in response to TGFf31 and might promote nasal polypogenesis [134].
The role of TGFf1 is significantly more pronounced in CRSsNP than in the case of CRSWNP.
In CRSsNP, TGFf1 activates heat shock protein 47 (HSP47) that is overexpressed in the
nasal fibroblasts and it leads to myofibroblast differentiation as well as ECM production.
TGFB1 induces HSP47 expression via the Smad 2/3 pathway. Interestingly, glucocorticos-
teroids were able to decline effects of HSP47 induction by TGF31 [135]. Additionally, the
TGFB/Smad 2/3 pathway leads to collagen and connective tissue growth factor (CTGF)
production in fibroblasts obtained from CRSsNP mucosa [136]. The expression of relaxin-2,
Smad2, Smad3 and TGFf31 mRNA in the CRSsNP group was significantly higher than
in the CRSWNP and control groups [137]. Moreover, miR-21 might be involved in EMT
through the activation of the TGF{31-mediated PTEN/Akt pathway [138].

Recently, it has been demonstrated that the cold-inducible RNA binding protein (CIRP)
is upregulated in nasal epithelial cells from eosinophilic and non-eosinophilic CRS and
macrophages. CIRP might contribute to edema formation through the capacity to stimu-
late metalloproteinase (MMP) and vascular endothelial growth factor A (VEGF-A) from
nasal epithelial cells and macrophages [139]. Another study suggested the role of the
PIBK/Akt/HIF-1x pathway in the inflammation and tissue remodeling in CRS. Nasal
epithelial cells stimulated with LPS release IL-25, IL-17RB, HIF-1x and p-Akt. Levels of
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IL-25, IL-17RB, HIF-1« decrease after implementing the PI3K inhibitor [140]. Similarly,
nasal fibroblasts obtained from CRS patients cultured in vitro, stimulated with LPS se-
crete TSLP in a TLR4-dependent manner and activate mitogen-activated protein kinase
(MAPK), Akt, NF-kp pathways. Additionally, use of ex vivo organ culture of nasal inferior
turbinate model validated these results. Macrolides and corticosteroids were able to re-
duce expression of TSLP in the fibroblasts and downstream pathways [141]. The exposure
of nasal fibroblasts on cigarette smoke exposure results in increased MMP-2 expression,
inhibited tissue inhibitor of metalloproteinase-2 (TIMP-2) expression and induced ROS
production [142].

HEALTHY NASAI NASAL EPITHELIUM
EPITHELIUM IN THE COURSE OF CHRONIC RHINOSINUSTIS
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Figure 6. Epithelial to mesenchymal transition as an important mechanism involved in tissue
remodeling in CRS.

Nasal fibroblasts play a crucial role in tissue remodeling. Nasal fibroblasts influenced
by many factors secrete various signaling molecules and are able to differentiate into my-
ofibroblasts. Hypoxic conditions trigger the differentiation of NP-derived fibroblasts into
myofibroblasts in the manner dependent on ROS generated through the NOX4 (NADPH
oxidase 4) and TGFf1 [143]. Moreover, NOX1 and NOX4 are overexpressed in the mu-
cosa of NPs-in the case of allergic rhinitis at the mRNA and protein levels [144]. Other
studies described elevated NADPH oxidase subunits on the NP tissue, suggesting their
role and also oxidative stress involvement in CRSwINP pathogenesis [145]. NP tissue has
additionally decreased stem cell potential in comparison to healthy tissue from the same
CRS patients, which is evaluated through the differentiation of isolated mesenchymal cells
into adipocytes and it may lead to abate epithelium regeneration [146].

3.3. Neuro-Inflammation as an Emerging New Aspect of Airway Inflammatory Diseases

Airway epithelium anatomically and functionally collaborates with the nervous sys-
tem. Various inflammatory mediators and irritants that appear in the area of the airway
might stimulate nerves, leading to neurogenic inflammation. On the other hand, inflam-
mation may also be enhanced through the neurotransmitters secreted by neurons and
neuropeptides released from immune cells and non-neural cells during the disease state.
Additionally, activation of SCCs present in the nasal epithelium might be involved in the
neurogenic inflammatory pathway. The role of neuro-immune regulation in inflammation
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has been already the subject of research in airway inflammatory diseases, such as COPD
and asthma [147-149].

It was also demonstrated that autonomic dysfunction symptoms significantly posi-
tively correlate with CRS severity, especially in a group of CRSwNP patients [150]. His-
tological examination showed abundant sympathetic fibers in the pedicle of NPs, but a
lack of this innervation in the body and apex of the polyps, which can be important in
the pathogenesis of NPs [151]. There is a hypothesis that the cholinergic system can be
implicated in the inflammation of CRS, especially in CRSWNP [152]. It was observed that
higher preoperative autonomic symptom scores corresponded to uncontrolled inflamma-
tion following functional endoscopic sinus surgery and symptoms of autonomic nervous
system dysfunction improved following sinus surgery [153]. Chronic inflammation may
also trigger neuron death mediated by c-Jun N-terminal kinases (JNK), leading to loss of
olfaction, which is a common symptom in CRS [154].

3.4. Small Extracellular Vesicles (sEVs) as a New Promising Aim of Research in the
Immunopathology of CRS

Small extracellular vesicles (sEVs) are extracellular vesicles of endosomal origin. sEVs
circulate in presumably all body fluids including blood, plasma, nasal lavage fluid, and
bronchoalveolar fluid and are important mediators of cell to cell communication. They
transport complex cargo components, i.e., proteins, lipids, and nucleic acids and sEVs
play a role in various physiological processes, but importantly have immunomodulatory
functions and are able to shift the Th1-Th2 balance [155]. Proteomic analysis of sEVs isolated
from nasal lavage fluid of CRSWNP reported significantly different content in comparison
to controls and revealed potential disease biomarkers such as cystatin, peroxiredoxin-5, and
glycoprotein VI [156] or in another study the protease inhibitor cystatin-2 [157]. Additionally,
sEVs are enriched in pappalysin and serpins potentially involved in NP formation [158,159].
Thus, sEVs modulate a wide spectrum of functions and their presence in all body fluids is
of great value to potential diagnostic and therapeutic solutions in CRS.

4. Summary

Sinusal AE forms a structural and functional barrier that modulates proper interaction
of the host microenvironment, the microbiome, EFs, and the immune response. In the course
of CRS, the epithelial barrier remains impaired. Bacteria, fungi, viruses, allergens, and air
pollution stimulate the AE that secretes cytokines, leading to activation of IIS including
ILCs, neutrophils, monocytes, basophils, eosinophils, NK cells, and DCs. The antigen
presentation of DCs leads to the polarization of T lymphocytes which invoke AIR. An
imbalance between the physiological microbiome in sinonasal cavity and those in the course
of CRS might orchestrate inflammation [90]. Tissue remodeling is among the most relevant
aspects of CRS pathogenesis. Changes in the sinusal AE mainly include dysfunctions
in the cilia and TJs, fibrosis, GC hyperplasia and BMT, NP formation, angiogenesis, and
osteitis [160,161]. Although various widely known agents contribute to CRS, the molecular
bases of disease still remain elusive and need further investigation.
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TJs
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TNF-a
Treg

airway epithelium

aspirin exacerbated respiratory disease
adaptive immune response

basement membrane thickening
cold-inducible RNA binding protein
complement immune system

chronic rhinosinusitis

chronic rhinosinusitis without nasal polyps
chronic rhinosinusitis with nasal polyps
connective tissue growth factor
dendritic cells

dual oxidase

extracellular matrix

environmental factors

early growth response 2

epithelial to mesenchymal transition
goblet cells

heat shock protein 47
hypoxia-inducible factor 1«

high mobility group box 1 protein
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innate immune system

interleukin

innate lymphoid cells

c-Jun N-terminal kinases
mitogen-activated protein kinase

mast cells

microRNAs

metalloproteinase

nicotinamide adenine dinucleotide phosphate
nuclear factor kf3

natural killer cells

nitric oxide

NADPH oxidase 4

nasal polyps

0OX40 ligand

pathogen associated molecular patterns
persistent chronic inflammation
programmed cell death 1

peroxisome proliferator-activated receptor y
receptor for advanced glycation end products

recombinant human high mobility group box 1 protein

reactive oxygen species
solitary chemosensory cells
small extracellular vesicles
sinus mucosa

taste receptor 2 member 38
taste receptors

transforming growth factor 3
tissue inhibitor of metalloproteinase-2
tight junctions

Toll-like receptors

tumor necrosis factor «

T regulatory cell
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TSLP thymic stromal lymphopoietin
VEGF-A  vascular endothelial growth factor A
Z0-1 zonula occludens
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Abstract: Extracellular vesicles (EVs) are produced and released by all cells and are present in all
body fluids. They exist in a variety of sizes, however, small extracellular vesicles (sEVs), the EV
subset with a size range from 30 to 150 nm, are of current interest. By transporting a complex cargo
that includes genetic material, proteins, lipids, and signaling molecules, sEVs can alter the state of

recipient cells. The role of sEVs in mediating inflammatory processes and responses of the immune

ﬁ';)e;;‘tfeosr system is well-documented, and adds another layer of complexity to our understanding of frequent
diseases, including chronic rhinosinusitis (CRS), asthma, chronic obstructive pulmonary disease
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ration: Hsreratowska (COPD), and upper airway infections. In these diseases, two aspects of sEV biology are of particular

Czerwaty, K.; Cyran, AM.;

Fiedler, M.; Ludwig, N.; Brzost, J.;

Szczepariski, M.]. The Emerging

interest: (1) sEVs might be involved in the etiopathogenesis of inflammatory airway diseases, and
might emerge as attractive therapeutic targets, and (2) sEVs might be of diagnostic or prognostic

Role of Small Extracellular Vesicles relevance. The purpose of this review is to outline the biological functions of sEVs and their capacity

in Inflammatory Airway Diseases. to both augment and attenuate inflammation and immune response in the context of pathogen
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Extracellular vesicles (EVs) are produced and released by all cells and are present
in all body fluids. They exist in a variety of sizes, but of particular interest are small
extracellular vesicles (SEVs), which range in size from 30 to 150 nm [1-3]. They originate
from the endocytic compartment of the producer cell, and, because of their endosomal
origin, sEVs are distinct from larger EVs, such as microvesicles (MVs), which are formed by
“pinching off” the cellular membrane or from apoptotic bodies. Despite extensive research
on EVs, their nomenclature is not fully established, leading to possible overlaps among

- various EV subtypes. According to the newest guidelines of the International Society for
Extracellular Vesicles [4], we decided to use the term sEVs in this review for vesicles that are
often also referred to as exosomes in the literature. A growing body of evidence indicates
that sEVs play a major role in intercellular communication in physiological as well as in
pathological conditions [5-7]. While the initially suspected role of sEVs was in eliminating
Attribution (CC BY) license (https:// cellular waste pro.ducts [8], the .growing ir.lteres.t in sEVs has led to an ac'tive international
creativecommons.org/ licenses/by/ research community as well as improved isolation methods [9] that continuously broaden
10)). our understanding of sEV biogenesis, structure, and functions (Figure 1).
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Figure 1. Small extracellular vesicles present in human plasma may be separated using pre-clearing with differential
centrifugation and a 200 nm filter (not shown), followed by size exclusion chromatography. The isolated sEVs can be
characterized according to the guidelines of the International Society for Extracellular Vesicles [4] with the use of (a)
Cryo-EM microscopy (52,000 x) to estimate their size and morphology, (b) western blot for two positive (CD63 and CD9)
and one negative (Grp94) sEV marker, and (c) nanoparticle tracking analysis (NTA), which allows the evaluation of vesicle
size (average diameter = 90.9 nm) and concentration (1.3 X 101 particles/mL) [9] (modified).

sEVs are uniquely positioned to mediate immune response and inflammatory reac-
tions [10]. In recent years, research interest in SEVs has surged; sEVs have been linked to a
number of human pathologies i.e., chronic rhinosinusitis, asthma, and airway infections,
which are multifactorial in etiology, but unfailingly associated with excessive stimulation of
the immune system. sEVs are present in many types of body fluids, including blood [11,12],
urine [13], saliva [14], bronchioalveolar lavage fluid (BALF) [15], lymph [16], and nasal
lavage fluid [17]. Therefore, sEVs are considered an attractive opportunity for non-invasive
diagnostics with regards to their potential use as a liquid biopsy. In addition, sEVs might be
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a promising approach to monitor disease progression or response to therapy, as shown for
malignant diseases [18]. First attempts have been made to harness the properties of sEVs
and use them for drug delivery [19], and thus utilize them as therapeutic vesicles [20]. EV-
based therapeutics are currently being developed to treat cancer, as well as inflammatory
and autoimmune diseases [21].

In this article, we discuss the contribution of sEVs to inflammatory conditions of the
respiratory tract. Our focus will be chronic rhinosinusitis with nasal polyps (CRSwINP)
or without nasal polyps (CRSsNP), acute upper airway infections, asthma, and chronic
obstructive pulmonary disease (COPD). We will present the role of sEVs in the group of
airway diseases that are associated with a strong inflammatory background. We decided
to exclude cancers of the respiratory system because of their wide etiologic spectrum that
needs to be broadly and particularly addressed. We also address the multifaceted role of
sEVs in infection and their interplay with pathogens, to which the airway epithelium is
invariably exposed. Lastly, we outline the diagnostic and therapeutic possibilities.

2. Small Extracellular Vesicles—Biogenesis, Cargo Components, and Functions
2.1. Biogenesis

The biogenesis of sEVs begins by directing cargos intended for secretion to the early
endosomes (EEs). EEs accumulate intraluminal vesicles and later convert to multivesicular
bodies (MVBs) [5,22]. Upon invagination of the endosomal membrane, a portion of cyto-
plasm is engulfed within the newly formed vesicle. Most MVBs later fuse with lysosomes,
which ensures the degradation of their content by hydrolases. However, vesicles harbour-
ing CD63, LAMP1, LAMP2, and MHCII can avoid degradation and fuse with the plasma
membrane, releasing sEVs into the intercellular space [1,5].

Four endosomal sorting complexes required for transport (ESCRT) play a key role
in both cargo creation and vesicle separation [23]. In the first step, ESCRT-0 and ESCRT-I
direct cargos to the assembly site. Then, ESCRT-II and -III facilitate sEV budding and
fission; sEVs may also be formed in the absence of ESCRT. Several mechanisms have been
described, and one of them involves the formation of transmembrane protein clusters
composed of tetraspanins and other proteins at the sites of MVBs, which then invaginate
to form a vesicle. These mechanisms are distinct but overlapping, and each cell likely
features a population of EVs from different origins [24]. TSG101 (tumor susceptibility gene
101 protein), ALIX, and VPS4 (vacuolar protein sorting-associated protein 4) are proteins
carried by EVs that can be used to determine the origin from MVBs. Syndecan-1 and
syntenin-1 were demonstrated to interact with ALIX and ESCRT-I and -III, and might
be involved in the formation of sEVs [25]. The trafficking and secretion is mediated by
small GTPases from the Rab family, for instance Rab27a and Rab27b [26]. Another crucial
process is the merging of MVBs with the plasma membrane, which is mediated by SNARE
complexes (soluble N-ethylmaleimide sensitive fusion attachment protein receptor) [25].

2.2. Cargo Components

The cargo composition of sEVs highly depends on the cell of origin, as well as on the
status of the secreting cell [27,28]. A comprehensive analysis of nucleic acids enclosed in
sEVs has shown a distinct repertoire of extracellular RNA [29], as well as the presence
of DNA associated with sEVs [4,30]. Furthermore, proteomic analyses have revealed
members of various cellular pathways, including cytoskeletal components, annexins,
signal transducers, metabolic enzymes, and chaperone proteins; sEVs originating from
antigen-presenting cells carry major histocompatibility complex (MHC) molecules and
costimulatory molecules CD86 and CD54 [31]. Certain protein families are particularly
abundant. The most notable examples are tetraspanins, a group of transmembrane proteins
with a role in cell aggregation and motility [32]. Tetraspanins may act as molecular traps,
binding to a variety of proteins and directing them to sEVs. Some family members, such as
CD81, CD63, and CD9, have been proposed as sEV markers [5] (Figure 2). Nevertheless,
the molecular composition of sEVs is much narrower than the repertoire of the parent
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cell. Although these patterns are only beginning to emerge, current observations suggest
the existence of an elaborate mechanism governing the inclusion of molecules to sEVs.
Due to the biological structure of sEVs, their cargo components can either be associated
with the sEV membrane or they can be enclosed in the vesicle lumen [24] (Figure 2,
Table 1). To distinguish the cellular origins of sEVs or the type of disease, several specific
abbreviations were established in the literature. For instance: tumor-derived sEVs: TEX [33],
nasal mucus-derived sEVs: rhinosomes [34], and dendritic cell-derived sEVs: DEX [35].

Selected molecules present in sEVs LEGEND:

involved in inflammatory airway diseases:

CYSTATIN, GLYCOPROTEIN VI, -

PEROXIREDOXIN-5, MUCSB, '-

miR-233, MiR-34A, miR-928, miR-210, | .= .
0X040, NRG1 "

4 BODY FLUID:

RECIPENT CELL

DONOR CELL

Figure 2. sEVs are carriers of a complex biologically active cargo [27] (modified). The figure presents selected molecules
carried within sEVs that are involved in inflammatory airway diseases. The biogenesis of sEVs begins when cargos for
secretion are located in early endosomes, (1) which accumulate intraluminal vesicles (2) and later convert to multivesicular
bodies (MVBs) (3). MVBs might fuse with lysosomes and degrade (4) or fuse with the plasma membrane, (5) releasing sEVs
into the intercellular space.

2.3. Functions

sEVs were first described as vesicles secreted upon fusion with the plasma membrane
by maturing reticulocytes [36]. This observation has sparked the idea that sEVs present
an alternative route to eliminate molecules no longer needed for cellular homeostasis or
ones resistant to lysosomal degradation. Raposo et al. revealed that sEVs originating
from B-cells harbor a functional MHCII complex, and are capable of inducing an antigen-
specific T cell response [37]. These findings paved the path for further discoveries of sSEV
functions in antigen presentation, immunosuppression, mediation of inflammation, and
viral infection [24]. However, the functions of sEVs appear to be even more complex,
and sEVs are now considered to play a crucial role in cell-to-cell communication [6].
They are capable of reprogramming recipient cells by transporting mRNAs and miRNAs,
which are able to trigger the translation of specific proteins [1]. Their role in transmitting
chemokines, cytokines, and other signaling molecules is of particular interest, as the
complexity of the sEV cargo composition has the capacity to induce effects on recipient
cells. Several biological functions of sEV cargo components have been described in the
literature, including angiogenic/anti-angiogenic effects, tissue regeneration, immune cell
activation, or immunosuppression, as well as metastasis and cancer progression; sEVs
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derived from human mesenchymal stroma cells might have promising therapeutic potential
in allergic airway inflammation. Inhibition of ILC2 (innate lymphoid cells), infiltration of
inflammatory cells, decreased production of mucus in the lung, and reduced Th2 cytokine
levels were associated with human mesenchymal stroma cell-derived sEVs; miR-146a
transported by this EV type could be responsible for these effects [38]. The biological
functions of sEVs are summarized in Table 1.

Table 1. Comparison of articles from our literature search with emphasis on the source of sEVs, their cargo, and biological

effects. Abbreviations: CRSWNP: chronic rhinosinusitis with nasal polyps; CRSsNP: chronic rhinosinusitis without nasal
polyps; P-gp: permeability glycoprotein; TLR: toll-like receptor; PAPP-A: pappalysin A; LncGAS5: long-noncoding RNA
GASD5); NLF: nasal lavage fluid; ADAM10: disintegrin and metalloprotease 10; MEE: middle ear effusion; MUC5B: mucin
5B; hNECS: human nasal epithelial cells; PPAR: peroxisome proliferator-activated receptor; SERPINE1: serpin family E
member 1; PERP: P53 apoptosis effector related to PMP22; PLTP: phospholipid transfer protein, HMEEC: human middle-ear
epithelial cells; hRNP: heterogenous nuclear ribonucleoprotein; miR/miRNA; microRNA; RANKL: receptor activator

of nuclear factor—kappa B ligand; hCPFS: human cholestatoma perimatrix fibroblasts; ARDS: acute respiratory distress

syndrome; EPC: endothelial progenitor cells; MPO: myeloperoxidase; NHBE: normal human bronchial epithelial cells;

BALF: bronchoalveolar lavage fluid; NRG1: neuregulin 1; COPD: chronic obstructive pulmonary disease; tRNA: transfer
RNA; piRNA: Piwi-interacting RNA; snRNA: small nuclear RNA; snoRNA: small nucleolar RNA.

Reference

Disease; Source of sEVs

sEVs Cargo

Possible Biological Function

Nocera et al. [34]

Mueller et al. [39]

Miyake et al. [40]

Mueller et al. [41]

Mueller et al. [42]

Zhu et al. [43]
Zhang et al. [44]

Val et al. [45]

Zhou et. al. [46]

Val et al. [47]

Gong et al. [48]

Lietal. [49]

Zhou et al. [50]

Huang et al. [51]

Bartel et al. [52]

CRSwWNP;
nasal mucus

P-gp

Possible regulation Th2 cytokine production

Cysteine protease

° Cystatin-SN, i inhibition )
CRSwWNP; . Peroxiredoxin-5, Innate immune regulation
nasal mucus . Glycoprotein VI Act_lva.non of TLRS
Antioxidant activity
Activation of platelets
CCI;SSTV glf, ° Cystatin-1 Epithelial barrier
S: . Cystatin-2 functions
nasal mucus
CRSwWNP; . PAPP-A Epithelial proliferation
nasal mucus Polyp growth
CRSWNP; ° Serpins Polyp fibirin deposition
nasal mucus
Allergic rhinitis; . . ..
nas§1 mucus, . LncGAS5 Suppression of CD4+ to Thl dl.ffe'rentlahon,
A promoted Th2 differentiation
nasal epithelial cells
CRSwNP;NLF . ADAM10 Angiogenesis Vascular permeability
Otitis media, ¢ miR233 Neut actvity.
MEE ° MUC5B eut‘rop il functions
Innate immune responses
Tissue repair and remodeling
CRSWNP . Proteins involved in p53 and Immune system signaling
CRS NPVX thma; PPAR signaling pathways Immune responses to viruses and bacteria
ViNEGs *  SERPINEL PERP, PLTF, Cell cycle signaling

ladinin-1, myosin-9

Cell growth and replication
Cell cycle control

. hnRNP A2B1
. hnRNP Q
° miR-378-a-3p Immunity regulation
Haemophilus influenzae infection; . miR-378i Inflammatory pathways
HMEEC ° miR-200a-3p Angiogenesis
° miR-378g Neutrophil adhesion
. miR30d-5p
. miR-222-3p
Middle ear cholestatoma; . mMiRNA-17 Upregulation of RANKL
keratinocites Osteoclast differentiation
Angiogenesis
Cholestatoma: ) Overexpression of Angiopoietin-2 in human
hCPFs ® miR-106b-5p umbilical vein endothelial cells
Tube formation
Cell migration
X Reduction of permeability and inflammation
A};‘%S/ e miR-126 Reduced MPO activity
Lung injury protection
Pneumonia; Adenovirus Infection; . miR-450a-5p/miR-103a-3p, Immunoregulatory
serum . miR-103b/miR-98-5p function
Asthma; . miR-34a,
NHBE . miR-92b, Th2 response
. miR-210 Dendritic cell activity

nasal lavage




Diagnostics 2021, 11, 222 6 of 15
Table 1. Cont.
Reference Disease; Source of sEVs sEVs Cargo Possible Biological Function
Asthma: ) CD#4+ T cell proliferation
Huang et al. [53] L ° OXO40 ligand Increase IL-4
Dendritic cells Tha
response
Sarcoidosis; Inflammation
Quazi et al. [15] 4 . NRG1 Proliferation
BALF X
Cell survival
Hough et al. [54] A];glﬁ;a; . lipids Inflammation
Torregrosa et al. [55] Asthma; ® enzymes fqr leukotriene Upregulation of cytokines and leukotrienes in
orregrosa et al. [>3 BALF biosynthesis airway epithelium
. miRNAs
COPD s RNAs Inflammati
; iRNAs nflammation
Sundar etal. [50] plasma : l;rllRN As Extracellular matrix and tissue remodeling
. snoRNAa

3. Role of sEVs in Inflammatory Airway Diseases

Inflammatory airway diseases are complex with regards to their heterogeneous eti-
ologies. The literature about sEVs in inflammatory airway diseases addresses different
aspects of sEV biology, however, the diagnostic/prognostic values of sEVs and their role in
etiopathogenesis are the most frequently investigated topics. In the following sections, we
will focus on different inflammatory airway diseases and present the available sEV-based lit-
erature, with special emphasis on diagnostic/prognostic or etiopathologic aspects of sEVs.
Our main focus will be the role of sEVs in mediating inflammation and immune responses.

Inflammation is triggered by antigen presentation, as well as stimulation by cytokines,
chemokines, and other signaling molecules. The complex inflammatory cascade consists
of several steps that have been shown to be influenced by sEVs, suggesting that sEVs can
play a pro- and anti-inflammatory role. The cargo composition of sEVs is considered to
reflect the state of the parent cell [57,58] and, therefore, depending on the cell of origin, they
may carry a cocktail of signaling molecules and other inflammatory substrates. Examples
include the trafficking of enzymes for leukotriene biosynthesis [59] and Hsp70, which
induces the production of tumor necrosis factor-oc (TNF-c), interleukin 13 (IL-13), and
interferon-y (IFN-y) in target cells [60]; sEVs can also engage immune cells. Dendritic cells
exchange miRNAs, which are encapsulated in sEVs and alter gene expression and direct
immune response in accordance with the specific miRNA sequence carried [61]. Moreover,
antigen-presenting cell (APC)-derived sEVs can directly stimulate naive T cells. MHC
complexes on sEVs are recognized by CD8+ lymphocytes, despite the absence of APC, and
invoke an immunogenic response in the presence of co-stimulators [62].

3.1. Upper Airways
3.1.1. sEVs and Chronic Rhinosinusitis (CRS)

Chronic rhinosinusitis is a heterogeneous disease involving inflammation of the
sinonasal mucosal lining. It is a prevalent problem, adversely affecting the quality of life of
5-12% of the global population. The traditional phenotypic classification into CRS with
and without nasal polyps failed to account for the diverse molecular pathomechanisms
underlying the disease. The publications about CRS of the last 10 years have led to a
paradigm shift in the understanding of this disease. It is now considered as a disease
resulting from a maladjusted interplay between environmental cues (pathogen invasion,
microbiome, and permeability of mucosal lining) and the immune system. The European
Position Paper on Rhinosinusitis and Nasal Polyps 2020 [63] turns away from the phe-
notypic classification and focuses on the pathophysiology of the disease instead. Based
on the endotype, CRS is now divided into primary and secondary. It is further defined
by anatomic localization and endotype dominance, classified either into type 2 (associ-
ated with more severe manifestations and resistance to therapy) or non-type. Likewise,
secondary CRS is characterized as localized or diffuse, and further defined by endotype
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dominance [63]. This approach focuses on upstream regulators rather than manifestations,
paving the way for personalized, etiology-driven therapies.

The ability to reproducibly and non-invasively obtain and analyze sEVs from nasal
fluids could offer the possibility of defining CRS endotypes, aligning them with clinical
outcomes, and introducing them into a routine diagnostic workup. A proteomic analysis
of such samples from patients with CRS showed 123 differentially expressed proteins,
pointing to over 40 dysregulated signaling pathways. Significant differences in sEV pro-
teome were found between CRS with polyps (CRSwNP) and the control group. Among
the most promising molecular markers of CRSwNP were cystatin, glycoprotein VI, and
peroxiredoxin-5 [39]. In another study, high levels of epithelial protease inhibitors cystatin-1
and -2 were found in sEVs. Based on this finding, cystatin-2 was proposed as a marker
for CRS, capable of predicting the disease phenotype [40]; sEVs may also contribute to the
formation of polyps due to the upregulation of pappalysin and serpins [41,42].

One of the hallmarks of the CRS phenotypes is the imbalance between Th1 and Th2
cells. While CRSWNP relies on Th2 cells, CRSsNP is dominated by the Th1l response;
sEVs can shift this equilibrium by promoting the differentiation of Th2 and suppressing
Th1 lymphocytes [43]. Ickrath et al. have shown that tissue samples from patients with
CRSwNP feature higher levels of CD8+ than CD4+ T cells. Their study also suggests
the possibility of a local regulation mechanism within the polyp microenvironment [64].
Interestingly, studies have shown that sEVs can have an effect on the profile of T cells.
Stimulation of resting CD3+ T cells with IL-2 and sEVs from their activated counterparts
shifted the T cell profile to CD8+ and changed the cytokine profile [65]. Studies in mouse
models demonstrated that mast cell-derived sEVs may impact B and T cell functions,
ultimately contributing to inflammation [66]. It was shown that sEVs are transported
through the lymphatic system from the periphery to the lymph node, and that B cells,
together with macrophages, are key players in sEV uptake [16].

3.1.2. sEVs and Airway Epithelium

The airway epithelium is the first line of defense against pathogens, and consists of
several different barriers to prevent pathogen invasion. Its antimicrobial properties include
secretion of lysozyme, lactoferrin, hydrogen peroxide, nitric oxide, and mucins. Epithelial
cells express toll-like receptors (TLRs), capable of recognizing pathogen-associated molecu-
lar patterns (PAMPs) and activating an immune cell response [67]. Recent observations
showed that sEVs can modulate the innate immune response in the airway. Bacterial
lipopolysaccharides (LPSs) recognized by TLR4 increased the production of sEVs by ep-
ithelial cells, which carry nitric oxide synthase [68]. In CRSsNP, the expression of TLR2
and TLR4 correlates with neutrophil abundance [69], and it was demonstrated that sEVs
correspond to the expression of TLR receptors in airway epithelium [70].

Nasal polyps are benign outgrowths of sinonasal mucosa, characterized by increased
epithelial cell proliferation, interstitial edema, and increased angiogenesis. Interestingly;,
sEVs isolated from the epithelium of CRSWNP patients contain proteins participating
in proliferative pathways and enzymes known for their role in angiogenesis, suggesting
that sEVs are involved in inflammatory tissue remodeling [44,46]. CRSwNP-derived
sEVs contain high levels of permeability glycoprotein (P-gp), which regulates cytokine
secretion [34].

The structures of the middle ear, which connect to the upper respiratory tract and
nasal cavity via the Eustachian tube, are also covered with a respiratory-type epithelium.
The middle ear epithelium (MEE) plays an important role in the development of middle ear
otitis (OME), and is composed of ciliated cells, secretory cells, non-secretory cells, and basal
cells. Secretory cells are responsible for the production of mucins and various anti-microbial
proteins, such as lactotransferrin, lysozyme, defensins, and surfactants [71,72]. Val et al.
were the first to isolate SEVs from the middle ear fluid samples of 16 pediatric patients. Not
unexpectedly, the proteomic analysis showed an enrichment in neutrophil markers and
molecules associated with innate immunity, such as immunoglobulins, MUC5B, and heat-
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shock proteins; also related to neutrophil stimulation were 29 enriched miRNA sequences
unique to the middle ear samples, including the most abundant miR-223 [45]. On the cellu-
lar level, it was shown that human middle ear epithelial cells treated with Haemophilus
influenzae lysate secrete sEVs containing heterogeneous nuclear ribonucleoproteins, such
as hnRNP A2B1 and hnRNP Q, and also miRNAs that might be involved in immunity
regulation [47].

It is also suspected that sEVs play a role in the pathogenesis of chronic otitis media
with cholestatoma. In middle ear cholestatoma patients, sEVs derived from keratinocytes
might induce osteoclast differentiation. This was observed after the addition to fibroblasts
co-cultured with osteoclast precursor cells. Downregulated miR-17 enclosed in sEVs, which
regulates Tnfsfl1 expression in fibroblasts, appears to be responsible for this effect [48].
Another in vitro study showed that human cholesteatoma perimatrix fibroblast-derived
sEVs promote angiogenesis through downregulation of miR-106b-5p in sEVs, leading to
the overexpression of Angiopoietin-2 in human umbilical vein endothelial cells (HUVECS).
Furthermore, sEVs contributed to enhanced tube formation and cell migration [49]. These
findings posit sEVs as important factors in the pathogenesis and progression of OME and
chronic otitis media with cholesteatoma.

3.1.3. sEVs and Bacteria in Upper-Airway Inflammation

There is a close cooperation between the host’s immunity and the microbiome. Chronic
inflammatory processes, such as CRS, are often associated with decreased microorgan-
ism diversity and an imbalance within the microbiome, which likely contributes to the
perpetual inflammatory signaling. This notion is confirmed by observations that poten-
tially pathogenic bacterial species may be present, albeit in low proportions, in healthy
patients [73,74]. At the same time, sEVs secreted by microbiological flora shape the host’s
immune response, and can be a causative factor in inflammatory conditions [75]. Bacteria-
derived sEVs contain various molecules, including proteins, nucleic acids, lipids, and
glycans. It is likely that these sEVs impact different cytotoxic and immunomodulatory
mechanisms to ultimately facilitate the survival of the pathogen. Another important fact is
that bacteria-derived sEVs transport LPS that is known for its immunomodulatory func-
tions [76]. Bacterial EVs were shown to interact with various cells, including dendritic cells,
macrophages, and neutrophils; sEV-associated PAMPs allow binding to receptors present
on the surface of immune cells, and activate immune response pathways that result in
pro-inflammatory cytokine production. Additionally, it is suggested that sEVs may convey
antigens to stimulate the immune response [77,78]. Participation of bacterial-derived sEVs
in the regulation of gene expression is also suspected. For example, Pseudomonas aeruginosa-
derived sEVs were able to suppress the expression of the group of MHC proteins in lung
macrophages [79]. On the other hand, some data indicate a positive and non-pathogenic
role of bacteria-derived sEVs to the functionality of the healthy microbiome [80]. Metage-
nomic analysis of bacteria-derived sEVs isolated from the nasal lavage fluid of CRS patients
also revealed their high abundance with decreased diversity. Several differences between
CRS and non-CRS patients were discovered, since some bacterial groups were decreased
in the CRS group, while increased in non-CRS individuals. Additionally, CRSwNP was
correlated with a more prominent presence of Staphylococcus aureus and its EVs [81]. Re-
search on bacteria-derived sEVs is a relatively new but growing field of knowledge that
will contribute to a better understanding of the molecular basis of diseases and the search
for new therapeutic solutions. Especially in inflammatory diseases of the respiratory tract,
where the physiological microbiome meets environmental factors, including pathogenic
microorganisms, this could be of importance.

3.1.4. sEVs and Respiratory Viruses

Upper-airway viral infections are the most frequent illnesses of the respiratory tract,
with adults experiencing the common cold 2—4 times a year and children 6-10 times
a year [82]. Acute exacerbation of chronic airway conditions, especially asthma and
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COPD, are also frequent clinical problems. In both instances, viral infections are the most
common cause [83]. On a cellular level, viruses can exploit the host’s machinery for vesicle
biogenesis and use it to their advantage [84]; sSEVs from infected cells carry viral genetic
material, proteins, and, in some cases, whole viruses. As one vesicle contains several virus
particles, this type of transmission is highly infectious [85]. For non-enveloped viruses, the
phospholipid bilayer of the sEV serves as a protective barrier from neutralizing antibodies.
To spread, viruses also exploit the cellular sEV release mechanism. This process prevents
cytolysis, which is a very immunogenic event [8]. However, sEVs have a complex and
contextual role in disease, as they can both mitigate and exacerbate the course of the
disease. To that end, sEVs present in tracheobronchial mucus contribute to its antimicrobial
function by presenting «-2,6-linked sialic acid on their surface, which is known to bind
and neutralize human influenza virus particles [86].

Consistent with their role as messengers at the intersection of inflammation and im-
mune response, sEVs released from cells during respiratory syncytial virus (RSV) infection
were found to contain both viral RNA (mRNA, rRNA, and short non-coding RNA) and
proteins. These sEVs were not infective and had no diagnostic value, but were able to
induce chemokine release from monocytes and epithelial cells in vitro [87]. Similarly;,
human rhinovirus (RV) triggers the release of the pro-inflammatory protein Tensacin-C,
which is associated with sEVs. This in turn leads to increased cytokine production by
macrophages [88].

Paracrine communication between alveolar macrophages and lung epithelial cells
plays an important role in the damage and repair of alveoli. Scheller et al. analyzed
sEV-associated miRNAs in BALF from patients with influenza A induced acute respiratory
distress syndrome (ARDS). In comparison to samples from healthy volunteers, four miR-
NAs were significantly deregulated. Most striking was the overexpression of miR17-5p,
which was shown to enhance viral replication in vitro by downregulation of Mx1 antiviral
factor [89]. In contrast, a beneficial role of sEV-associated miRNAs was described in a
mouse model of LPS-induced acute lung injury. An intratracheal administration of sEVs
that contained miRNA-126 derived from endothelial progenitor cells facilitated the regener-
ation of the alveolar epithelium [50]. Lastly, miRNAs associated with serum-derived sEVs
were proposed as biomarkers of adenoviral pneumonia in the pediatric population [51].

3.2. Lower Airways
sEVs in Bronchial and Lung Diseases

EVs, including sEVs, participate in the regulation of immune cell functions during
inflammatory diseases of the airways. Current research suggests that sEVs are important
players in the pathogenic states of bronchial epithelium, such as the development of
asthma; sEVs are released from airway epithelium and carry miRNAs (miR-34a, miR-92b,
miR-210) that may impact the Th2-dependent immune response in asthma [52], and sEVs
derived from mesenchymal stroma cells influence Treg suppression through the activation
of peripheral blood mononuclear cells (PBMCs) to secrete IL-10 and TGF-f3. Due to their
capacity in the interaction with B cells and monocytes, but not with CD4+ T cells, sEVs may
lead to Treg suppression. That might be of high importance in the asthma pathogenesis and
in consequence be a potential therapeutic target [90]. In patients with asthma, dendritic
cells treated with thymic stromal lymphopoietin (TSLP) secrete sEVs containing OX40
ligand. This triggers CD4+ T cell proliferation, increases the levels of IL-4, and directs
the Th2 response [53]. Interestingly, it was shown that sEVs are also able to transfer
mitochondrial components from myeloid-derived regulatory cells to T cells [91]. Other
studies demonstrated the potential of EVs to transport mtDNA [92], as well as functional
respiratory complexes [93]. In mouse models and cell culture models of allergy and asthma,
increased levels of SEVs were demonstrated. Stimulation with epithelial-derived sEVs that
carried IL-13 induced proliferation of inflammatory cells. Inhibition of sEV secretion also
resulted in a decrease in inflammation [94].
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Previous studies demonstrated that sEVs transfer proteins and miRNA between pri-
mary human tracheobronchial cells to the adenocarcinoma cells of the lung, contributing
to the activity of recipient cells [95]. It was demonstrated that pro-inflammatory properties
of BALF-derived sEVs may induce and foster the progress of inflammation in sarcoidosis.
They carry increased levels of NRG1, which can be important for cell survival and prolifera-
tion, and are common in cancer [15]; sEVs from BALF of asthmatic patients carry an altered
lipid composition, which may be important for the developed inflammation [54]. Other
studies emphasize the role of sEVs in the acute lung injury (ALI) and ARDS generated
in mouse models through inflammatory and non-inflammatory agents. Levels of EVs in
BALF were elevated, affecting macrophages and enhancing lung inflammation [96]. In
mice, macrophages that are involved in ALI pathogenesis secrete sEVs that stimulate other
macrophages to produce TNF-«. In addition, lung epithelium-derived IL-25 downregulates
proteins involved in sEV secretion in macrophages, and consequently inhibits sEV release
and TNF-« secretion [97]. Analysis of BALF-derived sEVs from asthmatic and healthy
patients indicated changes in their properties. In the context of asthma, sEVs contribute to
an upregulation of cytokines and leukotrienes in airway epithelium [55].

Studies conducted on models of asthma and COPD have shown that bacterial and vi-
ral infections of the respiratory system lead to an increased release of EVs and a heightened
secretion of cytokines, which stimulate neutrophils [98]; sSEV secretion from airway epithe-
lia is subject to regulation. Cigarette smoke can upregulate this process. In contrast, thiol
antioxidants may inhibit this process and have a beneficial effect in COPD and other respi-
ratory pathologies [99]. Another study examining plasma-derived EVs, including sEVs,
isolated from patients with COPD, tobacco users, and non-smoking healthy individuals
showed differential miRNA expression, which suggests their use as biomarkers [56].

4. Future Perspectives: Diagnostic and Therapeutic Potential

sEV research is a relatively new but rapidly growing field of research, and sEVs emerge
as promising prognostic, diagnostic, and therapeutic tools for future clinical use [100,101].
Despite the great potential of using sEV-based methods in clinical practice, to the best
of our knowledge, none have been approved so far. In inflammatory airway diseases,
sEVs isolated from different body fluids, such as serum, plasma, nasal lavage fluid, or
bronchoalveolar lavage fluid, have been shown to carry a complex molecular cargo that
has great potential to be utilized for diagnostic purposes. One example are the specific
miRNAs that are found in sEVs isolated from the serum of children suffering from human
adenovirus-induced pneumonia [51]. Another example for the prognostic and diagnostic
value of sEVs are the airway-associated cancers. Pleural lavage-derived EVs carry a
signature of miRNAs (miRNA-1-3p, miRNA-144-5p, miRNA-150-5p) that are promising
biomarkers for lung cancer diagnosis [102]. Serum-derived sEVs in non-small lung cancer
carry miR-1269a, which serves as a diagnostic marker, and also plays an oncogenic role
by regulating FOXO1 [103]. A significant research effort will be necessary to unravel the
complexity of biological functions of sEVs. Safe usage in clinical applications will require a
standardization of isolation procedures from clinical material and cell culture, as well as
unification of analytic methods.

5. Summary

A growing body of evidence suggests that sEVs might be useful as biomarkers in
many diseases [102,104-106], as well as prognostic agents providing information about
the phase of disease or predicted therapy outcomes [107-109]; sEVs transfer specific cargo
components depending on the cell of origin, and ensure a safe environment for transported
compounds. This allows their delivery to both neighboring and distant cells, which is an
important modality of communication between tissues and organs. Furthermore, sEVs are
involved in antigen presentation, and can activate immune cells, which allows them to
stimulate or inhibit immunological pathways; sEVs are considered safe, are well-tolerated
by the organism, and, therefore, show great potential for drug transport or vaccination.
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Regulation of sEV secretion that enhances or inhibits their release might be an interesting
therapeutic strategy. Finally, their ubiquitous presence in body fluids gives hope for their
use in liquid biopsy [33].

Author Contributions: conceptualization, M.].S.; writing—original draft preparation, K.P,, K.C.,
AM.C, MEFE, N.L. and ].B.; writing—review and editing, K.P., N.L. and M.].S.; visualization, K.P. and
K.C,; supervision, M.].S.; project administration, M.].S.; funding acquisition, M.].S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Centre, Poland UMO-2017/25/B/NZ5/
02949# to Mirostaw J. Szczepariski.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef] [PubMed]

2. Whiteside, T.L. Exosomes carrying immunoinhibitory proteins and their role in cancer. Clin. Exp. Immunol. 2017, 189, 259-267.
[CrossRef] [PubMed]

3. Whiteside, T.L. Tumor-Derived Exosomes and Their Role in Cancer Progression. Adv. Clin. Chem. 2016, 74, 103-141. [CrossRef]
[PubMed]

4. Thery, C.; Witwer, KW.,; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, E;
Atkin-Smith, G.K,; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

5. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569-579.
[CrossRef]

6. Pegtel, D.M.; Gould, S.J. Exosomes. Annu. Rev. Biochem. 2019, 88, 487-514. [CrossRef]

7. Whiteside, T.L. Lymphoma exosomes reprogram the bone marrow. Blood 2018, 131, 1635-1636. [CrossRef]

8. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell. Biol. 2018,
19, 213-228. [CrossRef]

9.  Ludwig, N.; Hong, C.S.; Ludwig, S.; Azambuja, J.H.; Sharma, P.; Theodoraki, M.N.; Whiteside, T.L. Isolation and Analysis of
Tumor-Derived Exosomes. Curr. Protoc. Immunol. 2019, 127, €91. [CrossRef]

10. Slomka, A.; Urban, S.K.; Lukacs-Kornek, V.; Zekanowska, E.; Kornek, M. Large Extracellular Vesicles: Have We Found the Holy
Grail of Inflammation? Front. Immunol. 2018, 9, 2723. [CrossRef]

11. Zhang, H.; Liu, J.; Qu, D.; Wang, L.; Wong, C.M.; Lau, CW.; Huang, Y.; Wang, Y.F; Huang, H.; Xia, Y.; et al. Serum exosomes
mediate delivery of arginase 1 as a novel mechanism for endothelial dysfunction in diabetes. Proc. Natl. Acad. Sci. USA 2018, 115,
E6927-E6936. [CrossRef] [PubMed]

12. Ludwig, S.; Floros, T.; Theodoraki, M.N.; Hong, C.S.; Jackson, E.K.; Lang, S.; Whiteside, T.L. Suppression of Lymphocyte
Functions by Plasma Exosomes Correlates with Disease Activity in Patients with Head and Neck Cancer. Clin. Cancer Res. 2017,
23, 4843-4854. [CrossRef] [PubMed]

13. Motamedinia, P; Scott, A.N.; Bate, K.L.; Sadeghi, N.; Salazar, G.; Shapiro, E.; Ahn, J.; Lipsky, M.; Lin, J.; Hruby, G.W.,; et al. Urine
Exosomes for Non-Invasive Assessment of Gene Expression and Mutations of Prostate Cancer. PLoS ONE 2016, 11, e0154507.
[CrossRef] [PubMed]

14. Zlotogorski-Hurvitz, A.; Dayan, D.; Chaushu, G.; Korvala, J.; Salo, T.; Sormunen, R.; Vered, M. Human saliva-derived exosomes:
Comparing methods of isolation. J. Histochem. Cytochem. 2015, 63, 181-189. [CrossRef]

15. Qazi, K.R,; Torregrosa Paredes, P.; Dahlberg, B.; Grunewald, J.; Eklund, A.; Gabrielsson, S. Proinflammatory exosomes in
bronchoalveolar lavage fluid of patients with sarcoidosis. Thorax 2010, 65, 1016-1024. [CrossRef]

16. Srinivasan, S.; Vannberg, F.O.; Dixon, ].B. Lymphatic transport of exosomes as a rapid route of information dissemination to the
lymph node. Sci. Rep. 2016, 6, 24436. [CrossRef]

17.  Lasser, C.; O'Neil, S.E.; Ekerljung, L.; Ekstrom, K.; Sjostrand, M.; Lotvall, ]. RNA-containing exosomes in human nasal secretions.
Am. ]. Rhinol. Allergy 2011, 25, 89-93. [CrossRef]

18. Czystowska-Kuzmicz, M.; Whiteside, T.L. The potential role of tumor-derived exosomes in diagnosis, prognosis, and response to
therapy in cancer. Expert Opin. Biol. Ther. 2020, 1-18. [CrossRef]

19. Qiu, Y; Sun, J.; Qiuy, J.; Chen, G.; Wang, X.; Mu, Y; Li, K.; Wang, W. Antitumor Activity of Cabazitaxel and MSC-TRAIL Derived
Extracellular Vesicles in Drug-Resistant Oral Squamous Cell Carcinoma. Cancer Manag. Res. 2020, 12, 10809-10820. [CrossRef]

20. Zipkin, M. Big pharma buys into exosomes for drug delivery. Nat. Biotechnol. 2020, 38, 1221-1223. [CrossRef]

21. Kalluri, R; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367. [CrossRef] [PubMed]

22. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575-581.

[CrossRef] [PubMed]


http://doi.org/10.1146/annurev-cellbio-101512-122326
http://www.ncbi.nlm.nih.gov/pubmed/25288114
http://doi.org/10.1111/cei.12974
http://www.ncbi.nlm.nih.gov/pubmed/28369805
http://doi.org/10.1016/bs.acc.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27117662
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1038/nri855
http://doi.org/10.1146/annurev-biochem-013118-111902
http://doi.org/10.1182/blood-2018-02-830497
http://doi.org/10.1038/nrm.2017.125
http://doi.org/10.1002/cpim.91
http://doi.org/10.3389/fimmu.2018.02723
http://doi.org/10.1073/pnas.1721521115
http://www.ncbi.nlm.nih.gov/pubmed/29967177
http://doi.org/10.1158/1078-0432.CCR-16-2819
http://www.ncbi.nlm.nih.gov/pubmed/28400428
http://doi.org/10.1371/journal.pone.0154507
http://www.ncbi.nlm.nih.gov/pubmed/27144529
http://doi.org/10.1369/0022155414564219
http://doi.org/10.1136/thx.2009.132027
http://doi.org/10.1038/srep24436
http://doi.org/10.2500/ajra.2011.25.3573
http://doi.org/10.1080/14712598.2020.1813276
http://doi.org/10.2147/CMAR.S277324
http://doi.org/10.1038/s41587-020-0725-7
http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.1016/j.ceb.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19442504

Diagnostics 2021, 11, 222 12 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.E; Thery, C.; Raposo, G. Analysis
of ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell
Sci. 2013, 126, 5553-5565. [CrossRef] [PubMed]

Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol. 2014, 14, 195-208.
[CrossRef]

Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9-17. [CrossRef] [PubMed]

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F; Schauer, K.; Hume, A.N.; Freitas, R.P; et al.
Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2010, 12 (Suppl. 511-13), 19-30.
[CrossRef] [PubMed]

Gluszko, A.; Szczepanski, M.].; Ludwig, N.; Mirza, S.M.; Olejarz, W. Exosomes in Cancer: Circulating Immune-Related Biomarkers.
BioMed Res. Int. 2019, 2019, 1628029. [CrossRef]

Villarroya-Beltri, C.; Baixauli, F; Gutierrez-Vazquez, C.; Sanchez-Madrid, F.; Mittelbrunn, M. Sorting it out: Regulation of
exosome loading. Semin. Cancer Biol. 2014, 28, 3-13. [CrossRef]

Jeppesen, D.K; Fenix, A.M.; Franklin, J.L.; Higginbotham, ].N.; Zhang, Q.; Zimmerman, L.J.; Liebler, D.C.; Ping, J.; Liu, Q.;
Evans, R.; et al. Reassessment of Exosome Composition. Cell 2019, 177, 428-445. [CrossRef]

Kahlert, C.; Melo, S.A.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, ].; Chin, L.; Futreal, A.; et al. Identification of
double-stranded genomic DNA spanning all chromosomes with mutated KRAS and p53 DNA in the serum exosomes of patients
with pancreatic cancer. J. Biol. Chem. 2014, 289, 3869-3875. [CrossRef]

Clayton, A.; Court, J.; Navabi, H.; Adams, M.; Mason, M.D.; Hobot, ].A.; Newman, G.R.; Jasani, B. Analysis of antigen presenting
cell derived exosomes, based on immuno-magnetic isolation and flow cytometry. . Immunol. Methods 2001, 247, 163-174.
[CrossRef]

Hemler, M.E. Specific tetraspanin functions. . Cell Biol. 2001, 155, 1103-1107. [CrossRef] [PubMed]

Whiteside, T.L. The potential of tumor-derived exosomes for noninvasive cancer monitoring: An update. Expert Rev. Mol. Diagn.
2018, 18, 1029-1040. [CrossRef] [PubMed]

Nocera, A.L.; Miyake, M.M.; Seifert, P.; Han, X.; Bleier, B.S. Exosomes mediate interepithelial transfer of functional P-glycoprotein
in chronic rhinosinusitis with nasal polyps. Laryngoscope 2017, 127, E295-E300. [CrossRef]

Pitt, ].M.; Andre, F.; Amigorena, S.; Soria, J.C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell-derived exosomes for
cancer therapy. . Clin. Investig. 2016, 126, 1224-1232. [CrossRef]

Johnstone, R-M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of
plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412-9420. [CrossRef]

Raposo, G.; Nijman, HW.,; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.J. B lymphocytes secrete
antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161-1172. [CrossRef]

Fang, S.-B.; Zhang, H.-Y.; Wang, C.; He, B.-X,; Liu, X.-Q.; Meng, X.-C.; Peng, Y.-Q.; Xu, Z.-B.; Fan, X.-L.; Wu, Z.-].; et al. Small
extracellular vesicles derived from human mesenchymal stromal cells prevent group 2 innate lymphoid cell-dominant allergic
airway inflammation through delivery of miR-146a-5p. . Extracell. Vesicles 2020, 9. [CrossRef]

Mueller, S.K.; Nocera, A.L.; Dillon, S.T.; Gu, X.; Wendler, O.; Otu, H.H.; Libermann, T.A.; Bleier, B.S. Noninvasive exosomal
proteomic biosignatures, including cystatin SN, peroxiredoxin-5, and glycoprotein VI, accurately predict chronic rhinosinusitis
with nasal polyps. Int. Forum Allergy Rhinol. 2019, 9, 177-186. [CrossRef]

Miyake, M.M.; Workman, A.D.; Nocera, A.L.; Wu, D.; Mueller, S.K,; Finn, K.; Amiji, M.M.; Bleier, B.S. Discriminant analysis
followed by unsupervised cluster analysis including exosomal cystatins predict presence of chronic rhinosinusitis, phenotype,
and disease severity. Int. Forum Allergy Rhinol. 2019, 9, 1069-1076. [CrossRef]

Mueller, S.K.; Nocera, A.L.; Workman, A.; Libermann, T.; Dillon, S.T.; Stegmann, A.; Wurm, J.; Iro, H.; Wendler, O.; Bleier, B.S.
Significant polyomic and functional upregulation of the PAPP-A /IGFBP-4/5/IGF-1 axis in chronic rhinosinusitis with nasal
polyps. Int. Forum Allergy Rhinol. 2020. [CrossRef] [PubMed]

Mueller, S.K.; Nocera, A.L.; Dillon, S.T.; Libermann, T.A.; Wendler, O.; Bleier, B.S. Tissue and Exosomal Serine Protease Inhibitors
Are Significantly Overexpressed in Chronic Rhinosinusitis With Nasal Polyps. Am. |. Rhinol. Allergy 2019, 33, 359-368. [CrossRef]
[PubMed]

Zhu, X.; Wang, X.; Wang, Y.; Zhao, Y. Exosomal long non-coding RNA GAS5 suppresses Th1 differentiation and promotes Th2
differentiation via downregulating EZH?2 and T-bet in allergic rhinitis. Mol. Immunol. 2020, 118, 30-39. [CrossRef] [PubMed]
Zhang, W.; Zhang, J.; Cheng, L.; Ni, H.; You, B.; Shan, Y.; Bao, L.; Wu, D.; Zhang, T; Yue, H.; et al. A disintegrin and
metalloprotease 10-containing exosomes derived from nasal polyps promote angiogenesis and vascular permeability. Mol. Med.
Rep. 2018, 17, 5921-5927. [CrossRef] [PubMed]

Val, S.; Jeong, S.; Poley, M.; Krueger, A.; Nino, G.; Brown, K.; Preciado, D. Purification and characterization of microRNAs within
middle ear fluid exosomes: Implication in otitis media pathophysiology. Pediatr. Res. 2017, 81, 911-918. [CrossRef]

Zhou, M.; Tan, K.S.; Guan, WJ; Jiang, L.].; Deng, J.; Gao, W.X;; Lee, YM.; Xu, Z.F,; Luo, X,; Liu, C.; et al. Proteomics profiling of
epithelium-derived exosomes from nasal polyps revealed signaling functions affecting cellular proliferation. Respir. Med. 2020,
162,105871. [CrossRef]


http://doi.org/10.1242/jcs.128868
http://www.ncbi.nlm.nih.gov/pubmed/24105262
http://doi.org/10.1038/nri3622
http://doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
http://doi.org/10.1038/ncb2000
http://www.ncbi.nlm.nih.gov/pubmed/19966785
http://doi.org/10.1155/2019/1628029
http://doi.org/10.1016/j.semcancer.2014.04.009
http://doi.org/10.1016/j.cell.2019.02.029
http://doi.org/10.1074/jbc.C113.532267
http://doi.org/10.1016/S0022-1759(00)00321-5
http://doi.org/10.1083/jcb.200108061
http://www.ncbi.nlm.nih.gov/pubmed/11756464
http://doi.org/10.1080/14737159.2018.1544494
http://www.ncbi.nlm.nih.gov/pubmed/30406709
http://doi.org/10.1002/lary.26614
http://doi.org/10.1172/JCI81137
http://doi.org/10.1016/S0021-9258(18)48095-7
http://doi.org/10.1084/jem.183.3.1161
http://doi.org/10.1080/20013078.2020.1723260
http://doi.org/10.1002/alr.22226
http://doi.org/10.1002/alr.22380
http://doi.org/10.1002/alr.22512
http://www.ncbi.nlm.nih.gov/pubmed/31930684
http://doi.org/10.1177/1945892419831108
http://www.ncbi.nlm.nih.gov/pubmed/30810048
http://doi.org/10.1016/j.molimm.2019.11.009
http://www.ncbi.nlm.nih.gov/pubmed/31841965
http://doi.org/10.3892/mmr.2018.8634
http://www.ncbi.nlm.nih.gov/pubmed/29484441
http://doi.org/10.1038/pr.2017.25
http://doi.org/10.1016/j.rmed.2020.105871

Diagnostics 2021, 11, 222 13 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

Val, S.; Krueger, A.; Poley, M.; Cohen, A.; Brown, K.; Panigrahi, A.; Preciado, D. Nontypeable Haemophilus influenzae lysates
increase heterogeneous nuclear ribonucleoprotein secretion and exosome release in human middle-ear epithelial cells. FASEB ].
2018, 32, 1855-1867. [CrossRef]

Gong, N.; Zhu, W,; Xu, R.; Teng, Z.; Deng, C.; Zhou, H.; Xia, M.; Zhao, M. Keratinocytes-derived exosomal miRNA regulates
osteoclast differentiation in middle ear cholesteatoma. Biochem. Biophys. Res. Commun. 2020, 525, 341-347. [CrossRef]

Li, Y;; Liang, J.; Hu, J.; Ren, X.; Sheng, Y. Down-regulation of exosomal miR-106b-5p derived from cholesteatoma perimatrix
fibroblasts promotes angiogenesis in endothelial cells by overexpression of Angiopoietin 2. Cell Biol. Int. 2018, 42, 1300-1310.
[CrossRef]

Zhou, Y.; Li, P; Goodwin, A.].; Cook, ].A.; Halushka, P.V.; Chang, E.; Zingarelli, B.; Fan, H. Exosomes from endothelial progenitor
cells improve outcomes of the lipopolysaccharide-induced acute lung injury. Crit. Care 2019, 23, 44. [CrossRef]

Huang, F; Bai, J.; Zhang, J.; Yang, D.; Fan, H.; Huang, L.; Shi, T.; Lu, G. Identification of potential diagnostic biomarkers for
pneumonia caused by adenovirus infection in children by screening serum exosomal microRNAs. Mol. Med. Rep. 2019, 19,
4306-4314. [CrossRef] [PubMed]

Bartel, S.; La Grutta, S.; Cilluffo, G.; Perconti, G.; Bongiovanni, A.; Giallongo, A.; Behrends, J.; Kruppa, J.; Hermann, S.;
Chiang, D.; et al. Human airway epithelial extracellular vesicle miRNA signature is altered upon asthma development. Allergy
2020, 75, 346-356. [CrossRef] [PubMed]

Huang, L.; Zhang, X.; Wang, M.; Chen, Z; Yan, Y.; Gu, W,; Tan, J.; Jiang, W.; Ji, W. Exosomes from Thymic Stromal Lymphopoietin-
Activated Dendritic Cells Promote Th2 Differentiation through the OX40 Ligand. Pathobiology 2019, 86, 111-117. [CrossRef]
[PubMed]

Hough, K.P; Wilson, L.S.; Trevor, J.L.; Strenkowski, J.G.; Maina, N.; Kim, Y.I; Spell, M.L.; Wang, Y.; Chanda, D.; Dager, ].R.; et al.
Unique Lipid Signatures of Extracellular Vesicles from the Airways of Asthmatics. Sci. Rep. 2018, 8, 10340. [CrossRef]
Torregrosa Paredes, P.; Esser, ].; Admyre, C.; Nord, M.; Rahman, Q.K,; Lukic, A.; Radmark, O.; Gronneberg, R.; Grunewald, J.;
Eklund, A.; et al. Bronchoalveolar lavage fluid exosomes contribute to cytokine and leukotriene production in allergic asthma.
Allergy 2012, 67, 911-919. [CrossRef]

Sundar, I.K.; Li, D.; Rahman, I. Small RNA-sequence analysis of plasma-derived extracellular vesicle miRNAs in smokers and
patients with chronic obstructive pulmonary disease as circulating biomarkers. J. Extracell. Vesicles 2019, 8, 1684816. [CrossRef]
[PubMed]

Hezel, M.E.V,; Nieuwland, R.; Bruggen, R.V.; Juffermans, N.P. The Ability of Extracellular Vesicles to Induce a Pro-Inflammatory
Host Response. Int. J. Mol. Sci. 2017, 18. [CrossRef]

Yanez-Mo, M,; Siljander, PR.; Andreu, Z.; Zavec, A.B.; Borras, FE.; Buzas, EL; Buzas, K.; Casal, E.; Cappello, F,; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]
Esser, J.; Gehrmann, U.; D’Alexandri, FL.; Hidalgo-Estevez, A.M.; Wheelock, C.E.; Scheynius, A.; Gabrielsson, S.; Radmark, O.
Exosomes from human macrophages and dendritic cells contain enzymes for leukotriene biosynthesis and promote granulocyte
migration. J. Allergy Clin. Immunol. 2010, 126, 1032-1040. [CrossRef]

Van der Pol, E.; Boing, A.N.; Harrison, P; Sturk, A.; Nieuwland, R. Classification, functions, and clinical relevance of extracellular
vesicles. Pharmacol. Rev. 2012, 64, 676-705. [CrossRef]

Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.; Round, J.L.; Ward, D.M.;
O’Connell, R.M. Exosome-delivered microRNAs modulate the inflammatory response to endotoxin. Nat. Commun. 2015, 6, 7321.
[CrossRef] [PubMed]

Hwang, I; Shen, X.; Sprent, ]. Direct stimulation of naive T cells by membrane vesicles from antigen-presenting cells: Distinct
roles for CD54 and B7 molecules. Proc. Natl. Acad. Sci. USA 2003, 100, 6670-6675. [CrossRef] [PubMed]

Fokkens, W.J.; Lund, V.J.; Hopkins, C.; Hellings, PW.; Kern, R.; Reitsma, S.; Toppila-Salmi, S.; Bernal-Sprekelsen, M.; Mullol, J.;
Alobid, I.; et al. European Position Paper on Rhinosinusitis and Nasal Polyps 2020. Rhinology 2020, 58, 1-464. [CrossRef]
[PubMed]

Ickrath, P,; Kleinsasser, N.; Ding, X.; Ginzkey, C.; Beyersdorf, N.; Hagen, R.; Kerkau, T.; Hackenberg, S. Characterization of T-cell
subpopulations in patients with chronic rhinosinusitis with nasal polyposis. Allergy Rhinol. 2017, 8, 139-147. [CrossRef] [PubMed]
Wahlgren, J.; Karlson Tde, L.; Glader, P.; Telemo, E.; Valadi, H. Activated human T cells secrete exosomes that participate in IL-2
mediated immune response signaling. PLoS ONE 2012, 7, e49723. [CrossRef] [PubMed]

Skokos, D.; Le Panse, S.; Villa, I.; Rousselle, ].C.; Peronet, R.; David, B.; Namane, A.; Mecheri, S. Mast cell-dependent B and
T lymphocyte activation is mediated by the secretion of immunologically active exosomes. J. Immunol. 2001, 166, 868-876.
[CrossRef]

Parker, D.; Prince, A. Innate immunity in the respiratory epithelium. Am. J. Respir. Cell Mol. Biol. 2011, 45, 189-201. [CrossRef]
Nocera, A.L.; Mueller, S.K,; Stephan, J.R.; Hing, L.; Seifert, P,; Han, X; Lin, D.T.; Amiji, M.M.; Libermann, T.; Bleier, B.S. Exosome
swarms eliminate airway pathogens and provide passive epithelial immunoprotection through nitric oxide. J. Allergy Clin.
Immunol. 2018. [CrossRef]

Wang, X.; Zhao, C.; Ji, W.; Xu, Y.; Guo, H. Relationship of TLR2, TLR4 and tissue remodeling in chronic rhinosinusitis. Int. J. Clin.
Exp. Pathol. 2015, 8, 1199-1212.


http://doi.org/10.1096/fj.201700248RR
http://doi.org/10.1016/j.bbrc.2020.02.058
http://doi.org/10.1002/cbin.11002
http://doi.org/10.1186/s13054-019-2339-3
http://doi.org/10.3892/mmr.2019.10107
http://www.ncbi.nlm.nih.gov/pubmed/30942467
http://doi.org/10.1111/all.14008
http://www.ncbi.nlm.nih.gov/pubmed/31386204
http://doi.org/10.1159/000493013
http://www.ncbi.nlm.nih.gov/pubmed/30408778
http://doi.org/10.1038/s41598-018-28655-9
http://doi.org/10.1111/j.1398-9995.2012.02835.x
http://doi.org/10.1080/20013078.2019.1684816
http://www.ncbi.nlm.nih.gov/pubmed/31762962
http://doi.org/10.3390/ijms18061285
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.1016/j.jaci.2010.06.039
http://doi.org/10.1124/pr.112.005983
http://doi.org/10.1038/ncomms8321
http://www.ncbi.nlm.nih.gov/pubmed/26084661
http://doi.org/10.1073/pnas.1131852100
http://www.ncbi.nlm.nih.gov/pubmed/12743365
http://doi.org/10.4193/Rhin20.401
http://www.ncbi.nlm.nih.gov/pubmed/32078669
http://doi.org/10.2500/ar.2017.8.0214
http://www.ncbi.nlm.nih.gov/pubmed/29070271
http://doi.org/10.1371/journal.pone.0049723
http://www.ncbi.nlm.nih.gov/pubmed/23166755
http://doi.org/10.4049/jimmunol.166.2.868
http://doi.org/10.1165/rcmb.2011-0011RT
http://doi.org/10.1016/j.jaci.2018.08.046

Diagnostics 2021, 11, 222 14 of 15

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Lehmann, R.; Muller, M.M.; Klassert, T.E.; Driesch, D.; Stock, M.; Heinrich, A.; Conrad, T.; Moore, C.; Schier, U.K.; Guthke, R.; et al.
Differential regulation of the transcriptomic and secretomic landscape of sensor and effector functions of human airway epithelial
cells. Mucosal. Immunol. 2018, 11, 627-642. [CrossRef]

Lin, J.; Tsuprun, V.; Kawano, H.; Paparella, M.M.; Zhang, Z.; Anway, R.; Ho, S.B. Characterization of mucins in human middle ear
and Eustachian tube. Am. ]. Physiol. Lung Cell Mol. Physiol. 2001, 280, L1157-L1167. [CrossRef] [PubMed]

McGauire, J.E Surfactant in the middle ear and eustachian tube: A review. Int. J. Pediatr. Otorhinolaryngol. 2002, 66, 1-15. [CrossRef]
Chalermwatanachai, T.; Vilchez-Vargas, R.; Holtappels, G.; Lacoere, T.; Jauregui, R.; Kerckhof, EM.; Pieper, D.H.; Van de Wiele, T.;
Vaneechoutte, M.; Van Zele, T.; et al. Chronic rhinosinusitis with nasal polyps is characterized by dysbacteriosis of the nasal
microbiota. Sci. Rep. 2018, 8, 7926. [CrossRef] [PubMed]

Ramakrishnan, V.R.; Feazel, L.M.; Gitomer, S.A.; Ir, D.; Robertson, C.E.; Frank, D.N. The microbiome of the middle meatus in
healthy adults. PLoS ONE 2013, 8, €85507. [CrossRef] [PubMed]

Fujita, Y.; Kadota, T.; Araya, J.; Ochiya, T.; Kuwano, K. Extracellular Vesicles: New Players in Lung Immunity. Am. |. Respir. Cell
Mol. Biol. 2018, 58, 560-565. [CrossRef] [PubMed]

Kuipers, M.E.; Hokke, C.H.; Smits, H.H.; Nolte-'t Hoen, E.N.M. Pathogen-Derived Extracellular Vesicle-Associated Molecules
That Affect the Host Immune System: An Overview. Front. Microbiol. 2018, 9, 2182. [CrossRef]

Schorey, ].S.; Cheng, Y.; Singh, P.P.; Smith, V.L. Exosomes and other extracellular vesicles in host-pathogen interactions. EMBO Rep.
2015, 16, 24-43. [CrossRef]

Kaparakis-Liaskos, M.; Ferrero, R.L. Immune modulation by bacterial outer membrane vesicles. Nat. Rev. Immunol. 2015, 15,
375-387. [CrossRef]

Armstrong, D.A.; Lee, M.K,; Hazlett, H.E; Dessaint, ].A.; Mellinger, D.L.; Aridgides, D.S.; Hendricks, G.M.; Abdalla, M.A K;
Christensen, B.C.; Ashare, A. Extracellular Vesicles from Pseudomonas aeruginosa Suppress MHC-Related Molecules in Human
Lung Macrophages. Immunohorizons 2020, 4, 508-519. [CrossRef]

Shen, Y.; Giardino Torchia, M.L.; Lawson, G.W.; Karp, C.L.; Ashwell, ].D.; Mazmanian, S.K. Outer membrane vesicles of a human
commensal mediate immune regulation and disease protection. Cell Host Microbe 2012, 12, 509-520. [CrossRef]

Choi, E.B.; Hong, S.W.; Kim, D.K,; Jeon, S.G.; Kim, K.R.; Cho, S.H.; Gho, Y.S,; Jee, Y.K.; Kim, Y.K. Decreased diversity of nasal
microbiota and their secreted extracellular vesicles in patients with chronic rhinosinusitis based on a metagenomic analysis.
Allergy 2014, 69, 517-526. [CrossRef] [PubMed]

Proud, D. Upper airway viral infections. Pulm. Pharmacol. Ther. 2008, 21, 468-473. [CrossRef] [PubMed]

Tan, K.S.; Lim, R.L; Liu, J.; Ong, HH,; Tan, V.J.; Lim, H.F,; Chung, K.F; Adcock, LM.; Chow, V.T.; Wang, D.Y. Respiratory Viral
Infections in Exacerbation of Chronic Airway Inflammatory Diseases: Novel Mechanisms and Insights From the Upper Airway
Epithelium. Front. Cell Dev. Biol. 2020, 8. [CrossRef] [PubMed]

Caobi, A.; Nair, M.; Raymond, A.D. Extracellular Vesicles in the Pathogenesis of Viral Infections in Humans. Viruses 2020, 12.
[CrossRef]

Altan-Bonnet, N. Extracellular vesicles are the Trojan horses of viral infection. Curr. Opin. Microbiol. 2016, 32, 77-81. [CrossRef]

Kesimer, M.; Scull, M.; Brighton, B.; DeMaria, G.; Burns, K.; O’Neal, W.; Pickles, R.J.; Sheehan, ] K. Characterization of exosome-
like vesicles released from human tracheobronchial ciliated epithelium: A possible role in innate defense. FASEB ]. 2009, 23,
1858-1868. [CrossRef]

Chahar, H.S.; Corsello, T.; Kudlicki, A.S.; Komaravelli, N.; Casola, A. Respiratory Syncytial Virus Infection Changes Cargo
Composition of Exosome Released from Airway Epithelial Cells. Sci. Rep. 2018, 8, 387. [CrossRef]

Mills, ].T.; Schwenzer, A.; Marsh, E.K.; Edwards, M.R.; Sabroe, I.; Midwood, K.S.; Parker, L.C. Airway Epithelial Cells Generate Pro-
inflammatory Tenascin-C and Small Extracellular Vesicles in Response to TLR3 Stimuli and Rhinovirus Infection. Front. Immunol.
2019, 10, 1987. [CrossRef]

Scheller, N.; Herold, S.; Kellner, R.; Bertrams, W.; Jung, A.L.; Janga, H.; Greulich, T.; Schulte, L.N.; Vogelmeier, C.E;
Lohmeyer, ].; et al. Proviral MicroRNAs Detected in Extracellular Vesicles From Bronchoalveolar Lavage Fluid of Patients With
Influenza Virus-Induced Acute Respiratory Distress Syndrome. J. Infect. Dis. 2019, 219, 540-543. [CrossRef]

Du, YM,; Zhuansun, Y.X.; Chen, R;; Lin, L.; Lin, Y.; Li, ].G. Mesenchymal stem cell exosomes promote immunosuppression of
regulatory T cells in asthma. Exp. Cell Res. 2018, 363, 114-120. [CrossRef]

Hough, K.P; Trevor, J.L.; Strenkowski, ].G.; Wang, Y.; Chacko, B.K.; Tousif, S.; Chanda, D.; Steele, C.; Antony, V.B.; Dokland, T.; et al.
Exosomal transfer of mitochondria from airway myeloid-derived regulatory cells to T cells. Redox Biol. 2018, 18, 54-64. [CrossRef]
[PubMed]

Sansone, P; Savini, C.; Kurelac, I.; Chang, Q.; Amato, L.B.; Strillacci, A.; Stepanova, A.; lommarini, L.; Mastroleo, C.; Daly, L.; et al.
Packaging and transfer of mitochondrial DNA via exosomes regulate escape from dormancy in hormonal therapy-resistant breast
cancer. Proc. Natl. Acad. Sci. USA 2017, 114, E9066-E9075. [CrossRef] [PubMed]

Panfoli, I.; Ravera, S.; Podesta, M.; Cossu, C.; Santucci, L.; Bartolucci, M.; Bruschi, M.; Calzia, D.; Sabatini, F.; Bruschettini, M.; et al.
Exosomes from human mesenchymal stem cells conduct aerobic metabolism in term and preterm newborn infants. FASEB |.
2016, 30, 1416-1424. [CrossRef] [PubMed]

Kulshreshtha, A.; Ahmad, T.; Agrawal, A.; Ghosh, B. Proinflammatory role of epithelial cell-derived exosomes in allergic airway
inflammation. . Allergy Clin. Immunol. 2013, 131, 1194-1203. [CrossRef] [PubMed]


http://doi.org/10.1038/mi.2017.100
http://doi.org/10.1152/ajplung.2001.280.6.L1157
http://www.ncbi.nlm.nih.gov/pubmed/11350794
http://doi.org/10.1016/S0165-5876(02)00203-3
http://doi.org/10.1038/s41598-018-26327-2
http://www.ncbi.nlm.nih.gov/pubmed/29784985
http://doi.org/10.1371/journal.pone.0085507
http://www.ncbi.nlm.nih.gov/pubmed/24386477
http://doi.org/10.1165/rcmb.2017-0293TR
http://www.ncbi.nlm.nih.gov/pubmed/29115853
http://doi.org/10.3389/fmicb.2018.02182
http://doi.org/10.15252/embr.201439363
http://doi.org/10.1038/nri3837
http://doi.org/10.4049/immunohorizons.2000026
http://doi.org/10.1016/j.chom.2012.08.004
http://doi.org/10.1111/all.12374
http://www.ncbi.nlm.nih.gov/pubmed/24611950
http://doi.org/10.1016/j.pupt.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17669673
http://doi.org/10.3389/fcell.2020.00099
http://www.ncbi.nlm.nih.gov/pubmed/32161756
http://doi.org/10.3390/v12101200
http://doi.org/10.1016/j.mib.2016.05.004
http://doi.org/10.1096/fj.08-119131
http://doi.org/10.1038/s41598-017-18672-5
http://doi.org/10.3389/fimmu.2019.01987
http://doi.org/10.1093/infdis/jiy554
http://doi.org/10.1016/j.yexcr.2017.12.021
http://doi.org/10.1016/j.redox.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/29986209
http://doi.org/10.1073/pnas.1704862114
http://www.ncbi.nlm.nih.gov/pubmed/29073103
http://doi.org/10.1096/fj.15-279679
http://www.ncbi.nlm.nih.gov/pubmed/26655706
http://doi.org/10.1016/j.jaci.2012.12.1565
http://www.ncbi.nlm.nih.gov/pubmed/23414598

Diagnostics 2021, 11, 222 15 of 15

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Gupta, R.; Radicioni, G.; Abdelwahab, S.; Dang, H.; Carpenter, ].; Chua, M.; Mieczkowski, P.A.; Sheridan, J.T.; Randell, S.H.;
Kesimer, M. Intercellular Communication between Airway Epithelial Cells Is Mediated by Exosome-Like Vesicles. Am. J. Respir.
Cell Mol. Biol. 2019, 60, 209-220. [CrossRef] [PubMed]

Lee, H.; Zhang, D.; Laskin, D.L.; Jin, Y. Functional Evidence of Pulmonary Extracellular Vesicles in Infectious and Noninfectious
Lung Inflammation. J. Immunol. 2018, 201, 1500-1509. [CrossRef]

Li, Z.G.; Scott, M.].; Brzoska, T.; Sundd, P;; Li, Y.H.; Billiar, T.R.; Wilson, M.A.; Wang, P.; Fan, ]J. Lung epithelial cell-derived IL-25
negatively regulates LPS-induced exosome release from macrophages. Mil. Med. Res. 2018, 5, 24. [CrossRef]

Eltom, S.; Dale, N.; Raemdonck, K.R.; Stevenson, C.S.; Snelgrove, R/].; Sacitharan, PX.; Recchi, C.; Wavre-Shapton, S.; McAuley, D.E;
O’Kane, C; et al. Respiratory infections cause the release of extracellular vesicles: Implications in exacerbation of asthma/COPD.
PLoS ONE 2014, 9, €101087. [CrossRef]

Benedikter, B.].; Volgers, C.; van Eijck, PH.; Wouters, E.EM.; Savelkoul, PH.M.; Reynaert, N.L.; Haenen, GRM.M.; Rohde, G.G.U,;
Weseler, A.R.; Stassen, ER.M. Cigarette smoke extract induced exosome release is mediated by depletion of exofacial thiols and
can be inhibited by thiol-antioxidants. Free Radic. Biol. Med. 2017, 108, 334-344. [CrossRef]

Hofmann, L.; Ludwig, S.; Vahl, ].M.; Brunner, C.; Hoffmann, T.K.; Theodoraki, M.-N. The Emerging Role of Exosomes in
Diagnosis, Prognosis, and Therapy in Head and Neck Cancer. Int. . Mol. Sci. 2020, 21. [CrossRef]

Chaput, N.; Thery, C. Exosomes: Immune properties and potential clinical implementations. Semin. Immunopathol. 2011, 33,
419-440. [CrossRef] [PubMed]

Roman-Canal, B.; Moiola, C.P,; Gatius, S.; Bonnin, S.; Ruiz-Miro, M.; Gonzalez, E.; Ojanguren, A.; Recuero, J.L.; Gil-Moreno, A.;
Falcon-Perez, ].M.; et al. EV-associated miRNAs from pleural lavage as potential diagnostic biomarkers in lung cancer. Sci. Rep.
2019, 9, 15057. [CrossRef] [PubMed]

Wang, X.; Jiang, X.; Li, ].; Wang, J.; Binang, H.; Shi, S.; Duan, W.; Zhao, Y.; Zhang, Y. Serum exosomal miR-1269a serves as a
diagnostic marker and plays an oncogenic role in non-small cell lung cancer. Thorac. Cancer 2020, 11, 3436-3447. [CrossRef]
Whiteside, T.L. Validation of plasma-derived small extracellular vesicles as cancer biomarkers. Nat. Rev. Clin. Oncol. 2020, 17,
719-720. [CrossRef] [PubMed]

Chung, C.C.; Huang, PH.; Chan, L.; Chen, ].H.; Chien, L.N.; Hong, C.T. Plasma Exosomal Brain-Derived Neurotrophic Factor
Correlated with the Postural Instability and Gait Disturbance-Related Motor Symptoms in Patients with Parkinson’s Disease.
Diagnostics 2020, 10. [CrossRef]

Galardi, A.; Colletti, M.; Lavarello, C.; Di Paolo, V.; Mascio, P.; Russo, I.; Cozza, R.; Romanzo, A.; Valente, P.; De Vito, R.; et al.
Proteomic Profiling of Retinoblastoma-Derived Exosomes Reveals Potential Biomarkers of Vitreous Seeding. Cancers 2020, 12.
[CrossRef]

Zhang, Z.; Zhang, L.; Yu, G.; Sun, Z.; Wang, T.; Tian, X.; Duan, X.; Zhang, C. Exosomal miR-1246 and miR-155 as predictive and
prognostic biomarkers for trastuzumab-based therapy resistance in HER2-positive breast cancer. Cancer Chemother. Pharmacol.
2020, 86, 761-772. [CrossRef]

Muraoka, S.; Jedrychowski, M.P,; Yanamandra, K,; Ikezu, S.; Gygi, S.P; Ikezu, T. Proteomic Profiling of Extracellular Vesicles
Derived from Cerebrospinal Fluid of Alzheimer’s Disease Patients: A Pilot Study. Cells 2020, 9. [CrossRef]

Zhou, R.; Wang, L.; Zhao, G.; Chen, D.; Song, X.; Momtazi-Borojeni, A.A.; Yuan, H. Circulating exosomal microRNAs as emerging
non-invasive clinical biomarkers in heart failure: Mega bio-roles of a nano bio-particle. IUBMB Life 2020, 72, 2546-2562. [CrossRef]


http://doi.org/10.1165/rcmb.2018-0156OC
http://www.ncbi.nlm.nih.gov/pubmed/30230353
http://doi.org/10.4049/jimmunol.1800264
http://doi.org/10.1186/s40779-018-0173-6
http://doi.org/10.1371/journal.pone.0101087
http://doi.org/10.1016/j.freeradbiomed.2017.03.026
http://doi.org/10.3390/ijms21114072
http://doi.org/10.1007/s00281-010-0233-9
http://www.ncbi.nlm.nih.gov/pubmed/21174094
http://doi.org/10.1038/s41598-019-51578-y
http://www.ncbi.nlm.nih.gov/pubmed/31636323
http://doi.org/10.1111/1759-7714.13644
http://doi.org/10.1038/s41571-020-00433-5
http://www.ncbi.nlm.nih.gov/pubmed/32943766
http://doi.org/10.3390/diagnostics10090684
http://doi.org/10.3390/cancers12061555
http://doi.org/10.1007/s00280-020-04168-z
http://doi.org/10.3390/cells9091959
http://doi.org/10.1002/iub.2396

4,

Podsumowanie i wnioski

Dane literaturowe wskazujg na istotng role zmian aktywnosci uktadu odpornosciowego
w patogenezie przewlektego zapalenia zatok przynosowych. W oparciu o przeglad literatury
powstata praca poglgdowa pt. ,/mmunological Aspects of Chronic Rhinosinusitis”, opisujaca
aktywnosé poszczegdlnych sktadowych uktadu odpornosciowego oraz zaburzen w btonie Sluzowe;j
wyscietajacej jamy nosa i zatoki przynosowe w przebiegu choroby. Dokonana w pracy analiza
literatury wykazata udziat poszczegdlnych populacji komdérek immunologicznych w rozwoju
przewlektego stanu zapalnego oraz obecnos¢ zmian strukturalnych i funkcjonalnych jakie majg
miejsce w nabtonku gérnych drég oddechowych. Zwrdécono takze uwage na szczegdlng role
$ciezek TGFB/Smad i HMGB1/RAGE, ktére zaangazowane sg w przebudowe tkanki towarzyszaca
PZZP.

W zwigzku z tym, ze etiopatogeneza PZZP oraz profil molekularny poszczegdlnych endotypéw
choroby pozostajg nadal stabo poznane, a najnowsze doniesienia naukowe podkreslajg znaczaca
role matych pecherzykéw zewnatrzkomérkowych, tzw. egzosomow, w patogenezie licznych
choréb, w kolejnej pracy pogladowej pt. ,The Emerging Role of Small Extracellular Vesicles in
Inflammatory Airway Diseases” przeprowadzony zostat przeglad literatury, ktérego celem byta
ocena znaczenia pecherzykbw w chorobach gérnych drég oddechowych zwigzanych
z przewlektym stanem zapalnym, ze szczegdlnym uwzglednieniem PZZP. W artykule opisano
biogeneze powstawania egzosomow, rodzaje transportowanego przez nie tadunku
molekularnego oraz ich funkcje w warunkach fizjologicznych i patologicznych. Szczegdlng uwage
skoncentrowano na przedstawieniu badan pokazujacych role egzosoméw w patogenezie PZZP
oraz innych schorzed goérnych drég oddechowych, a takze wskazaniu ich potencjatu do
zastosowan diagnostycznych i terapeutycznych w przysztosci. W pracy zostaty zawarte takze
nasze wstepne, nieopublikowane analizy dotyczace izolacji i charakterystyki markeréw
egzosomo&w z 0socza pacjentow z PZZP.

Jak wskazaty liczne doniesienia naukowe, w patogenezie PZZP szczegdlng role odgrywajg

egzosomy wydzielane przez nabtonek gérnych drég oddechowych. Wiele badan wykazato, ze
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pecherzyki stanowig odzwierciedlenie produkujacych je komédrek. Zatem ocena ekspres;ji
wybranych antygendw w tkankach pacjentéw z PZZP, a nastepnie w izolowanych z poptuczyn jam
nosa lub osocza pecherzykdw, moze pozwoli¢ na identyfikacje nowych mechanizmdéw
zaangazowanych w patogeneze oraz postuzyé do opracowania biomarkeréw choroby
pozwalajgcych na jej tatwiejszg diagnostyke oraz leczenie. To sktonito nas do oceny ekspresji
wybranych antygenéw w nabtonku oddechowym pacjentdéw, co zostato opisane w kolejnej pracy
pt. ,Evaluation of CNPase and TGFB81/Smad Signalling Pathway Molecule Expression in Sinus
Epithelial Tissues of Patients with Chronic Rhinosinusitis with (CRSwWNP) and without Nasal Polyps
(CRSsNP)”. Celem badan byta ocena ekspresji w nabtonku oddechowym czastek TGFB1, Smad2,
pSmad3 oraz CNPazy. Do badan wykorzystano tkanki pobrane od pacjentéw poddawanych
Funkcjonalnym Endoskopowym Operacjom Zatok Przynosowych (FESS) oraz pacjentéow
operowanych z przyczyn innych niz PZZP (gtéwnie septoplastyki) stanowigcych grupe kontrolna.
Analiza immunohistochemiczna wykazata dodatnig ekspresje TGFB1, Smad2, pSmad3 oraz
CNPazy w nabtonku oddechowym oraz naciekach zapalnych zlokalizowanych w warstwie
podnabfonkowej u pacjentéw ze wszystkich trzech grup: PZZPbP, PZZPzP i grupy kontrolne;j.
Poziom ekspresji Smad2 byt wyzszy w przypadku pacjentdow z PZZPbP niz PZZPzP i kontrolnych,
pSmad3 i TGFP1 wyziszy u PZZPzP niz kontrolnych, natomiast poziom CNPazy byt nizszy
u pacjentdw PZZPbP niz kontrolnych. Dodatkowo, zaobserwowano pozytywna korelacje
pomiedzy ekspresjg CNPazy i TGFB1 u pacjentdw PZZPbP, co sktonito nas do wykonania barwienia
immunofluorescencyjnego, w ktérym zauwazyliSmy kolokalizacje obu biatek w obszarze
nabtonka. Uzyskane wyniki sugerujg mozliwe wspoétdziatanie sciezki TGFB1 i CNPazy nieopisane
do tej pory w przypadku patogenezy PZZP. Co wiecej, zgodnie z naszg wiedzg jako pierwsi
wykazalismy ekspresje CNPazy w nabtonku gérnych drég oddechowych pochodzacym z zatok
przynosowych. Dodatkowo, wczesniej przeprowadzone badania sugerujg role CNPazy w regulacji
stezenia matych pecherzykéow zewnatrzkomoérkowych [80], ktdre jak opisaliémy w naszej pracy
pogladowej odgrywajg istotng role w patogenezie PZZP.

W naszych badaniach zaobserwowalismy takze podwyzszony poziom obecnych we krwi

eozynofilii u pacjentdw z polipami w poréwnaniu do grupy kontrolnej oraz jego pozytywna
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korelacje z TGFB1. Poziom eozynofilii we krwi korelowat takze dodatnio z poziomem ekspresji
nabtonkowej CNPazy zaréwno w przypadku PZZPzP, jak i PZZPbP.

Analiza statystyczna wykazata réwniez korelacje pomiedzy nabtonkowa ekspresja TGFB1,
Smad2 i pSmad3, a wybranymi symptomami PZZP, co moze sugerowaé ich wazing role
w przebudowanie tkanki i znalazto takze istotne statystycznie przetozenie w samopoczuciu
pacjentéw.

Badania przeprowadzone w ramach pracy doktorskiej wykazaty pozytywng ekspresje TGFB1,
Smad2, pSmad3 oraz CNPazy w nabfonku oddechowym pacjentdéw z przewlektym zapaleniem
zatok oraz grupy kontrolnej, jednak zaobserwowano statystycznie istotne réznice w poziomie
ekspresji poszczegdlnych antygenéw pomiedzy grupami pacjentdw, co pozwala wnioskowac ich
mozliwe odmienne zaangazowanie w poszczegolnych endotypach choroby. Ponadto jako pierwsi
wykazalismy obecnos¢ CNPazy w nabtonku pochodzacym od pacjentéw z PZZP oraz jej mozliwe
wspotdziatanie z TGFB1l, co sugeruje istnienie niepoznanej dotad sciezki molekularnej
zaangazowanej w patogeneze choroby. Istotny jest takze fakt, iz CNPaza, moze przyczyniac sie do
regulacji wydzielania egozosmdw, ktérych funkcjonowanie ma ogromne znaczenie dla aktywnosci
komoérek uktadu odpornosciowego i komdrek budujgcych wyscietajgca zatoki przynosowe btone
Sluzowa. Biorgc pod uwage doniesienia wskazujace, ze egzosomy odzwierciedlajg aktywnosé
wydzielajacych je komérek, w kolejnych etapach badan warto bedzie ocenié przenoszony przez
nie fadunek molekularny i jego powigzanie z nabtonkowg ekspresjg ocenianych przez nas w tej
pracy antygendw. Przeprowadzone w ramach pracy doktorskiej badania mogg otworzyé sciezke
do odkrycia niepoznanych dotagd mechanizmdw patogenezy choroby, ustalenia specyficznych dla
danego endotypu biomarkerdw i w przysztosci skuteczniejszych metod diagnostycznych oraz
terapeutycznych.

Préba znalezienia nowych biomarkeréw PZZP byta jednym z celéw badan w ramach
przedstawione] dysertacji. Odnalezienie nowych biomarkeréw choroby odwzorowujgcych
molekularny profil danego typu PZZP jest niezwykle wazne ze wzgledu na potrzebe opracowania
metod diagnostycznych pozwalajgcych na specyficzne, szybkie, efektywne, szeroko dostepne
zdiagnozowanie poszczegdlnych typdw choroby umozliwiajagce ukierunkowanie leczenie

pacjentdw. Nowe biomarkery poszczegdlnych typow PZZP mogg takze stanowi¢ punkt uchwytu
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dla opracowania nowych terapii majgcych na celu przywrécenie prawidtowego funkcjonowania
zatok przynosowych lub zapobieganie nawrotom choroby i koniecznosci ponownych operacji.
Wyniki przedstawionych badan pokazujgce rdznice w ekspresji poszczegdlnych antygendw
pomiedzy typami PZZP lub w odniesieniu do grupy kontrolnej mogg z jednej strony otworzy¢
Sciezke do poznania nowych mechanizméw patogenezy choroby, z drugiej stanowi¢ potencjalne
biomarkery do zastosowan diagnostycznych i terapeutycznych. Co istotne, podwyzszony poziom
eozynofilii we krwi pacjentdw z PZZPzP oraz ich korelacja z nabtonkowg ekspresjg TGFB1 i CNPazy
moze mie¢ takie znaczenie prognostyczne oraz przyczyni¢ sie do ulepszenia obecnie
obowigzujgcych kryteridw wtgczenia pacjentdow do leczenia biologicznego, gdzie jednym
z istotnych czynnikdw branych pod uwage jest eozynofilia. W celu potwierdzenia potencjalnej
mozliwosci zastosowania uzyskanych wynikéw dotyczacych badanych antygendw jako
biomarkeréw choroby, nalezy przeprowadzi¢ analize z wigczeniem znaczaco wiekszej ilosci
chorych oraz pacjentéw stanowigcych grupe kontrolng. Do badania przedstawionego w ramach
niniejszej pracy witgczeni zostali pacjenci poddawani pierwszorazowo operacji FESS. Bazujac na
danych literaturowych oraz przeprowadzonych w ramach badan obserwacjach, warto bytoby
przeprowadzi¢ analizy ekspresji antygendw takze w tkankach pobieranych od pacjentéw
operowanych ponownie z powodu nawrotu choroby, co datoby szanse na uchwycenie nowych
biomarkeréw wspomagajacych réwniez monitorowanie i prognozowanie przebiegu choroby oraz
jej nawrotowosci przyczyniajgc sie do przetozenia na skuteczniejsze leczenie PZZP, a co

najwazniejsze ostatecznie poprawie zdrowia i jakosci zycia pacjentow.
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5. Opinia Komisji Bioetycznej

CENTRUM MEDYCZNE KSZTALCENIA PODYPLOMOWEGO
ul. Marymoncka 99/103, 01 - 813 Warszawa

KOMISJA BIOETYCZNA
Tel.: + (48)22 56 D1 066 www.cinkp.edupl komisja. bioetycana@cmkp edu pl

Uchwala Komisji Bioetycznej nr 50/PB/2019
T Ke -;-1-_.‘1-

Z dnia i,

Komisja Bioetyczna przy Centrum Medycznym Kszialcenia Podyplomowegoe powolana przez

Dyrekiora Centrum Medycznego Ksztalcenia Podyplomowego Zarzadzeniem nr 116/2018

z dnia 10.09.2018r. zapoznala sie z wnioskiem o wyrazenie opinii o projekcie eksperymentu

medycznego/badania klinicznego:

pt: ,Ocena ekspresji wybranych receptorow odpornosci wrodzone] na komérkach nablonka
oddechowego fjamy nosa w przewleklym zapaleniu zatok przynosowych
z polipami lub bez polipow”

zgloszonym przez ghéwnego badacza:

lek. Katarzyne Czerwaty

miejsce przeprowadzenia badania:

Klinika Otolaryngologii CMKP

Mazowiecki Szpital Brodnowski Sp. z 0. 0.
Brédnowskie Centrum Kliniczne

ul. Kondratowicza 8, 03-242 Warszawa

Po zapoznaniu sig z catoscig dokumentacji Komisja Bioetyczna dzialajac zgodnie z art. 29 ust. 2, 2a

ustawy z dnia 5 grudnia 1996 r. o zawodach lekarza i lekarza dentysty (Dz. U z 2019r., poz. 537)i§6

rozporzadzenia Ministra Zdrowia | Opieki Spoleczne] z dnia 11 maja 1999 roku w sprawie

szczegdlowych zasad powolywania i finansowania oraz trybu dziatania komisji bioetycznych (Dz. U.

Nr 47, poz. 480 ) oraz zasadami Dobrej Praktyki Klinicznej GCP:

- wyrazita pozylywna opinie” o rozpoczeciy eksperymentu medycznego/badania klinicznego
zgodnie z przedstawionym wnioskiem, o ktérym stanowi Zatacznik nr 1 do niniejszej uchwaly.

- edrzucila-wniosek® z powedu:

{ * - niepotrzabne skreslic )

i e v
ML
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6. Oswiadczenia wspétautorow publikacji okreslajace indywidualny wkiad

Warszawa, 05.11.2024 r.

Mgr Kalarzyna Piszczatowska

OSWIADCZENIE

Jako wspdlautor pracy pt. ,Evaluation of CNPase and TGFB1/Smad Signalling
Pathway Molecule Expression in Sinus Epithelial Tissues of Patients with Chronic
Rhinosinusitis with (CRSwNP) and without Nasal Polyps (CRSsNP)Y" oswiadczam, 12 mdj
whasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedsiawienie pracy w formie publikacji stanowi: udzial w przygotowaniu metodologii
badan, przeprowadzenie badan, analiza i interpretacja danych doswiadczalnych, redakcja
manuskryptu, wizualizacie danych, sprawy administracyjne zwigzane z projekiem, czgsciowe

finansowanie.

M) udzial proceniowy w przygotowaniu publikacji okreslam jako 409,

{podpis oswiadczajgcego)

w szi;.:ugdlnué{:i udaulu w preygotowaniu koneepeii. metody ki wykonaniu badar, imerpretsci wyniking
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Warszawa, 05.11.2024 r.

Mgr Katarzyna Piszczatowska

OSWIADCZENIE

Jako wspdlautor pracy pt. ,,The Emerging Role of Small Extracellular Vesicles in
Inflammatory Airway Diseases” odwiadczam, iz méj wihasny wklad merytoryezny w
przygotowanie, przeprowadzenie i opracowanie badaf oraz przedstawienie pracy w formie

publikacji stanowi: pisanie oryginalnej wersji artykutu, edytowanie i wizualizacje.

Méj udzial procentowy w przygotowaniu publikacji okre$lam jako 40%.

{podpis oswiadczajacego)

*w szezegblnoscl udoudu w preygowowanu koncepe, metodyki, wykenaniu badan, imerpretacii wynikow
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Warszawa, 05.11.2024 r.

Mgr Katarzyna Piszczatowska

OSWIADCZENIE
Jako wspolautor pracy pt. ,Immunological Aspects of Chronic Rhinosinusitis™
ofwiadczam, iz mdj wilasny wklad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: przeglad
literatury, przygotowanie grafik i edycja tekstu.
MGj udzial procentowy w przygotowaniu publikacji okreslam jako 30%.

(podpis oswiadczajacego)

*w szezegOlnoser wilzanlo w preygotowaniy koneepe i, metodyks, wykonunin badun, imerpreme)n wynikin
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Warszawa, 05.11.2024 r.

Dr hab. n.med. Miroslaw Szczepanski

OSWIADCZENIE

Jako wspolautor pracy pt. .Evaluation of CNPase and TGFf1/Smad Signalling
Pathway Molecule Expression in Sinus Epithelial Tissues of Patients with Chronic
Rhinosinusitis with (CRSwNP) and without Nasal Polyps (CRSsNP)" oswiadczam, iz mdj
wiasny wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi: konceptualizacja badan, udzial
w przygotowaniu metodologii badan, walidacja, analiza formalna, przeprowadzenie badan,
analiza danych, zbieranic materialu klinicznego, pisanie i edytowanie manuskryptu,

wizualizacje, nadzor, administracja i finansowanie projektu.

Méj udzial procentowy w przygotowaniu publikacji okreslam jako 30%.
Wklad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%,
(imig 1 naewisko kandydata do stopria)
obejmowal on: udzial w przygotowaniu metodologii badan, przeprowadzenie badan, analizg

i interpretacje danych doswiadczalnych, redakcje manuskryptu, wizualizacje danych, sprawy

administracyjne zwigzane z projektem, czesciowe finansowanie.

{merytorvezny opis whladu kandydaia do stopnia w powstanie publikacjij*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgsé rozprawy doktorskiej

mgr Katarzyny Piszczatowskiej.

(imig 1 nazwisko kandydata do stopmin)

*w szezegolnosei udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow



Warszawa, 05.11.2024 r.

Dr hab. n.med. Miroslaw Szczepanski

OSWIADCZENIE

Jako wspolautor pracy pt. .The Emerging Role of Small Extracellular Vesicles in
Inflammatory Airway Diseases” oswiadczam, iz mo) wlasny wklad merytoryczny
w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: opracowanie koncepcji, pisanie i edytowanie manuskryptu, wizualizacje,
praca nad sprawami administracyjnymi, nadzorczymi i finansowymi zwigzanymi

z przygotowaniem artykulu.

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 40%.

Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%.
{imig | nazwisko kandvdata do stopria)
obejmowal on: pisanie oryginalnej wersji artykulu, edytowanie, wizualizacje.

(merytoryezny opis whindu kandydata do stopnia w powstanie publikacji)®
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze¢éé rozprawy doktorskiej
mgr Katarzyny Piszczatowskiej.

(g 1 nazwisko kandydats do stopmia)

........................

iadczajacego)

*w szczegolnosci udzialu w preygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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Warszawa, 05.11.2024 r.

Dr hab. n.med. Miroslaw Szczepanski

OSWIADCZENIE

Jako wspdlautor pracy pt. JImmunological Aspects of Chronic Rhinosinusitis™
oswiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: opracowanie
koncepeji, pisanie i edytowanie manuskryptu, analiz¢ formalng oraz nadzér
nad przygotowaniem artykulu.

Mo udzial procentowy w przygotowaniu publikacji okreslam jako 20%.
Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 30%.
(g 1 nazwisko kandydata do stopnia)
obejmowal on: przeglad literatury, przygotowywanie grafik oraz edycje tekstu.
(merytoryczny opis wkindu kandydatn do stopnia w powstanie publikacji)®

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czedéé rozprawy doktorskiej

mgr Katarzyny Piszczatowskiej.
(g i nazwisko kundydala do stopnim)

*w szczegolnosei udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badas, interpretacji wynikow
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Warszawa, 13.11.2024 r.

Lek. Katarzyna Czerwaty

OSWIADCZENIE

Jako wspétautor pracy pt. ,Evaluation of CNPase and TGFB1/Smad Signalling
Pathway Molecule Expression in Sinus Epithelial Tissues of Patients with Chronic
Rhinosinusitis with (CRSwNP) and without Nasal Polyps (CRSsNP” o$wiadczam, iz maj
wlasny wkiad merytoryczny W przygotowanie, przeprowadzenie i opracowanic badarn
oraz przedstawienie pracy w formie publikacji stanowi: zbieranie materiatu i danych

Klinicznych, walidacja i analiza danych.

Méj udzial procentowy w przygotowaniu publikacji okreslam jako 12%.
Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%,
(imig i nazwisko kandydata do stopnia)
obejmowal on: udzial w przygotowaniu metodologii badan, przeprowadzenic badai, analizg
i interpretacj¢ danych do$wiadczalnych, redakcje manuskryptu, wizualizacje danych, sprawy
administracyjne zwigzane z projektem, czgsciowe finansowanie.
(merytoryermy opis wkiadu kandydata do stopmia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$é rozprawy doktorskiej
mgr Katarzyny Piszczatowskiej.
(imig i nazwisko kandydata do stopnia)

Kofom Gromy
Mp&

(podpis o$wiadczajacego)

*w szezegdinoéci udziatu w przygotowaniu koneepeji. metodyki, wykonaniu bada, interpretacji wynikow



Warszawa, 13.11.2024 r.

Lek. Katarzyna Czerwaty

OSWIADCZENIE

Jako wspolautor pracy pt. . The Emerging Role of Small Extracellular Vesicles
in Inflammatory Airway Diseases” o$wiadczam, iz méj wiasny wkiad merytoryczny
w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: przeglad literatury i przygotowanie czgdci grafik.

Mbj udzial procentowy w przygotowaniu publikacji okreslam jako 7%.
Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%,
(imi | nazwisko kandydata do stopia)
obejmowat on: pisanie oryginalnej wersji artykulu, edytowanie, wizualizacje.
{merytorycany opis wkiadu kundydata do stopnia w powstanie publikacji)®

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg8¢ rozprawy doktorskiej
mgr Katarzyny Piszczatowskiej.

(imi¢ i nazwisko kandydata do stopnia)

-----------------------------------------------

(podpis oéwiadczajacego)

#y szezegblnodei udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badad, interpretacji wynikow



Warszawa, 13.11.2024 r.

Lek. Katarzyna Czerwaty

OSWIADCZENIE

Jako wspotautor pracy pt. Jmmunological Aspects of Chronic Rhinosinusitis™
oéwiadczam, iz moj wilasny wkiad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: pisanie
i redakcje manuskryptu oraz przygotowywanic ostatecznej wersji artykufu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 40%.

Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 30%.
(imig i nazwisko kandydata do stopnia)

obejmowat on: przeglad literatury, przygotowywanie grafik oraz edycje tekstu.

(merytoryezny opis wkiadu kandydata do stopnin w pawstanie publikazji)*

Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako czesé rozprawy doktorskie]
mgr Katarzyny Piszczatowskiej.
{imig | nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*y szezegdlnodci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badun, interpretacji wynikow



Warsaw, 07.11.2024

Dr Nils Ludwig

OSWIADCZENIE

Jako wspolautor pracy pt. .Evaluation of CNPase and TGFp1/Smad Signalling Pathway
Molecule Expression in Sinus Epithelial Tissues of Patients with Chromic Rhunosinusitis with
(CRSwWNP) and without Nasal Polyps (CRSsNP)” oswiadezam. 1z mo) wlasny wklad merytoryczny
w przygotowanie, przeprowadzemie 1 opracowanie badan oraz przedstawiemie pracy w formie
publikacy1 stanowi: prsame manuskryptu, analiza formalna 1 wahidacja.

Mo udzial procentowy w przygotowaniu publikacji okreslam jako 4%.
Wkiad Katarzyny Piszczatowskie) w powstawame publikacy okreslam jako 40%,
(umie 1 nazwisko kandydata do stopma)
obejmowal on: udzial w przygotowaniu metodologii badan, przeprowadzenie badan, analize
1 mterpretacje danych doswiadezalnych. redakcje manuskryptu, wizualizacje danych, sprawy
adnumstracyjne zwiazane z projektem, czesciowe finansowanie.
(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*
Jednoczesme wyrazam zgode na wykorzystame w/w pracy jako czes¢ rozprawy doktorskiej
mgr Katarzyny Piszczatowskie).
(imie 1 nazwisko kandydata do stopma)
*w szezegolnoser udzialu w przygotowamu koneepeji, metodyki, wykonaniu badai, interpretacji
wymkow
STATEMENT

As the Co-Author of the publication: ., Evaluation of CNPase and TGFp1/Smad Signalling
Pathway Molecule Expression m Swmus Epithelial Tissues of Patients with Chrome Rlunosinusitis with
(CRSwNP) and without Nasal Polyps (CRSsNP)” I declare my substantive contribution to the
preparation. conduction and describe of research and presenting study in the article concerned: writing
manuscript, formal analysis and validation.

My percentage contribution in the article preparation I estimate 4%.
Contribution of Katarzyna Piszezatowska in the creation of publication [T estimate as 40%,
{name and sumame of the PhD candidate)
And 1t mclude; participation i the methodology preparation, research conduction, data analysis
and mterpretation, manuscript redaction, visualization, admimstration and partially funding.
(substantive description of the candidate contribution to the article)*
At the same time, I consent to the use of above-mentioned publication as the part of the
PhD dissertation of Katarzyna Piszezatowska, MSc.
(name and sumame of the PhD candidate)

*in particular contmibution to the preparation of concept, methodology, realization, mterpretation of results



Warsaw. 07.11.2024

Dr Nils Ludwig

OSWIADCZENIE

Jako wspolautor pracy pt. ., The Emerging Role of Small Extracellular Vesicles
in Inflammatory Awrway Diseases™ oswiadezam. 1z mé) wilasny wklad merytoryvezny
W przygotowanie. przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: pisanie oryginalnej wersji artykulu i edytowanie.

Magj udzial procentowy w przvgotowanin publikacji okreélam jako
Wklad Katarzyny Piszezatowskiej w powstawanie publikacji okreslam jako 40%.
(imie i nazwisko kandydata do stopnia)
obejmowal on: pisanie oryginalnej wersji artykuhu, edytowanie, wizualizacje.
(merytoryczny opis whladu kandydata do stopnia w powstanie publiacyi)®
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czesé¢ rozprawy doktorskiej
mgr Katarzyny Piszezatowskiej.

(imie § nazwisko kandydata do stopnia)
*w szezegolnoscl udzialu w przygotowamu koncepeji. metodyk, wykonamu badan, nterpretacy wymkow

STATEMENT

As the Co-Author of the publication: .. The Emerging Role of Small Extracellular
Vesicles mn Inflammatory Aiurway Diseases”™ I declare my substantive contribution
to the preparation. conduction and describe of research and presenting study in the article
concerned: writing of the original manuseript and edition.

My percentage contribution in the article preparation I estimate 10%,.

Contribution of Katarzyna Piszczatowska in the creation of publication I estimate as 40%.
(name and surname of the PhD candidate)
and 1t include: writing of the original manuscript. edition and visualization.
(substannive desenption of the candidate contribution 1o the article)®

At the same time. I consent to the use of above-mentioned publication as the part of the

PhD dissertation of Katarzyna Piszczatowska. MSc.
(name and surname of the PhD candidate) A/

(Signarure of Declarant)

*in particular contribution to the preparation of concept, methodology, realization, interpretation of results



Warsaw, 07.11.2024

Dr Nils Ludwig

OSWIADCZENIE

Jako wspolautor pracy pt. . JImmunological Aspects of Chronic Rhinosinusitis™
oswiadezam, iz moj wlasny wklad mervtoryezny w przygotowanie. przeprowadzenie
1 opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: praca nad
koncepeja artykulu. pisanie 1 edytowanie manuskryptu oraz analiza formalna.

Ma) udzial procentowy w przygotowaniu publikac) okresiam jako 5%o.
Wklad Katarzyny Piszezatowskiej w powstawanie publikacji okreslam jako 30%.
(imig i nazwisko kandydata do stopnia)
obejmowal on: przeglad literanury. przygotowanie grafik i edycje teksm.
(merytoryezny opis wkladu kandydata do stopaia w powstanie publibacp)®
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czedé rozprawy doktorskie
mgr Katarzyny Piszczatowskiej.

{1mi¢ 1 nazrwisko kandydata do stopnua)
*w szezegolnosel udziatn w przygotowani koncepe)i, metodyk:, wykonamiu badan, interpretacy wymkow

STATEMENT

As the Co-Author of the publication: .Immunological Aspects of Chronic
Rlunosinusitis™ I declare my substantive contribution to the preparation. conduction
and describe of research and presenting study in the article concerned: conception of article.
writing and editing of the original manuscript. formal analysis,

My percentage contribution in the article preparation I estimate 5%.

Contribution of Katarzyna Piszczatowska in the creation of publication I estimate as 30%.
({name and sumame of the PhD candidate)
and it mnclude: literature review. graphics preparation and text edition.
(substantive description of the candidate contribution to the article)*

At the same time. I consent to the use of above-mentioned publication as the part of the

PhD dissertation of Katarzyna Piszczatowska. MSe.

(name and surname of the PhD candidate)

(Signature of Declarant)

*1n particular contnbution to the preparation of concept, methodology, realization, interpretation of results



Warszawa, 13.11.2024 r.

. Natalia Jermakow

OSWIADCZENIE

Jako wspolautor pracy pt. .Evaluation of CNPase and TGFP1/Smad Signalling
Pathway Molecule Expression in Smus Epithelial Tissues of Patients with Chronic
Rhinosinusitis with (CRSwNP) and without Nasal Polyps (CRSsNP)” oéwiadeczam. iz maj
wlasny wklad merytoryczny w przygotowanie, przeprowadzenie 1 opracowanie badan oraz

przedstawienie pracy w formie publikacji stanowi: analiza statystyczna i walidacja.

Moj udzial procentowy w przygotowaniu publikacji okreélam jako 8%.
Wklad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%.
(imie i nazwisko kandydata do stopaia)
obejmowal on: udzial w przygotowaniu metodologii badan. przeprowadzenie badaii. analize
1 mterpretacje danych dos$wiadezalnych, redakcje manuskryptu, wizualizacje danych,
sprawy administracyijne zwiazane z projektem. czesciowe finansowanie.

{merytoryezay opis wkiadu kandydara do stopmia w powstanze publikac)*

Jednoczesnie wyrazam zgode na wykorzystame w/w pracy jako czesé rozprawy doktorskiej
mgr Katarzyny Piszczatowskiej.
{imaie i nazwiske kandydata do stopnia)

oy rf*f‘“}““&kﬁd

SN |

(podpis oswiadczajacego)

*w szczegélnosel udziatu w przy gotowaniu koncepeji, metodyki, wykonanin badan, interpretacji wynikéw



Warszawa, 13.11.2024 r.

Dr hab. n. med. Karolina Dzaman, Prof. CMKP

OSWIADCZENIE

Jako wspolautor pracy pt. ,.Evaluation of CNPase and TGFB1/Smad Signalling
Pathway Molecule Expression in Sinus Cpithelial Tissues of Patients with Chronic
Rhinosinusitis with (CRSWNP) and without Nasal Polyps (CRSsNP)™ oswiadczam, iz moj
wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi: zbieranie materiaty i danych Kklinicznych

oraz walidacj¢.

Maj udzial procentowy w przygotowaniu publikacji okreslam jako 4%,
Wkiad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 40%,
(imig | nazwisko kandydata do siopniay

obejmowal on: udziat w przygotowaniu metodologii badan, przeprowadzenie badan, analize
i interpretacje danych doswiadczalnych, redakeje manuskryptu, wizualizacje danych, sprawy
administracyjne zwiazane z projektem, cz¢sciowe finansowanie.

(merytorycany opis whiadu kandydaia do stopnin w powstanie publikacii)®
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
mgr Katarzyny Piszczatowskiej,

fim¢ i nazwisko handvdita do stopnia)

R TRTIOTI  CR oY, L
(podpis oswiadczajacego)

*w szezegolnosei udziatu w preygotowaniu koncepcji, metodyki, wykonaniu badai, interpretacyi wynikow



Warszawa, 13.11.2024 r.

Dr hab. n. med. Karolina Dzaman, Prof. CMKP

OSWIADCZENIE

Jako wspolautor pracy pt. , Immunological Aspects of Chronic  Rhinosinusitis”
oswiadezam, iz moj wlasny wklad merytoryczny w przygolowanie, przeprowadzenie
i opracowanie badan oraz przedstawicnic pracy w formie publikacji stanowi: praca nad
koncepejg artykulu, pisanie i edytowanie oryginalnej wersji publikacji, analiza formalna

oraz sprawy administracyjne 1 finansowe.

M) udzial procentowy w przygotowaniu publikacji okreslam jako 4%.

Wklad Katarzyny Piszczatowskiej w powstawanie publikacji okreslam jako 30%,
timig i narwisko kandydata do stopniu)

obejmowal on: przeglad literatury, przygotowywanie grafik oraz edycje tekstu.

imuerytoryceny opis whindu kandydata do stopnia w powstanie publikacji f*

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czgsc rozprawy doktorskiej

mgr Katarzyny Piszczatowskiej.

fimiy | nazwiska kandy data do stopria)

(podpis oswiadczajgcego)

"w szezegdlnosei udzialu w praypotowaniy koncepeii. metodyki, wykonanin badan, interpretaci wynikow



Warszawa, 07.11.2024 r.

Dr n.med. Anna M. Cyran

OSWIADCZENIE

Jako wspélautor pracy pt. .The Emerging Role of Small Extracellular Vesicles
in Inflammatory Airway Diseases” oswiadczam, iz méj wlasny wklad merytoryczny
W przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie

publikacji stanowi: pomoc w przygotowaniu oryginalnej wersji artykulu.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 1%.
Wklad Katarzyny Piszczatowskie] w powstawanie publikacji okreslam jako 40%,
(imie i nazwisko kandydata do stopnia)
obejmowal on: pisanie oryginalne) wersji artykulu, edytowanie, wizualizacje.
(mervtorvezny opis wkiadu kandvdata do stopma w powstamae publikacy:)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej

mgr Katarzyny Piszczatowskiej.

o Bine -Gy

(podpis oswiadczajacego)

*w szczegolnoser ndzialu w przygotowaniu kencepeyt, metodyks, wykonamu badan, interpretacy wynikow



Warszawa, 15.11.2024 r.

Prof. dr hab. n. med. Ireneusz Kantor

OSWIADCZENIE

Jako wspélautor pracy pt. ,Evaluation of CNPase and TGFp1/Smad Signalling
Pathway Molecule Expression in Sinus Epithelial Tissues of Patients with Chronie
Rhinosinusitis with (CRSwNP) and without Nasal Polyps (CRSsNP)" oswiadczam, iz moj
wiasny wklad merytoryczny w przygolowanie, przeprowadzenie 1 opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi: zbieranie materialu i danych klinicznych

oraz walidacje.

MGj udzial procentowy w przygotowaniu publikacji okreslam jako 1%.
Wkiad Katarzyny Piszezatowskiej w powstawanie publikacji okreslam jako 40%,

{imig i nazwisko kandydata do stopmia)
obejmowat on: udzial w przygotowaniu metodologii badan, przeprowadzenie badan, analize

i interpretacje danych doswiadczalnych, redakcje manuskryptu, wizualizacje danych, sprawy
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