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1. Wykaz publikacji stanowiacych rozprawe doktorska

1.1. Praca przegladowa
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1.2. Praca oryginalna
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2. Zestawienie publikacji

Rodzaj publikacji Liczba Impact Factor Punktacja MNiSW
Prace wlaczone do 2 14,966 280
rozprawy doktorskiej

Prace, ktore nie zostaly 10 30,231 940
wlaczone do rozprawy

doktorskiej

Streszczenia zjazdowe 7 - -

Razem 19 45,197 1220




3. Wstep

COVID-19 jest ostrg chorobg zakazng uktadu oddechowego wywolang zakazeniem
wirusem SARS-CoV-2, nalezagcym do grupy koronawiruséw (CoVs). Jest to duza grupa
otoczkowych wirusow zawierajacych jednoniciowy RNA o dodatniej polaryzacji, zakazajacych
ssaki oraz ptaki. Dotychczas rozpoznano 6 gatunkéw CoVs patogennych dla czlowieka
(HCoVs), ktore powodowaty zakazenia drog oddechowych. Dwa z nich, o wysokiej zjadliwos$ci
(SARS-CoV oraz MERS-CoV) byly przyczyng szczerzacych epidemii, ktére udato sig
ograniczy¢ metodami kontroli sanitarno-epidemiologicznej. Inne HCoVs sa czgsta (15-30%)
przyczyna zakazen gornych drog oddechowych wérdd ludzi (1, 2). Transmisja zakazen SARS-
CoV-2 odbywa si¢ droga kropelkowa oraz przez zanieczyszczone przedmioty. Ze wzgledu na
fakt, ze wirus jest obecny w wielu plynach ustrojowych (m.in. wydzielina z nosa i gardta,
plwocina, 1zy czy krew), nie wyklucza si¢ innych drog transmisji (3). Okres inkubacji COVID-
19 wynosi 5 dni, a wérdd objawdéw dominuje goraczka, kaszel, duszno$¢ oraz boéle migsni (4).

Cytokiny odgrywaja wazng role w immunopatologii zakazen wirusowych. Szybka
1 dobrze skoordynowana odpowiedz uktadu immunologicznego stanowi pierwsza lini¢ obrony
w infekcji wirusowej. Jednakze zaburzona, nadmierna odpowiedZ immunologiczna moze
powodowaé efekt odwrotny od zamierzonego, powodujac uszkodzenie organizmu (5).
Zjawisko ,burzy cytokinowej” jest patologiczng reakcja uktadu immunologicznego
charakteryzujaca si¢ szybka proliferacja i hiperaktywacja limfocytow T, makrofagéw oraz
komoérek NK, a takze nadprodukcja cytokin prozapalnych i mediatorow chemicznych
uwalnianych w wyniku immunologicznej i nieimmunologicznej odpowiedzi organizmu.
Uogodlniona reakcja zapalna w przebiegu ,,burzy cytokinowej” w COVID-19 jest obarczona
wysokim wskaznikiem $miertelnosci. Nieprawidtowe uwolnienie mediatorow prozapalnych
prowadzi do apoptozy komorek nabtonka i $rédbtonka tkanki ptucnej powodujac uszkodzenie
mikrokrazenia, a takze bariery nablonkowej pecherzykow ptucnych, a to prowadzi do wycieku
naczyniowego, obrzgku pecherzykowego oraz hipoksji (6). Badania sugeruja, ze cigzkosc¢
przebiegu COVID-19 zwigzana jest z podwyzszonym poziomem mediatorow zapalnych, takich
jak interleukiny (m.in. IL-2, IL-6, IL-10, IL-17), TNF, CCL2, IP-10, a takze CRP, ferrytyny
oraz D-dimeréw. Wykazano, ze podwyzszony poziom interleukiny 6 wysoce koreluje
ze $miertelnoscig z powodu COVID-19 (7).

Dziewicze limfocyty T (ang. naive T cells) CD4+ roznicuja si¢ w kilka podgrup
komorek efektorowych, w zalezno$ci od ich funkcji 1 uwalnianych cytokin. Gléwne podgrupy

to pomocnicze limfocyty T typu 1 (Thl), pomocnicze limfocyty T typu 2 (Th2), pomocnicze



limfocyty T typu 17 (Th17) i regulatorowe limfocyty T (Treg) (8). Zwickszona ekspresja
transduktora sygnatu i aktywatora transkrypcji 1 (STAT1) oraz czynnika transkrypcyjnego T-
box 21 (TBX21) indukuje komorki o fenotypie Thl i produkcje interleukiny 2 (IL-2),
interferonu-y (IFN-y) 1 czynnika martwicy nowotworéw (TNF). Komorki Thl sa
odpowiedzialne za posredniczenie w odpowiedzi immunologicznej przeciwko patogenom
wewnatrzkomoérkowym poprzez promowanie aktywacji makrofagdéw, limfocytow B, komorek
NK i limfocytow T CD8+. Mimo ze komoérki Thl sg niezbedne do usuwania patogendw
wewnatrzkomoérkowych, nadmierna odpowiedz Thl zwigzana jest z chorobami takimi jak
reumatoidalne zapalenie stawow i stwardnienie rozsiane (9, 10). Badania nad COVID-19
wykazaly korzystng role odpowiedzi Th1 skierowanej przeciwko SARS-CoV-2 w ustepowaniu
objawow oraz infekcji u osd6b w okresie rekonwalescencji. Natomiast komorki Th2
aktywowane przez zwickszong ekspresje¢ STAT6 i biatka wigzacego GATA 3 (GATA3)
wytwarzajg IL-4, IL-5, IL-10 i IL-13 i s3 odpowiedzialne za posredniczenie w odpowiedzi
immunologicznej przeciwko patogenom zewnatrzkomorkowym poprzez promowanie
aktywacji eozynofili, bazofili i komodrek tucznych. Dysregulacja odpowiedzi Th2 jest zwigzana
z zaostrzeniem reakcji alergicznych i choréb autoimmunologicznych, takich jak toczen
rumieniowaty ukladowy (9, 11). W ukladzie odpornosciowym komorki Th17 odgrywaja
zarowno rol¢ ochronng, jak i patogenna, dlatego fenotyp ten zostat powigzany z przewlektym
stanem zapalnym i chorobami autoimmunologicznymi. Komorki Thl7 wytwarzaja wiele
cytokin, w tym IL-17A, IL-17F, IL-21, IL-22, czynnik stymulujacy tworzenie kolonii
granulocytow i makrofagéw (GM-CSF), IL-10 i1 IFN-y (12-14). Coraz wigcej badan sugeruje,
ze odpowiedz Th17 odgrywa wazng role w patogenezie zapalenia pluc wywolanego przez
COVID-19. Zaostrzenie odpowiedzi immunologicznej nastgpuje poprzez uwalnianie cytokin,
takich jak IL-17 i GM-CSF, promowanie migracji neutrofili i ostabienie odpowiedzi Treg.
W przeciwienstwie do komorek Thl7, komorki Treg wykazuja ekspresje mediatorow
przeciwzapalnych (IL-4, IL-10 i TGF-B) i odgrywaja wazng rol¢ w oslabianiu nadmiernej
aktywno$ci uktadu odpornosciowego (15).

Tocilizumab jest rekombinowanym, humanizowanym przeciwciatem monoklonalnym,
wigzacym si¢ z receptorami IL-6, wywierajacym dzialanie immunosupresyjne i ostabiajacym
aktywno$¢ IL-6. Obecnie stosowany jest on gldéwnie w chorobach autoimmunologicznych,
takich jak reumatoidalne zapalenie stawow. Badania wskazuja, ze podanie tocilizumabu ma,
w okreslonych warunkach, korzystny wplyw na przebieg i wygaszenie burzy cytokinowe;j,
wywotanej infekcja wirusowa. Badania kliniczne wykazaly, ze tocilizumab jest skuteczny w

leczeniu cigzkich standw z obustronnym zajeciem ptuc i podwyzszonym poziomem IL-6 (4, 5).



Glikokortykosteroidy (GKS) sa szeroko stosowane w leczeniu pacjentow w krytycznym stanie
zainfekowanych przez inne HCoVs, m.in. MERS 1iSARS. GKS wykazujg efekty
farmakologiczne przy kazdej zastosowanej terapeutycznie istotnej dawce, poprzez klasyczne
mechanizmy genomowe. Niektore efekty immunosupresyjne oparte sg na indukcji transkrypcji
genowej i syntezy inhibitoréw biatek NF-xB, ktore powoduja zahamowanie syntezy kolejnych
biatek takich jak interleukiny 1 i 6. Zmniejszaja tez proliferacje, aktywacje, réznicowanie i
przetrwanie zaréwno limfocytéw T, jak i makrofagéw. Czas podania, a takze poczatkowa
dawka GKS majg ogromne znaczenie dla rezultatu leczenia pacjentow z cigzkim przebiegiem
choroby. Zbyt wczesne podanie hamuje inicjacje mechanizméw obronnych organizmu,
zwigkszajac tym samym poziom wiremii i1 ostatecznie prowadzac do niekorzystnych
konsekwencji. W zwigzku z tym GKS stosowane sg gldwnie u pacjentow z cigzka choroba, u
ktorych wystepuje uogolniona rekcja zapalna z ,,burza cytokinowa”. Zahamowanie nadmierne;j
odpowiedzi immunologicznej poprzez terminowe podanie GKS we wczesnym stadium ,,burzy
cytokinowej” skutecznie zapobiega ostrej niewydolnosci oddechowej, chronigc funkcje

zyciowe pacjentow (4, 5).



4. Cel pracy

1.

Analiza wptywu leczenia na przebieg ,,burzy cytokinowej” u pacjentow z COVID-19,
ze szczegbdlnym uwzglednieniem leczenia immunomodulujacego;

Ocena wybranych subpopulacji limfocytow T 1 profilu cytokin wydzielanych podczas
zakazenia SARS-CoV-2 oraz ich korelacja z ciezkoscig przebiegu choroby;

Ocena poziomu wewnatrzkomorkowej ekspresji IL-17A oraz IL-22 przez wybrane

subpopulacje limfocytow.



5. Material i metody

5.1. Badana populacja

Do badania wlaczono 44 pacjentow z COVID-19 hospitalizowanych w Klinice Chorob
Zakaznych 1 Hepatologii Uniwersytetu Medycznego w Biatymstoku od stycznia do maja
2021 r., u ktérych zastosowano leczenie tocilizumabem, glikokortyksteroidami i/lub
remdesiwirem. Zakazenie SARS-CoV-2 zostalo potwierdzone za pomoca reakcji tancuchowe;j
polimerazy z odwrotng transkrypcja (RT-PCR) w certyfikowanym o$rodku diagnostycznym
przed przyjeciem do szpitala. Ponadto 20 zdrowych ochotnikéw zaszczepionych przeciwko

SARS-CoV-2 zostato wlaczonych do grupy kontrolne;.

Przed i w trakcie leczenia wykonywano pomiary parametréw zyciowych uwzglednione
w zmodyfikowanej skali wczesnego ostrzegania (MEWS) (saturacja, czesto$¢ akcji serca,
ci$nienie krwi, czgstos¢ oddechdéw, temperatura ciata, czujnosé, diureza), a takze oznaczenia
laboratoryjne m.in. morfologia, parametry krzepnigcia, biatka ostrej fazy i inne badania
niezbedne do wlasciwej opieki zgodnej z dobra praktyka kliniczng. Skala MEWS pozwala na
klasyfikacje pacjentow w zalezno$ci od ich stanu klinicznego:
1. Typ bezobjawowy lub tagodny
2. Stabilni pacjenci z objawami ze strony uktadu oddechowego i/lub ogdlnoustrojowymi
3. Pacjenci niestabilni klinicznie z niewydolno$cig oddechowa

4. Pacjenci w stanie krytycznym (zespot ostrej niewydolnosci oddechowej).

Z badania wykluczono pacjentow z bezobjawowa/tagodng choroba oraz pacjentow, u
ktorych obecno$¢ zmian zapalnych w phlucach nie zostala potwierdzona w badaniach
obrazowych. Dodatkowymi kryteriami  wykluczajacymi  byly: obecno$¢ chordb
autoimmunologicznych, nowotwordw ztos§liwych i stosowanie leczenia immunomodulujacego
chorob innych niz COVID-19. Postgpowanie i leczenie byly zgodne z aktualnymi krajowymi
zaleceniami dotyczacymi COVID-19 (16, 17).

Remdesiwir otrzymali pacjenci przyjeci do szpitala w ciggu pierwszego tygodnia od
wystapienia objawow, deksametazon otrzymali pacjenci z zastosowanym leczeniem
przeciwwirusowym, ktérzy wymagali rowniez tlenoterapii, a tocilizumab otrzymali pacjenci ze
stezeniem IL-6 powyzej 100 pg/ml. Leczenie sklasyfikowano w nastepujacy sposob: a) terapia

przeciwwirusowa - remdesiwir; b) terapia immunomodulujagca - tocilizumab lub/i
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deksametazon; c¢) terapia mieszana - polaczenie leczenia przeciwwirusowego

1 immunomodulujacego.

Pacjenci z saturacja (SpO2) wynoszaca 90% lub mniej, ktorzy wymagali tlenoterapii
wysokoprzeplywowej lub nieinwazyjnej wentylacji mechanicznej z dwupoziomowym
dodatnim ci$nieniem w drogach oddechowych (BiPAP) w celu skorygowania hipoksemii,
zostali sklasyfikowani jako osoby z cigzkim COVID-19. Pacjenci, ktérzy nie spetniali
kryteriow cigzkiego COVID-19, byli klasyfikowani jako umiarkowani.

5.2. Pozyskiwanie materialu i izolacja jednojadrzastych komorek krwi
obwodowej (PBMC)

Od kazdego uczestnika pobrano 7,5 ml krwi do probéwki S-Monovette z aktywatorem
skrzepu (Sarstedt, Niemcy) i 4,9 ml krwi do probéwki S-Monovette z EDTA (Sarstedt, Niemcy)
przy przyjeciu do szpitala przed zastosowaniem leczenia oraz w pigtym dniu leczenia. Krew
odwirowano, a surowic¢ i osocze zamrozono w temperaturze -80°C. Aby uzyska¢ PBMC,
pozostalg krew odwirowano w gradiencie gestosci (Pancoll 1,077 g/l, PAN Biotech, Niemcy),
nastgpnie komoérki dwukrotnie przeptukano buforowang fosforanem solg fizjologiczng bez
wapnia i magnezu (PBS; Corning, USA) 1 zamrozono w ptodowej surowicy bydlecej (PAN
Biotech, Niemcy) z 10% dodatkiem dimetylosulfotlenku (Sigma-Aldrich, USA).

5.3. Analiza immunoenzymatyczna

5.3.1. ELISA

Testy immunoenzymatyczne do ilosciowego wykrywania IL-17A, IL-17F, IL-22 i IL-
23 (Invitrogen, Thermo Fisher Scientific, USA) przeprowadzono zgodnie z protokotami
producenta, a poziom absorbancji odczytano przy dtugosci fali 450 nm przy uzyciu czytnika
mikroptytek BioTek EL800 (Agilent Technologies, USA). Poziom kazdego biomarkera

wyrazono w pg/ml.

5.3.2. Analiza multipleksowa

Do ilo$ciowego oznaczenia biomarkerow w surowicy, w tym: B7-H3, CCL2, CCLS5,
CXCL10, IFN-alfa, IFN-gamma, IL-1 beta, IL-4, IL-6, [L-6R, IL-10, IL-13, IL-21, IL-28B, IL-
33, GM-CSF, TIM-1 uzyty zostat zestaw Luminex Discovery Assay (R&D Systems, USA).
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Pomiary przeprowadzono zgodnie z instrukcja producenta przy uzyciu systemu Bio-Plex 200

(Bio-Rad Laboratories, USA). Poziom kazdego biomarkera wyrazono w pg/ml.

5.4. Analiza cytometryczna

Po rozmrozeniu, komérki PBMC zawieszono w pozywce hodowlanej RPMI 1640 z 10-
cio procentowym dodatkiem cielecej surowicy ptodowej (PAN Biotech, Niemcy) oraz
zweryfikowano zywotno$¢ komorek wykorzystujac kamerg Burkera oraz 0,4% roztwor bekitu
trypanu (komorki wykazywaty zywotnos$¢ na poziomie 95-100%). Do analizy cytometrycznej
komoérek Th17 i Th22 wykorzystano 500 000 komorek, ktérych ocena fenotypu zostata
poprzedzona 4-godzinng inkubacja w obecnosci koktajlu aktywujacego leukocyty z brefeldyna
A (BD Pharmingen; BD Bioscience, CA, USA) w temperaturze 37°C, 5% CO2. Do wykazania
obecno$ci zewnatrzkomérkowych markeréw limfocytow CD4 i1 CD8 wykorzystano
nastgpujace przeciwciala monoklonalne sprzezone z fluorochromami: anty-CD4 FITC (klon
RPA-T4) i anty-CD8 PE-Cy7 (klon RPA-T8) (BD Bioscience, CA, USA). Inkubacje
prowadzono w temperaturze pokojowej, bez dostepu do $wiatla przez 25 min a nastgpnie
niezwigzane przeciwciata odptukano wykorzystujac buforowany fosforanem roztwoér soli
fizjologicznej bez jondéw wapnia i magnezu (PBS; Corning, VA, USA). Nastepnie komorki
poddano procesowi permabilizacji wykorzystujac do tego Permeabilization Buffer 2 (BD
Bioscience, CA, USA), ponownie wyplukano oraz wykonano barwienie wykrywajace
wewnatrzkomorkowa produkcje cytokin: anty-IL-17A PE (klon SCPL1362) i anty-IL-22 Alexa
Fluor 647 (klon MH22B2) (BD Bioscience, CA, USA). Ponownie komoérki poddano inkubacji
przez 25 min w warunkach braku dostepu do $wiatta oraz temperatury pokojowej. Nastepnie,
po uplywie tego czasu niezwigzane przeciwciata odptukano z wykorzystaniem PBS. Po
zakonczonym procesie barwienia komodrki zabezpieczono z wykorzystaniem buforu
utrwalajacego CellFix (BD Bioscience, CA, USA) oraz przechowywano w temperaturze 4°C
do momentu oznaczenia na cytometrze przeplywowym FACS Calibur (BD Bioscience, CA,
USA). Wstegpnie uzyskane wyniki nastgpnie analizowano z wykorzystaniem dedykowanego
oprogramowania FlowJo® (Tree Star Inc., OR, USA).

Uwzglednione w analizie limfocyty zostaly poczatkowo poddane stratyfikacji na
podstawie ich morfologii: wzglednej wielkosci (FSC; forward scatter) oraz ziarnisto$ci (SSC;
side scatter). Nastepnie bazujac na pozytywnej ekspresji markera (CD4+) wyodrgbniono
limfocyty pomocnicze Th (T helper cells) oraz cytotoksyczne Tc (T cytotoxic cells) CD8+.

Koficowym etapem analizy bylo poddanie ocenie poziomu ekspresji IL-17A oraz IL-22
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w wymienionych subpopulacjach limfocytow oraz przedstawienie uzyskanych danych
w postaci odsetka limfocytow posiadajacych ekspresj¢ wskazanej czasteczki jak tez

bezwzglednej liczby komorek.

5.5. Analiza statystyczna

Analize statystyczng przeprowadzono za pomoca oprogramowania GraphPad (Prism
Software, USA). Analize porownawcza migdzy grupami, w zaleznosci od rozkladu,
przeprowadzono za pomocg testu t lub testu U Manna-Whitneya dla zmiennych ilosciowych
i chi-kwadrat dla zmiennych jako$ciowych. Do poréwnania mi¢dzy grupami przed i w trakcie
leczenia zastosowano test t dla par i test rang Wilcoxona, a nastgpnie post hoc Benjamini,
Krieger i Yekutieli. Aby oceni¢ panoramiczny profil biomarkerow w surowicy i bezwzglednej
liczby komorek we krwi obwodowej, dane znormalizowano za pomoca transformacji
logarytmicznej. Korelacj¢ migdzy analizowanymi parametrami oceniano za pomoca testu

korelacji Spearmana. Réznice uznawano za istotne statystycznie, jesli p wynosito mniej niz

0,05.
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6. Wyniki

Wszystkie grupy wiekowe w populacji sa podatne na zakazenie SARS-CoV-2,
zasadniczo jednak mezczyzni w wieku powyzej 60 lat z chorobami wspotistniejacymi sg
bardziej narazeni na rozwdj ciezkiej choroby wymagajacej hospitalizacji. W badanej grupie
wigkszo$¢ pacjentow stanowili mezczyzni (72,7%) z mediang wieku wynoszaca 63 lata,
podczas gdy w grupie kontrolnej wigkszo$¢ stanowilty kobiety (55,0%) z mediang wieku
wynoszaca 57 lat. Najczgsciej wystepujacymi chorobami wspoélistniejagcymi  zarowno
u pacjentéw, jak i zdrowych ochotnikow byly nadci$nienie te¢tnicze (odpowiednio 56,8%
120,0%) oraz dyslipidemia (odpowiednio 18,2% 1 10,0%). Szczegotowa charakterystyka
pacjentéw 1 zdrowych ochotnikow zostala przedstawiona w Tabeli 1 (strona 31. niniejszej
rozprawy).

Badania laboratoryjne wykorzystywane sa w ocenie ryzyka i prognozowaniu skutkéw
COVID-19, gdyz wczesne rozpoznanie progresji choroby ma zasadnicze znaczenie dla
skutecznego leczenia. W przeprowadzonym badaniu pacjenci wykazywali znacznie wyzsze
poziomy ALT, AST, CRP i D-dimerdw oraz nizszg liczb¢ limfocytow i ptytek krwi niz zdrowi
ochotnicy w grupie kontrolnej. Ponadto pacjenci mieli podwyzszone poziomy PCT,
fibrynogenu i LDH. Co wigcej, pacjenci z cigzka postacig choroby mieli znacznie wyzszy
poziom LDH niz pacjenci z umiarkowang choroba, przy braku istotnie statystycznej roznicy
w pozostatych parametrach laboratoryjnych. Szczegétowe dane przedstawiono w Tabeli 2
(strona 32. niniejszej rozprawy) oraz w materiatach uzupetniajacych w Tabeli Suplementarne;j
2 (strona 46. niniejszej rozprawy).

Zaburzenia odpowiedzi immunologicznej skutkujace nadmiernym stanem zapalnym sa
cecha charakterystyczng COVID-19. Oprdcz bezposredniego uszkodzenia ptuc wywotanego
wirusem, nadmierna aktywacja uktadu odporno$ciowego w odpowiedzi na inwazj¢ SARS-
CoV-2 pobudza komorki uktadu odpornosciowego do uwalniania zaréwno cytokin pro-, jak
1 przeciwzapalnych. W przeprowadzonych badaniach wykazano, ze st¢zenia CCL5/RANTES,
GM-CSF, IL-4, IL-6, IL-10 i CXCLI10/IP-10 byly znaczaco podwyzszone u pacjentow
z COVID-19 w poréwnaniu ze zdrowymi ochotnikami. Co wigcej, przy przyjeciu pacjenci
zcigzkag choroba mieli istotnie wyzsze stezenie IL-10 i CXCL10/IP-10 niz pacjenci
z umiarkowang choroba. Pacjenci z COVID-19 wykazywali rdwniez znacznie wyzZszy poziom
IL-17A, IL-17F 1 IL-22, bez istotnej statystycznie rdéznicy pomiedzy pacjentami z

umiarkowanym i ci¢zkim przebiegiem choroby (Rycina 4A, strona 33. niniejszej rozprawy).
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W badanej grupie pacjenci mieli znacznie obnizong bezwzgledng liczbe komorek
CD4+, jak 1 CD8+ (Rycina 4B, strona 33. niniejszej rozprawy). Co wigcej, pomimo
zmniejszonej bezwzglednej liczby limfocytoéw T CD4+ i CD8+, komorki te wykazywaly
nadmierng aktywacj¢ i1 zwigkszong ekspresje IL-17A i IL-22. Wykazano istotnie wyzszy
odsetek zardwno limfocytow T CD4+, jak 1 CD8+ wydzielajacych IL-17A oraz limfocytow T
CD4+ wydzielajacych IL-22 u pacjentow z COVID-19 (Rycina 5, strona 34. niniejszej
rozprawy). W trakcie leczenia pacjenci z ci¢zkim przebiegiem mieli nizsza bezwzgledna liczbe
limfocytow, w tym CD4 + i CD8 +, co moze by¢ zwigzane z tym, ze w wigkszosci ciezkich
przypadkéw choroba postepowala podczas hospitalizacji. Natomiast pacjenci z umiarkowang
postacia choroby wykazywali odpowiedZ na leczenie, poprzez wzrost bezwzglednej liczby
limfocytow T CD4+ i CD8+ (Rycina 7, strona 36. niniejszej rozprawy).

Liczba dostgpnych badan dotyczacych wpltywu leczenia przeciwwirusowego
1 immunomodulujacego na profil cytokin u pacjentow z COVID-19 jest niewielka, stad wptyw
leczenia na odpowiedz immunologiczng jest wcigz niejasny. W przeprowadzonym badaniu
leczenie remdesiwirem (RDV) spowodowalo istotny spadek stezen IL-6, IL-10, IFN-alfa
1 CXCL10/IP-10, co sugeruje wyciszenie nadmiernej odpowiedzi immunologicznej
u pacjentéw otrzymujacych leczenie przeciwwirusowe. Natomiast zastosowane leczenie
immunomodulujace spowodowalo znaczne obnizenie poziomu IL-10, IFN-alfa, CXCL10/IP-
10 1 B7-H3, a takze zwigkszenie poziomu IL-22 i IL-1 beta. Zastosowanie leczenia
immunomodulujgcego ogranicza ekspresj¢ cytokin prozapalnych i pobudza ekspresje¢ cytokin
przeciwzapalnych, tagodzac w ten sposob uszkodzenia tkanek podczas infekcji. W badanej
grupie potaczenie leczenia przeciwwirusowego i immunomodulujacego spowodowato znaczny
spadek poziomoéw IL-17F, IL-10, IFN-alfa, CXCL10/IP-10 i B7-H3, a takze wzrost IL-17A
1 IL-1 beta. Jednak wzrost poziomu cytokin prozapalnych, takich jak IL-17A 1 IL-1 beta, moze
by¢ zwigzany z wigksza liczba cigezkich przypadkéw 1 zgondw w tej grupie (Rycina 9, strona

38. niniejszej rozprawy).
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7. Wnioski

1. Zastosowanie leczenia przeciwwirusowego i/lub immunomodulujacego spowodowato
znaczace obnizenie ekspresji cytokin prozapalnych i1 zwigkszenie bezwzglednej liczby
komorek T.

2. Zakazenie SARS-CoV-2 powoduje zwickszong ekspresje cytokin u hospitalizowanych
pacjentéw z COVID-19, a takze limfopeni¢, w szczegdlnosci spadek liczby limfocytow
T CD4+ 1 CD8+.

3. Pomimo zmniejszonej liczby limfocytow T CD4+ i CD8+, obie podgrupy wykazywaty
nadmierng aktywacj¢ i zwickszong ekspresj¢ IL-17A 1 IL-22, a zatem ukierunkowanie leczenia
na odpowiedz typu Th17 moze ztagodzi¢ reakcje zapalng u pacjentéw z ciezkim przebiegiem

choroby.
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Abstract: COVID-19 is an acute infectious disease of the respiratory system caused by infection
with the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome Coronavirus 2). Transmission
of SARS-CoV-2 infections occurs through droplets and contaminated objects. A rapid and well-
coordinated immune system response is the first line of defense in a viral infection. However, a
disturbed and over-activated immune response may be counterproductive, causing damage to the
body. Severely ill patients hospitalised with COVID-19 exhibit increased levels of many cytokines,
including Interleukin (IL)-1p, IL-2, IL-6, IL-7, IL-8, IL-10, IL-17, granulocyte colony stimulating factor
(G-CSF), monocyte chemoattractant protein 1 (MCP-1) and tumor necrosis factor (TNF). Increasing
evidence suggests that Th17 cells play an important role in the pathogenesis of COVID-19, not only
by activating cytokine cascade but also by inducing Th2 responses, inhibiting Th1 differentiation and
suppressing Treg cells. This review focuses on a Th17 pathway in the course of the immune response
in COVID-19, and explores plausible targets for therapeutic intervention.

Keywords: COVID-19 pneumonia; SARS-CoV-2; cytokines; Th17 response

1. Introduction

COVID-19 is an acute infectious disease of the respiratory system caused by infec-
tion with the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome Coronavirus 2),
belonging to the coronavirus family. Coronaviruses (CoVs) are a large group of enveloped,
positive-strand RNA viruses that infect mammals and birds. So far, seven species of human
pathogenic CoVs (HCoVs) have been identified. Two of these, with high virulence Se-
vere Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East Respiratory
Syndrome-related Coronavirus (MERS-CoV), caused widespread epidemics, which were
limited by sanitary and epidemiological control methods. Other HCoVs are a common
(15-30%) cause of upper respiratory tract infections in humans [1]. Transmission of SARS-
CoV-2 infections occurs through droplets and contaminated objects. Due to the presence of
the virus in many bodily fluids (including nasal and pharyngeal secretions, sputum, tears
and blood), other transmission routes are not excluded [2]. The incubation period is five
days, and the symptoms include fever, cough, dyspnea and muscle pain [3].

Upon hospital admission, patients exhibit many abnormalities in laboratory test
results, including a decreased lymphocyte, monocyte and platelet count, as well as an in-
creased level of C-reactive protein (CRP), D-dimers, lactate dehydrogenase (LDH), alanine
transaminase (ALT) and aspartate transaminase (AST) [4]. Chest CT findings in patients
with COVID-19 pneumonia include ground glass opacities (GGOs), crazy paving patterns
and peripheral consolidation [5,6].

Cytokines play an important role in the immunopathology of viral infections. A rapid
and well-coordinated immune system response is the first line of defense in a viral infection.
However, a disturbed and over-activated immune response may be counterproductive,
causing damage to the body. Excessive activation of immune system in response to both
infectious and non-infectious agents causing production of pro-inflammatory cytokines
is described as “cytokine storm syndrome” (CSS), an acute inflammatory reaction that
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leads to multiple organ failure. Severely ill patients hospitalised with COVID-19 exhibit
increased levels of Interleukin (IL)-1p, IL-2, IL-6, IL-7, IL-8, IL-10, IL-17, granulocyte
colony stimulating factor (G-CSF), monocyte chemoattractant protein 1 (MCP-1) and tumor
necrosis factor (TNF) [1,3,7-13].

So far, CSS recognition criteria have not been well established, and the term is used
for critically ill patients with high levels of pro-inflammatory cytokines [3]. Increasing
evidence suggests that Th17 cells play an important role in the pathogenesis of COVID-19,
not only by activating cytokine cascade but also by inducing Th2 responses, inhibiting Th1
differentiation and suppressing Treg cells [14,15].

The present review focuses on a Th17 pathway in the course of the immune response
in COVID-19, and explores plausible targets for therapeutic intervention.

2. Mechanisms of SARS-CoV-2 Invasion

There are four distinguishable structural proteins: the spike (S), the membrane (M),
the nucleocapsid (N) and the envelope (E) protein in SARS-CoV-2 structure. Furthermore,
in SARS-CoV-2 infection, the entry-point receptor on the host cell is also angiotensin-
converting enzyme 2 (ACE2). Interaction of SARS-CoV-2 spike protein via the receptor-bind
domains (RBDs) with the cell receptor ACE2 induces the endocytosis, and enables entry
into many different types of cells, including type II alveolar epithelial cells, monocytes and
macrophages. Priming and activation of S protein by the transmembrane serine protease
(TMPRSS) 2, TMPRSS4, Factor Xa or by cathepsin is needed in order to facilitate cell
surface entry, thus enabling the fusion of SARS-CoV-2 virus with the host cells and viral
replication [16,17]. It has been shown that SARS-CoV-2 has 10-20 times higher binding
affinity to ACE2 than SARS-CoV, which may result in more effective viral transmission
through droplets from individuals with COVID-19. More efficacious transmission and a
longer incubation period may explain a much greater number of cases infected than of
Severe Acute Respiratory Syndrome (SARS) [7,18,19].

The role of ACE2 is the conversion of angiotensin II (Ang II) into angiotensin;_y)
(Ang(1-7)), which shows cardiovascular protective function through its vasodilatory, anti-
inflammatory and antiproliferative effects. SARS-CoV-2 infection causes a decrease in
ACE2 expression, resulting in the inhibition of its regulatory and protective functions.
Moreover, the downregulation of ACE2 causes an increase of Ang II concentrations in the
serum, which in addition to being a vasoconstrictor, has proliferative and pro-inflammatory
properties [7,20-23].

The ACE2 is expressed in most tissues, but the highest expression has been found in the
endothelial cells of blood vessels and epithelial cells of the respiratory tract, gastrointestinal
tract and kidneys. Therefore, there is a variety of cell lines susceptible to SARS-CoV-
2[7,20,21]. New evidence suggests that among these, the highest replication rate occurs
in pulmonary and intestinal cell lines. Furthermore, significant replication occurs in the
hepatic and renal cells lines [18].

3. T Cells Differentiation

Naive CD4" T cells differentiate into several subgroups of effector cells, depending on
their function and released cytokines. The main subsets are T helper type 1 (Th1), T helper
type 2 (Th2), T helper type 17 (Th17) and regulatory T (Treg) cells [24].

Increased expression of signal transducer and activator of transcription 1 (STAT1)
and T-box transcription factor 21 (TBX21) induce Th1 phenotype cells and production
of interleukin 2 (IL-2), interferon-y (IFN-y) and tumor necrosis factor (TNF). Th1 cells
are responsible for the mediation of immune responses against intracellular pathogens
by promoting the activation of macrophages, B cells, NK cells and CD8* T cells. Even
though Th1 cells are essential for the clearance of intracellular pathogens, exaggerated Th1
response have been associated with diseases such as rheumatoid arthritis and multiple
sclerosis [25,26]. Recent studies in COVID-19 provided evidence for the beneficial role of
Th1 responses directed against SARS-CoV-2 for the resolution of symptoms and infection
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in convalescent individuals. In contrast, Th2 cells activated by the increased expression
of STAT6 and GATA binding protein 3 (GATA3) produce IL-4, IL-5, IL-10 and IL-13, and
are responsible for the mediation of immune responses against extracellular pathogens by
promoting the activation of eosinophils, basophils and mast cells. Dysregulation of Th2
responses have been associated with the exacerbation of allergic reactions and autoimmune
diseases such as systemic lupus erythematosus [25,27]. Th17 cells, induced by RAR-related
orphan receptor (ROR) yt, RORx and STAT3, produce IL-17A, IL-17F, IL-21 and IL-22, and
have been suggested to be crucial for autoimmune inflammation [24]. In comparison to
the Thl immune responses, the antigen-specific Th2 or Th17 responses were not detected
in a convalescent state, since they have been suggested to play a role in the immune-
driven lung injury and contributed to the ARDS progression through facilitating neutrophil
recruitment [28,29].

In contrast, Treg cells are essential for inhibiting immune responses by suppressing
the activity of a variety of cells. Tregs are induced by forkhead box protein 3 (Foxp3), and
produce anti-inflammatory cytokines TGF- and IL-10 [30,31].

The direction of differentiation depends on many factors, but the most important
role is played by the cytokines present during activation. Cytokines promoting Th1 cell
differentiation are mainly IL-12 and IFN-y, while IL-4 and IL-2 contribute to Th2 cell
formation [24]. Many cytokines contribute to the differentiation of Th17 cells. Naive CD4*
cells differentiate into Th17 under the synergistic exposure to TGF-f3 and IL-6. In addition,
IL-21 and IL-23 contribute to the formation of pathogenic Th17 cells, while IFN-y, IL-2 and
IL-4 inhibit the process [32].

4. Th17 Lineage

In the immune system, Th17 cells have both a protective and pathogenic role. There-
fore, the Th17 phenotype has been associated with chronic inflammation and autoimmune
diseases. A wide array of cytokines, including IL-17A, IL-17F, IL-21, IL-22, granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-10 and IFN-y are produced by the
Th17 subset [30,32,33].

IL-17 attracts neutrophils and monocytes to the infected tissue and induces production
of cytokines like G-CSF and IL-6 that promote innate inflammation and chemokines such as
the C-X-C motif chemokine ligand (CXCL) 1, CXCL2 and CXCL10, which recruit myeloid
cells to the site of infection. IL-17 is produced mainly by CD4*, CD8* and innate lymphoid
cells (ILCs), but under certain circumstances may be also produced by neutrophils. Studies
have shown increased levels of [L-17A in patients with diseases such as psoriasis, asthma,
rheumatoid arthritis and multiple sclerosis [34-36].

IL-21 plays an important role in the differentiation and function of T follicular helper
(Tfh) and Th17 cells. Furthermore, IL-21 is responsible for differentiation of B cells into
plasma cells and the enhancement of immunoglobulin production. IL-21 has been associ-
ated with diseases such as systemic lupus erythematosus, primary Sjogren’s syndrome,
type 1 diabetes and psoriasis [37-40].

In contrast, IL-22 promotes proliferation in non-hematopoietic epithelial cells and
fibroblasts in many tissues, including skin, lungs and the gastrointestinal tract. In addition,
IL-22 is involved in tissue regeneration and the regulation of defense mechanisms at
barrier surfaces. Nonetheless, increased concentrations of IL-22 have been demonstrated
in patients with ulcerative colitis and Crohn’s disease. Moreover, IL-22 is strongly linked
to cancer in many sites, including the skin, lung and colon, by its contribution to tumor
growth and malignancy [41-43].

GM-CSF is produced at inflammation sites, and is involved in the proliferation of
myeloid cells from progenitor cells. Furthermore, evidence shows its importance in man-
aging functions of mature myeloid cells. Increased levels of GM-CSF have been found in
patients with lung and colorectal cancer, rheumatoid arthritis and multiple sclerosis [44—47].

IFN-y plays a crucial role in the clearance of virally infected cells through the promo-
tion of cytotoxic T-cell responses. Additionally, IFN-vy is responsible for the activation of
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macrophages to produce a wide array of inflammatory mediators and increase tumoricidal
activity of NK cells. Nevertheless, IFN-y has been associated with autoimmune diseases
such as dermatomyositis, rheumatoid arthritis and systemic lupus erythematosus [48-51].

5. IL-23 Influence on Th17 Pathogenicity

As previously mentioned, the synergistic influence of TGF-p and IL-6, inducing
transcription factor RORyt, is needed for the development of Th17 cells. However, it has
been demonstrated that exposure to IL-23 is essential for expansion of Th17 cells, and
triggers their pathogenicity (Figure 1). IL-23 is a heterodimeric pro-inflammatory cytokine
formed by a unique subunit p19, and shared with IL-12, subunit p40. IL-23 is produced
by monocytes, macrophages and dendritic cells, as well as signals through transcriptional
factors IL12-RB1 and IL-23R. In pathological states, excessive IL-23 signaling induces the
production of pathogenic mediators, such as IL-17, IL-22, GM-CSF and TNF« promoting
the recruitment of monocytes and granulocytes causing damage at the inflammation site,
thus inducing chronic inflammation and the development of clinical symptoms [52-57].

> Non-pathogenic Th17 Cells

i—

Figure 1. Development of pathogenic Th17 cells. Synergistic exposure to TGF-f and IL-6 induces transcription factors
RORyt and Foxp3 to produce IL-17, IL-21 and an anti-inflammatory cytokine IL-10. Another way of inducing Th17 cells is
synergistic exposure to IL-6 and IL-1f3, which are produced under influence of TNFa. However, exposure to IL-23 induces
receptor IL-23R to produce 1L-17, IL-21, IL-22 and GM-CSF, therefore making Th17 cells pathogenic. Furthermore, it has
been shown that IL-23 reduces the concentrations of IL-10, additionally contributing to Th17 pathogenicity.

6. Th17 and Tc17 Cells in COVID-19

Increasing evidence suggests that the Th17 inflammatory response plays an important
role in the pathogenesis of COVID-19 pneumonia. Exacerbation of the immune response
occurs through the release of cytokines such as IL-17 and GM-CSF, the promotion of neu-
trophil migration and the downregulation of the Treg response. Unlike Th17 cells, Treg
cells express anti-inflammatory mediators (IL-4, IL-10 and TGF-$) and play an important
role in weakening overactive immune responses [35]. The Treg/Th17 cell ratio is decreased
in patients with severe COVID-19 due to the decreased number of Treg cells, indicating
the insufficient regulation of pro-inflammatory responses [58,59]. Furthermore, prior evi-
dence shows that the Treg/Th17 balance is associated with the severity of uncontrolled
systemic inflammation in Acute Lung Injury (ALI) and Acute Respiratory Distress Syn-
drome (ARDS) [60,61]. Therefore, the dysregulation of the Treg/Th17 cells ratio skewing
towards the Th17 phenotype may contribute to the uncontrolled release of cytokine and
chemokine cascades in COVID-19 patients, leading to aggravated inflammatory responses
and tissue damage [35]. Several studies demonstrated increased levels of IL-17 and GM-
CSF in peripheral blood and tears of patients with COVID-19, and a higher fraction of Th17
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cells in bronchoalveolar lavage fluid of these patients [11,62-69]. Similarly, robust Th17
responses were observed in patients with MERS-CoV and SARS-CoV infections [70-72]. A
strong Th17 response was also observed in HIN1 influenza virus infection [73]; moreover,
prior evidence associated IL-17 with Acute Respiratory Distress Syndrome and Neonatal
Respiratory Distress Syndrome (NRDS) [74,75]. Increased concentrations of IL-17 were
found in plasma and alveolar fluid of patients with ARDS. In addition, when compared
to survivors, significantly higher levels of IL-17 were found in a group of non-survivors.
Furthermore, a negative correlation between the PaO, /FiO; ratio and level of IL-17 was
found in these patients [76]. Interestingly, it has been shown that in macaques infected with
the simian immunodeficiency virus, the percentage of CD1617CD8* Tcl7 cells producing
IL-17 in lung tissue was four times higher than in peripheral blood. Additionally, these cells
could secrete more IL-17 than those present in peripheral blood [77]. Thus, IL-17 might
promote pulmonary inflammation, following the infection by neutrophil and monocyte
migration to the lungs, and by activating other cytokine cascades (G-CSF, TNFe, IL-13 and
IL-6) [11,78,79]. In addition, plasma from COVID-19 patients revealed a fourfold increase
of the IFN-y levels, which activates macrophages to produce proinflammatory cytokines,
indicating a Th1/Th17 response [11,80,81]. Elevated levels of IFN-y were also found in
MERS-CoV infections [82]. Moreover, prior evidence shows that high concentrations of
IFN-y in rapidly progressive interstitial lung disease associated with dermatomyositis
positively correlated with the ground-glass opacity score (G-score) in CT [51].

Studies have shown increased levels of IL-21 and IL-22 in plasma of patients hospi-
talised with COVID-19 [83,84]. Moreover, prior evidence shows that IL-22 plays a crucial
role in LPS-induced ALI [85]. Interestingly, higher concentrations of IL-21 and IFN-y have
been also demonstrated in COVID-19 convalescent plasma [86].

Taken together, the evidence supports the involvement of a Th17 mediated response
in the pathogenesis of pneumonia caused by SARS-CoV-2. Therefore, targeting the Th17
phenotype might be beneficial in patients with a dominant Th17 response.

7. Possible Treatment Strategy

Currently, there are several biological drugs targeting IL-17 (secukinab, brodalumab,
ixekizumab) and IL-23 (guselkumab, gildrakizumab and risankizumab) approved for the
treatment of rheumatologic and dermatologic diseases such as psoriasis. Furthermore,
there are biological drugs that intervene in the cell differentiation towards Th17 phenotype
through blocking STAT3, which seems to be crucial for the production of IL-17A cytokine.
STAT3 activation is mediated by IL-6 and IL-23 through Janus kinase (JAK) 2 signaling
pathway, and by IL-21 through the JAK1 and JAK3 signaling pathways. Since IL-23 triggers
the pathogenicity of Th17 cells, blocking JAK signaling pathways may restrict the expan-
sion of pathogenic Th17 cells [62]. Biologics can increase the risk of infection. However,
there have been reports of psoriatic patients receiving biologic treatment with mild or
asymptomatic COVID-19 manifestation, suggesting that IL-17 and IL-23 inhibitors may
play a protective role in the setting of SARS-CoV-2 infection [87-89]. Decreased injury,
such as pulmonary edema and leukocytes infiltration into alveoli, was demonstrated in
the murine model of LPS-induced Acute Lung Injury after IL-17 antibody administration.
Moreover, ALI mice showed decreased concentrations of TNFx and increased concentra-
tions of anti-inflammatory IL-10 in plasma and alveolar fluid after the administration of
the IL-17 blocking agent [76]. Evidence shows that the delivery of Th17 inhibiting therapy
might prove effective in preventing lung tissue destruction. Therefore, more research is
needed to assess the practicality of using this type of therapy in patients with COVID-19.
There is currently a randomised phase II clinical trial to evaluate the efficacy and safety
of secukinab, in addition to standard treatment for the management of novel coronavirus
pneumonia registered in the Brazilian Clinical Trial Registry (RBR-5vpyh4). Another mul-
ticenter clinical trial investigating the use of ixekizumab in combination with anti-viral
therapy in patients with severe COVID-19 infection has been registered in the Chinese Clin-
ical Trial Registry (ChiCTR2000030703). In addition, there is a phase Il randomised clinical
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trial to evaluate the efficacy and safety of ixekizumab in combination with aldesleukin in
patients with severe to critical COVID-19 (NCT04724629). Moreover, there are several clini-
cal trials to evaluate JAK inhibitors. In the phase III multicenter clinical trial held in North
and South America and Europe, ruxolitinib, a selective inhibitor of JAK1/JAK?2, failed to
reduce the number of COVID-19-hospitalised patients who experienced severe compli-
cations (RUXCOVID, NCT04362137). The German study on ruxolitinib in patients with
COVID-19-induced ARDS (RuXoCoil, NCT04359290) is still under assessment. Another
JAK inhibitor, baricitinib, has shown beneficial effects for COVID-19 treatment in combi-
nation with remdesivir in a global multicenter clinical study (NCT04401579). However,
more research is needed to confirm its usefulness for the treatment of severe COVID-19
pneumonia.

8. Conclusions

Several pro-inflammatory mediators may promote the exacerbation of immune re-
sponse causing hyperinflammation, and the current challenge is understanding how they
modulate specific pathological situations to find suitable treatment. Patients with severe
COVID-19 exhibit high levels of IL-17 and GM-CSE. Moreover, it has been shown that lung
tissue destruction might be explained by recruitment of neutrophils mediated by Th17 cells.
Thus, targeting Th17 response in the early stages of COVID-19 may alleviate the course of
the disease and improve clinical outcomes.

Funding: This work received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

Abbreviations

ACE2 Angiotensin-converting enzyme 2

ALI Acute Lung Injury

ALT Alanine transaminase

ARDS Acute Respiratory Distress Syndrome
AST Aspartate transaminase

CRP C-reactive protein

CSS Cytokine Storm Syndrome

CXCL The C-X-C motif chemokine ligand
GATA3 GATA binding protein 3

G-CSF Granulocyte colony stimulating factor
GGO Ground-glass opacity

GM-CSF Granulocyte-macrophage colony-stimulating factor
Foxp3 Forkhead box protein 3

IL Interleukin

ILC Innate lymphoid cell

JAK Janus kinase

LDH Lactate dehydrogenase

MCP-1 Monocyte chemoattractant protein 1
MERS-CoV  Middle East Respiratory Syndrome-related Coronavirus
NRDS Neonatal Respiratory Distress Syndrome
RBD Receptor-bind domain

ROR RAR-related orphan receptor
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SARS Severe Acute Respiratory Syndrome
SARS-CoV  Severe Acute Respiratory Syndrome Coronavirus
STAT Signal transducer and activator of transcription
Tbet T-box transcription factor TBX21
TNF Tumor necrosis factor
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Background: The severity of COVID-19 is associated with an elevated level of a
variety of inflammatory mediators. Increasing evidence suggests that the Thl7
response contributes to the severity of COVID-19 pneumonia, whereas Th22
response plays a regulatory role in SARS-CoV-2 infection. Two main types of
available COVID-19 treatments are antivirals and immunomodulatory drugs;
however, their effect on a cytokine profile is yet to be determined.

Methods: This study aim to analyse a cytokine profile in peripheral blood from
patients with COVID-19 (n=44) undergoing antiviral or/and immunomodulatory
treatment and healthy controls (n=20). Circulating CD4+ and CD8+ T cells and
their intracellular expression of IL-17A and IL-22 were assessed by flow
cytometry.

Results: [nitial results showed an overexpression of IL-17F, IL-17A, CCL5/
RANTES, GM-CSF, IL-4, IL-10, CXCL-10/IP-10 and IL-6 in COVID-19 patients
compared to healthy controls. Treatment with remdesivir resulted in a significant
decline in concentrations of I[L-6, IL-10, IFN-alpha and CXCL10/IP-10.
Immunomodulatory treatment contributed to a significant downregulation of
IL-10, IFN-alpha, CXCL10/IP-10 and B7-H3 as well as upregulation of IL-22 and
IL-1 beta. A combination of an antiviral and immunomodulatory treatment
resulted in a significant decrease in IL-17F, IL-10, IFN-alpha, CXCL10/IP-10 and
B7-H3 levels as well as an increase in IL-17A and IL-1 beta. We found significantly
higher percentage of both CD4+ and CD8+ T cells producing IL-17A and CD4+ T
cells producing IL-22 in patients with COVID-19.

Conclusion: Administration of antiviral or/and immunomodulatory treatment
resulted in a significant downregulation of pro-inflammatory cytokine expression
and an upregulation of T cell absolute counts in most cases, thus showing
effectiveness of treatment in COVID-19. SARS-CoV-2 infection induced cytokine
overexpression in hospitalized patients with COVID-19 as well as lymphopenia,
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particularly a decrease in CD4+ and CD8+ T cell counts. Moreover, despite the
reduced counts of CD4+ and CD8+ T cells, both subsets showed overactivation
and increased expression of IL-17A and IL-22, thus targeting Thl7 response
might alleviate inflammatory response in severe disease.

KEYWORDS

COVID-19, SARS-CoV-2, Thl7 cells, CD4+ T cells, CD8+ T cells, cytokines, treatment

1 Introduction

At the end of 2019, an unprecedented epidemic of pneumonia
caused by a novel beta coronavirus, termed SARS-CoV-2 afterward,
emerged in Wuhan (China) (1). The rapid spread of the virus
worldwide resulted in global pandemic of the subsequent disease
COVID-19 announced by WHO on 11 March 2020. Most people
infected with SARS-CoV-2 experience mild to moderate respiratory
disease that resolves on its own. However, elderly people and those
burdened with comorbidities such as chronic respiratory disease,
cardiovascular disease, diabetes, and cancer are more likely to
develop severe COVID-19 (2).

Cytokine release syndrome (CRS), which is an excessive
response to the production of pro-inflammatory cytokines and
chemokines, may be responsible for the severe course of the
disease according to research. Unusually high release of cytokines
triggering immunopathological reaction is described as “cytokine
storm” (1, 2). Studies have shown that the severity of COVID-19 is
associated with an elevated level of inflammatory mediators such as
tumor necrosis factor (TNF), CXC-chemokine ligand 10 (CXCL-
10), monocyte chemoattractant protein 1 (MCP-1), interleukin
(IL)-2, 1L-6, TL-7, and IL-10. Elevated concentration of IL-6 has
been shown to strongly correlate with COVID-19 mortality (3, 4).
Aberrant release of pro-inflammatory mediators leads to apoptosis
of lung epithelial and endothelial cells causing damage to the
microvascular and alveolar epithelial cell barrier which leads to
vascular leakage, alveolar oedema, and hypoxia (5). There is
evidence that both Th17 and Th22 response can play an
immunomodulatory role in some diseases, including viral
infections. It has been shown that in some situations Th17 and
Th22 can exert opposite immune effects. Increasing evidence
suggests that the Th17 response contributes to the severity of
COVID-19 pneumonia, whereas Th22 response plays a regulatory
role in SARS-CoV-2 infection (6, 7).

There are two main types of available COVID-19 treatments —
antivirals and immunomodulatory drugs. Remdesivir, an antiviral
medication, has received significant recognition for its capacity to
control and regulate the viral load and has been approved for the
treatment of patients with COVID-19. It is a broad-spectrum
nucleoside analogue that can target variety of single-stranded
RNA viruses, including coronaviruses. Its primary mechanism of
action is the inhibition of RNA-dependent RNA polymerase thus
leading to the suppression of SARS-CoV-2 replication in
respiratory-associated epithelial cells (8, 9). Immunomodulatory
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agents modify the response of the immune system by activating,
inhibiting, or modulating various immune system components.
Tocilizumab is a recombinant humanized monoclonal antibody
that binds to IL-6 receptors to exert immunosuppressive effects and
attenuate IL-6 activity. It was approved for treatment of the CRS in
severe COVID-19 (9, 10). Glucocorticoids (GCs) are recommended
for the treatment of oxygen-requiring patients with COVID-19.
GCs exhibit pharmacologic effect through classic genomic
mechanisms. Some immunosuppressive effects are based on the
induction of gene transcription and synthesis of NF-kB protein
inhibitors, resulting in inhibition of the synthesis of downstream
proteins such as IL-1 and IL-6. GCs reduce the activation,
proliferation, and survival of both T cells and macrophages. The
dosage and timing of administration of GCs have a significant
impact on the outcome of the critically ill patients. The initiation of
the immune defense mechanism is inhibited by the premature
administration of GCs, which raises the viral load and ultimately
has negative consequences. Therefore, GCs are mainly used to treat
critically ill patients with CRS (10, 11).

In this study, we performed an evaluation of immunological
features of patients with COVID-19 hospitalized in the Department
of Infectious Diseases and Hepatology at the Medical University of
Bialystok Clinical Hospital, who were treated with tocilizumab,
glucocorticoids and/or remdesivir. We aimed to assess the effect of
treatment on a cytokine and T cell profiles, including the
intracellular expression of IL-17A and IL-22. We showed that
administration of antiviral or/and immunomodulatory treatment
resulted in a significant downregulation of pro-inflammatory
cytokine expression and an upregulation of T cell absolute counts
in most cases, thus showing effectiveness of treatment in
COVID-19.

2 Materials and methods
2.1 Study population

The study included 44 patients with COVID-19 hospitalized in
the Department of Infectious Diseases and Hepatology at the
Medical University of Bialystok Clinical Hospital in January to
May 2021, who were treated with tocilizumab, glucocorticoids and/
or remdesivir. SARS-CoV-2 infection was confirmed with reverse
transcription polymerase chain reaction (RT-PCR) in a certified
diagnostic facility before hospital admission. In addition, 20
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volunteers vaccinated against SARS-CoV-2 with no inflammatory
or autoimmune disease were enrolled as a control group.

Vital signs included in Modified Early Warning Score (MEWS)
(oxygen saturation, heart rate, blood pressure, respiratory rate, body
temperature, alertness, diuresis), full blood count, coagulation
parameters, acute-phase proteins, and other tests necessary for
proper care in accordance with good clinical practice were
measured before and during treatment. MEWS score allows to
stratify patients according to their clinical condition:

. Asymptomatic or mild type
. Stable patients with respiratory and/or systemic symptoms
. Clinically unstable patients with respiratory failure

Y S

. Patient in critical condition (acute respiratory distress
syndrome)

Patients with asymptomatic/mild disease and patients in whom
inflammatory changes in the lungs were not confirmed by imaging
studies were excluded from the study. Additional exclusion criteria were
the presence of autoimmune diseases, malignancy, and current
immunomodulatory treatment for diseases other than COVID-19.
Management and treatment followed current national recommendations
for COVID-19 (12, 13).

Remdesivir was administered to patients admitted to the
hospital during first week from the onset of symptoms,
dexamethasone was given to patients receiving antiviral drug,
who also required oxygen therapy and tocilizumab was
administered to patients with IL-6 concentration above 100 pg/
mL. Treatment was classified as follows: a) antiviral therapy -
remdesivir; b) immunomodulatory therapy - tocilizumab or/and
dexamethasone; ¢) mixed therapy - combination of antiviral and
immunomodulatory treatment.

Patients with oxygen saturation (SpO,) of 90% or lower on room
air who required high-flow oxygen therapy or non-invasive mechanical
ventilation with bilevel positive airway pressure (BiPAP) mode to
correct hypoxemia, were categorized as having severe COVID-19.
Patients who did not meet the criteria for severe COVID-19 were

10.3389/fimmu.2023.1222170

classified as moderate. Schematic diagram of the treatment regimen is
presented in Figure 1 and Supplementary Figure 1.

2.2 Sample collection and the
purification of peripheral blood
mononuclear cells (PBMCs)

Blood samples were collected from each participant by
venipuncture in a 7,5 ml S-Monovette tube with clot activator
(Sarstedt, Germany) and 4,9 ml S-Monovette tube with EDTA
(Sarstedt, Germany) on hospital admission before treatment
administration and on the fifth day of treatment. The collected
samples were centrifuged, and serum and plasma were frozen at -80
degrees Celsius. Density gradient centrifugation with Pancoll 1.077
g/l (PAN Biotech, Germany) was used for isolation of PBMCs, then
the cells were washed twice in phosphatate-buffered saline
(Corning, VA, USA) and cryopreserved in fetal bovine serum
(PAN Biotech, Germany) with 10% dimethyl sulfoxide (Sigma-
Aldrich, MO, USA).

2.3 Immunoenzymatic assay (ELISA)

Enzyme-linked immunoabsorbent assays for the quantitative
detection of human IL-17A, IL-17F, IL-22 and IL-23 (Invitrogen,
Thermo Fisher Scientific, MA, USA) were performed according to
the manufacturer’s protocols and an absorbance level was read at
450 nm wavelength using BioTek EL800 microplate reader (Agilent
Technologies, CA, USA). The level of each biomarker is expressed
in pg/mL.

2.4 Multiplex assay

A 17-plex Luminex assay (R&D Systems, MN, USA) was used
for quantification of serum biomarkers, including: B7-H3, CCL2,

- - Supportive treatment
|§table patients with respiratory and / or |__ Remdesivir iv gd with a cading dose of 200 mg and

ystemic symploms maintenance dose of 100 mg for 5-10 days during the 1st
week after the onset of symptoms

Clinically unstable patients with
respiratory failure

Supportive treatment, oxygen therapy, high-flow oxygen
therapy if Sp02<90%

Remdesivir iv gd with 2 loading dose of 200 mg and
maintenance dose of 100 mg for 10 days during the 1st
week of symptoms

GCS: methylprednisolone or dexamethson for 10 days
Tocilizumab in patients with elevated IL-6 >100 pg/mL, W,
8 mg/kg (max. 800 mg) in a single dose

Patient in critical condition (acute

Close monitoring in the intensive care unit
Suppoﬂrve treatment, oxygen therapy,

ir iv gd with a loading dose of 200 mg and

respiratory distress syndrome)

malnlenance dose of 100 mg for 10 days during the 1st
week of symptoms

GCS: methylprednisolone or dexamethson for 10 days
Tocilizumab in patients with elevated IL-6 >100 pg/mL, iv,
8 mg/kg (max. 830 mg) in a single dose

FIGURE 1
Therapeutic recommendations for COVID-19 at the time of the study
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CCL5, CXCL10, IFN-alpha, IFN-gamma, IL-1 beta, IL-4, IL-6, IL-
6R, IL-10, IL-13, IL-21, IL-28B, IL-33, GM-CSF, TIM-1.
Measurements were performed according to the manufacturer’s
instruction on a Bio-Plex 200 System (Bio-Rad Laboratories, CA,
USA). The level of each biomarker is expressed in pg/mL.

2.5 Flow cytometry

Thawing of cryopreserved PBMCs and resuspension in the
complete culture medium (RPMI 1640 with 10% fetal bovine
serum (PAN Biotech, Germany)) was followed by counting and
viability verification using 0.4% trypan blue solution (cells
demonstrated viability of 95-100%). For the flow cytometric
assessment of Th17 and Th22 cells, 500,000 cells were used.
Intracellular detection of IL-17A and IL-22 was facilitated by 4-
hour incubation at 37°C with Leukocyte Activation Cocktail with
brefeldin A (BD Pharmingen; BD Bioscience, CA, USA). Initial
extracellular staining with monoclonal antibodies conjugated with
fluorochromes included: anti-CD4 FITC (clone RPA-T4) and
anti-CD8 PE-Cy7 (clone RPA-T8) (BD Bioscience, CA, USA).
Following 25 minutes of incubation at room temperature, in the
dark, unbound antibodies were washed out with the phosphate-
buffered saline without calcium and magnesium (PBS; Corning,
VA, USA). Subsequently, cells were permeabilized by
Permeabilization Buffer 2 (BD Bioscience, CA, USA) for
intracellular staining using: anti-IL-17A PE (clone SCPL1362)
and anti-IL-22 Alexa Fluor 647 (clone MH22B2) (BD

10.3389/fimmu.2023.1222170

Bioscience, CA, USA). After incubation and washing steps, cells
were preserved using CellFix reagent (BD Bioscience, CA, USA)
and stored at 4°C prior to data acquisition on the FACS Calibur
flow cytometer (BD Bioscience, CA, USA). Flow cytometric
analyses were performed using the FlowJo® software (Tree Star
Inc., OR, USA).

Lymphocytes were initially distinguished on the basis of their
morphology: relative size (FSC; forward scatter) and granularity
(SSC; side scatter). Next, the detection of the helper (Th) CD4+ and
cytotoxic (Tc) CD8+ T cell subsets was performed. Furthermore,
the intracellular expression of IL-17A and IL-22 was assessed within
mentioned subsets of lymphocytes. Implemented processing of the
flow cytometric data allowed for determining the studied T cell
populations frequencies and absolute cell numbers. The
representative gating strategy, based on proper FMO and
unstained controls, is presented in Figure 2.

2.6 Statistical analysis

Statistical analysis was performed with GraphPad (Prism
Software, CA, USA). Comparative analysis between groups
according to the distribution was carried out by t-test or Mann-
Whitney U test for continuous data and chi-square for categorical
data. For comparison between groups before and during the
treatment, paired t-test and Wilcoxon matched pairs signed rank
test were applied followed by two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli. To assess the panoramic profile of

{LIL-17+ and IL-22+ celis in Th CD4+
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FIGURE 2

The representative gating strategy, based on proper FMO and unstained controls
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serum biomarkers and absolute counts of immune cells in
peripheral blood, data was normalized with log transformation.
The correlation between analyzed parameters was assessed with
Spearman correlation test. The differences were considered
statistically significant if p<0.05.

3 Results
3.1 General characteristics

General characteristics of patients (n=44) and controls (n=20)
are presented in Table 1. Among patients, majority were male
(72.7%) with a median age of 63 years, whereas among controls
majority were female (55.0%) with a median age of 57. Among
severe COVID-19, all patients were male with a median age of 67
years (Supplementary Table 1). The most frequently occurring
comorbidities both in patients and controls were hypertension
(56.8% and 20.0% respectively) and dyslipidaemia (18.2% and
10.0% respectively). The median time from onset of symptoms to
hospitalization was 7.0 days. On hospital admission, the median of
the lung involvement in CT scan was 40.0%, whereas the median of
oxygen saturation was 90.0%. Lung involvement in CT scan showed
significant negative correlation with oxygen saturation (r=-0.487,
p=0.002) and lymphocytes percentage (r=-0.407, p=0.010), and
positive correlation with LDH level (r=0.425, p=0.011). Heatmap
of Spearman’s correlation of laboratory findings and general
characteristics is presented in Figure 3.

TABLE 1 General characteristics of COVID-19 patients and control group.

10.3389/fimmu.2023.1222170

3.2 Laboratory findings

On admission 65.9% of patients showed lymphocytopenia,
while leukocyte counts were normal. Alanine aminotransferase,
aspartate aminotransferase and D-dimer levels were significantly
higher in patients than in controls (p=0.006, p<.001 and p<.001
respectively). Detailed analysis of laboratory findings in patients
and controls is presented in Table 2. LDH levels were significantly
higher in patients with severe COVID-19, compared to patients
with moderate disease (p=0.040) (Supplementary Table 2).
Lymphocytes percentage correlated negatively with CRP (r=-
0.730, p<.001), fibrinogen (r=-0.555, p<.001), LDH (r=-0.473,
p<.001), and D-dimers (r=-0.428, p<.001). Additionally,
lymphocytes percentage showed strong positive correlation with
SpO, (r=0.655, p<.001).

3.3 Immunological features
before the treatment

Serum concentrations of IL-17F (p<.001), IL-17A (p=0.018),
CCL5/RANTES (p<.001), GM-CSF (p<.001), IL-4 (p<.001), IL-10
(p<.001), CXCL10/IP-10 (p<.001) and IL-6 (p<.001) were
significantly upregulated in patients, comparing to healthy controls
(Figure 4A). Furthermore, IL-10 and CXCLI10/IP-10 were
significantly higher in patients with severe COVID-19 (p=0.018
and p=0.004 respectively) (Figure 4A). Whereas analysis of
circulating immune cell subsets demonstrated significant decrease

Variables Patients (n=44) Healthy controls (n=20)

Age, y 63.0 (51.5-70.5) 57.0 (51.5-63.0) 0.087
Gender, male 32 (72.7%) 9 (45.0%) 0.032*
BMI, kg/m2 29.7 (27.7-33.9) 26.0 (24.2-30.7) 0.010*
Sp0., % 90.0 (84.5-94.0) - -
Time from onset, days 7.0 (5.0-9.0) - -
Disease severity

Moderate, n (%) 35 (79.5%)

Severe, n (%) 9 (20.5%) -
Comorbidities

Hypertension, n (%) 25 (56.8%) 4 (20.0%) 0.010*
Diabetes, n (%) 7 (16.0%) 0 (0.0%) 0.059
Asthma, n (%) 3 (6.8%) 1 (5.0%) 0.937
Dyslipidaemia, n (%) 8 (18.2%) 2 (10.0%) 0.403
Symptoms

Fever, n (%) 32 (72.7%) -
Cough, n (%) 28 (63.6%)

Dyspnoea, n (%) 24 (54.6%)

Fatigue, n (%) 23 (52.3%)

Lung involvement in CT scan on admission, % 40.0 (40.0-60.0) - -

Data represented as number or median (IQR). BMI, body mass index; SpO,, oxygen saturation; *, statistical significance.
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Spearman’s correlation of laboratory findings and general characteristics of patients on the day of hospital admission. Heatmap demonstrates exact
values of Spearman's r. BMI, body mass index; CRP, C-reactive protein; CT, computed tomography; LDH, lactate dehydrogenase; Lymphocytes %,

percentage of lymphocytes; SpO., oxygen saturation, The levels of significance were indicated as: * = p<.05, ** = p<.01, *** = p <001

TABLE 2 Laboratory findings in COVID-19 patients and control group.

Variables Normal range Patients (n=44) Healthy controls (n=20) p
ALT, IU/L <310 16.0 24.5 0.006*
(23.0-62.0) (20.0-30.0)
AST, 1U/L <32.0 53.0 22.0 <001*
(44.0-74.0) (19.0-29.0)
CRP, mg/dL <50 93.6 L1 <001*
(58.9-132.3) (0.6-2.4)
PCT, ng/mL <0.05 0.09 - -
(0.05-0.16)
D-dimers, ng/mL <500.0 892.0 250.0 <001*
(638.0-1439.0) (182.0-382.0)
Fibrinogen, mg/dL 200.0-400.0 645.0 - -
(527.0-758.0)
LDH, U/l 135.0-214.0 476.0 - -
(345.3-615.5)
Leukocyte count, x10”/L 4.0-10.0 5.6 5.8 0.902
(4.7-8.7) (5.0-7.3)
Neutrophil count, x10°/L 1.6-7.2 4.3 3.1 0.018*
(3.1-7.3) (2.5-4.1)
Lymphocyte count, x10%/L 0.8-4.7 0.8 2.0 <001*
(0.7-1.2) (1.6-2.5)
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1222170

Variables Normal range Patients (n=44) Healthy controls (n=20)

Lymphocytes, % 18.0-48.0 12.8 324 <.001*
(8.8-20.1) (28.4-36.9)

Haemoglobin. g/dL 12.0-16.0 14.8 14.4 0.848
(133-15.4) (13.6-15.3)

Platelet count, x10°/L 130.0-350.0 183.0 233.0 0.015*

(139.0-261.5) (207.0-294.0)
INR 0.8-1.2 1.2 1.0 <.001*
(1.1-1.2) (1.0-1.1)
Data r d as ber or median (IQR). ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; INR, international normalized ratio; LDH, lactate

P

dehydrogenase; PCT, procalcitonin; *, statistical significance.
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of absolute numbers of total lymphocytes, as well as both CD4+ and
CD8+ T cells (Figure 4B). Nevertheless, both the percentages of CD4
+ and CD8+ T cells expressing IL-17A were higher in patients with
moderate (p<.001 and p<.001 respectively) and severe disease
(p=0.004 and p=0.009 respectively) than in controls. In addition,
patients with moderate disease had higher percentage of CD4+ T cells
expressing IL-22 (p=0.006) compared to controls (Figure 5). Lung
involvement in CT scan correlated positively with percentage of CD4
+ T cells producing both IL-17A and IL-22 (r=0.474, p=0.005) and
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FIGURE 5
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negatively with IFN-lambda 3 (r=-0.435, p=0.010). In contrast, SpO2
correlated positively with IFN-lambda 3 (r=0.441, p=0.007) and
negatively with IL-6 (r=-0.567, p=0.007). CRP correlated positively
with percentage of CD8+ producing IL-17A (r=0.531, p<.001) and
percentage of CD8+ producing both IL-17A and IL-22 (r=0.431,
p<.001). Moreover, CRP correlated negatively with lymphocytes
count (r=-0.438, p<.001) as well as CD4+ (r=-0.467, p<.001) and
CD8+ (r=-0.444, p<.001). Time from onset correlated positively with
IL-23 (r=0.415, p=0.009) (Figure 6).
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Intracellular expression of IL-17A and IL-22 by CD4+ and CD8+ T cells in controls and patients with moderate and severe disease. Data represented

as median (—) and quartiles (

). (A) Cytokine production by CD4+ cells in controls and patients with moderate and severe disease on hospital

admission; (B) Cytokine production by CD8+ cells in controls and patients with moderate and severe disease on hospital admission
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Spearman’s correlation of general characteristics and immunological features of patients on the day of hospital admission, Heatmap demenstrates
exact values of Spearman’s r. CRP, C-reactive protein; CT, computed tomography; SpQO,, oxygen saturation. The levels of significance were

indicated as: * = p<.05, ** = p<0L *** = p <001

3.4 Effect of treatment on immunological
features of patients

On the fifth day of treatment, the overall level of IL-17A (p<.001),
IL-22 (p=0.003), IL-1 beta (p=0.026), CCL5/RANTES (p=0.036) and
GM-CSF (p=0.024) significantly increased. Whereas the level of IL-17F
(p=0.024), IL-10 (p<.001), IFN-gamma (p=0.011), IFN-alpha (p<.001),
CXCL10/TP-10 (p<.001) and B7-H3 (<.001) significantly decreased
(Figure 7A). However, compared to patients with moderate COVID-
19, the overall serum levels of IL-10 (p<.001), IFN-gamma (p=0.037),
CCL2/MCP-1 (p=0.008), CXCL10/IP-10 (p<.001) and IL-6 (p=0.001)
were significantly upregulated in severe patients on fifth day of
treatment (Figure 8).

IL-6 concentration decreased significantly with antiviral
treatment (p=0.047) but increased in patients in other treatment
groups, although without statistical significance (p=0.067) (Figure 9).
Moreover, there was a statistically significant increase of IL-6 in
patients with severe COVID-19 (p=0.016) compared to patients with
moderate disease (Figure 10). Compared to other therapies, only
patients with immunomodulatory treatment showed an increase of
IL-22 level (p=0.031), whereas combination of immunomodulatory
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and antiviral treatments resulted in a significant increase of IL-17A
(p=0.046) and a decrease of IL-17F (p=0.027) in these patients
(Figure 9). Concentration of IL-1 beta increased significantly in
both groups treated with immunomodulatory drugs (p=0.030) and
a combination of immunomodulatory and antiviral drugs (p=0.030)
(Figure 9). In contrast to the group with severe COVID-19, in
patients with moderate disease IL-1 beta levels were significantly
reduced (p=0.022) on fifth day of treatment, suggesting its
contribution to worse clinical outcomes (Figure 10).

The overall number of lymphocytes, and both CD4+ and CD8+ T
cell subsets significantly increased with treatment (p<.001), including
CD4+ and CD8+ producing IL-17A (p=0.003 and p=0.016 respectively)
(Figure 7B). However, patients with moderate disease demonstrated
immune response to treatment with a significant increase in both CD4+
and CD8+ T cell counts (p<.001 and p=0.002 respectively), while in
patients with severe disease there was no significant difference in any
subset (p=0.126 and p=0.152 respectively) (Figure 11). There were no
statistically significant differences of T cell counts between the different
treatment groups, however the percentage of IL-22 producing CD4+ T
cells was markedly lower in patients treated with immunomodulatory
drugs (p=0.035) (Figure 12).

frontiersin.org



Martonik et al,

10.3389/fimmu.2023.1222170

A
B
0024 0003 <0001 0036 0024 0011 <0001 <0001 <0001 <0007 0026
4] YT
Ie)
L N
5 ¢
§ 2 ' _L L i1
N X
: b
8
S o
3
-5
T T T T T T T T T T
S R N Y P I
v v & @ Y ra,((\ v 4 \\Q ¥ N
& O o RS V4
& & o g
P cr
B
gL 0w 0015 0.003 0015 0043 <0001 <0001 <0.001
~ 4
[e)]
Re]
- 1
b |
3
8,
0 T T T T T T T T T
> X * * X * =] x *
& 4 & P D > &g &
N o x\\: o ,\v"\\' ,\v"\\/ &
e < . &
< S & X X £
S & Y R %
e} oY
I Day 0 I Day 5

FIGURE 7

Immunological features before and during treatment. Data represented as median (—) and quartiles (
before treatment administration and on the fifth day of treatment; (B) T cell counts before treatment administration and on the fifth day of

treatment

). (A) Serum concentration of cytokines

4 Discussion

Laboratory parameters have potential value in risk assessment
and COVID-19 outcomes prediction, as early recognition of disease
progression is essential for effective management and intervention.
Several biomarkers were proposed as potential predictors of the
COVID-19 outcome based on the hyperinflammatory state and
hypercoagulability involved in pathophysiology of severe disease,
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such as CRP, PCT, IL-6, D-dimers and LDH (14). Many studies
reported that elevated levels of ALT, AST, CRP, PCT, IL-6, D-
dimers and LDH, and depressed counts of lymphocytes and
platelets in patients with COVID-19 were associated with disease
severity (14-19). Consistently with previous findings, in our study
patients had significantly higher levels of ALT, AST, CRP and D-
dimers and lower counts of lymphocytes and platelets compared to
controls. In addition, patients had elevated levels of PCT, fibrinogen
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and LDH. Moreover, patients with severe disease had significantly
higher level of LDH, while there was no statistical difference in other
laboratory parameters.

Impairment of immune responses resulting in an excessive
inflammation is a hallmark of COVID-19. In addition to the
virus-induced direct lung injury, excessive activation of immune
system in response to SARS-CoV-2 invasion triggers immune cells
to release both pro- and anti-inflammatory cytokines, such as IL-1
beta, IL-6, IL-10, IL-17, TNF and CCL2/MCP-1 (20). We have
demonstrated that concentrations of several cytokines, including
CCL5/RANTES, GM-CSF, IL-4, IL-6, IL-10 and CXCL10/IP-10,
were significantly upregulated in patients with COVID-19 versus
healthy controls. Moreover, upon admission patients with severe
disease had higher concentration of IL-10 and CXCL10/IP-10 than
patients with moderate disease. These results are in accordance with
the studies reporting an elevation of IL-1 beta, IL-6, IL-10, GM-CSF,
CXCL10/IP-10, CCL2/MCP-1, CCL5/RANTES and IFN-gamma in
the blood samples of COVID-19 patients (21-23). Furthermore,
Huang et al. observed higher concentration of IL-10, CXCL10/IP-10
and CCL2/MCP-1 in intensive care COVID-19 patients versus non
intensive care patients (21).

Several studies reported decrease in CD4+ and CD8+ T cells
counts in patients with COVID-19 (23-27). Hence, it has been
suggested that the counts of CD4+ and CD8+ T cells can be a
diagnostic marker of COVID-19 activity and predictor of disease
severity (25). Patients in our study had significantly reduced both
CD4+ and CD8+ absolute counts, but without significance between
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moderate and severe disease. However, on fifth day of hospitalization
patients with severe disease had lower lymphocytes, CD4+ and CD8+
T cells count, which may be explained by the fact that in majority of
severe cases, the disease progressed during hospitalization. In contrast
to the group with severe COVID-19, patients with moderate disease
showed clinical response to treatment, with a significant increase in
both CD4+ and CD8+ T cells count. Similar results were obtained by
Wang et al. showing an increase in CD8+ T cells and B-cells in
response to treatment in patients with COVID-19. Moreover, authors
indicated that the decrease of these cell subsets might serve as an
independent predictor of poor treatment response (26). In our study,
despite the depleted absolute numbers of CD4+ and CD8+ T cells,
these cells showed overactivation and increased expression of IL-17A
and IL-22. We found significantly higher percentage of both CD4+
and CD8+ T cells producing IL-17A and CD4+ T cells producing IL-
22 in patients with COVID-19. These results correspond to the study
of De Biasi et al. that reported an increase in percentages of T cell
subsets producing IL-17A (22). Similarly, Cagan et al. reported
increased numbers of CD4+ and CD8+ T cells producing IL-22
and CD8+ T cells producing IL-17A (7).

The production of IL-17A, a cytokine with both protective and
pathogenic role, is the hallmark of the Th17 response. IL-17A has
the ability to activate a wide range of inflammatory pathways, which
can cause tissue damage and illness aggravation. Several indicators
pointed to the likely role of IL-17A in COVID-19 clinical outcomes
prompting considerations of using this cytokine as a marker of
disease severity (20, 28-30). Previous study noted significantly
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upregulated IL-17A and IL-17F in patients with COVID-19 (23).
Likewise, patients with COVID-19 in our study had significantly
greater level of IL-17A and IL-17F than controls, but without
significance between patients with moderate and severe disease.
This observation is in accordance with the study of Huang et al. that
reported significantly higher concentration of IL-17A in ICU
patients compared to healthy controls but without significance
between ICU and non-ICU care (21). Similarly, Mostafa et al.
also noted upregulated levels of IL-17A in paediatric patients with
COVID-19, however no association with disease outcome was
found (31). In contrast, Liu et al. demonstrated significantly
higher level of IL-17 in patients with severe COVID-19 compared
to patients with mild disease. Moreover, IL-17 has been shown to
positively correlate with Murray score, an indicator of lung injury
severity (32). Another study showed an increase of IL-17 both in
plasma and saliva of patients with severe COVID-19 compared to
mild and asymptomatic patients. In addition, elevated levels of IL-

Frontiers in Immunology

17 were reported in nasal swabs and lung autopsies of COVID-19
patients and were associated with higher concentrations of other
proinflammatory cytokines, including IL-1 beta, IL-6, IL-8, and IL-
23 (33).

Another cytokine associated with Th17 response with both
protective and pathogenic role is IL-22. It regulates host defense
at barrier surfaces and promotes tissue regeneration yet has been
linked to several diseases characterized by inflammatory tissue
pathology (34). However, recent study of Das et al. reported
potent immune boosting and antiviral properties of IL-22 in
respiratory syncytial virus (RSV) infection and since COVID-19
have pathological characteristics like other viral respiratory
infections it is reasonable to speculate that IL-22 may also limit
the severity of SARS-CoV-2 infection (34, 35). We found elevated
levels of IL-22 in patients on admission. In addition, concentrations
of IL-22 in our patients significantly increased during
hospitalization. Likewise, previous studies showed upregulated
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FIGURE 10

The effect of treatment on a cytokine profile by severity. Serum concentration of cytokines in patients with moderate and severe disease before
treatment administration and on the fifth day of treatment. Data represented as median (—) and quartiles ()

levels of IL-22 in both paediatric and adult patients with COVID-
19, however no association with disease outcome or severity was
found (23, 31). During inflammation, group 3 innate lymphoid cells
(ILC3s) produce IL-17 and TL-22 upon stimulation with TL-1 beta
and IL-23. In our study, despite no significant increase in T cell
subsets in patients with severe disease there was an increase in IL-
17A and IL-22 concentration which might be associated with ILC3s.
In addition, it has been shown that lower abundance of ILCs in the
blood was associated with longer hospitalization in individuals with
COVID-19, hence there might be a correlation between decreased
ILCs in the blood and severe disease (36, 37).

The number of available studies on the effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with
COVID-19 is scarce, hence the impact of treatment on the immune
response is still unclear. In our study, treatment with remdesivir
(RDV) resulted in a significant decline in concentrations of IL-6, IL-
10, IEN-alpha and CXCL10/IP-10. Moreover, IFN-gamma and IL-1
beta were markedly decreased in patients treated with RDV, although
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without statistical significance. We were unable to find another study
to which to compare our findings, however our results suggest
attenuation of an excessive immune response in patients receiving
antiviral treatment. Immunomodulatory treatment resulted in a
significant downregulation of IL-10, IFN-alpha, CXCL10/IP-10 and
B7-H3 as well as upregulation of 1L-22 and IL-1 beta. The report of
Ponthieux et al. showed an increase in IL-1 beta, IL-2, IL-4, IL-10, IL-
12p70, TL-18 and IL-6R levels in patients with COVID-19 treated
with tocilizumab achieving maximal values two to four days after
drug administration. The authors of the study attributed these
findings to an anti-inflammatory effect of IL-6, which was
previously observed by other researchers (38, 39). However, in an
experimental model of oleic acid-induced acute lung injury (ALI)
both tocilizumab (TCZ) and dexamethasone (DEX) significantly
reduced the expression of IL-1 beta, IL-6, IL-8, and TNF-alpha
(40). Furthermore, DEX significantly reduced IL-8 levels in tracheal
aspirates of mechanically ventilated children with RSV infection (41).
In addition, DEX inhibited the secretion of IL-6 and CXCL8 in
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The effect of treatment on T cell counts in patients by severity. T cell counts before treatment administration and on the fifth day of treatment in
patients with moderate and severe disease. Data represented as median (—) and quartiles ()

human lung fibroblasts (42). Another study with an oleic acid-
induced ALI demonstrated that DEX inhibits the expression of IL-
6, TNF-alpha and VEGF while promoting the expression of IL-10
(43). Immunomodulatory treatment inhibits the expression of
proinflammatory cytokines and promotes the expression of anti-
inflammatory cytokines, hence alleviating tissue damage during
infections. In our study, a combination of an antiviral and
immunomodulatory treatment resulted in a significant decrease in
IL-17F, IL-10, IFN-alpha, CXCL10/IP-10 and B7-H3 levels as well as
an increase in IL-17A and IL-1 beta. However, an upregulation of
proinflammatory cytokines, such as IL-17A and IL-1 beta, might be
associated with higher number of severe cases and deaths in this
group, if untreated. In fact, IL-1 beta was significantly lower in
patients with moderate disease and markedly higher in patients
with severe disease, although without statistical significance. Lastly,
patients treated with antiviral drug, immunomodulatory drug or both
demonstrated clinical response to treatment with an increase in
lymphocyte, CD4+ and CD8+ counts, without difference between
the treatment groups.
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5 Conclusions

SARS-CoV-2 infection induced cytokine overexpression in
hospitalized patients with COVID-19 as well as lymphopenia,
particularly a decrease in CD4+ and CD8+ T cell counts.
Moreover, despite the reduced counts of CD4+ and CD8+ T cells,
both subsets showed overactivation and increased expression of IL-
17A and IL-22, thus targeting Th17 response might alleviate
inflammatory response in severe disease.

Administration of antiviral or/and immunomodulatory treatment
resulted in a significant downregulation of pro-inflammatory cytokine
expression and an upregulation of T cell absolute counts in most cases,
thus showing effectiveness of treatment in COVID-19.

6 Limitations of the study
This study has some limitation. Firstly, small number of

participants due to not meeting the inclusion criteria, as well as
prompt initiation of therapy not allowing for sampling prior to the
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treatment. Secondly, with the limited number of participants, it is
difficult to evaluate risk factors for severity and mortality with
multivariable-adjusted models. Finally, statistical results and p-
values should be interpreted cautiously, as non-significant p-
values do not necessarily rule out the difference between patients
with moderate and severe disease.
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Variables Moderate cases (n=35) Severe cases (n=9) P

Age, y 60.0 67.0 0.354
(50.0-68.5) (57.0-73.0)

Gender, male 23 (65.7%) 9 (100.0%) 0.002%*

BMI, kg/m? 30.5 29.0 0.476
(27.6-34.9) (24.8-32.1)

SpO2, % 92.0 82.0 0.004%*
(86.5-94.0) (78.0-88.0)

Time from onset, days 7.0 7.0 0.481
(6.5-10.0) (5.0-9.0)

Comorbidities

Hypertension, n (%) 20 (57.1%) 5 (55.6%) 0.932

Diabetes, n (%) 4 (11.4%) 3 (33.3%) 0.109

Asthma, n (%) 2 (5.7%) 0 (0.0%) 0.463

Dyslipidaemia, n (%) 7 (20.0%) 1(11.1%) 0.537

Symptoms

Fever, n (%) 27 (77.1%) 5 (55.5%) 0.195

Cough, n (%) 23 (65.7%) 5 (55.5%) 0.572

Dyspnoea, n (%) 19 (54.2%) 5 (55.5%) 0.946

Fatigue, n (%) 19 (54.2%) 5 (55.5%) 0.946

Lung involvement in CT scan 40.0 50.0 0.196

on admission, % (30.0-60.0) (40.0-80.0)

Data represented as number or median (IQR). BMI = body mass index, SpO2 = oxygen saluration, * = statistical significance

Supplementary Table 1. General characteristics of moderate and severe cases.



Variables Normal range Moderate cases (n=35) Severe cases (n=9) P
ALT, IU/L <31.0 38.0 480 0.289
(23.3-59.8) (37.0-86.0)
AST, IU/L <32.0 51.0 780 0.157
(44.3-66.0) (44.3-1355)
CRP, mg/dL <50 84.7 106.7 0.111
(61.5-127.1) (88.0-175.9)
PCT, mg/dL <0.05 0.08 0.14 0.097
(0.05-0.13) (0.09-0.54)
D-dimers, ng/mL <500.0 853.0 1272.0 0.503
(638.0-1377.0) (814.0-1495.0)
Fibrinogen, mg/dL 200.0-400.0 623.0 695.5 0.401
(527.0-758.0) (629.0-780.3)
LDH, U/I 135.0-214.0 447.0 635.0 0.040%*
(338.3-580.5) (498.3-777.3)
Leukocyte count, x109/L 4.0-10.0 55 6.0 0.673
(4.7-8.4) (4.4-8.7)
Neutrophil count, x10%/L 16-7.2 4.2 4.4 0.846
(3.1-7.4) (3.2-7.3)
Lymphocyte count, x10°/L 0.8-4.7 0.9 08 0.054
(0.7-1.2) (0.5-0.8)
Lymphocytes, % 18.0-48.0 13.4 124 0.429
(9.8-23.9) (8.8-15.5)
Haemoglobin, g/dL 12.0-16.0 14.9 14.7 0.964
(13.4-15.4) (13.7-15.4)
Platelet count, x10%/L 130.0-350.0 188.0 145.0 0.244
(156.0-268.5) (119.0-194.0)
INR 08-1.2 1.2 1.1 0.570

Data represented as number or median (IQR). ALT = alanine aminotransferase, AST = aspartate aminotransferase, CRP = C-reactive protein,

(1.1-1.2)

(1.1-1.2)

INR = international normalized ratio, LDH = lactate dehydrogenase, PCT = procalcitonin, * = statistical significance

Supplementary Table 2. Laboratory findings in moderate and severe cases.



10. Streszczenie w jezyku polskim

Cytokiny odgrywaja wazng role w immunopatologii zakazen wirusowych. Szybka
1 dobrze skoordynowana odpowiedz uktadu immunologicznego stanowi pierwsza lini¢ obrony
w infekcji wirusowej. Jednakze zaburzona, nadmierna odpowiedZ immunologiczna moze
powodowac efekt odwrotny od zamierzonego, powodujac uszkodzenie organizmu. Zjawisko
,,burzy cytokinowej” jest patologiczng reakcja uktadu immunologicznego charakteryzujacg sie
szybka proliferacja i hiperaktywacja limfocytow T, makrofagéw oraz komorek NK, a takze
nadprodukcja cytokin prozapalnych i mediatoréw chemicznych uwalnianych w wyniku
immunologicznej i nieimmunologicznej odpowiedzi organizmu. Coraz wigcej badan sugeruje,
ze odpowiedz Th17 odgrywa wazng role w patogenezie zapalenia pluc wywolanego przez
COVID-19. Zaostrzenie odpowiedzi immunologicznej nastgpuje poprzez uwalnianie cytokin,
takich jak IL-17 i GM-CSF, promowanie migracji neutrofili i ostabienie odpowiedzi Treg.
Zahamowanie nadmiernej odpowiedzi immunologicznej poprzez terminowe podanie GKS we
wczesnym stadium ,,burzy cytokinowej” skutecznie zapobiega ostrej niewydolnos$ci
oddechowej, chronigc funkcje zyciowe pacjentow.

Celem pracy byla analiza wplywu leczenia na przebieg ,burzy cytokinowej”
u pacjentéw z COVID-19, ze szczegdlnym uwzglednieniem leczenia immunomodulujacego
oraz ocena wybranych subpopulacji limfocytow T i profilu cytokin wydzielanych podczas
zakazenia SARS-CoV-2 oraz ich korelacja z ciezkoscia przebiegu choroby.

W przeprowadzonych badaniach wykazano, ze stezenia CCL5/RANTES, GM-CSF, IL-
4, 1IL-6, IL-10 i1 CXCL10/IP-10 byly znaczaco podwyzszone u pacjentow z COVID-19 w
porownaniu ze zdrowymi ochotnikami. Co wigcej, przy przyje¢ciu pacjenci z cigzka chorobg
mieli istotnie wyzsze stezenie IL-10 i CXCL10/IP-10 niz pacjenci z umiarkowang chorobg.
Zastosowane leczenie przeciwwirusowe spowodowalo znaczny spadek st¢zenia IL-6, IL-10,
IFN-alfa i CXCLI10/IP-10, a zastosowane leczenie immunomodulujace przyczynito si¢ do
znacznego zmniejszenia stezenia IL-10, IFN-alfa, CXCL10/IP-10 i B7-H3, a takze do
zwigkszenia stezenia IL-22 i1 IL-1 beta. Natomiast potaczenie leczenia przeciwwirusowego
1 immunomodulujacego spowodowato znaczny spadek pozioméw IL-17F, IL-10, IFN-alfa,
CXCL10/TP-10 i B7-H3, a takze wzrost IL-17A 1 IL-1 beta. U pacjentow z COVID-19
stwierdzono rowniez istotnie wyzszy odsetek limfocytoéw T CD4+ i CD8+ wytwarzajacych IL-

17A oraz limfocytoéw T CD4+ wytwarzajacych 1L-22.
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Na podstawie przeprowadzonych badan wysunieto nastgpujace wnioski:

1. Zastosowanie leczenia przeciwwirusowego i/lub immunomodulujacego spowodowato
znaczace obnizenie ekspresji cytokin prozapalnych i1 zwigkszenie bezwzglednej liczby
komorek T.

2. Zakazenie SARS-CoV-2 powoduje zwickszong ekspresje cytokin u hospitalizowanych
pacjentéw z COVID-19, a takze limfopeni¢, w szczegoélnosci spadek liczby limfocytow T
CD4+ i CDS8+.

3. Pomimo zmniejszonej liczby limfocytow T CD4+ i CD8+, obie podgrupy wykazywaty
nadmierng aktywacj¢ i zwigkszong ekspresj¢ IL-17A 1 IL-22, a zatem ukierunkowanie leczenia
na odpowiedz typu Th17 moze ztagodzi¢ reakcje zapalng u pacjentéw z ciezkim przebiegiem

choroby.
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11. Streszczenie w jezyku angielskim

Cytokines play an important role in the immunopathology of viral infections. A rapid
and well-coordinated immune system response is the first line of defence in a viral infection.
However, a disturbed, over-activated immune response can be counterproductive, causing
damage to the organism. The 'cytokine storm' phenomenon is a pathological response of the
immune system characterised by rapid proliferation and hyperactivation of T lymphocytes,
macrophages, and NK cells, as well as overproduction of pro-inflammatory cytokines and
chemical mediators released by the body's immune and non-immune responses. A growing
number of studies suggests that the Th17 response plays an important role in the pathogenesis
of COVID-19-induced pneumonia. The immune response is exacerbated by releasing cytokines
such as IL-17 and GM-CSF, promoting neutrophil migration and attenuating the Treg response.
Suppression of the excessive immune response by timely administration of GCS in the early
stages of the 'cytokine storm' effectively prevents acute respiratory failure, protecting patients'
vital functions.

The aim of this study was analysis of the effect of treatment on the course of the
'cytokine storm' in patients with COVID-19, with emphasis on immunomodulatory treatment,
and evaluation of selected subpopulations of lymphocytes T and cytokine profile released
during SARS-CoV-2 infection and their correlation with the severity of the disease.

The study showed that CCL5/RANTES, GM-CSF, IL-4, IL-6, IL-10 and CXCL10/1P-
10 levels were significantly elevated in COVID-19 patients compared to healthy volunteers.
Furthermore, on admission, patients with severe disease had significantly higher levels of IL-
10 and CXCL10/IP-10 than patients with moderate disease. The administration of antiviral
treatment resulted in a significant decrease in IL-6, IL-10, IFN-alpha and CXCL10/IP-10, while
the administration of the immunomodulatory treatment contributed to a significant decrease in
IL-10, IFN-alpha, CXCL10/IP-10 and B7-H3, as well as an increase in IL-22 and IL-1 beta.
Whereas the combination of antiviral and immunomodulatory treatment resulted in a significant
decrease in levels of IL-17F, IL-10, IFN-alpha, CXCL10/IP-10 and B7-H3, and an increase in
IL-17A and IL-1 beta. COVID-19 patients also had a significantly higher proportion of IL-17A-
producing CD4+ and CD8+ T cells and IL-22-producing CD4+ T cells.
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The following conclusions were drawn from the study:
1. The administration of antiviral and/or immunomodulatory treatment resulted in a significant
reduction in pro-inflammatory cytokine expression and an increase in absolute T-cell count.
2. SARS-CoV-2 infection causes increased cytokine expression in hospitalised COVID-19
patients, as well as lymphopenia, in particular a decrease in CD4+ and CD8+ T-cell counts.
3. Despite reduced CD4+ and CD8+ T-cell counts, both subgroups showed over-activation and
increased expression of IL-17A and IL-22, thus targeting Th17 response may alleviate the

inflammatory response in patients with severe disease.
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13. Zgoda Komisji Bioetycznej na przeprowadzenie badan

KOMISJA BIOETYCZNA
PRZY UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego |
15-089 Bialystok
tel. 85 748 54 07. fax 85 748 55 08
komisjabioetyczna@umb.edu.pl

Bialystok, 28.01.2021 r.

Uchwala nr: APK.002.6.2021

Na podstawie art. 29 ust. 2 i 14 ustawy dnia 5 grudnia 1996 r. o zawodach
lekarza i lekarza dentysty ( tj. Dz. U z 2020. poz. 514 ze zm.). Komisja
Bioetyczna przy Uniwersytecie Medycznym w Biatymstoku. po zapoznaniu si¢
z projektem badania zgodnie z zasadami GCP/ Guidelines for Good Clinical
Practice /- wyraza zgod e naprowadzenie tematu badawczego: ..Wplyw
leczenia immunomodulujacego na przebieg burzy cytokinowej u pacjentow
7z COVID-19" przez mgr Dian¢ Martonik wraz z zespolem badawczym z UMB.

Planowany okres realizacji od 28.01.2021 r. do 02.2022 r.

Przewodniczacd K
) /,

prof. dr hab.~()ty1

/
'/
Pouczenie:
1. Odwolanie od uchwaly komisji bioetveznej wyrazajacej opinig moze wniesc;
1) wnioskodawca;
2) kierownik podmiotu, w kiérym eksperyment medvezny ma byé przeprowadzony;

3) komisja bivetvezna wiasciwa dla osrodka, kiéry ma uczestniczvé w wieloosrodkowym ekspervmencie

medyeznym
2. Ochwolanie, o kidrvm mowa w ust. 1, wnosi si¢ za posrednictwem komisji bivetycznej, ktora podjeta uchwale,
do Odwolawe=ej Komisji Bioerveznej w terminie 14 dni od dnia dor¢czenia uchwaly wyrazajgeej opinig
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wraz z szacunkowym okresleniem procentowego wktadu
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manuskryptu i zatwierdzenie ostatecznej wersji
publikacji

Imig¢ i nazwisko wspotautora Charakter udziatu Procentowy
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doktorant Zebranie 1 opracowanie danych literaturowych, 80%
mgr Diana Martonik przygotowanie i zredagowanie manuskryptu,
zatwierdzenie ostatecznej wersji publikacji
dr hab. Anna Parfieniuk- Analiza danych, ocena merytoryczna pracy, 15%
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dr Magdalena Rogalska Ocena merytoryczna pracy i zatwierdzenie 2%
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prof. dr hab. Robert Flisiak Ocena merytoryczna pracy, redakcja 3%
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Bialystok, 01.08.2023

dr hab. n. med. Anna Parfieniuk-Kowerda
Klinika Choréb Zakaznych i Hepatologii
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji ,,The role of Th17 response in COVID-
19" autorstwa mgr Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, dr Magdaleny
Rogalskiej oraz prof. dr hab. Roberta Flisiaka opublikowanej w Cells, wchodzacej w sklad
rozprawy doktorskiej .. Wplyw leczenia immunomodulujacego na przebieg burzy cytokinowej
u pacjentéw z COVID-19" wynoszacy 15% polegal na analizie danych, ocenie merytorycznej

pracy, korekcie manuskryptu i zatwierdzeniu ostatecznej wersji publikacji.

Jednoczednie wyrazam zgode na wykorzystanie przez mgr Diane Martonik publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 01.08.2023

dr n. med. Magdalena Rogalska
Klinika Chorob Zakaznych i Hepatologii
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie

Oswiadczam, iz mdj udziat w przy gotowaniu publikacji ., The role of Th17 response in COVID-
19" autorstwa mgr Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, dr Magdaleny
Rogalskiej oraz prof. dr hab. Roberta Flisiaka opublikowanej w Cells, wchodzacej w skiad
rozprawy doktorskiej ., Wplyw leczenia immunomodulujacego na przebieg burzy cytokinowej
u pacjentow z COVID-19" wynoszacy 2% polegal na ocenie merytorycznej pracy i

zatwierdzeniu ostatecznej wersji publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Diang Martonik publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

ﬂa//ag,q Ms

dyscyplinie nauki medyczne.

56



Biatystok, 01.08.2023

prof. dr hab. n. med. Robert Flisiak
Klinika Choréb Zakaznych i Hepatologii
Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

Oswiadczam, iz moj udziat w przygotowaniu publikacji ., The role of Th17 response in COVID-
19" autorstwa mgr Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, dr Magdaleny
Rogalskiej oraz prof. dr hab. Roberta Flisiaka opublikowanej w Cells, wchodzacej w skiad
rozprawy doktorskiej ., Wptyw leczenia immunomodulujacego na przebieg burzy cytokinowej
u pacjentow z COVID-19" wynoszacy 3% polegal na ocenie merytorycznej pracy, redakcji

manuskryptu i zatwierdzeniu ostatecznej wersji publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Diane Martonik publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

/ Profdr b, Robert Flzsz /7
| Oz(hmb Zakaiy
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Tytut pracy: Effect of antiviral and immunomodulatory treatment on a cytokine profile in
patients with COVID-19. Front. Immunol. 2023; 14:1222170. doi:
10.3389/fimmu.2023.1222170.

Imig i nazwisko wspotautora Charakter udzialu Procentowy
wktad
doktorant Zebranie i opracowanie danych, przeprowadzenie 70%
mgr Diana Martonik badan, przygotowanie i zredagowanie
manuskryptu, zatwierdzenie ostatecznej wersji
publikacji
dr hab. Anna Parfieniuk- Analiza wynikow, ocena merytoryczna, korekta 10%
Kowerda manuskryptu i zatwierdzenie ostatecznej wersji
publikacji
mgr Aleksandra Starosz Pomoc w przeprowadzeniu badan i1 zatwierdzenie 8%

ostatecznej wersji publikacji

dr hab. Kamil Grubczak Pomoc w przeprowadzeniu badan i zatwierdzenie 8%
ostatecznej wersji publikacji

prof. dr hab. Marcin Ocena merytoryczna pracy i zatwierdzenie 2%
Moniuszko ostatecznej wersji publikacji
prof. dr hab. Robert Flisiak Ocena merytoryczna pracy, redakcja manuskryptu i 2%

zatwierdzenie ostatecznej wersji publikacji
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Biatystok, 01.08.2023

dr hab. n. med. Anna Parfieniuk-Kowerda
Klinika Choréb Zakaznych i Hepatologii
Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

Oswiadczam, iz moj udziat w przygotowaniu publikacji ,.Effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with COVID-19.” autorstwa mgr
Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, mgr Aleksandry Starosz, dr hab. Kamila
Grubczaka, prof. dr hab. Marcina Moniuszko oraz prof. dr hab. Roberta Flisiaka opublikowanej
w Frontiers in Immunology, wchodzacej w skiad rozprawy doktorskiej .,Wplyw leczenia
immunomodulujgcego na przebieg burzy cytokinowej u pacjentow z COVID-19" wynoszacy
10% polegal na analizie wynikow, ocenie merytorycznej pracy, korekcie manuskryptu i

zatwierdzeniu ostatecznej wersji publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Diane Martonik publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Bialystok, 01.08.2023

mgr Alcksandra Starosz
Zaklad Medycyny Regeneracyjnej i Immunoregulacji

Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji Effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with COVID-19.” autorstwa mgr
Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, mgr Aleksandry Starosz, dr hab. Kamila
Grubczaka, prof. dr hab. Marcina Moniuszko oraz prof. dr hab. Roberta Flisiaka opublikowanej
w Frontiers in Immunology, wchodzacej w sklad rozprawy doktorskiej ,.Wplyw leczenia
immunomodulujacego na przebieg burzy cytokinowej u pacjentow z COVID-19” wynoszacy

8% polegal na pomocy w przeprowadzeniu badan 1 zatwierdzeniu ostatecznej wersji publikacji.
Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Diang Martonik publikacji w

post¢powaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 01.08.2023

dr hab. n. med. Kamil Grubczak
Zaktad Medycyny Regencracyjnej i Immunoregulacji

Uniwersytet Medyczny w Bialymstoku

Oswiadczenic

Os$wiadczam, iz mdj udzial w przygotowaniu publikacji ,Effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with COVID-19.” autorstwa mgr
Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, mgr Alcksandry Starosz, dr hab. Kamila
Grubcezaka, prof. dr hab. Marcina Moniuszko oraz prof. dr hab. Roberta Flisiaka opublikowanej
w Frontiers in Immunology, wchodzacej w skfad rozprawy doktorskiej ,.Wplyw leczenia
immunomodulujgcego na przebieg burzy cytokinowej u pacjentow z COVID-19” wynoszacy

8% polegatl na pomocy w przeprowadzeniu badan i zatwierdzeniu ostatecznej wersji publikacii.
Jednoczesnic wyrazam zgod¢ na wykorzystanic przez mgr Diang Martonik publikacji w

postgpowaniu o nadanie stopnia doktora w dziedzinic nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.
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Biatystok, 01.08.2023

prof. dr hab. n. med. Marcin Moniuszko
Zaklad Medycyny Regeneracyjnej i Immunoregulacji

Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

Oswiadczam, 1z moj) udzial w przygotowaniu publikacji ,.Effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with COVID-19.” autorstwa mgr
Diany Martonik. dr hab. Anny Parfieniuk-Kowerdy, mgr Aleksandry Starosz. dr hab. Kamila
Grubczaka, prof. dr hab. Marcina Moniuszko oraz prof. dr hab. Roberta Flisiaka opublikowanej
w Frontiers in Immunology. wchodzacej w sklad rozprawy doktorskiej ..Wplyw leczenia
immunomodulujacego na przebieg burzy cytokinowej u pacjentow z COVID-19" wynoszacy

2% polegal na ocenie merytorycznej pracy i zatwierdzeniu ostatecznej wersji publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Dian¢ Martonik publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

OREK
S. Ngaki i 3

T : 7 1,
prof. dr hab. Mrcin Moninszko
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Biatystok, 01.08.2023

prof. dr hab. n. med. Robert Flisiak
Klinika Chordb Zakaznych i Hepatologii
Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji ,.Effect of antiviral and
immunomodulatory treatment on a cytokine profile in patients with COVID-19.” autorstwa mgr
Diany Martonik, dr hab. Anny Parfieniuk-Kowerdy, mgr Aleksandry Starosz, dr hab. Kamila
Grubczaka, prof. dr hab. Marcina Moniuszko oraz prof. dr hab. Roberta Flisiaka opublikowanej
w Frontiers in Immunology, wchodzacej w sklad rozprawy doktorskiej .,Wplyw leczenia
immunomodulujacego na przebieg burzy cytokinowej u pacjentéw z COVID-19" wynoszacy
2% polegal na ocenie merytorycznej pracy, redakcji manuskryptu i zatwierdzeniu ostatecznej

wersji publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Diang Martonik publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

5-540 Blalysto . Zurawia 14
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