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2. Wykaz stosowanych skrotow i oznaczen

ABP (ang. actin-binding protein) - biatko wiazace aktyne

AIDS (ang. acquired immunodeficiency syndrome) - zespot nabytego niedoboru odpornosci
AKT (ang. serine/threonine kinase) - kinaza serynowo-treoninowa

AML (ang. acute myeloblastic leukemia) - ostra biataczka szpikowa

ANOVA (ang. analysis of variance) - analiza wariancji

BBB (ang. blood-brain barrier) - bariera krew-mo6zg

BSA (ang. bovine serum albumin) - surowicza albumina bydleca

CAC (ang. COVID-19-associated candidiasis) - kandydoza zwigzana z COVID-19

CAM (ang. COVID-19-associated mucormycosis) - mukormykoza zwigzana z COVID-19
CAP (ang. community-acquired pneumonia) - pozaszpitalne zapalenie ptuc

CAPA (ang. COVID-19-associated pulmonary aspergillosis) - aspergiloza zwigzana z COVID-
19

CFW (ang. calcofluor white) - barwnik fluorescencyjny uwidaczniajacy $ciany komorkowe

grzybow
CGD (ang. chronic granulomatous disease) - przewlekta choroba ziarniniakowa

CHUK (ang. inhibitor of nuclear factor kappa-B kinase) - inhibitor kinazy jadrowego czynnika
kappa-B

COVID-19 (ang. coronavirus disease 2019) - choroba wywotana zakazeniem koronawirusem
SARS-CoV-2

CRP (ang. C-reactive protein) - biatko C-reaktywne
CYFRA 21-1 — marker nowotworowy

DAMPs (ang. damage-associated molecular patterns) - wzorce molekularne zwigzane z

uszkodzeniami

DAPI (ang. 4',6-diamidino-2-phenylindole) — barwnik uwidaczniajacy jadra komérkowe



DCFH-DA (ang. dichlorodihydrofluorescein diacetate) - sonda uwidaczniajaca reaktywne

formy tlenu
DNA (ang. deoxyribonucleic acid) - kwas deoksyrybonukleinowy

EBM-2 (ang. endothelial cell growth basal medium 2) - medium do hodowli komorek
srodbtonkowych

eDNA (ang. extracellular DNA) - DNA zewnatrzkomorkowe

EDTA (ang. ethylenediaminetetraacetic acid) - kwas etylenodiaminotetraoctowy
ELISA (ang. enzyme-linked immunosorbent assay) - metoda immunoenzymosorpcyjna
ESR (ang. erythrocyte sedimentation rate) - szybkos¢ opadania erytrocytow

Fas/FasL — ligand Fas/FasL

FBS (ang. fetal bovine serum) - ptodowa surowica bydleca

FGF (ang. fibroblast growth factor 21) - czynnik wzrostu fibroblastow 21

FITC (ang. fluorescein isothiocyanate) - izotiocyjanian fluoresceiny

GAPDH (ang. glyceraldehyde 3-phosphate dehydrogenase) - dehydrogenaza gliceraldehydu 3-
fosforanowego

GDF-15 (ang. growth differentiation factor 15) - r6znicujacy czynnik wzrostu 15

GM-CSF (ang. granulocyte-macrophage colony-stimulating factor) - czynnik wzrostu kolonii

granulocytarno-makrofagowych

hCMEC/D3 (ang. human cerebral microvascular endothelial cells) - ludzkie komorki

srédblonka naczyn mozgowych
HDL (ang. high-density lipoprotein) - lipoproteina o duzej gestosci

HEPES (ang. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) - kwas 4-(2-
hydroksyetylo)-1-piperazyneetanosulfonowy

HIV (ang. human immunodeficiency virus) - ludzki wirus niedoboru odpornosci
ICAM (ang. intercellular adhesion molecule) - czasteczka adhezji miedzykomorkowej

IFN-y (ang. interferon gamma)



IKBKB (ang. inhibitor of nuclear factor kappa B kinase subunit beta) - inhibitor podjednostki
beta kinazy jadrowego czynnika kappa-B

IKBKG (ang. inhibitor of nuclear factor kappa B kinase subunit gamma) - inhibitor

podjednostki gamma kinazy jadrowego czynnika kappa-B

IL (ang. Interleukin) - Interleukina

LPA (ang. lysophosphatidic acid) - kwas lizofosfatydowy

LPS (ang. lipopolysaccharide) - lipopolisacharyd

LTA (ang. lipoteichoic acid) - kwas lipotejchojowy

MAPK (ang. mitogen-activated protein kinases) - kinazy biatkowe aktywowane mitogenami
MD (ang. mitochondrial diseases) - choroby mitochondrialne

MOI (ang. multiplicity of infection) - mnogos$¢ infekcji, stosunek iloéci drobroustroju do ilosci

komorek
MPO (ang. myeloperoxidase) - mieloperoksydaza
NET (ang. neutrophil extracellular traps) - zewnatrzkomérkowe putapki neutrofilowe

NFKBIA (ang. nuclear factor-kappa-B-inhibitor alpha) - inhibitor czynnika jadrowego-kappa-
B alfa

NFKBIB (ang. nuclear factor-kappa-B-inhibitor beta) - inhibitor czynnika jadrowego-kappa-B
beta

NFKBIE (ang. nuclear factor-kappa-B-inhibitor epsilon) - inhibitor czynnika jadrowego-

kappa-B gamma

NF-kB (ang. nuclear factor kappa B) - jadrowy czynnik transkrypcyjny kappa B
OIT - oddziat intensywnej terapii

OUN - o$rodkowy uktad nerwowy

OZT - ostre zapalenie trzustki

PAF (ang. platelet-activating factor) - czynnik aktywujacy ptytki
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PAMPs (ang. pathogen-associated molecular patterns) - wzorce molekularne zwigzane

z patogenami

PBS (ang. phosphate buffered saline) - chlorek sodu buforowany fosforanami

pPGSN (ang. plasma gelsolin) - gelsolina osoczowa

P1(4,5)P2 (ang. phosphatidylinositol 4,5-bisphosphate) - fosfatydyloinozytol-4,5-bisfosforan
P13K (ang. phosphoinositide 3-kinases) - kinaza-3 fosfoinozytydowa

PMA (ang. phorbol 12-myristate 13-acetate)

PsA (ang. psoriatic arthritis) - tuszczycowe zapalenie stawow

PVDF (ang. polyvinylidene fluoride) - polifluorek winyldenu

gRT-PCR (ang. quantitative real-time reverse-transcription polymerase chain reaction) -

ilosciowa reakcja tancuchowa polimerazy z odwrotng transkrypcja w czasie rzeczywistym
RDS (ang. respiratory distress syndrome) - zespot zaburzen oddychania

Rhu-pGSN (ang. recombinant human plasma gelsolin) - rekombinowana ludzka gelsolina

0soczowa
RNA (ang. ribonucleic acid) — kwas rybonukleinowy

ROS (ang. reactive oxygen species) - reaktywne formy tlenu

RPMI 1640 (ang. Roswell Park Memorial Institute) - medium komérkowe

S1 SARS-CoV-2 (ang. S1-subunit of Spike protein from SARS-CoV-2) - podjednostka S1
biatka S pochodzacego z SARS-CoV-2

S1F (ang. sphingosine-1-phosphate) - sfingozyno-1-fosforan
SAE (ang. severe adverse event) - powazne dzialania niepozadane

SARS-CoV-2 (ang. severe acute respiratory syndrome coronavirus 2) - koronawirus 2

powodujacy ciezki ostry zespot oddechowy
SELE (ang. selectin E) - selektyna E

SLE (ang. systemic lupus erythematosus) - toczen rumienowaty uktadowy
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SOFA (ang. sequential organ failure assessment score) - skala niewydolnosci narzadow

zZwigzana z sepsa

SR-B (ang. scavenger receptor class B) - receptor "scavengerowy" ("wymiatajacy") klasy B
TEER (ang. transendothelial electrical resistance) - przezsrédbtonkowy opoér elektryczny
TJ (ang. tight junctions) - $ciste potaczenia mi¢dzykomorkowe

TLR (ang. Toll-like receptor) - receptory Toll-podobne

TNF-a (ang. tumor necrosis factor alpha) - czynnik martwicy nowotworow

VCAM (ang. vascular cell adhesion protein) - bialko adhezji komoérkowej naczyn

krwiono$nych

VEGFR2 (ang. vascular endothelial growth factor receptor 2) - receptor czynnika wzrostu

srédblonka naczyniowego 2

WB - Western Blot

WABC (ang. white blood cells) - biate krwinki

WHO (ang. World Health Organization) - Swiatowa Organizacja Zdrowia

Z0-1 (ang. zonula occludens 1) - biatko zonula occludens 1
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3. Wprowadzenie

3.1. Gelsolina osoczowa

Gelsolina osoczowa (pGSN, ang. plasma gelsolin) to zewnatrzkomoérkowa izoforma
gelsoliny obecnej w wigkszosci ludzkich komorek, ktora po raz pierwszy zostala opisana przez
Helen Yin i Thomasa Stossel’a w 1979 roku (1). Do tej pory poznano trzy izoformy gelsoliny:
cytozolows, osoczowg oraz gelsoling-3, obecng w ptynie moézgowo-rdzeniowym (2, 3).
Pomimo r6znych miejsc wystepowania oraz Szerokiego spektrum petnionych funkcji
biologicznych, wszystkie izoformy tego biatka kodowane sa przez ten sam gen zlokalizowany
na dziewigtym chromosomie (4). W warunkach fizjologicznych st¢zenie pGSN we krwi
ludzkiej wynosi od 150 do 300 pg/mL (3). Jest ona réwniez obecna w roéznych ptynach
ustrojowych, w tym w limfie i plynie stawowym (5, 6). Gléwnymi zrodtami pGSN
w krwioobiegu sa migénie Szkieletowe poprzecznie prazkowane, migénie gladkie i migsien
sercowy (7). pGSN ma mas¢ 83 kDa i sktada si¢ z 6 domen (G1-G6). Sg one zaangazowane
w regulacj¢ formowania cytoszkieletu komorki poprzez wigzanie 1 ciecie filamentow
aktynowych, oraz nukleacje monomeréw aktyny (8). Na poziomie struktury biatka, pGSN
charakteryzuje si¢ unikalng, zlokalizowang w N-terminalnej czg$ci, niecobecng w formie
cytoplazmatycznej, sekwencja 24 aminokwasow, okre§lang jako ,,przedtuzenie osoczowe”
(ang. plasma extension). Ponadto, pGSN zawiera specyficzne wigzanie dwusiarczkowe migdzy
Cys188 a Cys201 w domenie G2 (9). Wigzanie to jest kluczowe, poniewaz zapewnia
zwickszong stabilnos¢ w srodowisku zewnatrzkomérkowym. Molekularna konformacja
gelsoliny jest regulowana przez Ca®* i fosfatydyloinozytole, a zwtaszcza fosfatydyloinozytol-
4,5-bisfosforan (P1(4,5)P2). pGSN pelni funkcje buforu aktynowego we krwi, a ponadto
moduluje réwniez odpowiedz immunologiczng poprzez preferencyjne wigzanie zwigzkow
pochodzacych ze S$ciany komorkowej bakterii, tj. lipopolisacharydow (LPS) 1 kwasu
lipotejchojowego (LTA), pochodzacych odpowiednio z bakterii Gram-ujemnych i Gram-
dodatnich (10, 11). Dzigki preferencyjnemu wigzaniu LPS i LTA, pGSN posrednio zapobiega
aktywacji receptorow Toll-podobnych (TLR, ang. Toll-like receptor) (10). Dodatkowo, pGSN
wigze si¢ z szerokim spektrum zwigzkow bioaktywnych, w tym z kwasem lizofosfatydowym
(LPA), sfingozyno-1-fosforanem (S1P) i czynnikiem aktywujacym plytki krwi (PAF).
Zwicksza to zakres jej wilasciwosci przeciwzapalnych, sugerujac istotng role w procesach

takich jak gojenie ran, przebudowa tkanek, rozwdj nowotwordéw, fagocytoza bakterii czy
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angiogeneza (12, 13). Udziat pGSN w roznych procesach zyciowych w organizmie czlowieka
przedstawia Rycina 1.
Protekcyjne dziatanie

w stosunku do
komérek nerwowych

LA Regulacja stresu
__.————"'_’-‘#/ ] oksydacyjnego

w komérkach

Organizacja struktury Y’,

Regulacja funkcji
cytoszkieletu guracja funkajt

bariery naczyniowej

Wigzanie produktéw

| Przeciwzapalne
pochodzenia

dziatanie podczas

bakteryjnego zakazenia
SARS-CoV-2
Wplyw na \{Vplyvy: na procesy
przebudowe kosci | \ ] migracji i f?gocytozy
i | \ komoérek
{ ‘ immunokompetentnych

Rycina 1. Réznorodne funkcje gelsoliny osoczowej w organizmie cztowieka.

3.2. Hipogelsolinemia - potencjal diagnostyczny

Hipogelsolinemia, to stan charakteryzujacy si¢ obnizonym poziomem pGSN we krwi,
ktory zostal zaobserwowany w roznych stanach chorobowych. Naleza do nich urazy
wielonarzadowe, urazy mozgu i watroby, zawat migénia sercowego, martwica tkanek, wstrzas
septyczny oraz zakazenie wirusem SARS-CoV-2 (14-18). Stany te czgsto charakteryzuja si¢
znacznie nizszym stezeniem pGSN we krwi w poréwnaniu do stezenia obserwowanego u os6b
zdrowych. Wynika to z faktu wigzania pGSN z aktyng uwolniong z uszkodzonych komorek,
ktore nastgpnie w kompleksie pGSN-aktyna sg usuwane z krwioobiegu (8). Stezenie pGSN we
krwi moze stuzy¢ jako marker nasilenia procesow chorobowych. Na przyktad, znaczny spadek
ilosci pGSN moze sygnalizowa¢ zakres uszkodzenia tkanek lub podwyzszone ryzyko dalszych
powiktan (19-24). W przypadkach takich schorzen, jak wstrzas septyczny, niski poziom pGSN
moze korelowa¢ z podwyzszonym poziomom markerow zapalnych. Towarzyszace spadkowi
pGSN, zmiany innych markeréw w roznych stanach chorobowych podsumowano w Tabeli 1.
Zmiany st¢zenia pGSN we krwi dostarczajg istotnych informacji 0 bezposrednim zagrozeniu

zycia pacjenta | zlym rokowaniu. Spadek st¢zenia gelsoliny osoczowej we krwi przy
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okreslonym typie uszkodzen tkanek (np. zespot zaburzen oddychania — ang. respiratory distress

syndrome, RDS) wyprzedza, zmiany innych markerow chorobowych. Ta obserwacja wskazuje,

ze oznaczanie pGSN moze by¢ cennym markerem diagnostycznym, szczegolnie u pacjentow

Z urazami wielonarzgdowymi czy zakazeniami inwazyjnymi. Jednakze potencjalna rola pGSN

jako markera diagnostycznego jest mato poznana i wymaga dalszych badan.

Tabela 1. Jednostki chorobowe, w ktorych dochodzi do hipogelsolinemii i zmian stezenia we krwi innych

markerdéw chorobowych.

Metoda
Jednostka chorobowa Stezenie pGSN » Inne badane markery Ref.
detekcji
Obnizony poziom
sfingozyno-1-fosforanu
) ) 15-165 pg/mL vs. i podwyzszony poziom CRP,
Ostre zapalenie trzustki o
©zT) 130-240 pg/mL WB WBC, amylazy i lipazy (25)
w osoczu zdrowych. koreluje z niskim poziomem
pGSN we krwi pacjentow
z OZT.
Stezenia pGSN i IL-6 jako
~40+5 pg/ml vs. istotny czynnik
SARS-CoV-2 ~70£5 pg/ml ELISA | prognostyczny tagodniejszej (18)
w 0soczu zdrowych. choroby i korzystnych
wynikow leczenia.
52,5+16,3 pg/ml
w kontroli vs.
Przewlekta choroba
- 33,2+8,3 pg/ml ELISA | Wzrost stgzenia CRP. (26)
ziarniniakowa (CGD) )
W surowicy
pacjentow z CGD.
73,48+11,35 mg/L vs
289,41439,72
mg/mL w grupie Znaczaco podwyzszony
Urosepsa kontrolnej po ELISA | poziom PCT wérod pacjentow | (27)
7 dniach infekcji, Z Urosepsa.
mierzona w ludzkiej
surowicy.
81,03+38,14 ug/mL Wyzszy poziom krazacego
Rak glowy i szyi he/ ELISA yaseyp aeaces (28)
vs. 181,7+58,54 CYFRA 21-1
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ug/mL w 0soczu i rozpuszczalnego Fas. Nizszy
grupy kontrolnej. poziom FasL.
Spadek pGSN w ) )
. Istotng ujemna korelacja
0s0CZu pacjentow )
pPGSN z markerami stanu
z PsA w poréwnaniu o
. zapalnego, takimi jak CRP
Luszczycowe zapalenie z grupg kontrolna ] o
o ) i ESR (odpowiednio
stawow (PsA), I pacjentami z samg | ELISA ] (29)
p<0,0001 i p=0,039). Istotna
huszczyca tuszczyca _ o
ujemna korelacja miedzy
(p<0,0001). Punkt _
PGSN a aktywnos$cig PsA
odciecia dla pGSN
. (p<0,0001).
wynosit 172,5 mg/L.
176,02+74,9 pg/ml
W poréwnaniu
Z grupa kontrolng ]
o Srp Poziom pGSN skorelowany
Toczeh rumieniowaty 217,13+86,7 pg/ml, WB/ )
z poziomem cholesterolu (30)
uktadowy (SLE) P=0,005, vs. ELISA
HDL (r=0,316, P<0,001).
104,84+41,7 pg/ml;
P=0,002 u pacjentow
z zaostrzeniem SLE.
Korelacja spadku stezenia
148,4+3,005 pg/mL . .
biatka rdzeniowego agrekanu,
Ostra biataczka vs 193,7+5,673 ) .
) o ELISA | alfa-2-HS-glikoproteiny, (31)
limfoblastyczna u dzieci pug/mL w 0soczu )
tancucha A czynnika
zdrowych. )
krzepniecia XIII i pGSN.
Niskie stezenie pGSN we
Poczatkowa faza sepsy 32441 ug/ml vs. o
) krwi pacjentow z AML
u pacjentow z ostra 176+37 pg/ml, Western |
) . ) i sepsa, skorelowane (15)
biataczka szpikowa p<0,001 w grupie Blot ) o
) z wysokim wskaznikiem
(AML) kontrolnej.
SOFA.
pGSN i GDF-15
233 pg/ml (zakres
preferencyjnie rozrdznialy
34-960 pg/ml) vs. . .
pacjentow z MD 1 bez MD
Choroby 432 pg/ml (zakres ) )
) ) ELISA | w wieku ponizej 50 lat, (32)
mitochondrialne (MD) 213-830 pg/ml), o
podczas gdy FGF-21 najlepiej
W 0S0CZU grupy
) klasyfikowat starszych
kontrolnej. .
pacjentow.
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pGSN poprawia doktadno$¢
diagnozy MD zapewniang
przez FGF-21 i GDF-15.

97,19+47,91 pg/ml
o vs. 172,83+£51,31 Staba ujemna korelacja
Rak jelita grubego WB . ) (33)
pg/m w osoczu miedzy pGSN i CRP.

zdrowych.

123,99+59,66 pg/ml

Niedrobnokomoérkowy vs. 172,83+51,31 . Staba ujemna korelacja (33)
rak ptuc pg/ml w osoczu migdzy pGSN i CRP.

zdrowych.

Wyjasnione skroty: WB — Western Blot; ELISA - metoda immunoenzymosorpcyjna; CRP — biatko C-
reaktywne; WBC — biate krwinki; IL-6 — Interleukina 6; CYFRA 21-1 — marker nowotworowy;
Fas/FasL — ligand Fas; ESR — szybkos¢ opadania erytrocytow; HDL — lipoproteina o wysokiej gestosci;
SOFA - skala niewydolno$ci narzadéw zwiazana z sepsa; GDF-15 — r6znicujacy czynnik wzrostu; FGF-
21 — czynnik wzrostu fibroblastow 21

3.3. Wyzwania i perspektywy w zwalczaniu zakazen grzybiczych

Zakazenia grzybicze stanowig wazne wyzwanie dla zdrowia publicznego z powodu ich
rozpowszechnienia oraz rosngcej S$miertelnosci (34). Wystepowanie i rodzaje zakazen
grzybiczych mogg sie r6zni¢ w zaleznos$ci od regionu geograficznego, co wigze si¢ z roznicami
w klimacie, stylu zycia i1 dostepie do opieki zdrowotnej. Moga one wystepowaé w roznych
postaciach, od powierzchniowych infekcji skory po ciezkie zakazenia systemowe.
Powierzchniowe i skorne zakazenia Sg najczesciej spotykanymi typami infekcji grzybiczych,
obejmuja one grzybice stop, paznokci, tupiez pstry oraz inne infekcje skory 1 blon §luzowych
(35). Sa zazwyczaj mniej grozne, ale mogg powodowac¢ dyskomfort i komplikacje, jesli nie
zostang wlasciwie leczone. Szacuje si¢, ze blisko miliard ludzi na §wiecie cierpi z powodu
powierzchniowych infekcji grzybiczych skory, wloséw i paznokci. Wysoka temperatura
| wysoka wilgotno§¢ powietrza sprzyja pojawieniu si¢ powierzchniowych zakazen
grzybiczych, stad ich wystgpowanie jest znacznie czgstsze w rejonach tropikalnych (36).
Glebokie zakazenia systemowe, takie jak kandydoza inwazyjna, aspergiloza czy kryptokokoza,
stanowig powazne zagrozenie, szczegoOlnie dla osob z ostabionym uktadem odpornosciowym,
w tym pacjentéw oddziatdéw hematologicznych, intensywnej terapii, 0sob zakazonych ludzkim
wirusem uposledzenia odpornosci (HIV) 1 z zespotem nabytego uposledzenia odpornosci

(AIDS), po przeszczepach organdéw lub przyjmujacych leki immunosupresyjne (37). Infekcje
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te moga prowadzi¢ do powaznych powiktan skutkujacych smiercig. W przypadku niektdrych

inwazyjnych zakazen grzybiczych $miertelno$¢ moze siggaé¢ nawet 50% (38).

System immunologiczny odgrywa kluczowa role w obronie przed zakazeniami grzybiczymi
(39). Makrofagi, neutrofile i komorki dendrytyczne sg pierwsza linig obrony zdolng do
eliminacji komorek grzybow (40). Komorki T i komorki B sg aktywowane, aby zapewnié
dhugotrwatg odporno$¢ i pami¢¢ immunologiczng (41). Zmiany w stezeniu pGSN we Krwi
moga mie¢ wptyw na skutecznos¢ odpowiedzi immunologicznej. Zaobserwowano, ze pGSN
stymuluje fagocytoze oraz migracj¢ makrofagow in vitro (42, 43). Te procesy sg istotne dla
skutecznej odpowiedzi immunologicznej, umozliwiajac szybka mobilizacj¢ komorek
odporno$ciowych do miejsc infekcji i stymulacje fagocytozy. Niskie stezenie pGSN
(hipogelsolinemia), moze ostabia¢ zdolno$¢ organizmu do zwalczania zakazen, co podkresla

znaczenie badan nad rolg tego biatka w kontekscie odpornosci przeciwgrzybiczej.

Dodatkowym wyzwaniem w zwalczaniu zakazen grzybiczych jest wystepowanie,
szczegolnie w srodowiskach szpitalnych, grzybow lekoopornych, czyli takich, ktore wykazuja
oporno$¢ na jedna lub wigcej klas lekow przeciwgrzybiczych (44). Do najbardziej znanych
nalezg Candida auris wérod drozdzakow, a wsrod grzybow plesniowych grzyby z rodzaju
Rhizopus, Mucor, oraz Lichtheimia (dawniej Absidia), ktore wykazuja oporno$¢ na wigkszo$é
lekow przeciwgrzybiczych (45-47). Oporno$¢ czesto wynika z mutacji genetycznych,
w wyniku ktorych dochodzi do zmian celow terapeutycznych lekow w komoérkach grzybow
(48). Dodatkowo, wiele gatunkow grzybow, w tym Candida, tworzy biofilm, ktory jest
znacznie trudniejszy do zwalczenia przy uzyciu standardowych terapii  (49).
Wielolekooporno$¢ czesto prowadzi do wydluzenia czasu leczenia, wiekszych kosztow

I zwiekszonej $miertelnosci (50).
3.4. Candida auris

Candida auris jest przyktadem patogenu, ktory tagczy w sobie wysoka lekoopornosé ze
zdolnos$cig unikania odpowiedzi immunologicznej gospodarza. Te dwie cechy czynig go
wyjatkowym wyzwaniem dla systemow opieki zdrowotnej na catym $wiecie. C. auris
powoduje cigzkie infekcje inwazyjne, charakteryzujace si¢ wskaznikiem $miertelnosci
siegajagcym nawet 60% (51). Pierwsze zakazenie tym patogenem zostato odnotowane w Japonii
w 2009 roku, a od tego czasu pojawito si¢ wiele ognisk zakazen na calym $wiecie (52).
Kontrolowanie zakazen C. auris stanowi wyzwanie, poniewaz mikroorganizm ten moze by¢

btednie zidentyfikowany jako inny drozdzak przez powszechnie stosowane metody
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identyfikacji. Jest on zdolny réwniez do kolonizowania pacjentow przez dtugi czas, utrzymujac
si¢ w srodowisku szpitalnym, gdzie moze rozprzestrzenia¢ si¢ migdzy pacjentami i personelem

(53, 54).

Zdolnos¢ do unikania wrodzonej odpowiedzi immunologicznej iwysoki poziom
opornosci na leki przeciwgrzybicze sprawiaja, ze C. auris wyrdznia si¢ sposrdéd innych
gatunkow Candida, co czyni go szczegdlnie groznym dla pacjentéw z niedoborami odpornosci.
Najnowsze badania podkres$laja, ze zdolno$¢ C. auris do unikania odpowiedzi
immunologicznej gospodarza jest wynikiem mniejszej stymulacj¢ komoérek odporno$ciowych
w porownaniu z C. albicans (55, 56), (C. auris wykazuje zdolnos¢ maskowania B-glukanow
na powierzchni) co prowadzi do ograniczenia  fagocytozy  (zmniejszenia

wewnatrzkomorkowego zabijania jego komorek) (57).

3.5. Zakazenia grzybicze w przebiegu COVID-19

SARS-CoV-2 to -koronawirus, ktory zapoczatkowal §wiatowa pandemi¢ w 2019 roku,
powszechnie okreslang jako pandemia COVID-19 (58). Wirus ten gltéwnie wywoluje zmiany
zapalne ptuc, charakteryzujace si¢ zakrzepica i zwigkszong przepuszczalnoscia naczyn
plucnych, co moze prowadzi¢ do obrzgku i krwotoku (59). Oprocz wplywu na uktad
oddechowy, zakazenie SARS-CoV-2 moze prowadzi¢ do uszkodzenia innych narzadow.
Bezposrednie dziatanie biatka kolca wirusa (biatko S, ang. Spike protein), odpowiedzialne za
interakcje wirusa z komoérkami gospodarza wraz z burza cytokin wywotana odpowiedzig
zapalng, negatywnie wptywa na naczynia krwiono$ne, serce, nerki i moézg (60-63). Szerokie
spektrum objawow klinicznych w przebiegu COVID-19 ma zwigzek ze zwigkszong
podatnoscia na oportunistyczne infekcje grzybicze (64).

Bardzo niebezpiecznymi powiktaniami u pacjentéw z COVID-19 w cigzkim stanie
klinicznym sa inwazyjne infekcje grzybicze. Sa one gtownie powodowane przez gatunki
nalezace do: Candida, Aspergillus oraz Mucorales. W zwigzku z tym, infekcje te sg
klasyfikowane jako kandydoza zwigzana z COVID-19 (CAC, ang. COVID-19-associated
candidiasis), aspergiloza plucna zwigzana z COVID-19 (CAPA, ang. COVID-19-associated
pulmonary aspergillosis) oraz mukormykoza zwigzana z COVID-19 (CAM, ang. COVID-19-
associated mucormycosis) (65-67). Odnotowano dziesieciokrotny wzrost czestoSci
wystepowania kandydemii U pacjentow z COVID-19 w poréwnaniu do pacjentow bez tego
rozpoznania (68, 69). Najczgsciej identyfikowanym drozdzakiem w tych przypadkach jest
Candida albicans, stanowiagcy 44% wszystkich przypadkéw (70). Jednakze, w niektorych
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regionach, C. auris byt dominujagcym patogenem (71). W ogniskach kandydemii C. auris

zwigzanych z COVID-19 wskaznik $miertelnosci osiggnat nawet 83% (72).

Eskalacje infekcji grzybiczych w trakcie pandemii COVID-19 mozna przypisa¢ réznym
czynnikom. Nalezg do nich immunosupresja W przebiegu COVID-19, przedtuzony pobyt na
Oddziatach Intensywnej Terapii (OIT), oraz interwencje medyczne, takie jak wentylacja
mechaniczna i systemowa terapia kortykosteroidami (73). Te czynniki, w potgczeniu
z zaburzeniami odpowiedzi immunologicznej oraz bezpos$rednim wptywem wirusa na uktad
odpornosciowy, przy réwnoczesnej ekspozycji pacjentow na inwazyjne metody terapeutyczne,

znaczaco zwigkszaja ryzyko oportunistycznych infekcji grzybiczych.

Co wigcej, w trakcie pandemii COVID-19 zaobserwowano wzrost czestosci
inwazyjnych infekcji grzybiczych w obrebie osrodkowego uktadu nerwowego (OUN), co
czesto przypisuje sie oddziatywaniu biatka S wirusa SARS-CoV-2 (74-78). Biatko to narusza
integralno$¢ komorek $rodbtonka, ktore formujg bariere krew-mozg (BBB, ang. blood-brain
barrier) poprzez réznorodne mechanizmy (79). Do tych mechanizméw nalezy indukcja stanu
zapalnego, zaburzenia ekspresji biatek odpowiedzialnych za mig¢dzykomorkowe potaczenia
sciste (TJ, ang. tight junctions) oraz bezposrednie interakcje z komorkami $rodbtonka
tworzacymi BBB (75, 80). Zwickszona przepuszczalnos¢ BBB moze utatwia¢ patogenom
grzybiczym inwazje i infekcje OUN, ktorych $miertelno$¢ wynosi nawet 50% (81-83).
Doktadne mechanizmy, przez ktore biatko S uszkadza BBB zostaly opisane w pracy

przegladowej (P.1) stanowigcej cze$¢ rozprawy doktorskiej.

W s$wietle powyzszych informacji, nasuwa si¢ konieczno$¢ poszukiwania skutecznych
terapii przeciwzapalnych i przeciwgrzybiczych, ktére mogltyby mie¢ zastosowanie w terapii
zakazen grzybiczych wystepujacych w przebiegu COVID-19. Jednym z potencjalnych
kandydatow moze by¢ pGSN, dzigki jej zdolnosci do regulowania procesow zapalnych, moze
odgrywaé kluczowg role w tagodzeniu cigzkiego przebiegu COVID-19. Dodatkowo, jako
czynnik stabilizujgcy strukturg cytoszkieletu, pPGSN moze zmniejsza¢ uszkodzenia tkanek
spowodowane burza cytokinowa. Zastosowanie pGSN jako terapii wspomagajacej w leczeniu
COVID-19 moze by¢ wlasciwg strategia, zwlaszcza w kontekscie zwigkszonego ryzyka
infekcji grzybiczych iinnych powiktan. Nalezy jednak pamigta¢, ze dalsze badania s3
konieczne, aby doktadnie okreslic celowos¢ i bezpieczenstwo takiej potencjalnej metody

terapeutycznej.
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3.6. Mozliwosci wykorzystania gelsoliny osoczowej w praktyce klinicznej

PGSN, znana ze swoich wlasciwosci immunomodulujgcych, wzbudza zainteresowanie
jako potencjalny czynnik terapeutyczny w chorobach ptuc o etiologii bakteryjnej i wirusowej.
Dwa badania kliniczne z ostatnich lat opisane na stronie https://clinicaltrials.gov/ wykazaty
korzysci terapii z uzyciem rekombinowanej ludzkiej gelsoliny osoczowej (Rhu-pGSN, ang.

recombinant human plasma gelsolin) u pacjentéw z zapaleniem ptuc.

3.6.1. Rhu-pGSN u pacjentow hospitalizowanych z pozaszpitalnym zapaleniem pluc

W badaniu oceniano bezpieczenstwo terapii réznymi dawkami Rhu-pGSN u pacjentow
hospitalizowanych z pozaszpitalnym zapaleniem ptuc (CAP, ang. community-acquired
pneumonia) (23). Pacjenci z tagodnym CAP, przyjgci na oddziaty szpitalne inne niz OIT, byli
losowo przydzielani w stosunku 3:1 do grupy otrzymujacej dodatkowo Rhu-pGSN lub placebo
podawane dozylnie. Lacznie 33 uczestnikow otrzymywato leczenie Rhu-pGSN: 8 w formie
jednorazowej dawki i 25 w formie wielokrotnych dawek. W formie jednorazowej dawki,
pacjentom podano Rhu-pGSN w dawce 6 mg/kg masy ciata. W formie wielokrotnych dawek,
Rhu-pGSN podawano codziennie w dawkach 6, 12 lub 24 mg/kg przez trzy kolejne dni.
Dziatania niepozadane byty ogdlnie tagodne w obu grupach leczonych, bez wzgledu na dawke.
Jedynym powaznym dziataniem niepozadanym (SAE, ang. serious adverse event) w formie
jednorazowej dawki byto zapalenie ptuc niezwigzane z lekiem u pacjenta otrzymujacego Rhu-
pGSN, ktory zmart po wdrozeniu opieki paliatywnej. W formie wielokrotnych dawek,
u jednego pacjenta z grupy placebo zanotowano dwa przypadki SAE, w tym zatorowos$¢
plucna, ktora doprowadzita do zgonu. Wsrod 18 pacjentow, ktorym podawano Rhu-pGSN
w formie wielokrotnych dawek nie odnotowano powaznych ani zwigzanych z lekiem dziatan
niepozadanych. Nudnosci i podwyzszone ci$nienie krwi zgtaszano u dwéch pacjentow. Sredni
okres poltrwania Rhu-pGSN przekraczat 17 godzin we wszystkich schematach dawkowania,
a poziomy powyzej stezenia fizjologicznego byly utrzymywane przez caty 24-godzinny okres
podawania biatka w dwoch najwyzszych dawkach w badanych grupach. Rhu-pGSN byta

ogolnie dobrze tolerowana przez pacjentéw z tagodnym CAP hospitalizowanych poza OIT.

3.6.2. Rhu-pGSN w leczeniu ci¢zkiego zapalenia pluc wywolanego przez COVID-19

W tym randomizowanym badaniu wzigto udziat 61 pacjentéw z zapaleniem ptuc
wywolanym przez COVID-19, ktorzy wykazywali oznaki stanu zapalnego zgodnie z kryteriami
WHO (84). Z tej grupy, 30 pacjentéw otrzymato Rhu-pGSN w dawce 12 mg/kg, podawanej

dozylnie trzykrotnie: na poczatku, a nastgpnie po 12 i 36 godzinach. Gléwne kryteria oceny

21



w badaniu obejmowaty przezywalno$¢ do 14 dnia bez konieczno$ci zastosowania wsparcia
oddechowego, hemodynamicznego lub nerkowego oraz czegsto$¢ wystgpowania powaznych
dziatan niepozadanych w ciggu 90 dni. Wyniki pokazaly, ze wskazniki przezycia bez
dodatkowego wsparcia do 14 dnia byty poréwnywalne mi¢dzy grupami, z 83,3% w grupie Rhu-
pPGSN i187,1% w grupie placebo. Co wazne, grupa otrzymujaca Rhu-pGSN doswiadczyta mnie;j
dziatah niepozadanych, glownie o charakterze ptucnym, oraz miata nizszy wskaznik intubacji
(10,0%) w poréwnaniu do grupy placebo (19,4%). Mozna stwierdzi¢, ze wyniki leczenia byty
pozytywne w obu grupach. Dodanie Rhu-pGSN do standardowej terapii deksametazonem
I remdesivirem nie przyniosto znaczacej korzysci w porownaniu z placebo. Niemniej jednak,
stosowanie Rhu-pGSN wigzalo si¢ ze zmniejszong czgstosciag wystgpowania powaznych

dzialan niepozadanych i mniejszg potrzebg intubacji w poréwnaniu z placebo.

Podawanie Rhu-pGSN to obiecujgca strategia terapeutyczna w leczeniu chordb phuc
0 etiologii bakteryjnej i wirusowej, zwtaszcza w przypadku zapalenia pluc wywotanego przez
COVID-19. Dane z dwoch ostatnich badan klinicznych potwierdzaja bezpieczenstwo
stosowania Rhu-pGSN, jej dobrg tolerancj¢ i minimalne dzialania niepozadane. Cho¢
w badaniach dotyczacych CAP i COVID-19 Rhu-pGSN nie wykazata znaczacej przewagi nad
placebo w poprawie przezywalnosci, zaobserwowano mniej dziatan niepozadanych i nizszy
wskaznik intubacji. Te wyniki podkreslaja potencjat Rhu-pGSN w modulowaniu odpowiedzi
zapalnej i poprawie wynikow leczenia, motywujac do dalszych badan nad jej skutecznos$cia

w terapii r6znych chorob.
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4. Omowienie prac skladajacych si¢ na rozprawe doktorska

4.1. Cele pracy

Kluczowa funkcja pGSN jest modulacja odpowiedzi immunologicznej i dziatanie
przeciwzapalne. Bialko to, wiaze i neutralizuje prozapalne czasteczki, takie jak LPS i LTA,
moze takze posrednio hamowa¢ nadmierng aktywacje uktadu odpornosciowego. Z drugiej
strony pGSN stymuluje fagocytoze bakterii w mysich makrofagach, co wskazuje na jej
bezposredni wptyw na komorki immunokompetentne. W chorobach, w ktorych dochodzi do
rozwoju zapalenia prowadzacego do uszkodzenia tkanek, wlasciwosci pGSN moga odgrywac
kluczowa role w modulacji swoistej odpowiedzi immunologicznej, tagodzeniu objawow

I ograniczaniu dalszych uszkodzen.

Ostatnie lata przyniosty globalny wzrost zakazen grzybiczych, z wyjatkowo
niepokojacym wzrostem infekcji spowodowanych przez C. auris. W obliczu tych wyzwan,
glebsze zrozumienie mechanizmow obronnych organizmu, w tym funkcji pGSN, jest
niezmiernie istotne. Badania nad pGSN oferujg nowa perspektywe dla opracowania metod

profilaktycznych i terapeutycznych przeciwko trudnym do leczenia zakazeniom grzybiczym.

Pandemia COVID-19, wywotana przez wirus SARS-CoV-2, zmusza do zintensyfikowania
badan nad mechanizmami odpowiedzi immunologicznej oraz procesami zapalnymi,
szczegblnie w kontekScie obserwowanego wzrostu zakazen grzybiczych wsrdd pacjentow
z COVID-19. W sytuacji, gdy COVID-19 wywotuje silny stan zapalny i powoduje uszkodzenia
tkanek, potencjalna rola pGSN jako regulatora odpowiedzi immunologicznej nabiera nowego
wymiaru. Badania nad wptywem pGSN na procesy zapalne indukowane przez wirus SARS-
CoV-2 moga nie tylko przyczynic si¢ do glgbszego zrozumienia patofizjologii COVID-19, ale
réwniez zidentyfikowaé nowe cele terapeutyczne, otwierajac droge do opracowania

skuteczniejszych strategii leczenia.

Celem niniejszej pracy bylo zbadanie funkcji, jakg pelni pGSN w konteks$cie nieswoistej
odpowiedzi immunologicznej podczas zakazen grzybiczych. W $wietle pandemii COVID-19
| zwigzanego z nig silnego, ogdlnoustrojowego procesu zapalnego oraz zauwazalnego wzrostu
zakazen grzybiczych w obrebie OUN u pacjentow z COVID-19, zdecydowano o0 poszerzeniu
zakresu badan w ramach realizacji projektu Preludium bis 1 (NCN/1/PR/20/002/1122). Nowy

kierunek obejmowal ocene roli pGSN jako potencjalnego czynnika przeciwzapalnego
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w odpowiedzi na uszkodzenie komorek endotelialnych tworzacych barier¢ krew-moézg

wywolane przez biatko S1 pochodzace z SARS-CoV-2.

Biorac pod uwage powyzsze informacje, sformutowane zostaly nastepujace szczegotowe

cele badan:

1. Ocena wptywu pGSN na procesy fagocytozy oraz generowanie zewnatrzkomoérkowych
putapek neutrofilowych (NET) w odpowiedzi na obecno$¢ drozdzakow.

2. ldentyfikacja molekularnych mechanizméw przeciwzapalnego dziatania pGSN
w stosunku do neutrofilow i komoérek srodblonka poddanych dziataniu mediatorow
zapalnych.

3. Ocena przeciwzapalnego dziatania pGSN z wykorzystaniem modeli 2D oraz 3D bariery

krew-moézg w odpowiedzi na dziatanie biatka S pochodzacego z SARS-CoV-2.
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4.2. Materialy i metody badawcze

Szczegotowy opis metodyki badan w zastosowanych modelach eksperymentalnych

znajduje si¢ W nizej wymienionych pracach oryginalnych wtaczonych do rozprawy:

Publikacja nr 2 (P.2) — Suprewicz, k.., Sktodowski, K., Walewska, A., Deptula, P., Sadzynska,
A., Eljaszewicz, A., Moniuszko, M., Janmey, P.A., Bucki, R. Plasma Gelsolin Enhances
Phagocytosis of Candida auris by Human Neutrophils through Scavenger Receptor Class B.
Microbiology Spectrum, 2023: 11, 2, 13 pp. DOI: 10.1128/spectrum.04082-22

Publikacja nr 3 (P.3) — Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A.,
Galie, P.A., Bucki, R. Recombinant human plasma gelsolin reverses increased permeability of
the blood-brain barrier induced by the spike protein of the SARS-CoV-2 virus.
Journal of Neuroinflammation, 2022: 19, 16 pp. DOI: 10.1186/512974-022-02642-4

4.2.1. Rekombinowana ludzka gelsolina osoczowa (Rhu-pGSN)
Rhu-pGSN uzyta w badaniach, wyprodukowana z wykorzystaniem bakterii Escherichia
coli zostata udostepniona przez firmg¢ BioAegis Therapeutics (North Brunswick, NJ, USA).

4.2.2. Pobranie krwi i izolacja neutrofilow

Krew pobierano od zdrowych ochotnikow do probowek zawierajagcych kwas
etylenodiaminotetraoctowy (EDTA), za zgoda Komisji Bioetycznej Uniwersytetu Medycznego
w Biatlymstoku, zgodnie z uchwala numer APK.002.234.2021. Izolacj¢ neutrofilow
przeprowadzano za pomocg wirowania w gradiencie gestosci, korzystajac z preparatu
PolymorphPrep (Progen, Heidelberg, Niemcy). Po wyizolowaniu, komorki zliczano przy
pomocy hemocytometru, a nastgpnie zawieszono w medium RPMI 1640, ktore bylo wolne od
antymikotykow oraz surowicy (FBS, ang. fetal bovine serum). Komorki byly nastepnie

inkubowane w temperaturze 37°C w atmosferze z 5% zawarto$cig COx.

W eksperymentach opisanych w P.2, neutrofile najpierw inkubowano w medium
pozbawionym surowicy, co miato na celu wyeliminowanie ewentualnego wplywu pGSN
znajdujacej si¢ w surowicy krwi na wyniki badan. Nastepnie, komorki poddawano preinkubacji
z pGSN, po ktorej dodawano do ich zawiesiny komorki C. auris lub czasteczki zymosanu.
W podobnym uktadzie doswiadczalnym, pGSN byta dodawana réwnoczesnie z komoérkami
grzybéw lub czasteczkami zymosanu, co pozwalalo na bezposrednie poréwnanie efektu

preinkubacji z pGSN w stosunku do jednoczesnego dodania tych sktadnikow.
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4.2.3. Szczep Candida auris

Do badan w P.2 wykorzystano szczep Candida auris 21092, pozyskany z DSMZ
(Braunschweig, Niemcy). Przed posiewem na agar Sabouraud z dodatkiem dekstrozy
i chloramfenikolu, szczep ten przechowywano w temperaturze -80°C w pozywce z dodatkiem
glicerolu. Dla zapewnienia optymalnych warunkow wzrostu, szczep rutynowo inkubowano
w temperaturze 30°C. Liczb¢ komoérek drozdzy oszacowano za pomoca hemocytometru.
Komérki Candida, znajdujace si¢ w fazie logarytmicznego wzrostu, zawieszono w medium
RPMI 1640, analogicznie do procedury z neutrofilami, a nastgpnie rozcienczono je do gestosci

wymaganej dla poszczegolnych eksperymentow.

4.2.4. Hodowla komorek §rodblonka bariery krew-mozg

Do badan przeprowadzonych w P.3 wykorzystano ludzkie komorki srodbtonka naczyn
moézgowych (hRCMEC/D3, CLU512-A, Cedarlane Laboratories), migdzy 25 a 35 pasazem.
Komorki te hodowano w medium przeznaczonym do hodowli komorek endotelialnych EBM-
2 (ang. endothelial cell growth basal medium), z dodatkiem bydlecej surowicy ptodowej (5%
FBS), hydrokortyzonu, kwasu askorbinowego, antybiotykow (penicyliny, streptomycyny
I amfoterycyny B), skoncentrowanego roztworu lipidow, czynnika wzrostu fibroblastow oraz
buforu HEPES (pH = 7,4). Do hodowli wykorzystano ptytki pokryte kolagenem typu I
0 stgzeniu 0,1 mg/mL. Komorki inkubowano w temperaturze 37°C, w atmosferze zawierajacej
5% CO.. Medium komoérkowe wymieniano co 2-3 dni, aby zapewni¢ optymalne warunki

wzrostu komorek.

W badaniach przeprowadzonych w P.3, monowarstwy komorek $rodblonka
inkubowano z pGSN, podjednostka S1 biatka S pochodzacego z SARS-CoV-2, oraz w uktadzie
z jednoczesnym dodaniem obu biatek. W ramach tych eksperymentow, podjednostke S1
rozpuszczono w PBS i dodawano do hodowli komérkowych w ilosci 1:100. Aby zapewnic
jednolitos¢ stezen czynnikéw wzrostu we wszystkich grupach eksperymentalnych, do kontroli,
gdzie nie dodawano zadnych substancji, wprowadzono réowng objetos¢ PBS. Podobnie
postepowano podczas dodawania pGSN, co gwarantowalo spojno$¢ warunkow
eksperymentalnych.

4.2.5. Mikroskopia konfokalna
Probki utrwalano za pomocg 3,7% roztworu para formaldehydu przez 20 minut,
a nastepnie przeprowadzano ich permeabilizacje¢ przy uzyciu 0,2% Tritonu X-100. Oba etapy

postepowania przeprowadzano w temperaturze pokojowej i trwaly tacznie 30 minut. Aby
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zablokowac niespecyficzne miejsca wigzania, uzywano 3% roztworu albuminy bydlecej (BSA)
1 inkubowano probki przez 30 minut w temperaturze 37°C. Dalej, probki inkubowano
Z przeciwciatami pierwszorzedowymi przez czas od 1 do 48 godzin w temperaturze 4°C. Po
inkubacji z przeciwciatami, probki przeptukiwano PBS i poddawano inkubacji z przeciwciatem
drugorzedowym przez godzing oraz z DAPI w stezeniu 1 pg/mL przez 15 minut w temperaturze
pokojowej, zapewniajac przy tym ochrong przed §wiatlem. Obrazy nastegpnie rejestrowano za

pomoca mikroskopu konfokalnego.

4.2.6. Ocena fagocytozy, NETozy i wewnatrzkomoérkowej przezywalnos$ci grzybow

Przy uzyciu testu fagocytozy badano zdolnos¢ ludzkich neutrofilow do pochtaniania
czagstek zymosanu-pHrodo (pHrodo — to barwnik, ktory jest zrodtem fluorescencji po przejéciu
do wnetrza neutrofiléw). Do komorek dodawano 5 mg czgstek zymosanu w medium RPMI
1640 na 2-godzinng inkubacj¢ w 37°C i 5% CO2 na platformie IncuCyte SX1 (Sartorius AG),

ktora postuzyta do pdzniejszej analizy wynikow.

W kolejnym eksperymencie, neutrofile wysiewano na szkietkach nakrywkowych,
weczesniej sfunkcjonalizowanych poli-L-lizyna. Uzywano zabarwione (barwnik - Calcofluor
White, CFW) komorki C. auris przy MOI (stosunku patogen: komorki) 1 i 5. Po zakazeniu,
komorki utrwalano, permeabilizowano, blokowano i barwiono na obecno$¢ aktyny. Przy uzyciu
mikroskopii konfokalnej analizowano ilo$¢ neutrofilow zaangazowanych w fagocytoze
komorek grzybiczych (takich, ktore pochtonety lub przylegaty do co najmniej jednej komorki
patogenu) oraz indeks fagocytozy (ilos¢ grzybow pochtonietych na 100 neutrofilow).

W celu oceny wewnatrzkomorkowej przezywalnosci grzybow, neutrofile odpowiednio
stymulowano pGSN, zakazano C. auris, a nastepnie poddawano procesowi sonikacji

i ilo$ciowo wysiewano na agarze Sabouraud celem oceny wzrostu grzybow.

Formowanie zewnatrzkomorkowych putapek neutrofilowych (NET) oceniano przez
wybarwienie mieloperoksydazy (MPO) w stymulowanych neutrofilach. Badania te
przeprowadzano na szkietkach pokrytych poli-L-lizyng i analizowano za pomoca mikroskopii

konfokalnej.

W rownolegtym eksperymencie oceniano wptyw pGSN na uwalnianie DNA
pozakomorkowego (eDNA) podczas zakazenia C. auris. Neutrofile zakazano jak powyzej,
z dodatkiem barwnika Cytotox red barwigcego eDNA. Wyniki analizowano przy uzyciu

platformy IncuCyte SX1.
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4.2.7. Ocena sekrecji cytokin i chemokin oraz produkcji reaktywnych form tlenu

Oceng sekrecji Interleukiny-2 (IL-2), IL-6, IL-8, interferonu gamma (IFN-vy), czynnika
martwicy nowotworéw (TNF-a) oraz czynnika wzrostu Kkolonii granulocytarno-
makrofagowych (GM-CSF) przeprowadzono przy uzyciu zestawu Bio-Plex Pro human
cytokine assay (Bio-Rad Laboratories). Neutrofile oraz komorki srodbtonka hodowano w 24-
dotkowych ptytkach. Po zakonczeniu inkubacji z odpowiednimi zwigzkami, nadsacz zbierano
1 odwirowywano, aby usung¢ pozostate komorki, a nastgpnie przeprowadzano analize sekrecji

cytokin i chemokin przy uzyciu systemu Bio-Plex 200 (Bio-Rad).

Aby zbada¢ produkcje reaktywnych form tlenu (ROS) przez neutrofile, komorki
inkubowano z sondg DCFH-DA (Dichlorodihydrofluorescein diacetate) w roztworze PBS
przez 10 minut w ciemnosci. Nastgpnie komorki przemywano PBS 1 wysiewano na 96-dotkowa
ptytke hodowlang. Neutrofile stymulowano zgodnie z wcze$niejszymi procedurami, dodajac do
eksperymentu takze probke kontrolng z PMA (phorbol 12-myristate 13-acetate). Fluorescencje
przy dhugosci fali 488 nm (ekscytacja) i 535 nm (emisja) mierzono za pomoca czytnika ptytek

Varioskan Lux (Thermofisher).

4.2.8. Ocena ekspresji bialek metodg Western Blot

Neutrofile oraz komorki srodbtonka hodowano w 6-dotkowych ptytkach i stymulowano
zgodnie z opisanymi wczes$niej procedurami. Po odpowiednim czasie inkubacji, komorki
ptukano PBS, trypsynizowano i zbierano do probowek celem odwirowania. Osad komorkowy
ekstrahowano buforem lizujagcym z dodatkiem inhibitora proteaz, inkubowano na lodzie przez
20 minut i odwirowywano przez 20 minut w 4°C (14000 obrotow na minute). Stezenie biatek
W nadsaczu mierzono za pomocg testu Bradforda. Biatka poddawano elektroforezie, a nastgpnie
przenoszono na membrany z polifluorku winyldenu (PVVDF). Membrany blokowano w buforze
blokujacym, inkubowano przez okoto 18 godzin w 4°C z odpowiednimi przeciwciatami
pierwszorzedowymi, po czym inkubowano z drugorzgdowymi przeciwciatami koniugowanymi
z IRDye 800CW przez 1 godzing w temperaturze pokojowej, w ciemnosci. Membrany
wizualizowano przy uzyciu systemu Odyssey LiCor, a intensywnosci biatek analizowano,

porownujac probki traktowane do kontroli znormalizowanych do B-aktyny.

4.2.9. Analiza ekspresji genéw
Neutrofile oraz komorki §rodbtonka stymulowano jak powyzej, a nastepnie poddawano

ekstrakcji RNA, syntezie cDNA i gRT-PCR z uzyciem zestawow specyficznych dla szlakow
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sygnatowych, z kontrolg GAPDH, a ekspresje genow analizowano jako ilo§¢ wzgledna,

wyrazona W LogzFC.

4.2.10. Model 3D bariery krew-mézg w przeplywie oraz ocena przepuszczalnosci
Wytworzenie naczynka mikroprzeplywowego (ang. microfluidic device), jak

I przygotowanie modelu 3D bariery krew-moézg zostaty szczegdétowo opisane w P.3.

Do oceny przepuszczalnosci utworzonej bariery krew-moézg, kazdorazowo, pojedyncze
naczynie perfundowane dekstranem-FITC o masie czgsteczkowej 4-kDa, badano przy uzyciu
odwroconego mikroskopu epifluorescencyjnego (Zeiss Axiostar 10). Obrazy rejestrowano co
10 sekund i analizowano za pomocg ImageJ do okreslenia wspotczynnika przepuszczalnosci,
wyliczanego przez korelacje st¢zenia dekstranu z intensywnos$cig fluorescencji po dwoch

stronach naczynia.

Pomiary transendotelialnego oporu elektrycznego (TEER) przeprowadzano przy uzyciu
adaptera oscyloskopu USB Stingray DSIMI12. To urzadzenie, pelniace funkcje zaréwno
generatora sygnatéw, jak 1 oscyloskopu, wykorzystywato oprogramowanie DSIMI12

EasyScope II do ustawienia napigcia wyjsciowego i pomiaru impedancji Srédbtonka.

4.2.11. Ocena migracji

Test gojenia rany (ang. wound healing assay) uzywano, aby oceni¢ wptyw pGSN i S1
na migracje¢ komorek tworzacych BBB. Komodrki hCMEC/D3 hodowano w 96-dotkowych
ptytkach pokrytych kolagenem do uzyskania jednolitej monowarstwy, a nastgpnie
wykonywano liniowe zarysowanie przy uzyciu IncuCyte® WoundMaker. Nastgpnie obrazy
przetwarzano, definiujac maske¢ zarysowania i1 maske konfluencji komoérek za pomoca

oprogramowania IncuCyte® Cell Migration Analysis.

4.2.12. Analiza statystyczna

W P.2 i P.3 dane ilo$ciowe wyrazono jako $rednia arytmetyczna + btgd standardowy $redniej
arytmetycznej. Analiz¢ istotnosci statystycznej wykonywano przy uzyciu niesparowanego,
dwustronnego testu-t Studenta lub jednostronnej analizie wariancji (ANOVA) z testem post-
hoc Tukey. Uzyte testy, parametry statystyczne, w tym doktadna liczba powtorzen i istotno$¢
statystyczna, podane sg na rycinach i w legendach do rycin w pracach oryginalnych wiaczonych
do rozprawy.
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4.3. Wyniki badan

Szczegdtowy opis uzyskanych wynikoéw znajduje si¢ w nizej wymienionych pracach

oryginalnych wlaczonych do rozprawy:

Publikacja nr 2 (P.2) — Suprewicz, k.., Sktodowski, K., Walewska, A., Deptula, P., Sadzynska,
A., Eljaszewicz, A., Moniuszko, M., Janmey, P.A., Bucki, R. Plasma Gelsolin Enhances
Phagocytosis of Candida auris by Human Neutrophils through Scavenger Receptor Class B.
Microbiology Spectrum, 2023: 11, 2, 13 pp. DOI: 10.1128/spectrum.04082-22

Publikacja nr 3 (P.3) — Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A.,
Galie, P.A., Bucki, R. Recombinant human plasma gelsolin reverses increased permeability of
the blood-brain barrier induced by the spike protein of the SARS-CoV-2 virus.
Journal of Neuroinflammation, 2022: 19, 16 pp. DOI: 10.1186/512974-022-02642-4

4.3.1. pGSN nasila fagocytoze i wewnatrzkomérkowe zabijanie komoérek C. auris przez
ludzkie neutrofile.

W P.2 badano zdolno$¢ pGSN do nasilania nieswoistej odpowiedzi immunologicznej
w ludzkich neutrofilach w przebiegu zakazen grzybiczych. Neutrofile dzigki zdolnosci do
fagocytozy odgrywaja kluczowa role w obronie przed infekcjami bakteryjnymi i grzybiczymi.
Oceniano, czy pGSN poteguje fagocytoze czasteczek zymosanu w ludzkich neutrofilach.
Poczatkowo neutrofile pozbawiano surowicy, a nastgpnie eksponowano na pGSN przed
dodaniem Iub rownoczesnie z dodaniem zymosanu. Wyniki wykazaty, ze preinkubacja z pGSN
zwigksza fagocytoze, ale dodanie go jednoczes$nie z zymosanem nie poprawia absorpcji, co
sugeruje, ze efekty immunomodulacyjne pGSN wymagaja uprzedniego aktywowania

neutrofilow (Fig. 1 ai b, P.2).

Nastepnie zbadano wptyw pGSN na zdolnosci neutrofilow do fagocytozy C. auris,
patogenu znanego ze zdolno$ci do unikania odpowiedzi immunologicznej. Uzywajac ludzkiej
albuminy jako kontroli i réznych ilosci grzybow wykazano, ze preinkubacja neutrofilow
z pGSN znaczaco poprawia ich efektywnos$¢ fagocytarng wobec C. auris. Bylo to potwierdzone
przez wzrost liczby neutrofiloéw zaangazowanych w fagocytoze (Fig. 1 c i d, P.2) oraz wyzszy
indeks fagocytozy (Fig. 1 e i f, P.2), co podkresla znaczenie pGSN w wzmacnianiu wrodzonej
odpowiedzi immunologicznej przeciwko temu patogenowi. Dodatkowo, zaobserwowano

znaczacy wzrost wewnatrzkomorkowego zabijania komorek Candida (Fig. 1 g i h, P.2).
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4.3.2. pGSN hamuje wydzielanie NET6w przez neutrofile

Odrebnym mechanizmem nieswoistej odpowiedzi immunologicznej jest NEToza, czyli
proces, w ktorym neutrofile narazone na szkodliwe substancje, uwalniaja zawarto$¢ swojej
cytoplazmy do przestrzeni zewngtrzkomorkowej. Chociaz proces ten jest kluczowy dla
zwalczania infekcji, nadmierne tworzenie NETow moze prowadzi¢ do uszkodzenia naczyn
krwionosnych i zwigkszenia stanu zapalnego poprzez nadmierne wydzielanie cytokin

i reaktywnych form tlenu (ROS).

W celu zbadania wptywu pGSN na wydzielanie NETow, neutrofile pozbawiono
surowicy i inkubowano z pGSN, albo poddawano dziataniu pGSN jednocze$nie z komorkami
C. auris. Preinkubacja z pGSN znaczgco zmniejszyta uwalnianie eDNA do przestrzeni
zewnatrzkomorkowej (Fig. 2 ai b, P.2) oraz formowanie si¢ NETow (Fig. 2 c i d, P.2) podczas
ekspozycji na C. auris. Hamowanie NETozy i produkcji ROS (Fig. 2 e, P.2) wskazuje na
immunomodulujace dziatanie pGSN w stosunku do neutrofilow, a nie bezposrednio przeciwko
C. auris. pGSN hamowato réwniez aktywnos$¢ indukowang przez PMA, co sugeruje jej silne
dziatanie przeciwzapalne. Analiza Western Blot potwierdzita, ze preinkubacja z pGSN przed
zakazeniem znaczaco hamowata ekspresje kluczowych biatek zaangazowanych w proces
tworzenia NETow, co dodatkowo podkresla jego ochronng rolg przed nadmierng reakcja
zapalng (Fig. 3, P.2).

4.3.3. pGSN zmniejsza proces zapalny wywolany przez C. auris.

Ostra reakcja zapalna wystepuje zwykle bezposrednio po pojawieniu si¢ infekcji,
prowadzac do uwalniania mediatorow zapalnych, takich jak cytokiny oraz chemokiny, co
napedza rekrutacje komorek odpornosciowych do miejsca zapalenia. Jednak, nadmierny lub
przewlekty stan zapalny moze spowodowac powazne uszkodzenia tkanek lub sepsg. W tym
badaniu oceniano wptyw pGSN na reakcje zapalng w ludzkich neutrofilach podczas infekcji
C. auris. Wykazano, ze preinkubacja neutrofilow z pGSN przed zakazeniem C. auris znaczaco
obniza wydzielanie IL-4, IL-6 i TNF-a, a takze zwigksza poziom przeciwzapalnej IL-10 (Fig.
4, P.2). Wyniki te wskazujg na immunomodulacyjne whasciwosci pGSN, ktore moga hamowaé

nadmierng odpowiedz zapalng, ograniczajac ryzyko powiktan.

4.3.4. Receptory klasy B typu ,,scavenger” jako cel dla pGSN na ludzkich neutrofilach.
Do tej pory mechanizm molekularny, dzigki ktoremu pGSN pobudza fagocytoze nie byt
znany. W celu zidentyfikowania potencjalnych genéw zaangazowanych w stymulacje

fagocytozy przez pGSN, przeanalizowano ekspresj¢ genéw bioracych udzial w tym procesie.
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Po dodaniu pGSN, najbardziej znaczacy wzrost ekspresji zaobserwowano w genach nalezacych
do rodziny receptorow scavengerowych klasy B (SR-B), szczegolnie CD36 i SCARBL1 (Fig. 5
a, P.2). SR-B to grupa glikoprotein transblonowych sktadajgca si¢ z trzech przedstawicieli: SR-
Bl (SCARBL1), SR-B2 (CD36) i SR-B3 (SCARB2). Te glikoproteiny wigzg i internalizujg
szeroki zakres ligandow. Obecne na powierzchni neutrofilow i makrofagdw, SR-B odgrywaja
rolg w odpornosci wrodzonej, wchodzac w interakcje z wzorcami molekularnymi zwigzanymi
z patogenami (PAMPs, ang. pathogen-associated molecular patterns) lub wzorcami
molekularnymi zwigzanymi z uszkodzeniami (DAMPs, ang. damage-associated molecular

patterns).

Aby potwierdzi¢, ze stymulacja fagocytozy przez pGSN zalezy od zwigkszenia
ekspresji SR-B, uzyto specyficznych antagonistow: sulfosukcynimidylu oleinianu (SSO) dla
CD36 oraz blokera transportu lipidow-1 (BLT-1) dla SR-B1. Inhibitory te dodano do
neutrofilow w trakcie preinkubacji z pGSN na 2 godziny. Po inkubacji inhibitory oraz pGSN
usuni¢to, a nastepnie do komoérek dodano medium z komoérkami C. auris przy MOI 1 na kolejne
2 godziny. Obecnos$¢ inhibitorow SR-B znaczaco zmniejszyla korzystny wplyw pGSN na
dziatanie neutrofildéw, w tym na liczbe neutrofilow zaangazowanych w proces fagocytozy (Fig.
5b ic, P.2) oraz indeks fagocytozy (Fig. 5 d i e, P.2). Inhibitor SSO (CD36) catkowicie
zahamowat efekt pGSN na efektywno$¢ wewnatrzkomorkowego zabijania grzybow, podczas
gdy efekt BLT-1 (SR-B1) byt mniejszy (Fig. 5 f i g, P.2). Te wyniki sugeruja, ze pGSN
zwigksza fagocytoze C. auris przez ludzkie neutrofile poprzez stymulowanie ekspresji SR-B.

4.3.5. pGSN hamuje wzrost przepuszczalno$ci BBB indukowany przez bialko Sl1
SARS-CoV-2.

Gloéwng cechg bariery krew-moézg (BBB) jest jej wysokoselektywna przepuszczalnose,
ktora chroni tkanki moézgu przed dzialaniem szkodliwych substancji pochodzacych z krwi
obwodowej. Wykazano, ze podjednostka S1 biatka S pochodzacego z SARS-CoV-2 zwigksza
przepuszczalnos¢ BBB zar6wno w modelu 2D, jak i 3D (Fig. 1, 2 i 3, P.3). Przeprowadzano
testy przepuszczalno$ci, aby okresli¢, czy pGSN moze zahamowac¢ ten niekorzystny efekt
w obecno$ci podjednostki S1. Uzyto 4-kDa FITC-dekstran, aby skoncentrowaé sie na
charakterystyce para-komorkowego przechodzenia substancji przez potaczenia komorkowe
I wykluczy¢ inne formy aktywnego transportu, np. transcytoze. Dodatkowo, zmierzono
transendotelialny opor elektryczny (TEER). Badania przepuszczalno$ci, wykazaty, ze dodanie
pGSN istotnie zmniejsza wzrost przepuszczalno$ci indukowanej biatkiem S1, w modelu 2D

(Fig. 1 b i c, P.3). W modelu 3D, poza zaobserwowaniem zmniejszenia przepuszczalnosci,
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wykazano rowniez zachowanie ekspresji biatka ZO-1, tworzacego taczenia migdzykomorkowe

(Fig.3a,bid, P.3).

Dodatkowo, badania TEER potwierdzity ochronne dziatanie pGSN na integralnos¢
BBB (Fig. 3 ¢, P.3). SARS-CoV-2 S1 spowodowal znaczacy spadek TEER, podczas gdy
dodanie pGSN przywracato TEER do wartosci kontrolnych.

Pomiary przepuszczalnosci i TEER sugeruja, ze pGSN wywiera ochronny wptyw na
integralno$¢ bariery krew-moézg, odwracajac zwigkszona przepuszczalnos¢ spowodowang
przez SARS-CoV-2 S1, zarowno W warunkach statycznych, jak i w modelu 3D z przeptywem.
Przechodzenie matych, dodatnio natadowanych znacznikéw molekularnych (4kDa-Dextran)
przez BBB wskazuje na uszkodzone potaczenia migdzykomoérkowe jako powdd zwigkszenia

przepuszczalnosci po dziataniu biatka S1.

4.3.6. pGSN odwraca hamowanie migracji komoérek hCMEC/D3 wywolane przez bialko
S1.

Migracja komorek $rodbtonka jest istotna dla angiogenezy oraz naprawy uszkodzonej
sieci naczyniowej. Przeprowadzano test gojenia rany, aby zbada¢ wptyw biatka S1 na migracje
komorek hCMEC/D3 oraz potencjalng role pGSN w modyfikacji tego efektu (Fig. 4 a, P.3).
Monitorowanie migracji komorek do uszkodzonego obszaru konfluentnej hodowli
(wykonanego zarysowania) wykazato, ze pGSN samodzielnie nie wptywa na migracj¢ komorek
hCMEC/D3. Dodanie biatka S1 spowolnito migracj¢ komérek w porownaniu z warunkami
kontrolnymi, a dodanie pGSN istotnie odwrocito ten efekt w stosunku do samego S1.
Dodatkowo, analiza ekspresji VEGFR2 w lizatach komorek hCMEC/D3 wykazata, ze pGSN
moze nieznacznie przywrocic ekspresjc VEGFR2 zmniejszong przez S1, sugerujac, ze pGSN
moze posrednio przeciwdziata¢ hamowaniu migracji komorek przez S1, potencjalnie przez
znany efekt przeciwzapalny 1 wplyw na formowanie biatek S$cistych polaczen

mig¢dzykomoérkowych.

4.3.7. pGSN redukuje sekrecje cytokin prozapalnych wywolana przez bialko S1
SARS-CoV-2 na wezesnym etapie stymulacji komorek.

Dysfunkcja $rodbtonka w przebiegu COVID-19 jest cze$ciowo spowodowana przez
wywolang przez biatko S burzg cytokinowsg - kaskade uwalniania prozapalnych mediatoréw.
W tym badaniu oceniono czy pGSN moze zmniejszy¢ wydzielanie cytokin przez komorki
srodbtonka, indukowane przez biatko S1, po 6 i 24 godzinach inkubacji (Fig. 5, P.3). Dodanie
samej pGSN do monowarstwy hCMEC/D3 nie spowodowato znaczgcych zmian w wydzielaniu
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cytokin po 6 i 24 godzinach. Najwigksze hamowanie wydzielania odnotowano dla IL-8 i TNF-
a, po 6 godzinach stymulacji biatkiem S1 i pGSN (Fig. 5 ¢ i d, P.3). Nie zaobserwowano
istotnej zmiany w wydzielaniu IFN-y i GM-CSF indukowanym przez S1, podczas gdy tylko
niewielki spadek zauwazono dla IL-6 po dodaniu pGSN. Po 6 godzinach, jednoczesne dodanie
biatka S1 i pGSN, nieznacznie zwickszylo wydzielanie IL-2 w poréwnaniu do samego S1 (Fig.
5 a, P.3). pGSN nie miata juz takiego hamujacego efektu po 24 godzinach wspdlnej inkubacji
z S1. pGSN jest szczegoOlnie skuteczna wobec hamowania wydzielania IL-8 i TNF-a
indukowanego przez S1, obie cytokiny majg zdolno$¢ do uszkadzania $srodblonka i zwigkszania
przepuszczalnosci BBB. Wyniki sa zgodne z wczesniejszymi wynikami sugerujacymi role

pGSN w regulacji przepuszczalnos$ci naczyn mézgowych (Fig. 11 3, P.3).

4.3.8. pGSN zapobiega inhibicji ekspresji bialek tworzacych S$cisle polaczenia
miedzykomoérkowe wywolywanej przez biatko S1 SARS-CoV-2.

Biatka ZO-1, okludyny i klaudyny, sa bialkami tworzacymi $cisle polaczenia
miedzykomorkowe (TJS) i sa kluczowe dla utrzymania integralnosci BBB. Infekcja SARS-
CoV-2 zaktoca funkcj¢ BBB przez degradacj¢ tych biatek. Badanie ekspresji tych biatek
w komoérkach hCMEC/D3 po ekspozycji na podjednostke S1 wirusa wykazato, ze pGSN moze
odwraca¢ negatywny wplyw S1 na TJs. Podjednostka S1 zmniejszata ekspresje ZO-1 0 25%,
okludyny o 20% i klaudyny 5 o0 16% (Fig. 6 a i b, P.3). Dodanie pGSN przywrocito ekspresje
tych bialek do poziomow zblizonych do kontrolnych, sugerujac, ze pGSN moze chroni¢ BBB
przed uszkodzeniami wywotanymi przez SARS-CoV-2 poprzez stabilizacje TJs.

4.3.9. pGSN ogranicza aktywacje NF-kB wyzwalang przez bialko S1 w komérkach
srodblonka.

Przeprowadzano badania ekspresji genow, aby zrozumie¢ mozliwy mechanizm lub
szlaki sygnatowe pobudzane przez podjednostkg¢ S1 SARS-CoV-2, na ktére mogtoby dziataé
PGSN.

Dodanie pGSN z S1 obnizylo ekspresje gendow zaangazowanych w sygnalizacje PI3K.
Znaczace obnizenie ekspresji gendw z rodziny AKT zostato zanotowane, gdy pGSN byto
podawane z S1. Inhibicja genéw zaangazowanych w sygnalizacje MAPK roéwniez zostata
zaobserwowana podczas dodawania pGSN. Dla genow szlaku NF-xB, zauwazono redukcje
ekspresji CHUK, IKBKB i IKBKG do poziomu kontrolnego oraz obnizenie ekspresji mRNA
NFKB1, NFKB2, NFKBIA, NFKBIB i NFKBIE (Fig. 7 a, P.3).
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W wyniku prozapalnej odpowiedzi wywotanej przez aktywacje NF-xB, zaobserwowano
wzrost ekspresji ICAM1, VCAML1 i SELE, ktory zostat sthumiony przez pGSN (Fig. 7 a, P.1).
Na figurze 7 b, P.3 przedstawiono schemat szlaku sygnatowego, w ktory zaangazowane sg
PI3K, AKT, MAPK i NF-«B. AKT pozostaje w nieaktywnej konformacji w cytozolu, dopdki
interakcja z PIP3 nie aktywuje go i nie przemiesci do blony komorkowe;j. PI3K jest niezbgdne
do aktywacji AKT przez katalizowanie fosforylacji PI(4,5)P. do PIP3. pGSN wiaze si¢
z P1(4,5)P2, co potencjalnic hamuje aktywacje szlakow zaleznych od AKT, MAPK i NF-«B.

Wyniki badan sugeruja ochronng role pPGSN wobec $rodblonka naczyniowego poprzez
hamowanie ekspresji genow szlakow sygnatowych zaangazowanych w indukcj¢ zapalenia, co
prowadzi do uszkodzenia §rédbtonka moézgu 1 utraty jego funkcji jako bariery naczyniowe;j

w infekcji SARS-CoV-2.
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4.4. Wnioski

Z przeprowadzonych badan wynika, ze:

1. Gelsolina osoczowa wykazuje dziatanie immunomodulujagce wobec ludzkich
neutrofilow - pobudza fagocytoze i hamuje NETozg.

2. Pobudzanie fagocytozy w ludzkich neutrofilach zalezy od stymulowanego przez
gelsoline osoczowsg wzrostu ekspresji receptorow ,,scavengerowych” klasy B.

3. Gelsolina osoczowa zmniejsza wydzielanie cytokin i chemokin prozapalnych przez
ludzkie neutrofile w odpowiedzi na Candida auris.

4. Gelsolina osoczowa ogranicza zwigkszong przepuszczalnos¢ bariery Kkrew-mozg
indukowang przez biatko S1 poprzez zmniejszenie wydzielania cytokin prozapalnych,
hamowanie aktywacji czynnika transkrypcji NF-xB, zmniejszenie degradacji biatek

tworzacych $ciste potagczenia miedzykomorkowe oraz stymulacje migracji komorek.
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ABSTRACT

The typical manifestation of coronavirus 2 (CoV-2) infection is a severe acute respiratory syndrome (SARS) accompanied
by pneumonia (COVID-19). However, SARS-CoV-2 can also affect the brain, causing chronic neurological symptoms,
variously known as long, post, post-acute, or persistent COVID-19 condition, and affecting up to 40% of patients. The
symptoms (fatigue, dizziness, headache, sleep disorders, malaise, disturbances of memory and mood) usually are mild
and resolve spontaneously. However, some patients develop acute and fatal complications, including stroke or encep-
halopathy. Damage to the brain vessels mediated by the coronavirus spike protein (S-protein) and overactive inmune
responses have been identified as leading causes of this condition. However, the molecular mechanism by which the virus
affects the brain still needs to be fully delineated. In this review article, we focus on interactions between host molecules
and S-protein as the mechanism allowing the transit of SARS-CoV-2 through the blood-brain barrier to reach the brain
structures. In addition, we discuss the impact of S-protein mutations and the involvement of other cellular factors condi-
tioning the pathophysiology of SARS-CoV-2 infection. Finally, we review current and future COVID-19 treatment options.

Key words: SARS-CoV-2, spike protein, blood-brain barrier, encephalopathy, stroke, cytokine storm, neuroinflammation
(Neurol Neurochir Pol 2023; 57 (1): 14-25)

Introduction

SARS-CoV-2 mainly causes inflammatory lung damage
associated with thrombosis and increased pulmonary vascu-
lar permeability leading to haemorrhage and oedema [1]. In
addition, the cytokine storm during the inflammatory cascade
and the direct action of the SARS-CoV-2-derived spike pro-
tein affect other organs, including the central nervous system
[2-4]. Compelling reports indicate that COVID-19 patients
develop neurological symptoms during acute infection. They
can also develop a chronic condition, long-COVID or PACS

(Post-Acute COVID Syndrome), characterised by fatigue
and neuropsychiatric symptoms [5-8]. More than 40% of
COVID-19 patients exhibit neurological, potentially lethal,
symptoms during SARS-CoV-2, increasing the need to under-
stand the underlying molecular mechanisms and to develop
effective countermeasures [9-11].

Neuroinflammation, which typically accompanies central
nervous system (CNS) damage, can be mediated directly by
the viral invasion of CNS cells or indirectly by mediators that
govern the development of systemic inflammation (3, 12].
Briefly, direct action of the SARS-CoV-2 spike protein
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(S1-protein), which circulates in the blood after being cleaved
by the proteases during the viral invasion, and pro-inflam-
matory cytokines (IL-1f, IL-6, and TNF-a) released by host
immunocompetent cells in response to it, impede the blood-
-brain barrier (BBB) integrity, resulting in viral entry through
the endothelium followed by infection of astrocytes [2, 3-15].
Symptoms can range from mild headache, nausea, impaired
consciousness or reduced cognition to severe, potentially
lethal conditions including encephalopathy, delirium, and
acute disseminated encephalomyelitis [9-11]. Multicentre
analyses have revealed that stroke (60%+) and encephalopa-
thy (up to 42%) account for most neurological complications
associated with SARS-CoV-2 infection. Encephalitis and
Guillain-Barré syndrome are considerably less frequent, with
incidence rates of 13% and 9%, respectively [11, 16]. Younger
patients are more susceptible to ischaemic stroke associated
with recurrent vascular occlusion and greater morbidity for
COVID-19 patients than influenza patients. Among all neu-
rological symptoms of SARS-CoV-2, patients with stroke and
inflammatory syndromes had the worst prognosis [17, 18]. In
the majority of cases, neuroimaging reveals ischaemia with
large vessel occlusion, perfusion abnormalities, and haemor-
rhage in locations not typically associated with hypertension.
In addition, post mortem analyses of COVID-19 patients
have identified a link between microvascular disease and
microhaemorrhages [22, 23].

In conclusion, all of these neurological complications
may result directly or indirectly from an impairment of the
blood-brain barrier (BBB) caused by SARS-CoV-2 infection.

Role of blood-brain barrier in maintaining
central nervous system homeostasis

The blood-brain barrier is a specialised system of
brain microvascular endothelial cells that guards the brain
from circulating toxins, nourishes brain tissues, and filters
harmful compounds from the brain to the bloodstream
[19]. The proper functioning of the central nervous system
is ensured by close interaction between the brain endothe-
lium and other neurovascular/glial components such as
astrocytes, pericytes, neurons, and basement membranes
[20, 21]. Passage through the BBB is strictly regulated by
physical (intercellular tight and adherens junctions) and
metabolic (enzymes, transporters etc.) barriers [22, 23].
Notably, there is a functional difference between the brain
endothelial cells’ abluminal and luminal membrane surfaces
due to the differential expression of specific transporters,
secretory bodies, and the release of enzymes locally [24].
Due to its restricted permeability, the BBB is a major ob-
stacle for delivering therapeutic agents into the CNS [25].
Leakage or disruption of the BBB plays a crucial role in the
pathogenesis of numerous brain diseases such as Alzheimer’s
Disease, multiple sclerosis, ischaemia, Parkinson’s Disease,
and PACS/neuro-COVID-19 [26-30].

Interaction of SARS-CoV-2 with host cells

The crown-like (corona) appearance of the virion is
attributable to the spike (S) protein, which is assembled in
homotrimer form and inserted in multiple copies into the
host membrane. In SARS-CoV-2, the S-protein is cleaved by
furin into the S1 and S2 subunits during their biosynthesis
within the infected cells. In many other coronaviruses, the
S-protein is only cleaved when they reach the target cells.
Thus, the S-protein on the mature virion consists of non-co-
valently linked S1 and S2 subunits. The former subunit
binds the cell receptor — angiotensin-converting enzyme
2 (ACE2), while the S2 subunit anchors the S-protein to the
membrane. ACE2 engagement by the S1-protein triggers
conformational changes in both subunits (S1 and S2) that
lead to the formation of a fusion pore by bringing the viral
and cellular membranes together [31]. As shown in Figure 1,
for SARS-CoV-2, this process exposes the S2 site, followed
by its subsequent cleavage by a transmembrane protease,
serine 2 (TMPRSS2), resulting in bringing the virus closer
to the cell surface and ultimately fusion of the S2 subunit to
the membrane. Importantly, the S1 subunit is released from
the ACE2 receptor to the bloodstream, where it has been
detected in unvaccinated and infected patients, leading to
inflammation triggered by direct and indirect action of the
S-protein throughout the body [15].

Other cell attachment factors/co-receptors
for SARS-CoV-2

ACE2 is the primary receptor responsible for the
entry and expansion of the SARS-CoV-2 virus in human
cells. Nevertheless, several reports have indicated that
ACE?2 alone cannot ensure SARS-CoV-2’s entry into cells,
and additional co-receptors or attachment factors have
been proposed for this process [32, 33]. Blood-brain barrier
endothelial cells express several of these factors, linking
SARS-CoV-2 with neurological symptoms. Due to the
substantial genetic relatedness between SARS-CoV-2 and
other coronaviruses, particularly SARS-CoV-1, specific
targets by which the virus interacts with human cells have
been described (Fig. 2) [34].

Extracellular vimentin

Alink between extracellular vimentin and SARS-CoV-2 in-
fection has been established by several studies [33, 35-38].
Vimentin (Vim) is a type III intermediate filament-forming
protein and an essential cytoskeleton element. In addition,
Vim exists in the extracellular environment and on the
surface of various cells regardless of its expression due to its
secretion by immune cells triggered by inflammation [44]
and by endothelial cells in tumours [39]. Recent studies have
shown that Vim directly interacts with S-protein, and that
blocking Vim on the cell surface significantly reduces the entry
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of SARS-CoV-2 into host cells [33]. Specifically, antibodies
targeting the vimentin C-terminal domain block entry of
the pseudovirus containing S-protein by up to 80% in cells
expressing extracellular vimentin and ACE2 [33] in vitro, and
anti-vimentin antibodies show potential therapeutic value in
vivo [40]. Similarly, an inhibitory effect on viral uptake has
been recorded for other vimentin-blocking compounds [36].
Moreover, limiting the concentration of vimentin in the blood
suppresses SARS-CoV-2 replication and, in turn, virus-trig-
gered inflammation [33, 38].

Neuropilin-1
Neuropilin-1 (NRP1) is another putative attachment
protein or co-receptor for SARS-CoV-2 since its selective
inhibitors or anti-NRP1 antibodies reduce the virus entry to
host cells [41]. NRP1 physiologically has the ability to bind
all of the furin-cleaved proteins and acts as an inhibitor for

neuronal demyelination and a suppressor of inflammatory
signalling that preserves BBB integrity [41].

Heparan sulfate

Heparan sulfate (HS), a polysaccharide attached to var-
ious cell surfaces or extracellular matrix proteins, is another
compound associated with SARS-CoV-2 uptake by host cells.
HS participates in several biological processes, including cell
adhesion, signalling, and angiogenesis [42]. Interestingly, the
S-protein interacts with cellular HS through a domain adjacent
to its receptor-binding domain (RBD) [43]. Furthermore, HS
inhibitors, such as heparin derivatives and mitoxantrone, may
directly block the interaction between HS and S1 protein, in-
hibiting the uptake of both pseudotyped and authentic SARS-
-CoV-2 [44]. Similar effects have been observed for sunitinib
and BNTX, drugs that indirectly inhibit HS-mediated viral entry
by rearrangement of the actin network [49].
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Figure 2. Host molecules interacting with S-protein of SARS-CoV-2. Visualisation performed using ChimeraX v.1.4 software [98] with propor-
tional dimensions, based on 3D model of SARS-CoV-2 virion [99] and 3D models of proteins predicted using AlphaFold v2.2.2 tool [100] as

well as heparan sulfate (octamer) and sialic acid molecules

Sialic acid

Sialic acids on the surface of BBB-forming endothelial cells
play a vital role in the transport kinetics between the blood
and the brain, hence appearing to be naturally associated
with the invasion of CNS by SARS-CoV-2. Indeed, the direct
binding of S-protein to sialic acid has been observed with
electron microscopy and in silico studies [45]. However, due
to conflicting conclusions, the role of sialic acid in the process
of SARS-CoV-2 penetration is not clearly defined [46, 47]. For
instance, ACE2 glycosylation inhibition studies with neurami-
nidase indicate that sialic acids on the ACE2 receptor prevent
ACE2/spike protein interaction [46]. On the other hand, it has
been reported that gangliosides could serve as ligands for the
receptor-binding domain of the SARS-CoV-2 spike protein,
thus improving viral uptake [47].

Scavenger receptor class B, type I

Scavenger Receptor Class B, Type I (SR-B1) on im-
mune cells is involved in processes of the innate immune
response. On the BBB, SR-BI acts as a major high-density
lipoprotein (HDL) receptor that modulates reverse sterol
transport. Since the S1-subunit attaches to cholesterol and
possibly HDL components, improving viral uptake in vit-
ro, SR-B1 may be implicated in this process. For example,
the SARS-CoV-2 infection of the cells overexpressing SR-
-B1 has been shown to be enhanced, while the viral uptake

in SR-B1 knockout cells is reduced [48]. Similarly, in a study
with cholesterol-poor synthetic biological HDL targeting
SR-B1, 80% inhibition of SARS-CoV-2 pseudovirus uptake
was observed [49].

Phosphatidylserine receptors

Phosphatidylserine (PS) receptors (PSR) namely TIM
(TIM-1 and TIM-4), and TAM (AXL) have been reported
as factors that enhance SARS-CoV-2’s attachment to cells,
promote uptake of virions, and boost ACE2-dependent
infection of SARS-CoV-2. Wang et al. indicated that AXL
interacts directly with the N-terminal domain of the SARS-
-CoV-2 S-protein [50]. But contradicting that, Bohan et al.
stated that AXL does not bind to S-protein but rather to PS,
which is abundant on the surface of the SARS-CoV-2 virion
[51]. Furthermore, bemcentinib, an AXL inhibitor, signifi-
cantly inhibited SARS-CoV-2 viral uptake into Vero 6 cells.

Transferrin receptor

Transferrin receptor (TfR) is highly expressed in brain
capillary endothelial cells, but not the peripheral endotheli-
um. TfR is responsible for the transport of iron into the brain
parenchyma to maintain iron homeostasis, which is crucial for
proper brain function, e.g. metabolism and neural conductiv-
ity. TfR is another protein involved in viral uptake by direct
interaction with Spike S1 RBD. An anti-TfR antibody shows
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a potent inhibitory effect on SARS-CoV-2 infection in mice
[52]. In vitro studies have indicated that low doses of ferristatin
II reduce the uptake of different variants of concern (VOCs)
of SARS-CoV-2 [53].

Blood-brain barrier and SARS-CoV-2

Given the unique properties of the BBB, viruses such as
SARS-CoV-2 are unable to enter the CNS easily. However,
numerous case reports of patients with neurological com-
plications indicate that nearly 60% of all COVID-19 patients
have had disrupted BBB, resulting in increased permeability
[54]. Post-mortem histopathological examinations indicate
the presence of SARS-CoV-2 in different types of glial and
endothelial cells within the brain [55]. Due to the large number
of co-receptors/attachment factors other than ACE2 that may
play a role in viral invasion, the mechanisms utilised by SARS-
-CoV-2 to enter the brain and cause neurological disorders
still need to be fully understood.

So far, two major routes for virus entry into the CNS
have been identified: retrograde neuronal transport, and
hematogenous transmission including immune cells as
vectors in a mechanism known as the ‘Trojan horse’. The
neuroinvasive route involves direct or indirect contact with
the oral mucosa and eyes, and also implicates the olfactory,
vagus, and trigeminal nerves as the primary cranial nerves
involved in viral entry into the CNS [61]. Other mechanisms
involve the indirect action of S-protein and the cascade of
events associated with cytotoxicity and systemic inflamma-
tory responses (the cytokine storm) that lead to the dete-
rioration of the BBB. However, this review focuses on the
hematogenous route, which involves the brain endothelium
more profoundly.

Direct interaction of SARS-Cov-2 with BBB

Although initial in vitro studies have shown that SARS-
-CoV-2 is incapable of infection and replication in endothelial
cells, numerous post mortem reports of patients who died
from COVID-19 have demonstrated the presence of virus
particles within the brain vasculature, pericytes, and neurons
[55, 56]. These inconsistencies indicate that BBB infection is
more complex and requires further examination. As men-
tioned previously, SARS-CoV-2 can infect endothelial cells
by interacting with ACE2 on their surface [14]. However,
the degree of infection is substantially less pronounced than
in the primary target lung cells of SARS-CoV-2 — type II
pneumocytes. On the other hand, overexpression of ACE2 in
the endothelium of the cerebral circulation occurs in patients
with hypertension and dementia and positively correlates with
the severity of neurological symptoms [2, 57]. In addition, the
S-protein may interact directly with the BBB, and S1, SIRBD,
and S2 subunits exhibit pro-inflammatory effects, resulting
in increased BBB permeability via damage to tight junctions
(TJs) but not adherens junctions (AJs) [2, 58].

Trojan horse

One of the hallmarks of virus-induced neuropathogenesis
is the breakdown of the BBB, which leads to uncontrolled
infiltration of the virus-infected immune cells into the CNS
via the “Trojan horse’ mechanism [59]. Using monocytes and
macrophages as vectors, the viruses exploit the physiological
process of CNS infiltration by immune response cells passing
through the BBB. This process of permeation through endo-
thelial cells, known as extravasation, consists of a series of
consecutive steps, i.e. tethering, rolling, adhesion, and trans-
migration/diapedesis [60]. During this process, immune cells
interact with adhesion molecules (ICAM, VCAM, E-Selectin)
on the surface of the endothelium. Expression of these adhe-
sion molecules is increased during SARS-CoV-2 infection,
further contributing to the severity of neurological symptoms
[58, 61]. Once the infected cells enter the CNS, the released
virions can further infect glial cells, especially astrocytes and
pericytes, whose impaired function further disrupts BBB
homeostasis, leading to the loss of its function.

Adsorptive transcytosis

Direct passage of the virus across the BBB via interaction
with receptors and co-receptors that facilitate infection, as
well as the use of immune response cells as transporters, is
not the only mechanism exploited by SARS-CoV-2 in order
to penetrate endothelial barriers. Rhea et al. showed that
iodine-labelled S-protein from SARS-CoV-2 can cross endo-
thelial barriers through adsorptive transcytosis [3]. During
this process, glycopeptides, i.e. spike protein with a positive
charge circulating in the bloodstream, interact with endo-
thelial cells’ negatively charged surface [62]. Subsequently,
the interaction causes invagination of the cell membrane and
vesicle formation. Vesicles containing S-protein can now enter
the intercellular space and may interact with the parenchyma
side of the BBB.

Cytokine storm

In severe cases, COVID-19 is accompanied by a systemic
inflammatory response, referred to as a cytokine storm, con-
tributing to the disease’s lethality. Patients with a poor prog-
nosis frequently have elevated serum levels of cytokines and
chemokines, mainly IL-1, IL-6, IL-8, IL-12, and TNF-a [63].

These pro-inflammatory mediators exhibit a positive
feedback-like effect that stimulates neighbouring cells to pro-
duce even more cytokines, thereby promoting the infiltration
of other immune response cells into the site of infection. In
addition, S-protein can interact with Toll-like receptors 2 and 4
(TLR2, TLR4) and, in turn, activate signalling pathways in-
volving PI3K, AKT, MAPK, and NF-kB [64, 65]. Subsequently,
translocation of NF-kB into the cell nucleus results in increased
production of pro-inflammatory cytokines, as well as adhesion
factors such as ICAM, VCAM, and E-Selectin. As the afore-
mentioned cytokines exert either direct or indirect effects that
increase vascular permeability, the severity of inflammation
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correlates closely with BBB damage. For example, IL-1p indi-
rectly increases the expression of matrix metalloproteinase 9
(MMP-9), which breaks down TJS-proteins (ZO-1, occludin,
and claudin-5) [66]. Similarly, IL-6, IL-8, IL-12, and TNF-a
lead to BBB breakdown [67]. Moreover, S-protein stimulates
the production of VEGE, one of the most potent inducers of
vascular permeability [68, 69]. The increased vascular perme-
ability significantly contributes to virus entry into the CNS
and glial cell infection, resulting in neurological disorders.

TJ disruption through cytoskeleton
and glycocalyx involvement

Tight junctions, i.e. close cell-cell connections formed by
complexes of proteins, i.e. cytoplasmic scaffolding: ZO-1, -2,
-3, and transmembrane proteins: occludins, and claudins, play
a critical role in maintaining BBB homeostasis by restricting
paracellular permeability [19]. These junctional complexes
require the involvement of actin cytoskeleton rearrangement in
processes associated with the formation and maturation of cell-
cell contacts. Recently, RhoA activation has been associated
with SARS-CoV-2-mediated barrier breakdown, indicating
that the signalling mechanism involves cytoskeletal compo-
nents. RhoA is a key regulator of endothelial cytoskeleton and
TJ complex dynamics; its activation has been shown to disrupt
vascular integrity. SARS-CoV-2 S1 protein triggered activation
of RhoA in a 3D microfluidic model of the BBB. The use of
C3 transferase, a RhoA inhibitor, mitigated the negative effect
of S1 on BBB permeability and TJ degradation [4].

Another study has implicated the interaction between
hyaluronic acid (HA) and CD44 in the endothelial barrier
breakdown during COVID-19 [70]. This work analysed cir-
culating glycosaminoglycans levels and their degradative
enzymes’ activities among SARS-CoV-2-infected patients [70],
and found that the glycocalyx was severely damaged, which
corresponded with disease outcome. Moreover, the circulat-
ing HA fragments and hyaluronidase level strongly correlated
with organ failure assessment scores and hyperinflammation.
In conclusion, the authors suggested that HA fragments are
released into blood circulation due to COVID-19-mediated
dysregulation of HA biosynthesis and degradation, which leads
to direct endothelial barrier disruption ina ROCK- and CD44-
-dependent manner, indicating a role for HA in the vascular
pathology of COVID-19.

Coagulopathy

Since the beginning of the COVID-19 pandemic, numerous
reports have indicated an increased incidence of thrombotic
events in patients with SARS-CoV-2. The syndrome of life-
threatening clotting complications has been named COVID-19-
-associated coagulopathy (CAC) [71]. Cohort studies have shown
that the incidence of ischaemic stroke as a complication of throm-
boembolic events oscillated around 2% [72, 73]. In most cases,
elevated levels of fibrinogen, D-dimers, C-reactive protein, and
P-selectin are recorded in the plasma of patients with CAC [74].

Endothelial cells have an antithrombotic system that
determines platelet aggregation (NO, prostacyclin) and co-
agulation (TPFI, EPCR, thrombomodulin). In addition, the
heparan sulfate in the glycocalyx layer exhibits anticoagulant
activity [75]. During SARS-CoV-2 infection, there is a state
of hyperactivation of the immune response, which results in
activation of the complement system, increased release of neu-
trophil extracellular traps, and overproduction of cytokines,
chemokines, and reactive oxygen species [76].

This cascade of events results in an imbalance between
fibrinolysis and coagulation. Furthermore, due to dam-
age to the glycocalyx and a reduction in the production
of thrombomodulin, nitric oxide, and prostacyclins, the
anti-thrombogenic fibrinolytic activity of the endothelium
decreases. Additionally, an increase in free fibrin, tissue
factors, and P-selectin is noted, which is associated with an
increase in the prothrombogenic activity of the endothelium.
Thrombin, fibrinogen, and plasminogen levels increase in
CAC and directly or indirectly damage the endothelial barrier.
Thrombin increases BBB permeability by indirectly damaging
TJ-forming proteins through phosphorylation of MMPs and
TJs and upregulation of VEGF by Src kinase [77]. Fibrinogen
at pathologically high levels destroys the junctions between
actin filaments and TJ, which widens intercellular junctions,
impairing endothelial integrity [78]. Ventricular administra-
tion of tissue plasminogen activator results in dose-dependent
increased BBB permeability, suggesting plasminogen’s direct
involvement in endothelial injury [79].

ACE2, which is the master receptor for SARS-CoV-2, has
adual function, i.e. it regulates the renin-angiotensin-aldosterone
system as well as the kallikrein-kinin system. Kinins are pep-
tides with the ability to increase vascular permeability. An
occupied ACE2 receptor during SARS-CoV-2 infection can
cause dysregulation of kinin degradation, resulting in what
has been called a ‘kinin storm, leading to increased vascular
permeability, inflammation, and ultimately organ damage,
including to the brain [80].

Lung hypoxia increases BBB permeability

COVID-19 is a predominantly pulmonary disease that
causes infection of the alveoli, impairing their function, and
patients with SARS-CoV-2 are chronically hypoxic due to
pathological changes in the lungs. Many studies have described
so-called ‘happy hypoxia’ in SARS-CoV-2 infected patients, i.e.
hypoxemia without signs of shortness of breath, which leads
to chronic mild hypoxia (CMH) [81].

Hypoxia, encephalitis, and stroke are the leading long-term
causes of neurocognitive symptoms in COVID-19 patients
[88]. Multiple mechanisms of chronic hypoxia can result in
BBB impairment. Hypoxia can induce cell death in endothelial
and glial cells via the apoptosis pathway by activating hypoxia-
-inducible factor 1 (HIF-1) [89]. In addition, CMH has been
shown to cause a temporary vascular leak in brain blood ves-
sels, along with microglial activation and infiltration around
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damaged vessels. CMH-induced increased endothelial perme-
ability exerts a regional preference, with considerably higher
prevalence within the brainstem and olfactory bulb compared to
the cerebellum and cerebral cortex [82]. These regions have also
been reported to have the most significant levels of angiogenic
development, with a peak in VEGF production that may addition-
ally influence hypoxic-induced BBB disruption. Furthermore, in
vitro coculture models of endothelial cells and astrocytes have
shown that hypoxia causes a decrease in ZO-1 expression, which
correlates with the rearrangement of activated filaments resulting
in increased permeability to molecular tracers [83].

Mutations and their impact on severity
of neurological complications

The high transmissibility and genetic diversity of SARS-
-CoV-2 have led to the emergence of mutated virus strains,
some of which have been termed ‘variants of concern’ (VOCs)
due to their increased infectiousness. VOC strains have critical
point mutations within spike proteins that affect the virus’s
ability to survive in harsh conditions and evade the host’s
immune response. The most dangerous VOCs hold several
common mutations.

For example, the D614G and P681R/H mutations in the
S-protein increase the transmission and infectivity of the virus
due to the increased affinity of the S1 subunit to the ACE recep-
tor [84]. Remarkably, certain VOCs with a higher virulence
can eliminate from circulation less pathogenic variants. Such
displaced variants are then referred to as de-escalated variants
if they meet at least one of the following criteria: (i) the variant
is no longer circulating; (ii) although the strain has circulated
for a long time in the population, it has no impact on the
epidemiological situation; or (iii) the variant does not have
specific, more virulent, properties based on scientific evidence.

SARS-CoV-2 s still evolving, and the emergence of more
pathogenic mutants in the future is possible. For this reason,
freshly discovered variants are closely monitored and listed
as Variants of Interest (VOI) or Variants under Monitoring
(VUM). A summary of the most common mutations, along
with their impact on transmissibility and induction of the
immune response, is set out in Table 1.

Recently, Taquet et al., in a massive two-year cohort study
including almost 1.3 million patients, analysed risk trajecto-
ries of neurological and psychiatric outcomes after SARS-
-CoV-2 infection [85]. They compared the risk for adverse
effects within CNS in cohorts (a minimum of 39,845 patients
per group) of patients diagnosed with different VOCs of SARS-
CoV-2, e.g. alpha (B.1.1.7), delta (B.1.617.2), and omicron
(B.1.1.529) comparing them to control cohorts, before the
emergence of those VOCs. Only minor changes were observed
for the alpha variant in the six-month hazard risk of neurologi-
cal and psychiatric events. In contrast, patients infected with
the delta variant were at a significantly higher risk of anxiety,
insomnia, cognitive disorders, seizures, and ischaemic stroke

incidents, but at a lower risk of dementia. Mortality among
patients diagnosed with the delta strain was also higher. The
omicron variant caused an increased risk of dementia, as well
as mood, nerve, and plexus disorders. However, the death
rate was significantly lower than among patients before the
emergence of omicron.

Unfortunately, despite extensive research into the patho-
genicity and molecular mechanisms of SARS-CoV-2 infection,
little is known about the direct impact of mutations in the
S-protein on the integrity of the BBB. Most in vitro BBB studies
are concerned with the effects of spike protein subunits derived
from the Wild Wuhan strain of SARS-CoV-2.

SARS-CoV-2 treatment

Since the beginning of the COVID-19 pandemic, con-
certed efforts by researchers worldwide have led to the
development of therapies, some using previously developed
broad-spectrum drugs, and some that have been newly
developed and are specifically placed to treat SARS-CoV-2.
Implementing vaccination against COVID-19, using, among
others, innovative mRNA vaccine technology, has been a great
success, which significantly reduced severe adverse events
(SAE), the frequency of hospitalisations, and consequently,
mortality [86, 87].

Vaccination — current status

As of January 2023, nearly 5.6 billion people, 69.1% of
the world’s population, have received at least one dose
of a COVID-19 vaccine. 13.19 billion doses have been ad-
ministered globally, and 2.2 million are administered daily.
Almost 26% of people in low-income countries have received
atleast one dose. In Poland, over 57.8 million doses have been
administered so far, and 22.6 million people are considered
fully vaccinated, with at least two doses administered [88].
There are several types of vaccines against SARS-CoV-2 [89].
mRNA-based vaccines use mRNAs developed in the laboratory
that are encapsulated in liposome lipid envelopes that enable
entry into human cells, where they stimulate ribosomes to
produce viral S-protein or its fragment, which further triggers
antibody production by plasmocytes conditioning a specific
immune response. Other vaccines trigger an immune response
using weakened, modified, or inactivated viruses. Viral vec-
tor vaccines contain a modified version of a vector virus that
includes fragments of SARS-CoV-2 but cannot cause infection.
In contrast, protein subunit vaccines contain the spike pro-
tein fragment but without vector virus. Additionally, protein
subunit vaccines contain an adjuvant that modulates immune
system responses in the future when the human body meets
viral particles during infection again. Due to the high ability
of SARS-CoV-2 to mutate, vaccine manufacturers regularly
update their formulations to maintain a high level of effec-
tiveness in preventing COVID-19, which requires repeated
booster doses.
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Antiviral drugs

Despite the high vaccination prevalence in all age groups,
many people have yet to receive a full dose. In addition, among
people with impaired immunity, such as the elderly or those
undergoing hematological treatment, the response to vac-
cination has been insufficient. Therefore, it became necessary
to look for antiviral therapies. Several drugs have been found
useful and approved by global organisations that control the
approval of medicines for COVID-19 treatment. Examples of
such antiviral drugs used in treating SARS-CoV-2 are rem-
desivir, molnupiravir, nirmatrelvir, and ritonavir.

Remdesivir is approved for COVID-19 treatment in adults
and pediatric patients who are at least 28 days of age and weigh
atleast 3 kilograms. Remdesivir is used both in clinical practice
and at home by people diagnosed with mild to moderate SARS-
-CoV-2 at high risk for severe disease progression. Remdesivir
is a nucleoside analogue that inhibits RNA-dependent RNA
polymerase (RdRp) of different coronaviruses. Incorporation
by RdRp results in highly limited RNA synthesis [90].

Molnupinavir, like remdesivir, is a nucleoside analogue with
abroad antiviral spectrum. It also inhibits the replication of other
coronaviruses, i.e. SARS-CoV-1, SARS-CoV-2, and MERS, as
well as viruses from different families, RSB, HCV, and Ebola [91].

Nirmatrelvir and ritonavir are used in concurrent therapy
because of their synergistic effect [92]. Nirmatrelvir is an oral
protease inhibitor active against m™, a viral protease involved
in the replication process.

Ritonavir is a cytochrome p450 (CYP) 3A4 inhibitor
that enhances the pharmacokinetics of protease inhibitors.
Coadministration is required to increase nirmatrelvir concen-
tration to the therapeutic range. Molnupinavir, nirmatrelvir,
and ritonavir, unlike remdesivir, have yet to receive authori-
sation from the US Food and Drug Administration (FDA).
However, the FDA granted Emergency Use Authorisation
(EUA) status for these formulations in late 2021.

Monoclonal antibodies

SARS-CoV-2 targeting monoclonal antibodies (mAbs)
are artificial antibodies that target specific epitopes within
S-protein that act as neutralising agents limiting viral en-
try. Bebtelovimab and tixagevimab co-packaged with cil-
gavimab are SARS-COV-2-targeting mAbs authorised for use
through a EUA [93, 94]. However, the COVID-19 Treatment
Guidelines Panel recommends against using anti-SARS-
CoV-2 mAbs to treat SARS-CoV-2 because the currently dom-
inant Omicron variant is unlikely to be susceptible to mAbs,
given its high variability within the S-protein sequence.

Immunomodulatory agents
Unlike previously mentioned compounds, immune modu-
lators are therapeutic agents that do not target virus-infected
cells but instead activate, suppress or boost immune responses.
During SARS-CoV-2, immune modulators are especially use-
ful during the cytokine storm due to their ability to suppress

hyperinflammation. Several immunomodulatory drugs have
been authorised to treat COVID-19, including anakinra,
baricitinib, and tocilizumab.

Anakinra is an IL-1 receptor agonist used to treat hos-
pitalised adults with SARS-CoV-2 requiring supplemental
oxygen [95]. Baricitinib is a Janus kinase (JAK) inhibitor,
preventing downstream activation of signalling pathways
leading to the secretion of various interleukins, interferons,
and growth factors [96]. Baricitinib treats COVID-19 in
pediatric patients requiring oxygen supplementation, me-
chanical ventilation, or extracorporeal membrane oxygen
(ECMO). Tocilizumab inhibits IL-6 action by competitive
blockage of its receptor IL6-R, which inhibits downstream
signal transduction that leads to infiltration of immune cells,
e.g. B and T cells [97]. Tocilizumab has found use among
pediatric patients requiring mechanical ventilation and
ECMO, with concomitant administration of corticosteroids.

Conclusions

SARS-CoV-2 remains a substantial threat to global
health and the global economy. Neurological and psychiatric
disorders involve disruption of blood-brain barrier integrity,
and their longitudinal effects are unknown. Despite the in-
troduction of effective vaccines, continued research toward
a deeper understanding of the intricate and complex pro-
cesses involved in the pathophysiology of SARS-CoV-2 in-
fections is still needed due to its high genetic variability and
evolutionary dynamics. In particular, understanding the
effects of S-protein from different VOCs on the integrity
of the BBB is essential if we are to recognise the neurologi-
cal consequences of COVID-19. Equally important is the
education of medical professionals and patients about the
aetiopathology, prevention, treatment, and mechanism of
action of SARS-CoV-2.
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Plasma Gelsolin Enhances Phagocytosis of Candida auris by
Human Neutrophils through Scavenger Receptor Class B
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ABSTRACT In addition to its role as an actin-depolymerizing factor in the blood,
plasma gelsolin (pGSN) binds bacterial molecules and stimulates the phagocytosis of bac-
teria by macrophages. Here, using an in vitro system, we assessed whether pGSN could
also stimulate phagocytosis of the fungal pathogen Candida auris by human neutrophils.
The extraordinary ability of C. auris to evade immune responses makes it particularly
challenging to eradicate in immunocompromised patients. We demonstrate that pGSN
significantly enhances C. auris uptake and intracellular killing. Stimulation of phagocyto-
sis was accompanied by decreased neutrophil extracellular trap (NET) formation and
reduced secretion of proinflammatory cytokines. Gene expression studies revealed
pGSN-dependent upregulation of scavenger receptor class B (SR-B). Inhibition of SR-B
using sulfosuccinimidyl oleate (SSO) and block lipid transport-1 (BLT-1) decreased the
ability of pGSN to enhance phagocytosis, indicating that pGSN potentiates the immune
response through an SR-B-dependent pathway. These results suggest that the response
of the host's immune system during C. auris infection may be enhanced by the admin-
istration of recombinant pGSN.

IMPORTANCE The incidence of life-threatening multidrug-resistant Candida auris infec-
tions is rapidly growing, causing substantial economic costs due to outbreaks in hospital
wards. Primary and secondary immunodeficiencies in susceptible individuals, such as those
with leukemia, solid organ transplants, diabetes, and ongoing chemotherapy, often corre-
late with decreased plasma gelsolin concentration (hypogelsolinemia) and impairment of
innate immune responses due to severe leukopenia. Immunocompromised patients are
predisposed to superficial and invasive fungal infections. Morbidity caused by C. auris
among immunocompromised patients can be as great as 60%. In the era of ever-growing
fungal resistance in an aging society, it is critical to seek novel immunotherapies that may
help combat these infections. The results reported here suggest the possibility of using
pGSN as an immunomodulator of the immune response by neutrophils during C. auris

infection. Editor Joshua J. Obar, Geisel School of
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ylasma gelsolin (pGSN) is an extracellular isoform of the protein gelsolin expressed in International license.
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gelsolin concentration, is noted when circulating pGSN is consumed in severe infectious
and noninfectious conditions, such as sepsis and septic shock, major trauma, and tissue
injury (6-9). Importantly, hypogelsolinemia correlates with poor clinical outcomes (10).
Recent reports indicate that pGSN stimulates phagocytosis in mice with sepsis caused by
Pseudomonas aeruginosa infection (11). pGSN was reported to be a key factor modulating
host immune responses due to the preferential binding of microbially derived endotox-
ins, resulting in the prevention of toll-like receptor (TLR) activation (2, 3). However, little is
known about the mechanisms and ability of pGSN to stimulate innate immune responses
independent of direct binding to microbial products. In our work, we show that the
immunomodulatory properties of pGSN depend in part on the stimulation of scavenger
receptor class B (SR-B) expression on the surface of human neutrophils. SR-B is a group of
transmembrane glycoproteins comprised of three members, SR-B1 (SCARB1), SR-B2
(CD36), and SR-B3 (SCARB2), known to bind and internalize a broad variety of ligands
(12). SR-B expressed in neutrophils and macrophages plays a role in innate immunity by
binding pathogen-associated molecular patterns (PAMPs) or damage-associated molecu-
lar patterns (DAMPs) and internalizing pathogens (13).

Candida auris is an emerging multidrug-resistant yeast that causes severe invasive
infections with a mortality rate of up to 60% (14). It was first discovered in Japan in 2009,
and since then, individual cases or outbreaks have been reported from over 20 countries
on six continents (15, 16). Controlling C. auris is challenging since it is resistant to multi-
ple classes of antifungals, can be misidentified as other yeasts by commonly available
identification methods, and is able to colonize patients, perhaps indefinitely, and persist
in the health care environment, where it can spread between patients (17, 18). The trans-
missibility, ability to evade innate immune responses, and high levels of antifungal resist-
ance characteristic of C. auris set it apart from most other Candida species (19, 20). In the
past decade, fungal infections have become a severe medical concern in hemato-oncol-
ogy, transplantology, geriatric, pulmonology, and intensive care unit hospital wards (21,
22). Statistically, the incidence of life-threatening fungal infections is steadily growing,
generating substantial economic costs (23). Among the most important reasons for this
increase are an aging society, a growing number of chronic medical conditions affecting
patients, and selection for drug-resistant pathogens (24). Primary and secondary immu-
nodeficiencies in susceptible individuals, such as those with leukemia, solid organ trans-
plants, diabetes, and ongoing chemotherapy, are considered the main risk factors that
predispose them to superficial and invasive fungal infections, resulting in high morbidity
and mortality (25). In contrast to antibiotics, the number of agents with potent antifun-
gal activity is significantly limited, and those approved for clinical use are often very toxic
or insufficiently effective, which motivates research and development of agents with
novel and alternative mechanisms of action (26).

In this study, we examine the role of pGSN in the innate immune response of human
neutrophils during C. auris infection in vitro. We evaluated the phagocytic efficacy of
neutrophils using various yeast inocula. In addition, we assessed the formation of extrac-
ellular neutrophil traps (NETs) and the secretion of inflammatory mediators. Finally, the
expression of genes involved in phagocytosis was screened to determine the mechanism
of action of pGSN in the immune response, which was further confirmed with antago-
nists of selected targets.

RESULTS

Plasma gelsolin improves the phagocytic efficacy of human neutrophils. Neutrophils
are the first line of defense against both bacterial and fungal infections. Phagocytosis, a
nonspecific cellular process for ingesting and eliminating particles larger than 0.5 um in
diameter, including microorganisms such as fungi, is a primary mechanism exploited by
neutrophils in innate defense (27). To assess whether and how pGSN stimulates phago-
cytosis, we performed an uptake assay of zymosan particles by human neutrophils
(Fig. 1a and b). To accomplish this, neutrophils were serum starved for 1 h to prevent the
potential effect of pGSN present in the blood serum and then were preincubated with
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FIG 1 Plasma gelsolin enhances uptake and intracellular killing of C. auris cells by human neutrophils. (a) Live cell imaging data of the uptake of zymosan
pHrodo particles after 2 h by human neutrophils that were serum starved for 1 h and either preincubated with pGSN for 1 h or had pGSN simultaneously added
with the zymosan particles (n = 4). Results were normalized to the untreated control (0), set as 1. (b) Representative images of the uptake of zymosan particles
(green) by pGSN-pretreated neutrophils; bar, ~100 um. (c to f) Percentage uptake and phagocytic index for pGSN-preincubated human neutrophils ingesting C.
auris cells (n = 5) at MOIs of 1 (c and e) and 5 (d and f). Neutrophils taking up at least one fungal cell were manually tracked to allow a quantitative analysis of
percentage uptake during the 2-h coincubation period (c and d). The number of fungal cells ingested (phagocytic index) by the neutrophils was manually
counted after 2 h of coincubation (e and f). The survival of C. auris cells after infection of pGSN-pretreated (1 h) human neutrophils (1 h serum starved) at MOIs
of 1(g) and 5 (h) for 2 h was evaluated by plating dilutions of samples on Sabouraud agar (n = 4). (i) Images of neutrophils that were serum starved, pretreated
or not with pGSN, cocultured with Calcofluor white (blue)-stained C. auris cells for 2 h, fixed, and immunolabeled for actin with Texas red phalloidin (red). White
arrows indicate C. auris cells. Bar, —~15 um. Data are presented as the mean = standard error of the mean (SEM). **, P < 0.01; ***, P < 0.001. Significance was
determined by Student's t test (a) or one-way analysis of variance (ANOVA) with Tukey’s test (c to h). Human albumin was used as a negative control.
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pGSN (1 h). Alternatively, pGSN was added simultaneously with zymosan molecules
(2 h). As previously reported (11), pGSN stimulates phagocytosis when preincubated
with cells for 1 h before their exposure to zymosan, but we did not observe an increase
in zymosan uptake when pGSN was added simultaneously with the particles, suggesting
that its immunomodulatory effects require priming of the neutrophils.

In the next stage of the study, neutrophils were serum starved for 1 h, preincubated
with pGSN (1 h), and infected with C. auris (2 h) to assess whether pGSN would also stim-
ulate phagocytosis in this setting. Evasion of the immune response is characteristic of C.
auris, and its severity is strain dependent (19, 28, 29). To rule out a nonspecific protein
effect of pGSN, we used human albumin as a control. Previous reports indicated that the
amount of C. auris in infected tissues remained high regardless of the inoculum used
(28). For this reason, we used fungal loads at a multiplicity of infection (MOI; yeasts to
neutrophils) of 1 and 5 to assess whether pGSN would improve neutrophil phagocytic
efficiency irrespective of the inoculum. We observed a significant increase in the phago-
cytic efficacy of the human neutrophils during C. auris infection upon pGSN preincuba-
tion. The number of neutrophils involved in phagocytosis, i.e., those with at least one
fungal cell in their cytoplasm or adherent to them, increased significantly upon preincu-
bation with pGSN (Fig. 1c and d). Similarly, we observed an increase in the phagocytosis
index after preincubation with pGSN, which was very low under the control conditions
(Fig. 1e and f), confirming the previously reported evasion of innate immunity by C. auris.
We also observed a substantial increase in C. auris eradication after the addition of pGSN
(Fig. 1g and h).

Inhibition of NETotic death of human neutrophils. When exposed to harmful sub-
stances, neutrophils can secrete the contents of their cytoplasm in the process of NETosis,
a distinct form of active cell death characterized by releasing decondensed chromatin and
granular contents into the extracellular space (30). Despite its essential role in fighting
infection, NETosis can be a double-edged sword. Excessive formation of neutrophil extrac-
ellular traps (NETSs) can lead to vascular damage and increased inflammation due to cyto-
kine and reactive oxygen species (ROS) oversecretion (31).

To evaluate how pGSN influences the formation of NETs, neutrophils were serum
starved (1 h) and preincubated with pGSN (1 h); alternatively, pGSN was added simulta-
neously with C. auris cells (2 h) at an MOI of 5. We observed a significant decrease in
extracellular DNA release from human neutrophils upon the addition of pGSN (Fig. 2a
and b). Additionally, fluorescence staining of myeloperoxidase (MPO) during C. auris
infection was performed (Fig. 2c). A decrease in the number of neutrophils forming
NETs and production of ROS was observed when neutrophils were preincubated with
pGSN and then infected with C. auris cells. The fact that inhibition of NET formation
required preincubation of the neutrophils with pGSN before the addition of C. auris
cells (Fig. 2a) suggests that the target of pGSN is the neutrophil rather than C. auris or
the exosomes it produces (32). Moreover, we also observed that pGSN inhibited the
action of PMA (phorbol 12-myristate 13-acetate), suggesting a robust anti-inflamma-
tory effect of pGSN (Fig. 2d and e). To further confirm these findings, Western blotting
was performed to determine the expression of key proteins involved in NET formation
(Fig. 3a) (33). We observed a significant increase in the expression of Cit-H3, PAD4, NE,
TLR4, and NOX2 caused by the C. auris strain used in our study. The increase in expres-
sion of those proteins was significantly inhibited when neutrophils were preincubated
with pGSN prior to infection (Fig. 3b).

Plasma gelsolin at infl tion c d by C. auris. Acute inflammation
usually occurs immediately after infection, which will cause the secretion of soluble media-
tors like cytokines, acute-phase proteins, and chemokines to promote the migration of
immune cells to the area of inflammation (34). Although the inflammatory response is a
vital process, its prolongation can lead to severe tissue injury, septic shock, and death (35).
To evaluate whether pGSN might diminish enhanced inflammatory response in human
neutrophils during C. auris infection, secretion of inflammatory mediators was assessed. As
shown in Fig. 4, we observed an increase in the secretion of interleukin-2 (IL-2), IL-4, IL-6,
IL-8, and tumor necrosis factor alpha (TNF-a) by neutrophils under the influence of C. auris.
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FIG 2 Plasma gelsolin prevents NETotic death of human neutrophils upon C. auris infection. (a) Live cell imaging data of extracellular DNA release (eDNA)
by human neutrophils that were either preincubated with pGSN for 1 h or had pGSN simultaneously added to them with the C. auris cells at an MOI of 5
for 2 h (n = 4). (b) Representative images of pGSN-pretreated neutrophils releasing eDNA (orange) upon C. auris infection. Bar, ~250 um. (c) Images of
NETs released by human neutrophils that were pretreated as previously described; myeloperoxidase (MPO) is shown in green, while blue indicates DNA
stained with DAPI. Bar, ~50 um. (d) Percentage of NETs (n = 4) and (e) release of the reactive oxygen species (n = 3) from human neutrophils (pGSN
pretreated, as previously) upon C. auris infection at an MOI of 5. Data are presented as the mean * SEM. Results were normalized to the untreated control
(0 or CT), set as 1 (a and e). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Significance was determined by Student’s t test (a) or one-way ANOVA with Tukey's
test (d and e). PMA (phorbol-12-myristate-13-acetate) was used as a positive control.

When neutrophils before infection were preincubated with pGSN, a significant decrease in
IL-4, IL-6, and TNF-a secretion was observed. Consistent with its immunomodulatory func-
tion, pGSN caused an increase in anti-inflammatory IL-10.

Scavenger receptor class B is a target for pGSN on human neutrophils. The
mechanism by which pGSN stimulates phagocytosis in human neutrophils is unknown.
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FIG 3 Plasma gelsolin inhibits the expression of proteins involved in NET formation. (a) Immunoblot analysis for the indicated proteins using lysates from
human neutrophils that were serum starved for 1 h, then preincubated with pGSN at 250 pg/mL for 1 h, washed, and finally infected with live C. auris
yeast cells (MOl = 5) for 2 h. Data are expressed as the mean * SEM and represent three independent experiments. Results were normalized to the
expression of the B-actin and are presented relative to those of the negative control (CT), set as 1. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Significance
was determined by Student's t test (b). PMA (phorbol-12-myristate-13-acetate) and human albumin were used as the positive and negative controls,
respectively.

To shed light on the potential genes involved in the stimulation of phagocytosis by
pGSN, we evaluated the expression of genes involved in this process. As shown in
Fig. 5a, upon pGSN addition, the most significant increase was observed among genes
from the scavenger receptor class B (SR-B) family, CD36 and SCARB1. Enhanced expres-
sion of CD36 was also confirmed using flow cytometry, as shown in Fig. S1 in the supple-
mental material. SR-B on immune cells is involved in processes of the innate immune
response (13). To confirm that enhanced pGSN-mediated phagocytosis depends on
increased SR-B expression, we inhibited these receptors using their antagonists, sulfosuc-
cinimidyl oleate (SSO; CD36 inhibitor) and block lipid transport-1 (BLT-1; SR-B1 inhibitor)
(36, 37). These inhibitors were added to neutrophils at the serum starvation stage and
the preincubation with pGSN stage for 2 h. After incubation, the inhibitors and pGSN
were washed off, and a medium with or without C. auris cells at an MOI of 1 was then
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FIG 4 Plasma gelsolin triggers an anti-inflammatory phenotype in human neutrophils during C. auris infection. Production of IL-2 (a), IL-4 (b), IL-6 (c), IL-8
(d), IL-10 (e), TNF-« (f), GM-CSF (g), and IFN-y (h), as determined by magnetic bead-based enzyme-linked immunosorbent assay (ELISA), in the culture
supernatants of human neutrophils that were serum starved for 1 h, preincubated with pGSN at 250 pg/mL for 1h, washed, and infected with live C. auris
yeast cells (MOl = 5) for 2 h (n = 3). Data are expressed as the mean + SEM. *, P < 0.05; **, P << 0.01; ***, P < 0.001. Significance was determined by one-
way ANOVA with Tukey's test.

added to the cells for 2 h. As shown in Fig. 5b to g, the SR-B inhibitors significantly
decreased the beneficial effect of pGSN on all the aspects of neutrophil action, i.e., the
number of engaged neutrophils (Fig. 5b and c), phagocytic index (Fig. 5d and e), and
fungal survival (Fig. 5f to g). The SSO inhibitor entirely reversed the effects of pGSN on
yeast survival; when SR-B was blocked during preincubation with pGSN, the fungal kill-
ing did not differ from untreated conditions (Fig. 5f). These results suggest that increased
phagocytosis of C. auris by human neutrophils is mediated by pGSN's ability to stimulate
SR-B expression.

DISCUSSION

Here, we investigated the immunomodulatory effects of pGSN on the neutrophil’s
immune response to the rapidly emerging multidrug-resistant fungal pathogen C. auris,
causing infections characterized by high mortality rates and high transmissibility in the
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FIG 5 Plasma gelsolin enhances phagocytosis of C. auris through stimulation of the scavenger receptor class B type | (SR-BI). (a) Heat map of changes in
gene expression of selected phagocytosis-related genes upon incubation with pGSN, C. auris cells, and preincubation with pGSN followed by addition of
the yeast (n = 3). Results are presented as the log, fold change (log,FC). (b to g) Effect of scavenger receptor class B type | (SR-BI) inhibitors SSO at
200 M and BLT-1 at 1 uM compared to the vehicle control on fungal uptake (n = 5) (b and ¢), the phagocytic index (n = 5) (d and e), and yeast survival
(n = 4) (f and g). Human neutrophils were preincubated with the indicated SR-BI inhibitors during serum starvation for 1 h; then, pGSN was added for 1 h,
the cells were carefully washed, and C. auris was introduced to the neutrophils at an MOI of 1 for 2 h. (¢, e, and g) Trend of the effect of SR-BI inhibitors

compared to vehicle controls on fungal uptake, the phagocytic index, and fungal survival. Data are expressed as the mean * SEM. *, P <

P < 001; ™%, P <

0.05; **,

0.001. Significance was determined by one-way ANOVA with Tukey’s test. The black asterisk refers to the comparison with the untreated

condition within each group (vehicle or SSO- or BLT-1-treated cells), while the blue asterisk refers to the significance compared to the corresponding
concentration in the vehicle control. Human albumin was used as a negative control.
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hospital environment. Stimulation of human neutrophils with pGSN resulted in signifi-
cantly increased phagocytosis efficiency and reduced the yeasts’ intracellular survival.
Additionally, neutrophils preincubated with pGSN displayed a reduced ability to form
NETs and to produce reactive oxygen species when activated with C. auris cells. Overall,
a reduced proinflammatory response as a result of pGSN action was observed. The
pGSN-enhanced ability of neutrophils to phagocytize fungi depends on SR-B, whose
enhanced gene expression was observed upon pGSN stimulation and confirmed using
specific inhibitors of these receptors. Since the innate immune response is a remarkably
complex process, and immunocompromised patients often struggle with neutropenia,
the number of circulating neutrophils may determine the efficiency of potential future
administration of recombinant pGSN.

Recent studies indicate that C. auris cells can interact differently with immune cells
depending on the strain, host cells, inoculum size, and incubation time. In their work,
Wang et al. compared the ability to induce an immune response in a mouse model of
infection with C. auris BJCA001 (clade I) and Candida albicans SC5314, pointing to
C. auris as being less able to stimulate the immune system (28). Approximately 30% of
bone marrow-derived macrophages (BMDMs) and nearly 0% of neutrophils were
involved in phagocytosis of C. auris after 1 h of incubation at an MOI of 1. They also
reported a low phagocytosis index and high fungal outgrowth after 6 and 24 h.
Moreover, they recorded a slight increase in proinflammatory factors secreted by
BMDMs, using an MOI of 5 and 6 h of incubation. Significantly fewer neutrophils were
involved in phagocytosis in the work of Wang et al. Likely, the difference between the
strains used in their study and those in our work and the mouse origin of the cells
account for these differences. N-mannan, highly expressed in C. auris cells, masks expo-
sure of the B-glucan, allowing fungal cells to evade innate immunity by restricting the
access of dectin-1 to B-glucan. In human neutrophils, mannan-neutrophil interaction
involves membrane receptors for mannose-linked proteins, which can behave as a
major pathogen-associated molecular pattern (PAMP) to induce a cytokine response
similarly as on human peripheral blood mononuclear cells (PBMCs) (38, 39). Despite
this, the results are broadly consistent with our observations. Bruno et al. studied the
immune response by host PBMCs mainly under the influence of clade | C. auris cells
(29). They observed fungal macrophage uptake exceeding 50% after just 1 h of incuba-
tion, with an MOI of 3. Similarly, as in our work, they observed an increase in proinflam-
matory cytokines (IL-6 and TNF-a) under the influence of C. auris. In addition, they
found that the increased production of cytokines depends on CLR complement recep-
tors, which are not expressed on human neutrophils, suggesting the involvement of
other signaling pathways in the induction of inflammatory processes, such as comple-
ment component C3, the increased expression of which was observed in our study, af-
ter the addition of C. auris cells (40). Despite using a different strain of C. auris and
PBMCs, the number of cells involved in phagocytosis and the inflammatory response
was similar to that demonstrated in our work. Johnson et al. showed in their work that
C. auris B11203 (clade Il), compared to C. albicans, avoids the immune response of
human neutrophils and in the zebrafish model (19). Similarly, as in our study, C. auris at
an MOI of 1 involved a small percentage of neutrophils, not limiting fungal outgrowth.
At a 5-fold lower inoculum, C. auris did not affect the increased production of NETSs,
which seem to be inoculum dependent, with similar levels of reactive oxygen species
production for the first 3 h of incubation.

Although pGSN has been studied for a relatively long time, the mechanism exploited
by the protein to stimulate phagocytosis is not understood. In a mouse model of primary
pneumococcal pneumonia, recombinant human pGSN (rhu-pGSN) caused enhanced bac-
terial clearance, reduced acute inflammation, and improved survival. In vitro, rhu-pGSN
rapidly improved lung macrophage uptake and killing of bacteria (Streptococcus pneumo-
niae, Escherichia coli, and Francisella tularensis) (41). pGSN triggers bactericidal functions in
lung macrophages by activating the phosphorylation of macrophage nitric oxide synthase
type Ill (NOS3). rhu-pGSN failed to enhance bacterial killing by NOS3-lacking macrophages
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in vitro or bacterial clearance in NOS3-knockout mice in vivo. In other studies, preincubation
of macrophages with pGSN prior to adding P. aeruginosa cells resulted in a dose-dependent
increase in the level of phagocytosing cells (11). This effect, similar to the observation in our
study, was not so prominently observed when macrophages were treated simultaneously
with both pGSN and bacteria. In our work, we observed that enhanced expression of SR-B
after pGSN treatment caused significant improvement in phagocytic uptake and the killing
of C. auris cells by human neutrophils. Recent studies demonstrated that SR-B receptors
mediate the host defense against Cryptococcus neoformans and C. albicans in human macro-
phages by direct binding to cell wall B-glucan. The accelerated mortality rate in CD36-defi-
cient mice correlated with the higher number of yeast cells in the spleen and liver during
C. neoformans infection (13). Macrophages lacking CD36 demonstrate reduced internaliza-
tion of S. aureus and its component lipoteichoic acid (LTA), accompanied by a marked defect
in TNF-a and IL-12 production. As a result, CD36-knockout mice fail to efficiently clear S. aur-
eus in vivo, resulting in profound bacteremia (42). TLR4 and TLR9 ligands can bind to SR-B1,
which acts as a scavenger, facilitating the TLR ligands’ bioavailability and consequently limit-
ing the immune response (43). CD36 downregulation decreases the phagocytic ability of
macrophages in the peritoneum of women with endometriosis (44). SR-B1-deficient mice
struggle with enhanced production of proinflammatory cytokines, autoimmunity, and
impairment in phagocytic killing (45). However, some SR-B1 ligands, such as serum amyloid
A (SAA), glycated or oxidized Apo A-l, or dysfunctional HDLs, have been shown to promote
inflammation (46-48). Thus, SR-B1 plays a dual role in inflammation and may represent a
novel target for designing new immunotherapies. Collectively, these data demonstrate that
the SR-B are nonredundant components of an evolutionarily conserved pathway for fungal
recognition and innate immunity necessary for controlling fungal infections, both in vitro
and in vivo.

In our study, we show for the first time that pGSN exhibits an immunomodulatory
role in the response of human neutrophils during fungal infections and that the anti-
inflammatory effects and enhancement of phagocytosis depend on pGSN-mediated
SR-B upregulation. These results suggest that pGSN might serve as a single or adjuvant
therapy in immunocompromised patients struggling with fungal infections, due to its
immunomodulatory effect on human neutrophils, demonstrated by increased phago-
cytosis, with a simultaneous attenuation of the inflammatory response.

MATERIALS AND METHODS

Plasma gelsolin. The recombinant human plasma gelsolin used in our study was expressed in E. coli
cells and provided by BioAegis Therapeutics (North Brunswick, USA).

Fungal preparations. This study used a strain first isolated in Japan (clade Il), Candida auris 21092
(DSMZ, Braunschweig, Germany). The strain was obtained from glycerol stocks stored at —80°C, plated
on Sabouraud dextrose with chloramphenicol agar (Lab-Agar; Biomaxima, Lublin, Poland), and routinely
grown at 30°C. Hemocytometer counts were used to estimate the number of yeast cells. Exponentially
growing Candida cells were suspended and diluted at the required cell number in cell culture media for
coculture with human neutrophils.

Neutrophil isolation and culture. Blood was collected from healthy donors under the approval of
the Bioethics Committee at the Medical University of Bialystok (APK.002.234.2021). Neutrophils were iso-
lated by density gradient centrifugation using PolymorphPrep (Progen, Heidelberg, Germany). Cells
were further counted on a hemocytometer and suspended in antimycotic and serum-free RPMI 1640
medium (ATCC, Manassas, USA) to prevent the possible influence of plasma gelsolin remaining in fetal
bovine serum (FBS). Cells were incubated at 37°C with 5% CO,.

Uptake of zymosan pHrodo particles. A phagocytosis assay was used to determine the impact of
preincubation and the simultaneous addition of pGSN on pHrodo zymosan bioparticle (Sartorius AG,
Géttingen, Germany) uptake by human neutrophils. Neutrophils (4 x 10* cells/well in a 96-well plate)
were serum starved for 1 h and either preincubated with pGSN or left in a serum-free medium for 1 h.
Then, the cells were carefully washed with phosphate-buffered saline (PBS), and 5 pg of zymosan par-
ticles dissolved in RPMI 1640 medium were added to the neutrophils without pGSN (preincubation) and
with pGSN (no preincubation) for 2 h of incubation in the IncuCyte SX1 platform, housed inside a cell in-
cubator at 37°C and 5% CO,. Two images per well from four replicates were taken using 20 x magnifica-
tion. The number of internalized zymosan particles was analyzed using the IncuCyte basic software. The
results were compared to the untreated control, normalized to 1.0, and presented as a fold change in
the uptake of zymosan particles.

Neutrophil engagement and phagocytosis. Briefly, live, calcofluor white (Sigma-Aldrich, St. Louis,
USA)-stained (0.25 pg/mL for 30 min; room temperature [RT]) C. auris cells at MOIs of 1 and 5 were
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added for 2 h to 1 x 10° neutrophils seeded onto 0.01% poly-L-lysine (Sigma-Aldrich)-treated sterilized
glass coverslips. Before adding yeasts, neutrophils were serum starved (1 h), preincubated with pGSN
(1 h), and washed with PBS. After 2 h of infection, the coverslips were washed with PBS and fixed in
3.7% paraformaldehyde (PFA) for 15 min at RT. After permeabilization (0.1% Triton X-100; 10 min; RT)
and blocking (0.1% bovine serum albumin; 30 min; RT), the cells were washed and stained with phalloi-
din-Texas red (Thermo Fisher Scientific, Waltham, USA) at a dilution of 1:40 for 1 h, at RT, in the dark. The
coverslips were mounted with antifade fluorescence mounting medium (Abcam, Cambridge, UK) and
examined by confocal microscopy. The results are presented as the engaged cells (the percentage of
cells uptaking or adherent to fungal cells) and phagocytic index (the total number of fungal cells taken
up per 100 cells). Data were obtained from 5 separate experiments by analyzing at least 500 neutrophils
per coverslip.

Fungal survival assay. Serum-starved (1 h) neutrophils (1 x 10° cells/well in a 24-well plate) were
preincubated with pGSN (1 h), washed, and then infected with C. auris cells at MOIs of 1 and 5 for 2 h.
The cultures were collected using cell scrapers and transferred to Eppendorf tubes. The neutrophils
were lysed by sonication for 10 min. Serial dilutions were plated on Sabouraud agar for yeast outgrowth
assessment and left for 48 h of incubation at 30°C.

NETosis assay. To assess the formation of neutrophil extracellular traps (NETs), 1 x 10° cells were
seeded onto 0.01% poly--lysine (Sigma-Aldrich) functionalized sterilized glass coverslips. Neutrophils
were serum starved (1 h), preincubated with pGSN (1 h), and infected with C. auris (MOl = 5) for 2 h at
37°C and 5% CO,. A condition with neutrophils treated with phorbol 12-myristate 13-acetate (PMA;
Cayman Chemicals, Ann Arbor, USA) at 100 nM was also included. After incubation, the cells were
washed with PBS, fixed in 3.7% PFA, permeabilized with 0.1% Triton X-100, and blocked in 0.1% bovine
serum albumin, as mentioned above. Next, the cells were stained with mouse anti-myeloperoxidase
(MPO) antibody (catalog number MA1-80878; Sigma-Aldrich) at a dilution of 1:500 for 1 h at RT. The cells
were stained with a secondary anti-mouse antibody conjugated with Alexa Fluor 488 dye (catalog num-
ber ab150113; Abcam, Cambridge, UK) at a dilution of 1:1,000 for 1 h at RT, in the dark. The cell nuclei
were counterstained with DAPI (4',6-diamidino-2-phenylindole). The coverslips were mounted with anti-
fade fluorescence mounting medium (Abcam) and examined by confocal microscopy. The number of
cells producing NETs was manually counted. Five images per coverslip were taken randomly and ana-
lyzed (n=4).

In a parallel experiment, the impact of preincubation and the simultaneous addition of pGSN during
C. auris infection (MOI = 5) on extracellular DNA (eDNA) release was determined using the IncuCyte instru-
ment (Sartorius). Briefly, neutrophils (4 x 10* cells/well in a 96-well plate) were prepared and infected, as
previously mentioned. Simultaneously to the addition of fungal cells, Cytotox red dye (Sartorius) at a final
concentration of 250 nM was introduced to the neutrophils and left for 2 h of incubation at 37°C and 5%
CO,. Two images per well were taken from four technical replicates using 20x magnification, and then the
eDNA area was analyzed using the IncuCyte basic software. The results were compared to the untreated
control, normalized to 1.0, and presented as a fold change in the eDNA area.

Reactive oxygen species production. To assess the generation of reactive oxygen species (ROS),
neutrophils were stained with DCFH-DA (2'-7'-dichlorofluorescin diacetate; Sigma-Aldrich) in PBS for
10 min in the dark, washed with PBS, and plated at 2 x 10° cells/well in a 96-well plate. The cells were
serum starved for 1 h and preincubated with pGSN for 1 h; C. auris cells at an MOI of 5 were then intro-
duced for 2 h. A PMA (100 nM) control was also included. The fluorescence (488/535 nm) was recorded
on the Varioskan Lux microplate reader (Thermo Fisher Scientific). The background fluorescence was
determined for each condition and subtracted from the total fluorescence values before data analysis.
The results were compared to the untreated control, normalized to 1.0, and presented as a fold change
in the ROS production.

Quantification of cytokine and chemokine secretion. Secretion of IL-2, IL-6, IL-8, gamma interferon
(IFN-y), TNF-a, and granulocyte-macrophage colony-stimulating factor (GM-CSF) was assessed using the
Bio-Plex Pro human cytokine assay (Bio-Rad Laboratories, Hercules, USA). Neutrophil cells (1 x 10%/well)
were cultured on 24-well culture plates. The cells were serum starved (1 h), preincubated with pGSN (1 h),
and/or infected with C. auris yeast at an MOI of 5. Then, supernatants were collected, centrifuged to elimi-
nate residual cells, and subjected to cytokine secretion assessment on the Bio-Plex 200 system (Bio-Rad).

Western blot analysis. Human neutrophils were serum starved, preincubated with pGSN, and
infected with C. auris at an MOI of 5, as previously mentioned. The whole-cell lysate from 1 x 107 neutro-
phils was prepared using radioimmunoprecipitation assay (RIPA) buffer, supplemented with protease
inhibitors (Sigma-Aldrich). The Bradford assay (Bio-Rad) was performed to determine the protein concen-
tration. Lysates were subjected to electrophoresis using 10% sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) at a concentration of 10 g protein per lane. After SDS-PAGE separation, proteins were blotted
onto polyvinylidene fluoride (PVDF) membranes. Next, the membranes were submerged in methanol and
blocked for 1 h in 5% nonfat dry milk in TBS-T (150 mM NaCl, 50 mM Tris base, 0.05% Tween 20, pH = 7.4).
The blocked protein blots were incubated with rabbit anti-NOX2/gp91phox (dilution, 1:300; catalog num-
ber BS-3889R; Thermo Fisher), anti-neutrophil elastase (dilution, 1:1,000; catalog number ab21595; Abcam),
anti-TLR4 (dilution, 1:1,000; catalog number ab13556; Abcam), and mouse anti-PAD4 (dilution, 1:2,000; cat-
alog number ab128086; Abcam), anti-Cit H3 (dilution, 1:1,000; catalog number ab10799; Abcam), and anti-
B-actin (dilution, 1:5,000; catalog number A5441; Sigma-Aldrich), in TBS-T at 4°C overnight, followed by
incubation with goat anti-rabbit IRDye 800CW IgG (catalog number ab216773; Abcam) and goat anti-
mouse IRDye 800CW IgG (catalog number 926-32210; LiCor Biosciences, Lincoln, USA) secondary antibody
in TBS-T (dilution, 1:10,000) at room temperature for 1 h, in the dark. The protein blots were visualized
using the Odyssey imaging system (LiCor Biosciences). Band intensities were quantified using Image
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Studio Acquisition software. Data are presented as the relative band intensity of the protein of interest
compared to the untreated samples and normalized to B-actin.

Expression of phagocytosis-related genes. Total RNA was extracted using the universal RNA purifi-
cation kit (catalog number E3598-02; EURx, Gdansk, Poland) from 1 x 107 neutrophils per well seeded in
6-well cell culture plates. Cells were serum starved (1 h), preincubated with pGSN (1 h), and infected or
not with C. auris yeast at an MOI of 5 for 2 h. The cells were scratched, transferred to Eppendorf tubes,
and centrifuged, and the supernatant was discarded. The concentration and purity of the isolated RNA
were evaluated using a Qubit 4 fluorometer (Thermo Fisher Scientific). cDNA was synthesized using the
iScript cDNA synthesis kit (catalog number 1708891; Bio-Rad). Reverse transcription-quantitative PCR
(gRT-PCR) was performed with 20 ng of cDNA in a 20-uL reaction mixture containing SsoAdvanced uni-
versal SYBR green supermix (catalog number 1725274; Bio-Rad) using phagocytosis PrimePCR plates
(catalog number 10047255; Bio-Rad) on the CFX Connect real-time PCR detection system (Bio-Rad) with
the following amplification program: 2 min at 95°C, followed by 40 cycles of 5 s at 95°C and 30 s at 60°C.
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an internal control. The gene expres-
sion levels were reported as the relative quantity, expressed using the comparative cycle threshold (C;)
method (244, and presented as log,FC. The raw C; values from the qPCR experiment are presented in
Data Set S1 in the supplemental material.

SR-B inhibition assay. To determine whether SR-B antagonists inhibit the stimulation of phagocyto-
sis and fungal killing in human neutrophils triggered by pGSN, we used sulfosuccinimidyl oleate (SSO;
catalog number ab145039; Abcam) at 200 uM and block lipid transport-1 (BLT-1; catalog number
SML0059; Sigma-Aldrich) at 1 .M. Briefly, inhibitors were introduced for a total of 2 h to the cells during
serum starvation (1 h) and pGSN preincubation (1 h) and then carefully washed with PBS and infected
with C. auris at an MOI of 1. Assessment of the fungal uptake, phagocytic index, and fungal survival was
performed as mentioned above.

Statistical analysis. The statistical parameters, including the exact number of replicates and statisti-
cal significance, are reported in the figures and figure legends. The statistical tests were performed using
OriginPro 2021 software (build 9.8.0.200; OriginLab Corporation, Northampton, USA). Specific statistical
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tests are indicated in the figure legends.
Data availability. All data needed to evaluate the conclusions in the paper are present in the paper.
Additional data related to this paper may be requested from the authors.
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Recombinant human plasma gelsolin G

reverses increased permeability of the blood-
brain barrier induced by the spike protein
of the SARS-CoV-2 virus
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Abstract

Background: Plasma gelsolin (pGSN) is an important part of the blood actin buffer that prevents negative con-
sequences of possible F-actin deposition in the microcirculation and has various functions during host immune
response. Recent reports reveal that severe COVID-19 correlates with reduced levels of pGSN. Therefore, using an

in vitro system, we investigated whether pGSN could attenuate increased permeability of the blood-brain barrier
(BBB) during its exposure to the portion of the SARS-CoV-2 spike protein containing the receptor binding domain (S1
subunit).

Materials and methods: Two- and three-dimensional models of the human BBB were constructed using the human
cerebral microvascular endothelial cell line hCMEC/D3 and exposed to physiologically relevant shear stress to mimic
perfusion in the central nervous system (CNS). Trans-endothelial electrical resistance (TEER) as well as immunostaining
and Western blotting of tight junction (TJ) proteins assessed barrier integrity in the presence of the SARS-CoV-2 spike
protein and pGSN. The IncuCyte Live Imaging system evaluated the motility of the endothelial cells. Magnetic bead-
based ELISA was used to determine cytokine secretion. Additionally, quantitative real-time PCR (qRT-PCR) revealed
gene expression of proteins from signaling pathways that are associated with the immune response.

Results: pGSN reversed S1-induced BBB permeability in both 2D and 3D BBB models in the presence of shear stress.
BBB models exposed to pGSN also exhibited attenuated pro-inflammatory signaling pathways (PI3K, AKT, MAPK,
NF-kB), reduced cytokine secretion (IL-6, IL-8, TNF-a), and increased expression of proteins that form intercellular TJ
(ZO-1, occludin, claudin-5).

Conclusion: Due to its anti-inflammatory and protective effects on the brain endothelium, pGSN has the potential to
be an alternative therapeutic target for patients with severe SARS-CoV-2 infection, especially those suffering neuro-
logical complications of COVID-19.

Keywords: Plasma gelsolin (pGSN), COVID-19, SARS-CoV-2, Blood-brain barrier, Microfluidics, Tissue engineering
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cytokine storm during the inflammatory cascade and
the spike protein of the virus itself affect other organs,
including the brain vasculature [2-5]. Early reports
indicate that patients develop a chronic condition char-
acterized by fatigue and neuropsychiatric symptoms,
termed long-COVID, now more often called post-acute
COVID syndrome (PACS) [6-11]. The most prevalent
neurological manifestations of SARS-CoV-2 infection
that usually resolve over time in mild cases are head-
ache, anosmia, and dysgeusia [12—15]. However, numer-
ous studies point to other severe complications, such as
impaired consciousness, cerebrovascular events, enceph-
alopathy, acute disseminated encephalomyelitis, Guil-
lain—Barré syndrome, strokes, delirium, dementia-like
syndrome, and psychiatric disorders, including psycho-
sis, catatonia, and mania [16—18]. Multicenter analyses
demonstrated that encephalopathy (up to 42%) and cer-
ebrovascular events (up to 62%) account for most of the
COVID-19-associated neurological complications, with
inflammatory syndromes, i.e., encephalitis (up to 13%)
and Guillain—Barré (up to 9%) considerably less frequent
[18, 19]. The occurrence of ischemic stroke is moderately
high. It most frequently occurs in younger patients, with
more recurring vascular occlusion and higher morbidity
than described in patients without COVID-19 and those
with influenza. Stroke and inflaimmatory syndromes
seem to have the poorest prognosis for patients of all
coronavirus-mediated neurological symptoms [20, 21].
The most common findings detected using neuroimaging
enclose leukoencephalopathy, ischemia with large ves-
sel occlusion, encephalitis, hemorrhage in locations not
typical for hypertension, and abnormalities in perfusion
[22-25]. Microhemorrhages were associated with micro-
vascular disease in post-mortem studies of COVID-
19 patients [26, 27]. Those neurological complications
accompanying SARS-CoV-2 infection relate directly or
indirectly to the preceding impairment of the endothelial
barrier, which allows the viral S-protein to pass through
the blood-brain barrier and damage of glial cells. Given
the range of neurological complications associated with
COVID-19, understanding the complex pathogenesis and
molecular mechanisms is essential for providing coun-
termeasures for the treatment of SARS-CoV-2 (SARS-2)
infections.

The mechanisms by which the coronavirus affects brain
vasculature, allowing the virus to cross the blood—brain
barrier (BBB) and cause neurological disorders, are not
fully understood. Due to the significant genetic similar-
ity between SARS-CoV-2 and other viruses in this group,
particularly SARS-CoV-1, specific targets have been
identified by which the virus interacts with human cells
[28, 29]. So far, it has been demonstrated that the entry
and multiplication of the SARS-CoV-2 virus in human
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cells is initiated by its interaction with receptors located
on the cell surface, particularly angiotensin-converting
enzyme 2 (ACE2) [30, 31]. Some studies indicate that
the interaction of viral proteins with the ACE2 receptor
alone is not sufficient to ensure optimal viral entry into
cells, and this process may be augmented by other fac-
tors/potential targets, such as surface vimentin, heparan
sulfate, neuropilins, and sialic acids [32-35]. Recently,
RhoA activation has been associated with SARS-CoV-
2-mediated barrier breakdown, indicating that the sign-
aling mechanism involves cytoskeletal components [36].
SARS-CoV-2 may also induce the formation of tunneling
nanotubes and uses this route to infect cells [37]. The
interaction of SARS-CoV-2 Spike protein with Toll-like
receptors (TLR-2, TLR-4) is reported to induce a pro-
inflammatory response contributing to hyperinflamma-
tion [38-40].

Gelsolin is a calcium and phosphatidylinositol 4,5-bis-
phosphate (PIP,)-regulated protein with the ability to cap
and sever actin filaments, and low levels of plasma gelso-
lin, one of the two main isoforms of the protein, are pre-
sent in patients with severe COVID-19 [41, 42]. Under
physiological conditions, the concentration of pGSN in
human blood is 150-300 pg/mL, and it is also present
in several other body fluids such as lymph, cerebrospi-
nal fluid, and synovial fluid [43-45]. Decreased plasma
gelsolin concentration described in critically ill patients
and those requiring immediate medical attention, e.g.,
patients with acute trauma, multi-organ injuries, as well
as in the course of brain and liver injury, myocardial
infarction and necrosis, septic shock, and SARS-CoV-2
infection correlates with poor clinical outcome [46—49].
The severity of a decrease in pGSN concentration in the
blood (hypogelsolinemia) correlates with the course of
the disease, higher mortality rates, and the length of stay
in intensive care units among patients after major trauma
[50]. Recently, the administration of recombinant human
plasma gelsolin (pGSN) has been associated with full
recovery of an intubated patient with acute COVID-19
pneumonia [51]. Fewer patients with COVID-19 pneu-
monia required intubation and had severe adverse events
(SAEs) when treated with pGSN compared to the control
group in a recent blinded, randomized study [52]. Con-
sidering the pleiotropic effects of human plasma gelsolin
and its contribution to a patient’s recovery from acute
Covid-19, pGSN repletion by administration of recombi-
nant protein may also counteract SARS-CoV-2-mediated
inflammation, including inflammation within the brain
vasculature.

Here, we aimed to evaluate the ability of human recom-
binant plasma gelsolin to mitigate blood-brain barrier
disruption in the presence of the SARS-CoV-2 spike pro-
tein S1 subunit (S1). To test the functional outcome of
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simultaneous addition of S1 and pGSN, we used 2D and
3D in vitro models of the BBB consisting of human cer-
ebral microvascular endothelial cells (hRCMEC/D3). We
determined the effect of the pGSN on S1-mediated dis-
rupted barrier integrity by measuring the permeability to
low molecular weight dextran and transendothelial elec-
trical resistance. In addition to the functional conditions,
we evaluated the levels of inflammatory mediators, tight
junction proteins, gene expression of signaling pathways,
and the motility of endothelial cells. Overall, these stud-
ies assess the therapeutic potential of pGSN in protecting
the neurological symptoms of COVID-19.

Materials and methods

Recombinant human plasma gelsolin

Recombinant human plasma gelsolin (pGSN) used in our
study was produced in E. coli and provided by BioAegis
Therapeutics (North Brunswick, USA).

Cell culture

Immortalized human cerebral microvascular endothelial
cells (#CLU512-A, Cedarlane Laboratories) were used
between passage 25 and 35. Cells were cultured in EBM-2
medium (#CC-3156, Lonza) containing 5% FBS (#P30-
8500, PAN Biotech), 1.4 pM hydrocortisone (#H0135,
Sigma), 10 mM HEPES pH 7.4 (#15630-080, Life Tech-
nologies), 5 pg/mL ascorbic acid (#A4544, Sigma), 1%
antibiotic antimycotic solution (#A5955, Sigma), 1%
chemically defined lipid concentrate (#11905031, Life
Technologies), and 1 ng/mL basic fibroblast growth fac-
tor (#F0291, Sigma). Cells were grown on collagen type I
(0.1 mg/mL, #3443-100-01, R&D Systems)-coated plates
at 37 °C with 5% CO,, 95% fresh air, and saturated humid-
ity. Cells were seeded at 3 x 10*/cm? trypsinized (T4174,
Sigma), and replated when approximately 80-90% con-
fluency was reached. The cell culture medium was
changed every 23 days.

BBB permeability and TEER testing using a 2D model

To mimic 2D blood-brain barrier functions under
static conditions, cells were seeded at a density of 10*
cells per transwell insert (#3470, Corning) coated with
collagen I (pore size 0.4 um, diameter 0.33 cm?) in 200
uL of complete growth medium. Basolateral chambers
were filled with 500 pL of complete growth medium.
The medium was changed every 3 days. After the
confluent monolayer was formed, cells were washed,
and when required, monolayers were incubated with
250 pg/mL pGSN, 10 nM SARS-CoV-2 subunit S1
(#230-01101-100, RayBiotech) and the combination
of 250 pg/mL pGSN+ 10 nM S1 for 6 h. In all experi-
ments, spike protein S1 subunit was suspended in PBS
at 1000 nM concentration and added to cells at a 1 to
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100 ratio. To keep the concentration of growth factors
at the same level, an equal volume of PBS was added
to untreated conditions. The same situation occurred
when adding pGSN at a concentration of 10 mg/mL
(40x). The schematic representation of the 2D BBB set-
ting is presented in Fig. 1A.

To determine monolayer permeability, a fluorescent
molecular tracer assay was performed. To do so, 4-kDa
dextran-FITC (#46944, Sigma) was added to the apical
chamber to the final concentration of 1 mg/mL, fluores-
cence in the basolateral chambers was recorded before
addition (t,) of agents and 0.5, 1, 3, and 6 h later using a
Varioskan Lux microplate reader (ThermoFisher). Per-
cent permeability was calculated as the relative fluo-
rescence of medium in the pGSN, S1, and pGSN+ S1
treated vs. untreated cells.

Additionally, to evaluate the functional performance
of an intact barrier in vitro, the transendothelial elec-
trical resistance (TEER) was measured using an EVOM
voltohmmeter (World Precision Instruments) equipped
with an STX-2 chopstick electrode. TEER was meas-
ured before adding the agents and 0.5, 1, 3, and 6 h
later. Transwell® inserts without cells but coated with
rat tail collagen type I, containing EBM-2 medium,
were measured and set as blank (approximately 90Q).
Barrier resistance readings (€2) were obtained for each
well individually and, after subtracting the resistance
of the blank, were multiplied by the membrane area
(0.33cm?) to calculate Q*cm? To normalize the data,
resistance at t=0 of every single well was set as 1.0.
Values treated with pGSN, S1, and pGSN+S1 were
normalized to the untreated culture as a control.

Microfabrication

Fabrication of the microfluidic device was completed
using a previously described method [53]. Briefly,
SU-8 2025 epoxy-based photoresist (MicroChem) was
poured on top of a 3-in. silicon wafer at 95 °C and left
overnight. A photomask was applied over the wafer
before exposure with a 200-W UV lamp for 2 h. Propyl-
ene glycol methyl ether acetate (PGMEA) (MicroChem)
was used to dissolve the unpolymerized photoresist,
and polydimethylsiloxane (PDMS, # 2065622, Ells-
worth) was used to create negative molds from the sili-
con master. Similarly, positive stamps made of PDMS
were cast to create the microfluidic channels on glass
coverslips. Before gel fabrication, the hydrogel reser-
voir was filled with 5 M sulfuric acid (#258105, Sigma)
for 90 min, washed several times with distilled water,
and then filled with 50 pg/mL collagen type I and steri-
lized with UV light. The schematic design of the micro-
fluidic device is shown in Fig. 2A, B.

69



Suprewicz et al. Journal of Neuroinflammation (2022) 19:282 Page 4 of 16
A B S1+pGSN C S1+pGSN
. Oh 6h Oh 6h
1 - CT i
1007 o gesn 1
blood 2 80| & = P - I
SARS-CoV-2 es - S1+ pGSN ¢ sS40/
Spikeprotein ., © o . pGSN T o e |
‘e T 0 60 w o 9_\ T A
% e o® 55 —hid : A
semi-permeable ®o ® £ 8 40 = | [
e~ —voveons £ Sos, [
brain g 20 20.71 * i
= / s *
0 006 |
i oh 1h 3h 6h Oh 1h 3h 6h
D 4& S1+ pGSN E S1 S1+pGSN
-—
Evom | Dextran-FITC Oh 1h 7h oh 1h Th
probe
100 T =14
3 3]
ge 80 £10 ‘ Ti?;;
[ A K
< o 60 oo Sl
g8 ~
% 040 £08 H [
TEER a g 3 ® !
measuremet S20 2oz *
Fluorescence L] © *
intensity in 0 5 0.6-
lower .
chamber Oh 1h 2h 4h 7h Oh 1h 2h 4h 7h
Fig. 1 Plasma gelsolin (pGSN) significantly reduces disruption of the blood-brain barrier caused by the SARS-CoV-2 Spike protein S1 subunitin
the 2D Transwell permeability assay. Confluent monolayer of human cerebral microvascular endothelial cells (\CMEC/D3) seeded on a Transwell
semi-permeable membrane exposed to tested compounds added to the upper chamber (blood) (Panel Ai). The functional state of the cells
as a barrier was evaluated with transendothelial electrical resistance (TEER) measurement and Dextran-FITC permeability assay (Panel Aii). The
dextran-FITC intensity was measured in the lower chamber (brain) that migrated from the upper chamber (blood) in time (Panels B, D). Change in
TEER was measured using Epithelial Voltohmeter EVOM2 (Panels C and D). The data represent the mean = SEM of four (n =4, with 2 inserts used per
condition each time) independent experiments. * and A indicate statistical significance at p <0.05 compared to CT and ST, respectively, by one-way
ANOVA and Tukey post hoc test

Blood-brain barrier—a 3D model

Each device was filled with 60 pL hydrogel consist-
ing of 6 uL 10xPBS (#5493, Sigma), 6 uL 0.1 M NaOH
(#BA0981118, POCh SA), 18 pL distilled water, and 30
uL 10 mg/mL collagen type I. This formulation yielded
a gel consisting of 5 mg/mL collagen. All components
were held on ice until mixing, then injected into the
hydrogel reservoir of the device. Two 180-mm-diam-
eter acupuncture needles, freshly coated with sterile
0.1% bovine serum albumin (BSA, #A8412, Sigma),
were inserted into the needle guides of the device,
and the devices were transferred to 37 °C for 10 min
to facilitate polymerization. PBS was then pipetted
on the ports of the reservoir to prevent the drying of
the hydrogel. After 2 h of incubation, the needles were
carefully pulled from the hydrogel to create cylindri-
cal voids mimicking the geometry of human vessels
(growth area~2 cm?). Human cerebral microvascu-
lar endothelial cells (hCMEC/D3) were injected into
one of the channels at a density of 10 million cells per
mL and left for 10 min incubation before an additional

10-min incubation in an inverted position to facilitate
full coverage of the cylindrical void. Cell seeded devices
were placed in a well of 6-well culture plates contain-
ing 7 mL complete growth medium. In the next step,
channels were exposed to shear stress by attaching a
20-mL plastic syringe (BD) containing complete EBM-2
secured to a GenieTouch linear syringe pump (Kent
Scientific) to the input port for the cell-seeded channel.
The syringe pump was set to deliver a 2.4 uL/min volu-
metric flow rate, which was designed to exert approxi-
mately 0.7 dyn/cm? of shear stress on the endothelium
within the channel. Vessels were perfused for four
days. After 4 days, when hCMEC/D3 monolayer exerts
fully developed barrier functions, 20 mL syringes with
EBM-2 were substituted with media containing EBM-2
for control conditions, 10 nM S1, and 250 pg/mL
pGSN+10 nM S1 in 5 mL plastic syringes. Flow with
these agents was applied in the same conditions for an
additional four hours. After 4 h, channels were removed
from their testing condition and either assessed for
permeability or fixed for immunofluorescence staining.
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Fig. 2 3D blood-brain barrier model. A Schematic of a microfluidic device with the location of inlet/outlet ports and ports to fill the hydrogel

reservoir. B Picture of the PDMS device. Scale bar, 1 cm. C Permeability testing with 4 kDa Dextran-FITC configuration. D TEER measurements

Permeability testing in 3D model

Channels were placed on the stage of an inverted epifluo-
rescence microscope (Zeiss Axiostar 10). The devices were
perfused with 4-kDa FITC-dextran at a 5 pL/min flow rate.
Images were taken at 10-s intervals and then analyzed using
Image]. Quantification of the permeability coefficient was
determined using a method described in a previous study
[54]. Briefly, the coefficient was determined by correlating
dextran concentration to the fluorescence intensity and
inputting the measurements into the following equation:

P dar r

dt 21,
(P—permeability coefficient, df/dé—change in fluores-
cence intensity in a region of interest outside the lumen,

r—the channel radius, and J;—the maximum intensity in
the lumen during the duration of the test).

TEER measurements (3D)
Impedance was measured using a Stingray DSIM12 USB
oscilloscope adapter (USB Instruments). The instrument

combines the functions of a signal generator and an
oscilloscope. Using the DS1M12 EasyScope II software,
the output voltage was set to a sine wave with 220 mV
amplitude, with electrodes inserted into the input ports
of the device so that the measured current passed across
the endothelium. The leads of input A measured the volt-
age across a 460 Q) reference resistor in series with the
applied voltage to verify the scope output. The charges
of input B were positioned as an ammeter across the ref-
erence resistor to indicate the current passing between
electrodes. The output voltage frequency was swept from
15 Hz to 15.6 kHz, with intermediate values of 50 Hz,
105 Hz, 558 Hz, and 3.906 Hz, to assure that the imped-
ance followed a characteristic frequency dependence
for cell monolayer measurements. The impedance, Z,
was characterized by calculating the ratio of amplitudes
between the applied voltage and measured current and
the phase shift between the two waveforms for each fre-
quency. Impedance was defined as: Z = V/I (V—the volt-
age magnitude, /—the current magnitude). TEER values
were determined as the difference in impedance at 15 Hz,
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where the capacitance of the electrodes dominates the
overall impedance, and at 15.6 kHz, where the resistance
of the culture medium is the primary component of the
impedance. These values were then subtracted from the
impedance difference measured between the inlet and
outlet of the device. Measurements in an acellular device
were used as a blank and further subtracted from cellu-
larized conditions.

Confocal microscopy

Devices were fixed in 3.7% paraformaldehyde for 20 min
at room temperature. After fixation, the hydrogels were
cut from the device hydrogel reservoir and placed in a
100 pL centrifuge tube. Cells within the hydrogel were
permeabilized by adding 0.2% Triton X-100 for 30 min
at room temperature. The hydrogels were blocked in 3%
BSA for 30 min at 37 °C. Hydrogels were then incubated
for 48 h at 4 °C with 1:200 anti-ZO-1. After thorough
washing, the hydrogels were incubated with 1:1000 of the
secondary antibody for one hour and 1 mg/mL DAPI for
15 min at 37 °C in the dark. Images were acquired on an
Eclipse Ti-E inverted microscope with an integrated C2p
laser scanning confocal system. Detailed list of used anti-
bodies can be found in Additional file 1: Table S1.

Migration assay

A scratching assay was implemented to determine the
impact of pGSN and S1 on the migration of blood—brain
barrier-forming cells. Briefly, hCMEC/D3 cells were cul-
tured in 96-well collagen-coated plates until a conflu-
ent monolayer was formed, and homogeneous linear
scratches were made using the IncuCyte® WoundMaker
(Sartorius AG). PGSN, S1, and pGSN+S1 were added
directly to wells, capturing images for 72 h. After that, the
images were processed by defining a scratching mask and
a cell confluence mask using the IncuCyte® Cell Migra-
tion Analysis Software.

Magnetic bead-based ELISA

Secretion of IL-2, IL-6, IL-8, INF-y, TNF-a, and GM-CSF
was assessed using the Bio-Plex Pro Human Cytokine
Assay (Bio-Rad). hCMEC/D3 cells were cultured on
6-well collagen-coated plates until full confluency was
reached. PGSN, S1, and pGSN-+S1 were then intro-
duced, and the supernatant was collected after 6 and 24 h
of incubation. Results were compared to untreated con-
trol, normalized to 1.0, and presented as a fold change in
cytokine secretion.

Western blotting

hCMEC/D3 confluent monolayers seeded in 6-well
collagen-coated plates were treated in static conditions
with pGSN, S1, and pGSN+S1 for 24 h and briefly
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rinsed with PBS, detached with trypsin, transferred
to Eppendorf tubes, and centrifuged. The supernatant
was discarded, and the whole-cell lysate was prepared
using RIPA lysis buffer (#89901, ThermoFisher) with
Pierce Protease Inhibitor (#A32963, ThermoFisher)
added freshly before use. Cells were lysed for 20 min on
ice and centrifuged at 14,000 rpm for 20 min at 4 °C.
Next, supernatants were transferred to fresh tubes
and the Bradford (#5000006, Bio-Rad) assay was per-
formed to determine protein concentration. Lysates
were subjected to electrophoresis using 10% sodium
dodecyl sulfate—polyacrylamide (SDS-PAGE) at a 15 pg
per lane concentration. After SDS-PAGE separation,
proteins were blotted onto polyvinylidene fluoride
membranes. Next, the membranes were submerged in
methanol, then blocked for 1 h in 5% nonfat dry milk
in TBS-T (150 mM NaCl, 50 mM Tris base, 0.05%
Tween 20, pH=7.4). Blocked protein blots were incu-
bated with rabbit anti-occludin (1:200), mouse anti-
claudin 5 (1:500), mouse anti-VE cadherin (1:500),
rabbit anti-ZO-1 (1:200), mouse anti-B-catenin (1:300),
rabbit anti-VEGFR2 (1:500), and mouse anti-B-actin
(1:5000), in TBS-T at 4 °C overnight, followed by incu-
bation with goat anti-rabbit IRDye 800CW IgG and
goat anti-mouse IRDye 800CW IgG secondary anti-
body in TBS-T (1:20,000) at room temperature for
1 h, in the dark. Protein blots were visualized with the
Odyssey LiCor Imaging System (LiCor Biosciences).
Band intensities were quantified using Image Studio
Acquisition Software. Data are presented as relative
intensity of protein of interest bands in pGSN, S1, or
PGSN + S1-treated samples compared to the untreated
samples and normalized to B-actin. Detailed list of used
antibodies can be found in Additional file 1: Table S1.

gRT-PCR
Confluent cell monolayers were treated with pGSN,
S1, and pGSN +S1 for 6 h and briefly rinsed with PBS.
Total RNA was extracted using the Universal RNA Puri-
fication Kit (#E3598-02, EurX). The concentration and
purity of isolated RNA were evaluated using a Qubit 4
fluorometer (ThermoFisher). cDNA was synthesized
with 100 ng of RNA in a 20-uL reaction mix using the
iScript™ cDNA Synthesis Kit (#1708891, Bio-Rad). qRT-
PCR was performed with 20 ng of ¢cDNA in a 20-pL
reaction containing SsoAdvanced Universal SYBR®
Green Supermix (#1725274, Bio-rad) using VEGF sign-
aling and activation PrimePCR plates (#10025756, Bio-
Rad) on CFX Connect Real-Time PCR Detection System
(Bio-Rad). GAPDH was used as an internal control.
Gene expression levels were reported as relative quan-
tity, expressed as 2722, and are presented as Log,FC.
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Statistical analysis

Quantitative data are expressed as mean & SEM. Statisti-
cal analyses were evaluated using the one-way ANOVA
with Tukey’s post hoc test, with p <0.05 considered sta-
tistically significant.

Results

pGSN inhibits SARS-CoV-2 S1-induced increase

in permeability of BBB in the 2D model

The main feature of the blood-brain barrier is the pres-
ence of endothelial tight junctions that produce highly
selective permeability of the barrier. The S1 subunit of
the SARS-CoV-2 spike causes disruption of these tight
junctions and a subsequent barrier breakdown. We per-
formed permeability assays to determine whether pGSN
could mitigate tight junction disassembly in the pres-
ence of the S1 subunit. 4-kDa FITC-dextran was used to
focus on paracellular passage via cellular junctions and
exclude other forms of active transport, e.g., transcytosis
(Fig. 1A). Data presented in Fig. 1B and D show the mean
change of fluorescence in arbitrary units (a.u.)4=SEM.
To better visualize changes in permeability, the fluores-
cence of untreated hCMEC/D3 cells at each time point
(1, 3, and 6 h) was normalized to 100%. We did not
observe a statistically significant change in permeabil-
ity of the BBB upon the addition of pGSN (250 pg/mL),
which is approximately 20 times more than the pGSN
concentration in a cell growth medium with 5% serum.
At 1 h, 10 nM SARS-CoV-2 S1 increased permeabil-
ity by 188%. When 250 pg/mL pGSN was added at the
same time as 10 nM S1 subunit, the permeability change
dropped to 117%, which is statistically indistinguishable
from the control value. After 3 h, 10 nM SARS-CoV-2
S1 gives a rise to 157%, while 250 pg/mL pGSN + 10 nM
of S1 limited this effect to 118%, a 39% decrease in per-
meability compared to spike protein S1 subunit alone.
At 6 h, 10 nM S1 induced 180% permeability, 250 pg/
mL pGSN+10 nM of S1 induced 124%, a 55% less than
S1. To test whether gelsolin could reverse a permeabil-
ity change already initiated by S1, endothelial cells were
preincubated for 1 h with protein S1 before pGSN addi-
tion. As shown in Fig. 1D, the addition of pGSN stopped
further deterioration of the BBB caused by spike protein
and returned permeability levels to those of the control
after 1, 3, and 6 h. Thrombin, an inducer of endothelial
permeability, was used as a positive control to evaluate
experimental settings, while human albumin was used as
a negative control (Additional file 1: Fig. S1). Thrombin,
as expected, caused a significant increase in blood—brain
barrier vascular permeability comparable to S1 during
the initial phase of stimulation (up to 3 h). However, after
6 h, vascular permeability was lower than with S1, prob-
ably because of the short half-life of thrombin. Human
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albumin did not inhibit thrombin or S1 protein, nor did
it alter endothelial permeability in the condition without
additional stimulation.

To provide further evidence of the protective effects of
pGSN on the BBB, transendothelial electrical resistance
(TEER) measurements were performed. TEER values
assess the functional status of brain endothelium; higher
resistance denotes decreased permeability, while lower
resistance indicates compromised permeability. Baseline
TEER values of approx. 30 Q*cm? were required prior
to the onset of testing, and all measurements were nor-
malized to this initial measurement (TEER at 0 h=1.0).
As shown in the untreated control conditions (Fig. 1C),
TEER values were constant throughout the entire experi-
ment. Similarly, 250 pg/mL pGSN samples did not vary
significantly from the control. 10 nM SARS-CoV-2 S1 sig-
nificantly reduced the resistance at all time points, while
the addition of 250 pg/mL pGSN mitigated the reduction
in TEER measurements. When added 1 h after S1, pGSN
not only stopped the decreased resistance caused by S1,
but returned TEER values to their control levels within
3 h (Fig. 1E).

The permeability and TEER measurements suggest that
PGSN exerts a protective effect on blood—brain barrier
integrity by reversing the increased permeability caused
by SARS-CoV-2 S1 in static conditions. The use of small,
positively charged molecular tracers points to the broken
intercellular junctional proteins as a port of S1 protein
entry for the central nervous system [55]. Since pGSN
was found to promote T] formation within brain vascu-
lature, this pGSN ability might be delaying or repairing
barrier disruption.

pGSN prevents blood-brain barrier disruption caused

by SARS-CoV-2 S1 protein in the 3D model

A three-dimensional microfluidic model of BBB was used
to determine to verify that pGSN protects the barrier in
the presence of the S1 subunit in a microenvironment
that better mimics in vivo vasculature (Fig. 2A, B). More-
over, the 3D model can also incorporate crucial compo-
nents of in vivo vasculature, including the application of
shear stress. The 3D BBB model was perfused for 4 days
with 0.7 dynlcmz. Subsequently, vessels were perfused
for four hours in the same fluid shear stress conditions
(0.7 dyn/cmz) with cell culture medium, 10 nM SARS-
CoV-2 S1, or 10 nM SARS-CoV-2 S1+ 250 pg/mL pGSN.
Permeability of the BBB in the 3D model was performed
using the molecular tracer assay and TEER measure-
ments (Fig. 2C, D). Additionally, after 4 h perfusions, ves-
sels were immunostained to examine zonula occludens-1
(ZO-1), an indicator of barrier breakdown, acting as a
scaffold in the tight junction complex. In Fig. 3A, ZO-1
forms a sharp pattern localized at the cell-cell contact
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Fig. 3 Plasma gelsolin reverses the destructive effect of SARS-CoV-2 Spike protein S1 subunit on blood-brain barrier function in the 3D flow
model. Confocal images of hCMEC/D3 cells (panel A), tight junction protein ZO-1 (red), and nuclei (blue). Permeability coefficient measured from
dextran experiments for endothelial channels exposed to S1 and S1+ pGSN (Panel B). TEER measurement results (Panel C). Images demonstrating
the measurement of vessel permeability using 4 kDa FITC-dextran (green) and the effects of the ST and S1+ pGSN (Panel D). Barrier permeability
and TEER measurement were performed after 4 h of perfusion with 10 nM of S1 and S1+ pGSN. The data represent the mean =+ SEM of four
independent experiments (n=4). * and A indicate statistical significance at p <0.05 compared to CT and ST, respectively, by one-way ANOVA and

Tukey post hoc test

area in untreated conditions. Perfusion with 10 nM of
SARS-CoV-2 S1 protein disrupts ZO-1 localization,
potentially contributing to impaired barrier permeability.
Simultaneous perfusion with 10 nM SARS-CoV-2 with
250 pg/mL pGSN protects ZO-1 protein from disruption,
with a pattern resembling a branching network of seal-
ing strands, similar to untreated control. Assessment of
barrier permeability with 4 kDa Dextran-FITC (Fig. 3B)
indicated over a threefold increase in the permeability
coefficient following exposure to 10 nM SARS-CoV-2 S1,
while the addition of 250 ug/mL pGSN reduced by nearly
twofold leakage of BBB caused by S1. Images of the ves-
sels following dextran perfusion validated the perme-
ability measurements; untreated vessels exhibited a sharp
fluorescence gradient at the vessel wall, and S1-treated

CT S1

TEER (Q*cm?)

S1 + pGSN

1500

o>(->

500 -

CT S1

S1+ pGSN

S1+pGSN

vessels showed substantial drainage, inhibited during
simultaneous addition of pGSN (Fig. 3D). TEER meas-
urements show a fivefold decrease in electrical resistance
after perfusion with 10 nM of SARS-CoV-2, while TEER
with S1+pGSN was higher by fourfold than with S1
subunit alone. Overall, findings in the 3D model support
the results of the 2D studies demonstrating a protective
effect of pGSN during SARS-CoV-2 S1 subunit-mediated
barrier breakdown.

Inhibition of hCMEC/D3 cell migration caused by S1

protein is reversed by pGSN

The migration of endothelial cells is a crucial pro-
cess during angiogenesis and vasculogenesis as well
as in a damaged vasculature to restore vessel integrity.
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A wound-healing assay was performed to determine
whether SARS-CoV-2 S1 restricts migratory properties
within brain vasculature and whether pGSN alters the
effect. Wound scratch closure was monitored for 72 h
(Fig. 4A). Due to the variable size of the initial scratch,
the wound area at time 0 was normalized to 100%, and
data were presented as a change from the relative initial
wound area. As shown in Fig. 4B, pGSN at 250 pg/mL
alone does not affect the migration of the hCMEC/D3
cells during the entire experiment. At 24 h, neither 10 nM
SARS-CoV-2 S1 protein nor pGSN significantly changed
cell migration. After 48 h, 10 nM SARS-CoV-2 S1 wound
size was 21% greater than in untreated conditions, while
the addition of pGSN at 250 pg/mL reduced wound area
by 14% compared to S1 alone. At 72 h, with 10 nM SARS-
CoV-2 S1 protein, wound size was 36% bigger than CT,
while wound area after addition of 250 ug/mL pGSN was
smaller by 18% than with SARS-CoV-2 S1 alone.

To determine the possible mechanism of preventive
PGSN effect when simultaneously added with SARS-
CoV-2 S1 protein, lysates of 24 h treated hCMEC/D3
cells were evaluated for VEGFR2 expression using the
Western Blot technique. VEGFR?2 is a mediator of intra-
cellular signaling involved in cell survival, proliferation,
migration, cytoskeleton rearrangement, and vascular
permeability. As shown in Fig. 4C with 250 pg/mL pGSN,
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VEGEFR2 expression was recorded at 124%, and with
10 nM SARS-CoV-2 S1 at 50%. The addition of pGSN
to S1 restored VEGFR2 expression to 76%, which was
26% higher than S1 alone. We cannot exclude the possi-
bility of direct stimulation of VEGFR2 by pGSN, which
may enhance brain endothelial cell migration. However,
it seems more likely that the known anti-inflammatory
effect of pGSN may indirectly influence the S1-medi-
ated inhibition of hCMEC/D3 migration, contributing
to the formation of the tight junction proteins that limit
increased monolayer permeability.

pGSN reduces pro-inflammatory cytokine secretion caused
by SARS-CoV-2 S1 protein in the initial phase of cells
stimulation

Endothelial dysfunction during COVID-19 is in part
caused by a spike protein-induced cytokine storm that
involves a cascade release of pro-inflammatory media-
tors. We performed a magnetic bead-based assay to
assess whether plasma gelsolin can reduce S1-induced
cytokine secretion from the endothelial cells. Figure 5
represents IL-2, IL-6, IL-8, INF-y, TNF-«, and GM-CSF
secretion upon pGSN, S1, and S1+ pGSN stimulation
at 6 and 24 h. The addition of 250 pug/mL pGSN to the
hCMEC/D3 confluent monolayer did not lead to sig-
nificant changes in cytokine secretion after 6 and 24 h.

T

pGSN

S1

S1+pGSN

respectively, by one-way ANOVA and Tukey post hoc test

Fig. 4 Plasma gelsolin improves migration of hCMEC/D3 upon SARS-CoV-2 Spike protein S1 subunit treatment in wound-healing assay. Images of
endothelial cells in a wound healing setting (Panel A), the yellow color indicates wound width, which is quantitatively shown in Panel B. Western
blot quantitative analysis of VEGRF2 expression in hCMEC/D3 cells after 24 h stimulation with pGSN, S1, and S1+ pGSN (Panel C). The data represent
the mean =4 SEM of four independent experiments (n=4). * and A indicate statistical significance at p <0.05 compared to CT (100%) and S1,
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Fig.5 Secretion of inflammatory mediators by hCMEC/D3 cell line stimulated with SARS-CoV-2 Spike protein S1 subunit and S1+ pGSN after 6 and
24 h. Expression of IL-2 (A, G), IL-6 (B, H), IL-8 (D, ), TNF-a (D, J), INF-y (E, K), and GM-CSF (F, L). Protein expression after 6 h of treatment is presented
on Panels A-F, and expression after 24 h is on Panels G-L. Alternation of inflammatory response was monitored using a magnetic bead-based
assay. The data represent the mean = SEM of three independent experiments (n= 3). * and Aindicate statistical significance at p <0.05 compared to
CT and S1, respectively, by one-way ANOVA and Tukey post hoc test

The reductions with pGSN treatment compared to S1
alone are modest after 6 h for most cytokines except for
IL-8 and TNF-a as shown in Fig. 5. We did not observe
a relevant change in S1-induced secretion of IFN-y and
GM-CSEF, while only a slight decrease was noted for
IL-6 upon addition of pGSN. At 6 h (Fig. 5A—F), simul-
taneous addition of 10 nM SARS-CoV-2 S1 and 250 pg/
mL pGSN increased by 0.53 fold IL-2 secretion com-
pared to S1 alone. Furthermore, a decrease of 10 nM
SARS-CoV-2 Sl-induced secretion was noted in IL-6
by 2.59 fold, IL-8 by nearly 25 fold, and TNF-a by 1.42
fold. After 24 h of stimulation (Fig. 5G-L), the addition
of gelsolin did not significantly alter cytokine secretion.
However, the decrease by 1.96 fold change for IL-8 is
worth noticing. Our cytokine secretion assessment
data indicate a protective, anti-inflammatory role of
plasma gelsolin against SARS-CoV-2 Sl-exposed brain
endothelium. Plasma gelsolin is particularly effective
towards Sl-induced IL-8 and TNF-a secretion, both
cytokines with a potent ability to impair endothelial
permeability that has been widely associated with poor
clinical outcomes for patients with COVID-19 [56, 57].
The results are consistent with previous findings sug-
gesting a role for pGSN in regulating cerebral vascular
permeability [58].

Downregulation of tight junction-forming proteins caused

by SARS-CoV-2 S1 protein is inhibited by pGSN

The main role of the blood—brain barrier is to selectively
impede the passage of molecules into the central nerv-
ous system through intercellular bonds mainly formed by
tight junctions (TJs) and adherens junctions (AJs). These
restrictions on the transport across the blood—brain bar-
rier protect the CNS from harmful substances and main-
tain brain homeostasis. The main T] forming proteins
Z0O-1, occludin, and claudins are among the most confin-
ing sealing elements formed between brain endothelial
cells throughout the organism. In SARS-CoV-2 infection,
the endothelium is disrupted by the degradation of junc-
tional proteins that maintain vascular integrity. To test
whether pGSN might reverse that trend, T] and AJ pro-
tein expression was evaluated in hCMEC/D3 monolayer
upon exposure to 10 nM SARS-CoV-2 S1 for 24 h (Fig. 6).
Our findings support previous studies showing the effect
of spike proteins on the downregulation of TJs pro-
tein expression (Fig. 6A, B) [2, 55]. However, we did not
observe alterations in the expression of the AJ forming
proteins VE-Cadherin and B-catenin (data not shown),
which points to a certain selectivity of spike protein S1
subunit towards proteins involved in the formation of
tight junctions. 10 nM SARS-CoV-2 S1 subunit caused
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a decrease in expression of ZO-1 by 25%, occludin by
20%, and claudin 5 by 16%. In the case of SARS-Cov-2 S1
protein at 10 nM with concurrent addition of 250 ug/mL
pGSN, TJ protein expression did not differ compared to
the untreated control, an increase in expression relative
to S1 for ZO-1 by 26%, occludin by 31% and claudin 5 by
17% was observed. The results demonstrate that the pro-
teins forming tight junctions may serve as molecular tar-
gets for SARS-CoV-2 S1 in brain vasculature, and plasma
gelsolin may inhibit these proteins’ turnover. Moreover,
the action of S1 towards TJs appears to be specific due to
the lack of downregulation of AJ expression.

PGSN inhibits activation of NF-kB triggered by S1-protein
in endothelial cells

Gene expression studies were conducted to understand
the possible mechanism or signaling pathways targeted
by the SARS-CoV-2 S1 subunit that pGSN might tar-
get. 10 nM SARS-CoV-2 S1 protein and its combination
with 250 pug/mL pGSN were added to hCMEC/D3 cells
for 6 h in quadruplicates. All samples passed QC stand-
ards for gene expression and hybridization. Genes that
had at least 125% (425%) change in expression and sta-
tistical significance at p <0.05 were selected. Changes
in gene expression are presented as Log, of Fold Change
(Log,FC). Our data strongly support previous reports
pointing to the PI3K/AKT/MAPK/NF-kB-dependent
activation of endothelial cells caused by the S1 subunit of
SARS-CoV-2 [40, 59, 60].

As shown in Fig. 7A, the simultaneous addition
of 250 pg/mL pGSN and 10 nM S1 protein reduced
expression of genes involved in PI3K signaling, namely
phosphatidylinositol-4,5-bisphosphate ~ 3-kinase cata-
lytic subunit Alpha, Beta and Delta (PIK3CA, PIK3CB,
PIK3CD) by 1.13, 0.41 and 0.84 Log,FC, respectively.

Significant downregulation of gene expression was
recorded for the AKT family when pGSN was admin-
istered with S1. RAC alpha serine/threonine-protein
kinase 1, 2 and 3 (AKT1, AKT2, AKT3) were downregu-
lated by 0.53, 1.04 and 1.46 Log,FC, respectively. Note-
worthy, gene expression of all AKT family genes after
pGSN treatment did not differ significantly from basal
gene expression in an untreated condition.

Inhibition of genes involved in MAPK signaling was
also seen during the addition of pGSN. Mitogen-acti-
vated protein kinase 1 and 3 (MAPK1, MAPK3), as well
as mitogen-activated protein kinase 1 and 2 (MAP2K1
and MAP2K2), were downregulated by 1.16, 0.68, 1.18
and 0.56 Log,FC, respectively. From MAPK genes, only
MAP2K2 after addition of pGSN differed significantly
from gene expression in untreated conditions.

For genes of the NF-«xB pathway, we noted a reduction
in the expression of inhibitor of nuclear factor kappa-B
kinase subunit alpha, beta, and gamma (CHUK, IKBKB,
and IKBKG) to the level of untreated control by 1.36,
0.88 and 1.39 Log,FC, respectively. Moreover, we noted
downregulation in mRNA expression of nuclear fac-
tor Kappa B Subunit 1 and 2 (NFKB1, NFKB2) by 1.09
and 0.91 Log,FC, respectively. Nuclear factor-kappa-B-
inhibitors alpha, beta, and epsilon (NFKBIA, NFKBIB,
and NFKBIE) were downregulated by 0.79, 0.81 and 0.91
Log,FC, respectively.

As a result of the pro-inflammatory response trig-
gered by NF-kB activation, we encountered upregulation
of intercellular adhesion molecule 1 (ICAM1), vascular
adhesion molecule 1 (VCAM1), and E-selectin (SELE),
that was suppressed by pGSN by 1.09, 0.48 and 0.58
Log,FC, respectively.

The cascade of PI3K/AKT/MAPK/NF-«B signaling
pathways is schematically presented in Fig. 7B. AKT
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resides in an inactive conformation in the cytosol until
interaction with phosphatidylinositol (3,4,5)-trisphos-
phate (PIP,) activates and translocates it to the plasma
membrane [61]. PI3K is necessary for AKT activation by
catalyzing the phosphorylation of the endogenous phos-
phatidylinositol 4,5-bisphosphate (PIP,) into PIP; [62]
Plasma gelsolin binds to PIP, which potentially inhibits
activation of the downstream AKT-dependent MAPK
and NF-«B pathways [44].

Our results strongly suggest a protective role of plasma
gelsolin towards the vascular endothelium through inhi-
bition of gene expression of signaling pathways involved
in the induction of inflammation, resulting in damage to
the brain endothelium and loss of its function as a vascu-
lar barrier in SARS-CoV-2 infection.

Discussion

Identifying the role of pGSN in the pathogenesis of
SARS-CoV-2 infection is motivated by reports that pGSN
depletion correlates with the severity of COVID-19 [41,
42]. Here, we have shown that pGSN protects brain
endothelial cells from loss of barrier function caused by
the SARS-CoV-2 Spike protein. Our study has two main

limitations. First, the use of the spike protein by itself
does not capture any potential effects that plasma gel-
solin may have in the complex interaction between the
virus and the cell surface. The second limitation is the 2D
and 3D models of the BBB that we explore to study BBB
functions. With its benefits in dissecting the function of
endothelial cells, we have to be aware that the physiologi-
cal BBB is more complex, and the endothelial cells are
accompanied by glial cells and pericytes, which are also
essential for the BBB functionality.

Our observations agree with several previous reports
indicating a direct effect of SARS-CoV-2 or its compo-
nents on the permeability of the endothelial cell mon-
olayer [2, 3, 5, 63, 64]. As would be expected, increased
release of pro-inflammatory cytokines and disrupted T]
are the main causes of S1 protein-induced BBB leakage
[2, 5, 65]. Recently, one study proposed a protective effect
of pGSN on the expression of the tight junction protein
(ZO-1) in the epithelial cells of the choroidal plexus [66].
These results also bolster our findings by indicating that
pGSN can modulate tight junctions during inflammation.
Moreover, our study is the first work to date to investi-
gate the anti-inflammatory effects of human pGSN using
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a 3D microfluidic model of BBB, revealing that TJ struc-
ture and function negatively affected by the spike protein
may regain their physiological function upon pGSN addi-
tion. There is no available data regarding possible direct
interaction between pGSN and S1 protein. However, our
preliminary dot-blot analysis excluded such interaction
(data not shown), suggesting that the protective effect
on endothelial cells depends on the immunomodula-
tory properties of pGSN. Our results indicate that pGSN
exerts pleiotropic effects on the BBB and is associated
with several different cell signaling pathways. The com-
plex action of pGSN and interaction with molecular
mechanisms includes the wound-healing process associ-
ated with the ability of pGSN to accelerate cell migration
[67, 68], as well as anti-inflammatory and antioxidant
properties that may limit the exaggerated inflammatory
response of endothelial cells forming the blood—brain
barrier. Since the ability of the S1 protein to inhibit cell
migration was also reversed by pGSN, we suggest that
this property of pGSN was at least partly due to its abil-
ity to induce VEGFR2 expression. However, there is a
report indicating an increased expression of VEGFA, a
factor that promotes endothelial cell migration, in acute
lung injury caused by SARS-CoV-2 infection [69], which
is also consistent with our gene expression data. In view
of this report, it is not clear how the increased expres-
sion of VEGFR? is responsible for the observed protec-
tive effect of gelsolin on endothelial cells. We observed a
significant increase in the secretion of pro-inflammatory
cytokines characteristic of SARS-CoV-2 infection and
S-protein action [70]. These pro-inflammatory cytokines
(IL-6, TNF-a, INF-y) were reported to exert inhibitory
effects on endothelial cell proliferation and migration
in vitro [71-74]. Moreover, IL-6 also reduces the action
of VEGFa [75]. pGSN, when co-administered with S1,
caused a decrease in the secretion of pro-inflammatory
mediators, which might suggest that the pGSN, by its
immunomodulatory effect, indirectly limits the S1-medi-
ated inhibition of endothelial cell migration.

Induction and modulation of downstream SARS-
CoV-2 signaling in the presence of pGSN creates the
primary modulation of the innate and acquired immune
response, which in turn reduces the pro-inflammatory
response induced by S1. Among them are phospho-
inositide 3-kinase (PI3K), mitogen-activated protein
kinase (MAPK), protein kinase B (Akt), and nuclear
factor-kappa B (NF-kB), and mammalian target of rapa-
mycin (mTOR) [59, 60, 76-78]. In our study, pGSN,
when simultaneously administered with SARS-CoV-2
S1 protein, caused significant inhibition of the PI3K/
AKT downstream signaling, possibly through direct
binding with PIP2, a phospholipid crucial for AKT acti-
vation. Plasma gelsolin is recognized as a biomarker of
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inflammation that can inhibit inflammatory responses
by directly binding to products of bacterial origin, e.g.,
lipopolysaccharide and lipoteichoic acid [79-81]. To
date, our current finding is the only report demon-
strating an anti-inflammatory effect of plasma gelsolin,
unrelated to its ability to bind pro-inflammatory medi-
ators before their stimulation of a signaling pathways
such as these mediated by activation of TLRs.

Conclusions

pGSN significantly reduced the permeability of vessels
forming the blood-brain barrier in 2D and 3D mod-
els. By impeding NF-«kB-dependent signaling pathways,
PGSN decreased the secretion of early pro-inflammatory
cytokines (IL-6, L-8, TNF-a). In addition, pGSN pro-
moted hCMEC/D3 cell migration in a wound-healing
assay and inhibited the S1-induced breakdown of tight
junction-forming proteins (ZO-1, Occludin, Claudin-5).
Therefore, we propose that the administration of recom-
binant plasma gelsolin could serve as a promising tool to
develop a new therapeutic strategy against SARS-CoV-
2-mediated inflammation, especially those associated with
BBB disruption. In conclusion, our results demonstrate
that pGSN protects the blood—brain barrier changes
occurring in response to SARS-CoV-2 Spike protein S1.
pGSN may provide novel insights and strategies for the
therapy of patients suffering from SARS-CoV-2 infection,
especially in subjects with neurological manifestations.
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8. Streszczenie w jezyku polskim

W obliczu globalnego wzrostu zakazen grzybiczych, szczeg6lnie tych spowodowanych
przez szczep Candida auris, ktory charakteryzuje si¢ wysoka lekoopornoscig i zdolnoscia do
unikania odpowiedzi immunologicznej gospodarza, a takze w kontek$cie pandemii COVID-19,
podczas, ktorej odnotowano wzrost zakazen grzybiczych, istnieje pilna potrzeba opracowania
nowych, skutecznych terapii. pGSN, dzigki swoim wilasciwosciom immunomodulujgcym
| przeciwzapalnym, moze odgrywac¢ kluczowa rolg w ograniczaniu uszkodzen tkanek
spowodowanych przez nadmierng odpowiedz immunologiczng, typowa dla ci¢zkich

przypadkéw COVID-19 oraz infekcji C. auris.

Cele badan przeprowadzonych w ramach rozprawy doktorskiej obejmowaty ocene
wplywu pGSN na wrodzong odpowiedz immunologiczng. Okreslono mechanizm jej dziatania
na poziomie molekularnym oraz analizg efektow przeciwzapalnych w stosunku do neutrofilow
I komorek srodbtonka. Poddano takze ocenie protekcyjne dziatanie pGSN w stosunku do
komorek $rodblonka tworzacych bariere krew-moézg w modelu hodowli 3D w przeptywie

poddanej dziataniu biatka S1 pochodzacego z SARS-CoV-2.

Wyniki przeprowadzonych badan wskazaly po raz pierwszy, ze pGSN wykazuje
dzialanie immunomodulujace poprzez stymulacje ekspresji receptoréw ,.scavengerowych”
typu I klasy B (SR-B) na powierzchni ludzkich neutrofiléw, co skutkuje stymulacja fagocytozy.
Dodatkowo zaobserwowano, ze pGSN zmniejsza stan zapalny, hamujac wydzielanie cytokin
i chemokin o dziataniu prozapalnym, ograniczajac wytwarzanie zewnatrzkomoérkowych
putapek neutrofilowych, a takze zmniejszajac zwiekszong przepuszczalnos¢ bariery krew-
mozg, wywotang przez biatko S1. Te obserwacje wskazuja na nowy molekularny mechanizm
dziatania pGSN i podkreslaja jej potencjalne znaczenie w opracowaniu nowych metod terapii

zakazen.
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9. Streszczenie w jezyku angielskim

In the face of a global increase in fungal infections, particularly those caused by the
Candida auris strain, which is characterized by multidrug resistance and the ability to evade
the host's immune response, as well as in the context of the COVID-19 pandemic, where an
increase in the occurrence of fungal infections was noted, there is an urgent need to develop
new, effective therapies. pGSN, due to its immunomodulating and anti-inflammatory
properties, may play a key role in limiting tissue damage caused by excessive immune response,

typical for severe cases of COVID-19 and C. auris infections.

The research objectives as part of the doctoral dissertation included assessing the impact
of pGSN on the innate immune response, determining the mechanism of action at the molecular
level, and analyzing the anti-inflammatory effects in relation to neutrophils and endothelial
cells. Additionally, the protective action of pGSN on endothelial cells forming the blood-brain
barrier was evaluated in an innovative 3D culture flow model exposed to the S1 subunit of the
SARS-CoV-2 protein.

The results of the conducted research indicated for the first time that pGSN exhibits an
immunomodulating action by stimulating the expression of type | class B ""scavenger" receptors
(SR-B) on the surface of human neutrophils, which results in the stimulation of phagocytosis.
Additionally, it was observed that pGSN alleviates inflammation by suppressing the secretion
of pro-inflammatory cytokines and chemokines, limiting the overproduction of neutrophil
extracellular traps, and reducing the increased permeability of the blood-brain barrier caused
by the S1 protein. These findings reveal a new molecular mechanism of action of pGSN and
underscore its potential role as a therapeutic target in treating inflammatory states and

infections.
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Prof. dr hab. Robert Bucki

Konceptualizacja badan, pozyskanie Zzrédia
finansowania, analiza i dyskusja wynikow oraz nadzér
merytoryczny w przygotowaniu manuskryptu

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgode na wykorzystanie powyzszej publikacji
w pracy doktorskiej mgr f.ukasza Suprewicza.

ip\uam, @
Podpis kandydata

Potwierdzam opisany powyzej merytoryczny wkiad kandydata w powstanie publikacji
wechodzacej w sktad rozprawy doktorskiej.

e s

Podpis promotora
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Informacja o charakterze udzialu wspélautoréw w publikacji:

~Recombinant human plasma gelsolin reverses increased permeability of the blood—brain
barrier induced by the spike protein of the SARS-CoV-2 virus” autoréw: Suprewicz, L., Tran,
K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A., Bucki, R. opublikowanej
w Journal of Neuroinflammation, 2022: 19, 16 pp.

Imig i nazwisko wspélautora Charakter udzialu w przygotowaniu publikacji

Wspéttworzenie koncepcji pracy, zebranie i przeglad

doktorant — mgr Lukasz literatury, przeprowadzenie czgsci eksperymentalnej,

Suprewicz analiza, interpretacja i graficzna prezentacja danych,
redakcja manuskryptu

Dr Kiet A. Tran Przeprowadzenie eksperymentéw i analiza danych

Dr hab. Ewelina Piktel Przeprowadzenie eksperyment6w i analiza danych

Przeprowadzenie i analiza eksperymentéw

DO S eyknt Dledonk 2 wykorzystaniem technik biologii molekulame;

Konceptualizacja badan, nadzér merytoryczny

i Pgul i caucy w przygotowaniu manuskryptu

Konceptualizacja badan, zapewnienie niezbednych
Dr Peter Galie odczynnikéw/sprzetéw laboratoryjnych, nadzér
merytoryczny w przygotowaniu manuskryptu

Konceptualizacja badan, pozyskanie zrédia
Prof. dr hab. Robert Bucki finansowania, analiza i dyskusja wynikéw oraz nadzér
merytoryczny w przygotowaniu manuskryptu

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgode na wykorzystanie powyzszej publikacji
w pracy doktorskiej mgr Lukasza Suprewicza.

Podpis kandydata

Potwierdzam opisany powyzej merytoryczny wkiad kandydata w powstanie publikacji

wchodzacej w skiad rozprawy doktorskiej. W

Podpis promotora
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11. Oswiadczenia wspolautorow rozprawy doktorskiej

Prof. dr hab. Robert Bucki Biatystok,
imig i nazwisko wspolautora miejscowos¢, data
03-06-202¢4
Zaklad Mikrobiologii Lekarskiej
i Inzynierii Nanobiomedycznej
Uniwersytet Medyczny w Bialymstoku
nazwa jednostki

Oswiadczenie
Oéwiadczam, iz m6j udzial w przygotowaniu publikacji:

1. .Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Sklodowski, K.,
Walewska, A., Deptula, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopismie Microbiology Spectrum,

wchodzgcej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
., Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegal na udziale w konceptualizacji badan, pozyskaniu zrédta finansowania, analizie i
dyskusji wynikéw oraz nadzorze merytorycznym w przygotowaniu manuskryptu.

2. ,,Recombinant human plasma gelsolin reverses increased permeability of the blood—
brain barrier induced by the spike protein of the SARS-CoV-2 virus”
autoréw: Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A.,
Bucki, R. opublikowanej w czasopi$mie Journal of Neuroinflammation,

wchodzagcej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
., Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegat na udziale w konceptualizacji badan, pozyskaniu zrédia finansowania, analizie i
dyskusji wynikéw oraz nadzorze merytorycznym w przygotowaniu manuskryptu.

3. ..Blood-brain barrier function in response to SARS-CoV-2 and its spike protein’ autorow
Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A., Galie, P.A.,
Janmey, P.A., Kulakowska, A., Bucki, R. opublikowanej w czasopismie Neurologia i
Neurochirurgia Polska,

wchodzagcej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
. Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegat na wspéitworzeniu koncepcji pracy przegladowej oraz na nadzorze merytorycznym w
przygotowaniu manuskryptu.

Jednoczes$nie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)
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dr hab. Ewelina Piktel Biatystok, O3 O% 2074

imie i nazwisko wspotautora miejscowosé, data

Samodzielna Pracownia Nanomedycyny
Uniwersytet Medyczny w Bialymstoku

nazwa jednostki
Oswiadczenie

Os$wiadczam, iz m6j udziat w przygotowaniu publikacji:

1. .,Recombinant human plasma gelsolin reverses increased permeability of the blood—
brain barrier induced by the spike protein of the SARS-CoV-2 virus”
autoréw: Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A.,
Bucki, R. opublikowanej w czasopi$mie Journal of Neuroinflammation,

wchodzgcej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza
pt. ,, Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegat na udziale w przeprowadzeniu eksperymentéw i analizie wynikow.

Jednoczes$nie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)
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Prof. dr hab. Marcin Moniuszko Biatystok, Ab. 02 24,

imig i nazwisko wspdlautora miejscowosé, data

Zaklad Medycyny Regeneracyjnej
i Immunoregulacji
Uniwersytet Medyczny w Bialymstoku

nazwa jednostki

Os$wiadczenie
Os$wiadczam, iz méj udziat w przygotowaniu publikacji:

1. . Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B> autoréw: Suprewicz, L., Skiodowski, K.,
Walewska, A., Deptuta, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopismie Microbiology Spectrum,

wchodzacej w sklad rozprawy doktorskiej Pana mgr Eukasza Suprewicza pt.
,, Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegat na udziale w konceptualizacji badan oraz nadzorze merytorycznym w przygotowaniu
manuskryptu.

Jednoczesnie wyrazam zgod¢ na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)
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Paul A. Janmey, Ph.D. Philadelphia, March 5, 2024

name of co-author place, date

Institute for Medicine and Engineering
University of Pennsylvania

Statement
I declare that my participation in the preparation of the publication:

1. ,Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” by the authors Suprewicz, L.., Sklodowski, K.,
Walewska, A., Deptula, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. published in Microbiology Spectrum,

included in the doctoral dissertation of Mr. Lukasz Suprewicz, M.Sc., entitled
,, Immunoprotective features of human plasma gelsolin in fungal infections" consisted of
participation in the conceptualization of the study, discussion of the results, and supervision in
the preparation of the manuscript.

2. ,,Recombinant human plasma gelsolin reverses increased permeability of the blood—
brain barrier induced by the spike protein of the SARS-CoV-2 virus” by the authors
Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A., Bucki,
R. published in Journal of Neuroinflammation,

included in the doctoral dissertation of Mr. Lukasz Suprewicz, M.Sc., entitled
., Immunoprotective features of human plasma gelsolin in fungal infections" consisted of
participation in the conceptualization of the study and supervision in the preparation of the
manuscript.

3. ..Blood-brain barrier function in response to SARS-CoV-2 and its spike protein” autoré6w
Suprewicz, L., Fiedoruk, K., Czarmnowska, A., Sadowski, M., Strzelecka, A., Galie, P.A.,
Janmey, P.A., Kulakowska, A., Bucki, R. published in Neurologia i Neurochirurgia
Polska,

included in the doctoral dissertation  of Mr. Lukasz Suprewicz, M.Sc., entitled
., Immunoprotective features of human plasma gelsolin in fungal infections” consisted of
substantive supervision in the preparation of the manuscript.

At the same time, I consent to the use of the publication by Lukasz Suprewicz, M.Sc., in the

proceedings for the granting of a doctoral degree in medical and health sciences in the discipline
of medical science.
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Peter A. Galie, Ph.D. Glassboro, March 7, 2024

name of co-author place, date

Department of Biomedical Engineering
Rowan University
Glassboro, USA

Statement
I declare that my participation in the preparation of the publication:

1. ,,Recombinant human plasma gelsolin reverses increased permeability of the blood—
brain barrier induced by the spike protein of the SARS-CoV-2 virus” by the authors
Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A., Bucki, R.
published in Journal of Neuroinflammation,

included in the doctoral dissertation of Mr. Lukasz Suprewicz, M.Sc., entitled
.. Immunoprotective features of human plasma gelsolin in fungal infections” consisted of
participation in the conceptualization of the study, providing of the essential research resources,
and supervision in the preparation of the manuscript.

2. ,.Blood-brain barrier function in response to SARS-CoV-2 and its spike protein” autor6w
Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A., Galie, P.A.,
Janmey, P.A., Kulakowska, A., Bucki, R. published in Neurologia i Neurochirurgia
Polska,

included in the doctoral dissertation of Mr. Lukasz Suprewicz, M.Sc., entitled
., Immunoprotective features of human plasma gelsolin in fungal infections" consisted of
substantive supervision in the preparation of the manuscript.

At the same time, I consent to the use of the publication by Lukasz Suprewicz, M.Sc., in the

proceedings for the granting of a doctoral degree in medical and health sciences in the discipline
of medical science.
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Kiet A. Tran, Ph.D. Glassboro, March 21, 2024

name of co-author place, date

Department of Biomedical Engineering
Rowan University
Glassboro, USA

Statement
I declare that my participation in the preparation of the publication:

1. ,,Recombinant human plasma gelsolin reverses increased permeability of the blood—
brain barrier induced by the spike protein of the SARS-CoV-2 virus™ by the authors
Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A., Bucki R.
published in Journal of Neuroinflammation,

included in the doctoral dissertation of Mr. Lukasz Suprewicz, M.Sc., entitled
., Immunoprotective features of human plasma gelsolin in fungal infections” consisted of
participation in the execution of experiments and analysis of data.

At the same time, I consent to the use of the publication by Lukasz Suprewicz, M.Sc., in the
proceedings for the granting of a doctoral degree in medical and health sciences in the discipline

of medical science. ;
+ f
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dr hab. Krzysztof Fiedoruk Bialystok, ©2 02.7>2 4%

imig i nazwisko wspétautora miejscowos¢, data

Zaklad Mikrobiologii Lekarskiej

i InZynierii Nanobiomedycznej

Uniwersytet Medyczny w Bialymstoku
nazwa jednostki

Oswiadczenie
Os$wiadczam, iz m6j udzial w przygotowaniu publikacji:

1. ..Recombinant human plasma gelsolin reverses increased permeability of the blood-
brain barrier induced by the spike protein of the SARS-CoV-2 virus”
autoréw: Suprewicz, L., Tran, K.A., Piktel, E., Fiedoruk, K., Janmey, P.A., Galie, P.A.,
Bucki, R. opublikowanej w czasopi$mie Journal of Neuroinflammation,

wchodzgcej w sklad rozprawy doktorskiej Pana mgr FLukasza Suprewicza pt.
. Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegat na udziale w przeprowadzeniu i analizie eksperymentéw z wykorzystaniem technik
biologii molekularne;.

2. ..Blood-brain barrier function in response to SARS-CoV-2 and its spike protein”
autoréw: Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A.,
Galie, P.A., Janmey, P.A., Kulakowska, A., Bucki, R. opublikowanej w czasopi$mie
Neurologia i Neurochirurgia Polska,

wchodzacej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
., Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegat na pozyskaniu Zrédta finansowania, oraz na pomocy w redakcji manuskryptu.

Jednocze$nie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w

postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)

94



Dr hab. Andrzej Eljaszewicz Bialystok, Al O2. 2.

imie i nazwisko wspolautora miejscowosé, data

Centrum Medycyny Regeneracyjnej
Uniwersytet Medyczny w Bialymstoku
nazwa jednostki

Os$wiadczenie
Oswiadczam, iz mdj udziat w przygotowaniu publikacji:

1. Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Sklodowski, K.,
Walewska, A., Deptuia, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopismie Microbiology Spectrum,

wchodzacej w skiad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
,, Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegal na udziale w przeprowadzeniu eksperymentéw z wykorzystaniem cytometrii

przeptywowej.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.
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Prof. dr hab. Alina Kulakowska Biatystok, T O "7 ¥ ["v f" Lﬁ\*} L
imig i nazwisko wspolautora miejscowosc, dat
Klinika Neurologii i Oddzial Udarowy
Uniwersytecki Szpital Kliniczny
w Bialymstoku
nazwa jednostki

Oswiadczenie
Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. ,,Blood-brain barrier function in response to SARS-CoV-2 and its spike protein”
autorow: Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A.,
Galie, P.A., Janmey, P.A., Kulakowska, A., Bucki, R. opublikowanej w czasopi$mie
Neurologia i Neurochirurgia Polska,

wchodzacej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
', Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach gr: 7yblczych"
polegat na nadzorze merytorycznym w przygotowaniu manuskryptu.

Jednoczeénie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)
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Dr inz. Piotr Deptula Bialystok, ©Z.0L201 [

imig i nazwisko wspolautora miejscowosé, data

Samodzielna Pracownia Nanomedycyny
Uniwersytet Medyczny w Bialymstoku

nazwa jednostki

Oswiadczenie
Os$wiadczam, iz m6j udziat w przygotowaniu publikacji:

1. .,Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Sklodowski, K.,
Walewska, A., Deptula, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopi$mie Microbiology Spectrum,

wchodzgcej w skilad rozprawy doktorskiej Pana mgr FLukasza Suprewicza pt.
., Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegal na udziale w przeprowadzeniu eksperymentéw z wykorzystaniem mikroskopii
konfokalne;j.

Jednoczes$nie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w

postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

Podpis (czytelny)
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Dr hab. Marcin Sadowski Kielce, 09.03.2024.

imig i nazwisko wspéltautora miejscowosé, data

Instytut Nauk Medycznych
Uniwersytet Jana Kochanowskiego
w Kielcach

nazwa jednostki

Oswiadczenie
Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. ,,Blood-brain barrier function in response to SARS-CoV-2 and its spike protein”
autorow: Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A.,
Galie, P.A., Janmey, P.A., Kulakowska, A., Bucki, R. opublikowanej w czasopismie
Neurologia 1 Neurochirurgia Polska,

wchodzacej w sklad rozprawy doktorskiej Pana mgr ZIukasza Suprewicza pt.
,,Immunoprotekcyjne wlasciwosci lud-kiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegal na udziale w redakcji manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr FLukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i1 nauk o zdrowiu w
dyscyplinie nauki medyczne.

3 Elektronicznie
Marcin  podpisany przez

Marcin Sadowski

Sadowski Data: 2024.03.09
11:1429 +01'00

Podpis (czytelny)
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v, B,
o, 8, 4 )6\0
Dr Agata Czarnowska  ~ ";ﬁ’%:""/‘:% 7 &
imig i nazwisko wspotautora 76 %é};" 4{ RS
& 6:? 0(, .@0‘9}‘ 4(
Soyes e oAty 4,
"~ Klinika Neurologii i Oddzial Udar P 0’; ;;50// 490?4,
Uniwersytecki Szpital Kliniczny 6 7;,6,)6‘ 1 ¥
3 7
- w Bialymstoku % :%
' nazwa jednostki
Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji:

Biatystok, < 2. O3

miejscowosc, data

20 M

“1. ,,Blood-brain barrier function in response to SARS-CoV-2 and its spike protein”
autorow: Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A.,
Galie, P.A., Janmey, P.A., Kutakowska, A., Bucki, R. opublikowanej w czasopi$mie . -

Neurologia i Neurochirurgia Polska,

" wchodzacej w skiad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt. "
. Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegat na nadzorze merytorycznym w przygotowaniu manuskryptu.

Jednoczes$nie wyrazam zgodg na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w

dyscyplinie nauki medyczne.

Podpis (czytelny)
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a o2 O
Dr n. 0 zdr. Agnieszka Strzelecka Kielce, ,{A XN L)(/

P 4 . g s
mig1 nazwisko n‘spo/aulm'a miejscowos¢, datu

Instytut Nauk o Zdrowiu
Collegium Medicum
Uniwersytet Jana Kochanowskiego
w Kielcach

nazwa jednostki

Oswiadczenie
Oswiadczam. iz moj udzial w przygotowaniu publikacji:

1. .Blood-brain barrier function in response to SARS-CoV-2 and its spike protein”
autoréw: Suprewicz, L.. Fiedoruk. K., Czarnowska, A.. Sadowski, M., Strzelecka, A..
Galie, P.A.. Janmey. P.A.. Kutakowska, A., Bucki, R. opublikowanej w czasopismie
Neurologia i Neurochirurgia Polska,

wehodzacej w  sklad  rozprawy —doktorskiej Pana mgr Lukasza Suprewicza pt.
«AImmunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegal na udziale w redakcji manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

bileo.. Feloclh

Podpis (czytelny)
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Dr Alicja Sadzynska Suwalki, 15 O3 21014 J

imig i nazwisko wspotautora miejscowos¢, data

Panstwowa Wyzsza Szkola Zawodowa
im. prof. Edwarda F. Szczepanika w Suwatkach
nazwa jednostki

Os$wiadczenie
Oswiadczam, iz mo6j udzial w przygotowaniu publikacji:

1. ,Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Skiodowski, K.,
Walewska, A., Deptula, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopi$mie Microbiology Spectrum,

wchodzacej w sklad rozprawy doktorskiej Pana mgr FEukasza Suprewicza pt.
,,Immunoprotekcyjne wiasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych”
polegal na udziale w przeprowadzeniu eksperymentow z wykorzystaniem technik biologii
molekularne;.

Jednoczes$nie wyrazam zgodg na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

nhntulhﬁ\/ e bz ad

Podpis (czytelny)

@v}nl&
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Mgr Karol Sklodowski Biatystok, 02.02. 292,

imie i nazwisko wspotautora miejscowo$é, data

Zaklad Mikrobiologii Lekarskiej
i Inzynierii Nanobiomedycznej
nazwa jednostki

O$wiadczenie
Os$wiadczam, iz mdj udziat w przygotowaniu publikacji:

1. .Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Sklodowski, K.,
Walewska, A., Deptuta, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopi$mie Microbiology Spectrum,

wchodzacej w sklad rozprawy doktorskiej Pana mgr Lukasza Suprewicza pt.
. Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegal na udziale w przeprowadzeniu eksperymentéw z wykorzystaniem technik
mikrobiologicznych.

Jednocze$nie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

N L T S

Podpis (czytelny)
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Mgr Alicja Walewska Bialystok, A%-92. 2024

imig i nazwisko wspétautora miejscowos¢, data

Centrum Medycyny Regeneracyjnej
Uniwersytet Medyczny w Bialymstoku

nazwa jednostki

Oéwiadczenie
Os$wiadczam, iz m6j udzial w przygotowaniu publikacji:

1. ,Plasma Gelsolin Enhances Phagocytosis of Candida auris by Human Neutrophils
through Scavenger Receptor Class B” autoréw: Suprewicz, L., Sklodowski, K.,
Walewska, A., Deptula, P., Sadzynska, A., Eljaszewicz, A., Moniuszko, M., Janmey,
P.A., Bucki, R. opublikowanej w czasopi$mie Microbiology Spectrum,

wchodzacej w sklad rozprawy doktorskiej Pana mgr FEukasza Suprewicza pt.
., Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej w zakazeniach grzybiczych"
polegal na udziale w przeprowadzeniu eksperymentéw z wykorzystaniem mikroskopii
konfokalnej oraz cytometrii przeptywowe;.

Jednoczesnie wyrazam zgode na wykorzystanie przez mgr Lukasza Suprewicza publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

.NEQ@—.....‘Q‘X’..&M\A_...
Podpis (czytelny)
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12. Uchwala Komisji Bioetycznej

v KOMISJA BIOETYCZNA
PRZY UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Biatystok
tel. 85 748 54 07, fax 85 748 55 08
komisjabioetyczna@umb.edu.pl

Bialystok, 29.04.2021 r.
Uchwata nr: APK.002.234.2021

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.), Komi
Bioetyczna przy Uniwersytecie Medycznym w Bialymsto!
z projektem badania zgodnie z zasadami de
Practice /- wyraza zZgo {
1JImmunoprotekcyjne wiasciwi
grzybiczych” przez prof. dr h

-~ badawczym z UMB. - -

Planowany okres regfi

Przewodniczas
prof. drh
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13. Dorobek naukowy

Laczna liczba wszystkich publikacji: 24
Laczna warto$¢ Impact Factor wszystkich publikacji: 151,891
Laczna ilos¢ punktow MEIN wszystkich publikacji: 3200
Index Hirsha: 8
Laczna liczba cytowani (Scopus): 251

13.1. Wykaz publikacji naukowych

13.1.1. Prace przegladowe
1. Suprewicz, L.., Zakrzewska, M., Okla, S., Gluszek, K., Sadzynska, A., Deptuta, P.,

Fiedoruk, K., and Bucki, R. (2024) Extracellular vimentin as a modulator of the immune

response and an important player during infectious diseases. Immunology and Cell Biology
DOI: 10.1111/imch.12721
IF=4,0 MEiN= 140

2. Suprewicz, L., Fiedoruk, K., Czarnowska, A., Sadowski, M., Strzelecka, A., Galie, P.
A., Janmey, P. A., Kutakowska, A., and Bucki, R. (2023) Blood-brain barrier function in

response to SARS-CoV-2 and its spike protein. Neurologia i Neurochirurgia Polska
DOI: 10.5603/PIJNNS.a2023.0014
IF=2,9 MEiN= 140

3. Ciesluk, M., Deptuta, P., Piktel, E., Fiedoruk, K., Suprewicz, L., Paprocka, P., Kot, P.,
Pogoda, K., and Bucki, R. (2020) Physics Comes to the Aid of Medicine—Clinically-Relevant

Microorganisms through the Eyes of Atomic Force Microscope. Pathogens 9, 969

DOI: 10.3390/pathogens9110969

IF= 3,492 MEiN= 100
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13.1.2. Prace oryginalne
1. Suprewicz, k.., Szczepanski, A., Lenart, M., Piktel, E., Fiedoruk, K., Barreto-Duran, E.,
Kula-Pacurar, A., Savage, P. B., Milewska, A., and Bucki, R. (2023) Ceragenins exhibit

antiviral activity against SARS-CoV-2 by increasing the expression and release of type I

interferons upon activation of the host's immune response. Antiviral Research, 105676
DOI: 10.1016/j.antiviral.2023.105676
IF=7,6 MEIN= 140

2. Bucki, R., lwamoto, D. V., Shi, X., Kerr, K. E., Byfield, F. J., Suprewicz, L.,
Sktodowski, K., Sutaria, J., Misiak, P., and Wilczewska, A. Z. (2023) Extracellular vimentin is

sufficient to promote cell attachment, spreading, and motility by a mechanism involving N-

acetyl glucosamine-containing structures. Journal of Biological Chemistry 299
DOI: 10.1016/j.jbc.2023.104963
IF=4,8 MEiN= 100

3. Deptuta, P., Fiedoruk, K., Wasilewska, M., Suprewicz, L., Ciesluk, M., Zeliszewska,
P., O¢wieja, M., Adamczyk, Z., Pogoda, K., and Bucki, R. (2023) Physicochemical Nature of
SARS-CoV-2 Spike Protein Binding to Human Vimentin. ACS Applied Materials & Interfaces

DOI: 10.1021/acsami.3c03347
IF=9,5 MEiN= 200

4. Suprewicz, k.., Sktodowski, K., Walewska, A., Deptuta, P., Sadzynska, A., Eljaszewicz,
A., Moniuszko, M., Janmey, P. A., and Bucki, R. (2023) Plasma Gelsolin Enhances
Phagocytosis of Candida auris by Human Neutrophils through Scavenger Receptor Class B.
Microbiology Spectrum 11, e04082-04022

DOI: 10.1128/spectrum.04082-22
IF=3,7 MEiN= 100

5. Wollny, T., Suprewicz, k.., Smok-Kalwat, J., Antczak, G., Piktel, E., G6zdz, S., Durnas,

B., and Bucki, R. (2023) Monitoring inflammation in patients diagnosed with non-small cell
lung and colorectal cancer using blood levels of C-reactive protein, procalcitonin, and plasma
gelsolin. Medical Studies/Studia Medyczne 39, 103-113
DOI: 10.5114/ms.2023.129100
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IF=0,4 MEIN= 100

6. Tran, K. A., DeOre, B. J., Ikejiani, D., Means, K., Paone, L. S., De Marchi, L.,
Suprewicz, L., Koziol, K., Bouyer, J., and Byfield, F. J. (2023) Matching mechanical

heterogeneity of the native spinal cord augments axon infiltration in 3D-printed scaffolds.
Biomaterials 295, 122061

DOI: 10.1016/j.biomaterials.2023.122061
IF=14,0 MEiN= 200

7. Sktodowski, K., Suprewicz, .., Chmielewska-Deptuta, S. J., Kaliniak, S., Okla, S.,
Zakrzewska, M., Minarowski, L., Mroz, R., Daniluk, T., and Savage, P. B. (2023) Ceragenins

exhibit bactericidal properties that are independent of the ionic strength in the environment

mimicking cystic fibrosis sputum. Frontiers in Microbiology, 14
DOI: 10.1016/j.biomaterials.2023.122061
IF=5,2 MEiIN= 100

8. Suprewicz, k.., Tran, K. A., Piktel, E., Fiedoruk, K., Janmey, P. A., Galie, P. A., and

Bucki, R. (2022) Recombinant human plasma gelsolin reverses increased permeability of the

blood—brain barrier induced by the spike protein of the SARS-CoV-2 virus.
Journal of Neuroinflammation 19, 1-16

DOI: 10.1186/s12974-022-02642-4
IF=9,3 MEiN= 100

9. Wollny, T., Wnorowska, U., Piktel, E., Suprewicz, k.., Krol, G., Gluszek, K., G6zdz,
S., Kopczynski, J., and Bucki, R. (2022) Sphingosine-1-Phosphate-Triggered Expression of

Cathelicidin LL-37 Promotes the Growth of Human Bladder Cancer Cells. International

Journal of Molecular Sciences 23, 7443
DOI: 10.3390/ijms23137443
IF=5,6 MEiN= 140

10. Pogoda, K., Byfield, F., Deptuta, P., Ciesluk, M., Suprewicz, k.., Sktodowski, K.,
Shivers, J. L., van Oosten, A., Cruz, K., and Tarasovetc, E. (2022) Unique Role of Vimentin

Networks in Compression Stiffening of Cells and Protection of Nuclei from Compressive
Stress. Nano Letters
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DOI: 10.1021/acs.nanolett.2c00736
IF=10,8 MEiN= 200

11.  Suprewicz, L., Swoger, M., Gupta, S., Piktel, E., Byfield, F. J., lwamoto, D. V.,

Germann, D., Resze¢, J., Marcinczyk, N., and Carroll, R. J. (2022) Extracellular Vimentin as a
Target Against SARS-CoV-2 Host Cell Invasion. Small 18, 2105640

DOI: 10.1002/smll.202105640
IF=13,3 MEiN= 200

12.  Tran, K. A, Jin, Y., Bouyer, J., DeOre, B. J., Suprewicz, k.., Figel, A., Walens, H.,
Fischer, 1., and Galie, P. A. (2022) Magnetic alignment of injectable hydrogel scaffolds for

spinal cord injury repair. Biomaterials Science 10, 2237-2247
DOI: 10.1039/D1BM01590G
IF=6,6 MEIN= 140

13.  Prasad, S. V., Piktel, E., Depciuch, J., Maximenko, A., Suprewicz, k.., Daniluk, T.,
Spatek, J., Wnorowska, U., M Zielinski, P., and Parlinska-Wojtan, M. (2021) Targeting bacteria

causing otitis media using nanosystems containing nonspherical gold nanoparticles and
ceragenins. Nanomedicine 16, 2657-2678

DOI: 10.2217/nnm-2021-0370
IF= 6,096 MEiN= 100

14, Piktel, E., Oscilowska, ., Suprewicz, k.., Depciuch, J., Marcinczyk, N., Chabielska, E.,
Wolak, P., Gluszek, K., Klimek, J., and Zielinski, P. M. (2021) Peanut-shaped gold

nanoparticles with shells of ceragenin CSA-131 display the ability to inhibit ovarian cancer

growth in vitro and in a tumor xenograft model. Cancers (Basel) 13, 5424
DOI: 10.3390/cancers13215424
IF=6,575 MEIN= 140

15. Piktel, E., Suprewicz, k.., Depciuch, J., Chmielewska, S., Sktodowski, K., Daniluk, T.,
Kroél, G., Kotat-Brodecka, P., Bijak, P., Pajor-Swierzy, A., Fiedoruk, K., Parlinska-Wojtan, M.,

and Bucki, R. (2021) Varied-shaped gold nanoparticles with nanogram killing efficiency as
potential antimicrobial surface coatings for the medical devices. Scientific Reports 11, 12546
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DOI: 10.1038/s41598-021-91847-3
IF=4,997 MEiN= 140

16. Deptuta, P., Suprewicz, k.., Daniluk, T., Namiot, A., Chmielewska, S. J., Daniluk, U.,

Lebensztejn, D., and Bucki, R. (2021) Nanomechanical hallmarks of Helicobacter pylori

infection in pediatric patients. International Journal of Molecular Sciences 22, 5624
DOI: 10.3390/ijms22115624
IF= 6,208 MEiN= 140

17. Piktel, E., Oscitowska, 1., Suprewicz, k.., Depciuch, J., Marcinczyk, N., Chabielska, E.,
Wolak, P., Wollny, T., Janion, M., Parlinska-Wojtan, M., and Bucki, R. (2021) ROS-Mediated
Apoptosis and Autophagy in Ovarian Cancer Cells Treated with Peanut-Shaped Gold

Nanoparticles. International Journal of Nanomedicine 16, 1993-2011
DOI: 10.2147/1JN.S277014
IF=7,033 MEIN= 140

18. Suprewicz, L., Tokajuk, G., Ciesluk, M., Deptuta, P., Sierpinska, T., Wolak, P.,
Wollny, T., Tokajuk, J., Gluszek, S., Piktel, E., and Bucki, R. (2020) Bacteria Residing at Root

Canals Can Induce Cell Proliferation and Alter the Mechanical Properties of Gingival and

Cancer Cells. International Journal of Molecular Sciences 21
DOI: 10.3390/ijms21217914
IF= 5,924 MEiN= 140

19. Chmielewska, S. J., Sktodowski, K., Piktel, E., Suprewicz, k.., Fiedoruk, K., Daniluk,
T., Wolak, P., Savage, P. B., and Bucki, R. (2020) NDM-1 carbapenemase-producing
Enterobacteriaceae are highly susceptible to ceragenins CSA-13, CSA-44, and CSA-131.

Infection and Drug Resistance 13, 3277
DOI: 10.2147/IDR.S261579
IF= 4,003 MEIN= 100

20. Piktel, E., Suprewicz, k.., Depciuch, J., Ciesluk, M., Chmielewska, S., Durnas, B., Krdl,
G., Wollny, T., Deptuta, P., Kochanowicz, J., Kutakowska, A., Fiedoruk, K., Maximenko, A.,

Parlinska-Wojtan, M., and Bucki, R. (2020) Rod-shaped gold nanoparticles exert potent
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candidacidal activity and decrease the adhesion of fungal cells. Nanomedicine (Lond) 15,
2733-2752

DOI: 10.2217/nnm-2020-0324
IF=5,307 MEiN= 100

21. Watek, M., Piktel, E., Barankiewicz, J., Sierlecka, E., Kosciotek-Zgdodka, S.,
Chabowska, A., Suprewicz, k.., Wolak, P., Durna$, B., and Bucki, R. (2019) Decreased activity

of blood acid sphingomyelinase in the course of multiple myeloma. International Journal of
Molecular Sciences 20, 6048

DOI: 10.3390/ijms20236048

IF= 4,556 MEIN= 140

13.2. Komunikaty zjazdowe — czynnie prezentowane prace jako pierwszy

autor

1. Suprewicz, k.., Galie, P., Bucki, R. Citrullinated Vimentin Regulates Human Neutrophil

Behavior in a 3D Microfluidic Vascular Model. European Intermediate Filament Meeting 2023,
Noordwijkerhout, Holandia — plakat

2. Suprewicz, L., Sklodowski, K., Zakrzewska, M., Fiedoruk, K., Bucki, R. Extracellular

vimentin enhances phagocytosis of Escherichia coli and Candida albicans by human
neutrophils. FEMS 2023, Hamburg, Niemcy — plakat

3. Suprewicz, L., Piktel, E., Deptuta, P., Chmielewska, S., Sklodowski, K., Walewska, A.,

Ksiezak, S., Wollny, T., Krdl. G., Bucki, R. Recombinant human plasma gelsolin significantly
increases phagocytosis of candida auris cells by human neutrophils. 40TH Annual Meeting of
the European Society for Pediatric Infectious Diseases; ESPID 2022, Ateny, Grecja —

prezentacja ustna

4. Suprewicz, L., Walewska, A., Sktodowski, K., Gutowska, A. Antibiotic resistance

patterns and the prevalence of macrolide — lincosamide — streptogramin B (MLSb) resistance
in Streptococcus agalactiae clinical isolates. 14th Biatystok International Medical Congress for

Young Scientists 2019, Bialystok, Polska — prezentacja ustna
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5. Suprewicz, k.., Piktel, E., Chmielewska, S., Depciuch, J., Parlinska-Wojtan, M.,

Bucki, R. Gold nanoparticles with high activity against Escherichia coli strains causing urinary
tract infections. 6th Lublin International Medical Congress for Students and Young Doctors

2019, Lublin, Polska — prezentacja ustna

13.3. Projekty badawcze

1. 2023-obecnie kierownik w grancie PRELUDIUM 21 finansowanym ze S$rodkow
Narodowego Centrum Nauki — ,,Zewnatrzkomérkowa wimentyna jako czasteczka sygnatowa

W patogenezie zapalenia 1 uszkodzenia centralnego uktadu nerwowego u pacjentow

z COVID19” (2022/45/N/NZ6/01454)

2. 2020-obecnie doktorant w grancie PRELUDIUM BIS-1 finansowanym ze $rodkoéw
Narodowego Centrum Nauki —,,Immunoprotekcyjne wlasciwosci ludzkiej gelsoliny osoczowej
w zakazeniach grzybiczych” (NCN/1/PR/20/002/1122) — kierownik: prof. dr hab. Robert Bucki

3. 2019-2020 student stypendysta w grancie OPUS 16 finansowanym ze $rodkow
Narodowego Centrum Nauki — ,Niesferyczne nanoczastki zawierajgce cerageniny jako
innowacyjne podejscie w rozwoju nowych substancji przeciwdrobnoustrojowych,
immunomodulujagcych i stymulujacych regeneracje tkanek” (NCN/1/OP/19/001/1122) —
kierownik: prof. dr hab. Robert Bucki

4. 2021, 2022, 2023 kierownik projektu finansowanego przez Uniwersytet Medyczny
w Biatymstoku ze §rodkéw pochodzacych z subwencji Ministra Nauki 1 Szkolnictwa Wyzszego
w cze$ci przeznaczonej na prowadzenie dziatalno$ci naukowej — ,,Ocena nefroprotekcyjnego
dziatania rekombinowanej ludzkiej gelsoliny osoczowej w przebiegu SARS-CoV-2” (2021),
»Rola zewnatrzkomorkowej wimentyny w procesie angiogenezy w obrgbie mikrokrazenia
moézgowego” (2022), ,,Molekularny mechanizm dzialania zewngtrzkomorkowej wimentyny

w procesie fagocytozy” (2023).
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13.4. Staz naukowy

01.07-01.10.2021 Staz naukowy w Zaktadzie Inzynierii Biomedycznej, Rowan University
(Glassboro, NJ, USA). Kierownik Zaktadu oraz opickun w o$rodku goszczacym - dr Peter A.
Galie. Staz naukowy finansowany byl przez Narodowg Agencje¢ Wymiany Akademickiej
w ramach grantu Preludium bis 1 finansowanego przez Narodowe Centrum Nauki. Zadanie
badawcze - Ocena wptywu gelsoliny osoczowej na wtasciwosci srodbtonka naczyniowego przy

zastosowaniu hodowli komoérkowej 3D.

13.5. Wykaz innych aktywnos$ci naukowych

1. 2023- Nominowany cztonek Sigma Xi - Honorowe Towarzystwo Badan Naukowych
(Sigma Xi, The Scientific Research Honor Society)

2. 2023- Cztonek Amerykanskiego Towarzystwa Mikrobiologicznego (American Society
for Microbiology)

3. 2018-2020 Koto Naukowe przy Zakladzie Diagnostyki Mikrobiologicznej
I Immunologii Infekcyjnej, tematyka badan: Ocena lekowrazliwos$ci szczepow z gatunkow

Streptococcus i Staphylococcus.

4. 2017-2020 Koto Naukowe przy Zakladzie Klinicznej Biologii Molekularnej —
przewodniczacy, tematyka badan: Ocena ekspresji gendw ukladu NRF2 - KEAP1

w niedrobnokomoérkowym raku ptuca.

13.6. Stypendia krajowe

2021-2024 Stypendium Naukowe Rektora Uniwersytetu Medycznego w Biatymstoku
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