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“If I have seen further it is by standing on the shoulders of Giants”

Isaac Newton, 1675

Sktadam serdeczne podziekowania mojemu promotorowi, Pani Prof. dr hab. n. med. Alinie

Grzanka za pomoc, wsparcie i umozliwienie mi realizacji niniejszej rozprawy doktorskiej.

Dzieki cennym radom Pani Profesor, cierpliwo$ci oraz motywacji miatam okazje rozwija¢ swoje
zainteresowania naukowe i doskonali¢ warsztat badawczy, co w znaczacy sposdb przyczynito

sie do mojego rozwoju osobistego i zawodowego.

W szczegdlny sposdb chciatabym wyrazié gteboka wdziecznos¢ dla Pana dr hab. n. med. in. o
zdr., prof. UMK - Macieja Gagata, za niezwykte wsparcie i inspiracje. Pan Profesor byta dla
mnie nie tylko mentorem, ale takze zrédtem motywacji i wiedzy, co miato kluczowy wptyw na

sukces niniejszej dysertacji.

Serdeczne podziekowania sktadam réwniez wspotpracownikom Katedry Histologii
i Embriologii Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy za cenne dyskusje oraz
nieocenione wsparcie na kazdym etapie realizacji pracy. Dziekuje za stworzenie inspirujgcego

srodowiska rozwoiju.

Wyjatkowe podziekowania kieruje réwniez dla rodziny i przyjaciét, ktérzy bezwarunkowo

wspierali mnie na kazdym etapie tej naukowej podrézy.



Stowa kluczowe Rozprawy Doktorskiej:

e Komorki srodbtonka

e Hodowla pierwotna

e Zaburzenia homeostazy wewnatrzustrojowe;j
e Stan zapalny

e Cytokiny zapalne

e Angiogeneza

e Aktywacja Srédbtonka

e Migracja komodrek

e Pecherzyki zewnatrzkomorkowe

e Mechanizmy sekrecji
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1. Zrédia finansowania

Badania i analizy stanowigce przedmiot niniejszej rozprawy doktorskiej zostaty sfinansowane
ze srodkdéw przyznanych przez Narodowe Centrum Nauki w ramach projektu SONATA 9 pt.:
»Wykorzystanie mozliwosci systemu CRISPR/dCas9 oraz peptydow penetrujacych komaérke w
celu zapobiegania restenozie i zakrzepicy tetnic wiencowych - badania in vitro”
(2015/17/D/NZ7/00809), ktorego bytam wykonawcy. Realizacja rozprawy doktorskiej zostata
rowniez wsparta przez wewnetrzne finansowania badan naukowych Collegium Medicum im.
Ludwika Rydygiera w Bydgoszczy Uniwersytetu Mikotaja Kopernika w Toruniu, w tym projektu
pt.: ,,Ocena wptywu inhibitoréw angiogenezy na zdolnosci migracyjne ludzkich pierwotnych
komodrek $rédbtonka naczyn tetnicy wiencowej w obecnosci czynnikéw aktywujgcych
odpowied? zapalng — badania in vitro” (MN-9/WL/2020) realizowanego w ramach Grantu
Mtodych Naukowcédw na Wydziale Lekarskim. Wyniki uzyskane w trakcie realizacji rozprawy
doktorskiej uzyskane zostaty rowniez w ramach realizacji nastepujgcych projektéw: ,Ocena
wptywu aktywnosci kinaz tyrozynowych na potencjat sekrecyjny komodrek srédbtonka naczyn
tetnicy wiencowej w warunkach odpowiedzi zapalnej - badania in vitro” (IND.WL.6.2021) oraz
»Charakterystyka udziatu czynnikéw transkrypcyjnych zwigzanych z kontrolg genomowg w
szlaku sygnatowym TGFB-SMAD komodrek $rédbtonka i komdrek miesniowki gtadkiej w
warunkach odpowiedzi zapalnej” (2/IND/2022) finansowanych w ramach Grantéw Wydziatu
Lekarskiego Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy Uniwersytet Mikotaja

Kopernika w Toruniu.
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2. Wykaz skrotow

Skrot Rozwiniecie (j. polski) Rozwiniecie (j. angielski)

AAA tetniak aorty brzusznej abdominal aortic aneurysm

AA tetniaki aorty aortic aneurysms

ADAM dezintegryna i metaloproteinaza disintegrin andmetalloproteinase

Als pofaczenia przylegajace adherens junctions

Angll angiotensynalll angiotensin Il

Arp2/3 biatko 2/3 zwigzane z aktyng actin-related protein 2/3

AsA kwas askorbinowy ascorbic acid

AT1 receptor angiotensyny Il typu 1 angiotensin Il receptor type 1

ATCC amerykanski bank komérek i tkanek American Type Culture Collection

BCA kwas bicynchoninowy bicinchoninic acid

BSA surowicza albumina wotowa bovine serum albumin

Cas9 biatko 9 zwigzane z CRISPR CRISPR-associated protein 9

CCN4 czynnik sieci komunikacji komérkowej | cellular communication network
4 factor 4

CDKN2A inhibitor kinaz zaleznych od cyklin 2A | cyclin-dependent kinase inhibitor 2A

cDNA komplementarne DNA complementary DNA

co tlenek wegla carbon monoxide

CHI-3L1 biatko chitynazy-3- podobne do 1 chitinase 3-like protein 1

CPQ karboksypeptydaza Q carboxypeptidase Q

CRISPR zgrupowane, regularnie oddzielone, | clustered regularly interspaced short
krotkie powtdrzenia palindromic repeats
palindromowowe

CcT tomografia komputerowa computed tomography

CXR zdjecie rentgenowskie klatki chest radiography
piersiowej

DAPI 4',6-diamidino-2-fenyloindol 4’ 6-diamidino-2-phenylindole

DPBS klasyczny fosforanowy bufor solny | Dulbecco's phosphate-buffered

opracowany przez Vincenta Dulbecco

saline
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ECs komorki srodbtonka endothelial cells
ECM macierz zewngatrzkomérkowa extracellular matrix
EDTA kwas wersenowy ethylenediaminetetraacetic acid
EGF epidermalny czynnik wzrostu epidermal growth factor
eNOS syntaza tlenku azotu srodbtonkowego | endothelial nitric oxide synthase
ERK kinazy regulowane sygnatem extracellular signal-regulated
pozakomodrkowym kinases
ET-1 endotelina-1 endothelin-1
EVs pecherzyki zewnatrzkomdrkowe extracellular vesicles
FBS ptodowa surowica bydleca fetal bovine serum
FGF czynniki wzrostu fibroblastow fibroblast growth factor
FITC izotiocyjanian fluoresceiny fluorescein isothiocyanate
GAPDH dehydrogenaza gliceraldehydu- 3 glyceraldehyde-3-phosphate
fosforanowego dehydrogenase
GDP guanozyno-5’-difosforan guanosine 5-diphosphate
GFP biatko zielonej fluorescenc;ji green fluorescent protein
GTP guanozyno-5’-trifosforan guanosine-5’-triphosphate
HaCaT niesmiertelna linia komoérkowa human adult low calcium
ludzkich keratynocytow temperature
opracowana w warunkach
niskiego stezenia wapnia i niskiej
temperatury
hASMCs ludzkie komarki miesnidwki gtadkiej human aortic smooth muscle
aorty cells
hCMEC/D3 linia komorkowa ludzkich komérek human cerebral microvascular
Srddbtonka mikrokrazenia endothelial cells/D3
mozgowego
HCT116 ludzki guz okreznicy-116 human colorectal tumor-116
HEK293 ludzka nerka embrionalna 293 human embryonic kidney 293
cells
HMW wysoka masa czgsteczkowa high molecular weight
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HRP peroksydaza chrzanowa horseradish peroxidase

HUVEC ludzkie komadrki srodbtonka zyty human umbilical vein endothelial
pepowinowe;j cells

ICAM-1 czasteczka adhezji intercellular adhesion molecule 1
miedzykomorkowej 1

IGF-1 insulinopodobny czynnik wzrostu 1 insulin-like growth factor 1

IgG immunoglobulina G immunoglobulin G

IL interleukina interleukin

ILVs pecherzyki srodswiattowe intraluminal vesicles

iPSC pluripotentne komadrki macierzyste pluripotent stem cells

JAM potgczeniowa czasteczka adhezji junctional adhesion molecule

JNK kinazy N-koricowe c-Jun c-Jun N-terminal kinases

LAMP1 biatko btonowe 1 zwigzane z lysosomal-associated membrane
lizosomami protein 1

LDL lipoproteiny o matej gestosci low-density lipoproteins

LMW niska masa czasteczkowa low molecular weight

MAPK kinazy aktywowane mitogenami mitogen-activated protein kinase

MCP1 chemotaktyczne biatko 1 monocytéw | monocyte chemoattractant

protein 1

MDA-MB-231 | linia komdrkowa wyizolowana z MD Anderson Cancer Center-
ludzkiego nowotworu piersi Metastatic Breast cancer

MEFs mysie embrionalne fibroblasty mouse embryonic fibroblasts

MGC803 linia komérkowa ludzkiego raka human gastric cancer-803
zotgdka-803

MLCP fosfatazataricuchalekkiego miozyny | myosin light chain phosphatase

MMPs metaloproteinazy metalloproteinases

MOl wielokrotnos¢ zakazenia multiplicity of infection

MRI obrazowanie rezonansem magnetic resonance imaging
magnetycznym

miRNA mikroRNA microRNA

MRNA informacyjny kwas rybonukleinowy messenger ribonucleic acid
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MSCs mezenchymalne komorki mesenchyma steam cells
macierzyste

MVB ciatka wielopecherzykowe multivesicular bodies

MVs mikropecherzyki btonowe membrane microvesicles

MYH tancuch ciezki miozyny myosin heavy chain

N-cadherin kadheryna neuronalna neural cadherin

NF-xB jadrowy czynnik wzmocnienia nuclear factor kappa-light-chain
tarcucha lekkiego kappa w enhancer of activated B cells
aktywowanych limfocytach B

NDST1 N-deacetylaza/N- sulfotransferaza 1 N-deacetylase/N-sulfotransferase

NIH3T3 linia komérkowa mysich fibroblastéw | National Institutes of Health 3 day
opracowana w National Institutes of transfer
Health

NO tlenek azotu nitric oxide

NM niemiesniowy non-muscle

OX-LDLs utlenione lipoproteiny o niskiej oxidized low-density lipoproteins
gestosci

pl6 biatko 16 protein 16

p38 biatko 38 protein 38

PAI-1 aktywator plazminogenu typu 1 plasminogen activators type 1

PBS buforowany roztwor soli phosphate-buffered saline
fosforanowych

PDGFR receptory czynnika wzrostu platelet-derived growth factor
pochodzgcego z ptytek krwi receptors

PECAM-1 czgsteczka adhezji komorek platelet endothelial cell adhesion
srodbtonka ptytek krwi-1 molecule-1

PET politereftalan etylenu polyethylene terephthalate

PFA paraformaldehyd paraformaldehyde

PG proteoglikany proteoglycans

PH domena homologiczna do plekstryny | pleckstrin homology domain

pHCASMCs pierwotne ludzkie komorki miesni primary human coronary artery

Strona | 11



gtadkich tetnic wiencowych

smooth muscle cells

PHCAECs ludzkie pierwotne komorki primary human coronary artery
Srédbtonka tetnicy wiencowej endothelial cells

PIGK biosynteza kotwicy phosphatidylinositol glycan
glikozylfosfatydyloinozytolowej, klasa | anchor biosynthesis class K
K

PLCs struktury przypominajgce granat pomegranate-like structures

P-SEL p-selektyna p-selectin

PTEN ludzkie biatko kodowane przez gen phosphatase and tensin homolog
supresorowy PTEN zlokalizowany deleted on chormosome 10
na dtugim ramieniu chromosomu
10

RECK biatko bogate w cysteine indukujgce | reversion-inducing cysteine-rich
rewersje z motywami Kazala protein with kazal motifs

RFP biatko czerwonej fluorescencji red fluorescent protein

rh rekombinowane ludzkie recombinant human

RhoA rodzina homologéw Ras A ras homolog family member A

RIPA buffer bufor do radioimmunoprecypitacji radioimmunoprecipitation assay

buffer

RNA kwas rybonukleinowy ribonucleic acid

ROCK kinaza biatkowa zwigzana z Rho rho-associated protein kinase

ROS reaktywne formy tlenu reactive oxygen species

RPMI pozywka opracowanaw Roswell Park | Roswell Park Memorial Institute

medium Memorial Institute medium

RT temperatura pokojowa room temperature

SACC-LM rak gruczotowo-torbielowaty salivary adenoid cystic
Slinianek-przerzut do ptuc carcinoma- lung metastasis

SDS-PAGE elektroforeza w zelu sodium dodecyl sulfate
poliakrylamidowym z polyacrylamide gel
dodecylosiarczanem sodu electrophoresis

SiRNA mate interferujgce RNA small interfering RNA (siRNA)
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SKOV-3 linia komdrkowa pochodzaca z Sloan-Kettering OVarian cancer cell
ludzkiego raka jajnika line-3

SMAD supresor matek przeciwko biatkom suppressor of mothers against
dekapentaplegicznym decapentaplegic

SMCs komorki miesni gtadkich smooth muscle cells

SW480 linia komdérkowa ludzkiego Stanford Weiss-480 human
gruczolakoraka jelita grubego colorectal adenocarcinoma cell
Stanford Weiss-480 line

TAA tetniak aorty piersiowej thoracic aortic aneurysm

TEE echokardiografia przezprzetykowa transesophageal echocardiography

TEM transmisyjna mikroskopia transmission electron microscopy
elektronowa

TGF-B transformujgcy czynnik wzrostu beta transforming growth factor 8

TIMP3 tkankowy inhibitor metaloproteinazy | tissue metalloproteinase inhibitor 3
3

Tls potgczenia $ciste tight junctions

TKI inhibitor kinazy tyrozynowej tyrosine kinase inhibitor

T™MB tetrametylobenzydyna tetramethylbenzidine

TNF-a czynnik martwicy nowotworu alfa tumor necrosis factor-alpha

TNFR2 receptor czynnika martwicy tumor necrosis factor receptor 2
nowotworu 2

TPM1 tropomiozyna 1 tropomyosin 1

TRAF2 czynnik 2 zwigzany z receptorem TNF | TNF receptor associated factor 2

TSPAN tetraspanina tetraspanin

TTE echokardiografia przezklatkowa transthoracic echocardiography

TXA2 tromboksan thromboxan

VCAM-1 czagsteczka adhezji komdrek vascular cell adhesion molecule 1
naczyniowych 1

VE-Cadherin | kadheryna srédbtonka vascular endothelial cadherin

naczyniowego
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VEGF czynnik wzrostu srédbtonka vascular endothelial growth factor
naczyniowego

VEGFR receptor czynnika wzrostu vascular endothelial growth factor
srédbfonka naczyniowego receptors

VSMC komorki miesni gtadkich naczyn vascular smooth muscle cells

WISP1 biatko szlaku sygnatowego WNT1-inducible signaling pathway
indukowanego przez WNT1 protein 1

Z0-1 Zonula Occludens-1 Zonula Occludens-1
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3. Wykaz publikacji, stanowigcych podstawe postepowania o
nadanie stopnia naukowego doktora

3.1. Publikacjanr1
Maciej Gagat, Wioletta Zielinskat, Klaudia Mikotajczykt, Jan Zabrzyniski, Adrian Krajewski,

Anna Klimaszewska-Wisniewska , Dariusz Grzanka , Alina Grzanka

CRISPR-Based Activation of Endogenous Expression of TPM1 Inhibits Inflammatory Response
of Primary Human Coronary Artery Endothelial and Smooth Muscle Cells Induced by

Recombinant Human Tumor Necrosis Factor a

Frontiers in Cell and Developmental Biology doi:10.3389/fcell.2021.668032

IF: 4.6; Punkty MEiIN: 100

3.2.  Publikacjanr 2
Klaudia Mikotajczyk, Dominika Spyt, Wioletta Zieliiska, Agnieszka Zuryn, Inaz Faisal, Murtaz

Qamar, Piotr Swiniarski, Alina Grzanka, Maciej Gagat

The Important Role of Endothelium and Extracellular Vesicles in the Cellular Mechanism of

Aortic Aneurysm Formation

International Journal of Molecular Sciences doi:10.3390/ijms222313157

IF: 4.9; Punkty MEIN: 140

3.3.  Publikacjanr 3

Klaudia Piekarska, Dominika Spyt, Klaudia Bonowicz, Dominika Jerka, Alina Grzanka, Maciej

Gagat

Impact of angiogenesis inhibitors on inflammatory activation in human vascular endothelial

cells

Medical Research Journal DOI:10.5603/mrj.101643

Punkty MEiN: 100
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3.4. Publikacjanr 4

Klaudia Piekarska, Dominika Spyt, Klaudia Bonowicz, Dominika Jerka, Alina Grzanka, Maciej

Gagat

Antiangiogenic Effects in the Modulation of Inflammatory Pathways. A Comprehensive

Analysis of Potential Therapeutic Substances

Medical Research Journal DOI:10.5603/mrj.101851

Punkty MEiN: 100

Podsumowanie:
taczny wspétczynnik wptywu (IF): 9.5

taczna liczba punktow MEiN: 440
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4. Aktywnos$c¢ naukowa osoby ubiegajacej sie o nadanie stopnia
doktora wraz z opisem dorobku naukowego

Moje pierwsze doswiadczenia w pracy naukowej siegajg 2014 roku, czyli czaséw przygotowan
pracy licencjackiej na kierunku Biotechnologia, noszacej tytut ,Rola entozy w komodrkach
nowotworowych” pod kierownictwem pani dr hab. Magdaleny lzdebskiej, prof. UMK,
realizowanej w éwczesnej Katedrze i Zaktadzie Histologii i Embriologii (obecnie Katedra
Histologii i Embriologii) na Wydziale Lekarskim Collegium Medicum im. Ludwika Rydygiera w

Bydgoszczy.

Obok wiedzy teoretycznej, zdobywanej dzieki przeglgdowi aktualnej literatury, seminariom
dyplomowym czy uczestnictwie w licznych dyskusjach naukowych, w tym czasie zaczetam
takze nabywad pierwszych umiejetnosci laboratoryjnych. Ukonczenie studidow licencjackich
zbiegto sie z podjeciem pracy w Katedrze Histologii i Embriologii, co wyznaczyto kierunek
mojego dalszego rozwoju zawodowego w obszarze badan naukowych. Prace magisterska
kontynuowatam niezmiennie pod doswiadczonym okiem pani dr hab. Magdaleny lzdebskiej,
prof. UMK, realizujgc temat: ,Wptyw cytostatyka na procesy zyciowe komodrek
nowotworowych”. Umiejetnosci jakie zdobytam na poczatku mojej drogi zawodowej
umozliwity mi czynne uczestnictwo w projektach finansowanych ze srodkéw Narodowego
Centrum Nauki: projekt SONATA 9 pt.: ,,Wykorzystanie mozliwosci systemu CRISPR/dCas9
oraz peptyddw penetrujacych komorke w celu zapobiegania restenozie i zakrzepicy tetnic
wiencowych - badania in vitro” oraz projekt OPUS 11 pt.: “Importance of cyclin F-RRM2 axis
in drug-resistance of melanoma cells with different degree of aggressiveness — in vitro
studies”. Realizacja pierwszego projektu jest bezposrednio zwigzana z zakresem tematycznym
niniejszej rozprawy doktorskiej a jego wyniki bedg opisane w dalszej czesci rozprawy.
Natomiast realizacja drugiego projektu pozwolita nam dowieZ¢, ze istnieje znaczgca réznica w
ekspresji cykliny F miedzy liniami komoérkowymi reprezentujgcymi ogniska pierwotne i wtérne
czerniaka, natomiast obnizona ekspresja jednostki funkcjonalnej tego genu zmienia opornos¢
komodrek czerniaka na chemioterapie, co zwigzane jest ze szlakiem RRM2. W przypadku
nadekspresji CCNF obserwowalismy zwiekszong wrazliwos¢ komorek czerniaka na
promieniowanie UV oraz leki przeciwnowotworowe, takie jak cisplatyna i temozolomid,

zwigzane ze zmniejszeniem wydajnosci naprawy DNA.
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Podczas realizacji projektu rozwinetam szeroki wachlarz umiejetnosci laboratoryjnych, a ich
dalsze doskonalenie umozliwit mi udziat w licznych szkoleniach z zakresu cytometrii
przeptywowej (Flow Cytometry Basic, Bio-Rad Sp. z 0.0.; Fluorescence and Flow Cytometry
Principles, Bio-Rad Sp. z 0.0.; Sample Preparation Essentials, Bio-Rad Sp. z o0.0.; Strategie
analizy pecherzykdw zewnatrzkomorkowych (EVs) z  wykorzystaniem cytometrii
przeptywowej, Merck sp. z 0.0.; Cytometria przeptywowa- podstawowe narzedzie badawcze,
Polish Society of Cytometry), analiz komoédrkowych (Szkolenie z zakresu metod
immunochemicznych w praktyce laboratoryjnej, Centrum Medyczne Ksztatcenia
Podyplomowego; Innowacyjne rozwigzania do hodowli komérek ssaczych, Merck sp. z 0.0.;
Testy komdrkowe — podstawy, zastosowania i praktyczne porady, Promega GmbH; Optimize
your RNA workflow-hints and pitfalls, Promega GmbH), technik umozliwiajgcych transfer
modelu badan in vitro do badan in vivo (Przygotowanie praktyczne z zakresu planowania
doswiadczen, wykonywania procedur i usmiercania zwierzat, Polskie Towarzystwo Nauk o
Zwierzetach Laboratoryjnych PolLASA) oraz metod oczyszczania probek biologicznych
(Ekstrakcja do fazy statej w praktyce, Merck sp. z 0.0; Walidacja metod chromatograficznych
HPLC, LC/MS, GC, GC/MS, LAB- EKSPERT; Wysokosprawna chromatografia cieczowa HPLC dla
zaawansowanych, LAB-EKSPERT). Zdobyte umiejetnosci praktyczne oraz rozwdj kompetencji
miekkich, ktére doskonalitam podczas cyklicznych szkoleA Nature Masterclasses, dotyczgcych
przygotowywania publikacji, wnioskdw grantowych oraz komunikacji w $rodowisku
naukowym, umozliwity mi efektywny udziat w pozyskiwaniu finansowan na projekty
badawcze. Miatam okazje petnic¢ role wsparcia merytorycznego i technicznego w projektach
finansowanych z dziatalnosci statutowej Katedry Histologii i Embriologii oraz konkurséw
organizowanych przez wiladze Wydziatu Lekarskiego Collegium Medicum im. Ludwika

Rydygiera, w tym:

e ,Ekspresja wybranych biatek cyklu komdrkowego oraz biatek szlaku Rho/ROCK w
nowotworowych liniach komérkowych po indukcji Smierci komérki zwigzkami o
dziataniu cytotoksycznym” (01.2017 — 12.2022),

e ,Wptyw zwigzkéw hamujgcych angiogeneze na aktywacje zapalng ludzkiego

Srédbtonka naczyn” (01.2019 — 01.2020),
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,0cena wptywu inhibitorédw angiogenezy na zdolnosci migracyjne ludzkich
pierwotnych komoérek $rédbtonka naczyn tetnicy wiericowej w obecnosci czynnikéw
aktywujgcych odpowiedz zapalng-badania in vitro” (10.2019 — 01.2023),

»,0cena wptywu kwercytyny na cytoszkielet oraz podstawowe procesy zyciowe
komorek czerniaka linii A375” (11.2019 — 12.2021),

,Udziat cytoszkieletu w progresji nowotworu” (11.2019 — 12.2022),

»Ocena kombinacji oksymatryny oraz 5-fluorouracylu na podstawowe procesy zyciowe
komoérek prawidtowych (HBEpC) oraz nowotworowych (A549) ptuc” (01.2020 -
01.2021),

»Wptyw deksametazonu na ograniczenie przejScia epitelialno mezenchymalnego
indukowanego hipoksjg w komérkach linii HepG2” (01.2020 — 01.2021),

»Wptyw witaminy D na komorki raka piersi linii MCF-7” (01.2020 — 01.2021),
»Metformina w leczeniu raka przejSciowo-komdérkowego pecherza moczowego”
(01.2020- 01.2021),

»,Charakterystyka pecherzykdéw zewnatrzkomdrkowych w odpowiedzi zapalnej
ludzkiego srédbtonka naczyn tetnic wieicowych” (01.2020 — 12.2020),

»Analiza korelacji metaloproteinazy-9 i cytokeratyn w kontekscie migracji komaorek
raka piersi o réznym stopniu inwazyjnosci” (04.2020 — 12.2020),

,0cena wpltywu czynnikdw angiogennych na zdolnosci migracyjne ludzkich
pierwotnych komérek srédbtonka naczyn tetnicy wiericowej” (04.2020 — 12.2021),
»,Ocena dziatania sangwinaryny na komérki czerniaka ludzkiego linii A375” (05.2020 —
12.2020),

»Cyklina C jako potencjalny czynnik warunkujacy agresywnos¢ czerniaka ztosliwego —
badania in vitro” (10.2020 — 07.2022),

»,Charakterystyka udziatu czynnikdw transkrypcyjnych zwigzanych z kontrolg
genomowg w szlaku sygnatowym TGFB-SMAD komodrek $rédbtonka i komdrek
miesnidwki gtadkiej w warunkach odpowiedzi zapalnej” (04.2021 — 06.2024),

»Zmiany cytoimmunologiczne w ptynie z ptukania oskrzelowo-pecherzykowego
(bronchoalveolar lavage, BAL) po przebytym zakazeniu COVID-19” (04.2021 -
06.2024),
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e ,Rola cyklin w odpowiedzi komérek na traktowanie cytostatykami” (05.2021 -
12.2021),

e ,Ocena wptywu 5-fluorouracylu (5-FU) i kwercytyny na potencjat migracyjny komorek
nowotworowych linii MCF-7” (05.2021 — 12.2023),

e ,Wptyw piperlonguminy na organizacje cytoszkieletu komérek linii T24” (05.2021 —
12.2023),

e ,Ocena roli cykliny C w modulacji agresywnosci niedrobnokomdérkowego raka ptuca”
(04.2022 —12.2022),

e Ekspresja i znaczenie prognostyczne KIF20A w raku jasnokomorkowym nerki”
(01.2022 —12.2023),

e ,Ocena wptywu ekspresji czynnika transkrypcyjnego KLF11 na odpowiedZ zapalng
komorek srodbtonka oraz komdrek miesni gtadkich tetnic wiencowych indukowanych
TNF-a oraz zaburzeniem $ciezki TGF B/SMAD” (05.2022 — 06.2024),

e ,Ocena wptywu aktywnosci inhibitorow kinaz tyrozynowych na potencjat sekrecyjny
komoérek srédbtonka naczyn tetnicy wiericowej w warunkach odpowiedzi zapalnej —
badania in vitro” (07.2022 — 12.2022),

e ,Rola TNF-a w aktywacji kanatu wapniowego TRPM2 w komodrkach srédbtonka linii
Ea.hy926” (12.2022 — 12.2023),

e Ekspresja cykliny Y w wybranych liniach nowotworowych po indukcji $Smierci komaorki”

(12.2022 — 12.2023).

Rezultatem prac projektowych byto moje pierwsze autorstwo i wspétautorstwo w artykutach
przegladowych i oryginalnych, opublikowanych w uznanych, indeksowanych w bazie Journal
Citation Report. taczny wspoétczynnik wptywu (IF) publikacji jaki zgromadzitam wynosi
47,131, a ich catkowita punktacja wedtug kryteriow ministerialnych to 1610 punktow.
Wedtug bazy Web of Science aktualna (na dzien 06.09.2024) liczba cytowani moich prac
wynosi 78, natomiast aktualny indeks Hirscha to 5. Wsrdd opublikowanych artykutéw

naukowych znajduja sie nastepujace pozycje literaturowe:

e Selected genetic factors increasing risk of neoplasia” Journal of Education, Health and

Sport, vol. 9, nr 8, DOI:10.5281/zenodo0.3370434,
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»The cytotoxic effect of oxymatrine on basic cellular processes of A549 non-small lung
cancer cells” Acta Histochemica, vol. 121, nr 6, DOI:10.1016/j.acthis.2019.06.008,
,Cyclin F downregulation affects epithelial mesenchymal transition increasing
proliferation and migration of the A-375 melanoma cell line” Cancer Management and
Research, vol.12, DOI:10.2147/CMAR.S279169,

»Low effectiveness of the introduction of pmaxGFP into primary human coronary
endothelial cells using cell penetrating peptides and nuclear-localization squences in
non- covalent interactions” Applied Sciences-Basel, wvol. 11, nr 5,
DOI:10.3390/app11051997,

»Influence of dexamethasone and doxorubicin on inhibition of hypoxia-induced
metastatic potential in HepG2 cell line” Medical Research Journal, vol. 6, nr 3,
DOI:10.5603/mrj.a2021.0036,

»CRISPR-based activation of endogenous expression of TPM1 inhibits inflammatory
response of primary human coronary artery endothelial and smooth muscle cells
induced by recombinant human tumor necrosis factor a” Frontiers in Cell and
Developmental Biology, vol. 9, DOI:10.3389/fcell.2021.668032,

»,Downregulation of MMP-9 enhances the anti-migratory effect of cyclophosphamide
in MDA-MB-231 and MCF-7 breast cancer cell lines” International Journal of Molecular
Sciences, vol. 22, nr 23, DOI:10.3390/ijms222312783,

»The Important Role of Endothelium and Extracellular Vesicles in the Cellular
Mechanism of Aortic Aneurysm Formation” International Journal of Molecular
Sciences, vol. 22, nr 23, DOI:10.3390/ijms222313157,

»Prognostic Significance of SATB1, SMAD3, Ezrin and B Catenin in Patients with
Pancreatic  Adenocarcinoma”  Applied Sciences-Basel, wvol. 12, nr 1,
DOI:10.3390/app12010306,

»Synergistic effect of oxymatrine and 5-fluorouracil on the migratory potential in A549
non-small cell lung cancer cells” Medical Research Journal, vol. 7, nr 4,
DOI:10.5603/mrj.a2022.0050,

»Mechanism of extracellular vesicle secretion associated with TGF-B-dependent
inflammatory response in the tumor microenvironment” International Journal of

Molecular Sciences, vol. 23, nr 23, D0OI:10.3390/ijms232315335,
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e ,The role of cyclin Y in normal and pathological cells” Cell Cycle, vol. 22, nr 8,
DOI:10.1080/15384101.2022.2162668,

e ,Melatonin and TGF-B-Mediated Release of Extracellular Vesicles” Metabolites, 2023,
vol. 13, nr 4, DOI:10.3390/metabo13040575,

e Impact of angiogenesis inhibitors on inflammatory activation in human vascular
endothelial cells” Medical Research Journal, 2024, DOI:10.5603/mrj.101643,

e ,Antiangiogenic effects in the modulation of inflammatory pathways.
A comprehensive analysis of potential therapeutic substances” Medical Research
Journal, 2024, DOI:10.5603/mrj.101851,

e ,Unraveling endothelial cell migration: insights into fundamental forces, inflammation,
biomaterial applications, and tissue regeneration strategies” ACS Applied Bio

Materials, 2024, vol. 7, nr 4 DOI:10.1021/acsabm.3c01227.

Miatam réwniez mozliwos$¢ uczestniczenia w tworzeniu monografii zatytutowanej:. , Entoza
jako typ smierci komorki i jej znaczenie w nowotworzeniu: réznorodnosé entozy” wydanej
przez Wydawnictwo Naukowe Uniwersytetu Mikotaja Kopernika (ISBN 978-83-231-4386-4).
Ze wzgledu na wysokg warto$¢ merytoryczng i jakos$¢ publikowanych prac, zostatam
kilkukrotna laureatka stypendium rektora za najwyzej punktowane publikacje na Wydziale
Lekarskim Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy. Znaczacy wkiad w
naukowo-badawczy dorobek Uczelni zostat takze doceniony poprzez przyznanie stypendium
rektora dla najlepszych studentéw Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
UMK na lata 2018 — 2019 oraz pracownikéw inzynieryjno-technicznych od 2019 do 2023

roku.

Wyniki wykonywanych eksperymentéw prezentowatam nie tylko w publikacjach naukowych
ale réwniez podczas czynnego uczestnictwa w konferencji krajowych i miedzynarodowych,

dzieki czemu statam sie gtéwnym autorem lub wspétautorem 70 doniesien konferencyjnych.

Najwazniejszym osiggnieciem naukowym z perspektywy rozprawy doktorskiej byto
wsparcie techniczne realizacji projektu pt. ,Wykorzystanie mozliwosci systemu
CRISPR/dCas9 oraz peptydow penetrujagcych komoérke w celu zapobiegania restenozie i
zakrzepicy tetnic wiencowych - badania in vitro”, finansowanego przez Narodowe Centrum

Nauki w ramach 9. edycji konkursu SONATA pod kierownictwem Pana dr hab. n. med.in. o
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zdr., prof. UMK - Macieja Gagata. Projekt skupiat sie na potencjale peptydéw penetrujgcych
pierwotne komorki srédbtonka oraz miesni gtadkich naczyn wiencowych do dostarczania
sytemu zgrupowanych, regularnie oddzielonych, krétkich powtérzen palindromowowych i
biatka 9 zwigzanego z CRISPR (ang. clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9, CRISPR/dCas9) aktywujgcego ekspresje tropomiozyny-1 (ang.
tropomyosin 1, TPM1) stabilizujgc tym samym cytoszkielet aktynowy komérek. Wiasciwe
funkcje srodbtonka naczyn zapewniajg interakcje komplekséw wigzan miedzykomorkowych z
cytoszkieletem aktynowym stad wraz z Zespotem przyjelismy, ze regulacja stopnia
polimeryzacji F-aktyny moze by¢ kluczowa w utrzymaniu stabilnosci bariery endotelialnej,
adhezji oraz potencjatu migracyjnego komoérek srodbtonka w warunkach prozapalnych,
odpowiadajgc jednoczesnie za zmiany profilu ekspresyjnego zwigzane z aktywacjg zapalng w
obrebie srédbtonka naczyniowego. Realizujgc gtéwny cel projektu, ktéry opierat sie na
ocenie biologicznego wptywu stabilizacji F-aktyny w eksponowanych na czynnik martwicy
nowotworu-alfa (ang. tumor necrosis factor-alpha, TNF-a) komérkach srédbtonka oraz
mie$ni gtadkich naczyn wiencowych zaobserwowano tworzenie sie na tylnym brzegu
migrujagcych komérek charakterystycznych widkien retrakcyjnych, na koncach ktérych
formowaly sie niewielkie struktury btonowe wydzielane do przestrzeni miedzykomérkowej
i pochtaniane przez sasiadujace komorki. Zaobserwowane zjawisko zainicjowato rozwazania
nad tematem migrasoméw, czyli populacji pecherzykéw zewnatrzkomoérkowych, ktére do
tej pory nie zostaty w petni poznane i scharakteryzowane. Zatem, obserwacje dokonane w
ramach realizacji badan wifasnych stanowity istotny punkt wyjscia i podstawe do

opracowania niniejszej rozprawy doktorskie;j.

Ze wzgledu na gtebokie zainteresowanie nauka oraz cheé wspodtpracy ze srodowiskiem
naukowym, jestem aktywnym cztonkiem Polskiego Towarzystwa Histochemikow i
Cytochemikow, gdzie petnie role skarbnika Oddziatu Bydgosko-Torunskiego, a takze naleie
do miedzynarodowego Kofta Naukowego Biologii Naczyniowej i Studenckiego Kota
Naukowego Patomorfologii Klinicznej. Bytam réwniez czynnym czionkiem Cytoskeleton
Research Group dziatajacego w ramach Priorytetowych Zespotow Uczelni wspieranych w
ramach ID-UB w latach 2020-2022. Moja wspodtpraca z Srodowiskiem naukowym nie
ograniczafa sie wytgcznie do dziatan na poziomie krajowym. Uczestniczytam w wymianie

naukowej w ramach dziatalnosci IFMSA-Poland Wydziatu Lekarskiego Collegium Medicum im.

Strona | 23



Ludwika Rydygiera w Bydgoszczy, edukujgc anglojezycznych studentéw kierunkéw
medycznych w zakresie metod laboratoryjnych i narzedzi naukowych, majacych potencjat
wykorzystania w ich codziennej, przysztej pracy lekarza i naukowca. Ponadto, we wrzesniu
2022 roku odbytam staz naukowy w Universitatsklinikum Miinster - Hautklinik Molecular
Dermatoendocrinology, ktéry w istotny sposob wzbogacit moje umiejetnosci w zakresie
technik laboratoryjnych zwigzanych z analizami molekularnymi i przyczynit sie do publikacji

szeregu prac naukowych.

Podsumowujac, obszar mojego rozwoju naukowego byt szeroki i réznorodny, poczynajac od
badania przebiegu karcynogenezy na poziomie komérkowym, poprzez szczegétowq analize
biatek uczestniczagcych w podstawowych procesach zyciowych komadrek, az po szerokie analizy
dotyczace stanu zapalnego i aktywacji komérek wyscietajgcych naczynia krwionosne, koriczac
na analizie struktur btonowych wydzielanych w odpowiedzi na potrzeby komunikacji miedzy
komdrkami. Pomimo przedstawienia do recenzji niniejszej rozprawy doktorskiej, w dalszym
ciggu planuje pogtebia¢ swojg wiedze i umiejetnosci w zakresie analizy pecherzykow
zewnatrzkomdrkowych w odpowiedzi na inicjacje stanu zapalnego, ze wzgledu na ogromny
potencjat poruszanego tematu i szereg mozliwosci aplikacyjnych w nowoczesnych technikach

diagnostycznych i terapeutycznych choréb o podfozu zapalnym.
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5. Przedmiot badan

5.1. Wprowadzenie

Komunikacja miedzykomérkowa to fundamentalny dla organizméw zywych proces,
umozliwiajgcy wzajemne wspodtdziatanie réoznych typédw komadrek i zapewniajgcy utrzymanie
homeostazy wewnatrzustrojowej [1-4]. Pojecie ,,homeostaza” w biologii komérki po raz
pierwszy pojawito sie na poczatku XX wieku. Na podstawie wczesniejszych rozwazan
dotyczacych koncepcji statosci ,srodowiska wewnetrznego”, Walter Cannon opisat to pojecie
jako samoregulujgcy mechanizm, dzieki ktdremu systemy biologiczne utrzymujg stabilnosé,
dostosowujac sie jednoczes$nie do zmieniajgcych sie warunkdéw [5-7]. Nieprzypadkowo pojecie
»,homeostaza” powstato na podstawie stowa ,homoios” (gr. 6uotog) oznaczajgcego podobny,
a nie ,homo” oznaczajaco taki sam, aby wyrazi¢ idee, ze warunki wewnetrzne mogg sie
zmieniaé; to znaczy, ze s podobne, ale nie identyczne, pozostajgc stabilne, ale w zakresie
wartosci, ktére dajg organizmowi swobode adaptacji [4]. Homeostaza jest zatem tendencja
uktadu do utrzymywania wewnetrznej stabilnosci w wyniku skoordynowanej reakcji na
bodzce, ktore zaktécajg normalne funkcjonowanie organizmu, systemu, narzadu, tkanki czy
komorki [8-9]. Kluczowg do zachowania homeostazy wewnatrzustrojowej jest komunikacja
miedzykomdrkowa, dzieki ktérej, systemy biologiczne mogg zachowad stabilnosé

wewnetrzng, niezbedng do prawidtowego funkcjonowania organizmu [4, 10-11].

Badania nad komunikacjg komdrkowa skupiajg sie na mechanizmach modulacji przekaznictwa
i odbioru informacji z otoczenia komodrek i pomiedzy Nimi [12-13]. Nie jest niczym
nadzwyczajnym, ze komorki nie funkcjonujg w wzajemnej izolacji, lecz w zintegrowanych
uktadach. Ich przetrwanie zalezy od otrzymywania i przetwarzania informacji ze sSrodowiska
zewnetrznego, niezaleznie od tego, czy informacje te dotyczg dostepnosci sktadnikow
odzywczych, zmian temperatury czy wahaid poziomu Swiatta. W organizmach
wielokomoérkowych sygnalizacja komdrkowa umozliwia specjalizacje grup komaérek tgczgcych
sie w tkanki i petnigce szereg niezbednych dla funkcjonowania organizmu funkcji. W
organizmach jednokomodrkowych komunikacja umozliwia wzajemng koordynacje populacjom
komorek, ktdre poprzez prace zespotowg dazg do okreslonego celu i nie mogtyby jego
osiggngé samodzielnie [14-15]. Zaburzenia komunikacji miedzykomérkowej mogg prowadzié

do szeregu patologicznych zmian w uktadzie sercowo-naczyniowym, wptywajgc na funkcje

Strona | 25



serca, strukture naczyn krwionosnych oraz procesy zapalne i regeneracyjne [16-17].
Dysfunkcje uktadu krgzenia sg gtéwng przyczyng zgondw na Swiecie. Dane epidemiologiczne
wskazujg, ze zachorowalnos¢ i umieralno$é z powodu tych chordb sg scisle zwigzane z
czynnikami ryzyka miazdzycy. Wséréd nich najwazniejsze to: dyslipidemia, palenie tytoniu,
cukrzyca, nadcisnienie, otytos¢, wiek, pte¢, niska aktywnos¢ fizyczna i czynniki
psychospoteczne [18-20]. Czynniki ryzyka dzieli sie na modyfikowalne i niemodyfikowalne [21-
22]. Pierwsze z nich sg zwigzane ze stylem zycia oraz cechami biochemicznymi i fizjologicznymi,
ktore mozna zmienié. Drugie to cechy, na ktére nie mozna wptyna¢, ale ktére pozwalajg
zidentyfikowaé osoby o wysokim ryzyku rozwoju choréb uktadu sercowo-naczyniowego [23-
25]. Z epidemiologicznego punktu widzenia czynnik ryzyka to cecha jednostki lub populacji,
ktora pojawia sie we wczesnych etapach zycia i jest zwigzana ze zwiekszonym ryzykiem
rozwoju choroby w przysztosci [26-27]. Ze wzgledu na ogromng skale tego problemu, a takze
jego spoteczne i ekonomiczne konsekwencje, dysfunkcje sercowo-naczyniowe stanowig

najwieksze wyzwanie dla szeroko pojetej promocji zdrowia [28-29].

Jedng z najczesciej opisywanych choréb sercowo-naczyniowych jest miazdzyca [30].
Utozsamiana jest z przewlektym procesem zapalnym, polegajgcym na gromadzeniu sie w
przestrzeni miedzy srédbtonkiem a btong miesniowq duzych tetnic (tac. tunica intima) ztogéw
sktadajgcych sie z lipoprotein o niskiej gestosci (ang. low-density lipoproteins, LDLs),
makrofagdéw, komodrek piankowatych i zewnatrzkomdrkowych skupisk cholesterolu [31]. W
ten sposéb na wewnetrznej powierzchni naczynia tworzg sie smugi tluszczowe, ktére sg
najwczesniejszg i jednoczesnie najbardziej charakterystyczng formg zmian miazdzycowych
[32-33]. W miare trwania stanu zapalnego zaczynajg pojawiac sie wtdkniste elementy tkanki
facznej, ktére narastajg i otaczajg pierwotne ognisko zapalne, oddzielajagc je od reszty
naczynia. Powstata w petni rozwinieta zmiana miazdzycowa nazywana jest ,blaszka
miazdzycowg” [34-35]. Moze, ale nie musi, wystawa¢ do Swiatta naczynia i zwezac je,
ograniczajac w ten sposdb przeptyw krwi w obszarze za zwezeniem, lub moze ulec peknieciu
pod wptywem sit fizycznych zwigzanych z przeptywem krwi. W takim przypadku krew wchodzi
w kontakt z trombogennymi sktadnikami blaszki, co moze spowodowaé wykrzepianie
wewnatrznaczyniowe, zamkniecie swiatta naczynia i nagte catkowite zatrzymanie przeptywu

krwi [35-36]. Skutkiem tych zjawisk jest ogniskowa martwica miesnia sercowego i mézgu,
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ktdre sktadajg sie na kliniczny zespot znany jako zawat mieénia sercowego i udar mézgu [37-

38].

Podsumowujac, dysfunkcja srédbtonka zwigzana z procesem miazdzycowym rozpoczyna sie
od zwiekszenia przepuszczalnosci naczyn dla sktadnikow lipidowych, gtdwnie frakcji LDL [39].
Czasteczki utlenionych lipoprotein o niskiej gestosci (ang. oxidized low-density lipoproteins,
ox-LDLs) sg wchtaniane przez makrofagi, ktére wnikajg do srodbtonka naczyn wiericowych,
przeksztatcajgc sie w komorki piankowate [40-41]. W wyniku tych zmian patofizjologicznych
wewnetrzna btona naczyn staje sie grubsza, co jest szczegdlnie widoczne na rozwidleniach
tetnic [42-44]. Konsekwencjg akumulacji i wzmozonej aktywnosci komdrek odpornosciowych
oraz odkfadania lipidéow jest rozwdj blaszki miazdzycowej, otoczonej przez komorki miesni
gtadkich i macierz bogatg w kolagen. To prowadzi do zwezenia swiatta tetnic wiencowych [45-
46]. W ostatnich latach waing role w przebiegu miazdzycy przypisuje sie rowniez
mechanizmom komunikacji miedzykomérkowej, spowodowanym poprzez nadmierng
produkcje pecherzykéw zewnatrzkomérkowych przez komaérki naczyn krwionosnych i uktadu
odpornosciowego.  Wydzielane  pecherzyki  zewnatrzkomérkowe  wptywajg  na
mikrosrodowisko tkankowe, ale takze dziatajg systemowo, przyczyniajac sie do powstawania

przewlektego stanu zapalnego [47-50].

Pomimo wielu lat badan nad diagnostyka i leczeniem miazdzycy oraz innych schorzen
sercowo-naczyniowych, nadal poszukujemy sposobu na eliminacje przewlektego stanu
zapalnego. Przyczyng badan w tym zakresie jest fakt, iz konsekwencjg przewlektego zapalenia
jest dysfunkcja srodbtonka, ktérg mozna zdefiniowac jako zintegrowany marker uszkodzenia
Scian tetnic przez klasyczne czynniki ryzyka [51]. Stan ten jest bezposrednio zwigzany ze
zmianami w sygnalizacji komdrkowej, spowodowanymi stresem oksydacyjnym i obejmuje co
najmniej dwa rdéine systemy komodrkowe oraz ich interakcje: komorki srodbtonka (ang.
endothelial cells, ECs) i komorki miesni gtadkich naczyn (ang. vascular smooth muscle cells,
VSMCs) [52-53]. Dzieki interakcji komplekséw potgczern miedzykomdrkowych z
cytoszkieletem, regulacja stopnia polimeryzacji F-aktyny moze byé kluczowa w utrzymaniu
bariery srodbtonkowej, potencjatu adhezji i migracji komarek sréodbtonka, a takze wptywac na
ich profil ekspresji [54-56]. Nadmierna migracja komérek immunologicznych, scisle zwigzana
z inicjacja zapalenia, jest zwigzana z depolimeryzacjg F-aktyny [57]. Zrozumienie

mechanizmow hamujgcych ten proces wydaje sie obiecujgcym celem terapeutycznym. Jak
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pokazujg wyniki opublikowanego badania wprowadzajgcego do niniejszej rozprawy
doktorskiej, nadekspresja TPM1 jest jednym z czynnikdéw stabilizujgcych strukture
cytoszkieletu aktynowego [58]. Dzieki interakcji komplekséw potgczen miedzykomérkowych z
cytoszkieletem, regulacja polimeryzacji F-aktyny moze byé kluczowym czynnikiem w
utrzymaniu funkcji bariery srodbtonkowej, prawidtowego potencjatu adhezji i migracji
komodrek srodbtonka, a takze wptywac na ich profil ekspresji. Ponadto stabilizacja F-aktyny
najprawdopodobniej wptywa na odpowiedz komdrek miesni gtadkich naczyn krwionosnych
[58]. Dlatego ocena migracji i proliferacji tych komdrek moze by¢ niezwykle istotna do
diagnozowania i zapobiegania przebudowie tetnic po uszkodzeniach mechanicznych. Badania
pokazujg, ze wynik reakcji zapalnej jest zwigzany z silng adhezjg komdrek wraz ze zwiekszong
migracjg, co prowadzi do powstawania dtugich ogonéw za komdérkami zwanych witéknami
retrakcyjnymi, ktére czasami pekajg, uwalniajgc pecherzyki mogace uczestniczy¢ w kontakcie
miedzykomoérkowym. Ze wzgledu na nature procesu tworzenia opisanych pecherzykéw
zewnatrzkomdrkowych, sg one nazywane migrasomami. Ze wzgledu na wysokie tempo
migracji komérek w odpowiedzi na dysfunkcje Srédbtonka, potencjalnym rozwigzaniem
wydaje sie by¢ uzycie pecherzykéw wydzielanych podczas ruchu komorek jako specyficznych

markeréw inicjacji odpowiedzi zapalnej [58].

Aktualne doniesienia literaturowe wskazujg zatem, ze to wifasnie dysfunkcja srédbtonka
naczyniowego lezy u podstaw rozwoju wielu choréb sercowo-naczyniowych. Srédbtonek to
heterogenny warstwa komodrek pochodzenia mezodermalnego, pokrywajgcy wewnetrzng
powierzchnie naczyid krwionosnych [59]. Oddziela elementy morfotyczne krwi od tkanki
facznej i miesniowej Scian naczyn [60]. Wsrod gtéwnych funkcji wymienié mozna: kontrole
przeptywu krwi, i czynnikdw regulujgcych proces krzepniecia krwi, produkcje sktadnikow
miedzykomadrkowych, regulacje transportu substancji przez $ciane naczyid krwionosnych i
migracji leukocytéw do miejsca zapalenia [62-63]. Srddbtonek bierze réwniez udziat w
tworzeniu nowych naczyn krwionosnych i ich przebudowie [64-65]. Komodrki $rédbtonka
charakteryzujg sie intensywng aktywnosciag metaboliczng dzieki zdolnosci do produkgcji
gtéwnych sktadnikdéw btony podstawnej, takich jak fibronektyna, kolagen typu IV iV, laminina

oraz proteoglikany (ang. proteoglycans, PGs) [66-68].

W $rédbtonku zachodzi takze synteza i sekrecja biologicznie aktywnych substancji, ktére

regulujg funkcje naczyn krwionosnych, takich jak czynnik wzrostu srédbtonka naczyniowego
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(ang. vascular endothelial growth factor, VEGF), transformujacy czynnik wzrostu beta (ang.
transforming growth factor 8, TGF-B) i insulinopodobny czynnik wzrostu (ang. insulin-like
growth factor 1, IGF-1) [69-71]. Substancje produkowane przez s$rdodbtonek naczyniowy
dziatajg autokrynnie na komorki srédbtonka, a takze parakrynnie na komérki miesni gtadkich
naczyn i komaérki krwi w Swietle naczynia [72-74]. Lokalizacja komdrek srddbtonka pozwala na
szybkie reagowanie na bodzice chemiczne i fizyczne poprzez zmiane syntezy czgsteczek
adhezyjnych lub sekrecje czynnikdw regulujgcych zachowanie komdérek miesni gtadkich
naczyn, ich proliferacje i migracje oraz napiecie $cian naczyr [75-76]. Srédbtonek posredniczy
rowniez w hiperpolaryzacji komérek miesni gtadkich naczyn poprzez niezalezng od tlenku
azotu (ang. nitric oxide, NO) droge, ktora zwieksza przewodnictwo jondw K+ i w konsekwencji
propaguje depolaryzacje komdrek miesni gtadkich naczyn, utrzymujac napiecie $ciany naczyn
poprzez produkcje $rédbtonkowych czynnikéw hiperpolaryzacyjnych [77-78]. W obrebie
Srédbtonka dochodzi réwniez do ekspresji czynnikéw zwezajgcych naczynia, w tym:
endotelina-1 (ang. endothelin, ET-1), angiotensyna Il (ang. angiotensin I, Ang Il), tromboksan
A2 (ang. thromboxane A2, TXA2) oraz reaktywne formy tlenu (ang. reactive oxygen species,
ROS) [79- 82]. Srédbtonek przyczynia sie takze do mitogenezy, angiogenezy, przepuszczalnosci
naczyn, réwnowagi ptynéw i utrzymania hemostazy, obejmujgc uwalnianie aktywatora
plazminogenu, inhibitora czynnika tkankowego, czynnika von Willebranda, NO,
prostaglandyn, TXA2, inhibitora aktywatora plazminogenu-1 (ang. plasminogen activators
type 1, PAI-1) i fibrynogenu [83-90]. W wyniku dziatania czynnikéw patologicznych rownowaga
funkcjonalna komdrek $rédbtonka zostaje zaburzona, co prowadzi do zapalenia i dysfunkcji
Srodbtonka poprzez przebudowe naczyn krwionos$nych [91]. Zapalenie jest ztozonym
procesem, ktéry rozpoczyna sie, gdy antygeny dostajg sie do organizmu i wykazujg specyficzne
wzorce molekularne na swojej powierzchni, okreslane jako wzorce molekularne zwigzane z
patogenami na drobnoustrojach zakaznych (ang. pathogen-associated molecular pattern,
PAMPS) [92]. Antygeny te wigzg sie nastepnie z okreslonymi receptorami na powierzchni
neutrofili, komdrek dendrytycznych lub makrofagdw, co skutkuje uwolnieniem prozapalnych
cytokin, czesto nazywanych "immunotransmiterami", wsrod ktérych wyrdznia sie TNF-a [93].
TNF-a odgrywa kluczowa role w inicjacji obwodowej fazy ostrej odpowiedzi zapalnej,
aktywujgc kolejne komodrki uktadu odpornosciowego [94]. Jest homotrimerem
produkowanym miedzy innymi przez makrofagi, monocyty, limfocyty T i B, fibroblasty oraz

neutrofile [95]. Z kolei w aktywowanych komérkach srédbtonka obserwuje sie ekspresje
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czasteczek adhezyjnych, takich jak czgsteczka adhezji miedzykomadrkowej 1 (ang. intercellular
adhesion molecule 1, ICAM-1), czasteczka adhezji komdrek naczyniowych 1 (ang. vascular cell

adhesion molecule 1, VCAM- 1) i E- selektyna [96-97].

Zmiany wzajemnej komunikacji w nastepstwie oddziatywania na bodice pochodzace z
otoczenia, sg niezbedne dla prawidtowego przebiegu proceséow réznicowania, wzrostu
komérek oraz utrzymania réwnowagi wewnatrzustrojowej, co jest konieczne dla
prawidtowego funkcjonowania i formowania organizméw [98]. Komunikacja
miedzykomorkowa moze odbywac sie poprzez sekrecje aktywnych substancji o charakterze
czasteczek sygnalizacyjnych, takich jak aminokwasy, peptydy, biatka, nukleotydy, retinoidy,
steroidy oraz pochodne kwaséw ttuszczowych wystepujace w postaci czynnikdéw wzrostu,
neuroprzekaznikdéw lub cytokin [99-100]. Czgsteczki sygnalizacyjne obejmujg réwniez gazy
niskoczgsteczkowe, ktére przenikajg przez btony biologiczne, takie jak NO i tlenek wegla (ang.
carbon monoxide, CO) [101]. Taki rodzaj sygnalizacji miedzykomdrkowej moze mie¢ charakter
lokalny lub ukfadowy. W pierwszym przypadku czgsteczki sygnatowe przemieszczajq sie
poprzez dyfuzje, penetrujgc macierz zewnatrzkomoérkowa (ang. extracellular matrix, ECM), co
skutkuje szybka, ale krétkotrwatg odpowiedzig sgsiednich komadrek. Opisany mechanizm nie
obejmuje krwiobiegu i jest okreslany jako droga parakrynna [102]. Drugi mechanizm, zwany
oddziatywaniem endokrynnym, polega na transporcie czgsteczek sygnatowych za pomoca
ptyndw ustrojowych i ich interakcji z odlegtymi komérkami. Jest to mozliwe dzieki ekspresiji
specyficznych receptorow komorkowych, ktére po rozpoznaniu substratu inicjujg reakcje
fizjologiczne, biochemiczne i morfologiczne [103]. Ponadto, w literaturze opisywane s3
interakcje wewnatrzkomodrkowe (intrakrynne) i autokrynne, podczas ktorych czgsteczka
sygnatowa wywiera swoje biologiczne efekty w obrebie komoérki w ktérej zostata
wyprodukowana [104]. Przedstawione typy komunikacji komdrkowej opierajg sie na
obecnosci zewngtrzkomodrkowych przekaznikéw i stanowig rodzaj sekrecji wewnatrz- i

zewnatrzkomérkowej.

Réwniez sygnalizacja za pomoca biatek powierzchniowych wyrdznia sie poprzez taczenie ich w
réznych typach komorek. Tworzy sie wéwczas kompleks biatka sygnatowego, prezentowanego
na powierzchni jednej komorki, oraz komplementarnego biatka efektorowego na powierzchni
drugiej komorki, co determinuje transdukcje sygnatu i indukcje S$ciezki komunikacji

miedzykomorkowej [105]. Biatka efektorowe mogg obejmowaé enzymy, czynniki

Strona | 30



transkrypcyjne, kanaty jonowe oraz biatka cytoszkieletu [106]. Wiekszo$é czasteczek
sygnatowych jest okreslana jako molekularne przetgczniki, co oznacza, ze zaréwno ich
aktywacja, jak i dezaktywacja sg indukowane przez sygnat, ktéry moze wynikac z fosforylacji
lub obecnosci transporterédw energii w postaci guanozyno- 5'-trifosforanu (ang. guanosine-5’-
triphosphate, GTP) lub guanozyno-5'-difosforanu (ang. guanosine 5’-diphosphate, GDP) [107-
108]. Zaréwno sita wysytanego sygnatu, jak i wrazliwosé komaérek sg zmiennymi warto$ciami i
zalezg przede wszystkim od mechanizmow adaptacyjnych. W przypadku drugiego parametru
istnieje silna zalezno$¢ od liczby i powinowactwa receptoréw, dlatego mechanizm

wzmacniania sygnalizacji miedzykomadrkowej jest tutaj niezwykle wazny [109- 111].

Rozwdj badan w dziedzinie etiologii i konsekwencji interakcji miedzykomérkowych pozwolit
na identyfikacje specyficznych czasteczek nazywanych pecherzykami zewngtrzkomdérkowymi
(ang. extracellular vesicles, EVs) [112]. Erwin Chargaff i Randolph West jako pierwsi
zainteresowali sie nimi w 1946 roku i opisali je jako "czgsteczki prokoagulacyjne pochodzace z
ptytek krwi". W latach 70. Peter Wolf wzbogacit wiedze o mikrokomdrkach o nowe fakty [113].
Opisat je jako mate struktury przypominajgce "pyt z ptytek krwi” (ang. platelet dust), a wyniki
kolejnych badan potwierdzity réznorodnos¢ tych czgsteczek oraz ich obecnosé¢ we krwi,
moczu, $linie, nasieniu i ptynie owodniowym [54]. EVs sg heterogennymi populacjami
pecherzykéw btonowych uwalnianych przez organizmy prokariotyczne i eukariotyczne,
zaréwno in vivo, jak i in vitro [114]. Wielko$¢ pecherzykdw jest zréznicowana i wynosi od 30
nm do 5 um. Chociaz EVs majg podobng strukture, istniejg znaczne rdznice dotyczace

mechanizmu ich powstawania, wiasciwosci fizykochemicznych i rozmiaru [115-116].

Oprécz gestosci, metod izolacji czy obecnosci specyficznych markeréw, wymienione
parametry sg najczestszymi kryteriami klasyfikacji EVs. Wedtug tych kryteriéw, mikroskopijne
struktury btonowe mozna podzieli¢ na: egzososomy, pecherzyki egzosomalne, ektosomy i ciata
apoptotyczne [117-118]. EVs odgrywajg niezwykle wazng role w komunikacji
miedzykomorkowej dzieki zdolnosci do przenoszenia informacji miedzy réznymi komaorkami
bez koniecznosci bezposredniego kontaktu. Jest to mozliwe dzieki ich zawartosci, ktéra
obejmuje biatka, informacyjny kwas rybonukleinowy (ang. messenger ribonucleic acid, mRNA)
i mikroRNA (ang. microRNA, miRNA) [119-120]. Ze wzgledu na wewnetrzny sktad EVs oraz ich
udziat w komunikacji miedzykomdrkowej, staty sie atrakcyjnym celem badan dla wielu

naukowcow. Pozwolito to podkresli¢ wazng role opisywanych czgsteczek sygnalizacyjnych nie
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tylko w procesach fizjologicznych, ale takze w stanach towarzyszacych zaburzeniom
wewnetrznej homeostazy zaréwno pojedynczych komérek, jak i catych organizmoéw. Stato sie
to podstawg do wniosku, ze EVs mozna wykorzystaé jako markery molekularne w diagnostyce

powaznych choréb we wczesnych stadiach ich rozwoju [121-122].

Ze wzgledu na znaczenie komunikacji miedzykomérkowej w ontogenezie, organogenezie i
patofizjologii,  dalsze = badania  doprowadzity @ do identyfikacji  pecherzykéw
zewnatrzkomdrkowych nazywanych migrasomami [123]. Ich biogeneza i sekrecja s3
bezposrednio zalezne od migracji i polimeryzacji aktyny, stad zjawisko to nazwano
migracytozg. Ten nowo zidentyfikowany proces sekrecyjny moze odgrywac¢ wazing role w
komunikacji miedzykomdrkowej zaréwno podczas proceséw fizjologicznych, jak i
patofizjologicznych [124-125]. Mechanizm inicjacji i przebieg migracji zalezy od wielu
ztozonych procesow, sposréd ktorych migracja jest najwazniejsza. Odgrywa kluczowg role w
rozwoju embrionalnym, ale jest takze odpowiedzialna za ruch komdrek odpornosciowych,

gojenie ran i regeneracje tkanek [126].

Znajomos¢ mechanizméw odpowiedzialnych za ruch komodrek jest bardzo wazna dla
wspodfczesnej medycyny, poniewaz moze byé wykorzystana do badania etiologii réznych
procesow fizjologicznych i patofizjologicznych [127-128]. Istotg migracji jest aktywny ruch
komorek, regulowany przez szlaki sygnalizacyjne zwigzane z czgsteczkami informacyjnymi,
biatkowymi przekaznikami sygnatu lub jonami wapnia. Poczgtkowo badania w dziedzinie
migracji komorek prowadzono na jednokomadrkowych organizmach ameboidalnych z gatunku
Dictyostelium Discoideum. ldentyfikacja podobnych zestawéw markeréow biatkowych
pozwolita jednak na rozszerzenie badan na organizmy wyzszych klas taksonomicznych. Dato
tom podstawe do poznania mechanizméw interakcji miedzykomérkowych zwigzanych z

procesem migracji [129-130].

Rodzaje ruchu komoérek sg definiowane na podstawie takich parametréw jak adhezja
komodrkowa, aktywnos¢ proteaz, sita interakcji miedzykomdrkowych oraz polaryzacja i
organizacja cytoszkieletu komérki [54]. Ze wzgledu na liczbe migrujgcych komérek mozna
wyrozni¢ migracje indywidualng i zbiorowa. Migracja komorek jest procesem wieloetapowym,
sktadajgcym sie z polaryzacji, adhezji, tworzenia projekcji komérkowych oraz ruchu

kierunkowego [131-133]. Polaryzacja jest wynikiem tworzenia funkcjonalnie i morfologicznie
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zroznicowanych biegundw komoérki, tj. w strefie przedniej i tylnej, w wyniku réznicy
potencjatéw miedzy zewnetrzng a wewnetrzng powierzchnig btony komoérkowe] [134].
Rezultatem tego jest gradientowe rozmieszczenie biatek sygnalizacyjnych i regulacyjnych
odpowiedzialnych za procesy wewngatrzkomoérkowe zwigzane z przebudowg cytoszkieletu
[135-136]. Konsekwencjg polaryzacji jest wydtuzenie strefy czotowej komérki, po czym
obserwuje sie zjawisko adhezji i proteolizy ECM [137]. To indukuje reorganizacje cytoszkieletu,
m.in. poprzez dziatanie kofliny, gelsoliny i biatka zwigzanego z aktyng 2/3 (ang. actin-related
protein 2/3, Arp2/3) [138- 140]. Efektem tych proceséw jest kurczenie sie tylnej strefy komorki
i zerwanie jej kontaktu z powierzchnig, co prowadzi do przemieszczenia kierunkowego.
Wszystkie zjawiska zwigzane ze zmiang architektury filamentéw aktynowych, w tym
polimeryzacja, depolimeryzacja, kurczenie sie sieci mikrofilamentéw z udziatem biatek
motorowych oraz ruch warstwy kurczliwej, okresla sie mianem dynamiki cytoszkieletu, ktéra

jest bezposrednio zwigzana z tworzeniem migrasomow [141-142].

Podstawg do identyfikacji migrasomow jest obecnos¢ struktur o srednicy 0,5-3 pm, Scisle
przymocowanych do koncéw lub miejsc przeciecia widkien retrakcyjnych aktyny. Efektem
migracytozy jest odfgczanie sie struktur btonowych od witdkien retrakcyjnych i ich uwalniane
do przestrzeni zewnatrzkomérkowej lub bezposrednie wchtanianie przez sgsiadujgce komarki
[143- 144]. Opisane pecherzyki zawierajg wewnatrz od mniej niz 10 do 300 mniejszych struktur
pecherzykowych o $rednicy 50-100nm, dlatego czesto sg nazywane struktury przypominajgce
granat (ang. pomegranate-like structures, PLS) [143-145]. Przypuszcza sie, ze migrasomy
odzwierciedlajg sktad komérek, z ktérych sg wydzielane, ze wzgledu na aktywny transport
zawartosci cytosolu z komérki macierzystej do pecherzykdw. Podczas tego procesu zawartosc
komorki macierzystej przenosi sie do migrasomu, po czym tempo tworzenia pecherzykéw
zewnatrzkomérkowych maleje [146]. Migrasomy, ze wzgledu na swojg budowe, s3
strukturami podobnymi do ciata wielopecherzykowe (ang. multivesicular bodies, MVB), ktére
poprzez fuzje z btong komérki macierzystej przyczyniajg sie do tworzenia egzosomoéw [147].
Wazing cechy, ktéra upodabnia migrasomy do MVB, a w szczegdlnosci do
wewnatrzluminalnych pecherzykédw (ang. intraluminal vesicles, ILV), ktére je budujg, jest
ekspresja powierzchniowych jednostek wykonawczych gendw, takich jak tetraspanina-4 i
tetraspanina-7 (ang. tetraspanin-4,7, TSPAN4, TSPAN7) [148-149]. Podobieristwo tych dwdch

typow pecherzykéw zewnatrzkomérkowych moze wskazywac na ich wspdlne pochodzenie, co

Strona | 33



stato sie podstawg do wniosku, ze migrasomy powstajg w wyniku migracji MVB do wtdkien
retrakcyjnych. Wedtug tej hipotezy migrasomy powinny mie¢ dwuwarstwowg btone
komodrkowa, ktérej warstwa zewnetrzna pochodzi z widkien retrakcyjnych, podczas gdy
wewnetrzna z MVB, i zawiera¢ markery powierzchniowe charakterystyczne dla MVB, takie jak
biatko btony lizosomalnej zwigzane z lizosomami 1 (ang. lysosomal-associated membrane
protein 1, LAMP1) [54,149]. Wyniki badan naukowych wskazujg jednak na znaczace
rozbieznosci w opisanych zagadnieniach, ktére obejmujg miedzy innymi obecnos$é
jednowarstwowej btony komdrkowej lub brak ekspresji LAMP1, co sprawia, ze hipoteza o MVB
jako prekursorach migrasoméw jest kontrowersyjna [150-149]. Ponadto, inne badania
wykazaty duze rézinice miedzy sekrecjg pecherzykdéw zewngtrzkomorkowych poprzez
egzocytoze a migracytoze, ktére dotyczg gtéwnie sposobu ich wydzielania [54, 150-151]. W
procesie egzocytozy egzososomy s3g uwalniane z komoérek przez fuzje MVB z btong
plazmatyczng, natomiast w migracytozie dochodzi do translokacji materiatu
cytoplazmatycznego do pecherzykdéw znajdujgcych sie na koricach witdkien retrakcyjnych, co
skutkuje uwolnieniem migrasoméw. Migracytoza i egzocytoza rdznig sie nie tylko
przebiegiem, ale réwniez réznorodnosciag markeréw przypisanych czgsteczkom sygnatowym
wydzielanym podczas tych proceséw [152]. W przypadku migrasomow grupe te reprezentujg
biatka takie jak: dwufunkcyjna heparanosiarczanowa N-deacetylaza/N-sulfotransferaza 1
(ang.  N-deacetylase/N-sulfotransferase, ~NDST1), biosynteza kotwicy glikanowe;j
fosfatydyloinozytolu, klasa K (ang. phosphatidylinositol glycan anchor biosynthesis class K,
PIGK) i karboksypeptydaza Q (ang. carboxypeptidase Q, CPQ), ktére nie sg eksprymowane
przez inne typy czasteczek sygnatowych. Jedng z najwazniejszych funkcji tych biatek jest udziat
w reakcji zapalnej. Na powierzchni migrasoméw zaobserwowano réwniez obecnos¢ biatek
receptoréw transbfonowych, ktére tgczg komérki z ECM, tj. integryna a5 i B1b [153-155].
Stanowig one grupe zwigzkdow odpowiedzialnych za adhezje migrasoméw do miejsca ich
powstawania, przy czym nadekspresje tych biatek obserwuje sie w punkcie kontaktowym
miedzy migrasomem a witéknem retrakcyjnym. Struktura integryn obecnych na powierzchni
pecherzykéw charakteryzuje sie obecnoscig domeny homologicznej do plekstryny (ang.
pleckstrine homology domain, ang. PH). Fosforylacja tych domen wptywa miedzy innymi na
zwiekszong sekrecje cytokin zapalnych. Zwigzek migrasoméow z odpowiedzig zapalng jest
rowniez widoczny w wysokim powinowactwie tych pecherzykéw do biatek prozapalnych,

wsrdod ktérych wyrdznia sie fibryonektyne [156-157]. Jednoczesnie migrasomy mozna uznac
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za nowy typ organelli komdrkowych. Wykonujg one specyficzne funkcje i sg otoczone btong
komérkowg ztozong gtéwnie z cholesterolu, co pozwala na ich zdefiniowanie jako
wyspecjalizowane podjednostki komérkowe. Na podstawie zebranych informacji mozna
okresli¢c migrasomy jako szczegdlnie atrakcyjny typ pecherzykdéw sygnatowych w kontekscie
choréb inicjowanych przez odpowiedz zapalng $rédbtonka, ze wzgledu na wysokie tempo
migracji komoérek odpornosciowych podczas indukcji miazdzycy. Mozliwym jest, ze
identyfikacja profilu biatkowego opisanych EVs, analiza ich biosyntezy oraz szersze
zrozumienie mechanizmu powstawania migrasoméw mogg przyczyni¢ sie do poprawy

diagnostyki i terapii choréb sercowo- naczyniowych [54, 152].
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5.2. Zalozenia rozprawy

Badania prowadzone w ramach realizacji niniejszej rozprawy doktorskiej obejmowaty analize
odpowiedzi komodrek $rédbtonka naczyn tetnicy wiencowej na dziatanie cytokiny TNF-a.
Kluczowym zatozeniem badania byto przeanalizowanie zaréwno zmian strukturalnych, jak
i funkcjonalnych komérek srédbtonka w warunkach fizjologicznych oraz pod wptywem
czynnikdw zapalnych. Szczegdélng uwage poswiecono ocenie potencjatu migracyjnego
i towarzyszacemu temu formowaniu i uwalnianiu pecherzykéw zewnatrzkomoérkowych
w warunkach wzmozonego stresu komoérkowego. Jednym z giéwnych zatozen pracy byta
analiza zmian organizacji cytoszieletu aktynowego, co koreluje z potencjatem migracyjnym
komorek srodbtonka oraz w zakresie interakcji pomiedzy dwiema sasiadujgcymi komoérkami

i komorkami a macierzg zewnatrzkomorkowa.

Przyjeto hipoteze, ze wysoka ekspresja cytokin zapalnych, takich jak TNF-q,
w mikrosrodowisku komdrkowym moie zwieksza¢ potencjat migracyjny komodrek
srédbtonka, prowadzac do reorganizacji cytoszkieletu. Zmiany te mogg z kolei sprzyjac
wzmozone] sekrecji pecherzykéw, a te byé wskaznikiem inicjacji i progresji odpowiedzi
zapalnej. Przedstawione wyniki badan majg na celu pogtebienie wiedzy na temat roli cytokin
zapalnych w modulacji funkcji srédbtonka, szczegdlnie w kontekscie jego odpowiedzi na
czynniki stresowe oraz potencjalnego znaczenia pecherzykéw zewnatrzkomérkowych jako
biomarkeréow stanu zapalnego w mikrosrodowisku komodrek tworzacych naczynia
krwionosne. Ze wzgledu na udziat komérek srodbtonka w procesie angiogenezy, niniejsze
badania miaty rowniez zweryfikowaé hipotezy dotyczace istnienia powigzania pomiedzy
dziataniem inhibitoréw angiogenezy a wzmozonym albo zmniejszonym potencjatem do
zaleznego od migracji komédrek formowania sie pecherzykéw zewnatrzkomoérkowych.
Zatozono, ze zgromadzone wyniki pozwolg oceni¢ mechanizm biogenezy pecherzykéw
zewnatrzkomaérkowych w srodowisku wielu zmiennych oraz funkcje tych struktur btonowych
w odpowiedzi na aktywacje zapalna. Ze wzgledu na silnie powigzanie angiogenezy nie tylko
z komérkami srédbtonka, ale réwniez z mikrosrodowiskiem guza, jednym z zatozen badania
byto skonfrontowanie wynikow uzyskanych na ludzkich pierwotnych komédrkach naczyn
tetnicy wiencowej z modelem komoérkowym stanowigcym hybryde komoérek srédbtonka
wyizolowanych z zyty pepowinowej z komdrkami niedrobnokomérkowego raka ptuca linii

Ab549, szczegdlnie w zakresie oceny ich odpowiedzi na czynniki hamujgce angiogeneze.
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5.3. Cele publikacji naukowych w kontekscie rozprawy doktorskiej
Nadrzedne cele pracy doktorskiej stanowity ocene zdolnosci do formowania sie
pecherzykéw zewnatrzkomérkowych pochodzenia $rédbtonkowego w warunkach
prozapalnych, wyjasnienie mechanizmu ich powstawania, a takze prébe okreslenia funkcji
biologicznych powyiszych struktur btonowych w konteksécie formowania nowych naczyn

krwionosnych, badz przebudowy juz istniejacych.

5.3.1. Cel1 - Publikacjanr1

Celem publikacji byta ocena, czy aktywacja ekspresji endogennej TPM1 za pomoca
technologii CRISPR/Cas9 moze hamowac¢ odpowiedz zapalng wywotang przez TNF-a w

srodowisku pierwotnych komaérek srodbtonka i miesni gtadkich ludzkich tetnic wiencowych.

Ze wzgledu na ilo$¢ wynikéw oraz ztozonosé przeprowadzonych analiz, niniejsza publikacje

prezentuje takze podrzedne cele opierajace sie na:

1. Analizie wptywu rekombinowanego ludzkiego TNF-a na reorganizacje cytoszkieletu
aktynowego w pierwotnych ludzkich komérkach srédbtonka tetnic wiencowych (ang. primary
human coronary artery endothelial cells, pHCAEC) oraz jego roli w promowaniu

ukierunkowanej i skoordynowanej migracji tych komaorek.

2. Ocenie korelacji pomiedzy formowaniem i sekrecjg migrasoméw a zwiekszong adhezjg
komorek srédbtonka do macierzy zewnatrzkomérkowej oraz sitg i funkcjg interakcji wtdkien
retrakcyjnych z sgsiednimi komérkami potencjalnie oddziatujgcych na ukierunkowang

migracje komarek.

3. Zbadaniu wptywu stabilizacji F-aktyny poprzez aktywacje endogennej ekspresji TPM1 na
inhibicje odpowiedzi zapalnej w $rodowisku komérek pHCAEC, z uwzglednieniem wptywu
TPM1 na tworzenie ciggtych potaczen komdrkowych oraz hamowanie proliferacji i migracji
pierwotnych ludzkich komérek miesni gtadkich tetnic wiercowych (ang. primary human

coronary artery smooth muscle cells, pHCASMC).
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5.3.2. Cel 2 - Publikacja nr 2
Celem publikacji byt przeglad danych literaturowych w obrebie dysfunkcji srédbtonka

i wspottowarzyszacego formowania sie pecherzykéow zewnatrzkomérkowych wydzielanych
do krwioobiegu w odpowiedzi na inicjacje i rozwdj odpowiedzi zapalnej. Ze wzgledu na dane
literaturowe $wiadczace o istotnej roli pecherzykdw zewnatrzkomdérkowych w mechanizmie
destabilizacji i przebudowy $ciany naczyn krwionosnych, publikacja poglagdowa stanowi swego
rodzaju wstep do analiz dotyczacych dysfunkcji naczyniowych zwigzanych z patofizjologiag

komadrek srodbtonka.

5.3.3. Cel 3 - Publikacja nr 3

Celem pracy byta ocena stanu zapalnego oraz komdrek srédbtonka naczyniowego, ktére
stanowity giowny obiekt badan niniejszej rozprawy doktorskiej. Aktywacja zapalna
przyczynia sie do inicjacji procesu formowania naczyn, okreslanego mianem angiogenezy,
a z kolei nowo powstate naczynia mogg podtrzymywac i nasilaé proces zapalny, wskazujac na
wzajemng stymulacje opisywanych mechanizmow. Jak wskazujg dane literaturowe, z jednej
strony mediatory stanu zapalnego, takie jak cytokiny czy czynniki wzrostu, inicjujg i promuja
formowanie naczyn, podczas gdy powstate struktury dostarczajg tlen i sktadniki odzywcze do

obszaru zapalenia.

Metodologiczny cel publikacji skupiat sie na ocenie wptywu czynnikéw hamujacych
angiogeneze na mechanizmy promujgce destabilizacje $ciany naczyn i komunikacje
miedzykomdrkowa zwigzang z wydzielaniem struktur btonowych w warunkach odpowiedzi
zapalnej. Publikacja miata réwniez na celu ocene poziomu fluorescencji markeréw
naczyniowych w kontekscie inicjacji i rozwoju odpowiedzi stresowej komdrek srédbtonka

naczyniowego indukowanej TNF-a.

5.3.4. Cel 4 - Publikacja nr 4

Celem publikacji byto obrazowe przedstawienie odpowiedzi komérek EA.hy926 na dziatanie
czynnikéw zapalnych i substancji antyangiogennych w kontekscie zmian w organizacji
cytoszkieletu aktynowego oraz lokalizacji i poziomu fluorescencji biatek zaangazowanych
w tworzenie potaczen miedzykomérkowych. Ponadto, celem uzupetniajgcym pracy byta

ocena przydatnosci komdérek linii EA.hy926 do badan nad mechanizmami angiogenezy.
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5.4. Komentarze do publikacji wchodzacych w sklad cyklu stanowigcego
podstawe do nadania stopnia doktora

Cykl publikacji naukowych stanowiacy podstawe niniejszej rozprawy doktorskiej przedstawia
wyniki przeprowadzonych badan eksperymentalnych oraz obecny stan wiedzy w zakresie
charakterystyki, mechanizmu powstawania i funkcji biologicznych pecherzykéw
zewnatrzkomdrkowych w odpowiedzi zapalnej ludzkiego srédbtonka naczyin. W niniejszej
rozprawie zostang zaprezentowane najnowsze odkrycia dotyczace pecherzykéw
zewnatrzkomodrkowych w kontekscie inicjacji i progresji stanu zapalnego, uwzgledniajac
wyniki badan wtasnych podkreslajacych znaczenie przebudowy cytoszkieletu komérek
srédbtonka  naczyniowego i migracji w  procesie formowania pecherzykdéw
zewnatrzkomdrkowych i ich funkcji w komunikacji miedzykomdrkowej. Kazda z publikacji
koncentruje sie na odrebnym aspekcie tego ztozonego zagadnienia, pozwalajgc na poszerzenie
wiedzy, jaka odgrywaja pecherzyki zewnatrzkomdérkowe formowane w warunkach

odpowiedzi zapalne;.

5.4.1. Publikacjanr1

Pierwsza publikacja wchodzgca w sktad cyklu jest pracg badawczg, ktora przedstawia wyniki
badann in vitro z zakresu inicjacji endogennej ekspresji TPM1 wykorzystujgcej system
CRISPR/Cas9 do inhibicji zaleznej od TNF-a odpowiedzi zapalnej w Srodowisku pierwotnych

komorek srddbtonka tetnicy wiencowej i miesni gtadkich.

Literatura wskazuje, ze TNF-a jest jedng z kluczowych cytokin prozapalnych, ktéra odgrywa
istotng role w procesach zwigzanych ze wzrostem, proliferacjg oraz odpowiedzig komédrek
srodbtonka, miesni gtadkich i uktadu odpornosciowego na bodice zewnetrzne. Te dane
stanowity podstawe do oceny wptywu rekombinowanego ludzkiego TNF-a, wytwarzanego w
komodrkach HEK293, na komérki pHCAEC, szczegdlnie w kontekscie zmian organizacji F-aktyny
oraz procesOw oddziatywania komorek z macierzg zewngtrzkomodrkowa, tj. ruch i adhezja
komorek. Oceniano takze mozliwos¢ wykorzystania systemu CRISPR/Cas9 do hamowania
srodbtonkowej odpowiedzi zapalnej przez regulacje ekspresji genu TPM1. Otrzymane wyniki
pracy wskazaty na zwigzek przebudowy cytoszkieletu aktynowego w réwnolegle utozone
widkna stresowe biegngce wzdtuz diuiszej osi komodrek pHCAEC. Powstate struktury

umozliwity ukierunkowany i réwnolegty ruch komérek indukujgc ukierunkowang migracje. Ta
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zmiana w organizacji F-aktyny promowata silne lecz nieciaggte kontakty na poziomie komorka-
komorka, ktére prawdopodobnie zaangazowane byty w sygnalizacje pomiedzy migrujgcymi
komodrkami. Powstajgce formy potaczen miedzykomorkowych wraz z lokalnie zwiekszong
adhezjg wydajg sie by¢ zwigzane z tworzeniem migrasomow okreslane rowniez migracytoza.
Stabilizacja cytoszkieletu aktynowego poprzez aktywacje endogennej ekspresji TPM1 oparta
o system CRISPR skutkowata zahamowaniem odpowiedzi zapalnej komdérek pHCAEC w skutek

aktywnosci TNF-a i stabilizacjg ciggtych potaczen miedzykomadrkowych.

W ramach realizacji projektu doktorskiego zwrdcono uwage, ze TNF-a indukuje istotne zmiany
w morfologii i organizacji cytoszkieletu aktynowego komérek srédbtonka. Zastosowanie TNF-
a prowadzito do reorganizacji F-aktyny, przeksztatcajac jg z gwiazdzistych struktur w liniowe
widkna stresowe, co sprzyjato formowaniu wrzecionowatej morfologii komérek. Ta
reorganizacja umozliwiata ukierunkowang i skoordynowang migracje komodrek, a takze
promowata powstawanie silnych, ale nieciggtych pofgczen miedzykomérkowych, ktére byty
kluczowe dla sygnalizacji miedzy migrujagcymi komérkami. Dalsze analizy wykazaty, ze
ekspresja kadheryny s$rédbtonka naczyniowego (ang. vascular endothelial cadherin, VE-
cadherin), a-kateniny i B-kateniny byta znaczgco zwiekszona w miejscach tych potaczen, co
sugeruje, ze TNF-a sprzyja tworzeniu nowych punktéw adhezji miedzykomérkowej oraz
reorganizacji potgczen miedzykomorkowych, co jest istotne dla utrzymania integralnosci
Srodbtonka. Zauwazono réwniez, ze ekspozycja komérek na TNF-a prowadzita do zmniejszenia
migracji grupowej, co sugeruje, ze TNF-a przeksztatca wzorzec migracji komoérek z

kooperatywnego na skoordynowany, gdzie komaorki poruszajg sie w jednolitym kierunku.

Zastosowanie technologii CRISPR do aktywacji genu TPM1 przyniosto znaczace wyniki w
hamowaniu odpowiedzi zapalnej. Aktywacja TPM1 prowadzita do stabilizacji cytoszkieletu
aktynowego, co skutkowato zmniejszeniem rozszczepienia VE-kadheryny oraz utrzymaniem
stabilnych pozioméw a- i pB-kateniny. W efekcie stabilizowane byly potaczenia
miedzykomadrkowe, co zmniejszato przepuszczalno$é naczyn i chronito przed nadmiernym

naptywem komérek uktadu odpornosciowego do miejsc zapalnych.

Ponadto, badania wykazaty, ze TNF-a zwieksza zdolnos¢ komodrek srodbtonka do tworzenia
tubularnych struktur na powierzchni imitujgcej macierz zewnatrzkomérkowa, co wskazuje na

proangiogenny wptyw TNF-a w warunkach in vitro. Komdrki aktywowane przez TNF-a
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wykazywaty takze wzmozong migracje oraz tworzenie migrasomow, ktére odgrywaty
kluczowa role w sygnalizacji miedzy migrujagcymi komdrkami. Ta aktywacja migracji byta
szczegoblnie widoczna podczas testow migracji na otwarte pole, gdzie komorki wykazywaty

wyrazng tendencje do poruszania sie w okreslonym kierunku z wiekszg predkoscia.

Wykorzystanie ekspresji TPM1 do stabilizacji cytoszkieletu prowadzito do zmniejszenia
proliferacji i migracji komoérek miesni gtadkich tetnic wieicowych, co sugeruje, ze TPM1 moze

by¢ potencjalnym celem terapeutycznym w leczeniu standéw zapalnych naczyn.

W niniejszej publikacji szczegdlng uwage zwrdcono na proces formowania migrasoméw w
kontekscie odpowiedzi zapalnej indukowanej przez TNF-a w komdrkach pHCAEC. Wykazano,
ze TNF-a indukuje reorganizacje cytoszkieletu aktynowego, co prowadzi do powstawania
wtdkien stresowych, ktore uktadajg sie rownolegle wzdtuz dtuzszej osi komadrek srédbtonka.
Ta reorganizacja jest istotna dla umozliwienia ukierunkowanej i skoordynowanej migracji
komorek. Proces ten jest Scisle zwigzany z tworzeniem migrasomow, ktére odgrywajg istotng

role w sygnalizacji miedzy migrujgcymi komaérkami.

Migrasomy sg dynamicznymi strukturami, ktére formujg sie na tylnej krawedzi migrujgcych
komorek i sg zwigzane z procesem migracytozy, czyli specyficzng forma wydzielania zwigzang
z migracjg komoérek. W wyniku dziatania TNF-a zaobserwowano zwiekszenie lokalnej adhezji
komorek, co sprzyja formowaniu migrasomow. W szczegdlnosci, migrasomy uczestniczg w
przekazywaniu sygnatéw miedzy komdrkami, co jest kluczowe dla koordynacji ruchu komoérek

oraz utrzymania ciggtosci warstwy srédbtonka.

W badaniach wykazano réwniez, ze stabilizacja cytoszkieletu aktynowego poprzez aktywacje
endogennej ekspresji genu TPM1 za pomocg technologii CRISPR prowadzi do zahamowania
odpowiedzi zapalnej, co skutkuje zmniejszeniem liczby migrasoméw i stabilizacjg potaczen
miedzykomdrkowych. Tym samym, produkty genu TPM1 mogg mie¢ potencjalne
zastosowanie terapeutyczne w leczeniu choréb naczyn, poprzez modulacje procesu

formowania migrasomow i stabilizacje struktury srédbtonka.

Podsumowujgc, badania te dostarczajg nowych informacji na temat mechanizméw
molekularnych odpowiedzialnych za wptyw TNF-a na komérki srédbtonka oraz wskazujg na

mozliwe zastosowania terapeutyczne zwigzane z regulacjg ekspresji TPM1, co moze przyczynié
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sie do opracowania nowych strategii leczenia choréb uktadu sercowo-naczyniowego. Warto
wspomnieé, ze byta to pierwsza praca w literaturze badawczej pokazujgca mechanizm

formowania migrasoméw w wyniku aktywacji zapalnej srodbtonka.

5.4.2. Publikacjanr 2

Kolejng publikacja wchodzacg w sktad cyklu jest praca przeglagdowa, ktdra przedstawia
najnowsze dane literaturowe dotyczace charakterystyki procesu zapalnego w srodowisku
komodrek S$rédbtonka naczyniowego. W pracy tej opisano istote procesu zapalnego
prowadzgcego do przebudowy S$ciany naczyn, stanowigcego podstawe nieprawidtowego

rozszerzania Scian tetnic, spowodowanego ostabieniem struktury $ciany naczynia.

Informacje zawarte w tej publikacji majg szczegblne znaczenie, poniewaz wigzg sie
bezposrednio z gtdwnym tematem badawczym, ktéry koncentruje sie na aktywacji zapalnej
komodrek $rédbtonka naczyn tetnicy wiencowej. Ta aktywacja indukuje z kolei wydzielanie

struktur btonowych zwigzanych ze wzmozong migracjg komorek.

W niniejszej pracy skoncentrowano sie na roli srodbtonka i pecherzykéw
zewnatrzkomdrkowych w mechanizmach komérkowych prowadzacych do powstawania
tetniakow aorty. Srodbtonek, ktéry wyscieta naczynia krwionoéne, odgrywa kluczowa role
w homeostazie naczyniowej, regulacji przeptywu krwi, a takze w reakcjach zapalnych
i formowaniu pecherzykéw zewnatrzkomdrkowych. Proces zapalny, bedacy odpowiedzig na
zaburzenie réwnowagi wewngtrzkomorkowej, aktywuje komérki srodbtonka (ang. endothelial
cells, ECs) do ekspresji czgsteczek adhezyjnych, takich jak ICAM-1 i VCAM-1, ktére selektywnie
rekrutujg leukocyty do miejsca zapalenia. Ponadto, ECs mogg produkowac prozapalne
cytokiny, takie jak TNF-a, ktére promujg wydzielanie innych cytokin, na przyktad interleukin
(ang. interleukin, IL): IL-1 i IL-6. Nadmierna ekspresja tych czgsteczek moze prowadzi¢ do
przebudowy S$ciany naczynia tetniczego, zwiekszenia przepuszczalnosci $rédbtonka
i akumulacji LDL w btonie wewnetrznej, co sprzyja powstawaniu blaszki miazdzycowe;j.
Opisany proces jest takze zwigzany z rozwojem tetniakow, ktére sg wynikiem patologicznego

poszerzenia $ciany naczynia.

Strona | 42



Jak potwierdzono we wczesniejszych badaniach wtasnych, prezentowanych w publikacji pt.
,,CRISPR-Based Activation of Endogenous Expression of TPM1 Inhibits Inflammatory Response
of Primary Human Coronary Artery Endothelial and Smooth Muscle Cells Induced by
Recombinant Human Tumor Necrosis Factor a”, TNF-a indukuje reorganizacje cytoszkieletu
aktynowego, co prowadzi do powstawania witdkien stresowych F-aktyny i zwiekszonej
przepuszczalnosci $rddbtonka poprzez zmniejszenie liczby i integralnosci potgczen
miedzykomorkowych. Proces ten sprzyja takze migracji komérek srédbtonka, co jest
niezbedne do utrzymania bariery $rédbtonkowej. W literaturze opisano, ze stabilizacja F-
aktyny poprzez aktywacje ekspresji TPM1 moze skutecznie zmniejszy¢ odpowiedZ zapalng
komérek  srédbtonka, a tym samym réwniez  wydzielanie  pecherzykéw

zewnatrzkomorkowych.

Wydzielanie pecherzykdw zewnatrzkomorkowych jest kluczowym mechanizmem komunikacji
miedzykomorkowej, pozwalajgcym na przenoszenie sygnatéw pomiedzy réznymi typami
komorek bez potrzeby bezposredniego kontaktu. Pecherzyki te mogg zawieraé biatka, mRNA,
miRNA oraz inne czasteczki bioaktywne, ktore wptywajg na funkcje komaorek docelowych. EVs
sg réznorodng populacjg pecherzykéow btonowych, ktére mogg mieé wielkos¢ od 30 nm do 5
pum. Klasyfikacja tych pecherzykdw opiera sie na ich wielkosci i mechanizmie powstawania,

obejmujac egzosomy, ektosomy i ciatka apoptotyczne.

W kontekscie zapalenia, EV odgrywajg istotng role w modulacji odpowiedzi immunologiczne;j
oraz w procesach przebudowy naczyn. Wykazano, ze pod wptywem TNF-a, komorki
Srodbtonka wydzielajg EV zawierajgce prozapalne cytokiny oraz czasteczki adhezyjne, ktére
mogg przyczyniac¢ sie do wzmozonej rekrutacji leukocytéw do miejsca zapalenia i nasilenia
odpowiedzi zapalnej. EV mogg rédwniez przenosi¢ miRNA, ktére regulujg ekspresje gendw w
komodrkach docelowych, wptywajgc na procesy takie jak proliferacja, migracja i apoptoza
komorek. Profil biatkowy EV wydzielanych przez komérki srédbtonka w odpowiedzi na TNF-a
jest réznorodny i zalezy od stanu fizjologicznego lub patologicznego komodrek. W badaniach
wykazano, ze EV zawierajg specyficzne biatka, takie jak integryny, ktore sg zaangazowane w
procesy adhezji i migracji komorek. Wydzielanie EV moze by¢ réwniez modulowane przez
rozne szlaki sygnatowe, w tym szlaki zalezne od kinaz aktywowanych mitogenami (ang.
mitogen-activated protein kinase, MAPK/ERK) oraz rodziny homologdw Ras A (ang. ras homolog

family member A, RhoA), ktére regulujg dynamike cytoszkieletu i przepuszczalnosé naczyn.
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Migrasomy, bedgce nowo odkrytym typem pecherzykdéw zewnatrzkomaorkowych, sg zwigzane
z procesem migracytocytozy, w ktérym zawartos¢ cytoplazmy komorki macierzystej jest
transportowana do pecherzykéw zlokalizowanych na koncach wtdkien retrakcyjnych.
Migrasomy zawierajg mniejsze struktury przypominajace granat, ktére mogg przenosié
bioaktywne czgsteczki miedzy komdrkami. Ze wzgledu na swojg strukture i funkcje, migrasomy
sq uwazane za wazny element komunikacji miedzykomoérkowej podczas proceséw takich jak
migracja komoarek, gojenie ran i reakcje zapalne. W kontekscie tetniakdw aorty, proces zapalny
prowadzi do destrukcji ECM oraz degradacji widkien kolagenowych i elastynowych przez
enzymy takie jak metaloproteinazy macierzy (ang. metalloproteinases, MMP) i katepsyny.
Woydzielanie EV przez komorki srédbtonka w odpowiedzi na sygnaty zapalne, takie jak TNF-a,
moze odgrywaé kluczowq role w progresji tetniakdw poprzez modulacje lokalnych reakcji
zapalnych i remodelingu naczyniowego. Profil biatkowy i zawartos¢ EV moga réwniez stuzyé

jako biomarkery diagnostyczne oraz cele terapeutyczne w leczeniu choréb naczyniowych.

Podsumowujac, publikacja pt.: ,The Important Role of Endothelium and Extracellular Vesicles
in the Cellular Mechanism of Aortic Aneurysm Formation” dostarcza szczegétowych informacji
na temat roli srodbtonka i pecherzykdw zewnatrzkomérkowych w procesach zapalnych
i przebudowy naczyn. Zrozumienie mechanizméw regulujgcych wydzielanie i funkcje EV
w kontekscie zapalenia i chordb naczyniowych moze przyczyni¢ sie do rozwoju nowych
strategii diagnostycznych i terapeutycznych, poprawiajgcych profilaktyke i leczenie tych
schorzen. Szereg doniesien zaprezentowanych w niniejszej pracy przegladowej, jak takze
publikacji nr 1 ujetej w niniejszej rozprawie doktorskiej, podkresla znaczenie interakcji
miedzykomadrkowych i komunikacji pecherzykowej w patogenezie tetniakdw aorty oraz innych

choréb uktadu sercowo-naczyniowego.
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5.4.3. Publikacjanr 3

Kolejna praca wchodzgca w sktad cyklu publikacji dotyczy wptywu inhibitoréw angiogenezy na
aktywacje zapalng w ludzkich komérkach srédbtonka naczyniowego. Inicjacja i postep stanu
zapalnego mogg zwieksza¢ wydzielanie aktywatordw angiogenezy, ktdre wigzg sie z
receptorami na powierzchniach komaérek srédbtonka, stymulujgc w ten sposéb proliferacje
komodrek oraz zwiekszajgc ich migracje, co stato sie istotnym czynnikiem ryzyka miazdzycy, w

kontekscie gtdwnego tematu pracy.

Aby zbadac¢ skuteczno$¢ inhibitoréw angiogenezy na zmiany w procesie tworzenia nowych
naczyn krwionosnych i zwigzanym z tym procesem formowania pecherzykéw
zewnatrzkomdrkowych, w badaniu wykorzystano leki przeciwangiogenne: Bewacyzumab,
Pazopanib i KRN-633. Model naczyniowy obejmowat linie komdérkowg pHCAEC, pozostajac w
obszarze rozwazan niniejszej rozprawy doktorskiej. Nadrzednym celem publikacji byta
indukcja stanu zapalnego w srodowisku komérek wyscielajgcych wewnetrzng warstwe $ciany
naczyn tetniczych aktywowanych ekspresjg cytokiny TNF-a, a nastepnie obserwacja efektow
morfologicznych i strukturalnych w poréwnaniu z aktywowanymi zapalnie komadrkami

potraktowanymi dodatkowo wymienionymi powyzej trzema inhibitorami angiogenezy.

Bewacizumab, jako przeciwciato monoklonalne skierowane przeciwko VEGF, hamuje
angiogeneze poprzez blokowanie receptoréw VEGF na powierzchni komérek srdodbtonka.
W badaniach wykazano, ze traktowanie komérek srodbtonka Bewacizumabem prowadzito do
obrzeku komorek i catkowitej degradacji cytoszkieletu aktynowego, co byto widoczne w
postaci struktur pecherzykowych na powierzchni obrzmiatych komérek. W kombinacji z TNF-
a, Bewacizumab powodowat jednoczesne obrzeki i kurczenie sie komaérek, co byto zwigzane z

niemal catkowitg degradacjg cytoszkieletu aktynowego i utratg ciggtosci warstwy srédbtonka.

Druga substancja — Pazopanib, jako inhibitor kinaz tyrozynowych, dziata na receptory VEGF,
PDGF i c-Kit. Badania wykazaty, ze Pazopanib znaczgco wptywat na wydzielanie EVs przez
komorki srédbtonka traktowane TNF-a, silnie przytwierdzone do wtdkien retrakcyjnych oraz
rozmieszczonych wolno w przestrzeni miedzykomérkowej. W przypadku kombinacji TNF-a i
Pazopanibu, zaobserwowano catkowitg redukcje intensywnosci fluorescencji VE-kadheryny,
co wskazuje na gtebokie zmiany w strukturze cytoszkieletu i interakcjach

miedzykomaorkowych.
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KRN-633, inhibitor receptoréw VEGF, wykazywat podobne efekty do Pazopanibu, zmieniajgc
profil EV wydzielanych przez komérki srédbtonka pod wptywem TNF-a. EV te zawieraty
zmniejszong ilos¢ czynnikdw proangiogennych oraz biatek adhezyjnych, co mogto ograniczac
migracje i proliferacje komoérek srédbtonka w warunkach zapalnych. Traktowanie komoérek
KRN-633 prowadzito do catkowite] dezintegracji cytoszkieletu zaréwno w obecnosci samego
inhibitora, jak i w kombinacji z TNF-a, co wskazuje na silne dziatanie przeciwangiogenne tego

zwigzku.

Podsumowujac, wptyw zwigzkdw antyangiogennych, w potgczeniu z dziataniem cytokin
prozapalnych na komodrki pHCAEC wywotywat zmiany strukturalne w cytoszkielecie
aktynowym, wykazujgc dodatkowo obecnos¢ entozy, okreslanej kanibalizmem komodrek oraz
struktur przypominajacych pecherzyki apoptotyczne. Ponadto, stan zapalny w linii komdrek
pHCAEC nasilat dziatanie zastosowanych w badaniu zwigzkéw, prowadzac do zwiekszonego

rozpadu cytoszkieletu komérek srédbtonka.

Pazopanib w pofaczeniu z TNF-a powodowat powstawanie struktur pecherzykowych wzdtuz
przebiegu widkien retrakcyjnych F-aktyny w migrujgcych komérkach pHCAEC. Natomiast KRN-
633 w potaczeniu z TNF-a skutkowat translokacjg VE-kadheryny do jagdra komdrkowego, co

wskazuje na zmiany w mechanizmach adhezji miedzykomédrkowe;j.

Wyniki badania sugerujg, ze inhibitory angiogenezy, mogg stanowi¢ nowatorskie podejscie
terapeutyczne do regulacji funkcji uktadu sercowo-naczyniowego oraz leczenia zaburzen

zwigzanych z przebudowg naczyn, zwtaszcza w warunkach zapalnych.
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5.4.4. Publikacjanr 4

Ostatnia publikacja cyklu jest réwniez pracq badawczg, w ktérej dokonano oceny wptywu
inhibitorow angiogenezy na aktywnos¢ zapalng w komaorkach linii EA.hy926, ze szczegdlnym
uwzglednieniem potencjatu formowania pecherzykéw zewnatrzkomorkowych i ich profilu
funkcjonalnego w odpowiedzi na dziatanie TNF-a. Nieprzypadkowy stat sie zaréwno model
komérkowy wykorzystany w niniejszym badaniu, ktéry stanowi hybryde komdrek
naczyniowych wyizolowanych ze sznura pepowinowego (ang. human umbilical vein endothelial
cells, HUVEC) z komodrkami niedrobnokomdrkowego raka ptuc, jak i wybdr zwigzkéw

wykorzystanych do realizacji eksperymentéw w ramach przedtozonej publikacji.

Gtéwnym celem tego badania, stanowigcym jednoczesnie ostatni cel niniejszej rozprawy
doktorskiej byta ocena przydatnosci komérek linii EA.hy926 do badan nad mechanizmami
angiogenezy ze wzgledu na bilateralny charakter tych komodrek. Zaimplementowanie
warunkoéw identycznych do metodologii badawczej w publikacji pt. ,,Impact of angiogenesis
inhibitors on inflammatory activation in human vascular endothelial cells” byto takze
zamierzonym dziataniem, ze wzgledu na poszukiwanie odpowiedzi na pytaniem czy komorki
Srodbtonka reagujg na czynniki aktywacji zapalnej i inhibitory angiogenezy w podobny sposdb

do komérek hybrydowych EA.hy926.

Wykazano, ze inhibitory angiogenezy modulujg wydzielanie EVs przez komérki EA.hy926 oraz
wptywajg na ich sktad i funkcje, co moze miec znaczgce implikacje dla rozwoju nowych terapii
ukierunkowanych na zmniejszenie odpowiedzi zapalnej oraz zahamowanie angiogenezy.
Ostatecznie, zrozumienie roli pecherzykdw zewnatrzkomérkowych w kontekscie zapalnej
aktywacji przez TNF-a oraz wptywu inhibitoréw angiogenezy na te procesy, moze otworzyé
nowe perspektywy terapeutyczne nie tylko w leczeniu choréb naczyniowych, ale réwniez
choréb nowotworowych. Dzieki dalszym badaniom, rozwijajgcym nasze wczesniejsze
doniesienia mozliwe bedzie lepsze zrozumienie mechanizméw dziatania EVs oraz ich
potencjalnych zastosowan klinicznych, co moze przyczynié sie do opracowania skutecznych

strategii leczenia.
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5.5. Wnioski

Na podstawie przeprowadzonych badan ujetych w publikacjach naukowych stanowigcych

podstawe niniejszej rozprawy doktorskiej mozna wnioskowac, ze:

1. Aktywacja endogennej ekspresji TPM1 z wykorzystaniem technologii CRISPR/Cas9
skutecznie hamuje odpowiedz zapalng indukowang przez TNF-a w $rodowisku
naczyniowym, na modelowym przykiadzie pierwotnych komoérek s$rédbtonka i miesni
gtadkich tetnic wieficowych. Endogenna ekspresja TPM1 stabilizuje widkna F-aktyny, co
zmniejsza potencjat do migracji i proliferacji komdérek wyscielajagcych sSciany naczyn
krwionosnych. Moze miec to kluczowe znaczenie w kontekscie prewencji choréb, u podtoza
ktorych lezy nadmierna odpowiedz zapalna i remodeling kompensacyjny w obszarze uktadu

krazenia (Publikacja nr 1).

2. Obecno$¢ cytokiny zapalnej TNF-a w srodowisku pierwotnych komoérek srédbtonka
i miesni gtadkich tetnic wiencowych wptywa na reorganizacje cytoszkieletu aktynowego,
oddziatujac tym samym na dynamike adhezji komoérek wysciotki naczyn krwionosnych do
ECM. Opisany mechanizm odgrywa istotng role w formowaniu i sekrecji migrasomoéw —
pecherzykéw zewnatrzkomérkowych powstajagcych i wydzielanych w odpowiedzi na

wzmozony ruch komérek (Publikacja nr 1).

3. Proces formowania i uwalniania migrasomow jest $ciSle zwigzany ze wzrostem
wytrzymatosci potaczen widkien retrakcyjnych z sgsiadujgcymi komoérkami. Migrasomy sg
szczegllnie istotne w sSwietle komunikacji miedzykomérkowej, promujgc tym samym
ukierunkowang migracje regulowang aktywnoscig cytokin zapalnych w srodowisku

pierwotnych komérek srodbtonka i miesni gtadkich tetnic wiencowych (Publikacja nr 1).

4. Na podstawie dostepnych danych literaturowych potwierdzono, ze proces formowania
pecherzykdw zewnatrzkomérkowych w odpowiedzi na aktywacje zapalng komdrek
srédbtonka naczyniowego odgrywa istotng role w mechanizmie inicjacji i progresji
dysfunkcji srodbtonka. To z kolei wzmacnia proces zapalny oraz wptywa na zmiany
strukturalne w obrebie $ciany naczyn krwionosnych, co przyspiesza progresje chordb
naczyniowych. Z drugiej strony, ze wzgledu na transportowany tadunek oraz eksponowane
na btonie zewnetrznej biatka powierzchniowe, pecherzyki zewnatrzkomaérkowe moga petnic

role swoistego markera stanu zapalnego wysciotki naczyn krwionosnych (Publikacja nr 2).
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5. Istnieje wzajemna korelacja pomiedzy angiogenezg a aktywacja zapalng komdrek
srédbtonka. Cytokiny i czynniki wzrostu indukujg powstawanie nowych naczyn, ktére
wspierajg proces zapalny poprzez dostarczanie tlenu i sktadnikow odzywczych do miejsc
zapalenia. Wykorzystywane w terapii antyangiogennej substancje (Bevacizumab,
Pazopanib, KRN-633) poteguja efekt dezintegracji cytoszkieletu komdrek s$rédbtonka,
prowadzac do obrzmienia, zaburzen interakcji miedzykomoérkowych, a takze formowania
pecherzykéw, ktorych sekrecja nasila sie wraz ze wzrostem stezenia cytokin prozapalnych w
srodowisku naczyniowym, co podkresla znaczaca role pecherzykéw zewngtrzkomérkowych,
zwtfaszcza tych zaleznych od migracji, w komunikacji miedzykomérkowej i mechanizmach

sygnalizacyjnych (Publikacja nr 3).

6. Wyniki badan obrazowych potwierdzity uzytecznos¢ komorek linii EA.hy926 w badaniach
nad angiogeneza i odpowiedzig zapalng ze wzgledu na tozsamg z komdérkami srédbtonka
naczyn tetnicy wiencowej odpowiedzig na aktywnos¢ zapalng cytokiny TNF-a i zwigzkéw

antyangiogennych (Publikacja nr 4).
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5.7. Streszczenie

Schorzenia uktadu krazenia, wsrdd ktérych wymienia sie przede wszystkim chorobe
niedokrwienng serca, stanowig najczestszg przyczyne ogdlnej zachorowalnosci i Smiertelnosci
w krajach cywilizacji zachodniej. Ich rozwéj moze prowadzié do takich jednostek chorobowych
jak zawat serca czy udar mézgu, ktérych przebieg lezy u podstaw procesu miazdzycowego
rozwijajgcego sie w obrebie aorty i tetnic obwodowych. Wspomniane zjawisko wigze sie ze
zmianami sygnalizacji komdrkowe] promujac odpowiedz zapalng i obejmuje co najmniej dwa
rézne systemy, na ktére sktadajg sie komaorki srédbtonka i miesnidwki gtadkiej naczyn oraz ich
wzajemne oddziatywania. |Inicjacja konstytutywnego stanu zapalnego zwigzana jest
z dysfunkcjg srodbtonka. Czgsteczki adhezyjne znajdujgce sie na jego powierzchni, w wyniku
przewlektej odpowiedzi zapalnej faczg sie z domenami ligandéw integrynowych
reprezentujgcych monocyty. W wyniku opisywanego procesu obserwuje sie sekrecje cytokin
prozapalnych przez komorki s$rédbtonka, co promuje akumulacje komodrek uktadu
odpornosciowego w obrebie zmian miazdzycowych i skutkuje ich destabilizacja.
Zaobserwowano, ze w wyniku aktywacji reakcji zapalnej zachodzacej w obrebie srédbtonka
naczyniowego tetnic dochodzi réwniez do wytwarzania zewnatrzkomoérkowych pecherzykéw
btonowych. Przypuszcza sie, ze jest to zjawisko bezposrednio zwigzane z wysokim potencjatem
migracyjnym komadrek aktywowanych stanem zapalnym oraz przebudowg ich cytoszkieletu

aktynowego.

Przedmiotem badan przedstawionych w niniejszej rozprawie doktorskiej byta ocena zdolnosci
do formowania pecherzykdw zewnatrzkomérkowych pochodzenia srédbfonkowego
w warunkach prozapalnych. Badano mechanizmy ich powstawania oraz prébowano okresli¢
ich funkcje biologiczne, zwtaszcza w kontekscie tworzenia nowych naczyn krwiono$nych
i przebudowy istniejgcych struktur naczyniowych. Przyjeto hipoteze, ze wysoka ekspresja
cytokin zapalnych, takich jak TNF-a, w mikrosrodowisku komérkowym moze zwiekszac
potencjat migracyjny komodrek $rédbtonka, co prowadzi do reorganizacji cytoszkieletu
aktynowego. Te zmiany mogg sprzyjac intensyfikacji mechanizméw formowania i wydzielania
pecherzykéw, ktére mogg petni¢ role wskaznikdw inicjacji i progresji odpowiedzi zapalne;j.
TNF-a zatem zwieksza inwazyjnos¢ pierwotnych komédrek srédbtonka w srodowisku naczyn

tetnic wiencowych.
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Szczegdlnie istotne, z perspektywy przeprowadzonych eksperymentédw okazaty sie
migrasomy, czyli pecherzyki zewngtrzkomérkowe formowane w odpowiedzi na wzmozong
migracje pierwotnych komodrek srédbtonka, powstajace na koncach i przecieciach widkien
retrakcyjnych stanowigcych tylni brzeg komérek, zapewniajgce wsparcie strukturalne
komodrce i ufatwiajgce dynamiczne zmiany ksztattu i ruchu komorki. Obserwacje zebrane
podczas przeprowadzanych w ramach realizacji niniejszej rozprawy doktorskiej
eksperymentéw wskazujg, ze uwalniane podczas ruchu komoérek do przestrzeni
miedzykomorkowych pecherzyki zewnatrzkomoérkowe sg wychwytywane przez otaczajace
komoérki, co moze s$wiadczy¢ o udziale migrasoméw w mechanizmach sygnalizacji
komodrkowej. Liczebnos¢ populacji formowanych struktur btonowych jest silne zwigzana
z zaawansowaniem stanu zapalnego indukowanego ekspresjg cytokiny TNF-a. Co wiecej, na
podstawie otrzymanych wynikéw, potencjat do formowania migrasoméw wzrastat wraz ze
spadkiem ekspresji biatek potgczeniowych, co wigze sie z rearanzacjg cytoszkieletu
aktynowego i rozluznieniem potaczen miedzykomodrkowych, w afekcie prowadzgc do

zwiekszenia przepuszczalnosci naczyn.

Istotny zwigzek ze wzmozonym ruchem komédrek w odpowiedzi na ekspresje aktywatoréw
zapalnych wykazuje proces formowania nowych naczyn krwionosnych, okreslany mianem
angiogenezy. W odpowiedzi na czynniki wzrostu, takie jak VEGF, w obrebie komodrek
$rodbtonka dochodzi do reorganizacji biatek cytoszkieletu aktynowego, co koreluje
z przemieszczaniem sie komodrek srédbfonka w miejsca wymagajgce wsparcia tlenowego
i odzywczego, w konsekwencji tworzgc ztozone siatki naczyn krwionosnych. Opisywany proces
jest kluczowy w Swietle patogenezy choréb o podtozu zapalnym, stajgc sie podstawg do
opracowania nowoczesnych metod terapeutycznych. Z punktu widzenia gtéwnego tematu
pracy, wzmozona migracja prowadzgca do tworzenia nowych naczyn, wigze sie z wydzielanych
migrasoméw przez komorki srédbtonka, co moze sSwiadczy o silnym zaangazowaniu

migrasoméw w komunikacje miedzykomdrkowa.

Zrozumienie roli komérek srédbtonka w kontekscie migracji komérek zapalnych oraz aktywacji
zapalnej komodrek wyscielajgcych sciany naczyn i wydzielanych w konsekwencji pecherzykow
zewnatrzkomérkowych ma istotne znaczenie dla opracowywania nowych strategii
diagnostycznych i terapeutycznych. Inhibitory szlakéw sygnalizacyjnych, regulujgcych ruch

komorek zapalnych oraz funkcje komadrek srédbtonka, mogg mieé potencjat w leczeniu chordb
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zapalnych i nowotworowych, w ktérych nadmierna lub nieprawidtowa odpowiedz zapalna

odgrywa kluczowa role.
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5.8. Summary

Cardiovascular disorders, particularly coronary artery disease, are the leading causes of
morbidity and mortality in Western countries. Their progression can lead to serious conditions
such as myocardial infarction and stroke, which are fundamentally linked to atherosclerotic
processes occurring within the aorta and peripheral arteries. This phenomenon is associated
with alterations in cellular signaling that promote inflammatory responses and involves at
least two distinct systems: endothelial cells and smooth muscle cells, along with their
interactions. The initiation of a constitutive inflammatory state is associated with endothelial
dysfunction. Adhesion molecules on the endothelial surface, due to chronic inflammatory
responses, bind with integrin ligand domains representing monocytes. This process results in
the secretion of pro-inflammatory cytokines by endothelial cells, promoting the accumulation
of immune cells within atherosclerotic lesions and leading to their destabilization. It has been
observed that the activation of the inflammatory response within the endothelial lining of
arteries also leads to the production of extracellular membrane vesicles. This phenomenon is
believed to be directly related to the high migratory potential of inflammation-activated cells

and the remodeling of their actin cytoskeleton.

The research presented in this doctoral dissertation aimed to assess the capacity for forming
endothelial-origin extracellular vesicles under pro-inflammatory conditions. Mechanisms of
their formation were studied, and their biological functions were evaluated, particularly
concerning the formation of new blood vessels and the remodeling of existing vascular
structures. It was hypothesized that high expression of inflammatory cytokines, such as TNF-
a, within the cellular microenvironment could enhance the migratory potential of endothelial
cells, leading to actin cytoskeleton reorganization. These changes might contribute to
increased mechanisms of vesicle formation and secretion, which could serve as indicators of
the initiation and progression of inflammatory responses. Therefore, TNF-a increases the

invasiveness of primary endothelial cells in the coronary vascular environment.

Particularly relevant to the experiments conducted in this dissertation were migrasomes,
which are extracellular vesicles formed in response to enhanced migration of primary
endothelial cells. These vesicles form at the ends and intersections of retraction fibers at the
cell's trailing edge, providing structural support and facilitating dynamic shape changes and

movement of the cell.
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Observations from the experiments conducted during this doctoral research indicate that
extracellular vesicles released during cell movement into intercellular spaces are captured by
surrounding cells, suggesting a role of migrasomes in cellular signaling mechanisms. The
abundance of these membrane structures is strongly correlated with the progression of
inflammation induced by TNF-a cytokine expression. Moreover, the results indicate that the
potential for migrasome formation increased with decreased expression of adhesion proteins,
which is associated with actin cytoskeleton rearrangement and loosening of intercellular

connections, ultimately leading to increased vascular permeability.

The process of forming new blood vessels, known as angiogenesis, is particularly related to
the increased movement of cells in response to inflammatory activators. In response to
growth factors such as VEGF, endothelial cells undergo reorganization of actin cytoskeleton
proteins, correlating with their migration to areas requiring oxygen and nutrient support,
ultimately forming complex vascular networks. This process is critical in the pathogenesis of
inflammatory diseases and forms the basis for developing modern therapeutic strategies.
From the perspective of the primary focus of this study, increased migration leading to new
vessel formation is associated with the secretion of migrasomes by endothelial cells,

suggesting a significant role of migrasomes in intercellular communication.

Understanding the role of endothelial cells in the context of inflammatory cell migration and
the inflammatory activation of vascular wall-lining cells, along with the extracellular vesicles
released as a result, is crucial for developing new diagnostic and therapeutic strategies.
Inhibitors of signaling pathways regulating the movement of inflammatory cells and
endothelial cell functions may have potential in treating inflammatory and cancerous diseases

where excessive or aberrant inflammatory responses play a critical role.

Strona | 71



6. Zalaczniki

6.1. Kopie prac stanowiacych cykl publikacji

Strona | 72



6.1.1. Publikacjanr 1

Strona | 73



e frontiers

ORIGINAL RESEARCH
st

pubdshed: 1 amber 2021

in Cell and Developmental Biology clol: 10,9280/008, 2021,688032

OPEN ACCESS

Edited by:

Gua-Ping Shi

Erigham and Women's Hospilal
and Harvard Meaical School,
United States

Reviewed by:

Peter YWillam Gunring,
Urwesrsity of New South Waies,
Australl

Zhaoje Meng

Brigharn and Women's Hospital
and Harvaved Medical
United States
*Correspondence:

Macey Gaga!
mgagat@cm.wnk. gl

TThese authors have contibuted
aqualy 1o this work

Y Thase authees Shar Semoy
autharship

Specialty section:

This article was subynited to
Signatng,

a sacion of the jouna!

Frontiars in Cel and Developrmental
Gintogy

Received: 15 Fobruary 2021
Accepted: 25 August 2027
Published: 17 Seplambe 2027
Citation:

Gagat M, Zistviska W

NMikolaioayk K, Zabvzyriski J,
Kragewski A,

Kiimaszewska- Wighizwvsis A
Grzanka D and Grzanka A (2021)
CRISPR-Rased Activation

of Endogencus Exprassion
Inhitats nflammatory Rasponse

of Primexy Human Coronary Artery
Encothelial and Smooin Muscle Cefls
Induced by Recomibimant Humarn

Front. Ced Dev, Bicl. 8:568032
ool 10.338% fcel 202 1. 668052

CRISPR-Based Activation of
Endogenous Expression of TPM1
Inhibits Inflammatory Response of
Primary Human Coronary Artery
Endothelial and Smooth Muscle Cells
Induced by Recombinant Human
Tumor Necrosis Factor «

Maciej Gagat’*, Wioletta Zieliriska™, Klaudia Mikotajczyk™, Jan Zabrzyriski®?,
Adrian Krajewski', Anna Klimaszewska-Wisniewska?, Dariusz Grzanka* and
Alina Grzanka'

' Dapartment of Histaibgy and Embryoleqy, Fecwlty of Madicina, Moafaus Copeamicus Linveesity in Tovun, Colagim
Mecicurn in Bydgoszez, Bydgoszez, Potand, * Department of Glinical Pathomaahology, Facufty of Medicine, Nicolaus
Copamicus University in Torus, Collegium Madicumn in Bydigoszez, Bydgoszoz, Pok ! Dapariment af Geneval
Orifiopaedics, Muscuoskesial Oncology and Trauwma Swgery, University of Medica! Soiances. Poznan, Poland

Tumor necrasis factor a (TNFa) is one of the most important proinflammatory cytokines,
which affects many processes associated with the growth and characteristics of
endothelial, smooth muscle, and immune system cells. However, there is no correlation
between most in vive and in vitro studies on its role in endothelial cell proliferation
and migration. In this study, we examined the effect of recombinant human {rh)
TNFa produced in HEK293 cells on primary human coronary artery endothelial cells
(PHCAECs) in the context of F-actin organization and such processes as migration and
adhesion. Furthermore, we evaluated the possibility of the inhibition of the endothelial
inflammatory response by the CRISPR-based regulation of TPMT gene expression. We
showed that TNFu-induced activation of pHCAECs was related to the reorganization of
the actin cytoskeleton into parallel-arranged stress fibers running along the longer axis of
pHCAEC:s. It allowed for the directed and parallel motion of the celis during coordinated
migration. This change in F-actin organization promoted strong but discontinuous
cell—cell contacts involved in signalization between migrating cells. Moreover, this
form of intercellular connections together with locally increased adhesion was related
to the formation of migrasomes and further migracytosis. Stabilization of the actin
cytoskeleton through the CRISPR-based activation of endogenous expression of TPM1
resulted in the inhibition of the inflammatory response of pHCAECS following treatment
with rh TNFx and stabilization of cell-cell junctions through reduced cleavage of
vascular endothelial cadherin (VE-cadherin) and maintenance of the stable levels of
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a- and p-catenins, We also showed that CRISPR-based activation of TPMT reduced
inflammatory activation, proliferation, and migration of primary human coronary artery
smooth muscle cells. Therefore, products of the TPM? gene may be a potential
therapeutic target for the treatmeant of proinflammatory vascular disorders.

Keywords: TMFx, &n
inflammation

INTRODUCTION

The endothelial barrier plays a pivotal role in the regulation
of the functioning of the entire circulatory system (Godo and
Shimokaws, 2017). For this reason, any disturbances in the
endothelial structure are associated with unfavorable health
effects. Endothelial dysfunction manifests into abnormalities
in the anticoagulant and anti-inflammatory properties of
cells as well as alterations in vascular growth and vascular
remodeling. It is associated with phenomena like hypertension
and atherosclerasis (Chistiakov et al, 2015; Gimbrone and
Garcia-Cardens, 2016). Endothelium produces nitric oxide,
which is responsible for the relaxation of the underlying vascular
smooth muscle, Reduced activity of endothelial nitric oxide
synthase is observed in diabetes and hypertension. It also
promotes vasoconsiriction, thrombosis, and infiltration of the
immune system cells (Matsushita et al, 2001), In turn, it is
associated with the increased production of proinflammatory
factors that induce the excessive proliferation of vascular smooth
muscle cells, Proinflammatory cytokines also cause further
accumulation of immune cells at the site of endothelial layer
disruption. The increased production of endothelium-derived
contracting factors leads to even greatér deregufation of vessel
wall functioning (Virdis etal., 2010).

Disbalance between the vasodilators and vasoconstrictors
is not the enly phenomenon leading to disruption of the
endothelial barrier, From a biological perspective, endothelial
dysfunction begins much earlier and manifests by intense
changes in the structure, level, and function of membrane and
intracellular proteins (Gimbrone and Garcia-Cardena, 2016).
They are associated particularly with abnormalities at the level
of junctional proteins, which can be observed as alterations in
the pattern of intercellular connections. The types of cell contacts
that guarantee the continuity of the endothelial layer are adherens
junctions (AJs) and tight junctions (T)s). The main proteins
involved in those types of connections in vascular endothelium
are vascular endothelial cadherin (VE-cadherin) and claudin-
5. However, proinflammatory conditions lead to a loosening of
the junctional network, which manifests in the discontinuity at
the cell-cell border and the appearance of spaces between cells
(Cerutti and Ridley, 2017), These spaces allow, for example,
massive infiliration of monocytes 1o the vessel wall, ohserved
during the development and exacerbation of atherosclerosis,
Other effects of proinflammatory conditions are enhanced cell
adhesion and increased migration (Kaczmarek et al. 2005
Perna el al, 2013). In our work, we suggest that inereased
intracellular tensions result in the mechanistic disruption of
intercellular junctions, which leads to the loss of the endothelial
barrier continuity.

i hs
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Endothelial injury, as well as angiogenesis, propels the
migration of endothelial cells, which aims to restore the
continuity of the endothelial monolayer or formation of new
wvessels (Michaehs, 2014). The cells can migrate both individually
and in a coordinated manner depending on the intercellular
signals and environmental factors. Collective migration is defined
as the migration of cells that remain functionally and physically
connected through stable intercellular connections. At the same
time, such cells are characterized by multicellular polarity and
the organization of the cytoskeleton that allows them to generate
traction forces. In this type of migration, cell movement is
coordinated locally and as a result, tightly connected cells move
in the same direction (Canver et al,, 2016},

All these changes, however, would not be possible without
alterations at the actin cytoskeleton level. Changes in the
organization of F-actin are involved in such processes as
migration, proliferation, and cell adhesion. Moreover, the
interaction of the actin cytoskeleton with junctional proteins
allows the transfer of tensions from the relatively weak
intercellular junctions to the more resistant eytoskeleton (van
Geemen el al, 2014), In the case of non-activated endathelium,
F-actin is organized into characteristic star-like structures that
guarantee an appropriate distribution of intracellular tensions
and enable a quick response to external factors, for example,
through the ability of multidirectional migration. However, cell
activation in response to proinflammatory cytokines involves
the remodeling of the actin network into thick bundles of
highly polymerized and parallel stress fibers. The changes in the
organization of the actin cytoskeleton are possible only due to the
activity of actin-binding proteins, which include tropomyosins
(Gunning et al, 2015},

We have shown that tropomyosin-1 inhibits both
polymerization and depolymerization of the actin flaments
induced by L-homocysteine and cigarerte smoke extract and
impacts the integrity of EAhy926 endothelial cells (Gagar
et al, 2013, 2014). However, whether and how the expression
of tropomyosin-1 and stabilization of actin cytoskeleton
affect the inflammatory response of endothelial cells remain
unknown, Therefore, the main goal of this study is to show
that CRISPR-based activation of TPM1 expression can maintain
the proper organization of coronary artery endothelial cell
monolayer and inhibit proliferation of smooth muscle cells
in inflimmatory conditions mimicked by the use of human
recombinant (rh] wmor necrosis factor @ (TNFa). In the
present study, we characterized the effect of th TNFu on
primary human coronary artery endothelial cells (pHCAECs)
in the context of F-actin organization and modulation of
F-actin-dependent processes, including cell migration, adhesion,
and migracytosis. The obtained results are important not
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only from the mechanistic point of view but also have
the potential to be translated into clinical research and
adapted during the design and development of new coronary
stent devices.

MATERIALS AND METHODS

Cell Culture and Treatment

Primary human coronary artery endothelial cells and primary
human coronary artery smooth muscle cells (pPHCASMCs) were
obtained from a healthy 23-year-old white male or 53-year-old
white male, respectively (cause of death: head rauma secondary
1o blunt injury). The cells were provided by the American
Type Culture Collection (ATCC} and maintained according to
supplier recommendations, Briefly, the endothelial cells were
cultured in a vascular cell basal medium (ATCC) supplemented
with an endothelial cell grc:wth kit (ATCC) containing 5 |1!.rj|:nl
recombinant human (rh) VEGE 5 ng/ml th EGE 5 ng/ml rh
FGF basic, 15 ng/ml rh 1GE-1, 10 mM r-glutamine, 0.75 units/ml
heparin sulfate, 1 |jLg/ml hydrocortisone hemisuccinate, 2% fetal
bovine serum (FBS), 50 pg/ml ascorbic acid, and antibiotics
(10 units/ml penicillin, 10 jug/ml streptomycin, and 25 jg/ml
amphotericin B), The smooth muscle cells were cultured in a
vascular cell basal medium (ATCC) supplemented with @ vascular
smooth muscle cell growth kit (ATCC) containing 5 ng/ml rh
FGF-basic. 3 pgfml rh insulin, 50 pgfml ascorbic acid, 10 mM ©-
glutamine, 5 ng/ml rh EGE 5% fetal bovine serum, and antibiotics
{10 units/ml penicillin, 10 pg/ml streptomycin, and 25 jug/ml
amPhnn:ricin 1), The cells were l:nit'uﬂh,' seeded at a deu!.'it}' of
5,000 viable cells/fcm® and caltured in T-25 ¢m? Basks {Corning)
at 37°Cina humidified atmosphere of 5% €O and 95% air. After
reaching confluence, the cells were treated with complete vascular
grawth medium containing th TNFo (Sigma-Aldrich), expressed
in HEK293 cells, at-a concentration of 100 ng/ml for 24 h (or
36 h for time-dependent analysis of migration directiveness). The
control cells were grown under the same condition without rh
TNFa treatment, Only cells within three to four passages were
used for all the experiments.

Detection of Functional Expression of
Adhesion Molecules

The detection of lunctional expression of E-selectin and VCAM-
1 was performed using antibody-coated magnetic beads. The
immobilization of Dynabeads M-280 Sheep Anti-Mouse 1gG
{Therma Fisher Scientific) was done according ro manufacturer
instructions. Briefly, 2 pg of mouse anti-E-gelectin (clone: CL2/6)
or mouse anti-VCAM-I (clone; 1.G11B1) monoclonal antibodies
(both from Thermo Fisher Scientific) was added to 50 pl of
pre-washed beads and resuspended in 1 ml of Ca*t- and Mg‘l' B
free phosphate-buffered saline (PBS, pH 7.4}, supplemented with
0.1% bovine serum albumin (BSA, Sigma-Aldrich) and 2 mM
EDTA (Sigma-Aldrich), and incubated with gentle tilting and
rotation for 18 h at 4°C. The beads were then washed four times
using a washing buffer and resuspended in 1 ml of complete and
pre-warmed vascular growth medium. Five hundred microliters
of resuspended beads was added 1o 100 ng/ml TNFo-treated or
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control pHCAECs grown in 24-well glass-bottom cell imaging
plates (Eppendorf) and incubated in standard cell culture
conditions for 3 min, After washing with Dulbecco’s PBS (DPBS,
ATCC), the cells were fixed in 4% paratormaldehyde in PBS for
20 min {Sismﬂ-AMrich} and stained for F-actin l,uiins Alexa Fluor
594 ]J"li'l“l!idirl [Thermo Fisher Saentific) for 20 min, The cells
were then counterstained with 4'.6-diamidino-2-phenylindole
{DAPI, Sigma-Aldrich) for 10 min. All steps were performed
at room temperature (RT). lmages were acquired on an Axio
Observer 1 inverted motorized microscope {Zeiss), using an EC
Plan-Neofluar » 10/0.30 Ph1 air objective, Axiocam 503 mono
camers, and ZEN 2 software (all from Zeiss). Parallel bright-field
and fluorescence images were recorded at the same location.

Co-culture of Primary Human Coronary
Artery Endothelial Cells With Jurkat T

Cells

Jurkat T cells {clone E6-1, ATCC) were maintained according
to supplier recommendations. Briefly, the cells were initially
seeced at a density of 1 x 10% viable cells/ml and maintained in
RPMI-1640 medium supplememud with 10% FBS and 50 |ngmi
gentamycin (all from Lonza) in T-25 cm® flasks (Corning) at
37°C in a humidified atmosphere of 5% CO; and 95% air.
After the desired density is reached, the cells were stimulated
with 100 ng/ml rh TNFx for 2 h. The nuclei of cells were
stained using the NucBlue Live Cell Stain ReadyProbes Reagent
{Hoechst 33342 dye, Thermo Fisher Scientific) for 30 min.
Around 2 = 10° counterstained Jurkat T cells were then
washed with DPBS, resuspended in 500 pul of complete and pre-
warmed vascular growth medium and added to TNFa-activated
or control pHCAECs grown in 12-well plates (Corning). Jurkat
T cells were co-cultured with pHCAECs in standard cell
culture conditions for 30 min in the presence or absence of
rh TNFe. Before co-culture, pHCAEC« were cultured in the
presence or absence of rh TNFu for 24 h. Time-lapse images
were acquired, at 3.33-¢ intervals over 2 min, 1n standard cell
culture conditions on an Axio Observer Z1 inverted motorized
microscope (Zeiss) equipped with an incubation system for live-
cell imaging (PeCon), using an EC Plan-Neofluar » 10/0.30
Phl air objective, Axiocam 503 mono camera, and ZEN 2
software (all from Zeiss), Parallel contrast phase and fluorescence
images were recorded at the same location. The number of
adherent Jurkat T cells was counted after washing cells three
times with DPBES in three randomly chosen microscopic fields
using Image] (NIH).

Confluent Cell Migration

Confluent cell migralion assay was performed using six-well
plates (Corning). After confluence is reached, the cells were
cultured in complete vascular growth medium supplemented or
not with 100 ng/ml rh TNFu. Time-lapse images were acquired,
at 10-min intervals over 36 h in standard cell culture conditions
on an Axio Observer 21 inverted motorized microscope (Zeiss)
equipped with an incubation system for Tive-cell imaging
{PeCon), using an EC Plan-Neofluar = 10/0.30 Phl air objective,
Axiocam 503 mono camera, and ZEN 2 software (all from
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Zeiss), Phase contrast images were recorded at a location of the
migration gap and sites of open-field migration. Cell movement
was analyzed using the Manual Tracking plugin for ImageJ
(NIH). To quantify the dynamics of cell migration, such as
velocity or Euclidean distance and accumulated distance, the
migration trajectories were then assessed with Chemotaxis and
Migration Tool 2.0 (Ibidi).

Wound Healing and Open-Field Migration
Wound healing and open-field migration assays were performed
using a two-well culture insert (Ibidi), pHCAECs were
resuspended in 7¢ pl of complete vascular growth medium
and plated at a density of 1,100 cells per well into each reservoir
of a culture insert (Ibidi) that adhered to the bottom of a
six-well plate (Corning) and grown in standard cell culture
conditions. After confluence is reached, the insert was removed
using forceps, and the plate was rinsed with DPBS to remove
cell debris. Migrating cells were cultured in complete vascular
growth medium supplemented or not with 100 ng/ml rh TNFo.
Time-lapse images were acquired, at 10-min intervals over
24 h, in standard cell culture conditions on an Axio Observer
Z1 inverted motorized microscope (Zeiss) equipped with an
incubation system for live-cell imaging (PeCon), using an
EC Plan-Neofluar x 10/0.30 Phl air objective, Axiocam 503
mono camera, and ZEN 2 software (all from Zeiss). Phase
contrast images were recorded at a location of the migration
gap and sites of open-field migration. Cell movement was
analyzed using the Manual Tracking plugin for Image] (NIH).
To quantify the dynamics of cell migration, such as velocity or
Euclidean distance and accumulated distance, the migration
trajectories were then assessed with Chemotaxis and Migration
Tool 2.0 (Ibidi).

Modified Boyden Chamber Assay

Modified Boyden chamber assay was done using uncoated
Transwell inserts with microporous polyethylene terephthalate
(PET) membranes (3-).m pore size) placed in 24-well plates (both
from Corning). pHCAECs were resuspended at a density of 1,650
cells per well in complete vascular growth medium and plated in
the upper chamber of the T'ranswell inserts. The lower chamber of
the wells contained 600 ] of complete vascular growth medium.
After confluence is reached, the media in the upper Transwell
chamber were replaced with complete vascular growth medium
supplemented or not with 100 ng/ml rh TNFa. The media in
the wells of the 24-well plate were the same and additionally
supplemented with 20% FBS. After 24 h, the Transwell inserts
were fixed with 4% formaldehyde for 15 min (Sigma-Aldrich)
and washed three times with PBS, and the cells were stained with
toluidine blue. All steps were performed at RT. The cells on the
upper side of the membrane were removed with cotton swabs,
and the inserts were left to air-dry. Bright-ficld images of the
lower side of the membranes were captured by an Eclipse E800
microscope (Nikon) using a Plan Fluor x 10/0.30 air objective,
DS-5Mc-U1 camera, and NIS-Elements 3.30 (all from Nikon).
The number of migrated cells was counted in randomly chosen
microscopic fields using Image] (NIH).
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In vitro Tube Formation Assay

Endothelial tube formation assay was performed in p-Slide
Angiogenesis (Ibidi) according to the manufacturer’s guidelines.
Briefly, inner wells were filled with 10 pl of ice-cold,
growth factor-reduced, and phenol-red-free Matrigel Basement
Membrane Matrix (Corning) and set at 37°C, pHCAECs were
resuspended in 50 jul of complete vascular growth medium
supplemented or not with 100 ng/ml rh TNFa and plated at a
density of 10,000 cells per well into the upper well and cultured in
standard conditions, Time-lapse images were acquired, at 10-min
intervals over 24 h, in standard cell culture conditions on an Axio
Observer Z1 inverted motorized microscope (Zeiss) equipped
with an incubation system for live-cell imaging (PeCon), using
a Zeiss EC Plan-Neofluar x 10/0.30 Phl air objective, Axiocam
503 mono camera, and ZEN 2 software (all from Zeiss). Contrast
phase images were recorded at the same location. Additionally,
tube formation was monitored using a bright-field microscope
at 3, 6, 12, and 24 h after seeding. The cells were fixed with
4% formaldehyde for 15 min (Sigma-Aldrich), washed three
times with PBS, and stained with crystal violet. All steps were
performed at RT. Bright-field images were captured by an Eclipse
E800 microscope (Nikon) using a Plan UW x 2/0.06 air objective,
DS-5Mc-Ul camera, and NIS-Elements 3.30 (all from Nikon),
The number of tubes was counted using Image] (NIH).

Wash Assay

Wash assay was performed using six-well plates (Corning). The
cells were initially seeded at a density of 5,000 viable cells/cm?®
in complete vascular growth medium supplemented or not with
100 ng/ml rh TNFa and cultured in a humidified atmosphere
of 5% CO; and 95% air. At 0, 0.5, 2, and 4 h after seeding, the
cells were washed three times with complete vascular growth
to remove non-adherent cells. Contrast phase images were
captured in standard cell culture conditions on an Axio Observer
Z1 inverted motorized microscope (Zeiss) equipped with an
incubation system for live-cell imaging (PeCon), using a Zeiss EC
Plan-Neofluar x 10/0.30 Ph1 air objective, Axiocam 503 mono
camera, and ZEN 2 software (all from Zeiss). The number of
adherent cells was counted using Image] (NIH).

Temporal Analysis of Actin Cytoskeleton

and Focal Adhesion Sites

For temporal analysis of TNFa-induced changes in the
organization of actin cytoskeleton and actin-mediated focal
adhesion, pHCAECs were transiently transduced using a
baculovirus system to express the green fluorescent protein
(GFP)-fused human actin and the red fluorescent protein (RFP)
fused to the c-terminus of human talin, The cells were transiently
transduced with CellLight Reagents BacMam 2.0 (Thermo Fisher
Scientific) according to the manufacturer’s recommendations.
Briefly, pHCAECs were grown in 24-well cell imaging plates
(Eppendorf) and cultured in standard conditions. After 70%
confluence is reached, the cells were infected with CellLight actin-
GFP and CellLight Talin-RFP BacMam 2.0 baculoviruses at a
multiplicity of infection (MOI) of 30. After 16 h, the medium
containing the baculoviruses was replaced with complete vascular

September 2021 | Vioiume 9 | Anticle 568032

Strona | 77



Gagaistal

growth medium supplemented or not with 100 ng/ml rh TNFu,
and the cells were cultured in standard conditions. Time-
lapse images were acquired, at 10-min intervals over 24 h, in
standard cell culture conditions on an Axio Observer Z1 inverted
motorized microscope (Zeiss) equipped with an incubation
system for hive-cell imaging (PeCon), using a Zeiss EC Plan-
Neofluar » 10/0.30 Ph1 air objective, Axiocam 503 mono camera,
and ZEN 2 software (all from Zeiss). Fluorescence images were
recorded at the same location. Furthermore, correlation between
3D morphology and localization of actin-GFP and talin-RFP in rh
TNF-activated pHCAECs was imaged using an H'-2 correlative
holotomographic and fluorescence microscope {Tomocube). For
live-cell correlative holotomographic and fluorescence imaging,
the cells were grown in 50-mm imaging dishes with 1.5H glass
coverslip bottom (TomoDish, Tomocube) and covered before
imaging with a square covership glass. For prevention against
contamination and drying of the medium, the side of the dish
was sealed by mineral oil (Sigma). Additionally, expression of
actin-GFP and talin-RFP was examined by confocal microscopy.
The cells were fixed with 4% formaldehyde for 15 min (Sigma-
Aldrich), washed three times with PBS, and counterstained with
DAPI (Sigma-Aldrich) for 10 min. All steps were performed
at RT, Images were captured by a C1 laser scanning confocal
microscope (Nikon) using a Plan VC Apo x 60/1.4 oil objective
and Nikon EZ-C1 3.80 software (both from Nikon). The lasers
used for DAPI, GFP, and RFP excitations were diode 408 nm with
emission filter 450/35, diode 488 nm with emission filter 515/30,
and He-Ne 543 nm with emission filter 650LP, respectively.
All confocal images of triple-labeled cells were acquired and
displayed with identical settings, including laser power, pixel
dwell speed, and gain.

Coating With Extracellular Matrix

Proteins

For the analysis of the possible effect of extracellular matrix
(ECM) on different rearrangements of F-actin in TNFu-activated
PHCAECs, the sterile glass coverslips (¢ 18 mm, Thermo
Fisher Scientific) were covered by 5 g/cm® fibronectin (source:
human plasma), laminin (source: Engelbreth-Holm-Swarm
mouse tumor), collagen 1 {source: rat tail tendon), and collagen
IV (source: Engelbreth-Holm-Swarm mouse tumor; all from
Corning) according the manufacturer's instruction. The cells
were grown on the coated glass coverslips in 12-well plates
(Corning) and cultured in standard conditions. After confluence
is reached, the cells were cultured for an additional period of
24 h in complete vascular growth medium supplemented or
not with 100 ng/ml rh TNFa. The cells were then fixed with
4% formaldehyde for 15 min (Sigma-Aldrich), permeabilized
for 10 min with 0.25% Triton X-100 (Serva), blocked with 3%
BSA for 45 min (Sigma-Aldrich), and stained for F-actin using
phalloidin-Alexa Fluor 488 (1:40) and phalloidin-Alexa Fluor
594 (1:40; both from Thermo Fisher Scientific). The cells were
then counterstained with DAPI (Sigma-Aldrich) for 10 min. All
of the fluorescence reaction steps were performed at RT. The
slides were mounted in Aqua—Poly/Mount (Polysciences) and
examined by confocal microscopy. Images were captured by a
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Cl laser scanning confocal microscope (Nikon) using a Plan
VC Apo x 60/1.4 oil objective and Nikon EZ-C1 3.80 software
(both from Nikon).

Transfection by Nucleofection

Endogenous expression of TPMI gene was regulated using
CRISPR TPM1 activation or knockout systems (both from Santa
Cruz). The CRISPR activation system is a synergistic activation
mediator transcription activation system designed to specifically
upregulate TPMI and consists of three plasmids at a 1:1:1
mass ratio: a plasmid encoding the deactivated Cas9 nuclease
(DI10A and N863A) fused to the transactivation domain VP64,
a plasmid encoding the MS2-p65-HSF1 fusion protein, and
a plasmid encoding a TPMI-specific 20-nt guide RNA. The
CRISPR TPMI-knockout system consists of a pool of three
plasmids each encoding the Cas9 nuclease and a2 TPM1-specific
20-nt guide RNA. As a CRISPR control, we used the CRISPR
control plasmid encoding the Cas9 nuclease and a non-specific
20-nt guide RNA. Components of the above-mentioned CRISPR
systems were delivered into the cells by nucleofection technology
according to the manufacturer’s instruction using the P5 Primary
Cell 4D-Nucleofector X Kit L and 4D-Nucleofector X unit (both
from Lonza). Briefly, 4 x 10° cells were resuspended in 100
Nucleofector nucleofection solution and 2 g of each CRISPR
system was electroporated using the DY138 program at RT.
The cells were then immediately transferred into pre-warmed
complete vascular growth medium and cultured until confluency
is reached for further procedures.

Fluorescence Localization of Proteins

For the fluorescence localization of proteins, the pHCAECs
were grown on sterile glass coverslips (2 18 mm, Thermo
Fisher Scientific) in 12-well plates (Corning) and cultured in
standard conditions. After confluence is reached, the cells were
cultured for an additional period of 24 h in complete vascular
growth medium supplemented or not with 100 ng/ml rh TNFa.
The cells were then fixed with 4% formaldehyde for 15 min
(Sigma-Aldrich}, permeabilized for 10 min with 0.25% Triton
X-100 (Serva), and blocked with 3% BSA for 45 min (Sigma-
Aldrich). Next, the cells were double stained using antibodies
and phalloidin conjugates in the following arrangement: (i)
mouse anti-talin (clone: 8D4) monoclonal antibody (1:500,
Sigma-Aldrich), goat anti-mouse-Alexa Fluor 488 secondary
antibody (1:200, Therma Fisher Scientific), and phalloidin-Alexa
Fluor 594 (1:40, Thermo Fisher Scientific); (i) rabbit anti-
VE-cadherin polyclonal antibody (1:200), donkey anti-rabbit—
Alexa Fluor 594 secondary antibody (1:200), and phalloidin-
Alexa Fluor 488 (1:40; all from Thermo Fisher Scientific): (iii)
mouse anti-g-catenin (clone: 7A4) monoclonal antibody (1:250),
goat anti-mouse-~Alexa Fluor 488 secondary antibody (1:200),
and phalloidin-Alexa Fluor 594 (1:40; all from Thermo Fisher
Scientific); (iv) mouse anti-f-catenin (clone: 5H10) monoclonal
antibody (1:250), goat anti-mouse-Alexa Fluor 488 secondary
antibody (1:200), and phalloidin-Alexa Fluor 594 (1:40; all from
Thermo Fisher Scientific); (v) mouse anti-ZO-1 {clone: 1A12)
monoclonal antibody (1:200), goat anti-mouse-Alexa Fluor 488
secondary antibody (1:200), and phalloidin-Alexa Fluor 594
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(1:40; all from Thermo Fisher Scientific); (vi) mouse anti-claudin-
5 (clone: 4C3C2) monoclonal antibody (1:300), goat anti-mouse-
Alexa Fluor 488 secondary antibody (1:200), and phalloidin-
Alexa Fluor 594 (1:40; all from Thermo Fisher Scientific);
(vii) rabbit anti-non-muscle myosin Ila (MYH9) palyclonal
antibody (1:100), donkey anti-rabbit-Alexa Fluor 594 secondary
antibody (1:200), and phalloidin-Alexa Fluor 488 (1:40; all from
Thermo Fisher Scientific); (viii) rabbit anti-non-muscle myosin
[1b (MYH10) polyclonal antibedy (1:100), donkey anti-rabbit—
Alexa Fluor 594 secondary antibody (1:200), and phalloidin-
Alexa Fluor 488 (1:40; all from Thermo Fisher Scientific); (ix)
rabbit anti-Arp 2/3 subunit 1B (ARPCIB) polyclonal antibody
{1:100, Abcam), donkey anti-rabbit-Alexa Fluor 594 secondary
antibody (1:200, Thermo Fisher Scientific), and phalloidin- Alexa
Fluor 488 { 1:40, Thermo Fisher Scientific); (x) rabbit anti-ROCK-
1 polyclonal antibody {1:100), donkey anti-rabbit-Alexa Fluor
594 secondary antibody (1:200), and phalloidin-Alexa Fluor
488 (1:40; all from Thermo Fisher Scientific); (xi) rabbit anti-
ROCK-2 polyclonal antibody (1:100), donkey anti-rabbit-Alexa
Fluor 594 secondary antibody (1:200), and phalioidin-Alexa
Fluor 488 (1:40; all from Thermo Fisher Scientific); (xii) mouse
anti-E-selectin (clone: CL2/6) monoclonal antibody (1:100),
goal anti-mouse-Alexa Fluor 488 secondary antibody (1:200),
and phalloidin-Alexa Fluor 594 (1:40; all from Thermo Fisher
Scientific); and (xiii) mouse anti-VCAM-1 (clone: 1.G11B1)
monoclonal antibody (1:200), goat anti-mouse-Alexa Fluor 488
secondary antibody (1:200), and phalloidin-Alexa Fluor 594
(1:40; all from Thermo Fisher Scientific). The pHCASMCs were
grown in similar conditions and stained using (i) mouse anti-
ICAM-1 {clone: 1A29) monoclonal antibody {1:250) and goat
anti-mouse-Alexa Fluor 594 secondary antibody (1:200; both
from Thermo Fisher Scientific); (ii) mouse anti-VCAM-1 (clone:
1.GI1B1) monoclonal antibody (1:200) and goat anti-mouse-
Alexa Fluor 488 secondary antibody (1:200; both from Thermo
Fisher Scientific); (iii) rabbit anti-CDKN2A/pl6INK4a (clone:
EPR1473) monoclonal antibody (1:100, Abcam) and donkey
anti-rabbit-Alexa Fluor 594 secondary antibody (1:200, Thermo
Fisher Scientific); (iv) rabbit anti-NFkB p65 polyclonal antibody
(1:200) and donkey anti-rabbit-Alexa TFluor 594 secondary
antibody (1:200; both from Thermo Fisher Scientific); and (v)
rabbit CCN4/WISP1 polvclonal antibody (1:500) and donkey
anti-rabbit-Alexa Fluor 594 secondary antibody (1:200; both
from Thermo Fisher Scientific). All incubations with antibodies
andfor phalloidin conjugates were carried out, respectively, for
1 h or 20 min, followed by three washes in PBS. The cells were
then counterstained with DAPI (Sigma-Aldrich) for 10 min.
All steps were performed at RT. The slides were mounted in
Aqua—Poly/Mount (Polysciences) and examined by confocal
microscopy. Images were captured by a Cl laser scanning
confocal microscope (Nikon) using a Plan VC Apo x 60/1.4 oil
objective and Nikon EZ-C1 3.80 software (both from Nikon).
The lasers used for DAPI, Alexa Fluor 488, and Alexa Fluor
596 excitations were diode 408 nm with emission filter 450/35,
diode 488 nm with emission filter 515/30, and He-Ne 543 nm
with emission filter 650LP, respectively. All confocal images of
triple-labeled cells were acquired and displayed with identical
settings, including laser power, pixel dwell speed, and gain. The
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gain was set up for optimal visibility of specific proteins. In the
case of the lack of possibility to show triple-labeled cells, the gain
of the channel for F-actin was downregulated. The fluorescence
intensity of selected proteins was quantified using Image] (NTH)
and EZ-C1 (Nikon).

Immunoblot

Control pHCAECs and those treated with 100 ng/ml TNFa
were lysed with RIPA buffer (Sigma-Aldrich) supplemented with
Halt protease inhibitor cocktail (Thermo Fisher Scientific). After
clarification of lysates (8,000 x g for 10 min at 4°C) and
normalization of protein concentration by a BCA protein assay
kit, 10 pg of total protein per lane was separated by SDS-PAGE
at 225 V with Novex WedgeWell 10%-20% Tris-glycine gel and
Mini Gel Tank (all from Thermo Fisher Scientific). The transfer
onto 2 nitrocellulose membrane was performed by iBlot Dry
Western Blotting System (Life Technologies). The membrane
was then blocked for 10 min in a SuperSignal Western Blot
Enhancer (Thermo Fisher Scientific) and incubated for 2.5 h or
overnight in an iBind Flex Solution (Thermo Fisher Scientific)
with (i} mouse anti-claudin-5 (clone: 4C3C2) monoclonal
antibody (1:500) and goat anti-mouse-horseradish peroxidase
secondary antibody (HRP, 1:2,000; both from Thermo Fisher
Scientific); (ii) mouse anti-GAPDH (clone: ZG003) monoclonal
antibody {1:500) and goat anti-mouse-HRP secondary antibody
(1:2,000; both from Thermo Fisher Scientific); (iii) mouse
anti-a-tropomyosin (clone: F-6) monoclonal antibody (1:100,
Santa Cruz) and goat anti-mouse-HRP secondary antibody
(1:2,000, Thermo Fisher Scientific); (iv) mouse anti-E-selectin
(clone: CL2/6) monoclonal antibody (1:100) and goat anti-
mouse-HRP secondary antibody (1:2,000; both from Thermo
Fisher Scientificy; (v) mouse anti-talin {clone: 8D4) monoclonal
antibody (1:100, Sigma-Aldrich) and goat anti-mouse-HRP
secondary antibody (1:2,000, Thermo Fisher Scientific); (vi)
mouse anti-vinculin (clone: J144) monoclonal antibody (1:1,000)
and goat anti-mouse-HRP secondary antibody (1:2,000; both
from Thermo Fisher Scientific); (vii) mouse anti-u-catenin
(clone: 7A4) monoclonal antibody (1:250) and goat anti-mouse-
HRP secondary antibody (1:2,000; both from Thermo Fisher
Scientific); (viii) mouse anti-fi-catenin (clone: 5H10) monoclonal
antibody (1:250) and goat anti-mouse-HRP secondary antibody
(1:2,000; both from Thermo Fisher Scientific); (iv) rabbit anti-
VE-cadherin polyclonal antibody (1:500) and goat anti-mouse-
HRP secondary antibody (1:2,000; both from Thermo Fisher
Scientific) using the iBind Flex Western System (Thermo Fisher
Scientific). Protein bands were visualized using the 1-Step Ultra
TMB-Blotting Solution (Thermo Fisher Scientific). All steps were
performed at RT. All western blot assays were performed at
least three times, Images were captured by the ChemiDoc MP
Imaging System (Bio-Rad). Intensity of bands was quantified
using Image) (NIH).

Statistical Analysis

The significant differences between two groups were caleulated
using an unpaired f-test or one-way ANOVA and Kruskal-
Wallis test with Dunn’s correction for multiple comparisons.
Relations between cell migration parameters were assessed using
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Pearson’s correlation coefficient analysis. Statistical analyses were
performed by using Prism 7 software (GraphPad). The Rayleigh
test was used to determine cell movement homogeneity using
Chemotaxis and Migration Tool 2.0 (Ibidi). A p-value < 0.05 was
considered 1o be _Ii!nl'i.-ilic‘ilﬂ.\‘ signiﬁcunl and labeled on Iigun:ﬁ as
"or§, p 005 or 85, p < 0.01;*** or 85, p < 0.001; **** or
$588, p < 0.0001; and NS, non-significant. Results were expressed
as means £ 5D,

RESULTS

Tumor Necrosis Factor o Induces
Inflammatory Activation of Primary
Human Coronary Artery Endothelial Cells
Given that the use of Escherichia eoli as an expression platform
for recombinant proteins has several drawbacks (Rosano and
Ceccarelll, 2014), we first examined whether rh ‘TNFa expressed
in HEK293 cells was able to activate coronary artery endothelial
cells, To this end, pHCAECs were cultured to 100% confluence
and then treated for 24 h with 100 ng/ml rh TNFa. We showed rh
TNFu-induced surface and intracellular expressions of functional
E-selectin (Figure 1A and Supplementary Figure S1) and
VCAM-1 (Supplementary Figures S2A.B). We then examined
the interactions between rh TNEx-activated pHCAECs and
Jurkat T cells (Figure 1B and Supplementary Video 51}, We
observed a statistically significant increase in the number of
Jurkat T cells adherent to pHCAECs {from 128.6 -+ 47.00
per view in the control to 645 + &1.01 in TNFu-activated
cells, p o< 0.0001) after 30 min of their co-culture (Figure 1C
and Supplementary Figure 52C). Furthermore, we showed
a statistically significant increase in the wvelocity of motile
Jurkat T cells on pHCAECs (from 01641 + 004247 to
0.4120 < 007306 jum/min, p = 0,0001, respectively, for control
and TNFa-activated pHCAECs; Figure 1D).

In summary, these data suggest that rh TNFa effectively
activates pHCAECs and augments flattening, firm adhesion, and
further migration of T cells on the endothelial monolayer.

Tumor Necrosis Factor « Augments the
Invasive Potential of Primary Human
Coronary Artery Endothelial Cells

Evidence from in vitro and in vive data has demonstrated a dual
role of TNFu in the angiogenic response of endothelial cells.
Tt has been shown that TNFa generally exerts a proangiogenic
effect im vivo and antiangiogenic i vitro (Frater-Schroder
et al. 1987; Sainson et al, 2008). However, it seems to
function as a stimulatory or inhibitory agent dependent on
the model used and experimental condition. As depicted in
Supplementary Figures 51, 52B, the exposure of pHCAECs
to 100 I1S,l'n'l| rh TNFa resulted in remarkable chans\:s in
the cell morphology, whereby cells appeared enlarged and
clongated. We next examined whether these morphological
changes were accompanied by enhanced migration capacity of
PHCAECSs and ability to form tbules on the Matrigel, We first
investigated the migration pattern of pHCAECs cultured in the
confluence. As shown on rose plots in Figure 2A, during 24 h
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of incubation with 100 ng/ml rh TNFy, pHCAECs moved in a
more persistent manner, with decreased changes in direction,
whereas control cells exhibited a more random migration
pattern, suggesting that TNFu promoted directional migration
of pHCAECs. This finding was further supported by a high
signiﬁcam_'c of the Rnylcigh test (from po= 27469 x 10_} 1o
p=4.90393 x 10”7, respectively, for control and TNFa-activated
cells). As cultured in 100% confluence for 24 h, there was no
effect of rh TNFa on Euclidean distance of migrating cells
(Figure 2B). However, the accumulated distance traveled
by rh TNFa-activated pHCAECs was significantly shorter
compared to the control cells (from 8088 = 1462 to
5735 4 1240 pm, p < 0.0001; Figure 2C). Furthermore,
we showed a statistically significant decrease in the velocity of
these cefls (from 0.5656 + 0.1023 to 0.4035 + 0.09019 wm/min,
p = 0.0001, respectively, for control and TNFa-activared cells;
Figure 2D). The extended tracking time of migrating cells for
up to 36 h allowed us to demonstrate that longer rh TNFu
treatment  also prnm:‘nl:d the migration of PHC.-\F,CS in a
mare directional manner (Rayleigh test: p = 296697 x 10
vi p = 424461 x 10 °; Supplementary Figure S3A) without
the effect on Euclidean distance (Supplementary Figure S3B).
Longer exposition of pHCAECs Lo rh TNFa also revealed
shorter accumulated distance of migrating cells (12150 £ 194.4
vs. B16.7 + 1946, p < 0.0001; Supplementary Figure 530)
related with their decreased velocity (0.5626 = 009002 v,
03781 4 009008 pmimin, g < 0.0001; Supplementary
Figure 53D). when compared to untreated pHCAECs.
Furthermore, there was a negalive correlation between time
of treatment and Euclidean distance (r = —0.3166, p = 0.0013),
accumulated distance (r = —0.4916, p = 0.0023), and velocity
(r = —0.4837, p = 0.0028, Supplementary Figures S3E-
G). Additional amalysis revealed that Enclidean distance
{r = 06206, p < 0000L), accumulated distance (r = 0.3723,
p = 0.0253), and velocity (r = 03790, p = 0.0226), but not
time of treatment, were correlated with the directness of rh
TNFu-activated pHCAECs (Supplementary Figure $31), giving
further support for the conclusion that pHC,r\jiCs undx:rgn
directed migration upon th TNFu¢ treatment. In control
cells, we only observed the correlation between directness
of cells and Euclidean distance (r = 0.7929, p < (L.0001;
Supplementary Figure S3H).

Differently, wound healing (Figure 2E and Supplementary
Video 52) and open-field migration (Figure 2F and
Supplementary Video S§3) assavs showed faster migration
of rh TNFa-activated pHCAECs as compared to the control,
especially fram the third hour of wound healing experiment or
the 12th hour of open migration test.

We further analyzed the protrusion tips during rh
THNFu-activated cell migration. As shown in Supplementary
Figures S3LK as well as in Supplementary Videos 52, 53,
examination of the leading edge of migrating cells revealed
rh TNFo-dependent formation of spindle-shaped leader cells
with an aggressive phenotype oriented toward the direction of
the movement. Analysis of trajectories of leader cells during
the migration of TNFu-activated pHCAECs into the open
ficld showed a statistically significant increase in Euclidean
distance (from 374.4 £ 89.41 10 477.1 & 1204 pum, p = 0.0004,
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FIGURE 1 | EFect of TNFu on activaticn of pHCAECS. {A) Ragpresentative micrograptis of intravital cetection of E-selectin usng magnetic beads ccated with
enti-E-satectin menochonal antbodies (bright fisld), F-actin (red) and nuciel [biue) were stainad fluorascantly after fixation. CTRL rafers to the control itop panal), TNF«
100 ng/mil Lo calls treated with rh TNFu [bottam panedl, mAD to meaockinal antbedies, (B) Reprasentatihe micrographs of intrinital co-culture of pHCAECS (contrast
phase| with Jurkat T Cefls (contrast phase and fluorescence). Nuclei of Jurkat T cells (Dlue} were stained with Hoechst 33342, CTRL refers to the control (top panel),
TNFe 100 ng/mil lo cels treated with i TNFa (bottem pans), (C) Number af adherent Jurkat T cells to pHCAEGS per micrasoopic field from the control and
TNFu-activated pHCAECE after 3D min af thair co-culture. CTRL retars to the contrad {fop panel), TNFa 100 ng/mi to calls treated with rh TNFa, ** tep < 0.0001,

respectively, for control and TNFu-activated cells; Figure 2G),
accumulated distances (from 554.1 £ 94.78 to 785.1 £ 138.2 um,
P < 00001, respectively, for control and TNFu-activated
cells; Figure 2H), and velocity (from 03946 + 0.07763 to
0.5703 = 0.07103 pwm/min, p < 0.0001, respectively, for control
and TNFa-activated cells; Figure 21), as compared to the
control. TNFu-induced increase in the migratory potential of
PHCAECs was also confirmed by their migration toward the
chemo-attractant environment through 3-pum pores (Figure 2J).
As shown in Supplementary Figure S3L, we observed a three-
times-higher number of migrating pHCAECs after treatment
with 100 ng/ml rh TNFo, when compared to the control
{6.667 * 3.240 ws. 22.89 % 5.183, p < 0.0001). We further
investigated if rh TNFu had any effect on pHCAEC formation of
tube-like structures on Matrigel (Figure 2K and Supplementary
Video §4). We observed a statistically significant increase in
the number of tubules formed by rh TNFa-treated pHCAECs
during the experiment (from 97.78 + 10.33 to 141.3 == 14.75 after
3k p < 0.0001; from 86.56 -k 5.833 to 100.2 & 5.403 after 6 h,
P < 0.0001; and from 45.22 + 2.386 to 54.22 & 1.856 after 6 h,
p < 0.0001, respectively, for control and TNFu-activated cells;
Supplementary Figure S3M).

In summary, these data suggest that in contrast to cooperative
migration of control pHCAECs, rh TNFa activates the potential
of pHCAECs to collective and coordinated invasion into a new
environment through the acquisition of an aggressive phenotype
characterized by spindle-like morphology oriented toward the
direction of the movement. This ability was remarkably reduced

Frontiers in Cet end Developmiental Biolegy | www.rontiersin.cn

&s datarmined by unpared t-tast. (D) Veiocty of motile Jurkat T cefie on pHCAECS during 30 min of their co-cultura. CTRL miers to the control oo panal], TNFe
100 ng/ml to cells traated with rh TNFe. ***p < 0.0001, as detarmined by unpained t-test

due to contact inhibition between cells when pHCAECs were
cultured at a high density in the closed system. The way of
migration pattern of control pHCAECs was cooperative.

Tumor Necrosis Factor o Induces
Reorganization of the F-Actin Pattern in
Primary Human Coronary Artery
Endothelial Cells, Leading to the
Formation of Aggressive Phenotypes and

Reorganization of Cell-Cell Junctions

Due to remarkable changes in the morphology of rh
TNFu-activated pHCAECs and different patterns of their
movement, we analyzed the organization of F-actin, distribution
of focal adhesion sites, and cell-cell junction proteins. As
shown in confocal micrographs in Figures 3A-G, exposition
of pHCAECs to 100 ng/ml rh TNFu induced changes in
the organizational pattern of F-actin, We observed the
transformation of F-actin from the star-like configuration
in control pHCAECs into linear stress fibers in rh TNF-activated
cells, as well as changes in the organization of focal adhesion sites
(Figures 3A,B and Supplementary Video §5). Analyses of the
localization of actin-GFP and talin-RFF, as well as fluorescently
labeled F-actin and talin, revealed that developed prominent
stress fibers in rh TNFa-activated pHCAECs were preceded by
the formation of tension forces between star-like arranged F-actin
bundles within individual cells, which seems to determine the
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FIGURE 2 | Efect of THFu cn migration of pHCAECS. [A) Fosa plot presenting dirsction biag of pHCAEC rigration ir confiuence within 24 . CTRL refers to tha
control fieft panely, THFx 100 ngiml to-cels treatad with th THFx (fght panel, * top = 001, ** to p = D.0001 , &% delermined by Readaigh 1est. (B Eutidean
distance of pHEABCS during 24-t migradion in 100% eonfluence. CTRL refars fo the condrol, THFa 100 rg/ml 10 cells freabad with th ThRa, NS to nom-significant to
the contred, gs detarnined by upaired Hest. (Cf Accumulated disiance of pHCAECE during 34 -h migration in 100% conflusnce ‘
(Cortinued)
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FIGURE 2 | (Contired)

CTRL refers to the control, TNFa 100 ngimi to cels treated with th TNFa, *** to p < 0.0001, a5 determined by unpairsd t-test. (D) Velocity of pHCAECS durng 24-h
rigration in 100% confluenca, CTRL refers to the control, TNFa 100 ng/mi 1o cells treated with th TNFe, **** ta p < 0.0001, as daterminad by unpaired (-6t

(E) Roprazentative conlrast phase micrographs precenting pHCAEC migration to tha wound site. Cunvee indicate avea witheut cells in O h (green, 3 i {bug), and §h
(redl) of the wound healing sssay. CTRL refers to the control {uppar panel), TNFe 100 ng'mi to calls treated with th TNFu flowear panel). (F) Reprasentative confrast
phass micrographs presanting pHCAEC migration fo the open liskl. Curvas indicate area without cais in 0 h [green), 3 b (olus), 6 h [rad), 12 f [yellov)), and 24 h
(purpka) of the open-fiekd migration assay. CTRL refers to the contral lupper panal), TNFx 100 ng/ml to cells freated vath  TNFa (lower panall. (G) Euchdaan
distance of pHCAECS dunng 24-h open-field migration, CTRL refers o the contral, TNFe 100 ng/mil to cals treated with th TNFa, ** top < 0.001, as detarmined by
unpairad t-tset. (H) Accumulated distance of pHCAECS during 24-h open-field migration. CTRL refers to the contral, TNEw 100 ng/mi to calls treated with h TNFa,
10 p < 0.0001, as determned by unpalred t-test. (1) Velocry of pHCAECs during 24-h cpan-field migration. CTRL rafers to the control, TNFa 100 ng'ml 1o calls
traated with m TNFu, ***"to o < 0.0001, as detemnined by unpairad t-test. (J) Représantative bright-fislat micrographs pressnting migration of pHCAECS through
3-pm pores The calls were stained with toluidine blue. CTARL refars 10 1he control (Uopsr panel), TNFa 100 ng/mi to calls treated with th TNFa flower panel)

(K) Representative bright-fisdd microgrpha presenting tube formation by pHCAECs aultured on Matrigel. The tubular structures were stained with erystal violet after
3h (eft panel). 8 h (midde penss), and 12 h {right panel) from seeding. CTRL refers to the control (uppsr panelz), TNFa 100 ngimi 1o cells treated with th TNFu (lowar

panels).

aggressive phenotype of pHCAECs. As shown in Figures 3A,B
and Supplementary Video S5, this was related with increased
cell-ECM adhesion, whereby adhesion sites were localized
along newly formed and parallel-organized F-actin stress fibers
(Figures 3A,B). The increased adhesion of rh TNFu-activated
pHCAECs was confirmed in a wash assay (Supplementary
Figures S4A,B). We found a statistically significant increase in
the relative number of adherent cells per view after 1 h (from
1.033 £ 0.2395 to 1.153 £ 0.2252, p = (.0052, respectively, for
control and TNFu-activated cells), 2 h (from 0.9978 + 0.2185
to 1.134 4 0.3150, p = 0.0378), and 4 h (from 1.033 + 0.2504 to
1.163 £ 0.3138, p = 0.0225) after seeding in complete vascular
growth medium supplemented with rh TNFa (Supplementary
Figures S4C-F),

Furthermore, we sought to determine whether seeding
pHCAECs on different ECM proteins could affect the
alignment pattern of stress fibers in response to rh TNFo.
Stress fiber organization did not differ depending on
ECM protein coatings and was the same as in pHCAECs
cultured with rh TNFu on an uncoated surface. Indeed, actin
stress fibers were parallel to each other, running along the
longer axis of rh TNFa-activated pHCAECs regardless of
whether they were cultured on fibronectin (Supplementary
Figures S5A,B), laminin (Supplementary Figures S5C,D),

llagen [ (Suppl y Figures SSEF), and collagen IV
(Supplementary Figures S5G,H). It was also noticed that the
formation of F-actin stress fibers was associated with increased
membrane rufiling (Supplementary Video $5) and formation
of punctae cell-cell junctions (Figures 3C-G). Furthermore,
the discontinuous cell-cell contact areas in rh TNFu-activated
pHCAECs were characterized by bright fluorescence of A]
proteins, such as VE-cadherin, ¢-catenin, and B-catenin
(Figures 3C-E), and TJ proteins, namely, zonula occludens-1
(20-1) and claudin-5 (Figures 3KG). Although we noticed
posttranslational downregulation of claudin-5 after exposition
of cells to rh TNFu, we also showed a strong 95-kDa reactive
band, suggesting the oligomerization of claudin-5 (Figure 3H)
and its different tethering of scaffold protein and F-actin due
to different mechanical coupling of adjacent cells and their
coordinated movement. Direct participation of A] and TJ
proteins in signalization between rh TNFa-activated cells is
presented in the form of surface plots in Figure 31

o«
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Due to a fundamental role of non-muscle (NM) myosin
11, actin-related protein (ARP) 2/3, and rho-associated coiled-
coil containing protein kinases 1 and 2 (ROCK-1 and ROCK-
2) in processes that require cellular reshaping and movement
(Bhadriraju et al,, 2007; Vicente-Manzanares et al,, 2009; Smith
et al, 2013} and our observations of the effect of rh TNFa
on F-actin rearrangement, we analyzed the localization of
these proteins in both star-like-shaped F-actin bundles and rh
TNFa-induced cortical F-actin stress fibers or sites of punctae
cell-cell junctions. As shown in the left panel of Figures 4A-
E. NM myosin IIb, ARP 2/3 IB, and ROCK-1 were localized
in star-like-shaped F-actin structures, indicating their role in
the cooperative transmission of tensions between adjacent cells.
Interestingly, TNFa-activated cells expressed NM myosin Ila,
ARP 2/3 1B, and ROCK-1 in the regions of punctae cell-cell
junctions (right panel in Figures 4A-E). These observations
were confirmed by the analysis of the colocalization with
F-actin (Figure 4F) and determined the tensional character of
discontinuous junctions between rh TNFu-activated pHCAECs.

In summary, these data, at least partially, explain the change in
the migration pattern of pHCAECs in response to vh TNFu (from
cooperative in the control into coordinated in rh TNFu-activated
cells). We suggest that the star-like-shaped organization of
F-actin bundles determines the propensity of pHCAECs to
cooperative migration, important in effective contribution of
‘seal the gaps” function, whereas rh TNFu-induced formation of
prominent, parallel stress fibers and subsequent organization of
punctae, but strong cell-cell junctions, allows for the directed and
parallel motion of the cells during coordinated migration.

Tumor Necrosis Factor o Induces
Formation of Migrasomes Involved in
Cell-Cell Signalization Between

Migrating Primary Human Coronary

Artery Endothelial Cells

Directional cell migration requires the series of changes in the
structure and function of the cell at its different regions. These
cover the formation of membrane-bounded cellular extensions
at the leading edge and consequent retraction of the rear edge
of the cell. It is widely accepted that tail retraction precedes and
induces changes in migration direction and serves to maintain
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directionality of the force-generating leading edge of the cell
(Xue et al,, 20105 Theisen et al,, 2012). During rh TNFa-induced
coordinated migration of pHCAECs, we observed intensified
formation of retraction fibers behind cells (Figures 5A-D). As
shown Figures SA-E and Supplementary Video S5, these long
and tubular structures were rich in F-actin, and their formation

resulted in increased adhesion and interactions between cells at
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the rear of migrating cells. We demonstrated that the tips of
retraction fibers were continuously or discontinuously connected
to the neighboring cells and were characterized by augmented
adhesion, suggesting their role in transmission of F-actin-based
mechanical forces for proper polarization of adjacent cells and
coordination of their migration. These forces were generated

by rapid contraction of retraction fibers toward the direction
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of cell movement (Figure 5F and Supplementary Video 85).
We also frequently observed formation of migrasomes at tips
or the course of retraction fibers and their release by breaking
the retraction fibers (Supplementary Video 85). Moreover, as
shown in Figures 5G], the released migrasomes tended to occur
at points of cell-cell and cell-ECM contact. We also noticed
that during retraction fiber breakage, some migrasomes may be
released to the cell culture medium, where they seem to play a role
in intercellular signalization promoting directed cell migration
(Supplementary Video 56},

In summary, these data show possible ways of signalization
between TNFo-activated PIIC.'\IEC.\ \hu'ins their 1 ig
The first concerns  the of
during contraction of retraction fibers, and the other one is
related to migracytosis. We suggest here that the formation
and release of migrasomes are highly related to increased
adhesion and strength of punctag or continuous intercellular
junctions at the tips of retraction fibers. Moreover, our

1o,

generation mechanical forces

observations allow us to assume that migrasomes released by

TNFu-activated pHCAECs are involved in signalization between
migrating pHCAECs,

Activation of Endogenous Expression of
TPM1 Inhibits Tumor Necrosis Factor
w-Induced Inflammatory Response of
Primary Human Coronary Artery
Endothelial Cells and Force-Dependent
Opening of Their Cell-Cell Junctions

(2006) and in Figure 1
or Supplementary Figure $1 that E-selectin is the trigger
of transendothelial migration but also accumulates quickly at
punctae cell-cell junctions of activated endothelial cells, where
it co-localizes with F-actin (Tremblay ¢ I6), We have
previously shown that stabilization of F-actin by overexpression
of o-tropomyosin protects endothelial integrity against 1-
homocysteine and cigaretie smoke extract in EAhy926 (Gagat
et als 2003, 2014). Similarly, our furthér studies revealed that

It was shown by Tremblay el a
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overexpression of w-tropomyosin preserves transformed alveolar
epithelial cell-cell junctions against disintegration induced by
cigarette smoke extract (G +tal, 2016), Here, we investigated
the effect of CRISPR-based regulation of endogenous TPMI
expression on the activation and posttranslational expression of
cell-cell and cell-ECM adhesion proteins. First, we activated
or deactivated endogenous expression of TPMI using CRISPR
TPMI activation or knockout systems introduced to the cells
by the nudeofection technique (Figures 6A.B). As shown in
Figure 6C, the CRISPR systems worked effectively on modulating
w-tropomyosin expression 10 pHCAECs (from 0.888 £+ 00578
1.093 D.O0781, p 00044 and 1o 0305 £ 00122,
p o= 00001, respectively, for CRISPR TPMI1 activation and
knockout systems). Furthermore, we showed that acrivation
of endogenous expression of TPM! itself downregulated
postiranslational expression of E-selectin (from 0.308 &£ 00515,
p=00112, and 0,584 £ D.0O753, p = 0.0002, to 0,138 = 0,0409,

1oy

respectively, as compared to the cells transfected with CRISPR
control and knockout systems and inhibited th TNFa-induced
activation of pHCAECs (Figure 6D). Next, we investigated the
effect of endogenous expression of TPMI on posttranslational
expression of talin. Due to its essential role in mediating cell
adhesion, most of the studies reparding talin have focused mainly
on talin-1. However, talin-2 is required for the generation of
traction force and formation of invadopodia (01 el al, 2016).
We observed that activation of endogenous TPM1 expression
itself downregulated posttranslational expression of talin-2 (from
0.840 £ 0.042]1 to (h274 £ 0.0066, p < 0.0001), whereas TPM!
knockdown led 1o a dmvnrc;._;uhlinn of both talin-1 {from
1.169 + 00417 to 0146 £ 00082, p = 0.0001) and ralin-
2 (0840 + (L0421 to (516 + 00293, p < BO0O1). After rh
TNFa treatment, we also noticed decreased expression of talin-
2 (from 0.274 £ Q0066 to 0188 £ 0.0239, p = 0.0037) in
TPMT upn,-gli]nlu:d cells and its increase in TPMI-knockdown
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FIGURE & | Effact of TNFu on pastiranstational somsssian of call-call and cal-EGM junchional protéins m pHGAEGS with CRISPR-based modulated srgpression of
TPMT . (A Schermatic cverdes ol CRISPR systems wsed in regulation of TP expréssion m pHCAECS. The cells wene nuclepfectad willi a CRISPR control plasmid
encating the Gast nucksase and a non-specis guids AMAfupper laf panel), CRISPR TPWT activation systam ancodng 1he nucheazs-daficent dlasD husad to the
transactvation domaln VPG4, 4 plasmid ancoding the MS2-p85-HSF1 fusian proten, and a guide ANA targetng sequancas upstrearn:of tha TP transcrptional
start site {upper Bl panel] or CRISPR TP -Knockout System encoding the Gasd nucleass and a TPMY -specilic 20-m guide RNA (dwer panoh. |B) Represertativa
ritrgraph of ntravital dstection of paasxGER plasmid praduct (gren uomssence) B iuckeskasied pHOAECS {eonirast phase). (C) Retresentative westam biols,
surtace piol, and denailarmiatric analeis Tor e-troparmasn (Lpper panel) and GAPOH ower panal). CTRL refans to the cantil, * to g < D01, ““ 1o p = G000

{B) Representative westem biots, suriace plat, and dersitometnic anshveia (o E-selactin. CTAL refars to the conirol (upper panal), ThiFe 100 rgfmi to colls ireated
wih th THF flowar panel), NS to non-significant, * tap = 0.05, *top < 0.0, **'p < 0.0001. 8s determinad by the Kruskal-Waks test, $5 100 « 0.01, a5

Corhred
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FIGURE 6 | (Continued)
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FIGURE 7 | Efizct of CRISPR-based requlstad exprassion of TAMT on F
TNFa-activated pHOAECS. (A) Representative canfocal micrographs of

tin organzaton, continumy of
F-astin and VE-cadhenn. Trple fluores
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cellcel jinctions, and proangiogenic prospearities of
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ed) and tain-RFP {

om saeding. TNFr 100 ngimi refe olis freate h 1h (D) Number of tubes per m
G500 regulated expr Fiadl 00 < 0.01, 8s determingd by the Kruskal-Vy

pHCAECs (from 0.516 + 0.0293 to 0.824 £ 0.1143, p = 0.0106.  adhesion sites and tethering forces applied by intracellular
We did not observe expression of talin-1 in rh TNFu-activated  complexes (Birukova et al., 2016). Interestingly, here, we showed
pHCAECs transfected with CRISPR control and TPM 1 activation  similar, and independent of rh TNFa treatment, posttranslational
systems (Figure 6E). Talin-2 has been shown to be able to recruit  levels of vinculin in pHCAECs with activated TPM1 expression.
vinculin in the absence of mechanical force (Austen et al, 2015).  Differentlv, we noticed rh TNFa-induced upregulation of
Tt has also been suggested that vinculin coordinates polarized cell  vinculin in cells transfected with the CRISPR TPMI-knockout
motility and plays a central role in the regulation of endothelial ~ system (from 0.973 + 0.1228 to 1.637 + 0.1992, p = 0.0080;
barrier function via dynamic balance between centripetal forces  Figure 6F). Both «-catenin and vinculin cooperatively support
generated by contraction of stress fibers attached to focal  the strength of intercellular adhesion via a mechanoresponsive
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link between the cadherin-fi~catenin complexes and F-actin
2013). Vinculin also protects VE-cadherin-
from opening during
eers et al, 2012). The rh TNFa-independent

Als their force-induced
remodeling (Hu
and stable levels of vinculin in pHCAECs with activated TPMI
expression were supported by the lack of rh TNFu-induced
changes in «-catenin and PB-catenin levels (Figures 6G,H).
Furthermore, this was related with the rh TNFa-independent
expression of VE-cadherin and decreased level of cleaved VE
LthElll] (from 0 £ 0.0163 to 0.200 £ 0.0031, p = 0.0039)

igure 61), suggesting that activation of endogenous expression

containing

of TPM1 leads to stabilization of AJs. Qur further experiments
showed that pHCAECs with activated transcription of TPM1
were able to form continuous AJs in the presence of 100 ng/ml
th TNFa. th
of AJs between the cells transfected with both CRISPR control
and TPMI-knockout systems (Figure 7A). We also observed
massive migracytosis after inflammatory activation of TPMI-
knockdown pHCAECs with 100 ng/ml rh TNFa (Figures 7A,B).
As shown in Figure 7 ganization of
cell-cell junctions was accompanied by the .1l\||1t)' to form
Matrigel. We

In contrast, TNFa induced punctae appearance

force-dependent disorg

tubules on observed a statistically significant
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FIGURE 9 | Schematic averview of TNFu-Induced reerganization of F-actin and its effect on migration of pHCAECS,

increase in the number of tubules formed by rh TNFu-activated
pHCAECs with normal and downregulated expressions of TPMI,
as compared to the cells with activated expression of TPMI
(from 5850 + 3391 to §5.17 £ 5.076, p = 0.0011, and
1110 £ 22.70, p = 0.0022, respectively, for the cells transfected
with CRISPR TPM1 activation, control, and TPMI-knockdown
systems; Figure 7D).

In summary, these data suggest that activation of endogenous
expression of TPMI inhibits inflammatory response of pHCAECs
and downstream leads to the stabilization of cell-cell junctions
through reducing the cleavage of VE-cadherin and maintaining
stable levels of a- and P-catenins. Differently, CRISPR-
based knockout of TPM! leads to increased migracytosis
in rh TNFa-activated pHCAECs, which was confirmed by
the increased angiogenic capacity of these cells in parallel
with the formation of aggressive phenotypes. The migrative
potential was also confirmed by the TNFau-dependent increase in
posttranslational expression of talin-2, vinculin, and j-catenin.

Activation of Endogenous Expression of
TPM1 Inhibits Tumor Necrosis Factor
«-Induced Activation, Proliferation, and
Migration of Primary Human Coronary
Artery Smooth Muscle Cells

Because CRISPR-based activation of TPM! expression resulted
in the stabilization of interactions between pHCAECs treated
with 100 ng/ml rh TNFu, we decided to evaluate whether the
¢levated level of w-tropomyosin was able to affect pHCASMC
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response to rh TNFu. As shown in Figures 8A,B, transfection
of pHCASMCs with CRISPR TPM!I activation system effectively
upregulated expression of a-tropomyosin in these cells. It has
been shown that expression of both ICAM-1 and VCAM-1
on intimal and medial SMCs is prominent in fibrous plaques
and advanced atherosclerotic lesions and that expression of
VCAM-1 correlates with intimal neovessels and mononuclear
cell infiltration (Kasper ¢t al,, 1996; O’Brien ¢t al,, 1996). Here,
we observed that CRISPR-based activation of TPM! inhibited
the inflammatory response of pHCASMCs to 100 ng/ml rh
TNFa, as evidenced by reduced fluorescence of ICAM-1 and
VCAM-1 (both p < 0.0001; Figures 8C,D,H,I). Furthermore,
we investigated the effect of rh TNFa on functional nuclear
markers of proliferation and migration of SMCs. We observed
increased levels of nuclear fluorescence for plé (p < 0.0001:
Figures 8E,J) and reduced fluorescence for nuclear NFxB
and CCN4 (both p < 0.0001} in TNFu-activated pHCASMCs
with upregulated expression of «-tropomyosin, as compared
to TNFa-activated cells transfected with the CRISPR control
system (Figures 8F,G,K,L). These observations were confirmed
by the analysis of F-actin organization. As shown in Figure 8M,
TNFa promoted migrative distribution of the F-actin pattern in
cells with normal expression of TPM1, whereas in pHCASMCs
with CRISPR-based activation, expression of TPMI supported a
typical smooth muscle ‘hill and valley’ morphology.

In summary, these data suggest that activation of the
endogenous expression of TPMI inhibits inflammatory
response of pHCASMCs and leads to the inhibition of their
proliferation and migration,
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DISCUSSION

The basis of inflammation is the changes in blood vessels allowing
the recruitment of leukocytes to the site of damage. It results
in vessel dilatation and an increase in their permeability {Libby,
2002). Inflammation is also an essential factor accompanying
both the angiogenic and atherogenic pathways (Silvestre et al,
2008). The entire inflammatory process is mediated through
cytokines. TNFu is one of the representatives of proinflammatory
cytokines produced mainly by monocytes or monocyte-derived
macrophages and affects many processes associated with the
growth and characteristics of endothelial, smooth muscle, or
immune system cells (Heller and Krinke, 1994; Peppel er al,
2005). A dual role of TNFu has been shown in the angiogenic
response of endothelial cells: a proangiogenic effect in vive
and an antiangiogenic in vitro {(Friter-Schroder et al, 1987;
Sainson et al, 2008). It has been also suggested that TNFo
inhibits endothelial cell proliferation in vitro (Friter-Schroder
et al., 1987). The TNFu apoptatic response of human umbilical
vein and aortic and coronary artery endothelial cells when
cultured in vitro was also shown (Frater-Schriider et al, 1987;
Chen et al, 2004; Rastogi et al, 2012; Jiang et al, 2016).
The reason for that can be a host organism used for the
production of recombinant TNFu. Eschericltia coli is one of
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the organisms of choice for the preduction of recombinant
proteins, such as TNFa, commonly used in vascular biology
studies. However, protein expression in this system leads to many
problems such as inclusion body formation related to incorrect
disulfide bond formation, improper folding, or reduction in
biological activity due to incomplete folding or mutations in
¢DNA (Rosano and Ceccarelli, 2014; Tavallaei et al, 2015), In
the present study, we used rh TNFu produced in HEK293 cells,
which effectively activated functional expression of E-selectin
and VCAM-1 in pHCAECs. Although classical endothelial cell
activation is defined by a shift in the expression of E-selectin,
VCAM-1, and [CAM-1 (Gimbrone et al., 1997), we observed
only a weak induction of functional expression of ICAM-1 (data
not shown). Wu et al. (2004) indicated the heterogeneity of
pHCAECS' response to TNFa stimulation, e.g.. due to pathologic
conditions of human coronary artery donors (Wu et al, 2004).
However, it has been shown that soluble markers of endothelial
injury are not uniformly increased in patients with documented
coronary artery discase and that the plasma level of ICAM-1
did not allow identification of endothelial injury in such patients
(Semaan et al, 2000). It was also suggested that the deficiency
of ICAM-1 either alone or in combination with the deficiency
of VCAM-1 did not alter nascent lesion formation, indicating
the importance of VCAM-1 in the initiation of atherosclerosis
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(Cybulsky et al, 2001), As the activation of endothelium is
associated with enhanced interactions with leukocytes (Woodfin
et al., 2009), we confirmed the flattening, firm adhesion, and
further migration of Jurkat T cells on the surface of the rh
T'NFa-activated pHCAECs. These data are consistent with the
results received by Jaczewska et al. (2014) who demonstrated
increased interactions between Jurkat T cells and HUVECs
following treatment with INF-y or TNFa. In the course of
the inflammatory process, the capture of leukocytes on the
surface of the endothelium is possible due to the interaction
of very late antigen-4 integrin on the leukocyte with selectins
and VCAM-1 in endothelial cell walls (Abdala-Valencia et al,
2011), Similarly, the observed phenomenon of stronger adhesion
of lymphocytes to endothelial monolayer was associated with
increased expression of E-selectin and VCAM-1 cell adhesion
molecules, which was also confirmed by Lu et al (2016) and
Munro et al. (1989). It was also suggested that the activation
of endothelium includes not only changes in levels of adhesion
molecules expression but also their redistribution from cell
junctions to non-junctional membranes (JAM-A, JAM-C, and
PECAM-1) or infernalization from the plasma membrane (VE-
cadherin) (Reglero-Real et al, 2016). Additionally, the effect of
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TNFo on TEM seems to depend on stimulation time, Within
shorter stimulation times, leukocytes bind preferentially to the
junctional regions of endothelial cells, whereas within longer
periods, receptors in the junctional region are no longer casily
available and TEM is intensified by cytoskeletal rearrangement
and increased endothelial permeability (Jaczewska et al,
2014). Our observations seem to confirm this assumption
since cytoskeletal rearrangement leading to the formation of
discontinuous cell-cell junctions and intercellular gaps was
finished at about 12-16 h from rh TNFa treatment.

Activation of pHCAECs following rh TNFa treatment led
to morphological changes. One of the most obvious was
a transformation of the shape of the cells into a spindle-
like one and oriented toward the direction of cell migration,
Similar to that found in our study, TNFa-induced spindle-
shaped, narrowed, and clongated morphology was observed
in HUVECs and hCMEC/D3 cells and correlated with the
increased paracellular permeability (Miyazaki et al, 2017; Ni
et al, 2017). Here, we showed that th TNFa-induced change of
the pHCAEC shape was related to the coordinated rearrangement
of actin cytoskeleton from the star-like-shaped F-actin bundles
into prominent, parallel-organized stress fibers. This perfectly
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explains the transition of polygonal cobblestone-like pHCAECs
to a uniformly spindle-shaped and aligned monolayer. Aster-
or star-like-shaped structures were described by Fritzsche et al.
(2017) as self-organized F-actin patterns, achieved by polarity
sorting of actin filaments. In the in silico analysis, they showed
two main nucleation pathways of this actin patterning. In the
first scenario, Arp2/3 complexes bind to preexisting F-actin and
nucleate new filaments from their pointed ends (), leaving
the barbed ends (4) pointing outward. [n the second one,
myosin Il crosslinks with F-actin at their barbed ends (+) at
the pattern centers, resulting in the point ends (—) pointing
outward (Fritzsche et al, 2017). In our study, the core of
star-like-shaped F-actin structures co-localized with ARP2/3,
whereas radiating bundles co-localized with NM myosin I1b and
ROCK-1. Furthermore, the analysis of the trajectories of cells
showed that the star-like-shaped organization of F-actin bundles
determines the propensity of pHCAECs to cooperative migration
in any direction, important in the effective contribution of
barrier function. Differently, parallel-organized stress fibers in
activated pHCAECs promoted directed and parallel motion
during the coordinated migration (Figure 9). These results
suggest that rh TNFu induces the formation of the aggressive
angiogenic phenotype of pHCAECs, which was confirmed in
various migratory experiments,

The transformation of the F-actin pattern induced by rh TNFa
was closely refated to abnormalities in junctional regions and the
distribution of focal adhesion sites. We proved that rh TNFa
promotes discontinuous cell-cell contact, preceded by membrane
ruffling during polarization of pHCAECs to achieve a spindle-like
shape promoting their migration. Interestingly, TNFu-activated
cells expressed NM myosin Ila, ARP 2/3 1B, and ROCK-1 in
the regions of punctae cell-cell junctions. It was shown that
NM myosin ITa controls cadherin clustering at AJs in a Rho-
dependent manner, allowing proper adhesion of epithelial cells
(de Beco et al, 2012). Smutny et al. (2010) showed that NM
myosin 1la promotes the accumulation of E-cadherin in the AjJs
while NM myosin 1IB stabilizes the associated perijunctional
actin ring, increasing cell-cell adhesion and preventing them
from disruptive forces. However, Efimova and Svitkina (2018)
showed an association of NM myosin Ila with contractile actin
bundle running parallel to linear Ajs in endothelial cells. In our
study, the NM myosin Ila correlated with a bright fluorescence
of A] and T] proteins in the regions of punctae cell-cell
junctions. Furthermore, we showed oligomerization of claudin-5
in activated pHCAECs. Claudin-5 preferentially forms hexamers,
which make cell contacts much stronger than in the case of
the monomeric form (Krause et al, 2008). Considering the
above, this suggests that th TNFa-induced punctae intercellular
junctions are strong and play an important role in directed cell
migration of pHCAECs, allowing follower cells to trail the leaders
{Ozawa et al,, 2020).

Ma et al. (2015) identified and described extracellular
membrane-bounded  vesicular  structures  that  are
characteristically generated along retraction fibers in migrating
cells. They named these pomegranate-like structures as
migrasomes and showed their formation in various cell lines,
including MEF (mouse ¢cmbryonic fibroblast), NIH3T3 (mouse

Freptiers in Cet end Devalopmental Biolegy | www.irantiersinceg

Activation of TINT Inhibds infamnabion

embryonic fibroblast), HaCaT (human keratinocyte), MDA-MB-
231 (human breast cancer), HCT116 (human colon cancer),
SW480 (human adenocarcinoma), MGC803 (human gastric
carcinoma), SKOV-3 (human ovarian adenocarcinoma), and
B16 {mouse melanoma), and organs, such as the eye, lung, and
intestine. These structures have been also observed in the lumen
of blood vessels or pulmonary alveoli (Ma et ul, 2015). However,
the mechanism of their formation and biological or clinical
importance is still unknown. Huang et al. (2019) proposed
the mechanism of migrasome growing as an assembly of
tetraspanin- and cholesterol-enriched membrane microdomains
into micron-scale macrodomains. Tt has been also shown that
tetraspanins are localized at digitation junctions, which reflect
the transition processes before the establishment or after the
disassembly of stable cell-cell junctions (Huang et al, 2018).
Here, we showed intensified formation of migrasomes in
TNFa-stimulated pHCAECs and that their formation is highly
dependent on cell-cell and cell-ECM interaction, suggesting
their role in the transmission of F-actin-based mechanical forces
for proper polarization of adjacent cells and coordination of the
cell migration direction. Furthermore, we frequently observed
their release by breaking the retraction fibers, which resulted in
their stay at points of cell-cell and/or cell-ECM contact as well
as their release to the cell culture medium (Figure 10), Finally,
we showed that floating migrasomes exert local cytoskeletal
rearrangement and motility response (Figure 11), suggesting
their involvement in intercellular signalization promoting
directed migration of activated pHCAECs.

The data presented here showed that rh TNFa induces
F-actin reorganization resulting in mechanical disruption of
cell-cell junction continuity through the promotion of directed
migration of pHCAECs. In this case, methods for regulation
of the actin cytoskeleton structure might be clinically potent.
One of such targets may be «-tropomyosin, which belongs to
a family of actin-binding proteins. Tropomyosins are coiled-
coil parallel dimers that form a head-to-tail polymer along the
length of actin filaments regulating their access of other actin-
binding proteins {Gunning et al,, 2015} In mammals, over 40
tropomyosin isoforms are produced by alternative promoter
selection, alternative splicing andfor 3" end processing of four
different genes: TPMI, TPM2, TPM3, and TPM4 (Denz et al.,
2004). Tropomyusin variants are classified into two major
groups: high molecular weight (HMW; ~284 amino acids and
molecular weight between 33 and 40 kDa) and low molecular
weight (LMW; ~247 amino acids and molecular weight between
28 and 34 kDa) (Schevzov et al, 2011). In muscle cells, all
actin filaments are saturated with tropomyosins and regulate
muscle contraction in a calcium-dependent manner; while in
non-muscle cells, saturation of actin vary from 30% to 90%,
depending on the cell type and tropomyosins stabilize the actin
cytoskeleton and participate in many cellular processes, including
motility, cell-cell adhesion, and cell-extracellular interactions
(Perry, 2001; Humayun-Zakaria et al, 2019; Janco et al,, 2019).
Qur previous studies have shown that increased expression
of a-tropomyosin protects endothelial integrity against 1-
homocysteine and cigarette smoke extract in EA.hy926 (Gagat
ctal, 2013, 2014) and preserves transformed alveolar epithelial
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cell-cell junctions against disintegration induced by cigarette
smoke extract (Gagat et al, 2016). a-Tropomyosin was also
indicated to function as a tumor suppressor primarily by
inhibiting cell proliferation, angiogenesis, and metastasis in
renal cell carcinoma (Wang et al, 2019). Here, we showed
that CRISPR-based activation of the endogenous expression
of TPM! inhibits the inflammatory response of pHCAECs
to TNFa and leads to the stabilization of cell-cell junctions
through reduced cleavage of VE-cadherin and the maintenance
of the stable levels of «- and p-catenins. We also showed
that CRISPR-based knockout of TPM1 leads to an increased
angiogenic capacity of rh TNFo-activated pHCAECs and
augments the formation of migrasomes and migracytosis
in these cells. These findings pushed us to question how
pHCASMCs with the activated expression of TPM1 will respond
to th TNFa. Wang et al. (2011) showed that TPMI is a
validated target of microRNA-21, which negatively regulates
its posttranslational expression and leads to arteriosclerosis
obliterans. They also showed that overexpression of TPMI
decreased proliferation and migration of hASMCs, whereas
its silencing significantly attenuated the antiproliferative and
anti-migratory roles of the miR-21 inhibitor (Wang ct al,
2011). Our results indicate that CRISPR-based activation of
TPMI expression results in inhibition of the inflammatory
response of pHCASMCs and exerts antiproliferative and
anti-migratory activity.

Qur study has several imitations, First of all, the study was
performed in static conditions. However, the effect of rh TNFu
is similar to that in in vive studies, showing the proangiogenic
action of TNFu. Also, due to the study design, we did not
perform migratory tests on different ECM proteins, but we
showed a lack of differences in the organization of F-actin in
th TNFa-activated pHCAECs when cultured on fibronectin,
laminin, collagen I, and collagen IV coatings. Proliferation and
migration of TNFa-activated pHCASMCs were also assessed
based on the nuclear localization and fluorescence intensity of
pl6, NF«B, and CCN4. Furthermore, our study is based on
morphological and semiquantitative analyses, but it allows for
fast and easy translation of the findings into applied clinical
studies. Finally, we used commercially available pHCAECs and
pHCASMCs. Although we know the cause of the death of cell
donors, we cannot unequivocally exclude that there was no
generalized shock reaction of unknown duration that could affect
the studied cells. In order to exclude this possible and reversible
effect, only cells within three to four passages were used for all
the experiments. It is also worth remembering that TPMI gene
products occur in at least 29 isoforms (Cooley and Bergtrom,
2001). Unfortunately, in our study, we were unable to identify the
isoform targeted by the applied CRISPR systems. Identification
of the specific isoform, the expression of which determines
the observed effect, is extremely important in the context of
subsequent studies and their clinical application, However, in our
study, tropomyosin was detected using the F-6 antibody (Santa
Cruz) specific for an epitope mapping between amino acids 123
and 161. Furthermore, the molecular weight of the detected
isoform of tropomyosin was in the range 33-35 kDa in pHCAECs
and 33-34 kDa in pHCASMCs,
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In conclusion, the present investigations demonstrated that
rh TNFa-induced activation of pHCAECs results in actin
cytoskeleton reorganization, promoting their directed and
coordinated migration. We also proposed that the formation
and release of migrasomes are highly related to increased
adhesion and junctional strength of tips of retraction fibers
with adjacent cells and that they play a role in intercellular
signalization promoting directed cell migration. Furthermore,
we showed that stabilization of F-actin through the activation
of endogenous expression of TPMI inhibits inflammatory
response of pHCAECs, allowing formation of continuous cell-
cell junctions, and exerts antiproliferative and anti-migratory
effects in pHCASMCs. Additional in vivo studies are needed
to gain a better understanding of the role of a-tropomyosin
in atherosclerosis and angiogenesis, as well as to examine
the potential of TPMI as a candidate therapy target for
proinflammatory vascular disorders. However, our findings
may be adapted during the design and development of new
coronary stent devices.
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Supplementary Figure $1 | TNFa-induced sxpression of E-sekectin in pHCAECS,
Triple fuorescant staining for E-selectn igreen), F-actin red), and DNA (bhug) was
performed after fixation. CTRL refers to the control {top panel). TNFa 100 ng/ml to
cells treated with th TNFa

Supplementary Figure 82 | TNFe-nduced exprassion of VOAM-1 n pHOAEGS,
(A) Representative mivrographs of intravital detecton of VCAM-1 Lsing magnstic
beads coated with ai-VCAIM-1 morocional antibodes {boght figkd). F-actin (red)
and nuciel [blus] were stained fluorescently after fxation. TNFa 100 ng/mi raters to
calls treated with th TNFu, mAb to menaclonal antibedies. (B) Representative
confocal micrograph of fuorascently stained VCAM- 1, Trigle flusrascent stairirg
for VOAM-1 (greer), Factin (red), and DNA (lue) was perdormed after fxation
TNFa 100 ng/mi refers to cola traatad with th TNFe. (C) Representativa
micrograptis of adherant Jurkat T cells {contrest phase and flucrescance) sfter
30 min of their co-culturs wath pHCAECS (conlrast phase). Nusks of Jurkat cells
(bius) ware stanad with Hoechst 33342, CTRL refars to the control lop paned),
TNFe 100 ng/mi to cells treated with th THFa (bottom panel).

Supplementary Figure $3 | Effact of TNFa on migraton of pHCRAECe. (A) Rose
plot presenting drection bias of pHCAEC magrabon in conflugncs within 36 h.
CTRL refers ta the control faft panel), TNFe 100 ng/mi to cslis teated with h
TNFa [ight panel), ** top < 0.01, **** ta p < 0.0001, as determined by Rayisigh
test. (B) Euclidean distarce of pHCAECS during 36-h migration In 100%
confluence. CTRL rafers to the contral, TNFa 100 ngdmi to cells treated with rh
TNFa, NS to non-sigrificant 1o the contrel, as determined by unpaired f-test. (C)
Accumulated distance af pHCAECs during 36-h migration in 100% confluence.
CTRL refers o tha control, TNFe 100 ng/ml to cells treatad with rh TNFe, **** to
£ < D.0001, as datermnect by unpaired t-tast. (D) Velocity of pHOAECS dunng
36-h migration in 100% coofluence. CTRL @fers 10 the cootrol, TNFe 100 ng/mi
0 osl’s reated with th TNFa, **** to p < 0.0001, as determined by unpalred
t-test, (E) Corvelation betwean Eucidean distance of pHCAECS and tima during
3&-h migration in 100% cenfluence. CTAL mfers to the control, TNFa 100 na/mi
10 ogiis eated with rh TNFa, NS to non-significant, ** to p < 0.01, as determinad
by Pearson's oamelation coeflicient analysls. (F) Correlation between accumulated
distarioa of pHCAECs and time during 38-h migration in 100% confluance. CTRL
refers to the ceatral, TNFa 100 ng/mi to celis treated with rh TNFa, NS 10
nen-sgnificant, ** 1o g < 0,01, a3 determingd by Pearsan's conedation cosfficient
analyss. {G) Corratation batwesn vesocity of pHCAECS and time during 36-h
nigration in 100% confluence, CTRL mters 1o the control, TNFa 100 ngémi to calls
treatod wih rh TNFa, NS to non-significant, ** to g < 0,01, as determinad by
Pearson's correlation coeflicient analysis, (H) Correiation between time,
accumulated cistance, Euclicean dstance or velodity, and directness of control
PHCAECs durng 36-h migration in 100% confluence, CTRL refars to the centrol,
NS 1o non-significant, **** 10,0 < D.0001, (1) Corretation Detween time,

lated Eucligean o or velocity, and direciness of TNFa
PHCAECS durng 36-h regration in 100% canfiuence. TNFa 100 ng/mil refers 1o
colls treatad with rh TNFa, NS to non-signécant, * top < 0.05,**** to
< D00, (J) Representative contrast phase micrograph prasanting pHOAEC
migration ta the wound site, Curvas indicats leading edge of migrating cells,
amows the drection of tha moversnt. CTRL refers to ths contral {keft pane), TNFu
100 rg/mil to cals treated wath th TNFu right panel). (K) Aeprasentative conlrast
phase micrograph prezenting pHCAEC migration to the open fisld. Cunvas
indicate leadding edge of migrating cells, arrows the direction of the moverment.
CTAL refers Lo the control (laft panal), TNFa 100 ng/mi to cells treated with th
TNFe right panel], (L) Nurmber of pHCAECS migraled $vough 3-um pores par
microscopic fisld. CTRL mfers ta the control, TNFa 100 na/mi 1o cells freatad with
th TNFa, **** to p < 0.0001, as determined by unpaired f-test, (M) Number of
tubes per microscopic field formad by pHCAECs on Matrigel aftar 3. 6, and 12 h
after seeding. CTRL refers to the contral, TNF 100 ng/mil to cells treated with
TNFa, “top < 0,05, **** ta p < 0.00D1, as determinad by Kruskal-\ais test,
§383to p < 0.0001, as getermined by unparsd t-tast.

Supplementary Figure 84 | Efinct of i TMFa on adhesion of pHOAESS during
initial 2 h from the seeding. {A) Number af adherent pHCAECS per microscoplc
field from the control and TNFe-sctvated pHGAECS . (B) Hepreseniative
miczographs of adherent pHCAECS {contrast phass) within 4 h after seeding.
CTRL rafers to tha control dtop panal], TNFa 100 ng/mil to cels treated vath rh
TNFa (bottom pane), (C) Ralative numbser of acharant pHCAECS pir MICIOSCopic
field from the controt and TNFa-actvated pHCAECS alter £.5 N Irom seedng. NS
refers 10 non-sigrificant 1o the control, as datenmined By urpaired t-1est. (D)
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RAelative number of agherent pHCAECS per microscopic fiekd from the controt and
TNFa-aetivated pHCAECS after 1 h from seeding. ** refers top < .01, as
determined by unpaired 1-1est, (E) Relative number of acherent pHCAECS per
microscopic figld trom the control and TNFa-activated pHCAECS affer 2 h from
seeding, ¥ refers to p < .05, as determined by unpalred i-test. (F) Relative
number of adherent pHOAECS per microscopic figgd from the control and
TNFo-activated pHCAECs after 2 h from seeding. * refars fop < 0.05, as
detsrmined by urpaired 1185l

Supplementary Figure S5 | Effect of th TNFa on organizational pattern of F-actin
in pHCAECS cuturad on different ECM coatings. (A) Represantative confocal
micrograph of fuarascently stained F-actin in pHCAEGS cultursd on fbronectin.
Doubia Muarescent stamning for F-actin [graan| and DNA (blue) was partarmead after
fixation. CTRL refers to the contral (eft panal, TNF« 100 ng/ml to cslls freated
with rh TNS (right pansi). (B} Rap confocal 1 h o fluce Y
staired F-actin n pHOAECS cutured on fibronecting Double uorsscent slanng
for F-actin (red) and DNA (blus) was performed afier fixaton. CTRL relers to the
oontrol laft pans). TNFa 100 ng/mi 1o cells treated with m TNFa fight pansi). (C)
Representative confoca micrograph of fuprescanty atained F-actn in pHCAECS
cultursd cn laminin, Double fluorescent staining for F-actin {green) and DNA (tiug)
was parformead after fixation. CTAL rafers ta the contral (isft panel), TNFw

100 ngémi ta cels treated with th TNFa rght panell, EHS ta

Engelbrath-Holm-S . (D) Reg fecal micrograph of fiuoescently
staired F-actin in pHCAECSs cdtured on lrinin. Doutle flucreacent staining far
F-actin {rec) and DNA (olue) was performed after foation, CTRL refers ta the
control Iaft pane), TNRy 100 ngmi (o cells trasted with i TNSw (right pansl), EHS
to Engalorath-Holm-Swarm, (E) Rep onfocal mucrograph of
flucrescently staned F-actin i pHCAECS cultured on collagen |. Double
flucrescent staining for F-actin igreenl and DNA (blue| was performed after
fication. CTAL refers fo the contrat (eft panel), TNFa 100 ng/ml to cslls teated
with th TNFa (right pangl). (F) Represantative confocal micrograph of flucrescentty
stalred F-actin in pHCAECS cultured on collagen | Double ferescent staining for
F-actin [red) and DNA (blue) was performed attes fxation, CTHL refers lo the
control (ieft pene), TNFo 100 ng/mil to cells treated with i TNFa {rlght penes). (G)
Represantative confocal micrograph of #uorescantly stalned F-actn in pHCAECS
cultured on colagen IV Dauble Buarsscont staimieg for F-actin {green) and DNA
[bhg) was performed after fixaton, CTRL miers (o the contred deft panel), TNFa
100 ng/mi Lo cels treated with th TNFa (rght panet), EHS to

Eng Holm-S: . (H) A micrograph of ludrescantly
stairad F-actin in pHCAECS cultured on coliagen V. Doutle fuorascent staining
for F-actin red) and DNA [blue) was performed after fixation, CTRL refers to the
control (left penel), TNFx 100 ra/mi to cells treated with i TNFa (right panei}, EHS
to Ergeloreth-Holm-Swarm.

S y Video S1 | Mg 10f Jurkat T cells on the surface of
PHCAECs. CTRL refers to the controf (upper pansf), TNFe 100 ng/ml to cals
teated with rh TNFu (ower paneth. Nucks of Juikat celis were stained with
Hoechst 33342. Time-lapse images wers acquired for 2 min ar 3.33-s intervals
after 30 min from co-culturs of pHCAECS (contrast phase) with counterstained
Jurkat cells {contrast phase and flucrescence). Frame rate, 10 frames/s.

Supplementary Video 82 | TN nduced changes in migration of sHCAECS 1o
the wound site. CTRL reders 1o the control (upper pansh, TNFa 100 ng/ml Lo cels
treated wilh TNFa (ower panad, Time-lapse mages wers acaured for 24 h at
10-min tervals, Frame rate, 20 frames's,

Supplementary Video $3 | TNFu- nduced changes in migration of cHCAECS Lo
the open fied. CTRL refers 1o the centrl (upper panal), TNFx 100 ngrnl to cets
treated with TNFz (lower penad. Time-lapsa imagas ware seauired for 24 hat
10-min rtervals, Frame rata, 20 frames's.

Supplementary Video $4 | ThiFu-nduced changss in the acility of pHCAECSE 10
form tubes on Matrigsl. CTRL refers to the control (ft pansl), TNFe 100 ng/mito
cals treated with  TNFu (Haht panel], Time-lapse imagss were acquirsd for 24 h
at 10-min intervals. Frame rate, 20 frames/s

Supplementary Video 85 | T+ nducad changes in organization pattarn of
F-actin and distributon of focal adhesion sitas, Actin GFP [rod) and talin-RFP
(green) were sxpressed using baculeviruses. TNFa 100 ng/mi rslers 10 cells
treated with th TNFa, Tme-lapse mages were acquired for 18 h at 10-min
intervals atter 2 h from treatment, Frame rate, 20 frames's.

September 2021 | Viiuma 9 | Article 868032

Strona | 95



Gagatetal

Supplementary Video $6 | TNFu-induced fermation of mgrasomes ana
migracytosls, Actin-GFP (red) and talin-RFP (green) were expressed usig
baculoviruses, TNFa 100 ng/mi refers 1o cells treated with th TNFa. Time-kapse
images were acouied for 8.5 h at 10-min intervals after 15 h from treatment
Frame rate, 3 frames/s.
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Abstract: Homeostasis is a fundamental property of biological systems consisting of the ability to
maintain a dynamic balance of the environment of biochemical processes. The action of endogenous
and exogenous factors can lead to internal balance disorder, which results in the activation of the
immune system and the development of inflammatory response. Inflaimmation determines the
disturbances in the structure of the vessel wall, connected with the change in their diameter. These
disorders consist of accumulation in the space between the endothelium and the muscle cells of
low-density lipoproteins (LDL), resulting in the formation of fatty streaks narrowing the lumen and
restricting the blood flow in the area behind the structure. The effect of inflammation may also be
pathological dilatation of the vessel wall associated with the development of aneurysms. Described
disease entities strongly correlate with the increased migration of immune cells. Recent scientific
research indicates the secretion of specific vesicular structures during migration activated by the
inflammation, The review focuses on the link between endothelial dysfunction and the inflammatory
response and the impact of these processes on the development of disease entities potentially related
to the secretion of extracellular vesicles (EVs).

Keywords: inflammation; aneurysm; atherosclerosis; cell migration; extracellular vesicles

1. Introduction

The inflammatory process is a part of the cellular response for severe imbalance in
tissue homeostasis. Endothelial cells (ECs) play a crucial role in the activation and course
of an inflammatory process [1,2]. The expression of the endothelial adhesion molecules
is responsible for the selective recruitment of subpopulations of circulating leukocytes
to the inflammation site [3]. Additionally, ECs can produce proinflammatory cytokines,
i.e., tumor necrosis factor & (TNF-a), which promotes the secretion of other cytokines,
e.g., interleukins 1 and 6 (TL-1, 6). Overexpression of these molecules can result in artery
wall remodeling connected with an increase in endothelial permeability, particularly for
the circulating LDL in the bloodstream and their accumulation in the inner membrane.
Moreover, ECs are characterized by the presence of numerous integrin receptors on their
surface, which determines their high affinity for extracellular matrix (ECM) proteins [4-6].
Interactions of intercellular binding complexes with the actin cytoskeleton of cells ensure
the proper function of vascular endothelium. Based on the studies, it was proposed that
regulating the degree of the F-actin protein polymerization could be crucial for maintaining
endothelial barrier stability, surface molecules adhesion, and migration potential [7,8].
Further, F-actin cytoskeleton depolymerization and reorganization promotes the changes
in ECs proteins expression profile and formation of F-actin stress fibers. It is associated with
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the loss of coordinated EC migration, which is necessary to maintain the endothelial barrier.
The described cause and effect sequence leads to endothelial dysfunction [9-11]. The litera-
ture data analysis concerning the pathogenesis of the artery vessel diseases has allowed
observing secretion of specific vesicle structures in response to point contact between ECs
and the surface of the endothelial and extracellular matrix (ECM), which could be related to
cell signaling [12]. In addition, different manipulations within ECs involving the activation
of expression of regulatory proteins of actin filaments, i.e., tropomyosin 1 (TPM1), indicate
the maintenance of connections between ECs under both depolymerization and excessive
polymerization of F-actin located in the cortical layer of the cytoplasm [13]. Based on
literature data, it can be concluded that the stabilization of F-actin through TPM1 effec-
tively reduces the inflammatory response of human ECs, and thus also the secretion of
extracellular vesicles [14,15].

Extensive research on the pathogenesis of cardiovascular diseases at the molecular
level gave the basis for a review of literature data on the relationship between aneurysm
formation, the development of atherosclerotic lesions, and the secretion of extracellular
vesicles accompanying these processes. In the course of the research, secretion of endothe-
lial extracellular vesicles probably could be an attractive therapeutic target in inflammatory
cardiovascular diseases. Protein profiling of endothelial extracellular vesicles, assessment
at the ultrastructural level, and analysis of fundamental life processes should answer the
questions regarding the biological significance of extracellular endothelial vesicles and
their possible use as a diagnostic marker or therapeutic molecule in the diagnosis and
treatment of the cardiovascular pathologies [16,17].

2. The Biology of Aortic Aneurysms

Aneurysms develop within arteries, and their classification is strongly related to
their location. The primary function of the arteries is the pulsatile circulation of blood
from the heart to the capillaries by rhythmic contractions of cardiac muscles [18,19]. The
contraction and relaxation of the heart chambers induce changes in the diameter of the
arteries, allowing oxygenated blood to flow to various organs and tissues [2(0)]. The artery
wall consists of three layers: the innermost layer known as tunica intima, the middle
layer named tunica media, and the outermost layer described as the tunica adventitia
(Figure 1) [21]

Lumen
Endothelial cells
Tunica intima
Tunica media
Tunica adventita

Thoracic aorta

Abdominal aorta

Figure 1. Structure of the layered wall of the human arterial vessel [21-26].

Tunica intima contains flattened ECs located on a lamina rich in collagen and elastin
fibers. The subendothelial layer is part of the supporting tissue composed of myoid
cells involved in synthesizing ECM components, i.e., proteoglycans, glycoproteins, and
microfiber. Myoid cell layers store lipid substances, which causes thickening of the artery
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inner layer with age. Due to the accumulation of lipid deposits in the arterial wall, the
described process promotes atherosclerotic plaque formation. The other two arterial wall
layers consist of elastin, collagen, and smooth muscle cells (SMCs) compounds in the fibers,
together with the vasa vasorum present in the tunica adventitia. The elastic fibers present
in the structure of the walls of arteries give elasticity to the vessels. In turn, collagen fibers
are responsible for maintaining the structural integrity of the vessel wall and resistance to
stretching. Replacement elastin fibers by SMCs and inelastic collagen fibers weaken the
arterial walls and promote an aneurysm-like structure [22-26].

Aortic aneurysms (AA) take the form of fusiform or circular abnormal bumps in the
aortic wall. AA is the most commonly defined as a pathological dilatation of the aortic
segment by >50% of the initial vessel diameter [27]. The aortic aneurysms may develop
in the thoracic (TAA) and the abdominal aorta (AAA), which are also the most common
type of aneurysm [28]. Aneurysms can also be classified according to the De Bakey and
Stanford standardization based on the level of their dissection. AA is characterized by
an asymptomatic disease course, leading to aortic dissection or rupture, which may be
lethal. It is estimated that TAA and AAA account for 1-2% of all deaths in Western
countries. The leading cause of death, i.e., aneurysm rupture, correlates with an increase
in the diameter of a blood vessel. Additionally, calcifications, intra-lumen thrombus, wall
stiffness, oxidative stress, and inflammation are other possible causes of aortic aneurysm
rupture. According to statistics data, the prevalence of AAAs is within the range of 4-7%
in men and 1-2% in women [29,30]. Hereditary occurrence of AAA is in the range of
12-19%. In turn, mortality in the case of AAA is 65-85%. In contrast to the occurrence
of AAAs aneurysms, TAAs prevalence ranges from 5 to 10/100.000 people per year. The
genetic background accounts for 20% of all TAA aneurysms. The impact of gender on
TAAs occurrence indicates that men are more likely to develop this type of aneurysm
than women. On the other hand, women are more likely to develop aortic dissection and
aneurysm rupture [31]. Despite the rarer incidence, TAA occurrence is associated with poor
prognosis. Moreover, the risk of death is 2-3 times higher compared with AAA [31-33].
Furthermore, the epidemiology of aneurysms depends on the age of society. In young
patients, aneurysms are observed in those who develop simultaneously genetic diseases
such as Marfan syndrome or Loeys-Dietz syndrome. On the other hand, in older patients,
aneurysms development is associated with arterial hypertension or atherosclerosis [34,35].
Itis worth noting that there are differences in the pathophysiology of aneurysms resulting
from their location in the aorta [36]. However, studies show common features such as
inflammation of the aortic wall, loss of elastin and collagen fibers, and glycosaminoglycans,
promoting aneurysms formation.

The level of high technology available allows the selection of methods for imaging
aneurysms, such as transesophageal echocardiography (TEE), magnetic resonance imaging
(MRI), computed tomography (CT), transthoracic echocardiography (TTE), and chest
radiograph (CXR). Furthermore, increasing progress has been made in the treatment of
ancurysms. In addition to standard pharmacological and surgical therapy, biomarkers and
stem cells are also widely used. It is noteworthy that it is possible to apply genome editing
technology based on CRISPR/Cas? in the targeted therapy, which seems to be a promising
future for treating aortic aneurysms [37-44].

3. Pathophysiology of Aneurysms

The aorta undergoes constant reconstruction changes resulting from mechanical prop-
erties related to the blood vessel structure and its stiffness, as well as from hemodynamic
shear stress and peripheral stretching of the vessel, which is the effect of pulsating blood
flow in the vessel lumen [45]. In the context of the role of the blood vessel wall in the
aneurysm, the artery vessel wall consists of many components such as fibroblasts, EC,
SMC, and ECM, which both represent a significant component of the vascular wall. It
is a dynamic structure that undergoes continuous physiological remodeling through the
degradation and synthesis of new proteins [33,46]. Proteases are involved in this process,
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mainly metalloproteinases (MMP) family proteins, granzymes, and cathepsins [47]. It has
been shown that the hydrolysis of the peptide bonds by cathepsins affects the degradation
of ECM, and destruction of collagen and elastin fibers [46] MMP is one of the most signifi-
cant families of ECM proteins [49]. An important function of these protein families is the
ability to remodel and degrade ECM components. Their action is connected with the for-
mation of reactive oxygen species’ (ROS) products and proinflammatory cytokines. MMPs
are involved in cell proliferation, differentiation, and migration, but also cell apoptosis,
angiogenesis, and tissue repair. Moreover, the action of MMPs has also been observed in
many pathological conditions, including inflammatory processes and consequences of this
condition, such as degenerative diseases or neoplasms [50,51].

The activity of the chosen biologically active compounds is compatible with the
remodeling of the arterial wall. The consequence of this property is that aortic wall
cells contribute to maintaining homeostasis by sensing the local chemical-mechanical
environment. In this process, mechanical stimuli are transformed into a biochemical
response. This mechanism involves signaling pathways that, depending on the stimulus,
influence different cellular responses. As a result, gene expression modulation, migration,
proliferation, cell differentiation, and protein synthesis are possible. It is worth drawing
attention to the many factors involved in the pathogenesis of aortic aneurysms that regulate
the complexity of related signaling pathways and influence the biological function of cells
(Figure 2) [52,53].
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Figure 2. The molecular pathways of the aneurysms formation, One of the inducers of inflammation
is angiotensin I (Ang II). It is a peptide hormone, which promotes a proinflammatory, profibrotic, and
proliferative effect. This activates EC and induces expression of vascular endothelial growth factor
(VEGE), intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
selecting, and integrins. Studies have shown that Ang 1, by stimulating the synthesis of prostaglandin
(PG) and ROS, modulates microvascular permeability. Consequently, Ang 11 is involved in the
vasodilation mechanism and thus plays an important role in blood pressure regulation, RhoA
pathway activation is responsible for barrier dysfunction in the vascular EC (Yao et al., 2010).
Moreover, it has been shown that it is involved in the inhibition of the expression of endothelial
nitric oxide synthase (eNOS). Interestingly, the binding of Angll to its AT1 receptor in arteries and
arterioles induces the production and release of TNFer.
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One pathway that induces aneurysm formation is based on the mitogen-activated pro-
tein kinase /extracellular signal-regulated kinases (MAPK/ERK) activity. The mentioned
pathway is an intracellular signal transduction pathway that allows signal reception from
the receptor, alteration of gene expression, and results in the cellular response. Addition-
ally, it controls the processes related to survival, mobility, differentiation, and apoptosis
of cells [54]. Another protein involved in aneurysms progression is p38. This molecule is
responsible for producing proinflammatory cytokines and can regulate their expression
by modulating transcription factors; therefore, it is involved primarily in immunological
and inflammatory processes. Additionally, p38 allows the induction of the expression of
adhesion molecules and inducible enzymes [55,56]. One of the factors associated with
endothelial dysfunction leading to aneurysm development is ras homolog family member
A (RhoA) pathway activation. RhoA is involved in the inhibition of the expression of
endothelial nitric oxide synthase (eNOS). Therefore, this pathway is responsible for regu-
lating the tone of blood vessels. In addition, it plays a key role in regulating the contractile
phenotype and the cytoskeleton dynamics by affecting SMC, regulation of myosin light
chain phosphatase (MLCP), and pericytes. RhoA pathway acts as a mediator of actin
reorganization, influencing the process of generating stress F-actin fibers. Moreover, RhoA
activation is involved in the monocyte adhesion and transmigration process; therefore, it is
defined as the key pathway involved in the regulatory processes related to the permeability
of blood vessels. Research has proven that the RhoA pathway regulates the focal adhesion
sites and regulates collect actin stress fibers, and it stimulates migration, cell proliferation,
and cell division [57-62].

The essential and integral part of the aneurysms formation mechanism is transforming
growth factor  (TGF-j3), responsible for regulating various cellular processes. Cells such
as EC, pericytes, and immune cells express the TGF-p receptors. It has been shown that
TGF-p induces proliferation, adhesion, migration, production of ECM compounds, and
apoptosis but also affects the organization of the cell cytoskeleton, mobility, and invasion.
Interestingly, studies carried out in many cell systems have confirmed that TGF-p has a
bifunctional effect. Regarding EC, this cytokine shows either a promoting or an inhibitory
effect on angiogenesis. Moreover, by inducing growth factors, TGF-f stimulates the
proliferation of SMCs. On the other hand, the proliferative effect of SMCs is inhibited at
high concentrations of TGF-p. The research results show that the activation of TGF-f in
endothelial signaling is involved in the induction of vascular wall inflammation and the
atherosclerotic process. Additionally, it induces cytokines, chemokines, receptors, and
adhesion molecules on the EC, such as intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule 1 (VCAM-1), proving that TGF-f has proinflammatory
activity in the EC [63-66].

4. Extracellular Vesicles Secretion Accompanying the Endothelium
Destruction Processes

The ability of intercellular communication, i.e., the reaction to signals from the external
environment, is necessary for the proper course of the processes of differentiation, cell
growth, and maintaining intra-body balance. It can occur through the secretion of active
substances in signaling molecules, amino acids, peptides, proteins, nucleotides, retinoids,
steroids, and fatty acid derivatives in the form of growth factors and neurotransmitters
or cytokines. Signaling molecules are also low-molecular gases that penetrate biological
membranes, i.e., nitric oxide (NO) and carbon monoxide (CO) [67,65]. This intercellular
signaling may have either local or far-reaching character. In the first case, the signaling
molecules move by diffusion, penetrating through the ECM, which results in a fast, but
short response from the neighboring cells. The described mechanism does not involve
the bloodstream and is referred to as the paracrine route [69-71]. The second is called
endocrine influence and involves the transport of signal molecules using body fluids and
their interaction with distant cells. This is possible due to the expression of specific cell
receptors, which initiate physiological, biochemical, and morphological reactions after
recognition of the substrate. Intracrine and autocrine interactions are based on the signaling
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molecules that exert their biological effects inside the cell in which they were produced. The
presented types of intercellular communication are based on the presence of extracellular
transmitters and constitute a kind of intra- and extracellular secretion [72,73].

Moreover, signaling via surface proteins is distinguished by combining them within
different types of cells. A complex of surface protein presented on the surface of one cell,
called a signal protein, and complementary effector protein on the surface of the other
cell is formed, which determines signal transduction and induction of the intercellular
communication pathway [74,75]. Effector proteins may include enzymes, transcription
factors, ion channels, as well as cytoskeleton proteins. Most signal molecules are referred to
as molecular switches, which means that both their activation and inactivation are induced
by a signal that may result from phosphorylation or the presence of energy transporters in
the form of Guanosine-5'-triphosphate (GTP) or Guanosine 5’-diphosphate (GDF). Both the
strength of the signal sent, and the sensitivity of the cells is a variable value and depends
primarily on adaptive mechanisms. In the case of the second parameter, there is a strong
dependence on the number and affinity of receptors, which is why the mechanism of
strengthening intercellular signaling is extremely important here [76].

The development of research in etiology and the consequences of interactions between
cells has allowed the identification of specific molecules called extracellular vesicles (EVs).
Erwin Chargaff and Randolph West were first interested in them in 1946 and described
them as “procoagulant particles derived from platelets.” In the 1970s, Peter Wolf enriched
the knowledge of ‘microcells” in new facts. He described them as small structures resem-
bling “platelet dust,” and the results of subsequent studies confirmed the diversity of these
molecules and their presence in blood, urine, saliva, semen, and amniotic fluid [77-79].
EVs are a heterogeneous population of membrane vesicles released by prokaryotic and
eukaryotic organisms, both in vivo and in vitro. The vesicles size is varied and ranges
from 30 nm to 5 um. Although EVs have a similar structure, there are major differences
regarding the mechanism of their formation and physicochemical properties [80-83], Apart
from the density, isolation methods, or the presence of specific markers, the size and
diameter of the vesicles are the most common EVs classification criteria. According to
them, membrane microstructures can be divided into exosomes, exosome-like vesicles,
ectosomes, and apoptotic bodies. The secretion of these molecules occurs due to membrane
budding during processes such as exocytosis or apoptosis. EVs have an extremely impor-
tant role in intercellular communication due to the ability to transfer information between
different cells without requiring direct contact [84-86]. It is possible due to their content,
including proteins, messenger ribonucleic acid (mRNA), and microRNA (miRNA) [87].
Due to the internal composition of EVs and their participation in intercellular communi-
cation, they have become an attractive research target for many scientists. This allowed
us to observe the important role of the described signaling molecules in physiological
processes and conditions accompanied by a disturbance of internal homeostasis of both
individual cells and whole organisms [87,88]. It allowed concluding that EVs may act as
molecular markers, which may be helpful in the diagnosis of serious diseases at the early
stages of their development. Due to the importance of intercellular communication in
ontogenesis, organogenesis, and pathophysiology, extensive research in the field of cellular
communication led to the identification of extracellular vesicles called microsomes. Their
biogenesis and secretion are directly dependent on the migration and polymerization of
actin; hence the phenomenon was called microcytosis. This newly identified secretory
process can play an important role in intercellular communication during physiological
and pathophysiological processes. The mechanism of initiation and the course of migration
depends on many complex processes, among which migration is the most important. Tt
plays a key role in embryonic development but is also responsible for the movement of
immune cells, wound healing, and tissue regeneration [80-86]. Cell movement is also a
pivotal factor during the formation of tumor metastases and in the course of inflammation.
The ability to migrate is determined by the type of tissue from which the cells originate.
In these cases, cell movement is necessary during the formation of germ layers and the

Strona | 104



int. | Mol. Sct. 2021, 22, 13157 7of15

development of organs. Nervous crest cells, i.e., multipotent neuroectodermal cells, move
long distances in the embryo, settle in different places, creating, among others, nerve
ganglia or ciliary body. A similar situation is observed among cells, i.e., leukocytes, for
which movement is an essential element of functioning.

Knowledge of the mechanisms responsible for cell movement is particularly important
for modern medicine because it can be used to study the etiology of various physiological
and pathophysiological processes. The essence of migration is the active movement of cells,
regulated by signaling pathways associated with information molecules, protein signal
transducers, or calcium ions [87-89]. Initially, research in the field of cell migration was
conducted on unicellular amoeboid organisms of the Dictyostelium Discoeditum species [90].
However, the identification of similar sets of protein markers allowed to expand research
on organisms of higher taxonomic classes. It has become extremely important primarily
due to the opportunity to learn about the mechanisms of the processes dependent on each
other and the interaction between cells of various types depending on the phenomenon of
migration. Types of cell movement are defined based on such parameters as cell adhesion,
protease activity, the strength of intercellular interactions, and the polarity and organization
of the cell cytoskeleton. Due to the number of migrating cells, individual and collective
migration may be distinguished [91-94].

Cell migration is a multi-stage process consisting of polarization, adhesion, the for-
mation of cellular projections, and directional movement [95]. The first one is the effect
of creating functionally and morphologically differentiated poles of the cell, i.e., in the
front and posterior surface because of the potential difference between the outer and inner
surface of the cell membrane. This results in a gradient distribution of signal and regulatory
proteins responsible for intracellular processes associated with cytoskeleton remodeling.
The consequence of the polarization is extension of the frontal zone of the cell, after which
the phenomenon of adhesion and proteolysis of the ECM is observed [96]. This induces
rearrangement of the cytoskeleton by, among others, the action of cofilin, gelsolin, and the
Actin-related protein 2/3 (Arp2/3) protein complex [97-100]. The effect of these processes
is the shrinkage of the posterior zone of the cell and break of contact with the surface,
which leads to directional displacement. All phenomena associated with the change in the
architecture of actin filaments, including polymerization, depolymerization, shrinkage of
microfilament networks with the participation of motor proteins, or the movement of the
contractile layer, are referred to as cytoskeleton dynamics, which is directly related to the
formation of migrasomes.

The basis for identifying migrasomes in the presence of structures with a diameter of
0.5-3 um tightly fixed at the ends or cuts of actin retraction fibers is through their secre-
tion which occurs during a process called migracytosis. The microstructures detach from
the retraction fibers and are released into the extracellular space or directly taken up by
surrounding cells. The described vesicles contain inside from less than 10 to 300 smaller
follicular structures with a diameter of 50-100 nm, which is why they are often referred
to as pomegranate-like structures (PLCs) [101]. Tt is supposed that migrasomes reflect the
camposition of the cells from which they are secreted due to the active transport of cytosolic
content from the parent cell to the vesicles. During their duration, the content of the parent
cells translocates to the migrasome, after which the extracellular vesicle formation rate de-
creases. Migrasomes, due to their structure, are multivesicular bodies (MVB) like structures,
which through fusion with the membrane of the parent cell, contribute to the formation of
exosomes. An important feature that makes migrasomes like the MVBs and intraluminal
vesicles (ILVs) that build them, is the expression of surface proteins, which in this case
are tetraspanin-4 and tetraspanin-7. The similarity of these two types of extracellular
vesicles may indicate their common origin, which has become the basis for the conclusion
that migrasomes arise because of MVBs migration to retraction fibers. According to this
hypothesis, migrasomes should have a bilayer cell membrane, in which the outer layer
comes from retraction fibers, while the inner one from MVBs contains surface markers char-
acteristic for MVBs, i.e.,, LAMP1 (lysosomal-associated membrane protein 1). The results of
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scientific research indicate, however, strong discrepancies in the described issues, which
include, among others, the presence of a single-layer cell membrane or the lack of LAMP1
expression, which made the hypothesis of MVBs as precursors of migrasomes contradictory.
Furthermore, other research has shown large differences between extracellular follicular
secretion through exocytosis and migracytosis, which mainly concern how they are se-
creted. In exocytosis, exosomes are released from the cells by MVB fusion to the plasma
membrane. At the same time, migracytosis involves the translocation of the cytoplasmic
material into vesicles located at the ends of the retraction fibers, resulting in the release
of migrasomes [101,102]. Migracytosis and exocytosis are different processes because of
their course and the diversity within the markers assigned to the signal molecules secreted
during these processes. In the case of migrasomes, this group is represented by proteins
such as N-deacetylase/N-sulfotransferase (NDSTT1), phosphatidylinositol glycan anchor
biosynthesis class K (PIGK), and carboxypeptidase Q (CPQ) that are not expressed by other
types of signaling molecules. One of the most important functions of these proteins is
participation in the inflammatory reaction. On the surface of migrasomes, the presence
of transmembrane receptor proteins that connect cells with the ECM, i.e., integrin «5 and
{(1b, was also noted. They constitute a group of compounds responsible for the adhesion
of migrasomes to the place where they arise, whereby the overexpression of these proteins
is observed at the contact point between migrasome and retraction fiber [103,104]. The
structure of integrins present on the surface of vesicles is characterized by the presence
of the pleckstrin homology (PH) domain. The phosphorylation of these domains affects,
among others, increased secretion of inflammatory cytokines. The association of migra-
somes with the inflammatory response is also seen in the high affinity of these vesicles to
proinflammatory proteins, among which fibronectin can be distinguished. Simultaneously,
migrasomes can be assigned as a new type of cell organelles.

They perform specific functions and are surrounded by a cell membrane composed
mainly of cholesterol, which allows them to be defined as specialized cell subunits. Based
on the collected information, it is possible to determine migrasomes as a particularly at-
tractive type of signaling vesicles in the context of diseases initiated by the endothelial
inflammatory response due to the high rate of migration of immune cells during the induc-
tion of atherosclerosis. Identifying the protein profile of the described EVs, analysis of their
biosynthesis, and a broader understanding of the mechanism of microsomes formation
may contribute to improving the profile of diagnostics and therapy of cardiovascular
diseases [101-106]. However, the most frequently described extracellular vesicles are ex-
osomes. This type of extracellular vesicles plays a pivotal role in vascular remodeling
which could be an interesting biomarker in the clinic. They can be widely used due to their
low toxicity and immunogenicity, biocompatibility, and biological barrier permeability.
Enrichment of the content of exosomes in order to use them for targeted therapies can
be achieved through co-transfection into the donor cells with plasmid or virus encoding
the precursor miRNAs or small interfering RNA (siRNA), electroporation of synthetic
miRNAs or siRNAs and also transient transfection of miRNAs using commercial trans-
fection reagents. EVs play an important role in cell-to-cell communication within the
disease microenvironment. As some profiling studies have shown, miRNAs encapsulated
in secreted EVs have been identified in the extracellular space. The rich content of miRNAs
is extremely important in terms of intercellular communication. EVs can serve as valuable
biomarkers of various diseases due to the miRNA content. miRNA is a single-stranded
RNA molecule on average containing 22 nucleotides [107,108]. miRNA is responsible for
regulating gene expression at the post-transcriptional level. The mechanism of action of
miRNA is based on interfering with transcription or inhibiting translation. miRNAs are
involved in various biological processes, such as differentiation, proliferation, metabolism,
and cell death. The loading of miRNAs into the extracellular vesicles protects miRNA from
acting of the enzymatic factors such as RNase, but also physics conditions, for example,
extreme temperatures or changing pH values. Due to the different molecular mechanisms
of the aneurysm formation, growth, and rupture, various types of miRNA patterns are
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observed. Recent studies indicate that miR-320b, miR-133a, miR-223, and miR-143/145
included in the plasma circulated exosomes could be significant predictors and diagnostic
markers of vascular inflammation and atherosclerosis. miR-133a act an important role as
a diagnostic marker of myocardial infarction. miR-133a is connected with altered aortic
fibroblast phenotype which is observed during aneurysm progression, which weakness the
artery wall [109]. The described phenomenon is particularly observed in the TAA course
which is a result of dysregulated remodeling of the extracellular matrix on the vascular
level and may be connected with altered resident cellular phenotype. miRNA-133a is
commonly reduced in TAA clinical specimens and plays an inhibitory role in the patho-
logical phenotypic regulation of switch of vascular cells. Accordingly, it is believed that
miR-133a replacement attenuates the development of TAA. These results suggest that stable
alterations in aortic fibroblasts may be connected with pathological extracellular matrix re-
modeling, and regulation by miR-133a may lead to the novel therapeutic strategy [110,111].
Moreover, the growing number of studies show that EV secreted by different types of stem
cells transfer their bioactive content to other, more mature cells and thus participate in
tissue repair, including the ischemic heart muscle. Due to the fact that different fractions of
stem cells secrete vesicles with different molecular compositions, the conducted research
is focusing on understanding the biological and regenerative activity of such fractions,
including EVs secreted by induced pluripotent stem cells (iPSCs) and mesenchymal stem
cells (MSCs) which constitute the fraction of stem cells isolated from mature tissues includ-
ing bone marrow, adipose tissue, and umbilical cord. Research shows that vesicles secreted
by iPSCs (iPSC-EVs), as well as MSCs (MSC-EVs), carry a range of bioactive molecules re-
flecting the molecular composition of the cells that secrete them, including proteins, mRNA
molecules, and small regulatory RNA molecules—the so-called miRNAs which play an
important role in regulating a number of genes in cells. Interestingly, the molecular content
of the vesicles can be transferred to the cells of the heart and vessels, and thus affect their
functions in vitro and after transplantation in vivo, Despite the fact that both iPSCs-EVs
and MSC-EVs fractions of EVs have been observed to show proregenerative activity in the
heart tissue, they carry a different molecular content, including whole groups of miRNAs,
which may differently regulate the functions of different types of cells [112-114].
Alteration of the miRNA profile contributing to atherogenesis could serve as an early
biomarker in cardiovascular diseases. Recent studies have shown that among smokers,
increased level of the circulating leukocyte-derived PMVs (IPMV) and miR-29b is observed.
This suggests that a high level of the miR-29b can lead to oxidative stress and induction
of inflammatory response, It is connected with the increased production of membrane
microvesicles (MVs) by the cigarette smoke-exposed neutrophils. The secreting mecha-
nisms of the microvesicles and the presence of the miR-29b expression is connected with
enzymatically active transmembrane ADAM proteases. The high level of the ADAMI10
and ADAM17 accompanying to microvesicles secreted mechanism by the neutrophils on
exposure to cigarette smoke indicates the molecular mechanism underlying the dramati-
cally elevated risk of abdominal aortic aneurysm. According to the current reports, among
the miRNA connected with the aneurysm development, miR-29a, miR-29b, and miR-29¢
also have been distinguished. The increased level of the miR-29a family is connected with
the reduction of the expression of genes encoding extracellular matrix proteins such as
fibrillin 1, elastin, and collagen types I and III. Elevated miR-29 expression in the aortic
tissue is connected with ECM degradation, contributing to the weakened aortic wall. It
makes the aortic wall more susceptible to the aneurysm development. Research proves that
the use of the miR-29 inhibitor likewise prevents aneurysm development by reducing the
synthesis of the tissue inhibitor of metalloproteinase 3 (TIMP3). This glycoprotein binds
to the catalytic domain of MMPs and hydrolyzes the ECM components. Expression of
the miR-205 inhibits the level of the reversion-inducing cysteine-rich protein with kazal
motifs (RECK) synthesis which inhibits metalloproteinases activity. Research also indicates
another significant type of miRNA involved in the progression of aneurysm. It is miR-24,
the low level of which can be seen in samples obtained from patients with developed
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changes in the structure of the arterial wall. Expression of miR-24 is associated with the
downregulation of the synthesis of chitinase 3-like protein 1 (CHI-3L1). The low miR-24
level has been connected with proinflammatory interleukin-6 (IL-6) overexpression, which
results in an increase in CHI3L1 expression. The CHI3L1 and IL-6 cooperation mechanism
contribute to the increase in the production of proinflammatory factors such as intercellular
adhesion molecule 1 (ICAMT1), vascular cell adhesion molecule (VCAM1), and P-selectin
(P-SELP) by the endothelial cells. The secretion of mentioned molecules leads to the binding
of leukocytes to the surface of the endothelium. Expression of the CHI3L1 and IL-6 is also
connected with the secretion of the interleukin 8 (IL-8) and monocyte chemoattractant
protein 1 (MCP1). This phenomenon also contributes to the increased migration of smooth
myocytes. Another marker of aneurysm development is miR-29¢-3p. Current reports indi-
cate a correlation between miR-29¢-3p and the size of the aneurysm that has been observed.
Among the genes regulated by miR-29¢-3p, there are genes encoding vascular endothelial
growth factor-A (VEGF A), collagen type IV, phosphatase, and tensin homolog (PTEN),
which contribute to aneurysm formation and could inhibit endothelial cells proliferation.
The current reports implicated that elevated miR-29¢-3p is a significant biomarker for
aneurysm as the downregulation of the gene encoding vascular wall matrix components
leads to greater susceptibility to cardiovascular diseases [115-119].

Aneurysms are characterized by the remodeling of the extracellular matrix and in-
flammatory response. One of the inflammatory protein families capable of degrading
extracellular matrix proteins in arteries is the disintegrin and metalloproteinase with throm-
bospondin 1 motifs (ADAMTS1). The ADAMTS family of proteins comprises 20 mem-
bers, where ADAMTS-1 and ADAMTS-4 are particularly well studied. ADAMTS-1 and
ADAMTS-4 cause tissue destruction and have been connected with vascular diseases, such
as atherosclerosis. Research indicates that an increased expression of the majority of the
investigated ADAMTS, especially ADAMTS-1 and ADAMTS-4 members on mRNA level,
has a large share in the development of aneurysms associated with the infiltration of inflam-
matory cells and the destruction of the aortic walls. ADAMTS-4 promotes ECM turnover by
digesting proteoglycans including biglycan, aggrecan, and decorin or glycoproteins such
as fibronectin, Moreover, studies have shown that ADAMTS-1 inhibits cell proliferation
by binding and sequestering growth factors, among which vascular endothelial growth
factor and fibroblast growth factor stand out. On the other hand, ADAMTS-1 functions in
ECM remodeling by digesting versican and tissue factor pathway inhibitor-2. Versican is a
chondroitin sulfate proteoglycan. This is the key ingredient of the ECM. It plays the pivotal
role in intercellular signaling and in connecting cells with the extracellular matrix. This
suggests that the elevated ADAMTS-1 and ADAMTS-4 protein levels could be partially
responsible for the increased versican degradation. Additionally, versican can be cleaved
by matrix metalloproteinases, so the degradation products in the destructed aortas may
have been the collective result of cleavage by ADAMTS proteins, matrix metalloproteinases,
and other extracellular proteases. Moreover, recent studies showed that ADAMTS-4 can
also break down matrilin-3, alpha-2-macroglobulin, cartilage oligomeric matrix protein,
and fibromodulin. Thus, ADAMTS proteins may promote tissue destruction and disease
formation through different mechanisms. The increased level of the ADAMTS protein is
revealed by profound destruction of the elastic lamellae, rich macrophage accumulation in
the adventitia, increased neutrophil values in peripheral blood, and significantly increased
expression of inflammatory factors in the early level of aneurysm. This directly indicates
that high ADAMTS proteins expression in the progression of inflammation can contribute
to the development of pathological changes in the arterial vessels. The importance of
ADAMTS proteins in the development and progression of aneurysms is also confirmed
by reports indicating that ADAMTS1 deficiency reduces the formation and rupture of
aneurysms. Low ADAMTS] expression inhibits neutrophil and macrophage infiltration by
inhibiting the level of proinflammatory cytokines and macrophage migration in the early
stage of aneurysm formation, indicating ADAMTS proteins regulation of the inflammatory
response, which may be a new therapeutic target in the treatment of aneurysms [120,121].
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5. Conclusions

Current literature reports implicate that vascular endothelial dysfunction underlies
the development of many cardiovascular diseases. Inflammation is distinguished among
the main causes of endothelial dysfunction and is accompanied by the secretion of extracel-
lular vesicles into the bloodstream. Numerous studies highlight the role of extracellular
vesicles in intercellular communication in vascular remodeling. Recent studies indicate
that the content of extracellular vesicles is potentially significant to therapeutic use due to
their content. As an alternative carrier, extracellular vesicles internalize cargo based on the
pathological and physiological status, inducing various content-depending effects, subse-
quently. Due to the presence of specific proteins on the surface of extracellular vesicles, they
can act as a biomarker of inflammation, and thus also of endothelial dysfunction and the
development of cardiovascular diseases. Extracellular vesicles, due to their transport role,
can be used for various manipulations due to the transported content. However, there have
been few attempts to increase the cargo or modify it for personalized therapies. Despite
recent advances, there are still many issues to be resolved regarding the mechanisms of ex-
tracellular vesicles biology, such as formation, release, internalization, and their connection
with the inflammatory response. Moreaver, despite being an alternative for the prognostic
and therapeutic approaches in vascular diseases, extracellular vesicle-based therapies are
remained to be elucidated and require further studies before clinical applications,
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Introduction

ABSTRACT
Background: The (nifiation and progression of mflammation can elevate the secration of angicgenesis
activaiors, wiich bind 1o receptors on endothalial surfaces, thareby stmulating cell profiteration and en-
mancing migration which nas emearged as a significant risk facior for alherosclerosis
Material and methods: To investicate the effectiveness of angiogenesis inhibitors on changes in blood
vesaslz, the stucly utilized the anti-angicgenic drugs bevaczumiab, pazopanib, and KHN-633. In the study,
the vascular model compnsed primary human corangry artery endothelial cells (2HCAECs). Moreower, the
inflammatory respanse was incluced by the pro-inflammatcey cytokine tumaour necrosis facior-o [THF-o)
Results: The compounds” effect on pHSAECs induced structural changes within the sctin cytoskeleton,
demonstrating the prasence of entosis and apoptotic vasicle-like structures. Additionatly, inflammation in
the pHUAEC line exacehated the eflects of the compounds used in the study, lead ing 1o heigitensd disin
tegration of cellula cyioskeletons, Conversely, pazopanits in combyinaticr wilh TNF-a induced the formalicn
of vasicular struciures along the course of F-achin ratraction fibres in migrating pHCAECs, Furthermars,
KAN-633 combned with TNF-a rezulted in the franslosaton of VE-cadherin fo the cell nucleus inthesa calls
Conelusions: It |= notewnrthy that cumant treatments far cardiovascidar disaases are not entiraly affactive.
The Ltilizaton of functional pharrmacological compounds such a5 angingenesis inhibitors may prowde an
effective approach to Ireating disorders and regulating cardiovascular funclion.
Keywards: enclothelium, imlam mation, angiogenesis, TNF-a, bevacizumak, pazopanib, KRM-33
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necessitates swift and irreversible modifications in the
functional expression of adhesion molecules, reorgani-

Chronic inflammation is a significant element in the
pathegenesis of cardiovascular diseases, which can be
caused by endothelial dysfunction. During inflamma-
tion, the endothelium experiences dysfunction due to an
elevated production of reactive oxygen species (ROS),
pro-inflammatory cytokinas, matrix metalloproteinases
(MMPs), adhesion molecules, and disturbances in
vascular tone [1-3].

Because of the local production of chemaokine,
leukocyte recruitmeant is one of the most characteristic
hallmarks of inflammation [4]. Leukocyte recruitment
involves a complex cascade of sequential signalling
and adhesion steps, which lead to leukocyte migra-
tion through endothelial cells (ECs) [5]. This process

zation of cytoskeletal elements, and coordinated move-
ments of cell and vesicular membranes |8, 7]. Leukocyle
migration from blood vessals occurs via one of two
routes. The first one is the intercellular (paracellular)
route which takes place between ECs. It involves ad-
hesion molecules, which facilitate connections between
ECs [8]. The second type is franscellular, occurring
through the endothelial cell body while maintaining
connections intact [9, 10]. Notably, conditions that ac-
tivate endothelial actin stress fibres reduce transceliular
migration, thereby prometing increased intercellular
migration. Howevear, inhibiting the formation of stress
fibres induces the creation of transitional pores in the
endothelium, facilitating the transceallular extravasation

This areicte i ratlable in open scoews mnder Creative Conmuon Adriburioe-Noa-Commercial-No Dertvatives 4.0 Diternathonal (00 BY-NC-ND 400 beense, atlowing 1o
diownlead articles amd share them with ofhers s lang as they enedit the authoes and the puhlisher. but without permission to change them inany way or use them eommorcialby.
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of leukocytes [11, 12]. Inflammation has the potential
to stimulate angiogenesis. and the development of
novel vessels may enhance tissue inflammation [13].
In response to angiogenic stimuli, ECs transform the
quiescent phenotype into an active one, characterized
by an enhanced capacity to migrate, matrix proteoly-
sis, and a high mitotic index [14]. Moreover, activated
ECs change the dynamics of closing and short-circu-
iting connections that exist between perivascular cells
and neighbouring ECs and involve proteins such as
claudins, vascular endothelial cadherin (VE-cadherin),
neural cadherin (N-cadherin), occludin, and junctional
adhesion molecule (JAMs) [15, 16].

Angiogenesis is the formation and maintenance
of blood vessel structures conducted by vascular
endothelial growth factor (VEGF), which is an additive
responsible for vascular permeability and cell migration
[17]. The mechanism based on the difference in VEGF
gradient is termed sprouting angiogenesis, whereas,
in its absence, it is known as invagination or division
angiogenesis. In the intussusceptive angiogenesis
model, intraluminal tissue pillars form through contact
between ECs from opposing capillary walls or via fusion
of interstitial protrusions [18].

Optimal antiangiogenic therapy strategies are be-
coming extremely important in effectively and success-
fully introducing them into the treatment of cardiovascu-
lar diseases. These are therapies based on substances
that recognize and inhibit the activity of VEGF factors,
such as bevacizumab, pazopanib, and KRN-833 [19,
20]. Bevacizumab is a chimeric monoclonal antibody
containing the muMADb A4.6.1 monoclonal antibody
with 1gG1 immunoglobulin. It has been observed that
inhibiting the activity of VEGF receptors (VEGFR-1 and
VEGFR-2) in ECs, significantly enhances ECs prolifer-
ation and angiogenesis ultimately inhibiting the pro-
liferation of ECs and angiogenesis [21]. Pazopanib is
asmall-molecule tyrosine kinase inhibitor (TKI) focused
on platelet-derived growth factor receptors « and f
(PDGFR-a, -p), VEGFR-1, -2 and -3, fibroblast growth
factor receptor-1, -2 (FGFR-1 and -2) and the c-Kit ma-
tricellular factor receptor [22]. Therefore, it effectively
inhibits numerous pathways affecting cell proliferation
and angiogenesis [23]. KRN633, a quinazoline-urea
derivative, effectively and selectively inhibits intracellular
VEGF signalling, VEGFR-1, -2, and -3 tyrosine kinases,
as well as PDGFR and c-Kit. It has been demonstrated
that the primary mechanism of action of KRN633 in-
volves inhibiting VEGFR-2 phosphorylation, thereby
blocking the response of ECs and angiogenesis in
vitro [24, 25).

Materials and Methods
Cell culture

To assess the correlation between the effects of an-
ti-angiogenic substances and inflammatory activation of
human vascular endothelium, primary and immortalized
endothelial model cells obtained from the American
Type Culture Collection (ATCC) cell bank were used
in this study. In the study, the Human Coronary Artery
Endothelial Cells (PHCAEC) cell line was used. The
cells used in the study were obtained from a young
Caucasian individual whose death was notdue to a car-
diovascular event. The cells that comprise the research
material in this study were cultivated in sterile culture
vessels designed for adherent cells with a surface area
of 25 cm? (Eppendeorf, Falcon), by the recommendations
ofthe ATCC cell bank. The basic medium for PHCAEC
cell line was the liquid growth medium supplemented
with a growth kit, which, due to the specification of the
research, consisted of recombinant human vascular
endothelial growth factor (thVEGF), recombinant human
epidermal growth factor (rhEGF), recombinant human
fibroblast growth factor (thFGF), recombinant human
insulin-like growth factor 1 (rhiGF-1), L-glutamine,
heparan sulphate, hydrocortisone, ascorbic acid and
2% foetal bovine serum (FBS) (ATCC). In order to pre-
vent bacterial contamination, the culture medium was
enriched with a mixture of penicillin, streptomycin, and
amphotericin B. Cells were cultivated under constant
humidity, at a temperature of 37°C and in an atmosphere
of 5% CO,,.

Cell treatment

Toinitiate the inflammatory reaction, pHCAECs were
treated with recombinant human tumour necrosis factor
a (TNF- ¢) (Sigma-Aldrich). Based on literature data, the
concentration of rhTNF-a that induces an inflammatory
reaction in endothelial cell lines is 100 ng/ml. Therefore,
this concentration was adopted as the working concen-
tration for the compound. Cell populations treated with
rhTNF-u were incubated for 24 hours under conditions
of constant humidity, 37°C temperature, and 5% CO,. To
observe the inhibition of the angiogenesis mechanism
by biclogically and chemically active compounds,
pHCAEC were experimentally treated with selected
concentrations of bevacizumab, pazopanib, and KRN-
633 (TargetMol). These concentrations were based on
literature data describing clinically used doses and the
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IC50 values of each compound. All mentioned com-
pounds, at the same concentrations, were also used in
a 1:1 combination with rhTNF-«. Cells were incubated
with these compounds for 24 hours. Simultaneously,
an untreated population of cells was cultured and sup-
plemented with a complete nutrient medium to serve as
the control sample for the study. After the designated
incubation period, both control and treated cells were
analysed using qualitative methods to assess changes
in the expression of selected proteins. This assessment
was conducted to observe the effects of anti-angiogenic
substances under physiclogical conditions and the
influence of an inflammation activator.

Immunofiuorescence

For the immunofluorescence assessment of protein
localization, pHCAEC cells were seeded on sterile cov-
erslips (18 mm) and placed in a 12-well plate (Corning)
under standard conditions (37C, 5%C0O,) until the cells
reached a state close to the confluence. Human en-
dothelial cells underwent treatment in the subsequent
arrangement: rhTNF-u, bevacizumab, pazopanib, KRN-
633, and the combination: rhTNF-a + bevacizumab,
rhTNF-u + pazopanib, rhTNF-« + KRN-633 and incu-
bated for 24 h. At the same time, each set of treated
cells had control-containing cells cultured without the
presence of siress factors. After completing the 24-hour
incubation, the cells were fixed with a 1% paraformal-
dehyde PFA solution (Sigma-Aldrich) for 20 minutes at
room temperature (RT). To permeabilize the membrane,
1 mL of 0.25% Triton X-100 solution was added to
the cells and left for 10 minutes. The next step was to
block the non-specific background reaction using 1%
(pHCAEC cell line) BSA (20 min, RT). Immediately after
the background blocking procedure, double labelling
for junctional proteins (ThermoFisher Scientific) was
performed using a primary mouse anti-VE-cadherin
antibody (1:100, Invitrogen) and a secondary antibody
conjugated to Alexa Fluor 594 nm (1:200, Invitrogen).
Both mentioned antibodies were incubated for 1 h (RT,
dark), respectively. After the designated time, F-actin
filaments were labelled using fluorescent phalloidin
conjugated with FITC (1:40, Invitrogen) for 20 minutes
(RT, dark). Cell nuclei were stained with DAPI counter-
stain (1:20,000) for 10 min. (RT, dark). All mentioned
procedures above were preceded by rinsing with
phosphate-buffered saline (PBS) solution for ongoing
removal of residues after subsequent stages of the
immunofluorescence reaction.

The stained slides were mounted with Agua
Poly/Mount medium and evaluated using a C1 laser
scanning confocal microscope and an oil objective
VC plan Apo 60x%/1.4 and Nikon EZ-C1 software
3.80 (Nikon),

The lasers used for DAPI excitation, Alexa Fluor
488 and Alexa Fluor 594, are a 408 nm diode
with a 450/35 emission filter, a 488 nm diode with
a 515/30 emission filter, and a 543 nm He-Ne with
a B50LP emission filter, respectively. Triple-labelling
images were generated using the same parameters,
including laser power, pixel exposure time, channel
@ain, and resoliution.

Fluorescence techniques and a confocal micro-
scope were utilized to evaluate the organization and
localization of F-actin and VE-cadherin in primary pH-
CAEC cells. The visualization of fluorescently stained
structures allowed for the assessment of organizational
changes in F-actin and localization of VE-cadherin in
examined cells cultured under the influence of individual
drugs and TNF-«. Control cells were characterized by an
organized F-actin network, which encouraged mutual
interactions between neighbouring cells and cooper-
ation in mechanical signal transduction. Nonetheless,
VE-cadherin was predominantly located within the sites
of intercellular interaction in pHCAECs (Fig. 1a).

After 24 hours of incubation of pHCAECs with
TNF-i, the organization of F-actin changed. Under the
influence of TNF-u, F-actin stress fibres were rebuilt
into parallel bundles of stress fibres, which resulted in
the manifestation of a spindle-shaped or swollen cell
shape. Due to the change in the arganization of F-actin,
intercellular spaces were highlighted, which indicates
alimited barrier function of the examined cells. However,
the junctional contact between cells assessed using
fluorescently labelled VE-cadherin was limited to point
interactions (Fig. 1b).

Treatment of pHCAEC cells with bevacizumab for
24 hours led to a significant expansion of the actin
cytoskeleton, which resulted in cell swelling and the
appearance of a continuous-discontinuous nature of
intercellular interactions (Fig. 2a). Additionally, in places
with continuous intercellular connections, a tendency to
the phenomenon of entosis was observed. Cells were
also observed about the typical stress organization
of F-actin and the complete lack of interaction with
neighbouring cells. The occurrence of cells with actin
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Figure 1A. Representative confocal image showing F-actin (green) and VE-cadherin (red} tluorescence in control
pHCAECs. Cell nuclai were labelled with DAPI (blug), A1, Overlay; B1. DAPI + VE-cadherin; G1, DAPI + F-actin.
(Magnification »100) Bar = 100um.
Figure 1B. Representative confocal image showing F-actin {green) and VE-cadherin (red) fluorescence in pHCAECs freated
with 100 ng/ml TNF-c. Cell nuclel were labelled with DAPI (blue). A2, Overlay: B2. DAP| + VE-cadherin; C2. DAPI + F-actin.
(Magnification %100) Bar = 100um

Figure 2A. Reprasentative confocal image showing fluorescence of F-actin (green) and VE-cadherin (red) in pHCAECs

treated with bevacizumab 6.7 % 10-6 nmol. Cell nuclei were labelled with DAPI (blug). A1. Overlay; B1. DAPI + VE-
cadherin; C1, DAPI + F-actin. (Magnification x100) Bar = 100um

Figure 2B. Representative confocal image showing fluorescence of F-actin {(green) and VE-cadherin (red) in pHCAECSs
treated with 100 ng/mi TNF-u and bevacizumab 6.7 = 10-6 nmol. Cell nuclel were labelled with DAP| (blue). A2. Overiay;
B2. DAPI + VE-cadherin; C2. DAPI + F-actin. (Magnification x100) Bar = 100um
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Figure 3A. Representative confocal image showing fluorescence of F-actin (green) and VE-cadherin (red) in pHCAECs
treated with pazapanib 1 = 10-5nmol. Cell nuclei were labelled with DAPI {blue}. A1. Overlay; B1. DAP| + VE-cadherin;
C1. DAPI + F-actin. (Magnification x 100) Bar = 100um

Figure 3B. Representative confocal image showing fluorescence of F-actin (green) and VE-cadherin {red) in pHCAECs
treated with 100 ng/ml TMF-w and pazapanib 1 x 10-5 nmael. Cell nuclei were labelled with DAPI (blue). A2, Overlay;
B2. DAPI + VE-cadherin, C2. DAP| + F-actin. (Magnification = 100) Bar = 100um
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Figure 4A. Representative confocal image showing fluarescence of F-actin (green) and VE-cadherin (red) in pHCAEGSs
treated with KRN-633 1.7 x 10-4 nmal. Cell nuclei were labelled with DAPI (blug). A1. Overlay; B1. DAPI + VE-cadherin;
C1. DAPI + F-actin. (Magnification = 100) Bar = 100um

Figure 4B. Representative coniocal image showing fluarescence of F-actin {green) and VE-cadherin (rad) in pHGAEGS
with 100 na/ml TNF-x and KRM-633 .7 » 10-4 nmal. Cell nucle ware labeliad with DAPI (blue), A2, Overlay; B2, DAPI + VE-
cadherin; C2, DAPI 4+ F-actin. (Magnification =100) Bar = 100um
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within their membranes’ vesicular structures resembling
apoptotic buds has also been reported.

Fluorescence assessment of the examined struc-
tures in pHCAECs treated with both bevacizumab and
TNF-a showed swelling or bundle shrinkage of the
cells. However, both of these changes were accom-
panied by almost complete degradation of the actin
cytoskeleton and loss of continuity of the endothelial
layer (Fig. 2b).

In the case of the 24-hour action of pazopanib in
pHCAEC cells, a significant expansion of F-actin was
observed, which resulted in cell swelling and led to the
continuous-discontinuous nature of intercellular interac-
tions. Moreover, cells freshly after cytokinesis showed
the characteristics of cells undergoing the phenomenon
of entosis into swollen cells. Shrunken cells were also
observed with vesicular structures resembling apoptotic
buds (Fig. 3a). In the case of combined treatment of
cells with pHCAECs pazopanib and TNF-« degradation
of the cell cytoskeleton was observed. In addition,
vesicle structures were observed in parts of migrating
cells along the course of actin retraction fibres (Fig. 3b).

Treatment of cells with pHCAECs KRN633 for a pe-
riod of 24 hours led to cell swelling and a continuously
discontinuous nature of intercellular connections (Fig.
4a). pHCAEC cells treated with both KRN-633 and TNF-u
led to cell swelling and the formation of a cell migra-
tion phenotype, which conditioned the point nature of
intercellular connections. Moreover, translocation was
observed in VE-cadherin into the cell nucleus (Fig. 4b).

Discussion

It is believed that cardiovascular diseases (CVDs)
and other lifestyle-related diseases may be initiated by
common factors, posing a challenge in designing effec-
tive therapeutic regimens [26, 27]. This need prompted
the experimental approach of using bevacizumab,
pazopanib, and KRN-633 in antiangiogenic tests on
human endothelial cell lines suitable for arteries (pH-
CAECs). Due to the diverse phenotypes of ECs in the
vascular tree, which vary based on their function and
may have a significant impact on specific susceptibility
to pathological conditions, this study placed special
emphasis on the morphology of pHCAECs. This study
highlighted a significant reduction in the number of live
cells treated with bevacizumab, which correlated with
decreased VE-cadherin expression in the pHCAEC cell
line. Studies on VE-cadherin-deficient mouse models
showed embryonic stage mortality due to severe vas-
cular defects. Flemming et al. (2015) showed that TNF-«

significantly inhibits the expression of VE-cadherin
and time-dependently affects the formation of spaces
between ECs [28, 29]. Similar results were obtained
in this study. Cells incubated with TNF-a exhibited
a reduction in membrane VE-cadherin expression,
which correlated with the loss of continuous fluorescent
signals at the cell edges. This change was associated
with a shift in the nature of intercellular interactions
from continuous to punctate. Similarly to the studies
discussed in this work, the authors also observed
changes in cell morphology and the appearance of
intercellular spaces. Additionally, it has been shown
that TNF-u induces the expression of MMP9, which
can break the homophilic interaction of VE-cadherins
located on the surface of two neighbouring cells [30].
As shown, TNF-« enhances blood vessel remodelling
by influencing the activation of ECs and promoting peri-
cyte recruitment. In turn, chronic inflammation affects,
through the induction of Angiotensin 2 (Ang-2) in ECs,
destabilization and increased vascular permeability
[81]. The Ang-1/Tie-2 system is crucial in maintaining
blood vessel stability. Ang-1 acts as an antagonist to
Ang-2, which is released from Weibel-Palade bodies
in response to various stimuli. As a consequence, the
ratio of Ang-1 to Ang-2 is reduced, thereby contributing
to the destabilization of the endothelial monolayer and
the formation of new blood vessels [32]. It is worth
noting that Ang-2 also affects the phosphorylation of
VE-cadherin, simultaneously regulating the activity
of this protein. Studies canfirm that phosphorylated
VE-cadherin induces blood vessel permeability and
destabilization of intercellular connections [33]. Wang
et al. (2019) performed a fluorescence analysis of VE-
cadherin protein, showing its increased expression
in SACC-LM celis stimulated with VEGF-A. However,
incubation of cells with bevacizumab contributed to the
reduction of VE-cadherin expression and disruption of
the formation of vascular-like structures, which confirms
the anti-angiogenic nature of the drug [34].

The cytoskeleton is integral to several crucial biolog-
ical functions at the cellular level. Among these, it plays
key roles in cell movement, intracellular organization,
endocytosis, cytokinesis, and even apoptosis. The
actin cytoskeleton is composed mainly of actin. This
protein actively adapts to the changing intra- and
extracellular environment by polymerizing actin into
the form of F-actin filaments or depolymerizing them.
Destabilization of F-actin induces features in cells that
define the image of apoptotic cells [35]. These cells are
characterized by the condensation and fragmentation
of genetic material, fragmentation of the cell nucleus,
swelling and shrinking of cells, and the formation of small
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vesicles. Moreover, during the early phase of apoptosis,
cells undergo shrinkage, and their intracellular contents
become compacted. The late phase is characterized
by fragmentation of the cell nucleus and the formation
of vesicular structures of the plasma membrane [36)].
In this study, the morphological picture was observed
indicating the induction of this form of cell death. It
was demonstrated that cells from both tested cell lines
developed surface-like actin structures resembling
apoptotic vesicles. These structures were observed in
pHCAEC cells following treatment with bevacizumab
and pazopanib. Interestingly, the study presented in
this paper demonstrated the ability to induce entosis
in pHCAEC cells incubated with bevacizumab and pa-
zopanib. Entosis is a fascinating phenomenon where
a living cell is engulfed completely by a neighbouring
cell. Moreover, cells engulfed by entosis primarily die,
suggesting that this process serves as a mechanism for
cell survival and supports proliferation under conditions
of limited nutrient availability. However, studies have
also demonstrated that cells can divide inside the host
cell or escape from it, subsequently continuing their
cell cycle [37]. These findings suggest that cells may
utilize entosis as a survival mechanism under conditions
unfavourable for growth.

Fluorescence analysis of cells treated with both bev-
acizumab and TNF-x in pHCAECs shows a significant
decrease in the intensity of F-actin and VE-cadherin,
which was associated with almost complete degra-
dation of the actin cytoskeleton and loss of continuity
of the endothelial layer. Carneiro et al. (2009) demon-
strated the antiangiogenic activity of bevacizumab on
VEGF-treated HUVECSs. This drug has been shown to
dose-dependently reduce the number of proliferating
cells. This study also showed that blocking VEGF in-
duces apoptosis, limits migraticn to the damaged area
and reduces vessel formation in vitro [38]. Zhang et al.
(2020) demonstrated the inconclusive anti-angiogenic
effect of bevacizumab. They found that the migration
of HUVEC cells under hypoxic conditions, treated with
bevacizumab, was actually enhanced. Additionally, an
in vitro vessel formation assay showed that this drug
accelerates cell angiogenesis [39]. Therefore, it can
be suggested that bevacizumab may exhibit both pro-
and anti-angiogenic characteristics depending on the
microenvironmental conditions (normoxia or hypoxia)
of the cells.

The second drug used in the research on which this
work was based was pazopanib. Subsequent detailed
fluorescence analysis of F-actin in pHCAEC cells incu-
bated with pazopanib and TNF-« revealed structures
resembling the originally described migrasomes. Ma

et al. (2015) demonstrated that migrating cells leave
behind retraction fibres where membrane-covered
vesicles are located. However, subsequent studies
have established that actin polymerization is essen-
tial for the formation of migrasomes. The process by
which cells form migrasomes and secrete them into
the extracellular space may play a crucial role in cell
communication [40]. However, considering the above,
it should be expected that this image is an expression of
cell death during dynamic processes, such as division
or migration.

In the present study on the pHCAECs cell model,
it was noted that the induction of KRN-633 and KRN-
633 combined with TNF « induced both cell apoptosis
and cell swelling, which was characterized by a specific
arrangement of F-actin filaments, but also complete
disintegration of F-actin. The observed swelling cor-
related with the parallel arrangement of F-actin stress
fibres and led to the spindle shape of the cells. This
image of pHCAEC cells is characterized by their
increased migration potential. It is worth noting that
incubation with KRN-633 contributed to a reduction in
the intensity of membrane VE-cadherin. It is intriguing
that in cells treated simultaneously with KRN-633 and
TNF-a, VE-cadherin was predominantly localized in
the nucleus and cytoplasm around the perinuclear
region, Research conducted by Liu et al. (2017) shows
that thrombin induces phosphorylation of VE-cadherin
while contributing to increased vascular permeability.
Fluorescence analysis reveals that incubation of endo-
thelial cells with thrombin leads to increased expression
of VE-cadherin in the perinuclear area and cytosol,
accompanied by decreased expression of this protein
on the cell membrane. It has been suggested that the
effect of such an event may be to protect the protein
from degradation [41]. Similarly, in the present findings,
VE-cadherin translocation may serve as a mechanism
to protect the protein against factors influencing cell
degradation, although current studies do not definitively
confirm this hypothesis. However, one can suggest that
the inflammatory induction of pHCAECs inhibits the
antiangiogenic effect of KRN-633.

Conclusions

Based on the conducted research, it can be con-
cluded that TNF-a induces an inflammatory response in
pHCAES, characterized by remodelling of the actin cyto-
skeleton into parallel-arranged F-actin stress fibres. This
alteration changes the nature of cell-cell interactions,
leading to increased permeability of the cell monolayer
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ABSTRACT

The study aims to assess the effect of compounds
that inhibit angiogenesis on the inflammatory response
of endothelial cells. The study used EA.hy926 model
cells which were treated with tumour necrosis factor-al-
pha (TNF-z) — a pro-inflammatory cytokine, which is
the main modulator of the inflammatory process, and
compounds that inhibit angiogenesis [1, 2]. The experi-
ments focused on assessing the effect of Bevacizumab,
Pazopanib and KRN-633 on the organization of F-actin
and the localization of vascular endothelial cadherin
(VE-cadherin) using fluorescence immunostaining and
confocal microscopy.

The control cells were distinguished by an organized
F-actin network that promoted mutual interactions
among adjacent cells and cooperation in mechanical
signal transduction. In contrast, VE-cadherin did not
show the same continuous membrane expression,
although it was strongly expressed at cell-cell interac-
tions and along the F-actin core of filipedia initiating
adherence junctions (AJs) (Fig. 1).

Based on current knowledge antiangiogenic compounds are ulilized in the treatment of inflammatory-de-
pended diseases such as cancer. It has been shown that thase compounds can simultaneously block
saveral signalling pathways regulaling angiogenesss. The visualization of fluorescently labelled F-actin and
VE-cadhenn was aliowed to demonsirate thal the raorganzaticn of the cell cytoskelaton disrupts callular
processes and consaquently inhibits angoganasis.

Keywords: call communication, inflammation, antiangicganes:s

Med Res J 2024

After 24 hours of incubation with TNF-q, the organi-
zation of F-actin changed. Due to the changed organi-
zation of F actin, intercellular spaces were highlighted,
which indicates that the studied cells have a limited bar-
rier function. Moreover, the junctional contact between
cells assessed using fiuorescently labelled VE-cadherin
was restricted to point interactions (Fig. 2).

The EA.hy926 cell line incubated with Bevacizumab
for 24 hours promoted actin cytoskeleton swelling
and complete degradation, which was visible only
within vesicular structures on the surface of swollen
cells. There were no observed sites of intercellular
contact (Fig. 3).

In the case of the combination of TNF-u and
Bevacizumab, simultaneous swelling and shrinking cells
were observed. However, both of these changes were
accompanied by a complete degradation of the actin cyto-
skeleton and a loss of endothelial layer continuity (Fig. 4).

Treatment of cells with a second antiangiogenic
compound - Pazopanib - also revealed swollen cell

This article s available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) beznse, allowing o
download articles and share them with others s long as they eredit the authors and the publisher. but without peemission to change them in any way or use them commireially.
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B L

Figure 1. Representative confocal image showing F-actin
{green) and VE-cadherin (red) fluorescence in control
EA.hy926. Cell nuclei were labelled with DAFPI (blue).
A Overlay. B. DAPI + WE-cadherin, G, DAPI + F-aclin.
(Magnification x100) Bar = 100um

.
-

Figure 3. Representative canfocal image shawing
fluorescence of F-actin (green) and VE-cadherin (redl)
in EA.hy926 treated with Bevacizumab €.7*10-6 nmaol.
Gell nuclei were labelled with DAPI (blue). A. Overlay. B.
DAPI + VE-cadherin. C. DAPI + F-actin. (Magnification x
100) Bar = 100 um

structures, which were accompanied by significant
degradation of the actin cytoskeleton and lack of inter-
cellular interactions (Fig. 5).

.

Figure 2. Representative confocal image showing
fluorescence of F-actin (green) and VE-cadherin (red) in
EA.hy926 treated with 100 ng/ml TNF-a. Cell nuclei were
labelled with DAPI (blue). A. Overlay. B. DAP| + VE-cadherin
G. DAPI + F-actin (Magnification x 100} Bar = 100 um

Figure 4. Representative confocal image show-
ing fluorescence of F-actin (green) and VE-cadherin
(red) in EA.hy826 treated with 100 ng/ml TNF-a and
Bevacizumab 6.7*10-6 nmol. Cell nuclei were labelled
with DAPI (blue). A. Overlay. B. DAPl + VE-cadherin.
C. DAPI + F-actin. (Magnification x 100) Bar = 100 um

The same effect was observed after further incuba-
tion of celis with the pro-inflammatory cytoking TNF-u.
MNonetheless, the inflammation activity coupled with
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Figure 5. Representative confocal image showing
fluorescence of F-actin (green) and VE-cadherin (red)
in EAhy926 treated with Pazopanib 1*10-5 nmal. Cell
nuclei were labelled with DAPI (blue). A. Overlay, B.
DAPI + VE-cadherin, C. DAPI + F-actin, (Magnification x
100) Bar = 100 g

Figure 7. Representative confocal image showing
fluorescence of F-actin (green) and VE-cadherin (red)
in EAhy926 treated with KAN-633 1.7510-4 nmol. Cell
nuclei were labelled with DAPI (blue). A. Qverlay. B.
DAPI + VE-cadherin. C. DAPI + F-actin. (Magnification x
100) Bar = 100 pm

the antiangiogenic properties of Pazopanib resulted in
a complete reduction in the fluorescence intensity of
VE-cadherin (Fig. 6).

E]

Figure 6. Representative confocal image showing
fluorescence of F-actin (green) and VE-cadherin (red) in
EAhy926 treated with 100 ng/ml TNF-u and Pazopanib
1*10-5 nmol. Cell nuctel were labelled with DAP| (blug).
A. Qverlay. B. DAP| + VE-cadherin. C. DAPI + F-actin.
(Magnification x 100) Bar = 100 um

B

Figure 8. Representative confocal image showing
the fluorescence of F-actin (green) and VE-cadherin
(red) in EA hyS26 treated with 100 ng/ml TNF-2 and
KRN-633 1.7*10-4 nmal. Cell nuclei were labelled with
DAPI (blue). A. Overlay. B. DAPI| + VE-cadherin. C.
DAPI + F-actin. (Magnification x 100) Bar = 100 um

Finally, the complete disintegration of the cy-
toskeleton was caused by the application of KRN-
633 cells. Incubation for 24 hours both in only
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compound presence and in combination with TNF-a
showed a visible decrease in the level of flucrescence of
actin filaments and intercellular junctions (Fig.7, Fig. 8).

The findings prasented in this paper indicate that
the drugs employed in the study to inhibit angiogenesis
predominantly exert antiproliferative effects, triggering
cell survival processes, and also exerting a lethal effect
on EAhy926 cells.
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6.2. Pisemne oswiadczenia wspodtautoréw prac tworzacych cykl o wyrazeniu
zgody na wykorzystanie publikacji dla potrzeb przeprowadzania
przewodu doktorskiego
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6.2.1. Publikacjanr1
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Jatacanik nr 5 do uchwaly Nr 38 Senatu UMK z dnio 26 wrzesnia 2023 r.
W serawie pestepowania o nadanie stopnia doktarg
na Uniwersytecie Mikolafa Kopemnika w Toruniu

Bvdgoszez, dnia 16.09.2024

dr hab. Macig) Gagat, prof. UMK

Katedra Histologii 1 Embriologn

Wydziat Lekarski

Collegium Medicum im. Ludwika Rydysiera
w Bydgoszezy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyseypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika

w Toruniu

Oswiadczenie o wspolautorstwie

Ninigjszym oswiadczam, ze w pracy ,,CRISPR-based activation of endogenous expression of TPM|
mhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor o, Gagat Maciej, Zielinska Wialetta,
Mikofajezvk Klaudia [1 in.], Frontiers in Cell and Developmental Biology, 2021, vol. 9,5.1-24

moil udzial polegal na:

= Qpracowaniu koncepgi projekiu 1 zaprojektowaniu eksperymentow,

- Udziale w przeprowadzaniu eksperymentow,

- Interpretacy wymkow,

- Analizie otrzymanych obrazow,

- Przeprowadzeniu analizy statystycznej,

- Przygotowaniu szkicu manuskrypiu,

- Uzyskamu finansowama na badame,

-

R S
7 'ruir-:i}c}/
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Mmsmmmymm:mzsmmr.
w sprawle postgpowanio o nodanie stopnia doktora

Dr hab. n. med. Jan Zabrzynski, prof. UMK
Katedra Ortopedii, Traumatologii i Chirurgii
Plastycznej

Wydziat Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE

Uniwersytetu Mikolaja Kopernika
w Toruniu

Ofwiadczenie o wspoélautorstwie

Niniejszym o§wiadczam, ze w pracy ,,CRISPR-based activation of endogenous expression of TPM1
inhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor a”, Gagat Maciej, Zielifiska Wioletta,
Mikotajczyk Klaudia [i in.], Frontiers in Cell and Developmental Biology, 2021, vol. 9, s.1-24

moj udziat polegat na:

- Krytycznej recenzji manuskryptu.
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Zalgeznik ar 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzednia 2023 r.
w sprawie pastepowania o nadanie stapnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Bydgoszez, dnia 16.09.2024

prof. dr hab. Dariusz Grzanka

Katedra Patomorfologii Klinicznej

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

OSwiadczenie o wspoélautorstwie

Niniejszym odwiadczam. ze w pracy ..CRISPR-based activation of endogenous expression of TPM1
inhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor o, Gagat Maciej, Zielinska Wioletta,
Mikotajezyk Klaudia [i in.], Frontiers in Cell and Developmental Biology, 2021, vol. 9, 5.1-24

moj udzial polegal na:

- Interpretacji otrzymanych wynikéw,

- Zredagowaniu ostatecznej wersji manuskryptu.

(podpis)
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Zalgeznik ar 5 do uchwaly Nr 38 Senatu UMK 2 dnia 26 wrzednia 2023 r.
W sprawie pastepowania o nadanie stapnia doktora
na Uniwersytecie Mikotaja Koepernika w Toruniu

Bydgoszez, dnia 16.09.2024

dr n. med. Adrian Krajewski

Katedra Histologii i Embriologii

Wrydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

OSwiadczenie o wspoélautorstwie

Niniejszym odwiadczam. ze w pracy ..CRISPR-based activation of endogenous expression of TPM1
inhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor o, Gagat Maciej, Zielinska Wioletta,
Mikotajezyk Klaudia [i in.], Frontiers in Cell and Developmental Biology, 2021, vol. 9, 5.1-24

moj udzial polegal na:

- Przeprowadzeniu eksperymentdéw w ramach realizacji tematu pracy.

s
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Zalgeznik nr 5 do uchwaoly Nr 38 Senotu UMK z dnio 26 wrzesnia 2023
w sprawie postgpowenia o nodanie stopnia doxtora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Bydgoszcz, dnia 16.09.2024

dr n. med. Anna Klimaszewska-Wisniewska

Katedra Patomorfologii Klinicznej

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszezy

Uniwersytet Mikotaja Kopemika w Toruniu

Rada Dyscypliny NAUKI MEDY CZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy .CRISPR-based activation of endogenous expression of TPM |
inhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor o, Gagat Maciej, Zielinska Wioletta,
Mikolajezyk Klaudia [i in.]. Frontiers in Cell and Developmental Biology, 2021, vol. 9. 5.1-24

maj udzial polegal na:

- Korekeie ostatecznej wersji manuskryptu.

Strona | 136



i waly Nr 38 Senotu UMKz dnia 26 wrzednlo 2023 r.
PRSI A T u:: sprowie postgpawania o nadanie stopnia doktora
no Uniwersytecie Mikalajo Kopernlko w Toruniu

Bydgoszcz, dnia 16.09.2024

prof. dr hab. n. med. Alina

Grzanka
Katedra Histologii i Embriologii

Wydzial Lekarski
Collegium Medicum im. Ludwika Rydygiera

w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika

w Toruniu
Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy ,CRISPR-based activation of endogenous expression of TPM1
inhibits inflammatory response of primary human coronary artery endothelial and smooth muscle
cells induced by recombinant human tumor necrosis factor a”, Gagat Maciej, Zielinska Wioletta,

Mikotajezyk Klaudia [i in.], Frontiers in Cell and Developmental Biology, 2021, vol. 9, s.1-24

mdj udzial polegat na:
- Opracowaniu koncepcji projektu,

- Zaprojektowaniu eksperymentow,
- Zapewnieniu nadzoru nad realizacjg cksperymentow i przygotowywaniu manuskryptu.

(podpis)
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6.2.2. Publikacja nr 2
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Zotgcznik nr 5 do uchwaly Nr 38 Senatu UMK 1 dnig 26 wrzednio 2023 r.
wsp, postgpowania o nadanie stopnia doktora
na Uniwersytecie Mikolalo Kopernika w Toruniu

Bydgoszcz, dnia 17.09.2024

mgr Dominika Spyt

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetn Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oéwiadczam, ze w pracy ,The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation”, Mikolajezyk Klaudia, Spyt
Dominika, Zielifiska Wioletta [i in.], International Journal of Molecular Sciences, 2021, vol. 22, nr
23, 5.1-15, méj udzial polegat na:

- pomocy w przygotowywaniu manuskryptu,

- udziale w przygotowywaniu figur wykorzystanych w publikacii,

- formatowaniu ostatecznej wersji manuskryptu,
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Zalgcenik nr 5 do uchwaly Nr 38 Senatu UMK 2 dnia 26 wrresnia 2023 r,
w sprawie postgpowanic o nadanie stopaia doktora
na Uniwersytede Mikofofo Kepernika w Toruniu

Bydgoszcz, dnia 16.09 2024

dr hab. Agnieszka Zuryn, prof. UMK
Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyseypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym ofwiadezam, ze w pracy ,The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation”, Mikolajczyk Klaudia, Spyt
Dominika, Zielifiska Wioletta [i in.], International Journal of Molecular Sciences, 2021, vol. 22, nr
23, 5.1-15, méj udziat polegal na:
- przygotowywaniu manuskryptu.

Mul[@- 2:u¢ ]

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

(podpis)
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Zalgeznik nr 5 do uchwoly Nr 38 Senatu UMK z dnig 26 wrzesnia 2023 r,
w sprawie postgpowania o nadanie stopnia doktorg
ng Liniwersytecie Mikolajo Kopernika w Toruniv

Bydgoszcz, dnia 16.09.2024

dr n. med. Piotr Swiniarski

Katedra Urologii i Andrologii

Wydziat Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszezy

Uniwersytet Mikofaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym ofwiadczam, Zze w pracy ,The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation”, Mikolajezyk Klaudia, Spyt
Dominika, Zielifiska Wioletta [i in.], International Journal of Molecular Sciences, 2021, vol. 22, nr

23, 5.1-15, mdj udziat polegal na:
- ocenie oraz edyc¢ji merytorycznej przygotowanego manuskryptu.

...................
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Zalgeznik ar 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzednia 2023 r.
W sprawie pastepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Bydgoszez, dnia 17.09.2024

Inaz Faisal

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Ninigjszym oswiadczam, ze w pracy ,,The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation™, Mikolajezyk Klaudia, Spyt
Dominika, Zielinska Wioletta [ in.], International Journal of Molecular Sciences, 2021, vol. 22, nr
23, 5.1-15, mdj udzial polegat na:

- edycji jezykowej ostateczne] wersji manuskryptu.
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Zalgcznik ar 5 do uchwaly Nr 38 Senatu UMK z dnip 26 wrzesnio 2023 r,
w sprawie postepowania o nadanie stopnio doktora
na Uniwersytecie Mikotajo Kopernika w Toruniu

Bydgoszez, dnia 17.09.2024

Murtaz QQamar

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym ogwiadczam, Ze w pracy .. The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation”, Mikotajezyk Klaudia, Spyt
Dominika, Ziclinska Wioletta [i in.], International Journal of Molecular Sciences, 2021, vol. 22, nr
23, s.1-15, mdj udzial polegat na:

- edyeji jezykowej ostatecznej wersji manuskryptu.

(podpis)
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Zalgeznik ar 5 do uchwaly Nr 38 Senatu UNK z dnia 26 wrzesnia 2023 r.
W sprawie postepowanio o nodanie stopnig doktorg
na Uniwersytecle Mikofaja Kapernika w Toruniy

Bydgoszez, dnia 16.09.2024

dr hab. Maciej Gagat, prof. UMK

Katedra Histologii i Embriologii

Wydziat Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy ., The Important Role of Endothelium and Extracellular
Vesicles in the Cellular Mechanism of Aortic Aneurysm Formation™, Mikolajezyk Klaudia, Spyt
Dominika, Zielinska Wioletta [i in.]. International Journal of Molecular Sciences, 2021, vol. 22, nr
23, 5.1-15, mdj udziat polegal na:

- udziale w opracowywaniu koncepcji pracy,

- przy gotowywaniu manuskryptu,

- ostatecznej ocenie merylorycznej pracy.

}7..( . ;{.I;;;{.I{_i:s-:'],,. casnse
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6.2.3. Publikacja nr 3
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Zalgeznik nr 5 do uchwaly Nr 38 Senaty UMK 2 dnla 26 wrzesnia 2023 r.
w sprowfe postepowania o nadonie stopnia dokiora
no Uniwersytecie Mikolaja Koperniko w Toruniu

Bydgoszez, dnia 16.09.2024

mgr Dominika Spyt

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Ninigjszym o$wiadczam, Zze w pracy ,JImpact of angiogenesis inhibitors on inflammatory activation
in human vascular endothelial cells”, Pickarska Klaudia, Spyt Dominika, Bonowicz Klaudia [i in.],
Medical Research Journal, 2024, 5.1-9, mdj udzial polegat na:

- udziale w procesie tworzenia koncepeji pracy,

- wykonywaniu wybranych analiz i przygotowywaniu ich opisu w rezdziale Materiaty 1 Metody,

- udziale we wstepnej wizualizacji komorek z wykorzystaniem mikroskopii fluorescencyjnej,

- przygotowywaniu manuskryptu wraz z edycja jezykows tekstu,
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Zatgeznik nr 5 do uchwoly Nr 38 Senatu UMK z daia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stapnia doktora
na Uniwersytecie Mikofaja Koperniko w Toruniu

Bydgoszez, dnia 16.09.2024

mgr Dominika Jerka

Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikotaja Kopemnika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetn Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspolautorstwie

Niniejszym oswiadczam, Zze w pracy . Impact of angiogenesis inhibitors on inflammatory activation
in human vascular endothelial cells™, Piekarska Klaudia, Spyt Dominika, Bonowicz Klaudia [i in.],
Medical Research Journal, 2024, s.1-9, moj udziat polegat na:

- wykonywaniu eksperymentow badawezych w ramach realizacji celéw naukowych publikacji,

- udziale w przygotowywaniu metodologii wykonywanych eksperymentow,

- ostatecznej edycji pracy w obszarze cytowanej literatury.

{(podpis

j:bm-;mkq._ réa.-
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Zatgeznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnio 2023 r.
W sprawie postepowdanio o nadanie stopnia doktora
na Uniwersytecie Mikolafo Kopernika w Taruniu

Bydgoszez, dnia 16.09.2024

mgr Klaudia Bonowicz

Katedra Histologii i Embriologii

Wrydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszezy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetn Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy ., Impact of angiogenesis inhibitors on inflammatory activation
in human vascular endothehal cells”, Piekarska Klaudia, Spyt Dominika, Bonowicz Klaudia /¢
in.{, Medical Research Joumal, 2024, 5.1-9, méj udziat polegat na:

- wykonywaniu eksperymentow badawczych w ramach realizacji celow naukowych publikacii,

- udzale w przygotowywaniu metodologii wykonywanych eksperymentow,

- ostatecznej edvcji pracy pod katem poprawnosci jezvkowej.
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Zafgeznik nr 5 do uchwaty Nr 38 Senatu UNK z dnia 26 wrzesnia 2023 r,
w sprawie postgpowania o nadanie stopnia doktoro
na Uniwersytecie Mikolafa Kopernika w Toruniu

Bydgoszcz, dnia 16.09,2024

dr hab. Maciej Gagat, prof. UMK

Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Ninigjszym oswiadczam, ze w pracy ,Impact of angiogenesis inhibitors on inflammatory activation
in human vascular endothelial cells”. Piekarska Klaudia, Spyt Dominika, Bonowicz Klaudia [i in.].
Medical Research Journal, 2024, s.1-9, mdj udzial polegal na:

- pozyskiwaniu srodkdw na realizacje badan zawartych w pracy,

- udziale w opracowywaniu koncepcji manuskryptu,

- wsparciu w analizie otrzymanych wynikow w postaci obrazow mikroskopii konfokalnej.
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6.2.4. Publikacja nr 4
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Zalgeznik nr 5 do uchwaly Nr 38 Senatu UMK £ dnio 26 wraednio 2023 r,
w sprawie postepowanio o nodanie stopnio doktora
na Uniwersytecie Mikofajo Kopernika w Toruniu

Bydgoszcz, dnia 16.09.2024

mgr Dominika Spyt

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Ninigjszym os$wiadczam, ze w pracy ,,Antiangiogenic effects in the modulation of inflammatory
pathways. A comprehensive analysis of potential therapeutic substances”, Piekarska Klaudia, Spyt
Dominika, Bonowicz Klaudia [i in.], Medical Research Journal, 2024, s.1-13 mdj udzial polegal na:

- udziale w procesie tworzenia koncepeji pracy,

- wykonywaniu wybranych analiz i przy gotowywaniu ich opisu w rozdziale Materialy 1 Metody,

- udziale we wstepnej wizualizacji komérek z wykorzystaniem mikroskopii fluorescencyjnej,

- przygotowywaniu manuskryptu wraz z edycja jezykows tekstu,

 (podpi)
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Zalgeznik ar 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzednia 2023 r.
w sprawie pastepowania o nadanie stapnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Bydgoszez, dnia 16.09.2024

mgr Dominika Jerka

Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

OSwiadczenie o wspoélautorstwie

Niniejszym oswiadezam, Zze w pracy ,.Antiangiogenic effects in the modulation of inflammatory
pathways. A comprehensive analysis of potential therapeutic substances”, Pickarska Klaudia, Spyt
Dominika, Bonowicz Klaudia [i in.], Medical Research Journal, 2024, 5.1-13 mdj udzial polegat na:

- wykonywaniu eksperymentow badawczych w ramach realizacji celdw naukowych publikacji,

- udziale w przygotowywaniu metodologii wykonywanych eksperymentow,

- ostatecznej edyceji pracy w obszarze cytowanej literatury.

(podpis)
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Zalgeenik or 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzednio 2023 .
W sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikofaja Kepernika w Toruniu

Bydgoszez, dmia 16.09.2024

mgr Klaudia Bonowicz

Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Byvdgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, Zze w pracy ..Antiangiogenic effects in the modulation of inflammatory
pathways. A comprehensive analysis of potential therapeutic substances”™, Pickarska Klaudia, Spyt
Dominika, Bonowicz Klaudia [i in.], Medical Research Journal, 2024, 5.1-13 méj udzial polegal na:

- wykonywaniu eksperymentdw badawczych w ramach realizacji celow naukowych publikacji,

- udziale w przygotowywaniu metodologii wykonywanych eksperymentow,

- ostatecznej edyeji pracy pod katem poprawnosdci jezykowe;.
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Zatgeznik ar 5 do uchwaly Nr 38 Senatu UNK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadonie stopnio doktora
na Uniwersytecie Mikotojo Kopernika w Taruniu

Bydgoszcz, dnia 16.09.2024

dr hab. Maciej Gagat, prof, UMK

Katedra Histologii i Embriologii

Wydzial Lekarski

Collegium Medicum im. Ludwika Rydygiera
w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyseypliny NAUKI MEDYCZNE
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy .Antiangiogenic effects in the modulation of inflammatory
pathways. A comprehensive analysis of potential therapeutic substances”, Piekarska Klaudia. Spyt
Dominika, Bonowicz Klaudia [1 in.], Medical Research Journal, 2024, s.1-13, méj udzial polegal na:
- pozyskiwaniu srodkow na realizacje badan zawartych w pracy,

- udziale w opracowywaniu Koncepcji manuskryptu,

- wsparciu w preygotowywaniu ostatecznej wersji manuskryptu.
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6.3. Zgoda Komisji Bioetycznej
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