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1. Wykaz najwazniejszych skrétow

Ap — Amyloid B (ang. Amyloid-5)

AD — Choroba Alzheimera (ang. Alzheimer's disease)

ALX/FPR2 — Receptor formylowy 2 (ang. Formyl peptide receptor 2)

ANXAL — Aneksyna Al(ang. Annexin-Al)

ARG-1 — Arginaza 1 (ang. Arginase-1)

AT-LXA4 — Epilipoksyna (ang. Aspirin-triggered lipoxin A4)

BBB — Bariera krew-mozg (ang. Blood-brain barrier)

CASP1 - Kaspaza 1 (ang. Caspase-1)

CCL - Biatko chemotaktyczne monocytéw (ang. (C-C motif) chemokine ligand 2)

CD - Antygen roznicowania komorkowego (ang. Cluster of differentiation)

COX-2 — Cyklooksygenaza 2 (ang. Cyclooxygenase-2)

CX — Kora czotowa (ang. Prefrontal cortex)

DAMP — Wzorce molekularne zwigzane z uszkodzeniami (ang. Danger/Damage associated
molecular patterns)

ERK - Kinazy regulowane zewnatrzkomérkowo (ang. Extracellular signal-regulated
kinases)

fMLP — N-formylometionylo-leucylo-fenyloalanina (ang. N-formyl-methionine-leucine-
phenylalanine)

FPR — Receptor formylowy (ang. Formyl peptide receptor)

FST — Test wymuszonego ptywania (ang. Forced swim test)

GPCR — Receptor sprzgzony z biatkiem G (ang. G protein-coupled receptors)

HP — Hipokamp (ang. Hippocampus)

IGF-1 — Insulinopodobny czynnik wzrostu 1 (ang. Insulin-like growth factor 1)

IL — Interleukina (ang. Interleukin)

JAK - Kinaza janusowa (ang. c-Jun N-terminal kinases)

LDH — Dehydrogenaza mleczanowa (ang. Lactate dehydrogenase)

LPS — Lipopolisacharyd (ang. Lipopolysaccharide)

LXA4 — Lipoksyna A4 (ang. Lipoxin A4)

MAPK - Kinazy aktywowane mitogenami (ang. Mitogen-activated protein kinases)
MARCO - Receptor makrofagéw o strukturze kolagenowej (ang. Macrophage receptor

with collagenous structure)



NF-kB — Jadrowy czynnik transkrypcyjny (ang. Nuclear factor kappa-light-chain-enhancer
of activated B cells)

NLRP3 — Receptor Nod-podobny 3, (ang. Nod-like receptor protein 3)

NO — Tlenek azotu (ang. Nitric oxide)

OHC — Hodowla organotypowa hipokampa (ang. Organotypic hippocampal culture)

OUN - Osrodkowy uktad nerwowy (ang. Central nervous system)

PAMP — Wzorce molekularne zwigzane z patogenami (ang. Pathogen-associated molecular
pattern)

PrPc — Biatko prionowe (ang. Prion protein)

PYCARD (ASC) — Bialko adaptorowe ASC (ang. Apoptosis-associated speck-like protein
containing a CARD)

ROS — Reaktywne formy tlenu (ang. Reactive oxygen species)

Rol — Wyciszanie stanu zapalnego (ang. Resolution of Inflammation)

RvD1 — Resolwina D1 (ang. Resolvin D1)

SAA — Surowiczy amyloid A (ang. Serum amyloid A)

SOCS3 - Supresor sygnalizacji cytokin 3 (ang. Suppressor of cytokine signaling 3)

SPM — Endogenne molekuty (ang. Specialized pro-resolving mediators)

STAT3 — Przekaznik sygnatu i aktywator transkrypcji 3 (ang. Signal transducer and
activator of transcription 3)

7TM — Receptor 7 transmembranowy (ang. 7-Transmembrane receptor)

TGF-B — Transformujacy czynnik wzrostu B (ang. Transforming growth factor )

TLR4 - Receptor Toll-podobny 4 (ang. Toll- Like Receptor 4)

TNF-a — Czynnik martwicy nowotworow a (ang. Tumor necrosis factor o)



2. Streszczenie w jezyku polskim i angielskim

2.1.Streszczenie

Podloze zmian prowadzacych do rozwoju choréb osrodkowego uktadu nerwowego
(OUN) w dalszym pozostaje przedmiotem wieloosrodkowych analiz. Szczegdlne miejsce
w badaniach ostatnich lat zajmuje poznanie przebiegu procesu zapalnego w tym
mechanizmow jego prawidtowego wygaszania (ang. resolution of inflammation, Rol).
Krotkotrwala reakcja zapalna jest procesem korzystnym, pozwalajacym na eliminacjg
patogendw, zwalczenie infekcji, regeneracje oraz szybki powr6t do homeostazy. Natomiast
dlugotrwaty proces zapalny ma dziatanie niekorzystne, ktore determinowane jest miedzy
innymi przez dysfunkcj¢ endogennych proceséw kontrolujacych wyciszenie ostrego procesu

zapalnego.

Dlatego celem badan przedstawionych w niniejszej rozprawie bylo okreslenie
czy wzmocnienie Rol, poprzez zastosowanie nowych egzogennych ligandow receptora
ALX/FPR2 o obiecujacych wiasciwosciach farmakokinetycznych oraz lepszej
od endogennych ligandéw, biodostgpnosci moze stanowi¢ nowa strategi¢ ograniczajaca
proces zapalny. Badania prowadzono wieloetapowo, w warunkach in vitro hodowli
pierwotnych mikrogleju, ex vivo hodowli organotypowych hipokampa, a nastgpnie
dokonano weryfikacji uzyskanych wynikow w warunkach immunoaktywacji in vivo
w  wybranych  strukturach moézgu. Zastosowano techniki  kolorymetryczne,
immunofluorescencyjne, stuzace do oceny ekspresji gendw, poziomu catkowitych
1 ufosforylowanych form biatek (Western blot, ELISA) oraz metody wyciszania komorek

mikroglejowych (klodronat).

W pierwszej czgsci rozprawy zaprezentowano badania przeprowadzone in Vvitro
z wykorzystaniem pierwotnych hodowli mikrogleju stymulowanych lipopolisacharydem
(LPS; niespecyficznym immunoaktywatorem pochodzenia bakteryjnego) uzyskanych
od 0-2 dniowego potomstwa szczuréw Spraque-Dawley. Wyniki pokazaty zalezne od czasu
dziatanie ochronne i przeciwzapalne wszystkich badanych agonistow receptora ALX/FPR2:
lipoksyny A4 (LXA4), jej analogu AT-LXA4 (ang. aspirin-triggered lipoxin A4)
oraz nowego, egzogennego liganda zwigzku MR-39. Tym niemniej w przypadku zwigzku
MR-39 spektrum korzystnego dziatania bylo najszersze 1 najdtuzej zaznaczone, bowiem
obserwowane takze po 24 godzinach od jego dodania do hodowli mikrogleju. Co istotne,

wykazano takze, ze w mediowaniu korzystnych efektow nowego mocznikopochodnego



zwigzku MR-39 zaangazowane sa analogiczne szlaki wewnatrzkomorkowego przekazu
sygnatu jak aktywowane po interakcji ligandow endogennych (LXA4, AT-LXA4)
z receptorem ALX/FPR2 (w tym ERK1/2, kinaza p38, czynnik transkrypcyjny NF-xB).

W kolejnym etapie badania prowadzono w uktadzie ex vivo stosujac hodowle
organotypowe hipokampa (OHC). Model ten stanowi przydatne narzedzie do analiz nie
tylko zaleznosci pomig¢dzy uktadem nerwowym, immunologicznym oraz endokrynnym, ale
umozliwia takze analize fizjologicznych interakcji miedzy komoérkami mozgu dzieki
zachowaniu funkcjonalnych potaczen neuronalno-glejowych. Ma zatem kluczowe znaczenie
dla oceny dziatania zwigzkow o wnioskowanym potencjale przeciwzapalnym
I pro-wyciszeniowym w przebiegu proceséOw zapalnych (w tym indukowanych LPS).
W modelu tym przeprowadzono analiz¢ kolejnych uzyskanych od grupy badawczej
Z Uniwersytu im. Aldo Moro w Bari (Wlochy) nowych agonistow receptora ALX/FPR2 —
AMS21 oraz CMC23. Zastosowane modyfikacje w strukturze tych zwigzkow
(w poréwnaniu do zwigzku referencyjnego MR-39) sugerowaly ich lepszy potencjat
pro-wyciszeniowy oraz  immunomodulujagcy. Dlatego ocena ich  dziatania
neuroprotekcyjnego, przeciwzapalnego oraz pro-wyciszeniowego w OHC przeprowadzona
zostala w stezeniach nanomolarnych. Wykazano, ze nowe zwigzki CMC23 i AMS21
w sposob zalezny od receptora ALX/FPR2 normalizowaty podwyzszone w wyniku dziatania
LPS poziomy cytokin prozapalnych (IL-1pB, IL-6). Aktywno$¢ CMC23 zwigzana byla
z wpltywem na szlak sygnalizacyjny STAT3/SOCS3, w tym hamowanie stymulowanej
podaniem LPS aktywnej, ufosforylowanej formy biatka STAT3. Natomiast w przypadku
liganda AMS21, wspierajacy Rol efekt polegat na ograniczaniu nadmiernej aktywacji
kompleksu inflammasomu NLRP3. Co wigcej, doswiadczenia z zastosowaniem OHC
pozwolity po raz pierwszy na wykazanie kluczowej roli receptora ALX/FPR2 obecnego
na komodrkach mikrogleju w modulacji korzystnych efektow AMS21, gdyz w OHC
pozbawionych mikrogleju poprzez zastosowanie klodronatu, korzystne dzialanie tego

liganda nie bylo obserwowane.

W ostatnim etapie badan, w zwierzegcym modelu immunoaktywacji in Vivo
tzw. ,,sickness behavior” opartym o jednorazowe dootrzewnowe podanie LPS dorostym
szczurom, przeprowadzono ocen¢ wplywu nowych egzogennych agonistow ALX/FPR2
oraz liganda endogennego LXA4 na zaburzenia behawioralne oraz parametry
immunoaktywacji w homogenatach kory czotowej 1 hipokampa dorostych, 3-miesiecznych

samcow. Zaobserwowano, ze jednorazowe dootrzewnowe podanie LPS powoduje deficyty
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w zachowaniu zwierzat, wyrazone jako wydluzenie czasu bezruchu, przy jednoczesnym
skroceniu czasu ptywania I wspinania (test wymuszonego plywania, tzw. test Porsolta).
Normalizujgcy wpltyw dokomorowego podania LXA4 na zmiany opisane w tescie Porsolta,
byl krotkotrwatly, natomiast zwigzek CMC23 wykazywat dluzszg aktywnos$¢ biologiczna
w tym ukladzie dos§wiadczalnym. Jednoczesnie przeprowadzone badania biochemiczne
wykazaly przeciwzapalne dziatanie LXA4 polegajace na obnizaniu poziomu cytokin
prozapalnych (IL-1B, TNF-a) tylko 1 godzing po podaniach, natomiast dziatanie zwigzku
CMC23 bylo przedtuzone i1 obecne takze 4 godziny po jego podaniu. Wyniki te wskazuja
na obnizanie aktywacji prozapalnej przez badane ligandy w modelu immunoaktywacji
in vivo, a dluzszy okres dziatania nowych ligandow pozwala na potencjalnie bardziej

efektywne stosowanie ich w strategii Rol.

Zaprezentowane w hybrydowej wersji niniejszej rozprawy wyniki pozytywnie
weryfikuja cele podjetych badan. Co wigcej, w oparciu o przeprowadzone
wieloptaszczyznowe badania mozna sugerowac, ze nowatorskie podejscie do wzmacniania
endogennych mechanizmoéw regulacji Rol stanowi¢ moze w przyszlosci o rozwoju nowej
sciezki modulacji proceséw zapalnych w przebiegu wielu chorob OUN w oparciu

o farmakoterapi¢ ich wygaszania (ang. pharmacotherapy of resolution).
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2.2.Summary

Despite many years of research, the background of alterations leading to the
development of central nervous system (CNS) diseases still remains not fully understood.
Recently, the mechanisms involved in the course of inflammatory processes, and the
resolution of inflammation (Rol) have become a major focus of research. The short-term
inflammatory response is a beneficial process that leads to the elimination of pathogens,
combating infections, regeneration, and in consequence, restoring homeostasis. However,
the long-term inflammation has an unfavorable effect, which results from the dysfunction

of endogenous processes that control the resolution of the acute inflammatory process.

Therefore, the aim of the research presented in this thesis was to determine whether
enhancing Rol, through the activity of new exogenous ALX/FPR2 ligands with plausible
pharmacokinetic properties and superior bioavailability than endogenous ligands, may
provide a new strategy for alleviating the inflammatory process. The research was conducted
in several stages: in vitro using primary microglia cultures, ex vivo with organotypic
hippocampal cultures (OHC), and in vivo to verify the obtained results in the

immunoactivation model in selected brain structures.

In the first part of the presented thesis, the in vitro research was conducted using
primary microglia cultures stimulated with lipopolysaccharide (LPS; a non-specific
immunoactivator with bacterial origin), that were obtained from 0-2-day-old offspring
of Spraque-Dawley rats. The results have shown the time-dependent protective and anti-
inflammatory effects of all tested ALX/FPR2 receptor agonists lipoxin A4 (LXA4), its
analog aspirin-triggered lipoxin A4 (AT-LXA4), and the new exogenous ligand, the
compound MR-39. Noteworthy, MR-39 revealed the broadest spectrum of beneficial effects
and the longest activity, which lasted 24 hours after microglia culture treatment. Importantly,
the observed effects of the new ureidopropanamide ligand MR-39 were mediated by the
same intracellular signaling pathways as endogenous ALX/FPR2 ligands (including
ERK1/2, kinase p38, and NF-«xB).

In the next stage, the research was carried out using organotypic hippocampal
cultures (OHC) which constitute an excellent ex vivo model for analyzing not only the
correlation between the nervous, immune, and endocrine systems but also enabling analysis
of physiological interactions between brain cells because they maintain functional neuronal-

glial connections. Therefore, OHC model is crucial for assessing the effects of compounds

12



with anti-inflammatory and pro-resolving potential in the course of inflammatory processes
(including LPS-induced ones). This model was used as a tool for analysis of new ALX/FPR2
agonists - AMS21 and CMC23 designed and synthesized by the research group from the
University of Bari (Italy). The adjustments made in the structure of these compounds
(compared to the reference compound MR-39) suggested their better pro-resolving and
immunomodulatory potential. Therefore, the assessment of their neuroprotective, anti-
inflammatory, and pro-resolving effects in OHC was carried out at nanomolar

concentrations.

The new compounds CMC23 and AMS21 normalized the increased levels
of proinflammatory cytokines (IL-1p, IL-6) in LPS-stimulated OHC in an ALX/FPR2
dependent manner. The beneficial effect of CMC23 was conveyed via the STAT3/SOCS3
signaling pathway since the inhibition of the active phosphorylated form of STAT3 protein
stimulated by LPS administration, was inhibited. However, AMS21 enhanced Rol disturbed
by LPS via limiting excessive activation of the NLRP3 inflammasome complex. Moreover,
using the OHC model the key role of the ALX/FPR2 receptor present on microglial cells
in the modulation of the beneficial effects of AMS21 was demonstrated for the first time
because in microglia-depleted OHCs the beneficial effect of this ligand was not observed.

In the final phase of research, the assessment of the impact of new synthetic
ALX/FPR2 agonists and the endogenous ligand LXA4 on behavioral disturbances
and immunoactivation factors was assessed in homogenates of the frontal cortex
and hippocampus of adult 3-month-old males using an in vivo model of sickness behavior
(asingle intraperitoneal (i.p.) administration of LPS). The study carried out using the forced
swimming test revealed deficits in the animals' behavior, manifested as an increase in the
immobility time with a simultaneous decrease in the swimming and climbing time after
a single administration of LPS. The normalizing effect of intraventricular (icv)
administration of LXA4 on the changes described in the Porsolt test was observed only
1 hour after the treatment, while CMC23 has shown a longer biological activity. At the same
time, the biochemical analysis indicated the anti-inflammatory effect of LXA4 manifested
as a reduced level of proinflammatory cytokines (IL-1B, TNF-a) only 1 hour after
administration, while the effect of CMC23 was prolonged and also present 4 hours after icv
drug injection. The obtained data indicate a time-dependent modulation of behavioral

deficits and the reduction of proinflammatory activation by the tested ligands in the in vivo
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immunoactivation model. Long-lasting effects of new ligands allow for their potentially

more effective use in Rol-targeting strategies.

The results presented in the thesis positively verified the objectives of the undertaken
research. Moreover, according to the presented multi-level studies, it can be suggested that
an innovative approach to enhancing endogenous mechanisms of Rol regulation, in the
future may lead to the development of a new path for modulating inflammatory processes

in the course of many CNS diseases based on pharmacotherapy of resolution.
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3. Wprowadzenie!

Wsréd wielu hipotez probujacych wyjasni¢ przyczyny chordb osrodkowego uktadu
nerwowego (OUN) istotne znaczenie ma teoria dotyczaca dysfunkcji uktadu
odpornosciowego. Uwaza si¢, ze procesy zapalne w mozgu, zwane stanem zapalnym
uktadu nerwowego, moga prowadzi¢ do rozwoju wielu chordb w tym neurodegeneracyjnych
(np. choroby Alzheimera i Parkinsona) oraz zaburzen psychicznych (np. depresji

I schizofrenii) (Chen i in., 2016).

Jednoczes$nie panuje poglad, ze krotkotrwaty stan zapalny jest procesem korzystnym,
umozliwiajacym eliminacj¢ czynnikow go indukujacych, a nastgpnie powro6t do homeostazy
(Medzhitov, 2008; Soehnlein i Lindbom, 2010). Natomiast zaburzenie lub deficyty
wyciszania/terminacji procesu zapalnego (ang. resolution of inflammation, Rol) prowadzg
do rozwoju przewleklego procesu zapalnego, ktérego efekty sa niekorzystne i stanowig

podtoze rozwoju patologii (Serhan i in., 2008; Sugimoto i in., 2016).

Biorac pod uwage fakt, iz fazy procesu zapalnego, a mianowicie jego inicjacja,
rozprzestrzenianie si¢ oraz jego ustgpienie (wygaszenie) nie zachodza sekwencyjnie jedna
po drugiej, lecz wspoétistniejg w czasie trwania jego trwania, (Ortega-Gomez i in., 2013;
Schwartz i Baruch, 2014) ostatnie lata przyniosty nieco inne spojrzenie na farmakoterapie¢
tych procesow. Coraz czeSciej proponuje si¢ w miejsce terapii immunosupresyjnych,
thumiacych odpowiedz uktadu odporno$ciowego, strategie oparte na poszukiwaniu punktéw
uchwytu dla nowych zwigzkéw o potencjale wspierajagcym 1 zwigkszajagcym efektywnos¢

endogennych mechanizmoéw Rol.

W tym kontekscie kluczowego znaczenia nabierajg ligandy 1 ich receptory, ktore
ze wzgledu na stronniczy agonizm (ang. biased agonism) mogtyby modulowaé¢ odpowiedz
prozapalng w kierunku pro-wyciszeniowej wspierajac jednoczes$nie deficyty endogenne
w ograniczaniu reakcji zapalnych. W wyciszaniu reakcji zapalnych duze znaczenie maja
endogenne molekuty (ang. specialized pro-resolving mediators, SPM), ktore poprzez
interakcje ze specyficznymi receptorami formylowymi, gtownie ALX/FPR2, reguluja

procesy Rol (Recchiuti i in., 2020). Niestety ich niekorzystna farmakokinetyka

! Rozdziat ,,Wprowadzenie” powstal w oparciu o prace przegladowa pt. Formyl peptide receptor 2, as an
important target for ligands triggering the inflammatory response regulation: a link to brain pathology. (punkt
1. w spisie artykulow stanowigcych podstawg rozprawy doktorskiej), a takze najnowsza literatur¢ przedmiotu.
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i biodostepnos¢ sprawiaja, ze bardzo szybko ulegaja inaktywacji przez aktywno$¢

enzymatyczng komorek w mozgu.

Dlatego w niniejszej rozprawie przeprowadzono analize przeciwzapalnych
I pro-wyciszeniowych wiasciwos$ci nowych, mocznikopochodnych agonistow receptora
ALX/FPR2, ktorych synteze przeprowadzono w ramach wspolpracy w grupie badawczej
prof. Lacivita na Uniwersytecie im. Aldo Moro w Bari (Wlochy). Potencjal nowych
ligandow tego receptora porownywano z efektywnoscig modulacji zaburzonego Rol przez

znane powszechnie ligandy endogenne, w do§wiadczalnych modelach immunoaktywacji.

3.1.Proces zapalny — rys ogolny

Stan zapalny jest fizjologicznym procesem zachodzgcym w organizmie, majacym na
celu natychmiastowe usunig¢cie, badz odizolowanie jego zrodia, a tym samym zaburzenia
rownowagi organizmu i umozliwienie przywrocenia homeostazy (Serhan, 2014a; Panigrahy
I in., 2021). Jest to proces gwaltowny i samoograniczajacy si¢, ktorego szeroko pojcta

intensywno$¢ zalezy w duzej mierze od powstalych w tkankach uszkodzen.

Ostry stan zapalny jest procesem, ktory zwykle trwa krotko 1 ustgpuje po usunigciu
jego przyczyny, bez znaczacych uszkodzen organizmu. Prawidlowo kontrolowany stan
zapalny zapewnia ochron¢ przed rozprzestrzenianiem si¢ infekcji lub uszkodzen, a po jego
ustgpieniu dotknigte tym procesem tkanki powracaja do pierwotnego stanu strukturalnego
i funkcjonalnego (Soliman i Barreda, 2022). W trakcie procesu zapalnego obserwuje si¢
szybka migracje neutrofili, do miejsca urazu lub zakazenia, a takze rekrutacj¢ monocytow,
ktore poprzez uwalnianie czynnikow prozapalnych umozliwiajg neutralizacj¢ czynnika
indukujacego ten proces (Jones i in., 2016). W transporcie i zasiedlaniu neutrofili
posredniczg glownie receptory sprzgzone z biatkami G (ang. G protein-coupled receptor,
GPCR) Tym niemniej, chociaz neutrofile sg komoérkami niezbgdnymi do prawidtowe;j
eliminacji patogenow, nadmierny ich naptyw moze by¢ niebezpieczny dla organizmu
I dlatego po spetnieniu swojej funkcji kierowane sg na droge apoptozy oraz eliminowane

przez makrofagi (Fox i in., 2010).

Wygaszanie reakcji zapalnej jest procesem kompleksowym i kontrolowanym na
wielu ptaszczyznach. Do gléwnych objawow ustgpienia ostrego stanu zapalnego naleza:
ograniczenie lub ustanie naptywu komorek krwiopochodnych, ograniczenie udziatu

chemokin oraz cytokin prozapalnych, a takze proces ich apoptozy przez makrofagi, zmiana
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fenotypu makrofagow i wreszcie inicjacja procesoOw gojenia i/lub rekonwalescencja (Schett
I Neurath, 2018). Nalezy podkresli¢, ze jakiekolwiek dysfunkcje w przebiegu tego procesu
mogg prowadzi¢ do przedtuzenia si¢ procesu zapalnego gldwnie na skutek ciggtej stymulacji
uktadu odpornosciowego do: nadprodukcji czynnikow prozapalnych jak cytokiny
np. interleukina 1B (IL-1P), IL-6, czynnik martwicy nowotworu a (TNF-a), reaktywne
formy tlenu (ROS), niszczenia tkanek w miejscu zapalenia i w konsekwencji zaburzenia

powrotu do homeostazy (Schwartz i Baruch, 2014).

Przebieg procesu zapalnego w OUN ma swoja specyfike i ro6zni si¢ od reakcji
zapalnych mediowanych w tkankach obwodowych. Na jego obraz sktadajg si¢ dwie
sktadowe: infiltracja immunokompetentnych komoérek z obwodu oraz miejscowa reakcja
zapalna bedaca wynikiem zbiorowego dziatania roznych komoérek moézgowych (mikrogleju,
astrocytow, oligodendrocytow i glejow NG2). Co ciekawe, proces zapalny moze petnic
dwojaka rolg w OUN, zalezng od przebiegu choroby i $rodowiska zapalnego (Perry
i Teeling, 2013). Ostry proces zapalny o krotkotrwatym przebiegu, najczesciej petni funkcije
neuroprotekcyjng pomagajaca w przywrdceniu i utrzymywaniu homeostazy. Z drugiej
jednak strony, powszechnie przyjmuje sig¢, ze przewlekty proces zapalny uktadu nerwowego
jest dominujgca cechg postepujgcej neuropatologii oraz neurodegeneracji (Graeber, 2014;
Leszek i in., 2016). Obecnie wiadomo, ze zaburzona homeostaza uktadu nerwowego
spowodowana: nadmiernym i przewlektym uwalnianiem mediatorow prozapalnych,
nieprawidlowg praca mitochondriow, degeneracja biatek, a w konsekwencji dysfunkcja lub
smiercig komorek OUN nalezg do niezwykle istotnych przyczyn lezacych u podtoza rozwoju
chor6b takich jak: choroba Alzheimera (AD), stwardnienie rozsiane (SM), choroba
Parkinsona (PD) czy stwardnienie zanikowe boczne (ALS) (Amor i in., 2014,
Chen i in., 2016; Stephenson i in., 2018; Tansey i in., 2022; Zhang i in., 2023).

3.2.Rola komoérek glejowych w procesie zapalnym
W moézgu komorki glejowe odgrywaja kluczowa role w przebiegu reakcji zapalne;j.
Komorki glejowe poprzez interakcje z neuronami 1 komorkami uktadu odpornosciowego
monitorujg srodowisko w warunkach fizjologicznych oraz stanowig pierwsza lini¢ obrony
W momencie narazenia mozgu na niekorzystne bodzce (Sousa i in., 2017). Uczestnicza one
w aktywacji, rozpoznawaniu oraz modulacji reakcji immunologicznych, a takze uwalnianiu

wielu mediatoréw wspomagajgcych obrone immunologiczng (Paolicelli i in., 2022).
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Wsrod komorek glejowych najistotniejszg rolag w procesach zapalnych w OUN
odgrywa mikroglej. Sa to niewielkie fagocytarne komorki pochodzenia mieloidalnego,
ktorych populacja w mozgu szacowana jest na ok. 10% wszystkich komorek ukladu
nerwowego (Katsumoto i in., 2014; Sousa i in., 2017). Warto podkresli¢, ze rola mikrogleju
okreslana jest czgsto mianem ,,miecza obosiecznego” (ang. double-edged sword), wskazujac
na mozliwy przeciwstawny efekt biologiczny aktywacji tych komorek, a mianowicie
neuroproteokcyjny lub neurotoksyczny (Ransohoff, 2016a; Wang i in., 2023). Ostatnie lata
przynoszg coraz wigcej dowodow wskazujacych na réznorodny i1 ztozony fenotyp komorek
mikrogleju, a badania z uzyciem mikroskopii dwufotonowej pokazaty takze mozliwos¢
zmian fenotypu pojedynczych komorek w zaleznosci od $rodowiska (Ransohoff, 2016a),
co moze w przyszto$ci zmieni¢ poglad na panujaca dotychczas tradycyjng interpretacje

dotyczaca ich udzialu w procesach zapalnych.

W stanie spoczynkowym mikroglej cechuje si¢ rozgateziong budowa morfologiczna,
ktora utatwia tym komorkom monitorowanie srodowiska w moézgu (Trojan i in., 2019).
Jednak w wyniku aktywacji, b¢dacej nastgpstwem pojawienia si¢ czynnikow zaburzajacych
homeostazg (np. endotoksyna bakteryjna — lipopolisacharyd, LPS), komorki mikrogleju
zmieniajg swojg morfologie zwykle przyjmujac posta¢ ameboidalng. Jednocze$nie po
aktywacji mikrogleju nastepuje wzrost ekspresji markeré6w powierzchniowych w tym
gtownego uktadu zgodnosci tkankowej (MHC) klasy I oraz II (Rock i in., 2004) oraz
antygenow roznicowania komorkowego (CD) np. CDI11b i CDI14. Stan aktywacji
mikrogleju, pozwala komoérkom na uczestnictwo w wielu procesach zachodzacych w mézgu
zarowno w warunkach fizjologicznych jak i patologicznych. Najistotniejszymi z tych
procesOw sa: przeprowadzanie programowej $mierci neuronéw (Marin-Teva i in., 2004;
Schafer i Stevens, 2015), regulacja plastycznos$ci synaptycznej, fagocytoza obumierajacych
komorek (Michell-Robinson i in., 2015), czy tez uwalnianie spektrum czynnikow
przeciwzapalnych i neurotroficznych (Perego i in., 2011; Zhang i in., 2021). Chociaz
aktywacja mikrogleju konieczna jest do monitorowania inicjacji, a nast¢pnie przebiegu Rol,
to jednak przedtuzenie aktywacji prozapalnej tych komoérek ma dzialanie niekorzystne
I prowadzi do zmiany ich fenotypu regulatorowego na neurotoksyczny. Przeprowadzone
badania wykazaty, ze mediatory uwalniane przez mikroglej w tym cytokiny prozapalne
(IL-1B, IL-6, IL-18, TNF-a), chemokiny, prostaglandyna E2, aminokwasy pobudzajace,

tlenek azotu (NO) czy reaktywne formy tlenu to czynniki neurotoksyczne, zwtaszcza jesli
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sg rezultatami dlugotrwatej aktywacji mikrogleju (Block i in., 2007; Guzman-Martinez i in.,
2019).

Astrocyty, stanowig druga populacje komorek gleju, ktéora ma istotny udziat
w przebiegu oraz regulacji procesow zapalnych w OUN. Komorki te odpowiedzialne sg za
utrzymanie homeostazy w moézgu oraz dostarczanie metabolitéw i czynnikow wzrostu
neuronom (Siracusa i in., 2019). Badania wykazaly takze udzial astrocytow w tworzeniu
synaps, plastyczno$ci synaptycznej, a takze w utrzymaniu wlasciwej przepuszczalnosci
bariery krew-moézg (ang. blood-brain barier, BBB) (Sofroniew, 2009; Singh, 2022).
Ciekawa obserwacja jest fakt, ze chociaz astrocyty ulegaja aktywacji w odpowiedzi na
bodZce zewngtrzne, to jednak ich efekt biologiczny zwykle jest wynikiem ich ztozonej
interakcji (Bylicky i in., 2018). Pokazano, ze po kontakcie z czynnikiem inicjujagcym proces
zapalny np. IL-1B uwalniang przez mikroglej, nastgpuje akywacja kaskady
wewnatrzkomoérkowych $ciezek przekazu sygnatu w komoérkach astrocytow, co prowadzi
do zwigkszenia wydzielania innych cytokin, w tym IL-6 nasilajac tym samym proces
zapalny (Matejuk i Ransohoff, 2020). IL-1p moze takze zmienia¢ efektywno$¢ ponownego
wchtaniania kwasu glutaminowego przez astrocyty oraz nasila¢ uwalnianie wolnych
rodnikéw (Hu i in., 2000; Sama i in., 2008; Rindflesch i in., 2018). Wydaje si¢, zatem,
ze mikroglej poprzez uwalniane mediatory reguluje fenotyp oraz funkcje astrocytow.
Pokazano, ze antagonista receptora IL-1 (ang. interleukin 1 receptor antagonist, IL-1RA)
ogranicza aktywacje astrocytow i w konsekwencji zapobiega powstawaniu patologii
mediowanych przez te komérki w moézgu (Huang i in., 2023). Co wigcej, aktywacja
mikrogleju moze stymulowaé uwalnianie przez astrocyty przeciwzapalnych cytokin jak
TGF-B (ang. transforming growth factor f) czy IL-10, ktorych wysokie poziomy sg
czynnikiem inicjujacym wyciszenie stanu zapalnego (Matejuk i Ransohoff, 2020). Dane
doswiadczalne pokazaly, ze interakcje astrocyt-mikroglej sa rowniez niezwykle wazne
w kontekscie integralnosci BBB 1 w konsekwencji regulacji naptywu komorek
immunokompetentnych z obwodu podczas stanu zapalnego do mézgu (Ronaldson i Davis,
2020; Cruziin., 2023). Ich dysfunkcja jest gtownym czynnikiem powodujgcym uszkodzenia
BBB i nadmierng jej przepuszczalnos¢, co powoduje zwickszony 1 niekontrolowany naptyw
leukocytow obwodowych, dodatkowo aktywujac komorki glejowe do wytwarzania
prozapalnych cytokin, chemokin oraz ROS. Jest zatem dodatkowym zrodtem mediatoréw
prozapalnych — podtrzymujacych proces zapalny w mozgu, ograniczajagc jego efektywne

wygaszenie (Rys. 1).
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Rys. 1 Rola komorek glejowych w warunkach fizjologicznych i dlugotrwalej aktywacji
zapalnej w mozgu. Komorki mikrogleju oraz astrocyty uczestniczq miedzy innymi
w  regulacji plastycznosci  synaptycznej, procesach apoptozy i fagocytozy oraz
w utrzymywaniu homeostazy w mozgu. Diugotrwata aktywacja zapalna prowadzi do
nadmiernej aktywacji mikrogleju oraz uwalniania czynnikow prozapalnych takich jak: ROS,
NO, IL-1p, IL-6. Mediatory te, szczegolnie IL-1 powodujq silng aktywacje astrocytow oraz
nasilong synteze czynnikow zapalnych np. IL-6, przy ograniczonej zdolnosci do syntezy
czynnikow przeciwzapalnych. Przedtuzona aktywacja komorek glejowych jest przyczyng
rozszczelnienia bariery krew-modzg, co powoduje naptyw obwodowych komorek
immunokompetentnych np. leukocytow do mozgu, nasilajgc odpowiedz prozapalng.
W wyniku chronicznego procesu zapalnego dochodzi do zjawisk deficytowych w mozgu
W tym: degeneracji neuronow, apoptozy oraz utraty plastycznosci synaptycznej. Autorstwo
wlasne na podstawie Leng i Edison (2021); Wykonano w programie BioRender.

3.3.Wyciszanie procesu zapalnego (ang. resolution of inflammation, Rol)

W wielu badaniach wykazano, ze u podstaw patomechanizméw choréob OUN lezy

wystepowanie dtugotrwatego procesu zapalnego w mdzgu z nasilong aktywacja komorek
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glejowych, szczegdlnie mikrogleju oraz zwigkszong produkcja czynnikow prozapalnych
(Kwon i Koh, 2020). Dlatego tez, oprocz tradycyjnej, celowanej farmakoterapii tych chorob
stosuje si¢ czesto terapie uzupelniajgce, ktorych celem jest ograniczenie stanu zapalnego
w mozgu. Jednak biorgc pod uwage fakt, iz strategic moga zaburza¢ takze endogenne
procesy wyciszania stanu zapalnego, w ostatnich latach zwrécono uwagg na farmakoterapie
oparte o Rol, ktorych celem jest poszukiwanie metod wspomagania endogennych procesow
przeciwzapalnych przy jednoczesnym wyciszeniu, ale co istotne nie catkowitym sttumieniu

aktywno$ci prozapalnej uktadu odpornosciowego (Serhan i in., 2008; Sugimoto i in., 2016).

Prawidlowy przebieg wyciszania stanu zapalnego jest procesem aktywnym, ktory
wymaga przekierowania endogennej odpowiedzi i uwalniania mediatoréw prozapalnych
w kierunku przeciwzapalnym i pro-wyciszeniowym (Neurath, 2019). Wykazano, ze
kluczowg role¢ w tym procesie petnig endogenne mediatory (SPM). Warto wspomnie¢, ze
SPM nie blokuja przekazywania sygnalu w obrgbie kaskady zapalnej, natomiast sprzyjaja
procesom, ktére zmniejszaja ekspresj¢ czasteczek prozapalnych i w ten sposdb ograniczaja

ten proces (Trojan i in., 2019; Recchiuti i in., 2020).

Opierajac si¢ na dotychczasowych wynikach badan panuje poglad, ze spektrum
dziatania biologicznego SPM w procesach zapalnych jest bardzo szerokie. Mediatory te
wspomagaja hamowanie rekrutacji komorek zapalnych, regulacja wydzielanie cytokin
I chemokin oraz zmiang fenotypu makrofagow/mikrogleju w kierunku przeciwzapalnym.
Ponadto, coraz wiecej danych méwi o ich zdolnosci do: induckji eferocytozy
apoptotycznych neutrofili (przez makrofagi), modulowania odpowiedzi immunologiczng
poprzez pobudzenie supresyjnych komorek odpornosciowych i nasilania nabytej
odpowiedzi immunologicznej (Tiberi i Chiurchiu, 2021; Valente i in., 2022). Taka specyfika
modulacji procesu Rol moze by¢ jednak realizowana tylko przez wspotdzialajace ze sobag
SPM, dlatego do grupy tej zalicza si¢ wiele czasteczek, zeby wymieni¢ najwazniejsze z nich,

a mianowicie lipoksyny (LX), resolwiny, protektyny oraz marezyny (Serhan, 2014a, 2014b).

W kontekscie niniejszej rozprawy szczegdlne znaczenie maja lipoksyny (Rys. 2),
dlatego tez, tej grupie poswigcono nieco wigcej uwagi. Juz w roku 1984 endogenne
lipoksyny jako pierwsze uznano za ,,sygnaty hamujace” w stanach zapalnych (Serhan i in.,
1984). Nalezg one do grupy eikozanoidow, ktore sg pochodnymi kwasu
arachidonowego (AA). Wskazuje si¢ na trzy szlaki biosyntezy lipoksyn, ktore sg
katalizowane przez: 5-lipooksygenazg (5-LOX), 15-lipooksygenzag (15-LOX) oraz
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acetylowang aspiryng cyklooksygenaze 2 (ASA-COX2). Klasyczna droga biosyntezy
lipoksyn obejmuje podwdjne utlenianie AA katalizowane przez 15-LOX w leukocytach
1 komorkach nabtonkowych, a nastgpnie przez 5-LOX. Powstaja woéwczas produkty
ostateczne lipoksyna A4 (LXA4) oraz lipoksyna B4 (LXB4) (Bennett i Gilroy, 2016).
Synteza moze takze przebiega¢ z utlenianiem kwasu arachidonowego, co prowadzi do
powstania leukotrieny A4, ktora ulega nastepnie konwersji do LXA4 i LXB4, a reakcja ta
katalizowana przez jest przez 12-lipooksygenaz¢ (12-LOX) (Freire i Van Dyke, 2013).
Ponadto, w wyniku acetylacji ASA-COX2 powstaje produkt posredni, ktory nastepnie
w wyniku dziatania 5-LOX jest metabolizowany i tworzone sg epimery lipoksyny zalezne

od aspiryny — AT-LXA4 oraz AT-LXB4 (Hawkins i in., 2017).

Wszystkie zwiazki z grupy lipoksyn maja dzialanie immunomodulacyjne w tym
przeciwzapalne i pro-wyciszeniowe, gtdwnie poprzez ograniczanie wydzielania mediatorow
prozapalnych oraz redukcjg¢ stresu oksydacyjnego (Ariel i in., 2006; Leuti i in., 2019; Koolij
i in., 2020). Wykazano, ze zwiazki te zmniejszaja produkcje mediatorow prozapalnych,
w tym IL-1B, IL-6 oraz TNF-a, a jednocze$nie utatwiaja uwalnianie mediatorow
przeciwzapalnych (TGF-p, IL-10, prostaglandyna E2) (Zhang i in., 2022). Kolejne
obserwacje pokazaty, ze ich dzialanie zwigzane jest takze z: ograniczaniem chemotaksji
i infiltracji neutrofilii, nasilaniem fagocytozy makrofagow, modulacjg fenotypu
makrofagow/mikrogleju (Lawrence i in., 2002; Recchiuti i in., 2020; Beaino i in., 2021).
Takie dziatanie sugeruje, ze lipoksyny wykazujg wlasciwosci przeciwutleniajace,
antyapoptotycznye i modulujgce autofagie (Wu i in., 2012a; Jia i in., 2015). Dzialanie
przeciwzapalne LXA4 jest efektem jej wptywu na wiele wewnatrzkomorkowych szlakow
sygnatowych w komorkach, w tym hamowania czynnikow transkrypcyjnych NF-«kB oraz
AP-1 i aktywacji jadrowego czynnika erytroidalnego 2 (Nrf2). Sugeruje si¢ rowniez udziat
tych mechanizméw w protekcyjnym, antyapoptotycznym i przeciwutleniajacym dziataniu
LXA4 na komoérki neuronalne w modelach z zastosowaniem staurosporyny, glutaminianu,

parakwatu, czy deprywacji tlenu i glukozy (Zhu i in., 2016, 2020; Livne-Bar i in., 2017).

Niedobor LXA4 zwicksza odpowiedz prozapalng mikrogleju w warunkach aktywacji
poglebiajac brak réwnowagi pomigdzy dziataniem prozapalnym i przeciwzapalnym
(Fengiin., 2017). Wykazano takze, ze AT-LXA4 ostabia wywolang endotoksyng bakteryjna
odpowiedz zapalng poprzez hamowanie aktywacji NFkB i MAPK (kinazy aktywowane
mitogenami) w komorkach mikrogleju BV-2 (Wang i in., 2011) oraz ogranicza wytwarzanie

ROS za posrednictwem modulacji aktywnosci oksydazy NADPH (Taetzsch i in., 2015).
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Coraz czesciej sugeruje si¢ udziat LXA4 i AT-LXA4 w modulacji aktywnosci astrocytow
m.in. poprzez hamowanie wytwarzania NO, a takze indukowanie ekspresji oksygenazy
hemowej-1 (HO-1) czy uwalnianie glutationu (GSH) (Yao i in., 2014; Cekanaviciute
i Buckwalter, 2016; Wu i in., 2019a).

Obserwacje te staly si¢ podstawg do zwrdcenia uwagi na potencjalng przydatnosé
zastosowania tej grupy zwigzkéw w przebiegu chordb neurologicznych jak udar czy urazy
oraz neurodegeneracyjnych (Ransohoff, 2016b; Devanney i in., 2020; Mészaros i in., 2020).
Dla przyktadu wspomnie¢ mozna badania Dunn i in., (2014), ktorzy pokazali, ze
zastosowanie LXA4 powodowato obnizenie poziomu mediatorOw prozapalnych,
zmniejszenie ilo$ci ptytek amyloidowych oraz ilo$ci ufosforylowanego biatka tau, a takze
prowadzito do istotnej poprawy funkcji poznawczych w mysim modelu choroby Alzheimera

3xTg-AD.

Warto podkresli¢, ze wigkszo$¢ efektow biologicznych LXA4 1 jej analogow
opisanych powyzej determinuje ich wigzanie si¢ ze specyficznymi receptorami GPCR.
Pierwsze badania wskazujace specyficzne miejsce rozpoznawania LXA4 na leukocytach
(ang. polymorphonuclear leukocytes, PMN) przeprowadzono przy uzyciu LXA4
znakowanej radioaktywnie trytem w 1994 roku. Zidentyfikowano wowczas CDNA
ludzkiego, 7-transbtonowego receptora (pINF114) o wysokim powinowactwie dla LXA4.
Receptor ten nazywany jest obecnie receptorem formylowym 2 (ALX/FPR2) i nalezy do
rodziny receptorow formylowych (FPR) (Fiore i in., 1994). Nalezy jednak wspomnie¢, ze
LXA4 i AT-LXA4 moga rowniez w niektorych warunkach wigzac si¢ z innymi receptorami.
LXA4 moze hamowa¢ receptor leukotrieny cysteinylowej w naczyniach komorek
srodbtonka (Norel i Brink, 2004) i aktywowac grupe arylowg receptora weglowodorow
w komorkach dendrytycznych (Schaldach i in., 1999; Machado i in., 2006), posredniczac
w ten sposob w dziataniu przeciwzapalnym. W moézgu natomiast w dziataniu LXA4 niekiedy
posredniczy receptor GPR32 (Zhu i in., 2016). Co wigcej, LXA4 jest takze endogennym
allosterycznym ligandem receptora kannabinoidowego 1 (CB1), wywierajac ta droga

dziatanie kannabimimetyczne w mozgu (Pamplona i in., 2012).
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Rys. 2 Wzory strukturalne wybranych, endogennych czgsteczek regulujgcych wyciszenie

reakcji zapalnej (ang. specialized pro-resolving mediators, SPM).

3.4.Rodzina receptorow formylowych (FPR)

Réznorodno$¢ wigzania ligandéw przez receptory nalezace do rodziny receptorow
formylowych (ang. formyl peptide receptors, FPR) przez wiele lat stwarzata problemy z ich
nomenklatura. W celu ujednolicenia nazewnictwa tej rodziny receptoréw Migdzynarodowa
Unia Farmakologii Podstawowej i Klinicznej (ang. International Union of Basic and
Clinical Pharmacology; IUPHAR) wprowadzita rekomendacje ich nazewnictwa (Ye i in.,
2009). Uwzgledniajac strukturalne zréznicowanie agonistow receptorow formylowych
IUPHAR rekomenduje stosowanie nazw: FPR1, ALX/FPR2 oraz FPR3 opierajac ten wybor
na wspolnej zdolnosci wszystkich receptorow formylowych do wigzania peptydow
N-formylowanych, a takze o zdolno$¢ receptorow ALX/FPR2 do interakcji z LXA4
i AT-LXA4 (Fiore i in., 1994; Hanson i in., 2013). Wszystkie ludzkie receptory FPR
kodowane sg przez geny znajdujace si¢ na chromosomie 19q13.3 i cechuja si¢ wysoka

homologig (Le, i in., 2001a).

Receptory rodziny FPR zostaty zidentyfikowane takze u wielu innych ssakow
m.in. §winek morskich, naczelnych, krolikow, myszy oraz szczuréw (Ye i in., 2009).
Generalnie najlepiej przebadanymi zwierzecymi receptorami FPR s3a te wystepujace
u gryzoni, w szczegolnosci u myszy (Boillat i in., 2021). Mysi Fpr2 wykazuje podobny
zakres wigzania ligandow co jego ludzki odpowiednik, gdyz wchodzi on w interakcje
zarowno z LXA4 (Takano i in., 1997; Vaughn i in., 2002), jak i silnie prozapalnymi biatkami
surowiczego amyloidu A (SAA) (Liang i in., 2000), oraz amyloidu B1-22 (AP1-42) (Le i in.,
2001b). Pozostali cztonkowie rodziny mysich receptorow formylowych zdajg si¢ nie
wykazywac tak znaczacych i charakterystycznych cech oraz powinowactwa z receptorami

rodziny FPR obecnymi u ludzi.
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3.4.1. Lokalizacja i funkcje receptora ALX/FPR2

Rodzina receptorow FPR ma zdolno$¢ do rozpoznawania wzorcéw molekularnych
zwigzanych z patogenami (PAMP) oraz uszkodzeniami (DAMP). Nadrzedng funkcja
wszystkich receptorow FPR jest ich udziat w nieswoistej odpowiedzi odpornosciowe;,
dlatego tez wystepuja bardzo licznie na komodrkach uktadu immunologicznego . Ponadto, sa
one zaangazowane W chemotaksje, mobilizacje Ca®" oraz rekrutacje komorek
odporno$ciowych (Weill i Kretschmer, 2018). U ludzi receptory rodziny FPR obecne sg na
monocytach oraz komoérkach dendrytycznych (Becker i in., 1998; Devosse i in., 2009). Ich
obecnos¢ pokazano takze na komoérkach nabtonka, limfocytach T oraz neutrofilach (Boulay

iin., 1990; Bao i in., 1992; Prossnitz i Ye, 1997).

Co istotne, doniesienia ostatnich lat sugeruja obecnos¢ receptorow rodziny FPR na
komoérkach os$rodkowego ukladu nerwowego, ze szczegdlnym uwzglednieniem silnej
ekspresji receptora ALX/FPR2 w neuronach, mikrogleju i astrocytach (Liu i in., 2014; Wu
i in., 2019b). Obecno$¢ receptorow ALX/FPR2 w OUN jest bezposrednio zwigzana z
petnionymi przez nie korzystnymi funkcjami takimi jak: modulacja proceséw zapalnych,
monitorowanie aktywacji gleju (Han i in., 2020), przyspieszanie r6znicowania neuronéw
(Urban i in., 2019) oraz regulacja przepuszczalnosci BBB (Liu i in., 2021). Ich funkcja jest
jednak silnie zwigzana ze zdolnoscia receptorow FPR do wigzania r6znorodnych ligandow.
Tym niemniej, jedynym receptorem z rodziny FPR, ktory posiada miejsce wigzania zarowno
dla peptydow, jak i endogennych lipidow jest receptor ALX/FPR2 (Dufton i Perretti, 2010;
Kretschmer i in., 2015).

3.4.2. Zmiany konformacyjne oraz stronniczy agonizm

Receptory FPR naleza do rodziny siedem transmembranowych (7TM) receptoréw
sprzezonych z biatkami G (GPCR) (Fredriksson i in., 2003; Hilger i in., 2018). Sa one
zbudowane z siedmiu domen transmembranowych (TM1-7) potaczonych ze sobg za pomocg
trzech petli zewnatrzkomorkowych (EL1-3) i trzech petli wewnatrzkomorkowych (IL1-3).
N-koniec receptora zlokalizowany jest zewnatrzkomorkowo, zas C-koniec znajduje sie po
stronie cytoplazmatycznej komorki (Venkatakrishnan i in., 2013; Sensoy i Weinstein, 2015).
Domeny znajdujace si¢ na petlach IL1-3 odpowiedzialne s3 za m.in. za wigzanie
z arestynami, bialkami czy kinazami receptorowymi (Zhang i in., 2015), natomiast
zewnatrzkomérkowe EL1-3 pelnig funkcje w detekcji ligandow receptora (Skvortsov
i Gabdoulkhakova, 2017). Transmembranowe domeny TM1-7 biorg udzial w wigzaniu

ligandow oraz przekazywaniu sygnalu do wnetrza komorki poprzez kluczowe dla
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aktywnosci receptora zmiany konformacyjne (Skvortsov i Gabdoulkhakova, 2017). Wérod
motywoOw receptorowych na uwage zasluguja dwa konserwatywne, kluczowe dla zmian
konformacyjnych, a wiec rowniez sygnalizacji komorkowej catej rodziny FPR: NPXXY
w TM7, ktory jest odpowiedzialny za aktywacje receptora oraz E/DRY (potaczenie
TM3 1 TM6), ktory stabilizuje dziatanie receptora bedac swoistym ,,blokerem jonow”
(Bennett i in., 2000; He i in., 2001).

Efekty biologiczne aktywacji receptorow FPR, a szczegélnie receptora ALX/FPR2
determinowane sg nie tylko budowa chemiczna, lecz takze zdolno$cia do tworzenia struktur
wyzszego rzedu. W badaniach pokazano, ze receptory omawianej rodziny moga tworzy¢
homodimery FPR1-FPR1 czy ALX/FPR2-ALX/FPR2, a takze heterodimery jak
FPR1-ALX/FPR2. Zjawisko dimeryzacji receptoréw formylowych prowadzi do zmian
konformacyjnych i w konsekwencji wptywa na zmiang specyficznosci powstatego dimeru
dla poszczegdlnych agonistow oraz prowadzi czg¢sto do uruchomienia innych szlakow
sygnalizacji komorkowej (Sodin-Semrl i in., 2004; Lohse, 2010). Co ciekawe, wydaje sig,
ze ligandy receptorow FPR determinowa¢ mogg rodzaj tworzonego dimeru. Przyktadem
takiego dziatania jest fakt, ze LXA4 i ancksyna (ANXA1) promujg homodimeryzacje¢
ALX/FPR2-ALX/FPR2, za$ peptyd Acz 26 tworzenie heterodimerow FPRI1-ALX/FPR2
(Cooray i in., 2013). Badania grupy Brandenburg i in. (2010) pokazaty, ze ALX/FPR2 moze
tworzy¢ takze oligomery z receptorami MARCO, co ma istotne znaczenie w transdukcji

sygnatu indukowanej obecnoscig Ai-42.

Chociaz wigkszo$¢ receptordéw FPR wykazuje zdolno$¢ do interakcji z wieloma
réznymi ligandami, to jednak receptor ALX/FPR2 wigze ich najwigkszy zakres
o zroéznicowanej strukturalnie i chemicznie budowie (Cattaneo i in., 2013; Corminboeuf
i Leroy, 2015; He i Ye, 2017). W zaleznosci od przytaczonego liganda, a takze, co istotne
od typu komorki wykazujacej ekspresje receptora ALX/FPR2 aktywowane sg szlaki
transdukcji sygnatu poprzez podjednostki Gai1, Gaiz 0raz Geiz biatka G (Ye i in., 2009).
Efektem takiego dziatania jest indukcja odpowiedzi, ktéra moze prowadzi¢ do dwdch
przeciwstawnych procesOw, a mianowicie promowania odpowiedzi prozapalnej lub
przeciwzapalnej sprzyjajacej Rol. Dla przykladu mozna w tym miejscu wymieni¢ ligand
PrP10s-126 (ang. prion protein) , ktory po interakcji z ALX/FPR2 indukuje wzrost uwalniania
cytokin prozapalnych w tym IL-6, TNF-a, a takze nasila chemotaksje oraz zwigksza
moblizacje Ca?* w komorkach glejowych (Le i in., 2001c). Silnie prozapalnym ligandem
receptora ALX/FPR2 jest rowniez SAA (ang. serum amyloid A), ktore promuje wigzanie do
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DNA czynnikow transkrypcyjnych takich jak NF-xB oraz AP-1 w konsekwencji nasilajac
uwalnianie prozapalnych mediatorow np. IL-1p. Co ciekawe, efekt ten ostabiany jest przez
interakcje LXA4 z receptorem ALX/FPR2 (Cattaneo i in., 2013). Wykazano, rowniez, ze
przytaczenie APi142 uruchamia wewnatrzkomérkowe szlaki sygnatowe, ktore
w efekcie prowadza do: fosforylacji kinaz w tym ERK (ang. extracellular signal-regulated
kinases), w komoérkach glejowych (Brandenburg i in., 2008, 2010), nasilenia chemotaksji,
mobilizacji Ca?* oraz uwalniania anionorodnikéw ponadtlenkowych (O2* ") (Le i in., 2001b;
Tiffany i in.,, 2001). Dane te pokazuja, ze interakcja wspomnianych ligandéw
z receptorem ALX/FPR2 poprzez aktywacje $ciezek prozapalnych w komorkach nasila
proces zapalny. Jednocze$nie nalezy podkresli¢, Zze receptor ALX/FPR2 jest gtéwnym
punktem uchwytu dla indukcji przeciwzapalnego i pro-wyciszeniowego dziatania
LXA4, a takze epimeru AT-LXA4. Fakt ten potwierdzaja odkrycia wskazujace na zdolno$¢
receptora ALX/FPR2 do wigzania ligandow w dwoch roznych miejscach (Ge i in., 2020).
Udowodniono, ze ALX/FPR2 posiada dwa miejsca wigzania dla AT-LXA4. Jedno z tych
miejsc jest rowniez czgsciowo miejscem interakcji innego liganda — WKYMVm i dlatego
tez AT-LXA4 wigze si¢ w nim z mniejszym powinowactwem (Ge i in., 2020). Co wigcej,
wykazano takze, ze peptydowi agoniSci ALX/FPR2: Acz26 oraz APi42 posiadaja dwa
miejsca wigzania do receptora (Zhang i in., 2020). W konteksécie takich interakcji
ligand-receptor czasteczki te nazywane sg stronniczymi modulatorami allosterycznymi (ang.

biased allosteric modulators).

Jak dotychczas klasyczne podejscie do wzajemnych interakcji ligand-receptor
wskazywalo, ze receptory aktywowane sg przez ligandy o agonistycznym potencjale,
natomiast antagonista tg aktywacje hamuje (Kenakin i Williams, 2014; Raabe i in., 2019).
Tym niemniej, wykazanie zréznicowanych efektow aktywacji receptorow ALX/FPR2 przez
rézne zwiazki o potencjale agonistycznycm zmienilo nieco to podejscie. Zjawisko
to nazywane stronniczym agonizmem (ang. biased agonism) (Rys. 3) pozwala na
wyjasnienie w jaki sposob rozne ligandy receptora ALX/FPR2 prowadza do skrajnie
réznych efektow, w tym odgrywaja kluczowa role zarbwno w inicjacji, jak i wygaszaniu
procesoOw zapalnych. Jednocze$nie daje ono podstawy do zrozumienia ,,podwdjnej” roli
receptorow ALX/FPR2, ktora oprocz promowania odpowiedzi przeciwzapalnych
jednoczes$nie utrzymuje aktywno$¢ prozapalng na niskim poziomie, co ma kluczowe

znaczenie w warunkach uogoélnionych reakcji zapalnych (Schepetkin i in., 2014).
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Rys. 3 Stronniczy agonizm (ang. biased agonism). Aktywacja receptora ALX/FPR2
w zaleznosci od liganda prowadzi do powstania odmiennych, zroznicowanych efektow
biologicznych. Przyfgczenie ligandow takich jak: SAA, PrPC, Af determinuje rozwdj stanu
zapalnego, gdyz ligandy te lgczqc sie z receptorem ALX/FPR2 aktywujq szlakoi sygnalizacii
komorkowej, ktorych efektem jest uwalnianie cytokin prozapalnych np. TNF-a, IL-15, IL-6.
Natomiast interakcja receptora z ligandami: AT-LXA4, LXA4, RvD1 ma dziatanie odmienne.
Obserwuje si¢ hamowanie uwalniania czynnikoéw prozapalnych i jednoczesnie zwigkszenie
uwalniania mediatoréw przeciwzapalnych jak IL-10, czyli wyciszanie reakcji zapalnej (Rol).

Schemat z Tylek i in. (2021a); Wykonano w programie BioRender.

3.5.Ligandy syntetyczne receptora ALX/FPR2

Jak wspomniano powyzej, zarowno LXA4 jak i AT-LXA4 w wielu modelach oraz
badaniach przedklinicznych wykazujg dzialanie przeciwzapalne i pro-wyciszeniowe
(Perretti 1 Godson, 2020; Regulska 1 in., 2020). Jednoczesnie ich wlasciwosci
farmakokinetyczne, szybki metabolizm in vivo oraz niska stabilno§¢ metaboliczna znaczaco
ograniczajg ich biodostepnos¢, a tym samym czas ich korzystnego dziatania, co ogranicza
mozliwo$¢ stosowania ich we wspomaganiu farmakoterapii chronicznego procesu
zapalnego. Dlatego tez prowadzone s3 poszukiwania nowych egzogennych analogow,

wykorzystujac w ich modelowaniu szkielet budowy chemicznej LXA4 z zachowana
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specyfika interakcji z receptorem ALX/FPR2, ale charakteryzujacych si¢ lepszymi

parametrami farmakokinetycznymi oraz lepsza bioaktywnoscia w OUN.

Wsrod pierwszych syntetycznych ligandow receptora ALX/FPR2, nalezy wymieni¢
pochodne LXA4, w tym zwigzek Compound 1, ktory hamowat zdolno$¢ transmisji ludzkich
neutrofilli w stezeniach nanomolarnych, a wigc porownywalnych z efektywnoscia LXA4.
Potencjal terapeutyczny tego zwigzku in vivo okazat si¢ jednak niewystraczajacy, poniewaz
po podaniu dozylnym bgdz doustnym byt on bardzo szybko usuwany z ustroju (Rabiet i in.,
2005). Wigkszym potencjatem terapeutycznym w modelach modulacji reakcji zapalnych
charakteryzowaty si¢ analogi II generacji, ktorych przyktadem jest Compound 2. W tym
przypadku jednak wysoka lipofilno§¢ stanowila ograniczenie ich stosowania zwlaszcza
w modelach procesow zapalnych w OUN. Kolejna generacja mimetykow LXA4, omijata
te ograniczenia (Brandenburg i in., 2010; Cooray i in., 2013) i wykazywata silny potencjat
przeciwzapalny in vitro w tym zdolno$¢ do hamowania czynnika transkrypcyjnego NF-«B
(Benai in., 2012; Filep, 2013).

Inng klasg syntetycznych ligandow receptora ALX/FPR2 o potencjale
agonistycznym sg zwiazki drobnoczgsteczkowe. Jednym z najczgsciej badanych ligandow
z tej grupy jest Quin-Cl. Zwiazek ten jest pochodng chinazoliny, a jednoczesnie
selektywnym agonistg receptora ALX/FR2. Quin-C1 indukuje m.in. wewnatrzkomorkowa
mobilizacje jonéw Ca?', ma dzialanie przeciwzapalne poprzez zmniejszenie poziomu
cytokin takich jak IL-1B oraz TNF-o migdzy innymi w mysim modelu uszkodzenia ptuc
bleomycyng (He i in., 2011). Przyktadem matoczgsteczkowych agonistow receptora
ALX/FPR2 jest takze pochodna chloropirazonolu Compound 43, ktory jak wykazano
zwigksza zdolno$é do mobilizacji jonow Ca?*, a takze hamuje migracje neutrofili PMN

stymulowanych przez fMLP oraz IL-8 (Dufton i Perretti, 2010).

Badania prowadzone we wspotpracy z grupa badawcza prof. Lacivita z Katedry
Farmacji Uniwersytetu im. Aldo Moro w Bari (Wtochy) oraz w oparciu o projekty naukowe
realizowane wspodlnie z innymi zespolami w Niemczech oraz Stanach Zjednoczonych,
zaprojektowano i przeprowadzono syntez¢ chemiczng nowej grupy mocznikopochodnych
zwigzkow o zadawalajacych parametrach fizykochemicznych oraz potencjale

agonistycznym wzgledem receptora ALX/FPR2 (Tabela 1.).
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Tabela 1. Budowa strukturalna nowych mocznikopochodnych agonistow receptora
ALX/FPR2 1 i Il generacji. Autorstwo wlasne za zgodg i w oparciu o Stama i in. (2017) oraz

Mastromarino i in. (2022).

Zwiazek Wzér strukturalny Nazwa chemiczna
MR-39 o F (S)-3-(4-Cyanophenyl)-N-[[1-(3-chloro-
N HQLN a 4-fluorophenyl)cyclopropyl]methyl]-2-
; Q 75 i H [3-(4-fluorophenyl)ureido]propanamide
CN
AMS21 W4 O (S)-1-(3-(4-Cyanophenyl)-1-(indolin-1-
QNTN X yl)-1-oxopropan-2-yl)-3-(4-
. I fluorophenyl)urea
O,
CMC23 £ (S)-1-(3-(4-Cyanophenyl)-1-(6-
o 3 fluoroindolin-1-yl)-1-oxopropan-2-yl)-
HYH\)LN S 3-(4-fluorophenyl)urea
. ° N
Z>cN

Zwiagzek MR-39, ktory jest mocznikopochodnym agonistg receptora ALX/FPR2
pierwszej generacji jest jak dotychczas zwigzkiem referencyjnym najlepiej przebadanym
w tej grupie. Aktywuje on receptor ALX/FPR2 w stgzeniach submikromolowych
(ECso = 5,2 uM), a takze wykazuje dobrg stabilno$¢ metaboliczng w szczurzych
mikrosomach (ti2 = 48 min) oraz przepuszczalno$¢ pasywna przez warstwe komorek
hCMEC/D3 (stanowigcg model in vitro bariery krew-mozg) o wspotczynniku wyptywu
BA/AB nizszym niz 3, ktory sugeruje mozliwos¢ jego penetracji do mézgu (Stama i in.,
2017). Co wigcej, badania pokazaly, ze MR-39 ma potencjal przeciwzapalny, gdyz
zmniejsza uwalnianie mediatoré6w prozapalnych (IL-1p i TNF-o) (Stama i in., 2017). Tym
niemniej, pomimo obiecujacych wynikéw jak dotychczas dziatanie MR-39 obserwowane
byto jedynie w st¢zeniach mikromolowych, a wiec wyzszych niz w przypadku ligandow
endogennych: LXA4 i AT-LXA4. Prawdopodobne wigc jest, ze korzystna efektywnos$é tego
agonisty w warunkach in vivo moze by¢ obserwowana jedynie przy zastosowaniu wysokich

dawek.

Obserwacje te byly przestankami do syntezy nowych mocznikopochodnych
zwigzkow 11 generacji. Ich synteza jest przedmiotem przygotowywanego

mi¢dzynarodowego wniosku patentowego. Polegata ona na wprowadzeniu modyfikacji,
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poprzez zmian¢ molekularnego rusztowania zwigzku MR-39, w celu polaczenia
wysokiej sity dziatania 1 stabilno$ci metabolicznej. Poprzednie badania zaleznosci
struktura-aktywnos$¢ wykazaty, ze obje¢to$¢ podstawnika zwigzanego z funkcjg amidowa jest
kluczowa zaréwno dla aktywnosci receptora ALX/FPR2, jak i stabilno$ci metaboliczne;,
niemniej jednak, w trakcie syntezy zwigzkéw Il  generacji  ugrupowanie
fenylocyklopropylowe MR-39 zastapiono ugrupowaniami o innych wymiarach, co
doprowadzito do identyfikacji zwigzku AMS21. Zwigzek ten aktywuje receptor ALX/FPR2
w stezeniu nanomolowym (ECso= 26 nM), chociaz jest bardziej podatny na metabolizm
oksydacyjny w poréwnaniu z MR-39 (t12 = 21 min w szczurzych mikrosomach)

(Mastromarino i in., 2022).

Dalsze modyfikacje strukturalne doprowadzily do identyfikacji kolejnego zwigzku
CMC23, wykazujacego najbardziej zrownowazong kombinacje sity dziatania na receptor
ALX/FPR2 oraz stabilnosci metabolicznej (ECso= 130 nM; ti2 = 44 min w mikrosomach
watroby szczura). Co wiecej, analiza biodyspozycji in vivo wykazato, ze CMC23 penetruje

przez bariere krew-moézgu i moze gromadzi¢ si¢ w mozgu myszy (Mastromarino i in., 2022).

Jak dotychczas potencjat przeciwzapalny i pro-wyciszeniowy mocznikopochodnych
zwiazkow II generacji w porownaniu ze zwigzkiem MR-39 oraz ligandami endogennymi nie
byt badany w doswiadczalnych modelach immunoaktywacji, dlatego analiza ta stanowi

przedmiot niniejszej rozprawy doktorskie;j.

3.6.Doswiadczalne modele immunoaktywacji

Poznanie mechanizmow patofizjologii 1 mozliwosci modulacji procesu zapalnego
wymaga zastosowania odpowiedniego modelu doswiadczalnego. Reakcje ta wywotaé
mozna poprzez zastosowanie wielu immunoaktywatorow, wsrod ktorych powszechnie
stosowanym jest model immunoaktywacji z uzyciem lipopolisacharydu (LPS), ktory jest
endotoksyng bakteryjng znajdujaca si¢ w Scianach komorkowych bakterii Gram-ujemnych
(Tucureanu i in., 2017). Pierwotnie LPS zostal zidentyfikowany jako ligand dla receptora
Toll-podobnego 4 (TLR4), jednak obecnie wiadomo, ze jego efekty mediowane sg takze
przez inne receptory (Meseguer i in., 2014; Alpizar i in., 2017; Boonen i in., 2018). LPS
aktywujac receptor TLR4, ktérego ekspresja w OUN jest obecna gléwnie na komdrkach
mikrogleju, powoduje dimeryzacj¢ i1 rekrutacj¢ bialek adaptorowych, takich jak biatko
pierwotnej odpowiedzi réznicowania mieloidalnego 88 (MyD88), biatko indukujace

zawierajgce domene TIR interferon-p (TRIF) i czgsteczka adaptorowa zwigzana z TRIF
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(TRAM) (Batista i in., 2019). Rekrutacja biatek adaptorowych aktywuje dalsze szlaki
przekazu sygnalu w komorce i w konsekwencji prowadzi do aktywacji czynnikow
transkrypcyjnych jak NF-xB oraz syntezy czynnikow prozapalnych jak: TNF-a, IL-1j,
PGE2 czy NO (Lu i in., 2008; Gong i in., 2019).

LPS jest najczgsciej wykorzystywany jako substancja modelowa do aktywacji
komorek glejowych, gtdéwnie mikrogleju (Cianciulli i in., 2015; Cunhaiin., 2016). Ekspresje¢
TLR4 wykazano takze na neuronach, dlatego tez model immunoaktywacji z uzyciem LPS
z powodzeniem stosowany jest takze w badaniach ex vivo np. hodowli organotypowych
hipokampa (OHC), gdzie zachowane interakcje glejowo-neuronalne, daja mozliwos¢
szerszej 1 funkcjonalnej analizy udziatu wielu komérek w mechanizmach procesu zapalnego

(Trojaniin., 2021a).

Co wigcej, obwodowe podawanie LPS jest najpowszechniej stosowanym modelem
doswiadczalnym wywotujacym uogdlniony stan zapalny i zachowania chorobowe (ang.
sickness behaviour). Warto zaznaczy¢é, ze obecnie protokolty stosowania LPS
niejednokrotnie bardzo rdznig si¢ od siebie np. iloscig (jednokrotne badz wielokrotne) czy
czasem podan, co wplywa na nieco odmienny obraz dziatania LPS w modelach
immunoaktywacji. Tym niemniej, model ten zweryfikowano pod katem kryteriow
zaproponowanych modelom zwierzecym, a mianowicie trafno$ci, spdjnosci predykcyjnej
oraz konstruktu (Lasselin i in., 2020). W dotychczasowych badaniach pokazano migdzy
innymi, ze iniekcja LPS nasladuje wazne aspekty infekcji bakteriami Gram-ujemnymi
(Suffredini i Noveck, 2014). Ponadto jedna z najbardziej wiarygodnych odpowiedzi
organizmu na infekcje bakterig Gram-ujemna, jest wzrost stezenia biatka ostrej fazy biatka
C-reaktywnego, ktore obserwuje si¢ takze po obwodowym wstrzyknieciu LPS (Iraz i in.,
2015; Engler i in., 2017; Kyvelidou i in., 2018). Niezwykle istotny jest fakt, ze podanie LPS
prowadzi do zmian w zachowaniu zwierzat. Obserwuje si¢ zmniejszenie spozycia wody
I pokarmu, uposledzenie funkcji poznawczych, utraty masy ciata, czy zwigkszony niepokoj
i lekliwos¢ (Schaedler i Dubos, 1961; Moore i in., 1977; Lagerspetz i Vaitdinen, 1987).
Niektore z tych zmian, a w szczegdlnosci zmniejszona ogodlna aktywnos$¢ 1 spozycie
pokarmu oraz interakcje spoteczne wydaja si¢, podobnie jak goraczka, zachowane
ewolucyjnie 1 przypominaja zmiany powszechnie obserwowane u chorych ludzi. Dlatego
uznano, ze model ten wiarygodnie odzwierciedla deficyty i zmiany, ktore rozwijaja si¢

u chorych podczas uogélnionego stanu zapalenia wywotanego infekcjg (Dantzer, 2001).
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4. Cel pracy

Patogeneza choréb osrodkowego uktadu nerwowego (OUN) w dalszym ciagu
pozostaje niejednoznacznie wyjasniona, gtéwnie ze wzgledu na jej ztozony i réznorodny
charakter. Coraz wigcej danych wskazuje, ze u podtoza tych patologii istotng role odgrywa
proces zapalny, zwlaszcza przedtuzony do ktérego dochodzi w wyniku deficytow
wygaszania tej reakcji (Rol). Proces Rol regulowany jest przez endogenne molekuty (SPM),
ktore balansuja reakcje zapalng w kierunku przeciwzapalnym, prowadzac w konsekwencji
do jej prawidtowego zakonczenia. Niestety korzystne wlasciwosci endogennych SPM, ktore
swoj pro-wyciszeniowy efekt biologiczny realizuja glownie poprzez interakcje
z receptorami formylowymi (FPR), sa czesto ograniczone ze wzgledu na ich niekorzystny

profil farmakologiczny i ograniczong biodostepnos¢.

Ogoblnym celem przedstawionych w niniejszej rozprawie badan byta weryfikacja
hipotezy, ze wzmocnienie Rol, poprzez zastosowanie nowych egzogennych ligandow
receptora ALX/FPR2 o lepszych parametrach fizykochemicznych oraz efektywnej
biodostepnosci 1 zadawalajacej biodystrybucji moze stanowi¢ nowg interesujacg strategie
ograniczajacg proces zapalny, przydatng w modulacji deficytow uktadu odpornosciowego
w przebiegu wielu choréb OUN. W oparciu o migdzynarodowa wspotprace z prof. Marcello
Leopoldo oraz prof. Enza Lacivita z Uniwersytetu w Bari, przeprowadzono ocen¢
przeciwzapalnego i pro-wyciszeniowego potencjatu nowych zsyntetyzowanych przez ten
os$rodek mocznikopochodnych agonistow receptora ALX/FPR2 w warunkach in vitro
hodowli pierwotnych mikrogleju, ex vivo hodowli organotypowych hipokampa, a nastepnie
dokonano weryfikacji uzyskanych wynikow w warunkach immunoaktywacji in vivo

w wybranych strukturach mozgu.

We wszystkich modelach do indukcji reakcji  zapalnej wykorzystano
lipopolisacharyd (LPS), ktory jest uznanym niespecyficznym aktywatorem uktadu
odpornosciowego i powszechnie stosowanym doswiadczalnym narzedziem w badaniach

molekularnych podstaw regulacji proceséw zapalnych.
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Szczegotowe cele rozprawy obejmowaty:

W hodowlach pierwotnych mikrogleju poréwnawcza ocene wplywu nowego
mocznikopochodnego agonisty ALX/FPR2 zwigzku MR-39 2z agonistami
endogennymi: LXA4 i jej analogiem AT-LXA4 na procesy $mierci/przezycia
komorek, ekspresje genow i poziomy wybranych cytokin o profilu prozapalnym oraz

przeciwzapalnym.

. W hodowlach organotypowych hipokampa oceng pro-wyciszeniowego potencjatu
nowych 1l generacji, mocznikopochodnych agonistow ALX/FPR2 (zwigzkow
AMS21, CMC23), w tym ich wptywu na ekspresje i poziomy wybranych czynnikow
o profilu prozapalnym i przeciwzapalnym. Okreslenie roli receptoréw ALX/FPR2 na
komorkach mikrogleju w obserwowanych efektach poprzez zastosowanie procedury

eliminacji tych komérek z hodowli organotypowych hipokampa.

. W zwierzecym modelu immunoaktywacji in vivo tzw. ,,sickness behaviour” opartym
0 jednorazowe dootrzewnowe podanie lipopolisacharydu dorostym szczurom, oceng
wplywu nowych mocznikopochodnych agonistow ALX/FPR2 oraz LXA4 na
zaburzenia behawioralne w tescie wymuszonego ptywania (test Porsolta) oraz

parametry immunologiczne w korze czotowej 1 hipokampie.

. Wyjasnienie potencjalnych molekularnych mechanizméw dziatania endogennych
oraz nowych mocznikopochodnych agonistow ALX/FPR2 poprzez ocen¢ ich

wplywu na poziom:

e bialek zwigzanych z wewnatrzkomoérkowymi szlakami sygnatowymi: ERK1/2
(ang. extracellular signal-regulated kinases 1/2), p38 (ang. p38 mitogen-activated
protein kinase) oraz czynnikiem transkrypcyjnym NF-«B (ang. nuclear factor

kappa-light-chain-enhancer of activated B cells)

e Dbialek zwigzanych ze $ciezkag STAT3/SOCS3: STAT3 (ang. signal transducer
and activator of transcription 3) oraz biatka SOCS3 (ang. suppressor of cytokine

signaling 3)

e Dbialek kompleksu NLRP3: NLRP3 (ang. nucleotide-binding oligomerization
domain-like (NOD-like) receptor pyrin-containing 3 inflammasome), kaspazy 1
oraz biatka ASC (PYCARD) (ang. apoptosis-associated speck-like protein
containing a caspase recruitment domain).
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5. Zarys metod

I technik badawczych zastosowanych w pracach

opublikowanych stanowiacych podstawe rozprawy doktorskiej

Pracanr. 2

Hodowla pierwotna mikrogleju

0-2 dniowe Izolacja
szczury kory
. Sprague- Dawley
WRW4 (10 M)

Analiza
biochemiczna

LXA4 (0.001-0.5 1iM)

MR-39 (0.5-5 uM)
LPS (100 ng/mi)

AT-LXA4 (0.001-0.1uM)

3 godziny

—dJ -
s SR

24 godziny

Izolacja
mikrogleju

Podawanie
Zwigzkow

Hodowla
pierwotna
mikrogleju

Inkubacja przez 9 dni w
warunkach standardowych
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Technika

Oceniany parametr

Test uwalniania dehydrogenazy
mleczanowej (LDH)

Smiertelno$¢, procesy nekrotyczne,

toksyczno$¢ substancji

Reakcja Griess’a

Wydzielanie tlenku azotu (NO)

Test JC-1

Analiza potencjatu btony

mitochondrialnej (Aym)

Test DCFH-DA (ang. 2,7-
dichlorofluorescein diacetate)

Poziom reaktywnych form tlenu — ROS

(ang. reactive oxygen species)

Test aktywnosci kaspazy 3

Poziom kaspazy 3

Immunohistochemia

Obecnos¢ i poziom receptora ALX/FPR2

w mikrogleju

gRT-PCR

Ekspresja genow: Cd40, Cd68, Cd206,
Argl, Igf-1, 11-14, 11-10, Tnf-a

ELISA

Poziom biatka cytokin: IL-1(3, IL-6,
IL-10, TNF-a

Western blot

Poziom biatka: ERK1/2, NF-kB, p38 —

formy catkowite i1 ufosforylowane
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Pracanr. 3

Hodowla organotypowe hipokampa (OHC)

6-7 dniowe

szczury
Sprague- Dawley

Izolacja
hipokampa

Ciecie hipokampa na
skrawki o grubosci
350 pm

Umieszczenie
fragmentow
hipokampa na insercie

~ WRW4 (10 pM)
CMC23 (0.1-1 M)
LPS (1 pg/mi)

Analiza

biochemiczna

24 godziny
—

7 days E

Podawanie
Zwigzkow

Inkubacja przez 7 dni w
warunkach standardowych
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Technika

Oceniany parametr

Test uwalniania dehydrogenazy
mleczanowej (LDH)

Smiertelno$¢, procesy nekrotyczne,

toksyczno$¢ substancji

Reakcja Griess’a

Wydzielanie tlenku azotu (NO)

Immunohistochemia

Obecnos¢ markera IBAL i receptora
ALX/FPR2 w hodowlach
organotypowych hipokampa

Poziom ekspresji genow: Arg-1, Ccl2,

gRT-PCR Cd40, Cdes, Igf-1, 1I-6, 11-10, 1I-12,
11-23, Jakl, Jak2, Stat3 Tgf-$
Poziom bialtka cytokin: IL-1f, IL-6,
ELISA IL-10, 1L-12/23p40, IL-17A, 1L-23p19

TGF-p oraz czynnika SOCS3

Western blot

Poziom biatka: STAT3 — forma

catkowita 1 ufosforylowana
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Pracanr. 4

Hodowla organotypowa hipokampa (OHC)

6-7 dniowe
szczury
Sprague- Dawley

Izolacja Ciecie hipokampa na
hipokampa Skraw3k5i g gxbosci
WRW4 (10 pM)
AMS21 (0.1-1 pM)
LPS (1 pg/mi)

Analiza

biochemiczna

24 godziny )
—

G

=

Umieszczenie
fragmentow
hipokampa na insercie

Podawanie
Zwigzkow

Inkubacja przez 7 dniw
warunkach standardowych

Hodowla organotypowa hipokampa (OHC) z procedurg eliminowania mikrogleju

6-7 dniowe
szczury
Sprague- Dawley

AMS21 (0.1-1 iM)
LPS (1 pg/mi)

Analiza
biochemiczna

izolacja
hipokampa

Clodronate.
(150 pg/ml)

Ciecie hipokampa na
skrawki o grubosci
350 pm

Umieszczenie
fragmentow
hipokampa na insercie

24godziny

Inkubacja przez 7 dni w
warunkach standardowych

2-krotne ptukanie piytki
hodowlanej sterylnym PBS
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Technika

Oceniany parametr

Test uwalniania dehydrogenazy
mleczanowej (LDH)

Smiertelno$¢, procesy nekrotyczne,

toksyczno$¢ substancji

Reakcja Griess’a

Wydzielanie tlenku azotu (NO)

Immunohistochemia

Poziom markera IBAL i receptora
ALX/FPR2 w hodowlach
organotypowych hipokampa

Ekspresja genow: Caspl, Cd40, Cd68,

gRT-PCR lgf-1,11-1p, 1I-1Ra, 11-6, 11-18, Nlrp3,
Pycard, Tgf-f
ELISA Poziom biatka: CASP1, IL-1f3, IL-6, IL-

10, NLRPS, PYCARD, TGF-B

Western blot

Poziom biatka: IBA1
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6. Metody i techniki badawcze zastosowane w dodatkowych
nieopublikowanych badaniach wlaczonych do hybrydowej wersji

rozprawy doktorskiej

6.1.Zwierzeta
Do badan wykorzystano 3-miesigczne szczury szczepu Sprague-Dawley (Charles
River, Sulzfeld, Niemcy). Zwierz¢ta hodowano w warunkach standardowych: temperaturze
pokojowej (23°C), 12/12 godzinnym cyklu $wiatto/ciemno$¢ rozpoczynajacym  si¢
0 godzinie 8:00 rano, z nieograniczonym dostgpem do wody oraz pozywienia (ad libitum).
Doswiadczenia przeprowadzono zgodnie z akceptacjg Il Lokalnej Komisji Etycznej do
Spraw Doswiadczen na Zwierzgtach Instytutu Farmakologii im. Jerzego Maja PAN

w Krakowie (nr zgody 204/2018 z dnia 28.06.2018).

6.2.Procedura operacyjna

Samce Sprague-Dawley wprowadzono w stan glebokiej narkozy poprzez
domigéniowe podanie mieszaniny chlorowodorku ketaminy (75 mg/kg, Bioketan; Biowet,
Putawy, Polska) i ksylazyny (5 mg/kg, Sedazin; Biowet, Putawy, Polska), a nastgpnie
umieszczono w aparacie stereotaktycznym (David Kopf Instruments, Tujunga, Kalifornia,
USA). Implantacj¢ prowadnicy kaniuli (ang. guide cannula) ze stali nierdzewnej (26 mm,
dlugos¢ 8 mm, Plastic One, Roanoke, VA, USA) wykonano do prawej komory mézgu
(wspétrzgdne od Bregma: AP: -0,8 mm; ML: -1,5 mm i -2,0 mm) wedlug atlasu Paxinos
i Watson (1998). Podstawg kaniuli mocowano do czaszki dentystycznym cementem
akrylowym i dwiema miniaturowymi $rubami ze stali nierdzewnej (AgnTho’s, Sztokholm,
Szwecja). Obturator ze stali nierdzewnej wprowadzano do prowadnicy kaniuli w celu
utrzymania droznosci. Po operacji wszystkie zwierzeta przetrzymywano indywidualnie
w standardowych plastikowych klatkach (39 cm x 28 cm X 28 cm) przez caty okres

rekonwalescencji (5-7 dni).

6.3.Zwiazki wykorzystane do badan in vivo
Wszystkie zwiazki przygotowano bezposrednio przed ich wykorzystaniem.
Bakteryjna endotoksyn¢ (lipopolisacharyd; LPS; Escherichia coli 026:B6; Sigma-Aldrich,
St. Louis,MO, USA) rozpuszczono w soli fizjologicznej (0,9% NaCl). Lipoksyn¢ A4
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(LXA4, Cayman Chemical Compan, Ann Arbor, USA) rozpuszczono w roztworze etanolu
z 0.9% NaCl (w stosunku 1:4). Zwigzki MR-39 (S)-3-(4-Cyanophenyl)-N-[[1-(3-chloro-4-
fluorophenyl)cyclopropyl]lmethyl]-2-[3-(4-fluorophenyl)ureido]propanamide oraz CMC23
((S)-1-(3-(4-cyanophenyl)-1-(6-fluoroindolin-1-yl)-1-oxopropan2-yl)-3-(4-

fluorophenyl)urea) zsyntetyzowane w Katedrze Farmacji Uniwersytetu w Bari,
rozpuszczono w roztworze DMSO (dimetylosulfotlenek; Gibco, Waltham, MA, USA)
oraz 0.9% NaCl (w stosunku 1:10). Po okresie rekonwalescencji zwierzeta losowo dzielono
na dwie grupy doswiadczalne: kontrolng oraz traktowang LPS (po 20 zwierzat na grupg).
Odpowiednio, LPS w dawce 250 pg/kg masy ciata (grupa LPS) lub iniekcje z soli
fizjologicznej (0,9% NaCl) (grupa kontrolna) wykonano 1-2 godziny po wstepnej
weryfikacji behawioralnej (tzw. pre-test, test Porsolta), a tym samym 22-godziny przed

dokomorowymi podaniami poszczegolnych agonistow.

6.4.Podania dokomorowe (ang. intracerebroventricular, icv)

Jednostronne podanie icv: badanych agonistow receptora ALX/FPR2 lub 0.9% NaCl
przeprowadzono przy uzyciu mikro strzykawki Hamiltona polaczonej drenem
polietylenowym z kaniulg podajaca (rozmiar 33, dlugo$¢ 10 mm, Plastic One, Roanoke, VA,
USA), dtuzsza o 2 mm niz kaniula prowadzaca. Swiezo przygotowany roztwér: LXA4 (5
ul; 0.1 pg/5 ul), MR-39 (5 pl; 1 pg/S pl) oraz CMC23 (5 pl; 1 pg/5 ul) lub sterylng sol
fizjologiczng podawano pojedynczo z predkoscig 2 pl/min. Podawanie poszczegdlnych
zwigzkow (LXA4, MR-39 Ilub CMC23) prowadzono zgodnie ze schematem
przedstawionym ponizej (Rys.4). Kaniul¢ podajaca pozostawiono na miejscu na 1 minutg,
aby umozliwi¢ dyfuzje, a nastepnie zastapiono ja obturatorem. Prawidlowe umiejscowienie
podania icv sprawdzono w pilotazowym zabiegu chirurgicznym z uzyciem fioletu krezylu

(Rys.5).
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19092 1 pErAPITACIA
TEST FST
| 5-7 dni | 1-2 godz. | 22 godsz.
OPERACJA PRETEST  LPS/0.9%
NaCLig 490dz | oexapimacua
TEST FST
PODANIE
DOKOMOROWE
LXA4, MR-39,
CMC23, 0.9%
NaCl

Rys. 4 Plan uktadu eksperymentalnego w czesci badan in vivo. Autorstwo wlasne,; Schemat

wykonano w BioRender.

Rys. 5 Pilotazowe operacje stereotaktyczne — podanie fioletu krezylu do prawej komory

mozgu Szczura.

6.5.Test Porsolta (ang. forced swimming test, FST)
Test wymuszonego ptywania (FST, test Porsolta) zostat przeprowadzony zgodnie
z metodyka opisang przez Porsolt i in. (1978) z pdzniejszymi modyfikacjami Detke i in.
(1995) oraz zgodnie z naszymi wczesniej opublikowanymi badaniami (Basta-Kaim i in.,
2014; Szczesny i in., 2014; Detka i in., 2015). Doswiadczenia wykonywano w plastikowym
cylindrze (wysoko$¢ 50 cm, $rednica 18 cm) wypelionym woda (23°C) do wysokosci
35 cm. Po 5-7-dniowym okresie rekonwalescencji przeprowadzono trening (tzw. pre-test),

ktory trwat 15 min. Test wlasciwy w trakcie, ktorego przez 5 min mierzono catkowity czas
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bezruchu (ang. immobility), poruszania si¢/ptywania (ang. swimming) oraz wspinania si¢
(ang. climbing) zwierzat, wykonano 1 Iub 4 godziny po dokomorowym podaniu badanych
agonistow receptora ALX/FPR2 (opis grup doswiadczalnych przedstawiono ponizej;
Tabela 2.). Nastepnie po przeprowadzeniu testu zwierzeta poddano dekapitacji w celu

pobrania struktur do oznaczen biochemicznych.

Tabela 2. Podziat grup doswiadczalnych

L.P. | Grupa Podanie dokomorowe (icv) | Liczba osobnikow
1. grupa kontrolna | podawano 0.9% NaCl n=>5
2. grupa kontrolna | podawano LXA4 n=>5
3. grupa kontrolna | podawano MR-39 n=>5
4. grupa kontrolna | podawano CMC23 n=>5
5. grupa LPS podawano NaCl n=>5
6. grupa LPS podawano LXA4 n=>5
7. grupa LPS podawano MR-39 n=>5
8. grupa LPS podawano CMC23 n=>5

6.6.Pobieranie tkanek
Wyizolowane struktury mozgu, tj. korg czotowa (Cx) i hipokamp (Hp), umieszczano
na suchym lodzie, a nastepnie przechowywano w temperaturze -80°C do czasu
przeprowadzenia homogenizacji 1 wykonywania wlasciwych oznaczen

immunoenzymatycznych metoda ELISA (ang. enzyme-linked immunosorbent assay).

6.7.1zolacja bialka
Homogenizacje tkanek (kory czotowej oraz hipokampa) przeprowadzano w buforze
RIPA, ktory zawieral koktajl inhibitoréw Halt™ proteazy i fosfatazy (Thermo Fisher
Scientific, Waltham, MA, USA) przy uzyciu Tissue Lyser II (Qiagen Inc, Valencia,
Kalifornia, USA). Stezenie biatka w analizowanych probkach oznaczono przy uzyciu kwasu
bicinchoninowego metodg BCA (Sigma-Aldrich, St. Louis, MO, USA) i mierzono przy
dhugosci fali 562 nm w spektrofotometrze Tecan Infinite 200 Pro (Tecan, Mannedorf,

Niemcy).
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6.8.Test ELISA
Do oznaczen biatek metodg ELISA wykorzystano komercyjnie dostgpne zestawy
analityczne. Poziom interleukiny 1P (IL-1p) oraz czynnika martwicy nowotworéw o (TNF-
a) w homogenatach kory czolowej oraz hipokampa oznaczano zgodnie z instrukcjami
dotaczonymi przez producenta (Wuhan Fine Biotech Co., Wuhan, Chiny). Stezenie probek
dobierano indywidualnie dla kazdego oznaczenia w oparciu o wyniki proby
przeprowadzonej dla réznych rozcienczen. Bledy wewnatrz seryjne przeprowadzonych

oznaczen wynosity mniej niz 7,5%, za$ miedzy seryjne mniej niz 10%.
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7. Wyniki z dodatkowych, nieopublikowanych badan in vivo

7.1.Badanie wplywu dokomorowych (icv) podan agonistéw receptora ALX/FPR2

w modelu LPS na parametry testu wymuszonego ptywania

Wszystkie badania in vivo prowadzono poréwnawczo u samcOw SzZczurow szczepu
Sprague-Dawley kontrolnych (zwierzeta otrzymaty iniekcje z 0.9% NaCl) oraz
traktowanych LPS (zwierzgcy model immunoaktywacji). Zastosowany w niniejszej pracy
test wymuszonego plywania (test Porsolta) wykorzystywany jest powszechnie do oceny
zachowan behawioralnych oraz weryfikacji efektywnosci badanych zwigzkoéw (Lucki, 1997;
Pollak i in., 2010; Szczesny i in., 2014).

Test ten przeprowadzono zgodnie ze schematem opracowanym przez Porsolt i in.
(1978) z modyfikacjg Detke i in. (1995). Wykonanie pomiaru czasu bezruchu (ang.
immobility) pozwolilo na obserwacje objawu jakim jest stan rezygnacji, przejawiajacy si¢
tym, ze zwierz¢ta wykonuja jedynie ruchy niezbedne do utrzymania gtlowy na powierzchni
wody. Kolejnym mierzonym parametrem byt czas ptywania (ang. swimming), czyli czas
aktywnego ruchu zwierzat. Przeprowadzono takze oceng czasu wspinania si¢ (ang. climbing)

mierzgc czas trwania prob wydostania si¢ zwierzat z cylindra.

Wykazano, ze w poréwnaniu ze zwierz¢tami kontrolnymi jednorazowe
dootrzewnowe podanie lipopolisacharydu prowadzi do zmian behawioralnych u samcow
szczurow. Obserwowano istotne skrocenie czasu ptywania, i wspinania przy jednoczesnym

wydtuzeniu czasu bezruchu (Ryc. 1).

Wplyw badanych agonistow receptora ALX/FPR2 na zachowania zwierzat zarowno
kontrolnych, jak i w modelu immunoaktywacji LPS oceniano w dwoch punktach
czasowych tj. 1 godzing¢ oraz 4 godziny po dokomorowych podaniach poszczegdlnych
zwigzkoéw, a uzyskane wyniki przedstawiono poréwnawczo na kolejnych panelach

Ryciny 1.

Zaobserwowano, ze 1 godzing po dokomorowym podaniu endogennego liganda
LXA4 zaréwno u zwierzat kontrolnych, jak i traktowanych LPS wydtuzeniu ulegt czas
ptywania (Ryc. 1A), natomiast skroceniu czasu bezruchu (Ryc. 1C). U zwierzat po podaniu
LPS wykazano takze istotny wplyw LXA4 na wydtuzenie czasu wspinania (Ryc. 1E).

Analiza tych samych parametrow w teScie Porsolta 4 godziny po podaniu LXA4 nie
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wykazala jednak wplywu tego liganda zar6wno na parametry u zwierzat kontrolnych jak

I po podaniach LPS-u.

W przeprowadzonych w pracy badaniach oceniono takze wptyw CMC23 na
analogiczne parametry testu wymuszonego ptywania. Wykazano, ze zwigzek ten nie
wplynatl na czas bezruchu, ptywania i wspinania u zwierzat kontrolnych. Niemniej jednak,
U zwierzat z uogolniong reakcja zapalng, wywotang podaniem LPS, CMC23 4 godziny po
podaniu istotnie skracal czas bezruchu oraz wydtuzat czas ptywania i wspinania (Ryc. 1B,
1D, 1F), co $wiadczy o jego potencjale normalizujacym deficyty behawioralne wywotlane

immunoaktywacja.

W przypadku zastosowania agonisty receptora ALX/FPR2 zwigzku MR-39 majac na
uwadze wczesniejsze wyniki zaprezentowane w opublikowanej pracy nr 2 ocen¢ jego
wplywu na parametry w tescie Porsolta przeprowadzono jedynie 4 godziny po podaniu.
Przeprowadzona analiza statystyczna nie wykazata istotnego wptywu tego agonisty na
oceniane parametry zarowno w grupie kontrolnej jak 1 poddanej uogolnionej

immunoaktywacji.
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Ryc. 1 Wphw podan dokomorowych agonistow receptora ALX/FPR2: LXA4 (0.1 ug/5 ul),
MR-39 (1 ug/5 ul) oraz CMC23 (1 ug/5 ul) na czas ruchu (Ryc.1A-B), bezruchu (Ryc.1C-D)
oraz wspinania (Ryc. 1E-F) u zwierzgt kontrolnych oraz traktowanych LPS (250 ug/kg)
oceniany w tescie wymuszonego plywania (FST). Parametry w tescie FST byly mierzone
odpowiednio ! godzine oraz 4 godziny po dokomorowym podaniu poszczegolnych ligandow.
Grupy kontrolne traktowane byty 0.9% roztworem NaCl. Dane przedstawiono jako srednig
arytmetyczng £ SEM, n=5 w grupie. Roznice istotne statystycznie oznaczono *p<(0.035.

LXA4 — Lipoksyna A4; LPS — Lipopolisacharyd.
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7.2.Badanie wplywu dokomorowych (icv) podan agonistow receptora ALX/FPR2
w modelu LPS na poziom biatka TNF-a

Zaprezentowane w pracy wyniki analiz biochemicznych przeprowadzono takze
poréwnawczo u samcow szczuréw szczepu Sprague-Dawley kontrolnych (zwierzgta
otrzymaty iniekcje z soli fizjologicznej) oraz traktowanych LPS (zwierzecy model
immunoaktywacji). Wykazano, ze podanie LPS-u powoduje istotny wzrost aktywacji
zapalnej w hipokampie oraz korze czotowej u badanych zwierzat, wyrazony jako wzrost

poziomu cytokiny prozapalnej TNF-o w homogenatach tych struktur.

Natomiast przeprowadzona analiza w hipokampie zaréwno 1 godzing jak i 4 godziny
po podaniu LXA4 wykazata normalizujacy wplyw tego endogennego zwigzku na wywotany
podaniem endotoksyny wzrost poziomu TNF-a. (Ryc.2A) W przypadku kory czolowe;j
korzystne normalizujace dziatanie LXA4 na poziom tej cytokiny obserwowano jedynie

4 godziny po podaniu tego liganda (Ryc.2B).

Analiza statystyczna uzyskanych wynikow wykazata, ze zwigzek CMC23 obnizal
wywotany podaniem LPS wzrost poziomu TNF-a zaréwno w korze czotowej (Ryc. 2D) jak
i hipokampie (Ryc. 2C). Efekt ten byt obserwowano w obu pubktach czasowych: 1 godzing
i 4 godziny po podaniu nowego agonisty receptora ALX/FPR2.

Oceng wptywu agonisty MR-39 podobnie jak w badaniach behawioralnych
przeprowadzono jedynie 4 godziny po jego podaniu dokomorowym. Wykazano,
normalizujgce dziatanie tego liganda na podwyzszony w wyniku immunoaktywacji poziom

cytokiny TNF-a, ale tylko w hipokampie (Ryc. 2E).
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Ryc. 2 Wplyw podan dokomorowych agonistow receptora ALX/FPR2: LXA4 (0.1 ug/5 pl),
MR-39 (1 ug/5 pul) oraz CMC23 (1 ug/5 ul) na poziom biatka TNF-o u zwierzqt kontrolnych
oraz traktowanych LPS (250 ug/kg). Oznaczenie stezenia biatka wykonano odpowiednio
1 godzing oraz 4 godziny po dokomorowym podaniu poszczegolnych ligandéow w hipokampie
(Ryc.2A, 2C, 2E) oraz korze czotowej (Ryc.2B, 2D, 2F). Dane przedstawiono jako srednig
arytmetyczng + SEM, n=5 w grupie. Roznice istotne statystycznie oznaczono *p<0.05.

LXA4 — Lipoksyna A4; LPS — Lipopolisacharyd; TNF-a — Czynnik martwicy nowotworow a.
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7.3.Badanie wplywu dokomorowych (icv) podan agonistow receptora ALX/FPR2
w modelu LPS na poziom biatka IL-1p

Potencjat przeciwzapalny 1 pro-wyciszeniowy badanych agonistow receptora
ALX/FPR2 oceniano takze poprzez pomiar modulacji poziomu innej cytokiny
prozapalnej — interleukiny 1f. Jak pokazano na rycinie 3, zaobserwowano istotne
podwyzszenie poziomu IL-1p zaréwno w hipokampie, jak 1 w korze czolowej u zwierzat po

dootrzewnowym podaniu LPS.

Zaobserwowano, ze 1 godzing po dokomorowym podaniu LXA4, wywolany
podaniem endotoksyny bakteryjnej wzrost poziomu IL-1B zaréwno w hipokampie, jak
i korze czotowej, ulegal normalizacji (Ryc. 3A-B). Natomiast zwigzek CMC23 obnizat
hipokampalny wzrost poziomu tej cytokiny zaobserwowany po uogolnionej
immunoaktywacji w obu badanych punktach czasowych po dokomorowej iniekcji tego
liganda (Ryc. 3C), a w korze czotowej jedynie po 4 godzinach od podania CMC23
(Ryc. 3D). Wykazano, takze korzystne dziatanie polegajace na normalizacji aktywacji
zapalnej wyrazonej wzrostem poziomu IL-18 w obu badanych strukturach moézgu 4 godziny

po dokomorowym zastosowaniu agonisty MR-39 (Ryc. 3E-F).

Wyniki badan biochemicznych wskazuja, ze ligandy receptora ALX/FPR2 wykazuja
dziatanie przeciwzapalne i/lub pro-wyciszeniowe, chociaz ich potencjat jest zréznicowany
1 zalezny nie tylko od budowy chemicznej liganda, czasu dziatania, ale takze od struktury

mozgu.
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Ryc. 3 Wplyw podan dokomorowych agonistow receptora ALX/FPR2: LXA4 (0.1 ug/5 ul),
MR-39 (1 ug/5 ul) oraz CMC23 (1 ug/5 ul) na poziom biatka IL-15 u zwierzqt kontrolnych
oraz traktowanych LPS (250 ug/kg). Oznaczenie stezenia biatka wykonano odpowiednio
1 godzine oraz 4 godziny po dokomorowym podaniu poszczegolnych ligandéw w hipokampie
(Ryc.3A, 3C, 3E) oraz korze czotowej (Ryc.3B, 3D, 3F). Dane przedstawiono jako srednig
arytmetyczng £ SEM, n=5 w grupie. Roznice istotne statystycznie oznaczono *p<(.035.

LXA4 — Lipoksyna A4; LPS — Lipopolisacharyd; IL-1 — Interleukina 1p.
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8. Dyskusja

W  badaniach mechanizméw biologicznych procesow zapalnych jednym
z najistotniejszych elementow jest wybor odpowiedniego modelu doswiadczalnego.
W trzech pracach oryginalnych wchodzacych w sktad rozprawy doktorskiej przedstawiono
wyniki wieloptaszczyznowych badan in vitro z wykorzystaniem hodowli pierwotnych
mikrogleju oraz ex vivo hodowli organotypowych hipokampa aktywowanych
lipopolisacharydem, a nastgpnie przeprowadzono weryfikacje uzyskanych wynikéw
w zwierzecym modelu uogélnionej reakcji zapalnej. Zastosowana w badaniach endotoksyna
bakteryjna jest niespecyficznym immunostymulatorem, ktérego uzycie prowadzi do
aktywacji komodrek immunokompetentnych i w efekcie uwalniania mediatorow procesu
zapalnego w tym cytokin, chemokin oraz ROS, zmiany fenotypoéw komorek w mozgu,
a poprzez interakcje pomiedzy uktadem neuroendokrynnym i immunologicznym takze do
deficytow zachowan w warunkach in vivo. Zastosowane modele do§wiadczalne pozwolity
zatem na kompleksowa ocen¢ potencjalu badanych ligandow receptora ALX/FPR2,
w patomechanizmach procesow zapalnych, a szczegdlnie ich wyciszania w warunkach

zaktoconej przez LPS homeostazy.

Badania in vitro

W pierwszym etapie badan prezentowanych w rozprawie dokonano zaleznej od
czasu oceny wlasciwosci dwoch endogennych ligandow receptora ALX/FPR2, czyli LXA4
oraz AT-LXA4, a takze nowego, | generacji mocznikopochodnego agonisty, zwigzku
MR-39 w hodowlach pierwotnych mikrogleju. Mikroglej to gtowne komorki
immunokompetentne w mozgu, ktore ulegajg silnej aktywacji w wyniku stymulacji LPS
(Helmut i in., 2011; Du i in., 2017). W badaniach wtasnych potwierdzono te obserwacje
1 wykazano, ze LPS zwigksza poziom uwalnianej dehydrogenazy mleczanowej (LDH) oraz
tlenku azotu (NO), a takze reaktywnych form tlenu (ROS) oraz nasila aktywno$¢ kaspazy 3.
Nalezy takze wspomnieé, o utracie potencjatu btony mitochondrialnej (Aym) w wyniku
stymulacji LPS, co wykazano jako obnizenie poziomu barwnika karbocyjnaninowego
(JC-1) kumulujgcego si¢ w komorkach (Zorova i in., 2018; Sivandzade i in., 2019).
W omawianych badaniach w pracy Tylek i in., (2021b) wykazano protekcyjne, chociaz
zrdznicowane dzialanie wszystkich badanych ligandéw. Endogenny ligand LXA4 obnizat

podwyzszony przez LPS poziom uwalnianego LDH, jedynie po 3 godzinach; natomiast jego
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epimer AT-LXA4 oraz MR-39 w stgzeniu mikromolarnym skutecznie normalizowaty
poziom LDH 24 godziny po stymulacji LPS. Ciekawa obserwacja jest wykazanie, ze efekty
te byly w wigkszosci zalezne od receptora ALX/FPR2, poniewaz antagonista tego receptora
zwigzek WRW4 blokowat protekcyjne dziatanie badanych ligandow. Zwigkszone
uwalnianie LDH sugeruje utrate potencjalu mitochondrialnego mikroglejowych komorek
oraz nasilenie proceséw nekrotycznej $mierci komorkowej, ale takze aktywacje szlaku
apoptozy w komorce (Tiefenthaler i in., 2001). Istotne znaczenie ma zatem obserwacja, ze
sposréd badanych agonistow utrzymujgce si¢ do 24 godzin dzialanie antyapoptotyczne
wykazal jedynie zwigzek MR-39, a podniesienie potencjatu btony mitochondrialnej przez
ten ligand korelowato z jego korzystnym wplywem na aktywno$¢ kaspazy 3, ktora jak
wskazuja badania innych autoréw petni kluczowa role w regulacji proceséw apoptotycznych

(Burguillos i in., 2011; Venero i in., 2011; Nelson i in., 2014).

Kolejng obserwacja jest wykazany korzystny antyoksydacyjny potencjat ligandow
receptora ALX/FPR2 w hodowlach mikrogleju. LXA4 modulowala podniesiony przez
3-godzinng stymulacj¢ LPS poziom ROS, natomiast MR-39 wykazal podobne dzialanie,
lecz po 24 godzinach od podania endotoksyny bakteryjnej, a dodatkowo modulowat takze
poziom tlenku azotu. Wydaje sie, ze skoro podniesiony poziom ROS nasila procesy zapalne
i apoptotyczne (Allen i Tresini, 2000), a modulacja poziomu NO w mozgu ma
kluczowe znaczenie w utrzymaniu balansu pomigdzy procesami neurotoksycznymi
i neuroprotekcyjnymi (Araujo i Carvalho, 2005; Pacher i in., 2007), zdolno$¢ ich modulacji
przez ligandy receptora ALX/FPR2, a szczego6lnie dtugotrwaty efekt wykazany w przypadku
MR-39 moze stanowi¢ o przydatnosci tych zwigzkow w regulacji zaburzonej przez czynniki

zapalne homeostazy.

W prezentowanych w pracy Tylek i in. (2021b) badaniach in vitro pokazano takze,
ze endotoksyna bakteryjna podnosi ekspresje genow (11-18, Tnf-a) oraz poziom czynnikow
prozapalnych (IL-1B, TNF-a, IL-6) bedacych markerami aktywacji mikrogleju w wyniku
zainicjowania procesu zapalnego. Zatem zaproponowany model stymulacji mikrogleju LPS
ma swoje odzwierciedlenie w silnej immunoaktywacji (Minogue i in., 2012; Slusarczyk
I in., 2018; Porro i in., 2019).

Uzyskane rezultaty pokazaty obnizenie ekspresji genu Tnf-a przez wszystkich
badanych agonistow receptora ALX/FPR2. Co wiecej, LXA4 obnizata poziom tej cytokiny
prozapalnej po 3-godzinnej stymulacji LPS, a przeciwzapalne dziatanie MR-39
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obserwowano takze po 24-godzinnej stymulacji. Przeciwzapalne wlasciwosci zwiagzku
MR-39 wykazano takze w przypadku modulacji poziomu ekspresji genu -/ i jego
transkryptu. Warto podkresli¢, ze korzystne dziatanie mediowane byto przez receptor
ALX/FPR2. Zaskakujaca pozostaje takze obserwacja, ze komorki mikrogleju stymulowane
LPS w obecnos$ci ligandow endogennych (LXA4 oraz AT-LXA4) wykazaty zwigkszong
ekspresj¢ genu Il-75 .Wydaje sig, ze u podstaw ograniczonego dziatania przeciwzapalnego
tych agonistow leze¢ moze wykazany w mikrogleju proces ich enzymatycznej

dehydrogenacji (Romano, 2010).

Dalsze badania pokazaly natomiast, ze sytuacji takiej nie obserwuje si¢ w przypadku
normalizacji poziomu biatka IL-6 przez LXA4 i AT-LXA4 (3 godziny), jak i MR-39
(24 godziny) po indukcji procesu zapalnego. Warto jednak wspomnieé, ze
w prezentowanych badaniach metoda immunofluorescencji wykazano, ze poziom receptora
ALX/FPR2 w komorkach mikrogleju znaczaco zwigksza sie, ale dopiero po 24-godzinnej
stymulacji endotoksyna, co moze przynajmniej czgsciowo ttumaczy¢ obserwowane zalezne
od czasu r6znice w potencjale przeciwzapalnym badanych zwigzkow (Romano, 2010; Stama
iin., 2017).

Wiele danych wskazuje, ze w procesach wyciszania reakcji zapalnych duze
znaczenie ma zmiana (ang. shift) fenotypu mikrogleju (Guo i in., 2022). Przeprowadzona
analiza wykazala, ze zastosowanie LPS obniza ekspresj¢ markerow przeciwzapalnych 1gf-1
oraz Cd206, przy jednoczesnym podniesieniu ekspresji genéw pro-wyciszeniowych 11-10
oraz Arg-1. Co wigcej, zaobserwowano, ze wysoki poziom ekspresji 11-10 indukowany przez
LPS zostal dodatkowo wzmocniony poprzez dzialanie badanych ligandéw receptora
ALX/FPR2. Obserwacje te pozostaja zatem w zgodzie z doniesieniami innych autorow,
ktore potwierdzajag korzystng role LXA4 oraz AT-LXA4 w procesach proliferacji
1 réznicowania komoérek neuronalnych w stanach uszkodzen i po aktywacji zapalnej

np. w przebiegu udaru (Wu i in., 2012b; Wu i in., 2019b).

Liczne dane pokazuja, korelacje pomi¢dzy poziomami aktywacji kinaz biatkowych
aktywowanych mitogenami (MAPK) oraz czynnika transkrypcyjnego NF-«B, a dziataniem
prozapalnym endotoksyny bakteryjnej (Bachstetter i Van Eldik, 2010; Slusarczyk i in., 2018;
Falcicchia i in., 2020). Prezentowane w rozprawie wyniki pozostaja w zgodzie z tymi
doniesieniami pokazujagc wzrost poziomu ufosforylowanych biatek: ERK1/2, p38 oraz

czynnika NF-kB w hodowlach mikrogleju po zastosowaniu LPS. NF-kB jest powszechnie
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znanym czynnikiem regulujagcym odpowiedz zapalng w organizmie poprzez indukcje
ekspresji gendw prozapalnych takich cytokin jak TNF-a i IL-6 (Majumder i in., 1998; Hyam
i in., 2013). Mozna zatem wnioskowa¢, ze zmniejszenie poziomu fosforylacji czynnika
transkrypcyjnego NF-xB przez AT-LXA4 oraz MR-39 ma istotne znaczenie
w przeciwzapalnej aktywnosci tych agonistow. Co wigcej, LXA4 i MR-39 istotnie
zmniejszyta poziom fosforylacji kinazy ERK1/2, za§ zwigzek AT-LXA4 ograniczat
fosforylacje kinazy p38. Dane te sugeruja, ze przeciwzapalne efekty agonistow receptora
ALX/FPR2 zwigzane sg z hamowaniem fosforylacji kluczowych $ciezek (ERK1/2 i p38)
przekazu sygnatu od receptora ALX/FPR2. Jednocze$nie pokazuja, ze nowy,
mocznikopochodny agonista MR-39 w sposob analogiczny do ligandéw endogennych

moduluje przekaz sygnatu w komorce.

W oparciu o przedstawione wyniki mozna zatem postulowaé, ze badane zwiazki
wykazuja zrédznicowane w czasie, ale korzystne: przeciwzapalne, antyoksydacyjne oraz
pro-wyciszeniowe dziatanie poprzez indukcje hamowania $ciezek sygnatowych ERK1/2,
p38 oraz NF-«B w modelu immunoaktywacji w hodowlach mikrogleju. Dziatanie zwigzku
MR-39 obserwowane byto dtuzej niz agonistéw endogennych tym niemniej korzystny efekt

zauwazalny byt dopiero w dawkach mikromolarnych.

Badania ex vivo

Dziatanie agonistow receptora ALX/FPR2 omawiane w cyklu publikacji wigczonych
do rozprawy oceniano takze w modelu ex vivo - hodowli organotypowych hipokampa (OHC)
(Tylek, i in., 2023a; Tylek i in., 2023b). Technika ta jest przydatnym narzedziem dajacym
mozliwo$¢ analizy 1 badan podstaw wielu zjawisk w warunkach zachowanej
cytoarchitektury hipokampa oraz w obecnosci funkcjonalnych interakcji pomiedzy
komorkami tej struktury moézgu. Nalezy podkreslic, ze w warunkach hodowli OHC
zachowana jest takze wzajemna wymiana i interakcje pomig¢dzy mediatorami ukladow
immunologicznego, nerwowego oraz endokrynnego, €O wzmacnia znaczenie
otrzymywanych wynikéow przyblizajac je do tych ktore uzyskiwane sa w modelach
zwierzecych (Trojan i in., 2021b).

W  omawianym modelu przeprowadzono ocen¢ patomechanizméw procesu

zapalnego oraz mozliwosci ich modulacji przez ligandy receptora ALX/FPR2 uzywajac
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w tym celu endotoksyny bakteryjnej, zgodnie ze schematem opisanym we wczesniejszych

badaniach (Trojan i in., 2021a).

Ze wzgledu na ograniczenia plyngce z badan z zastosowaniem zwigzku MR-39,
w kolejnym etapie badan wykorzystano mocznikopochodne ligandy receptora ALX/FPR2
Il generacji. Wprowadzenie przez grupe prof. Lacivita zmian w rusztowaniu zwigzku
MR-39, poprzez zastgpienie ugrupowania fenylocyklopropylowego ugrupowaniami
o innych wymiarach, doprowadzito do identyfikacji zwigzku AMS21. Zwigzek ten aktywuje
receptor ALX/FPR2 w stezeniu nanomolowym (ECsp = 26 nM) i ma dobrg stabilno$¢
metaboliczng w szczurzych mikrosomach (t2 = 21 min) (Mastromarino i in., 2022). Dalsze
modyfikacje strukturalne doprowadzity do identyfikacji kolejnego agonisty czyli zwigzku
CMC23, wykazujacego najbardziej zrownowazong kombinacj¢ sity dziatania na receptor
ALX/FPR2 oraz stabilno$¢ metaboliczng (ECso= 130 nM, ti2 = 44 min w mikrosomach
watroby szczura). Analiza biodystrybucji in vivo wykazata takze, ze ligand CMC23
gromadzi si¢ w mozgu myszy, co oznacza, ze¢ ma zdolno$¢ do penetracji przez bariere
krew-moézg (Mastromarino i in., 2022). Oba zwigzki CMC23 (Tylek i in., 2023a) oraz
AMS21 (Tylek i in., 2023b) badano pod katem ich potencjatu przeciwzapalnego

I pro-wyciszeniowego w warunkach ex vivo.

Wykazano, ze podobnie jak w przypadku badan in vitro endotoksyna zwigksza
poziom uwolnionego LDH oraz NO po 24-godzinnej inkubacji w hodowlach OHC. Oba
ligandy normalizowaly podwyzszone poziomy LDH, a zwigzek CMC23 takze ilo$¢
uwalnianego NO, co wskazuje na jego potencjal antyoksydacyjny. Warto podkresli¢, ze
dziatanie ochronne mocznikopochodnych ligandéw II generacji obserwowano juz
w stezeniach nanomolarnych w obecnos$ci mikrogleju, astrocytéw i1 komodrek neuronalnych,
co potwierdzono w pracy Tylek i in. 2023b. Badania dotyczace obecnosci receptora
ALX/FPR2 na komoérkach OUN w dalszym ciaggu pozostaja niejednoznaczne (Schroder i in.,
2020; Zhu i in., 2021). Dlatego tez, w pracy Tylek i in. 2023b wykonano barwienia
fluorescencyjne, ktore po raz pierwszy pokazaty zrdéznicowana ekspresje tego receptora
w warunkach hodowli OHC. Wykazano, ze eliminacja mikrogleju poprzez zastosowanie
klodronatu czyli znanego bifosfonianu pierwszej generacji 0 potencjale hamujacym
proliferacje tych komorek (Makkonen i in., 1996; Dehghani i in., 2004; Lee i in., 2012),
obnizyta nie tylko ilo§¢ komorek mikrogleju, ale takze poziom receptora ALX/FPR2, co
wskazuje, ze komorki te sg glownym miejscem jego lokalizacji. Jednoczes$nie pozostate

komorki w hodowlach OHC wykazuja znacznie nizszy poziom tego receptora mierzony
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metodami fluorescencji. Mozna wigc postulowaé, ze pomimo iz efekty dziatania
mocznikopochodnych ligandow II generacji sa wynikiem ich interakcji z receptorami
ALX/FPR2 zlokalizowanymi na wszystkich komoérkach w warunkach hodowli OHC,
to w szczegdlny sposob w odpowiedzi tej uczestniczg receptory na komorkach mikrogleju.
W tym kontek$cie znaczenia nabiera fakt, ze zastosowana w opisywanych badaniach
endotoksyna bakteryjna aktywuje gtownie komorki mikrogleju. Znajduje to swoje
odzwierciedlenie w odmiennym niz w warunkach fizjologicznych panelu antygenow
powierzchniowych. W przeprowadzonych badaniach wykazano wzrost ekspresji gendéw
gtownie o profilu prozapalnym w tym: Ccl2, Cd40, Il-1p, 1I-6 oraz 11-18. Nowe ligandy,
CMC23 oraz AMS21, obnizaly ekspresje Cd40, ktorego wzrost ekspresji wraz z innymi
antygenami np. Mhcll, Cd86 zachodzi na wczesnym etapie aktywacji mikrogleju. Efekt
dziatania badanych agonistow receptora ALX/FPR2 w hamowaniu odpowiedzi zapalnej
widoczny jest wiec juz na etapie inicjacji procesu zapalnego (Ponomarev i in., 2006; Salemi
I in., 2011). Jednoczes$nie wykazano, ze zwigzek CMC23 mial nieco szerszy potencjat
modulacji fenotypu mikrogleju, wptywajac takze na ekspresje Cd68, a tym samym na
aktywno$¢ fagocytarng tych komorek. Ligand ten obnizal takze ekspresje genu chemokiny
Ccl2. Ta ciekawa obserwacja ma istotne znaczenie, gdyz ekspresja gendw enzymow
zaangazowanych w synteze SPM (5-LOX i 15-LOX) oraz potencjalizacj¢ wyciszania
procesu zapalnego jest odwrotnie zalezna od poziomu ekspresji genu tej chemokiny, ktorej

silne wlasciwosci chemotaktyczne poteguja jego przebieg(Gutiérrez i in., 2022).

W obu omawianych pracach przeprowadzono takze ocen¢ przeciwzapalnego
I pro-wyciszeniowego dziatania badanych zwigzkow zwracajac szczegdlng uwage na ich
potencjat w modulacji syntezy cytokin prozapalnych i przeciwzapalnych, ktorych wzrost
uwalniania obserwuje si¢ w warunkach immunoaktywacji wywotlanej podaniem LPS.
Pokazano, ze ligandy w mediowany przez receptor ALX/FPR2 sposob obnizaja poziom
dwoch kluczowych w procesie zapalnym cytokin: IL-1p oraz IL-6. Majac na uwadze tg
obserwacje w pracy Tylek i in., 2023b w ktorej stosowano zwigzek AMS21, podj¢to probe
oceny mechanizméw dzialania tego liganda. W procesach uwalniania aktywnych form
cytokin z rodziny IL-1 (IL-1p oraz IL-18) istotne znaczenie odgrywa aktywacja kompleksu
inflammasomu NLRP3 (Heneka i in., 2013; Hanslik i Ulland, 2020; Huang i in., 2021). Jak
wykazano, aktywacja platformy inflamasomu NLRP3 (czasteczki sensorowej NLRP3),
biatka adaptorowego PYCARD oraz pro-kaspazy 1 indukowana jest procesem zapalnym

i przebiega dwuetapowo (Heneka i in., 2013; Huang i in., 2021).
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W badaniach wlasnych wykazano, ze podniesiony w wyniku zastosowania LPS,
poziom wszystkich komponentoéw tego kompleksu normalizowany byl przez ligand AMS21.
Co istotne, efekt ten mediowany byl przez receptor ALX/FPR2. Ta istotna obserwacja
wskazuje na kluczowy udziat interakcji ligand-receptor w hamowaniu $ciezki inflamasomu
NLRP3, a tym samym przeciwzapalnym i pro-wyciszeniowym efekcie obserwowanym po
zastosowaniu zwigzku AMS21 w hodowlach OHC. Warto takze wspomnie¢, ze w naszych
wczesniejszych badaniach przeprowadzonych z wykorzystaniem myszy transgenicznych
(knockout FPR27) obserwowano brak przeciwzapalnego dziatania zwiazku MR-39 oraz
jego wplywu na $ciezke NLRP3, pomimo ze efekt ten byt widoczny u zwierzat kontrolnych
(Trojan i in., 2021a). Wyniki przedstawione w pracy Tylek i in., 2023b uzupehity te
obserwacje 1 pokazaty, ze aktywacja receptora ALX/FPR2 ma istotne znaczenie w modulacji
aktywnos$ci inflammasomu NLRP3, a szczegdlnie w hamowaniu aktywnos$ci kaspazy-1

przez agonistow mocznikopochodnych, takze I generacji.

Ciekawa obserwacja jest takze wykazanie, ze w hodowlach OHC w ktérych
zastosowano klodronat dodanie endotoksyny nie zwigkszato poziomu IL-1p oraz komponent
inflamasomu NLPR3. Co wigcej, eliminacja komodrek mikrogleju catkowicie zniosta
przeciwzapalny i pro-wyciszeniowy efekt dziatania zwigzku AMS21. Prawdopodobnie brak
najwiekszej (jak wspomniano wczesniej) puli receptora ALX/FPR2 na komorkach
mikrogleju ograniczyl biologiczng aktywno$¢ badanego liganda, a jego interakcja
z receptorem ALX/FPR2 na innych komoérkach w hodowlach OHC nie byta wystarczajaca
do mediowania jego dziatania. Tym niemniej, niektore badania wskazuja, ze takze astrocyty
moga by¢ Zzrodtem uwalnianych cytokin prozapalnych (John i in., 2003; Gorina i in., 2011;
Ma i in., 2013), w tym takze IL-1P, dlatego tez obecnos$¢ tej cytokiny po stymulacji
endotoksyng w hodowlach OHC, traktowanych uprzednio klodronatem prawdopodobnie
moze mie¢ pochodzenie astrocytarne. Przeprowadzona ocena przeciwzapalnego
I pro-wyciszeniowego potencjatu zwigzku AMS21 mocno wskazuje na udziat zaleznego od
receptora ALX/FPR2 hamowania $ciezki inflammasomu NLRP3 w jego korzystnych
efektach w modelu neuronalno-glejowej immunoaktywacji.

W kolejnych badaniach stanowigcych podstawe niniejszej rozprawy w ktérych
zastosowano zwigzek CMC23 zwrocono szczegdlng uwage na potencjat tego liganda
w modulacji poziomu IL-23, ktora jest regulatorem pdzniejszych etapéw procesu zapalnego
(Kleinschek i in., 2006; Meeks i in., 2009; Town i in., 2009). W budowie IL-23, wyroznia
si¢ dwie podjednostki: konserwatywna pl9 oraz wspoétdzielong z IL-12 podjednostke p40
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(Croxford i in., 2014; Chyuan i Lai, 2020; Nitsch i in., 2021). Wykazano, ze indukowany
podaniem LPS wzrost poziomu IL-12/23p40 oraz IL-23p19 byl normalizowany przez ligand
CMC23 w sposob czgsciowo zalezny od aktywacji receptora ALX/FPR2. Efekty
biologiczne 1L-23 sg w duzej mierze zwigzane z fosforylacjg czynnika transkrypcyjnego
STAT3. Jednakze czynnik ten aktywowany moze by¢ takze przez IL-6, TGF-f i IL-10 (Cua
I in., 2003; Cevey i in., 2019), dlatego wydaje si¢, ze wykazane normalizujace dzialanie
CMC23 na fosforylacje STAT3 ma szerszy wymiar i moze stanowi¢ kluczowy mechanizm
w regulacji Rol. Uzyskane wyniki nabierajg takze dodatkowego znaczenia w obliczu
ostatnich doniesien wskazujacych, ze rowniez endogenne ligandy receptora ALX/FPR2,
w tym AXA1 majg dziatanie pro-wyciszeniowe poprzez hamowanie fosforylacji STAT3
(Liu i in., 2022). Obserwacje te pozwalajg zatem na sugesti¢, ze pokazany w pracy Tylek
i in. (2023a) mechanizm dziatania CMC23 jest istotnym mechanizmem ograniczajacym
chroniczny (przedtuzony) proces zapalny stanowigcy podloze rozwoju wielu patologii

W mozgu.

Warto uzupetni¢ analiz¢ potencjalu Rol badanych zwigzkéw o obserwacje
przeprowadzone w obu pracach wskazujace, ze w przeciwienstwie do silnego dzialania
przeciwzapalnego polegajacego na istotnym ograniczaniu uwalniania cytokin prozapalnych
CMC23 1 AMS21 nie modulowaly podwyzszonego przez LPS poziomu cytokin
przeciwzapalnych TGF- oraz IL-10. W istocie, wysoki poziom IL-10 zapobiega uwalnianiu
pro-IL-1B. Mozna zatem postulowaé, ze taki poziom ma swoje odzwierciedlenie
w ograniczaniu dalszego uwalniania IL-1B przez komoérki mikrogleju w warunkach
immunoaktywacji zapalnej (Cevey i in., 2019) i/lub mozliwosci normalizacji poziomu
IL-1B przez badane ligandy. Sugestie ta, wzmacniajg uzyskane wyniki potwierdzajace
efektywnos¢ zwigzku AMS21 do zwigkszania ekspresji genu Il-1Ra, ktorego transkrypt
odpowiedzialny jest za hamowanie ekspresji receptora dla IL-1pB i w konsekwencji regulacje
aktywnosci zapalnej mediowanej witasnie przez IL-1p (Stama i in., 2017). Dodatkowo,
IL-1RA dziata synergistycznie z TGF-f oraz IL-10 (Saghazadeh i in., 2019). W badaniach
innych autoréw wykazano, ze IL-10 ma zdolno$¢ do indukcji syntezy SOCS3 (inhibitora
aktywacji $ciezki STAT3) ograniczajac w ten sposob odpowiedz prozapalng w tym
uwalnianie IL-18 (Cianciulli i in., 2015; Porro i in., 2019). Tym samym wysoki poziom
inhibitora czynnika transkrypcyjnego STAT3 pokazany w hodowlach OHC w ktorych
analizowano dziatanie liganda CMC23, moze mie¢ istotne znaczenie w warunkach

deficytow Rol po aktywacji zapalnej (Zheng i in., 2022).
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Tym niemniej, te skomplikowane interakcje sugerowane w oparciu 0 wyniki
uzyskane w modelu hodowli OHC wskazujace na przeciwzapalny i pro-wyciszeniowy
kierunek aktywacji receptora ALX/FPR2 po interakcji z ligandami Il generacji, niewatpliwie

wymagaja dalszych badan.

Badania in vivo

W niniejszej wersji rozprawy zawarto takze wyniki badan nieopublikowanych, ktore
przeprowadzono u dorostych szczuréw poddanych uogolnionej reakceji zapalnej. Istotg tego
modelu bylo jednorazowe dootrzewnowe (ang. intraperitoneal, i.p.) podanie endotoksyny
bakteryjnej — lipopolisacharydu (Yirmiya, 1996; Gauthier i in., 2022). Co wazne, procedura
ta spelnia podstawowe kryteria dotyczace spojnosci predykcyjnej, zewnetrznej oraz
konstruktu (Lasselin i in., 2020). Zaobserwowano, ze LPS dziatajac przez receptor TLR4
(Ciesielska 1 in., 2021) prowadzi do zwigkszonej syntezy cytokin prozapalnych oraz
pojawienia si¢ u zwierzat zachowan okreslanych jako ,,sickness behavior”, do ktorych
nalezy m.in. wzrost temperatury, spadek aktywnosci eksploracyjnej, lokomotorycznej oraz
socjalnej. Co wigcej, obserwowana jest takze anhedonia i zmiany masy ciala, a objawy te
w duzej mierze wydaja si¢ by¢ tozsame z symptomami chorobowymi u pacjentdow w tym
takze z epizodami depresyjnymi (Mullington i in., 2000; Draper i in., 2018). Warto
zaznaczy¢, ze w modelach zwierzgcych w ktorych stosowano LPS pokazano efektywne
dziatanie lekow przeciwdepresyjnych w normalizacji zmian w zachowaniu oraz hamowaniu

reakcji zapalnej (O’Connor i in., 2009).

Opisany model wykorzystany zostal do oceny behawioralnych efektow dziatania
LXA4 oraz egzogennych agonistow receptora ALX/FPR2 zwigzkéw MR-39 i CMC23
u dorostych zwierzat z wywotang uogodlniong reakcja zapalng. Ze wzgledu na brak
jednoznacznych dowodow wskazujgcych, ze LXA4 jak i pozostali agonisci receptora
ALX/FPR2 (w momencie prowadzenia tych badaf) penetruja bariere krew-mozg zwiazki
podawano dokomorowo (Zhang i in., 2022). Co wigcej, bioragc pod uwage krotkotrwate
protekcyjne/korzystne dziatanie LXA4 w badaniach in vitro oraz fakt jej szybkiej
inaktywacji in vivo przez uktad enzymoéw metabolicznych, analize wplywu ligandow
receptora ALX/FPR2 na parametry w tescie Porsola wykonano zaréwno 1 godzing, jak
I 4 godziny po dokomorowej iniekcji ligandéow. Warto wspomnie¢, ze o wyborze

pozostatych zwigzkéw do badan zadecydowat fakt, iz zwigzek MR-39 jako jedyny do czasu
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przeprowadzenia doswiadczen posiadal udokumentowane dziatanie in vivo (Cristiano i in.,
2022), natomiast CMC23 w badaniach in vitro wykazal przeciwzapalng oraz

pro-wyciszeniowg efektywno$¢ w st¢zeniach porownywalnych z LXA4 (nanomolarnych).

Prezentowane wyniki potwierdzily, ze podanie LPS prowadzi do obecnosci tzw.
,,sickness behavior”. U zwierzat obserwowano wydtuzenie czasu bezruchu i skrocenie czasu
wspinania w te$cie Porsolta. Wyniki te sg spdjne z naszymi wcze$niejszymi doniesieniami
(Duda i in., 2017). Zastosowanie w niniejszych badaniach zmodyfikowanej wersji testu
Porsolta (Detke i in., 1995) umozliwito takze oceng trzeciego parametru czyli czasu
wspinania, co dato mozliwo$¢ zréznicowania u dorostych szczuréw zachowan zaleznych od
komponenty serotoninergicznej (ptywanie) oraz noradrenergicznej (wspinanie).
Zaprezentowane w rozprawie wyniki sa zgodne z badaniami innych autorow, ktorzy
obserwowali, ze endotoksyna w tescie wymuszonego ptywania, ale takze w tescie

zawieszenia za ogon redukuje czas wspie¢ (Zhang i in., 2019; Yin i in., 2023).

Dotychczasowe dane wskazuja, ze test Porsolta stosowany jest takze do weryfikacji
farmakologicznej zwigzkéw w modelach zwierzgcych (Pollak i in., 2010). Dlatego tez,
w prezentowanych badaniach wykonano go po dokomorowych podaniach wybranych
agonistow receptora ALX/FPR2. Uzyskane wyniki wskazuja, ze LXA4 oraz CMC23
normalizowaty wydluzony przez podanie endotoksyny czas bezruchu, oraz wydtuzaty czas
ptywania. Dodatkowo CMC23 wydtluzatl (normalizowal do warto$ci kontrolnych) czas
wspinania u zwierzat po podaniu LPS. Nalezy jednak podkresli¢, ze korzystne dziatanie
LXA4 na deficyty behawioralne u szczuréw obserwowano tylko 1 godzing od jej podania,
podczas, gdy w przypadku CMC23 byto one widoczne nawet po 4 godzinach. Niniejsze
obserwacje sg pierwszymi wskazujacymi na mozliwos¢ normalizacji deficytow zachowania
u modelu uogdlnionej aktywacji zapalnej przez agoniste CMC23, co $wiadczy o ich
nowatorstwie. Odmienne obserwacje uzyskano w przypadku liganda MR-39, ktéry nie
modulowat deficytow w modelu ,,sickness behavior”. Zwiazek ten byt dotychczas
przedmiotem tylko kilku badan w tym grupy Cristiano i in. (2022), ktéra w modelu autyzmu
wykazala, iz dootrzewnowe podania MR-39 przez 8 dni myszom eksponowanym w okresie
prenatalnym na kwas walproinowy, poprawiaja zachowania socjalne w tescie interakcji
socjalnych. Mozna zatem sugerowaé, ze specyfika zastosowanego modelu i/lub gatunek

zwierzat majg wptyw na potencjal modulacji przez ligand MR-39 zachowania u zwierzat.
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Kolejnym krokiem badan in vivo byla analiza biochemiczna przeprowadzona
w strukturach mézgu po podaniach agonistow receptora ALX/FPR2. W homogenatach
struktur uczestniczgcych w pojawieniu si¢ deficytow w modelu ,, sickness behavior” czyli
w korze czotowej oraz hipokampie wykonano pomiar poziomu dwoch gtownych cytokin
prozapalnych TNF-a i IL-1B. Wykazano, ze w hipokampie podwyzszone po podaniu LPS
poziomy TNF-a normalizowane byly zardowno przez LXA4 jak i oba mocznikopochodne
ligandy (MR-39 i CMC23), a efekt przeciwzapalny obserwowano w obu punktach
czasowych: 1 godzing oraz 4 godziny po ich podaniach. W korze czolowe] natomiast,
w przeciwienstwie do korzystnego dziatania LXA4 oraz CMC23, nie wykazano wplywu
zwigzku MR-39 na poziom tej cytokiny.

Podniesiony poziom TNF-a dotychczas obserwowano w wielu modelach
immunoaktywacji po podaniach LPS (Grigoleit i in., 2011; Ferguson i in., 2013; Kox i in.,
2014). Takze w badaniach klinicznych wykazano, ze endotoksyna podnosi poziomy TNF-a
oraz IL-1PB w surowicy (Dorresteijn i in., 2010; Engler i in., 2017), wywotlujac jednoczesnie
zmiany w zachowaniu w tym objawy leku czy depresji (Reichenberg i in., 2001). Co wigce;j,
zarowno obwodowe, jak 1 osrodkowe infuzje IL-1PB 1 TNF-a indukujg szereg objawow
towarzyszacych depresji jak: zmniejszona aktywno$¢ lokomotoryczna, anhedonia,
zaburzenia snu czy zmiany w funkcjach poznawczych (Goshen i in., 2008; Kaster i in.,
2012). Jak dotad wptyw mocznikopochodnych agonistow receptora ALX/FPR2 na poziomy
cytokin prozapalnych nie byl jeszcze badany w zadnym doswiadczalnym modelu
immunoaktywacji. Warto podkresli¢, ze przeprowadzona w niniejszej rozprawie ocena
wplywu agonistow receptora ALX/FPR2 na poziom IL-1p w modelu ,,sickness behavior”
potwierdzita ograniczony przeciwzapalny potencjat liganda endogennego LXA4. Zwigzek
ten ulega bardzo szybkiej inaktywacji metabolicznej, ktora w mozgu zachodzi gtdownie
w mikrogleju i obejmuje dehydrogenacj¢ do 15-oksy-lipksyny A4 przez dehydrogenaze
15-hydroksyprostaglandynowa (15-PGDH) (Romano, 2010). Niemniej jednak, w innych
badaniach pokazano, ze wykazuje on potencjat pro-wyciszeniowy, ktoéry zwigzany jest
z hamowaniem prozapalnej aktywacji mikrogleju oraz indukcja produkcji cytokiny
przeciwzapalnej IL-10 (Medeiros i in., 2013).

Tym samym, skoro przydatno$¢ endogennych ligandéw o potencjale Rol pozostaje
ograniczona, badania pozytywnie weryfikujace pro-wyciszeniowe wilasciwosci nowych

mocznikopochodnych ligandéw receptora ALX/FPR2 w modelach immunoaktywacji, moga
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stanowi¢ podstawy do rozwoju nowej strategii farmakoterapii wyciszania procesow

zapalnych w o$rodkowym uktadzie nerwowym.
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9. Podsumowanie i wnioskKi

1. W hodowlach pierwotnych mikrogleju stymulowanych lipopolisacharydem (LPS)
wykazano protekcyjne, antyoksydacyjne oraz pro-wyciszeniowe dzialanie
endogennych agonistow receptora ALX/FPR2 zwigzkow: LXA4 oraz AT-LXAA4,
a takze egzogennego mocznikopochodnego liganda tego receptora — MR-39.

2. Dziatanie przeciwzapalne i pro-wyciszeniowe zwigzku MR-39 pomimo, ze
obserwowane w stezeniach wyzszych (mikromolarnych) niz ligandow endogennych
bylo dtuzsze, a mechanizmy tego dzialania zwigzane z hamowaniem tych samych
szlakéw przekazu sygnalu (ERK1/2 oraz NF-kB), co w przypadku ligandoéw
endogennych.

3. W badaniach ex vivo prowadzonych w hodowlach organotypowych hipokampa
stymulowanych LPS wykazano najwicksza ekspresj¢ receptora ALX/FPR2 na
komorkach mikrogleju, a w mniejszym stopniu takze na neuronach i astrocytach.

4. W hodowlach organotypowych hipokampa pokazano neuroprotekcyjne
I pro-wyciszeniowe dziatanie = mocznikopochodnego liganda receptora
ALX/FPR2 — zwigzku CMC23 w stezeniu nanomolarnym. Wskazano takze na
istotng role modulacji szlaku sygnatowego STAT3/SOCS3 w mechanizmach jego
dziatania.

5. Zwigzek AMS21 w stezeniu nanomolarnym wykazal dzialanie neuroprotekcyjne,
antyoksydacyjnie oraz pro-wyciszeniowe przez wptyw na obecny na komorkach
mikrogleju receptor ALX/FPR2. W mechanizmach przeciwzapalnego dziatania tego
liganda w warunkach ex vivo istotng rol¢ odgrywa hamowanie $ciezki kanonicznej
inflammasomu NLRP3.

6. W modelu uogodlnionej reakcji zapalnej wywotanej jednorazowym dootrzewnowym
podaniem lipopolisacahrydu u dorostych szczuréw ujawniono deficyty behawiorlane
(tzw. ,, sickness behaviour”), ktore w tescie wymuszonego ptywania (test Porsolta)
obserwowano jako: wydluzenie czasu bezruchu, skrocenie czasu plywania oraz
wspinania. Jednoczesnie w hipokampie i korze czotowej zwierzat w modelu
immunoaktywacji wykazano wzrost poziomu cytokin prozapalnych IL-1B oraz
TNF-a.

7. U szczurow po dokomorowym podaniu agonistow receptora ALX/FPR2 (LXA4,
CMC23) wykazano normalizacje deficytow behawioralnych wywotanych podaniem

endotoksyny bakteryjnej, w tym skrocenie czasu bezruchu oraz wydtuzenie czasu
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ptywania. Dzialanie LXA4 bylo krotkotrwate w pordwnaniu do korzystnego efektu
zwigzku CMC23, ktory wydtuzat takze czas wspinania u szczurdw oceniany w tescie
Porsolta.

8. W hipokampie oraz korze czotowej dorostych szczuréw wykazano przeciwzapalne
dziatanie agonistow receptora ALX/FPR2. Podwyzszony poziom cytokiny
prozapalnej TNF-a w hipokampie obnizany byl przez wszystkie ligandy (LXA4,
MR-39 oraz CMC23), natomiast w korze czotowej zmiany dotyczyly LXA4 oraz
CMC23. Jednocze$niec wykazano, ze podwyzszony poziom cytokiny IL-1P
normalizowany byt przez mocznikopochodne ligandy | i Il generacji receptora
ALX/FPR2, natomiast LXA4 miata dziatanie krotkotrwale.

W oparciu o przedstawione w rozprawie wyniki badan uzyskane w modelach
immunoaktywacji mozna wnioskowaé, Ze receptor ALX/FPR2 poprzez mozliwo$¢
przylaczania ligandow o réznej budowie chemicznej stanowi niezwykle wazny punkt
uchwytu dla nowych zwiazkow, ktére moga wielokierunkowo modulowaé odpowiedz

zapalng wspomagajgc proces jej wyciszenia.

Poszukiwanie nowych ligandow receptora ALX/FPR2 o wi¢kszej aktywnosci
oraz korzystnych parametrach metabolicznych i farmakokinetycznych wydaje sie
stanowic¢ istot¢ nowej strategii modulacji procesow zapalnych w oSrodkowym ukladzie
nerwowym, ktérych niekontrolowany oraz przedluzony przebieg stanowi podloze

rozwoju choréb cywilizacyjnych w tym psychicznych i neurodegeneracyjnych.
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Abstract

Formyl peptide receptors (FPRs) belong to the family of seven-transmembrane G protein-coupled receptors. Among them,
FPR2 is a low affinity receptor for N-formyl peptides and is considered the most promiscuous member of FPRs. FPR2 is
able to recognize a broad variety of endogenous or exogenous ligands, ranging from lipid to proteins and peptides, including
non-formylated peptides. Due to this property FPR2 has the ability to modulate both pro- and anti-inflammatory response,
depending on the nature of the bound agonist and on the different recognition sites of the receptor. Thus, FPR2 takes part
not only in the proinflammatory response but also in the resolution of inflammation (Rol) processes. Recent data have
indicated that the malfunction of Rol may be the background for some central nervous system (CNS) disorders. Therefore,
much interest is focused on endogenous molecules called specialized pro-resolving mediators (SPMs), as well as on new
synthetic FPR2 agonists, which kick-start the resolution of inflammation (Rol) and modulate its course. Here, we shed some
light on the general characteristics of the FPR family in humans and in the experimental animals. Moreover, we present a
guide to understanding the “double faced” action of FPR2 activation in the context of immune-related diseases of the CNS.

Keywords Formyl peptide receptors - Inflammation - Lipoxins - Resolvins - SPM’s (small pro-resolving mediators) -
Immune-related brain disorders
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P38MAPK P38 mitogen-activated protein
kinases

PAMP Pathogen-associated molecular
patterns

PPARYy Peroxisome proliferator-activated
receptor gamma

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

PLC Phospholipase C

Prp¢ Cellular prion protein

PRR Pathogen recognition receptors

PUFA Polyunsaturated fatty acid

Rol Resolution of inflammation

ROS Reactive oxygen species

RvD1 Resolvin D1

SAA Serum amyloid A

SOCS Cytokine signaling suppressors

SPMs Specialized pro-resolving
mediators

TLR4 Toll-like receptor 4

TNF-a Tumor necrosis factor a

Introduction

Formyl peptide receptors (FPRs) belong to the largest and
functionally diverse family of 7 transmembrane chemoat-
tractant G-protein-coupled receptors. FPRs are classified as
Pathogen Recognition Receptors (PRRs) located on immune
cells that play a key role in innate immunity due to their
ability to recognize both, pathogen associated and damage-
associated molecular patterns (PAMPs and DAMPs). In fact,
FPRs were first identified on myeloid cell membrane, but
subsequently their expression was demonstrated on neu-
ronal, glial, endothelial and epithelial cells [1]. FPRs partici-
pate not only in host defense and regulation of inflammatory
response but also in the migration, proliferation, superoxide
production and in several physio-pathological processes due
to their unique binding properties and interaction with struc-
turally diverse ligands [2]. Actually, FPRs can interact with
a wide range of compounds belonging to different chemical
structures, from various endogenous peptides and proteins
to non-peptide host-derived lipids and eicosanoids, but also
covers many small-molecule ligands [3, 4].

Among FPRs, the FPR2 receptors are an attractive thera-
peutic target for researchers due to the functionality related
to biased agonism and the diversity of bound ligands. In this
review, we shed some light on the general characteristics of
FPRs in humans and in experimental animals. Moreover, we
present some of the crucial FPR2 ligands which may open
opportunities for research in the context of immune-related
diseases of the central nervous system including Alzheimer’s
disease, depression and ischemia.

Formyl peptide receptor family—an
overview

The nomenclature of FPRs family is diverse, due to the fact
that terminology of the same receptors was associated with
the different manners of classification [5]. Therefore, to
unify the terminology, the International Union of Basic and
Clinical Pharmacology (IUPHAR) established a new lexicon
based on the interaction of the receptor with the agonist.
Based on these guidelines three members of FPRs family
were identified in humans, namely FPR1, FPR2 and FPR3.
On the other hand, despite the ordering of these nomen-
clature, the FPR2 and FPR3 receptors in the literature still
often appear under other names, such as FPR1L and FPRL2
(these names refer to the common homology with other fam-
ily members). Furthermore, the names ALX, FPR2/ALX,
LXAA4R are often used for the FPR2 receptor to refer to its
interaction with the endogenous ligand A4 lipoxin (LXA4)
[6, 7]. It is also worth to mention that in humans, at the
beginning, the naming criterion for FPR1, FPR2 and FPR3
was based on the binding of formylated bacterial product
formyl-methioninyle-leucyl-phenylalanine (f/MLF), because
the formyl receptor was first discovered as a target for this
PAMP [8].

In humans all genes of the formyl receptor are located
on chromosome 19. Moreover, they are characterized by
high homology, e.g., the hFPR1 and hFPR2 receptors
share sequence identity of 69%, hFPR1 and hFPR3 of 56%,
while hFPR2 and hFPR3 about 83% (Table 1). Despite this
sequence similarity, hFPR2 is more ubiquitous and was
created as a result of gene amplification. According to the
sequence analysis, hFPR3 is evolutionarily “the young-
est” member of the FPR receptor family and seems to be

Table 1 Formyl peptide

. IUPHAR-recommended  Other names (used previously) Homology with Homology
receptors (FPRs) family names FPR names FPRI with FPR2
(IUPHAR-recommended and
used previously) FPRI1 FPR, NFPR, FMLPR, FMLP - -

FPR2 FPR2/ALX, FPRH1, FPRL1, ALXR, RFP, 69% -
LXA4R, FMLPX, HM63, FPR2A
FPR3 FPRL2, FMLPY, FPRH2 56% 83%

@ Springer
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more related to hFPR2 than to hFPR1, suggesting that it
arose from gene duplication [9, 10]. They are all expressed
on monocytes; in addition, hFPR1 and hFPR2 are also
expressed on neutrophils [11] and hFPR1 and hFPR3 on
dendritic cells (DC) [12, 13]. Formyl receptors, espe-
cially hFPR2, also maintain a relatively strong expression
on cells of the nervous system including astrocytes and
microglia [14].

Importantly formyl receptors also share overlapping
functions. Originally, these receptors were thought to
be only involved in neutrophil chemotaxis, but later dis-
coveries have begun to highlight other functions, includ-
ing: calcium efflux, clearance of infection, recruitment of
immune cells, pro-resolving properties, but also a role as
a background in the multiple diseases. The wide range
of functions caused by the diversity of endogenous FPR
ligands are not limited only to N-peptides [4]. FPR1 was
for the very first time isolated from HL-60 cells that were
differentiated into granulocytes [15] and prefer to bind
short and flexible structures, such as fMLF for which they
have a strong affinity [16]. The chimeric receptor approach
showed that the affinity of FPR1 for fMLF was 400 times
higher than that of FPR2 [17, 18].

Nevertheless, FPR2 is the only member of the formyl
receptor family that interacts with all types of ligands,
i.e., lipids, peptides, and proteins preferring mainly long,
amphipathic peptides with a helix structure [16, 19]. To
date, the evolutionarily youngest FPR3 is the least known
member of the FPR family. Interestingly, only one pep-
tide ligand with a high affinity for FPR3 is known [10,
11]. Furthermore, FPR3 receptor is highly phosphoryl-
ated, indicating that it rapidly internalizes after binding
its ligands and thus may serve as a “decoy” receptor to
restrict the binding of available ligands to other receptors
[20]. Recently, some data have indicated a role of FPR3
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O mFpr-rs5
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D D

mFpr1

mFpr-rs6  mFpr-rs7 mFpr-rs3 mFpr-rs4

Fig. 1 Homology between the human (h) and mouse (m) FPR fam-
ily member genes. The “human group” contains three FPR proteins,
the “mice group” includes eight FPR-related forms. AFPRI and
mFprl are in the same cluster, while mFpr-rsi, mFpr-rs2 (called also
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in promoting calcium mobilization or chemotaxis [10, 11]
but it certainly requires further research.

Formyl peptide receptor family—animal species
distribution

The formyl receptor family has also become the focus of
animal research. The presence of FPRs was found in guinea
pigs, primates, rabbits, horses, rats, and mice, among others
[5]. Considering that formyl receptors are present in a wide
range of species, their structure, functionality, nomenclature,
and homology with the human FPR family are very diverse.
Currently, the most widely known formyl receptors in ani-
mals are those found in mice. The murine formyl recep-
tor family includes 8 described formyl receptors: mFprl,
mEpr2, mFpr-rsl, mFpr-rs3, mFpr-rs4, mFpr-rs6, mFpr-rs7,
and mFpr-rs8 located on chromosome 17A3.2 [4] (Fig. 1).
Scientific research has mainly targeted two direct orthologs
between mouse and human with mFprl and mFpr2 repre-
sented by hFPR1 and hFPR2, respectively [21]. Although
the human FPR family has murine orthologs whose high
level of expression is also similar to that of humans on
phagocytic leukocytes, the binding affinity for individual
ligands is different. Literature data show a 100-fold lower
affinity of mFprl for fMLF and structural differences in the
ligand binding domain. The mFprl receptor appears to be
more similar to FPR2 in terms of its human ortholog [22,
23]. The structural differences between hFPR1 and mFprl
do not cover all aspects of functionality. Mice with the
mFprl™~ phenotype revealed its strong association with host
defense regulation. The targeted deletion of genes encoding
mFprl but also mFpr2 seems to confirm these results. Ani-
mals with that deletion show reduced resistance to bacterial
infections; however, the fertility and viability of the animals
are not affected [24, 25]. The mFpr2 and mFpr-rs1 receptors
show high homology to human FPR2 and FPR3. Moreover,

O
O O
hFPR1 hFPR3 O
O hFPR2/ALX
mFpr-rs1
mFpr-rs8 mFpr-rs2

mFpr2) and mFpr-rs8 belong to the another cluster. They are closely
related to hFPR2/ALX and hFPR3. Based on protein sequences,
mEpr-rs3, mFpr-rs4, mFpr-rs6, mFpr-rs7 and mFpr-rs5 are closely
related
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the knockout study mice mFpr2~~ revealed the possibil-
ity of a functional crossover between hFPR3, hFPR2, and
mFpr2, respectively [26, 27]. Studies based on these animals
have also established that despite mFpr2 has a low affinity
for fMLF, it binds with high affinity to several peptide ago-
nists that activate human FPR2/ALX, including the amy-
loidogenic proteins serum amyloid A [28-31] and amyloid
B (1_42)- Mouse Fpr2 is also a receptor for F2L (which is
also a strong agonist of hFPR3). These findings indicate that
mouse Fpr2 share pharmacological properties with human
FPR2/ALX. It is very important in the context of the result
of studies conducted in FPRs-deficient mice, indicating their
translational potential.

The remaining members of the formyl receptor family
do not seem to exhibit as many distinctive features. It may
be related to the complex evolution of genes and sequence
divergence between orthologs. Among the genes encoding
mFpr, there is the pseudogene mFpr-rs5 (wmFpr-rs3) which
does not encode a functional receptor, but it does not possess
the features characteristic of pseudogene [4, 21]. mFpr-rsi,
mFpr-rs3, mFpr-rs4, mFpr-rs6, and mFpr-rs7 represent che-
mosensory vomeronasal GPCR receptors [32, 33]. The bio-
logical function of mFpr-rsi is still unclear. Although mFpr-
rsl overlaps many functions and structural features with
hFPR?2 its ability to activate the human and mice ligands is
very low. The underlined data demonstrate the commonal-
ity of many structural and pharmacological features of both
human and mice members of the FPR family.

Conformational changes and biased
agonism of FPRs

According to the literature, the FPR family is a group of
G-protein-coupled receptors and belongs to one of the most
diverse groups of receptors, namely: 7 transmembrane recep-
tors (7 TM) [34, 35]. In general, the FPR family receptors
consists of a few conservative elements: the extracellular
N-terminus, seven transmembrane domains (TM1-7) con-
nected via three intracellular and extracellular loops (IL1-3,
EL1-3) and the intracellular C-terminus. Furthermore, in
some receptors, there is an extra eighth helix in the poly-
peptide chain that is parallel to the inner surface of the cell
membrane [36, 37]. The extracellular domains (EL1-3) are
responsible for the detection of ligands and their access to
the structural core, while intracellular domains (IL.1-3) bind
to a variety of cytoplasmatic systems, such as G proteins,
arrestin or receptor kinases coupled with G proteins [38].
Transmembrane TM1-7 helixes participate in binding and
signal transmission into the cell through conformational
changes that are essential for receptor activity [39]. Two
highly conserved motifs are directly involved in the confor-
mational changes: NPXXY in TM7, which is responsible

for activating the receptor and E/DRY (combining TM3 and
TMS6), which acts as a specific "ion blocker" that maintains
the stabilization of the receptor conformation [40, 41].

It is intriguing to observe that among formyl peptide
receptors, FPR2 have properties to functional changes,
which depend on this receptor conformation. Emerging data
suggest that FPRs form higher order structures (e.g., FPR1/
FPR2 heterodimers, FPR2 homodimers, FPR1 homodimers),
which leads to altering the downstream intracellular signal-
ing pathways by allowing colocalization of effector domains,
enhancing intracellular activation, or creating new ligand
specificity [42, 43]. Cooray et al. have indicated that FPR2
homodimers and FPR2-FPR1 heterodimers occur consti-
tutively in leukocytes and alters the activation of signaling
pathways in response to specific ligands [44]. Peptide ligands
also play a role in dimerization: annexin Al (ANXA1) and
LXA4 promote FPR2 homodimerization, while peptide
Ac2-26 stimulates FPR2-FPR1 heterodimerization. Inter-
estingly, FPRs also form oligomers with scavenger MARCO
receptors (macrophage receptor with collagenous structure).
Interactions between FPR and MARCO receptors have been
demonstrated by bioluminescence and co-immunoprecipi-
tation studies and fulfill their functions in agonist-evoked
changes in cyclic adenosine monophosphate (cAMP) levels
and extracellular signal-regulated kinases (ERK1/2) phos-
phorylation, as well as signal transduction in glial cells via
AP1-42 [45]. Importantly, the FPR2 conformational changes
(ligand-dependent) determines its action [46].

On the other hand, protein and lipid ligands bind to differ-
ent FPR2 binding sites (Fig. 2). Lipoxins A4 (LXA4) bind
at 7TM and 3rd extracellular loop, while peptide ligands,
such as ANXAL1 or serum amyloid A (SAA), bind at the
NH2-terminal domain or 1st two extracellular loops [47, 48].

After binding of the ligand, FPR2 is activated and trig-
gers several agonist-dependent signal transduction path-
ways through the involvement of the Gail, Gai2 and Gai3
G-receptor subunits [5]. In fact, the effects observed after
FPR2 activation include the activation of phospholipase A2
(PLA2), phospholipase C (PLC) isoforms, protein kinase C
(PKC), phosphoinositide 3-kinase (PI3K), protein kinase B
(Akt), mitogen-activated protein kinase (MAPK) pathway as
well as p38MAPK, which modulate proliferation, differen-
tiation, apoptosis, cellular communication and other intracel-
lular functions. Furthermore, phosphorylation of cytosolic
tyrosine kinases, phosphorylation and nuclear transloca-
tion of regulatory transcription factors, calcium release and
oxidant production so far were demonstrated [49]. Among
the post-translational modifications of FPR2, phosphoryla-
tion processes, which are determined by a balance between
protein kinases and protein phosphatases, seem to be of
great importance [1]. Therefore, despite the fact that pro-
tein phosphorylation is limited to specific phospho-sites,
and it is not the only post-translational change (which also
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Fig.2 Ligand-biased signaling via FPR2 leads to dual effects: pro-
inflammatory on the one hand and pro-resolving on the other. A vari-
ety of endogenous ligands exert pro-inflammatory (SAA Serum Amy-
loid A, PrPc Prion Protein, ANXAI Annexin Al) and pro-resolving
(LXA4 Lipoxin A4, RvDI Resolvin D1, SPMs Specialized Pro-resolv-
ing Mediators) effects. SAA, PrPc, amyloid-f elicit proinflammatory

include methylation, acetylation, sumoylation or ubiquitina-
tion) occurring after FPR activation by agonists, understand-
ing the mechanisms of their regulation may be crucial for
the development of new pharmacotherapy of CNS diseases.
Ligand-dependent stimulation of G-protein-coupled recep-
tors may also lead to transactivation process, which acti-
vates signaling from receptors tyrosine kinase (RTK) [50].
Among others, TrKA receptor activation results in phos-
pohorylation of various tyrosine residues (e.g., Y490, Y751
or Y785). Phosphorylated tyrosine residues form docking
sites for other proteins and trigger the activation of Ras/
MAPK, PI3K/Akt as well as PLC y/PKC pathways [51].
Interestingly, several features of TrkA receptor transactiva-
tion are noteworthy and differ significantly from other trans-
activation events, first of all, because it is slower. However,
given the role of the mentioned signaling cascades in the
physiological and pathological processes in the brain and
in the action of CNS-active drugs, the TrkA transactivation
by FPRs agonists may provide an innovative strategy for
the treatment schizophrenia, depression and other mental
illnesses.

At the same time, it should be strongly emphasized that
the FPR2 downstream signaling pathway activation, depends
not only on the chemical structure of the ligand but also
on the cell type involved [14, 52], which is important in
understanding how FPR2 activation elicits different cel-
lular responses leading to inflammation and its resolution.
For example, SAA binding increases the expression of the
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signals and stimulate the release of pro-inflammatory cytokines (e.g.,
TNF-a, IL-1p, IL-6). This FPR2 signaling is counteracted by pro-
resolving agonists that suppress the expression of pro-inflammatory
cytokines and increase the release of anti-inflammatory factors (e.g.,
IL-10). (Image generated by Biorender)

NF-kB, whereas LXA4 suppresses NF-kB activity [46].
Therefore, FPR2 enables the switch of both pro-inflamma-
tory action to pro-resolving because of the diversity of intra-
cellular signaling cascades from GPCR activation.

In 2019, Raabe et al. discussed the biased perspectives
on FPRs. According to those authors, the “classic” view
about ligand/receptor interactions accounts only for agonists
(which leads to activation) and antagonists (inhibit the acti-
vation) [53, 54]. FPR2-ligand interactions lead to totally dif-
ferent cellular responses, a finding, which completely ques-
tions this classical concept of receptor—ligand interaction.
This phenomenon—biased agonism—explains how different
FPR2 agonists do not lead to the same effects and why FPR2
agonists play essential roles in the control of active inflam-
mation resolution and host defense. What is more, FPR2 is
unusual, because it can switch from a pro-inflammatory to
anti-inflammatory response while at the same time maintain-
ing the former at a low but possibly life-saving level [55].

Inflammatory response and FPR2 ligands

The inflammatory response is one of the main process in
the organism. Among the processes of inflammatory ori-
gin, acute inflammation is a protective, self-limiting process
that disappears after the removal of the insult in the absence
of major damage to the body. Several phases of inflamma-
tion, including initiation, propagation, and resolution, have
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been demonstrated. Recently it has been suggested that
these phases do not develop sequentially but rather overlap
[56]. The physiological outcome of the acute inflammatory
response is the restoration of tissue homeostasis and func-
tionality, culminating in tissue repair, and is followed by
the resolution phase [57, 58]. However, when the mecha-
nisms controlling this complex reaction, triggered by sev-
eral factors including proteins, lipids and stimulatory signals
derived from injured cells or by inflammatory mediators
(e.g., chemokines, cytokines) fail, an uncontrolled inflamma-
tory reaction can be detrimental, which indeed is a driving
pathogenetic mechanism for a wide range of immune-related
diseases.

There is a lot of evidence that in the course of the pro-
longed inflammatory response and neurodegeneration, non-
formyl peptide FPRs agonists are involved. This group of
ligands activates FPRs independently from the presence of
an N-formyl group, showing a particular preference for the
interaction and activation of FPR2.

Undoubtedly, the serum acute-phase protein (SAA) is of
particular importance among them because of an unfavora-
ble role in chronic inflammation and amyloidosis. The pro-
inflammatory effects of SAA caused by stimulation of FPR2
in phagocytes, epithelial cells and T lymphocytes, lead to the
production of inflammatory mediators [43, 59-61]. Interest-
ingly, some data postulated that native SAA may exhibit
cytokine-like properties but whether this effect is related
to FPR2 activation still remains unclear and is a subject of
scientific debate [62, 63].

Among the amyloidogenic agonists of FPR2 the cel-
lular prion protein fragment (PrP°), a glycoprotein highly
expressed in the brain is highlighted. The role of PrPC in
amyloid B (Ap) oligomer-induced synaptic impairment is of
great interest [64]. In fact, impairment of LTP by Ap oligom-
ers isolated from the brains of AD patients was attenuated by
pretreatment with an anti-PrP© antibody [65, 66]. Moreover,
some data pointed out the role of PrPC in synaptotoxicity
mediated by soluble AB. On the other hand, in some stud-
ies the effects of PrP® in the LTP alterations and memory
deficits in mouse models of AD were not seen [67, 68]. PrP®
fragment, through its interaction with FPR2 in glial cells,
induces calcium mobilization, enhances chemotaxis (e.g.,
via MCP-1) and leads to potentiation of the inflammatory
response. Among the cytokines released from glia cells in
response to PrPC, there are: TNF-a, IL-1p, IFN-y, or IL-6,
which reportedly accelerate AD progression in both AD
patients and in the animal model of AD [69, 70].

In addition to SAA and PrP¢, two other amyloidogenic
peptides have also been described: 42-amino acid form of
AP amyloid peptide (Ap42) and humanin, which exert an
agonistic effect on FPR2. Despite the fact that both pep-
tides, by activating FPR2, induce migration and increase the
phagocytic activity of monocytes in the brain, they have a

different role in the course of Alzheimer’s disease. AB42 is
involved in the fibrillary tangle formation and deposition in
the brain of AD patients [71, 72]. Moreover, via interaction
of microglial cells with FPR2 AB42 increase the inflamma-
tory cytokines production, including TNF-a, interleukins
(IL-1p, IL-6), interferon-y, and chemokines, such as CCL2,
CXCLS8, CXCL10 and CCL3 [73, 74].

In contrast, the already mentioned humanin has the oppo-
site, i.e., neuroprotective activity [75]. In fact, humanin, by
inhibiting A interaction with FPR2 in phagocytes, prob-
ably reduces aggregation and generation of fibrillary forma-
tions. Perhaps also the ability of humanin to interact with
other FPRs, e.g., FPR3 [75, 76] play a crucial role in these
phenomena.

The “dual-faced” FPR2 agonists include annexin Al
(ANXA1) and its bioactive N-terminus domains (Ac2-26
and Ac9-25). ANXAL is a glucocorticoid-regulated phos-
pholipid-binding protein of 37 kDa, expressed in a variety
of cell types. It seems that the dual properties manifested by
ANXAT1 are mediated by peptides derived from its N-ter-
minus domain (Ac2-26 and Ac9-25), which are presum-
ably generated at sites of inflammation. Interestingly, at high
concentration the ANXAT peptides fully activate FPR1, just
as the conventional agonists and induce pro-inflammatory
response. On the other hand, at low concentrations they only
demonstrate a partial activity at FPR1, leading to the inhibi-
tion of adhesion and transmigration of leukocytes, reduc-
ing the intensity and duration of the inflammatory response
while intensifying proliferation and invasion of epithelial
cells [77]. Moreover, it is suggested that both (Ac2-26 and
Ac9-25) peptides use FPR2 for their anti-inflammatory
actions [78], but there are also data postulating that other
receptors, including FPR3, are involved in these pro-resolv-
ing effects [79].

Moreover, the role of ANXAT1 in the behavioral distur-
bances, such as anxiety is widely discussed. In fact, the
absence of ANXA1 protein even more than the absence of
its main receptor (namely FPR2/3) is indispensable to the
suppressive action of glucocorticoids on the HPA axis, as
well as to the hippocampal homeostasis by preventing neu-
ronal damage in the course of depression [80]. On the other
hand, in FPR2/3-deficient mice data showed a behavioral
disinhibition and reduced anxiety [81], manifested by the
increased climbing exploratory activity in an open-field test,
as well as superior performance on a novel object recogni-
tion test, just to mention a few. These effects were accom-
panied by an increase in blood plasma corticosterone, which
does not exclude the possibility of a compensatory effect
and/or changes in ANXAI1 level. This issue undoubtedly
requires further detailed studies. Nonetheless, the crucial
role of FPR2 receptors in mediating the behavioral deficits
at the cognitive—emotional interface are clearly confirmed by
the Boc-2 administration to wild-type mice, which followed
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the deficits observed in the above-mentioned FPR2/3-defi-
cient mice [81].

Recently, data have demonstrated that in the brain,
ANXAI1 is engaged in the regulation of the blood—brain bar-
rier (BBB) integrity of patients with multiple sclerosis [82].
Furthermore, ANXA1 may be involved in the occurrence
and progression of acute severe traumatic brain injury [83].
Moreover, Wang et al. found that the expression of ANXA1
decreased after cerebral hemorrhage, and the increase in the
expression of ANXAT could alleviate neuronal necrosis, and
reduce brain edema after cerebral hemorrhage [84]. Interest-
ingly, Luo et al. found that ANXA1 could also exert neuro-
protective effects on brain damage by polarizing microglia
cells into M2 phenotypes [85].

ANXA1 was reported to also be associated with the early
stage of AD in patients and in animal models. By inhibiting
the secretion of inflammatory mediators stimulated by A,
ANXAI could stimulate microglial phagocytosis of A and
reduce the level of AP [86]. In fact, some data show that
ANXALI expression is reduced in AD patients, which may
be related to an increased degree of neurodegeneration. The
decreased expression of ANXAT in patients with mild cog-
nitive impairment and AD might contribute to the increased
neuroinflammation and cognitive deficits [87].

FPR2 agonists in the course of the resolution
of inflammation

The correct flow of the resolution of inflammation (Rol),
which is an active process, requires proper endogenous acti-
vation that induces a switch from the release of proinflam-
matory molecules to the secretion of pro-resolving media-
tors. In this event, the so-called specialized pro-resolving
lipid mediators (SPMs) play a prominent role, because they
modulate leukocyte infiltration and activities, as well as
anti-inflammatory cytokine release to terminate inflamma-
tion [88]. These molecules, including lipoxin A4 (LXA4),
derived from arachidonic acid (AA), and the D-series
resolvins (RvD1) derived from docosahexaenoic acid (DHA)
are key paracrine and autocrine biochemical signaling mol-
ecules in the CNS. They are reported to be involved not
only in the Rol by triggering the processes that reduce the
expression of pro-inflammatory response, but also, in the
case of Rol deficits, in the progression of neurodegenerative
and neuropsychiatric diseases [89, 90]. In fact, SPMs acti-
vate cascades that induce remodeling within sites damaged
by inflammatory processes. Most of the effects of Rol are
mediated through FPR2, which is able to promote several
processes crucial for resolution of inflammation, including
neutrophil extravasation blockade, promotion non-phlogis-
tic monocyte recruitment, suppression of proinflammatory
mediators while potentiating anti-inflammatory cytokines
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release and macrophage phagocytosis and efferocytosis,
altering macrophages phenotype and instructing cells to
favor repair [91, 92]. Interestingly, the anti-inflammatory
effects rely mostly on suppressive action, while pro-resolv-
ing effects are mediated by the activation of specific inherent
processes; however, the Rol is the final result of both [91,
93]. Recently, it has been found that SPMs elicit “mild to
moderate effects”, which, led to the balance between proin-
flammatory and anti-inflammatory reactions [91]. It should
be mentioned, that in the brain the course of inflammatory
response is slightly different due to the collective interaction
of various brain cells (microglia, astrocytes, oligodendro-
cytes, and NG2 glia) and, in some cases, peripheral immune
cells. Therefore, a great deal of importance is given to SPMs
which can act on both glia and neurons [93] and they include
lipoxins and resolvins.

Lipoxins

Lipoxins have emerged as prominent chemical mediators
whose synthesis is switched on during an inflammatory
response, which allows the Rol. In classical lipoxin biosyn-
thesis in leukocytes and epithelial cells, arachidonic acid
undergoes double, transcellular oxidation catalyzed by lipox-
ygenases (LOX), resulting in the formation of two deriva-
tives of lipoxin A (LXA4) and lipoxin B (LXB4) [93]. On
the other hand, in the second pathway of lipoxin synthesis,
aspirin-dependent lipoxin epimers: AT-LXA4 and AT-LXB4
are formed under the influence of acetylated cyclooxygenase
(ASA-COX?2). Lipoxin A4 (LXA4) and its AT-LXA4 epimer
act primarily through the FPR2 receptor [94]. In addition,
LXAA4 can activate other receptors, such as an orphan G-pro-
tein-coupled receptor (GPR32), aryl hydrocarbon receptor,
estrogen receptor and high affinity cysteinyl leukotriene
receptor [95-97].

Binding of LXA4 to FPR2 receptor results in the activa-
tion of many intracellular signaling pathways. Simultane-
ously, the conformational changes following the attachment
of LXA4 prevents binding of other ligands, e.g., amyloid p or
SAA to the FPR2 [19]. Among signaling cascades, the cell-
dependent activation of the PI3K/AKT pathway by LXA4 is
of key interest [98]. LXA4-mediated modulation of the neu-
trophil recruitment to the site of inflammation by increas-
ing cytosolic calcium levels is important in the resolution
of inflammation [99]. Moreover, LXA4 anti-inflammatory
effect is also associated with the inhibition of the NF-kB
(nuclear factor-kB), which in turn, leads to a reduction in
the transcription of pro-inflammatory cytokines. Simulta-
neously, LXA4 increases the level of mRNA for cytokine
signaling suppressors (SOCS). On the other hand, LXA4,
by inhibiting the activation of transcription factors including
NFxB and AP-1 (Activator protein 1) [100], up-regulates the
levels of nuclear factor erythroid 2-related factor 2 (Nrf2)
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and peroxisome proliferator-activated receptor gamma
(PPARY), which are the factors which suppress the expres-
sion of pro-inflammatory genes [98] (Fig. 3). Resolving the
inflammation and restoring LXA4 signaling has been shown
to reduce the severity of Alzheimer’s disease such as neu-
ropathology including the decrease in amyloid plaques, tau
phospohorylation and inflammation as well as leading to the
improvement in the cognitive performance in the 3xTg-AD
mouse model [101]. Moreover, the combined administra-
tion of LXA4 and resolving E1 terminated inflammation in
a murine model of AD [102]. The mechanism of LXA4 and
AT-LXA4 has not been defined unequivocally, nevertheless
it is postulated that both agonists reduce the secretion of pro-
inflammatory mediators, such as TNFa, while LXA4 has
also been shown to promote the release of anti-inflammatory
factors and to exhibit the ability to reduce Af and phospho-
rylated tau levels [89].

Resolvins

Resolvins are the second important class of FPR2 agonists
that play an important role in the positive regulation of
inflammatory processes. They are a group of compounds,
derivatives of docosahexaenoic acid (DHA)—resolvin D and

eicosapentaenoic acid (EPA)—resolvin E. The formation of
resolvins is the result of the process taking place at the final
stage of acute inflammation as a result of the interaction of
cells, i.e., neutrophils, macrophages, platelets or endothelial
cells (transcellular biosynthesis). The synthesis of D-series
resolvins from docosahexaenoic acid (DHA) is catalyzed by
lipoxygenase (15-LOX) or acetylated aspirin cyclooxyge-
nase-2 (COX-2). The initially formed 17R-hydroperoxydo-
cosahexaenoic acid (17R-HDHA) is transformed by epoxi-
dation and with the participation of 5-LOX into D resolvins
1 to 4, which differ in the stereochemical asymmetry of the
carbon chain. In parallel, the transformation of DHA under
the influence of ASA-COX-2 leads to the formation of AT-
RvD1 to 4 [103]. The synthesis of E-series resolvins occurs
by conversion of eicosapentaenoic acid (EPA) catalyzed by
ASA-COX-2 and 5-LOX leads to resolvin E1 (RvE1) and
resolvin E2 (RvE2) formation.

RvD1 interacts with the GPCR-32 receptor as a potent
agonist to signal for pro-resolving responses but can also
directly activate FPR2 with a high affinity [77]. Numerous
studies have shown that resolvins inhibit the migration of
inflammatory cells, stimulate macrophages to phagocytosis
of apoptotic neutrophils, inhibit NF-xB activation and secre-
tion of proinflammatory cytokines, thereby contributing to
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Fig. 3 Binding of LXA4 to FPR2 receptor results in the activation of
many intracellular signaling pathways. Depending on the cell type,
LXA4 have different effects on PI3K/AKT signaling pathway. In
macrophages, lipoxins have an anti-inflammatory effect through the
activation of PI3K/AKT pathways which leads to an increase in their
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in the recruitment of neutrophils at the site of inflammation. LXA4
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activation of the NF-kB and by increasing the SOCS mRNA level.
By inhibiting the activation of transcription factors including NFkB
and AP-1, LXA4 up-regulates the levels of Nrf2 and PPARy—fac-
tors which suppress the expression of pro-inflammatory genes. LXA4
Lipoxin A4, NF-kB nuclear factor-kB, SOCS cytokine signaling sup-
pressors, AP-1 activator protein 1, Nrf-2 nuclear factor erythroid
2-related factor 2, PPARy peroxisome proliferator-activated receptor
gamma
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the suppression of inflammatory processes [104]. Moreover,
RvD1 can promote cell survival by calcium release, Erk1/2
and PI3K/Akt signaling activation or blocking the TNF-a
signaling as well as caspase-3 activity. Furthermore, RvD1
could promote bcl-xL expression, Interaction with FPR2
negatively regulates downstream IRAK1/TRAF6/NF-«xB or
MAPKSs signaling pathways [80, 105]. All of the above data
indicate that RvD1 may modulate microglial pro-inflam-
matory polarization and may play an important role in the
resolution of inflammation (Fig. 4).

In line, in PC12 cell cultures the beneficial impact of
RvD1 on the IL-4 induced expression of alternative micro-
glia stimulation markers was observed. This anti-inflamma-
tory and pro-resolving effects of RvD1 was related to the
activation of STAT6 and PPAR-y signaling pathways [106].
In addition, it was found that an increase in the production
of D1 resolvin may be one of the mechanisms protecting
the cells against ischemic injury, resulting in the protective
effect on CA1 neurons of the hippocampus and cognitive
functions. This action of RvD1 is probably also related to its
modulatory impact on the PPAR-y pathway [85].

Some data postulate a possible therapeutic potential of
RvD1 in Parkinson’s disease. It is based on the observa-
tion from the PC12 cultures, where RvD1 dose-dependently
inhibited MPP +induced upregulation of cell apoptosis and
cellular damage evoked by TNF-a and IL-6 production via
suppression and ERK and p-38 pathways [107]. In addition,
in an in vivo model of Parkinson’s disease in rats induced
by 30-day LPS administration, the combined treatment with
RvD1 and RvD?2 prevented the development of behavioral
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deficits and the activation of the TLR4/NF-kB pathway
[108].

Nevertheless, much more data points to the antidepres-
sant potential of RvD1 in many experimental models. For
instance, it was described, that in animal models of depres-
sion, some resolvins counteracted the depressive-like behav-
ior. In fact, intraventricular administration of RvD1 or RvD2
attenuated the LPS-induced depression-like behaviors in the
tail suspension test (TST) and forced swim test (FST) in
murine chronic unpredictable stress (CUS) model, which
may indicate an antidepressant effect of RvD1 and RvD2
[109]. Also, in studies using the murine model of depres-
sion, RvD1 has been shown to have an antidepressant effect,
strongly dependent on the activation of FPR2 and in con-
sequence, on MAP/ERK, PI3K/Akt but also AMPA sign-
aling [110]. Importantly, in the mouse model of fibromy-
algia-associated depression, intravenous RvD1 and RvD2
administration increased dopamine and glutamine cortical
levels and limited the deficiencies of serotonin, suggesting
the positive effect on neurotransmitter imbalance in depres-
sion [111]. Simultaneously some clinical studies suggest
that RvD1 may be an attractive marker in manic, depres-
sive and euthymic states of bipolar disorders. In fact, the
levels of RvD1 were enhanced in manic and depressive
states in comparison with the appropriate control groups
[112]. Since RvD1 level correlated with an increase in the
c-reactive protein, it is possible that RvD1 concentration
should also be indicative of the presence of a subclinical
inflammation, especially in the course of acute episodes to
compensate for the inflammatory response. The usefulness
of RvD1 as an indicator of the anti-inflammatory process
has been confirmed by a positive correlation between RvD1
and neutrophil count. Thus, the assessment of RvD1 may
be a new potential marker in studies of psychiatric disorders
associated with inflammatory processes.

Various reports postulate that also RvD1 of the AT-RvD1
series, which was formed as a result of the action of ASA-
COX2, exerts anti-inflammatory and pro-resolving effects
and is many times more stable that LXA4 and RvD1. In
fact, the data from in vitro and in vivo studies show that the
peripheral administration of AT-RvD1 prevented astroglio-
sis and improved short- and long-term potentiation (LTP)
enhancement of the hippocampus in mice [113]. Further-
more, improvement in the sensorimotor function and mem-
ory after traumatic brain injury (TBI) in mice leads to the
conclusion that the reduction of long-term inflammation
limits the decline in neurological function [114]. Simultane-
ously, beneficial responses were observed after intravenous
administration of AT-RvD1 expressed as increased levels of
cortical dopamine and glutamate and reduced depletion of
serotonin in a mouse model of depression associated with
fibromyalgia, which suggests that AT-RvD1 activity normal-
izes neurotransmitters levels in depression [111].
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Synthetic FPR2 agonists

Lipoxins and resolvins exert strong endogenous anti-
inflammatory effects but their chemical and metabolic
liability [115] greatly hamper their development as
potential pro-resolving drugs. In fact, LXA4 is subject to
metabolism by prostaglandin dehydrogenase at C,5 and
w-oxidation at C,,. Therefore, there has been and still,
there is a great interest to develop lipoxin analogs less sus-
ceptible to metabolic deactivation with a longer biological
half-life [116, 117].

The first generation of lipoxin analogs was designed to
enhance biostability at C,5 and the w-end. For example,
compound 1 (Fig. 5) was able to inhibit the transmigration
of human neutrophils at a dose range comparable to LXA4
[22]. However, the therapeutic potential of these analogs was
limited due to rapid in vivo clearance after oral or intrave-
nous administration.

The second generation of lipoxin mimetics featured a
benzene ring to replace the triene system of LXA4 (the so-
called benzo-LXA4), exemplified by compound 2 (Fig. 5),
which demonstrated potent potential therapeutic in several
models of peripheral inflammation [44, 45].

The high lipophilicity of the second generation of lipoxin
mimetics led to the development of the less lipophilic third
generation in which the benzene ring was replaced with het-
eroaromatic rings (imidazole, oxazole). These compounds,
exemplified by compound 3 (Fig. 5), showed in vitro anti-
inflammatory activity being able to attenuate LPS-induced
NF-kB activity with a potency similar to LXA4 [46, 47]
and reduced the inflammatory process in vivo in a model of
zymosan-induced peritonitis. None of the lipoxin mimet-
ics has been tested in animal models of neurodegenerative
diseases and, thus, there are data about their ability to cross
the blood-brain barrier and to accumulate into the brain.

Besides lipoxin mimetics, several small-molecule FPR2
agonists with promising therapeutic potential have been
developed from both pharmaceutical companies and aca-
demia. The FPR2 agonist BML-111 (Fig. 5) is able to reduce
inflammation and neutrophil infiltration and to potentiate the
release of anti-inflammatory factors (e.g., IL-4, IL-10) in
various inflammatory-based disorders [106, 116, 118-120].
A recent study demonstrated the efficacy of BML-111 in the
cerebral ischemia-reperfusion injury in rats (Fig. 2) [94]. In
the ischemic brain treatment LXA(4)ME suppressed neutro-
phils infiltration and lipid peroxidation levels; inhibited the
activation of microglia and astrocytes, reduced the expres-
sion of pro-inflammatory cytokines (e.g., TNF-o and IL-1f),
while up-regulated the expression of anti-inflammatory
cytokines (e.g., IL-10 and TGF-p1). Interestingly, the acti-
vation of NF-kB was also inhibited by LXA(4)ME, which
suggested that LXA(4)ME afforded a strong neuroprotective
effect against cerebral ischemia—reperfusion injury, and that

these effects might be associated with its anti-inflammatory
property [121].

Among the small-molecule FPR2 agonists, the quina-
zolinone derivative Quin-C1 (Fig. 5) is a potent agonist as
it induces FPR2-mediated intracellular Ca®* mobilization
in the nanomolar range. Quin-C1 showed anti-inflammatory
properties in a mouse model of bleomycin-induced lung
injury being able to decrease the expression of IL-1p and
TNF-a [122]. Another small-molecule FPR2 agonist, which
is also an FPR1 agonist, is the chloropyrazolone derivative
“Compound 43” (Fig. 5). This compound is able to mobilize
intracellular Ca>* and inhibit PMN migration stimulated by
IL-8 and fMLF [123]. In a recent study, the intracellular
signalling pathways activated by Compound 43 and by the
pyridazin-3(2H)-one FPR2 agonist known as “compound
17b” have been comparatively studied evidencing biased-
agonist properties for the two compounds. In CHO cell over-
expressing FPR2 and in primary cardiomyocites ‘“compound
17b” showed a marked biased effect as it induced ERK1/2
and Akt1/2/3 phosphorylation along with 30-fold bias away
from intracellular Ca** mobilization relative to “compound
43”. In addition, “compound 17b” reduced necrosis in iso-
lated cardiomyocytes and inhibited the release of pro-inflam-
matory IL-1f after stimulation with TGF- [124].

The pyrrolidinone FPR2 agonist BMS-986235 (Fig. 5),
recently disclosed by Bristol-Meyer Squibb, shows high
potency and selectivity for FPR2 and is able to inhibit neu-
trophil chemotaxis and stimulate macrophage phagocytosis
in cellular assays. BMS-986235 is also able to improve car-
diac function in a mouse model of heart failure [125].

We have contributed to the field of FPR2 agonists by
developing a series of ureidopropanamide-based agonists
[126, 127] that has its origin from the gastrin-releasing pep-
tide receptor antagonist PD-175266 and the neuromedin B
receptor antagonist PD-168368, both potent FPR1/FPR2
agonists. A medicinal chemistry campaign led to the identi-
fication of the selective FPR2 agonist MR39 (Fig. 5) [126]
that shows favorable pharmacokinetic properties. In fact,
MR39 is stable to oxidative metabolism in rat liver micro-
somes (t;,, =48 min) and shows good passive permeability
through an hCMEC/D3 cells monolayer, an in vitro model of
the blood—brain barrier. MR39 demonstrated protective and
anti-inflammatory properties as it lowered IL-1f and TNF-a
levels in LPS-stimulated primary rat microglia cell cultures
[126]. Moreover, MR39 and related analogs exerted neuro-
protective effects in LPS-stimulated rat primary microglial
cells at dose ranges comparable to LXA4 but lasting longer
(unpublished data). MR39 provided promising results also
in relation to the shift to the alternative microglia activa-
tion and the synthesis of anti-inflammatory cytokines. Thus,
MR39 and its analogs are prospective tools to study the ther-
apeutic potential of FPR2 agonists in the pharmacotherapy
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Fig.5 Structures of the lipoxin
mimetics and small-molecule
Formyl peptide receptor 2
(FPR2) agonists

of CNS diseases [127]. It worth noting that the wide chemi-
cal diversity of FPR2 agonists might imply biased FPR2
signaling. Therefore, a detailed pharmacological analysis
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of existing FPR2 agonists will provide valuable pieces of
information in the search of FPR2 agonists effective in the
resolution of inflammation.
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Conclusions

The FPR2 is a versatile transmembrane protein belonging
to the class of G-protein-coupled receptor family. FPR2
recognize various ligands with significantly different struc-
tures, such as non-formyl peptides, endogenous peptides,
structurally unrelated lipids as well as synthetic small pro-
resolving molecules. Therefore, FPR2s is highly “promis-
cuous” in terms of ligand recognition, which means that it
can be activated by agonists with pro-inflammatory as well
as pro-resolving properties. This creates a unique opportu-
nity for switching from pro- to anti-inflammatory profile of
FPR2 activation. This is of utmost importance for the treat-
ment of various chronic CNS inflammatory-related diseases,
since traditional anti-inflammatory therapies only reduce
the mounting of the inflammatory response but also impair
some relevant mechanisms that trigger the resolution phase.
Therefore, a novel and innovative approach to modulating
the inflammatory response is needed. Opportunities are
given by SPMs, which in addition to their well-recognized
role as modulators of inflammation promote Rol by regu-
lating several molecular and cellular pathways. Hence, the
search for ligands characterized by an adequate pharmaco-
logical profile and bioavailability, which may become widely
used to promote endogenous Rol through FPR2 activation,
appears advisable and may be a promising strategy for reso-
lution pharmacology in the future.
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Abstract: Prolonged or excessive microglial activation may lead to disturbances in the resolution of
inflammation (Rol). The importance of specialized pro-resolving lipid mediators (SPMs) in Rol has
been highlighted. Among them, lipoxins (LXA4) and aspirin-triggered lipoxin A4 (AT-LXA4) mediate
beneficial responses through the activation of N-formyl peptide receptor-2 (FPR2). We aimed to
shed more light on the time-dependent protective and anti-inflammatory impact of the endogenous
SPMs, LXA4, and AT-LXA4, and of a new synthetic FPR2 agonist MR-39, in lipopolysaccharide (LPS)-
exposed rat microglial cells. Our results showed that LXA4, AT-LXA4, and MR-39 exhibit a protective
and pro-resolving potential in LPS-stimulated microglia, even if marked differences were apparent
regarding the time dependency and efficacy of inhibiting particular biomarkers. The LXA4 action
was found mainly after 3 h of LPS stimulation, and the AT-LXA4 effect was varied in time, while
MR-39’s effect was mainly observed after 24 h of stimulation by endotoxin. MR-39 was the only FPR2
ligand that attenuated LPS-evoked changes in the mitochondrial membrane potential and diminished
the ROS and NO release. Moreover, the LPS-induced alterations in the microglial phenotype were
modulated by LXA4, AT-LXA4, and MR-39. The anti-inflammatory effect of MR-39 on the IL-1p
release was mediated through FPR2. All tested ligands inhibited TNF-« production, while AT-LXA4
and MR-39 also diminished IL-6 levels in LPS-stimulated microglia. The favorable action of LXA4
and MR-39 was mediated through the inhibition of ERK1/2 phosphorylation. AT-LXA4 and MR39
diminished the phosphorylation of the transcription factor NF-«kB, while AT-LXA4 also affected
p38 kinase phosphorylation. Our results suggest that new pro-resolving synthetic mediators can
represent an attractive treatment option for the enhancement of Rol, and that FPR2 can provide a
perspective as a target in immune-related brain disorders.

Keywords: microglia; lipopolysaccharide; lipoxin A4; aspirin-triggered lipoxin A4; MR-39; formyl
peptide receptor 2

1. Introduction

A large body of evidence has demonstrated that microglia manage innate and adap-
tive immune responses in various pathological and regenerative processes in the central
nervous system (CNS) [1,2]. Among others, it is believed that active microglia can clear
cellular debris by phagocytosis, thereby promoting tissue repair and regulating the re-
sponse to pathogens. On the other hand, prolonged or excessive activation leads to the
functional changes and switch of microglia from regulatory to inflammatory /neurotoxic
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functions [3-5], which allows us to infer that microglia are highly sensitive indicators of
the brain condition [6,7]. Recently, the microglia heterogeneity has become one of the
crucial and controversial topics in neuroimmunology. Although the view that microglia
heterogeneity is context-dependent [8-11] is gaining more and more followers, there are
still researchers who support the classical (M1-like) and alternative (M2-like) concept of
microglia polarization [12,13]. In spite of that, in response to immune stimulation, mi-
croglia upregulate a number of pro-inflammatory surface proteins (e.g., CD40 and MHC
II), cytokines (IL-18, IL-13, TNF-«&, and IL-6), and neurotoxic mediators, such as nitric
oxide (NO), prostaglandin (PG), and reactive oxygen species (ROS) [14]. In contrast, the
anti-inflammatory response leads to the expression of various markers (e.g., Arg-1 and
CD206) and mediators (e.g., insulin growth factor 1 (IGF-1) and/or IL-10) and is involved
in the limitation of inflammation and the restoration of homeostasis [13,15,16].

According to current views, inflammation is a multistage self-resolving process me-
diated by various factors that “switch off” the inflammatory response [17]. Nevertheless,
disturbances in the resolution of inflammation (Rol) [18,19] can be involved in the patho-
genesis of brain-related inflammatory diseases, mainly due to the constant stimulation of
the immune system, overproduction of pro-inflammatory cytokines, oxidative stress, and
potential impairment in the maintenance of homeostasis [20-23]. Recently, the importance
of Rol has been realized for specialized pro-resolving lipid mediators (SPMs), which limit
inflammatory signals and resolve inflammation at multiple levels. Thus, in contrast to other
“anti-inflammatory” treatments, SPMs not only block the production of pro-inflammatory
mediators as NSAIDs and other anti-inflammatory drugs do but also stimulate physi-
ological signals to resolve and terminate the inflammatory reaction through particular
receptor-ligand interactions and specific endogenous mechanism activation [24-26].

Among the known SPMs, lipoxin (LXA4) is the most specific endogenous ligand
and it is synthesized from arachidonic acid via interactions of the 5-lipoxygenase and
15-lipoxygenase pathways [27]. Moreover, it was discovered that the acetylation of
cyclooxygenase-2 (COX-2) by aspirin could lead to the transcellular biosynthesis of epi-
lipoxins, the so-called aspirin-triggered lipoxins (AT-LXA4), which are LXA4 analogs.
Lipoxin expression was identified in neural stem cells, neurons, astrocytes, and mi-
croglia [28,29] The release of LXA4 under physiological brain conditions is limited, while
its synthesis is upregulated under pathological stimulation [30-32]. The data available
thus far have demonstrated that LXA4 and its analog AT-LXA4 are biologically active
with mostly anti-inflammatory and pro-resolving profiles. Studies have underlined the
protective role of LXA4 via its impact on neuronal survival and enhancement of microglial
phagocytic and anti-inflammatory potential [32,33]. Moreover, LXA4 inhibits microglial
activation and diminishes neuroinflammation after spinal cord hemisection [34].

Several studies have demonstrated that LXA4 mediates responses related to Rol
through the activation of N-formyl peptide receptors (FPRs) belonging to the G-protein
coupled receptor family [22,32]. FPRs form higher-order structures (e.g., FPR1/FPR2 het-
erodimers, FPR2 homodimers, FPR1 homodimers), which lead to altering the downstream
intracellular signaling pathways by allowing the co-localization of effector domains, en-
hancing intracellular activation, or creating new ligand specificity [35-37]. The beneficial
role in the suppression of inflammation is primarily mediated through the FPR2 recep-
tor [32,38]. In fact, LXA4 can directly bind to FPR2 with high affinity (Kd of 1.7 nM), but
also to a variant of mouse mFpr-rs-1 [22,39]. The expression of FPR2 has been reported in
the brainstem, spinal cord, thalamus/hypothalamus, cerebral neocortex, hippocampus,
cerebellum, and striatum [33] in selected neurons [40] and also by microglia [34], in which
FPR2 is rapidly upregulated following an inflammatory insult [35]. Moreover, the FPR2
is also expressed in many other cell types including neutrophils, eosinophils, monocytes,
macrophages, T cells, synovial fibroblasts, and intestinal and airway epithelial cells [41],
as well as neural stem cells [42]. Interestingly, FPR2 can mediate both pro-inflammatory
and pro-resolving effects, depending on the chemical structure of the agonist. Therefore,
this receptor may represent a unique target for balancing the inflammatory process and,
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consequently, for developing new therapeutic strategies for brain disorders characterized
by persistent neuroinflammation.

However, the unfavorable pharmacokinetic properties of lipoxin A4 (LXA4) and/or
aspirin-triggered lipoxin A4 (AT-LXA4) represent a limitation of further studies. Thus,
we have recently proposed novel ureidopropanamide FPR2 agonists as new agents to
promote the resolution of inflammation [43]. From among them we have selected MR-39
as it shows in vitro favorable pharmacokinetic properties (i.e., stability toward hepatic
oxidative metabolism and good passive permeability in a model of the blood-brain barrier)
and has the potential to inhibit some signs of the inflammatory response [43]. To further
elucidate the engagement of FPR2 in Rol, we conducted time-dependent studies covering
the influence of lipoxin A4 (LXA4), aspirin-triggered lipoxin A4 (AT-LXA4), and MR-39,
a new ureidopropanamide FPR2 agonist, on lipopolysaccharide (LPS)-induced changes
in microglial cells. We assessed the effect of FPR2 agonists on cell death/viability by
lactate dehydrogenase release, mitochondrial membrane potential modulation, and caspase
3 activation, whereas their putative antioxidant potential was estimated by measuring
the reactive oxygen species (ROS) level and nitric oxide (NO) release. The effect of the
tested agonists on LPS-evoked changes in FPR2 levels in microglia was visualized by
immunofluorescence methods. Consequently, we also assessed the impact of LXA4, AT-
LXA4, and MR-39 on the pro-inflammatory and anti-inflammatory microglia markers as
well as on the synthesis of various cytokines using a specific FPR2 antagonist (WRW4).
Finally, to better characterize the molecular mechanisms underlying the effect of FPR2
agonists on Rol, we studied their impact on intracellular pathways (e.g., ERK1/2, p38
MAPK, NF-«B) activated upon FPR2 stimulation in microglial cells.

2. Materials and Methods
2.1. Animals

Sprague-Dawley rats (200-250 g) were obtained from Charles River (Sulzfeld, Ger-
many) and kept under standard conditions at room temperature (23 °C) under a 12/12 h
light/dark cycle with lights on at 8.00 with food and water available ad libitum. One week
after arrival, vaginal smears were taken daily from the female rats to determine the phase
of the estrous cycle. On the proestrus day, females were placed with males for 12 h, and
afterward, the presence of sperm in vaginal smears was checked. Pregnant females were
left undisturbed in their home cages. The experiments were approved by the Local Ethics
Committee, Krakéw, Poland (approval no. 204/2018, 28.06.2018).

2.2. Chemicals

FPR2 agonists LXA4 and AT-LXA4 were obtained from Cayman Chemical Company,
Ann Arbor, USA). Compound MR-39 ((5)-3-(4-cyanophenyl)-N-[[1-(3-chloro-4-fluoropheny]l)
cyclopropyl]methyl]-2-[3-(4-fluorophenyl)ureidopropanamide) was prepared as we described
previously [43,44]. The FPR2 antagonist WRW4 was purchased from Alomone Labs, Israel.
The bacterial endotoxin lipopolysaccharide (LPS; Escherichia coli 0111:B4) was obtained from
Sigma-Aldrich, St. Louis, MO, USA.

2.3. Cell Culture

The cultures of the microglial cells were prepared from the cortices of 1-2-day-old
Sprague-Dawley rat pups according to the procedure described by Zawadzka and Kamin-
ska (2005) [45] with our slight modifications [46,47]. Briefly, after decapitation, the brains
were removed and the cerebral cortices were cut into small pieces. The minced tissue was
incubated in Hanks’ balanced salt solution (HBSS, Gibco, Waltham, MA, USA) contain-
ing glucose, bovine serum albumin (BSA), and HEPES with 0.025% trypsin at 37 °C for
20 min. The trypsinization process was stopped by adding the trypsin inhibitor Glycine
max (soybean) (Sigma-Aldrich, St. Louis, MO, USA). A completely dissociated suspension
of the tissue was prepared by mild trituration. Next, the cells were plated at a density of
3 x 105 cells/cm?2 in a culture medium consisting of Dulbecco’s modified Eagle’s medium



Cells 2021, 10, 2373

4 of 27

(DMEM) with GlutaMax and high glucose (4.5 g/L) supplemented with heat-inactivated
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL streptomycin (all
reagents obtained from Gibco, Waltham, MA, USA) in poly-L-lysine-coated 75-cm? culture
flasks. After 3 days, the culture medium was removed and replaced with a fresh medium.
On the 9th day in vitro (37 °C, 5% CO,), the flasks were agitated on a horizontal shaker
(1h,37°C, 80 rpm). After centrifugation, the cells were resuspended in the culture medium
and seeded at a final density of 1.25 x 10° cells/well in 6-well plates, 2 x 10° cells/well in
24-well plates, or 4 x 10* cells/well in 96-well plates. Two days after plating the cells were
used for experiments. One hour before the cell treatment, the culture medium was changed
to a medium with 1% FBS. The purity of microglial cell cultures was assessed as previously
described [43,44] using the specific microglia marker anti-Iba-1 antibody (ab5076, Abcam,
Cambridge, UK). Images were captured using a confocal microscope (Leica Microsystems
CMS GmbH, Mannheim, Germany). We obtained a homogeneous microglia population
(greater than 95% Iba-1 positivity) (representative fluorescence images of microglia cells
acquired by confocal microscopy, in Supplementary Materials).

2.4. Cell Treatment

The cells were pretreated for 1 h with various concentrations of FPR2 agonists,
i.e.,, LXA4, AT-LXA4, and MR-39, and then stimulated for 3, 6, and/or 24 h with LPS
(0.1 pg/mL). Additionally, in some experiments, to confirm the involvement of the FPR2
receptor in the effects of the examined ligands, the FPR2 antagonist synthetic peptide
WRW4 (10 uM) was added to the cell cultures 30 min before the tested agonists. Stock
solutions of the examined compounds were prepared as follows: LXA4 and AT-LXA4
(1 mM ethanol), MR-39 (1 mM DMSO), WRW4 (1 mM distilled water), and LPS (1 mg/mL
PBS). The final solutions of the tested compounds were prepared in distilled water. Each
experimental set of the control cultures was supplemented with the appropriate vehicles,
and the solvent was present in cultures at a final concentration of 0.1% (v/v).

2.5. Lactate Dehydrogenase (LDH) Release Assay

To estimate cell damage 3, 6, or 24 h after LPS treatment, the lactate dehydrogenase
(LDH) release into the culture media was measured as previously described [48]. Cell
culture supernatants were incubated with the reagent mixture according to the supplier’s
instructions (cytotoxicity detection kit, Roche, Mannheim, Germany). The intensity of
the red color formed in the assay, measured at a wavelength of 490 nm using an Infinite
M200PRO microplate reader (TECAN, Ménnedorf, Switzerland), is proportional to the
LDH activity and to the number of damaged cells. The data were normalized to the activity
of the LDH released from vehicle-treated cells (100%) and expressed as a percentage of the
control = SEM.

2.6. Mitochondrial Membrane Potential (Aypm) Assay

JC-1 (5,5 ,6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide, Cay-
man Chemical Company, Ann Arbor, MI, USA) is a positively charged cationic dye that
exhibits membrane potential-dependent accumulation in mitochondria. It was used to
study the change in the mitochondrial membrane potential of microglial cells as previously
described [49]. Briefly, the cells were seeded into 96-well black plates and treated with
MR-39, LXA4, or AT-LXA4 for 1 h before the LPS (0.1 ug/mL) was added to the cultured
cells for 3 h or 24 h. Next, the cells were stained with JC-1 for 30 min at 37 °C. In healthy
cells with high mitochondrial potential, JC-1 forms complexes with intense red fluorescence
(535 nm excitation and 595 nm emissions); however, in apoptotic or unhealthy cells with
low potential, JC-1 remains in the monomeric form, showing green fluorescence (485 nm
excitation and 535 nm emissions). Fluorescence intensities were measured using an In-
finite M200PRO microplate reader (TECAN, Méannedorf, Switzerland), and the ratio of
fluorescence intensity was used as an indicator of cell health. A decrease in the red/green
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fluorescence intensity ratio was interpreted as a loss of Ajm, whereas an increase in the
ratio was interpreted as a gain in Ajpm.

2.7. Caspase-3 Activity

Caspase-3 activity was detected using a caspase-3 colorimetric assay kit (BioVision,
Milipitas, CA, USA). Microglial cells were lysed 3 h or 24 h after treatment with cell
lysis buffer (BioVision, Milipitas, CA, USA), incubated on ice for 10 min and centrifuged
(1 min, 4 °C, 14,000 rpm). The obtained supernatant was incubated with a reaction buffer
containing dithiothreitol (DTT, 10 mM) and DEVD-p-nitroaniline substrate (DEVD-pNA,
200 uM) for 2 h at 37 °C. The chromophore p-NA light emission was quantified using an
Infinite M200PRO microplate reader (TECAN, Mannedorf, Switzerland) at a wavelength of
405 nm. The data (expressed as the mean relative fluorescence units, RFU) were normalized
to the protein level (measured by the BCA method) and then calculated as a percent of
control cultures and presented as the mean &= SEM.

2.8. Intracellular ROS Assay

To determine the intracellular level of the reactive oxygen species (ROS), the 2',7'-
dichlorofluorescin diacetate (DCFH-DA) test was used according to the manufacturer’s
instructions (Cell Biolabs, San Diego, CA, USA) as previously reported [47]. After 3hor24h
of microglial treatment, the cells were washed with a phosphate-buffered saline buffer and
then incubated with DCFH-DA (10 uM) for 30 min at 37 °C. DCFH-DA diffuses into cells
and is deacetylated by cellular esterase to nonfluorescent 2’,7'-dichlorodihydrofluorescin
(DCFH), which is rapidly oxidized to highly fluorescent 2,7’- dichlorodihydrofluorescein
by ROS. The fluorescence intensity is proportional to the ROS levels within the cell cytosol.
The fluorescence intensity was detected using an Infinite M200PRO microplate reader
(TECAN, Minnedorf, Switzerland) with excitation and emission wavelengths of 485 nm
and 535 nm, respectively. The data were normalized against the fluorescence intensity of
the control cells (100%) and presented as a percentage of the control & SEM.

2.9. NO Release Assay (Nitrite Ion in Solution)

To assess the production of nitric oxide (NO) from LPS-treated microglial cells, the
extracellular release of nitrite (NO?~) was measured using the Greiss reaction as previously
described [47]. Next, 3 h and 24 h after treatment, 50 pL of cell culture medium was collected
and mixed with an equal volume of Griess reagent (0.1% N-1-naphthylethylenediamine
dihydrochloride and 1% sulfanilamide in 5% phosphoric acid) in a 96-well plate and
incubated for 10 min at room temperature. Absorbance was measured at 540 nm in
an Infinite M200PRO microplate reader (TECAN, Mdnnedorf, Switzerland). The data
were normalized to the NO released from vehicle-treated cells (100%) and expressed as a
percentage of the control 4+ SEM.

2.10. Immunocytochemistry

Immunofluorescent staining and confocal imaging were performed as described
previously [50]. Briefly, microglial cells were seeded on glass coverslips in 24-well plates.
Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized in cool (4 °C)
0.1% Triton X-100. Subsequently, the cells were blocked with 5% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 1 h. Cells were incubated with an FPR2
rabbit polyclonal antibody (Huabio, Greater Boston, MA, USA; 1:50) or anti-Ibal antibody
(Abcam, Cambridge, UK; 1:200) overnight at 4 °C and then incubated with a secondary
goat anti-rabbit antibody conjugated with the fluorescent dye AlexaFluor 647 (Abcam,
Cambridge, UK; 1:300) or donkey anti-goat antibody conjugated with the fluorescent dye
AlexaFluor 555 (Abcam, Cambridge, UK; 1:300) for 4 h at room temperature (RT) in the
dark. Finally, the cells were incubated with phalloidin conjugated with AlexaFluor 488
dye (Invitrogen, Waltham, MA, USA; 1:200) at RT for 1 h in the dark. Cell nuclei were
stained with DAPI or Hoechst 33,342 (Invitrogen, Waltham, MA, USA; 1:5000) for 15 min
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at RT in the dark. Images were acquired on a Leica TCS SP8 X confocal laser-scanning
microscope (Leica Microsystems CMS GmbH, Mannheim, Germany) using a 63x HC PL
APO CS2 1.40 NA oil immersion objective. The images were reconstructed using Image]
1.53n (Wayne Rasband, National Institute of Health, Bethesda, MD, USA).

2.11. Quantitative Analysis of Confocal Fluorescent Images of Microglia

The cell spread area was determined from actin cytoskeleton images by applying a
threshold allowing us to cover the spread area of each analyzed cell. Then, the area of the
thresholded object was determined in Image] by function analysis particles. Fluorescence
intensity was derived from images showing fluorescently stained FPR2 in the microglia.
The threshold for FPR2 intensity for the thresholded area was determined in Image] by a
function analysis of the particles as previously described by Prauzner-Bechcicki et al. (2015)
and Bollmann et al. (2015) [51,52].

2.12. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Microglial cells were lysed by adding 200 uL TRI® Reagent (Sigma-Aldrich, St. Louis,
MO, USA) 24 h after LPS (0.1 ug/mL) treatment and stored at —20 °C until isolation.
Total RNA was extracted from the microglial cells following the TRIzol® reagent user
guide instructions (Thermo Fisher Scientific, Waltham, MA, USA). The RNA concentration
was determined by a NanoDrop spectrophotometer (ND /1000 UV /Vis, Thermo Fisher
NanoDrop, Waltham, MA, USA). The synthesis of complementary DNA (cDNA) was
performed via reverse transcription from equal amounts of RNA (600 ng) using an NG
dART RT kit (EURx, Gdansk, Poland) according to the manufacturer’s instructions. cDNA
was amplified with a FastStart Universal Probe Master (Rox) kit (Roche, Basel, Switzerland)
and TagMan probes (Thermo Fisher Scientific, Waltham, MA, USA) for the following
genes: Cd40 (cluster of differentiation 40; Rn01423590_m1), Cd68 (cluster of differentiation
68; Rn01495634_g1), Cd206 (cluster of differentiation 206; Rn01487342_m1), Arg1 (arginase 1;
Rn00691090_m1), Igf-1 (insulin-like growth factor 1; Rn00710306_m1), II-18 (interleukin 1p;
Rn00580432_m1), 1I-10 (interleukin 10; Rn01644839_m1), and Tnf-a (tumor necrosis factor
«; Rn00562055_m1) (all obtained from Thermo Fisher Scientific, Waltham, MA, USA).
Next, amplification was carried out in a total volume of 20 uL containing 10 puL FastStart
Universal Probe Master (Rox), 1 uL cDNA used as the PCR template, 1 L. TagMan forward
and reverse primers, and 250 nM hydrolysis probe labeled with the fluorescent reporter
dye fluorescein (FAM) at the 5’-end and a quenching dye at the 3’-end and 8 pL RNase-
free water. The thermal cycling conditions were 2 min at 50 °C and 10 min at 95 °C,
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The samples were run in a
CFX96 Real-Time System (BIO-RAD, Hercules, CA, USA). The threshold value (Ct) for
each sample was set in the exponential phase of PCR, and the AACt method was used for
data analysis. Furthermore, B2m (beta-2 microglobulin; Rn00560865_m1) (Thermo Fisher
Scientific, Waltham, MA, USA) was used as the reference gene.

2.13. Enzyme-Linked Immunosorbent Assay (ELISA)

The cytokines TNF-o (tumor necrosis factor-o), IL-1f3 (interleukin 1-3), IL-6 (interleukin-
6), and IL-10 (interleukin 10) were measured in supernatants harvested 3 h or 24 h after
LPS treatment. The protein levels of the cytokines TNF-o (Rat TNF-alpha uncoated ELISA
kit, Thermo Fisher, Waltham, MA, USA), IL-13 (Rat interleukin 1-beta, Bioassay Technol-
ogy Laboratory, Shanghai, China), IL-6 (Rat interleukin 6 ELISA kit, Bioassay Technology
Laboratory, Shanghai, China), and IL-10 (Rat interleukin 10 ELISA kit, Bioassay Technology
Laboratory, Shanghai, China) were measured using commercially available enzyme-linked
immunosorbent assay kits according to the manufacturers’” instructions. The detection
limits were as follows: TNF-«, 16 pg/mL; IL-1§3, 10.27 pg/mL; IL-6, 0.052 ng/L; IL-10,
and 1.51 pg/mL. The inter assay precision was as follows: TNF-a < 8.8%; IL-1 < 10%;
IL-6 < 10%; IL-10 < 10%, The intra assay precision was as follows: TNF-o:: < 2.1%; IL-
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1B: <8%; IL-6 < 8%; and IL-10 < 8%. Positive controls for each assay were provided by
the manufacturers.

2.14. Western Blot Analyses in Homogenates of Microglial Cells

Western blot analyses were conducted as previously described [47,53]. Briefly, 30 min
(for the ERK1/2 pathway) or 24 h (for the p38 and NF-«kB pathways) after LPS treatment
(0.1 ug/mL), the cells were lysed with the RIPA lysis buffer containing protease inhibitors,
phosphatase inhibitors, 1 mM sodium orthovanadate, and 1 mM phenylmethanesulfonyl
fluoride (all reagents were from Sigma-Aldrich, St. Louis, MO, USA). The lysates (equal
amounts of protein) and the buffer (4 x Laemmli buffer, Roche, Basel, Switzerland) were
mixed and boiled for 6 min before they were loaded onto the gel. The proteins were
separated using 4-20% CriterionTM TGXTM Precast Midi Protein Gels, with 12-well
plates (Bio-Rad, Hercules, CA, USA) and transferred to polyvinylidene fluoride (PVDEF)
membranes (Trans-Blot Turbo; Bio-Rad, Hercules, CA, USA). Next, the membranes were
washed with Tris-buffered saline (TBS), pH = 7.5, blocked in 5% bovine serum albumin for
1 h at room temperature, and incubated overnight at 4 °C with the antibodies diluted in
a SignalBoost Immunoreaction Enhancer kit (Millipore, Warsaw, Poland): anti-phospho-
NF-«kB (1:1000, #3033, Cell Signaling, MA, USA), anti-phospho-p38 (1:500, sc-101759),
anti-phospho-ERK1/2 (1:500, sc-81492) (both from Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), and anti-vinculin (1:15,000, V9264, Sigma-Aldrich, St. Louis, MO, USA). After
incubation, the membranes were washed with a TBS containing 0.1% Tween-20 (TBST)
and incubated with horseradish peroxidase-linked secondary antibodies: horse anti-mouse
immunoglobulin G (IgG, 1:10,000, PI-2000 Vector Laboratories) and goat-anti-rabbit IgG
(1:10,000, PI-1000, Vector Laboratories) at room temperature for 1 h. Next, the membranes
were washed, and the immune complexes were detected using Pierce® ECL Western
blotting substrate (Thermo Fisher, Waltham, MA, USA) and visualized using a Fujifilm LAS-
1000 system (Fuji Film, Tokyo, Japan). After phospho-NF-«B, phospho-p38, and phospho-
ERK1/2 determination, the blots were stripped in a stripping buffer containing 100 uL of
Tris-HCl (pH = 6.7), 2% SDS, and 700 pL of 2-mercaptoethanol (all from Sigma-Aldrich,
St. Louis, MO, USA). They were then re-probed with antibodies against unphosphorylated
NF-«B (1:1000, #6956), ERK1/2 (1:2000, #9102) (both from Cell Signaling, Beverly, MA,
USA), and p38 (1:500, sc-7972, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) diluted in
a SignalBoost Immunoreaction Enhancer kit for the normalization of all bands. The relative
levels of immunoreactivity were densitometrically quantified using Fujifilm Multi Gauge
software (Fuji Film, Tokyo, Japan).

2.15. Statistical Analysis

The results were derived from independent microglial cultures and are presented
as the mean + SEM (standard error of the mean). The results of the cell viability /death
processes, mitochondrial membrane potential, caspase-3, and oxidative stress (NO, ROS)
are presented as the mean + SEM percentage of the control (vehicle-treated cells). The data
obtained in the ELISA study are presented as the mean + SEM percentage of the control
(vehicle-treated cells); those for RT-PCR are presented as an average fold + SEM, and for
the Western blot analysis, the results are presented as the mean 4 SEM percentage of the
control (vehicle-treated cells). The data obtained from confocal imaging are presented as
the mean value of the calculated parameter = SEM, while the differences between groups
were compared with Student’s t-test. All of the other groups were compared by a one-way
or two-way analysis of variance (ANOVA), followed by Duncan’s post hoc test to assess
the differences between the treatment groups. A p-value less than or equal to 0.05 was
considered statistically significant. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS
group; " p < 0.05 vs. the agonist + LPS group. All graphs were prepared using GraphPad
Prism 5.
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3. Results
3.1. The Time-Dependent Impact of LXA4, AT-LXA4, and MR-39 on Lactate Dehydrogenase
Release in Microglial Cells Stimulated with Lipopolysaccharide

In the first part of the experiments, we evaluated the time-dependent properties
of lipoxin A4 (LXA4), aspirin-triggered lipoxin A4 (AT-LXA4), and MR-39 against LPS-
induced lactate dehydrogenase (LDH) release, which is a marker of cell death after damage
to the plasma membrane. Exposure of microglial cells to LPS (0.1 ug/mL) for 3, 6, and
24 h caused a significant increase in LDH activity. The tested compounds did not change
the LDH release under basal conditions. LXA4 at concentrations of 0.01 uM (p < 0.0001)
and 0.1 uM (p < 0.0001) inhibited the LDH release only after 3 h of LPS stimulation
(Figure 1). The AT-LXA4-evoked effect was long-lasting because this ligand diminished
LDH release after 3 h (0.001; p = 0.000398; 0.01; p = 0.000102; and 0.1 uM; p < 0.0001), 6 h
(0.01; p = 0.02292 and 0.1 uM; p = 0.037909) and 24 h (0.1 uM; p = 0.000211) of LPS exposure
(Figure 2). On the other hand, MR-39 inhibited cell death only after 24 h of incubation with
LPS at concentrations of 1 (p < 0.0001) and 5 uM (p = 0.000104) (Figure 3). Importantly,
the pretreatment of microglial cells with the FPR2 receptor antagonist WRW4 (10 uM)
reversed the inhibitory effect of the examined compounds, in the case of LXA4 at 0.1 pM
(p =0.047844) and AT-LXA4 at 0.1 uM (p = 0.032741) after 3 h of stimulation with LPS while
for MR-39 at a dose of 1 uM and 5 uM (p = 0.033522; p = 0.015338, respectively) after 24 h
of endotoxin presence in the microglial cultures. This suggests that the observed effects are
mediated through the interaction with FPR2 (Figure 4). Based on these data we selected
LXAA4 (at the dose of 0.1 uM), AT-LXA4 (at the dose of 0.1 uM), as well as MR-39 (at the
dose of 1 uM) for the vast majority of our further research. Moreover, considering the
time-dependent protective studies of the agonists on the LPS-evoked LDH release, which
only in the case of AT-LXA4 showed an influence on this parameter after 6 h, we performed
further studies after 3 h and 24 h of LPS stimulation.
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Figure 1. The impact of LXA4 on LPS-induced LDH release in rat microglial cultures. The cells were preincubated with
LXA4 (0.001-0.5 uM) for 1 h and then treated with 0.1 pug/mL LPS for 3, 6, and 24 h. Control cultures were treated with the
appropriate vehicle. The data are presented as the mean 3= SEM percentage of control (vehicle-treated cells) of independent
experiments, n = 2-5 in each experiment. * p < 0.05 vs. control group, # p < 0.05 vs. LPS group. LXA4-lipoxin A4;
LPS-lipopolysaccharide; LDH-lactate dehydrogenase.
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Figure 2. The impact of AT-LXA4 on LPS-induced LDH release in rat microglial cultures. The cells were preincubated
with AT-LXA4 (0.001-0.1 uM) for 1 h and then treated with 0.1 ug/mL LPS for 3, 6, and 24 h. Control cultures were
treated with the appropriate vehicle. The data are presented as the mean + SEM percentage of control (vehicle-treated
cells) of independent experiments, n = 2-5 in each experiment. * p < 0.05 vs. control group, # p < 0.05 vs. LPS group.
AT-LXA4-aspirin-triggered lipoxin A4; LPS-lipopolysaccharide; LDH-lactate dehydrogenase.
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Figure 3. The impact of MR-39 on LPS-induced LDH release in rat microglial cultures. The cells were preincubated
with MR-39 (0.5-5 uM) for 1 h and then treated with 0.1 pg/mL LPS for 3, 6, and 24 h. Control cultures were treated
with the appropriate vehicle. The data are presented as the mean + SEM percentage of the control (vehicle-treated cells)
from independent experiments, n = 2-5 in each experiment. * p < 0.05 vs. control group, # p < 0.05 vs. LPS group.
LPS-lipopolysaccharide; LDH-lactate dehydrogenase.
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Figure 4. The time-dependent impact of LXA4 (A), AT-LXA4 (B), and MR-39 (C) on LPS-induced LDH release in rat
microglial cultures. The cells were pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that, LXA4
(0.01 uM or 0.1 uM), AT-LXA4 (0.01 uM or 0.1 uM), or MR-39 (1 or 5 uM) was added for 1 h, and then the cells were
stimulated for 3 or 24 h with lipopolysaccharide (LPS; 0.1 pg/mL). Control cultures were treated with the appropriate vehicle.

The data are presented as the mean &= SEM percentage of the control (vehicle-treated cells) of independent experiments,

n = 2-5 in each experiment. * p < 0.05 vs. the control group, # p < 0.05 vs. the LPS group, " p < 0.05 vs. the agonist + LPS

group. LXA4-lipoxin A4; AT-LXA4-aspirin-triggered lipoxin A4; LPS-lipopolysaccharide; LDH-lactate dehydrogenase.



Cells 2021, 10, 2373

11 of 27

3.2. Visualization of FPR2 Presence in Microglial Cells Stimulated with Lipopolysaccharide

Although it is widely accepted that FPR2 is expressed in microglial cells [30,40,43,54],
most data point to the low expression of FPR2 under basal conditions. In contrast, after
stimulation with various immunogens, FPR2 expression is upregulated. In the present
study, by confocal microscopy, we showed the presence of FPR2 in microglial cells under
basal conditions (Figure 5A,B). Moreover, as demonstrated in Figure 5C,D, there was a
significant increase in FPR2 fluorescence intensity after long-lasting (24 h) LPS stimulation
(339.74 £ 24.26) in comparison to the control group. However, this effect was not observed
after 3 h of LPS treatment (63.24 + 15.91).
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Figure 5. Representative fluorescence images of microglial cells acquired by confocal microscopy 3 h
(A) and 24 h (B) after FPR2 agonists ((LXA4 (0.1 uM), AT-LXA4 (0.1 uM), or MR-39 (1 uM)) and/or
lipopolysaccharide (LPS; 0.1 ug/mL) stimulation. Fluorescence intensity of the FPR2 receptor was
calculated from images recorded with the use of a fluorescent confocal microscope. Data are derived
for control microglia and microglia activated by LPS after 3 h (C) and 24 h (D) of treatment. Bars
present the mean intensity value normalized to the control + SEM. Nuclei appear in blue, FPR2 in
red, and AlexaFluor 488-labeled phalloidin for F-actin in green. Scale bar: 20 um is located in the
bottom right corner of each image. * p < 0.05 vs. the control group.
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3.3. The Impact of LXA4, AT-LXA4, and MR-39 on the Mitochondrial Membrane Potential in
Microglial Cells Stimulated with Lipopolysaccharide

Changes in the mitochondrial membrane potential (Alm) have been shown to be
involved in microglial activation and the production of pro-inflammatory factors [55]. In
“untreated cells” with a normal Aym, JC-1 dye enters and accumulates in energized and
negatively charged mitochondria and spontaneously forms red fluorescent J-aggregates. In
contrast, in affected or apoptotic cells, JC-1 dye also enters the mitochondria but to a lesser
degree since the inside of the mitochondria is less negative because of increased membrane
permeability and the consequent loss of electrochemical potential. Under this condition,
JC-1 does not reach a sufficient concentration to trigger the formation of JC-1 aggregates,
thus retaining its original green fluorescence. Therefore, the fluorescently sensitive probe
JC-1 was used to check the effect of LPS alone and together with the tested FPR2 ligands
on the status of the microglial mitochondrial membrane potential. As shown in Figure 6A,
the microglia displayed a collapse of Am after 3 h (p = 0.0006) and 24 h (p = 0.001781) of
exposure to LPS (0.1 pg/mL). MR-39 (1 uM) slightly attenuated the LPS-induced decrease
in mitochondrial potential after 3 h of LPS stimulation (p = 0.021667). This effect was
prolonged and also observed after 24 h, (p = 0.024291). In contrast, we did not observe
any impact of LXA4 or AT-LXA4 on LPS-induced changes in mitochondrial membrane

potential (Figure 6A).
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Figure 6. The impact of LXA4, AT-LXA4, and MR-39 on the mitochondrial membrane potential (A) and caspase-3 activity
(B) in rat microglial cultures. The cells were pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that,
LXA4 (0.1 uM), AT-LXA4 (0.1 uM), or MR-39 (1 uM) was added for 1 h, and then the cells were stimulated for 3 h or
24 h with lipopolysaccharide (LPS; 0.1 pg/mL). Control cultures were treated with the appropriate vehicle. The data are
presented as the mean £ SEM percentage of control (vehicle-treated cells) of independent experiments, n = 2-5 in each
experiment. * p < 0.05 vs. control group, # p < 0.05 vs. LPS group. LXA4: lipoxin A4; AT-LXA4: aspirin-triggered lipoxin A4;
LPS: lipopolysaccharide.
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3.4. The Impact of LXA4, AT-LXA4, and MR-39 on Caspase-3 Activity in Microglial Cells
Stimulated with Lipopolysaccharide

Caspase-3 is a well-known executor of apoptotic cell death, and its activation also
promotes the pro-inflammatory activation of microglial cells [56]. Therefore, in the next
set of experiments, we determined the effect of LXA4, AT-LXA4, and MR-39 on the LPS-
induced activity of caspase-3. As revealed in Figure 6B, after 3 h of incubation the lack of
neither LPS nor tested ligands were observed. On the other hand, after 24 h of incubation
LPS significantly potentiated the activation of caspase-3 (p = 0.000333). The FPR2 ligands
alone had no effect on caspase-3 activation, but AT-LXA4 (0.1 uM; p = 0.00034) and MR-39
(1 uM; p = 0.00244) significantly reduced the LPS-induced changes (Figure 6B), while LXA4
did not affect this parameter. On the other hand, pretreatment with WRW4 (10 uM) did
not change the effects of AT-LXA4 and MR-39.

3.5. The Impact of LXA4, AT-LXA4, and MR-39 on Reactive Oxygen Species (ROS) Production in
Microglial Cells Stimulated with Lipopolysaccharide

Microglial cells subjected to various stimulators, including bacterial endotoxins, pro-
duce ROS. Excessive production of ROS by microglia is associated with neuroinflammation
and can stimulate the microglial release of pro-inflammatory mediators, which can strongly
prolong microglial activation. In the next set of experiments, we assessed the potential
time-dependent antioxidant properties of the tested FPR2 agonists after stimulation with
LPS microglial cultures. As shown in Figure 7A, we demonstrated that LPS treatment
(0.1 pg/mL) enhanced ROS levels compared with untreated cells after 3 h (p = 0.025314)
and 24 h (p = 0.002313) of incubation. The ROS intensity measurement in the microglial
cells revealed that 0.1 uM LXA4 (p = 0.033531) and 1 uM MR-39 (p = 0.009297) reduced
ROS production in the LPS-treated group after 3 h and 24 h of incubation, respectively
(Figure 7A). Unfortunately, this effect was not modulated by the WRW4 pretreatment (data
not shown).

3.6. The Impact of LXA4, AT-LXA4, and MR-39 on Nitric Oxide Release (NO) in Microglial Cells
Stimulated with Lipopolysaccharide

The generation of ROS may lead to nitric oxide production from microglial cells.
Moreover, NO causes the formation of peroxynitrite via a reaction with superoxide, which
kills cells by disturbing mitochondrial processes and potentiates harmful pro-inflammatory
responses [57]. Since we found that 3 h of LPS stimulation did not affect the NO release (data
not shown), we evaluated the effects of the examined FPR2 ligands on the production of NO
under basal conditions and after 24 h of LPS stimulation. LXA4, AT-LXA4, and MR-39 did
not evoke any change in the NO levels under basal conditions. Treatment of microglial cells
with LPS dramatically increased the nitric oxide release (p < 0.0001), which was significantly
attenuated only by the higher dose of MR-39 (5 uM; p = 0.015135). Notwithstanding, the
pretreatment of microglial cells with an antagonist of the FPR2 receptor WRW4 did not
fully block the favorable effect of MR-39 on NO secretion (Figure 7B).

3.7. The Impact of LXA4, AT-LXA4, and MR-39 on Pro- and Anti-Inflammatory Factors’
Expression in Microglial Cells Stimulated with Lipopolysaccharide

Microglia, as the pivotal immune reactive cells of the central nervous system, are the
initial responders to pathogens or tissue damage and are responsible for the maintenance
of or return to homeostasis. Recently, the presence of M1/M2 microglia phenotypes has
been controversial and a subject of debate. Despite the view that microglia heterogeneity is
context-dependent, and while the concept of functional polarization is gaining followers,
the shift from the pro-inflammatory to anti-inflammatory activity is necessary for the
proper repair of damaged tissue and the resolution of inflammation.
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Figure 7. The impact of LXA4, AT-LXA4, and MR-39 on reactive oxygen species (A) and nitric oxide (B) release in rat
microglial cultures. The cells were pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that, LXA4 (0.1 uM),
AT-LXA4 (0.1 uM), or MR-39 (1 uM or 5 uM) was added for 1 h, and then the cells were stimulated for 3 h or 24 h with
lipopolysaccharide (LPS; 0.1 pg/mL). Control cultures were treated with the appropriate vehicle. The data are presented
as the mean + SEM percentage of control (vehicle-treated cells) of independent experiments, n = 2-5 in each experiment.
* p < 0.05 vs. control group, # p < 0.05 vs. LPS group. LXA4: lipoxin A4; AT-LXA4: aspirin-triggered lipoxin A4; LPS:
lipopolysaccharide; ROS: reactive oxygen species; NO: nitric oxide.

To demonstrate the impact of FPR2 stimulation through LXA4, AT-LXA4, or MR-39
on the microglial markers we evaluated the expression levels of various genes after 3 h and
24 h of LPS stimulation. As shown in Table 1, after 3 h of LPS exposure, we observed an
elevated mRNA expression of II-18 and Tnf-a (p = 0.032, p < 0.0001, respectively).

The statistical analysis revealed that MR-39 (5 uM) effectively decreased (p = 0.028)
expression of II-15, whereas LXA4 (0.1 uM) and AT-LXA4 (0.1 uM) (p = 0.009, p = 0.0002,
respectively) increased Il-13 mRNA expression. Importantly, all FPR2 agonists tested, i.e.,
LXA4 (0.1 uM), AT-LXA4 (0.1 uM), and MR-39 (5 uM) (p = 0.044, p = 0.003, p < 0.0001,
respectively) significantly attenuated the LPS-induced increase in the expression of the
Tnf-a gene. On the other hand, 3 h of LPS incubation upregulated Arg-1 (p = 0.002) mRNA
expression but downregulated Igf-1 (p = 0.006) mRNA levels. A statistical analysis revealed
that MR-39 effectively decreased (p < 0.0001) Arg-1. Importantly, all FPR2 agonists tested,
i.e.,, LXA4, AT-LXA4, and MR-39 (p = 0.014, p = 0.016, p = 0.012) significantly increased
the mRNA expression of IL-10 in LPS-stimulated microglial cells. We did not observe
significant changes in the expression of Cd206 expression (Table 1A).
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Table 1. The time-dependent effect of 3 h (A) and 24 h (B) of lipopolysaccharide stimulation and FPR2 ligands: MR-39, LX-
A4, or AT-LXA4 treatment on the gene expression of pro-inflammatory (Cd40, II-18, Tnf-x, and Cd68) and anti-inflammatory
(Cd206, Arg1, Igf-1, and II-10) microglia markers. Control cultures were treated with the appropriate vehicle. The mRNA
levels were measured using qRT-PCR from independent experiments; n = 2—4 in respective experiments. The results are
presented as the average fold change £ SEM. * p < 0.05 vs. control, # p < 0.05 vs. LPS group.

A
Control LPS MR + LPS LXA4 + LPS AT-LXA4 + LPS
Pro-inflammatory markers
Cd40 1.04 +0.27 5.44 + 1.67 1.42 + 0.68 3.40 +1.99 416 +3.23
1I-1B 1.06 £0.19 19.57 £1.57 * 13.84 +£2.04% 4234 +995* 35.61 +2.83*
Tnf-a 1.22 £0.70 19.13 £ 0.68 * 410+0.10% 9.17 £ 3.12* 955+1.89%
Cdé68 1.00 £+ 0.00 0224+0.1* 0.10 £ 0.04 0.20 £ 0.10 0.17 +0.03
Anti-inflammatory markers
Cd206 1.07 £0.38 0.21 £+ 0.09 0.07 = 0.03 0.16 = 0.03 0.11 +0.01
Argl 1.00 + 0.07 1.81 £0.02* 0.27 + 0.03 # 1.02 £ 0.65 1.40 £+ 0.88
Igf-1 1.02 £0.19 0.13 £ 0.05 * 0.03 £ 0.01 0.13 4 0.07 0.09 4+ 0.01
II-10 1.05 £ 0.17 1.69 £+ 0.38 15.60 + 7.95 % 18.88 4+ 9.67 29.58 + 14.80 *
B
Pro-inflammatory markers
Cd40 1.01 £ 0.07 046 +£0.14 * 0.62 +£0.18 0.39 + 0.04 0.68 £+ 0.25
II-18 1.07 £0.13 9.06 +1.79* 1324 £1.42 35.19 + 7.12 # 52.54 + 13.15%
Tnf-u 1.02 £0.10 0.33 £ 0.07 * 0.88 = 0.32 0.56 +0.12 0.88 4+ 0.35
Cdé68 1.01 £0.07 0.04 4+ 0.01 0.07 £ 0.02 0.10 = 0.02 0.03 4+ 0.02
Anti-inflammatory markers
Cd206 1.01 £ 0.06 0.01 £ 0.00 * 0.01 £ 0.00 0.02 4+ 0.01 0.03 4+ 0.01
Argl 1.04 £0.16 0.38 £ 0.10 * 0.22 £+ 0.06 0.48 4+ 0.07 0.67 +0.19
Igf-1 1.05 £ 0.19 0.01 £ 0.00 * 0.01 £ 0.00 0.04 +0.01 0.03 +0.01
II-10 1.04 £ 0.09 4.46 +0.72 845+ 161 23.78 + 2.58 # 31.56 + 5.77 *

Simultaneously, the 24 h stimulation of microglia with LPS caused a significant de-
crease in Cd40 and Tnf-a (p = 0.046 and p = 0.005, respectively) mRNA expression while
stimulating the expression of II-1p3 (p = 0.015) gene expression. After 24 h, we did not
observe an inhibitory effect of the tested FPR2 ligands on the pro-inflammatory mark-
ers. Moreover, for LXA4 and AT-LXA4, we observed a statistically significant increase
in the mRNA expression of II-18 (p = 0.038, p = 0.045, respectively) compared to that in
cells treated with LPS alone. Furthermore, we demonstrated that 24 h of LPS stimulation
downregulated the mRNA expression of various anti-inflammatory markers, including
Cd206, Arg-1, and Igf-1 (p < 0.0001, p = 0.028, p < 0.0001, respectively), in microglial cultures.
Treatment with LXA4 (p < 0.0001), AT-LXA4 (p < 0.0001), and MR-39 (p = 0.011) upregulated
the expression of II-10 after stimulation for 24 h with LPS microglial cultures (Table 1B). In
both time-dependent experimental conditions, that is, after short or longer stimulation with
bacterial endotoxin, we did not observe significant changes in microglial gene expression
after the use of ligands alone compared to the control groups (data not shown).

3.8. The Impact of LXA4, AT-LXA4, and MR-39 on Pro- and Anti-Inflammatory Cytokine
Production in Microglial Cells Stimulated with Lipopolysaccharide

To determine the anti-inflammatory and pro-resolving impact of LXA4, AT-LXA4,
and MR-39, we measured the production of the pro-inflammatory factors IL-13, TNF-«,
and IL-6 and the anti-inflammatory factor-IL-10 in LPS-stimulated microglial cells using
ELISA. Additionally, to check whether the observed effect is mediated through the ligand
interaction with FPR2, we used WRW4, i.e., a selective FPR2 antagonist.
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We observed that 3 h of LPS treatment increased the TNF-« (p = 0.00018) and IL-6
(p = 0.015095) response, while after longer (24 h) LPS stimulation, all pro-inflammatory
cytokines were measured, namely, TNF-o (p < 0.0001), IL-1$ (p = 0.000651), and IL-6
(p = 0.006116).

We found that 3 h after LPS treatment only LXA4 (0.1 uM) significantly attenuated
TNF-« release (p = 0.00018) and this effect was affected by WRW4 pretreatment (p = 0.0343).
In contrast, after 3 h of LPS stimulation we did not found the effect of AT-LXA4 and MR-39
on TNF-o release as well as all tested FPR2 ligands on IL-13 production (Figure 8).
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Figure 8. The impact of LXA4, AT-LXA4, and MR-39 on pro-inflammatory cytokines: TNF-« (A) and IL-1§3 (B) production
in rat microglial cultures. The cells were pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that, LXA4
(0.1 uM), AT-LXA4 (0.1 uM), or MR-39 (1 uM) was added for 1 h, and then the cells were stimulated for 3 h or 24 h with
lipopolysaccharide (LPS; 0.1 ug/mL). Control cultures were treated with the appropriate vehicle. The data are presented as
the mean + SEM percentage of the control (vehicle-treated cells) of independent experiments, n = 2-5 in each experiment.
*p < 0.05 vs. the control group, # p < 0.05 vs. the LPS group, " p < 0.05 vs. the agonist + LPS group. LXA4: lipoxin A4;
AT-LXA4: aspirin-triggered lipoxin A4; LPS: lipopolysaccharide; TNF-«: tumor necrosis factor o; IL-13: interleukin 1.

Importantly, after 24 h of stimulation, MR-39 (1 uM) significantly downregulated the
LPS-induced enhancement of all pro-inflammatory factors examined, TNF- (p = 0.07855),
IL-1B (p = 0.003631), and IL-6 (p = 0.004908) (Figures 9 and 10). Pretreatment of microglial
cells with WRW4 blocked the effect of MR-39 on TNF-« production (p < 0.035578) and
IL-1f3 release (p = 0.04590) (Figure 8).
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Figure 9. The impact of LXA4 and AT-LXA4 and MR-39 on IL-6 production in rat microglial cultures. The cells were
pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that, LXA4 (0.1 M), or AT-LXA4 (0.1 uM), or MR-39
(1 uM) was added for 1 h, and then the cells were stimulated for 3 h or 24 h with lipopolysaccharide (LPS; 0.1 pg/mL).
Control cultures were treated with the appropriate vehicle. The data are presented as the mean £ SEM percentage of the
control (vehicle-treated cells) of independent experiments, n = 2-5 in each experiment. * p < 0.05 vs. the control group,
#p <0.05 vs. the LPS group, " p < 0.05 vs. the agonist + LPS group. LXA4: lipoxin A4; AT-LXA4: aspirin-triggered lipoxin
A4; LPS: lipopolysaccharide; IL-6: interleukin 6.
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Figure 10. The impact of LXA4, AT-LXA4, and MR-39 on anti-inflammatory cytokines (IL-10) production in rat microglial
cultures. The cells were pretreated for 30 min with the FPR2 antagonist WRW4 (10 uM). After that LXA4 (0.1 uM), AT-LXA4
(0.1 uM), or MR-39 (1 uM) was added for 1 h and then the cells were stimulated for 3 h or 24 h with lipopolysaccharide
(LPS; 0.1 ug/mL). Control cultures were treated with the appropriate vehicle. The data are presented as the mean + SEM
percentage of the control (vehicle-treated cells) of independent experiments, n = 2-5 in each experiment-. LXA4: lipoxin A4;
AT-LXA4: aspirin-triggered lipoxin A4; LPS: lipopolysaccharide; IL-10: interleukin 10.

Moreover, AT-LXA4 (0.1 uM) inhibited LPS-induced IL-6 release after 3 h (p = 0.027459)
of incubation. This result seems to be FPR2-dependent because WRW4 was able to block
this AT-LXA4 action (p = 0.011351) (Figure 9).

On the other hand, no changes were observed in the IL-10 release after 3 h or 24 h
of LPS stimulation as well as after ligands treatment (Figure 10). Collectively, the data
indicated that the selected FPR2 agonists exerted anti-inflammatory effects in LPS-treated
cells, while the biological profile of their beneficial action was slightly different.

3.9. The Impact of LXA4, AT-LXA4, and MR-39, FPR2 Ligands, on the ERK1/2, p38, and NF-xB
Pathways in Microglial Cells Stimulated with Lipopolysaccharide

The MAPK pathway is a major cellular signaling cascade that regulates the immune
response and pro-inflammatory mediators. Moreover, MAPK phosphorylates a large num-
ber of substrates and induces the activation of transcription factors such as NF-«B, which
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play a pivotal role in regulating the expression of a number of pro-inflammatory factors
(including ROS and NO release) by microglial cells. To investigate the intracellular mecha-
nism of the antioxidative and anti-inflammatory effects of FPR2 ligands in LPS-activated
microglial cultures, we measured the active phosphorylated forms of ERK1/2, p38, and
NF-kB proteins. We demonstrated that LPS stimulation for 30 min led to the activation
of ERK1/2 kinase (p = 0.000901). Pretreatment with LXA4 (0.1 uM) and MR-39 (1 uM)
markedly blocked LPS-evoked ERK1/2 phosphorylation (p = 0.03590 and p = 0.024410,
respectively) (Figure 11). Next, we measured the phosphorylation levels of the p38 and
NF-kB proteins after 24 h of LPS stimulation. As shown in Figure 11, LPS stimulation
enhanced the phosphorylation of p38 kinase (p = 0.0001435) and NF-kB (p = 0.002668).
The LPS-induced increase in p38 kinase phosphorylation was only mitigated by AT-LXA4
administration (p = 0.040349). On the other hand, AT-LXA4 (p = 0.000431) and MR-39
(p = 0.011622) pretreatment significantly suppressed NF-kB phosphorylation.
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Figure 11. The impact of LXA4, AT-LXA4, and MR-39 on extracellular kinase 1/2 (ERK1/2), p-38
mitogen-activated protein kinases (p-38 MAPK), and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«kB) pathways measured using Western blot analyses of microglial cells. The
cells were treated with LXA4 (0.1 uM; A), AT-LXA4 (0.1 uM; B), or MR-39 (1 uM; C) for 1 h and then
stimulated with LPS (0.1 ug/mL). Control cultures were treated with the appropriate vehicle. The
data are presented as the mean £ SEM percentage of the control (vehicle-treated cells) of independent
experiments, nn = 2-5 in respective experiments. Representative immunoblots are presented under
each graph. * p < 0.05 vs. the control group, # p < 0.05 vs. the LPS group.—LXA4: lipoxin A4;
AT-LXA4: aspirin-triggered lipoxin A4; LPS: lipopolysaccharide.

Therefore, the ERK1/2, p38, and NF-kB proteins may be postulated to be important
signaling pathways in the beneficial antioxidant and pro-resolving action of the examined
ligands in microglial cells stimulated by LPS.

4. Discussion

Modulation of the resolution of inflammation (Rol) has been proposed as a new strat-
egy to treat acute and chronic CNS disorders, and the FPR2 receptor is a recently discovered
target for pro-resolving agents. Because endogenous FPR2s are chemically instable and
poorly bioavailable, the search for new ligands of FPR2 is necessary. The present study
evaluated the pro-resolving and anti-inflammatory effects of two endogenous FPR2 ago-
nists, LXA4 and AT-LXA4, and one of the synthetic ureidopropanamide FPR2 agonists,
MR-39, in microglial cells exposed to LPS, i.e., an in vitro model of neuroinflammation. Our
study showed the protective impact of all tested FPR2 agonists on LPS-induced changes
in microglial cells, although there were marked differences between the agonist effects
regarding time dependency and efficacy in inhibiting particular biomarkers.

First, we found that LXA4 diminished LDH release only after 3 h, while the new
agonist MR-39 exerted this effect 24 h after endotoxin stimulation. Moreover, the effects of
LXA4 and MR-39 were inhibited by pretreatment with the FPR2 antagonist WRW4, which
confirms the receptor specificity of these compounds. On the other hand, the inhibitory
effect of AT-LXA4 on cell damage was long-lasting, but it was blocked by WRW4 only
after 3 h of incubation with LPS. These differences may be due to dynamic changes in
FPR2 expression in LPS-stimulated microglial cells. Although it is firmly accepted that
FPR?2 is expressed in microglial cells [30,40,43,54], some data have shown that under basal
conditions, the microglial expression of FPR2 is low, and only after stimulation with various
immunogens is it strongly upregulated. In the present study, immunofluorescent staining
and confocal imaging visualized the presence of FPR2 in microglial cells, both after 3 h and
after 24 h of incubation. However, the fluorescence intensity of FPR2 was strongly time-
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dependent. Therefore, our observation is partially in line with that of other investigators,
who reported that the FPR2 function in murine microglial cells was upregulated between
12 h and 24 h after LPS administration either by promoting receptor gene transcription and
protein synthesis or by priming the responsiveness of the existing receptors [58].

The LDH test is accepted as an indicator of cell death processes. Furthermore, if
the release of cytosolic enzymes is measured, it may be proposed as an indicator of the
membrane integrity of cells. In fact, increased lactate production follows the loss of
mitochondrial membrane potential [59]. Therefore, we assessed the impact of FPR2 agonists
not only on lactate dehydrogenase release but also the applied JC-1, which is a novel
cationic carbocyanine dye that accumulates in mitochondria and is a sensitive marker
for mitochondrial membrane potential [60,61]. The loss of AYM is one of the major
events occurring in mitochondria and is associated with the opening of mitochondrial
permeability pores and the loss of the electrochemical gradient [62]. Thus, AYM is an
essential parameter of mitochondrial function that can be used as a marker of cell status.
We demonstrated that LPS diminished JC-1 accumulation. Interestingly, of the three FPR2
agonists tested, only MR-39 was able to significantly attenuate the LPS-induced decrease
in mitochondrial potential (AYM). Mitochondria are inherently involved in the apoptotic
process of cells, while caspases, a family of proteases, are executors of apoptotic cell death,
and their activation is considered to be a commitment to cell death [63]. Beyond their
involvement in apoptosis, an important role of caspases, including caspase-3, in the control
of microglial activation and neuroinflammation has been described [64,65]. Thus, the
suppressive effect of ATL-LXA4 and MR-39 on LPS-induced caspase-3 activity observed
in the present study may reflect not only the anti-apoptotic properties of FPR2 agonists
but also the mechanism of FPR2 agonists based on the inhibition of microglial activation.
However, the involvement of FPR2 in LPS-induced caspase-3 activity in our model should
be further confirmed because WRW4 only tends to antagonize the effect of FPR2 agonists
on this parameter. Therefore, although we have observed the protection potential of FPR2
ligands, some beneficial MR-39 effects may exert through other molecular targets, the
understanding of which requires further study.

The second main finding of our study is the observation that FPR2 agonists exert
antioxidative properties in microglial cultures affected by LPS. The activation of mi-
croglial cells contributes to harmful processes promoted by neurotoxic factors such as
pro-inflammatory cytokines and nitric oxide (NO). Moreover, reactive oxygen species
(ROS) play a role as important pro-inflammatory modulators [66]. Activated microglia
potentiate the release of superoxide ion (O?~), hydrogen peroxide (H,O,) and hydroxyl
radicals (¢OH) [67]. The dual role of ROS is implemented by maintaining homeostasis,
while enhanced ROS levels elevate the mRNA expression of apoptotic genes and inflam-
matory mediators [68]. In turn, pro-inflammatory cytokines, through a feedback loop,
upregulate the synthesis of ROS by activating NADPH oxidase, leading to redox dise-
quilibrium and oxidative damage [69]. Recently, the crucial role of NADPH oxidase and
mitochondria derived ROS in metabolic re-programing in functionally distinct microglia
has been considered [11]. In the present study, we demonstrated that LXA4 after short-term
LPS stimulation inhibited the production of ROS in microglial cells, while MR-39 dimin-
ished ROS levels after 24 h of stimulation with LPS. It may be suggested that the effect of
FPR2 agonists on ROS production, although different in dynamics, contributes to restoring
the redox equilibrium and/or immunometabolism changes in LPS-activated microglia.

Likewise, NO is a potentially neurotoxic factor because exaggerated production of
NO results in the formation of peroxynitrite by reacting with superoxide, which leads to
malfunctions in various mitochondrial processes [57]. Large amounts of NO are produced
in the brain after the induction of the expression of iNOS in glial cells [70]. In the present
study, MR-39 was the only FPR2 ligand that significantly attenuated the LPS-evoked
increase in NO levels. The physiological significance of the MR-39 inhibitory effect on the
LPS-induced NO release remains uncertain because of the NO ability to promote neuronal
survival or neuronal death, depending on the NO concentration and the site of action [71].
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Activated microglia cells express various markers and produce a wide array of pro-
inflammatory cytokines. We observed that after short-term LPS stimulation, the expression
of 1l-18 and TNF-« gene expression was significantly upregulated. Conversely, prolonged
endotoxin stimulation led to Cd40 and Tnf-o gene expression downregulation. The anti-
inflammatory properties of LXA4, AT-LXA4, and MR-39 confirmed that all FPR2 agonists
inhibit Tnf-« mRNA expression. Simultaneously, we demonstrated that LXA4 (after 3 h)
and MR-39 (after 24 h) also diminished TNF-« protein levels in a receptor-specific manner.
Interestingly, only MR-39 attenuated LPS-induced II-18 expression (after 3 h) and IL-13
production in microglial cultures. As in the case of TNF-¢, this effect of MR-39 was also
abolished by the WRW4 pretreatment, which clearly demonstrated the engagement of
FPR?2 in the anti-inflammatory action of MR-39.

It should also be mentioned that microglia treated with LXA4 and AT-LXA4 and
stimulated by LPS had increased II-18 expression. This surprising observation may suggest
that the anti-inflammatory effects of LXA4 and AT-LXA4 are limited, probably due to
strong LXA4 inactivation, which takes place in microglial cells and involves initial dehy-
drogenation to 15-oxo-lipoxin A4 [72]. In addition, the anti-inflammatory effect of MR-39
and AT-LXA4 was demonstrated as the ability of both agonists to inhibit the elevated IL-6
level after LPS stimulation. Therefore, the profile of the activity of the ligands tested in
the present study on the inhibition of the LPS-induced inflammatory response is slightly
different; nevertheless, MR-39 appears to have the most consistent inhibitory effects on
the parameters.

The inflammatory response and the process of Rol are achieved by the shifting of the
functional microglia polarization as well as the synthesis of pro- and anti-inflammatory
factors. Therefore, the effect of the tested agonists on the anti-inflammatory status of
activated microglia was also assessed. We found that brief LPS stimulation upregulates Arg-
1, which competes with iNos for arginine substrates and may be at least in part responsible
for changes in the NO release or as compensatory participation in repairing microglial
damage after LPS stimulation [73]. Moreover, we found prolonged downregulation of
Igf-1 expression, followed by the suppression of Cd206 gene expression. Next, we found
that LXA4, AT-LXA4, and MR-39 upregulated II-10 gene expression; although the protein
level of this cytokine was not elevated. Moreover, our data agree with previous findings
showed that LXA4 and AT-LXA4 exert anti-inflammatory properties during acute and
chronic inflammatory conditions [74]. An important role of LXA4 and AT-LXA4 has been
shown in the brain, including neural stem cell proliferation and differentiation [75,76], as
well as in ischemic/reperfusion models [77] after subarachnoid hemorrhage [32], and in
astrocytes stimulated with LPS [30,78]. Recently, it has been shown that LXA4 exerts an
anti-inflammatory effect through the upregulation of the anti-inflammatory mediator IL-10,
which acts through the Notch signaling pathway [30]. Furthermore, the inhibitory effect
of AT-LXA4 on the inflammatory activation of microglia has also been demonstrated [70].
Indisputably, our study adds to these reports showing the time-dependent, although
variable, beneficial effects of LXA4, AT-LXA4, and MR-39 in an experimental model of
inflammation in microglial cells and underlying their potent protective, anti-inflammatory,
and pro-resolving properties.

It is well known that treatment with LPS causes the activation of mitogen-activated
protein kinases (MAPKSs) and transcriptional nuclear factor kB (NF-«B) [25,47,79]. Among
the MAPK family of proteins, p-38 and ERK1/2 appear to be particularly involved in
the production of pro-inflammatory mediators in microglial cells [80-82]. Indeed, LPS
potentiates the phosphorylation of ERK1/2 and p38 in a dose- and time-dependent man-
ner, leading among others to increase in the TNF-« release [83,84]. We found that the
treatment of microglia with LXA4 and MR-39 significantly reduced LPS-induced ERK1/2
phosphorylation. Moreover, we observed that only AT-LXA4 attenuated LPS-stimulated
p-38 phosphorylation.

These data suggest that the anti-inflammatory properties of both ligands at least
in part result from inhibition of the ERK1/2 or p38 pathways. Of note, inhibition of
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the ERK1/2 pathway could also suppress the caspase-3 pathway [65], which may point
to the favorable impact of MR-39 on this caspase activity evoked by the LPS treatment.
Interestingly, our results are in line with the research by Qin et al. (2017) [85], in which they
showed that other synthetic FPR2 agonists, including compound 43 and compound 17b,
also reduced ERK1/2 phosphorylation in a model of cardiovascular disorders. The present
results also indicate the involvement of the NF-«kB pathway in the action of FPR2 agonists
in microglial cultures. NF-kB, a heterotrimeric complex present in the cytoplasm after
activation, exposes nuclear localization signals on the p50/p65 complex, leading to their
nuclear translocation and binding to the specific regulated sequences in the DNA, thus
controlling gene transcription [86,87]. We found that AT-LXA4 and MR-39 attenuated the
LPS-evoked phosphorylation of a specific serine in the p65 NF-kB subunit in microglial cells.
NF-kB is considered a crucial factor in the regulation of the inflammatory response due to
its ability to induce the transcription of pro-inflammatory genes and upregulate TNF-« and
IL-6 release [88,89]. Therefore, it may be postulated that FPR2 ligands, through inhibition
of ERK1/ERK2 and/or p-38 activation, as well as by suppression of phosphorylation of
NF-«B factors, exert a protective and supporting Rol action in microglial cells stimulated
by bacterial endotoxin.

We are aware that our study has some limitations. Firstly, the three studied agonists
induced their effects at different concentrations with MR-39 being active in the micromolar
range. These findings seem to be in agreement with the different potencies of the selected
agonists in FPR2 activation. In fact, LXA4 induced Ca?* mobilization at nanomolar concen-
trations (EC50 = 1 nM) [90,91], whereas MR-39 elicited the same effect in the micromolar
range (EC50 = 3.9 nM) [43]. On the other hand, we have to admit that some of the protective
effects observed after the use of ligands were not unequivocally mediated by FPR?2, as the
use of WRW4 did not reverse them. Therefore, this requires further investigation, especially
in the context of the interaction within the FPR’s family and /or with regard to the structure-
dependent ligand activation of FPR2. Secondly, microglial cultures exposed to LPS do not
fully reflect the neuroinflammation observed in the brain in pathological conditions, where
the response is complex and includes the interactions between neuronal and glial cells [92].
Notwithstanding the foregoing, based on the available data, the LPS model may be useful
for a time-dependent assessment of the pro-resolving and anti-inflammatory activity of
various ligands via receptors present in microglial cells [93,94].

5. Conclusions

Taken together, the present findings show that LXA4, AT-LXA4, and MR-39 exhibit
time-dependent protective and anti-inflammatory effects in LPS-stimulated microglia.
Among the tested agonists, MR-39 had the widest range of protective mechanisms, ex-
pressed by its ability to reduce the LDH release and mitochondrial membrane depolar-
ization as well as its ability to inhibit caspase-3. Moreover, MR-39 showed antioxidative
activity, thereby lowering ROS levels and inhibiting NO release. The resolution of in-
flammation in microglial cultures was also promoted by MR-39 via inhibiting the FPR2-
dependent synthesis of pro-inflammatory cytokines, i.e., TNF-« and IL-13. Furthermore,
we demonstrated that the abovementioned effects were mediated through pathways in-
cluding ERK1/2 and NF-«B inhibition (Figure 12).
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Figure 12. Schematic illustration of the targets of beneficial MR-39 action in LPS-stimulated microglial
cells. The varied action of MR-39 in microglia cells includes reduction of the lactate dehydrogenase re-
lease, inhibition of the caspase-3 activity, and reactive oxide production as well as nitric oxide release
evoked by bacterial endotoxin treatment. Moreover, MR-39 exerts an anti-inflammatory effect related
to the inhibition of the synthesis of pro-inflammatory cytokines (IL-13, TNF-«, IL-6). This action
is mediated by the reduction of ERK1/2 and the NF-«B transcription factor phosphorylation. Ab-
breviations: FPR2: formyl peptide receptor2; LDH: lactate dehydrogenase; LPS: lipopolysaccharide;
ERK1/2: extracellular signal-regulated kinases; NF-«B: nuclear factor kappa-light-chain-enhancer
of activated B cells; ROS: reactive oxygen species; NO: nitric oxide; TNF-«: tumor necrosis factor «;
IL-1B3: interleukin 1f3; IL-6: interleukin 6.

In conclusion, the search for new and more potent FPR2 agonists may open a new
perspective for innovative treatment of various brain disorders related to the malfunction
of the endogenous resolution of inflammation processes.
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Figure S1. Representative fluorescence images of microglia cells acquired by
confocal microscopy. Nuclei appear in blue and Iba-1 in yellow. Scale bar: 20 pm is
located in the bottom right corner of each image.
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ABSTRACT: A substantial body of evidence demonstrates an
association between a malfunction in the resolution of acute )
inflammation and the development of chronic inflammation. Recently, LA
in this context, the importance of formyl peptide receptor 2 (FPR2) has

been underlined. FPR2 activity is modulated by a wide range of s ,,

endogenous ligands, including specialized pro-resolving mediators r:[j“ tﬂ?ﬁ ﬁ

(SPMs) (e.g, LXA4 and AT-LXA4) and synthetic ligands. Since mcrocuA | Lo

SPMs have unfavorable pharmacokinetic properties, we aimed to o PR AN ATORY Al

evaluate the protective and pro-resolving effects of a new potent FPR2 NEUROTENE PHENOTYRE

agonist, compound CMC23, in organotypic hippocampal cultures !lﬂmﬁ;
(OHCs) stimulated with lipopolysaccharide (LPS). The protective AT 1o
activity of CMC23 limited the lactate dehydrogenase release in LPS- HEUROPROTECTIVE AND

stimulated cultures. This activity was mediated by the interaction with FroResonme preenTe

FPR2 as pretreatment with the FPR2 selective antagonist WRW4 abolished CMC23-induced protection. Furthermore, decreased
levels of pro-inflammatory IL-18 and IL-6 were observed after CMC23 administration in LPS-treated OHCs. CMC23 also
diminished the LPS-induced increase in IL-17A and both IL-23 subunits p19 and p40 in OHCs. Finally, we demonstrated that
CMC23 exerts its beneficial impact via the STAT3/SOCS3 signaling pathway since it attenuated the level of phospho-STAT3 and
maintained the LPS-induced SOCS3 levels in OHCs. Collectively, our research implies that the new FPR2 agonist CMC23 has
beneficial protective and anti-inflammatory properties in nanomolar doses and FPR2 represents a promising target for the
enhancement of inflammation resolution.

KEYWORDS: formyl peptide receptor 2, ureidopropanamide agonist, neuroinflammation, lipopolysaccharide, intracellular pathways,
hippocampus

1. INTRODUCTION controlled resolution, leading to homeostasis and normal
function.”® Hence, it is essential to identify mediators and
their central targets that promote active resolution.

Rol has been shown to be regulated by specialized pro-
resolving mediators (SPMs),"”* which are a group of fatty acid
metabolites and include, among others, lipoxin A4 (LXA4) and
its analogue aspirin-triggered lipoxin (AT-LXA4).*” They act as
immuno-resolvents by combining anti-inflammatory and pro-
resolving activities.”'® In addition, they attenuate oxidative
stress by reducing oxygen and/or nitrogen reactive species
production and by potentiating several natural antioxidant

A growing body of evidence indicates that uncontrolled
inflammation is a prominent component of many pathological
events including psychiatric and neurodegenerative disorders.
The inflammatory response is a complex process that involves
molecular, cellular, and physiological reactions in its initiation,
execution, and resolution. Recent data underlined that the
regulation of the inflammatory response is multidirectional as
the different steps do not occur sequentially but overlap.'
Regulation dysfunction offsets the beneficial effect of an acute
inflammatory reaction and causes chronic inflammation with
adverse consequences, which is associated with the aberrantly
increased activation of microglia and the elevated production of Received: August 9, 2023
various proinflammatory and harmful factors.””* The resolution Accepted:  September 18, 2023
of acute inflammation (Rol) refers to the integration of multiple

biological processes involved in the resolution of physiological

inflammation. The onset-to-peak phase of the response to

injury/infection is followed by temporally appropriate and
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Figure 1. Representative fluorescence images of control (vehicle-treated) OHCs were obtained from the CAl area of the OHCs using confocal
microscopy. Nuclei appear in blue due to Hoechst 33342 staining, FPR2 was labeled in red using Alexa Fluor 647, IBA1 was labeled using Alexa Fluor
555, and GFAP and MAP2 were both labeled in green using Alexa Fluor 488. Scale bar: 50 ym is located in the bottom right corner of each image.

systems.'" However, there are substantial limitations for the in
vivo evaluation of LXA4 and AT-LXA4, including the poor
pharmacokinetic properties and rapid chemical inactivation by
dehydrogenation, which often occurs in microglial cells.”?

The biological actions of LXA4 and AT-LXA4 are exerted by
interactions with specific formyl peptide receptors (FPRs),"’
among which formyl peptide receptor 2 (FPR2) is the most
intriguing.'* The expression of FPR2 was demonstrated in
several immune cells, including neutrophils and monocytes/
macrophages.'”™"” In the brain, FPR2 is expressed mainly in
microglia, astrocytes, and neuronal cells.'*72° Interestingly,
FPR2 is a highly variable receptor because it can interact with
chemically diverse ligands and with several classes of synthetic
ligands (e.g., substituted quinazolinone Quin-C1, ureidopropa-
namide MR-39), which can activate various signal transduction
pathways, depending on the ligand’s structure, concentration,
and the cell type involved.”" Generally, its activation plays an
immunomodulatory role by regulating pro-resolving, anti-
inflammatory, and proinflammatory activities; thus, activating
this receptor might have complex consequences. Therefore,
FPR2 may represent a unique target for balancing inflammatory
processes and, consequently, for developing new therapeutic
strategies.

We have identified a series of ureidopropanamide-based
FPR2 agonists that can reduce the intracellular levels of
proinflammatory mediators in rat primary micro%lial cell
cultures stimulated with lipopolysaccharide (LPS).”*** Fur-
thermore, the compounds are stable to oxidative metabolism
and have reasonable permeation rates in hCMEC/D3 cells,
which are used as an in vitro blood—brain barrier model.”* The

most active and promising ligand, MR-39, exerts beneficial in
vitro effects in the micromolar range. Thus, it is not ideal for in
vivo preclinical studies because a high dosage would imply the
risk of unpredictable and confounding off-target effects. In a
subsequent study, the FPR2 agonist potency of the ureidopro-
panamide derivatives was improved, leading to the identification
of compound CMC23 [(S)-1-(3-(4-cyanophenyl)-1-(6-fluo-
roindolin-1-yl)-1-oxopropan2-yl)-3-(4-fluorophenyl)urea],
which was able to permeate the blood—brain barrier in vivo and
accumulate into the brain."'

In the present study, we studied the anti-inflammatory and
pro-resolving profiles of CMC23 to explore the role of FPR2 in
neuroinflammation and propose this compound as a new tool in
the treatment of inflammation. For this purpose, considering the
interplay between neuronal cells and glia, we performed ex vivo
studies in organotypic hippocampal cultures (OHCs). First, we
visualized the localization of FPR2 in hippocampal cultures
using MAP2, IBA1, and GFAP antibodies. Then, to compare the
dose-dependent effects of CMC23 on lactate dehydrogenase
(LDH) and nitric oxide (NO) release under basal conditions
and after immune activation, we used a bacterial endotoxin
(LPS). Moreover, the FPR2 specificity of the effect of CMC23
was verified using selective antagonist WRW4. Furthermore,
considering that FPR2 activation is crucial for the modulation of
microglial reactivity, we explored the expression of microglial
markers (Cd40, Cd68, Arg-1, and Igf-1) and the profile of
cytokines (IL-15, IL-6, IL-10, IL-12/23p40, IL-17A, IL-23p19,
and TGF-f) released in the hippocampus under basal
conditions and after LPS stimulation. Last, for further
characterization of the CMC23 pro-resolving activity in
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Figure 2. Impact of CMC23 and WRW#4 treatment on the LPS-stimulated LDH (A) and NO (B) release. OHCs were pretreated with the FPR2
antagonist WRW4 (10 uM) for 30 min. Subsequently, OHCs were treated with CMC23 (0.1 or 1 yM) for 1 h and then stimulated with
lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control slices were treated with an appropriate vehicle. The data are presented as the mean + SEM
percentage of control (vehicle-treated OHCs) of independent experiments, n = 4—8 in each experiment. Statistical analysis was performed using two-
way analysis of variance (ANOVA) with the Duncan post hoc test to assess the differences between the treatment groups. Significant differences are
indicated by *p < 0.05. LDH—Iactate dehydrogenase; NO—nitric oxide; LPS—Tlipopolysaccharide.

OHCs, we assessed the molecular signaling pathways by which
CMC23 alleviates LPS-evoked immune challenge.

2. RESULTS

2.1. Immunofluorescence Staining of the Formyl
Peptide Receptor 2 in OHCs. The presence of FPR2 in
various brain cells was described previously.'”**~>> However,
for the first time, we visualized FPR2 in OHCs. In the present
study, we confirmed that FPR2 colocalized with microglia
(IBA1), astrocytes (GFAP), and neurons (MAP2) in vehicle-
treated OHCs (Figure 1).

2.2. Impact of CMC23 Treatment on Lactate Dehydro-
genase and Nitric Oxide Release in OHCs. In the
preliminary experiments, we evaluated the effect of the FPR2
agonist CMC23 at two doses, 0.1 and 1 uM, on the release of
LDH, which is a well-known marker of cell death after the
damage of the plasma membrane, and on NO release using the
Griess reaction. Treatment of the OHCs with CMC23 at both
doses and with the FPR2 selective antagonist WRW4 (10 uM)
did not significantly change the levels of NO and LDH in control
OHCs. Stimulation of OHCs with LPS (1 ug/mL) for 24 h

increased the level of both LDH (p = 0.000018) (Figure 2A) and
NO (p = 0.000019) (Figure 2B). Furthermore, CMC23
decreased the harmful LPS-induced effect on LDH release at
0.1 uM (p = 0.000056) (Figure 2A) but not at 1 uM (Figure
2A). Significantly, pretreatment of the OHCs with the FPR2
antagonist WRW4 attenuated the protective activity of CMC23
(0.1 uM) (p = 0.047104) (Figure 2A). This outcome suggests
that the observed effect of CMC23 is mediated via FPR2.
However, we did not observe a favorable effect of CMC23
administration on LPS-induced NO release. Considering the
obtained results, we selected the dose of 0.1 uM CMC23 for
further research.

2.3. Impact of CMC23 Treatment on the mRNA
Expression of Microglial Markers in OHCs. In the brain,
microglia are the primary resident immune cells, constituting
approximately 10—15% of the total number of cells. Under
physiological conditions, microglia remain in a “surveillance
state” with the constant expression of various markers. However,
after activation, the expression of microglial markers dramati-
cally changed. Therefore, we determined the mRNA expression
of proinflammatory (Cd40, Cd68, Ccl2, 11-6, 1I-12, and II-23) and
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anti-inflammatory (Argl, Igf-1, Tgf-f, and II-10) factors that are
considered crucial microglial markers under basal conditions
and after LPS challenge in OHCs. Moreover, the impact of
CMC23 treatment was evaluated. Under control conditions,
CMC23 treatment did not show any effect on the expression of
the assessed markers (Table 1A,B). The statistical analysis

Table 1. Impact of CMC23 on the mRNA Expression of
Proinflammatory (A) (Cd40, Cdé68, Ccl2, 11-6, 1I-12, and II-
23) and Anti-Inflammatory (B) (Arg-1, Igf-1, Tgf-f, and II-10)
Factors in Control and LPS-Stimulated OHCs”

A
factors gene expression
control LPS CMC23 CMC23 + LPS
proinflammatory factors
Cd40 1.01 £ 0.07 1.59 + 0.18%* 0.82 + 0.09 101 + 0.13%
Cde8 1.03 = 0.10 1.00 = 0.17 0.86 + 0.15 0.57 + 0.07"
Ccl2 1.0S £0.19 2.94 + 0.62* 1.81 + 042 1.93 +£0.13
Il-6 1.07 £ 0.18 8.42 + 1.90* 1.63 + 0.51 1871 + 4.57"
I-12 1.02 + 0.09 0.60 + 0.13* 1.05 £ 0.13 0.85 £ 0.17
II-23 1.02 + 0.10 1.24 +0.11 1.54 £ 0.74 1.05 + 0.14
B
factors gene expression
control LPS CMC23 CMC23 + LPS
anti-inflammatory factors
Argl 109 +0.19 648 +133%  1.66 + 0.49 271 £ 0.74"
Igf-1 1.07 £ 0.17 0.25 + 0.08* 1.06 + 0.20 0.36 + 0.06
Tgf-p 1.00 £ 0.05 0.54 £ 0.06* 0.92 + 0.17 0.49 + 0.03
Il-10 1.06 + 0.18 24.43 + 3.55% 1.31 +£0.32 14.50 + 2.31*

“OHCs were treated with CMC23 (0.1 M) for 1 h and then with
lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control slices were
treated with the appropriate vehicle. The data are presented as the
average fold change + SEM of independent experiments, n = 4—6 in
each experiment. Statistical analysis was performed using two-way
analysis of variance (ANOVA) with the Duncan post hoc test to
assess the differences between the treatment groups. Significant
differences are indicated by *p < 0.0S control compared to that by the
LPS group; p < 0.05 LPS compared to that by the CMC23 + LPS

group.

revealed that LPS significantly upregulated the expression of the
following genes: Cd40 (p = 0.00397), Ccl2 (p = 0.007797), II-6
(p =0.038869), Arg-1 (p = 0.000502), and II-10 (p = 0.000069).
In contrast, LPS stimulation led to the downregulation of II-12
(p = 0.045665), Igf-1 (p = 0.001205), and Tgf-A (p = 0.001440)
expression. The administration of CMC23 in LPS-stimulated
OHCs significantly reduced the expression level of proin-
flammatory factors, namely, Cd40 (p = 0.005027) and Cd68 (p =
0.039337) and slightly Ccl2 as well as anti-inflammatory Arg-1 (p
=0.005561) and II-10 (p = 0.012514). In contrast, we observed
that CMC23 increased the level of LPS-induced upregulation of
11-6 (p = 0.27809).

2.4. Impact of CMC23 and WRW4 on the Release of
Proinflammatory Cytokines IL-18, IL-6, IL-17A, and IL-23
Subunits p19 and p40 in OHCs. To establish the anti-
inflammatory and pro-resolving properties of CMC23 (0.1 uM),
we first measured the protein level of proinflammatory IL-1
and IL-6 in control and LPS-stimulated OHCs using enzyme-
linked immunosorbent assay (ELISA). Moreover, to determine
whether the obtained results were mediated by FPR2, we
pretreated cultures with the FPR2 antagonist WRW4 (10 uM).
Our findings indicate that CMC23 did not change the level of

either cytokine under basal conditions. As expected, exposure of
the OHCs to LPS (1 pg/mL) markedly increased the levels of
both factors: IL-18 (p = 0.00027) (Figure 3A) and IL-6 (p =
0.000019) (Figure 3B). Importantly, CMC23 diminished the
LPS-evoked increase in the levels of IL-1/ (p = 0.01813) (Figure
3A) and IL-6 (p = 0.000113) (Figure 3B) release in OHCs.
Moreover, pretreatment with FPR2 antagonist WRW4 signifi-
cantly attenuated the CMC23-reduced protein level of IL-1/3 (p
=0.032668) (Figure 3A) and IL-6 (p = 0.041436) (Figure 3B)
in LPS-treated OHCs.

Next, we assessed the protein levels of IL-17A and both IL-23
subunits p19 and p40. As shown in Figure 4, none of the tested
compounds affected the levels of the mentioned cytokines under
basal conditions. However, stimulation with LPS elevated the
release of IL-17A (p = 0.000023) (Figure 4A) and both IL-23
subunits: p40 (p = 0.000023) (Figure 4B) and p19 (p =
0.001729) (Figure 4C). In addition, CMC23 attenuated the
LPS-induced production of IL-17A (p = 0.00428) (Figure 4A)
and p40 (p = 0.000496) (Figure 4B) and p19 (p = 0.024013)
(Figure 4C) subunits in OHCs. Nevertheless, this anti-
inflammatory effect of CMC23 only tended to be mediated by
FPR2 since WRW4 pretreatment did not significantly modulate
the levels of p19 and p40 in LPS- and CMC23-treated OHCs.

2.5. Impact of CMC23 on the Release of Anti-
inflammatory Cytokines TGF-f and IL-10 in OHCs. In
the next set of experiments, we examined the pro-resolving
properties of the new FPR2 agonist by assessing whether
CMC23 (0.1 uM) affects the protein level of the anti-
inflammatory cytokines TGF-f and IL-10 in control and LPS-
treated (1 pg/mL) OHCs. As revealed in Figure 5, CMC23
administration under basal conditions did not modulate the level
of anti-inflammatory cytokines. However, exposure to LPS
increased the levels of TGF-f (p = 0.032104) (Figure SA) and
IL-10 (p = 0.11957) (Figure 5B). In the control groups treated
with WRW4 and CMC23, we did not observe crucial changes.
The release of both cytokines was elevated in LPS-stimulated
OHCs, and we observed that CMC23 treatment slightly
increased TGF-f (p = 0.00064) (Figure SA) and IL-10 (p =
0.005894) (Figure SB) release.

2.6. Impact of CMC23 Treatment on the mRNA
Expression and Protein Level of JAK/STAT3/SOCS3
Pathway-Related Factors in OHCs. The JAK/STAT3
signaling pathway is an extensively established mediator of the
signal transduction of many growth factors, hormones, and
cytokines. In the canonical pathway, SOCS3, a negative
inhibitor of the JAK/STAT3 pathway, is activated in response
to the release of several cytokines.”® Therefore, to elucidate the
intracellular mechanism of the anti-inflammatory and pro-
resolving ability of CMC23 (0.1 M), we carried out a set of
experiments to examine the gene expression and protein levels of
factors related to the JAK/STAT3 pathway in OHCs. As shown
in Figure 6A, the mRNA expression of Jakl, Jak2, and Stat3 was
slightly upregulated after LPS (1 ug/mL) and CMC23
treatment; however, these changes were not significant.
Nevertheless, Western blot studies demonstrated that LPS
stimulation increased the protein levels of phospho-STAT3 (p =
0.000441) (Figure 6B) and phospho-STAT3/STAT3 (p =
0.000095) (Figure 6B). Importantly, this effect was abolished
after CMC23 administration (phospho-STAT3 p = 0.00436;
phospho-STAT3/STAT3 p = 0.012604) (Figure 6B). Although
WRW4 (10 uM) reversed the favorable effect of CMC23 in
LPS-evoked OHCs, these changes were not statistically
significant. Finally, since SOCS3 is a well-known inhibitor of
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Figure 3. Impact of CMC23 and WRW4 on the release of proinflammatory cytokines IL-15 (A) and IL-6 (B) in LPS-stimulated OHCs. OHCs were
pretreated with the FPR2 antagonist WRW4 (10 yM) for 30 min. Subsequently, OHCs were treated with CMC23 (0.1 M) for 1 h and then
stimulated with lipopolysaccharide (LPS; 1 pug/mL) for 24 h. Control slices were treated with the appropriate vehicle. The data are presented as the
mean + SEM of independent experiments, n = 5—8 in each experiment. Statistical analysis was performed using two-way analysis of variance
(ANOVA) with the Duncan post hoc test to assess the differences between the treatment groups. Significant differences are indicated by *p < 0.0S. IL-

1f—interleukin 1f; IL-6—interleukin 6; LPS—Ilipopolysaccharide.

the Jak1/2/STATS3 activation pathway, we assessed the level of
SOCS3 using ELISA. Twenty-four hours after LPS treatment,
the protein level of SOCS3 was increased (p = 0.03649) (Figure
6C), and CMC23 maintained the LPS-evoked effect (p =
0.038734) (Figure 6C) in OHCs.

3. DISCUSSION

The present study provides, for the first time, evidence that
FPR2 activation by the compound CMC23 limits cell death and
inhibits the proinflammatory status of OHCs stimulated by
bacterial endotoxin administration. Moreover, our results
strongly supported the importance of the STAT3 pathway in
the molecular anti-inflammatory mechanism of CMC23 activity,
identified by the suppression of proinflammatory cytokines IL-6,
IL-17A, and IL-23 during LPS-induced neuroinflammation in
OHCs.

We have been studying the role of FPR2 in neuro-
inflammation for several years. Using the agonist MR-39,”* we
have demonstrated that the activation of FPR2 can attenuate the
proinflammatory response in primary microglial cells, and this
effect is long-lasting compared to that of LXA4, the endogenous
FPR2 pro-resolving ligand.B In addition, in vivo administration

of MR-39 (10 mg/kg) was able to improve the neuro-
inflammation status in APP/PS1, a mice model of Alzheimer’s
disease,”” and in BTBR mice and mice prenatally exposed to
valproic acid, which are two animal models of autism spectrum
disorders.”® However, MR-39 elicited in vitro neuroprotective
and anti-inflammatory effects at micromolar doses, translating
into high in vivo dosages that can lead to unwanted side effects.
Therefore, in a subsequent study, we identified a new series of
ureidopropanamide FPR2 agonists that are highly potent and
have suitable pharmacokinetic properties."" Within this series,
CMC23 [compound (S)-111]"" emerged as a promising
pharmacological tool for in vivo studies because it activated
FPR2 in the submicromolar range (ECs, = 0.13 uM), elicited
neuroprotective and anti-inflammatory effects in primary
microglial cells at nanomolar concentrations, had acceptable
metabolic stability (t,,, = 44 min), was rapidly distributed after
i.p. administration (plasma f,,,, = 30 min and C,, = 192 ng/
mL), and accumulated in the brain with a brain-to-plasma ratio
of 0.378.

Hence, in this study, we studied the neuroprotective and anti-
inflammatory profile of CMC23 in OHCs and the molecular
pathways related to the observed anti-inflammatory effects. The
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Figure 4. Impact of CMC23 and WRW4 on the release of IL-17A (A), IL-23 subunits IL-12/23p40 (B), and IL-23p19 (C) in LPS-stimulated OHCs.
OHCs were pretreated with the FPR2 antagonist WRW4 (10 uM) for 30 min. Subsequently, OHCs were treated with CMC23 (0.1 4uM) for 1 h and
finally with lipopolysaccharide (LPS; 1 sg/mL) for 24 h. Control slices were treated with the appropriate vehicle. The data are presented as the mean +
SEM of independent experiments, n = 4—9 in each experiment. Statistical analysis was performed using two-way analysis of variance (ANOVA) with
the Duncan post hoc test to assess the differences between the treatment groups. Significant differences are indicated by *p < 0.05. IL-17A—
interleukin 17A; IL-12/23p40—interleukin 12/23p40; IL-23p19—interleukin 23p19; LPS—Ilipopolysaccharide.

primary dissociated cultures permit a single homogeneous cell
population to be studied. However, there is a clear need to
explore the function of brain cells in a 3D system where the
prominent architecture of the cells is preserved. Considering
past observations and data, which postulate the presence of
FPR2 in other cell types besides microglial cells in the brain, we

introduced an OHC model in the present research. This
experimental design maintains the functional interaction
between several cell types and the neuroimmune and endocrine
systems in a complex network. Thus, OHCs are an exciting tool
for investigating the neuroimmune processes of the brain ex
vivo.””*? To induce the neuroinflammatory condition, we used a
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Figure 5. Impact of CMC23 and WRW4 on the release of anti-inflammatory cytokines TGF-f (A) and IL-10 (B) in LPS-stimulated OHCs. OHCs
were pretreated with the FPR2 antagonist WRW4 (10 uM) for 30 min. Subsequently, the OHCs were treated with CMC23 (0.1 #uM) for 1 h and then
with lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control slices were treated with the appropriate vehicle. The data are presented as the mean + SEM
of independent experiments, n = 6—8 in each experiment. Statistical analysis was performed using two-way analysis of variance (ANOVA) with the
Duncan post hoc test to assess the differences between the treatment groups. Significant differences are indicated by *p < 0.0S. TGF-f — transforming

growth factor — f§; IL-10—interleukin 10; LPS—lipopolysaccharide.

nonspecific activator of bacterial origin—LPS—a commonly
accepted approach, especially in vitro, to study the modulatory
mechanisms of proinflammatory processes.”’ This model of
immunostimulation was also used in our previously published
studies to evaluate the pro-resolving ability of the MR-39 agonist
in OHCs. Therefore, in this paper, we continued the research
using this endotoxin in the context of the potential of CMC23 to
a potential resolution of inflammation (Rol), the endogenous
deficits of which are increasingly described in the context of
various brain diseases, including neurodegenerative or psychi-
atric ones.”'

In this study, we reported the colocalization of FPR2 with
microglial cells, astrocytes, and neurons in OHCs. These data
complement and extend previous observations made in
microglial cultures, including the finding that 24 h after
stimulation with LPS, FPR2 expression is upregulated, as
shown by fluorescence intensity.”” Moreover, these data are in
agreement with the results published by other authors who used
different models, also in in vivo studies, which showed the
expression of FPR2 in various cell types in the hippocampus.**”
Hence, the effect of CMC23 described in this paper should be

widespread and extended to FPR2 expressed in microglial cells,
astrocytes, and neurons.

We demonstrated that CMC23 attenuated the LPS-induced
LDH release. This effect was mediated by FPR2, as it
disappeared when the OHCs were pretreated with the FPR2
antagonist WRW4. Since the protective activity of CMC23 was
dose-dependent and was observed at nanomolar concentrations,
it could be proposed as a valuable pharmacological tool for in
vivo studies. The impact on NO production was also assessed to
complete the characterization of the neuroprotective properties
of CMC23. NO is a cellular messenger essential in many
physiological processes in the brain, but excessive NO synthesis
leads to neuronal cell death. Although we observed that LPS
stimulation increases the NO level, neither CMC23 nor WRW4
modulated NO release both under resting conditions and after
stimulation. Therefore, CMC23 has limited antioxidant
potential compared to that of MR-39.”* In our earlier studies
in microglial cultures, we did not observe any protective effect of
LXA4 and AT-LXA4 on LPS-induced NO potentiation, which
shows that some endogenous FPR2 ligands do not have both
antioxidant and pro-resolving effects.”’
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Figure 6. Impact of CMC23 and WRW4 on the gene expression of Jakl, Jak2, and Stat3 (A) and protein level of phospho-STAT3, STAT3 (B), and
SOCS3 (C) in LPS-stimulated OHCs. OHCs were pretreated with the FPR2 antagonist WRW4 (10 yM) for 30 min. Subsequently, OHCs were
treated with CMC23 (0.1 uM) for 1 h and then stimulated with lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control slices were treated with the
appropriate vehicle. The data are presented as the average fold change + SEM (A) and mean + SEM percentage of control (vehicle-treated OHCs) of
independent experiments (B), (C) n = 3—8 in each experiment. Statistical analysis was performed using two-way analysis of variance (ANOVA) with
the Duncan post hoc test to assess the differences between the treatment groups. Significant differences are indicated by *p < 0.0S. JAK1—]Janus kinase
1; JAK2—Janus kinase 2; STAT3—signal transducer and activator of transcription 3; SOCS3—suppressor of cytokine signaling 3; LPS—

lipopolysaccharide.

In the brain, microglia are the crucial targets in response to the
immune challenge evoked by LPS administration. Therefore, we
assessed the impact of CMC23 on the microglial trajectory in
OHCs. We observed that CMC23 attenuated the upregulation
of Cd40 and Cd68 expression. Since CD40 activation must be
the first step of microglial cell activation along with microglial
cell proliferation and upregulation of other markers (e.g, MHC
class II and CD86), CMC23 can inhibit the inflammatory
response in the initiation phas.e.34’35 Additionally, the effect of

CMC23 on the gene expression of Cd68 suggests that it
influences the elimination of cellular debris via the phagocytic
activity of microglia after LPS stimulation. Moreover, CMC23
treatment tends to downregulate LPS-evoked Ccl2 expression.
CCL2 participates in multiple neuroinflammatory processes,
mainly through the recruitment of glial cells. However, CCL2
has also been proven to exert different actions on these cells,
including modifying their response to inflammatory stimuli.
Interestingly the genetic removal of CCL2 increases the
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expression of the enzymes responsible for the synthesis of SPMs,
including arachidonate 15-lipoxygenase and arachidonate 5-
lipoxygenase in the brain cortex of SxFAD mice.® The
expression of the FPR2, known to mediate the activity of pro-
resolving mediators, was also increased in mice lacking CCL2.
Therefore, it may be proposed that CMC23-induced
supp;;ession of CcI2 may be at least in part crucial in enhancing
Rol.”

In contrast, the LPS-evoked downregulation of Igf-1 was not
affected, while Arg-1 upregulation was even slightly suppressed
by CMC23 administration. The potential beneficial role of
ARG-1 in inflammation involves competition with iNOS, as
both of these factors utilize L-arginine as a substrate.”>**? Thus,
the decrease in Arg-1 expression may come from iNOS activation
and related NO production in OHCs. Nevertheless, the
potential compensatory participation of ARG-1 in repairing
microglial damage after LPS stimulation is also noted.

As a follow-up, in this study, we investigated the anti-
inflammatory and pro-resolving ability of CMC23 in OHCs
during neuroinflammation. Regarding the anti-inflammatory
factors, CMC23 did not affect the LPS-induced increase of
TGF-f and IL-10 expression. Unexpectedly, in the case of IL-10,
discrepancies were observed between the expression and protein
levels.

Moreover, a differential effect of CMC23 on gene and protein
expression levels was also observed in the case of proin-
flammatory cytokine IL-6. These contrasting effects might
emerge from alterations in the regulation of various stages of
mRNA expression, starting with changes in the chromatin
conformation, gene activation in response to external stimuli,
and control of the transcription process.*”*' In the case of IL-6,
the disturbances in the mRNA’s nuclear retention, an essential
mechanism for maintaining the dynamic balance between de
novo transcription and protein translation, should be consid-
ered.* Generally, transcript levels alone are not sufficient to
predict cytokine protein levels in many scenarios, and the
genotype—phenotype patterns may be modulated by various
processes, which may reduce the correlation of protein and
respective mRNA levels at the cellular level.”’

Nevertheless, in the case of IL-10, some compensatory
mechanisms leading to the maintenance and enhancement of
the proper level of biologically active IL-10 in the OHCs might
be stressed.

LPS is one of the most potent bacterial inducers of cytokine
release, including TNF-a, IL-1f3, and IL-6, and anti-inflamma-
tory factors, such as IL-10. In fact, LPS triggers the induction of
IL-10 secretion, efficiently preventing pro-IL-1/ expression.
Thus, the balance between IL-10 induction and the level of pro-
IL1f3 potentially determines the final level of IL-1,** which in
our study was reduced by CMC23 treatment. Our previous
studies showed that the FPR2 agonist MR-39 suppresses LPS-
evoked IL-1f release by inhibiting the NLRP3/NF-kB path-
way.”” Therefore, it may be suggested that the same mechanism
may also be considered in the anti-inflammatory effect of
CMC23. Nevertheless, as we demonstrated, the strong pro-
resolving effect of CMC23 was also reflected in the LPS-induced
reduction in IL-6 release. Notably, the beneficial impact of
CMC23 on the protein levels of IL-1f and IL-6 was FPR2-
mediated, as the FPR2 antagonist WRW4 weakened this pro-
resolving effect.

Since the growing body of evidence points to the importance
of IL-23, which is secreted in the brain by astrocytes and
infiltrating macrophages under inflammatory conditions*** in

parallel in the defense mechanism in bacterial infections, ~*’

we investigated the potential ability of CMC23 to modulate this
proinflammatory factor. IL-23 consists of p19 and a common
p40 subunit shared by the structurally related IL-12.°°7>
Although the heterodimeric molecule is the bioactive cytokine
and both subunits p19/p40 for IL-23 and p35/p40 for IL-12
must be coexpressed in the same cell to generate the bioactive
form, an effector function of p40 alone by microglia upon
immune stimulation was postulated.”> Our study demonstrated
that LPS-induced IL-12/23p40 and IL-23pl9 release was
strongly inhibited by CMC23 treatment. FPR2 partially
mediated this effect, as it tended to be attenuated by
pretreatment with WRW4 in OHCs. It is well-known that
after binding to the IL-23 receptor, IL-23 leads to conforma-
tional changes and, subsequently, to the phosphorylation of
STATS3. Paradoxically, the STAT3 pathway can also be activated
by IL-6 and IL-10.***’ In addition, STAT3 activation in
response to IL-6 in combination with TGF-f and IL-23 leads to
the activation of brain immunocompetent cells.**~*° Thus, the
role of IL-23 as a broad regulator of late-stage inflammatory
processes should be postulated.*

An intriguing observation in this study was that CMC23
strongly inhibited STAT3 phosphorylation induced by LPS, and
this effect tended to be mediated by FPR2 activation. Recently,
data showed that the activation of FPR2 by ANAX1 inhibited
STAT3 phosphorylation.”” ANAXI1 also inhibited IL-23 and IL-
17A release in this experimental system. These findings may be
interesting in the context of the pro-resolving effects induced by
CMC23 since we observed that this ligand inhibited the LPS-
induced increase in IL-1f, IL-6, and IL-17A levels that were
most likely released mainly by activating glial cells (especially
microglia),”*” which prolonged the inflammatory response.
Therefore, the inhibitory potential of CMC23 demonstrated in
this research may be crucial in limiting chronic inflammatory
processes and supporting disturbed endogenous Rol mecha-
nisms in OHCs.

The JAK/STAT3/SOCS3 signaling pathway actively partic-
ipates in cytokine signaling regulation. Therefore, we also
evaluated the impact of CMC23 on the SOCS3 level. In our
study, none of the compounds affected the SOCS3 level under
the resting conditions. However, after immune challenge,
CMC23 (and LPS alone) maintained an increased level of this
protein in OHCs. Therefore, we suggest that inflammatory
activation induces regulatory mechanisms in OHCs that are
supposed to prevent excessive inflammatory responses by
limiting STAT3 activation. Qin et al.®® demonstrated the
prominent role of SOCS3 in suppressing IL-6 signaling by
inhibiting STAT3 and IL-23 release. Moreover, the ability of IL-
10 to induce de novo synthesis of SOCS3 was correlated with its
ability to modulate the trajectory of microglia and inhibit
proinflammatory genes, including LPS-inducible IL-14.°"%*
Hence, it is possible to hypothesize that the lack of effect of
CMC23 on the elevated level of SOCS3 in OHCs allows for the
proper regulation of the JAK/STAT3 pathway and, con-
sequently, modulation of LPS-induced Rol activation, at least
in part by changing the polarization of microglia.”’ A similar
trend as that in the current study has also been observed in
microglial cell cultures, where the activity of the JAK2/STAT3
signal transduction pathway rapidly increased in response to
LPS stimulation. Simultaneously, this effect was related to
SOCS3 upregulation which, in a time-dependent manner,
efficiently blocked STAT3 function, regulating the secretion of
inflammatory cytokines.”*"" The relationship between the
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inflammatory response in the brain and STAT3 and SOCS2/3
levels was also observed in our previous research in an in vivo
model.%

We are aware that our study has some limitations. The
proposed pro-resolving mechanisms of CMC23 action in the
applied ex vivo model undoubtedly require further verification.
The use of siRNA, currently unavailable to our research team,
may be particularly important in the introduced paradigm. The
effectiveness of these techniques in organotypic cultures has
recently been the subject of many intensive studies.
Undoubtedly, their optimization will allow their implementation
in the future also in the study of the mechanisms of action of new
agonists in the Rol processes.

4. CONCLUSIONS

The results reported herein provide a new approach to
understanding the role of FPR2 activation and downstream
signaling modulation in the mechanisms that lead to the
limitation of inflammatory response. The newly identified FPR2
agonist CMC23 inhibits LDH release and modulates microglial
trajectory and proinflammatory cytokine production in OHCs
stimulated with bacterial endotoxin. Moreover, our data provide
the first evidence that points to the crucial role of the STAT3-
regulated pathway in the molecular anti-inflammatory mecha-
nism of CMC23.

The strong protective and pro-resolving effect of CMC23
suggests that this compound is a valuable tool to support
endogenous deficits in suppressing inflammatory reactions.
Furthermore, since neuroinflammatory activation contributes to
the pathogenesis of various brain disorders, CMC23 may be
considered a potential therapeutic agent for inflammatory-based

pathologies.

5. MATERIALS AND METHODS

5.1. Animals. Sprague—Dawley rats (Charles River, Sulzfeld,
Germany) were housed under standard conditions at room temper-
ature (23 °C) under a 12/12 h light/dark cycle beginning at 8:00 and
given ad libitum access to food and water. Animals were kept for 1 week
for acclimation, and the proestrus phase of the menstrual cycle was
identified by taking vaginal smears daily. Once the proestrus phase was
detected, females were paired with males for 12 h, and afterward, the
presence of sperm in the vaginal smear was checked. During pregnancy,
females were kept undisturbed under standard conditions in home
cages. The experiments were approved by the Committee for
Laboratory Animal Welfare and Ethics of the Maj Institute of
Pharmacology, Polish Academy of Sciences, Cracow, Poland (approval
no. 204/2018, 28.06.2018).

5.2. Chemicals. The FPR2 agonist compound CMC23 [(S)-1-(3-
(4-cyanophenyl)-1-(6-fluoroindolin-1-yl)-1-oxopropan2-yl)-3-(4-
fluorophenyl)urea] was synthesized at the Department of Pharmacy,
University of Bari, according to the procedure previously described.''
The spectroscopic properties were in agreement with those previously
reported.'" The FPR2 antagonist WRW4 was obtained from Alomone
Laboratories, Israel. The bacterial endotoxin LPS (Escherichia coli
0111:B4) was purchased from Sigma-Aldrich, St. Louis, MO, USA.

5.3. Establishment of Organotypic Hippocampal Cultures.
Six- to seven-day-old Sprague—Dawley rat pups were used to establish
OHCs. Cultures were prepared following the Stoppini et al.*® method
with our slight modifications. Briefly, after decapitation, brains were
placed in a sterile ice-cold working buffer (96% HBSS, 3.5% glucose,
and 0.5% penicillin/streptomycin; all reagents were obtained from
Gibco, Waltham, MA, USA). Then, isolated hippocampi were placed
on Teflon discs and cut into 350 ym slices with a Mcllwain tissue
chopper. Selected sections were placed on ThinCerts-TC Inserts with
0.4 um pore size membranes (Greiner bioone, Kremsmiinster, Austria)
and cultured in 1 mL of medium containing 25% horse serum (50%

DMEM + GlutaMax-I, pH 7.4; 20.5% HBSS; 25% horse serum; 0.1 mg/
mL glucose; 1% amphotericin B; 0.4% penicillin and streptomycin; 1%
B-27 supplement) and HEPES (all reagents were obtained from Gibco,
UK). OHCs were grown in 6-well plates for 7 days (DIV) in an
incubator (37 °C) with an adjustable CO, flow (5%). The initial
medium was changed 24 h later (0.5 mL of medium) and then every 48
h (1 mL of medium). On the fifth DIV, the concentration of horse
serum in the medium was tapered down to 10% (50% DMEM +
GlutaMax-I, pH 7.4; 35.5% HBSS; 10% horse serum; 0.1 mg/mL
glucose; 1% amphotericin B; 0.4% penicillin and streptomycin; 1% B-27
supplement; and HEPES) (all reagents were obtained from Gibco,
UK), and finally, on the seventh DIV, the medium was changed to
serum-free medium (containing 50% DMEM F-12, pH 7.4; 44% HBSS;
0.1 mg/mL glucose; 1% amphotericin B; 0.4% penicillin and
streptomycin, 1% B-27, 1% N-2; and HEPES) (to maintain the pH).

5.4. Treatment. On the seventh DIV, OHCs were pretreated for 30
min with the FPR2 antagonist WRW4 (10 yM). Then, a new FPR2
agonist, compound CMC23 (in two doses: 0.1 or 1 M), was added to
the culture medium for 1 h, and OHCs were stimulated with 1 yg/mL
LPS for 24 h. Control groups were subjected to the appropriate vehicle
in the corresponding volume and regimen. Stock solutions of the
examined chemicals were prepared as follows: compound CMC23 in
DMSO to 1 mM concentration, LPS in PBS to 1 mg/mL concentration,
and WRW#4 in distilled water to 1 mM concentration. The final
concentrations of used compounds were in distilled water.

5.5. Lactate Dehydrogenase Release Assay. Twenty-four hours
after LPS administration, LDH release into the culture medium was
measured using the colorimetric method as described previously®
according to the manufacturer’s instructions (Cytotoxicity Detection
Kit, Roche Diagnostic, Mannheim, Germany). The data were
normalized to the LDH release values of the control groups (100%;
vehicle-treated WT OHCs) and presented as a percentage of the
control + the standard error of the mean (SEM).

5.6. Nitric Oxide Release Assay. To determine the quantitative
release of NO into the culture medium, the Griess reaction was
performed as previously described.”® Briefly, 24 h after LPS
administration, 50 L of collected supernatants and an equal volume
of Griess A (0.1% N-1-naphthyl ethylenediamine dihydrochloride) and
Griess B (1% sulfanilamide in $% phosphoric acid) were mixed in a 96-
well plate. After 10 min of incubation, the absorbance was measured at
540 nm wavelength using an Infinite M200PRO microplate reader
(TECAN, Minnedorf, Switzerland). The data were normalized to the
NO release of the control groups (100%; vehicle-treated OHCs) and
presented as a percentage of the control + SEM.

5.7. Quantitative Real-Time Polymerase Chain Reaction.
Organotypic hippocampal slices were lysed using 200 uL of TRI
Reagent (Sigma-Aldrich, St. Louis, MO, USA) 24 h after LPS
administration. The samples were stored at —20 °C until isolation.
Total RNA was extracted according to the manufacturer’s instructions
(TRIzol Reagent User Guide Instructions; Thermo Fisher Scientific,
Waltham, MA, USA) based on the Chomczynski’' method.
Immediately after isolation, the RNA concentration was assessed with
a NanoDrop spectrophotometer (ND/1000 UV /vis, Thermo Fisher
NanoDrop, Waltham, MA, USA). Then, cDNA synthesis was
conducted via reverse transcription using an NG dART RT kit
(EURx, Gdansk, Poland) following the manufacturer’s instructions.
Obtained ¢cDNA was amplified using a FastStart Universal Probe
Master (Rox) kit (Roche, Basel, Switzerland) and TaqMan probes
(Thermo Fisher Scientific, Waltham, MA, USA) for the following
genes: Argl (arginase 1; Rn00691090_m1), Ccl2 (C—C motif chemokine
ligand 2; Rn00580555_ml), Cd40 (cluster of differentiation 40;
Rn01423590_m1), Cd68 (cluster of differentiation 68;
Rn01495634 ¢1), Igf-1 (insulin-like growth factor 1;
Rn00710306_ml), IIl-6 (interleukin 6; Rn01410330_ml), Il-10
(interleukin 10; Rn01644839 ml), II-12 (interleukin 12a;
Rn00584538 _ml), II-23 (interleukin 23a; Rn00590334 gl), Jakl
(Janus kinase 1; Rn01763899 ml), Jak2 (Janus kinase 2;
Rn00676341_m1), Stat3 (signal transducer and activator of transcription
3; Rn00680715_m1), and Tgf-f1 (transforming growth factor pl;
Rn00572010_m1) (all obtained from Thermo Fisher Scientific,
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Waltham, MA, USA). Furthermore, 2 microglobulin (B2M;
Rn00560865_m1) was used as a normalizing control. The samples
were run on 2 CFX96 Real-Time System (BIO-RAD, Hercules, CA,
USA). The threshold value (Ct) for each sample was set in the
exponential phase of PCR, and the AACt method was used for data
analysis.

5.8. Enzyme-Linked Immunosorbent Assays. Twenty-four
hours after LPS administration, culture medium from OHCs was
collected to measure the levels of the following cytokines: interleukin
14 (IL-1p), interleukin 6 (IL-6), interleukin 10 (IL-10), interleukin
12p40 (IL-12p40), interleukin 17A (IL-17A), interleukin 23p19 (IL-
23p19), and transforming growth factor beta (TGF-f3). Furthermore,
OHCs were lysed in 160 uL of RIPA buffer with Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham,
MA, USA). Then, the level of suppressor of cytokine signaling 3
(SOCS3) was measured in lysed OHCs. The cytokine levels were
measured using commercially available ELISA kits obtained from
Wuhan Fine Biotech Co., Ltd. Wuhan, China (IL-1f, IL-12p40, IL-
17A, IL-23p19, and TGF-f); BD Biosciences, Franklin Lakes, NJ, USA
(IL-6 and IL-10); and ELK Biotechnology, Wuhan, China (SOCS3).
All assays were conducted according to the manufacturer’s instructions.
The detection limits were as follows: IL-1 < 18.75 pg/mL, IL-6 < 78
pg/mL, IL-10 < 15.6 pg/mL, IL-12p40 < 7.031 pg/mL, IL-17A < 9.375
pg/mL, IL-23p19 < 9.37S pg/mL, TGF-f < 18.75 pg/mL, and SOCS3
< 0.059 ng/mL. The interassay precision of all ELISA kits was CV % <
10%. The intra-assay precision of all ELISA kits was CV % < 8%.

5.9. Western Blot Analyses. Western blot analyses were
performed as previously described.”>”® Briefly, 24 h after treatment,
OHC:s were lysed in RIPA buffer with Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA).
Protein concentration analysis of the samples was conducted using a
BCA protein assay kit (Sigma-Aldrich, St. Louis, MO, USA) according
to the supplier’s instructions, and the optical density was measured
using an Infinite M200PRO microplate reader (TECAN, Mannedorf,
Switzerland). Then, lysates (equal protein concentration) in 4x
Laemmli buffer (Roche, Basel, Switzerland) were heated in an
Eppendorf thermomixer comfort (Sigma-Aldrich, St. Louis, MO,
USA) for 8 min at 95 °C, separated by SDS—PAGE (4—20% Criterion
TGX Precast Gels, with 26 Well Comb, Bio-Rad, Hercules, CA, USA)
and transferred to polyvinylidene fluoride (PVDF) membranes (Trans-
Blot Turbo, Bio-Rad, Hercules, CA, USA). Next, the membranes were
washed with Tris-buffered saline [(TBS) pH = 7.5], blocked in 5%
bovine serum albumin for 1 h at RT, and incubated overnight at 4 °C
with the primary antibodies, antiphospho-STAT3 (1:1000, #9145, Cell
Signaling, Danvers, MA, USA), and antivinculin (1:15000, V9264,
Sigma-Aldrich, St. Louis, MO, USA), diluted in a Signal Boost
Immunoreaction Enhancer kit buffer (Millipore, Warsaw, Poland).
Afterward, membranes were washed in TBS containing 0.1% Tween-20
(TBST) three times for 10 min and incubated with the horse antimouse
immunoglobulin G (IgG, 1:10,000, PI-2000 Vector Laboratories) and
goat-antirabbit IgG (1:10,000, PI-1000, Vector Laboratories) secon-
dary antibodies for 1 h. After the second incubation, the blots were
washed again with TBST three times for 10 min, detected using Pierce
ECL Western blotting substrate (Thermo Fisher, Waltham, MA, USA)
and visualized by a Fujifilm LAS1000 system (Fuji Film, Tokyo, Japan).
After visualization, the membranes were stripped with stripping buffer
containing 100 L of Tris—HCl (pH = 6.7), 2% SDS, and 700 uL of 2-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). Then,
membranes were reprobed with antibodies against the unphosphory-
lated protein STAT3 (1:500, #9139, Cell Signaling, Danvers, MA,
USA) diluted in a Signal Boost Immunoreaction Enhancer kit buffer
(Millipore, Warsaw, Poland). Detection and visualization were carried
out as previously described. The relative levels of immunoreactivity
were quantified by using Fujifilm Multi Gauge software (Fuji Film,
Tokyo, Japan).

5.10. Immunofluorescence Staining of Organotypic Hippo-
campal Cultures. Immunofluorescence staining of OHCs was
performed according to the protocol reported in Gogolla et al.”* with
slight modifications. Briefly, the OHCs were fixed with 4%
paraformaldehyde (PFA, ChemCruz, Santa Cruz Biotechnology, Inc.,

Dallas, TX, USA) for 1 h, washed with PBS, and kept at 4 °C until
experiments. Next, before staining, hippocampal slices were cut off from
the inserts, transferred to a 12-well plate, and permeabilized in 0.5%
Triton X-100 in PBS for up to 18 h at 4 °C. The next day, the sections
were kept in blocking solution (20% bovine serum albumin, Sigma-
Aldrich, St. Louis, MO, USA) overnight at 4 °C. OHCs were incubated
with an anti-FPR2 rabbit polyclonal antibody (Huabio, Greater Boston,
MA, USA; 1:50) and then with a goat antirabbit antibody conjugated
with the fluorescent dye Alexa Fluor 647 (Abcam, Cambridge, UK;
1:300) overnight at 4 °C in a closed wet chamber. Secondary staining
was performed using one of the primary antibodies: anti-IBA1 goat
polyclonal antibody, anti-MAP2 chicken polyclonal antibody, or anti-
GFAP chicken polyclonal antibody (all obtained from Abcam
Cambridge, UK; 1:50). Subsequently, one of the following secondary
antibodies was used: donkey antigoat conjugated with the fluorescent
dye Alexa Fluor 555 or goat antichicken conjugated with the fluorescent
dye Alexa Fluor 488 (both Abcam, Cambridge, UK; 1:300). Finally,
after washing in 5% BSA in PBS, sections were incubated in Hoechst
33342 (Invitrogen, Waltham, MA, USA; 1:5000) for 15 min at RT in
the dark to stain the nuclei. Next, the sections were briefly washed and
placed onto glass microscope slides, mounted using ProLong Glass
Antifade Mountant (Invitrogen, Waltham, MA, USA), covered with
cover glass, and kept at 4 °C until imaging with a Leica TCS SP8 X
confocal laser-scanning microscope (Leica Microsystems CMS GmbH,
Mannheim, Germany) using a 63x HC PL APO CS2 1.40 NA oil
immersion objective. The images were reconstructed using Image]J
1.53n (Wayne Rasband, National Institute of Health, Bethesda, MD,
USA).

5.11. Statistical Analyses. Statistical analyses were performed
using Statistica 13.3 software (Stat Soft, Tulsa, Tulsa, Tulsa, USA). All
biochemical experiments were carried out under the same conditions
for all samples, regardless of the type of treatment. The presented
results were obtained from three independent experiments conducted
under the same conditions, and “n” for each culture was 2—4. All data
are presented as the mean + SEM. The results of the LDH and NO
release assays, Western blotting, confocal fluorescence image analysis,
and SOCS3 ELISA are presented as the mean percentage &+ SEM of the
control. The data obtained from the other ELISAs are presented as the
mean + SEM, and those for qRT-PCR are presented as the average fold
change + SEM. All groups were compared using factorial analysis of
variance (ANOVA) to determine the effects of the factors, followed,
when appropriate, by Duncan’s post hoc test. A p value of less than 0.05
was considered to be statistically significant. All graphs were prepared
using GraphPad Prism 9.
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Supplementary Figure S1 Western blot analysis (A) of lysates from organotypic hippocampal
cultures (OHCs) demonstrating protein level of phospho-STAT3 and total STAT3 protein.

Vinculin was used as a normalizing control. Stripping and re-probing were used to investigate

the levels of phosphorylated proteins before assessing the total expression of the same protein.
Description of the arrangement of the samples (1-16) (B).
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Supplementary Figure S2 Western blot analysis (A) of lysates from organotypic hippocampal
cultures (OHCs) demonstrating protein level of phospho-STAT3 and total STAT3 protein.
Vinculin was used as a normalizing control. Stripping and re-probing were used to investigate

the levels of phosphorylated proteins before assessing the total expression of the same protein.

Description of the arrangement of the samples (17-31) (B).
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Supplementary Figure S3 Western blot analysis (A) of lysates from organotypic hippocampal
cultures (OHCs) demonstrating protein level of phospho-STAT3 and total STAT3 protein.
Vinculin was used as a normalizing control. Stripping and re-probing were used to investigate
the levels of phosphorylated proteins before assessing the total expression of the same protein.

Description of the arrangement of the samples (32-47) (B).
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Supplementary Figure S4 Western blot analysis (A) of lysates from organotypic hippocampal
cultures (OHCs) demonstrating protein level of phospho-STAT3 and total STAT3 protein.
Vinculin was used as a normalizing control. Stripping and re-probing were used to investigate
the levels of phosphorylated proteins before assessing the total expression of the same protein.

Description of the arrangement of the samples (48-55) (B).
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Supplementary Figure S5 Schematic representation of the hippocampus. The fluorescence

images were taken from the CA1 hippocampus region (labeled with a square on the scheme).
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Abstract: Microglial cells have been demonstrated to be significant resident immune cells that
maintain homeostasis under physiological conditions. However, prolonged or excessive microglial
activation leads to disturbances in the resolution of inflammation (Rol). Formyl peptide receptor 2
(FPR2) is a crucial player in the Rol, interacting with various ligands to induce distinct conformational
changes and, consequently, diverse biological effects. Due to the poor pharmacokinetic properties
of endogenous FPR2 ligands, the aim of our study was to evaluate the pro-resolving effects of a
new ureidopropanamide agonist, compound AMS21, in hippocampal organotypic cultures (OHCs)
stimulated with lipopolysaccharide (LPS). Moreover, to assess whether AMS21 exerts its action via
FPR2 specifically located on microglial cells, we conducted a set of experiments in OHCs depleted
of microglial cells using clodronate. We demonstrated that the protective and anti-inflammatory
activity of AMS21 manifested as decreased levels of lactate dehydrogenase (LDH), nitric oxide
(NO), and proinflammatory cytokines IL-13 and IL-6 release evoked by LPS in OHCs. Moreover,
in LPS-stimulated OHCs, AMS21 treatment downregulated NLRP3 inflammasome-related factors
(CASP1, NLRP3, PYCARD) and this effect was mediated through FPR2 because it was blocked by
the FPR2 antagonist WRW4 pre-treatment. Importantly this beneficial effect of AMS21 was only
observed in the presence of microglial FPR2, and absent in OHCs depleted with microglial cells
using clodronate. Our results strongly suggest that the compound AMS21 exerts, at nanomolar doses,
protective and anti-inflammatory properties and an FPR2 receptor located specifically on microglial
cells mediates the anti-inflammatory response of AMS21. Therefore, microglial FPR2 represents a
promising target for the enhancement of Rol.

Keywords: formyl peptide receptor 2; ureidopropanamide agonist; neuroinflammation; lipopolysaccharide;
inflammasome NLPR3-related pathway; hippocampus

1. Introduction

Microglia, the brain’s resident immune cells, play a crucial role in health and dis-
ease [1,2]. They defend the brain against infections and injury [3], contribute to neuroge-
nesis and synaptic conditions, and interact with neurons and other brain cells to control
homeostasis [4-7]. Importantly, microglial cells are susceptible to the surrounding environ-
ment [8] and possess various receptors to sense microenvironment changes that regulate
their functions [9,10]. Therefore, during inflammatory stimulation, the brain environment
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plays a crucial role in the proper resolution of inflammation (Rol). In fact, triggering mi-
croglial reactivity and prolonged stimulation, they alter homeostasis, leading to neuronal
and other glial tissue damage [11-13]. Once activated, microglia change their morphology,
proliferate and enhance the expression of various cluster of differentiation (CD) markers
(e.g., CD40 and CD68). Moreover, microglia are a prominent source of proinflammatory
cytokines such as IL-1f3, IL-18, IL-6 and tumour necrosis factor alpha (TNF-«), as well
as neurotoxic mediators including NO, ROS, prostaglandin (PG) E2, and the superoxide
anion [14,15].

One of the crucial players in the development of the neuroinflammatory response is
the nucleotide-binding oligomerisation domain-like (NOD-like) receptor pyrin-containing
3 inflammasome (NLRP3), which is highly expressed in microglia [16-18]. NLRP3 is a
multiprotein complex consisting of NLRP3, procaspase-1, and apoptosis-associated speck-
like protein containing a caspase recruitment domain (PYCARD). Various environmental
and endogenous molecules activate the NLRP3 complex. Additionally, this complex
is indirectly activated by a primary component of the endotoxin from Gram-negative
bacterial cell walls, lipopolysaccharide (LPS) [19,20]. The two-step NLRP3 inflammasome
activation facilitates the oligomerisation of inactive NLRP3, PYCARD, and procaspase-
1. This complex, in turn, catalyses the conversion of procaspase-1 to caspase-1, which
contributes to the production and secretion of microglial mature proinflammatory cytokines,
mainly IL-1f3 and IL-18 [21-23].

In addition, to proinflammatory polarisation, microglial cells also have an anti-
inflammatory phenotype and are involved in the suppression of inflammation and in
the restoration of homeostasis inter alia by the release of transforming growth factor
(TGF-B), insulin-like growth factor 1 (IGF-1), and IL-10 [24-26]. Alterations in microglial
polarisation are associated with excessive microglial inflammatory activation and distur-
bances in the Rol [11,13]. Since microglial cells are highly heterogeneous, as identified via
novel transcriptomic and microscopy studies [27,28], it has been suggested that by targeting
specific receptors, microglial cells can be “reprogrammed” to adopt new functional and
molecular identities in a context-dependent manner [29].

Formyl peptide receptors (FPRs) belong to the seven-transmembrane G protein-
coupled receptor family. As demonstrated in previous scientific research in the brain,
FPR2 is expressed mainly in microglial cells, neurons, and astroglia not only in physiologi-
cal but also pathological conditions [30-35]. Among them, FPR2 is a low-affinity receptor
for N-formyl peptides and is considered the most promiscuous member of the FPR family.
FPR?2 can recognise various endogenous and exogenous ligands, ranging from lipids to pro-
teins and peptides, including non-formylated peptides [36,37]. FPR2 also shows diversity in
receptor signalling leading to different and sometimes opposite downstream effects, which
have been ascribed to conformational changes that underline biased signalling [38,39].
Biased agonism explains at least in part the role of different FPR2 agonists in modulating
the inflammatory response [40]. In fact, after the binding of the ligand, FPR2 is activated
and triggers several agonist-dependent signal transduction pathways [41,42]. However,
it should be strongly emphasised that FPR2 downstream signalling pathway activation
depends not only on the ligand but also on the cell type involved [43,44], which is crucial
in understanding how FPR2 activation can modulate cellular processes, including the Rol.

Therefore, identifying new bioactive compounds that can target microglial FPR2 and
inflammatory pathways to dampen the neuroinflammatory response may be a useful
approach in preventing or delaying the onset of neuroinflammation-based brain diseases.

We recently identified a series of ureidopropanamide-based FPR2 agonists endowed
with high agonist potency. Among the studied compounds, derivative AMS21 ((S)-1-(3-
(4-cyanophenyl)-1-(indolin-1-yl)-1-oxopropan-2-yl)-3-(4-fluorophenyl)urea) was able to
activate FPR2 at nanomolar concentrations (EC50 = 0.026 uM), which was was 10-fold selec-
tive over FPR1 subtype and showed acceptable resistance to oxidative metabolism, which
are promising properties for prospective in vivo preclinical studies [45]. In addition, in rat
primary microglial cells stimulated with LPS, the anti-inflammatory effects of AMS21 were
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counterbalanced by the FPR2 antagonist WRW4, suggesting these were mainly mediated
through the interaction with FPR2 [45].

In the present study, we assessed the pro-resolving effects of compound AMS21 on
the neuroinflammatory response stimulated by bacterial endotoxin treatment using organ-
otypic hippocampal cultures (OHCs). Moreover, to confirm the contribution of FPR2 ac-
tivation to the observed effects of AMS21, we used the FPR2 receptor antagonist WRW4.
Next, we focused on the impact of AMS21 on FPR2 localised on microglial cells, assessing
the anti-inflammatory activity of this ligand in OHCs depleted of microglial cells using
clodronate. The intracellular mechanisms of the effects of AMS21, with particular emphasis
on the pathway associated with the NLRP3 inflammasome under standard conditions and
in microglia-deficient cultures, were also evaluated.

2. Materials and Methods
2.1. Animals

Sprague Dawley rats were obtained from Charles Rivers (Sulzfel, Germany) and kept
under standard conditions. The rats were maintained at room temperature (23 °C) on a
12/12 h light/dark cycle (lights on at 06:00 am) with food and water available ad libitum.
After one week of acclimatisation, the presence of the proestrus cycle was identified by
taking vaginal smears daily. On the proestrus day, females and males were mated overnight.
Next, pregnant females were kept under standard conditions in home cages without any
disruptions. The experiments were approved by the Committee for Laboratory Animal
Welfare and Ethics of the Maj Institute of Pharmacology, Polish Academy of Sciences,
Cracow, Poland (approval no. 204/2018, 28 June 2018).

2.2. Chemicals

The formyl peptide receptor 2 agonist compound AMS21 ((S)-1-(3-(4-cyanophenyl)-
1-(indolin-1-yl)-1-oxopropan-2-yl)-3-(4-fluorophenyl)urea) was synthesised at the Depart-
ment of Pharmacy, University of Bari, as previously reported [45]. The FPR2 antagonist
WRW4 was purchased from Alomone Labs, Israel. The bacterial endotoxin lipopolysaccha-
ride (LPS; Escherichia coli 0111:B4) was obtained from Sigma-Aldrich, St. Louis, MO, USA.
Microglial cells were depleted using clodronate (disodium salt) obtained from Millipore,
Burlington, MA, USA. Stock solutions of the used compounds were prepared as follows:
AMS21 in DMSO to 1 mM concentration, LPS in PBS to 1 mg/mL, WRW4, and clodronate in
distilled water to 1 mM and 1 mg/mL concentration, respectively. The final concentrations
of the used compounds were in distilled water.

2.3. Establishment of Organotypic Hippocampal Cultures (OHCs)

Organotypic hippocampal cultures were prepared according to the protocol of Stoppini
et al. [46] with slight modifications. The cultures were prepared from six- to seven-day-old
Sprague Dawley females. The animals were decapitated, and the isolated brains were
placed directly into a sterile ice-cold working buffer (96% HBSS, 3.5% glucose, and 0.5%
penicillin/streptomycin; all reagents were obtained from Gibco, Waltham, MA, USA). Af-
terwards, the hippocampi were placed on Teflon discs and cut into 350 pM sections using
a Mcllwain™ Tissue Chopper (Surrey, UK). Then, selected sections were transferred into
ThinCerts™ (Minneapolis, MN, USA) inserts with 0.4 pM pore size membranes (Greiner
Bio-one, Kremsmunster, Austria) in 6-well plates containing 1 mL of initial medium with
25% horse serum (50% DMEM + GlutaMax™-1, pH 7.4; 20.5% HBSS; 25% horse serum;
0.1 mg/mL glucose; 1% amphotericin B; 0.4% penicillin and streptomycin; 1% B-27 sup-
plement; and HEPES (all reagents were obtained from Gibco, London, UK)). OHCs were
grown for 7 days in vitro (DIV) in an incubator (37 °C) with an adjustable CO, flow (5%).
The culture medium was changed every 48 h, and horse serum concentration was tapered
down according to the following schedule: on 1st to 3rd DIV 25% medium; on 5th DIV 10%
medium (50% DMEM + GlutaMax™-I, pH 7.4; 35.5% HBSS; 10% horse serum; 0.1 mg/mL
glucose; 1% amphotericin B; 0.4% penicillin and streptomycin; 1% B-27 supplement; and
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HEPES, (all reagents were obtained from Gibco, London, UK)); and lastly on 7th DIV serum-
free medium (50% DMEM F-12, pH 7.4; 44% HBSS; 0.1 mg/mL glucose; 1% amphotericin
B; 0.4% penicillin and streptomycin, 1% B-27, 1% N-2; and HEPES).

2.4. Treatment

Treatment of OHCs was divided into two parts depending on clodronate presence or
absence. In the groups without clodronate on the 7th DIV, pre-treatment was performed
with the FPR2 antagonist WRW4 (10 uM) for 30 min. Then, the new FPR2 agonist compound
AMS21 at two doses, 0.1 uM and 1 uM, was added to the culture medium for an hour, and,
afterwards, OHCs were stimulated with 1 ug/mL LPS for 24 h.

In the second part of the experiments, to deplete microglia, clodronate was prepared
and used according to the manufacturer’s instructions. Clodronate was administered to
the culture medium in the 1st DIV for 24 h. Afterwards, the culture medium was removed,
6-well plates were washed twice with warm, sterile PBS, and a new medium was added.
On the 7th DIV, OHCs were treated with AMS21 at a dose of 0.1 uM (selected in the first
part of the experiments), and an hour later, bacterial endotoxin at 1 ng/mL dose was added
for 24 h. Control OHCs were treated with PBS as a vehicle.

2.5. Lactate Dehydrogenase (LDH) Assay

A lactate dehydrogenase (LDH) assay was conducted using a Cytotoxicity Detection
Kit (Roche, Germany) as previously described [47,48]. Briefly, 24 h after LPS administration,
the culture medium was collected, and 50 uL of each sample was placed into a 96-well
plate. Then, an equal amount of reagent mixture prepared according to the manufacturer’s
instructions was mixed with the samples. After incubation at 37 °C, the intensity of the red
colour formed in the colorimetric assay was measured at a wavelength of 490 nm (Infinite®
200 PRO plate reader, Tecan, Zurich, Switzerland) and was proportional to the number of
damaged/dead cells.

2.6. Nitric Oxide (NO) Assay

The amount of nitric oxide (NO) was detected as we previously described [49,50] using
a colorimetric Griess reaction in accordance with the protocol. An equal volume of the
collected samples (50 pL), Griess A (0,1% N-1-naphthylethylenediamine dihydrochloride),
and Griess B (1% sulfanilamide in 5% phosphoric acid; Sigma-Aldrich, St. Louis, MO,
USA), was mixed in a 96-well plate. The intensity of the formed colour was measured at a
wavelength of 540 nm (Inﬁnite® 200 PRO plate reader, Tecan, Zurich, Switzerland).

2.7. RNA Extraction and cDNA Preparation

Twenty-four hours after LPS administration, slices were lysed using 200 pL TRI®
Reagent (Sigma-Aldrich, St. Louis, MO, USA) and stored at —20 °C until isolation. Total
RNA extraction was performed according to the User Guide (TRIzol® Reagent User Guide
Instructions; Thermo Fisher Scientific, Waltham, MA, USA) based on the Chomczynski [51]
method. Then, the RNA concentration was assessed using a NanoDrop spectrophotometer
(ND/1000 UV /Vis, Thermo Fisher NanoDrop, Waltham, MA, USA). The synthesis of
cDNA was performed using an NG dART RT Kit (EURx, Gdansk, Poland) according to the
manufacturer’s instructions.

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The cDNA was amplified using a FastStart Universal Probe Master (Rox) kit (Roche,
Basel, Switzerland) and TagMan probes (Thermo Fisher Scientific, Waltham, MA, USA)
for the following genes: Casp1 (Caspase 1; Rn00562724_m1), Cd40 (Cluster of differentiation
40; Rn01423590_m1), Cd68 (Cluster of differentiation 68; Rn01495634_g1), Igf-1 (Insulin-like
growth factor 1; Rn00710306_m1), II-1ra (Interleukin 1 receptor antagonist; Rn02586400_m1),
1I-1B (Interleukin 16; Rn00580432_m1), II-6 (Interleukin 6; Rn01410330_m1), II-18 (Interleukin
18; Rn01422083_m1), Nirp3 (NLR family pyrin domain containing 3; Rn04244620_m1), Pycard
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(Apoptosis-associated speck-like protein containing a caspase recruitment domain; Rn00597229_g1),
Tgf-B1 (Transforming growth factor f1; Rn00572010_m1) (all obtained from Thermo Fisher
Scientific, Waltham, MA, USA). The B2m gene (52 microglobulin; Rn00560865_m1) was used
as a normalising control. Thermal cycling conditions were as follows: 2 min at 50 °C and
10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s and at 60 °C for 1 min. The threshold
value (Ct) for each sample was set in the exponential phase of PCR, and the AACt method
was used for data analysis.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

The OHCs medium was collected 24 h after LPS administration for further experi-
ments. Furthermore, OHCs were lysed using 160 uL of RIPA buffer with Halt™ Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Protein
isolation was performed, and the total concentration of the protein was assessed using a
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Optical
density was measured at a wavelength of 562 nm using an Infinite® 200 PRO plate reader
(Tecan, Zurich, Switzerland). The levels of interleukin 1, interleukin 6, interleukin 10 and
transforming growth factor 3 were measured in the collected supernatants, and the levels
of caspase 1, NLR family pyrin domain containing 3, and apoptosis-associated speck-like
protein containing a caspase recruitment domain were assessed in the protein isolated
from OHCs. All tests were performed using commercially available enzyme-linked im-
munosorbent assays (ELISA) obtained from Wuhan Fine Biotech Co., Ltd. Wuhan, China
(IL-1pB, TGF-B, CASP1, NLRP3, PYCARD), BD Biosciences, Franklin Lakes, NJ, USA (IL-6,
IL-10) in accordance with the manufacturer’s protocols. The detection limits were as fol-
lows: IL-13 < 18.75 pg/mL, IL-6 < 78 pg/mL, IL-10 < 15.6 pg/mL, TGF- < 18.75 pg/mL,
CASP1 < 37.5 pg/mL, NLRP3 < 0.188 ng/mL, and PYCARD < 46.875 pg/mL. The inter-
assay precision of all ELISA kits was CV% < 10%. The intra-assay precision of all ELISA
kits was CV% < 8%.

2.10. Western Blot Analyses

Western blot analyses were carried out as we described previously [4,6,52]. The
samples (equal protein concentration) were mixed with Laemmli buffer (Roche, Basel,
Switzerland) in a 4:1 ratio and heated in an Eppendorf Thermomixer comfort (Sigma-
Aldrich, St. Louis, MO, USA) for 8 min at 95 °C. Afterwards, the samples were resolved by
SDS-PAGE on 4-20% Criterion™ TGX™ Precast Gels (Bio-Rad, Hercules, CA, USA) and
transferred to PVDF membranes (Sigma-Aldrich, St. Louis, MO, USA) using Trans-Blot
Turbo (Bio-Rad, Hercules, CA, USA). Membranes with transferred protein were briefly
washed with Tris-buffered saline (TBS) (pH 7.5), blocked in 5% bovine serum albumin (5%
BSA dissolved in TBS with 0.1% Tween 20 (TBST)) for 1 h at room temperature (RT), and
washed with TBST 3 times for 10 min. Then, the membranes were incubated with primary
antibodies overnight at 4 °C anti-IBA1 (NBP2-19019, 1:500, Novus Biologicals, Centennial,
CO, USA) and anti-vinculin (1:15,000, V9264, Sigma-Aldrich, St. Louis, MO, USA) diluted
in Signal Boost Immunoreaction Enhancer Kit Buffer (Millipore, Warsaw, Poland). The next
day, the membranes were washed in TBST 3 times for 10 min and incubated with horse
anti-mouse IgG (1:10,000, PI-2000 Vector Laboratories, Newark, CA, USA) and goat anti-
rabbit IgG (1:10,000, PI-1000, Vector Laboratories, Newark, CA, USA) secondary antibodies
for an hour. Finally, the membranes were washed again with TBST, and blots were detected
using Pierce™ ECL Western blotting substrate (Thermo Fisher, Waltham, MA, USA) and
visualised using a Fujifilm LAS1000 system (Fuji Film, Tokyo, Japan). The relative levels
of immunoreactivity were quantified using Fujifilm Multi Gauge V3.0 software (Fuji Film,
Tokyo, Japan).
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2.11. Immunofluorescence Staining of Organotypic Hippocampal Cultures

Immunofluorescence staining of OHCs was performed in accordance with Gogolla
et al. [53] with slight modifications. Twenty-four hours after LPS administration, OHCs
were fixed with 4% paraformaldehyde (PFA, ChemCruz®, Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) 1 mL above and 1 mL underneath the insert for an hour. The slices were
washed with PBS 3 times for 5 min, and the sections were kept at 4 °C until experiments.
Afterwards, OHCs were carefully removed from the inserts, placed into 12-well plates, and
permeabilised in 0.5% Triton X-100 in PBS for up to 18 h at 4 °C. Then, the sections were
blocked with 20% BSA in PBS solution (20% bovine serum albumin, Sigma-Aldrich, St.
Louis, MO, USA) overnight at 4 °C or for 4 h at RT. All blocked sections were first incubated
with an anti-FPR2 rabbit polyclonal antibody (Huabio, Greater Boston, MA, USA; 1:50)
and then with a goat anti-rabbit antibody conjugated with the fluorescent dye AlexaFluor®
647 (Abcam, Cambridge, UK; 1:300) overnight at 4 °C in a closed wet chamber. Secondary
staining was carried out using the primary antibody anti-IBA1 goat polyclonal antibody
(Abcam, Cambridge, UK; 1:50) under the same conditions. Subsequently, the slices were
incubated with donkey anti-goat secondary antibody conjugated with the fluorescent dye
Alexa Fluor® 555 (Abcam, Cambridge, UK; 1:300). OHCs were briefly washed with 5% BSA
in PBS and stained with Hoechst 33342 (Invitrogen, Waltham, MA, USA; 1:5000) for 15 min
at RT to stain the nuclei. Dyed OHCs were placed onto microscope slides and mounted
using ProLong™ Glass Antifade Mountant (Invitrogen, Waltham, MA, USA), covered with
cover glass, and kept at 4 °C until imaging with a Leica TCS SP8 X confocal laser-scanning
microscope (Leica Microsystems CMS GmbH, Mannheim, Germany) using a 63 x HC PL
APO CS2 1.40 NA oil immersion objective. The images were reconstructed using Image]
1.53n (Wayne Rasband, National Institute of Health, Bethesda, MD, USA).

2.12. Quantitative Analyses of Confocal Fluorescence Images of Organotypic Hippocampal Cultures

The fluorescence intensity of IBA1 and FPR2 was measured using Image]. Briefly, the
intensity in single images was measured after applying the colour threshold separately for
IBA1 and FPR2. Then, the thresholded area derived from the entire picture was determined,
and the data are presented as the control mean &= SEM.

2.13. Statistical Analysis

The data were analysed using Statistica 13.3 software (Stat Soft, Tulsa, OK, USA). All
biochemical experiments were conducted under the same conditions for all samples, re-
gardless of the type of treatment. The results were obtained from independent experiments
carried out under the same conditions and are presented as the mean 4+ SEM. Data obtained
from LDH, NO, and confocal microscopy are presented as the mean percentage £+ SEM of
the control. The results obtained from the ELISA are presented as the mean + SEM, and
those for qRT-PCR are presented as the average fold change + SEM. All groups were com-
pared using factorial analysis of variance (ANOVA) to determine the effects of the factors,
followed, when appropriate, by Duncan’s post hoc test. A p value of less than 0.05 was
considered to be statistically significant. All graphs were prepared using GraphPad Prism 9.

3. Results
3.1. The Effect of WRW4 and AMS21 Treatment on Lactate Dehydrogenase and Nitric Oxide
Release in OHCs

To establish the most efficient dose of the FPR2 agonist AMS21, our initial studies
focused on the assessment of the release of lactate dehydrogenase (LDH), which is a cell
death marker, and nitric oxide (NO) induced by LPS stimulation. For this purpose, we
treated cultures with AMS21 at two doses: 0.1 uM and 1 uM. Furthermore, OHCs were
also pre-treated with the FPR2 antagonist WRW4 to determine whether the observed effect
of the tested agonist was mediated through FPR2.

Treatment of OHCs with AMS21 at both doses and WRW4 did not affect LDH release
in the control groups (Figure 1A). However, we observed a decrease in NO release after
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combined AMS21 and WRW4 administration (p = 0.045149 and p = 0.034001 for 0.1 uM and
1 uM AMS21 doses, respectively) (Figure 1B). Stimulation of OHCs with LPS (1 ug/mL)
elevated the levels of both LDH (p = 0.008050) (Figure 1A) and NO (p = 0.000033) (Figure 1B)
release. LDH release was decreased after AMS21 administration in LPS-stimulated OHCs;
however, this beneficial effect was observed only after a lower (0.1 pM) dose (p = 0.003820)
(Figure 1A). Moreover, we observed a significant attenuation of NO release at 0.1 uM
(p = 0.000057) and 1 uM (p = 0.000057) AMS21 doses (Figure 1B) in LPS-challenged groups.
Pre-treatment with the FPR2 antagonist WRW4 did not significantly modulate favourable
AMS21 properties in LPS-stimulated groups. Since AMS21 attenuated the release of LDH
and NO only at 0.1 uM, this dose was chosen for further studies.
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Figure 1. The effect of WRW4 and AMS21 treatment on lactate dehydrogenase (LDH) (A) and nitric
oxide (NO) (B) release in LPS-stimulated OHCs. Cultures were pre-treated with the FPR2 antagonist
WRWH4 (10 uM) for 30 min. Afterwards, OHCs were treated with two doses of AMS21 (0.1 uM
and 1 pM) for one hour and then stimulated with lipopolysaccharide (LPS; 1 ug/mL) for 24 h.
Control groups were treated with an appropriate vehicle. The data are presented as the mean
percentage £+ SEM of the control of independent experiments, n = 4-6 in each experiment. Statistical
analysis was carried out using two-way analysis of variance (ANOVA) with the Duncan post hoc
test to assess the differences between the treatment groups. Significant differences are indicated by
* p < 0.05. LDH—]lactate dehydrogenase; NO—mnitric oxide; LPS—lipopolysaccharide.

3.2. The Effect of WRW4 and AMS21 Treatment on the Release of the Proinflammatory Cytokines
IL-1B and IL-6 in OHCs

To examine whether AMS21 has anti-inflammatory properties, we assessed the levels
of two proinflammatory cytokines, IL-13 and IL-6, using ELISA. Our findings indicate that
AMS21 (0.1 uM) and WRW4 (10 pM) did not affect the levels of IL-13 (Figure 2A) and IL-6
(Figure 2B) under basal conditions. As expected, LPS (1 pg/mL) stimulation significantly
elevated the levels of both the proinflammatory cytokines IL-1f (p = 0.007455) (Figure 2A)
and IL-6 (p = 0.000039) (Figure 2B). Furthermore, AMS21 attenuated the inflammatory
response caused by LPS since decreased levels of IL-13 (p = 0.022065) (Figure 2A) and IL-6
(p = 0.029148) (Figure 2B) were observed. In the case of IL-13, the anti-inflammatory effect
of AMS21 was mediated via FPR2, and pre-treatment with WRW4 blocked the beneficial
effect of AMS21 (p = 0.000732) (Figure 2A).
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Figure 2. The impact of WRW4 and AMS21 on the release of proinflammatory IL-1f (A) and IL-6
(B) cytokines in LPS-stimulated OHCs. Cultures were pre-treated with the FPR2 antagonist WRW4
(10 uM) for 30 min. Afterwards, OHCs were stimulated with AMS21 (0.1 uM) for one hour and then
with lipopolysaccharide (LPS; 1 pg/mL) for 24 h. Control groups were treated with the appropriate
vehicle. The data are presented as the mean + SEM of independent experiments, n = 4-8 in each
experiment. Statistical analysis was carried out using two-way analysis of variance (ANOVA) with the
Duncan post hoc test to assess the differences between the treatment groups. Significant differences
are indicated by * p < 0.05. IL-1B—interleukin 1f; IL-6—interleukin 6; LPS—lipopolysaccharide.

3.3. The Effect of WRW4 and AMS21 Treatment on the Release of Anti-Inflammatory Cytokines
TGF- and IL-10 in OHCs

In the next part of our research, we determined the pro-resolving properties of
AMS21 by assessing the protein levels of two anti-inflammatory cytokines, TGF-f3 and
IL-10. Treatment of OHCs with WRW4 (10 uM) and AMS21 (0.1 uM) under basal conditions
reduced the protein level of TGF-f3 (p = 0.016505) (Figure 3B). Nevertheless, an equivalent
effect was not observed in the case of IL-10 (Figure 3A) under basal conditions. Our find-
ings indicate elevated levels of both cytokines TGF-f3 (p = 0.010386) (Figure 3A) and IL-10
(p = 0.021561) (Figure 3B) in LPS-stimulated groups. Moreover, AMS21 administration
slightly increased the TGF-f3 (p = 0.000818) (Figure 3A) level and maintained an enhanced
level of IL-10 (p = 0.018393) (Figure 3B) in the LPS-challenged group in comparison to the
control group. Importantly, the favourable effect of AMS21 was mediated via FPR2 in the
case of TGF-{ release (p = 0.000025) (Figure 3A) since we observed a diminished level of
this factor in WRW4 pre-treated groups.
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Figure 3. The impact of WRW4 and AMS21 on the release of anti-inflammatory TGF-f3 (A) and
IL-10 (B) cytokines in LPS-stimulated OHCs. Cultures were pre-treated with the FPR2 antagonist
WRW4 (10 uM) for 30 min. Afterwards, OHCs were stimulated with AMS21 (0.1 uM) for one hour
and then with lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control groups were treated with the
appropriate vehicle. The data are presented as the mean £ SEM of independent experiments, n = 4-8
in each experiment. Statistical analysis was carried out using two-way analysis of variance (ANOVA)
with the Duncan post hoc test to assess the differences between the treatment groups. Significant
differences are indicated by * p < 0.05. TGF-p—transforming growth factor 3; IL-10—interleukin 10;
LPS—Ilipopolysaccharide.
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3.4. The Effect of AMS21 on the mRNA Expression of Proinflammatory and Anti-Inflammatory Genes

Considering the favourable role of AMS21 in modulating anti-inflammatory and pro-
resolving action and the fact that microglia are crucial immune cells in the central nervous
system, we assessed proinflammatory and anti-inflammatory gene profiles with particular
consideration of microglial markers.

We determined the mRNA expression levels of proinflammatory (Cd40, Cd68, 1I-1B,
11-6, 11-18) (Table 1 part A) and anti-inflammatory genes (Igf-1, II-1Ra, Tgf-f) (Table 1 part B).
The statistical analysis of proinflammatory genes revealed the upregulation of the Cd40
(p =0.037870), II-1B (p = 0.000159), II-6 (p = 0.036641), and II-18 (p = 0.028277) (Table 1 part
A) genes in LPS-treated (1 ug/mL) OHCs. Importantly, the impact of AMS21 (0.1 uM) was
noticed as the downregulation of Cd40 (p = 0.042920 and 1I-18 (p = 0.030416) genes after LPS
stimulation. As shown in Table 1 part B, LPS administration decreased Igf-1 (p = 0.002364)
and increased the II-1Ra (p = 0.008516) mRNA levels. AMS21 potentiated the elevation of
II-Ra (p = 0.031202) evoked by LPS.

Table 1. The impact of AMS21 on the mRNA expression of proinflammatory (Cd40, Cd68, II-18,
11-6, 1I-18) (A) and anti-inflammatory (Igf-1, II-1Ra, Tgf-B) (B) genes in LPS-stimulated OHCs. OHCs
were stimulated with AMS21 (0.1 uM) for an hour and subsequently with lipopolysaccharide (LPS;
1 pg/mL) for 24 h. Control groups were treated with the appropriate vehicle. The data are presented
as the average fold change £ SEM of independent experiments, n = 3-6 in each experiment. Statistical
analysis was performed using two-way analysis of variance (ANOVA) with the Duncan post hoc
test to assess the differences between the treatment groups. Significant differences are indicated by
*p < 0.05 control compared to the LPS group; * p < 0.05 LPS compared to the AMS21 + LPS group.

Control LPS AMS21 AMS21 + LPS
A
Proinflammatory factors
Cd40 1.04 £ 0.18 2.83+1.51* 1.02 £0.25 0.96 £ 0.14 *
Cdes 1.06 = 0.18 1.07 £ 0.39 0.92 +0.20 094 £0.16
1-1 1.06 = 0.15 27.05 4+ 3.70 * 1.02 £ 0.18 27.58 4+ 1.90 *
II-6 1.07 £ 0.27 3.57+033* 323+1.19 342 +0.24
1I-18 1.05 £ 0.18 2.52 + 0.86 * 1.04 +0.29 0.97 +0.18*
B
Anti-inflammatory factors
Igf-1 1.04 £ 0.15 0.33 4 0.02 * 1.06 £ 0.18 0.47 £0.10
II-1Ra 1.06 +0.28 7.18 £ 1.63 * 1.59 4 0.25 11.74 £ 1.98 %
Tgf-B 1.03 £ 0.16 0.45 + 0.14 1.15+0.21 0.84 £0.12

3.5. The Effect of WRW4 and AMS21 Treatment on the NLRP3-Related Pathway in OHCs

We also determined the effect of AMS21 on the protein level and mRNA expression
of all NLRP3 inflammasome subunits, which is a multiprotein complex containing sensor
protein (NLRP3), adaptor protein (PYCARD) and caspase-1 protein [21,54].

As revealed in Figure 4, AMS21 (0.1 uM) and WRW4 (10 uM) did not affect the protein
level of all examined subunits under basal conditions. However, LPS (1 pg/mL) stimulation
led to a significant increase in CASP1 (p = 0.000057) (Figure 4A), NLRP3 (p = 0.000028)
(Figure 4B) and PYCARD (p = 0.000814) (Figure 4C) in OHCs. Moreover, AMS21 attenuated
LPS-induced elevations in CASP1 (p = 0.000028), NLRP3 (p = 0.000055) and PYCARD
(p = 0.018303), while pre-treatment with WRW4 blocked these beneficial properties of the
agonist (CASP1 (p = 0.037574), NLRP3 (p = 0.000062), PYCARD (p = 0.006172)).
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Figure 4. The impact of WRW4 and AMS21 on the protein levels of CASP1 (A), NLRP3 (B), and
PYCARD (C) and mRNA expression (D) in LPS-stimulated OHCs. Cultures were pre-treated with
WRW4 (10 uM) for 30 min. Afterwards, OHCs were administered AMS21 (0.1 uM) for one hour
and lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control groups were treated with the appropriate
vehicle. The data are presented as the mean + SEM of independent experiments (A-C), n = 6-8 in each
experiment and as the average fold change &= SEM (D), n = 3-6 in each experiment. Statistical analysis
was carried out using two-way analysis of variance (ANOVA) with the Duncan post hoc test to assess
the differences between the treatment groups. Significant differences are indicated by * p < 0.05 (A-C),
and * p < 0.05 control compared to the LPS group; # p < 0.05 LPS compared to the AMS21 + LPS
group (D). CASP1—caspase 1; NLRP3—nod-like receptor pyrins 3; PYCARD—apoptosis-associated
speck-like protein containing a caspase recruitment domain; LPS—lipopolysaccharide.

Analysis of mRNA expression revealed an elevated level of Nlrp3 (p = 0.017181)
and downregulation of Pycard (p = 0.044698) genes in LPS-stimulated OHCs (Figure 4D).
Furthermore, we observed restored homeostasis in the Nirp3 (p = 0.011565) gene after
AMS21 treatment in LPS-challenged groups. Although we did not observe statistical
significance, Caspl tended to be elevated after LPS administration and restored after
AMS21 treatment.

3.6. The Effect of Clodronate Treatment on Microglia in OHCs

Formyl peptide receptor 2 is widespread in peripheral immune cells and in central
nervous system cells, including neurons, astrocytes, and microglia [30-33]. Since our
research has shown that AMS21 exerts its biological function via FPR2, we determined
whether the presence of microglial FPR2 is required for the anti-inflammatory and pro-
resolving action of AMS21. As a preliminary part of these experiments, we confirmed
that clodronate depleted microglia using immunofluorescence staining (in Supplementary
Materials Figure S2) and Western blot analysis.

As we demonstrated in Figure 5A, the fluorescence intensity of IBA1 in LPS-treated
OHCs (1 pg/mL) was significantly increased (p = 0.005184). Moreover, after clodronate
(150 pug/mL) administration, the fluorescence intensity decreased in both the control
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(p = 0.000443) and LPS-challenged group (p = 0.000061). This finding seems to be in
line with the fluorescence intensity of FPR2 (Figure 5B), as we observed a diminished level
of FPR2 in control (p = 0.0004026) and LPS-stimulated OHCs (p = 0.012620) after clodronate
treatment. Nevertheless, the fluorescence intensity of FPR2 remains not completely silenced,
as in the microglial marker IBA1.

FPR2 IBA1 DAPI Merge

o ..
- ..-.
LPS
Clodronate

nsity of FPR2

w

LPS [1 pgimi])
Clodronate [150 jgimi)

1BA1
17 kDa
Vinculin
116 kDa

% of control IBA1

Contonse 150 ] — . :

Figure 5. Representative fluorescence images of OHCs obtained using confocal microscopy (A,B)
and the protein level of IBA1 (C) after LPS and clodronate administration. Microglia depletion was
performed on the 1st DIV using clodronate (150 pg/mL). On the 7th DIV, cultures were treated with
lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control groups were treated with the appropriate vehicle.
Fluorescence intensity data are derived for IBA1 (A) and FPR2 (B). Nuclei appear in blue Hoechst
33342, FPR2 was labelled using AlexaFluor® 647 in red and IBA1 was labelled using AlexaFluor®
555. The data are presented as the mean + SEM of independent experiments, # = 6-9 for fluorescence
images, and n = 4 for Western blot analysis. Statistical analysis was carried out using two-way
analysis of variance (ANOVA) with the Duncan post hoc test to assess the differences between the
treatment groups. Significant differences are indicated by * p < 0.05. Scale bar: 50 uM is located at the
bottom right corner of each image.
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In the second part of this experiment, to ensure that clodronate depleted microglia,
we performed Western blot analysis (Figure 5C and Supplementary Materials Figure S1).
As expected, LPS administration elevated the protein level of IBA1 (p = 0.002265), and
clodronate stimulation diminished the microglial marker in both control (p = 0.002506) and
LPS-treated (p = 0.000070) OHCs.

3.7. The Effect of AMS21 on the Protein Level of NLRP3 Inflammasome Pathway-Related Factors
in Microglia-Depleted OHCs

Finally, we investigated the proinflammatory and pro-resolving properties of AMS21 in
microglia-depleted OHCs. Our research revealed that clodronate (150 ug/mL) and AMS21
(0.1 pM) administration did not change the protein levels of IL-1f3 (Figure 6A) and CASP1
(Figure 6B) under basal conditions. Nevertheless, we observed the influence of combined
treatment with clodronate and AMS21 in vehicle-treated groups since the protein levels of
NLRP3 (p = 0.015504) (Figure 6C) and PYCARD (p = 0.032702) (Figure 6D) were decreased
compared to those in the AMS21-treated group. As expected, all examined factor levels
were elevated in LPS-stimulated OHCs (IL-1f3 (p = 0.001421), CASP1 (p = 0.000054), NLRP3
(p = 0.000055), PYCARD (p = 0.000054)), and AMS21 exhibited favourable properties by de-
creasing the amount of NLRP3 inflammasome pathway-related factors (IL-1 (p = 0.016751),
CASP1 (p = 0.000028), NLRP3 (p = 0.000032), PYCARD (p = 0.000034)) (Figure 6A-D).
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Figure 6. The impact of clodronate and AMS21 on the protein levels of IL-13 (A), CASP1 (B),
NLRP3 (C), and PYCARD (D) in LPS-stimulated OHCs. Microglia depletion was performed on the
1st DIV using clodronate (150 pg/mL). On the 7th DIV, cultures were stimulated with AMS21 (0.1 uM)
for one hour and then with lipopolysaccharide (LPS; 1 ug/mL) for 24 h. Control groups were treated
with the appropriate vehicle. The data are presented as the mean + SEM of independent experiments,
n = 7-8 in each experiment. Statistical analysis was carried out using two-way analysis of variance
(ANOVA) with the Duncan post hoc test to assess the differences between the treatment groups.
Significant differences are indicated by * p < 0.05. CASP1—caspase 1; NLRP3—nod-like receptor
pyrins—3; PYCARD—apoptosis-associated speck-like protein containing a caspase recruitment
domain (CARD); LPS—lipopolysaccharide.
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Importantly, the proinflammatory potential of LPS administration was attenuated in
clodronate-treated OHCs (IL-1f3 (p = 0.000280), CASP1 (p = 0.000114), NLRP3 (p = 0.000062),
PYCARD (p =0.000061)) (Figure 6A-D). Moreover, AMS21 seems to be microglia-dependent
since we noticed the beneficial potential of this compound only in the absence of clo-
dronate administration. In fact, OHCs treatment with clodronate inhibited the beneficial
impact of AMS21 on the protein level of NLRP3 inflammasome-related factors in LPS-
stimulated OHCs (IL-1p (p = 0.014792), CASP1 (p = 0.000054), NLRP3 (p = 0.000055),
PYCARD (p = 0.000054)) (Figure 6A-D).

4. Discussion

In this study, we found that the FPR2 agonist AMS21 limits lactate dehydrogenase and
nitric oxide release in OHCs stimulated by LPS. Moreover, AMS21 significantly attenuated
LPS-evoked microglial marker expression, including Cd40 and II-18, while upregulating
II-1Ra expression, a negative regulator of the inflammatory response. The FPR2-dependent
pro-resolving ability of AMS21 was related to the limitation of proinflammatory cytokines:
IL-1p and partial IL-6 release in stimulated OHCs. Importantly, our results are the first to
firmly point to the crucial role of FPR2 expressed by microglial cells in the anti-inflammatory
activity of AMS21 since the depletion of microglial cells abolished this effect. Moreover, the
molecular mechanism of the pro-resolving potential of AMS21 treatment in control OHCs
was identified as the suppression of the NLRP3 inflammasome complex and the decrease
in IL-1p release in the neuroinflammatory response.

Considering the inconclusive data related to the expression of FPR2 in CNS cells and
the fact that microglial cells perform their functions in the brain mainly through interactions
with other cells that are highly sensitive to the surrounding environment, in this study,
we used an ex vivo model of hippocampal organotypic cultures. This model preserves
the functional interactions between brain cells, and the influence of various biological
brain components, including immunological components, on the studied effects has not
been affected [55]. Moreover, this experimental model allowed us to demonstrate the role
of microglial cells in the studied mechanisms related to FPR2 activation through simple
pharmacological modulation.

Modulation of the resolution of inflammation (Rol) has been proposed as a new strat-
egy to treat CNS disorders based on inflammation, and the FPR2 receptor has been recently
identified as a target of pro-resolving agents [9,56,57]. Since endogenous FPR2 agonists
(such as LXA4 and ATL-LXA4) are characterised by high chemical lability and poor bioavail-
ability, the identification of “drug-like” FPR2 agonists is necessary [58,59]. During the last
decade, intensive work has been carried out to identify compounds that could combine the
favourable profile of endogenous ligands, including Rol, with favourable pharmacokinetic
properties and high bioavailability. We identified the first series of FPR2 agonists based
on an ureidopropanamide scaffold able to reduce the intracellular levels of proinflamma-
tory mediators in rat primary microglial cell cultures stimulated with lipopolysaccharide
(LPS) [31,60]. Furthermore, the compounds are stable to oxidative metabolism and have
reasonable permeation rates in hCMEC /D3 cells, which are used as an in vitro blood barrier
model. However, the most promising ligand, MR-39, produces beneficial in vitro effects
in the micromolar range. Thus, this limits its use for in vivo preclinical studies because
a high dosage would imply the risk of unpredictable and confounding off-target effects.
Therefore, in a subsequent study, the FPR2 agonist potency of the ureidopropanamide
derivatives was improved and led to the identification of compound AMS21, which was
able to activate FPR2 at nanomolar concentrations [45]. In the present study, we evaluated
the neuroprotective and anti-inflammatory effects of AMS21 in OHCs exposed to LPS, a
well-accepted neuroinflammation model.

First, we demonstrated that AMS21 at nanomolar concentrations attenuated LDH
release and NO production evoked by LPS. These data are consistent with our previous
observations in the model of primary microglial cultures [45] and confirm the neuroprotec-
tive effects of AMS21 in the three-dimensional cell system that maintains neuronal-glial
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interactions, thus bringing us closer to preclinical studies in vivo. The endotoxin of Gram-
negative bacteria is one of the most potent bacterial inducers of cytokine release, including
proinflammatory cytokines such as IL-13 and IL-6 [61-63], and the gene expression of
various other proinflammatory markers and factors. Consistent with these observations, in
this study, LPS upregulated the expression of Cd40, II-18, 1I-18, and II-6 in OHCs. Moreover,
we observed an increased production of IL-13 and IL-6. AMS21 treatment abolished the
stimulatory effect of LPS administration on the expression of proinflammatory markers,
namely, Cd40 and II-18. Concurrently, the administration of this ligand diminishes the
IL-13 and IL-6 levels. This effect was FPR2-dependent because it was counterbalanced by
pre-treatment with the FPR2 antagonist WRW4 in LPS-stimulated OHCs. Therefore, the
results reported in this study are in agreement with those obtained in other experimental
models using the FPR2 agonist MR-39 [31,48,50]. Nevertheless, we showed that AMS21 in
LPS-evoked cultures did not disturb the increase in the release of anti-inflammatory cy-
tokines (TGF-f3, IL-10), whose role as a “stop signal” in inflammatory processes is crucial.
IL-10 exerts an anti-inflammatory response at least in part by regulating IL-13 produc-
tion [50]. LPS specifically activates IL-10, triggering the induction of IL-1(3 secretion, whose
level, together with the amount of pro-IL-1f, determines the final level of IL-1f3 [64]. Since
we found that the antagonist WRW4 inhibits the synthesis of IL-10 and TGF-f3, it can be sug-
gested that the activation of FPR2 by AMS21 plays an indirect role in maintaining a proper
balance between pro- and anti-inflammatory cytokines, thus contributing to the regulation
of Rol and return to homeostasis after LPS-induced immune activation. Consistent with
this hypothesis, we found that AMS21 upregulates II-1Ra in OHCs. This protein inhibits
the IL-1f3 receptor and is an essential factor in regulating IL-1-mediated inflammation [65].
Interestingly, some data also indicate the positive synergistic effects of IL-1Ra with TGF-f3
and IL-10 cytokines [66], pointing to the potential new mechanism for promoting Rol by
AMS21, but this observation requires further verification.

As we have shown that the beneficial activity of AMS21 is mainly associated with
the inhibition of the proinflammatory response related to the IL-1 family, we assessed
the molecular mechanism underlying the observed anti-inflammatory and pro-resolving
effects of AMS21, focusing our attention on the NLRP3 inflammasome. NLRP3 inflam-
masome activation leads to the release of the active cytokines IL-1f3 and IL-18 in a model
of neuroinflammation in OHCs [50]. Indeed, IL-1f3 is biologically inactive and must be
cleaved and transformed into its biologically active form by the enzymatic activity of
caspase-1 [17,54,67]. Therefore, upon activation, NLRP3 nucleates PYCARD helical clusters
through PYD-PYD interactions. The oligomerised PYCARD CARDs then form the platform
for caspase-1 CARD to nucleate into filaments, which, in turn, activates caspase-1 [54,68].
Unique among inflammasomes, NLRP3 requires a priming step for canonical activation. In
experimental practice, LPS treatment is able to induce NLRP3 expression. In the next step,
NLRP3 inflammasome assembly leads to inflammasome activation [54]. We found that LPS
stimulation upregulated Nirp3 and Pycard subunits expression in OHCs. AMS21 attenuated
the impact of endotoxin on the mRNA expression of the Nirp3 subunit. Furthermore,
we demonstrated that the LPS-evoked increase in CASP-1, NLRP3, and PYCARD lev-
els in OHCs was inhibited by AMS21 administration. Notably, this beneficial effect of
AMS21 was abolished by WRW4 pre-treatment, thus confirming that the effect is FPR2-
mediated. This observation suggests a potential interaction between FPR2 activation and
the suppression of the canonical NLRP3 inflammasome pathway in OHCs. Interestingly,
the anti-inflammatory activity of AMS21 was observed at nanomolar concentrations, pro-
viding grounds for further research on the pro-resolving potential of this compound in vivo.
Moreover, in our previous study, we observed that the levels of caspase-1 in OHCs from KO
FPR2 mice were higher than those in OHCs obtained from WT mice, suggesting enhanced
cleavage of pro-IL-1f3 into active IL-1p3 and a consequential increase in the level of IL-1( in
OHCs from KO FPR2 mice. Additionally, MR-39 was able to diminish caspase-1 activation
only in KO FPR2 mice [50].
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To date, most of the data indicate the expression of FPR2 on microglial cells and the
unique ability of these receptors to differentiate responses based on the structure of its
ligands following the described agonist bias [69,70]. Nevertheless, other authors point
to the expression of FPR2 on other brain cells, including neurons, astrocytes, and even
oligodendrocytes [35,71]. To shed more light on this still controversial issue, in the fol-
lowing research stage, we used a method of eliminating microglial cells at the stage of
OHCs establishment. To date, experimental approaches to characterise microglia’s func-
tional receptors and repertoire have relied on pharmacological and genetic methodologies.
Among these approaches is the use of bisphosphonate clodronate, which deactivates cells
belonging to the monocyte lineage [72,73]. Clodronate is a first-generation bisphosphonate
that exerts an effect on the brain’s peripheral macrophages and perivascular cells [73,74].
Simultaneously, the most spectacular direct effect of clodronate on microglial cells involves
inhibiting proliferation [75]. Accordingly, we have shown, using anti-IBA1 staining, that
clodronate eliminated microglial cells, while stimulation with bacterial endotoxin did not
increase the IBA1 protein level. At the same time, using confocal microscopy, we showed
the colocalisation of FRP2 with IBA1-positive cells, which was absent after microglia de-
pletion in OHCs. Nevertheless, the measurement of FPR2 fluorescence demonstrated no
complete decrease in FPR2 level, which suggests the presence of this receptor in OHCs after
clodronate treatment, although it was significantly reduced. These observations indicate
the localisation of FPR2 in other cells in OHCs, probably astrocytes and/or neurons [76].

Moreover, the various FPR2-mediated activities of microglial cells were affected by
clodronate treatment. We demonstrated that clodronate diminished IL-1{ release in OHCs
compared to control cultures, but only after LPS treatment. Other studies have reported that
TNF-B and IL-6 production is also limited after immune stimulation in microglia-depleted
OHCs [75]. According to data on RAW 264 macrophages, proinflammatory cytokines
and NO production decreased following clodronate treatment [77]. The mechanisms of
action of bisphosphonates have not been fully clarified. In 1997, Frith et al. [78] showed
that clodronate can be metabolised, and the metabolites inhibit the DNA-binding activity
of NF-kB and the production of proinflammatory cytokines. In the present study, we
demonstrated for the first time that NLRP3 pathway activation is attenuated, including
caspase-1 level and other protein subunits, following clodronate administration in OHCs.

Additional intriguing points raised in our study are that microglia depletion com-
pletely abolished the anti-inflammatory potential of AMS21 administration observed in
control OHCs. It may be hypothesised that the depletion of FPR2, which is located mainly
on microglial cells, significantly hampered the possibility of the ligand to interact with its
own receptor, thus limiting its beneficial effect. Interestingly, in our previous study, we
observed that the beneficial impact of the structurally related FPR2 agonist MR-39 was
also limited to the suppression of microgliosis but not astrogliosis in an in vivo model of
Alzheimer’s disease [48].

Although the data indicate that clodronate mainly affects microglia, the possibility
that the impact of clodronate on OHCs was also induced indirectly via other glial cells
on which FPR2 was preserved cannot be ruled out. Accordingly, clodronate in adult
mice leads to microenvironment changes that decrease neuronal markers and blood ves-
sel integrity [79]. In contrast, clodronate administration in vitro improves the purity of
astrocytes and increases the postsynaptic current frequency in OHCs [80,81]. Moreover,
in microglia-eliminated cultures, astrocytes produced IL-6, while IL-1f3 followed the ac-
tivation of the JAK/STAT3 pathway [80]. Recent advances in genomics and multiomics
have yielded novel insight into astrocyte reactivity, in which astrocytes undergo a broad
spectrum of morphological, molecular and functional changes to become reactive astro-
cytes [82,83]. The transformation to reactive phenotypes involves a variety of molecular
regulators and signalling pathways [84]. Nevertheless, despite many efforts, the mecha-
nism of astrocyte activation, such as their response to TLR ligands, including LPS, remains
highly debated [85]. Among others, CD14 was found in astrocytes, which serve as a high-
affinity receptor for LPS and correspond to the interaction with TLR4 activated by this
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endotoxin [85]. Moreover, rodent astrocytes have been shown to be highly sensitive to
IL-183, while the types of inflammatory genes induced by this cytokine resemble those of
LPS-activated microglia, suggesting that astrocytes are capable of mounting potent immune
responses [86—88]. Therefore, it can be suggested that the IL-1f3 level observed in OHCs
treated with clodronate, at least in part, has an astrocytic origin.

The next intriguing observation from the present study is NLRP3 activation in clodronate-
depleted OHCs. Although some data suggest that the NLRP3 inflammasome is limited to
microglia but not astrocytes [89], increasing evidence supports the presence of the NLRP3 in-
flammasome in other brain cells, such as oligodendrocytes and astrocytes, in pathological
conditions and some disease models [90,91]. Our research showed the activation of not
only CASP1 but also of the remaining two NLRP3 subunits evoked by LPS in microglia-
depleted OHCs. This finding strongly suggested the presence of the NLRP3 inflammasome
in astroglia. It should be emphasised that other caspases can also activate NLRP3 by
non-classical and/or alternative activation pathways. An emerging body of research has
supported the role of caspase-4, caspase-5, and caspase-11 in regulating caspase-1 activation
and inducing the inflammatory form of cell death called pyroptosis [92,93]. Moreover, the
role of caspase-12, which is expressed by astrocytes and is important for caspase-1 and
NLRP3 activation, should also be considered [94].

5. Conclusions

The FPR2 receptor is a versatile transmembrane receptor that recognises a wide variety
of chemically diverse endogenous ligands. This creates a unique opportunity to switch
from a pro- to an anti-inflammatory activation profile of this receptor in the brain. In
this context, our study provides new data on the molecular mechanisms underlying the
anti-inflammatory and pro-resolving properties of our second-generation FPR2 agonist
AMS21 in an ex vivo model of an experimentally induced neuroinflammatory response.
Our data showed that AMS21 modulates the proinflammatory response related to the
IL-1 family through different mechanisms that include the modulation of inflammasome
NLRP3 assembly and the upregulation of the IL-1Ra protein. These data propose a new
mechanism for the pro-resolving effect of AMS21 that will be further studied in detail
in future studies. Finally, our findings suggest a crucial role of microglial cells and the
FPR2 receptor located on these glial cells in mediating the anti-inflammatory response of
compound AMS21.

Therefore, these studies have significant implications for the translation of FPR2 ac-
tivation and modulation of downstream signalling as a potential therapeutic agent for
inflammatory pathologies.
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Supplementary Figure S1 Western blot analysis of lysates from organotypic hippocampal
cultures (OHCs) demonstrating protein level of IBAL protein.
Vinculin was used as a normalizing control. Description of the arrangement of the samples (1-
16).
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