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| Abbreviations

The following abbreviations are indicated once and consistently utilized in the text, except for

the chapters Summary and Zusammenfassung

5-LOX 5-lipoxygenase

AA arachidonic acid

Ac-COX-2 acetylated cyclooxygenase-2
AcDex acetalated dextran

AceDex ethoxy-acetalated dextran
ADAM-10 a disintegrin and metalloproteinase domain-containing protein 10
APC antigen presenting cell

API active pharmaceutical ingredient
BLT LTB4 receptor

cAMP cyclic adenosine monophosphate
ChemR23 chemerin receptor

COX cyclooxygenase

cPLA; cytosolic Phospholipase A

CYP cytochrome P450

cysLT cysteinyl leukotriene

DAMP damage-associated molecular pattern
DAPI 4’ 6-diamidino-2-phenylindole

DHA docosahexaenoic acid

DIHETE dihydroxyeicosatetraenoic acid
DMARD disease modifying anti-rheumatic drug
DP PGD- receptor

E.coli escherichia coli

ET extracellular traps

EET epoxyeicosatrienoic acid

e.g. for example

EMA European Medicines Agency

EP PGE: receptor

EPA eicosapentaenoic acid

ERK extracellular signal-regulated kinase
FA fatty acid

FDA U.S. Food and Drug Administration

FLAP 5-lipoxygenase-activating protein
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LDH

LM

LOX
LPS

LT
LTAsH
LTC4S
LX
MAPEG

MAPK
MAPKAPK
Mar

MD

MDM
mPGES-1
NET

NFkB
NSAID
PAMP

PGF2, receptor

formyl peptide receptor 2
granulocyte-macrophage colony-stimulating factor
G protein-coupled receptor

glutathion

human embryonic kidney

human ether-a-go-go related gene
hydroxydocosahexaenoic acid
hydroxyeixosapentaenoic acid
hydroxyeicosatetraenoic acid
hydroxyperoxy-eicosatetraenoic acid

intercellular adhesion molecule-1
immunofluorescence

interleukin

PGl; receptor

intra peritoneal

intra venous

lactate dehydrogenase

lipid mediator

lipoxygenase

lipopolysaccharide

leukotriene

ITA4 hydrolase

ITC4 synthase

lipoxin

membrane-associated proteins in eicosanoid and glutathione
metabolism

mitogen-activated protein kinase
mitogen-activated protein kinase-activated protein kinase
maresin

molecular dynamics

monocyte-derived macrophages

microsomal prostaglandin E; synthase-1
neutrophil extracellular trap

nuclear factor k-light-chain-enhancer of activated B cells
nonsteroidal anti-inflammatory drug

pathogen-associated molecular pattern

v



PC

PD

PG
PGDS
PGES
PGFS
PGIS
PKA
PLGA
PMNL
PPARa
PPR
PSM
PUFA
ROS
RT
SACM
S.aureus
sEH
SPM
TLR
TNFa
TP

X
unstim
VCAM-1

w/o

phosphatidylcholine

protectin

prostaglandin

PGD; synthase

PGE; synthase

PGF2 synthase

PGl; synthase

protein kinase A
poly(lactide-co-glycolic acid)
polymorphonuclear leukocytes
peroxisome proliferator-activated receptor-a
pattern recognition receptor
phenol-soluble modulin

poly unsaturated fatty acid
reactive oxygen species

room temperature

staphylococcus aureus conditioned medium
staphylococcus aureus

soluble epoxide hydrolase
specialized pro-resolving mediator
toll-like receptor

tumor necrosis factor a
thromboxane receptor
thromboxane

unstimulated

vascular cell adhesion protein-1

without



| Summary

Originated from the enzymatic oxygenation of polyunsaturated fatty acids, lipid mediators (LM)
conduct inflammatory and resolving responses of the innate immune system to restore
homeostasis after infections or injuries®. In current pharmacotherapy the production of pro-
inflammatory prostaglandins (PG) and leukotrienes (LT) is reduced by inhibition of
cyclooxygenase (COX)-1 and -2 or 5-lipoxygenase (LOX), which ameliorates inflammation but
also exerts severe side effects upon long-term therapy, because the mediators that are crucial
for homeostasis are influenced or substrates are redirected to other metabolic pathways,
resulting in dysregulation of the lipid mediator network?. Therefore, new pharmacological
strategies to specifically modify the production of different lipid mediators are under constant
development and the impact of drugs interfering with these metabolic pathways needs to be
better understood.

The monitoring of the effects on the metabololipidomic spectrum of clinically relevant drugs
like nonsteroidal anti-inflammatory drugs (NSAIDs) and common LM biosynthesis inhibitors in
M1 and M2 macrophages, conducted in the first manuscript of this study, is an important step
for further development. The treatment of cells with ibuprofen (COX-1/2 inhibitor) and celecoxib
(selective COX-2 inhibitor) showed strong elevation of LT levels via a shunting effect due to
the strong inhibition of all PGs. The 5-LOX inhibitor zileuton and the 5-lipoxygenase-activating
protein (FLAP) inhibitor MK-886 potently reduced LT levels. The most important aspect of the
study was to determine the effects of the drugs on the production of specialized pro-resolving
mediators (SPM), which actively promote the resolution of inflammation. Here, only MK-886
(FLAP inhibitor) showed a favorably modulated LM profile by reducing pro-inflammatory LTB4
and PGE; in M1 while evoking SPM biosynthesis in M2 macrophages. The findings indicated
disadvantages of common therapeutics with respect to the overall LM profiles on the cellular
level and pointed out their potential side effects upon long-term therapy. Optimal lipid mediator
profiles were only obtained by usage of FLAP/microsomal prostaglandin E, synthase
(mPGES)-1 inhibitors, which are therefore the main target in focus for development of new
pharmacological strategies throughout this thesis.

Over the recent years, the structure-activity relationships of dual FLAP/mPGES-1 inhibitors
were investigated and as a result of consecutive studies, BRP-187 and BRP-201 were
identified as promising drug candidates for anti-inflammatory therapy®-°. Despite their strong
potency these compounds share unfavorable pharmacokinetic properties due to their lipophilic
structure, which is required to target FLAP and mPGES-1 as membrane bound proteins.
Therefore, new pharmacological strategies involving polymer-based nanocarriers were
investigated as part of the project A04 in the SFB 1278 PolyTarget. Here, we formulated stable

poly(lactic-co-glycolic acid) (PLGA), acetalated dextran (Ac-Dex) and ethoxy-acetalated
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dextran (Ace-Dex) nanoparticles (NP) with BRP-187 and BRP-201 as anti-inflammatory
payloads and studied their effectiveness in different in vitro and in vivo models. Each
formulation displayed potent inhibition of LT formation on isolated leukocytes. BRP-187
incorporated into PLGA and Ac-Dex displayed prolonged effectiveness compared to the free
drug. At the same time, BRP-187 in PLGA significantly increased the efficacy to reduce PGE
production of M1 macrophages, highlighting the favorable potential of the encapsulation. BRP-
201 encapsulated in Ace-Dex NPs were tested in bacteria-stimulated human whole blood
where it potently reduced LT formation, while free BRP-201 failed in this respect. This effect
was confirmed in vivo using a zymosan induced peritonitis mouse model with i.v. injection of
the BRP-201 Ace-Dex NP formulation.

Additionally, new polycaprolactone polymers with different monomeric composition from ¢-
caprolactone (¢CL) and &-caprolactone (6-CL) isomers were studied to form the basis of a
polymer library. In this study the varying crystallinity of the NPs resulted in differential
enzymatic degradation pattern. Tested in ionophore stimulated leukocytes, the NPs with
encapsulated BRP-187 showed different potential to reduce LT formation with respect to their
crystallinity, implying a potential use for formulations with rapid or delayed drug release
properties.

To resolve inflammation and actively regain homeostasis the production of SPMs is crucial®.
While current anti-inflammatory therapy with NSAIDs or glucocorticoids focusses on the
reduction of pro-inflammatory mediators’, new approaches to support resolution of
inflammation are under development. For this reason, the influence of various compounds
that interfere with the metabolism of polyunsaturated fatty acids (PUFAs) was examined in
detail. In macrophages BRP-201 displayed not only potent reduction of PGs and LTs, but also
upregulated 12/15-LOX products in exotoxin-stimulated M1 and M2 macrophages.
Immunofluorescence microscopy confirmed a direct activation of 15-LOX-1 by BRP-201
reflected by subcellular redistribution of the enzyme. These findings were further verified in
transfected HEK293 cells with different LOXs and co-expression of FLAP. Here, BRP-201 was
able to induce 12/15-LOX product formation in HEK cells expressing 15-LOX-1 and 5-
LOX/FLAP but not in 5-LOX-containing HEK cells devoid of FLAP, indicating a potential
allosteric modulation of FLAP-bound 5-LOX by BRP-201, which may change the regiospecific
oxygenation. In a zymosan-induced peritonitis mouse model BRP-201 showed similar results
in vivo, suppressing pro-inflammatory LTs and inducing the production of SPMs.

In the consecutive screening of compounds, the dihydrochalcone derivatives MF-14 and MF-
15 known to inhibit 5-LOX showed tremendous activation of 12/15-LOX product formation in
M1 and M2 macrophages, comparable with activation of lipid mediator biosynthesis by
bacterial exotoxins®. The activation of 15-LOX-1 was proven via immunofluorescence and is

not caused by enhance release of PUFAs, which was confirmed by exogenous supply of fatty
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acids. These results demonstrate the potential of these dihydrochalcones to act as a non-
immunosuppressant, anti-inflammatory lipid mediator class switch inducers, which could have
potential use in inflammatory therapy.

Taken together this thesis revealed the necessity for new pharmacological options for
intervention in inflammatory diseases and disclosed a promising new approach to effectively
deliver potent dual inhibitors to the site of action via NPs that would otherwise fail to act due to
high lipophilicity and overall poor bioavailability. The sophisticated mode of action of these dual
inhibitors not only reduces pro-inflammatory mediators but can actively induce the resolution
phase by promoting SPM formation. These findings could contribute to a paradigm shift in

inflammatory therapy via the combination of novel smart molecules and nanomedicine.

lll Zusammenfassung

Lipidmediatoren (LM), die aus der enzymatischen Oxygenierung mehrfach ungesattigter
Fettsduren synthetisiert werden, leiten entzindliche und entzindungsauflésende Reaktionen
des angeborenen Immunsystems ein, um die Homdostase nach Infektionen oder Verletzungen
wiederherzustellen'. In der derzeitigen Entziindungstherapie wird die Produktion von
entzindungsférdernden Prostaglandinen (PG) und Leukotrienen (LT) durch Hemmung der
Cyclooxygenase (COX)-1 und -2 oder 5-Lipoxygenase (LOX) reduziert, was die Entziindung
lindert. Hierbei kann es in der Langzeittherapie zu schweren Nebenwirkungen kommen, da fur
die Homodostase entscheidende Mediatoren beeinflusst oder Substrate auf andere
Stoffwechselwege umgeleitet werden, was zu einer Dysbalance des Lipidmediatornetzwerks
fahrt2. Die Untersuchung der genauen Auswirkungen von bestehenden Arzneimitteln auf die
Lipidmediatorbiosynthese sowie die Erforschung neuer Therapieansatze zur gezielten
Modifizierung des Netzwerkes ist ein wichtiger Schritt in der Therapie von entzindlichen
Krankheiten.

Die im ersten Manuskript dieser Doktorarbeit durchgefiihrte Studie zu den Auswirkungen
klinisch relevanter Medikamente wie nichtsteroidaler Antiphlogistika (NSAIDs) und gangiger
LM-biosynthesehemmer auf das metabololipidomische Spektrum ist ein wichtiger Schritt fir
die weitere Arzneistoffentwicklung. Die Behandlung von M1- und M2-Makrophagen mit
Ibuprofen (COX-1/2-Hemmer) und Celecoxib (selektiver COX-2-Hemmer) zeigte eine starke
Erhéhung der LT-Spiegel Uber einen Shunting-Effekt aufgrund der starken Hemmung der
Bildung aller PGs. Der 5-LOX-Inhibitor Zileuton und der 5-Lipoxygenase-Aktivierungsprotein
(FLAP)-Inhibitor MK-886 reduzierten die LT-Spiegel deutlich. Der wichtigste Aspekt der Studie
war die Bestimmung der Wirkungen der Arzneistoffe auf die Produktion von specialized-pro-

resolving mediators (SPMs), die aktiv die Auflésung von Entziindungen férdern. Hierbei zeigte
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lediglich MK-886 (FLAP-Inhibitor) ein gunstig moduliertes LM-Profil, indem es das
entziindungsfordernde LTB. und PGE: in M1 reduzierte, wahrend es die SPM-Biosynthese in
M2-Makrophagen erhéhte. Die Ergebnisse zeigen klare Nachteile gangiger Therapeutika in
Bezug auf das Gesamtprofil der LM auf zellularer Ebene und legen Griinde fiir potenzielle
Nebenwirkungen bei einer Langzeittherapie nahe. Optimale Lipidmediatorprofile wurden nur
durch die Verwendung von FLAP/mikrosomalen Prostaglandin-E2-Synthase (mPGES)-1-
Inhibitoren erhalten, die daher das Hauptaugenmerk fir die Entwicklung neuer
pharmakologischer Strategien im Rahmen der Dissertation sind.

Die Struktur-Wirkungs-Beziehungen von dualen mPGES-1/FLAP Inhibitoren wurden in den
letzten Jahren intensiv untersucht. Dabei identifizierte man BRP-187 und BRP-201 als
vielversprechende Wirkstoffkandidaten fiir die entzindungshemmende Therapie®®. Trotz ihrer
hohen Wirksamkeit teilen diese Verbindungen aufgrund ihrer lipophilen Struktur unglnstige
pharmakokinetische Eigenschaften, die erforderlich sind, um FLAP und mPGES-1 als
membrangebundene Proteine zu inhibieren. Daher wurden im Rahmen eines innovativen
Projekts AO4 innerhalb des SFB 1278 PolyTarget polymerbasierte Nanopartikel als
Wirkstofftrager eingesetzt. Hierbei wurden stabile Nanopartikel (NP) aus Poly(lactid-co-
glycolid) (PLGA), acetalisiertem Dextran (Ac-Dex) und ethoxy-acetalisietem Dextran (Ace-
Dex) mit BRP-187 und BRP-201 als entzindungshemmende Wirkstoffe formuliert und ihre
Wirksamkeit in verschiedenen In-vitro- und In-vivo-Modellen untersucht. Jede der
untersuchten Formulierungen zeigte eine starke Hemmung der LT-Bildung in isolierten
Leukozyten. In PLGA und Ac-Dex verkapseltes BRP-187 zeigte eine verlangerte Aktivitat im
Vergleich zum freien Molekul. Gleichzeitig erhdhte BRP-187 in PLGA die Wirksamkeit zur
Verringerung der PGE2>-Produktion von M1-Makrophagen signifikant, was das Potenzial der
Verkapselung unterstreicht. Im menschlichen Vollblut hemmen Ace-Dex-NPs mit BRP-201 im
Vergleich zum freien Wirkstoff die LT-Bildung stark. Diese Wirkung wurde in einem Zymosan-
induzierten Peritonitis-Mausmodell in vivo bestatigt, bei dem die Injektion der BRP-201 Ace-
Dex NP-Formulierung i.v. erfolgte.

Zusatzlich wurden neue Polycaprolacton-Polymere mit unterschiedlicher monomerer
Zusammensetzung von g-Caprolacton (¢CL)- und &-Caprolacton (6-CL)-Isomeren untersucht,
um die Grundlagen einer Polymerbibliothek zu bilden. In dieser Studie flhrte die
unterschiedliche Kristallinitdt der NPs zu einem unterschiedlichen enzymatischen Abbau. In
lonophor-stimulierten Leukozyten zeigten die NPs mit eingekapseltem BRP-187 aufgrund ihrer
Kristallinitdt ein unterschiedliches Potenzial zur Verringerung der LT-Bildung, was eine
potenzielle Verwendung der Polymere flr Formulierungen mit schnellen oder verzégerten
Wirkstofffreisetzungseigenschaften impliziert.

Um Entzindungen aufzuldsen und die Homdostase aktiv wiederzuerlangen, ist die Produktion

von SPMs von entscheidender Bedeutung®. Wahrend sich die aktuelle Entziindungstherapie
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mit NSAIDs oder Glukokortikoiden auf die Reduktion entzindungsférdernder Mediatoren
konzentriert’, werden neue Ansétze zur Unterstiitzung der Aufldsung statt der Einleitung von
Entziindungen entwickelt. Aus diesem Grund wurde der Einfluss verschiedener Verbindungen,
die in den Stoffwechsel mehrfach ungesattigter Fettsauren (PUFAs) eingreifen, eingehend
untersucht. In Makrophagen zeigte BRP-201 nicht nur eine starke Reduktion von PGs und
LTs, sondern auch erhohte 12/15-LOX-Produkte in Exotoxin-stimulierten M1- und M2-
Makrophagen. Immunofluoreszenzmikroskopie bestatigte eine direkte Aktivierung der 15-
LOX-1 durch BRP-201, sichtbar durch subzellulare Umverteilung des Enzyms. Diese
Ergebnisse wurden in transfizierten HEK293 Zellen mit verschiedenen LOXs mit Koexpression
von FLAP verifiziert. Hier war BRP-201 in der Lage, die Bildung von 12/15-LOX-Produkten in
HEK Zellen zu induzieren, die 15-LOX-1 und 5-LOX/FLAP exprimieren, jedoch nicht in 5-LOX-
HEK Zellen ohne FLAP. Diese Beobachtung lasst auf eine maégliche allosterische Modulation
von FLAP-gebundener 5-LOX durch BRP-201 schlieBen, was die regiospezifische
Oxygenierung der LOX verandern konnte. In einem Zymosan-induzierten Peritonitis-
Mausmodell zeigte BRP-201 ahnliche Ergebnisse, indem es entzindungsférdernde LTs
unterdruckte und die Produktion von SPMs induziert.

In einem intensiven Screening von Verbindungen, die einen Einfluss auf die LM-Biosynthese
haben kdnnten, zeigten die Dihydrochalcon-Derivate MF-14 und MF-15, von denen bekannt
ist, dass sie 5-LOX hemmen, eine enorme Aktivierung der 12/15-LOX-Produkbildung in M1-
und M2-Makrophagen. Der Aktivierungsgrad der Lipidmediator-Biosynthese ist mit dem
bakterieller Exotoxine vergleichbar®. Die Aktivierung der 15-LOX-1 wurde durch
Immunofluoreszenzmikroskopie nachgewiesen und wird nicht durch eine verstarkte
Freisetzung von PUFAs verursacht, wie durch die exogene Zufuhr von Fettsduren bestatigt
wurde. Diese Daten =zeigen das Potenzial von Dihydrochalconen, die als nicht
immunsuppressive, entzindungshemmende Lipidmediator-Klassenwechselinduktoren wirken
und somit potenziell fir die Entziindungstherapie eingesetzt werden kdnnten.
Zusammenfassend hat diese Dissertation die Notwendigkeit neuer pharmakologischer
Optionen fur die Intervention bei entzindlichen Erkrankungen klar aufgezeigt und einen
vielversprechenden neuen Ansatz untersucht, um potente duale Inhibitoren Gber NPs effektiv
an den zelluldaren Wirkort zu bringen, die sonst aufgrund hoher Lipophilie und insgesamt
schlechter Bioverfligbarkeit nicht wirken wirden. Die ausgekliigelte Wirkungsweise dieser
dualen Inhibitoren reduziert nicht nur entziindungsférdernde Mediatoren, sondern leitet aktiv
die Aufldsungsphase von Entzindungen durch Férderung der SPM-Bildung ein. Diese
Erkenntnisse kdnnten durch die Kombination von intelligenten neuen Wirkstoffen und

Nanomedizin zu einem Paradigmenwechsel in der Entziindungstherapie beitragen.



1. Introduction

1.1 Inflammation and Resolution

The immune system of mammals is daily triggered by infectious invaders, tissue injuries or
other severe disturbances of homeostasis®. To eliminate the potentially dangerous stimulus, a
local inflammation is displayed by five cardinal signs “dolor” (pain), “calor” (heat), “rubor”
(redness), “tumor” (swelling) and in the worst cases “function laesa” (loss of function)' first
described by the ancient encyclopaedist C. Celsus. Activated through pattern recognition
receptors (PRR), Toll-like receptors (TLR) or nucleotide-binding oligomerization domain
protein-like receptors (NLRs) on tissue resident macrophages and mast cells the inflammatory
cascade is set in motion'. This process is initiated and maintained by pro-inflammatory
cytokines, chemokines, vasoactive amines and eicosanoids, which initiate the expression of
adhesion proteins (selectin-P, selectin-E) and integrins (ICAM-1, VCAM-1), cause
vasodilatation, increase blood vessel permeability and recruit leukocytes from the blood stream
(leukodiapedesis)'?>. The extravasated leukocytes, mostly neutrophils, now react to the
damage- or pathogen associated patterns (DAMPs, PAMPs) and try to eliminate the noxious
stimuli by an oxidative burst, different proteinases, hydrolases, antibiotic proteins and by
forming of extracellular traps (ETosis) to avoid further contamination in surrounded tissues'>'4.
Beside the activation of the innate immune response, tissue resident macrophages and
dendritic cells as antigen presenting cells (APCs) activate the adaptive immune system, which
lead to specific elimination of antigens''¢. This inflammatory cascade is well orchestrated and
very important to protect the body from external threats (Figure 1) and remain functional, but if
the innate immune system is not able to limit itself, inflammation cannot be resolved, which
can lead to chronic inflammatory diseases like asthma, rheumatoid arthritis, Alzheimer
disease, autoimmunity, arteriosclerosis, diabetes and even cancer'’. Historically, it was
thought that resolution of inflammation is a passive process caused by the dilution of the
chemokine gradient resulting in lower leukocyte recruitment'®, but extensive work over the past
decades revealed that resolution of inflammation is like the initiation an active process induced
by several different mediators. In a normally regulated resolution phase prostaglandin (PG)E2
and PGD; induce a class switch after several hours, where lipoxins (LXs) are produced that
inhibit neutrophil migration by induction of cytokine and chemokine scavenging'®%.
Additionally, LXs prevent translocation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), the expression of chemokine receptors, adhesion molecules and
further stimulate macrophage polarization to an anti-inflammatory phenotype?!?2. Hence, the
lipid mediator (LM) spectrum changes from proinflammatory eicosanoids to specialized pro-

resolving mediators (SPMs), that enhance phagocytosis and induce efferocytosis of apoptotic
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neutrophils?>24. In the end the tissue function is restored, and myeloid cells are incorporated
into the tissue or carried away by the lymphatic system, so when leukocyte population is
returned to the initial amount in the tissue the inflammation is terminated and homeostasis

should be restored®.

M1 macrophages

Prostaglandin Ez
Thromboxane
e A
Neutrophils 5
. . ROS

. 4
v  Phagocytosis

=%~ . NETs
Q -"."
O Lipoxins -~
Q p
2 ™
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m“sm & EICOSQDEH??HOIC acid P

Mast Cells

Figure 1 Essential cellular components and mediators that govern inflammation and resolution. Adapted
from S.E. Headland et al.'8. PAMPs and DAMPs activate tissue resident macrophages, mast cells and
patrolling monocytes that produce IL-18, TNFa, different chemokines and proinflammatory lipid
mediators (LTB4, PGE> and TXA3) to recruit neutrophils. The infiltrated neutrophils release ROS, do
phagocytosis and NETosis to clear the harmful stimulus. After neutrophil activity apoptosis is induced
and the apoptotic cells are cleared by macrophages via efferocytosis. Monocytes and macrophages
mature to M2 macrophages which produce SPMs and induce the reinforcement of homeostasis.

1.2 Chronic inflammation

If inflammation fails to subside, an inflammatory state can become chronic. Unresolved
inflammation contributes significantly to the pathogenesis of many chronic inflammatory
diseases like arteriosclerosis, asthma, rheumatoid arthritis, Alzheimer disease, multiple
sclerosis and even cancer?. The main threat of chronic inflammation is not the stimulus itself,
but the exaggerated reaction and the dysregulation of pro-inflammatory and anti-inflammatory
signals that eventually destroy cells and tissue function’®?, Many of the important
inflammatory mechanisms like cytokine release, cell death signals and reactive oxygen

species (ROS) formation are not counter-regulated and the resulting tissue damage arouses
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further inflammatory responses. For example, in rheumatoid arthritis billions of neutrophils with
short half-life (4 h) infiltrate the joint daily. If the neutrophils die, they may release cytosolic
peptidyl arginine deiminase type 4, which is activated by the escaping intracellular Ca?* and
convert guanidino side chains of L-arginine to citrulline. The antibodies associated with
rheumatoid arthritis react to citrulline and as a result more neutrophils are recruited which
further secrete inflammatory, destructive cytokines and oxidants leading to further harm?”%,
To limit the consequences of this negative feedback loop it is highly important to intervene
before irreparable impairments of the body occur. Common therapy to prevent inflammation
implies the usage of nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids and
disease-modifying agents of rheumatoid diseases (DMARDs) as well as some recombinant
biologicals like tumor necrosis factor a (TNFa) and interleukin (IL)-1B antagonists®. The long-
term treatment with these drugs often has serious side effects. Many DMARDs like
methotrexate and ciclosporine have a small therapeutic window, where meticulous monitoring
is necessary to guarantee therapeutic success®. In addition, the treatment of drugs, that
modify the immune response often correlates with high risk of infections with certain bacteria,
fungi and virus. Also, persisting infections that normally remain inactive, can be reinforced,
which is a significant risk for patients suffering from heavy chronic inflammation®'. Therefore,
long-term anti-inflammatory therapy needs to be calculated by risk:benefit ratio that often not
favors a drug treatment?®. Because unresolved and chronic inflammation is a major threat for
human health and trigger for inflammation-related diseases the necessity of new
pharmacological strategies to modulate immune response is of great interest for research and

drug development' 3233,

1.3  Lipid mediator biosynthesis

Lipid mediators are oxidized poly unsaturated fatty acids (PUFAs) being indispensable for the
process of inflammation and resolution with a variety of different bioactivities'. Upon activation
of the immune system PUFAs are cleaved by phospholipase A, (PLAz) as a hydrolysis product
of the ester-bond in sn-2 position from phospholipids of cellular membranes34. Mainly
arachidonic acid (AA, 20:4, w6), eicosapentaenoic acid (EPA, 20:5, w3) and docosahexaenoic
acid (DHA, 22:6, w3) are used as substrates for cyclooxygenases (COX), lipoxygenases (LOX)

or cytochrome P450 (CYP) enzymes, which have different oxidizing functions (Figure 2)?353¢
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Figure 2 Lipid mediator biosynthesis adapted from E.A. Dennis et al.%%. Biosynthesis of LM derived from
AA, EPA and DHA which are released by cPLA,. The different metabolization pathways are indicated
with their downstream proteins that produce different LM of one class. Potentially pro-inflammatory LM
are written in red, immune modulating LM in yellow and pro-resolving LM and their precursors in blue.

1.3.1 5-Lipoxygenase and Leukotrienes

LTs, which got their name from their origin (leukocytes) and their structural composition (three
conjugated double bonds), are pro-inflammatory lipid mediators first discovered in 1976 by
Bengt Samuelsson®”-®. Since then, LTs and their role in inflammation were extensively studied.
The first step of AA metabolization down the LT biosynthetic pathway is executed by 5-LOX.
Human 5-LOX is a non-heme iron containing dioxygenase encoded by ALOX5 gene on
chromosome 10 with a molecular mass of 77.9 kDa*#°. It consists of a N-terminal regulatory
C2 like domain (~120 amino acids) and a C-terminal catalytic domain (~550 amino acids)*'.
The catalytic iron is bound in the C-terminal catalytic domain by His367, His372 and His550
as well as the carboxyl moiety of [le673. In contrast to other lipoxygenases, the active center
of the 5-LOX is blocked through a shortened a-2 helix by Phe177 and Tyr181, which prevents
the access of fatty acids (FY cork)*'. A mutation at this point to alanine causes a loss of activity
in cell-free assays and a delayed translocation of the 5-LOX to the nuclear membrane, so that
no more 5-LOX products are formed. However, through the interaction with 5-lipoxygenase
activating protein (FLAP) in cellular assays, this function is compensated and partially
restored*2. The smaller N-terminal regulatory domain mainly consists of B-barrels and
navigates the activity of 5-LOX. By binding of calcium (Ca?*) 5-LOX can be activated and
translocate to the nuclear membrane, where phosphatidylcholine can bind at Trp13, Trp75 and

Trp102 to anchor the protein to the nuclear membrane**#4. In addition, the phosphorylation of
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5-LOX can also regulate the activity of LT biosynthesis in a Ca?* independent manner. Mitogen-
activated protein kinase-activated protein kinase (MAPKAPK)-2 and the extracellular-signal
regulated kinase (ERK) can upregulate the enzyme activity by phosphorylation at Ser271 and
Ser663, respectively*®. In contrast the cyclic adenosine monophosphate (cCAMP) dependent
activity from protein kinase A (PKA) phosphorylates 5-LOX at Ser523 leading to decreased LT
biosynthesis*®.

5-LOX is activated by the oxidation of the inactive ferrous (Fe?*) to the active ferric (Fe3*) by
lipid hydroperoxides*’#¢, which enables the coordination to a hydroxide ion instead of water
and opens the cavity for the entrance of fatty acids**. In case of AA, it catalyzes the
stereospecific abstraction of a hydrogen at carbon (C)-7 to form a radical that rearranges to
insert an oxygen at C-5 to produce 5-(S)-hydroperoxyeicosatetraenoic acid (5-(S)-HpETE).
This hydroperoxide is reduced by peroxidases to the corresponding alcohol or further
processed by the synthase activity of 5-LOX to LTA4. The instable intermediate is formed by
the abstraction of the C-10 R-hydrogen with radical migration to C-6 to form a A”%"-triene
structure, where the C-5 hydroperoxide reacts instead of another oxygen by dehydration to an
epoxide*®-51. Beside the synthase activity of 5-LOX another unique characteristic is the self-
inactivation mechanism that tempers the pro-inflammatory response®. Inactivation can either
take place via non-turnover-dependent structure instability due to the naturally instable
structure of the activated enzyme or turnover-based suicide that involves the irredeemable
inactivation of the enzyme53-5,

LTA4 is immediately metabolized by two different enzymes synthesizing LTB4 or cysteinyl LTs
(cys-LTs). The most prominent products from the 5-LOX pathway are LTB4, which is formed
by LTA4 hydrolase (LTA4H), and LTC, as product of the LTC4 synthase (LTC4S). The LTAsH is
a soluble, zinc-dependent epoxide hydrolase and aminopeptidase, widely distributed among
mammalian cells %. In contrast to LTAsH the LTC4S is a membrane-bound protein that is
activated by Mg?* as well as phosphatidylcholine and requires reduced glutathione (GSH) for
its stability®” %8, Like the 5-lipoxygenase-activating protein (FLAP) and the microsomal
prostaglandin E> synthase-1 (mMPGES-1) the LTC4S is a membrane-associated protein in
eicosanoid and glutathione metabolism (MAPEG)®. While neutrophils and M1 macrophages
mostly produce LTB4, due to their relevant expression of LTA4H, eosinophils, basophils and
mast cells tend to synthesize cys-LTs in favor®.

LTs actin local inflammation processes as paracrine mediators on G protein-coupled receptors
(GPCRs) and induce intracellular signaling cascades®®'. LTB, binds to the leukotriene Bs
receptor-1 and -2 (BLT1, BLT2)®. The BLT-1 receptor is expressed on inflammatory cells and
shows very high affinity (Ks= 0.15-1 nM) to LTB4 mediating chemotaxis, Ca?* influx and the
expression of adhesion molecules for leukocyte infiltration®?. The later discovered BLT2

receptor has a lower affinity to LTB4 (Kq= 61 nM) and is also a seven transmembrane spanning



GPCR that mediates chemotaxis and causes Ca?* influx®3. The chemotactic response can be
inhibited by Bordetella pertussis toxin (PTX) suggesting that both receptors use Gaip subunit
signaling, while Ca?* influx was only partially blocked®254. In neutrophils LTB4 can also induce
the production of LTB4 and interleukin-8 (IL-8) and primes the cells for N-formyl-methionyl-
leucyl-phenylalanine (fMLP) while enhancing C3b receptor expression®. In monocytes and
macrophages, the production of IL-1, IL-6, TNFa, IL-2 receptor expression and ROS formation
is induced®%, In addition, LTB4 produced in the cytosol also binds to the nuclear factor
peroxisome proliferator-activated receptor-a (PPARa) that downregulates further production of
LTB4 and functions as a self-regulating mechanism®. The cys-LTs bind to two different cys-LT
receptors, which are also GPCRs mediating inflammatory response. Expressed on
eosinophils, lung smooth muscle cells and tissue resident macrophages the cys LT1-receptor
signals cause bronchoconstriction, mucus release and bronchial edema from venules, that
play important role in the pathophysiology of asthma®’.

The pro-inflammatory activity of LTs was intensively investigated since their discovery and now
can be related to many inflammatory diseases like asthma, atherosclerosis, rheumatoid
arthritis, atopic dermatitis, cystic fibrosis, psoriasis, diabetes, Alzheimer disease, multiples
sclerosis and cancer. Due to the self-amplifying mechanism, LTs contribute to the progression
of such diseases and prolong the recovery time. Despite being very helpful in acute infections
and tissue injuries dysregulated production of leukotrienes is rather unhealthy and needs to be

addressed in the therapy of excessive inflammation?436061.65,

Table 1 Prominent lipid mediators and their biologic activity

Lipid mediators and their bioactivities via G-protein coupled receptors adapted from Dennis et al. 2015%.
BLT — LTB4 receptor, COX — cyclooxygenase, CYP — cytochrome P450, ChemR23 — Chemerin
receptor, CysLT — cysteinyl leukotriene receptor, DP — PGD; receptor, EP — PGE; receptor, FP — PGF2q4
receptor, FPR2 — formyl peptide receptor 2, GPR — G-protein coupled receptor, IP — PGl» receptor,
PPAR — peroxisome proliferator activated receptor, TP — thromboxane receptor.

Enzyme Lipid mediator | Receptor Biological activity
COX PGE. EP1, EP2, vasodilation, vascular permeability 1, fever,
EP3, EP4 hyperalgesia, IL-10 1, TNF-a |
PGD. DP1 vasodilation, neuro protection, mast cell
maturation
DP2 recruitment of eosinophils, allergic response
PGF2q FP smooth muscle contraction
PGl IP Vasodilation, thrombocyte aggregation |
TXA2 TP Vasoconstriction, thrombocyte aggregation 1
5-LOX/ LTB4 BLT1 Neutrophil recruitment, vascular permeability
FLAP 1
BLT2 Epithelial barrier function 1
LTC4 CysLT1, Bronchoconstriction, vascular permeability 1
CysLT2
15-LOX/5- | LXA4, LXBs4 ALX/FPR2 Neutrophil infiltration |, phagocytosis 1




LOX, RvD1 ALX/FPR2, Neutrophil infiltration |, phagocytosis 1

12-LOX/5- GRP32

LOX, RvD1, RvD5, GPR32 phagocytosis 1

Ac- RvD3

COX/5- RvD2 GPR18 Neutrophil infiltration |, phagocytosis 1,

LOX efferocytosis 1

CYP EETs PPARa, Vasodilation, pain sensitivity |, COX-2
PPARYy expression |

CYP/5- RvE1, RvE2 ChemR23, Neutrophil infiltration |, phagocytosis 1

LOX, BLT1 (antagonist)

Ac-

COX/5-

LOX

1.3.2 5-Lipoxygenase-activating protein (FLAP)

Among the afore-mentioned MAPEG subfamily of proteins, FLAP is a very special member
without enzymatic activity or the ability to bind GSH®. It was identified via the activity of the
indole-based compound MK-886, which potently decreased LT formation without effecting 5-
LOX or cPLA;, and first described as MK-886-binding protein by Dixon et al. in 1990%°. The
structure of the 18 kDa enzyme was crystalized by binding of MK-591 with 4 A resolution.
FLAP is a homotrimer with four transmembrane a-helices (a1-a4) per monomer, that are linked
via two cytosolic (C1, C2) and one luminal loop (L1)7°. Deep in the nuclear membrane between
the a1, a2 and a4 helices is the binding site for MK-591 forming van der Waals interactions
with Val20, Val21, Gly24, Phe25, Ala27 from a1 helix; Ala63 on helix a2; lle119, Lei120,
Phe123 from helix a4 and Tyr112 and lle113 from the C2 loop. This inhibitor binding site is
also considered as the AA binding site, which would fit to the location inside the nuclear
membrane’®’!. After activation, 5-LOX translocates in close proximity to FLAP, where the
interaction is believed to be dependent on the residues of the two cytosolic loops™. This
interaction can be prevented by FLAP inhibitors like MK-886 but not 5-LOX inhibitors like
Zileuton*7273, FLAP facilitates the AA to 5-LOX and favors the formation of 5-HpETE to LTA4*
Inhibition of FLAP as well as genetic knockout prevents LT formation in intact cells’. The

exogenous supply of AA restores the necessity of FLAP in LT biosynthesis’®.

1.3.3 Cyclooxygenase 1/2 and prostaglandins

The COXs are members of the myeloid-peroxidase superfamily and catalyze the
metabolization of AA via PGG: by bisoxygenation and further reduces this intermediate product
by peroxidase activity to PGH,"". The COX-1, back in the days of discovery just COX, was first
isolated from sheep and bovine vesicles in 19767%7°. For another 15 years COX-1 was believed
to be the only COX in eukaryotic cells, until COX-2 was discovered in 1991898 While COX-1

is constitutively expressed in many cells and tissues and regulates PG formation for
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homeostatic activity like integrity of the gastric mucosa, mediating platelet function and
regulating renal blood flow, COX-2 expression is induced by TNFa, IL-1 or mitogenic factors
such as lipopolysaccharide (LPS) and thus strongly related to inflammatory processes®84,
Both COX enzymes are built of homodimers and are around 65-74 kDa with similar tertiary
structures. The primarily difference between both subtypes is the first shell substitution from
lle434, His513 and lle523 in COX-1 to Val434, Arg513 and Val523 in COX-2 which results in
+25% increased volume in the binding pocket with Arg513 located at the base of the resulting
side pocket®®8. The final product of the two-step reaction PGH. is immediately metabolized
by different PG-synthases, which products have numerous effects dependent on the tissue
and activated receptors. PGE; is biosynthesized by PGE; synthase (PGES), PGD. by PGD
synthase (PGDS), PGF,, by PGF synthase (PGFS), PGIl, by PGl synthase (PGIS) and
thromboxane (TX)A; by TX synthase®” . The prostanoids mediate their activity autocrine or
paracrine via product specific GPCRs. PGE; is one of the most abundant synthesized
prostanoids and can exert pro- and anti-inflammatory effects depending on the relevant
receptor gene expression by the affected cells®. The hyperalgesic effects of PGE: in early
inflammation are for example mediated through EP1 and EP4 receptor signaling that acts on
peripheral sensory neurons and the central sensory system to induce pain®-°'. PGE; is also
involved in the induction of the other cardinal symptoms of inflammation via EP2 mediating
vasodilatation and increases permeability and activation of EP3 inducing fever®®. Beside the
involvement of PGE: in homeostatic mechanisms like the regulation of blood pressure,
gastrointestinal integrity and fertility, the prostanoid can also exhibit anti-inflammatory
effects”®. Especially in neuroinflammation PGE; blocks LPS- and ATP-induced cytokine
release and mediates bradykinin-induced neuroprotection®%3. Together with PGD, it also
induces the formation of LXA4 instead of LTB4, which initiate the lipid mediator class switch
and thus resolution'®?°. Another important prostanoid is PGD,, which is associated with
inflammatory, homeostatic and anti-inflammatory effects as well, mediated via D prostanoid
receptor (DP) 1 and DP2 and low affinity to PPARY’. PGl, and TXA., that is rapidly degraded
to TXB2, are mostly counterparts for their regulation of blood pressure on vascular smooth
muscle cells and coagulation, while TXA: is formed mostly via platelet COX-1, PGI, formation
is associated with COX-2%49_ Although COX-2 is expressed upon activation of immune cells
and appears to be more relevant for the acute inflammatory response, constitutively expressed
COX-1 is also present in inflammatory cells and induced by LPS or cellular differentiation®. It
is known that both enzymes are involved in the initiation of the acute inflammation, but anti-
inflammatory effects in later phases of the inflammatory process have also been proven’ 77~
%_These diverse activities in homeostasis or different stages of inflammation within different
tissues makes the use of NSAIDs or selective COX-2 inhibitors difficult. Even in diseases,

where for example PGE; is clearly involved in the pathogenesis like arthritis, the



downregulation of other prostanoids by NSAIDs or COX-2 inhibitors makes the long-term
usage problematic and is controversially discussed?®209%.1%0  Thijs implies the necessity for
more specific approaches to address downstream events related to specific PGs in relevant
cells and tissues to modulate inflammatory response without interfering with homeostatic

activities.

1.3.4 Microsomal prostaglandin E2 synthase-1 (MPGES-1)

Around the 1970s and 1980s the existence of enzymes that catalyze the metabolization from
PGH; to PGE: was recognized and first attempts to isolate the enzymes from seminal vesicles
were reported’ %2 From 1999 to 2002 three PGES, namely, mPGES-1, cytosolic PGES
(cPGES) and mPGES-2 were cloned and characterized®®. While cPGES and mPGES-2 are
constitutively expressed and involved in homeostasis, mMPGES-1 is inducible by LPS or IL-1
exposure and is therefore relevant at sites of inflammation like COX-2"%, The mPGES-1 (16
kDa, 152 amino acids) belongs like FLAP to the MAPEG family and is a homotrimer, where
each monomer consists of four fransmembrane helices (TM1-4). The active site is a cone-
shaped cavity located at the inner core of each monomer, where GSH is bound as cofactor by
hydrogen bonds and tr-interactions and the substrate enters the cavity by its peroxofuran with
the two tails pointing to the lipid mediator membrane'®*1%5, The active site is separated from
an inner core cavity by Arg73 and Asp49 on top of the active site functions as a proton acceptor
due to its close proximity to Arg126, which increases the basicity. Additionally, Ser127
stabilizes the resulting thiolate of GSH with a hydrogen bridge'®*%. mPGES-1 is associated
with inflammatory relevant PGE: production and the knockout of the enzyme has protective
effects in different models of rheumatoid arthritis in mice, but the contradictory effects of PGE»

cannot postulate the inflammatory profile of mMPGES-1 for every inflammatory disease

7,105,107,108

1.3.5. 15-Lipoxygenase and specialized pro-resolving mediators

The 15-LOX is like 5-LOX a lipid-peroxidizing enzyme that catalyze the metabolization of
PUFAs by introduction of dioxygen at C-15 of AA'®, The fist mammalian 15-LOX was found in
1975 in rabbit reticulocytes and 13 years later, in 1988, a similar enzyme was successfully
purified from human eosinophils''®'"", In 1997 another subtype of 15-LOX, the 15-LOX-2, was
cloned from human hair roots''?. The ALOX15 and ALOX15B genes are on chromosome 17
with similar structure around 75 kDa''3. Like 5-LOX both 15-LOX subtypes consist of a C-
terminal catalytic and an N-terminal regulatory membrane binding domain with a non-heme
iron at the active site, which is bound by four His and one lle. Another similarity to 5-LOX is the
necessity of an oxidative activation from Fe?* to Fe®* by hydroperoxides''*''S, The entry of AA

occurs tail-first which favors the insertion of oxygen at C-15 and produces 15-HpETE, while
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12-HpETE can be formed as a side product to a lesser extent from 15-LOX-1 but not 15-LOX-
2. While the metabolization of EPA to 12-hydroxyeicosapentaenoic acid (HEPE) is slightly
more favored than the production of 12-hydroxyeicosatetraenoic acid (HETE) by 15-LOX-1,
DHA is oxygenated to 17-hydroxydocosahexaenoic acid (HDHA) and 14-HDHA in
approximately equal amounts. On the other hand, 15-LOX-2 still remains to synthesize 15-
HEPE and 17-HDHA preferably''®. Interestingly, methylation of the carboxyl group from the
fatty acid substrates also allows substrate insertion head-first, which results in oxygenation on
position C-5 for AA and EPA or C-7 for DHA, while bulky moieties revert these effects''”. The
expression of 15-LOX-2 is constitutive and the enzyme is mostly present in hair roots, the
epidermal skin and the prostate but also in macrophages. 15-LOX-1 on the other hand is
inducible by IL-4 or IL-13 in human macrophages eosinophils or the bronchial epithelial cells'"®-
122 While the biological function of 15-LOX-2 is still mostly elusive, 15-LOX-1 together with
acetylated COX, CYP450, 5-LOX and 12-LOX is known to be involved in the biosynthesis of
SPMs, which actively promote resolution of inflammation and are in focus of recent research®,
This group of lipid mediators is subdivided in LXs derived from AA, E-resolvins (Rvs) from EPA,
D-Rvs from DHA as well as maresins (MaR) and protectins (PD) (Figure 3)'?3. At the peak of
the inflammatory response PGs are involved in the upregulation of 15-LOX-1 which induces
the lipid mediator class switch and lead to the production of LXs'?4. These mediators are mostly
formed by transcellular biosynthetic pathways where LTA4 is metabolized via 15-LOX-1 or the
15S-HpETE is oxygenated by 5-LOX to LXA4'?5. Additionally, acetylated COX-2 (ac-COX-2)
by Aspirin® and CYP450 enzymes can convert AA to 15R-HpETE, which is a precursor for
aspirin-triggered (AT) LXs'?. As a result of LX production, clearance of apoptotic neutrophils
is induced, neutrophil migration is suppressed and ROS formation is reduced, additionally the
production of anti-inflammatory cytokines is induced, which primes infiltrating monocytes and
further initiate the resolution phase'?®'?’. Here E-Rvs are produced from EPA, which is
catalyzed by acetylated COX-2 or CYP450 to 18-HEPE and is further processed by 5-LOX to
RvE1 and RvE2 or by 15-LOX-1 or 12-LOX to RVE3, whereas RvE4 is biosynthesized by 5-
LOX and 15-LOX-1'23128 D-Rvs, MaRs and PDs are also produced via various enzymatic
interactions from DHA. 15-LOX-1 can oxygenate DHA to 17-HDHA and 14-HDHA''®, The D-
Rvs are yielded from 17-HDHA by metabolization via 5-LOX to RvD1, RvD2, RvD3, RvD4 and
RvD5. PD1 is also derived from 17-HDHA, which can isomerize to PDX'?". Both type of SPMs
have also AT-isomers which are derived likewise to EPA from acetylated COX-2 and the
resulting 17R-HDHA'?°. MaRs are generated from 14-hydroperoxy-docosahexaenoic acid
(HpDHA) and gets further converted to 13S, 14S-epoxy-MaR, which is an epoxide intermediate
and gets rapidly converted to MaR1 and MaR2'%'3', The biological actions of these mediators
are conducted via different GPCRs, namely N-formyl peptide 2/lipoxin A4 receptor
(FPR2/ALX), GPR32, GPR18, GPR37, BLT1 and chemerin receptor 1 but also nuclear
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receptors like PPARy and the estrogen receptor’,

lipoxins
LTAs
15(S)-HpETE LXA,
AT-LXA;
ac-cox-2— 15(R)-HpETE
\j\ E-series resolvins
e OH
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Figure 3 Biosynthetic pathways of SPMs according to N. Chiang et al. (2020)'33, C.N. Serhan et al.
(2018)723 and C.N. Serhan et al. (2011)728. The metabolic pathway of AA to produce LX via 5-LOX/FLAP,
15-LOX and ac-COX-2 is shown as well as the production of E-resolvins from EPA via 18-HpETE by
ac-COX-2 and CYP enzymes. D-Rvs, PDs and MaRs are synthesized from DHA via 12/15-LOX and ac-
COX-2 together with cytosolic 5-LOX.

As PGE: induces the cardinal symptoms of inflammation, SPMs mediate the cardinal
symptoms of resolution described by Basil et al., which are the removal of microbes, dead cells
and cell debris, the restoration of vascular integrity and perfusion, regeneration of tissue, the
remission of fever and connected to the afore-mentioned relief of pain'®*. The investigation of
these effects in the past years led to the question, how these effects can be used effectively to
treat inflammatory diseases. SPMs are highly potent locally effective mediators that are
produced at sites of inflammation. Due to unfavorable physicochemical properties and being
prone to metabolic inactivation, the application of SPMs wouldn’t be successful'®2. Finding an
efficient way to modulate the inflammatory response by exploiting the effects of SPMs, is still

a major challenge for recent research, which needs to be investigated.
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1.4. Eicosanoid pathway Inhibitors

The usage of analgesic and antipyretic medicine is documented for more than 3500 years.
Willow bark was used in different ways to treat pain and fever'. Since the discovery of Aspirin®
in 1897 many anti-inflammatory drugs were discovered interfering with the eicosanoid
pathways. The most famous group of drugs are the NSAIDs including Aspirin®, ibuprofen or
diclofenac, which block the formation of PGs by unselectively inhibiting COX-1 and -2. But
even before the target of the NSAIDs was found, the adverse side effects of long-term therapy
were very well known'®. The link between gastric events and NSAIDs evolves around the
maintenance of mucosal blood flow as well as the secretion of bicarbonate and mucus by
constitutively COX-1-derived PGs especially PGE,'®. This issue led to the development of
selective COX-2 inhibitors like celecoxib and rofecoxib. But the predominant production of PGl,
by COX-2 and the resulting dysbalance with elevated TXA;,, revealed the link between COX-2
inhibitor treatment and cardiovascular risk'% '3, Since all PGs mediate homeostatic relevant
effects in certain tissues the specific downregulation of specific PGs at sites of inflammation is
a major goal in the therapy of inflammatory diseases. The mPGES-1, known to be involved in
the pathogenesis of rheumatoid arthritis, Alzheimer's disease, multiples sclerosis or
arteriosclerosis, was identified as perfect target to accomplish this approach'-'4!. Over the
past two decades many mPGES-1 inhibitors were investigated. Due to the location of MPGES-
1 in membranes and the necessity of inhibitors to act like AA-mimics, most drug candidates do
not overcome unfavorable pharmacokinetic characteristics and lack efficacy in vivo and human
whole blood™2. Until now only 2 mPGES-1 inhibitors from Eli Lilly were tested in phase | clinical
trials, but both were stopped due to the appearance of liver injuries, which were induced by
toxic metabolites, according to a follow up study #3145,

The 5-lipoxyenase pathway implies like the aforementioned COX pathway promising targets
to regulate inflammation. The investigation of direct 5-LOX inhibitors focusses on four classes.
LT formation can be blocked by redox active 5-LOX inhibitors (1) that reduce the iron at the
active site and thus impede the activation of the catalysis (2) compounds that act as iron-
chelating drugs (zileuton) (3) drugs that act as AA-mimics and compete with the substrate for
the binding site, and (4) allosteric modulators that act on the C2-like domain and antagonize
the activation of 5-LOX™¢47 Despite enormous efforts to investigate 5-LOX inhibitors, only
zileuton is approved on the market by the U.S. Food and Drug Administration (FDA) but not by
the European Medicines Agency (EMA). Many drug candidates failed in clinical trials again
due to pharmacokinetic issues, lack of efficiency in vivo and side effects in clinical trials'’. To
reduce LT formation, the inhibition of FLAP is also a promising approach that has been
investigated for two decades. MK-886, which was used for FLAP identification, was further
investigated in clinical trials until phase Il. But like MK591 and BAY-X1005, which were also

tested in phase Il clinical trials, none of the studies were continued for unclear reasons’" 4",
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1.4.1. Dual inhibitors of the eicosanoid pathway

The biosynthetic networks of eicosanoids produce vastly different mediators that act in tightly
regulated cascades. Inhibition of one pathway can lead to an overshooting production in other
pathways, which could lead to more side effects. For example, a common side effect of Aspirin®
upon long-term therapy is the development of AT-asthma, where increased biosynthesis of
LTs induces bronchoconstriction and macrophage activity'*®. The pharmacological strategy to
inhibit the two main inflammatory eicosanoid pathways to circumvent the adverse effects
emerged around 26 years ago. In 1994 a multi-target inhibitor called Licofelone was developed
by Laufer et al. that inhibits FLAP, COX-1 and mPGES-1 and was later investigated in clinical
trials™14°  An alternative to dual COX/5-LOX inhibitors was given with the ongoing
development of mMPGES-1 as drug target, which could lead to a better cardiovascular

compatibility'5°.

1.4.2. BRP-187 as dual inhibitor of mPGES-1/FLAP

The investigation of new compounds to interfere with the eicosanoid pathway led to the
development of a benzimidazole derivative BRP-7 in 2013 which potently suppresses LT
formation by inhibiting FLAP but not 5-LOX. Additionally, it displayed no interaction with
CYP3A4 or the human ether-a-go-go related gene (hERG), a potassium channel in the heart,
where interaction is responsible for QT-time changes™®'. This structure as well as the isoxazole
derivative 2-[4-(4-chlorophenyl)-3-methyl-1,2-oxazol-5-yl]-5-[(2-methylphenyl)methoxy]phenol
that showed similar potency in the reduction of LTs"®2'53 were used as lead compounds for
the development for new multitarget inhibitors via a combined ligand- and structure-based
screening approach. Here, 4-(4-chlorophenyl)-5-[4-(quinolin-2-ylmethoxy)phenyllisoxazol-3-
carbo-xylic acid (BRP-187/Figure 4) was identified as potent inhibitor of LT formation in intact
polymorphonuclear leukocytes (PMNL)3. In docking studies and molecular dynamic (MD)
simulations the potential binding site with FLAP was shown, where the carboxylic group
interacts with B-Lys116 and C-His28, the quinoline group couples via -1 interaction with B-
Tyr112 and has hydrophobic contact to B-Thr66%. In an intensive pharmacological
characterization of BRP-187 the activity on eicosanoid formation was determined in various
cell types with different stimuli. The ICso value of the compound in PMNL stimulated with
A23187 (Ca?*-ionophore) was 60+10 nM. In intact monocytes stimulated with LPS/fMLP the
potency even increased with an ICso of 7+1 nM, comparable to MK-886 in similar settings*. To
study further the impact on other members of the MAPEG family, BRP-187 was tested against
mPGES-1 and LTC,4-S. While LTCs-S was not potently inhibited (ICso= 6 pM) the formation of
PGE; by mPGES-1 was potently reduced with ICso around 0.2 uM outperforming MK-886“. In
a zymosan-induced mouse peritonitis model i.p. injected BRP-187 inhibited neutrophil

infiltration and cys-LTs formation significantly at 10 mg/kg indicating activity in vivo*. Despite
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very high activity in vitro and on the peritonitis model in mice, a calculated LogP value of 6.3035
(calculated by BIOVIA Draw 2019 x64) suggests low bioavailability and high plasma protein
binding, as is often the case with acidic FLAP inhibitors™".
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Figure 4 Chemical Structure of BRP-187 according to E. Banoglu et al.3. 4-(4-chlorophenyl)-5-[4-
(quinolin-2-ylmethoxy)phenyljisoxazol-3-carbo-xylic was identified as a new dual FLAP/mPGES-1
inhibitor

1.4.3. BRP-201 as new dual mPGES-1/FLAP inhibitor

The structural basis of BRP-7 was further tuned to develop new multitarget inhibitors. The
substitution of a negatively charged group in position 4’ or 5’ promised a gain in effectiveness
due to the interaction with His28, Lys116 and Arg117 of the FLAP binding pocket. The
evaluation of the structure-activity relationship revealed 1,3,4-oxadiazol-5-thione as most
beneficial substitution in position 5’ of the benzimidazole ring®. The compound found in the
screening, named BRP-201 ((5-{1-[(2-chlorophenyl)methyl]-2-{1-[4-(2-methylpropyl)phenyl]-
ethyl}-1H-benzimidazole-5-yl}-2,3-dihydro-1,3,4-oxadiazole-2-thione)/Figure  5), displayed
high potency at inhibition of FLAP (ICso= 0.05£0.004 yM) and mPGES-1 (ICso= 0.42+0.03 uM),
while LTC4S was not affected as strong (ICso= 6.19£0.95 pM). The isolated 5-LOX is also
inhibited with an 1Cso= 0.6+0.4 uM. In docking studies and molecular dynamic simulations, the
binding sites of BRP-201 on FLAP, mPGES-1 and 5-LOX were calculated. For FLAP, the
predicted cation-1r interactions of acidic moieties on His28, Lys116 and Arg117 are important
for compound binding®. The interaction with mPGES-1 is characterized by several polar
interactions at the cytoplasmic part of the binding groove, because the 1,3,4-oxadiazol-5-
thione group at 5’ position of the benzimidazole ring interacts via water-mediated H-bonds and
-1 interactions with Arg52 and His53. This interaction at the cytoplasmic entrance directs the
hydrophobic rest of the molecule into the hydrophobic cavity for binding with additional -1
interactions and hydrophobic contacts®. Together, the modification of the initial hit BRP-7 led
to a very potent multitarget inhibitor with new potential therapeutic usage that needs to be

further investigated.
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Figure 5 Chemical structure of BRP-201 according to Glir et al.5. Systemic structure activity relationship
development on the 5-position of the benzimidazole ring led to(5-{1-[(2-chlorophenyl)methyl]-2-{1-[4-(2-
methylpropyl)phenyljethyl}-1H-benzimidazole-5-yl}-2,3-dihydro-1, 3,4-oxadiazole-2-thione) (BRP-201)
as potent FLAP/mPGES-1 inhibitor.

1.4.4. Semisynthetic chalcone-based compounds as potential multitarget inhibitors

The development of new drugs with novel modes of action is a constant endeavor in
pharmaceutical science and thus, the investigation of alternative drug targets in virtual
screenings becomes more and more relevant'™*. Natural products are very interesting
molecules, because they often display several pharmacological effects on multiple targets. In
a recent study such new target evaluation was performed for dihydrochalcones (DHCs), which
were used in the development of sodium/glucose co-transporter 2 (SGLTZ2) inhibitors like
dapagliflozin®. Since the recognition of more therapeutic benefits by the usage of this drug
e.g. in heart failure, DHCs returned in focus of research'®. From this study many of the
selected compounds showed potent to moderate activity on COX-1 and 5-LOX. Isolated from
Melodorum fruticosum the compound MF-14 and the semisynthetic oxidized derivative MF-15
displayed high potential as inhibitor of the aldol-keto reductase family 1 member C3 (AKR1C3)
in enzalutamide-resistant metastatic castration resistant prostate cancer'®”. Both compounds
are 2-OH-benzylated derivatives of cardamonin (Figure 6), which by itself has strong anti-
inflammatory effects during antitumoral treatment'™®'° Further studies revealed also
bioactivity against mPGES-1 and therefore indicated a potential use in anti-inflammatory

therapy'®.

cardamonin MF-14 MF-15
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Figure 6 Chemical structure of cardamonin in comparison to MF-14 and MF-15 jsolated from Melodorum
fruticosum according to F. Mayr et al.'®*. MF-14/15 are 2-OH-benzylated derivatives of cardamonin with
potential anti-inflammatory properties.

HO
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1.5. Polymer-based nanoparticles

Nanomedicine is intensively investigated and moved in the focus of research over the past
decade'®'%2, Huge improvements in the field of diagnostics, drug delivery and therapeutic
treatments are currently under development or have even already reached the market, using
sophisticated biomaterials to cure or indicate certain diseases''®*. The most recent
breakthrough in the field of nanomedicine is the approval of the first vaccination against the
severe acute respiratory syndrome coronavirus 2 (Sars-CoV-2) from BioNTech, where mRNA
encoding the spike protein of the virus is encapsulated into liposomes that merge with the
plasma membrane to effectively deliver the cargo'®. The utilization of nanomedicine as drug
delivery systems is of high interest. Despite thousands of promising drug candidates are
investigated, most of them fail to receive an approval due to unfavorable pharmacokinetics,
physicochemical properties or systemic toxicity'®'%’. Among different options, polymeric
nanoparticles (NP) displayed high potential to improve bioavailability of formulated drugs by
enhancing their solubility and circulation times, controlling the release profile and targeting
specific cells or organs'®®1%, The outstanding advantage of the use of polymers to formulate
NPs is the high modifiability that allows to design hydrophilic or hydrophobic NPs with different
shells or targeting/shielding units on the surface, to obtain a tailored delivery system for the
encapsulated drug or patient specific needs'®''. Natural polymers, which display high
biocompatibility like dextran, albumin or hyaluronic acid are not suitable because of the multiple
variations in the molecular weight (MW) and composition'”2. Therefore, synthetic polymers are
used with controlled MW and/or chemical functionalization'”®. One of the most investigated
and highly biocompatible polymers is poly(lactide-co-glycolic acid) (PLGA) that is degraded to
lactate and glycolate upon enzymatic degradation'*. On top of these advantages, PLGA can
be easily formulated and the monomer composition can be altered to obtain different release
kinetics'’®. Not surprisingly, there are already 14 FDA approved products on the market using
PLGA-based nano- or microparticles'®. A well established and equally biocompatible
alternative to PLGA is acetalated dextran (AcDex). In contrast to dextran the functionalized
derivative with acetal or ethoxy acetal (AceDex) groups is not water-soluble and therefore
suitable for NP formulation and the encapsulation of hydrophobic drugs'’. Additionally,
Ac(e)Dex degrades depending on the pH value, which could imply the usage of a passive
targeting, since the body shows lower pH values in inflammatory tissues or after the uptake of
infectious invaders or cell debris in the endolysosome'78179,

The usage of nanoparticles is a great opportunity for modern medicine. Since most drug
candidates fail to succeed because of unfavorable pharmacokinetics, the smart formulation
into small containers with tailor-made properties to have high specificity is a promising strategy
to circumvent these detrimental characteristics and give highly potent therapeutics a chance

to get approved for clinical use®.
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Figure 7 Chemical structure of the main polymers used in this study to form nanopatrticles incorporated
with anti-inflammatory compounds. Acetalated dextran (left), poly(lactide-co-glycolic acid) (middle) and
ethoxy-acetalated dextran (right).
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2. Aim of the thesis

The variety of therapeutic options for anti-inflammatory therapy we do have nowadays goes
along with meticulous deliberations, if the treatment is worth the risk of side effects?®. Especially
in chronic inflammatory diseases, where a long-term therapy is necessary, the therapeutic
options are rare or their activity is decaying over the progression of the affliction?®3°. Therefore,
the need of new approaches to fight the self-destructive and dysregulated immune response
in inflammation is still compelling.

The various LMs are strongly involved in the onset, progression but also the resolution of
inflammation®¢%°. Many commonly used drugs on the market interfere with the LM-biosynthetic
network by influencing mainly one pathway, especially the COX pathway - this fact led to the

first initial objective of this thesis.

| The elucidation of commonly used therapeutics that interfere with the LM networks to

better understand the risks and benefits of these drugs.

Beside the well-established COX inhibitors there are a variety of options to fight inflammation
by more specific targeting. The dual inhibition of the COX and LT biosynthetic pathway arose
over the past two decades with already promising drugs (licofelone) that were evaluated in
clinical studies™®'4°, Associated with a better safety profile the inhibition of mMPGES-1 instead
of COX-2 was further investigated in research and the similarity to FLAP, which is also an
interesting drug target for LT inhibition, led to the development of dual mMPGES-1 and FLAP
inhibitors that were investigated lately®>'%°, But like for the commonly available NSAIDs, the
deeper understanding of the impact of BRP-187, BRP-201 and MF-14/15 on the entire LM

network needs to be revealed. As a result, the next objective of this thesis was formed.

| The profound investigation of the anti-inflammatory impact and modulation of the LM
profile by the multitarget inhibitors BRP-187, BRP-201 and MF-14/15.

Many recently investigated FLAP and mPGES-1 inhibitors are highly active in experimental in
vitro settings but lack efficacy in complex bioassays or in vivo’42, Because of the location of
the targeted proteins in bio-membranes and competition with AA in the active sites, the
respective inhibitors share the same physicochemical characteristics, resulting in unfavorable
kinetics, low solubility, low bioavailability, strong plasma protein binding and accumulation in
hydrophobic tissues like membranes’''42. The chemical adjustments of these disadvantages
result mostly in loss of effectiveness®®. Thus, the investigation of the suitability of drug delivery

systems is urgently needed. As prodigy in modern medicine, polymeric NPs could be an ideal
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option to accomplishing the effectiveness of such potent inhibitors with unfavorable properties,
which could save time and money in the development of new drugs'. In an innovative
cooperation, as part of a project in the SFB 1278 PolyTarget and in cooperation with the
Institute of Organic and Macromolecular Chemistry at FSU Jena, the investigation of this
approach was initiated. The encapsulation of BRP-187 and BRP-201 into polymeric NPs was

analyzed, representing the third object of this study.

]| In-depth investigation of the suitability of polymeric nanoparticles as drug delivery
systems for the potent dual mPGES-1/FLAP inhibitors BRP-187 and BRP-201.

The impairment of pro-inflammatory lipid mediators can prevent the progression of
inflammatory diseases?. As counterpart in order to stop the inflammatory response the body
produces SPMs to actively initiate the recovery of the affected tissue and help resolving
inflammation®. Since the discovery of SPMs and the detection of their highly beneficial effects,
new approaches to actively support inflammation resolution were discussed'?. Since SPMs
are instable hydrophobic fatty acid derivatives the treatment with these mediators would be
rather ineffective, because of rapid metabolization or accumulation in bio-membranes™*.
Another approach that is currently investigated is the development of SPM receptor agonists,
for example, for the FPR2/ALX receptor, but until now no promising results from clinical studies
were revealed'®'. Discovery of new strategies to promote inflammation resolution leaves room

for deeper investigation and therefore builds the last objective of this thesis.

v Identification of new approaches to actively promote the resolution of inflammation.

The investigation of these aims could provide great benefit for the development of inflammatory

therapies and will contribute to big steps forward in anti-inflammatory (nano)medicine.
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3. Manuscripts

Overview:

Manuscript |

Targeting biosynthetic networks of the proinflammatory and proresolving lipid metabolome

Werner, M., Jordan, P.M., Romp, E., Czapka, A., Rao, Z., Kretzer, C., Koeberle, A., Garscha,
U., Pace, S., Claesson, H.-E., Serhan, C.N., Werz, O., Gerstmeier, J.

The FASEB Journal, 2019, 33(5): p. 6140-6153.

Anti-inflammatory drugs interfere with the metabolism of fatty acids via inhibition of
cyclooxygenase (COX), 5-lipoxygenase (5-LOX) and 5-lipoxygenase activating protein
(FLAP). According to the type of leukocyte these enzymes are also involved in the biosynthesis
of specialized pro-resolving mediators (SPMs), which actively enhance resolution of
inflammation. The influence of commonly used therapeutics regarding the production of SPMs
is still elusive and will be intensively investigated in this study. With the obtained data clear
disadvantages of approved drugs are pointed out and potential new strategies to favorably

modulate the lipid mediator (LM) profile can be derived.

Manuscript Il

Encapsulation of the dual FLAP/mPEGS-1 inhibitor BRP-187 into acetalated dextran and
PLGA nanoparticles improves its cellular bioactivity

Shkodra-Pula, B., Kretzer, C., Jordan, PM., Klemm, P., Koeberle, A., Pretzel, D., Banoglu,
E., Lorkowski, S., Wallert, M., Hoppener, S., Stumpf, S., Vollrath, A., Schubert, S., Werz, O.,
Schubert, US.

Journal of Nanobiotechnology, 2020, 18(1):73

Dual inhibitors of 5-lipoxygenase activating protein (FLAP) and microsomal prostaglandin E2
synthase-1 (mMPGES-1) exert good anti-inflammatory efficacy at lower risk of side effects
compared to non-steroidal anti-inflammatory drugs (NSAIDs) but despite these advantages
the necessary lipophilic structure of these compounds is associated with low overall
bioavailability. To improve the effectiveness of the well investigated dual FLAP/mPGES-1
inhibitor BRP-187 poly(lactic-co-glycolic acid) (PLGA) and acetalated dextran (Ac-Dex) were
used forming nanoparticles (NPs) as carrier systems. This study shows how encapsulation of
BRP-187 prolongs the effectiveness and enhances the potency to inhibit mMPGES-1 in

macrophages.
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Manuscript Il

Ethoxy acetalated dextran-based nanocarriers accomplish efficient inhibition of leukotriene
formation by a novel FLAP antagonist in human leukocytes and blood

Kretzer, C., Shkodra-Pula, B., Klemm, P., Jordan, PM., Schroder, D., Cinar, G., Vollrath, A.,
Schubert, S., Nischang, I., Hoeppener, S., Stumpf, S., Banoglu, E., Gladigau, F., Bilancia, R.,
Rossi, A., Eggeling, C., Neugebauer, U., Schubert, US., Werz, O.

Cellular and Molecular Life Sciences, 2021 Dec 31;79(1):40.

The novel benzimidazole-based 5-lipoxygenase activating protein inhibitor (FLAP) BRP-201
potently inhibits leukotriene (LT) formation in isolated leukocytes but lacks efficacy in human
whole blood due to unfavorable pharmacokinetic properties. Here, we described the
encapsulation of BRP-201 into poly(lactic-co-glycolic acid) (PLGA) and ethoxy acetalated
dextran (Ace-Dex), aiming to improve the bioavailability and develop a new therapeutic
strategy to reduce inflammation. The data proves the suitability of Ace-Dex nanoparticles (NPs)
to effectively transport BRP-201 to leukocytes in human whole blood and drastically reduced
LT formation compared to free compound. The in-vitro effect was also confirmed in a
sophisticated zymosan-induced peritonitis mouse model with i.v. application of the formulation,

indicating the clear benefit of encapsulation.

Manuscript IV

Effect of Crystallinity on the Properties of Polycaprolactone Nanoparticles Containing the
Dual FLAP/mPEGS-1 Inhibitor BRP-187

Vollrath, A., Kretzer, C., Beringer-Siemers, B., Shkodra, B., Czaplewska, J., Bandelli, D.,
Stumpf, S., Hoeppener, S., Weber, C., Werz, O., Schubert, US.

Polymers, 2021 Jul 31;13(15):2557.

Recently developed polycaprolactones (PCL) with constant hydrophobicity but a varying
degree of crystallinity were prepared from e-caprolactone (¢CL) and &-caprolactone (8-CL)
isomers to formulate nanoparticles (NPs). With the encapsulated anti-inflammatory drug BRP-
187 the polymers were tested on enzymatic degradation and their efficacy to reduce
leukotriene (LT) formation in polymorphonuclear leukocytes (PMNL). The study showed that
the crystallinity of the polymers influences the enzymatic degradation, which exerts different
potential therapeutic options for the compound with immediate and delayed release settings.
The aim of the study was to establish a base to develop a polymer library for tailor-made

formulations in future inflammatory therapy.
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Manuscript V

Shifting the Biosynthesis of Leukotrienes Toward Specialized Pro-Resolving Mediators by the
5-Lipoxygenase-Activating Protein (FLAP) Antagonist BRP-201

Kretzer, C., Jordan, PM., Bilancia, R., Rossi, A., Tugce Gur, M., Banoglu, E., U., Schubert,
US., Werz, O.

Journal of Inflammation Research, 2022, Feb 9;15:911-925

Lipid mediators (LM) derived from fatty acids initiate and resolve inflammation depending on
the synthetic pathways which include partially the same enzymes for both categories of
products. In this complex network compound can interfere to favorably modulate the LM profile
and prime the production of resolving specialized pro-resolving mediators (SPMs). Here, the
benzimidazole-based 5-lipoxygenase activating protein (FLAP) inhibitor BRP-201 was studied
regarding the modification of the lipid mediator profile. We showed strong evidence, that BRP-
201 can shift the LM profile from LTs to the production of SPMs by inhibiting FLAP and
enhancing the activity of 15- and 12-LOX, which leads to an active induction of resolution

inflammation.

Manuscript VI

Natural chalcones elicit formation of specialized pro-resolving mediators and related 15-
lipoxygenase products in human macrophages

Kretzer, C., Jordan, PM., Meyer, KPL., Hoff, D., Werner, M., Hofstetter R.K., Koeberle, A.,
Cala Peralta, A., Viault, G., Seraphin, D., Richomme, P., Helesbeux, JJ., Stuppner, H.,
Temml, V., Schuster, D., Werz, O.

Biochemical Pharmacology, 2022, Jan;195:114825.

Specialized pro-resolving mediators (SPMs) have anti-inflammatory properties that counteract
the effect of leukotrienes (LT) and prostaglandins (PG) to resolve inflammation. Novel concepts
of therapy try to find options that enhance the production of those SPMs rather than acting
immunosuppressive by reducing LT and PG levels. In this study we present two
dihydrochalcone-based compounds from Melodrum fruticosum that enhance the biosynthesis
of SPMs and their precursors via activation of 15-lipoxygenase (LOX)-1. MF-14 and MF-15
strikingly evoked 12/15-LOX products along with translocation of 15-LOX-1 without additional
stimulus while still exert inhibition of 5-LOX in exotoxin stimulated macrophages and ionophore

stimulated HEK-cells, showing their ability to function as lipid mediator class switch inducer.
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ABSTRACT: Nonsteroidal anti-inflammatory drugs interfere with the metabolism of arachidonic acid to proin-
flammatory prostaglandins and leukotrienes by targeting cyclooxygenases (COXs), 5-lipoxygenase (LOX), or the 5-
LOX-activating protein (FLAP). These and related enzymes act in conjunction with marked crosstalk within a
complex lipid mediator (LM) network where also specialized proresolving LMs (SPMs) are formed. Here, we present
how prominent LM pathways can be differentially modulated in human proinflammatory M1 and proresolving
M2 macrophage phenotypes that, upon exposure to Escherichia coli, produce either abundant prostaglandins and
leukotrienes (M1) or SPMs (M2). Targeted liquid chromatography-tandem mass spectrometry—based metabolo-
lipidomics was applied toanalyze and quantify the specific LM profiles. Besides expected on-target actions, we found
that: 7) COX or 15-LOX-1 inhibitors elevate inflammatory leukotriene levels, 2) FLAP and 5-LOX inhibitors reduce
leukotrienes in M1 but less so in M2 macrophages, 3) zileuton blocks resolution-initiating SPM biosynthesis,
whereas FLAP inhibition increases SPM levels, and 4) that the 15-LOX-1 inhibitor 3887 suppresses SPM formation in
M2 macrophages. Conclusively, interference with discrete LM biosynthetic enzymes in different macrophage phe-
notypes considerably affects the LM metabolomes with potential consequences for inflammation-resolution phar-
macotherapy. Our data may allow better appraisal of the therapeutic potential of these drugs to intervene with
inflammatory disorders.—Werner, M., Jordan, P. M., Romp, E., Czapka, A., Rao, Z., Kretzer, C., Koeberle, A., Garscha,
U, Pace, S., Claesson, H.-E., Serhan, C. N., Werz, O., Gerstmeier, J. Targeting biosynthetic networks of the proin-
flammatory and proresolving lipid metabolome. FASEB ]. 33, 6140-6153 (2019). www.fasebj.org
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Arachidonic acid (AA), eicosapentaenoic acid (EPA), and

docosahexaenoic acid (DHA) are precursor substrates for
lipoxygenases (LOXs) and cyclooxygenases (COXs) that

initiate the biosynthesis of potent bicactivelipid mediators
(LMs) that regulate the initiation and resolution of in-
flammation (1, 2). Unresolved, chronic inflammation with
elevated levels of proinflammatory prostaglandins (PGs)
and leukotrienes (LTs) contributes to numerous wide-
spread diseases, including arthritis, atherosclerosis and
cardiovascular diseases, type 2 diabetes, asthma, and
Alzheimer’s disease that require therapeutic targeting of the
inflammatory process and its resolution (3, 4). For phar-
macological intervention with chronic inflammation, drugs
that block the formation of PGs and LTs by inhibition of
COX-1/2 and 5-LOX or 5-LOX-activating protein (FLAP),
respectively, are commonly used (5, 6). Specifically, the so-

ABBREVIATIONS: AA, arachidonic acid; COX, cydooxygenase; cPLA,,
cytosolic phospholipase Ay DHA, docosahexaenoic acid; EPA, eicosa-
pentaenoic acid; FLAP, 5-LOX-activating protein; HDHA, hydroxy DHA;
HEPE, hydroxyeicosapentaenoic acid; HETE, hydroxyeicosatetraenoic
acid; LM, lipid mediator; LOX, lipoxy genase; LT, leukotriene; LX, lipoxin;
MaR, maresin; MRM, multiple reaction monitoring; NSAID, nonsteroidal
anti-inflammatory drug; PD, protecting PG, prostaglandin; pg, picogram;
Rv, resolvin; SPM, specialized proresolving mediator; UPLC-MS-MS,
ultraperformance liquid chromatography-tandem mass spectrometry

l Correspondence: Department of Pharmaceutical/Medicinal Chemistry,

Institute of Pharmacy, Friedrich Schiller University Jena, Philosophenweg 14,
Jena 07743, Germany. E-mail: oliver.werz@umi-jena.de

2 Correspondence: Department of Pharmaceutical/Medicinal Chemistry,
Institute of Pharmacy, Friedrich Schiller University Jena, Philosophenweg
14, Jena 07743, Germany. E-mail: jana.gerstmeier@uni-jena.de

doi: 10.1096/£.201802509R

This article includes supplemental data. Please visit htfp://fwuww.fasebj.org to

obtain this information.

6140

24

called nonsteroidal anti-inflammatory drugs (NSAIDs, e.g.,
ibuprofen) that inhibit PG formation provoke their benefi-
cial effects mainly by alleviating pain and by blocking acute
inflammation (5) but are essentially inefficient at terminating
inflammation or in promoting resolution and tissue repair.

A novel superfamily of LMs that are called specialized
proresolving mediators (SPMs), including lipoxins (LXs),
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resolvins (Rvs), maresins (MaRs), and protectins (PDs),
that actively terminate inflammation and promote tissue
regeneration are biosynthesized by COX and LOX path-
ways as well (Fig. 14) (2, 7, 8). Thus, COX and 5-LOX
pathway inhibitors may interfere with beneficial SPM
formation too. Moreover, NSAIDs are frequently associ-
ated with adverse on-target side effects by suppressing
homeostatic prostanoids (5) and by redirecting LM bio-
synthesis toward proinflammatory LTs (9). The 15-LOX-1
appears to be involved in inflammation in the respiratory
tract (10, 11) but also in the formation of SPM, particularly
in anti-inflammatory macrophage phenotypes (12).

LM biosynthesis inhibitors (including NSAIDs) have
been evaluated in cell-based studies with limited read-out,
mainly addressing inflammation-promoting PGs and LTs in
proinflammatory immune cells (.., neutrophils, monocytes,
and M1-like macrophages), whereas SPMs have not yet been
essentially studied because they are the newest mediators
uncovered with novel proresolving functions (7, 13). Thus,
modulation of SPM biosynthesis by COX and LOX inhibitors
and other potential anti-inflammatory drugs on the cellular
level is elusive. Moreover, because LM biosynthesis is orga-
nized within connected cascades that can crosstalk, phar-
macological interference with one pathway may redirect
toward other LM routes within competent cells (9, 14, 15).

Macrophages are innate immune cells that are crucial
for initiation, maintenance, and resolution of inflamma-
tion depending on their phenotypes, namely, proin-
flammatory M1-like and proresolving, anti-inflammatory
M2-like subtypes (16). Human M1 and M2 macrophages
exposed to pathogenic bacteria produce differential LMs
that distinguish their inflammatory or proresolving pheno-
types: Ml1-like mainly generate 5-LOX-and COX-2—derived
PGs and LTs, whereas M2-like produce predominantly 15-
LOX-derived SPMs, including LX, Rv, PD, and MaR1 (12).
Such bacteria-stimulated human macrophage phenotypes
represent a pathophysiologically relevant, cell-based ap-
proach that enables the assessment of a broad spectrum of
bioactive LMs by metabololipidomics. Therefore, we
made use of this convenient experimental system for a
comprehensive analysis of LM pathway inhibitors to re-
veal their ability to affect the complex network of proin-
flammatory and proresolving LMs.

MATERIALS AND METHODS
Cell isolation and polarization of macrophages

Leukocyte concentrates from freshly withdrawn peripheral
blood of healthy adult human donors were provided by the In-
stitute of Transfusion Medicine, Jena University Hospital (Jena,
Germany). The experimental protocol was approved by the
ethical committee of the Jena University Hospital. All methods
were performed in accordance with the relevant guidelines and
regulations. Peripheral blood mononuclear cells were isolated
using dextran sedimentation and Ficoll-Histopaque 1077-1
(MilliporeSigma, Burlington, MA, USA) centrifugation. For dif-
ferentiation and polarization toward M1 and M2 macrophages,
criteria published by Werz et al. (12) were used. Thus, M1 mac-
rophages were generated by incubating monocytes with 20ng /ml
granulocyte-macrophage colony-stimulating factor (Peprotech,
Rocky Hill, NJ, USA) for 6 d in Roswell Park Memorial Institute
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medium 1640 supplemented with 10% fetal calf serum, 2 mM
[-glutamine (Merck, Kenilworth, NJ, USA), and penicillin-
streptomycin (Merck), followed by 100 ng/ml LPS (MilliporeSigma)
and 20 ng/ml INF-y (Peprotech) treatment for another 48 h. M2
macrophages were incubated with 20 ng/ml M-CSF (Peprotech)
for 6 d of differentiation plus 20 ng/ml IL-4 (Peprotech) for an
additional 48 h of polarization.

Incubations of macrophages and
LM metabololipidomics

Macrophages (2 X 10°/ml) were incubated in PBS containing
1 mM CaCl,. Compounds or vehicle control (0.1% DMSO) were
applied 15 min prior to stimulation with E. coli (serotype O6:K2:
H1) ataratio of 1:50 (M1 /M2:E. coli) for 180 min at 37 °C. The 15
LOX-1 inhibitor 3887 was synthesized as described by Han et al.
(17). Ibuprofen and celecoxib were purchased from Milli-
poreSigma, MK886 from Cayman Chemicals (Ann Arbor, MI,
USA), zileuton from Sequoia Research Products (Pangboume,
United Kingdom), and RSC-3388 from Merck. Supematants
were transferred to 2 ml of icecold methanol containing 10 pl
of deuterum-labeled mternal standards [200 nM  dg55-
hydroxyeicosatetraenoic acid (HETE), ds-LTB,, ds-LXA,, ds-
RvD2, d;-PGE; and 10 pM dg-AA] to facilitate quantification.
Deuterated and nondeuterated LM standards were purchased
from Cayman Chemicals. Sample preparation was conducted by
adapting criteria published by Colas et al. (18). In brief, samples
were kept at —20°C for 60 min to allow protein precipitation.
After centrifugation (1200 g, 4°C, 10 min), 8 ml acidified H,O (pH
3.5) was added and subjected to solid phase extraction (SPE).
Solid phase cartridges (Sep-Pak Vac 6cc 500 mg/6 ml C18; Wa-
ters, Milford, MA, USA) were equilibrated with 6 ml methanol
and 2 ml H,O before samples were loaded onto columns. After
washing with 6 ml H,O and an additional 6 ml n-hexane, LMs
were eluted with 6 ml methyl formate. Finally, the samples were
brought to dryness using an evaporation system (TurboVap
LV; Biotage, Uppsala, Sweden) and resuspended in 100 pl
methanol water (50/50, v/v) for ultraperformance liquid
chromatography—tandem mass spectrometry (UPLC-MS-MS)
automated injections. LM profiling was analyzed with an
Acquity UPLC system (Waters) and a QTrap 5500 Mass
Spectrometer (Sciex, Framingham, MA, USA) equipped with
a Turbo V Source and electrospray ionization. LMs were
eluted using an Acquity UPLC BEH C18 column (1.7 pm, 2.1
® 100 mm; Waters) at 50°C with a flow rate of 0.3 ml/minand
a mobile phase consisting of methanol, water, and acetic acid
at a ratio of 42:58:0.01 (v/v/v) that was ramped to 86:14:0.01
(v/v/v)over 12.5 min and then to 98:2:0.01 (v /v /v) for 3min
(Supplemental Table S1). The QTrap 5500 was operated in
negative-ionization mode using scheduled multiple reaction
monitoring (MRM) coupled with information-dependent ac-
quisition. The scheduled MRM window was 60 s, optimized
LM parameters (CE; Collision Energy, EP; Entrance Potential,
DP; Declustering Potential, CXP; Collision Cell Exit Potential)
were adopted (19), and the curtain gas pressure was set to 35
psi. The retention time and at least 6 diagnostic ions for each
LM were confirmed by means of an external standard (Cay-
man Chemicals). Quantification was achieved by calibration
curves for each LM. Linear calibration curves were obtained
for each LM and gave 1* values of 0.998 or higher (for fatty
acids, 0.95 or higher). Additionally, the limit of detection for
each targeted LM was determined (Supplemental Table S3).

LM coregulation network analysis

LM circular correlation network was generated with the Cyto-
scape 3.6.0. software. In brief, percentage changes vs. vehicle
control (100%) for each LM obtained by treatment with ibupro-
fen, celecoxib, indomethacin, diflapolin [kind gift by Dr. Barbara
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Figure 1. LM biosynthetic pathways in human M1 and M2 macrophages. A) Schematic overview on the bioactive eicosanoid and
docosanoid pathways in inflammation and resolution. B} LM profiles of M1 and M2 macrophages upon exposure to pathogenic L. coli.
Human monocyte—derived macrophages were polarized for 48 h to M1 and M2 (2 X 10° cells/ml) and incubated for 180 min with E
coli (O6:K2:H1; ratio = 1:50) at 37 °C. Formed LMs were isolated by SPE and analyzed by UPLGMSMS, shown as a pie chart. Values
are means * SEM of n = 24=34 for M1 and n= 33-39 for M2. C) Protein expression of LM biosynthetic enzymes and B-actin by Western
blot and densitometric analysis thereof; n = 5. Data were log-transformed for paired Student’
i pe0.01. D) Expression of surface polarization markers for M1 (CD534, CD80) and M2 (CD206, CDI163), polarized for 48 h, was
analyzed by flow cytometry, and representative histograms are shown from 3 independent experiments with separate donors.
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Matuszezak (University of Innsbruck, Innsbruck, Austria)], zileu-
ton, MK886, 3887, and RSC-3388 were determined in M1 and M2
macrophages. With these values, a Bravais-Pearson correlation
was performed to enlighten positively correlated LM species with a
correlation coefficient of 0.7 or higher. Coregulated LM species
appear in close proximity to each other, forming specific clusters
where the distance and connection lines visualize their proximity.
The size of nodes reflects the LM abundance (in picograms) of
DMSO controls produced from 2 X 10° macrophages.

SDS-PAGE and Western blot

Cell lysates of macrophages (2 x 10° cells) were separated on 8%
[cytosolic phospholipase A; (cPLA;)-a)], 10% (5-LOX, 12-LOX,
15-LOX-1, COX-1, COX-2, and LTA4H), and 16% (FLAP) poly-
acrylamide gels and blotted onto nitrocellulose membranes
(Amersham Protran Supported 0.45 pum nitrocellulose; GE
Healthcare, Chicago, IL, USA). The membranes were incubated
with the following primary antibodies: polyclonal rabbit anti-
PLA;.«, 1:200 (2832; Cell Signaling Technology, Danvers, MA,
USA); rabbit polyclonal anti-5-LOX, 1:1000 (by Genscript, Pis-
cataway, NJ, USA, to a peptide with the C-terminal 12 aa of
5-LOX: CSPDRIPNSVA; kindly provided by Dr. Marcia New-
comer, Louisiana State University, Baton Rouge, LA, USA);
polyclonal rabbit anti-12-LOX, 1:200 (NBP2-29941; Novus Bio-
logicals, Centennial, CO, USA); mouse monoclonal anti-15-LOX-
1,1:500 (ab119774; Abcam, Cambridge, United Kingdom); rabbit
polyclonal anti-COX-1, 1:500 (4841; Cell Signaling Technology);
rabbit polydonal anti—COX-2, 1:500 (4842; Cell Signaling Tech-
nology); rabbit polyclonal anti-LTAJH, 1:1000 (ab133512;
Abcam); rabbit polyclonal anti-FLAP, 0.1 pg/ml (ab85227;
Abcam), and rabbit polydonal anti-B-actin, 1:1000 (4967S; Cell
Signaling Technology). Immunoreactive bands were stained
with [RDye 800CW goat anti-mouse 1gG (H+L), 1:10,000 (926-
32210; Li-Cor Bioscdiences, Lincoln, NE, USA), [IRDye 800CW goat
anti-rabbit IgG (H+L), 1:15,000 (926 32211; Li-Cor Biosciences)
and IRDye 680LT goat anti-mouse IgG (H+L), 1:40,000 (926-
68020; Li-Cor Biosciences), and visualized by an Odyssey in-
frared imager (Li-Cor Biosciences). Data from densitometric
analysis were background corrected.

Flow cytometry

Fluorescent staining for flow cytometric analysis of M1 or M2
macrophages after 48 h polarization was performed in flow
cytometry buffer (PBS with (.5% bovine serum albumin, 2 mM
EDTA, and 0.1% sodium azide). Nonspecific antbody binding
was blocked using mouse serum for 10 min at 4°C prior to anti-
body staining. Subsequently, macrophages were stained with
fluorochrome-labeled antibody mixtures at 4°C for 30 min. The
following antibodies were used: FITC anti-humanCD14 (2 g/ test,
clone M5E2), PE anti-human CD54 (1 g/ test, clone HAS8), APC-
H7 anti-human CD80 (0.25 g /test, clone L307.4; BD Biosciences,
San Jose, CA, USA), PE-Cy7 anti-human CD163 (2 pg/test, clone
RM3 /1; BioLegend, San Diego, CA, USA), PerCP-eFluor710 anti-
human CD206 (0.06 g/ test, clone 19.2; BD Biosciences, San Diego,
CA, USA). Upon staining, M1 or M2 macrophages were analyzed
using a Canto Plus flow cytometer (BD Biosciences), and data were
analyzed using FlowJo X Software (BD Biosciences).

Statistical analysis

The sample size for experiments was chosen empirically based on
previous studies (12, 20) to ensure adequate statistical power.
Results are expressed as means = seM of it observations, where 1
represents the number of experiments with cells from separate
donors and performed on different days in simplicates, as
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indicated. For the different treatments of cells with compounds,
experiments were performed with n = 5 unless otherwise men-
tioned; for some experiments, n <5 but =3 where highly con-
sistent results were obtained. Analysis of data was conducted
using Prism 7 software (GraphPad, La Jolla, CA, USA). Data were
log-transformed to generate stronger Gaussian-distributed data
sets amenable to parametric analysis. A paired Student’s t test
was used for comparison between 2 groups. The criterion for
statistical significance is a value of P << (0.05. The Bravais-Pearson
correlation was analyzed with Microsoft Excel 2016 (Redmond,
WA, USA) and Cytoscape 3.6.0 software (https://cytoscape.org/).

RESULTS

Differential bioactive LM pathways in human
M1 and M2 macrophage phenotypes

Proinflammatory M1-like macrophages were obtained by
differentiation of human peripheral blood monocytes with
granulocyte-macrophage colony-stimulating factor (6 d)
and 48 h polarization with LPS plus INF-y, whereas anti-
inflammatory M2-like cells were made from monocytes
by macrophage colony-stimulating factor-induced dif-
ferentiation (6 d) followed by 48 h treatment with IL-4
(21). Metabololipidomics was applied to monitor broad-
spectrum LM profiles of M1 and M2 macrophages.
Adapting criteria published by Dalli and Serhan (19) for
LM detection and quantitative analysis, we established a
targeted lipidomics approach based on UPLC-MS-MS
(Supplemental Tables 51-53). This method allows simul-
taneous profiling and high-throughput (16 min) quanti-
tative analysis of 33 LMs from M1 and M2 macrophages,
identified based on published criteria (e.g., matching
fragmentation patterns and 6 characteristic diagnostic
ions) by Colas et al. (18). UPLC-specific retention time and
separation of each LM was validated by chemical stan-
dards (Supplemental Table S3), and signature ion pairs
obtained vias MRM were used for quantification (18).

The phenotype-specific LM profiles of E. coli-
challenged M1 and M2 macrophages (ratio 1:50; M1/M2:
E. coli, 180 min) is reported in Fig. 1B and Supplemental
Table S4; a comprehensive overview of the investigated
LM pathways is shown in Fig. 1A. In agreement with the
overall superior fatty acid substrate release (Supplemental
Table S4) in M2 macrophages, the protein level of cPLA,-a
was higher than that in M1 macrophages (Fig. 1C). The
marked differences in the LM metabolome (Fig. 1B) is
a consequence of the distinct expression pattern of LM
biosyntheticenzymesin M1 vs. M2 macrophages (Fig. 1C).
The M1 phenotype generated predominantly 5-LOX-
related LTs and COX-related PGs as well as 11-HETE and
11-HEPE from AA and EPA, respectively, surpassing the
respective capacities of M2 macrophages. Although 5-
LOX and LTA4H were equally expressed in both pheno-
types, FLAP dominated in M1 macrophages (Fig. 1C),
presumably accounting for higher LTB, levels. Conse-
quentto higher COX-2 expression, PGE; biosynthesis was
more than 20-fold higher in M1 vs. M2 cells, whereas the
expression of COX-1 and formation of TXB, was superior
in M2 macrophages. Control experiments without E. coli
revealed marginal LM formation in either M1 or M2
macrophages that were below the detection limit in these
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incubations (Supplemental Table S4) but are still relevant
during several pathophysiological chronic diseases (18).
Correct macrophage polarization was assured by flow
cytometry analysis of surface markers CD54 and -80 for
M1 and CD163 and -206 for M2 (Fig. 1D). Alterations of
the phenotype during 180 min incubations of M1 and M2
with E. coli (i.e., CD54,-80 for M1 and CD163, -206 for M2)
were not observed, and E. coli incubation without cells
failed to produce appreciable amounts of LM (un-
published results, see ref. 12).

Challenge of M1 macrophages by E. coli failed to pro-
duce abundant SPM below the detection limit of our
analytical method (Supplemental Table 54), and the pro-
duction of monohydroxylated SPM precursors was also
minute as compared with M2 macrophages that generated
substantial amounts of bioactive SPM including LXA,,
RvD2, -D4, -D5, Marl, PD1, AT-PD1, and RvE3 as well as
respective precursors (Fig. 1B and Supplemental Table S54).
Accordingly, and inagreement with our previous study (12),
protein expression of human 15-LOX-1, one of the key en-
zymes for SPM formation (22, 23), was not detectable in po-
larized M1 cells but abundantly expressed in the M2
phenotype (Fig. 1C). However, human 15-LOX-2 was re-
ported by Snodgrass et al. (24) to be equally expressed in both
macrophage phenotypes and to be capable of producing 15-
HETE and 15-HEPE as well as DHA~derived 17-hydroxy
DHA (HDHA). Note that isolated human 15-LOX-2 lacks the
dual reaction specificity that is unique for human 15-LOX-1
that also generates 12-HETE, 12-HEPE, and 14-HDHA (in an
~10:1 ratio, at least for 15-HETE:12-HETE) (25). The dual
reaction specificity of human 15-LOX-1 might be advanta-
geous for SPM biosynthesis in M2 and may explain why all
detectable 12-LOX products, including MaR1, were much
higher in M2 ©s. M1 macrophages, although 12-LOX levels
did not differ between the phenotypes, suggesting that 15-
LOX-1 can contribute to the biosynthesis of these LMs as well.

To evaluate how blockade of COX-1 or COX-2 affects
the LM profiles in bacteria-challenged macrophages, the
clinically used COX-1/2 inhibitor ibuprofenand the COX-
2-selective celecoxib were studied. Pretreatment with both
drugs for 15 min at 37 °C efficiently suppressed the for-
mation of PGD,, PGE,, PGF,, and TXB, in M1 and M2
phenotypes to a similar degree (Fig. 24), even though the
absolute capacities to biosynthesize PGE, were strikingly
higher in M1 over M2 cells (Fig. 2B). Moreover, formation
of the COX products 11-HETE and 11-HEPE (26) was ef-
tectively reduced by ibuprofen or celecoxib in M1 and to
a minor extent also in M2 macrophages. Interestingly,
both COX inhibitors significantly reduced 15-HETE bio-
synthesis in M1 (by ~70%) but not in M2 cells (Fig. 2).

In both macrophage phenotypes, particularly in M1,
the biosynthesis of the 5-LOX products LTB; and its
trans-isomers, 5-HETE, 5-HEPE, and 55 ,6R-diHETE was
strongly increased by celecoxib and, to a minor degree, by
ibuprofen (at least in M1, Fig. 2), probably as a result of AA
substrate shunting from the COX toward the 5-LOX and
FLAP pathway as reported by Mazaleuskaya et al. (26).
Notably, also 7-HDHA levels were increased by celecoxib
inM1 (Fig. 2A) but notin M2 macrophages, which suggests
an involvement of the 5-LOX pathway in M1 as well. SPM
biosynthesis in the M2 phenotype was not suppressed by
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the two COX inhibitors and rather slightly increased by
ibuprofen. The levels of AA and EPA were strongly ele-
vated by ibuprofen in M1 with minor impact on DHA,
whereas in M2 macrophages such alterations were not
observed (Fig. 2). Conclusively, the prominent blockade of
both COX isoforms results in elevated free AA and EPA
levels in M1 macrophages because AA and EPA cannot be
converted to the respective COX products that actually
dominate the LM profile of M1 and in shunting of LM
formation toward proinflammatory 5-LOX products as
observed by Mazaleuskaya ef al. (26), whereas in M2
macrophages, the COX isoforms are less expressed with
consequent little elevation for SPM levels.

Differential effects of 5-LOX and FLAP
inhibitors on LM biosynthesis

Because inhibitors of 5-LOX and of FLAP are uniformly
used to suppress the biosynthesis of LT and of other 5-LOX
products (6), we next studied the clinically validated 5-
LOX inhibitor zileuton (27) and the well-recognized FLAP
inhibitor MK886 (28) in E. coli-induced LM biosynthesis in
M1 and M2 macrophages side by side. In M1, low con-
centrations of zileuton (300 nM) and MK886 (30 nM) effi-
ciently blocked the formation of LTB, and its frans-isomers
by >50% with similar or somewhat minor efficiency for 5-
HETE and 5-HEPE; at 3 pM, both inhibitors suppressed 5-
LOX products by >85% in M1 macrophages (Fig. 34, B).
This isin sharp contrast to the M2 phenotype, in which 300
nM zileuton and 30 nM MK886 failed to significantly in-
hibit 5-LOX product formation; LTB, and 5-HETE levels
remained >80%. Intriguingly, even at high inhibitor con-
centrations (3 pM), inhibition of 5-LOX product bio-
synthesis was much less pronounced in M2 macrophages
with only 30-40% inhibition (Fig. 3A, B). In contrast, when
the classic 5-LOX stimulus Ca™"-ionophore A23187 was
used instead of E. coli, the 5-LOX inhibitory potencies of
zileuton and MKS888 were not different between M1 and
M2 macrophages (Fig. 3C), with ICs; values in the low
nM range. Because A23187 failed to induce appreciable
amounts of SPM and 15-LOX-1 products in both cell types
(unpublished results), it was not further used in this study.

COX product formation was essentially not affected by
zileuton or MK886, neither in M1 nor in M2 macrophages
after E. coli stimulation. However, striking differential effects
of zileuton and MK886 were obvious for the modulation of
SPM biosynthesis and their precursors, particularly in M2
cells, which is in line with our previous study (12): 1) zileuton
(3 uM), but not MK886, consistently suppressed (30—-40%)
the formation of 12-LOX- and 15-LOX-derived mono-
hydroxylated products (i.e, DHA-derived 17-HDHA and
14-HDHA, A A-derived 15-HETE and 12-HETE, and EPA-
derived 15-HEPE and 12-HEPE); 2) zileuton (3 M) blocked
the formation of DHA-derived RvD2, RvD5, and Mar1 as
well as the SPM derivatives 515-diHETE and 105,175-
diHDHA, which were all elevated by low-dose MK886
(30 nM) and even more pronounced upon 3 pM MK886 treat-
ment; 3) formation of EPA-derived RvE3 and its precursor
18-HEPE was inhibited by zileuton but notby MK886 (3 pM
each, Fig. 3A, B). In contrast, AA-derived LXA, formation in
M2 macrophages was reduced by both inhibitors, similar to
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LTB, formation. Moreover, whereas zileuton and MK886
strongly (>80%) blocked 7-HDHA formation in M1 mac-
rophages, both inhibitors failed in this respect in the M2
phenotype, suggesting that 7-HDHA in M2 macrophages is
formed independent of 5-LOX or FLAP. The product 4-
HDHA and the PDs PD1 and AT-PD1 were hardly affected
by 5-LOX and FLAP inhibition. Alterations of AA, EPA, and
DHA levels that were due to the inhibitors were moderate
without conclusive tendencies. Together, both zileuton and
MKS886 strongly inhibit LT biosynthesis primarily in M1
macrophages, whereas only the 5-LOX inhibitor zileuton
suppresses also 12-LOX- and 15-LOX-derived products
(including SPM) in M2 cells, in which the FLAP inhibitor
MKB886 elevates formation of SPMs and their precursors,
especially those that are derived from DHA.

Targeting 15-LOX-1 activity in M2
macrophages suppresses SPM formation
and increases proinflammatory 5-LOX
product biosynthesis

To study the role of 15-LOX-1 in LM formation in
E. coli-activated M1 and M2 macrophages, the 15-LOX-
1-selective inhibitor 3887 (17, 29) (Supplemental Fig. S2A)
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was used. In line with the moderate protein expression of
15-LOX-1in M1, LM formation was essentially unaffected
by 300 nM 3887 in this macrophage subtype (alterations
<25%), regardless of the biosynthetic LM pathway (i.e.,
COX, 5-LOX, 12-LOX, and 15-LOX-1; Fig. 44, C). In
M2, however, the formation of 15-LOX-1-related mono-
hydroxylated products, such as 12- and 15-HETE, 12- and
15-HEPE, aswell as 14- and 17-HDHA , was concentration-
dependently inhibited with consistent IC5 = 200-300 nM
(Fig. 4B and Supplemental Fig. S2B). We confirmed the
dual reaction specificity of human 15-LOX-1 at position
Cl15and C12 for AA and EPA and C17and C14 for DHA in
aratio of 10:1 (Supplemental Fig. S2C). Inhibitory effects of
3887 against 5-LOX (Supplemental Fig. 52D) or against
15-LOX-2 (29) were not evident. The formation of the
15-LOX—derived SPM—that is, LXA,4 RvD2, -D4, -D5,
PD1, and AT-PD1, their derivatives 5,15-diHETE and
10S,175-diHDHA, as well as MaRl1—were efficiently
suppressed by 3887 (ICs, ~ 100-200 nM, Fig. 4B and
Supplemental Fig. S2B). In parallel, 5-LOX-derived LTB,,
5-HETE, and 5-HEPE concentration-dependently in-
creased up to about 4-fold, presumably because of sub-
strate redirection from the 15-LOX-1 to the 5-LOX
pathway. Although 15-LOX-1 was shown to be involved
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Figure 3. Effects of the 5-L.OX inhibitor zileuton (zil) and the FLAP inhibitor MK886 (MK) on LM biosynthesis in M1 and M2. A)
Human M1 and M2 (2 X 10° cells/ml) were preincubated with 0.3 or 3 pM zileuton, 0.03 or 3 pM MKS86, or vehicle (0.1%
DMSO) for 15 min at 37 °C and then incubated with E. coli (O6:K2:H1; ratio 1:50) for another 180 min. Formed LMs were
extracted by SPE and analyzed by UPLC-MS-MS, and means are shown in a heat map as percentage of vehicle-treated cells
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in EPA-derived RvE3 biosynthesis in eosinophils (30),
exposure of M2 cells to 3887 had only minor effects of
EPA-derived LM, such as 18-HEPE and RvE3 (Fig. 4 and
Supplemental Fig. 52B), whereas 15-HEPE levels were
strongly suppressed, as expected. In general, LMs derived
from EPA were less produced compared with AA or DHA
products (Supplemental Fig. S2B). Interestingly, 3887
inhibited the formation of 7-HDHA in M2 (Fig. 44, B) but
not in M1 macrophages (Fig. 44, C); 4HDHA was not
reduced but increased (Fig. 4B), and COX product for-
mation as well as fatty acid substrate release was hardly
affected by 3887 (Fig. 4A). Together, 3887 effectively sup-
presses 15-LOX-1-derived product formation including
AA- and DHA-derived SPMs while increasing 5-LOX-
related LM biosynthesis.

The cPLA; inhibitor RSC-3388 blocks the
release of AA and EPA but not of DHA

To investigate how ¢PLA; inhibition affects the release of
fatty acid substrates and in turn LM formation, we ana-
lyzed the LM profile of E. coli-stimulated M1 and M2
macrophages that were pretreated with RSC-3388, a
commonly used cPLA, reference inhibitor (31). Although
AA and EPA levels were significantly lowered by RSC-
3388 (10 pM), particularly in the M2 subtype, the amounts
of free DHA were rather increased (Fig, 54, C). Along these
lines, the substantial formation of AA- and EPA-derived
LMs (PG and LT in M1 cells and 15-LOX-derived LM in
M2 cells) was effectively decreased, but DHA-derived LMs
(including D-series of SPM and their precursors) were el-
evated by RSC-3388 (Fig. 5A, B). These data suggest that
cPLA; contributes to AA and EPA release and respective
LM biosynthesis, but the enzyme is dispensable for DHA
liberation and DHA-derived SPM generation.

M1 and M2 phenotype-specific network of
coregulated LM

Given thebroad diversity in LMs produced from bacteria-
activated M1 and M2 macrophages, we analyzed the
coregulation of specific LMs to enzyme-specific LM
pathways in the two phenotypes under pharmacological
modulation (for overview, see Supplemental Table S4).
Unbiased analysis confirmed PG and LT clusters for the
M1 phenotype (Fig. 6A), whereas SPMs and their 12-LOX-
and 15-LOX-derived precursors associated with M2
macrophages (Fig. 6B). Thus, positively correlated LMs

clustered in close proximity to each other, whereas distant
LMsand their clusters arenot coregulated. ForM1,11-and
15-HETE and 15-HEPE positively correlated with prosta-
noids, reflecting their proximity to the COX pathway
(Fig. 6A). Another prominent cluster in M1 cells grouped
the typical 5-LOX and FLAP products, and 7-HDHA
represents a 5-LOX- and FLAP-derived product in M1.
For M2, however, 7-HDHA was associated with the
15-LOX-1 cluster (Fig. 6B), suggesting that 7-HDHA is
biosynthesized by 5-LOX in M1 macrophages but mainly
by 15-LOX-1in M2 cells. As a result of abundant 15-LOX-1
expression in M2 macrophages, 7 SPMs and 6 SPM pre-
cursors grouped together (Fig. 6B), a cluster that is absent
in the M1 phenotype. The 15-HETE and 17-HDHA bio-
synthesis clearly dominated the M2 phenotype. Of note,
solely DHA-derived SPMs coregulated in a 15-LOX-1-
dependent expression manner. AA-derived 5,15-diHETE,
LXA4, and EPA-derived RvE3 grouped together in a sep-
arate cluster distinct from the prominent 15-LOX-1 and 5-
LOX and FLAP cluster.

DISCUSSION

Here we present how dlinically relevant anti-inflammatory
drugs and prominent LM biosynthesis inhibitors modulate
the formation of proinflammatory and proresolving LMs
in bacteria-stimulated human M1 and M2 macrophages
(for an overview, see Fig. 7). Earlier studies on such agents
almost exclusively assessed their potential to suppress
proinflammatory PGs or LTs, applying test systems, such
as stimulated whole blood or isolated neutrophils and
monocytes, that reflect solely inflammatory conditions (26,
32, 33). We present here a new experimental, cell-based
approach exploiting LM lipidomics profiling with UPLC-
MS-MS to comprehensively evaluate these inhibitors for
their impact on the biosynthesis of various LMs that de-
termine not only the promotion of inflammation (i.e., PG
and LT) but also its resolution (i.e., SPM). Qur results
broaden the knowledge about the pharmacological profile
of different LM biosynthesis inhibitors and disclose for the
first time their ability to manipulate SPM biosynthesis—
insights that can allow better appraisal of their therapeutic
potential to intervene with inflammatory disorders.

The motivation to conduct this study originated from
various reasoning. First, the discovery of differential
bacteria-induced formation of proinflammatory and pro-
resolving LMs in human macrophage phenotypes (12)
enables us for the first time to assess the effects of LM

(= 100% control, white). For zil, n= 8 in M1 (n = 4 for 14-HDHA, 7-HDHA, 12-HETE, and 17-HDHA; n = 6 for 15-HEPE and 12-
HEPE; n = 7 for 4HDHA, 18-HEPE, and DHA) and n= 5 in M2 (n= 4 for LXA,). For MK, n=4 in M1 and n =8 in M2 (n = 6 for
RvD2; n=7 for MaR1; n = 4 for LXA,). B) Effects of 3 pM zileuton (zil, orange) and 3 pM MK886 (MK, green) on LTB,, PGEs,
15-HETE, and RvD5 biosynthesis in M1 and M2, shown as pg/2 X 10° cells. Data were log-transformed for paired Student’s ¢ test.
N.d., not detectable. Zil vs. vehicle in M1: LTBy, ***P= 0.000006; PGEs, P= 0.274; 15-HETE, ***P = (0.00016, and in M2: LTB,,
#P=10.0475; PGE,, P=0.896; 15-HETE, P=0.0797; RvD5, *P=0.0125. MK vs. vehicle in M1: LTB,, *P= 0.0234; PGE,, P= 0.329;
15-HETE, P= (11324, and in M2: LTB,, **P= 0.0083; PGE,, P= 0.706; 15-HETE, P= 0.0719; RvD5, P= 0.2800. C) M1 and M2 (2 X
10° cells/ml) were preincubated with zileuton, MK886, or vehicle (0.1% DMSO) for 15 min at 37 °C and then incubated with
A23187 (2.5 M) for another 10 min. Formed 5LOX products (LTB,, its isomers, 5HETE, 55,6R-diHETE, and 5-HEPE) were
extracted by SPE and analyzed by UPLC-MSMS. Data are given as means + seM, 7 = 4 independent experiments, shown as
percentage of vehicle control (= 100%).
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Figure 4. Effects of the 15-L.OX-1 inhibitor 3887 on LM biosynthesis in M1 and M2. A) Human M1 and M2 (2 X 10° cells/ ml)
were preincubated with 300 nM 3887 or vehicle (0.1% DMSO) for 15 min at 37 “C before incubation with E, coli (O6:K2:H1; ratio

1:50) for another 180 min. Formed LMs were extracted by

SPE and analyzed by UPLC-MS-MS, and results are given as

percentages of vehicle-treated cells (= 100% control, white) shown as means in a heat map. B) Concentration-dependent
inhibition of LM formation derived from AA (top), EPA (middle), and DHA (bottom) by 3887 in M2. C) Effects of 300 nM 3887
on LM formation in M1. Data are expressed as means + seM of n =4 in M1 (n = 3 for 14HDHA and 17-HDHA) and » = 3 in M2,

independent experiments, shown as percentage of uninhibited

biosynthesis inhibitors under pathophysiologically rele-
vant conditions that reflect either inflammation-promoting
(M1-like) or inflammation-resolving (M2-like) potential.
Second, COX and 5-LOX or FLAP inhibitors are considered
beneficial in inflammation therapy because of the blockade
of the formation of proinflammatory PGs and LTs (34), but
how these drugs influence SPM biosynthesis, and thus res-
olution of inflammation is elusive (35, 36). Third, the
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control (= 100%).

biosynthetic pathways of LMs are organized within con-
nected cascades that can crosstalk within a complex network
(14, 15), and therefore, pharmacological interference with
one pathway may redirect toward other LM routes. In fact,
COX inhibitors and the 15-LOX-1 inhibitor 3887 each in-
creased formation of proinflammatory 5-LOX products.
Fourth, proinflammatory and proresolving LMs might
be partially biosynthesized by common enzymes, such as
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Figure 5. Effects of the cPLA; inhibitor RSC-3388 on LM biosynthesis in M1 and M2. A) Human M1 and M2 (2 X 10° cells/ml)
were preincubated with 10 wM RSC-3388 or vehicle (0.1% DMSO) for 15 min at 37 °C before incubation with E. coli (O6:K2:H1;
ratio 1:50) for another 180 min. Formed LMs were extracted by SPE and analyzed by UPLC-MS-MS, and means are shown in a

heat map as percentages of vehicle-treated cells (= 100% control

, white) of n=>5 in M1 (n= 2 for 14-HDHA; n= 3 for 7-HDHA, 12-

HETE, and 17-HDHA; n = 4 for 15-HEPE and 12-HEPE) and »n = 3 in M2. B) Effects of RSC-3388 on LTB,, PGE,, 15-HETE, and
RvD5 biosynthesis in M1 and M2 shown as pg/2 x 10° cells, C) Effects of 10 uM RSC-3388 on free AA, EPA, and DHA levels in
M1 and M2 shown as percentage of vehicle control. N.d., not detectable. Data were log-transformed for statistical analysis, paired
Student’s ¢ test; RSC ws. vehicle in M1: LTBy, *P= 0.0105; PGE,, *P= 0.0161; 15-HETE, P = (.4427; AA, *P = 0.0102; EPA, *P =
0.0165; DHA, P=0.3332 and in M2: LTB,, P=0.0764; PGE,, P=0.8617; 15-HETE, P= 0.0590; RvD5, *P=0.0377; AA, *%P=0.0047;

EPA, P = 0.0507; DHA, P = 0.9974.

5-LOX or FLAP, that mediate formation of LTs but possibly
also of LXs and Rvs (37). This implies that 5-LOX and FLAP
inhibitors block inflammation but also may hamper reso-
lution. Indeed, zileuton suppressed SPM formation,
whereas FLAP inhibition failed in this respect and instead
elevated SPM levels. Together, our data highlight the con-
tribution of key enzymes in LM biosynthesis under patho-
physiologically relevant conditions, and they suggest that
drugs that act on these key enzymes may affect the overall

MODULATION OF BIOSYNTHETIC LIPID MEDIATOR NETWORKS

LM network with potential consequences for the pharma-
cotherapy of inflammation.

LMs produced via the COX-1/2 pathway display
proinﬂanunatory but also protective actions depending on
stimulus, cell type, and status that program the ability to
resolve inflammation (5, 38). Although beneficial effects of
NSAIDs are well established for alleviating acute in-
flammation and pain (26, 39), they cause severe on-target
side effects and may negatively impact inflammation
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Figure 6. Network of coregulated eicosanoids and docosanoids in M1 and M2 macrophages. M1 (A) and M2 cells (B),
corresponding to 2 X 10° cells/ml, were treated with vehicle (0.1% DMSO) or test compounds 15 min before challenge with
L. coli (O6:K2:HI; ratio 1:50) for 180 min at 37 °C. LMs were isolated by SPE and analyzed by UPLC-MS-MS. Visualization of
positive LM /LM correlations as circular network with r = 0.7. Nodes visualize the LM; for color and size meanings see legend.

resolution (35, 40). Thus, COX-2—deficient mice failed to
resolve from inflammation, and the COX inhibitor in-
domethacin exacerbated inflammation because of reduced
proresolving PGD: levels (41). Also, COX-2—derived PGD-
ameliorated colonic inflammation in rats (42). In our study,
both COX inhibitors efficiently reduced all prostanoids and
caused a strong shift to the 5-LOX- and FLAP-mediated LT
biosynthesis pathway in M1 and M2 macrophages but,
interestingly, not to the 15-LOX and DHA pathway and
SPM formation in the M2 phenotype. Elevated LT levels
that were due to COX-1/2 inhibition are well known and
are seemingly causative for increased risk for asthma, and
more frequent gastrointestinal lesions might be due to
LTBy-elicited neutrophil infiltration (9, 43).

The proinflammatory functions of LTs are reflected by
LTB, as potent chemo-attractant for neutrophils (44) and
by cysteinyl-LTs that increase microvascular permeability
and immume cell recruitment (45). Suppression of LT for-
mation by targeting the 5-LOX pathway is a therapeutic

strategy to treat inflammatory disorders, neglecting,
however, the role of 5-LOX in the biosynthesis of pro-
resolving mediators, such as LXA, (46, 47). 5-LOX and
FLAP are essential for LT biosynthesis (45) and apparently
also for LX and Rv formation (12, 37, 48). However, our
data with the 5-LOX inhibitor zileuton (27) and the FLAP
inhibitor MK886 (28) in M1 and M2 macrophages reveal
differential and more complex functions for 5-LOX and
FLAP. Thus, zileuton blocked the formation of LT and
SPM (LXA, and Rv), that supports the role of 5-LOXin LT
and in LX and Rv formation. This suggests that zileuton
and other 5-LOX inhibitors could interfere with in-
flammation resolution by inhibiting SPM biosynthesis. We
also observed suppression of 15-LOX products by zileuton
in M2 cells that were possibly due to direct interference
with 15-LOX-1 that shares structural features with 5-LOX
in the active site (49). In contrast, MK886 selectively sup-
pressed LT biosynthesis, whereas, in agreement with our
previous report (12), 15-LOX-1 products are increased in

LT PG LX E-Rv D-Rv MaR PD

ibu —] COX-1 ﬁ XXX "
Figure 7. Schematic overview of inhibitory and I — — —
st.iil]nL;larnry effects of LM biosynthesis inhibitors cale coxa 111 XXX 11
on the LM profile in human M1l and M2
macrophages upon exposure to pathogenic L. zil —| 5-LOX XXX — -
coli. Cells, corresponding to 2 X 10°% cells/ml,
were treated with vehicle (0.1% DMSQ) or test MKBSG—' FLAP XX — _
compour{rls 15 min before challenge with 1"7 r:g[i ;
(O6:K2:[ 'H]; ratio 1:50) for 180 min at 37 °C.
LMs were isolated by SPE and analyzed by 3837_“5"‘0)('1 tT — XXX XXX XXX XXX
UPLC-MSMS. Modulation (increase or de-
crease) of the LM profile by each compound RSC-3388—| cPLA,-a XXX XX TT

is shown in a simplified scheme. Cele, cele-
coxib; ibu, ibuprofen; zil, zileuton.
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M2 macrophages, especially D-series Rv and MaR1. Ob-
viously, zileuton and MK886 were much less efficient to
inhibit E. coli-induced LT formation in M2 than in M1 cells,
which is not readily understood. In control experiments
with A23187, however, this bias was abolished, excluding
unequal inhibitor availability in M1 and M2 macrophages
or differential 5-LOX and FLAP expression as reasons.
Possibly, the potency of zileuton and MK886 may depend
on the signaling pathways thatlead to activation of 5-LOX
(e.¢., phosphorylation and oxidative tone), which may
differ for activation by A23187 and by pathogenic E. coli in
M1 and M2 subtypes. Indeed, differential potencies for
other 5-LOX inhibitors depending on kinase signaling and
oxidative tone were observed before (50, 51).

We propose that 5-LOX subcellular localization and
differential access to AA vs. DHA determines whether LTs
or DHA-derived SPMs are preferably formed by 5-LOX,
depending on the interaction with FLAP. Experimental
evidence suggests that when activated 5-LOX interacts
with FLAP at the nuclear membrane, AA is presented by
FLAP and 5-LOX converts it to LT (52). But when 5-LOX is
activated in a nonnuclear compartment and distant from
FLAP [e.g., if 5-LOX phosphorylation at Ser271 is blocked
(53) or FLAP inhibitors like MK886 prevent the interaction
with FLAP (12)] then 5-LOX may preferably access DHA-
derived intermediates to biosynthesize specific SPMs. In
fact, in MK886-treated M2 cells, formation of the AA-
derived SPM LXA, is reduced as LTB,, but DHA-derived
SPMs are still produced (Fig. 3A). We showed before that
targeting of FLAP by MK886 in M2 macrophages pre-
cludes theinteraction with 5-LOX at the nuclear membrane
(12), supporting the hypothesis by other researchers (53)
abouta differentially regulated nonnuclear 5-LOX favoring
the biosynthesis of proresolving LMs. In murine liver in-
jury, the FLAP inhibitor BAY X-1005 reduced cysteinyl-LT
formation but elevated SPM levels (54). Therefore, FLAP
might be negligible for the biosynthesis of D-series Rv in M2
macrophages, and hence FLAP inhibitors may be more
beneficial as anti-inflammatory drugs than direct 5-LOX
inhibitors because they suppress proinflammatory LTs but
might maintain SPM biosynthesis to enable resolution of
inflammation, such as PDs and MaRs that do not rely on
5-LOX for their biosynthesis (55, 56).

Expression of 15-LOX-1 is characteristic for the M2
phenotype, as well as its high capacity to biosynthesize
SPM compared with the M1 subset (12). However, 15-
LOX-1 is a versatile enzyme that plays a role in both the
onsetand the termination of immune responses (10, 11, 57,
58). Recently, an anti-inflammatory role of 15-LOX and a
related SPM in mouse skin was reported with implications
for the maintenance of dermal integrity (59). In fact, cur-
rent developments focus on small molecule 15-LOX acti-
vators to foster SPM formation and abrogate LT and PG
production (60). On the other hand, 3887 inhibited den-
drite and podosome formation in human dendritic cells,
indicating an anti-inflammatory effect of 15-LOX-1 inhib-
itors (17). Targeting 15-LOX-1 by the selective inhibitor
3887 (17, 29) in M2 macrophages blocked the formation of
all detectable SPMs. The inhibitor 3887, like COX inhibi-
tors, redirected AA toward the 5-LOX pathway in the
M2 phenotype with increased LTB, and 5-HETE levels,

MODULATION OF BIOSYNTHETIC LIPID MEDIATOR NETWORKS

indicating that both 15-LOX-1 and COX inhibitors have a
complex effect mechanism of action and influence both
inflammation and resolution. This suggests careful con-
sideration of application and use of these inhibitors as
potential therapeutics where LTs promote the disease and
SPMs beneficially contribute to resolution and tissue re-
generation (48).

cPLA,; provides fatty acid substrates for COX and LOX
to generate LMs (61). Results with the cPLA, inhibitor
RSC-3388 support an involvement of cPLA; in AA and
EPA release, particularly in M2 cells, in which cPLA,
protein levels were higher than in M1 macrophages,
accompanied by reduced levels of AA- and EPA-derived
5-LOX and 15-LOX products. Remarkably, RSC-3388
increased DHA levels and promoted the formation of
DHA-derived SPMs as well as the respective precursors.
Discrimination of DHA from AA release was reported
earlier by Shikano et al. (62), and it was suggested that
DHA supply in macrophages for SPM biosynthesis is
mediated by secreted PLA, group IID (63).

Together, metabololipidomics of broad-spectrum LMs
produced in bacteria-challenged human proinflammatory
M1 and anti-inflammatory M2 macrophages led to im-
portant, partially unexpected insights into the pharmaco-
logical manipulation of bioactive LMs that determine
initiation or resolution of inflammation. The pharmaco-
logical profiles of these drugs and agents that act on dis-
crete LM biosynthetic enzymes can impact the overall LM
network with potential consequences for inflammation
pharmacotherapy. In search of more efficient and safer
anti-inflammatory drugs, our data prompt for better con-
sideration of the effects of such agents on SPM formation
that may translate into resolution-based pharmacology as
alternative strategies to resolve chronic inflammation.
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Supplemental Table 1. Ultra Performance Liquid Chromatography (UPLC) settings

Acquity™ UPLC system settings

Solvent A H>0 (0.01% acetic acid)
Solvent B Methanol (0.01% acetic acid)
Flow rate 0.3 ml/min
Column Aquity UPLC BEH C18 1.7 uM; 2.1 x 100
mm
Column heater temperature 50 °C
Time (min) Solvent % B
0.0 42
12.5 86
Gradient 12.5 98
15.5 98
15.5 42
16 42
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Supplemental Table 2. Mass spectrometer settings for multiple reaction monitoring
AB Sciex 5500 QTRAP MS settings for multiple reaction monitoring

Curtain gas 35
Collision gas Medium
Ion spray voltage -4000 eV
Temperature 500 °C
Ion source gas 1 40

lon source gas 2 40
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Supplemental Table 3. MRM transitions of lipid mediators used for quantitation and their

retention times

=m- X
diagnostic ion | Q1 Q3 [ DP EP CE CXP| RT g [pgl r? LOD
[min] | [m - 105 =] [pg /10 ul]
5-LOX
5-HETE 319.2 1151 -80 -10 -21 -12 (121 4.451 0.9994 1.560
5-HEPE 317.2 1151 -80 -10 -18 -12 [11.2 4.877 0.9992 1.560
t-LTB4 335.2 1951 -80 -10 -22 -13 | 8.7 4.057 0.9992 1.560
LTBs 3352 1951 -80 -10 -22 -13 | 9.2 4.202 0.9998 0.780
5S8,6R-diHETE |335.2 115.1| -80 -10 -20 -13 [10.6 5.246 0.9990 0.390
COX
PGE2 351.3 189.1| -80 -10 -25 -14 | 6.1 10.10 0.9990 0.195
PGD: 351.3 2331 -80 -10 -16 -15] 6.3 5.004 0.9993 0.195
PGF2a 353.3 193.1( -80 -10 -34 -11 ] 6.5 8.900 0.9991 0.390
TXB2 369.3 169.1( -80 -10 -22 -15] 5.8 2.930 0.9996 0.390
11-HETE 319.2 167.1| -80 -10 -21 -12 [11.6 1.713 0.9997 0.390
11-HEPE 317.2 167.1| -80 -10 -19 -12 [10.7 3.984 0.9994 1.560
SPM precursor
14-HDHA 343.2 2051 -80 -10 -17 -14 |117 13.32 0.9999 1.560
7-HDHA 343.2 1411 -80 -10 -18 -15|11.9 8.024 0.9997 1.560
4-HDHA 343.2 1011 -80 -10 -17 -15 124 6.159 0.9998 3.125
15-HETE 319.2 219.1| -80 -10 -19 -12 [11.4 11.39 0.9996 1.560
12-HETE 319.2 179.1| -80 -10 -21 -12 [11.7 4.846 0.9994 1.560
5,15-diHETE |335.2 201 | -50 -10 -30 -13 | 8.8 12.74 0.9991 3.125
15-HEPE 317.2 219.1| -80 -10 -18 -12 [10.7 6.065 0.9992 1.560
12-HEPE 317.2 179.1| -80 -10 -19 -12 [10.8 4.897 0.9994 1.560
SPM
18-HEPE 317.2 259.1 -80 -10 -16 -23 |10.5 8.482 0.9993 1.560
RVE3 333.3 201.2( -80 -10 -20 -12 | 8.9 - - -
17-HDHA 343.2 2451 -80 -10 -17 -14 (115 23.86 0.9999 6.250
10S,17S-diHDHA [ 359.2 153.1| -80 -10 -21 -9 | 8.8 3.670 0.9994 0.195
PD1 359.2 153.1| -80 -10 -21 -9 | 8.8 3.670 0.9994 0.195
AT-PD1 359.2 153.1| -80 -10 -21 -9 | 8.8 3.670 0.9994 0.195
MaR1 359.2 250.1 -80 -10 -20 -16 | 9.1 30.58 0.9997 0.780
RvD2 375.2 1751 -80 -10 -30 -13 | 6.4 15.72 0.9989 1.560
RvD4 375.2 1011 80 -10 -22 -10 | 7.8 11.63 0.9993 0.195
RvD5 359.2 199.1( -80 -10 -21 -13 | 8.9 8.138 0.9996 0.390
LXA4 351.2 1151 80 -10 -20 -13 | 6.9 5.702 0.9987 0.195
FA
AA 303.3 259.1(-100 -10 -16 -18 [13.8 71.55 0.9993 62.5
EPA 301.3 257.1(-100 -10 -16 -18 [13.6 36.02 0.9996 31.25
DHA 327.3 283.1|-100 -10 -16 -18 [13.8 64.02 0.9502 125

DP=Declustering Potential, EP=Entrance Potential, CE=Collision Energy, CXP=Collision Cell
Exit Potential, RT=Retention Time, linear equation, coefficient of determination (r2) and limit
of detection (LOD). LOD represents the lowest concentration of the standardcurves showing a
peak with more than five data points and signal to noise ratio higher than three

(Means + SEM, n=3).
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Supplemental Table 4. LM biosynthesis in M1 and M2 macrophages upon exposure to

pathogenic E. coli

M1 M2
veh. + E. Coli veh. + E. Coli
5-HETE - 1623 + 310 - 1157 + 166
5-HEPE - 299 + 73 - 175 + 36
t-LTB4 - 256 + 65 - 206 + 34
LTB4 - 1684 + 358 - 643 + 129
5S,6R-diHETE - 83 + 16 - 55 + 10
PGE: 804 + 188 | 13960 + 1801 3 + 17| 689 + 51
PGD2 14 + 3.1 221 & 37 88 + 40| 237 + 28
PGF2q 48 + 13 811 + 94 82 + 15| 541 + 91
TXB:2 762 + 152 | 8370 + 914 | 280 + 77 | 15804 + 1345
11-HETE - 2742 + 323 - 2695 + 267
11-HEPE - 54 + 54 - 94  + 11
14-HDHA - 61 + 10 - 4031 + 441
7-HDHA - 98 + 20 - 453  + 42
4-HDHA - 67 + 76 - 115 + 94
15-HETE 21 + 43 | 1273 + 140 29 + 14 | 41,468 + 4739
12-HETE - 129 + 23 - 2065 + 341
5,15-diHETE - - - 1712+ 235
15-HEPE - 54 + 7.8 - 6952 + 1011
12-HEPE - 27 + 75 - 1441 + 296
18-HEPE - 41+ 46 - 140 + 14
RVE3 - - - 218 + 38
17-HDHA - 414 + 53 - 25289 + 2930
s |- - S
PD1 - - - 253 + 30
AT-PD1 - - - 306 + 38
MaR1 - - - 548 + 106
RvD2 - - - 177+ 27
RvD4 - - - 28 + 38
RvD5 - - - 1790 + 276
LXAq - - - 54 + 15
AA 1650 + 193 | 520,540 + 129,749 | 2341 + 489 | 695,267 + 157,048
EPA 397 + 61 [165472 + 28,706 | 548 + 124 |292,667 + 34,385
DHA 1604 + 208 | 261,669 + 29,475 | 3256 + 362 | 357,654 + 36,136

Human monocyte-derived macrophages were polarized for 48 hrs to M1 and M2 (2 x 10°
cells/ml) and incubated for 180 min with vehicle or E. coli (O6:K2:H1; ratio = 1:50) at 37 °C.
Formed LM were isolated by SPE and analyzed by UPLC-MS/MS, LOD according to Suppl

Table 3. Data are given as means + S.E.M. as pg/2 x 10° cells, n=4 for vehicle control in M1/M2
and for E.coli challenge in M1: n = 24-34 and in M2: n = 33-39.
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Supplemental Figure 1
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Figure S1. Representative full scan of Western blots shown in Figure 1C. Molecular
weight markers are indicated on the left. Red boxes highlight the lanes that are displayed in
the corresponding figures.
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Supplemental Figure 2
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Figure S2. Effect of the 15-LOX-1 inhibitor 3887 on the lipid mediator profil. (A)
Chemical structure of 3887. (B) LM profile in M2 macrophages, shown as pg/2 x 10° cells of
n = 3, corresponding to the heatmap in Figure 4A as mean + S.E.M.. (C) Concentration-
dependent inhibition of mono-hydroxylated 15-LOX products (15-HETE, 15-HEPE and 17-
HDHA) and 12-LOX products (12-HETE, 12-HEPE and 14-HDHA) in M2 macrophages.
Data are given as mean + S.E.M. of n = 3 independent experiments, shown as pg/2 x 10° M2.
(D) Purified 5-LOX enzyme was preincuabted with 3 and 30 uM 3887 before stimulation
with 20 uM exogenous AA for 5-LOX product formation, analyzed by HPLC. Data are given
as mean + single values of n = 3 independent experiments, shown as percentage of vehicle
control (= 100%
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inhibitor BRP-187 into acetalated dextran
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bioactivity
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Abstract

Background: Dual inhibitors of the 5-lipoxygenase-activating protein (FLAP) and the microsomal prostaglandin

E, synthase-1 (mPGES-1) may exert better anti-inflammatory efficacy and lower risks of adverse effects versus non-
steroidal anti-inflasmmatory drugs. Despite these advantages, many dual FLAP/mPGES-1 inhibitors are acidic lipophilic
molecules with low solubility and strong tendency for plasma protein binding that limit their bicavailability and
bioactivity. Here, we present the encapsulation of the dual FLAP/mPGES-1 inhibitor BRP-187 into the biocompatible
polymers acetalated dextran (Acdex) and poly(lactic-co-glycolic acid) (PLGA) via nanoprecipitation.

Results: The nanoparticles containing BRP-187 were prepared by the nanoprecipitation method and analyzed by
dynamic light scattering regarding their hydrodynamic diameter, by scanning electron microscopy for morphology
properties, and by UV-VIS spectroscopy for determination of the encapsulation efficiency of the drug. Moreover,

we designed fluorescent BRP-187 particles, which showed high cellular uptake by leukocytes, as analyzed by flow
cytometry. Finally, BRP-187 nanoparticles were tested in human polymorphonuclear leukocytes and macrophages to
determine drug uptake, cytotoxicity, and efficiency to inhibit FLAP and mPGES-1.

Conclusion: Our results demonstrate that encapsulation of BRP-187 into Acdex and PLGA is feasible, and both PLGA-
and Acdex-based particles loaded with BRP-187 are more efficient in suppressing 5-lipoxygenase product formation
and prostaglandin E, biosynthesis in intact cells as compared to the free compound, particularly after prolonged
preincubation periods.

Keywords: Acetalated dextran, PLGA, Nanoparticles, Leukotriene biosynthesis, FLAP inhibitor, MPGES-1, Dual
inhibitor, BRP-187
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can evolve [1]. Inflammation is initialized and maintained
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by prostaglandins (PG) and leukotrienes (LT) that are
biosynthesized from arachidonic acid (AA) [2]. For PG
formation, AA is first converted by cyclooxygenase-1
and -2 (COX-1/2) to the intermediate prostaglandin H,
(PGH,), which is subsequently metabolized by specific
PG synthases into different bioactive prostanoids. Among
them, prostaglandin E, (PGE,) is massively produced
by microsomal prostaglandin E, synthase-1 (mPGES-1)
and is most relevant for inflammation, while other pros-
tanoids (e.g. prostaglandin I,, thromboxane A,) are of
importance for homeostatic processes, e.g., regulation
of blood pressure and platelet aggregation [3]. Current
anti-inflammatory therapies include non-steroidal anti-
inflammatory drugs (NSAIDs) that prevent inflammation
by blocking PG biosynthesis via inhibition of COX-1/2.
However, inhibition of COX enzymes is associated with
side effects since the formation of all prostanoids is
blocked and AA is preferably metabolized to pro-inflam-
matory LT [4]. The formation of LT from AA is initialized
by 5-lipoxygenase (5-LO) together with 5-LO-activating
protein (FLAP), with the latter facilitating access of 5-LO
to AA [5]; both proteins are pursued as molecular targets
in the development of anti-inflammatory drugs [6].
BRP-187 (4-(4-chlorophenyl)-5-[4-(quinoline-2-yl-
methoxy)phenyl] isoxazol-3-carboxylic acid) is a dual
inhibitor of mPGES-1 and FLAP suppressing the forma-
tion of pro-inflammatory PGE, and LTs [7]. This phar-
macological approach is proposed to be more efficacious
and associated with fewer adverse effects than inhibition
of the COX pathway [8]. However, BRP-187 is an acidic
lipophilic molecule with low water solubility and a strong
tendency for plasma protein binding, implying the need
for new technological approaches to overcome these dis-
advantages. Encapsulation of small molecule drugs that
exhibit a low solubility into biodegradable polymers (pol-
yesters or polyketals) can improve their bioavailability [9,
10]. Here, we attempted to encapsulate BRP-187 into pol-
ymer-based nanoparticles (NPs) using poly(lactic-co-gly-
colic acid) (PLGA) and acetalated dextran (Acdex). These
polymers were selected because they are biocompatible
materials able to successfully encapsulate hydrophobic
drugs, and as such, they could facilitate an increase in
the retention time of the drug in the plasma [11]. As a
polyester, PLGA is enzymatically hydrolyzed into physi-
ological metabolites—lactate and glycolate [12], hence, it
is used and widely investigated as a biomaterial for drug
delivery [13—15]. The properties of PLGA are influenced
by the ratio of lactic to glycolic acid units, with a 50:50
composition showing the fastest degradation [16]. An
alternative to PLGA is Acdex, a recently developed dex-
tran derivative offering favorable properties as carrier
for drugs with low solubility [17]. Acdex is composed of
acyclic and cyclic acetal groups, with the acyclic acetals
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degrading faster than the cyclic acetal groups [17]. As a
consequence, the degradation behavior of Acdex can be
fine-tuned by varying the degree of substitution of the
cyclic vs. acyclic acetal groups on the dextran backbone
[18]. Most importantly, under slightly acidic conditions
(e.g. pH 5.5), the acetal groups are cleaved, resulting in
biocompatible, water-soluble dextran while instantly
releasing the cargo [19]. In brief, the main advantage of
Acdex lies in its facile synthesis (i), in the possibility to
design formulations with a desired release profile by
varying the cyclic vs. acyclic acetal groups in the dextran
backbone (ii), and in its sensitivity to low pH levels—typi-
cal conditions of inflamed tissues and endosomal com-
partments [20]. In this view, both polymer formulations
are intended for parenteral administration, with Acdex
being suitable as an instant-release formulation, whereas
PLGA might be suitable for extended-release formula-
tions. In addition, based on the longer degradation time
of the PLGA NPs in tissue (>40 days), depot formula-
tions for local administration routes (e.g. intra-muscular
or intra-articular for rheumatoid arthritis) could also be
considered.

In this study, formulations of BRP-187-containing NPs
of 130 to 230 nm using Acdex and PLGA as biodegrad-
able encapsulating materials were prepared. The proper-
ties of these NPs were analyzed including the degradation
behavior, and the FLAP/mPGES-1-inhibitory efficiency
of BRP-187-containing NPs was evaluated in compari-
son to the free compound in different human primary
leukocytes.

Results and discussion

The formulation parameters were designed to produce
stable monodisperse particles of 100 to 200 nm and with
high drug loading. The excipients used in the formula-
tion were selected after careful consideration based on
previous data from our lab, literature, and most impor-
tantly based on the technical requirements of the Inter-
national Council for Harmonization (ICH) guidelines
for pharmaceuticals for human use. Acetone was used as
organic phase for the following reasons: It is a good sol-
vent for both polymers (i); it is miscible with water, which
is a pre-requisite for solvents used in nanoprecipitation
(ii) [21]; it can be easily removed from the formulation
by evaporation at room temperature (iii); and accord-
ing to the ICH, acetone is a Class 3 solvent with a low
toxicity [22]. Next, for the solubilization of the drug, due
to the high lipophilicity of BRP-187, the choice of the
solvent was limited only to dimethylsulfoxide (DMSO)
and dimethylformamide (DMF). Thus, considering that
DMEF is more toxic than DMSO (residual concentration
limit 880 ppm vs. 5000 ppm, respectively), the latter was
selected for the formulation [22]. Meanwhile, the residual



Shkodra-Pula et al. J Nanobiotechnof (2020) 18:73

amount of DMSQ in our NP formulations was < 250 ppm.
Furthermore, the volumetric ratio of organic-to-aqueous
phase was kept at 1:8 to produce particles <200 nm with
an encapsulation efficiency EE >50%, higher volumetric
ratios produce NPs>200 nm [23]. Partially-hydrolyzed
poly(vinyl alcohol) (PVA) was used as surfactant and
cryoprotectant to prevent aggregation during purifica-
tion and lyophilization, respectively. We have previously
demonstrated that PVA provided a superior stability of
PLGA NPs than poloxamers and polysorbates at concen-
trations <0.5%, and no toxicity was evident even at 100-
fold higher concentrations [10].

Characterization of NPs

Initial experiments revealed that NPs prepared by the
nanoprecipitation method had a higher EE than NPs
prepared by the emulsion-evaporation method. In addi-
tion, the nanoprecipitation method is favored because it
is a low-energy method with an easy operation that can
be easily adapted to large-scale production batches [24].
The size and polydispersity (PDI) of BRP-187-loaded
NPs as well as unloaded control NPs were analyzed after
purification and after lyophilization, and the zeta poten-
tial ({) was measured after lyophilization (Table 1). The
average hydrodynamic diameter (d) of the final NPs was
between 130 to 211 nm with PDI values of 0.09 to 0.28.
PLGA NPs were in average up to 50 nm smaller than
Acdex NPs.

Scanning electron microscopy (SEM) imaging
showed a spherical morphology of the NPs and smaller
NP sizes compared to the results acquired by DLS, a
common phenomenon when using orthogonal charac-
terization techniques (Fig. 1) [25]. The size of the NPs
measured by SEM was as follows: Acdex 95=11 nm,
Acdex[BRP-187] 73+8 nm, PLGA 96411 nm, and
PLGA|BRP-187] 844+ 6 nm. Furthermore, EE of all
NPs is given in Table 1 and was roughly 60% for Acdex

Table 1 Overview of the NP properties
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particles and 80% for PLGA particles. Based on pre-
vious experiments, a drug-to-polymer content>3%
(w/w) fed in the formulation resulted in problems with
the stability of the suspension (data not shown), a phe-
nomenon that was also reported by others [26-28].
Meanwhile, the conditions used in this protocol (3%,
w/w) were effective to encapsulate more than 60% of
the drug without compromising the stability of the
NPs. In addition, BRP-187 is a highly potent drug
(ICs(erap) = 8 nM and IC;4pges1) = 200 nM) [7], and
a loading capacity of 1.7 to 2.5% corresponded to 37 to
55 pM of BRP-187 in 1 mg mL~! NP suspension. Here,
it was observed that Acdex formed larger particles but
encapsulated less drug compared to PLGA, which is
probably due to different drug-polymer interactions
[26].

Degradation profile of the nanoparticles

In DLS, the count rate corresponds to the number of
the light photons detected in kilo-count per seconds
(keps), which is a good indicator of the quality of the
measured sample [29]. A decreasing count rate indicates
that less photons are detected (i.e. less light is scattered)
[29] and, thus, less particles are present in a sample. In
such a measurement, the NPs should show stable size
and PDI values (100% intact NPs) at time point O of
NPs incubated with buffer (Fig. 2a, c). As the NPs start
to degrade, they steadily increase in size and polydisper-
sity, which is a result of the degraded products dissolved
in water (Fig. 2b, d). However, there is a chance that the
aggregation of the NPs during the measurement might
potentially take place based on the fact that the degra-
dation products (dextran, acetone and methanol) might
influence the conditions within the cuvette. This, in turn,
might disturb the still intact NPs leading to a transient
aggregation before they are completely degraded and
solubilized in water. Aggregation that is only caused by

NP formulation After purification After lyophilization EE (%) LC (%) PVA (%)
dy (nm) PDI dy (nm) PDI T(mV)

Acdex 210426 0171007 211435 0261009 —1242 0.01 £0.000
Acdex[BRP-187] 196+51 0.16+0.11 178+£26 013+007 —13+8 59423 17106 0.01 £0.000
Acdex-RhodB[BRP-187] 163+15 0.20+£0.06 189 +£37 0284011 —2442 67£10 2003 nm.

PLGA 12416 0.06+£0.03 130£2 0094003 —20+2 002+0.002
PLGA[BRP-187] 153+41 017014 158 +£35 0121006 —1543 76122 22106 0.03+0002
PLGA-DCY635 14343 0.08+£0.03 15445 0154002 —20+1 00240006
PLGA-DY&35[BRP-187] 15312 0121001 168+9 0194005 —-19+1 8716 25+02 0.02+0.002

Concentration of NPs used for the PVA assay was 3 mg mL~". SD for all measurements n = 3. n.m.-not measured

dy Hydrodynamic diameter obtained by DLS measurements. £E£ encapsulation efficiency. LC loading capacity
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Fig. 1 5EM images of NPs: Acdex (a), Acdex(BRP-187] (b), PLGA (c), PLGA[BRP-187] (d)
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ionic strength of the buffer solution can be neglected
since experiments with the same buffer concentration
but higher pH values do not show aggregation (Fig. 2d).
Consequently, the count rate decreases over time as the
degradation of the NPs proceeds.

The release of a molecule from a NP polymer matrix
depends on several factors, i.e. the structure-property rela-
tionship between the drug and the polymer, hydrophobic-
ity of the drug and the polymer, as well as the degradation
rate, melting point and crystallinity of the polymer [30].
The degradation rate of the polymeric NPs in a cell-free
environment was studied since it directly influences the
release kinetics of the drug from the NP core. According
to the literature, Acdex is an acid-labile polymer with a
considerably higher pH sensitivity compared to the PLGA
polymer [17, 31]. Our results revealed that after 10 h of
incubation Acdex NPs exhibit good stability at pH 7.4
showing only swelling of the NPs, whereas at the same pH
value the Acdex[BRP-187] NPs degraded to a degree of
about 25%. Furthermore, at pH 4.8 after 2 h, the Acdex NPs
degraded by only about 30%, whereas the Acdex[BRP-187]
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NPs degraded by 75% (Fig. 2c). This degradation behavior
is suitable since NPs maintain 75% stability at physiologi-
cal conditions. However, once internalized by the cells, the
acidic environment of the endolysosome would trigger the
degradation of Acdex, thereby releasing the drug. In case of
PLGA, a complete degradation of NPs was observed at pH
4.8 within 40 days, whereas at pH 7.4, an 80% degradation
was observed after 60 days (Fig. 2a), which is in line with
previous studies [32-34]. Considering the degradation
profile of the polymers in an acidic medium, the release of
BRP-187 from Acdex NPs is expected to be fast due to the
rapid degradation of the polymer, whereas the drug release
from PLGA NPs is expected to be slower due to the diffu-
sion of drug from the polymer matrix, since degradation of
this polymer is very slow [35]. The degradation studies of
the NPs at different pH values were investigated to obtain
a first impression on the release of the drug from the NPs.
However, it should be noted that such degradation profiles
differ from the more complex environment of the endolys-
osomes [36].

Count rate Size and PDI
a PLGA pH 7.4 —s—PLGA[BRP-187] pH 7.4 HPLEA pH 7.4 HPLGA[BRP-187] pH 7.4
—o—PLGApH 4.8 —e—PLGA[BRP-187] pH 4.8 WPLGA pH 4.8 WPLGA[BRP-187] pH 4.8
1
50000 -
F - 038
W 5000
&
-4 s 0'5'0
2 E oo 1 u =
5 = 04
=]
: : 5 0
i 3 5 15 20 25 30 40 50 &0 =
Time (d) Tlme Ed)
& Count rate d Size and PDI
5 AcdexpH 7.4 m Acdex[BRP-187] pH 7.4
AcdexpH 7.4 ~#fcdex BRP-187] pH 7.4 » AcdexpH 4.2 B Acdex[BRP-187] pH 4.8
—o—Acdex pH 4.8 —e—Acdex[BRP-18/] pH 4.8
120 - | | ] | | | ri
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Fig.2 Degradation of NPs at physiological (7.4) and acidic (4.8) pH values: Acdex and Acdex[BRP-187] (a, b); and PLGA and PLGA[BRP-187] (c, d}
measured by DLS (n=1)
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Residual amount of PVA

Previously, we described effects of surfactants on the sta-
bility of drug-loaded NPs, where we demonstrated that
concentrations of < 1% (w/v) PVA are desirable to formu-
late stable particles [10]. Here, we formulated NPs using
0.3% (w/v) PVA to obtain both suspension- and cryo-
stability. The amount of residual PVA in the final NPs is
listed in Table 1. The enzymatic- and pH-dependent deg-
radation of the NPs relies not only on the properties of
the polymer itself but is also strongly influenced by the
digestibility of the surfactant. PVA coating can protect
from enzymatic hydrolysis of the NPs by decreasing the
wettability of the NPs [37], thus influencing the rate of
degradation and drug release.

Fluorescence dye-labeled nanoparticle uptake in PMNL

PMNL (polymorphonuclear leukocytes) are pro-
inflammatory innate immune cells that are abun-
dant in the blood and produce substantial amounts
of LTs and also PGE, as targets for BRP-187 [7, 38].
Therefore, we used human PMNL as relevant cells to
study the uptake of BRP-187-loaded NPs that were
covalently labeled with fluorescent dyes (i.e., PLGA-
DY635, Acdex-RhodB) for visualization in the cells.
The dye-labeled NPs (loaded with BRP—187) were effi-
ciently taken up by PMNL, which depends however
on the nature of the polymer, being superior for PLGA
over Acdex (Fig. 3). Within 10 min, 40% of the PMNL
digested PLGA-DY635[BRP-187] NPs. After 180 min,
approx. 85% of the PMNL took up these NPs along with
a concomitant increase of the mean fluorescence inten-
sity (MFI) per PMNL up to 1937 £283. Thus, PLGA
NPs display an excellent cellular uptake. In contrast,
Acdex-RhoB[BRP-187] NPs were taken up by only 23%
of the PMNL after 120 min, with an even slightly lower
uptake after 180 min, correlating with the MFI per cell
over the entire time course (Fig. 3). According to the
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degradation profile of Acdex NPs (Fig. 2), the lower
abundance might be a consequence of the concomi-
tant degradation and elimination of the polymer inside
the cell. After 2 h, approx. 70% of Acdex[BRP-187] NPs
are degraded at the endolysosomal pH of 4.8. There-
fore, the fluorescence signal may not increase further,
even though NPs are still taken up, because the elimi-
nation of the labeled monomers from the cell is ongo-
ing. However, both PLGA- and Acdex-based NPs are
rapidly taken up by PMNL, even though PLGA NPs are
ingested by a higher fraction of cells as compared to
Acdex NPs, which might be also a consequence of the
degradation. Additionally, we used confocal laser scan-
ning microscopy to confirm the cellular internalization
of NPs into PMNL (Fig. 4). PLGA-DY635[BRP-187]
NPs show a time-dependent accumulation within the
cells which appears as an increase of the intracellular
fluorescence signal over time that is most prominent
after 3 h. For Acdex-RhoB[BRP-187] NPs a comparable
signal was already observed after 30 min. Remarkably,
the NP-uptake after 30 min, as measured by the corre-
sponding fluorescence intensity signal, does not further
increase upon longer incubation up to 3 h.

Encapsulation of BRP-187 into PLGA or Acdex NPs

is not detrimental for target cells

Next, we evaluated whether or not the NPs may cause
detrimental effects upon long-term incubation (=24 h)
towards relevant target cells. Since PMNL are short-lived
cells upon isolation being not suitable for long-term cyto-
toxicity tests, human monocyte-derived macrophages
were used since they also possess the capability to pro-
duce PGE, and LT [39]. None of the NP formulations
(nor free BRP-187) showed detrimental effects on the
viability of macrophages (with M1 or M2 phenotype) in
terms of damage of the cell membrane over 24 h as meas-
ured by the lactate dehydrogenase (LDH) assay (Fig. 5). In

@ PLGA-DYB35[BRP-187]
5 @ Acdex-RhoB[ERP-187] b &
100 ik i PLGA-DY&35[BRP-187] aon o Acdex-RhoB[BRP-187]
s i £ 1800 £ 600
FZ o0 = =
ElS B 1200 - & 400
3z ® = L
2 8- ~ 600 - 2 200
_'/ \—‘\i
Y T [ T 1 04 o
o 30 &0 120 180 0 33 80 120 180 0 30 B0 120 180
Tirme (min) Time {min) Time {min}
Fig.3 PMMNL(T x 10°F) were incubated with 0.5 mg mL~" PLGA-DY&35[BRP-187] or Acdex-RhoB[BRP-187] NPs for the indicated time points at 37 °C.
a Percentage of PMNL gated as positive due to the flucrescence signal of the dye-labeled NPs in the cell. b, € Mean flucrescence intensity (MFI) of
NPsin the cell, measured by flow cytometry. For statistics analysis, a multiple t-test was used; p <0.05 (*}; p <001 (*); p<0.001 ) n=4
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Control 10 min 30 min 60 min 120 min 180 min

0.5mg mL-" Acdex-RhoB[BRP-187]

Control 10 min 30 min 60 min 120 min 180 min

0.5mg mL-' PLGA-DY635[BRP-187]

Fig. 4 Confocal laser scanning microscopy of PMNL after isolation (a, g) and incubation at 37 °C with NPs for the indicated timepoints (b-f and
h-l). Micrographs in the upper rows display the individual fluorescence channel while images in the bottomn rows display the additional overlay of
the transmitted light channel

supportive experiments using a RAW264.7 macrophage  was clearly reduced and suppression of 5-LO product
cell line that was incubated for 72 h with the NPs, an  formation was only 37 £5% of the control (Fig. 6d). Of
MTT assay revealed also no significant cytotoxic effects  interest, BRP-187 encapsulated into PLGA or Acdex NPs
(data not shown). Thus, the NPs exert no detrimental (corresponding to 1 pM BRP-187 as well) potently and
effects against relevant target cells at concentrations used  consistently inhibited 5-LO product formation in PMNL
in functional assays. by 80 to 92%, even after a preincubation period of 5 h.
Note that NPs devoid of BRP-187 did not suppress 5-LO
Effect of encapsulated BRP-187 on 5-LO product formation  activity in PMNL. Therefore, we conclude that encap-
in PMNL sulation of BRP-187 into PLGA or Acdex NPs generally
BRP-187 (1 puM) efficiently suppressed 5-LO product accomplishes efficient inhibition of 5-LO product forma-
formation in isolated PMNL upon short preincubation tion in PMNL, and, moreover, allows to overcome the
periods <2 h (Fig. 6a—c), which is in agreement with our  loss of potency of BRP-187 upon prolonged exposure (i.e.
previous data [7]. However, after prolonged preincuba- 5 h) of PMNL.
tion (5 h) with PMNL, the efficiency of BRP-187 (1 pM)
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Effect of encapsulated BRP-187 on PGE, formation

in human M1 macrophages

Human M1 macrophages express high levels of mPGES-1
[40] and, upon exposure to pathogenic E. coli, produce
high amounts of pro-inflammatory PGE, [39]. Thus,
E. coli-stimulated M1 macrophages are a suitable cell
model to study the efficiency of mPGES-1 inhibitors.
Note that many mPGES-1 inhibitors are highly potent in
cell-free assays but markedly loose efficiency in cellular
assays or in vivo [41], which necessitates technological
approaches to overcome these hurdles. BRP-187 potently
inhibited mPGES-1 in a cell-free assay (IC;;=0.2 pM)
[7], however, pretreatment of human M1 with 1 pM
BRP-187 caused only moderate inhibition (30-37%) of

E. coli-induced PGE, formation regardless of the prein-
cubation period (15 min, 5 or 20 h). In our study, encap-
sulation of BRP-187 into PLGA NPs strongly suppressed
PGE, levels at short (15 min) and prolonged (20 h) pre-
incubation periods (Fig. 7). Also, Acdex[BRP-187] NPs
caused strong reduction of PGE, formation when M1
were preincubated for 20 h, while 15 min pretreatment
was not effective. These data are in line with the cellular
uptake pattern of the NPs, where PLGA NPs surpassed
the uptake efficiency of Acdex NPs. Note that again, as
for 5-LO product formation in PMNL, the empty NPs did
not suppress PGE, biosynthesis.

In summary, encapsulation of BRP-187 in PLGA and
Acdex NPs overcomes the loss of effectiveness against
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mPGES-1 in intact cells versus cell-free assay condi-
tions and confers the drug marked potency, highlight-
ing this technological approach for efficient interference
with pro-inflammatory PGE, and LT formation in human
cells. The beneficial effect of encapsulation of BRP-187
especially after prolonged incubations up to 20 h might
be related to better stability and delayed release inside
the cell. Intriguingly, encapsulation of BRP-187, par-
ticularly in PLGA-based NPs, accomplished efficient
mPGES-1 inhibition in intact M1 macrophages, which
was not the case for the free drug. It is conceivable that
PLGA is cleaved in close proximity to the endoplasmic
reticulum where mPGES-1 is located, thus, enabling
unhindered access of BRP-187 to its target protein with-
out being bound to other cellular membranes or cell
compartments.

Conclusion

Encapsulation of BRP-187 into polymer-based NPs
improves the potency and duration of bioactivity of the
drug in relevant human primary leukocytes compared
to the free drug. PLGA and Acdex were chosen as bio-
compatible matrix polymers. Both polymers enabled
stable formulations of BRP-187-loaded NPs with a mono-
disperse size distribution in the range of 200 nm and
high EE according to a highly reproducible encapsula-
tion method. It was shown that PLGA and Acdex NPs
remained stable at physiological blood pH, whereas at pH
4.8, Acdex particles degraded very fast after 1 h, which
indicates that they are biodegradable in the cellular
endolysosome after they have been taken up via phago-
cytosis by PMNL or macrophages. According to the cel-
lular uptake data, both kind of NPs are internalized by

PMNL and started to degrade, leading to the release of
BRP-187 inside the cell, though the uptake of PLGA NPs
is faster and more efficient than Acdex NPs. Most impor-
tantly, both PLGA- and Acdex-based NPs loaded with
BRP-187 are more efficient in suppressing 5-LO product
formation and PGE, biosynthesis in intact cells as com-
pared to the free compound, particularly after prolonged
preincubation periods. When isolated leukocytes were
preincubated with BRP-187 for typical short-term peri-
ods, the compound was highly bioactive against FLAP
[7], but prolonged exposure for more than 2 h markedly
decreased the potency of BRP-187. Notably, encapsula-
tion of BRP-187 in Acdex and PLGA particles accom-
plishes efficient mPGES-1 inhibition in M1 macrophages,
which is a major step forward in the development of
mPGES-1 inhibitors in general, since many mPGES-1
inhibitors fail in intact cells.

In view of the potential use of BRP-187 as drug for
therapeutic treatment of chronic inflammatory diseases,
the prolongation of its bioactivity is of utmost impor-
tance. An efficient encapsulation and release of BRP-187
is a promising approach to reach this aim. As a perspec-
tive, other biodegradable polymers for encapsulation
of BRP-187 might be evaluated, and in addition to the
properties reported here, further aspects of the nanofor-
mulations (e.g. hydrophobicity, crystallinity and protein
corona) might be assessed in more detail. It will also be
challenging to study the effects of encapsulated BRP-187
in animal models of inflammation related to PGE, and
LTs in the future. In such physiological environment, the
various aspects of bioavailability including distribution
in other tissues and influence of plasma proteins may be
assessed.
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Methods

Materials

Poly(D,L-lactic-co-glycolic) acid (Resomer RG 502 H,
copolymer composition of 50:50, 7-17 kDa, acid termi-
nated) was purchased from Evonik Industries (Germany).
Partially hydrolyzed PVA (Mowiol 4-88), acetone (>99%)
and dimethyl sulfoxide (DMSO>99%, spectroscopic
grade) were all purchased from Sigma-Aldrich (Ger-
many). The dye DY635 was purchased from Dyomics
(Jena, Germany). The covalent coupling of PLGA poly-
mer with the dye DY635 amine was performed according
to a standard procedure with 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and N-hydroxysuccinim-
ide (NHS) and was provided by SmartDyeLivery (Jena,
Germany). The acetalation of dextran was done accord-
ing to an adapted procedure (Mw of parent dextran
60 kDa), degree of substitution (DS) 2.97 (DS,
acetal = 198, DS, ihic acetar=0.99) [19]. BRP-187 was syn-
thesized according to an established protocol [42]. Deu-
terated and non-deuterated lipid mediator standards for
UPLC-MS-MS quantification were purchased from Cay-
man Chemical/Biomol (Germany). For further materials,
see specific experimental section.

Acdex-rhodamine B synthesis

Rhodamine B was coupled to Acdex (Mw 9 to 11 kDa,
Sigma Aldrich) according to an adapted procedure [43]:
1 g Acdex (6.17 mmol anhydroglucose unit, DS,
acteal = 0.56, DS i aceca = 2.14) and 13 mg rhodamine B
isothiocyanate were dissolved in 15 mL anhydrous pyri-
dine and heated to 80 °C for 72 h under argon. The reac-
tion mixture was precipitated in 150 mL distilled water,
and centrifuged; the pellet was lyophilized. The result-
ing pink-colored powder was purified via gel permeation
chromatography using BioBeads S-X1 in tetrahydrofuran
(THF) to remove the free dye (yield 57%). Size-exclusion
chromatography was performed in dimethylacetamide
(DMAc) and 0.21% lithium chloride with a UV-VIS
detector measuring at A\=>562 nm to prove the conjuga-
tion of the dye to the polymer.

Nanoparticle formulation

Particles were prepared by nanoprecipitation using
a syringe pump (Aladdin AL1000-220, World Preci-
sion Instruments, Berlin, Germany) with a flow rate of
2 mL min~% First, 25 mg polymer (Acdex or PLGA)
were dissolved in 5 mL acetone. For the drug solution, a
10 mg mL™ stock of BRP-187 in DMSQ was prepared and
sonicated in an ultrasound bath for 15 min at room tem-
perature. Subsequently, 75 pL of the drug solution were
mixed with the polymer solution. For the aqueous phase,
40 mL of 0.3% (w/v) PVA solution were prepared. Further,
the polymer (or polymer-drug) solution was injected into
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the aqueous solution, while stirring at 800 rpm at room
temperature. After nanoprecipitation, the samples were
stirred for 24 h in a fume hood to evaporate the acetone.
The particles were washed once, using a Rotina 380 R cen-
trifuge (Hettich Lab Technology, Germany) at 12.851xg
for 60 min at 20 °C. After removing the supernatant, NPs
were redispersed in 2.5 mL pure water, vortexed 5 to 10 s
and then sonicated in an ultrasound bath for 30 min. For
the Acdex NPs, 100 pL of 0.01% triethylamine (TEA) of pH
9 were added to the suspension. The NPs were stored at
4 °C overnight to allow complete dispersion in water. The
concentration of the particle dispersions was determined
by freeze-drying up to six aliquots of 100 or 200 pL NPs
dispersion. The mass of the NPs was accurately weighed
(Radwag Waagen, MYA 11.4Y, Germany) and an average
was calculated for the NPs concentration.

Dynamic light scattering (DLS)

The size, polydispersity index and the zeta-potential of the
particles was measured using a Zetasizer Nano ZS with a
laser wavelength of A=633 nm (Malvern Instruments,
Germany). The measurements were performed at 173°
backscatter angle with the following settings: Five repeated
measurements at 25 °C, each measurement with five runs
of 30 s and a 30 s equilibration time. The zeta-potential
of the lyophilized NPs was measured at 25 °C with three
repeated measurements. The NPs were characterized after
purification (10 pL NP dispersion diluted in 1 mL pure
water), and after lyophilization (100 pL of NP dispersion
were lyophilized and redispersed in 1 mL pure water). The
intensity size distribution is reported as the hydrodynamic
diameter (d,;) of the NPs.

The degradation behavior of Acdex and PLGA NPs was
determined by monitoring the mean count rate (kcps). The
NP samples were measured using fixed settings (37 °C,
measurement position 4.65, and attenuator 7). The Acdex
NPs were measured for 15 h: 180 measurements (delay
between measurements 240 s), where each measurement
consisted of three runs with 20 s run durations. The PLGA
NPs were measured every day over a period of 60 days: Five
measurements (with no delay between measurements),
where each measurement consisted of one run with 30 s
run duration.

UV-VIS spectroscopy

For the calculating the encapsulation efficiency (EE) and
loading capacity (LC) of the drug in the NPs, aliquots of
200 pL of the washed NP dispersion were lyophilized. The
dry NP powder was dissolved in 200 pL DMSO (spectro-
scopic grade). The polymer-drug solution was measured at
A=316 nm with 3 x 3 multiple reads per well and 2000 pm
well border using the Infinite M200 Pro platereader (Tecan
Group, Switzerland). For all EE measurements, a Hellma
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Quartz flat-transparent plate with 96 wells was used.
A calibration curve of BRP-187 was obtained for each
batch in the concentration range of 0.24 to pg mL™ with
R?=0.9997. Equations 1 and 2 were used to calculate EE
and LC

miass of driig recovered

LC = x 100
mass of particle recovered ()
EE = ¢ 100 2
= LC theoretical &
PVA assay

Determination of PVA in the NPs (%, w/w) was per-
formed using UV-VIS spectroscopy. PVA forms a
complex with iodine, which absorbs light at A=650 to
690 nm. In an adapted protocol, Lugol solution was used
as iodine source [44]. Lyophilized NPs were redispersed
in pure water (3 mg mL~!) and 90 pL were pipetted into
a 96-well plate. Then, 20 pL of 1 M sodium hydroxide
was added to each NP-containing well, and the solutions
were mixed for 15 min at 850 rpm at room temperature.
Next, 20 pL 1 M hydrochloric acid, 60 puL 0.65 M boric
acid and 10 pL of Lugol solution were added to each
well. Measurements on the plate reader were done at
A=650 nm 15 min after the addition of the Lugol solu-
tion. The experiments were repeated three times for each
NP formulation.

Scanning electron microscopy (SEM)

Electron microscopy imaging was performed with a Sigma
VP Field Emission Scanning Electron Microscope (Carl-
Zeiss, Jena, Germany) using an InLens detector with an
accelerating voltage of 6 kV. The samples were coated with
a thin layer of platinum (4 nm) via sputter coating (CCU-
010 HV, Safematic, Switzerland) before the measurement.
Image] was used to measure the particle sizes from the
images acquired by the SEM, where a mean diameter was
deduced by measuring 150 to 200 NPs/image.

Degradation study

The degradation behavior of loaded and unloaded NPs
was tested at 37 °C in 0.05 M Tris—-HCI buffer of pH
7.4 and 0.05 M acetate buffer of pH 4.8. Lyophilized
NPs were dispersed in pure water (concentration of 3
to 7 mg mL_l). Next, NPs were mixed with buffer solu-
tion incubated at 37 °C and analyzed by DLS. Acdex NPs
were measured for 15 h, whereas PLGA NPs were meas-
ured over 60 days (see Sect. “Fluorescence dye-labeled
nanoparticle uptake in PMNL"). The degradation of the
NPs was analyzed by monitoring the change in the mean
count rate, size and PDI in DLS.
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Cell isolation and cell culture

Leukocyte concentrates were prepared from periph-
eral blood obtained from healthy human adult donors
that received no anti-inflammatory treatment for the
last 10 days (Institute of Transfusion Medicine, Uni-
versity Hospital Jena, Germany). The approval for the
protocol was given by the ethical committee of the Uni-
versity Hospital Jena and all methods were performed
in accordance with the relevant guidelines and regula-
tions. To isolate PMNL and monocytes, the leukocyte
concentrates were mixed with dextran (dextran from
Leuconostoc spp. My, ~40,000 g mol ™}, Sigma Aldrich,
Taufkirchen, Germany) for sedimentation of erythro-
cytes; the supernatant was centrifuged on lymphocyte
separation medium (Histopaque®-1077, Sigma Aldrich).
Contaminating erythrocytes in the pelleted PMNL
were removed by hypotonic lysis using water. The pel-
leted PMNL were subsequently washed twice in ice-
cold phosphate-buffered saline pH 7.4 (PBS) and finally
resuspended in PBS. The peripheral blood mononuclear
cell (PBMC) fraction on top of lymphocyte separation
medium was washed with ice-cold PBS and seeded in cell
culture flasks (Greiner Bio-one, Nuertingen, Germany)
for 1.5 h (37 °C, 5% CO,) in PBS with Ca>"/Mg>' (0133 g
L7101 g L") to isolate monocytes by adherence. For
differentiation and polarization of monocytes to M1 and
M2 macrophages, we followed published procedures [39].
To obtain M1 macrophages, adherent monocytes were
treated with 20 ng mL™! granulocyte macrophage-colony
stimulating factor (GM-CSF) Peprotech, Hamburg, Ger-
many) for six days in RPMI 1640 supplemented with 10%
fetal calf serum (FCS), 2 mmol L™} L-glutamine, penicil-
lin (100 U mL.™") and streptomycin (100 pg mL™?) for dif-
ferentiation and were further incubated with 100 ng mL™
lipopolysaccharide (LPS) and 20 ng mL™! interferon-y
(Peprotech) for 48 h. M2 macrophages were obtained by
treatment of monocytes with 20 ng mL™" M-CSF (Pepro-
tech) for 6 days, followed by 20 ng mL ™! IL-4 (Peprotech)
for 48 h. Correct polarization and purity of macrophages
was routinely checked by flow cytometry (FACS Canto
Plus flow cytometer, BD Biosciences, Heidelberg, Ger-
many) as reported [45] using the following antibodies:
FITC anti-human CD14 (2 pg/test, clone M5E2, BD Bio-
sciences), PE anti-human CD54 (1 pg/test, clone HASS,
BD Biosciences), APC-H7 anti-human CD80 (0.25 pg/
test, clone L307.4, BD Biosciences), PE-Cy7 anti-human
CD163 (2 pg/test, clone RM3/1, Biolegend, San Diego,
CA, USA), PerCP-eFluor710 anti-human CD206 (0.06 pg/
test, clone 19.2, BD Biosciences, San Diego, CA, USA).

Determination of 5-LO product formation in PMNL
For evaluation of the effects on 5-LO product for-
mation in human PMNL, cells (5x10° mL™') were
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pre-incubated with BRP-187 or NPs (Acdex[blank],
PLGA[blank], Acdex[BRP-187], PLGA[BRP-187]) for the
indicated times (15 min up to 5 h) at 37 °C. Cells were
then stimulated with 2.5 pM Ca?'-ionophore A23187
(Cayman, Ann Arbor, USA) for 10 min, and then the
incubation was stopped with 1 mL ice-cold methanol
containing 200 ng mL~! PGB, as internal standard. Sam-
ples were subjected to solid phase extraction and formed
5-LO products were separated and analyzed by RP-HPLC
as described [46].

Determination of prostaglandin E, formation in human
macrophages

Human monocyte-derived M1 macrophages (2 x 10°
cells) were seeded in 6-well-plates and preincubated for
15 min, 5 or 20 h with BRP-187 or NPs (Acdex[blank],
PLGA[blank], Acdex[BRP-187], PLGA[BRP-187]) at
37 °C. The macrophages were subsequently incubated
with pathogenic E. coli [O6:K2:H1] for 90 min. The
reaction was stopped with ice-cold methanol contain-
ing deuterium-labeled internal standards (d8-5S-HETE,
d4-LTB,, d5-LXA,, d5-RvD2, and d4-PGE,; 500pg each).
Samples were kept at —20 °C for one day to allow pro-
tein precipitation. After centrifugation (2000xg, 4 °C,
10 min), 8 mL acidified water was added (final pH=3.5)
and samples were subjected to solid phase extraction
using RP-18 columns and PGE, was analyzed by UPLC-
MS-MS exactly as described before [45].

Lactate dehydrogenase assay

The release of LDH from cells was analyzed using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Pro-
mega GmbH, Mannheim, Germany). Briefly, 1 x 10
M1 or M2 macrophages per well, suspended in RPMI-
medium containing 10% FCS, penicillin/streptomycin
and r-glutamine, were seeded in a 24-well plate. Lysis
control and 0.2% triton X-100 were added to the cells
and incubated for 45 min; compounds and control (0.1%
DMSQ) were added and incubated for 24 h at 37 °C. Stop
solution was added, the plate was centrifuged (250xg,
4 min, room temperature) and 50 pL of supernatant from
each well was transferred in a 96-well plate. Afterwards,
50 pL of substrate mixture was added and incubated for
30 min at room temperature in the dark. To finally stop
the reaction, 50 pL of stop solution were added. The pho-
tometric measurement was performed at 490 nm using a
Multiskan Spectrum plate reader (Thermo Fischer).

Fluorescence dye-labeled nanoparticle uptake in PMNL

Time-dependent uptake of fluorescence dye-labeled NPs
by PMNL was analyzed by flow cytometry and confocal
laser scanning microscopy. Adherent PMNL (2 x 10°)
were incubated for the indicated time points with
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0.5 mg mL™! labeled NPs (PLGA-DY635[BRP-187] or
Acdex-RhoB[BRP-187]). For flow cytometry, cells were
washed once with PBS containing 0.5% BSA and incu-
bated with PBA-E (PBS with 0.5% BSA, 2 mM EDTA and
0.1% sodium azide) containing 0.4% lidocaine for detach-
ing. PMNL containing fluorescently stained NPs were
analyzed by flow cytometry using BD LSR Fortessa (BD
Bioscience). The red laser (644 nm) in combination with
670|14 filters for DY635 labeled NPs and the violet laser
(405 nm) in combination with 655|8 filters for rhoda-
mine B labeled NPs were used for flow cytometric anal-
ysis. Data were analyzed using FlowJo X Software (BD
Bioscience).

For confocal laser scanning microscopy, PMNL were (i)
washed once with PBS after incubation with the respec-
tive NPs for the indicated time points as described above
for flow cytometry, (ii) submerged with phenol red-free
RPMI 1640 and (iii) subsequently subjected to micro-
scopic analysis. CLSM images were acquired using a
Zeiss LSM 880 (Carl Zeiss, Oberkochen, Germany)
with following settings: PLGA NPs labeled with DY635:
Ap,=633 nm, A, =638 to 759 nm and transmission
signal with PMT detector; Acdex NPs labeled with rho-
damine B: A, =514 nm, A, =531 to 703 nm and trans-
mission signal with PMT detector. Images were captured
with an iLCI Plan-Neofluar 63 x objective using identi-
cal settings for image acquisition within experimental
groups.
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Abstract

Leukotrienes are pro-inflammatory lipid mediators generated by 5-lipoxygenase aided by the 5-lipoxygenase-activating
protein (FLAP). BRP-201, a novel benzimidazole-based FLAP antagonist, inhibits leukotriene biosynthesis in isolated
leukocytes. However, like other FLAP antagonists, BRP-201 fails to effectively suppress leukotriene formation in blood,
which limits its therapeutic value. Here, we describe the encapsulation of BRP-201 into poly(lactide-co-glycolide) (PLGA)
and ethoxy acetalated dextran (Ace-DEX) nanoparticles (NPs), aiming to overcome these detrimental pharmacokinetic
limitations and to enhance the bioactivity of BRP-201. NPs loaded with BRP-201 were produced via nanoprecipitation and
the physicochemical properties of the NPs were analyzed in-depth using dynamic light scattering (size, dispersity, degrada-
tion), electrophoretic light scattering (effective charge), NP tracking analysis (size, dispersity). scanning electron micros-
copy (size and morphology), UV-VIS spectroscopy (drug loading), an analytical ultracentrifuge (drug release, degradation
kinetics), and Raman spectroscopy (chemical attributes). Biological assays were performed to study cytotoxicity, cellular
uptake, and efficiency of BRP-201-loaded NPs versus free BRP-201 to suppress leukotriene formation in primary human
leukocytes and whole blood. Both PLGA- and Ace-DEX-based NPs were significantly more efficient to inhibit leukotriene
formation in neutrophils versus free drug. Whole blood experiments revealed that encapsulation of BRP-201 into Ace-DEX
NPs strongly increases its potency, especially upon pro-longed (> 5 h) incubations and upon lipopolysaccharide-challenge
of blood. Finally, intravenous injection of BRP-201-loaded NPs significantly suppressed leukotriene levels in blood of mice
in vivo. These results reveal the feasibility of our pharmacological approach using a novel FLAP antagonist encapsulated
into Ace-DEX-based NPs with improved efficiency in blood to suppress leukotriene hiosynthesis.

Keywords Anti-inflammatory therapy - 5-Lipoxygenase-activating protein - Poly(lactide-co-glycolide) (PLGA) - Acetalated
dextran - Polymer nanoparticles (NPs) - Drug delivery

Abbreviations Ace-DEX Ethoxy acetalated dextran
5-LO 5-Lipoxygenase AUC Analytical ultracentrifuge
5S-HETE 5-Hydroxyeicosatetraenoic acid BSA Bovine serum albumin
AA Arachidonic acid dy Hydrodynamic diameter
DLS Dynamic light scattering
— - - DMAc Dimethyl acetamide
ﬁllil::gm.l(mtzcr and Blerina Shkodra have contributed equally to DMSO Dimethyl sulfoxide
ELS Electrophoretic light scattering
24 Ulrich S. Schubert EDTA Ethylenediaminetetraacetic acid
ulrich.schubert @uni-jena.de EE Encapsulation efficiency
24 Oliver Werz FCS Fetal calf serum
oliver.werz@uni-jena.de FLAP 5-Lipoxygenase-activating protein
Extended author information available on the last page of the article IC50 Half maximal inhibitory concentration
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LC Loading capacity

LDH Lactate dehydrogenase

LM Lipid mediator

LPS Lipopolysaccharide

LT Leukotriene

MADLS Multi-angle dynamic light scattering

MDM Monocyte-derived macrophages

MEFEIL Mean fluorescence intensity

mPGES-1 Microsomal prostaglandin E2 synthase-1

MTT 3-(4,5-Dimethylthiazol-2-y1)-2.5-diphe-
nyltetrazolium bromide

NPs Nanoparticles

NTA Nanoparticle tracking analysis

PBA-E PBS with (.5% BSA, 2 mM EDTA and
0.1% sodium azide

PBMC Peripheral blood mononuclear cell

PBS Phosphate-butfered saline

PDI Polydispersity index

PG Prostaglandin

PLGA Poly(lactide-co-glycolide)

PVA Poly (vinyl alcohol)

RP-HPLC Reversed phase-high performance liquid
chromatography

RvD2 Resolvin D2

SACM S. aureus-conditioned medium

SEM Scanning electron microscope

SPE Solid phase extraction

TEA Triethylamine

THF Tetrahydrofuran

UPLC-MS/MS  Ultra performance liquid chromatogra-
phy tandem mass spectrometry

Introduction

5-Lipoxygenase-activating protein (FLAP) and microsomal
prostaglandin E, synthase-1 (mPGES-1) are considered as
innovative drug targets [ 1] that accomplish the biosynthesis
of the formation of pro-inflammatory lipid mediators from
arachidonic acid (AA) involved in inflammation. Thus,
FLAP assists 5-lipoxygenase (5-LO) in the generation of
leukotrienes (LTs) that display potent chemotactic effects,
activate pro-inflammatory leukocytes and constrict small
vessels, while mPGES-1 catalyzes the transformation of
cyclooxygenase-derived prostaglandin (PG)H, to PGE, that
mediates pain and fever, and increases the vascular perme-
ability [2, 3]. Our previous structure—activity relationship
studies on benzimidazole-based dual inhibitors of FLAP
and mPGES-1 revealed BRP-201 (5-{1-[(2-chlorophenyl)
methyl]-2-{ 1-[4-(2-methylpropyl)phenyl]ethyl } - 1H-benzi-
midazole-5-y1}-2,3-dihydro-1,3,4-oxadiazole-2-thione) as
the most potent derivative [4]. However, BRP-201 and many
other structurally different dual mPGES-1/FLAP inhibitors

@ Springer

or FLAP antagonists suffer from loss of efficiency in biologi-
cal/pharmacological relevant environments apparently due
to strong unspecific protein binding based on their acidic and
lipophilic structures [ 1, 5]. Moreover, these compounds are
afflicted with low water solubility that may further hinder
their bioactivity and bioavailability.

Employing bioavailability enhancement techniques,
such as encapsulation of drugs into polymer-based nano-
particles (NPs), could improve the drug pharmacokinetics,
thus increasing their bioactivity [6]. Numerous studies have
documented the great potential of poly(lactide-co-glycolide)
(PLGA) as drug delivery tool, however, only very few
approaches have exploited the benefits of acetalated dextran
as a promising alternative [7-9]. Dextran is an established
biomaterial that has been used in medicine for various appli-
cations [10-12]. Besides its biocompatibility, the advantages
of acetalated dextran are mainly its facile synthesis and the
opportunity to tailor its degradation kinetics based on the
degree of acetal functionalization. Thus, the main advantage
of acetalated dextran is that it can be tailored with faster
degradation rates compared to PLGA. Moreover, acetalated
dextran can be processed into NPs in the same manner as
polyesters to encapsulate hydrophobic drugs [7, 8]. Ethoxy
acetalated dextran (Ace-DEX) is a dextran derivative with
a safe toxicity profile, which degrades into dextran, ethanol,
and acetone—all non-harmful metabolites. In addition, the
Ace-DEX metabolites should not cause an acidic microen-
vironment, which is an undesirable effect often associated
with the acidic metabolites of PLGA degradation [13]. Nev-
ertheless, both polymers offer application opportunities, for
example, the long-lasting PLGA is generally advantageous
for developing sustained-release formulations (parenteral,
subcutaneous, or intra-articular/muscular), whereas Ace-
DEX can be developed into parenteral formulations with
varying drug release profiles. Therefore, in this study. we
document the formulation and characterization of Ace-DEX
and PLGA NPs loaded with BRP-201, and further compare
the efficiency of the NPs with that of the free BRP-201.

Materials and methods
Materials

Poly(D,L-lactide-co-glycolide) (PLGA) (Resomer RG502
H, M,, 7000 to 17.000 g mol~", 50:50 co-polymer composi-
tion with carboxylic acid end groups), poly(vinyl alcohol)
(PVA) (Mowiol 4-88, M,, 31.000 g mol ™), dimethyl sul-
foxide (DMSO, anhydrous > 99.9%), acetone, triethylamine
(TEA), Rhodamine B isothiocyanate (mixed isomers),
anhydrous pyridine (99.8%), and all other materials were
purchased from Sigma Aldrich unless otherwise stated.
Methanol and N,N-dimethyl acetamide (DMAc) were
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purchased from standard suppliers and were used without
any further purification. THF was dried in a solvent purifi-
cation system prior to use (SPS, Pure solv. EN, Innovative
Technology). Lithium chloride (LiCl, 99%) was purchased
from Acros Organics. Ethoxy acetalated dextran (Ace-
DEX) was synthesized based on an established protocol
where the hydroxyl groups of dextran were modified using
2-ethoxyprop-1-ene (95%. Fluorochem) (instead of 2-meth-
oxypropene) [14]. Two batches of Ace-DEX were synthe-
sized with the following properties: (#1) M,, 12,400 g mol ™",
dispersity (D) of 1.68, and degree of substitution (DS) of
acetal groups DS, ;.= 1.81 and DS, ;;,=0.49 and (#2) M,
12,200 g mol~!, B =1.73, DS,y ;.= 1.17, DS .= 0.96.
The covalent coupling of Rhodamine B to Ace-DEX was
achieved according to a previously published protocol [15];
M, 22,400 g mol™', D =138, DSy = 1.82, DSy = 0.04,
DSgo=0.374 mg g~'. PLGA-Rhodamine B was synthe-
sized according to the procedure described in Sect. 2.2;
M, =10,900 g mol~", D=1.47, DSg,,=0.098 pug g~'. Pure
water was used in all experiments for the NP preparation.

PLGA-rhodamine B synthesis

In a Schlenk flask, PLGA (2 g, 0.29 mmol) and Rhodamine
B isothiocyanate (27 mg, 0.05 mmol, 0.18 eq) were dis-
solved in anhydrous pyridine (20 mL) under Schlenk condi-
tions. The dark red colored reaction solution was stirred at
room temperature for 18 h, followed by stirring at 55 °C for
24 h. After cooling to room temperature, the reaction mix-
ture was precipitated in a large excess of diethyl ether to get
rid of the pyridine. The solid was collected by centrifugation
and dissolved in THF. The resulting solution was precipi-
tated in a large excess of methanol. The second precipita-
tion step was repeated as often as necessary until the free
dye was completely removed. The presence of free dye was
checked between the precipitation steps by size exclusion
chromatography measurements in DMAc and 0.21% LiCl
with a UV-VIS detector at 555 nm. The obtained pellet from
centrifugation was dried under vacuum, resulting in a pink
colored powder (yield 58.2%).

Nanoparticle formulation

Particles were formulated by nanoprecipitation using a
syringe pump (Aladdin AL1000-220, World Precision
Instruments) with a flow rate of 2 mL min~'. The organic
solution was prepared by dissolving 25 mg of polymer
(PLGA or Ace-DEX) in 5 mL acetone at 5 mg mL™! poly-
mer concentration, To load the NPs with the drug, 75 uL.
of 10 mg mL~! BRP-201 solution (initially dissolved in
DMSO) was added to the polymer solution and vortexed.
The organic solution was infused into 36 mL of pure water
(+ 100 pL of 0.01% TEA of pH=10 for Ace-DEX NPs),
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while stirring at 800 rpm at room temperature. After the
organic solution had been completely transferred into pure
water, 4 mL of PVA 3% (w/v) solution was added to the NP
dispersion. The NP dispersions were stirred at 800 rpm for
12-24 h for acetone to evaporate. To purify the NPs, the dis-
persions were centrifuged at 16.639xg for 60 min at 20 °C
(Centrifuge 5804 R, Eppendorf). The NP pellets were then
redispersed into 2.5 mL pure water (+ 100 uL of 0.01% TEA
pH =10 for Ace-DEX NPs). The NP dispersions were first
vortexed for 10 s, sonicated in an ultrasound water-bath for
30 min, and stored overnight at 4 °C to allow for complete
resuspension. The next day, NPs were lyophilized and the
dried particles were stored at 4 °C. Rhodamine B-labeled
Ace-DEX NPs were formulated according to the same proto-
col, except that the labelled Ace-DEX was mixed with pure
Ace-DEX polymerin a 1:10ratio. Ace-DEX NPs for in vivo
application were prepared using a higher polymer and drug
concentration, i.e., 15 mg mL~!and 10% (w w~!) BRP-201
in relation to the polymer mass, respectively. The yield of
the NPs was calculated according to the following formula:

Yield(%)
_ (mass of NPs recovered — massof found PVA)
" (mass of polymer + mass of drug) fed in the formulation
x 100

Dynamic light scattering (DLS) and electrophoretic
light scattering (ELS)

DLS and ELS were used to estimate the hydrodynamic
diameter (dy), polydispersity index (PDI), and zeta-poten-
tial (-potential) of the NPs (Zetasizer Nano ZS, Malvern
Instruments). The laser wavelength of the Zetasizer was
A=0633 nm and all measurements were performed at 25 °C
and a 173° backscattering angle. The dj; and PDI of NPs
were measured after evaporation of acetone, after centrifuga-
tion of NPs, and after lyophilization, while the {-potential
was measured only after lyophilization of the NPs. The
concentration of the measured NPs after purification and
after lyophilization was 4 mg mL ™! for Ace-DEX-based NPs
and 7 mg mL~! for PLGA-based NPs. The DLS procedure
for dy; and PDI estimations consisted of five measurements
each consisting of 5 runs of 30 s, with an equilibration time
of 30 s before and between measurements. The ELS pro-
cedure for the {-potential consisted of three measurements
with 3 runs with 30 s equilibration time before and between
measurements.

Nanoparticle tracking analysis (NTA)

A NanoSight NS500 (Malvern Panalytical) was used to
determine the NP sizes in terms of HD. The lyophilized NPs
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were redispersed in pure water and measured at the follow-
ing concentrations:

50 ug mL~! for PLGA-based NPs, 10 pg mL™ for Ace-
DEX-based NPs, 1 ug mL~! for BRP-201 drug precipitates.
For each NP sample, five videos of 60 s acquisition time
were captured at room temperature with instrument settings
adjusted as reported in Table S1 (SI).

Scanning electron microscopy (SEM)

A Sigma VP field emission scanning electron microscope
(Carl-Zeiss AG) was used to obtain the particle images. The
microscope was operated with the InLens detector at a 6 kV
acceleration voltage. 5 pL ot NP dispersions were pipetted
on mica substrates and air-dried. Before the measurement,
samples were coated with a thin layer of platinum (4 nm)
via sputter coating (CCU-010 HV, Safematic). Imagel] was
used to estimate the NP size from 300 and 500 particles per
image, for Ace-DEX and PLGA NPs, respectively.

UV-VIS spectroscopy

Encapsulation efficiency (EE) and loading capacity (LC)
of the BRP-201-loaded particles were determined using a
UV-VIS plate reader (Infinite M200 Pro Platereader, Tecan
Group Ltd.). The samples were prepared as follows: three
aliquots of 200 pLL NP dispersion were lyophilized; the NP
powder was accurately weighed and then redissolved in 200
pL of UV-grade DMSO. The solutions were pipetted on a
Hellma Quartz 96-well plate and measured at 1=316 nm,
with 3 x 3 multiple reads per well and a 2000 pm well bor-
der. A calibration curve of BRP-201 was obtained in a con-
centration range of 0.48-250 pg mL~!, and the following
formulas were used to calculate LC and EE, respectively.
LC = _Mass of drug recovered
mass of particle recovered
LC
=01
LC theoretical

x 100

EE

UV-VIS spectroscopy was also used to determine the
content of the surfactant (%. w w™!) in the Iyophilized NPs
according to a previously published protocol [16]. The con-
centration of the redispersed NPs was 3 mg mL™" for the
unlabeled NPs and approx. 0.5 mg mL ™! forthe labeled NPs.

Degradation of NPs

Particle degradation was measured by DLS according to a
previously described protocol [15]. The normalized value of
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the measured count rate (in percentage) was used to plot the
apparent degradation profile of the NPs against time.

Raman spectroscopy

Samples were placed on CaF, slides (Crystal GmbH, Ger-
many) for Raman characterization, either as solid samples or
drop coated (2 x5 pL and allowed to dry at ambient condi-
tions). Raman spectra were recorded on an upright Raman
microscope (@300, Witec) with a 600 I/mm grating. The
Raman excitation laser (488 nm, Witec) was focused with a
Nikon 100 xNA 0.8 objective onto the sample resulting in
I mW in the sample plane. Under these conditions, the best
spatial resolution was around 300 nm. Single Raman spectra
were recorded from bulk polymeric samples with an integra-
tion time of 1 s per spectrum. Raman maps were recorded
with a step size of 125 nm utilizing the same conditions.
Statistical analysis was performed using GNU R. Spectral
pre-processing involved spike removal, baseline correction
(polynomial baseline fitting) and normalization (area nor-
malization). False color Raman images were generated by
plotting the intensity ratio of the Raman bands at 1620 cm™!
(C=N vibration in BRP-201) and 1450 cm™' (C-H deforma-
tion band for Ace-DEX NPs) and to the C=0 stretching band
at 1760 cm™" (for PLGA NPs), respectively.

Drug release from the NPs

NPs were incubated in 0.05 mM acetate (pH=4.5) or
0.05 mM phosphate buffer (pH=7.4) at 37 °C for the fol-
lowing times: Ace-DEX NPs for 0.5, 1, 2, 5, 20, and 144 h;
PLGA NPs for 0, 1, 7, 20, and 30 days. Additionally, control
samples consisting of NPs in pure water were studied with
the same experimental settings but without incubating the
samples at 37 “C. All NP formulations were investigated at
a concentration of 0.5 mg mL ™",

Sedimentation velocity experiments were conducted
using an Optima Analytical Ultracentrifuge (AUC) (Beck-
mann Coulter Instruments, Brea, CA) with an An-50 Ti
eight-hole rotor. Rotor position eight was used as the
counterbalance, enabling the optical module calibration.
All ultracentrifuge cells contained double sector Epon
centerpieces with a 12 mm solution optical path length
and sapphire windows. The corresponding sectors were
filled with approx. 440 pL pure solvent as a reference and
approx. 420 uL of sample solution. Scans were acquired in
four-minute intervals by using the interference optics and
absorbance optical detection in terms of optical density
(OD) at a wavelength of 316 nm, i.e. being representative
of the encapsulated drug BRP-201. In total, 480 scans with
a four-minute time interval (32 h) were recorded at a rotor
speed of 1500 rpm. After that, the rotor speed was subse-
quently accelerated to 42,000 rpm for the investigation of
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potentially present smaller species in the supernatant for
a further 24 h (or 18 h for Ace-DEX NPs with (.5-20 h
incubation in acetate buffer and the respective control sam-
ple), also providing 480 scans (or 360 scans) with a 3 min
time interval. All measurements were performed at 22 °C.
Every fourth scan was considered for data evaluation. The
recorded sedimentation velocity data were numerically
analyzed with SEDFIT and the Is—g*(s) model consider-
ing non-diffusing species [17].

Cell isolation and cell culture

Leukocyte concentrates were prepared from peripheral
blood obtained from healthy adult male and female donors
that received no anti-inflammatory treatment for the last
10 days (Institute of Transfusion Medicine, Jena Univer-
sity Hospital). The approval for the protocol was given
by the ethical committee of the Jena University Hospital
and all methods were performed in accordance with the
relevant guidelines and regulations. For isolation of neu-
trophils and monocytes, the leukocyte concentrates were
mixed with dextran (from leuconostoc spp. My, ~ 40,000,
Sigma Aldrich) for sedimentation of erythrocytes and the
supernatant was centrifuged on lymphocyte separation
medium (Histopaque®-1077, Sigma Aldrich). Contaminat-
ing erythrocytes in the pelleted neutrophils were removed
by hypotonic lysis (using water). Neutrophils were then
washed twice in ice-cold phosphate-buffered saline (PBS)
pH 7.4 and finally resuspended in PBS pH 7.4. The periph-
eral blood mononuclear cell (PBMC) fraction on top of the
lymphocyte separation medium was washed with ice-cold
PBS pH 7.4 and seeded in cell culture flasks (Greiner Bio-
one) for 1.5 h (37 °C, 5% CO,) in PBS pH 7.4 with Ca*t/
Mg?* to isolate monocytes by adherence. For differentia-
tion and polarization of monocytes to M1 macrophages,
we followed published procedures [18]. Thus, adherent
monocytes were treated with 20 ng mL~! granulocyte mac-
rophage-colony stimulating factor (Peprotech) for 6 days
in RPMI 1640 supplemented with 10% fetal calf serum
(FCS), 2 mmol L~! L-glutamine, penicillin (100 U mL™!)
and streptomycin (100 pg mL~!), and further incubated
with 100 ng mL~! LPS and 20 ng mL~! interferon-y (Pep-
rotech) for 48 h to obtain M1 macrophages. Correct polari-
zation and purity of macrophages was routinely checked
by flow cytometry (BD LSR Fortessa, BD Biosciences,
Heidelberg, Germany) as reported [19] using the follow-
ing antibodies: FITC anti-human CD14 (2 pg/test, clone
MS5E2, BD Biosciences), PE anti-human CD354 (1 pg/test,
clone HA58, BD Biosciences), APC-H7 anti-human CD80
(0.25 pg/test, clone L307.4, BD Biosciences), PE-Cy7
anti-human CD163 (2 pg/test, clone RM3/1, Biolegend,
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San Diego, CA, USA), PerCP-eFluor710 anti-human
CD206 (0.06 pgftest, clone 19.2, BD Biosciences).

Fluorescence dye-labeled nanoparticle uptake
in neutrophils

Time-dependent uptake of fluorescence dye-labeled NPs by
neutrophils was analyzed by flow cytometry and confocal
fluorescence microscopy. Adherent neutrophils (2 x 10°)
were incubated for 30 min or 3 h with LPS (1 ug mL™") or
vehicle, and then with 0.5 mg mL~! labeled NPs (PLGA-
Rho[BRP-201] or Ace-DEX-Rho[BRP-201]) for indicated
time points. Cells were washed once with PBS pH 7.4 con-
taining 0.5% BSA and incubated with PBA-E (PBS pH 7.4
with 0.5% BSA, 2 mM EDTA and 0.1% sodium azide).
Neutrophils containing fluorescently stained NPs were ana-
lyzed by flow cytometry using BD LSR Fortessa (BD Bio-
sciences). The violet laser (405 nm) in combination with
610120 filters for Rhodamine B-labeled NPs were used for
flow cytometric analysis. Data were analyzed using FlowlJo
X Software (BD Biosciences). For confocal imaging, 25 mm
glass coverslips were first sonicated in double-distilled water
for 20 min, and subsequently dried with pressured air and
plasma-cleaned for 30 s. Neutrophils were diluted to 650.000
cells mL~" in PBS. and NP solution in PBS was added 3 min
before imaging to a final concentration of 25 pg mL™!.
Images were taken on a Zeiss LSM 980 confocal micro-
scope with ZEN 3.0 blue software suite at 37 °C and on a
Zeiss LSM 880 microscope at 37 °C and 5% CO,. On both
setups, a Plan-Apochromat 63x/1.40 Oil-objective was used.
For image analysis, Imagel / Fiji were used [20, 21]. Fig-
ures were composed using Figure] [22]. Time-line imaging
was specifically realized by taking transmission brightfield
images identifying the cell borders using the transmission
T-PMT detector, and confocal fluorescence images of the
NPs were recorded with a 561 nm laser source and detected
between 570 and 680 nm with a GaAsP-PMT (pinhole size
I airy unit). One three-dimensional image stack was taken
every 5 min.

Evaluation of 5-lipoxygenase product formation
in human neutrophils

For evaluation of the effects of test items on 5-LO product
formation in human neutrophils, cells (5x 10 mL ™) were
pre-incubated with BRP-201 NPs (Ace-DEX[BRP-201],
PLGA[BRP-201]) and non-loaded NPs (Ace-DEX, PLGA)
for different periods at 37 “C. Cells were then stimu-
lated with 2.5 uM Ca”*-ionophore A23187 (Cayman) for
10 min, and the incubation was stopped with 1 mL ice-
cold methanol containing 200 ng mL™"' PGB, as internal
standard. Samples were subjected to solid phase extraction

@ Springer



40 Page6of 19

C. Kretzeretal.

and formed 5-LO products (LTB, trans-isomers of LTB,,
5-hydroperoxyeicosatetraenoic acid (5-HETE)) were sepa-
rated and analyzed by RP-HPLC as previously described
[23].

Determination of lipid mediator signature profiles
in human monocyte-derived macrophages

Human monocyte-derived M1 macrophages (M1-MDM;
2x 10° cells) were seeded in 6-well-plates and pre-incubated
for 15 min, 5 h or 20 h with BRP-201 or NPs (Ace-DEX,
PLGA, Ace-DEX[BRP-201], PLGA[BRP-201]) at 37 °C.
The cells were subsequently incubated with Staphylococ-
cus aureus-conditioned medium (SACM, S. aureus strain
“6850", 24 h culture, OD =0.05) for 180 min. The reac-
tion was stopped with ice-cold methanol containing deu-
terium-labeled internal standards (d8-55-HETE, d4-LTB,,
d5-LXA,, d5-RvD2, and d4-PGE,; 500 pg each). Samples
were kept at — 20 °C for one day to allow protein precipi-
tation. After centrifugation (2000xg, 4 °C, 10 min), 8 mL
acidified water was added (final pH = 3.5) and samples were
subjected to solid phase extraction using RP-18 columns
and the lipid mediators (LMs) were analyzed by ultra-per-
formance liquid chromatography-tandem mass spectrometry
(UPLC-MS-MS) using an Acquity UPLC system (Waters)
and a QTrap 5500 Mass Spectrometer (Sciex) equipped with
an electrospray ionization source exactly as described before
[18].

Determination of lipid mediator profiles in human
whole blood

Freshly withdrawn whole blood in Li-heparin Monovettes
(Sarstedt) from healthy adult donors that had not received
any anti-inflammatory treatment the last 10 days was
provided by the Institute of Transfusion Medicine, Jena
University Hospital. The blood was incubated for differ-
ent periods with either BRP-201 or NPs (Ace-DEX, Ace-
DEX[BRP-201], PLGA, PLGA[BRP-201]) and stimulated
with pathogenic E. coli (06:K2:H1; 1x 107 cells per mL
blood) for 180 min. The reaction was stopped with ice-
cold methanol containing the deuterium-labeled internal
standards d8-55-HETE, d4-LTB,, d5-LXA,, d5-RvD2, and
d4-PGE, (500 pg. each). Samples were kept at —20 °C for
1 day to allow protein precipitation. After centrifugation
(2000xg, 4 °C, 10 min) 8 mL acidified water was added
(final pH=3.5). The samples were subjected to solid phase
extraction and analyzed by UPLC-MS-MS as described
previously [ 18], see above (Sect. Determination of lipid
mediator signature profiles in human monocyte-derived
macrophages).
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Inhibition of LTB, formation in murine blood in vivo

Adult (6-8 weeks) male CDI mice (Charles River, Calco,
Italy) were housed at the animal care facility of the Depart-
ment of Pharmacy of the University of Naples “Federico
II"" and kept under controlled environment (i.e., temperature
21 +2 °C and humidity 60+ 10%) and provided with normal
chow ad water ad libitum. Mice were allowed to acclimate
for 4 days prior to experiments and were subjected to 12 h
light/dark schedule. Treatments were conducted during the
light phase. The experimental procedures were approved by
the Italian Ministry and carried out in accordance with the
EU Directive 2010/63/EU and the Italian DL 26/2014 for
animal experiments and in compliance with the ARRIVE
guidelines and Basel declaration including the 3R concept.
Mice (n=6/group) received an injection of 200 pL. consist-
ing of 7 mg mL™" (46 mg kg™') Ace-DEX[BRP-201] NPs
containing 4.6 mg kg~ BRP-201 or the respective amount
of Ace-DEX NPs in saline intravenously (i.v.) into the tail
vein. After 3 h, zymosan (1 mg per mouse in 0.5 mL saline)
was injected intraperitoneally (i.p.) to induce inflammation
[24]. After another 4 h, mice were euthanized in a saturated
CO, atmosphere, and blood (0.7-0.9 mL) was collected by
intracardiac puncture through insertion of a 1 mL syringe
with a needle of 22 gauge (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) using citrate as anticoagulant (3.8%, w
v™1), immediately after euthanization. Plasma was obtained
by centrifugation of the blood at 800xg at 4 °C for 10 min
and immediately frozen for further analysis of LTB, via
UPLC-MS-MS as described above.

Statistics

Results are expressed as mean + standard error of the mean
(S.E.M) of n observations, where n represents the number
of experiments with cells from separate donors, performed
on different days. The sample size was chosen empirically
based on previous studies to ensure statistical power [15,
18, 19]. Datasets were analyzed by GraphPad Prism 9.2.0
(GraphPad, La Jolla, CA, USA). One-way ANOVA and
Tukey’s multiple comparisons test were used for statistical
analysis in case of one different independent variable influ-
ences one continuous dependent variable. Multiple t-test
was used for comparison of different concentrations of two
groups. Two-way ANOVA was used for statistical analysis in
case of two different categorical independent variables influ-
ence one continuous dependent variable, as indicated. The
criterion for statistical significance is *P <(.05; #*P <(.01;
#EP < (L001.
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Results and discussion
Nanoparticle formulation and characterization

For the encapsulation of BRP-201, we used two polymer
materials with different degradation kinetics, i.e. PLGA and
Ace-DEX that can be processed into NPs via nanoprecipita-
tion applying the same formulation parameters (solvent, drug
load, concentration, water-organic ratio, surfactant concen-
tration) [15]. Previously, we used methoxy acetalated dex-
tran (Ac-DEX) for the encapsulation of BRP-187, another
mPGES-1/FLAP inhibitor and demonstrated the advantage
of the encapsulating material [ 15]. However, upon degrada-
tion, Ac-DEX decomposes into dextran, acetone and metha-
nol [25]. To omit the formation of methanol—although dem-
onstrated to be non-toxic at concentrations usually applied
for drug delivery—an ethoxy acetal derivative of dextran
was used for encapsulation in this study. The ethoxy acetal
derivative releases the less toxic ethanol instead of methanol
upon degradation (SI, Fig. S1). This can be an advantage
in case of higher doses of NPs are administered or in case
of prolonged treatment times required during chronic treat-
ments [ 14].

NPs with 3% (w w™!) BRP-201 were first analyzed by
DLS, which revealed that particles feature a size of around
150 to 200 nm with narrow size distribution (PDI<0.2)
(with the exception of Ace-DEX-Rho). All NPs had a nega-
tive {-potential of — 20 to — 30 mV, indicating stable NP
formulations (Table 1). Similar insights were obtained from
NTA measurements, where PLGA[BRP-201] showed a mix-
ture of differently sized species in the formulation and a
higher concentration of species larger than 200 nm (SI, Fig.
S3B). A control experiment of precipitating the free drug
without polymer into water showed that BRP-201 formed
non-spherical particle-like precipitates of around 250 to

300 nm in hydrodynamic size. The size of the NPs as well
as the formation of the drug precipitates were also confirmed
by SEM (Fig. 1, and Fig. S2 in SI). The drug-formed precipi-
tates were slightly larger in size and PDI than the polymeric
NPs (SI Table S2, Fig. 1, Fig. 82 in SI). According to the
SEM, the PLGA[BRP-201] formulation showed a mixture of
uniformly distributed spherical NPs and particle-like struc-
tures of the drug (SI, Fig. S2B and C). Similar results were
obtained from NTA measurements, where PLGA[BRP-201]
showed a mixture of differently sized species in the formula-
tion and a higher concentration of species larger than 200 nm
(SI Fig. S3B, Table S2). NPs prepared with 3% (w w™!)
BRP-201 revealed optimal properties regarding size distri-
bution and encapsulation efficiency (EE). However, to reach
satisfactory doses in vivo, the preparation protocol for Ace-
DEX NPs was optimized in order to further increase the
drug loading. Both polymer and drug concentration fed in
the formulation were increased to 15 mg mL™" and 10% (w
w1, respectively. The resulting NPs remained within the
desired size range of 150-270 nm, with a similar yield but
with an EE of 100% (SI Table S3). Although the drug load-
ing was considerably higher (92 pg mg™! NPs) when 10% (w
w™1) BRP-201 was fed in the formulation, drug precipitates
were clearly present (Fig. 1C). Nevertheless, investigations
of the particles via MADLS revealed that when NP disper-
sions were mixed with 0.9% NaCl, only 20% of the particle
population was around 3 pm (SI Table S4, Fig. $13). In
this case, Ace-DEX-based NPs were within a size range that
pose a low risk of irritation at the injection site, [26] and are
below the suggested limits of 5 pm for the upper particle size
for injectable dispersions (SI Table S4) [27, 28]. Also, drug-
loaded NPs measured after 28 days (stored at 4 °C) revealed
that the particle size remained below the suggested limit of
5 pm (SI Table S5).

In general, the formulation parameters were efficient
since the EE for all NPs was >70% (Table 1). Based on the

Table1 Summary of the physicochemical properties of NPs loaded with 3% (w/w) BRP-201

Formulations with 3% BRP-201  Purified NP suspension ~ Lyophilized NPs Yield PVA EE LC

dy; (nm) PDI dy (nm) PDI £ (mV) (%) (%, whw) (%) (%, wiw)
PLGA 158 £5 0.11+£0.02 166+12  007+0.02  —24+4 67 240 - -
PLGA[BRP-201] 3% 174 £5 0.15£0.02 18247 0.13+0.02 —-22+3 71 1+0 75411 22403
PLGA-Rho 177411 0.13£0.00 168+11  0.09+0.01 —-25+1 59 18+1 - -
PLGA-Rho[BRP-201] 3% 201 +6 0.14+£001 1917 0.12+0.03 —-23+2 51 15+1 T9+5 2.3+02
Ace-DEX 140420 0.10+005 172+17  023+0.08 —19+6 41 3+1 - -
Ace-DEX[BRP-201] 3% 154427 0.08+0.02 128432  009+0.03 —24+6 39 140 69+16  2.0+05
Ace-DEX-Rho 185421 0.10+£0.02 391+49  0.43+0.05 —16+1 58 1041 - -
Ace-DEX-Rho[BRP-201] 3% 214+11  0.08+0.01 18247 0.08+0.01 —27+1 36 640 70+1 21401
BRP-201 precipitates 336+£79  023+0.15  317+44  0.18+0.09 —-2342 - - - -

dy, (Z-average), PDI and zeta-potential ({) measured by DLS and ELS, where n represents number of batches (PLGA and Ace-DEX n=8; Rho-
labeled NPs n=3; BRP-201 precipitates n=5); EE and LC determined by UV-VIS spectroscopy (1=9)
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Fig. 1 Scanning electron micrographs of the NPs: Ace-DEX (A), Ace-DEX[BRP-201] (B), and BRP-201 precipitates (C). Histograms were gen-

erated from Imagel measurements (n=300). The scale bars are 1 um

spectroscopic quantification, the amount of BRP-201 in
I mL of NPs dissolved in DMSO was around 318 pM for
PLGA[BRP-201] and 139 pM for Ace-DEX[BRP-201] for
NPs prepared with 3% (w w™') drug. Meanwhile, NPs pre-
pared with 10% (w w™') drug contained on average 1.3 mM
BRP-201 in 1 mL of NPs dissolved in DMSO. Consider-
ing that the IC;, of BRP-201 for inhibition of FLAP and
mPGES-1 are 0.04 and 0.42 pM, respectively, stable NP
dispersions with drug concentration of several hundred- to
thousand-folds higher compared to the drugs’ IC, values
were achieved. This is important for the biodistribution of
the NPs in vivo since in general less than 15% of the injected
dose of NPs reaches the intended target [29-31]. In addition,
administering high doses of NPs reduces liver clearance and
prolongs the circulation of NPs, since high doses of NPs
overwhelm the receptors of Kupffer cells in the liver [32].
The amount of residual PVA was found to be on aver-
age 10% (w w!) in all NP dispersions, with the exception
of the dye-labeled PLGA NPs, which retained 15 to 18%
(w w1y of residual surfactant (Table 1). A higher amount
of residual PVA was observed for NPs with 10% (w w™!)
BRP-201 (SI Table S3), since here the initial polymer con-
centration fed in the formulation was threefold higher when
compared to the NPs with 3% (w w~1) BRP-201 (Tzable 1).
Note that surfactants are necessary to preserve the stability
of the NPs, however, excess amounts should be removed
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from the dispersion to diminish their influence on the NP
cellular uptake processes [33].

Degradation of nanoparticles

The NP degradation behavior was studied in acetate (pH
4.5) and phosphate buffer (pH 7.4), both at 37 °C. The
count rate in DLS corresponds to the size and number
of particles scattering the laser beam, i.e. a high count
rate indicates numerous NPs scattering that light [34]. A
decreasing count rate over time at fixed scattering detector
conditions indicates the degradation of the NPs due to a
decreasing size and/or their number [15].

Figure 2A shows that for Ace-DEX[BRP-201] NPs the
count-rate decreased by about 50% after S0 min when
incubated at pH 4.5, whereas at pH 7.4, the count-rate
decreased by 50% of the NPs after approx. 20 h. Fur-
thermore, the drug-loaded Ace-DEX NPs apparently
degraded faster than their unloaded counterparts, regard-
less of the medium pH value, suggesting that BRP-201
may accelerate erosion of the NPs. The results further
imply that at low pH, Ace-DEX NPs presumably show
higher apparent erosion, which is observed first with an
immediate increase in the size and PDI of the NPs (SI,
Fig. S4, A and B). This could indicate aggregation of the
NPs, occurring due to the fast hydrolysis of the acyclic
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Fig. 2 Apparent decrease in
count rates of PLGA and Ace-
DEX NPs at 37 °C incubated in

- Ace-DEX pH 7.4

Ace-DEX pH 4.5 = Ace-DEX[BRP-201] pH 4.5

= Ace-DEX[BRP-201] pH 7.4

0.05 mM acetate buffer (pH 4.5)
and 0.05 mM phosphate buffer
(pH 7.4), as measured by DLS
at fixed scattering detector set-
tings (n=3). The derived count
rate on DLS was measured

at pre-determined times, and
plotted as normalized value
against the derived count rate at
timepoint 0 of incubation with
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acetals at their surfaces, followed by a further degradation
towards the interior of NPs proceeding mainly from the
slower hydrolysis of the cyclic acetals. The relatively fast
degradation initiated by the cleavage of acetal groups is
similar to polyketal-based polymers [14, 35]. In addition,
the apparent erosion of the Ace-DEX NPs is faster under
acidic conditions than at neutral pH value, indicated by a
progressive decrease in the size of NPs (SI, Fig. 54, A),
where after 20 h the size of the NPs decreased by about
40 nm for Ace-DEX[BRP-201].

On the other side, PLGA NPs followed a sigmoidal
progression of count-rate decreases, typical for polyester-
based polymers (Fig. 2B) [36, 37]. A 50% decrease in
the count rate of the PLGA[BRP-201] NPs was observed
between day 20 and 25 of incubations at both pH 4.5 and
7.4 (Fig. 2B). However, it should be noted that endogenous
enzymes (esterases) or other solution components in vitro
and in vivo could accelerate the degradation of PLGA, and
hence its degradation rate could be faster than that observed
in a buffer-only medium [38]. NPs labeled with Rhodamine
B showed similar apparent degradation profiles as the non-
labeled particles (SI, Figs. 85 and 56).
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Drug release from the NPs

Ace-DEX[BRP-201] and PLGA[BRP-201] NPs were
investigated via sedimentation velocity experiments with
an AUC, using multi-detection for the observation of the
apparent NP erosion processes and drug behavior (via
RI detection and absorbance detection) [39, 40]. Ace-
DEX|[BRP-201] NPs were studied on a timescale between
0.5 and 144 h (Fig. 3, Figs. S9 and S10 in the SI). The sed-
imentation velocity experiments enable analytical tracking
of sedimenting material according to its size in the centrif-
ugal field. Thereby, material successively moves from the
meniscus to the cell bottom at increased timescales cap-
tured with every scan by the detection modules (Fig. 3A).
From these time- and radially-resolved sedimentation pro-
files, the differential distributions of sedimentation coef-
ficients can be obtained, representative of the population
of sedimenting material and its amount. The differential
distribution of sedimentation coefficients, Is-g*(s), of the
Ace-DEX[BRP-201] NPs in water (control) displayed the
highest signal intensity in both detection mode (Fig. 3B
and Fig. S9 (top)). The samples investigated at pH 4.5 and
pH 7.4 showed differential distributions of sedimentation
coefficients with lower intensities at increased timescales.
Ace-DEX[BRP-201] NPs incubated for 144 h at pH 4.5
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Fig.3 A Selected sedimentation velocity profiles observed via
absorbance detection at A=316 nm (in terms of OD) of Ace-
DEX[BRP-201] NPs incubated for 0.5 h at pH 4.5 and 37 °C with
an early scan, t;, and a late scan, t,, highlighted in blue. B Differen-
tial distributions of sedimentation coefficients, ls—g*(s), from sedi-
mentation analysis of sedimentation velocity experiments at a rotor
speed of 1500 rpm, observed via absorbance detection at A=316 nm
(in terms of OD) of the NPs after incubation in 0.05 mM acetate
buffer (pH 4.5) (left), and 0.05 mM phosphate buffer (pH 7.4) (mid-

showed a distinct distribution of higher sedimentation
coefficients, which indicates the presence of a distinct
population of species (Fig. 3B, left), apparently absent
at pH 7.4 (Fig. 3B, right). However, this distinct popu-
lation at higher sedimentation coefficients was not seen
that significant with the RI detection (SI, Fig. S9). Thus,
the larger population of species that were only observed
with the absorbance detection hint toward the formation
of nanoprecipitates of poorly soluble BRP-201 after the
complete NP erosion at pH 4.5.
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dle) at 37 °C; the control refers to drug-loaded NPs in water stored
at 4 °C prior to the measurement. (Right) Apparent NP degrada-
tion and/or drug release was determined from the R1 and UV signal
intensities (in terms of integrated areas under the differential distri-
bution curves), respectively, at pH 4.5 and pH 7.4. The values were
calculated by normalization of areas under the curve from each time
at measurement against the recorded areas under the curves from the
NPs incubated for 0.5 h only

Based on areas calculated from the differential distri-
butions of sedimentation coefficients obtained from the
absorbance detection in terms of OD, a time-dependent drug
release from Ace-DEX[BRP-201] NPs at both pH values
was clearly evident (Fig. 3B, right). Ace-DEX[BRP-201]
NPs incubated at pH 4.5 released the encapsulated drug
faster than at pH 7.4. After 5 h, the NPs released more than
20% of drug at pH 4.5, and less than 10% at pH 7.4. After
20 h, the NPs released about 60% of the drug at pH 4.5,
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whereas at pH 7.4 only about 25% of the drug was released
(Fig. 3B, right).

Investigations of PLGA[BRP-201] NPs revealed simi-
lar features of the differential distributions of sedimenta-
tion coefficients, Is-g*(s), from the absorbance detection (in
terms of OD) and RI detection for samples mixed with buffer
of pH 4.5 and pH 7.4 (solutions were primarily heated to
37 °C) immediately before the measurement (Fig. 3B left
and middle (bottom); SI Fig. 89 (bottom)). The differen-
tial distributions of sedimentation coefficients based on
absorbance detection clearly exposed a shoulder toward
higher sedimentation coefficients becoming more evident
and ultimately dominating the distribution after 30 days
of incubation at both pH values (Fig. 3B, left and middle
(bottom)). This shoulder indicates an abundance of larger
species unveiled by active separation of the species in the
AUC. In comparison to the results from the absorbance
detection, the RI detection revealed a similar decrease of
the signal intensity with increased incubation times regard-
less of the pH values, with a barely visible shoulder toward
larger sedimentation coefficients, even after 30 days of incu-
bation (SI, Fig. S19, left and middle (bottom)). This could be
explained by the less sensitive RI detection when compared
to the absorbance detection when considering the drug nano-
precipitates. The same BRP-201 nanoprecipitates were also
observed in the SEM and indicated by the NTA as well (vide
supra). Apparently, the drug tends to form nanosized objects
in solution that are not encapsulated within the polymeric
matrix (particularly forming during erosion). Those species
have a distribution of sedimentation coefficients exceeding
those of the NPs as seen by the other analytical techniques as
well. The degradation, as well as the drug release appeared
slightly faster for NPs incubated at pH 4.5, as was simi-
larly observed for Ace-DEX[BRP-201] NPs (Fig. 3B, right).
However, here the degradation and drug release started atter
approx. 7 days of incubation and reached approx. 50% appar-
ent degradation and 30% drug release after 20 days of incu-
bation at both pH values.

The derived apparent degradation data obtained from the
AUC where also in accordance with the count-rate DLS data
(representative of apparent degradation) at the same chosen
timescales for both types of NPs (S, Fig. S10). Nicely, the
vastly different timescales (hours and days) for a decrease
of count rates is mirrored with the sedimentation veloc-
ity AUC data (Fig. 3B, right). Further investigations per-
formed at higher centrifugal speeds revealed the presence
of smaller species in the supernatant that corresponded to
the PVA surfactant (used in the formulation process), also
showing a response faster for acetate buffer at pH 4.5 than
for phosphate buffer at pH 7.4 for the Ace-DEX[BRP-201]
NPs (SI, Fig. S11 (top)) while appearing less pronounced
for the PLGA[BRP-201] NPs (SI, Fig. S11 (bottom)). After
144 h of incubation, the signal intensity of PVA increased
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by approx. threefold for Ace-DEX[BRP-201] at both pH
conditions, while simultaneously, the RI intensities of the
NPs decreased by approx. tenfold at pH 4.5 and 18-fold at
pH 7.4 (SI, Fig. S12, A). Similar trends were observed for
PLGA-based NPs (SI, Fig. S12, B), and also for other medi-
cal NPs [40].

Chemical elucidation of nanoparticles via Raman
spectroscopy

Raman spectroscopy was employed to investigate the chemi-
cal properties of individual formulations, and in particular,
to investigate if free drug is present as precipitates in the
Ace-DEX[BRP-201] and PLGA[BRP-201] formulations.
The Raman mean spectra of the two polymers and the drug
(Fig. 4) revealed characteristic structural features of the sub-
stances. For BRP-201, the most prominent Raman band was
at 1620 cm™', which can be assigned to the C=N vibration in
the benzimidazole ring, and was not overlapping with Ace-
DEX (C-H deformation band around 1450 cm™") and PLGA
(C=0 stretching vibration at 1760 cm™") bands. Thus, it was
used to visualize the relative abundance of the drug in the
NPs. The false color Raman image of the PLGA[BRP-201]
formulation (Fig. 4D) showed a non-homogeneous distri-
bution of PLGA and BRP-201. where distinct regions with
high abundance of BRP-201 were observed (green regions in
Fig. 4D. and light grey Raman spectrum in 4E). The size of
the regions in the false color Raman image was in the range
of the spatial resolution limit, which means that indicated
features must be 300 nm or smaller. Other regions were rich
in PLGA and showed only a low BRP-201 content (blue
regions in Fig. 4D, and dark grey Raman spectrum in 4E).
For Ace-DEX[BRP-201] formulations, no such inhomoge-
neities were observed (Fig. 4B). Here, the drug and polymer
were relatively equally distributed as noted from the small
range in the false color intensity scale (Fig. 4B), and from
the Raman spectra (Fig. 4C).

Furthermore, suspensions of Ace-DEX[BRP-201] NPs
were incubated for 48 h at either pH 4.5 or pH 7.4, and
subsequently samples were prepared by drop coating and
analyzed. Only few larger accumulations of solid particles
were found in the dried samples (bright field images, SI
Fig. §7). Raman spectra of the dried NP samples (SI, Fig.
S8) showed almost exclusively spectral contributions from
BRP-201 at different concentrations. Spectral signals from
Ace-DEX were not visible in the analyzed sample region.
These results confirm that after 48 h, Ace-DEX[BRP-201]
NPs were completely degraded, leaving only BRP-201 as
detectable material in the Raman spectra.
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Fig. 4 A Mean Raman spectra with standard deviation of pure nano-
material: BRP-201 precipitates (green), PLGA NPs (red) and Ace-
DEX NPs (yellow); spectra were shifted on the y-axis for clarity; B,
D false color Raman images calculated from the ratio of the Raman
intensities at 1620 em™" (BRP-201) and B 1450 em™" (Ace-DEX)

NP uptake in neutrophils

Neutrophils are a major source for inflammatory lipid medi-
ator (LM) production in the blood stream and were evalu-
ated for NP uptake. We monitored the uptake of Rhodamine
B-labeled NPs over 120 min for MFI measurement (Fig. 5A)
and 45 min for imaging using transmission brightfield and
confocal fluorescence microscopy (Fig. 5B) for identifying
cells and NPs, respectively. Both types of NPs were suf-
ficiently taken up by neutrophils with PLGA NPs being
superior to Ace-DEX NPs (Fig. 5). However, the lower
MFI of Ace-DEX NPs could also be a result of the faster
decomposition inside the cell since the polymer is rapidly
degraded at lower pH values. This hypothesis fits to the
identical uptake until 60 min, where Ace-DEX NPs start to
decompose (Fig. 2A).

Evaluation of free and encapsulated BRP-201 on cell
viability in human primary leukocytes

We next analyzed free BRP-201, empty NP, and NPs loaded
with BRP-201 for potential cytotoxic effects in human neu-
trophils and M 1-MDM. After 5 h incubation of neutrophils,
BRP-201 (1 pM) slightly but not significantly reduced cell
viability (trypan blue staining) to 85%. while no detrimen-
tal effects on cell viability were detectable for the NPs
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or D 1760 cm™! (PLGA), respectively; the color codes the inten-
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125 % 125 nm? each; C, E depict individual Raman spectra represent-
ing the extreme ratios from the false color Raman maps in B and D,
respectively

(Fig. 6A). Although neutrophils are a suitable cell model
to study inhibition of 5-LO product formation, their short
half-life hampers the suitability for long term (> 6 h) studies.
Therefore, we also used M1-MDM that also generate sub-
stantial amounts of 5-LO products, representing relevant tar-
get cells with a pro-inflammatory phenotype, with the advan-
tage of being suitable for prolonged incubations (up to 48 h).
Using two cell viability assays that address mitochondrial
functionality (MTT assay, Fig. 6B) and membrane integrity
(LDH-assay. Fig. 6C) we found that in M1-MDM incubated
for longer periods (24 h), cytotoxic effects of BRP-201 at
30 uM were obvious, a concentration that is 60- to 80-fold
higher than the effective concentration to inhibit LM forma-
tion in these cells [4]. When BRP-201 was encapsulated in
NPs, this detrimental effect was abolished, implying that
the encapsulation of BRP-201 in Ace-DEX and PLGA NPs
increases the compatibility of BRP-201,

Inhibition of 5-LO product formation by free
and encapsulated BRP-201 in human primary
leukocytes

To evaluate the efficiency of BRP-201 as free drug and
encapsulated into NPs for inhibition of cellular 5-LO prod-
uct formation, we first used human neutrophils as primary
innate immune cells with high capacities to generate 5-LO
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Fig. 5 Uptake of Rhodamine
B-labeled NPs in human
neutrophils. Neutrophils

(2% 10%) were pre-incubated
with 1 pg mL~" LPS for 30 min
or vehicle and then incubated
with 0.5 mg mL ™" (PLGA-
RhoB[BRP-201] or Ace-DEX- 2000
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RhoB[BRP-201]) NPs for the T
indicated time points at 37 °C.
(A) Mean fluorescence intensity
(MFI1) of NPs in the cell,
measured by flow cytometry.
(B) Neutrophils (3% 10°) were
seeded on coated coverslips.
Images were taken on a Zeiss
LSM 880 and a Zeiss LSM 980
microscope at 37 °C and 5%
CO,. A nanoparticle-solution
was added to a final solution

of 25 pg mL™! before imag-
ing. The top row represents the
z-projected brightfield images
of neutrophils, bottom row the
single slide confcoal fluores-
cence images of Rhodamine
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ing cellular NP uptake. Scale
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Fig.6 Cytotoxicity analysis. (A) Neutrophils resuspended in PBS
pH 7.4 containing 0.1% glucose were incubated with vehicle (-

BRP-201, empty NPs (“—*) or NPs loaded with BRP-201 for 5 h at
37 °C. Then, cell viability was assessed by trypan blue staining with a
ViCell XR device (Beckman Coulter). B, C M1-MDM in RPMI 1640
medium were incubated with vehicle, control (3 pM staurosporine),

products involving FLAP [41]. Freshly isolated neutro-
phils were pre-incubated with the test items for various
periods (i.e.. 15 min, 1 h, 2 h, and 5 h) and then stimulated
for FLAP-dependent 5-LO product formation using 2.5 uM

30

control

73
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BRP-201, empty NPs or NPs loaded with BRP-201 for 24 h at 37 °C
and cell viability was assessed using MTT assay (B) or LDH release
assay (C). Values are given as percentage of control (DMSO), data
are means £ S.E.M., n=3. For Statistics a one-way ANOVA and Tuk-
ey’s multiple comparisons test were performed

A23187 for 10 min. When BRP-201 as well as drug-loaded
NPs (PLGA and Ace-DEX) were pre-incubated for short
periods (i.e., 15 min up to 2 h), the potency of free and
of encapsulated BRP-201 was comparable with > 80%
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Fig. 7 Inhibition of 5-LO product formation by free and encapsulated
BRP-201 in isolated leukocytes. A-D Neutrophils were pre-incubated
with vehicle, BRP-201 or BRP-201-loaded NP made from PLGA or
Ace-DEX for 15 min (A), 1 h (B), 2 h (C) or 5 h (D) at 37 °C and
then stimulated with 2.5 uM A23187. After 10 min, the reaction was
stopped, and 5-LO products were extracted via solid phase extraction
(SPE) and analyzed with HPLC. Values are given as 5-LO products
(LTB,, trans-LTB,, and S-HETE) in percentage of control (vehicle,

inhibition of 5-LO product formation at 0.1 pM and ICy,
values of approx. 30 nM (Fig. 7A-C). However, after
5 h preincubation, encapsulated BRP-201 in NPs was
more efficient versus the free drug. Thus, at 30 nM, cor-
responding to the ICy, of free BRP-201 under standard
assay conditions in neutrophils [4], 5-LO product for-
mation is potently reduced by Ace-DEX[BRP-201] or
PLGA[BRP-201] down to 6 £4% and 11 + 7% remaining
activity, while free BRP-201 was much less potent and
81 +21% 5-LO product formation still remained (Fig. 7D);
the IC;, values for free BRP-201, Ace-DEX[BRP-201] and
PLGA[BRP-201] after 5 h preincubation were 86, 13, and
18 nM. These data indicate that BRP-201 loses potency
during prolonged (> 2 h) preincubation of neutrophils,
However, potent inhibition of 5-LO product formation by
BRP-201 is achieved and maintained in neutrophils over
time due to encapsulation of the drug in Ace-DEX- and
PLGA-based NPs.

Next, we performed experiments with pro-inflammatory
MI1-MDM stimulated with 0.1% S. aureus-conditioned
medium (SACM) to induce 5-LO product formation within
3 h, according to [42]. In analogy to A23187-activated neu-
trophils, the results with M 1-MDM confirmed the beneficial
effect of BRP-201 encapsulation in NPs versus free drug
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DMSO=100%). E, F M1-MDM were pre-incubated with wvehicle,
BRP-201 or BRP-201-loaded NP made from PLGA or Ace-DEX for
15 min E or 5 h F at 37 °C and then stimulated with 0.1% S. aureus-
conditioned medium (SACM). After 3 h at 37 °C, the reaction was
stopped and LT B, was analyzed by UPLC-MS-MS. Values are given
as percentage of the vehicle control. Data are means £ SEM., n=3.
For statistical analysis, two-way ANOVA and multiple ¢ tests were
performed

on 5-LO product formation after long-term incubation.
Thus, after 5 h of preincubation, the amount of LTB, was
reduced by 30 nM encapsulated BRP-201 down to 4 +0.8%
for Ace-DEX[BRP-201] and 3+ 0.7% for PLGA[BRP-201]
NPs while free BRP-201 impaired LTB,, formation only to
59 + 8.3% (Fig. 7F). In contrast, preincubation of M1-MDM
with Ace-DEX[BRP-201] or PLGA[BRP-201] NPs for only
15 min was slightly less efficient to inhibit 5-LO product
formation versus the free drug (Fig. 7E), possibly due to
retarded supply of BRP-201 from NPs into the cells.

Inhibition of 5-LO product formation by BRP-201
and NPs in human whole blood

One critical issue of FLAP as target for anti-inflammatory
therapy is the need of rather lipophilic antagonists that com-
pete with AA for binding to FLAP [43-45]. Due to these
structural requirements most FL AP inhibitors display strong
unspecific protein and membrane binding with overall poor
bioavailability in more complex experimental settings such
as whole blood, where excess of plasma protein as well
as non-targeted cells (e.g. platelets, erythrocytes) are pre-
sent and impair the efficiency of the compound. Thus, we
tested the potency of free and encapsulated BRP-201 under
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Fig. 8 Efficient inhibition of LTB, production by encapsulated BRP-
201 in human whole blood and in blood of mice in vivo. A-C Freshly
withdrawn blood was pre-incubated with vehicle, BRP-201, empty
NPs or NPs loaded with BRP-201 for A 15 min, B 5 h or C 20 h prior
to stimulation with E. coli (06:K2:H1; 107 bacteria per 1 mL blood)
for 3 h at 37 °C. D-F Freshly withdrawn blood was first pre-treated
with 100 ng mL-1 LPS for 24 h and then pre-incubated with vehicle,
BRP-201, empty NPs or NPs loaded with BRP-201 for D 15 min, E
5 hor F 20 h prior to stimulation with E. coli (06:K2:H1; 10° bacte-
ria per 1 mL blood) for 3 h at 37 °C. The incubations were terminated

varying preincubation periods (15 min, 5 h and 20 h) in
E. coli-exposed human whole blood, where neutrophils and
monocytes are the major sources for LT formation. Com-
pared to the high potency of BRP-201 in isolated neutro-
phils resuspended in PBS pH 7.4 (IC5,=0.03 £0.013 uM),
the compound significantly lost efficiency in whole blood
with [C5,=14.7 +3.8 uM at 15 min and 10.4+2.1 uM at
20 h pre-incubation (Fig. 8). However, when encapsulated
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by addition of 2 mL ice-cold methanol and samples were analyzed
for LTB, by UPLC-MS-MS as described. Data are means + S.E.M.,
n=6. G Timeline of mouse experiments. H Mice (n=6) received
empty NPs or NPs loaded with BRP-201 by i.v. injection into the tail
vein, 3 h prior zymosan administration (i.p.). After another 4 h, blood
was collected by intracardiac puncture and plasma was prepared.
LTB, was extracted from plasma by SPE and analyzed via UPLC
MS-MS. For statistics, a two-way ANOVA, multiple t-tests and a
ratio paired t-test were performed, n=6

into Ace-DEX, the potency of BRP-201 was improved about
fivefold with an IC;,=2.8 +0.5 pM, in particular after pro-
longed (20 h) preincubation periods (Fig. 8C), while pre-
treatment for 15 min (Fig. 8A) or 5 h (Fig. 8B) was less
effective (IC5;=4.2+0.9 and 8.2+2.1 uM). In contrast,
encapsulation of BRP-201 into PLGA did not significantly
enhance its potency (Fig. 8A-C).
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Next, we aimed at creating a pro-inflammatory environ-
ment within the whole blood incubations by pre-treatment
of the blood with LPS for 24 h prior to addition of the free
drug or drug-loaded NPs for various pre-incubation periods
(15 min, 5 h and 20 h) and subsequent stimulation by addi-
tion of E. coli for another 3 h. Under these experimental
conditions the LT-producing neutrophils and monocytes
become activated by LPS similarly like at inflammatory
sites. Again, free BRP-201 moderately suppressed LT for-
mation, comparable as in the absence of LPS and independ-
ent of the preincubation period, with ICy, values in the range
of 10-18 pM (Fig. 8D). But when the LPS-treated blood
was pre-preincubated with Ace-DEX[BRP-201] NPs for 5
or 20 h, the efficiency of BRP-201 to inhibit LT formation
strongly improved by about a factor of 10 (IC5;=1.6+0.3
and 1.9 +0.4 pM, respectively), and was even superior as
compared to blood devoid of LPS exposure (Fig. 8E and F).
For example, while 20 h preincubation with 1 pM reduced
LTB, formation down to 86 +9% in the absence of LPS, in
LPS-treated blood the LTB, production was lowered down
to 51+9% (Fig. 8F).

Finally, we injected Ace-DEX[BRP-201] NPs i.v. via the
tail vein of mice to test if encapsulated BRP-201 could sup-
press LTB, production in blood in vivo. Mice received a sus-
pension of 46 mg kg ! Ace-DEX[BRP-201] NPs, which cor-
responds to a dose of 4.6 mg kg™! BRP-201, or 46 mg kg™!
empty Ace-DEX NPs without BRP-201. After 3 h, zymosan
was injected (i.p.) in order to induce an inflammatory condi-
tion with increased LT B, formation in the blood, which was
analyzed after another 4 h by UPLC-MS-MS (Fig. 8G). As
can be seen from Fig. 8H, Ace-DEX[BRP-201] NPs signifi-
cantly impaired the levels of LTB, as compared to empty
Ace-DEX NPs devoid of drug, supporting the in vivo deliv-
ery performance of the formulation following i.v. injection.

Conclusion

This study was designed to improve the bioactivity of BRP-
201, a potent FLAP antagonist that, however, loses potency
in human blood when compared to isolated leukocytes—a
common feature of almost all FLAP antagonists [43-45].
Such loss of efficiency of BRP-201 and other FL AP inhibi-
tors in blood have been attributed to unspecific but strong
plasma protein or cell membrane binding with consequently
low efficacy in in vivo experiments and subsequent clini-
cal trials [44, 45]. To tackle this problem, we used PLGA
and Ace-DEX as biocompatible polymers to encapsulate
BRP-201 into biodegradable NPs to mitigate plasma pro-
tein binding, and thus, to improve drug delivery to FLAP
in the target cells within the blood. We optimized the NPs
and comprehensively characterized their physicochemical
properties, thus supporting the beneficial features of the
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final formulations. In general, we found that the encapsu-
lation of BRP-201 was more promising in Ace-DEX NPs
than PLGA NPs, which was due to the formation of drug
precipitates in PLGA NPs as indicated by SEM, AUC,
and Raman mapping. Thus, Ace-DEX NPs present a more
homogenous formulation than PLGA NPs with the desirable
feature of achieving a fast release of BRP-201. The design
of the NP carriers has also implications for inflammatory
cell models, i.e., BRP-201 loaded in Ace-DEX but not in
PLGA was able to potently suppress LT formation in human
whole blood, although both Ace-DEX[BRP-201] NPs and
PLGA[BRP-201] NPs caused more potent inhibition of 5-LO
product formation in isolated neutrophils and M 1-MDM
after prolonged pre-incubation versus the free drug, with-
out any significant differences between the two polymers. Of
interest, in addition to enhancing the LT-inhibitory potency,
encapsulation of BRP-201 lowers cytotoxic effects after
prolonged incubations with MDM. Under conditions where
monocytes and neutrophils are activated by LPS to mimic
an inflammatory environment, such as at sites of inflamma-
tion, the potency of Ace-DEX[BRP-201] NPs in blood is
even further improved. In fact, when given i.v. to mice that
were challenged with zymosan to induce an inflammatory
reaction, Ace-DEX[BRP-201] NPs significantly lowered the
LTB, levels in blood in vivo, supporting the feasibility of
our approach and its benefit in anti-inflammatory therapy. In
summary, we designed polymer-based nanoformulations of
BRP-201, which have been characterized in detail for their
physicochemical properties, drug loading and release, cyto-
toxicity, cellular uptake and desired hioactivity, eventually
overcoming the detrimental challenges in the development
of FLAP antagonists. Further optimization for scaling-up the
batches beyond the laboratory bench may provide sufficient
material for more advanced studies related to drug testing in
preclinical and clinical settings.
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Figure S1. Synthesis of ethoxy acetalated dextran (Ace-DEX) and its degradation products upon
hydrolysis.
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Figure S2. Scanning electron micrographs of the NPs: PLGA (A), PLGA[BRP-201] (B and C),
PLGA-Rho (D), PLGA-Rho[BRP-201] (E), Ace-DEX-Rho (F), Ace-DEX-Rho[BRP-201] (G). Histograms were

generated from Imagel) measurements (n = 300 to 500).
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Figure S3. NTA measurements of the particle size (top row) and intensity distribution (bottom row):
PLGA (A), PLGA[BRP-201] (B), Ace-DEX (C),
Ace-DEX[BRP-201] (D), and BRP-201 precipitates (E).
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Figure S4. Size (A and C) and PDI (B and D) of the NPs over the 20 h measurements at 37 °C determined
by DLS; NPs were incubated with 0.05 mM acetate buffer (pH 4.5) and 0.05 mM phosphate buffer (pH
7.4).
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Figure S5. Degradation of Ace-DEX-Rho NPs at 37 °C incubated with 0.05 mM acetate buffer (pH 4.5)
and 0.05 mM phosphate buffer (pH 7.4), as measured by DLS (n = 3) (A); the derived count rate on DLS
was measured over predetermined time points, and plotted as normalized value against the derived

count rate at timepoint 0 of incubation with buffer solution; concomitant size (B) and PDI (C) of the
NPs over the 20 h measurements at 37 °C.
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Figure S6. Degradation of Ace-DEX-Rho NPs at 37 °C incubated with 0.05 mM acetate buffer (pH 4.5)
and 0.05 mM phosphate buffer (pH 7.4), as measured by DLS (n = 3) (A); the derived count rate on DLS
was measured over predetermined time points, and plotted as normalized value against the derived
count rate at timepoint 0 of incubation with buffer solution; concomitant size (B) and PDI (C) of the
NPs over the 20 h measurements at 37 °C.
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Figure S7. White light images of the drop coated sample of suspension of Ace-DEX[BRP-201]: (A)
untreated Ace-DEX[BRP-201], (B) Ace-DEX[BRP-201] after 48h incubation at pH 4.5, (C) Ace-DEX[BRP-
201] after 48h incubation at pH 7.4. It can be seen, that while initially large aggregations are present
in the sample, after 48h incubation hardly any material is found on the slide. Raman spectra of the
dried samples B and C are shown in Figure S8.
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Figure S8. Spectra of the dried sample of Ace-DEX with BRP-201 after 48 h at pH 4.5 (A) and pH 7.4 (B).
The upper (grey) spectra show the lowest intensity of the peak at 1620 cm™ compared to the
background, while the lower (black) spectra show the highest intensity. Peaks specific for Ace-DEX
cannot be found in the spectra.
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Figure $9. AUC investigation via refractive index (RI) detection of BRP-201-loaded NPs, incubated with
buffers at 37 °C. Differential distribution of sedimentation coefficients, Is - g*(s), of Ace-DEX[BRP-201]
NPs (top row) and PLGA[BRP-201] NPs (bottom row) incubated at 37 °C at different times and from
experiments at a rotor speed of 1,500 rpm in acetate buffer (pH 4.5) (left) and phosphate buffer (pH
7.4) (middle). Rl and UV (in terms of OD) signal received by integration of differential distributions of
sedimentation coefficients, Is-g*(s), of particles against the incubation time at pH 4.5 and pH 7.4 (right).
The control refers to NPs in water stored at 4 °C prior to the measurement.
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Figure S10. Degradation of NPs measured by DLS at the timepoints chosen for the degradation and/or
the drug release measurements conducted on the AUC.
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The Rl signal intensity increased with longer incubation time at both pH values, probably due
to the raise of the PVA amount in the supernatant as the NPs degraded [34] (Figure S12 and
S13). For PLGA[BRP-201] NPs (Figure S13) the signal intensity of PVA in the supernatant was
more pronounced for the NPs incubated at pH 4.5, even for the shortest incubation time,

compared to pH 7.4. This may be a hint toward more pronounced degradation under acidic
conditions.
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Figure S11. Differential distribution of sedimentation coefficients, Is - g*(s), of Ace-DEX[BRP-201] (top
row) and PLGA[BRP-201] NPs (bottom row) incubated at 37 °C, at pH 4.5 (left) and pH 7.4 (middle)
measured at a rotor speed of 42,000 rpm after an overall 32 h of centrifugation at lower speed of 1500
rom in order to observe the remaining supernatant. Rl signal intensities received by integration of
differential distributions of sedimentation coefficients, Is-g*(s), of PVA in the supernatant against the
incubation time (right).
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Figure S12. Signal intensities received by integration of differential distributions of sedimentation
coefficients, Is-g*(s), representative of solution composition of Ace-DEX[BRP-201] NPs incubated for
0.5 h (empty bars) and of the NPs incubated for 144 h (filled bars) (A), and of PLGA[BRP-201] NPs
incubated for 0 d (empty bars) and of the NPs incubated for 30 d (filled bars) (B).
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Table S1. NTA measurement settings for individual NP-samples.

C(ugmL- Screen Camer Focu Detection Particles/fra
Formulation 1 gain a s threshold me
level

PLGA 50 10 8 26 4 27
PLGA[BRP-201] 50 11 5 26 4 32
Ace-DEX 10 10 11 19 7 71
Ace-DEX[BRP-

201] 10 3 15 16 29 70
BRP-201 10 3 8 14 14 78

precipitates

Table S2. Overview of the size of the particles analyzed by different analytical methods.

DLS

DLS

. . . NTA mean NTA mode SEM

Formulation intensity number (nm) (nm) (nm)
(nm) (nm)

PLGA 165 + 13 136 £ 9 131+19 12319 12‘“
PLGA[BRP-201]  185%5 139+ 7 179+70 21870 123 t
Ace-DEX 18013 10446 148+76  105+76  70+10
g\ggeiDEX[BRP' 111413 79416 129466  O4*66 76£13
BRP-201 317+44 252438 198 +45 21945/

precipitates

Table S3. Summary of the physicochemical properties of the pooled NP-formulation loaded with 10%

(w/w) BRP-201.

Pe_)oled NPs Purified !\IP NP suspension + 0.9%  Yield PVA EE LC

with 10% BRP- suspension NaCl

201 dy(nm) PDI (va) ?n“m) PDI fmv) (%) (%, wiw) (%) (%, wiw)
Ace-DEX 158 0.10 -8 152 0.03 -2 58 8.3t0.2 / /
Ace-DEX[BRP- 237 0.24 -16 231 0.23 -1 66 5.5+0 3 :I|08i‘| 08+12

201]

Table S4. Particle size distribution of the NP suspensions for in vivo evaluation as measured via multi-
angle light scattering (MADLS) with Zetasizer Ultra.

]I:orl_'nul_at_ion§ MADL Purified NP suspension NP suspension + 0.9% NaCl
or i.v. injection S
Angle Z‘:ak 1 Ppeak1 Peak2 Peak2 Z‘:ak 1 Peak1 Peak2 Peak
(om) (%) du (nm) (%) (nm) (%) du (nm) o)
Ace-DEX 173 167 100 O 0 162 100 / 0
90° 182 100 / 0 166 100 / 0
13° 138 95 2 S 162 100 / 0
Ace-DEX[BRP-  173° 243 100 / 0 268 100 / 0
201]
90° 320 89 57 11 338 90 61 11
13° 150 68 648 32 157 79 3344 21

89



Table S5. Particle size distribution of the NP suspensions for in vivo evaluation measured via multi-
angle light scattering (MADLS) with Zetasizer Ultra after 28 days storage at 4 °C.

Formulations gl:r?l] Peak 1 Peak 1 Peak 2 Peak 2
for i.v. injection e g du(nm) (%) du(nm) (%)

173° 158 100 / 0
Ace-DEX 90° 165 100 / 0

13° 134 96 5161 3

173° 638 95 57 5
98?]- DEXBRP- 90c 1064 57 391 43

13° 287 100 0 0

S D Gl % o o & :;l:_: T b @ 0. e Pl §
Figure S13. SEM micrographs of Ace-DEX NPs (A and B) and Ace-DEX[BRP-201]
NaCl.

9 5 .C‘ o)
NPs (C and D) with 0.9%
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Abstract: Seven polycaprolactones (PCL) with constant hydrophobicity but a varying degree of crys-
tallinity prepared from the constitutional isomers e-caprolactone (¢CL) and d-caprolactone (8CL) were
utilized to formulate nanoparticles (NPs). The aim was to investigate the effect of the crystallinity of
the bulk polymers on the enzymatic degradation of the particles. Furthermore, their efficiency to
encapsulate the hydrophobic anti-inflammatory drug BRP-187 and the final in vitro performance of
the resulting NPs were evaluated. Initially, high-throughput nanoprecipitation was employed for
the eCL and &CL homopolymers to screen and establish important formulation parameters (organic
solvent, polymer and surfactant concentration). Next, BRP-187-loaded PCL nanoparticles were pre-
pared by batch nanoprecipitation and characterized using dynamic light scattering, scanning electron
microscopy and UV-Vis spectroscopy to determine and to compare particle size, polydispersity, zeta
potential, drug loading as well as the apparent enzymatic degradation as a function of the copolymer
composition. Ultimately, NPs were examined for their potency in vitro in human polymorphonuclear
leukocytes to inhibit the BRP-187 target 5-lipoxygenase-activating protein (FLAP). It was evident by
Tukey’s multi-comparison test that the degree of crystallinity of copolymers directly influenced their
apparent enzymatic degradation and consequently their efficiency to inhibit the drug target.

Keywords: polycaprolactone (PCL); polyesters; hydrophobic-hydrophilic balance (HHB); nanoparti-
cle formulation; nanoparticle crystallinity; FLAP antagonist; BRP-187

1. Introduction

With the first clinical approval of a polymer-based nano-drug in 1995 [1], interest in
developing polymers as nanocarriers of (bio)pharmaceutical drugs has been steadily grow-
ing [2,3]. Due to their favorable characteristics, e.g., adjustable physical and mechanical
properties, it is not surprising that polymer-based nanomaterials are now established in
many areas of bionanotechnology. Polymers are widely used in delivery systems for thera-
peutics, in matrices for tissue engineering and, among others, in polymer-based composites
for biomedical purposes [4-6].

The main criteria in designing polymers for therapeutic use have been based mainly
on the biocompatibility and the biodegradability of the polymer backbone as well as the
suitability of the polymer to be processed into a stable pharmaceutical formulation [7].
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However, there are other parameters of equal importance to be considered to optimize a
polymer for its application as a delivery vehicle. In fact, parameters such as molar mass,
functional end-groups, hydrophobic-hydrophilic balance (HHB), melting temperature (Tp,)
and crystallinity strongly influence the drug loading and the drug release kinetics from the
polymer matrix [8].

Independent investigations of the influence of the polymer crystallinity on the result-
ing particle characteristics (e.g., particle formation and degradation) while keeping the
key properties of the system constant are rare or only provide partial conclusions typically
due to influences of a third variable [9]. In particular, alterations of HHB are frequently
accompanied by changes in crystallinity [10]. It is hence currently not fully understood if
degradation or general performance of hydrophobic pharmapolymers in aqueous media
are, in fact, strongly influenced by polymer crystallinity or if the hydrophobicity is the
dominating factor.

Today, the most commonly used polymers for biomedical applications are polyesters,
such as polylactide (PLA), poly(lactide-co-glycolide) (PLGA) and polycaprolactone (PCL) [11].
They are easy to access and offer a range of interesting advantages; i.e., (i) a complete
hydrolytic and /or enzymatic biodegradation, (ii) a facile and controlled synthesis to ob-
tain defined molar masses, (iii) various modification possibilities of the polymer structure,
and (iv) commercial availability [12]. The advantages of PCL compared to other aliphatic
polyesters include interesting thermal properties, higher durability and manufacturability,
and a good compatibility with other polymers [13,14]. Thus, PCL represents a promising
candidate to design materials with tailor-made properties [13,15,16]. Bandelli et al. recently
demonstrated that copolymerization of the constitutional isomers e-caprolactone (¢CL) and
-caprolactone (8CL) with a varying ratio of ¢CL and 3CL can generate a library of five
copolyesters featuring a constant HHB and similar molar masses in the range of 7 to 10 kDa,
but the copolymers showed a varying crystallinity [17]. They are hence suitable materials to
study the sole influence of crystallinity on the particle properties and performance. In this
study, we utilized this library of poly(eCL-ran-6CL) to formulate drug-loaded nanoparticles
(NPs). The aim was to investigate, firstly, whether such polymers provide suitable properties
(particle size and polydispersity) to form an NP-based drug delivery system, and secondly,
to study the effect of the crystallinity of the bulk polymers on the enzymatic degradation
and the in vitro performance of the resulting NPs.

The anti-inflammatory drug BRP-187 (4-(4-chlorophenyl)-5-[4-(quinoline-2-ylmethoxy)-
phenyl] isoxazol-3-carboxylic acid) is a dual inhibitor of the 5-lipoxygenase-activating
protein (FLAP) and microsomal prostaglandin E2 synthase-1 (mPGES-1), which are crucial
proteins within arachidonic acid (AA) metabolism. Inhibition of mPGES-1 and FLAP
prevents the biosynthesis of pro-inflammatory prostaglandin (PG)E; and leukotrienes (LTs),
respectively [18]. Several in vitro and in vivo studies with inhibitors of FLAP and /or
mPGES-1 have demonstrated their efficient anti-inflammatory activity while exhibiting
fewer adverse effects compared to the conventional non-steroidal anti-inflammatory drugs
(NSAIDs) [19,20]. These observations suggest that dual inhibition of FLAP and /or mPGES-
1, rather than blocking cyclooxygenase-1 or -2 pathways, might be a better strategy for
intervention with inflammation. However, BRP-187 is a fatty acid-like molecule with poor
water solubility and a strong tendency to bind plasma proteins [18]. Molecules exhibiting
such properties typically cause challenges in reaching a sufficient bioavailability in vivo
and require technological solutions to improve their pharmacokinetic drawbacks. We have
previously demonstrated that encapsulating BRP-187 into PLGA NPs and acetalated dextran
NPs enhanced its enzyme inhibition efficacy in vitro [21].

In the present study, we initially performed a high-throughput (HT) nanoprecipitation
approach for the homopolymers P<CL and P5CL to screen a range of polymer and surfac-
tant concentrations for the preparation of empty (unloaded) PCL particles. Once optimal
formulation conditions were established, and drug-loaded NPs were prepared by batch
nanoprecipitation of the PeCL and PSCL homopolymers as well as of the poly(¢CL-ran-
5CL) copolymers with BRP-187. PCL NPs with and without BRP-187 were characterized
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for their critical quality attributes, namely their particle size, polydispersity index (PDI),
surface charge and drug loading. Other particle properties i.e., nanodispersion stability and
NP degradation behavior were also investigated. Ultimately, BRP-187-NPs were studied
in vitro in human polymorphonuclear leukocytes (PMNL) for their efficiency to inhibit the
drug target FLAP, in comparison to the free BRP-187.

2. Methods
2.1. Materials

The PCL homopolymers and P(¢CL-ran-6CL) copolymers were synthesized as previ-
ously reported [17]. Key characterization data are listed in Table S1 in the Supplementary
Information (SI). For further details on their synthesis, the reader is referred to literature
reports [17]. Polyvinylalcohol (PVA) (Mowiol 4-88), tetrahydrofuran (THF), dimethylsulfox-
ide (DMSOQ) and lipase from the yeast Candida rugosa were purchased from Sigma-Aldrich
(Germany). BRP-187 was synthesized according to a published protocol [18]. Further
materials are described in the specific experimental sections.

2.2. Automated High-Throughput Nanoprecipitation

Automated high-throughput nanoprecipitation was performed in a 96-well plate
(Greiner Bio-One GmbH, Frickenhausen, Germany) utilizing a FasTrans liquid handling
robot (Analytik Jena GmbH, Jena, Germany). Starting with a polymer stock solution of
10 mg mL~! in THE, a dilution series with varying concentrations (0.25,0.5, 1, 2,3, 4,5, 6,7,
8, 9and 10 mg mL ') was prepared. The polymer solutions (40 pL) were then automatically
pipetted into 200 pL of either purified water (GenPure ultrapure water system, Thermo
Scientific, Waltham, MA, USA) or PVA surfactant-containing aqueous solutions with a
concentration of 0.25%, 0.5% or 1.0% (w/v). The resulting NP dispersions were mixed by
pipetting up and down three times and then left for two hours for solvent evaporation.
Each formulation was prepared twice. After solvent evaporation, the samples were diluted
with pure water (1:2 ratio for a polymer concentration up to 4 mg ml ! and 1:10 ratio for
all NPs prepared with a polymer concentration above 4 mg mL ') and investigated via
dynamic light scattering (as described in Section 2.4) [22].

2.3. Batch Nanoprecipitation

Polymer solutions with 5 mg mL LTor25s mg mL 1 were prepared in THF via batch
nanoprecipitation. For the drug-loaded particles, 10 mg mL I of BRP-187 dissolved in
DMSO were mixed with the polymer solution prior to formulation, which corresponded
to 3% (w/w) of the drug to polymer mass. The drug stock solution was sonicated in an
ultrasound water bath for 15 min at room temperature to ensure good dissolution. Parti-
cle formulation was carried out by injecting the polymer/drug solution into an aqueous
phase containing 0.3% (w/v) PVA using a syringe pump (Aladdin AL1000-220, World Pre-
cision Instruments, Berlin, Germany) with a flow rate of 2 mL min ! while stirring at
800 rpm. The solvent/non-solvent ratio was set to 1:8. The resulting particle suspen-
sions were stirred for 24 h at room temperature for solvent evaporation and then cen-
trifuged at 12.851 x g for 60 min at 20 °C using a Rotina 380 R centrifuge (Hettich Lab
Technology, Tuttlingen, Germany). The supernatant was removed, and the NPs were re-
dispersed in 2.5 mL pure water, vortexed and sonicated in an ultrasonic water bath for
30 min. The NPs were stored ovemight at 4 °C and lyophilized in aliquots of 200 pL.
After lyophilization, the mass of the NPs was determined using a precise analytical bal-
ance (MYA 11.4Y, Radwag Waagen, Hilden, Germany). The yield was calculated as fol-
lows: (mass of NPs recovered — mass of found PVA)/(mass of polymer + mass of drug) in
the formulation x 100. To check reproducibility, five individual batches of the drug-loaded
PCL particles were prepared and analyzed individually. The data provided represent the
average values and the standard deviation of these five batches.
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2.4. Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS)

DLS measurements were performed utilizing a Nano ZS (Malvern Panalytical, Malvern,
United Kingdom) with a laser wavelength of A = 633 nm with non-invasive back-scatter
(NIBS) technology [22]. The particle size is reported as the hydrodynamic diameter (dy).
The particle size distribution (PDI) was measured using pure water as a dispersant with a
refractive index RI of 1330 and a viscosity of 0.8872 cP at 25 °C. Samples obtained from the
automated HT-nanoprecipitation were measured at 25 °C in a micro cuvette (Brand GmbH,
Wertheim, Germany) without any filtering step with the following settings: measurements of
each sample were repeated three times for 10 sec at 25 °C. The samples obtained from batch
nanoprecipitation were measured at a dilution of 1:10 up to 1:100 utilizing the following
settings: five repeated measurements, each with five runs of 30 s. The zeta-potential of the
lyophilized NPs was investigated by ELS using the same instrument at 25 °C with three
repeated measurements.

The apparent degradation behavior of the NPs was analyzed by DLS by monitoring
changes in the mean count rate at fixed measurement settings: measuring position at 4.65,
attenuator factor 7 at 37 °C [21]. Before investigating, NPs were mixed with the enzyme
solution (a lipase from Candida rugosa) in a 1:4 mass ratio of polymer to enzyme and
incubated at 37 °C for pre-determined timepoints.

2.5. UV-Vis Spectroscopy Measurements

UV-Vis spectroscopy measurements were performed with the Infinite M200 Pro plate
reader (Tecan Group, Ménnedorf, Switzerland). For determination of the encapsulation
efficiency (EE) and the loading capacity (LC) of the BRP-187 in the PCL particles, lyophilized
NPs were dissolved in DMSQ, and the solutions were investigated in a flat-transparent
96-well quartz plate (Hellma, Jena, Germany) at A = 316 nm with 3 x 3 multiple reads per
well and a 2000 um well border. A calibration curve of BRP-187 was obtained for each batch
in the concentration range of 1.2 to 312.5 pg mL ! with R? = 0.9997. The LC was calculated
as follows: LC = (mass of drug recovered)/(mass of particle recovered) x 100. The EE was
calculated as follows: EE = LC found/(mass of drug used) x 100. The determination of
PVA in the NPs (%, w/w) was performed according to the published protocol [23].

2.6. Scanning Electron Microscopy (SEM)

A Sigma VP Field Emission Scanning Electron Microscope (Carl-Zeiss, Jena, Germany)
equipped with an InLens detector with an accelerating voltage of 6 kV was used for electron
microscopy imaging. Before the measurement, the samples were coated with a thin layer
of platinum (4 nm) via sputter coating (CCU-010 HV, Safematic, Zizers, Switzerland).

2.7. Cell Isolation

The leukocytes isolation was performed according to a published protocol [21]. Leuko-
cyte concentrates were prepared from peripheral blood obtained from healthy human adult
donors that received no anti-inflammatory treatment for the last ten days (Institute of Trans-
fusion Medicine, University Hospital Jena). The approval for the protocol was given by
the ethical committee of the University Hospital Jena, and all methods were performed
in accordance with the relevant guidelines and regulations. To isolate PMNL, the leuko-
cyte concentrates were mixed with dextran (Leuconostoc spp. MW ~40,000, Sigma Aldrich,
Taufkirchen, Germany) for sedimentation of erythrocytes and the supernatant was cen-
trifuged on lymphocyte separation medium (Histopaque®-1077, Sigma Aldrich, Taufkirchen,
Germany). Contaminating erythrocytes in the pelleted neutrophils were removed by hypo-
tonic lysis (water). PMINL were then washed twice in ice-cold phosphate-buffered saline
(PBS) and finally resuspended in PBS plus 0.1% of glucose and 1 mM CaCl,.

2.8. Determination of FLAP-Dependent 5-LO Product Formation in PMNL

The evaluation of the effects on FLAP was performed according to our established
protocol [21]. We assessed FLAP-dependent 5-LO product formation in human PMNL,
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cells (5 x 10 mL~1) were pre-incubated with BRP-187 or NPs for indicated timepoints
at 37 °C. The cells were stimulated with 2.5 pM Ca? * -ionophore A23187 (Cayman, Ann
Arbor, USA) for 10 min, and the incubation was stopped with 1 mL ice-cold methanol con-
taining 200 ng mL~ ! PGB as an internal standard. Samples were subjected to solid phase
extraction, and the formed lipid mediators (leukotriene By (LTBy), trans-isomers of LTBy,
5-hydroxyeicosatetraenoic acid (5-HETE)) were separated and analyzed by reverse-phase
high-performance liquid chromatography (RP-HPLC) as previously described [24]. Statisti-
cal analysis was performed with log-transformed values to obtain Gaussian-distributed
data sets. Experiments were analyzed via one-way ANOVA and Tukey’s multicomparison
test with GraphPad Prism 9.1.2 (GraphPad, La Jolla, CA, USA).

2.9. Cell Viability

Freshly isolated PMNL were incubated with a control sample with 0.1% DMSO, BRP-
187 (10 uM) or NPs containing the respective amount of BRP-187 (10 uM) at 37 °C in PBS
containing 0.1% of glucose. After 5 h the cell suspension was subjected to a Vi-CELL XR
cell counter (Beckman Coulter, Lahntal, Germany), for determination of cell viability by
trypan blue staining.

3. Results and Discussion

In our previous study, five poly(¢CL-ran-6CL) copolymers, herein named ¢87-513,
e81-619, e75-525, £61-639 and £45-655, and the two respective homopolymers PeCL and
PSCL, herein referred to as £100-50 and £0-8100, were synthesized exhibiting a constant
HHB [17]. Tt was demonstrated that the HHB of the bulk polymers correlated with the
HHB of the corresponding NPs when particles were prepared in THF using a polymer
concentration of 1 mg mL~! [17]. In the present study, the particle formation of the £100-50
and £0-5100 was investigated over a wider range of polymer concentrations in THF ranging
from 0.25 to 10 mg mL1 using an automated pipetting robot that was adapted for the HT-
nanoprecipitation [25]. Particles were formulated without surfactant as well as with PVA of
different concentrations (0.25 to 1% (w/v)). Previous studies revealed that PVA of less than
0.5% (w/v) generated stable drug-loaded PLGA NPs, and it could be demonstrated that
even concentrations of up to 5% (w/) were generally non-toxic in vitro [26]. £100-50 and
£0-5100 homopolymers both formed NPs up to the highest tested polymer concentration of
10 mg mL ! when PVA was used as a surfactant (SI, Figure S1). Even the lowest tested
PVA concentration of 0.25% (w/v) was sufficient to obtain stable particle dispersions and
£100-50 NPs with a size of 150 to 300 nm and €0-5100 NPs with a particle size of 120 to
280 nm with PDI < 0.3. However, £0-6100 NPs prepared without surfactant failed to
produce stable NP dispersions above concentrations of 0.5 mg mL ! as indicated by a
strong aggregation of the particles. This is not surprising since £0-56100 is above its glass
transition temperature at room temperature, which could disturb the particle formation
in the absence of a stabilizer. It is well-known that several factors influence the final NP
properties, including the polymer concentration, the solvent used to dissolve the polymer
and the type and the concentration of the surfactant [26-28]. THF was demonstrated to
be a suitable solvent in the HT-screening, resulting in stable particle formation within a
broad polymer concentration range when PVA was used as a surfactant. Hence, it was
selected as solvent for the subsequently performed BRP-187 encapsulation experiments.
All other formulation parameters for the preparation of PCL[BRP-187] NP were adapted
from our previous study that described the encapsulation of BRP-187 into PLGA NPs [21].
The first batch nanoprecipitation with the drug and a polymer concentration of 5 mg mL :
in THF yielded large particles with a diameter (dy;) of 400 to 600 nm with high LC vales
(SL Table 52). However, the particles revealed significant aggregation after centrifugation
and lyophilization, as indicated by the higher PDI values of 0.3 to 0.6. Hence, the initial
polymer concentration was reduced to 2.5 mg mL Tto optimize the dispersion stability
and to decrease the particle size [28]. Particles within a size range of 200 to 260 nm and PDI
values below 0.3 were obtained for all PCLs using a polymer concentration of 2.5 mg mL 1
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(Table 1, SI Table S4). It was further observed that empty NPs were approximately 30 to
50 nm smaller compared to the BRP-187-loaded NPs (SI, Table S3). The particle size of
the empty NPs increased by approximately 40 to 80 nm when NPs were lyophilized and
subsequently reconstituted in water (SI, Table 53). Similar tendencies were also observed
for the PCL[BRP-187] NPs, although here the difference in size was on average only about
30 to 50 nm (Table 1), presumably caused by the strong affinity of the hydrophobic drug
with the polymer matrix [29]. The particles were also investigated via SEM (Figure 1),
which revealed individual or clustered particle populations within the particle size range
as indicated by DLS measurements.

Table 1. Overview of PCL[BRP-187] NP properties prepared in THF using a polymer concentration of 2.5 mg mL 1.

eCL/8CL Tm X2 du® PDI® ZP* dy ¢ PDI ¢ PVA Yield ¢ LC*

(mol %) (°C) (%) (nm) (mV) (nm) % (wlw) (%) (%)

£100-50 69 73 229 + 13 0.08 + 0.02 =50+1 268 + 21 0.27 +0.09 45 87 1.5+ 0.1
e87-513 54 44 211+5 0.08 £+ 0.02 —-38+2 251413 0.30 £ 0.14 45 76 1.4 +£05
£81-519 52 38 218+ 13 0.08 £ 0.02 —-41+1 267 £ 24 0.37 £0.27 47 81 14 +02
£75-625 42 28 225 £13 0.16 + 0.11 -34+1 260 £ 23 0.42 +0.20 5.0 67 1.9 £ 0.6
£61-539 24 4 209 £13 0.06 + 0.12 -40+1 223+ 16 0.16 £ 0.10 8.2 61 1.7 £01
£45-855 = 0 200 £ 13 0.10 £ 0.12 -32+1 237 £ 61 0.18 £ 0.08 6.7 52 1.4 +£02
e0-8100 /" 8 259 + 32 0.28 + 0.14 —45+2 262 4+ 20 0.26 +0.26 5.5 54 32+12

dy represents the intensity-weighted distribution (n > 4 batches) and zeta-potential (ZP) (n = 3 ELS measurements) * Amorphous or near
amorphous polymers with glass transition temperature T, below 37 °C [17]. * Bulk degree of crystallinity as determined by wide-angle X-ray
scattering (WAXS) at room temperature. b NPs measured after purification. © NPs measured after lyophilization and subsequent resuspension
in water. 4 Yield = (mass of NPs recovered — mass of found PVA)/(mass of polymer + mass of drug) in the formulation % 100. ¢ Determined by
UV-VIS spectroscopy at A = 316 nm (n = 4) and calculated using LC = (mass of drug recovered)/ (mass of particle recovered) = 100.

£61-5639

£75-625

Figure 1. SEM micrographs of PCL[BRP-187] particles consisting of the homo- or copolymers with a varying composition.

Scale bar =1 pum.

The average LC of the PCL[BRP-187] NPs was between 1.4 and 1.9% for £100-50 and
the poly(¢CL-ran-8CL) copolymers (Table 1) and similar to the LC values of PLGA NPs
encapsulating the same drug [21]. The only exception was the £0-5100 homopolymer with
an LC of 3.2%, probably due to its almost liquified state at room temperature. This resulted
in a viscous dispersion with emulsion-like properties in which the drug was apparently
entrapped during the purification process.

In general, the yield of both empty and drug-loaded PCL NPs decreased with increas-
ing molar fraction of JCL (Figure 2A}. In other words, NP yield increased with the degree
of crystallinity of the polyester materials. Amorphous materials are frequently utilized as
excipients in pharmaceutical formulations since they are known to increase the dissolution
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rate of insoluble drugs and to enhance their bioavailability [30]. However, their major
disadvantage is seen in the fact that they exhibit high energy states at a molecular level and
thus are prone to physical instabilities. In particular, such tendencies were observed with
the NPs of the amorphous PSCL homopolymer, which displayed a higher polydispersity
and the lowest yield. In technical terms, the low yield of the copolymers with a higher
fraction of CL could have resulted from their near-molten state at room temperature
causing them to sediment at a lower rate due to their lower density. Thus, after 60 min of
centrifugation, a lower amount of the NPs was recovered.

A 100 B 10

80 P 8 ©
3 ® 2= .0
- 6o o el M °
= o o § H -
; = 3
& 40 @ S
= o

20 2

0 0

0 25 50 75 100 0 25 50 75 100
SCL (%) Polymer crystallinity (%)
C _ 100 D 160
= c °
= 80 s »
_g o E g 120 o
S 60 Se o
= ° fo @
_g 40 .§_ 5
ot
2 204 ° 9 F 40
8 w
2- 0 0
0 25 50 75 100 0 25 50 75 100
SCL (%) Polymer crystallinity (%)

Figure 2. Influence of the CL fraction on the yield of drug-loaded PCL NPs (A), influence of the
polymer crystallinity on the residual PVA content of drug-loaded PCL NPs (B), apparent degradation
represented by the normalized relative count rate (%) after 20 h plotted against the 8CL fraction
of the copolymers (C) and influence of polymer crystallinity on the efficiency of drug-loaded PCL
NPs to inhibit 5-LO product formation (D). Black-circled data points represent PCL polymers with a
degree of crystallinity below 10% and a Ty <37 °C.

Furthermore, it was observed that the residual amount of PVA in the drug-loaded NPs
was higher compared to the empty NPs for all PCL copolymers (Table 1 and SI, Table 53).
As mentioned before, such differences are typically a result of strong drug—polymer interac-
tions [31], and in this case, the interactions of the BRP-187 with the chains of PVA polymer.
Moreover, the residual PVA content was noticeably higher for less crystalline copolymers
with a higher §CL fraction and highest for the particles consisting of the PSCL homopolymer
(Figure 2B). Apparently, the surfactant molecules tended to stick to the surface or were even
incorporated into the particles formed from amorphous polyesters that are above their glass
transition temperature during formulation. As soon as the materials were semicrystalline
and below Ty, the degree of crystallinity did not influence the amount of residual PVA
anymore. Besides providing dispersion stability, surfactants also influence the degradation
rate of NPs since they adsorb at the surface of the particles forming a layer that protects from
enzymatic hydrolysis to some degree [32]. Additional characterization experiments of the
PCL[BRP-187] NPs were performed to investigate the degradation kinetics as well as the
biological evaluation of the NP efficiency to inhibit the drug targets in vitro.
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3.1. Degradation Studies

Among the aliphatic polyesters that are most commonly investigated for drug delivery
applications, PCL has a superior thermal stability, with a decomposition temperature of
100 °C higher above that of the typical PLA- and PGA-based polymers [15]. Due to its high
durability, PeCL has found a wide range of applications mainly for implantable medical
devices [33,34], in which degradation occurs over two to four years [13]. However, to tailor
their application for drug delivery purposes, faster degradation kinetics of the PeCL are
desirable and can be achieved by copolymerization of eCL with its isomer 8CL [9]. Intro-
ducing §CL repeating units to the PeCL polymer decreases its degree of crystallinity [17],
and as such, it increases its rate of degradation as confirmed by investigations of films [35].
Figure 3 shows the enzymatic degradation of the PCL[BRP-187] particles incubated for 24 h
at 37 °C as monitored by DLS. The apparent NPs degradation was inferred by monitoring
changes in the sample concentration over time, as indicated by the count rate on the DLS
under constant measurement settings [21]. In agreement with literature reports regarding
film degradation, Figure 3 reveals that the degradation of the most crystalline ¢100-50
was the slowest in the nanoparticulate state. £100-60 is predominantly a semicrystalline
material with a melting point considerably higher than the experimental temperature of
37 °C. It was noticed that except for the £0-5100 homopolymer, which degraded only about
25% after 24 h, the NP degradation rate generally increased with the amount of the 6CL
(Figure 3A). This was expected since the long-range order and the compact structure of
crystalline materials requires higher levels of energy for degradation compared to the less
organized molecular arrangement of amorphous materials [29,36].

B
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Figure 3. Normalized count rate of BRP-187-loaded PCL NPs incubated with Candida rugosn as measured by DLS for
24 h (A). (B) depicts a zoomed-in area into the data until 5 h.

This observation is further confirmed by other studies that have also demonstrated
that the amorphous regions within bulk and /or films of PeCL polymer degraded faster
compared to the crystalline regions [35,37,38]. Another study with similar observations
argued that polyesters with higher crystallinity exhibit a slower degradation because in a
densely packed crystal, it is more difficult for the enzymes to reach the cleavable bonds [39].
In general, our results revealed that all copolyester NPs featured an apparent degradability
above 50% within 5 h (Figure 3B). A faster initial degradation was particularly observed
for the £75-625 and £61-539 copolymers since they exhibit melting points (42 °C and 24 °C,
respectively [17]) that are closer to the experimental temperature of 37 °C, which was
chosen to simulate the conditions of the human body (Figures 2C and 3B) [8].

3.2. In witro Performance of NPs

Although clear influences of the polymer crystallinity and physical state on NP for-
mulation and enzymatic degradation were found, other effects might come into play in
the more complex environment of a cell. The PCL[BRP-187] particles were hence tested in
human PMNL for bioactivity. PMNL are the most abundant leukocytes in the blood and
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are a major source for FLAP-dependent 5-LO product biosynthesis, thus they are suitable
cells for evaluation of various anti-LT agents. Note that FLAP as helper-protein of 5-LO
has no enzyme activity that can be experimentally assessed, but instead assists 5-LO in LT
formation by facilitating the access towards the substrate for the 5-LO enzyme. At first, the
PCL[BRP-187] NPs were compared to the free drug for their influence on the cell viability of
PMNL (cytotoxicity). No cytotoxic effects of the particles were found within a 5 h incubation
as shown in the SI (Figure 52). These results were in agreement with previous studies that
demonstrated PCL NPs to be biocompatible [40,41]. Considering their good biocompatibility,
all PCL[BRP-187] particles as well as the free drug were studied for their efficiency to inhibit
the drug target FLAP in PMNL and, thus, to prevent 5-LO product formation [42]. Therefore,
a drug concentration of 0.3 uM was chosen for free and encapsulated BRP-187, which were
investigated at different preincubation times (15 min, 1h, 2 h and 5 h, respectively). As shown
in Figure 4A, 5-LO product formation was clearly suppressed after 15 min of incubation
with the PCL[BRP-187] particles to variant degrees, but essentially the particles performed
as efficiently as the free drug. Apart from this, there was no significant difference between
the different PCL[BRP-187] polymers at longer incubation time points (i.e., 1-5 h; Figure 4B
and SI, Figure 53). More specifically, the NPs prepared with €75-625 prevented the 5-LO prod-
uct formation most after 15 min of incubation (Figure 4A). This observation also correlated
with the fastest apparent degradation of the £75-625 copolymer (Figure 3B), which might be
promoted by its melting point of 42 °C, which is around the temperature of cell incubation
(ie., 37 °C). Karavelidis et al. reported that other polyesters with melting points around 37 °C
exhibited a faster drug release [8]. It can be inferred that the rapid degradation of £75-625 led
to an accelerated release of the BRP-187, thereby considerably preventing the 5-LO product
formation at early time points (Figure 2C,D). NPs formed from PCL with higher ¢CL fraction
and hence higher Ty, as well as a higher degree of crystallinity, were less effective. As shown
in Figure 2D, the 5-LO product formation was almost linearly dependent on the polymer
crystallinity if only the semicrystalline materials are considered. The better performance of the
NPs with lower crystallinity could be explained by two effects based on two different release
mechanisms. Firstly, less crystalline materials with a larger fraction of amorphous domains
enable a faster diffusion of the drug through the polymer matrix without barriers formed
by crystalline domains [11,43]. Secondly, if the drug release is promoted through polymer
degradation, these amorphous domains would most likely be more accessible for enzymes
catalyzing the polyester hydrolysis [11].
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Figure 4. Measurement of 5-L.O product formation as an indicator for the inhibition of the drug target FLAP by BRP-187 [36].
PMNL preincubated with DMSO, BRP-187 (0.3 M), empty PCL particles (labeled as w/0) or PCL particles with BRP-187
(labeled with BRP-187; 0.3 pM respective BRP-187) for 15 min (A) or 5 h (B) at 37 °C. Values are given as 5-LO products
as a percentage of control (DMSO) (n = 3). Statistical analysis was performed via one-way ANOVA and Tukeys multi

comparison test with logarithmic trans-formed data (* p < 0.05).
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Based on the apparent enzymatic degradation of the PCL NPs, a burst release of the
drug is conceivable considering the immediate decrease in the count rate of at least 5 to 10%
of all PCL NPs (Figure 3B). The slightly higher efficiency of the NPs to inhibit 5-LO product
formation in PMNL within 15 min supports this idea (Figure 4A). For the polymers with a
degree of crystallinity below 10% and Tg < 37 °C, namely £61-539, £55-545 and £00-5100,
inhibition of 5-LO product formation is less apparent after 15 min of incubation (Figure 2D,
black-circled data points). This is presumably because these polymers are molten and more
viscous at 37 °C. As a consequence, they could delay the release of the drug and therefore
hamper the drug action in the cells.

Furthermore, the coating effect of PVA might reduce the influence of the crystallinity
of NPs or their intracellular drug release. It is reported that increasing amounts of residual
surfactant decrease the cellular uptake of the NPs [44,45]. This could explain why the
PCL copolymers with a higher fraction of 6CL containing more residual PVA (Figure 2B)
were less efficient to inhibit 5-LO product formation after 15 min of incubation (Figure 2C,
Figure 4A) when compared to the PCL copolymers with a higher ¢CL fraction containing
less residual PVA. However, no correlation was observed between suppression of 5-LO
product formation and the PVA content in the formulation, showing that the trend cannot
be generalized (SI, Figure S4).

4. Conclusions

A library of poly(eCL-ran-6CL) copolymers with a constant HHB but different degrees
of erystallinity were used to encapsulate BRP-187 into polymer NPs. PCL[BRP-187] parti-
cles with a diameter of 200 to 300 nm were successfully produced, whereby a comparable
drug-loading was observed with LC between 1.4% and 1.9%, with the exception of the
P5CL homopolymer, which revealed a higher LC. It was evident that the degree of crys-
tallinity directly influenced the enzymatic degradation rate of the PCL copolymer, whereby
the degradation increased with an increasing fraction of 8CL repeating units. In addition,
increasing the amount of §CL in the polymer increased the amount of residual surfactant
in the NP formulation but decreased the final NP yield. The release of bioactive BRP-187
from the PCL NPs was demonstrated in vitro in PMNL by inhibiting FLAP-dependent
5-LO product formation, whereby the inhibition efficiency was dependent on the degree
of crystallinity of the copolymers used for the particle formulation. The NPs of ¢75-525
revealed the fastest degradation and inhibited the 5-LO product formation more than the
other copolymers after 15 min of incubation in PMNL; longer preincubation times (1 to 5 h)
reduced the potency. In conclusion, although all PCL copolymers were suited to produce
NPs, the £75-625 copolymer can be considered as a more promising candidate to be further
investigated for both its physicochemical properties and its performance in more complex
biological models. When designing superior materials for NP-mediated drug delivery; it
hence seems promising to rely on polymers that are in a solid state of matter at 37 °C but
feature a low degree of crystallinity. However, it is not yet clear if these observations can be
applied to other systems. Thus, our future research will concentrate on the encapsulation
of other anti-inflammatory drugs in the polymer library with constant HHB to determine if
the effect of polymer crystallinity of the present PCL systems can be transferred to other
actives. In addition, we are currently establishing similar libraries mimicking the HHB of
PLA to understand if our findings can be generalized in the field of polyester-based drug
carrier materials.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /article/10
3390/ polym13152557 /51, Figure S1: Hydrodynamic diameter (intensity-weighted distribution, cir-
cles) and PDI (bars) of the homopolymer £100-60 and £0-6100 NPs over a range of PVA concentration
used in the formulation, Figure S2: Cell viability measured with a Beckman ViCell XR cell counter by
trypan blue staining. A total of 1 x 107 PMNL were diluted in PBS plus 0.1% of glucose and incubated
with DMSO, BRP-187 (10 uM), empty PCL particles (labeled as w /o) or PCL particles with BRP-187
(labeled with BRP-187; respective amount to 10 uM BRP-187) for 5 h at 37 °C. Values are given as
5-LO products as a percentage of control (DMSO) (n = 3), Figure S3: Measurement of 5-LO product
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formation as indicator for the inhibition of the drug target 5-lipoxygenase-activating protein (FLAP)
by BRP-187.[37] A total of 5 x 106 polymorphonuclear leukocytes (PMNL) diluted in PBS containing
0.1% glucose and 1mM CaCl, were preincubated with DMSQO, BRP-187 (0.3 uM), empty PCL particles
(labeled as w/0) or PCL particles with BRP-187 (labeled as BRP-187; 0.3 uM respective BRP-187) for
1h (A) and 2 h (B) at 37 °C and further stimulated with 2.5 uM A23187 for 10 min. The reaction
was stopped with 1 mL ice-cold methanol containing 200 ng mL-1 PGB1 as internal standard. Lipid
mediators were extracted via solid-phase extraction (SPE) and analyzed with HPLC. Values are given
as 5-LO products (LTB4, its trans-isomers 4 and 5-HETE) as a percentage of control (DMSO) (n = 3),
Figure 54: Influence of the residual PVA on the efficiency of drug-loaded PCL NPs on 5-LO inhibition.
Black-circled data points represent PCL polymers with bulk degree of crystallinity below 10% and
glass transition temperature Tg < 37 °C. Table S1: Molar mass and composition of the (co)polyesters.
Details are described in a previous publication, Table 52: Properties of PCL[BRP-187] NPs formulated
from THF utilizing polymer concentration of 5 mg mL™! (n = 1 batch), Table $3: Particle properties
of empty PCL NPs prepared in THF with ¢ =2.5 mg mL 1 (n = 2 batches) obtained by DLS and
ELS measurements after purification and after lyophilization and subsequent resuspension (n =2
for purified NPs, n =1 for lyophilized NPs), Table S4: DLS intensity-weighted size distribution of
PCL[BRP-187] NPs of one formulation round after purification, as well as after lyophilization and
resuspension in water.
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Table S1. Molar mass and composition of the (co)polyesters. Details are described in a
previous publication [V

£CL/ ®CLa Mo, theo® M, v M., skce Pskc e
(mol %) (kg mol) (kg mol ) (kg mol?)

100/0 11 13 19 1.17
87/13 9 13 21 1.57
81/19 9 10 19 1.41
75/25 8 10 19 1.30
61/39 7 9 16 1.26
45/55 7 7 15 1.21
0/100 10 9 6 1.09

(a) Determined by 'H-NMR spectroscopy of the purified polymers.

(b) Molar mass expected from monomer conversions and the feed ratio.

(c) Determined by size exclusion chromatography (eluent CHCL, refractive index detection, polystyrene
calibration).
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Figure S1. Hydrodynamic diameter (intensity-weighted distribution, circles) and PDI (bars)
of the homopolymer £100-50 and £0-6100 NPs over a range of PVA concentration used in the

formulation.
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Table S2. Properties of PCL[BRP-187] NPs formulated from THF utilizing polymer
concentration of 5 mg mL~* (n = 1 batch).

eCL/6CL Purified NPs» Lyophiliz  LC- PVAd Yielde
(mol %) ed NPst

d;, (nm) DI d,; (nm) PDI (%, w/w) (%)
£100-50 593 0.52 461 0.40 2.00 97
£87-013 427 0.23 349 0.30 2.01 86
£81-019 445 0.24 465 0.33 1.82 99
£75-025 421 0.28 651 0.62 1.88 95
£61-539 407 0.19 443 0.40 1.63 76
£45-555 397 0.26 414 0.36 2.26 60
£0- 5100 403 0.49 436 0.49 1.66 53

du represents the intensity-weighted distribution.

(a) NPs measured after purification.

(b) NPs measured after lyophilization and subsequent resuspension in water.

(c) Determined by UV-VIS spectroscopy at A = 316 nm (n = 4) and calculated using LC = (mass of drug recovered)
/ (mass of particle recovered) x 100.

(d) The determination of PVA in the NPs (%, w/w) was performed according to the published protocol.l*l(e)
Yield = (mass of NPs recovered including PVA residue) / (mass of polymer + mass of drug) in the formulation x

100.

Table S3. Particle properties of empty PCL NPs prepared in THF with ¢ =2.5 mg mL! (n=2
batches) obtained by DLS and ELS measurements after purification and after lyophilization
and subsequent resuspension (n = 2 for purified NPs, n =1 for lyophilized NPs).

£CL/6CL Purified NPs a Lyophilized NPs» ZP% PVA« Yield ¢
(mol %) dy(mm) ppr dy@m PDI (mV) o, wiw) ()
£100-50 250 0.08 250 0.21 -33 2.0 93
£87-613 177 005 253 0.27 23 2.0 68
£81-619 193 0.06 268 0.28 -38 18 70
£75-625 196 005 279 0.33 32 1.9 76
£61-639 170 0.08 220 0.21 -13 1.6 54
£45-655 163 006 205 0.23 33 23 51

£0- 5100 212 0.08 285 0.30 -40 17 67

du represents the intensity-weighted distribution (five measurements) and zeta-potential (ZP) (three
measurements).

(a) NPs measured after purification.

(b) NPs measured after lyophilization and subsequent resuspension in water.

(c) The determination of PVA in the NPs (%, w/w) was performed according to the published protocol.[*]

(d) Yield = (mass of NPs recovered — mass of found PVA) / (mass of polymer + mass of drug) in the formulation x
100.
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Table S4. DLS intensity-weighted size distribution of PCL[BRP-187] NPs of one
formulation round after purification, as well as after lyophilization and resuspension

in water.
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Figure S2. Cell viability measured with a Beckman ViCell XR cell counter by trypan blue
staining. A total of 1 x 107 PMNL were diluted in PBS plus 0.1% of glucose and incubated
with DMSO, BRP-187 (10 uM), empty PCL particles (labeled as w/o) or PCL particles with
BRP-187 (labeled with BRP-187; respective amount to 10 uM BRP-187) for 5 h at 37 °C. Values
are given as 5-LO products as a percentage of control (DMSO) (n = 3).
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Figure $3. Measurement of 5-LO product formation as indicator for the inhibition of the drug
target 5-lipoxygenase-activating protein (FLAP) by BRP-187F1 A total of 5 x 106
polymorphonuclear leukocytes (PMNL) diluted in PBS containing 0.1% glucose and 1mM
CaClz were preincubated with DMSO, BRP-187 (0.3 uM), empty PCL particles (labeled as w/o)
or PCL particles with BRP-187 (labeled as BRP-187; 0.3 LM respective BRP-187) for 1 h (A) and
2 h (B) at 37 °C and further stimulated with 2.5 uM A23187 for 10 min. The reaction was
stopped with 1 mL ice-cold methanol containing 200 ng mL* PGB1 as internal standard. Lipid
mediators were extracted via solid-phase extraction (SPE) and analyzed with HPLC. Values
are given as 5-LO products (LTB4, its trans-isomers s« and 5-HETE) as a percentage of control

(DMSO) (n = 3).
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Figure S4. Influence of the residual PVA on the efficiency of drug-loaded PCL NPs on 5-LO
inhibition. Black-circled data points represent PCL polymers with bulk degree of crystallinity
below 10% and glass transition temperature Tg < 37 °C.
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Specialized Pro-Resolving Mediators by the
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Background and Purpose: Lipid mediators (LM) play crucial roles in the complex inflammation process with respect to initiation,
maintenance, and resolution. Proinflammatory leukotrienes (LTs), generated by 5-lipoxygenase (LOX) and the 5-LOX-activating
protein (FLAP), initiate and maintain inflammation while specialized pro-resolving mediators (SPMs) formed by various LOXs as key
enzymes promote inflammation resolution and the return to homeostasis. Since 5-LOX also contributes to SPM biosynthesis, smart
pharmacological manipulation of the 5-LOX pathway and accompanied activation of 12-/15-LOXz may accomplish suppression of LT
formation but maintain or even elevate SPM formation. Here, we demonstrated that the FLAP antagonist BRP-201 possesses such
pharmacological profile and causes a switch from LT toward SPM formation.

Methods and Results: Comprehensive LM metabololipidomics with activated human monocyte-derived macrophages (MDM) of
M1 or M2 phenotype showed that BRP-201 strongly mhibits LT formation induced by bacterial exotoxins. In parallel, SPM levels and
12/15-LOX-derived products were markedly elevated, in particular in M2-MDM. Intriguingly, in unstimulated MDM, BRP-201
induced formation of 12/15-LOX products including SPM and caused 15-LOX-1 subcellular redistribution without affecting 5-LOX.
Experiments with HEK293 cells stably expressing either 5-LOX with or without FLAP, 15-LOX-1 or 15-LOX-2 confirmed suppres-
sion of 5-LOX product formation due to FLAP antagonism by BRP-201 but activated 15-LOX-1 in the absence of FLAP. Finally, in
zymosan-induced murine peritonitis, BRP-201 (2 mg/kg, ip) lowered LT levels but elevated 12/15-LOX products including SPMs.
Conclusion: BRP-201 acts as FLAP antagonist but also as 12/15-LOX activator switching formation of pro-inflammatory LTs toward
inflammation-resolving SPM, which reflects a beneficial pharmacological profile for intervention in inflammation.

Keywords: lipoxygenase, specialized pro-resolving mediators, leukotrienes, lipid mediators

Introduction

Lipid mediators (LM) orchestrate inflammatory responses by modulation of the innate immune system and thereby
determine the body’s reaction to harmful stimuli like microbial infections or tissue damage.”* Upon cell activation during
inflammation, phospholipase (PL)A, enzymes release polyunsaturated fatty acids (PUFA) like arachidonic acid (AA),
eicosapentanoic acid (EPA), and docosahexaenoic acid (DHA) that are transformed into LM in complex interconnected
networks.>® Within these complex LM networks (Figure 1), enzymatic pathways leading to leukotriene (LT) and
prostaglandin (PG) formation from AA predominate at the onset of inflammation.”® In contrast, the specialized pro-
resolving mediators (SPM) that encompass lipoxing (LX), resolving (RV), protecting (PD), and maresins (MaR) are
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Figure | Biochemical pathways of lipid mediater fermation and the influence of BRP-201. Schematic overview of LM-biesynthetic pathways during the acute phase of
inflammatien (red) and the inflammation resclution phase (blue). COX-1/2 and 5-LOX/FLAP generate PGE; and LTB,, respectvely, which are the majer pre-inflammatery
LM, while 12- and |5-LOX, partially in conjunction with 5-LOX, biosynthesize the SPMs namely lipoxins, E- and D-series resolvins, protectins and maresins. The FLAP
antagonist BRP-201 suppresses LTB, formation but elevates generation of SPM, and may thereby promote inflammation reseolution.

produced from these PUFAs in a delayed manner in order to terminate and resolve inflammation leading to tissue repair
and regeneration.>*

For PG formation, cyclooxygenase (COX)-1 and -2 produce the intenmediate PGH, from AA, which is further
metabolized by different synthases to PG and thromboxane (TX), where PGE, is massively formed in inflammation by
microsomal prostaglandin E; synthase-1 (mPGES-1) with vasodilatory, tissue permeabilizing, pain sensitizing, and fever
inducing effects.” The formation of LT is accomplished by conversion of AA by 5-lipoxygenase (5-LOX) aided by the
nuclear membrane-bound 5-LOX-activating protein (FLAP) to 5(5)-hydroperoxyeicosatetraenoic acid (5-HPETE) that is
further dehydrated to the epoxide LTA, or reduced to 5(S)-hydroxyeicosatetraenoic acid (5-HETE).® Conversion of LTA,
by LTA4 hydrolase (LTA.H) yields LTB, that exacerbates inflammation and recruits neutrophils while LTC, synthase
converts LTA, to LTC,, D, and E, that increase vasopermeability and constrict small vessels and bronchi.®!® For FLAP,
no enzymatic activity has yet been shown and it is believed that FLAP facilitates the access of 5-LOX to AA that is
provided by cPLA, at the nuclear membrane.® FLAP is mandatory for LT formation in vivo and in intact cells from
endogenously provided AA, and genetic or pharmacological interference with FLAP efficiently blocks LT formation,
conferring FLAP as promising dmg target for LT-related disorders.!!!? In contrast, transformations of PUFAs¢ by the 12/
15-LOXs are apparently independent of FLAP.!3:14

The biosynthesis of SPMs is mainly driven by 12/15-LOXg, partially in conjunction with 5-LOX at least for LX and
RV biosynthesis, while MaR and PD formation is 5-LOX-independent.* Furthermore, CYP enzymes or acetylated COX-
2 (by aspirin) may act together with 5-LOX to generate EPA-derived RVs via 18-HEPE, and epimers of LX and RV via
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15R-HETE or 17R-HDHA, respectively. 12/15-LOX, CYP and Ac-COX-2 confer the first step in the conversion of
PUFAs and then 5-LOX acts on the de-novo-biosynthesized precursors 15-HETE, 15-HEPE, 18-HEPE and 17-HDHA as
substrates for SPM formation. Whether FL AP assists 5-LOX in the production of SPM from those mono-hydroxylated
precursors is still a matter of debate’® but accumulating evidence indicates that SPM formation is FLAP-
independent.'3-141¢

Anti-inflammatory drugs like COX or 5-LOX inhibitors suppress formation of all PG or LT, respectively, but are
essentially inefficient to resolve inflammation and cause adverse side effects in clinical therapy.'” '® Novel smart
inhibitors that promote the switch from pro-inflammatory to pro-resolving LM might have potential as new pharmaco-
logical strategy not only to dampen inflammation but also to push its resolution, tissue regeneration and return to
homeostasis.”® Here, we studied the pharmacological profile of the recently identified FLAP antagonist BRP-201
(5-{1-[(2-chlorophenyl)methyl]-2-{ 1-[4-(2-methylpropyl)phenyl]ethyl}-1H-benzimidazole-5-y1}-2,3-dihydro-1,3,4-0xa-
diazole-2-thione)*" for modulation of broad LM networks (Figure 1) in human pro-inflammatory M1 and anti-
mflamm atory M2 monocyte-derived macrophages (MDM) and in the peritoneum of zymosan-challenged mice in vivo.
Our data show that in both experimental models BRP-201 efficiently blocked LT formation but elevated concomitant
generation of SPM and their 12/15-LOX-derived precursors.

Materials and Methods

Materials

BRP-201 was synthesized as reported by us before.”! Deuterjum-labeled and non-labeled LM standards for ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS-MS) quantification were obtained from
Cayman Chemical/Biomol (Hamburg, Germany). All other chemicals were obtained at Sigma-Aldrich (Taufkirchen,
Germany) unless stated otherwise.

Cell Isolation and Cell Culture
Leukocyte concentrates obtained from the Institute of Transfusion Medicine of the University Hospital Jena were
prepared from peripheral blood from healthy human adult donors that had not taken any anti-inflammatory drugs for
the last 10 days prior to blood donation. Informed consent was provided by the donors. The ethical committee of the
University Hospital approved the protocol, and all performed methods were in accordance with the relevant regulations
and guidelines. To isolate monocytes, the erythrocytes were sedimented by mixing the leucocyte concentrates with
dextran (from leuconostoc spp. MW ~40,000, Sigma Aldrich, Taufkirchen, Germany). The supernatant was covered with
lymphocyte separation medium (Histopaque®-1077, Sigma Aldrich, Tanfkirchen, Germany) and centrifuged (2000 g, 10
min, 4°C). The peripheral blood mononuclear cells (PBMC) on the top of the lymphocyte separation medium were
washed twice with ice-cold PBS and seeded in cell culture flasks for 1 h (37°C, 5% CO,) in PBS with Ca**/Mg”" to
izolate the adherent monocytes. Differentiation and polarization into M1 and M2 macrophages was performed as
described.™ In brief, to obtain M1 macrophages, adherent monocytes were treated with 20 ng mL™! granulocyte
macrophage-colony stimulating factor (GM-CSF, Peprotech, Hamburg, Gemmany) for six days in RPMI 1640 supple-
mented with 10% fetal calf serum (FCS), 2 mmol L™! L-glutamine, penicillin (100 U mL™') and streptomycin (100
pg mL7!) and subsequently incubated for another 48 h with 100 ng mL™! lipopolysaccharide (LPS) and 20 ng mL™
interferon-~y (IFN-y, Peprotech). To obtain M2 macrophages, 20 ng mL ™' M-CSF (Peprotech) was added to monocytes
for six days, followed by 20 ng mL ™ IL-4 (Peprotech) for 48 h. Correct polarization and purity of macrophages were
routinely checked by flow cytometry (FACS Canto Plus flow cytometer, BD Biosciences, Heidelberg, Germany) as
reported' using the following antibodies: FITC anti-human CD14 (2 pg/test, clone M5E2, BD Riosciences), PE anti-
human CD54 (1 pg/test, clone HAS8, BD Biosciences), APC-H7 anti-human CD80 (0.25 pg/test, clone 1.307.4, BD
Biosciences), PE-Cy7 anti-human CD163 (2 pg/test, clone RM3/1, Biolegend, San Diego, CA, USA), PerCP-eFluor710
anti-human CD206 (0.06 pg/test, clone 19.2, BD Biosciences, San Diego, CA, USA).

HEK293 cells (purchased commercially from ATCC) stably expressing human 5-LOX, 5-LOX plus FL AP, 15-LOX-1
and 15-LOX-22% were cultured in monolayers (37°C, 5% CO,) in DMEM containing 10% FCS, penicillin (100 U/mL)
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and streptomycin (100 pg/mL). HEK293 cells expressing 5-LOX or 5-LOX/FLAP were selected by 200 pgmL—1
hygromycin B and/or 400 pg mL~1 geneticin, respectively; cells expressing 15-LOX-1 or 15-LOX-2 were obtained by
using the plasmids pCMV6 15-LOX-1 (Origene, NM 001140) and pcDNA3.1/neom (+) 15-LOX-2 and selected with
400 pgmL—1 geneticin.

Immunofluorescence Microscopy

M2-MDM (1 x 10° cells) were seeded onto glass coverslips in a 12-well plate and cultured for 48 h. BRP-201, vehicle
(0.1% DMSO) or 1% Staphylococcus aureus 6850-conditioned medium (SACM) was added for 180 min at 37°C. The
process was stopped by fixation with 4% paraformaldehyde solution. Acetone (3 min, 4°C) and 0.25% triton X-100 (10
min, RT) were used for permeabilization before blocking with normal goat serum 10% (50062Z, ThermoFisher).
Coverslips were incubated with mouse monoclonal anti-15-LOX-1 antibody, 1:100 (ab119774, Abcam, Cambridge,
UK) and rabbit anti-5-LOX antibody, 1:100 (1550 AK6, kindly provided by Dr. Olof Radmark, Karolinska Institutet,
Stockholm, Sweden) at 4°C overnight. 15-L.OX-1 was stained with the fluorophore-labeled secondary antibodies; Alexa
Fluor 488 goat anti-rabbit IsG (H+ L), 1:500 (A11034, ThermoFisher) and Alexa Fluor 555 goat anti-mouse IgG (H +
L); 1:500 (A21424, ThermoFisher). Nuclear DNA was stained with ProLong Gold Antifade Mountant with DAPI
(15395816, ThermoFisher). Samples were analyzed by a Zeiss Axiovert 200M microscope, and a Plan Neofluar x40/
1.30 Oil (DIC II) objective (Carl Zeiss, Jena, Germany). An AxioCam MR camera (Carl Zeiss) was used for image

acquisition.

Evaluation of Lipoxygenase Product Formation in HEK293 Cells

For evaluation of the effects on LOX product formation in stably transfected HEK293 cells, 2 x 10° cells per mL were
preincubated with BRP-201 or vehicle (0.1% DMSQO) in PBS pH 7.4 containing 0.1% glucose and 1 mM CaCl, for 15
min. LM biosynthesis was mitiated by addition of 2.5 pM A23187 plus 1 pM AA at 37°C and terminated after 15 min.
Altematively, to determine the stimulatory effects of BRP-201, cells were incubated with BRP-201 or vehicle for 180
min at 37°C. The reactions were stopped by addition of 2 mL ice-cold methanol containing 10 pL of deuterium-labeled
internal standards (200nM d8-5S-HETE, d4-LTB,, d5-L.XA,, d5-RvD2, d4-PGE, and 10 pM d8-AA) to facilitate LM
quantification. Samples were kept at —20°C for one day to allow protein precipitation. After centrifugation (2000 g, 4°C,
10 min), the supernatants were subjected to solid phase extraction of formed LM that were then separated and analyzed
by UPLC MS/MS as reported'® and described in the following sections.

Determination of Lipid Mediator Profile in Human Monocyte-Derived Macrophages
Human monocyte-derived M1 and M2 macrophages (2 x 10° cells) were seeded in 6-well-plates and incubated with
BRP-201 or vehicle at 37°C with or without subsequent (after 10 min) addition of SACM, (from 24 h culture with OD =
0.05) for 180 min. The reaction was stopped with 2 mL ice-cold methanol containing deuterium-labeled intemal
standards (200nM, d8-5S-HETE, d4-LTB,, d5-LXA,, d5-RvD2, d4-PGE, and 10 pM d8-AA). Samples were kept at —
20°C for one day to allow protein precipitation. After centrifugation (2000 x g, 4°C, 10 min), supernatants were
subjected to solid phase extraction and LM analysis by UPLC-MS-MS exactly as reported before!® and described in
the following paragraph.

Lipid Mediator Metabololipidomics by UPLC-MS-MS

Analysis of LM by UPLC-MS-MS was performed as reported by us before.!* In brief, to 2 mL aliquots of supernatants
obtained from incubated HHEK293 cells and MDM as described previously, 8 mL acidified H,0 (final pH = 3.5) was
added and the samples were subjected to solid phase cartridges (Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, Milford,
MA). The columns had been equilibrated with 6 mL methanol and 2 mL H,O prior to sample loading. After washing
with 6 mL H,O and subsequently with 6 mL n-hexane, LM were eluted with 6 mL methyl formate. The samples were
dried using a TurboVap LV evaporation system (Biotage, Uppsala, Sweden) and resuspended in 100 pL. methanol/wvater
(50/50, v/vv) for UPLC-MS-MS analysis. LM analysis was conducted with an Acquity™ UPLC system (Waters, Milford,
MA, USA) and a QTRAP 5500 Mass Spectrometer (ABSciex, Dammstadt, Germany) equipped with a Turbo V™ Source
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and electrospray ionization. The LM were separated on an ACQUITY UPLC® BEH C18 column (1.7 pm, 2.1x100 mm;
Waters, Eschbom, Germany) at 50°C at a flow rate of 0.3 mL/min and a mobile phase consisting of methanol-water-
acetic acid of 42:58:0.01 (v~/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 min and then to 98:2:0.01 (v/v/) for 3
min. The QTRAP 5500 was operated in the negative ionization mode using scheduled multiple reaction monitoring
(MRM) coupled with information-dependent acquisition. The scheduled MRM window was 60 sec, optimized LM
parameters were adopted,'® and the curtain gas pressure was set to 35 psi. The retention time and at least six diagnostic
ions for each LM were confirmed by means of an external standard (Cayman Chemical/Biomol GmbIH, Hamburg,
Germany). Quantification was achieved by calibration curves for each LM. Linear calibration curves were obtained for
each LM and gave ;° values of 0.998 or higher. Additionally, the limit of detection for each targeted LM was

- 13
determined.

Zymosan-Induced Peritonitis Mouse Model

Adult (8 weeks) male CD1 mice (Charles River, Calco, Italy) were housed at the animal care facility of the Department
of Pharmacy of the University of Naples “Federico II” and kept under controlled environment (ie, temperature 21 + 2°C
and humidity 60 + 10%) and provided with normal chow and water ad libitum. Mice were allowed to acclimatize for four
days prior to experiments and were subjected to 12 h light/dark schedule. Experiments were conducted during the light
phase. The experimental procedures were approved by the Italian Ministry and camried out in accordance with the EU
Directive 2010/63/EU and the Italian DL 26/2014 for animal experiments and in compliance with the ARRIVE
guidelines and Basel declaration including the 3R concept. Mice (n=6/group) received BRP-201 (2 mg/kg) or vehicle
(2% DMSO in saline) by intraperitoneal (ip) injection of 0.5 mL/mouse, given 30 min prior to peritonitis induction by
zymosan (1 mg/mouse in 0.5 mL galine, ip). After 2 h mice were euthanized in a saturated CO, atmosphere and
peritoneal lavage was obtained by washing the peritoneal cavity with 3 mL ice-cold PBS and subsequent centrifugation
(18,000 x g, 5min, 4°C). Samples were inmediately frozen for further analysis of LMs via UPLC-MS-MS as described

previously.

Statistics

Results are expressed as mean + S.E.M. of independent experiments, where n represents the indicated numbers from
separate donors performed on different days which is given in the figure legends for each and every figure panel. For
animal experiments n=6 mice in each group were examined. Statistical analysis and graphs were made using GraphPad
Prism 8 software (San Diego, CA). Unpaired f-test was used to analyze experiments for comparison of two groups; while
for multiple comparisons, ANOVA with Bonferroni or Dunnett multiple comparison tests were applied as indicated.

p-value < 0.05 i a criterion for statistical significance.

Results
BRP-201 Suppresses Formation of Pro-Inflammatory 5-LOX Products and Elevates 12/
I5-LOX Products in Activated Macrophages

Previous results showed that BRP-201 is able to effectively suppress LT formation in human primary neutrophilg® but
whether or not other branches of the LM network are affected by this compound remains unknown. To study the
influence of BRP-201 on LM networks m a broader context, we employed human M1- and M2-MDM that generate
multiple LM upon exposure to pathogenic bacteria’* due to cell activation by exotoxins like a-hemolysin.?® M1- and M2-
MDM were preincubated with BRP-201 (0.1 to 3 pM) and then LM biosynthesis was elicited by Staphylococcus aureus-
conditioned medium (SACM, containing exotoxins) within 180 min, which are appropriate and biologically relevant
experimental settings to induce LM biosynthesis in human MDM.??

In M1-MDM, BRP-201 reduced the formation of the 5-LOX products LTB, and its trans-isomers, S-HETE, 5-HEPE
and 58,6R-diHETE in a concentration-dependent manner, starting at 0.1 pM, where especially LTB, was significantly
impaired by more than 50% (Figure 2A and B). PGE,, another major pro-inflammatory LM typically derived from M1-
MDM, as well as other PG were hardly reduced (approx 20% at 3 pM BRP-201) or not altered (Figure 2A), indicating
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Figure 2 Modulation of exotexin-induced LM fermation in M- and M2-MDM by BRP-201. MI- and M2-MDM (1 x ICIG) were resuspended in | mL PBS eentaining | mM
CaCly, pre-incubated with BRP-201 (0.1, 0.3. | or 3 M, as indicated) or vehicle (0.1% DMSO) for 10 min at 37°C. and stimulated with 1% SACM (from 6850 strain) for 180
min at 37°C. Then, the supernatants were collected, formed LMs were extracted by SPE and analyzed by UPLC-MS/MS. (A and C) Results are presented in pgf2 x 10° M-
MDM (A) and M2-MDM (C) for vehicle contrel (100%) given as mean £ SEM, and as percenmge & SEM of BRP-201-treated cells versus vehicle control {100%) in a heatmap;
n=3-6. (B and D) Effects of BRP-201 on the AA-, DHA- and EPA-derived menchydrexylated products and bioactive PGs, LTB,; and SPM produced in MI-MDM (B) or M1-
MDM (D). Results are shown as percentage, given as mean & SEM, of BRP-201-treated cells versus vehicle control (100%), n=3-6. (E) Amounts of formed LM in pgll * 0%
MDM are shown in a spider web graph indicating the impact of BRP-201 at | uM on LM signature profiles, n=3-6. (F) Principal component analysis of the LMs (PGD,, PGE;,
PGFye, TXBy, o-LTB,, LTB, 5-HEPE, 5-HETE, 556R-diHETE, PDX, RvD5, MaRl, 4-HDHA, 7-HDHA, 18-HEPE, |4-HDHA, 17-HDHA, 12-HEPE, |5-HEPE, |12-HETE, 15-
HETE, 5.15-diHETE) organized by LM classes in vehicle- and BRP-201-treated MI- and M1-MDM (corresponding data in (A) and (C) at | uM BRP-201), n=3-6. Statistical
analysis was performed via ratio-paired t-test, and principal component analysis was performed using R Studio (version |.4) with implemented R packages FactoMineR and
factoextra. * p<0.05, *% p<0.01, ¥* p<0.001, ¥ p<0.0001
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that BRP-201 mainly acts ag inhibitor of the 5-LOX pathway devoid of substrate shunting effects toward COX products
observed for certain other 5-LOX inhibitors."***? Notably, 12/15-LOX-derived products formed from AA (12-HETE
and 15-HETE), EPA (12-HEPE and 15-HETE) and DHA (17-HDHA, 14-HDHA) were elevated after BRP-201 treat-
ment, while 5,15-diHETE and 7-HDHA that are proposed to be partially produced by 5-LOX,'* were rather impaired
(Figure 2A and B). Because in particular 15-lipoxygenation was elevated, this may hint to LM shunting toward 15-LOX
-2 which in contrast to 15-LOX-1 is constitutively expressed in M1 macrophages® and specifically oxygenates C15 but
not C12.%° Note that formation of SPM is low in M1-MDM, as reported before,”*'* and even though some SPM such as
RvD1 and MaR 1 were somewhat increased, the other members were inconsistently modulated, and also the release of
PUFAs was not markedly affected by BRP-201 (Figure 2A).

A gimilar pattern of modulation of LM biosynthesis by BRP-201 was evident in SACM-activated M2-MDM. Thus,
BRP-201 at 0.1 pM suppressed formation of 5-LOX products by approx. 60%, accompanied by slightly elevated levels
of COX products at higher BRP-201 concentrations (Figure 2C and D). Of interest, BRP-201 markedly elevated
formation of all detectable SPM, namely PD1, PDX, RvD1, RvD2, RvD5, and MaR1 with most pronounced effects at
3 uM for R¥vD1 and RvD2 (> 3-fold increase) (Figure 2C and D). In line with these findings, the formation of 17-HDHA
and 14-HDHA, the precursors of these SPM, as well as 18-HEPE and the 12/15-LOX-derived 12-HETE, 12-HEPE, 15-
HETE and 15-HEPE were increased, while 4-HDHA was not altered. Like in M1-MDM, the release of PUFAs was not
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Figure 3 Modulation of LM biosynthesis in HEK293 cells transfected with LOX isoforms by BRP-201: impact of co-expression of FLAP with 5.LOX. HEK293 cells (2 ’(lﬂr')
transfected with human recombinant 5-LOX, 5-LOX and FLAP, 15-LOX-1 or 15-LOX-2 were resuspended in PBS containing | mM CaCl; and 0.1% glucose, incubated with
vehicle (0.1% DMSO) or BRP-201 (3 uM) for 15 min at 37°C and then stimulated with A23187 (2.5 uM) plus AA (1 uM) at 37°C for 15 min. Afterwards, the formed LMs
were extracted from the supernatants using SPE and analyzed by UPLC-MS/MS. Data, given as mean & SEM, are shown as (A} absolute values in pgl2%10° cells, and (B) as
percentage of BRP-201-treated cells versus vehicle cenwel (100%), n=3. Statistical analysis was performed via logarithmic paired t-test, * p<0.05, ** p<0.01
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markedly affected by BRP-201 in the M2 phenotype (Figure 2C). In Figure 2E and D, LM class switch in M1- and M2-
MDM due to BRP-201 is visualized by comparison of selected representative bioactive LM and their precursors.
Principal component analysis of the LMs formed in vehicle- and BRP-201-treated M1- and M2-MDM revealed different
clusters that are separated, especially for M2-MDM, supporting the LM class switch due to BRP-201 (Figure 2F).

Modulation of 5-LOX/FLAP and |5-LOX Pathways in Stably Transfected HEK293 Cells
To gain more insight into the modulation of different LOX pathways by BRP-201, we took advantage of HEK293 cells
that neither express any LOX nor FLAP per se but are convenient cell-based LOX expression models for studying select
LOX pathways.”>*” We employed stably transfected HEK293 cells with either 5-LOX alone, with 5-LOX and FLAP,
with 15-LOX-1 or with 15-L0X-2, respectively, as described previously.?” The cells were pretreated with BRP-201 (3
pM) for 15 min, stimulated with 2.5 pM A23187 and 1 pM AA for 15 min, and LOX products were analyzed by UPLC-
MS-MS. As expected from our previous studies on FLAP and FLAP antagonists,”” in HEK293 cells expressing only
5-LOX (no FLAP), the formation of 5-LOX products was low and not significantly suppressed by BRP-201. However,
upon co-expression of 5-LOX with FLAP, BRP-201 efficiently inhibited the FLAP-dependent generation of LTA4
hydrolysis products LTB, and trans-LTB, (Figure 3A and B). In parallel, BRP-201 strongly elevated 15-HETE formation
but only in cells that express both 5-LOX and FLAP (Figure 3A). Of interest, in HEK293 cells expressing 15-LOX-1,
BRP-201 markedly elevated (up to 3-fold) the formation of 15-HEPE and of 17-HDHA and 14-HDHA from endogenous
EPA and DHA, respectively, but also 15-HETE biosynthesis from endogenous and/or exogenous AA was increased by
about twofold (Figure 3). In contrast, BRP-201 failed to enhance product formation by 15-LOX-2 (Figure 3). Taken
together, BRP-201 inhibits the biosynthesis of pro-inflammatory 5-LOX products in activated M1- and M2-MDM as well
ag in stimulated HE293 cells, apparently by acting at FLAP, but stimulates SPM and 15-LOX product formation,
especially in M2-MDM.

BRP-201 Activates Macrophages for Formation of SPM and Related 12/15-LOX

Products
To assess whether active induction of 15-L.OXs is the reason for elevated SPMs and related LM we exposed M1- and
M2-MDM to BRP-201 (0.3, 1 or 3 puM) without additional stimulus for 180 min and determined the LM profiles.
Interestingly, BRP-201 concentration-dependently induced the formation of 12/15-LOX products in both M1- and M2-
MDM, with comparable efficiencies (about 2.5- to 3-fold) for 12-lipoxygenated (12-HETE, 12-HEPE and 14-HDHA)
and 15-lipoxygenated products (15-HETE, 15-HEPE, and 17-HDHA) (Figure 4A-D). Along these lines, BRP-201
elevated SPM levels, in particular PD1, RvD5 and MaR1 in M2-MDM (Figure 4B and D). In contrast, formation of
COX- and 5-LOX-derived products were not or only marginally elevated by BRP-201 and also 4-HDHA and 7-HDHA
were not or less increased. Moreover, BRP-201 failed to elevate the levels of free PUFAs in both MDM phenotypes
(Figure 4A and B), implying that elevated 12/15-LOX product formation is not simply due to larger amounts of substrate.

Subcellular redistribution of 5-LOX and 15-LOX-1 from a soluble locale to a membrane compartment in (SACM- or
bacteria-) activated human MDM is a determinant for their activation, access to substrate, and eventually for LM
formation.'*?® We studied whether BRP-201 is able to induce such subcellular redistribution and, thus, activation of
5-LOX and 15-LOX-1 in M2-MDM by using immunofluorescence microscopy. In analogy to SACM, 1 uM BRP-201
caused 15-LOX-1 translocation from the cytosol to a membrane compartment within 180 min (Figure 4E). However, in
contrast to SACM that caused 5-L.OX nuclear membrane translocation, BRP-201 failed in this respect with 5-LOX
remaining in the nucleosol (Figure 4E), confirming that BRP-201 may not activate 5-LOX.

To further support activation of 15-L OXs by BRP-201, we exposed HEK293 cells expressing 15-LOX-1 or 15-LOX
-2 to 3 pM BRP-201 for 180 min and measured LM formation. For HEK cells expressing 15-LOX-1, an about 2- to
3-fold elevation of 15-HETE, 15-HEPE and 14-HDHA was observed (Figure 4F). Also, in HEK 293 cells expressing the
isoform 15-L.OX-2, a moderate elevation of these LOX products in response to BRP-201 was evident. In conclusion,
BRP-201 is able to activate 15-LOX-1 in MDM and in HEK293 cells to generate related LM.
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Figure 4 Induction of LM biosynthesis and 15-LOX-| activation by BRP-201 in MDM and HEK293 cells. (A~D) Induction of LM biosynthesis by BRP-201 in MDM. MI- and
M1.MDM (2 x \06) were resuspended in PBS containing | mM CaCl, and incubated with vehicle (0.1% DMSO) or BRP-201 (0.3, |, or 3 uM as indicated) for 180 min at
37°C. Then, formed LMs were extracted from the supernatants using SPE and analyzed by UPLC-MS/MS. Results are presented in pg/2 * 10 MI-MDM (A) and M2-MDM
(B} for vehicle control (100%), given as mean * SEM, and as percentage + SEM of BRP-201-treated cells versus vehicle control (100%) in a heatmap; n=3-6. Induction of the
most abundant LM in MI-MDM (C) and M2-MDM (D) by 3 uM BRP-201; results, given as mean t SEM, are presented in pg/l * 10% cells; n=3-6. (E} Subcellular
redistribution of 5-LOX and 15-LOX-1 in M2-MDM. Cells were resuspended in PBS containing | mM CaCl; and 5 mM MgCl; and incubated with | uM BRP-201, |% SACM
(from strain 6850) or vehicle (0.1% DMSO). After 180 min, cells were fixed, permeabilized, and incubated with antibodies against 5-LOX (red) and |5-LOX-| (cyan-blue),
and analyzed by immunoflucrescence microscopy: scale bars = 10 um. Results shown for one singe cell are representative of approximately 100 individual cells analyzed in
n=3 independent experiments with separate donors, each. (F) HEK293 cells (2 * 10%) transfected with human recombinant 15-LOX-| or 15-LOX-2 were resuspended in
PBS cenmining | mM CaCl; and 0.1% glucese and incubated with vehicle (0.1% DMSO) or BRP-201 (3 uM) for 180 min at 37°C. Then, formed LMs were extracted from
supernatants by SPE and analyzed by UPLC-MS/MS. Results, given as mean & SEM, are presented as percentage of BRP-10|-treated cells versus vehicle control {100%), n=3.
Statistical analysis was performed with a ratio-paired t-test or logarithmic paired t-test, ¥ p<0.05, #* p=<0.01.
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BRP-201 Suppresses Formation of 5-LOX Products and Elevates 12/15-LOX Products

in Zymosan-Induced Murine Peritonitis in vivo

In order to study if BRP-201 induces an LM class switch also in vivo, we pre-treated CD1 mice ip with 2 mg/kg BRP-
201 for 30 min before peritonitis induction; due to the poor solubility of BRP-201, application of higher doses was not
feasible. We then injected zymosan (ip) into the peritoneum in order to elicit broad spectrum LM formation within 2 hrs®
and analyzed the LM profile in the peritoneal lavage (exudates). As shown in Figure 5A and C, LTB, formation was
lowered upon BRP-201 treatment from 337437 to 224+75 pg/mL exudate, and also the 5-LOX products trans-LTB,,
58,6R-diHETE and 5-HETE were decreased by about 28 to 38%. In contrast, the sum of DHA- and EPA-derived 12/15-
LOX products was significantly elevated (Figure 5B), with most pronounced effects for 12-HEPE and 14-HDHA
(Figure 5A and C). Also, the sum of SPM was slightly increased (Figure 5B), in particular for PDX, but did not reach
statistical significance (Figure 5A and C). AA-derived 12/15-LOX products (eg, 15-HETE), COX-derived prostanoids
and LM formed by other pathways (eg, 4-HDHA and 7-HDHA), as well as PUFAs were not markedly changed by BRP-
201 (Figure 5A and B). These data further support the hypothesis that BRP-201 induces a shift in the biosynthesis from
pro-inflammatory 5-LOX- toward pro-resolving 12/15-L OX-derived LM.

Discussion

Current anti-inflammatory pharmacotherapy related to intervention with LM relies on the interference with single enzymatic
pathways in a complex LM network, that is, inhibition of COX-1/2-dependent PG formation by NSAIDs like ibuprofen,
diclofenac or celecoxib, or suppression of 5-LOX-dependent LT biosynthesis by zileuton.”**® NSATD-mediated reduction of
the levels of PGs with homeostatic functions is frequently afflicted with severe side effects in the gastrointestinal tract, the
kidneys and the cardiovascular system.?! Moreover, inhibition of PG formation by NSAIDs favors elevated LT levels by
substrate redirection and cross talk-mediated shunting phenomena further promoting unwanted effects.'*'*** Novel alter-
native strategies for intervention with inflammatory disorders focus on the development of dual inhibitors that block
formation of both pro-inflammatory PGs (ie PGE,) and LTs, such as COX/5-LOX or mPGES-1/5-LOX inhibitors, aiming

3032 The discovery of SPMs and their favorable functions in inflammation resolution’

at circumventing these side effects.
shifted the paradigm from anti-inflammatory toward resolution pharmacology.®® Thus, new concepts for inflammation
pharmacotherapy were proposed that pursue the switch from pro-inflammatory eicosanoids toward inflammation-resolving
SPMes, potentially accomplished by agents that dually block pro-inflammatory PGE, and LT formation but stimulate SPM

283437 guch pharmacological LM class switch strategies may bear a significant potential to effectively relieve

biosynthesis.
chronic inflammation devoid of side effects of classical anti-inflammatory drugs.

Here, we showed that the FLAP antagonist BRP-201 causes an LM class switch in human macrophages, and to
a minor extent also in murine peritoneum in vivo, by shifting the biosynthesis of LTs toward SPMs. BRP-201 was
recently revealed as FLAP antagonist™ that efficiently inhibited LT formation in a convenient and well-recognized
screening assay based on ionophore-activated human neutrophils®® with ICs, in the two-digit nanomolar range. To better
estimate its pharmacological profile and potential, we analyzed the effects of BRP-201 within more complex LM
networks using a more biologically relevant cellular system that allows better analysis of modulation of other LM
branches. Thus, we employed human MDM with M1- and M2-like phenotype that when stimulated with bacterial
exotoxins, produce a broad range of different types of LM, including PGs, LTs and SPM that can be analyzed by UPLC-
MS-MS 13:14.23

The M1-phenotype generated substantial PG and LT but only moderate amounts of SPMs and their precursors upon
exotoxin-challenge, which is in agreement with strong expression of COX-2 and FLAP but lack of 15-LOX-1,
respectively.'*?* Accordingly, in M1-MDM, FLAP antagonism by BRP-201 caused potent suppression of 5-LOX
products including LTB,, while the detectable SPMs were hardly and inconsistently affected. But human M1-MDM
express low levels of 15-LOX-2% that in contrast to the 12/15-lipoxygenating 15-LOX-1 isoform, selectively oxygenate
solely carbon 15 and 17 in AA/EPA and DHA, respectively, but not carbon 12 and 14.%° Indeed, BRP-201 elevated 15-
HETE, 15-HEPE and 17-HDHA in M1-MDM but also 12-HETE, 12-HEPE and 14-HDHA. Shifts from 5- to 12/15-
lipoxygenation in M1-MDM were observed also with 3-O-acetyl-11-ketof-boswellic acid (AKBA) that alters the
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Figure 5 Effects of BRP-201 on LM biesynthesis during zym osan-induced murine peritonitis. Mice received BRP-201 (2 mgfkg) i.p. 30 min prier to ip. injectien of zymosan
(I mglmouse). After 2 h, animals were sacrificed and peritoneal exudates were collected by lavage with 3 mL cold PBS. Formed LMs were extracted from the exudates using
SPE and analyzed by UPLC-MS-MS. Results, given as means & SEM, are presented in pg/mL exudate and as percentage of BRP-20|-t-cated mice versus vehicle-treated
controls (100%) in a heatmap (A}, and as scatter dot plots (B} for LM grouped in different classes such as 5-LOX products (sum of LTB,, t-LTB,, 55.6R-diHETE, 5-HETE and
5-HEPE). COX products (sum of PGEy. PGDa. PGFy,. TXBa). 12/15-LOX products (sum of 14-HDHA, 12-HEPE. 17-HDHA and 15-HEPE) and 5PMs (sum of PDI. PDX,
RyD5, and MaRl} in pg/mL exudate and PUFAs (sum of AA, EPA, DHA) in ng/mL exudate. Data are shown as single values (circles) and as means (black lines) £ SEM. (C)
Selected bioactive and predominandy produced LMs are presented; given in pg/mL exudate; n = 6. Statistical analysis was performed by unpaired t-test * p < 0.05.

regiospecificity of 5-LOX via binding to an allosteric site of the enzyme.”> Whether BRP-201 acts in analogy to AKBA
at this site of 5-LOX is unknown but conceivable, as discussed in the following paragraphs.

The pronounced abundance of 15-LOX-1 in M2-MDM enables formation of high amounts of SPMs and their
precursors."* In these cells, BRP-201 caused substantial elevation of SPM formation as well as the respective precursors 17-
HDHA and 14-HDHA, suggesting that BRP-201 effectively redirects LM formation from 5-LOX/FLAP to 15-LOX-1.
Among the mono-hydroxylated products in M2-MDM, only those generated by 15-LOX-1, namely 17-HDHA, 14-HDHA,
15-HEPE, 15-HETE, 12-HEPE and 12-HETE were concentration-dependently elevated by BRP-201 but not 7-HDHA,
4-HDHA, 18-HEPE and 5,15-diHETE that are formed independent of 15-LOX-1 or in conjunction with 5-LOX."

The hypothesis that BRP-201 elevates 12/15-L OX product formation in two ways, that is, 1) via a FLAP-dependent
shift of the 5-L.OX regiospecificity to a 12/15-lipoxygenating enzyme, and ii) by FLAP-independent activation of 15-
LOX-1, is supported by our results obtained with LOX isoform-transfected HEK293 cells that are suitable as defined
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model systems to study selective LOX isoforms®” and the role of FLAP.?"*® Thus, BRP-201 redirected ionophore-
induced LM formation only in 5-LOX-expressing HEK293 when FLAP was co-expressed, where classical FLAP-
dependent 5-LOX products (ie, LTB, and tr-L'TB,) were suppressed but 12/15-LOX products were increased.
Intrigningly however, BRP-201 elevated 12/15-1.OX product formation also in HEK293 cells expressing 15-LOX-1
that are devoid of 5-LLOX and FLAP, but not so in cells expressing the 15-LOX-2 isoform.

5-LOX plays a dual role in the formation of pro-inflammatory LTs on one hand and of anti-inflammatory/pro-
resolving SPM on the other, which raises the question how the biosynthesis of these disparate LM is orchestrated in the
cellular context.”® Moreover, it is questionable if pharmacological concepts can be pursued that allow favorable
modulation of LM biosynthesis by interference with the 5-LOX pathway, that iz, suppression of LTs without lowering
SPM but rather stimulating the formation of the latter. As potential mechanisms, allosteric modulation/inhibition of
5-LOX leading to a shift of the regiospecificity toward a 12/15-lipoxygenating enzyme, but also antagonism of FLAP are
both conceivable. The pentacyclic triterpene acids 3-O-acetyl-11-keto-p-boswellic acid (AKBA)** and celastrol®®
promote SPM formation in human neutrophils and macrophages as well ag in inflamed murine peritoneum, apparently
by allosteric modulation of 5-LOX shifting the regiospecificity from 5- to 12/15-lipoxygenation. Although BRP-201
clearly differs in structure form AKBA and celastrol, modulation of the 5-1.OX regiospecificity by BRP-201 at this
allosteric site is conceivable and would explain the elevated formation of 12/15-LOX products in M1-MDM and 5-LOX/
FLAP-expressing HEK 293 cells that are both devoid of 15-LOX-1.

The balance of LTs and SPM in leukocytes might be achieved through differential subcellular localization of 5-LOX
where nuclear 5-LOX in proximity to FLAP favors LT generation while cytoplasmic 5-LOX distant from FLAP favors
LXA, formation.'® Thus, FLAP antagonists should prevent nuclear membrane-bound 5-LOX from generating LT but still
permit activated cytosolic 5-LO X to oxygenate SPM precursors such as 15-HETE, 17-HDHA, and 18-HEPE to SPM. In fact,
in human E. coli-activated M2-MDM, the FLAP antagonist MK886 blocked formation of classical 5-LOX-derived products
while the SPM RvDS5 and MaR1 and other 12/15-LOX products were elevated.'*'* Also, in murine peritonitis, MK886
markedly reduced the levels of LTB,, tr-LTB, and 5-HETE m the peritoneal exudates while the amounts of LXA,, PD1,
RvD4 and RvD5 remained elevated.®* Similarly, the FLAP antagonist BAY X-1005 blocked cysteinyl-LT formation but
elevated SPM levels during murine liver injury.*! In agreement with these actions of FLAP antagonists in vivo, BRP-201
cansed a trend toward lowered levels of LTB, and of other classical 5-LOX products in the exudates of zymosan-challenged
mice, while the levels of all detectable SPM, their precursors and most other 12/15-LOX-derived products were rather
mecreased. Due to the poor water solubility of BRP-201, we could apply only a low dose of 2 mg/kg by ip injection which
might be suboptimal, explaining why statistical significance could not be reached for single LM, except for 12-HEPE and 14-
HDHA. Moreover, since the biology of murine 15-LOX-1 differs from that of the human ortholog in various aspects, in
particular in the reaction specificity,”®*° it is also plausible that BRP-201 might be more active toward the human than to the
mouse enzyme. Note that COX-derived prostanoids and LM formed by other pathways (eg, 4-HDHA and 7-HDHA) were
not markedly affected in these murine peritoneal exudates, again supporting a concrete LM switch toward 12/15-LOX
products. These data also imply that simple substrate redirection® is unlikely as reason for elevated SPM and 12/15-LOX
products. Rather, BRP-201, besides antagonizing FLAP, may cause stimulation of 15-LOX-1 activity in resident cells of the
peritoneum thereby elevating formation of SPM and other 12/15-lipoxygenated products, supported by the induction of 12/
15-LOX product formation in 15-LOX-1-expressing M2-MDM and HEK293 cells in the absence of a stimulus.

In general, the induction of cellular formation of LOX products requires the supply of free PUFA as substrates and the
activation of LOXs that travel within the cell to access the substrate and to convert it. 326 Qur results suggest that
elevation of 12/15-LOX products by BRP-201 in the absence of a stimulus (like A23187 or & aureus) is primarily cansed
by stimulation of 15-LOX-1 and by facilitating the access of the LOX to its substrates, without marked increase of fiee
PUFA supply. Thus, BRP-201 did not elevate PUFA levels in MDM but clearly induced 15-LOX-1 redistribution firom
the cytosol to a membrane compartment, along with 12/15-LOX product formation. Notably, BRP-201 failed to evoke
translocation and product formation of 5-LOX in MDM, implying selectivity for modulation of LOX isoforms. Direct
activators of 15-LOX in cell free-assays were reported*? and proposed to shift the AA metabolic network toward
inflammation resolution. Allosteric activation of 15-LOX at a second AA binding site based on molecular dynamics

simulations may be causative'’ but experimental data confirming such shift in cells or in vivo are still missing.
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Interaction of BRP-201 with such allosteric AA binding site at 15-LOX-1 is conceivable, especially in view of the fact
that BRP-201 acts as AA mimetic at FLAP competing with AA.*

Conclusion

Using human macrophages and mouse peritonitis as experimental models, we showed that BRP-201 induces a switch
in the formation of pro-nflammatory 5-LOX-derived LT toward inflammation-resolving 12/15-LOX-derived SPM
which reflects a beneficial pharmacological profile for intervention in inflammation. While the suppression of LT
formation is obviously due to antagonism of FLAP, the stimulation of SPM and 12/15-LOX product formation by
BRP-201 might be due to FLAP-dependent redirection of 5-LOX subcellular redistribution, allosteric modulation of
5-LOX, and by activation of 15-LOX-1. Therefore, BRP-201 is an interesting tool and lead for development of novel
pharmacological strategies that pursue fostering of SPMs as immunoresolvents to promote inflammation resolution.
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ARTICLEINFO ABSTRACT

Keywords: Specialized pro-resolving mediators (SPMs) comprise lipid mediators (LMs) produced from polyunsaturated fatty
Chalcones acids (PUFAs) via stereoselective oxygenation particularly invelving 12/15-lipoxygenases (LOXs). In contrast to
13 -}ipuxygf_-|uﬁe pro-inflammatory LMs such as leukotrienes formed by 5-LOX and prostaglandins formed by cyclooxygenases, the
L'P'd. "fed'aw“ ; : SPMs have anti-inflammatory and inflammation-resolving properties. Although glucocorticoids and non-
Specialized pro-resolving mediators g i 5 . : H H
Mactophages ster_oldal antltm.flammal:ol_}-r drugs (NE_)MDS) lhat_ block prostaglandin production are still prime therapeutics
Inflammation resolution for inflammation-related diseases despite severe side effects, novel concepts focus on SPMs as immunoresolvents
for anti-inflammatory pharmacotherapy. Here, we studied the natural chalcone MF-14 and the corresponding
dihydrochalcone MF-15 from Melodorum fruticosum, for modulating the biosynthesis of LM including leukotri-
enes, prostaglandins, SPM and their 12/15-LOX-derived precursors in human monocyte-derived macrophage
(MDM) M1- and M2-like phenotypes. In MDM challenged with Staphylococcus aureus-derived exotoxins both
compounds (10 uM) significantly suppressed 5-LOX product formation but increased the biosynthesis of 12,/15-
LOX products, especially in M2-MDM. [ntriguingly, in resting M2-MDM, ME-14 and MF-15 stiikingly evoked
generation of 12/15-LOX products and of SPMs from liberated PUFAs, along with translocation of 15-LOX-1 to
membranous compartments. Enhanced 12,/15-LOX product formation by the chaleones was evident also when
exogenous PUFAs were supplied, excluding increased substrate supply as sole underlying mechanism. Rather,
MF-14 and MF-15 stimulate the activity of 15-LOX-1, supported by experiments with HEK293 cells transfected
with either 5-LOX, 15-LOX-1 or 15-LOX-2. Together, the natural chalcone MF-14 and the dihydrochalcone MF-15
favorably modulate LM biosynthesis in human macrophages by suppressing pro-inflammatory leukotiienes but
stimulating formation of SPMs by differential interference with 5-LOX and 15-LOX-1.

Abbreviations: AA, arachidonic acid; AKR1C3, aldo-keto reductase family 1 member C3; COX, cyclooxygenase; ¢PLA,, cytosolic phospholipase Ay; DHA, doco-
sahexaenoic acid; EtOAc, ethyl acetate; EPA, eicosapentaenoic acid; FCS, fetal calf serum; GM-CSF, granulocyte macrophage-colony stimulating factor; IFN, inter-
feron; HDHA, hydroxydocosahexaenoic acid; HETE, hydioxyeicosatetiae noic acid; HEPE, hydroxyeicosapentaenoic acid; IL, interleukin; LDH, lactate dehydrogenase;
LM, lipid mediator; LPS, lipopolysaccharide; LOX, lipoxygenase; LT, leukotriene; LX, lipoxin; MaR, maresin; M—CSF, macrophage-colony stimulating factor; MDM,
monocyte-derived macrophages; mPGES, microsomal prostaglandin E, synthase; MTT, 3-(4,5-dimethyl-2-thiazoly])-2,5-diphenyl-2H-tetrazolium bromide; NSAIDs,
non-steroidal anti-inflammatory diugs; PBMC, peripheral blood mononuclear cells; PD, protectin; PG, prostaglandin; PMML, polymorphonuclear leukocytes; PUFAs,
polyunsaturated fatty acids; RV, resolvin; SACM, Staphylococcus (S.) aureus 6850-conditioned medium; SPE, solid phase extraction; SPM, specialized pro-resolving
mediators; THF, tetrahydrofuran; TX, thromboxane; UPLC-MS-MS, ultia-performance liquid chromatography-tandem mass spectiometry.
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1. Introduction

Initiation, maintenance and resolution of acute inflammation are
well-orchestrated processes regulated by lipid mediators (LMs) that are
biosynthesized from free polyunsamrated fatty acids (PUFAs) [1].
Among these PUFAs, arachidonic acid (AA, w-6) is metabolized at the
onset of inflammation to prostaglandins (PGs) and leukotrienes (LTs),
generated by cyclooxygenases (COX) and by the 5-lipoxygenase (5-LOX)
pathway, respectively, which promote the maintenance of inflammatory
processes and contribute to related diseases like rheumatoid arthritis,
atherosclerosis, respiratory disorders, Alzheimer’s disease and cancer
[2-4]. In contrast, resolution of inflammation is promoted by another
superfamily of LMs that are specialized pro-resolving mediators (SPMs)
encompassing resolvins (RVs), protectins (PDs) and maresins (MaRs)
mainly produced by 12/15-LOXs from the w-3 PUFAs eicosapentaenoic
acid (EPA) or docosahexaenoic acid (DHA) [5]. These SPMs are highly
potent signaling molecules blocking excessive neutrophil infiloation
and pro-inflammatory cytokine secretion, increase the phagocytic and
efferocytotic capacities of macrophages, and stimulate tissue repair and
regeneration [6]. Common anti-inflammatory therapies such as the use
of glucocorticoids and non-steroidal anti-inflammatory drugs (HSAIDs)
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suppress PG formation within this complex LM network, causing side
effects due to substrate shunting into other non-targeted biosynthetic
LM branches [7,5]. A novel concept pursues the support of inflammation
resolution using application of SPMs and their precursors as well as
elevation of endogenous SPM biosynthesis by supplementation of EPA
and DHA [9]. Quite recently, manipulation of LM formation by natural
products was reported that resulted in a shift from LTs and PGs to SPMs
in the complex LM network by smart interference with 5-LOX at an
allosteric site [10,11]. Here, we report on a chalcone and its corre-
sponding dihydrochalcone that, apart from inhibiting 5-LOX and related
LT formation, are able to stimulate human monocyte-derived macro-
phages (MDM) for generation of SPM, apparently by cellular trans-
location and activation of 15-LOX-1.

Among natural products, flavonoids including chalcones have been
in the focus of anti-inflammatory research for many years. Chalcones are
ring-opened flavone-like structures and are widely distributed in daily
consumables like vegetables, spices or various plants [12]. The structure
of these types of compounds allows many different interactions with
inflammation-related proteins [12]. In the analysis of new therapeutic
options, natural and synthetic chalcones have been identified as anti-
inflammatory agents that inhibit COX-2-derived PG formation and LT
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Fig. 1. The natural chalcone MF-14 and the dihydrochalcone MF-15 are cardamonin derivatives that inhibit human 5-lipoxygenase. (A) Chemical structures
of MF-14 and MF-15 derived from cardamonin. (B) Semi-synthesis of ME-15. i: HCI 1.25 N, MeOH, 90 °C, 3 h, 85%:; ii: MOM-Br, diisopropylamine, diy THF, RT, 20
min, 54%; iii: methyl iodide, NaH 60%, THF, 0 °C, 1.5 h, 69%; iv: pTSA, DCM/EtOH 1/7, 60 °C, 1 h, 75%; v: 2-hydroxybenzyl aleohol, ZnCl, dioxane, MW 130 °C,
30 min, 60%. (C,D) Inhibition of 5-LOX activity by MF-14 and MF-15. (C) Isolated human recombinant 5-LOX was diluted in PBS containing EDTA (1 mM) and
incubated with MF-14 or MF-15 at the indicated concentrations (in pM) or vehicle (0.1% DMSO) for 10 min on ice. The samples were placed at 37 °C for 30 sec and
then stimulated with 20 uM AA plus 2 mM GaCl, for 10 min at 37 °G. (D) Freshly isolated human PMHNL (107 cells per mL) were diluted in PBS containing 1 mM GaGl,
and 0.1% glucose and incubated with MF-14 or MFE-15 at the indicated concentrations (in u) or vehicle (0.1% DMSO) for 10 min at 37 °C and then stimulated with
2.5 UM A23187 for 10 min at 37 °C. After termination of the incubations, the formed lipid mediators were extracted by SPE and 5-LOX products were analyzed via
RP-HPLC. Values are means + SEM, given as percentage of vehicle control (=100%), n = 3.
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production involving 5LOX [13-15]. In addition to the anti-
inflammatory activities chalcones are also examined as antidepressant,
analgesic and anticarcinogenic drugs [16,17]. Here, we investigated the
natural chalcone MF-14 ((E)-1-[2,4-dihydroxy-3-[(2-hydroxyphenyl)
methyl]-6-methoxy-phenyl]-3-(4-methoxyphenyl)prop-2-en- 1-one) and
the corresponding dihydrochalcone MF-15 (1-[2,4-dihydroxy-3-[(2-
hydroxyphenyDmethyl]-6-methoxy-phenyl]-3-(4-methoxy phenyl)
propan-1-one) that are structurally derived from cardamonin (Fig. 1A),
and contained in the leaves of Melodorum fruticosum. Previous studies
showed that especially MF-15 facilitates strong antineoplastic effects as
well as inhibition of androgen receptor signaling pathways and
decreased aldo keto reductase family 1 member C3 (AKR1C3) expres-
sion to treat enzalutamide-resistant prostate cancer in vitro [18]. Our
data demonstrate that in addition to their LT-suppressing actions via
blocking 5-LOX, these chalcones act as elicitors of SPM biosynthesis in
human macrophages implying potential as therapeutics for the treat-
ment of inflammatory diseases.

2. Materials and methods
2.1. Materials

Isolation of MF-14 from Melodorum fruticosum was performed as
previously described [18]. To obtain sufficient quantities for experi-
mentation, MF-15 was semi-synthesized as described below from
phlorizin that was efficiently extracted and purified from apple tree
leaves. 'H and *c NMR along with 2D NMR data were obtained on a
JEOL JNM-ECZS 400 MHz spectrometer (400 and 100 MHz, respec-
tively) in deuterated acetone and calibrated using the residual non-
deuterated solvent resonance as internal reference. Chemical shifts (8)
are reported in ppm with (br) s used for (broad) singlet, d for doublet
and t for triplet. Deuterium-labelled and non-labelled LM standards for
ultra-performance lignid chromatography-tandem mass spectrometry
(UPLC-MS-MS) quantification were obtained from Cayman Chemical/
Biomol (Hamburg, Germany). All other chemicals were obtained at
Sigma-Aldrich (Taufkirchen, Germany) unless stated otherwise.

2.2, Semi-synthesis of MF-15

(E)-1-[2,4-Bis(methoxymethoxy)-6-hydroxyphenyl]-3-(4-hydrox-
yphenyl)prop-2-en-1-one (di-MOM-phloretin, compound 1): To a so-
lution of phloretin (92 mg, 0.34 mmol) in diy tetrahydrofuran (THF) (5
mL) MOM-Br (0.07 mL, 2.2 eq.) and diisopropylamine (0.15 mL, 2.5 eq.)
were successively added at 0 “C. The reaction mixture was stirred at
room temperature (RT) for 20 min. Then, it was diluted with 10 mL of
water, neutralized with 1 M aqueous HCl and extracted with 3x 15 mL of
EtOAc. Combined organic layers were dried over NayS0,, filtered and
evaporated under reduced pressure. The crude was purified by silica-gel
column chromatography eluted with a mixture of petrolenm ether/
acetone (gradient from 9:1 to 7:3) leading to 66 mg of compound 1
(54% yield). IH NMR (5 ppm, (CD3)2CO, 400 MHz): 13.72 (br s, 1H),
8.13 (brs, 1H), 7.10 (d, J= 8.4 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 6.30 (d,
J=2.3Hz, 1H), 6.21 (d, J = 2.3 Hz, 1H), 5.35 (s, 2H), 5.24 (5, 2H), 3.48
(s, 3H), 3.44 (s, 3H), 3.37 (t, J = 7.7 Hz, 2H), 2.90 (t,J = 7.7 Hz, 2H). *°C
NMR (§ ppm, (CD),CO, 100 MHz): 206.0, 167.7, 164.4, 161.3, 156.4,
133.1,130.2,116.0, 107.3, 97.6, 95.6, 95.0, 94.8, 57.0, 56.5, 46.9, 30.4.

(E)-1-[2,4-Bis(methoxymethoxy)-6-methoxy phenyl]-3-(4-methox-
yphenyl)prop-2-en-1-one (compound 2): NaH (195 mg, 3 eq.) and
methyl iodide (0.71 mL, 5.9 eq.) were successively added to a solution of
di-MOM-phloretin 1 (700 mg, 1.93 mmol) in 27 mL of dry THF at 0 °C.
The resulting reaction mixture was stirred at the same temperature for
1.5 h. Then, 10 mL of ice-cold water were added and the mixture was
extracted with 330 mL of EtOAc. Combined organic layers were dried
over Mag50,, filtered and evaporated under reduced pressure. The crude
was purified by silica-gel column chromatography eluted with a mixture
of petrolenm ether/acetone (9:1) leading to 520 mg of compound 2
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(69% yield). '"H NMR (8 ppm, (CD3),CO, 400 MHz): 7.15 (d, J = 8.4 Hz,
2H), 6.83 (d, J = 8.4 Hz, 2H), 6.47 (d, J = 2.0 Hz, 1H), 6.40 (d, J = 2.0
Hz, 1H), 5.20 (s, 2H), 5.12 (s, 2H), 3.76 (s, 3H), 3.75 (s, 3H), 3.44 (s,
3H), 3.38 (s, 3H), 2.98 (t, J= 7.4 Hz, 2H), 2.88 (t, J = 7.4 Hz, 2H). °C
NMR (8 ppm, (CD5),CO, 100 MHz): 202.3, 160.5, 158.9, 158.6, 156.0,
134.3,130.1,116.5, 114.5, 96.7, 95.4, 95.2, 94.7, 56.4, 56.3, 56.2, 55.4,
47.1, 29.4.

(E)}-1-[2,4-Bis(hydroxy)-6-methoxyphenyl]-3-(4-methoxyphenyl)
prop-2-en-1-one (compound 3): Compound 2 (345 mg, 0.88 mmol)
was dissolved in 16 mL of a 7:1 mixture EtOH/CHsCls. An excess of
pPTSA (2.05 g, 13.6 eq.) was added. The reaction mixture was stirred at
60 °C for 1 h. Then, approximately half of the solvents were evaporated
under reduced pressure. The resulting solution was diluted with water
(20 mL) and saturated aqueons NaHCO; solution up to pH 6, extracted
with 3x30 mL of EtOAc. Combined organic layers were dried over
MayS 0y, filtered and evaporated under reduced pressure. The crude was
purified by silica-gel column chromatography eluted with a mixture of
petroleum ether/acetone (9:1) leading to 201 mg of 3 (75% yield). All
spectroscopic data were in accordance with the ones reported for the
corresponding natural derivative[19].

(E)-1-[2,4-Bis(hydroxy)-3-(2-hydroxybenzyl)-6-methoxyphenyl]-3-
(4-methoxyphenyl)prop-2-en-1-one  (MF-15):  2/,4'-dihydroxy-4,6'-
dimethoxydihydrochalcone 3 (83.6 mg, 0.277 mmol), 2 mL dry dioxane,
2-hydroxybenzyl alcohol (34.4 mg, 1 eq.) and ZncCl, (35 mg, 1 eq.) were
transferred into a microwave reactor. Then, the reaction mixture was
irradiated at 130 °C for 0.5 h. It was quenched by adding 10 mL H;0,
extracted with 3x10 mL EtOAc. Combined organic layers were dried
over Na;S0O,, filtered and evaporated under reduced pressure. The crude
was purified by silica-gel column chromatography eluted with a mixture
of petrolenm ether/acetone (from 3:1 to 3:2 ratio) leading to 68 mg of
MF-15 as a colorless solid (60% yield). All spectroscopic data were in
accordance with the ones reported for the corresponding natural de-
rivative [20].

2.3. Cell isolation and cell culture

Leukocyte concentrates were prepared from peripheral blood ob-
tained from healthy human adult donors that received no anti-
inflammatory treatment for the last 10 days (Institute of Transfusion
Medicine, University Hospital Jena). The approval for the protocol was
given by the ethical committee of the University Hospital Jena and all
methods were performed in accordance with the relevant guidelines and
regulations. To isolate polymorphonuclear leukocytes (PMML) and
monocytes, the leukocyte concentrates were mixed with dextran
(dextran from Leuconostoc spp. MW ~—40,000) for sedimentation of
erythrocytes; the supernatant was centrifuged on lymphocyte separation
medium (Histopaque®-1077). Contaminating erythrocytes in the pel-
leted neutrophils were removed by hypotonic lysis using water. PMNL
were then washed twice in ice-cold phosphate buffer saline (PBS) and
finally resuspended in PBS. The peripheral blood mononuclear cell
(PBMC) fraction on top of the lymphocyte separation medium was
washed with ice-cold PBS and seeded in cell culture flasks (Greiner Bio-
one, Nuertingen, Germany) for 1.5 h (37 °C, 5% COs) in PBS with Ca®'/
Mg?" to isolate monocytes by adherence. For differentiation and po-
larization of monocytes to M1- and M2-like macrophages, we followed
published procedures [21]. Thus, adherent monocytes were treated with
20 ng mL ! granulocyte macrophage-colony stimulating factor (GM-
CSF) (Peprotech, Hamburg, Germany) for 6 days in RPMI 1640 sup-
plemented with 109% fetal calf serum (FCS), 2 mmol L™ L-glutamine,
penicillin (100 UmL ™Y and streptomycin (100 pg mL~ 1) for differen-
tiation and further incubated with 100 ng mL™! lipopolysaccharide
(LPS) and 20 ng mL 1 interferon-y (Peprotech) for 48 h to get M1-MDM.
To obtain M2-MDM, monocytes were treated with 20 ng mL ™~ M—CSF
(Peprotech) for 6 days, followed by 20 ng mL ! interleukin (IL)-4
(Peprotech) for 48 h. Unpolarized MO-MDM were obtained by differ-
entiation with M—CSF and GM-CSF (10 ng mL !, each) for 6 days
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[21,22]. Correct polarization and purity of MDM was routinely checked
by flow cytometny (LSRFortessaTM cell analyzer, BD Biosciences, Hei-
delberg, Germany) as reported [5] using the following antibodies: FITC
anti-human CD14 (clone M5E2, BD Biosciences), APC-H7 anti-human
CD80 (clone L307.4, BD Biosciences), PE-Cy7 anti-human CD54 (clone
HAS58, Biolegend, Koblenz, Germany), PE anti-human CD163 (clone
GHI/61, BD Biosciences), and APC anti-human CD206 (clone 19.2, BD
Biosciences). HEK293 cells were cultured in monolayers (37 “C, 5%
CO3) in DMEM containing FCS (10%), penicillin (100 U mL 1y and
streptomycin (100 pg mL ). HEK293 cell lines stably expressing 5-LOX,
15-LOX-1 or 15-LOX-2 were selected using geneticin (400 pg) as re-
ported [10]. Transfection of HEK293 cells was performed by using
pcDNA3.1 plasmids and lipofectamine according to the manufacturer’s
protocol (Invitrogen, Darmstadt, Germany) and as reported before [23].

2.4. Expression, purification and activity assay of human recombinant 5-
LOX

E.coli BL21 was transformed with pT3-5-LO plasmid at 30 °C over-
night to express recombinant 5-LOX as described before [24]. The bac-
teria were treated with lysis buffer containing triethanolamine (50 mM,
pH 8.0), EDTA (5 mM), phenylmethanesulfonyl fluoride (1 mM), soy-
bean trypsin inhibitor (60 pg mL ™1, dithiothreitol (2 mM) and lysozyme
(1 mg mL 1) before sonification (3x15 s) to obtain cell lysates. 5-LOX
was purified from supernatants after centrifugation of the lysates
(40,000 g; 20 min, 4 °C) by using an ATP-agarose column and diluted
with PBS buffer containing 1 mM EDTA. For evaluation of 5-LOX
product formation, 0.5 pg purified 5-LOX was diluted in 1 mL PBS
containing 1 mM EDTA and pre-incubated with vehicle (0.1% DMSO) or
test compounds for 15 min on ice and then stimulated with 20 pM AA
and 2 mM CaCly for 10 min at 37 °C. The reaction was stopped by
addition of 1 mL ice-cold methanol containing PGB, (200 ng) as internal
standard, and 5-LOX products (i.e., trans-isomers of LTB, and 5-H(P)
ETE) were analyzed by RP-HPLC as described previously [25]. Briefly,
530 pL acidified PBS and 200 ng of internal PGB, standard were added
and solid phase extraction (SPE) using C18 RP-columns (100 mg, UCT,
Bristol, PA, USA) was performed. After elution with methanol, samples
were analyzed by RP-HPLC using a C-18 Radial-PAK column (Waters,
Eschborn, Germany).

2.5, Cytotoxicity assays in human MDM

Cytotoxicity was studied by analysis of lactate dehydrogenase (LDH)
release (cell integrity) and by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolinm bromide (MTT) assay (cell viability) in MO-MDM. The
release of LDH from the cells was analyzed using the CytoTox 96® MNon-
Radioactive Cytotoxicity Assay (Promega GmbH, Mannheim, Germany).
In brief, 10° MO-MDM per well were suspended in RPMI-medium con-
taining 10% FCS, penicillin/streptomycin and L-glutamine, and seeded
in a24-well plate. Lysis control and 0.2% triton X-100 were added to the
cells and incubated for 45 min; compounds and control (0.1% DMSO)
were added and incubated for another 24 h at 37 °C. Stop solution was
added, the plate was centrifuged (250 g, 4 min, RT) and 50 pL of su-
pernatant from each well was transferred in a 96-well plate. Afterwards,
50 pL of substrate mixture was added and incubated for 30 min at RT in
the dark. To finally stop the reaction, 50 pL of stop solution were added.
The photometric measurement was performed at 490 nm using a Mul-
tiskan Specttum plate reader (Thermo Fischer Scientifie, Scientific,
Darmstadt, Germany) as reported before [26].

For analysis of cytotoxic effects by MTT assay [27], 10° MO-MDM per
well were seeded in a 96 well plate (triplicates). Briefly, test compounds
or controls (DMSO as vehicle control; staurosporine (1 pM) as positive
control) were added and incubated for 48 h (37 °C, 5% COz). Next, the
MTT solution was added and cells were incubated for another 2 h under
the aforementioned conditions. Then, 100 pL SDS lysis buffer was added
under gently shaking for 20 h at 175 rpm in the dark. VIS detection was
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used to measure the corresponding reaction at 570 nm.
2.6. Evaluation of 5-LOX product formation in human PMNL

For evaluation of 5-LOX product formation in human PMNL, 107
cells per mL PBS plus 1 mM CacCl; and 0.1% glucose were incubated with
test compounds for 15 min at 37 °C and then stimulated with 2.5 pM
Ca?'-ionophore A23187 (Cayman, Ann Arbor, USA) for 10 min. The
incubation was stopped with 1 mL ice-cold methanol containing 200 ng
mL ! PGB1 as internal standard. Samples were subjected to SPE and
formed LM were separated and analyzed by RP-HPLC as described [28].

2.7. Determination of the lipid mediator profile in human MDM and in
HEK293 cells

Human MDM (2x10° cells in 1 mL PBS plus 1 mM CaCls) were
seeded in 6-well-plates and preincubated for 15 min with test com-
pounds at 37 °C. The macrophages were subsequently incubated with
1% (v/v) Staphylococcus (S.) aureus 6850-conditioned medium (SACM,
24 h culture from OD = 0.05) for 3 h to induce LM formation, as reported
recently [29]. Alternatively, MDM (2x10° cells in 1 mL PBS plus 1 mM
CaCly) were incubated with the test compounds with or without AA,
EPA, DHA (1 uM each) at 37 °C for 3 h.

HEK293 cells (2x10° cells in 1 mL PBS plus 1 mM CaCl, and 0.1%
glucose) were preincubated with test compounds or vehicle (0.1%
DMSO) for 10 min at 37 °C, and LM biosynthesis was initiated by
addition of 2.5 pM A23187 plus 1 pM AA for another 15 min at 37 °C.
Alternatively, HEK293 cells were incubated with test compounds or
vehicle (0.1% DMSO) together with AA, EPA, DHA (1 pM each) for 3 h at
37 °C.

Incubation of either MDM or HEK293 cells was stopped with 2 mL
ice-cold methanol containing deuterium-labeled internal standards (d8-
58-HETE, d4-LTB,, d5-1XA,, d5-RvD2, and d4-PGEy 500 pg each).
Samples were kept at —20 °C for one day to allow protein precipitation.
After centrifugation (2000 g, 4 °C, 10 min), 8 mL acidified water was
added (final pH = 3.5) and samples were subjected to solid phase
extraction using RP-18 columns. LMs were analyzed by UPLC-MS/MS
211

2.8. SDS-PAGE and Western blot

Cell lysates of MDM (2x10° cells) were separated on 10% poly-
acrylamide gels and blotted onto nitrocellulose membranes (Amersham
Protran Supported 0.45 pm nitrocellulose; GE Healthcare, Chicago, IL,
UsA). The membranes were incubated with the following primary an-
tibodies: rabbit polyclonal anti-5-LOX, 1:1000 (Genscript, Piscataway,
MJ, USA, to a peptide with the C-terminal 12 aa of 5-LOX:
CSPDRIPHSVAL kindly provided by Dr. Marcia Newcomer, Louisiana
State University, Baton Rouge, LA, USA); mouse monoclonal anti-15-
LOX-1, 1:500 (ab119774; Abcam, Cambridge, United Kingdom); rabbit
polyclonal anti-COX-2, 1:500 (4842; Cell Signaling Technology); rabbit
polyclonal anti-15-LOX-2, 1:500 (ab23691; Abcam), and rabbit poly-
clonal anti-f-actin, 1:1000 (4967S; Cell Signaling Technology). Immu-
noreactive bands were stained with IRDye 800CW goat anti-mouse lgG
(H + L), 1:10,000 (926-32210; Li-Cor Biosciences, Lincoln, NE, USA),
[RDye 800CW goat anti-rabbit IgG (H -+ L), 1:15,000 (926 32211; Li-Cor
Biosciences) and IRDye 680LT goat anti-mouse IgG (H + L), 1:40,000
(926—-68020; Li-Cor Biosciences), and visualized by an Odyssey infrared
imager (Li-Cor Biosciences). Data from densitometric analysis were
background corrected.

2.9. Flow cytometry
Cells were stained in PBS pH 7.4 containing 0.5% BSA, 2 mM EDTA

and 0.1% sodium azide by Zombie Aqua™ Fixable Viability Kit (Bio-
legend, San Diego, CA, USA) for 5 min at 4 °C to determine cell viability.
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Fig. 2. Effects of MF-14 and MF-15 on LM profiles of exotoxin-stimulated M1- and M2-MDM and of LOX-transfected HEK293 cells. (A,B) Human unpolarized
MDM were kept in RPMI 1640 medium and incubated with MF-14 or MF-15 at the indicated concentrations or vehicle (0.1% DMSO) for 24 h at 37 °C and cell
integrity and viability was assessed using (A) LDH release assay and (B) MTT assay, respectively. Values are means + SEM, given as percentage of vehicle control
(=100% integrity or viability), n = 3. Statistics was performed via matched one-way ANOVA and Dunnett’s multiple comparisons test against the DMSO control, * p
< 0.05. (C) M1-MDM and (D) M2-MDM (2x 10°, each) were diluted in PBS containing 1 mM CaCl,, incubated with vehicle (0.1% DMS0), MF-14 or ME-15 (10 uM,
each) for 10 min at 37 °C and stimulated with SACM (1%) for 180 min at 37 °C. Then, formed LM were extracted from the supematants by SPE and analyzed by
UPLC-M5,/MS. Results are given as mean + SEM, presented as percentage of SACM-stimulated vehicle control (=100%), n = 5. Upper panels: grouped LM produced
by 12/15-LOX, SPM, PUFA, 5-LOX and COX (according to Tablel); middle panels: sum of w-6-derived LM as indicated; lower panels: sum of w-3-derived LM as
indicated. (E) Stably LOX-transfected HEK293 cells (2x10° cells in 1 mL PBS containing 1 mM CaCl, and 0.1% glucose), were pre-incubated with vehicle (0.1%
DMS0), MF-14 or MF-15 (10 uM, each) for 15 min at 37 °C and then stimulated with 2.5 pM ionophore A23187 plus 1 uM AA at 37 °C. Afterwards the reaction was
stopped with ice-cold methanol and formed LMs were extiacted by SPE and analyzed by UPLC-MS/MS. Results are given as mean + S.E.M in percentage versus
vehicle control (=100%) for 5-LOX-, 15-LOX-1-, and 15-LOX-2-transfected cells, n = 3. Statistical analysis was performed via ratio-paired t-test, * p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001.

133



. Kretzer et al.

Table 1
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MF-14 and ME-15 modulate LM profiles of exotoxin-stimulated M1- and M2-MDM. M1- and M2-MDM (2x10° cells, each) were preincubated in PBS containing 1
mM CaCl, with vehicle (0.1% DMS0O), MF-14 or MF-15 (10 uM, each) for 10 min at 37 °C and then stimulated with SACM (1%) for 180 min at 37 °C. Formed LM in the
supernatants were analyzed by UPLC-MS,/MS. Results are given in pg/2x10° cells as means + SEM and as -fold change versus SACM-stimulated vehicle control (etrl. =
1), n = 5. Results below the limit of quantification are indicated as non-quantifiable (n.q.).

M1 ot MF-14 ~foid Wi i MF-15 [10 uM] MF-14[10pM]__-fold M2 il
S-HEPE 416 + 148 | 240 z 183 06| 269 & 74 [ 110 = 33 169 t 43 07| 445 = 96 &
X SHETE 3580 + 1757 | 1325 = 380 2710 & 1244 | 1183 + 580 1704 + 274 06 || 8452 = 2550 +
Bwra‘ 283 & 111 | 142 2 111 05| 244 z &5 L] 186 ¢+ 36 06| 731 = =272 +
& LT, 1387 + 572 | 867 = 943 0B || 1310 + 470 | 267 ¢ 129 461 + 108 08| 1855 ¢ 737 t
SSORMETE| 145 ¢ 72 | 70 + 51 |06 || 119 & 54 42 3 23 90 . 57+ 152 | & 32
PGE; 6251 t 4206 | 5543 : 6450 00 |[ 1962 & 506 | 2627 = 56 601 t t 96 | 337 1 54 E
épsnz 85 + 256 | 107 + 33 13| 338 =z 3 73t 15 10 & + 8 63 + 17 14
O PG B2z + 280 | 765 + 564 08| 474 + 105 | 522 ¢+ 79 325 + 23 | 130 ¢+ 32 13
TXB, 17938 + 8018 | 12400 + 10781 07 || 10165 + 1203 | 8963 + 1219 T2 & + 1354 | 4984 1779 09
17-HDHA 926 + 237 | 1697 + 264 | 1B || 510 = 171 | 1276 + 384 11486 ¢ + 1255 | 5075 % 1151 | 0T
=4
14-HDHA 168 + 38 | 118 + 19 oOF|| 140 + 26 | 107 + 34 2846 + + 148 | 1208 + 238 | A7
Emm 116 & 22 75 + 47 06| 868 & =20 42 = 3 387 + 20 | 202 * 45 11
o 4HDHA 88+ 18 0 ¢+ 10 10| e3 & n 72 0+ 14 95 + 13 0 + 11 10
© 15-HEPE 91 + 19 | 174 z 32 (48| &1 & 17 | 124 & 30 2553 & + 155 | 801 & 198
O 12-HEPE 51 & 12 4 0+ 14 07| 4 & 13 ™ ¢+ 25 475 & + 16 | 178 + 35 15
= 18HETE 1852 + 134 | 3276 = 706 930 + 162 | 3088 : €78 21506 & + 1132 | 12835 2 3561
&} 12-HETE 857 + 369 | 282 3 250 449 & 207 | 1028 + 377 4188 + 609 | 2236 1 745
5,15-diHETE 105 + 46 61 + 65 0.6 52 + & 28 + 4 1781 + + 143 619 + 280
o PO 30 + 07 | 47 = 04 15| 20 = 06 | 41 = 23 R t 2 8 t T
= POX 80 + 33 | 159 + 18 (20| 55 + 27 | 137 + 80 55 & + 9 60 ® 25
% RVDS 89 + 31 | 56 + 37 06| 58 + 18 | 28 + 04 733 + 62 | 190 + 93
MaR | 59 + 24 | 27 3 29 (05| 25 & 16 | 34 s 22 13)f 33 s+ 9 | 46 s 11 14 : 10 | 34 3 15
< M 632322 + 204318|813832 1 585167 1.3 ||486287  215813|722736 + 355550 1.5 0]881911 £ 480958 1.2 ||502316 + 302562|736718 £ 361686 1.2
L. EPA 229764 + 101624]|315238 £ 213017 1.4 ||174013 + 82639 |291918 £ 148084 1.7 (/240368 + 121104 |309628 + 172650 1.3 ||227858 £ 124036| 266763 £ 154736 1.2
L D 174632 4 34600 | 231448 4 68047 1.3 |[160488 + 32651 [176100 + 44458 1.1 ||183458 + 43893 (184506 + 50702 1.0 |[151006 + 44656 [173852 + 53984 12

Non-specific antibody binding was blocked by using mouse serum (10
min at 4 °C) prior to staining by the following fluorochrome-labelled
antibodies (20 min, 4 °C): FITC anti-human CD14 (clone M5E2, BD
Biosciences), APC-H7 anti-human CD80 (clone L307.4, BD Biosciences),
PE-Cy7 anti-human CD54 (clone HAS8, Biolegend), PE anti-human
CD163 (clone GHI/61, BD Biosciences), and APC anti-human CD206
(clone 19.2, BD Biosciences) to determine M1 and M2 surface marker
expression using a LSRFortessaTM cell analyzer (BD Biosciences), and
data were analyzed using FlowJo X Software (BD Biosciences).

2.10. Immunofluorescence microscopy

MDM (10° cells) were seeded onto glass coverslips in a 12-well plate
and cultured for 48 h. SACM, test compounds or DMSO (0.1% as vehicle)
were added at 37 °C and stopped after the indicated times by fixation
with 4% paraformaldehyde solution. Acetone (3 min, 4 °C) followed by
0.25% Triton X-100 for 10 min at RT was used for permeabilization prior
to blocking with normal goat serum 10% (500627, Thermo Fisher Sci-
entific). Coverslips were incubated with mouse monoclonal anti-15-
LOX-1 antibody, 1:100 (ab119774, Abcam, Cambridge, UK) and rabbit
anti-5-LOX antibody, 1:100 (1550 AK6, kindly provided by Dr. Olof
Radmark, Karolinska Institutet, Stockholm, Sweden) at 4 °C overnight.
5-LOX and 15-LOX-1 were stained with the fluorophore-labeled sec-
ondary antibodies; Alexa Fluor 555 goat anti-mouse IgG (H + L); 1:500
(A21424, Thermo Fisher Scientific) and Alexa Fluor 488 goat anti-rabbit
IgG (H + L), 1:500 (A11034, Thermo Fisher Scientific). Samples were
analyzed by a Zeiss Axiovert 200 M microscope, and a Plan Neofluar
x40,/1.30 Oil (DIC IIT) objective (Carl Zeiss, Jena, Germany). An Axio-
Cam MR camera (Carl Zeiss) was used for image acquisition.

2.11. Statistical analysis

The sample size for experiments with MDM and PMHL was chosen
empirically based on previous studies [2] |to ensure adequate statistical
power. The results are expressed as mean + standard error of the mean
(SEM) of n observations, where n represents the number of experiments
with cells from separate donors, performed on different days, as indi-
cated. Datasets were analyzed by GraphPad Prism 9.1.2 (GraphPad, La
Jolla, CA, USA) using one-way ANOVA and ratio-paired t-test to over-
come interindividual differences of human donors.

3. Results
3.1. The chalcones MF-14 and MF-15 inhibit 5-LOX product formation

Our previous in silico target prediction approach identified human 5-
LOX as potential target of a variety of natural chalcones [15]. Here, we
assessed the efficiency of the natural chalcone MF-14 and its corre-
sponding dihydrochalcone MF-15 (Fig. 1A) to interfere with the activity
of human 5-LOX in cellfree and cell-based assays. While MF-14 was
isolated from Melodorum fruticosum as previously described [18], to
obtain MF-15 in sufficient quantities, a semi-synthetic approach was
used. Thus, hydrolysis of phlorizin yielded its aglycone, phloretin (Pt),
as previously described [30]. Pt was then protected in positions 2’ and 4/
using MOMBr as alkylating agent in the presence of a base with an
optimized yield of 54% for compound 1 (Fig. 1B). The two remaining
phenol functions of 1 were alkylated with methyl iodide leading to 2
(6996). Removal of the acetal protecting groups vielded 3, already
known as a secondary metabolite isolated from the trunk wood of
Iranthera laevis Markgr [19]. Monobenzylation of 3 using modified
conditions from Urgaonkar et al. [31] allowed the synthesis of MF-15
with 609 yield for this step and an overall yield of 14% (5 steps) from
phlorizin.

We studied inhibition of the enzymatic activity of isolated human 5-
LOX and 5-LOX product formation in ca’ -ionophore A23187-activated
human neutrophils, which both are well-established and convenient test
systems for initial and routine studies of 5-LOX inhibitors, where
respective mediators are analyzed by RP-HPLC (UV detection at 235 and
280 nm) [27]. The chalcone MF-14 with an IC5y = 2.4 £+ 0.3 uM was
more potent against isolated 5-LOX (Fig. 1C) than in neutrophils (ICs, =
7.7 £ 1 pM; Fig. 1D), while the corresponding dihydrochalcone MF-15
showed similar potency in both experimental settings (ICsy = 3.5 &
0.2 pM for isolated 5-LOX; ICg, = 3.1 £ 0.3 pM in neutrophils; Fig. 1C
and D), thus, being somewhat superior over MF-14 in intact cells.

3.2, Modulation of LM profiles by MF-14 and MF-15 in exotoxin-
stimulated human MDM

For more comprehensive analysis of the effects of the chalcones on
broad and complex LM networks under pathophysiological relevant
conditions, we used polarized human MDM with either pro-
inflammatory (M1-) or anti-inflammatory (M2-like) phenotype that
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were stimulated by bacterial exotoxins for 3 h [8,21,29]. M1-MDM ex-
press abundant 5-LOX and 5-LOX-activating protein (FLAP) but hardly
15-LOX-1, whereas M2-MDM express both 5-LOX,/FLAP and substantial
amounts of 15-LOX-1 [21]. First, we investigated whether the chalcones
are cytotoxic, displaying detrimental effects on the viability and integ-
rity of MDM, using MTT assay and LDH release analysis. MNeither MF-14
nor MF-15 up to 10 pM significantly affected cellular viability of MDM in
these assays over 24 h (Fig. 2A and B). At higher concentrations, i.e., 30
uM, both compounds caused dewrimental effects on the cell integrity
(LDH assay) and a tendency towards loss of cell viability (MTT assay),
prompting us to limit the concentrations for further investigations to <
10 pM.

As reported before, upon exposure to bacterial exotoxins, M1-MDM
produce mainly pro-inflammatory COX-derived PGs/TX and 5-LOX-
derived LTs, while M2-MDM generate substantial amounts of SPM and
their 15-LOX-1-derived monohydroxylated precursors [8,21,29]. We
studied the LM profiles of M1- and M2-MDM by targeted LM metab-
ololipidomics using UPLC-MS/MS [8]. M1-MDM produced higher
amounts of various COX-derived LM (PGDyn, PGE;, PGFox and TXB,) as
compared to M2-MDM, without strong differences related to 5-LOX
product (5-HEPE, 5-HETE, t-LTB4, LTB4 and 55,6R-di-HETE) formation
between the two phenotypes (Table 1). In contrast, formation of SPM
(PD1, PDX, RvD5 and MaR1) and of other 12/15-LOX products (17-
HDHA, 14-HDHA, 15-HEPE, 15-HETE, 12-HEPE, 12-HETE) was much
higher in M2-MDM. Preincubation of the MDM with MF-14 and MF-15
at 10 pM, each, clearly inhibited the biosynthesis of SACM-induced 5-
LOX products in both phenotypes (Table 1), where MF-15 appeared to
be somewhat more efficient than MF-14, especially for inhibition of
LTB4. Among COX products, TXB, formation was reduced by MF-14 but
less pronounced by MF-15 in both MDM subtypes, while PGs were
hardly affected or rather elevated, in particular in M2-MDM (Table 1).
Of interest, both chalcones enhanced the formation of 12/15-LOX
products including SPMs, more consistently in M2- versus M1-MDM.
Mote that among these mono/di-hydroxylated PUFAs, MF-14 and MF-
15 failed to elevate 4-HDHA, 7-HDHA and 5,15-diHETE that are not
or not exclusively formed by 12/15-LOXs; the amounts of liberated
PUFAs were all moderately increased by MF-14 and MF-15 in both MDM
phenotypes (Table 1).

Table 2

Biochemical Pharmacology 195 (2022) 114825

Next, the potency of MF-14 and MF-15 was studied in more detail in
concentrations-response experiments (0.1 to 10 pM) using SACM-
activated MDM. In M1-MDM, formation of COX products and SPM as
well as PUFA release were hardly affected by either chalcone, but again
mono/di-hydroxylated 12/15-LOX metabolites were significantly
increased, more pronounced by MF-15 versus MF-14, starting at 3 pM
MF-15 (Iig. 2C). 5-LOX products were suppressed only by MF-15 at 10
uM. A comparable pattern of LM modulation was found in M2-MDM,
where mono/di-hydroxylated 12/15-LOX products and SPM were
most strikingly elevated with significant effects at 3 and 10 pM for both
chalcones, with some superiority for MF-15 (Fig. 2D). To estimate if the
stimulatory effects of chalcones on LOX product formation depends on
the type of substrate, we differentially analyzed the modulation of
mono/di-hydroxylated products derived from either w-6-PUFA (AA) or
w-3-PUFA (EPA and DHA). Obviously, those LOX products that require a
C15- or C17-lipoxygenation such as 15-HETE and 15-HEPE or 17-HDHA,
made from AA and EPA or DHA, respectively, were most prominently
affected (Fig. 2C and D). This suggests that the chalcones preferably
stimulate C15-lipoxygenation in MDM irrespective of the type of PUFA
substrate.

3.3. MF-14 and MF-15 preferably stimulate 15-LOX-1 activity in HEK
cells

In humans, two isoforms 15-LOX-1 and 15-LOX-2 exist that not only
differ in the cell type-dependent expression but also in the regiospeci-
ficity of PUFA oxygenation: while 15-LOX-2 (equally present at low
amounts in human M1- and M2-MDM [29]; Fig. 5B) selectively catalyzes
oxygenation of C15 in AA and EPA and C17 in DHA, 15-LOX-1 (abun-
dant in human M2-MDM) also oxygenates C12 in AA and EPA and C14 in
DHA, although to a minor degree versus C15 and C17 [32]. To further
dissect if and which 15-LOX isoform confers the stimulatory effects of
the chalcones, we took advantage of HEK293 cells stably transfected
with either human 15-LOX-1 or 15-LOX-2; cells expressing human 5-
LOX were studied as additional control. Preincubation of HEK293 cells
with chalcones and subsequent stimulation with 2.5 pM ionophore
A23187 plus 1 pM AA, according to previous studies [10,23], showed
that both chalcones (10 pM), again preferably MF-15, strongly elevated

MF-14 and MF-15 modulate ionophore A23187-induced LM formation in LOX-transfected HEK293 cells. Stably LOX-transfected HEK293 cells (2x10° cells in 1
mL PBS containing 1 mM CaCl, and 0.1% glucose), were pre-incubated with vehicle (0.1% DMSO0), ME-14 or MF-15 (10 uM, each) for 15 min at 37 °C and then
stimulated with 2.5 pM ionophore A23187 plus 1 pM AA at 37 °C. Afterwards, the reaction was stopped with ice-cold methanol and formed LMs were extracted by SPE
and analyzed by UPLC-MS,/MS. Results are given in pg/2x10° cells as means -+ $.E.M and as -fold change versus ionophore-stimulated vehicle control (etid. = 1), n= 3.

LM DMSO MF-14 pg/2x10°cells fold MEF-15 pg/2x10°cells -fold
5-LOX 5-HEPE 119 15 16 + 11 0.1 30 24 0.2
5-HETE 11,913 + 5402 712 + 59 0.1 754 + 72 0.1
LLTE, 759 = 359 15 = 5 0.0 11 = 1 0.0
LTE, 1180 = 538 16 = 3 0.0 14 = 0.0
17-HDHA 40 + 31 49 + 24 1.2 92 + o 2.3
14-HDHA 136 + 9.3 14.3 + 9.1 1.1 18.9 + 13.5 1.4
15-HEPE 6.8 =+ 23 9.6 + 3.7 1.4 9.3 + 4.5 1.4
15-HETE 434 = o4 HE9 + 219 1.4 501 = 92 1.2
15-LOX-1 5-HEPE 3.4 + 0.2 3.8 + 0.3 1.1 3.5 + 0.4 1.0
5-HETE 246 + 120 202 + vy 0.8 273 == 102 1.1
LLTB, 49 = 0.3 6.9 = 25 1.4 12.2 = 3.6 2.5
LTE, 4.8 + 1.3 55 = 1.4 1.2 10.9 = 4.0 2.3
17-HDHA hHh + 35 116 + 85 2.1 181 = o 111 3.3
14-HDHA 16 = = a 40 + 21 2.5 55 = = 32 3.4
15-HEPE 21 = = 13 34 £ 24 1.6 54 = 33 2.6
15-HETE 1699 + 1356 1539 + 1124 0.9 2542 + 1911 1.5
15-LOX-2 5-HEPE 4.8 < 1.1 34 + 07 0y 3.3 + 0.5 0.7
5-HETE 320 + 172 136 + 35 0.4 167 + 29 0.5
LTB, 14.2 + 7.5 39 + 12 0.3 5.9 + i g 8 0.4
LTE, 109 = 4.9 22 = 0.9 0.2 4.5 = 2.1 0.4
17-HDHA 1473 = o 377 1708 + 37y 1.2 1865 = o 485 1.3
14-HDHA 12 + 2 13 £ 2 1.1 15 + 2 1.3
15-HEPE 646 + 137 549 + 113 0.9 504 + 113 0.8
15-HETE v + 4302 10,407 + 3092 1.1 10,566 + 4593 1.1
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MEF-14 and ME-15 induce LM formation in M1- and M2-MDM. M1- and M2-MDM (2x10° cells in 1 mL PBS containing 1 mM CaCly) were incubated with vehicle (0.1
9 DMSO) or with MF-14 or MF-15 (10 uM) for 180 min at 37 °C. Formed LM in the supematants were analyzed by UPLC-MS/MS. Results are given in pg/2x 10° cells as
means + 5.E.M and as -fold change versus unstimulated vehicle control (etil. = 1), n = 5.

[ M1 MDM M2 MDM
DMSO MF-14 DMSO MF-15 —fold DMSO MF-14 | ol DMSO MF-15 | fold
SHEPE 81 + 13 | 194 = 28 53 : 05 | 151 = 2B | 28| 54 & 08 | 231 2 32 | 42| 83 = a3 | 24 = 33 | 27
> SHETE 61.7 = 233 122 = ar 351 = 85 120 = 32 34 253 =+ 58 140 = 38 55 367 = 127 188 = 5 | 51
O um, 171 + 68 | 148 + 58 68 + 22 | 89 + 11 |14]| 84 « 37 [ 130 &+ 33 | 20| 58 + 30 | w7y « 77 |35
LT, 15 + 42 | 245 + 67 46 & 11 | 111 2 36 (24| 56 s+ 21 [ 138 2 38 (25| 48 = 18 | 255 « 109 | 53
55 6R-dIHETE 18 = 03 33 = 14 13 = 04 33 = 02 25 05 = 03 21 = 05 a8 06 = 02 31 = 15 : 50
PGE; 1505 + 610 | 752 + 202 "546 + 168 | 561 « 212 | 10| 348 x 72 | 60 =+ 16 . 17| 369 = 64 | 72 = _1_2"';'{'
é PGD; 238 &+ B6 | 258 + B 18 ¢+ 27 | 168 + 60 (15| BB £ 16 | 87 2 16 14| 98 =+ 18 +
O PGF 560 + 209 | M9 = 176 w5 + 50 | 198 = 52 o8| 190 = a1 : 47 +
17-HDHA 781 = 208 | 681 : 40 76| 979 = 55 | 19 = 73 | 61| 37 = 80 g + 102
14-HDHA #6 £ 137 [ 1591 + 735 1 28| 63 + 07 | 375 = 98 [59| 94 & 15 | a9 1+ 157 144 = a5
X 7-HDHA 180 £+ 35 1589 = 390 : 0.3 105 + 18 147 =+ 25 14 120 =+ 441 651 =+ 237 ; 48 98 =+ 28
9 4-HDHA 137 = 34 38 = 45 : 23 80 == 1.6 271 = 80 3.0 106 = 23 477 x= 100 4.5 150 = 46
sy 15-HEPE 137 + a1 | 802 + 386 (43| 59 + 09 | 193 + 48 (33| 62 + 08 | 123 + 55 ,180| 78 = 17
T 12HEPE B9 : 40 | 34 =+ B4 (38| 24 x 04 | 166 = 39 48| 36 = 08 | 687 = 2|2 (176] 50 = 14
~ 15HETE 848 = 312 1167 =+ 807 |123| 515 = 126 3|5 = 152 75 208 =+ 28 1834 = 906 357 = 1389
12HETE 241 = 212 857 =+ 263 :23 27 * 4 184 = 66 73 199 =+ 26 713 =+ 374 285 =+ 1.0 1783 + 803
s15aHETE | 386 = 126 | 17 + 18 JEEN 125 s a1 | 04 s 16 |o8f 101+ 44 | 471 2 w5 46| 60 & 23 | 251 2 128 |42
@ PD1 08 = 03 1.3 = 03 J 08 = 02 1.0 08 == 01 23 = 07 28 08 == 01 14 = 03 | 1.8
S pox 21 + 04 | 41 : o8 26 + 03 |14 22 + 04 | 43 2+ 10 20| 23 & 04 | 48 £ 11 20
& mos 20 = 08 | 21 = 07 15 + 3 |11 18 = 08 | 388 = 210 (188| 19 = o5 | 1588 = 88 | B2
MaR 20 + 22 | 17 = 11 e 17 + 14 |B8| 22 + 17 | 87 + 54 (39| 22 & 18 | 36 = 22 |17
36804 + 17530 | 362068 + 295912 254992 = 05073 | 105 | 22004 = 7943 | 284347 = 174831 129 | 29061 = 8629 [ 010284 = 192949 | 10.6
5 era 181 & 3342 | 113524 + 09397 | 43073 = 32916 |113| 2577 & 751 | 55025 + 217 (24| 4518 + 1624 | eosos & 94402 | 138
[y 28662 + B325 | B1260 + 37508 | 28 | 14467 + 2608 | 51858 s+ 23877 | 36 | 16391 + 2023 | 99140 s+ 20434 | 57 | 25208 + 5047 | 102093 = 25346 4.0

product formation (15-HETE, 15-HEPE, 17-HDHA and 14 HDHA) in
cells expressing 15-LOX-1 but not so in cells expressing the 15-LOX-2
isoform (Table 2, Fig. 2E). In HEK293 cells expressing 5-LOX, strong
suppression of 5-LOX products was obvious by MF-14 and MF-15
without significant elevation of 12/15-LOX products (Table 2,
Fig. 2E), as expected. Conclusively, MF-14 and MF-15 inhibit 5-LOX
product formation in PMNL and MDM but increase 12,/15-LOX prod-
ucts and SPM formation in MDM.

3.4. MF-14 and MF-15 elicit formation of 12/15-LOX products and
SPMs by stimulating 15-LOX-1

To gain further insights in whether MF-14 and MF-15 could induce
15-LOX-1 activation and thus elicit SPM formation in MDM without the
need of an additional stimulus (such as SACM or ionophore), we simply
exposed M1- and M2-MDM to the chalcones for 3 h and analyzed the LM
formed by UPLC-MS/MS. In both MDM phenotypes, the chalcones
induced LOX product formation versus vehicle control with similar
effectiveness for MF-14 and MF-15 and without affecting COX products
(Table 3, Iig. 3A and B). Along these lines, the chalcones strongly
elevated the liberation of PUFAs, a general prerequisite for enabling LM
biosynthesis inintact cells. The stimulatory effects of the chalcones were
most prominent for 12/15-LOX products in M2-MDM, especially for 15-
HETE and 12-HETE with up to 68- and 74-fold increases, respectively,
and also SPM were elevated up to 19-fold (Table 3, Fig. 3A and B). Note
that also 5-LOX products were elevated by the chalcones but to a lower
degree (max. up to 6-fold). The magnitude of 12/15-LOX product for-
mation induced by the chalcones in M2-MDM is approx. 30-44% of that
obtained with SACM, while 5-LOX products are only 2-5% (compare
absolute quantities shown in Table 3 with those in Table 1.
Concentration-response studies showed that in M2-MDM significant
induction of 12/15-LOX products was achieved also at 3 pM of either
MF-14 or MF-15, whereas 5-LOX product formation was unaffected at
this concentration (Fiz. 3A and B). As observed for SACM-stimulated
MDM, the chalcones consistently stimulated lipoxygenation irre-
spective of the type of substrate (@3- or w6-PUFA).

Activation of 15-LOX-1 and of 5-LOX and respective product for-
mation in stimulated M2 macrophages is associated with subcellular
redistribution of the enzymes from a soluble to a membranous

compartment, where enzymatic transformation of the liberated PUFAs
takes place [21,29]. Therefore, we studied the subcellular localization of
15-LOX-1, and for comparison of 5-LOX, in M2-MDM and how this is
affected by the chalcones in a temporal manner (15, 30, 180 min) using
immunofluorescence microscopy; SACM was used a positive control
[29]. Inresting vehicle-treated cells, 5-LOX and 15-LOX-1 were diffusely
distributed within the nucleus and cytosol, respectively, while addition
of SACM caused 5-LOX enrichment at the nuclear envelope and 15-LOX-
1 accumulation at yet undefined particulate structures after 30 min, as
observed before [21,29]. The same 5-LOX and 15-LOX-1 subcellular
redistribution pattern as for SACM was evident also for MF-14 and MF-
15 (10 pi) with even more rapid induction by MF-15 starting already at
15 min (Fig. 3C).

To exclude that simply the elevation of PUFA liberation accounts for
elevated LOX product formation, we supplemented M2-MDM with
substantial amounts of exogenous DHA, EPA and AA (1 pM, each) to
circumvent the requirement of endogenous substrate supply. As shown
in Table 4, formation of 12/15-LOX products including SPM in response
to MF-14 and MF-15 was still markedly elevated, up to 56-fold for 15-
HETE, with a similar pattern for the overall LM profile as in the
absence of exogenous substrate (Table 3). Finally, we smudied if human
LOXs in transfected HEK293 cells could be activated by the chalcones
without additional stimulus but in the presence of DHA, EPA and AA (1
uM, each). Again, MF-14 and even more efficiently MF-15 enhanced the
formation of typical 12/15-LOX products in HEK293 cells expressing 15-
LOX-1 but hardly in cells expressing the 15-LOX-2 isoform and less
efficiently also in 5-LOX-transfected cells (Vig. 4). Together, MF-14 and
MF-15 are able to substantially elicit 12/15-LOX products including
SPM in intact cells by two mechanisms: (i) induction of endogenous
PUFA substrate release and (ii) selective and strong stimulation of the
15-LOX-1 isoform.

3.5. MF-14 and MF-15 do not affect MDM polarization and LM-
biosynthetic enzyme expression

In addition to these short-term effects of the chalcones observed
within approx. 3 h, we explored if MF-14 and MF-15 could also affect the
polarization of MDM towards the M1 and M2 phenotype as well as
expression of LM-biosynthetic key enzymes during 48 h of MDM
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Fig. 3. MF-14 and MF-15 induce SPM biosynthesis and activate 15-LOX-1 in MDM. (A) M1-MDM and (B) M2-MDM (2x10°, each) were diluted in PBS con-
taining 1 mM CaCls, incubated with vehicle (0.1% DMSO0), MF-14 or MF-15 (10 uM, each) for 180 min at 37 “C. Then, formed LM were extracted from the su-
pernatants by SPE and analyzed by UPLC-MS/MS. Results are given as mean + S.E.M., presented as percentage of vehicle-treated control (=100%), n = 5. Upper
panels: grouped LM produced by 12/15-LOX, SPM, PUFA, 5LOX and COX (according to Tablel); middle panels: sum of w-6-derived LM as indicated; lower panels:
sum of w-3-derived LM as indicated. Statistical analysis was performed via ratio-paired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (C) M2-MDM
(10° cells in PBS plus 1 mM CaCl, and 5 mM MgCl,) were incubated with MF-14 or MF-15 (10 pM, each), SACM (1%) or vehicle (0.1% DMSO) for 180 min. Then, the
cells were fixed, permeabilized, and incubated with antibodies against 5-LOX (red) and 15-LOX-1 (cyan blue). Immunofluorescence detection was determined via
Zeiss Axiolab microscope; scale bars = 10 pm. Results shown for one single cell are representative for approximately 100 individual cells analyzed in n = 3 inde-

pendent experiments with separate donors, each.

polarization where the cells acquire these proteins in a phenotype-
specific manner, i.e., COX-2 for M1- and 15-LOX-1 for M2-MDM. Flow
cytometry analysis of CD54 and CD80 (markers for M1) as well as
CD163 and CD206 (markers for M2) revealed no significant changes
upon treatment of unpolarized MDM for 48 h in the presence of 10 pM
MF-15, but interestingly, treatment with 10 pM MF-14 strongly reduced

the expression of the M2 marker CD206, without any effects on CD54,
CD80 or CD163 (Fig. 5A). Western blot analysis of COX-2, 5-LOX and 15-
LOX-1 protein levels showed no significant modulation of their expres-
sion by the chalcones at 10 pM during polarization to M1- or M2-MDM
(Fig. 5B). These data indicate the chalcones MF-14 and MF-15 affect LM
networks in polarized macrophages at the level of enzymatic
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ME-14 and ME-15 induce LM formation in M1- and M2-MDM in the presence of exogenons PUFA. M1- and M2-MDM (2x10° cells in 1 mL PBS containing 1 mM
CaCl,) were incubated with vehicle (0.1 % DMSO) or with MF-14 or MF-15 (10 uM); all samples received AA, EPA and DHA (1 uM, each). After 180 min at 37 °C,
formed LM in the supematants were analyzed by UPLC-MS/MS. Results are given in pg/2x10° cells as means + S.E.M and as -fold change versus unstimulated vehicle

control (et = 1) that received only the PUFAs, n = 3.

M2-MDM

DMSO ME- 14 fold MEF-15 fold

5LOX 5-HEPE 345 + 190 1245 + 74 3.6 1025 + 77 3.0
5-HETE 122 + 59 664 + 97 5.5 782 + 84 6.4

1-LTB4 4.6 + 1.2 13.5 + 4.6 3.0 219 + 7.0 4.8

LTB, 17 = 0.3 26.2 = 85 15.9 312 + 10.7 18.9

58,6R-diHETE 19 = 1.0 58 = 1.7 3.0 83 + 27 43

Cox PGEs 90 + 10 92 + 18 1.0 110 + 18 12
PGD; 72 + 23 72 + 19 1.0 86 + 16 12

PGFay 41 + 11 48 + 13 1.2 58 + 17 1.4

TXB2 315 + 65 169 = 27 05 240 + a4 08

12/15-LOX 17-HDHA 222 + 74 2784 + 111 125 2213 + 62 10.0
14-HDHA 40 + 15 361 + 55 9.1 316 + 69 7.9

7-HDHA 100 + 29 332 + 36 3.3 302 + 25 3.0

4-HDHA 172 = 65 688 + 106 4.0 689 + 85 4.0

15.HEPE 772 = 33.4 3043 + 507 39.4 2630 + 226 34.1

12-HEPE 48.0 + 27.4 748 + 71 156 800 + 113 16.7

15-HETE 804 + 33.2 4493 + 324 559 4353 + 505 54.1

12-HETE 337 + 10.5 391 = 24 116 475 = 75 14.1

5,15-diHETE 168 = 37 92 + 17 05 83 + a 05

SPMs PD1 7.7 + 1.0 122 + 22 16 17.6 + 1.0 2.3
PDX 7.8 + 1.0 353 + 1.9 45 335 + 1.5 a3

RVDS 3.7 + 1.0 41.3 + 11.0 111 49.1 + 87 13.3

MaR1 07 = 0.1 6.6 = 11 9.1 0 + 03 9.8

PUFA AA 283,014 + 75,653 1,260,910 + 140,332 45 1,183,611 + 41,237 42
EPA 322,106 + 54,447 750,468 + 72,546 2.3 681,909 + B67S 2.1

DHA 143,001 + 40,219 471,581 + 39,321 3.3 434,404 + 8555 3.0

biosynthesis of the LM but not primarily by modulation of MDM po-
larization or of LM-biosynthetic enzyme expression. -D 510X 15L.0X1 15.L0OX2

4. Discussion

Here we showed that the natural chalcone MF-14 and its corre-
sponding dihydrochalcone MF-15 from Melodorum fruticosum leaves
[18], suppress pro-inflammatory LT formation by inhibiting 5-LOX but
elevate the generation of inflammation-resolving SPMs by stimulating
cellular 15-LOX-1. Of note these SPM,/15-LOX-1-stimulatory effects
were evident not only in exotoxin-activated MDM but also when resting
MDM, especially M2-MDM, were exposed to the chalcones. Both chal-
cones caused liberation of free PUFAs as LM substrates and induced 15-
LOX-1 subcellular redistribution in M2-MDM, which are major pre-
requisites for LM formation in intact cells [21,29,32]. Inhibition of 5-
LOX and stimulation of 15-LOX-1 in intact cells, with minor effects on
the 15-LOX-2 isoform, was confirmed in activated as well as in resting
HEK293 cells transfected with the respective LOX. Together, these
chalcones are effective inhibitors of 5-LOX but also act as agonists for
macrophages and non-immunocompetent (HEK293) cells to stimulate
15-LOX-1 activity which culminates in elevated SPM levels. Small
molecules with such LM-modulatory ability, shifting the biosynthesis
from pro-inflammatory to pro-resolving LM, are of great interest for
innovative inflammation pharmacotherapy [6,9.33].

The major drugs applied for the clinical treatment of inflammatory
diseases are glucocorticoids and NSAIDs that both push back inflam-
mation by suppressing the biosynthesis of pro-inflammatory mediators
such as cytokines, chemokines, and PGs [7,34,35]. But these mediators
are crucial regulators of the normal immune response and/or play
important roles in the homeostasis of the body, explaining why their
suppression by drugs is afflicted with severe on-target side effects
[7,26]. Moreover, the unwanted actions of NSAIDs are also due to
substrate shunting to other LM routes, resulting in elevated LT levels due
to redirection of AA for conversion by 5-LOX [8,37,38]. The discovery of
the superfamily of SPM as LM that terminate inflammation and stimu-
late its resolution, along with tissue repair and regeneration without

10
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Fig. 4. MF-14 and MF-15 induce 15-LOX-1-related LM formation in
HEK293 cells. HEK293 cells (2x10° cells in 1 mL PBS containing 1 mM CaCl,
plus 0.1% glucose) were incubated with AA, EPA, and DHA (1 uM, each) plus
vehicle (0.1 % DMSO) or ME-14 or MF-15 (10 pM, each) for 180 min at 37 °C.
Then, formed LMs were extiacted by SPE and analyzed by UPLC-MS/MS. Re-
sults (mean of n = 3 experiments) are given as -fold increase versus vehicle-
treated control cells (=100%) in a heatmap.
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Fig. 5. Effects of MF-14 and MF-15 on macrophage surface markers and the protein level of LM-biosynthetic enzymes during MDM polarization. (A)
Unpolarized MDM were treated with MF-14 or MF-15 (3 uM, each) or 0.1% DMSO as vehicle. After 48 h, expression of the suiface markers CD54 and CD80 (M1-like)
as well as CD163 and CD206 (M2-like) among living CD14™ cells was analyzed by flow cytometry. Upper panel: shown are representative pseudocolor dot plots of the
surface markers. Mean fluorescence intensity (MFD) of each marker was determined. Lower panel: the change of the MFI from MF-14- and MF-15-treated MDM
against the MFI of DMSO-treated cells (control) was calculated and is given in % of control in scatter dot plots as single values and means + S.E.M., n = 3. Statistics
are calculated with raw data (MFI), * p < 0.05 MF-14 vs. control group, ratio paired t-test. (B) Unpolarized MDIM were incubated with MF-14 or MF-15 (10 uM, each)
for 48 h during the polarization process to M1- or M2-MDM. Cell lysates were prepared and immunoblotted for expression of 5-LOX, 15-LOX-2 and COX-2 in M1-
MDM and of 5-LOX and 15-LOX-1 in M2-MDM, followed by densitometric analysis against f-actin (for normalization). Data are shown as mean + S.E.M, n = 3-5.

Statistical analysis was performed via ratio-paired r-test.

being immunosuppressive, have prompted a paradigm shift in the view
of inflammation pharmacotherapy [9,39]. There is accumulating evi-
dence that many inflammation-related diseases might be connected to
low SPM levels while elevating SPM in tissues, for example by exoge-
nous application of SPM or supplementation of DHA and EPA, limits
inflammation without immunosuppression and typical side effects of
classical anti-inflammatory drugs [33,40]. In this respect, the chalcones
MF-14 and MF-15 are able to elevate SPM levels as well as their pre-
cursors in human macrophages and could be of interest as potential
candidates for further development as novel agents that promote the
resolution of persistent and excessive inflammation.

Chalcones are polyphenolic compounds of the flavonoid family dis-
playing antioxidant, oxygen scavenging, anti-inflammatory and anti-
cancer activities [13,41,42]. Various natural and synthetic chalcones
have been reported to reduce LT or PGE; levels [13], and their ability to
inhibit 5-LOX activity was demonstrated for various sttuctural de-
rivatives using experimental models [14,43-47] supported also by in
silico approaches [48,419]. However, stimulatory effects on SPM for-
mation or on 12/15-LOX product formation have not been shown yet to
the best of our knowledge, rather, inhibition of 15-LOX was reported for
some hydroxychalcone-triazole hybrids [50]. Our previous unbiased in
silico target prediction approach identified human 5-LOX as potential
target of natural chalcones, where we confirmed 5-LOX inhibition for
phloretin and 3-OH-phloretin [15]. Inthe present study, we investigated
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MF-14 and MF-15 that are 2-OH-benzylated derivatives derived from
cardamonin, which were identified as inhibitors of the androgen-
synthesizing enzyme AKR1C3 [18]. Interestingly, in line with the inhi-
bition of AKR1C3 [18], the dihydrochalcone MF-15 was consistently
somewhat more effective versus the corresponding chalcone MF-14 for
modulation of cellular LM biosynthesis. Both compounds inhibited the
activity of isolated human recombinant 5-LOX in a cell-free assay in the
one-digit micromolar range with comparable potency in A23187-
activated human neutrophils that are known to substantially generate
5L0X products including LTs under inflammatory conditions [51]. In-
hibition of 5-LOX and suppression of LT formation by the chalcones was
also evident in exotoxin-stimulated human MDM with either M1 or M2
phenotype, which are considered as adequate, biological relevant in vitro
test systems for LM modulators [8]. The potency of the chalcones to
inhibit 5-LOX activity in MDM was less prononnced as compared to
PMNL and HEK293 cells, which might be due to potential differences in
5.LOX activation in the two cell types (e.g., Ca®" and phosphorylation)
under the distinct experimental conditions (e.g., different stimuli and
incubation periods), as observed for other 5-LOX inhibitors before
[24,52]. Moreover, when resting MDM were exposed to chalcones, 5-
LOX product formation was even modestly induced rather than inhibi-
ted, possibly due to the accompanied elevated levels of free AA; an effect
that is potentially caused by cPLA; activation when 5-LOX is non-
activated and has a low catalytic turnover. Along these lines, the
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chalcones did not reduce the stimulus-induced release of AA or other
PUFAs, excluding diminished substrate supply as reason for suppressed
LT formation. In a definite experimental cell-based system, that is,
A23187-activated HEK293 cells transfected with human recombinant 5-
LOX [23], the chalcones were unequivocally identified as efficient 5-
LOX inhibitors, regardless of the absence or presence of exogenous AA
as substrate. Mote that the inhibition of 5-LOX by the chalcones did not
redirect AA to the COX pathway. Hence, the elevation of 12/15-LOX
products by the chalcones is unlikely due to the well-known substrate
shunting of 5-LOX inhibitors [52]. This is further supported by results
with MF-15-treated M2-MDM that had been supplemented with exoge-
nous PUFA, where the dihydrochalcone still enhanced SPM and 12,/15-
LOX product formation, despite ample supply of subsmrate.

It is intriguing that MF-14 and MF-15 failed to inhibit other LOXs but
instead increased or even induced the activities of endogenous 15-LOX-1
in M2-MDM and of human recombinant 15-LOX-1 in HEK293 cells.
Many other phenolic compounds that inhibit 5-LOX such as NDGA also
interfere with 12/15-LOXs [10,53,54]. But some small molecule 5-LOX
inhibitors including benzenesulfonamide-derivatives [55], ginkgolic
acid [56], 3-O-acetyl-11-keto boswellic acid (AKBA) [10], the biflava-
noid 8-methylsocowrin-4"-ol [57] and celaswol [11] were shown to
enhance or to trigger the formation of 12-/15-LOX products including
SPM in human neutrophils or macrophages or in inflamed murine
peritoneal exudates. Among those compounds, only celastrol was found
to induce 12/15-LOX product formation, albeit only up to approx. 5- or
2-fold in M2-MDM in absence or presence of exogenous PUFA, respec-
tively [11], while the chalcones caused 70- or 50-fold elevations in this
respect. Thus, the chalcones are considered effective activators of 15-
LOX-1. Pronounced activation of 15-LOX-1 in M2-MDM without
marked stimulation of 5-LOX and COX enzymes was observed also for
the §. aureus-derived exotoxin o-hemolysin that mediates 15-LOX acti-
vation via its surface receptor ADAM10 [29]. In contrast to exotoxins
[29], the ADAM10 inhibitor GI254023X (40 pM) did not affect MF-15-
induced LM formation (data not shown), excluding the involvement of
ADAM]0, as expected. Our experiments with HEK293 cells showed that
15-LOX-2 was less efficiently stimulated by MF-14 and MF-15, sug-
gesting a certain degree of preference for the 15-LOX-1 isoform. Human
M2-MDM strongly express 15-LOX-1 but hardly 15-LOX-2 [29], and 15-
LOX-1 translocates to membranous structures in M2-MDM upon chal-
lenge with MF-14/MF-15, in analogy to treatment with o-hemolysin
[29] or celastrol [11]. In fact, 12/15-LOX product formation in M1-
MDM that express only the 15-LOX-2 but not the 15-LOX-1 isoform,
was only moderately increased by MF-14 and MF-15. It should be noted
that only the 15-LOX-1 isoform catalyzes oxygenation of AA and EPA at
C12 or DHA at C14 position [32,58], yielding 12-HETE and 12-HEPE or
14-HDHA, respectively, which were strongly elevated by the chalcones.
Finally, prolonged exposure of MDM to the chalcones at concentrations
that activated 15-LOX-1 (i.e., 3 to 10 pM) for 24 or 48 h did neither affect
cell viability nor MDM polarization and phenotype-selective expression
of the LM-biosynthetic enzymes 5-LOX, 15-LOX-1 or COX-2,
respectively.

In conclusion, the natural chalcones MF-14 and MF-15 efficiently
stimulate 15-LOX-1 activity in M2-MDM and HEK293 cells for sub-
stantial LM formation. In biologically relevant cellular settings using
human M2-MDM, the chalcones caused a favorable LM class shift related
to inflammation: impaired formation of LT but elevated levels of SPM,
which may reduce pro-inflammatory reactions but may govern resolu-
tion of inflammation and tissue regeneration. More comprehensive in-
vestigations in experimental and disease-relevant animal models may
reveal the pharmacological potential of these compounds for anti-
inflammatory pharmacotherapy.
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4. Discussion

The development of new approaches to combat inflammatory diseases is an ongoing process.
A unique aspect in the research of LM evolves from the fact that they are responsible for the
onset and the termination of inflammation?'®. The usage of drugs, which interfere with the
tightly regulated LM cascades, triggers a previously unexplored change of the LM profiles. This
LM composition guides the inflammatory events of the surrounding, and positively affects the
progression of healing or further harm. To favorably modulate the LM spectrum early
investigations provided proof that inhibition of MPGES-1 and FLAP are interesting approaches
to accomplish specific downregulation of detrimental pathways without affecting mediators that
are urgently needed for the resolution of inflammation or the homeostasis of the body”"'82, But
the best concepts of therapy and the most specific and potent compounds are worthless as
long as their physicochemical properties would not allow them to meet their target in a
physiological environment. With the awareness of these aspects, the present thesis was
designed to characterize new compounds that can favorably modulate the LM profile and
investigate the eligibility of polymeric NPs to increase the efficiency of these multitarget
inhibitors. In the following sections, the results of the thesis are intensively discussed to
connect the acquired knowledge of the different studies and clarify their contribution to the

scientific progression of anti-inflammatory pharmacotherapy.

4.1. The influence of approved therapeutics on LM networks

NSAIDs are the most commonly used drugs in anti-inflammatory pharmacotherapy and since
the discovery of PGs and the two COX isoforms the mode of action was thought to be
identified®2183.184  The uncovering of SPMs as highly beneficial lipid mediators added another
segment to the picture and the influence of NSAIDs as well as COX-2 or 5-LOX inhibitors on
the whole metabololipidome is still elusive. In different stages of inflammation, macrophages
differentially produce different subsets of LM'?2. M1 macrophages produce predominantly PGs
and LTs due to high expression of COX-2 and FLAP, which are induced by IFNy and bacterial
endotoxins like LPS. In the resolution phase the cytokine milieu changes and anti-inflammatory
cytokines like IL-4 and IL-10 polarize the subtype of macrophages to M2, which express 15-
LOX-1"22, These subtypes can be challenged with human pathogenic E. coli to induce LM
biosynthesis'?. The incubation of the two macrophage subtypes with ibuprofen and celecoxib
showed a significantly reduced biosynthesis of all detectable PGs (PGE., PGD2, TXB,, PGF2q)
and corresponding precursors (11-HETE, 11-HEPE), as expected. A clear downside
highlighted is the overshooting production of LTs in M1. Thus, the selective COX-2 inhibitor

elevated LT production more than ibuprofen, which could occur due to the high concentration
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(30 uM) of ibuprofen, which may lead to pleiotropic effects. This activation of LT biosynthesis
is reminiscent to the development of aspirin-induced asthma upon long term therapy'#8. In M2
macrophages a similar picture is observable. PGs are reduced after celecoxib treatment with
induced 5-LOX products. Interestingly in M1 macrophages, 15-HETE production is also
reduced. The COX subtypes are able to synthesize 15(R)-HETE, which is measured here,
since 15-LOX enzymes synthesize only 15(S)-HETE. As a result, the treatment of ibuprofen
and celecoxib reduces the formation of an important precursor (15(R)-HETE) of AT-LXA4 that
could be produced by intercellular pathways with neutrophils to initiate resolution
phase?!:125.185

The only approved 5-LOX inhibitor zileuton was also tested in this experimental setup. Since
zileuton binds as iron chelating agent the assumption that zileuton could also inhibit 15-LOX
activity is strong'®. Indeed, zileuton reduced not only pro-inflammatory leukotrienes but also
affected 15/12-LOX products in M1 and M2, which could actively delay the resolution phase
and reveals the unspecific inhibition of LOXs. In contrast, inhibition of FLAP by MK-886
promoted SPMs and SPM precursor production, while LT synthesize was effectively reduced
in M1 but not as effectively in M2, presumably due to minor expression of FLAP. The
interference of MK-886 with the 5-LOX pathway did not upregulate PGs levels.

Beyond the analysis of the modulation of the LM profile by common therapeutics, this study,
by using 3887, also confirmed that 15-LOX-1 but not 15-LOX-2 is responsible for SPM
production, since 15-LOX-2 is expressed in M1 and M2'16.12218 Byt what was not considered
in any of these studies and might be important to investigate in the future, is the capability of
15-LOX-2 to produce precursors that can be further metabolized by intercellular crosstalk in
companion with neutrophils, which could lead to the production of SPMs and an early induction
of the resolution phase. Therefore, the ability to induce 15-LOX derived products in M1 should
be considered important for future results and further studies.

Taken together, manuscript | indicated clear disadvantages of common anti-inflammatory
drugs with respect to the overall LM profiles on the cellular level and pointed out their potential
side effects upon long-term therapy. Only FLAP inhibition by MK-886 favorably modulated LM
biosynthesis in M1 and M2. These findings highlighted the necessity of new anti-inflammatory

drugs with a better LM safety profile.

4.2. LM profiling of new multitarget inhibitors

Latest research of new promising chemical structures that inhibit FLAP and mPGES-1
suggests potent anti-inflammatory drugs with better risk:benefit profile than established
pharmaceutics'%'4". Targeting the downstream enzymes of LT and PG biosynthesis (MPGES-
1, LTA4-H, LTC.:-S, FLAP) might be associated with fewer side effects and more beneficial LM
profiles'®”18 To provide evidence, BRP-201, BRP-187 and MF-14/15 were tested in similar
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experimental settings. As expected from the data sets with MK-886, the new FLAP antagonists
BRP-201 and BRP-187 (Table 2) are potently reducing LT biosynthesis while AA is not shunted
into PG biosynthetic pathways. At concentrations of 3 uM both BRP-compounds inhibit PGE;
formation more efficient than MK-886 to around 80% of the control. Non-published data from
our lab points out that inhibition of PGE; formation in intact cells is not as potent as in isolated
A549 microsomes overexpressing mPGES-1. Considering that potent inhibition of the 5-LOX
pathway usually results in elevated COX products and vice versa'®, the moderate inhibitory
potential of BRP-187 and BRP-201 against mPGES-1 should be rated higher. The diminished
levels of LTBs and PGE, are desired in the treatment of asthma, rheumatoid arthritis,
cardiovascular disease, arteriosclerosis or psoriasis, while no substrate shunting or decreased
levels of PGD. lead to adverse effects?148.187.189-191 " An interesting experiment yet to perform
might the evaluation of the inhibitory potential of these compounds against mPGES-2, which
is responsible for gastrointestinal protective PGE: formation%2.

MF-14 and -15 were identified as 5-LOX inhibitors, with potential action against COX and
influence on mMPGES-1 activity'®*1°. The ICso values were first determined for isolated 5-LOX
and for 5-LOX in PMNL. Interestingly, MF-14 displayed higher potency against isolated 5-LOX,
while MF-15 is more effective in PMNL suggesting that the lack of the double bond in the
chalcone-like structure awards more structural flexibility of the alkyl aryl ether, which could fit
better in binding pockets maybe also within FLAP. In general, there is no information which
type of 5-LOX inhibitor these chalcones could be. The overall lipophilic structure could act like
a competitive antagonist of AA in the binding pocket. This could have been assed via
exogenous substrate addition or by wash-out experiments. Subsequent experiments with
HEK-293 cells overexpressing 5-LOX indicated again very high potency of MF-14 and MF-15
even in the presence of exogenous AA. In contrast to zileuton both chalcones increased the
formation of 15-LOX products in M1 and M2, which would exclude an iron-chelating mode of
action, because this would affect all LOXs products, as pointed out in manuscript . MF-14,
which was less effective in LT inhibition, slightly reduced PGE: biosynthesis, while MF-15
elevated PGE: levels, maybe due to moderate substrate shunting effects. Despite potent LT
inhibition and influence on PGE; production, BRP-201 and the chalcones but not BRP-187
strongly elevated 15-LOX products such as 15-HETE, 15-HEPE and 17-HDHA in M1
macrophages. In early stages of inflammation where mostly neutrophils with high 5-LOX
activity and M1 macrophages with high amounts of 5-LOX and COX-2 products are in charge
of the immune response, the elevated formation of 15-LOX products as precursors for
transcellularly synthesized LXA4 and Rvs could lead to an earlier initiation of the resolution
phase®'?’. Recent studies revealed positive effects of LXs in acute renal failure in mice, the
reduction of serum-amyloid-A expression in a COPD model in mice, and highly beneficial

modulation of the cardiometabolic disease'93-1%,
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Figure 8 Course of inflammation from initiation to resolution according to J. Park et al. (2020)'32. After
activation by inflammatory stimuli PGE; is released causing edema and neutrophils infiltrate following
the LTB4 gradient. After the acute phase monocytes infiltrate into the tissue and LXs initiate a lipid
mediator class switch. M2 macrophages mature to synthesize SPMs and regain homeostasis.

The LM profile in M2 macrophages, which represents the phenotype in the inflammation
resolution phase, is also ameliorated by treatment with either of the BRP-187, BRP-201 and
the dihydrochalcones. The amounts of proinflammatory leukotrienes in M2 are not reduced as
much as in M1 macrophages because the expression of FLAP is lower in the latter cell type'?2.
Slightly elevated levels of PGs might be beneficial in the resolution phase, as PGE2 and PGD-
are responsible for priming leukocytes to produce LXs over LTs'*2%%% |n some settings PGE>
is even responsible for strong anti-inflammatory effects by activation of the EP4 receptor in the
lung or neurons®%31%7  Probably the most important effect of the chalcones and BRP-
compounds in this experimental setting is the direct enhancement of SPMs and their
precursors. The increase of 15-LOX products could beneficially affect the healing progression
at sites of inflammation and help to resolve chronic inflammatory conditions, while relief pain
and restore homeostasis (Figure 8)%13213¢ BRP-187 did not elevate 12/15-LOX products in
M1 macrophages unlike BRP-201 and the chalcones which remarkably increased SPM and
SPM precursor biosynthesis in M2 macrophages. The effect on SPM precursors decays at
higher concentrations than 3 yM, while SPM levels remain elevated in contrast to BRP-201
and MF-14/15, which concentration dependently increased SPMs and 12/15-LOX products.
Therefore, it can be suggested, that BRP-187 in comparison to BRP-201 and MF-14/15 utilizes
another mode of action for stimulating 12/15-LOX product biosynthesis in macrophages, as
discussed later in section 4.4.

The LM profiles induced by BRP-187, BRP-201, MF-14 and MF-15 showed highest similarity

with MK-886 in manuscript | and with a previously studied benzsulfonamide-based dual
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mPGES-1 and FLAP inhibitor'®. All investigated compounds (MF- and BRP-compounds)
displayed higher potency than MK-886, which reached phase Il clinical trials, but was not
further developed for unknown reasons’'. Structurally, BRP-201 and BRP-187 share certain
similarities with MK-886. The chlorobenzyl moiety is present in all molecules and the planar
indole ring in MK-886 has similar conformation like the benzimidazole of BRP-201. Hence, a
similar pattern of LM modulation by these compounds was expected although BRP-201
induces 15-LOX products strongly in M1 and M2, while BRP-187 and MK-886 only elevate
levels of SPM precursors in M2 by a minor degree. Possible reasons for this effect are
discussed later in this thesis.

Besides the evaluation of the lipid mediator profile in human monocyte-derived macrophages
(MDM) BRP-201 was tested in a zymosan-induced peritonitis mouse model in vivo. Here, BRP-
201 displayed similar results, enhancing 12/15-LOX products, while LTs are reduced and PGs
were not elevated at a low dose of 2 mg/kg. Notably, even though BRP-201 is more potent
than MK-886 in vitro, MK-886 was more effective in the same setting at 1 mg/kg’?’3. The
reasons for this difference can be low solubility (LogP 8.5855, calculated by BIOVIA Draw 2019
x64) and high metabolic rate of BRP-201, which would decrease the overall bioavailability of
the compound. In fact, BRP-187, BRP-201 and MF compounds share unfavorable
physicochemical features and the improvement of the structures or the smart delivery towards
the targets is a very important point for future development. Conclusively, BRP-201, BRP-187
and MF-14/15 demonstrate favorable LM profile modulation in M1 and M2 macrophages as
well as in vivo with potentially fewer risk of side effects than established therapeutics like
ibuprofen and zileuton, which were discussed in the first section of the discussion. The LM
profile indicates sufficient reduction of pro-inflammatory products, while the biosynthesis of
anti-inflammatory mediators is even enhanced. The selective targeting of downstream proteins
like mPGES-1 that is specifically upregulated upon inflammatory conditions circumvents the
detrimental effects on gastrointestinal integrity as well as cardiovascular events'%'%'. This
leaves us with three compounds that outstandingly modulate activated leukocytes to produce
favorable LM profile signatures for the reduction of inflammation and promotion of resolution.
As indicated in the aims of this thesis, the delivery of these compounds to their targets is the

next big hurdle to overcome within this study’"142,

4.3. mPGES-1/FLAP inhibitors as anti-inflammatory payloads in polymeric NPs

Bioavailability, plasma protein binding, volume of distribution, metabolic stability and half-life
elimination are routinely assessed in drug development and are one of the main reasons why
promising drug candidates are not further progressed'®. Indicated by the structure of
especially BRP-201 and BRP-187 the aforementioned properties would be major obstacles to

continue the investigation. The acidic and lipophilic structures of both compounds cause high
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plasma protein binding, the calculated logP values (BRP-201= 8.5855, BRP-187= 6.3035)
suggest a large volume of distribution associated with a long half-life and a high metabolic
rate?°-202, Despite the unfavorable physicochemical properties, the high potency of the
substances and the beneficial modulation of the LM spectrum warrant the effort to develop
new methods (Figure 9). Here, we present investigations on the suitability of polymeric NPs as
drug delivery systems to improve the efficacy of MPGES-1 and FLAP inhibitors in leukocytes,
human whole blood, and in vivo.

The examined NPs were stable monodisperse particles with a size range about 100-250 nm,
a slightly negative {-potential and an encapsulation efficiency (EE) above 50%. A negative (-
potential is required for NPs, which are intended to be injected into the blood stream, because
positively charged NPs have strong affinity to negatively charged cell surfaces, which causes
agglomeration of the cells and therefore cytotoxicity?32%4. Particles in the size range of 100-
350 nm are internalized by leukocytes, especially macrophages, via clathrin-mediated
endocytosis (a form of phagocytosis), which was also inhibited by cytochalasin D (data not
shown) as an inhibitor of actin polymerization?°°2%, The uptake of BRP-201 and BRP-187 NPs,
shown in manuscript Il and Ill, were assessed by fluorescent associated cell sorting (FACS)
and confocal laser scanning microscopy (CLSM) to distinguish between uptake or adhesion of
NPs. By using FACS the differential analysis between adherent and internalized NPs was not
possible, even though several washing steps might have avoided this problem. Here,
especially Ac(e)Dex as rather lipophilic polymers could accomplish stronger adherence to
biomembranes?”’. In CLSM experiments we confirmed the cellular uptake of PLGA and
Ac(e)Dex NPs loaded with BRP-201 and BRP-187, which is a highly valuable fact to grasp
since we proved that drug-loaded NPs are able to be up taken inside the cells, where the cargo
is released. In this context the strong phagocytotic activity of neutrophils and macrophages
guarantees a passive targeting of the NPs to immune cells, as these cells also express
abundant FLAP/mPGES-1 and are responsible for SPM biosynthesis?1222%, QOnce the NP is
inside the cell, an important step to release the anti-inflammatory cargo is the degradation of
the polymers. In both studies a degradation analysis for PLGA and Ac(e)Dex was performed,
proving the pH-dependent biodegradability of Ac(e)Dex'””. PLGA, as already introduced, is
enzymatically cleaved inside the cell and displayed a higher stability in physiological
solution'. As Ac(e)Dex dissolves rapidly at acidic pH the passive targeting is even enhanced,
because endolysosomal pH dissolves the polymer inside the cells and releases the cargo?®.
Beside the well-established polymers Ac(e)Dex and PLGA, new polymers were developed to
encapsulate anti-inflammatory drugs and to provide a library of polymers that can be used in
different therapeutic settings depending on their characteristics and activity profile. An
adequate carrier system is as important as the appropriate drug for the addressed disease.

Individual needs on drug release profiles and passive/active targeting can be altered by the
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polymer?®. In manuscript IV we investigated poly-e- and poly-5-caprolactones (PCLs) with
different polymer ratios, changing the crystallinity of the polymer and thus the activity profile of
BRP-187 as anti-inflammatory payload. Polymers with a crystallinity of 25-50% and a melting
point of 37 °C degraded faster and released the drug efficiently, resulting in the same bioactivity
as free BRP-187. Hence, the polymers with ratios between 87:13; 81:19 and 75:25 PeCL:P&CL
are suitable compositions for short term treatment, where the encapsulated drug should act
rapidly like in systemic inflammatory response syndrome (SIRS)?'°. This effect is explained by
the higher amount of amorphous domains, which enable faster diffusion of the compound and
increase the accessibility of water for hydrolysis and faster degradation'”®2'!. PCL-based NPs
embedded in a fibrin glue-based gel system with methylprednisolone as cargo displayed
effectiveness in a rat model of induced spinal cord injury, implying the suitability as delivery
system for BRP-187 or BRP-201 in the future?'2,

The toxicological evaluation of the formed NPs was also a critical point to assess in all studies.
None of the formulations in all our studies showed cytotoxic effects. In fact, free BRP-201
displayed moderate cytotoxicity in human MDM, which however was completely abolished
upon encapsulation into NPs. This effect was already observed for PLGA-NPs and
amphotericin B but not yet for Ac(e)Dex-NPs?'3. The potent decrease of the cytotoxicity may
avoid additional stress for non-targeted cells and tissues, lowering the expected adverse
effects of BRP-201. This fact alone is an obvious benefit of the encapsulation of BRP-201 NPs.
One of the most important aspects of our studies was the assurance of bioactivity (e.g. LT
biosynthesis inhibition) of the compounds encapsulated into NPs. The drug-loaded
formulations were tested in human PMNL and macrophages compared to the free drug. Of
note, no additional barriers such as plasma protein binding or additional cells are present in
this experimental setup. Hence, the free compounds may act efficiently on LT biosynthesis. To
study short- and long-term effects, the preincubation time was varied from 15 min up to 5 h in
PMNL and even up to 20 h in macrophages. Incredibly, BRP-187 and BRP-201 when
incorporated into nanoparticles showed the same bioactivity in short-term experiments as the
free drugs and the potency upon 5 h and 20 h treatments was even significantly enhanced. An
equal activity after only 15 min of treatment was not expected, because the encapsulated drug
had to cross additional barriers in this experimental setup e.g. the uptake of the NPs inside the
cells, the degradation of the NPs as well as the diffusion outside the polymeric matrix.
Interesting results were obtained in experiments with longer incubation times of 5 h. As shown
in manuscript Il, free BRP-187 lost its potency to inhibit 5-LOX product formation, while the
encapsulated compound remained active. Recent stability studies indicated that BRP-187 is
photosensitive and degraded upon long exposure (data not shown), which could explain the
loss of bioactivity. On top of this, the metabolization through CYP enzymes and enzymatic

hydrolysis are possible explanations for this effect. However, if incorporated into AcDex- and
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PLGA-NPs the efficiency of the drugs remained. The higher efficiency after long-term
incubations and the same potency with short-term treatments suggests that BRP-187
encapsulated into polymeric NPs is a promising approach for the management of inflammatory
diseases surpassing the use of the drug itself.

On top of these results related to suppression of 5-LOX product formation, we found that PLGA
NPs are able to efficiently carry BRP-187 to mPGES-1 granting a potent reduction of PGE:
biosynthesis. As indicated before, targeting mPGES-1 in a cellular environment is difficult and
often less efficient than in cell-free assays. BRP-187 at 3 uM reduced the PGE; formation in
M1 MDM to around 78+3% of the DMSO control while 0.1 yM of BRP-187 encapsulated in
PLGA NPs achieved the same effect (79112 %), therefore enhancing the potency of BRP-187
by 30-fold (data not shown). 1 uM BRP-187 decreased PGE, formation to 27+11% of the
control after 15 min preincubation. Interestingly, AcDex[BRP-187] had not initially the same
effect, but displayed equipotent inhibition after 20 h. A possible reason for the strong tendency
of PLGA[BRP-187] NPs to inhibit mMPGES-1 could be the cleavage of PLGA in close proximity
to the mPGES-1 enzyme at the ER.

Conclusively, the incorporation of BRP-187 as anti-inflammatory cargo in NPs certainly led to
significant improvements in the bioactivity profile of the drug. Future assessment in complex
animal models addressing chronic inflammatory states like the collagen induced arthritis or
joint pain models in mice, where potent reduction of LTBs and PGE: are from utmost
importance, could reveal further benefits of these formulations. Also important for future
experiments is the performance of the BRP-187 NPs in human whole blood. Since abundant
plasma proteins and different cell types that may impair the potency of BRP-187 are included
in such test matrix, the results of whole blood experiments could give hints for potential future
use in clinical studies.

In manuscript lll, we investigated BRP-201 incorporated into PLGA and AceDex NPs. Similar
to the previous study on BRP-187 the compound was tested in human PMNL and
macrophages. Surprisingly, the effect of PLGA[BRP-187]-NPs on PGE, formation was not
apparent upon PLGA[BRP-201] treatment. Despite the inconsistent distribution of BRP-201 in
PLGA-NPs as revealed by Raman spectroscopy, the inhibition of LT formation in M1 MDM and
PMNL showed similar results for BRP-187 and BRP-201 in both studies. Thus, a correlation
between the bioactivity of drugs inside NPs and the interaction between polymer and
compound can be deduced. Apparently, the interaction between polymer and drug can alter
the overall physicochemical properties of the NP in a way that different degradation kinetics
and affinities towards cellular components have a strong impact, where and when the drug is
released inside the cell. In a future collaboration within the SFB PolyTarget, the microscopic
analysis of labeled polymer and labeled compound will reveal the difference between both

formulations and maybe explain the different activity profiles?'#2'. BRP-201 in NPs (just like
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BRP-187 NPs in the previous study) increased the potency on LT inhibition of the compound
in PMNL after 5 h. But unlike the previous study, AceDex and PLGA even improved the potency
of the drug upon long incubations. A possible reason could be the effective transport of BRP-
201 to the target. Even free BRP-201, although no disruptive factors are in the medium, is not
completely bound to FLAP under these assay conditions. Possible accumulations in
membranes may decrease the potency of BRP-201, while after prolonged incubation with NPs
the compound seem to be more efficiently delivered to the FLAP, hence decreasing the ICs
value of BRP-201.

Accumulation in plasma

mebranes and fat tissue
@J:f BRP 187 ____________
; _‘:& @ -
: fl@rﬁ .-~ UE0000088EEBB600

.,________,,_________,,____,___"________"_________"__J:_.

BRP-201

Plasma protein
binding

Phagocytosis

So W5 - Formation of
Endolysosome
Drug release

Figure 9 Effect and mode of action of NPs to prevent inactivation of active pharmaceutical ingredient
(API). Polymeric NPs prevent lipophilic compounds from accumulation in plasma membranes and fat
tissue and reduce their tendency to bind to plasma proteins. The NP is phagocytosed by leukocytes and
degraded inside the cell where the drug is released.

A critical issue often pointed out during this thesis is the poor bioactivity of FLAP inhibitors in
blood”'. Since NPs as drug delivery systems are designed to prevent plasma protein binding
and to transport BRP-201 without potential off-target binding to FLAP, we assessed the
efficiency to inhibit LT formation of free drug and encapsulated into NPs using freshly
withdrawn human whole blood. While PLGA NPs displayed no benefit over free BRP-201, NP
formulations of with AceDex inhibited LTB4 formation more potently after 15 min and 5 h versus
free drug. After 20 h preincubation the NPs unfolded their full potential and decreased the ICso-
value of BRP-201 by 5-fold. In order to induce an inflammatory environment in the whole blood,
we exposed the blood to LPS for 24 h prior to treatment with free drug or NPs. This
experimental setting was designed to mimic the intervention with the drug after the

inflammation was initiated. Here the benefit of AceDex[BRP-201] NPs further increased as the
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formulation showed high potency compared to other treatments even after 5 h of preincubation
by increasing the activity of BRP-201 by 10-fold. The reason for the increase of potency under
these experimental conditions were studied. Firstly, we investigated the influence of LPS on
PMNL phagocytotic activity. Even though literature indicated a higher phagocytotic activity
after LPS exposure?'® our FACS analysis of PMNL primed with LPS for 1 h and incubated with
NPs showed no effects compared to PMNL devoid of LPS priming. Possible reasons for these
results could be that the incubation time to prime leukocytes is too short. However, since
isolated PMNL are short-lived cells, an experimental setup with longer incubation periods was
not possible. Higher phagocytotic activity may explain the increased activity of AceDex[BRP-
201] NPs, but why are then PLGA NPs still not effective? Like mentioned earlier, Raman
spectroscopy revealed that BRP-201 was not homogeneously distributed within PLGA NPs.
Possibly, the degradation of PLGA is not as fast as that of AceDex and BRP-201 was not able
to effectively diffuse outside of the NP inside the cell due to the inconsistent distribution.
Another explanation for this effect, which would also explain why PLGA NPs are not effective,
is the low intracellular pH value after LPS treatment. Experimental attempts to determine the
intracellular pH of PMNL after LPS treatment were not successful in our laboratory but it was
shown that the treatment of LPS activates the NLRP3 inflammasome and induces lysosomal
acidification by v-ATPase activation?'2'®, Such endolysosomal acidification may enhance the
degradation of AceDex NPs, which leads to faster intracellular release of BRP-201'"7. The
improved uptake and the faster degradation under inflammatory conditions of AceDex[BRP-
201] NPs implies a suitable usage for anti-inflammatory therapy. While the NPs remain stable
in homeostatic tissues, the increased activity and low pH at inflammatory sites may lead to
efficient NP uptake and rapid release of BRP-201 to effectively counteract inflammation via
beneficial modulation of the LM profile.

Finally, in order to confirm the feasibility of our drug delivery system we used a zymosan-
induced peritonitis mouse model with an i.v. injection of the NPs. The poor solubility of BRP-
201 excluded the preparation of an injectable formulation with free BRP-201 for comparison,
since thrombotic events were expected. Nevertheless, upon i.v. injection of AceDex[BRP-201]
NPs we observed significantly reduced LTB.4 levels in plasma compared to the NP control,
making BRP-201 the first dual mPGES-1 and FLAP inhibitor encapsulated into NPs that
showed beneficial modulation of the LM profile in vivo?'®. Future studies in animal models with
systemic inflammation like the cecal ligation and puncture mouse model, where low to high
grade septic conditions can be induced, may reveal further benefits of this formulation??. In a
collaboration with the University Hospital Jena a project proposal for the testing of free BRP-
201 injected i.p. in this model has been submitted to legal authorities and potential outcomes
are further discussed in the last section of the discussion. However, such studies with an i.v.

injection will be an important step for further evaluation of NP formulations with anti-
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inflammatory drugs.

Together, our studies provided irrevocable proof for the suitability of polymeric NPs as delivery
systems for drugs to be potentially applied in anti-inflammatory pharmacotherapy. The NPs
were able to supply the hydrophobic cargo effectively inside the cells and furthermore
increased the efficacy of the drugs upon long-term incubations. BRP-187 encapsulated into
PLGA NPs showed high potency for specific suppression of PGE;in human M1 MDM. Finally,
AceDex NPs carrying BRP-201 caused a strong increase of potency in human whole blood
and reduced LTB4 formation in mice in vivo, which is a significant step forward in the
development of new options for anti-inflammatory treatments that circumvent the detrimental

features of several (potential) drugs®.

4.4. Promotion of SPM biosynthesis as new pharmacological approach

LTs and PGs are known since the 70s/80s and intensively studied over the past 50 years?4%78,
Drugs that interfere with their production are known even longer, although the mode of action
was only clarified after the discovery of the pro-inflammatory LMs??'. With the discovery of the
pro-resolving actions of some oxidized lipids and the identification of a new class of LMs
(namely the SPMs), the understanding of inflammation has changed. Resolution of
inflammation is an active process, which needs to be “turned on”'?4#222, Recent research
provided evidence that inflammation related diseases are connected to low SPM levels, while
the endogenous supply of SPMs or the SPM substrates DHA and EPA limits inflammation
without suppression of the immune system or typical side-effects of established anti-
inflammatory therapeutics®?23. As a result, new strategies emerged that aim to enhance the
resolution rather than to block the onset of inflammation?2'?”, Since SPMs are mostly oxidized
w3-PUFAs, the overall metabolic stability and therefore the bioavailability by oral as well as
i.v. treatment is considered to be moderate, which lowers the effectiveness of supplying these
mediators exogenously. The development of SPM receptor agonists is one possible approach
to mimic the beneficial effects of SPMs. The investigated FRP2/ALX agonist ACT-389949
and15(R/S)-methyl-LXA4 displayed potential advantage in the treatment of asthmatic children
with acute episodes and topical treatment of infantile eczema, but also recruited (-arrestin-
mediated receptor internalization, which ultimately caused the ligands to act as functional
“antagonists”132:224:225,

SPMs are lipid mediators that act locally restricted at sites of their production in a paracrine
and autocrine manner'?32%_ Derived from this fact, another interesting approach is the
enhancement of the local SPM and SPM precursor production, by modulation of the
metabololipidome, the activation of 15-LOX-1 or the allosteric alteration of 5-LOX to favor 15-
LOX product formation. In the section 4.2. of this discussion the effects of BRP-201 and MF-

14/15 on the lipid mediator profile of MDM challenged with bacterial exotoxins was illustrated.
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Further investigations presented in manuscript V and VI revealed additional benefits of these
compounds that illustrates a new perspective of anti-inflammatory treatment and evokes the
development of a new class of drugs — “lipid mediator class switch inducers”.

BRP-201 was developed as a multitarget inhibitor with potent activity on FLAP and mPGES-1,
but a direct influence on SPM production of BRP-201 or any other balanced dual
mPGES/FLAP inhibitor was never investigated®. In the studies presented in manuscript V, we
incubated BRP-201 with unchallenged macrophages and observed an increase of 15-LOX
products in M1 and M2 phenotypes. This effect was not observed by incubation of untreated
MDM with BRP-187 (data not shown), which is a possible reason for the larger induction of 15-
/12-LOX products as well as SPMs in MDM challenged with SACM compared to BRP-187. A
direct activation of the 15-LOX-1 was confirmed via immunofluorescence microscopy (IF) and
the incubation of unstimulated HEK-293 cells overexpressing 15-LOX-1. A potent induction of
12/15-LOX products was not only present in M2 but also in M1 macrophages, which express
high amounts of FLAP and COX-2 but no 15-LOX-1. Hence, the activation of the constitutively
expressed 15-LOX-2 was further investigated by a 15-LOX-2-transfected HEK cell system,
where a direct influence of BRP-201 on this LOX was not confirmed. Additionally, the lipid
mediator profile showed elevated 15-HETE, 15-HEPE and 17-HDHA, but also elevated levels
of oxidized 12- and 14-PUFAs, which are not synthesized by 15-LOX-2. Notably, the amount
of 5-HETE and 5-HEPE in unchallenged M1 macrophages after treatment with 3 yM BRP-201
was elevated, while LTB4 was even reduced, indicating that an activation of especially SPM
biosynthetic pathways is initiated, rather than all LOXs pathways. The increase in 15-/12-LOX
products due to BRP-201 is not associated with an elevated supply of PUFAs in contrast to
MF-14/15, where the release of all PUFAs but especially EPA was increased significantly. MF-
14/15 excessively increased 15-/12-LOX product formation in M1 and M2 macrophages, e.g.
elevating 15-HETE to 92.5 -fold of baseline production as most pronounced effect. Immuno-
fluorescence (IF) images revealed 15-LOX-1 activation after just 15 min upon MF-15 treatment,
which appeared earlier than the control where cells were treated with SACM. Exogenous
supply of AA, EPA and DHA to M2 MDM treated with MF-14/15 confirmed that the increase of
15-/12-LOX products was indeed due to enzyme activation and not just due to elevated fatty
acid liberation. These effects observed in MDM were also confirmed in HEK cell systems
overexpressing the indicated enzymes, with the highest influence on 15-LOX-1.

Triggering 15-/12-LOX product formation without additional stimulus was previously shown in
human neutrophils, macrophages or in inflamed murine peritoneal exudates for 3-O-acetyl-11-
keto boswellic acid (AKBA), the biflavanoid 8-methylsocotrin-4'-ol, and celastrol??-22°, A
specific stimulation of 15-LOX-1 product formation in M2 macrophages was observed for the
S. aureus-derived exotoxin a-hemolysin, which activates 15-LOX via the surface receptor a

disintegrin and metalloproteinase domain-containing protein 10 (ADAM10)8. Due to equivalent
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induction of 15-HETE and 17-HDHA, this mode of activation was tested for the MF14/15 but
the ADAM10 inhibitor G1254023X did not affect MF-15-induced LM formation in contrast to a-
hemolysin®. Interestingly, MF-14/15 seem to activate preferably 15-LOX-1, which is indicated
by a much higher increase of 15-LOX products in M2 expressing 15-LOX-1 rather than in M1
expressing only moderate levels of 15-LOX-2. BRP-201 on the other hand induced e.g. 17-
HDHA equally in unchallenged M1 and M2 MDM Therefore, it can be assumed that the mode
of activation of 15-LOX formation by both types of compounds is different. For BRP-201 it is
conceivable that beside the substrate shunting effect and the direct activation of 15-LOX-1 in
M2 the compound allosterically alters the preferred carbon for oxygen incorporation to carbon
12/15 while 5-LOX is interacting with FLAP. In experiments with non-immunocompetent
transfected HEK293 cells 12/15-LOX products were increased with the influence of BRP-201
only in cells co-expressing 5-LOX and FLAP but not in cells expressing 5-LOX alone. The role
of 5-LOX in SPM formation is intensively discussed over the past years. While 5-LOX, when
interacting with FLAP at the nucleus membrane, favors production of LTB4, activated 5-LOX in
the cytoplasm favors production of LXA4%°. FLAP antagonists like MK-886 or as presented in
this study BRP-187 are capable of inhibiting LT formation by membrane-bound 5-LOX but still
enhance the progression of 15-HETE, 17-HDHA and 18-HEPE to SPMs in exotoxin-stimulated
macrophages. This effect was also confirmed in vivo for MK-886 by zymosan-induced
peritonitis or for BAY X-1005, which reduced cys-LTs and elevated SPM levels during a murine
liver injury?3'232_ But in contrast to conventional FLAP inhibitors, BRP-201 activates 15-LOX
product formation also in M1 MDM, which is comparable to AKBA. The latter compound is able
to alter the oxygenation of 5-LOX from carbon 5 to carbon 12/15, which leads to the production
of 12-HETE and 15-HETE in neutrophils®?’. In case of BRP-201, taking into account that an
increase of 15-HETE, 15-HEPE, 14-HDHA and 17-HDHA was only detectable in HEK cells
expressing 5-LOX and FLAP, the compound acts as an AA mimic and could binds to FLAP
thereby altering the process where the substrate is handed over to 5-LOX while LT formation.
Thus, the position of oxygenation of AA, EPA or DHA in the cavity of 5-LOX seemingly changes
due to the modulation of AA binding site of FLAP. While this mechanism is conceivable,
supporting experiments are still missing. In fact, data on isolated neutrophils which express
high amounts of 5-LOX and FLAP incubated with BRP-201 do not lead to sufficient 15-LOX
product formation like AKBA.

Activation of 15-LOX-1 by BRP-201 was confirmed by IF microscopy indicating subcellular
redistribution after 3 h of treatment in M2 MDM. In 2016 Meng et al. discovered activators of
15-LOX, that share structural elements with BRP-201 like the linked benzyl ring and the
imidazole structure of the molecule?®*. These compounds are also found to shift the lipid
mediator profile towards the resolution of inflammation. In molecular dynamics simulations the

same authors proposed an allosteric activation of 15-LOX-1 at a second AA binding site, which
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could also be applied to the activity of BRP-201234.

MF-14/15 as mentioned earlier are much stronger activators of 15-LOX-1 than BRP-201. While
an allosteric modulation of LOXs is also conceivable by their structure, the chalcones have
plenty of protein targets in human cells. A substantial difference versus BRP-201 is the strong
antineoplastic effects of MF-14/15. The compounds are inhibitors of AKR1C3, which also has
an influence on the lipidome by reducing PGD; and PGF2,?*°. Therefore, PGD; is remarkably
increased in SACM-challenged M1 and M2 MDM after chalcone treatment. Since PGD; is also
responsible for the lipid mediator class switch, this could be of utmost importance for the
initiation of the resolution phase'®, although it should not have an effect on the short-term
production on 15-LOX products in this experimental setup. Experiments with exogenous
supply of PGD,, where a change in the formation of 15-LOX products would give hints, may
help to reveal if the autocrine effect of PGD- could cause such a response after just 180 min.
Interestingly, in line with AKR1C3 inhibition, MF-15 appears to be superior to MF-14. Thus, the
free rotation of the methyl-phenyl ring possible by sp® conformation of the C-atoms of the link

seem to have a major influence of the target binding.
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Figure 10 Schematic overview of the effects of BRP-187, BRP-201 and MF-14/15 in pro-inflammatory
PMNL, M1 macrophages and anti-inflammatory M2 macrophages. BRP-187 and BRP-201 inhibit
mPGES-1 derived PGEa-formation and 5-LOX/FLAP derives LTB4 formation, while BRP-201 also
activates 15-LOX-1 derived SPM and SPM precursor production. MF-14/15 inhibit 5-LOX and rapidly
induce 15-LOX product formation.

Conclusively, the chalcones and BRP-201 are strong activators of 15-LOX-1. They upregulate
the formation of SPMs and their precursors that are crucial regulators of inflammation
resolution??2, The data obtained in this study provides evidence to initiate the development of
a new class of anti-inflammatory drugs — namely “lipid mediator class switch inducers”, which
may have potential to revolutionize the therapy of many inflammation-related diseases with

reduced side-effects.
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4.5. Conclusion

The ever-rising threat of dysregulated inflammatory processes causes many different
pathological disorders and can lead to harmful diseases like asthma, rheumatoid arthritis,
Alzheimer disease, autoimmunity, arteriosclerosis, diabetes and even cancer'’. Important for
the regulation of the innate immune response are LMs derived from AA like PGE; and LTB.?,
but available drugs for inhibition of these inflammation-driving mediators are often related to
severe on-target side effects'®'%'. To diminish the adverse effects of anti-inflammatory
therapy, more specific inhibition of the downstream enzymes of LM biosynthesis are needed
circumventing the interference with homeostatic mediators, and a deeper understanding of the
influence of those drugs on the LM profile is mandatory. In this thesis, substantial knowledge
on LM profile modulation was gathered by studying common and novel therapeutics on
different types of macrophages. Here, the outstanding effects of dual inhibitors of mMPGES-1
and FLAP were clearly pointed out. The investigated compounds were found to potently reduce
formation of pro-inflammatory LT and PGE; in different cell types as well as in vivo, indicating
a much safer profile for potential therapeutic usage against inflammatory diseases. In the
course of the study, a polymeric-nanocarrier system was developed and investigated to
efficiently transport the encapsulated compounds with unfavorable pharmacokinetic properties
to the intracellular targets. The effectiveness of drug-loaded NPs was proven in different setups
and the carrier system is able to enhance the effectiveness of BRP-187 against mMPGES-1 and
the potency of BRP-201 in human whole blood and in vivo. These findings are a major step
forward in nanomedicine and might be milestone in the therapy of chronic inflammatory

diseases related to LM.

In the past decades of research, the understanding of the inflammatory process changed with
the discovery of SPMs. Therefore, the influence of the investigated drugs on SPM formation
was examined in detail. The experiments with BRP-187, BRP-201 and MF-14/15 revealed
highly beneficial effects on SPM and SPM precursor production. BRP-201 and MF-14/15 were
found to activate the 15-LOX-1 and drastically enhance the production of SPMs. Alongside
with few other compounds that are known yet, these potential drugs accomplish a favorable
lipid mediator profile appropriate to cure inflammation with downregulated pro-inflammatory
LMs and highly upregulated SPMs that will enhance the healing process. The data acquired in
this study may contribute to change the future of anti-inflammatory therapy, where
inflammation is not just inhibited but resolution is actively promoted by the help of small
molecules and the introduction of a new class of drugs — the “lipid mediator class switch

inducer” that fosters SPM formation.
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Manuskript Nr. Il

Kurzreferenz: Shkodra-Pula et al. (2020) J Nanobiotechnol

Beitrag des Doktoranden:

Abbildung(en) # 1-2

O

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:

Abbildung(en) # 3

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 50 %

Kurzbeschreibung des Beitrages:

Vorbereitung Zellen, Datenerhebung, Datenanalyse, Statistik

Abbildung(en) # 4

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieB3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 80 %

Kurzbeschreibung des Beitrages:

Vorbereitung Zellen, Datenerhebung, Datenanalyse, Bildbearbeitung

Abbildung(en) # 5-7

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:
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Unterschrift Kandidat/-in Unterschrift Betreuer/-in (Mitglied der Fakultat)
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Manuskript Nr. 11l

Kurzreferenz: Kretzer et al. (2021) Cell Mol Life Sci.

Beitrag des Doktoranden:

Abbildung(en) # 1-4

O

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:

Abbildung(en) # 6

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieB3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 60 %

Kurzbeschreibung des Beitrages:

Zellaufbereitung, Zellinkubation, Vorbereitung Mikroskopie und
FACS Analyse, Aufbereitung der Daten

Abbildung(en) # 7-8

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:

Abbildung(en) # S1-
S13

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:
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Unterschrift Kandidat/-in Unterschrift Betreuer/-in (Mitglied der Fakultat)
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Manuskript Nr. IV

Kurzreferenz Vollrath et al. (2021) Polymers

Beitrag des Doktoranden:

Abbildung(en) # 1

O

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %

Kurzbeschreibung des Beitrages:

(z. B. ,Abbildungsteile a, d und f“ oder ,Auswertung der Daten“ etc)

Abbildung(en) # 2

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstéandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung der Zellen, Durchfiihrung Experiment, Aufbereitung der
Daten

Abbildung(en) # 3

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieB3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung der Zellen, Durchfiihrung Experiment, Aufbereitung der
Daten
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Abbildung(en) # 4

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung der Zellen, Durchflihrung Experiment, Aufbereitung der
Daten

Abbildung(en) # S1

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung der Zellen, Durchfiihrung Experiment, Aufbereitung der
Daten

Abbildung(en) # S2-
S4

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung der Zellen, Durchfiihrung Experiment, Aufbereitung der
Daten

Unterschrift Kandidat/-in

Unterschrift Betreuer/-in (Mitglied der Fakultat)
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Manuskript Nr. V

Kurzreferenz Kretzer et al. (2022) J Inflamm Res.
Beitrag des Doktoranden / der Doktorandin

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten
wiedergeben (nur fur Originalartikel):

Abbildung(en) # 1 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

O Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %
Kurzbeschreibung des Beitrages:
(z. B. ,Abbildungsteile a, d und f“ oder ,Auswertung der Daten“ etc)

Abbildung(en) # 2 O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren

ausschlieB3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 95%
Kurzbeschreibung des Beitrages:
Zellaufbereitung, Durchfiihrung der Experimente, Auswertung der
Daten, Erstellen der Graphen

Abbildung(en) # 3-4 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

O Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 95%
Kurzbeschreibung des Beitrages:
Zellaufbereitung, Durchfiihrung der Experimente, Auswertung der
Daten, Erstellen der Graphen

XXI



Abbildung(en) # 5 O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 50%
Kurzbeschreibung des Beitrages:
Probenaufbereitung, Auswertung der Daten, Erstellung der Graphen

Unterschrift Kandidat/-in Unterschrift Betreuer/-in (Mitglied der Fakultat)

XXl



Manuskript Nr. VI

Kurzreferenz Kretzer et al. (2022) Biochem Pharmacol.

Beitrag des Doktoranden:

Abbildung(en) #1 O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren

ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 80 %
Kurzbeschreibung des Beitrages:
Durchfiihrung Experimente, Auswertung der Daten, Erstellung der
Graphen und Strukturformeln

Abbildung(en) #2 O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstéandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieflich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 70 %
Kurzbeschreibung des Beitrages:
Durchfiihrung Experimente, Auswertung der Daten, Erstellung der

Graphen
Abbildung(en) #3 O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstéandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)
O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren

ausschlieB3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 80 %
Kurzbeschreibung des Beitrages:
Durchfiihrung Experimente, Auswertung der Daten, Erstellung der
Graphen, Aufnahme und Auswertung Fluoreszenzbilder

XXII



Abbildung(en) #4

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: %

Kurzbeschreibung des Beitrages:

Durchfiihrung Experimente, Auswertung der Daten, Erstellung der
Graphen, Aufnahme und Auswertung Fluoreszenzbilder

Abbildung(en) #5

O

100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlief3lich auf Arbeiten anderer Koautoren)

Etwaiger Beitrag des Doktoranden / der Doktorandin zur
Abbildung: 20 %

Kurzbeschreibung des Beitrages:

Aufbereitung Zellen, Auswertung der Daten, Erstellen der Graphen

Unterschrift Kandidat/-in

Unterschrift Betreuer/-in (Mitglied der Fakultat)
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Appendix 2 — List of Publications and conference contributions
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14.

15.

Biocompatible valproic acid-coupled nanoparticles attenuate lipopolysaccharide-
induced inflammation
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Int J Pharm. 2021 May 15;601:120567.
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Natural chalcones elicit formation of specialized pro-resolving mediators and related 15-
lipoxygenase products in human macrophages
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Schuster, O. Werz
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Appendix 4 — Supportive information

Table 2 LM profile of BRP-187 in 2x10% human monocyte-derived M1 and M2 macrophages. M1- and
M2-MDM (2 x 106) were resuspended in 1 mL PBS containing 1 mM CaCl2, pre-incubated with BRP-
187 (0.1, 0.3, 1 or 3 uM, as indicated) or vehicle (0.1% DMSO) for 10 min at 37 °C, and stimulated with
1% SACM (from 6850 strain) for 180 min at 37 °C. Then, the supernatants were collected, formed LMs
were extracted by SPE and analyzed by UPLC-MS/MS. Results are presented in pg/2 x 10 M1-MDM
and M2-MDM for vehicle control (100%) given as mean + SEM, and as percentage + SEM of TG-201-
treated cells versus vehicle control (100%) in a heatmap, n=3-6.

BRP-187 [%-change] BRP-187 [%-change]
SACM 0.1 uM 0.3 pM 1 M 3 1 SACM 0.1 uM 0.3 uM 1 M 3 M

pai2 x10°M1 | % +sEM| % +sEM| % +sEM| % sEm| po2xt10°m2 | % +sEM| % +sEM| % +sEM| % +sEM

5 HEPE 371 + 83 |9 + 9|70 + 4 |48 + 6 + B | 523 = 165 + 7|78 + 5 |123 + 38 + 3
X 5HETE 4113 =+ 1053 |91 = 4|68 + 6 |4 : 5 + 5| 5653 + 1300 [ 42 + 10|78 £ 12|91 + 29 + 3
O tims, 571 + 208 |67 + 9|88 & 7 + 4 + 4| 648 + 255 + 7|88 + 18|67 £ 7 + 2
" LTB. 1321 + 413 |79 + 9|88 + 6 3 + 5] 1019 + 318 |40 + 7|75 £ 17|67 = 16 + 2
5SBRGHETE| 202 + 65 |65 + 7|53 + 6 4 + 3| 188 : 68 + 9|82+ 18|58 + 9|5 + 40
PGE, 2070 + 574 |J@Ml= e0| 95 = 3|8 + 5|78 + 3| 326 + 80 |92+ 4|95 + 10 |463 + 37 | 110 = 20
é PGD, 57 + 7 |10+ 25|91 + 7|84 + 6|8 + 4| 6 =+ 10 [103+ 4 100+ 11]131 £ 32]| 03 + 13
Q) PGFy, 253 + 65 |16+ 18|82 £ 1|77 + 3|76 & 1 9% + 26 |82 + 12|94 2 + 46103 + 14
G2 7908 + 1477 |16+ 23|95 + 2 |2 + 2 |8 + 1| 6742 + 1589 [ 87 + 9 |99 = + 8199 + 10
17-HDHA 847 + 211 |149 + 20107 + 8 |108 + & 106+ 2 | 5073 + 1672 [108 + 6 |104 + + 74|98 + 9
14-HDHA 124 + 14 |123+ 3|9 + 8 [100+ 10119+ 12| 973 + 204 [124 & 11104 2 + 39104 + 12

5 T-HDHA 86 + 5 |15+ 9 |81+ 19|48+ 16|59 + 10 158 + 19 [107: 7|97 = +267| 80 + 8
O 4HDHA 67 + 7 127+ 14|10+ 8|10+ 13[135: 16| 83 = 13 [101 = 93 = £ 37|97 £ 8
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