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Einleitung

1. Einleitung

1.1 Das pro-inflammatorische Zytokin Interleukin (IL)-718: von der
Infektabwehr zur systemischen Inflammation

Der Entzindungsmediator Interleukin (IL)-18 ist ein hoch potentes pro-
inflammatorisches Zytokin des angeborenen Immunsystems. Erstmal 1977 entdeckt
und von Charles A. Dinarello et al. als Pyrogen klassifiziert (Dinarello et al. 1977), ist
es bis heute noch von groRem wissenschaftlichem und klinischem Interesse. IL-1(3,
welches hauptsachlich von mononukledren Phagozyten (Kaufmann 2009) wie
Monozyten und Makrophagen gebildet wird, spielt fur das angeborene Immunsystem
eine bedeutende Rolle bei der Infektabwehr gegen eine Vielzahl von Pathogenen
(Vladimer et al. 2013). Vermittelt tber den IL-1-Rezeptor-1, welcher von fast allen
menschlichen Zellen exprimiert wird, dient IL-13 als immunologischer Botenstoff, der
weitere Lymphozyten anlocken, stimulieren und/oder deren Proliferation steuern kann
(Dinarello 2013). So ist IL-18 auch ein wichtiger Mediator der sogenannte Akute-
Phase-Reaktion, einer unspezifischen systemischen Reaktion des Korpers auf
Stérungen seiner Homoostase verursacht durch diverse pathophysiologische
Situationen  wie  Infektionen,  Autoimmunerkrankungen,  Traumata  und
Gewebeschadigungen (Dinarello 1988; Gabay und Kushner 1999; Dinarello 2018).
Aufgrund dieser potenten, ubiquitdren Funktion muss die Synthese und Freisetzung
von IL-1f strikt reguliert werden und hangt meist von zwei "Gefahrensignalen™" ab. Die
biologisch inaktive pro-Form von IL-1p (pro-IL-1B) wird, im Gegensatz zum pro-
inflammatorischen Zytokin IL-18, in Immunzellen nicht konstitutiv exprimiert (Gross et
al. 2011). Es bedarf zunachst einer priming-Phase in der pro-IL-13 gebildet wird (Gross
et al. 2011; Piccioli und Rubartelli 2013). Dieses priming kann durch Pathogene
induziert werden, welche durch ihre Pathogen-assoziierten molekularen Muster
(englisch: pathogen-associated molecular patterns, PAMPS) von verschiedenen
pattern recognition-Rezeptoren (PRRs) der Immunzellen wahrgenommen werden
(Vladimer et al. 2013; Broz und Dixit 2016). Zu den PRRs zahlen Toll-like-Rezeptoren
(TLRS), RIG-I-like-Rezeptoren (RLRs), C-type Lektin-Rezeptoren (CLRs), sowie die
NOD-like-Rezeptoren (englisch: nucleotide-binding oligomerization domain and

leucine-rich repeat-containing receptors, NLRs) (Bauernfeind et al. 2011; Gross et al.
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2011). Auch Schaden-assoziierte molekulare Muster (englisch: danger/damage-
associated molecular patterns, DAMPSs), d.h. endogene Molekdlstrukturen, die von
geschadigten Zellen freigesetzt werden, wie Hitzeschockproteine oder mitochondriale
DNA, konnen durch PRRs detektiert werden und fihren zur intrazellularen
Anreicherung von pro-IL-13 (Bauernfeind et al. 2011; Piccioli und Rubartelli 2013;
Vladimer et al. 2013; Broz und Dixit 2016). Alle PRRs kodnnen verschiedene
Signalwege induzieren, um zur Transkription verschiedener Zytokine, Chemokine oder
anderer inflammatorischer Proteine zu fihren (Piccioli und Rubartelli 2013).
Mononukleare Phagozyten kénnen Pathogene zudem durch Phagozytose abtdten
(Kaufmann 2009) und als “professionelle® antigenpréasentierende Zellen die
Pathogenfragmente nach intrazellularer Prozessierung auf ihrer Zelloberflache tber
die Haupthistokompatibilitditskomplexmolekile (englisch: major histocompatibility
complex molecule, MHC) MHCI und MHCII den T-Lymphozyten prasentieren und
somit das erworbene Immunsystem aktivieren (lwasaki und Medzhitov 2015;
Abualrous et al. 2021).

Fir die Freisetzung von IL-18 muss pro-IL-1f zun&chst proteolytisch gespalten
werden, was eines zweiten “Gefahrensignals bedarf. Dabei spielt eine besondere
Untergruppe der intrazellularen NLRs eine wichtige Rolle, welche NLRP1, NLRP3,
NLRC4, absent in melanoma 2 (AIM2) und Pyrin umfasst (Bauernfeind et al. 2011;
Gross et al. 2011; Broz und Dixit 2016). Die Aktivierung dieser NLRs fiihrt zun&chst
zur Formierung zytosolischer Multiproteinkomplexe, die sogenannten Inflammasome
(Bauernfeind et al. 2011; Gross et al. 2011; Broz und Dixit 2016). Inflammasome
wurden erstmals 2002 von der Arbeitsgruppe Tschopp beschrieben (Martinon et al.
2002). Das bis heute am besten untersuchte Inflammasom ist das NLRP3-
Inflammasom. Es wird durch eine Vielzahl verschiedener Stimuli aktiviert, von
bakteriellen und viralen Nukleinsduren und Lipopolysaccharid (LPS) Uber diverse
DAMPs wie extrazellulares ATP, Harns&aure und Amyloid-g (AB)-Peptide (Bauernfeind
et al. 2011; Santana et al. 2016).

Die Aktivierung NLRs fuhrt zur Rekrutierung des Adaptorproteins ASC, welches aus
einer Pyrin (PYD) und einer Caspaserekrutierungsdomaine (CARD) besteht und so die
Inflammasomformierung erlaubt (Bauernfeind et al. 2011; Vladimer et al. 2013; Broz
und Dixit 2016). Das Inflammasom dient dann als Plattform zur Aktivierung der

biologisch inaktiven Form der Protease Caspase-1 (pro-Caspase-1). Die aktivierte
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Caspase-1 spaltet proteolytisch das biologisch inaktive pro-IL-1B zu gereiftem IL-1[3,
welches dann aus den Zellen freigesetzt wird (Vladimer et al. 2013; Broz und Dixit
2016). Neben IL-13 kdnnen weitere Zytokine wie I1L-18, IL-33 und IL-37 Inflammasom-
abhangig von der Caspase-1 aktiviert werden (Dinarello 2018). Die Caspase-1 kann
zudem Pyroptose induzieren, einen programmierten Zelltod, der morphologisch durch
Zellschwellung und Zerstérung der Plasmamembran charakterisiert ist (Tan et al.
2021). Durch Pyroptose werden nicht nur pro-inflammatorische Zytokine wie IL-1f3
freigesetzt, sondern eine Vielzahl weiterer DAMPs wie HMGB1 und
Laktatdehydrogenase (Tan et al. 2021). Dadurch kommt es zu einer Amplifizierung der
Entzindungsreaktion und Rekrutierung weiterer Immunzellen (Lamkanfi et al. 2010;
Tan et al. 2021).

Die Produktion von IL-1f ist keineswegs auf Monozyten, Makrophagen beschréankt,
sondern erfolgt auch durch dendritische Zellen und diverse Epithelzellen (Santana et
al. 2016). Die Freisetzung von IL-18 und die damit einhergehenden
Entziindungsprozesse haben eine protektive und regenerative Funktion, da so eine
Eliminierung infektioser Faktoren sowie die Wiederherstellung der Gewebeintegritét,
eingeleitet wird (Santana et al. 2016; Tan et al. 2021). Entzindungsreaktionen, welche
durch Trauma, Ischamie-Reperfusionsschaden, Verbrennungen oder chemisch
induziert werden, laufen meist ohne infektiose Faktoren ab und werden als deshalb als
“sterile Entziindung® bezeichnet (Bortolotti et al. 2018). Auch die sterile Inflammation
ist charakterisiert durch die Rekrutierung von Immunzellen wie Makrophagen, sowie
die Freisetzung pro-inflammatorischer Zytokine wie IL-1 (Bortolotti et al. 2018).
Fehlregulationen und erhdhte systemische IL-13-Konzentrationen kdnnen hingegen
schwere inflammatorische und autoimmune Erkrankungen hervorrufen (Mantovani et
al. 2019).

Trotz intensiver Forschung fihren Polytraumata und grof3e chirurgische Eingriffe auch
heute noch zu lebensbedrohlichen systemischen Entzindungen mit einer nicht
akzeptablen hohen Gesamtletalitat (Westphal und Kampmeier 2015; Bortolotti et al.
2018). In diesem Zusammenhang spielen die sterile Inflammation und IL-1p3 eine
zentrale Rolle. Durch massive Gewebeschadigung kommt es zu einer
UberschieRenden  Zytokin-Ausschittung und folglich zur traumainduzierten
Immundysfunktion, welche von  systemischen  Entzindungen,  Schock,

Multiorganversagen bis hin zur Sepsis fuhren kann (Abb. 1). Nach Verletzungen wird
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die Reifung und Ausschittung von pro-inflammatorischen Zytokinen wie IL-1p aus
mononukledren Phagozyten durch das Gefahrensignal extrazellulares ATP stimuliert,
welches von aktivierten Zellen freigesetzt oder aus dem Zytoplasma geschadigter
Zellen stammt. Freigesetztes ATP wird dann Gber den ATP-sensitiven Rezeptor P2X7
(P2RX7; Gen: P2RX7) wahrgenommen, welcher von mononuklearen Phagozyten
exprimiert wird (Gross et al. 2011; Broz und Dixit 2016; Mantovani et al. 2019). Durch
die Aktivierung des ionotropen P2RX7 kommt es dann zu Anderungen der
intrazellularen  lonenkonzentration, Formierung des NLRP3-Inflammasoms,
Aktivierung der Caspase-1 und letztlich Freisetzung von IL-1p (Gross et al. 2011; Broz
und Dixit 2016; Bortolotti et al. 2018; Mantovani et al. 2019).

Trauma

/

Pathogen-assoziiérte _".Séhaden-assoziierte
molekulare Muster ’ molekulare Muster
(z.B. LPS) * (z.B. ATP)

Entzindung

Immundysfunktion Abbildung 1. Die traumainduzierte

Pro- Anti-
inflammatorisch

Immundysfunktion. Bei schweren

Traumata und groBen chirurgischen
Eingriffen kann es Zu einer
Immunbalance . .
Immundysfunktion kommen, die von

systemischen Entziindungen bis hin zum

utcome

0
Regeneration / \ Entzindung

Sepsis
Schock
Multiorganversagen
Tod

Tod der Patienten fiihren kann.

Aktuell gibt es, neben der Gabe von immunsupprimierenden Steroiden, welche ein
breites Nebenwirkungsspektrum haben (Schéacke et al. 2002), kaum geeigneten
Behandlungen fur die traumainduzierte Immundysfunktion. Bisher wurden mehrere
“biologicals® entwickelt, die am IL-1-System angreifen, um eine Uberschie3ende

Entzindungsreaktion zu verhindern (Dinarello 2018), wie beispielsweise der
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rekombinante IL-1-Rezeptor-Antagonist Anakinra, Anti-Zytokin-Therapien wie anti-IL-
1B (Canakinumab) oder rekombinante IL-1-Rezeptor-Fusionsproteine (Rilonacept)
(Bortolotti et al. 2018). Diese Therapien werden zur Behandlung von entzindlichen
Erkrankungen wie Gicht, Diabetes Typ 1 und Cryopyrin-assoziierten periodischen
Syndromen (CAPS) eingesetzt (L6pez-Castejon und Pelegrin 2012; Bortolotti et al.
2018). Anti-Zytokin-Therapien wie Canakinumab erwiesen sich in klinischen Studien
zur traumainduzierten Immundysfunktion jedoch als nicht effektiv. Fur eine direkte
Hemmung der IL-1B3-Sekretion in Form von NLRP3-Inflammasom-Antagonisten gibt es
bis heute zwar vielversprechende Ansatze, aber keine zugelassenen Therapien
(Marchetti et al. 2018). Zudem kdnnen entziindungshemmende Therapien die
Infektanfalligkeit der Betroffenen malfgeblich erhdhen. Es ist daher von grof3em,
klinischem Interesse, neue Therapieansatze zu finden, welche die sterile Inflammation

kontrollieren, ohne dabei die Infektabwehr zu vermindern.

1.2 Nikotinische Acetylcholinrezeptoren (nNAChRs) und das non-
neuronale cholinerge System

Nikotinische Acetylcholinrezeptoren (NAChRs) sind aus der traditionellen Sicht als
Liganden-gesteuerte lonenkanale bekannt, welche eine unerlassliche Rolle fur die
Reizweiterleitung an Neuronen und der motorischen Endplatte spielen (Wessler und
Kirkpatrick 2008; Changeux 2012). Ein funktioneller nAChR besteht dabei aus einem
pentameren Komplex von Untereinheiten, die sich als Homomere und Heteromere
zusammenlagern kénnen (Stokes et al. 2015). Jede Untereinheit besteht dabei aus
einer extrazellularen Domane, die den C- und N-Terminus des Proteins sowie die
orthosterische Liganden-Bindungsstelle beinhaltet (Stokes et al. 2015; Gharpure et al.
2020), sowie aus vier Transmembrandomanen und einer variablen zytoplasmatischen
Doméane (Gharpure et al. 2020). In der Familie der Saugetiere wurden bisher 16
verschiedene nAChR-Untereinheiten identifiziert. Die nAChR-Untereinheiten werden
dabei in die Typ-a (a1 — a7, a9, a10) und nicht-Typ-a (B1-B4, y, d, or €) unterschieden
(Changeux 2012; Papke 2014; Stokes et al. 2015). Die orthosterische Liganden-
Bindungsstelle befindet sich zwischen zwei benachbarten Untereinheiten (Bouzat et
al. 2018). Entsprechend ihrer typischen zellularen Expressionsmuster, koénnen
NAChRs in nAChRs vom muskuléaren Typ und solche vom neuronalen Typ eingeteilt

werden. Die nAChRs vom muskularen Typ werden im ausgewachsenen Muskel aus
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zwei a1-Unereinheiten sowie jeweils einer 31-, -, und e-Untereinheit gebildet und sind
in den neuromuskuldren Endplatten zu finden (Cetin et al. 2020). Wé&hrend der
Embryogenese wird anstelle von der e-Untereinheit eine y-Untereinheit exprimiert, die
spater ersetzt wird (Cetin et al. 2020). nAChRs vom neuronalen Typ kommen sowohl
als Homopentamere der a7- oder a9-Untereinheiten vor, Heteropentamere aus den
Untereinheiten a7 und (2 oder a9 und alO, sowie in zahlreichen weiteren
Kombinationen aus zwei a-Untereinheiten (a2 — a4 oder a6) mit drei B-Untereinheiten
(B2 oder B4) (Zoli et al. 2018).

Ein endogener Ligand der nAChRs und gleichzeitig einer der wichtigsten
Neurotransmitter im cholinergen Nervensystem von Vertebraten und Insekten ist ACh
(Horiuchi et al. 2003; Wessler und Kirkpatrick 2008), welches bereits 1921 durch Otto
Lewi als Vagusstoff entdeckt und spater durch Henry H. Dale als solches identifiziert
wurde (Lewi und Dale erhielten 1936 den Nobelpreis fur Medizin).

Die Bedeutung von nAChRs fir die Regulation des Immunsystems kam vor Uber zwei
Jahrzehnten auf, als der Begriff des “anti-inflammatorischen cholinergen Reflex®
gepragt wurde (Borovikova et al. 2000). Dieser vagale, neuroimmunologische
Reflexmechanismus wurde zuerst in Arbeiten von Kevin J. Tracey beschrieben: In
anasthesierten Ratten wird die LPS-induzierte Freisetzung pro-inflammatorischer
Zytokine durch die Stimulation des Vagusnerv abgemildert (Borovikova et al. 2000).
Es wurde weiterhin Hinweise dafir erbracht, dass dieser Reflex tber ACh vermittelt
wird, welches von T-Lymphozyten der Milz freigesetzt wird (Rosas-Ballina et al. 2011).
Das freigesetzte ACh aktiviert dann a7-nAChRs in Makrophagen und Dendritischen
Zellen, wodurch die Freisetzung pro-inflammatorischer Zytokine wie IL-1f3, IL-6 und
Tumornekrosefaktor (TNF)-a abgemildert wird (Borovikova et al. 2000; Rosas-Ballina
et al. 2011; Olofsson et al. 2012; Hoover 2017). Das Konzept des “anti-
inflammatorischen Reflex” wurde spater von der Fachwelt in Frage gestellt und ist bis
heute umstritten, nicht zuletzt weil die Milz gar nicht durch den Vagusnerv innerviert
wird (Martelli et al. 2014). Dennoch fuhrten diese friihen Arbeiten zum Forschungsfeld
der cholinergen anti-inflammatorischen Regulation des Immunsystems, aus dem auch
verschiedene therapeutische Ansatze zur Behandlung von inflammatorischen
Erkrankungen und neuropathischem Schmerz hervorgegangen sind (Hoover 2017,
Halder und Lal 2021; Zhang et al. 2022).
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Fast zeitgleich zum cholinergen Reflex wurde mit der Entdeckung des “non-
neuronalen cholinergen Systems® ein neues Kapitel der cholinergen Forschung
geschrieben. Untersuchungen zeigten, dass die wesentlichen Komponenten und
Rezeptoren des cholinergen Systems wie die Cholinacetyltransferase, ACh-Esterase,
ACh, muskarinerge AChRs und nAChRs auch von non-neuronalen Zellen in Saugern
exprimiert werden (Wessler et al. 2001; Grando et al. 2007; Wessler und Kirkpatrick
2008). Viel mehr noch kdénnen ACh und viele weitere non-neuronale cholinerge
Komponenten bereits schon in Bakterien, Algen, Protozoen und primitiven Pflanzen
gefunden werden, was das cholinerge System zu einem evolutiondr hoch-
konservierten und somit phylogenetisch wichtigen System macht (Wessler et al. 1999;
Wessler et al. 2001). Zudem wurden Hinweise erbracht, dass dieses non-neuronale
System zu grundlegenden Zellfunktionen beitragt wie Genexpression, Proliferation,
Zelldifferenzierung, Zell-Zell-Kommunikation, Zell- und Gewebe-Homoostase sowie
immunologische Funktionen (Wessler et al. 2001; Grando et al. 2007; Wessler und
Kirkpatrick 2008).

Es wird immer deutlicher, dass das non-neuronale cholinerge System im Allgemeinen
und nAChRs im Besonderen das Immunsystem regulieren kénnen. So wirkt die
Aktivierung von nAChRs durch endogene Liganden wie ACh oder Nikotin protektiv bei
verschiedenen inflammatorischen Erkrankungen wie entziindliche Darmerkrankungen
(inflammatory bowel disease), rheumatoide Arthritis und Gicht (Hoover 2017; Lei und
Duan 2021). Immunzellen wie T- und B-Zellen, Monozyten, Makrophagen und
Dendritische Zellen exprimieren die wesentlichen Komponenten des cholinergen
Systems zur Synthese, Transport und Freisetzung von ACh, sowie verschiedenste
nNAChR-Untereinheiten wie a2, a5, a6, a7, a9, al0 und B2 (Fujii et al. 2017a, 2017b;
Hecker et al. 2015). Fur nAChRs mit der Untereinheit a7 konnte in einer Vielzahl von
Studien gezeigt werden, dass ihre Aktivierung zur Abmilderung der Zytokinfreisetzung
fuhrt sowie die Expression pro-inflammatorischer Zytokine bereits auf translationaler
Ebene hemmen kann (Borovikova et al. 2000; Jonge und Ulloa 2007; Olofsson et al.
2012; Fujii et al. 2017a, 2017b; Stegemann und Bohm 2020; Lei und Duan 2021). In
den letzten Jahren zeigte sich jedoch, dass neben a7 auch andere nAChR-
Untereinheiten wie a9 und B2 anti-inflammatorische Effekte induzieren kdnnen
(Simard et al. 2013; Hecker et al. 2015; St-Pierre et al. 2016; Liu et al. 2017).
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Die kanonischen Funktionen von nAChRs sind ionotrop. Dabei weisen sie, abhangig
von der Zusammensetzung der Untereinheiten, eine Permeabilitat fir Na*, K+ und Ca?*
auf (Changeux 2012; Stokes et al. 2015). Eine vollkommen andere Wirkungsweise
wurde zuerst fir a7-nAChRs gezeigt. In Studien zur cholinergen Modulation von
Entzindungsreaktionen zeigten a7-nAChR Liganden-induzierte metabotrope
Funktionen und das vollkommen unabhdngig von der kanonischen ionotropen
Funktion (Jonge und Ulloa 2007; Kabbani et al. 2013; Stokes et al. 2015; Kabbani und
Nichols 2018). Interessanterweise scheinen insbesondere sogenannte nAChR “silent
agonists® (“stumme Agonisten®), d.h. Substanzen, die metabotrope aber keine
ionotropen Funktionen an a7-nAChRs induzieren, mit zu den effektivsten Modulatoren
von Entziundungsreaktionen zu gehdren (Horenstein und Papke 2017). In
Mikrogliazellen konnte gezeigt werden, dass der a7-nAChR silent agonist NS6740
effektiver die LPS-induzierte Freisetzung von TNF-a inhibierte als der partielle a7-
Agonist GST-21 (Thomsen und Mikkelsen 2012). Somit stellen nAChR silent agonists
einen vielversprechenden therapeutischen Ansatz zur Behandlung von entziindlichen

Erkrankungen dar (Horenstein und Papke 2017).
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2. Zielsetzung der Arbeit

Bisher wurden zahlreiche Arbeiten zur modulierenden Wirkung des non-neuronalen
cholinergen Systems auf das Immunsystem auf transkriptionaler und post-
transkriptionaler Ebene durchgefihrt (Hoover 2017). Ob das non-neuronale cholinerge
System auch die traumainduzierte Freisetzung von IL-1B8 modulieren und damit auf
posttranslationaler Ebene wirken kann, ist Gegenstand der vorliegenden Arbeit.

Folgende initiale Hypothese wurde im Rahmen dieser Forschungsarbeit adressiert:

1. Wird die ATP-vermittelte Freisetzung von IL-18 aus Monozyten durch
cholinerge Agonisten inhibiert? (Hecker et al. 2015; Zakrzewicz & Richter et
al. 2017; Richter et al. 2016)

2. Sind Phosphatidylcholine und deren Metabolite wie Phosphocholin (PC)
unkonventionelle Agonisten von nAChRs? (Hecker et al. 2015; Zakrzewicz &
Richter et al. 2017; Richter et al. 2016; Backhaus et al. 2017)

3. Ist der anti-inflammatorische, cholinerge Regulationsmechanismus der ATP-
vermittelten Freisetzung von IL-1B auch in Lungenepithelzellen und
Lungengewebe aktiv? (Richter et al. 2018a)

4. Konnen Akute-Phase-Proteine wie das C-reaktive Protein (CRP) den anti-
inflammatorischen cholinergen Regulationsmechanismus induzieren? (Richter
et al. 2018b)

5. Hat das  APi42-Peptid einen Einfluss auf den cholinergen
Regulationsmechanismus der ATP-vermittelten Freisetzung von IL-1B?
(Richter et al. 2020)

6. Wie kénnen nAChRs die Aktivitdt des ATP-sensitiven P2RX7 modulieren?
(Richter et al. 2023a)

7. “To channel or not to channel” — Fungieren nAChRs in mononukledren
Phagozyten als metabotrope oder ionotrope Rezeptoren? (Hecker et al. 2015;
Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Backhaus et al. 2017;
Richter et al. 2018b)

8. Sind Liganden von nAChRs mit der Untereinheit a9 geeignete Werkzeuge in
der Grundlagenforschung und potenzielle Therapeutika inflammatorischer
Erkrankungen und Schmerzen? (Richter et al. 2022; Richter et al. 2023b)
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3. Ergebnisse der eigenen Arbeiten

3.1 Cholinerge Regulation der ATP-vermittelten Freisetzung des pro-
inflammatorischen Zytokins IL-18

Zunachst wurde die Hypothese uUberprift, dass die Aktivierung von monozytaren
NAChRs zur Inhibition des ionotropen P2RX7 fihrt und somit die ATP-vermittelte
Freisetzung von IL-1B aus Monozyten unterdriickt. Um die Fragestellung zu
untersuchen, wurden verschiedene Untersuchungen an monozytaren Zellen in vitro
und ex vivo durchgefuhrt. Die Zellen wurden zuné&chst mit LPS vorstimuliert, um als
erstes Gefahrensignal die Expression von pro-IL-1B zu induzieren (vgl. Abb. 2).
Anschliel3end wurde als 2. Gefahrensignal ATP appliziert, meist in Form von P2RX7
spezifischem BzATP (2'-3'-O-(4-Benzoylbenzoyl)adenosin-5'-triphosphat) und die
Konzentration von IL-1B im Zell-freien Zellkulturiberstand mittels enzyme-linked
immunosorbent assay (ELISA) analysiert. Neben der humanen monozytaren Zelllinie
U937, wurden auch primare humane Monozyten (CD14%) und humane mononukleére
Zellen des peripheren Blutes (englisch: peripheral blood mononuclear cells, PBMCs),
die aus Blutproben von freiwilligen Spendern frisch isoliert wurden, fir die
Untersuchungen verwendet, sowie frisch aufgereinigte murine PBMCs (Hecker et al.
2015; Zakrzewicz & Richter et al. 2017). In diesen Untersuchungen konnte gezeigt
werden, dass die ATP-vermittelte Aktivierung des NLRP3-Inflammasoms und
Freisetzung von IL-18 aus LPS-stimulierten monozytaren Zellen durch klassische
nikotinerge Agonisten wie ACh, Nikotin und Cholin effizient inhibiert wurde (Hecker et
al. 2015; Zakrzewicz & Richter et al. 2017; vgl. Abb. 2). Auch die ATP-induzierte
Aktivierung und Freisetzung der Caspase-1 wurde durch die cholinergen Agonisten
abgemildert (Hecker et al. 2015). Die NLRP3-Inflammasom-unabhéngigen Zytokine
IL-6 und TNF-a wurden hingegen weder durch ATP noch durch nikotinerge Agonisten
beeinflusst (Hecker et al. 2015). Die spezifische Wirkung des cholinergen
Regulationsmechanismus auf den P2RX7 konnte zudem in weiteren Experimenten
bestatigt werden. Wurde bei LPS-stimulierten Monozyten das NLRP3-Inflammasom
mit dem Poren-bildenden Toxin Nigericin (Graven et al. 1966) und somit tUber ATP-
unabhangige Wege aktiviert, so zeigten die nikotinergen Agonisten keinen Einfluss auf
die IL-1B-Freisetzung (Hecker et al. 2015). Diese Ergebnisse stehen im Einklang mit
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der Hypothese der spezifischen cholinergen Regulation der ATP-abhéangigen
Aktivierung des NLRP3-Inflammasoms und Freisetzung von IL-1 Gber den ionotropen
P2RX7.
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Abbildung 2. Cholinerge Regulation der ATP-vermittelten Freisetzung des pro-
inflammatorischen Zytokins IL-1B. Die Synthese und Freisetzung von IL-1( sind streng reguliert und
bendtigen zweier Gefahrensignale. Ein prototypisches erstes Gefahrensignal ist LPS von Gram-
negativen Bakterien, welches vermittelt Uber TLR die Expression von bioinaktivem pro-IL-1B induziert.
Extrazelluldres ATP aktiviert als Schadensignal den P2RX7. Dadurch kommt es zur Assemblierung des
NLRP3-Inflammasomes, Aktivierung der Caspase-1 und Spaltung von pro-IL-1f und letztlich zu dessen
Freisetzung. Die Aktivierung von nAChRs mit den Untereinheiten a7, a9 und a10 durch klassische
Agonisten wie ACh, Nikotin und Cholin fuhrt zur Inhibition des P2RX7 und somit der IL-1B3-Freisetzung.
Dieser cholinerge Mechanismus wird durch nAChR-Antagonisten wie Mec, a-Bun, Strych und die
Conopeptide ArIB (spezifisch fir a7) und RglA4 (spezifisch fur a9/a10) aufgehoben. a-Bungarotoxin, a-
Bun; Acetylcholin, ACh; damage-associated molecular patterns, DAMP; Interleukin-1(3, IL-1p;
Lipopolysaccharid, LPS; Mecamylamin, Mec; nikotinische ACh-Rezeptoren, nAChRs; P2RX7, P2X7-
Rezeptor; pathogen-associated molecular patterns, PAMP; Strychnin, Strych; Toll-like-Rezeptoren,
TLR. (Hecker et al. 2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016).
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Interessanterweise wurde die inhibierende cholinerge Wirkung auf die ATP-vermittelte
IL-1B-Freisetzung aus Monozyten auch durch Cholin induziert (Hecker et al. 2015;
Zakrzewicz & Richter et al. 2017; Richter et al. 2016), welches als selektiver Agonist
von NAChRs mit den Untereinheiten a7* (* zeigt das mogliche Vorhandensein weiterer
NAChR-Untereinheiten an) und a9* bekannt ist (Papke et al. 1996; Verbitsky et al.
2000; Pereira et al. 2002). Um eine mdgliche Beteiligung der nAChR-Untereinheiten
a7* und a9* am cholinergen Regulationsmechanismus der ATP-vermittelten
Freisetzung von IL-13 weiter zu untersuchen, fuhrten wir zunachst pharmakologische
Untersuchungen mit einer Reihe von nAChR-Antagonisten durch. Es zeigte sich, dass
die inhibierende Wirkung der nAChR-Agonisten ACh, Nikotin und Cholin in
Anwesenheit des unspezifischen nAChR-Antagonist Mecamylamin (Innocent et al.
2008) sowie der a7*- und a9*-nAChR-Antagonisten a-Bungarotoxin und Strychnin
(Johnson et al. 1995; Briggs und McKenna 1996; Elgoyhen et al. 2001), aufgehoben
wurde (Hecker et al. 2015). Die verwendeten Antagonisten erlauben jedoch keine
Unterscheidung zwischen a7* oder a9*-nAChR-Untereinheiten. Durch eine
Kooperation mit Prof. J.M. Mcintosh (Universitat Utah, Salt Lake City, USA) konnten
dann zwei spezifische Conopeptide eingesetzt werden: [V11L;V16D]ArIB (AriB),
welches spezifisch fur die NAChR-Untereinheit a7 ist (Whiteaker et al. 2008; Hone et
al. 2009; Hone et al. 2010; Grau et al. 2018), sowie das a9/al0-spezifische RglA4
(Christensen et al. 2017; Romero et al. 2017; Grau et al. 2018). Diese Conopeptide
wurden wie zuvor beschrieben (Innocent et al. 2008; Romero et al. 2017) synthetisiert
und charakterisiert. Interessanterweise wurde die inhibierende Wirkung von ACh,
Nikotin und Cholin auf die ATP-vermittelte IL-1B-Freisetzung aus Monozyten durch
beide Conopeptide aufgehoben (Zakrzewicz & Richter et al. 2017; Richter et al.
2016), was auf eine Beteiligung der nAChR-Untereinheiten a7, a9 und/oder a10
hindeutet. Diese Ergebnisse konnten durch small interfering RNA (SiRNA)-
Experimente an monozytaren U937-Zellen (Hecker et al. 2015; Zakrzewicz & Richter
et al. 2017), sowie in Experimenten an PBMCs von Mausen die Gen-defizient flr die
a7, a9 oder a10 nAChR-Untereinheit waren, untermauert werden (Zakrzewicz &
Richter et al. 2017; Richter et al. 2016).

Die Expression der nAChR-Untereinheiten a7, a9 und a10 konnte unsere
Arbeitsgruppe durch den Nachweis von mRNA fir Chrna7, Chrna9 und ChrnalO in

monozytaren U937-Zellen sowie humanen PBMCs erbringen (Hecker et al. 2015),
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was mit friheren Publikationen Ubereinstimmt (Kawashima und Fujii 2000;
Chernyavsky et al. 2010).

Zusammenfassend konnten ungewohnliche nAChRs mit den Untereinheiten a7, a9,
und al10 in mononukledren Phagozyten identifiziert werden, die effizient die Aktivierung
des ATP-sensitiven P2RX7 und damit einhergehend die Aktivierung des NLRP3-
Inflammasoms und der ATP-induzierten Freisetzung von IL-1B inhibieren. Dieser
Mechanismus reguliert spezifisch die ATP-induzierte Freisetzung von IL-1j3,

wohingegen die ATP-unabhangige Zytokin-Freisetzung nicht beeinflusst wird.

3.2 Dipalmitoylphosphatidylcholin, Phosphocholin und weitere
Metabolite von Phosphatidylcholinen sind unkonventionelle

Agonisten von nAChRs

Phosphatidylcholine (Lecithine) sind wichtige Grundbausteine aller eukaryotischen
Zellmembranen (Li und Vance 2008). Ein Stoffwechselintermediat, welches bei der
Synthese von Phosphatidylcholin entsteht ist das zwitterionisches Molekul PC (Li und
Vance 2008). Interessanterweise weisen ACh, Cholin und PC eine hohe strukturelle
Ahnlichkeit auf (Abb. 3).
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Abbildung 3. Chemische Strukturformeln. Acetylcholin, Cholin und Phosphocholin weisen eine hohe

strukturelle Ahnlichkeit auf.

Dies fuhrte zu der Hypothese, dass PC und PC-haltige Molekile als Liganden von
NAChRs fungieren kénnten. Wir konnten in verschiedenen Arbeiten zeigen, dass PC
ein unkonventioneller Agonist monozytarer nAChRs ist und die ATP-induzierte
Freisetzung von IL-1f effizient inhibiert (Hecker et al. 2015; Zakrzewicz & Richter et
al. 2017; Richter et al. 2016). Dabei ist der ICso-Wert von PC mit 10 puM in etwa
identisch zu Cholin (Hecker et al. 2015). In weiteren Untersuchungen konnten durch

Verwendung spezifischer Inhibitoren, siRNA-Experimente an monozytaren U937-
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Zellen, sowie in Experimenten an PBMCs von Mausen, die Gen-defizient fur die a7-,
a9- oder a10-nAChR-Untereinheit waren, nachgewiesen werden, dass der PC-
induzierte Mechanismus der nAChR-Untereinheiten a7, a9, und a10 bedarf (Hecker
et al. 2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016).

Nachfolgend konnten wir zahlreiche andere PC-haltigen Molekile als bisher
unbekannte, unkonventionelle  Agonisten von NAChRs identifizieren.
Glycerophosphocholin  (G-PC), Lysophosphatidylcholin  (LPC), sowie auch
Dipalmitoylphosphatidylcholin (DPPC) inhibierten tber nAChRs-vermittelt effizient die
ATP-induzierte Freisetzung von IL-13 aus Monozyten (Hecker et al. 2015; Zakrzewicz
& Richter et al. 2017; Richter et al. 2016; Backhaus et al. 2017; vgl. Tabelle 1).

Tabelle 1: Klassische und unkonventionelle Liganden von nAChRs, ihre benétigte Konzentration, die
zu einer 50%igen Inhibition (ICso) der ATP-induzierten Freisetzung von IL-13 aus monozytaren Zellen

fuhrt und die dafir bendtigten nAChR-Untereinheiten.

Ligand ICso nAChR-Untereinheiten
Cholin 10 um a7, 09, a10 M
Acetylcholin 1M a7, a9, a10
Nikotin 10 puM I a7, 09, a10 M
PC 10opumm a7, a9, a10 M
PC-BSA 140 nM M a7, a9, and/or a10 1
RM-PC-LOS 25nM a7, a9, and/or a10 [
NTHi-PC-LOS 25nM M a7, a9, and/or a10 M
G-PC 1M a9, a10 M
LPC 1 pMm o a9, a10 M
DPPC 10 uM V] a9 and a7 or a10 V]

Dipalmitoylphosphatidylcholin, DPPC; Glycerophosphocholin, G-PC; Lysophosphatidylcholin, LPC;
nikotinischer  Acetylcholinrezeptor, nAChR; Phosphocholin, PC; PC-modifiziertes bovines
Serumalbumin, PC-BSA; PC-modifizierte Lipooligosaccharide, PC-LOS. [ Hecker et al. 2015; [
Zakrzewicz & Richter et al. 2017; "l Richter et al. 2016; [V Backhaus et al. 2017.

Vielmehr noch ergaben sich in den Untersuchungen merkliche Unterschiede beztiglich
des Bedarfs der nAChR-Untereinheiten fiur den inhibitorischen cholinergen
Mechanismus. Wahrend klassische nAChR-Agonisten wie ACh die Untereinheiten a7,
a9 und al0 bendgtigen, erfordert der G-PC- und LPC-induzierte Mechanismus lediglich
die nAChR-Untereinheiten a9 und a10 (Zakrzewicz & Richter et al. 2017; Tabelle 1).
FUr den inhibitorischen Effekt von DPPC auf die ATP-induzierte IL-1B Freisetzung ist
die a9-Untereinheit essenziell zusammen mit der a7- oder der a10-Untereinheit
(Backhaus et al. 2017; Tabelle 1).

14



Ergebnisse

Wildtypstamme von Haemophilus influenzae (H. influenzae) besitzen das sogenannte
licl-Operon, um PC-modifizierte Lipooligosaccharide (PC-LOS) synthetisieren zu
kénnen (Risberg et al. 1999; Schweda et al. 2000; Mansson et al. 2003; Pang et al.
2008). PC-LOS wirkt auf Wirbeltiere anti-inflammatorisch und erleichtert deren
Besiedlung durch H. influenzae (Risberg et al. 1999; Schweda et al. 2000; Mansson
et al. 2003; Pang et al. 2008). Aufgrund der Entdeckung, dass PC ein Ligand von
NAChHR ist, stellten wir die Hypothese auf, dass Symbionten und Parasiten den anti-
inflammatorischen  cholinergen  Kontrollmechanismus  ausnutzen, um die
Immunantwort des Wirts zu umgehen. Durch Kooperation mit Prof. Elke K. H. Schweda
(Linkbping Universitat, Linkoping, Schweden) standen uns aufgereinigte PC-LOS
Proben von zwei verschiedenen Wildtyp H. influenzae Stammen, RM118 (RM-PC-
LOS) und NTHi123323 (NTHi-PC-LOS), zur Verfigung. Als Kontrolle wurden LOS-
Proben von zwei von korrespondierenden, mutierten H. influenzae Stammen
verwendet, RM7004-lic1 und NTHi1233-licl, welche durch eine Mutation im licl-
Operon keine PC-LOS-Modifikationen synthetisieren konnen. Wir konnten zeigen,
dass PC-LOS (RM-PC-LOS, NTHi-PC-LOS) Dosis-abhéngig die BzATP-induzierte
Freisetzung von IL-1B aus LPS-geprimten monozytare Zellen effizient inhibierten
(Hecker et al. 2015). Die aus den mutierten H. influenzae Stammen gewonnenen PC-
freien LOS (RM7004-licl, NTHi1233-licl) waren hingegen inaktiv. Dementsprechend
beruht die anti-inflammatorische Wirkung auf der PC-Modifikation. Vielmehr noch
waren die PC-LOS mit einer ICso-Konzentration von ~25 nM um ein Vielfaches
effizienter als PC (siehe Tabelle 1). In weiteren Untersuchungen konnte durch den
Einsatz verschiedener nAChR-Antagonisten die Beteiligung der nAChR-
Untereinheiten a7, a9 und/oder a10 an dem PC-LOS-vermittelten Effekt aufgezeigt
werden. Um sezernierte PC-modifizierte Makromolekiile, die von Helminthen
synthetisiert und freigesetzt werden kdnnen, zu imitieren, wurde PC synthetisch an
bovines Serumalbumin (BSA) gebunden (PC-BSA). Auch hier zeigte sich, dass PC-
BSA Uber nAChR-vermittelt die BzATP-induzierte Freisetzung von IL-1B inhibiert
(Hecker et al. 2015). Interessanterweise resultierte auch hier die Modifizierung von
PC mit einem grof3en Molekil wie BSA in einer Potenzierung des inhibierenden Effekts
um den Faktor 10 (ICso = 140 nM; siehe Tabelle 1).

Zusammenfassend konnten somit nicht nur bislang unbekannte, endogene Liganden

der nAChR-Untereinheiten a7, a9 und/oder a10 identifiziert werden, sondern es wurde
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zudem ein Verstandnis Uber die zugrundeliegenden Mechanismen von PC-

modifizierten Makromolekile gewonnen.

3.3 Cholinerge Regulation der ATP-vermittelten Freisetzung von
IL-18 aus Lungenepithelzellen und Lungengewebe

Neben Monozyten und Makrophagen kénnen auch Epithelzellen IL-1 synthetisieren
und freisetzen (Pinkerton et al. 2017; Message und Johnston 2004; Tian et al. 2017).
Die beschriebenen Erkenntnisse zur cholinergen Funktion von PC-modifizierten
Makromolekilen, sowie die Tatsache, dass H. influenzae als opportunistisches
Bakterium hauptsachlich in den oberen und unteren Atemwegen angesiedelt ist
(Jordens und Slack 1995), fuihrte uns zu der Hypothese, dass solche Mechanismen
auch in pulmonalen Epithelien ablaufen kénnen. Um die Hypothese zu Uberprufen,
fuhrten wir Experimente durch an humanen A549-Zellen, welche alveolaren
Epithelzellen vom Typ-1l dhneln (Giard et al. 1973), sowie der Bronchialepithelzelllinie
Calu-3 (Shen et al. 1994). Die Stimulation der Zellen mit LPS und daran anschliel3ende
Behandlung mit BzATP induzierte die Freisetzung von IL-1B aus beiden Zelllinien
(Richter et al. 2018a). Die BzATP-induzierte Freisetzung wurde effizient durch Nikotin
und PC sowie die aus H. influenzae isolierten PC-LOS (RM-PC-LOS, NTHi-PC-LOS)
inhibiert (Richter et al. 2018a), wodurch erstmalig der cholinerge
Kontrollmechanismus in Epithelzellen nachgewiesen wurde. Die PC-freien LOS aus
den H. influenzae Mutanten RM7004-licl and NTHi1233-licl zeigten, wie in der
vorherigen Arbeit an monozytéren Zellen (Hecker et al. 2015), keinen Einfluss auf die
IL-1B-Freisetzung. In weiteren Experimenten konnte mittels nAChR-Antagonisten
zudem gezeigt werden, dass PC und PC-LOS auch in Epithelzellen als Liganden der
NAChR-Untereinheiten a7, a9 und/oder a10 fungieren (Richter et al. 2018a).

Um die Komplexitat der Lunge zu imitieren, fihrten wir zudem ex vivo Experimente an
precision cut lung slices durch, welche aus frischen Mauslungen prapariert wurden.
Auch hier konnte die inhibierende Wirkung von PC-LOS nachgewiesen (Richter et al.
2018a) und somit die physiologische Bedeutung untermauert werden.
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3.4 Das Akute-Phase-Protein CRP reguliert die ATP-induzierte
Freisetzung von IL-18 - eine negative Ruckkopplungsschleife?

Wie in Kapitel 3.2 — 3.3 beschrieben, konnen PC und PC-haltige Molekile die nAChRs
in mononuklearen Phagozyten aktiveren und dartber vermittelt die ATP-induzierte
Freisetzung von IL-1B inhibieren. Wir stellten daher die Hypothese auf, dass natives,
pentameres CRP (pCRP), welches mit PC-beladen ist, ebenfalls ein endogener
Agonist der  non-kanonischen nAChRs ist und den cholinergen
Regulationsmechanismus aktivieren kann. Um die Hypothese zu Uberprifen, fihrten
wir Experimente an monozytaren U937-Zellen und humanen PBMCs durch, die mit
LPS vorstimuliert wurden (Richter et al. 2018b). Kommerziell erworbenes pCRP,
welches aus menschlichen Pleura-Flussigkeiten isoliert wurde, inhibierte
konzentrationsabhangig die ATP-induzierte Freisetzung von IL-18 mit einem ICso-Wert
von ~5 pg/ml (Richter et al. 2018b). Zudem war der Effekt sensitiv fir diverse nAChR-
Antagonisten inklusive der spezifischen Conopeptide ArlB und RglA4, wodurch wir
Hinweise auf eine Beteiligung der nAChRs mit den Untereinheiten a7, a9 und/oder a10
erbringen konnten (siehe Abb. 4).

Es stellte sich dann die Frage, ob die inhibitorische Wirkung von pCRP von dem
Pentraxin selbst, oder von seinem gebunden Liganden, vermutlich PC, induziert wird.
Wurde das Pentraxin Serum-Amyloid-P, welches keine PC-Bindungsstellen besitzt
(Mantovani et al. 2008) oder rekombinantes CRP (rCRP) aus Bakterien anstelle von
pPpCRP eingesetzt, so zeigte sich keine Wirkung auf die ATP-induzierte IL-1(3-
Freisetzung (Richter et al. 2018b). In weiteren Experimenten konnten wir zeigen, dass
die Aktivitat von pCRP auf eine Ca?*-abhangigen Bindung mit einem bisher noch nicht
identifizierten endogenen Liganden, beruhte. Wurde pCRP mit einem Ca?*-Chelator
behandelt, so war es inaktiv. Durch eine anschlieRende Behandlung mit Ca?* und PC
konnte das inaktivierte pCRP hingegen wieder aktiviert werden. Auch rCPR konnte
kinstlich mit PC beladen und aktiviert werden und fuhrte dann zu einer effizienten
Inhibition der ATP-induzierten IL-1B-Freisetzung (Richter et al. 2018b). Wir kbnnen
nur spekulieren, ob PC und/oder PC-haltige Molektile auch in vivo als Ligand an pCRP
gebunden sind. Es zeigte sich in unseren Experimenten jedoch noch ein weiterer
interessanter Aspekt: Um inaktiviertes pCRP oder rCRP durch Behandlung mit Ca?*

und PC wieder zu aktivieren, waren nur geringe PC-Konzentrationen von 1 uM nétig,
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Abbildung 4. Das Akute-Phase-Protein pCRP moduliert die ATP-induzierte Freisetzung von IL-18
in mononukledren Phagozyten tGiber nAChRs. Die Aktivierung von nAChRs mit den Untereinheiten
a7, a9 und/oder a10 durch ACh, Nikotin, Cholin, PC oder PC-haltige Molekiile fihrt zur Inhibition des
P2RX7 und somit der IL-1B-Freisetzung. pCRP konnte als neuer Ligand der nAChRs identifiziert
werden. Da pro-inflammatorische Mediatoren wie IL-1p die Expression und Freisetzung von pCRP aus
der Leber induzieren, kdnnte pCRP somit Teil einer negativen Rickkopplungsschleife sein, die eine
Uberschiel3ende z.B. verletzungsbedingte IL-1B-Freisetzung verhindert. Acetylcholin, ACh; Interleukin-
18, IL-1B; Lipopolysaccharid, LPS; nikotinische ACh-Rezeptoren, nAChRs; P2RX7, P2X7-Rezeptor;
pentameres C-reaktives Protein, pCRP; Phosphocholin, PC; Toll-like-Rezeptoren, TLR. (Hecker et al.
2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Richter et al. 2018b)

eine PC-Konzentration, die selbst keine inhibitorische Wirkung auf die IL-1pB-
Freisetzung hatte (Hecker et al. 2015; Richter et al. 2018b). Die Bindung von PC an

CRP scheint demnach die Wirkung von PC zu potenzieren. Dieses Phdnomen zeigte
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sich bereits in friheren Arbeiten mit PC-BSA und PC-LOS (Hecker et al. 2015;
Richter et al. 2018a) (siehe Tabelle 1).

Um zu Uberprifen, ob der von uns identifizierte pCRP-induzierte Mechanismus auch
in vivo aktiv ist, fuhrten wir eine kleine, prospektive Studie an weiblichen und
mannlichen Polytrauma-Patienten durch. Es wurden vom Zeitpunkt der Einlieferung
der Patienten in unsere Klinik (Universitatsklinikum Giel3en und Marburg, Standort
Giel3en) taglich Blutproben abgenommen und die Plasmawerte fir CRP sowie
verschiedener Zytokine bestimmt. In Korrelationsanalysen zeigte sich dann eine
negative Korrelation der IL-1p-Plasmakonzentrationen mit CRP (Richter et al. 2018b).
Die NLRP3-Inflammasom-unabhangigen Zytokine IL-6, IL-18, und TNF-a waren
hingegen positiv-korreliert (Richter et al. 2018b).

Wir konnten in unserer Arbeit erstmals eine mdgliche physiologische Funktion von
pCRP aufzeigen (Richter et al. 2018b): In mononukledren Phagozyten ist Liganden-
beladenes pCRP ein effizienter Agonist von nAChRs mit den Untereinheiten a7, a9
und/oder a10. Da die Expression und Sekretion von CRP durch pro-inflammatorische
Zytokine wie IL-18 und IL-6 induziert wird, scheint pCRP in diesem Zusammenhang
Teil einer negativen Ruckkopplungsschleife zu sein, welche die ATP-induzierte IL-13-
Freisetzung inhibiert, und vor UberschieBenden Entzindungsreaktionen schitzen
kann (Richter et al. 2018b) (siehe Abb. 4).

3.5 Das ApB:4>-Peptid ist ein negativer Regulator des cholinergen
Kontrollmechanismus

Bisher wurden das amyloid precursor protein (APP) und die APB-Peptide im
Zusammenhang der Alzheimer-Erkrankung intensiv beforscht (Heneka et al. 2015;
Chen et al. 2017; Zhang et al. 2023b). Die biologischen Funktionen dieses ubiquitaren
Systems liegen jedoch weitgehend im Dunkeln. Das brachte uns zu der Frage, ob das
AB1-42-Peptid einen Einfluss auf den cholinergen Regulationsmechanismus der ATP-

vermittelten Freisetzung von IL-13 hat (Richter et al. 2020).
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Abbildung 5. Das AB1-42-Peptid ist ein negativer Regulator des cholinergen Kontrollmechanismus
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der ATP-induzierten Freisetzung von IL-1B aus mononukledren Phagozyten. Die Aktivierung von
nAChRs mit den Untereinheiten a7, a9 und/oder a10 durch ACh, Nikotin, Cholin, PC oder PC-haltige
Molekdle fihrt zur Inhibition des P2RX7 und somit der IL-1B-Freisetzung. Das Zellmembranprotein APP
kann durch proteolytische Spaltung zu AB-Peptiden wie ABi-42 prozessiert werden. Wéahrend in der
Literatur fur die AB1-42-Petide eine pathophysiologische Rolle in der Alzheimer-Erkrankung beschrieben
wurde, ist die biologische Funktion von APP und den AB-Peptiden weitgehend ungeklart. Unsere
Erkenntnisse deuten darauf hin, dass das AB1-42-Peptid in mononukledren Phagozyten den cholinergen
Kontrollmechanismus antagonisiert und die Freisetzung von IL-18 in Anwesenheit nikotinerger
Agonisten erlaubt. Acetylcholin, ACh; amyloid precursor protein, APP; Amyloid-B, AB; Interleukin-18, IL-
1B; Lipopolysaccharid, LPS; nikotinische ACh-Rezeptoren, nAChRs; P2RX7, P2X7-Rezeptor;
pentameres C-reaktives Protein, pCRP; Phosphocholin, PC; Toll-like-Rezeptoren, TLR. (Hecker et al.
2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Richter et al. 2020)

Wir fihrten in vitro- und ex vitro-Experimente an LPS-stimulierten humanen
monozytaren Zellen durch und konnten dabei eine vollkommen neue Funktion des
AB1-42-Peptids aufzeigen (Richter et al. 2020): An monozytdren nAChRs wirkt das
AB1-42-Peptid antagonistisch und ermdglicht so die ATP-induzierte Freisetzung von
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IL-18 in Anwesenheit von nAChR-Agonisten (Abb. 5). Dabei wurde nicht nur der
inhibitorische Effekt von klassischen nAChR-Agonisten wie ACh und Nikotin
konzentrationsabhéngig durch das APi-42-Peptid aufgehoben, sondern auch die
Wirkung von PC und PC-haltigen Molekulen (Richter et al. 2020). Die von uns
beobachteten Effekte des AB1-42-Peptids scheinen auf einer antagonistischen Wirkung
an den nAChRs zu beruhen (Richter et al. 2020). Dies wird bekraftigt durch die
Tatsache, dass die Api42-Peptid-induzierten  Effekte auf cholinergen
Regulationsmechanismus sehr denen der Conopeptide ArlB und RglIA4 &hnelten
(Richter et al. 2020). Das APi-42-Peptid selbst induzierte hingegen keine IL-1(3-
Freisetzung aus LPS-stimulierten Monozyten und modulierte auch die ATP-induzierte
IL-1B-Freisetzung nicht. Dementsprechend schien die Wirkung des ABi-42-Peptids auf
Interaktionen mit den nAChRs zu beruhen (Richter et al. 2020). Zudem konnten wir
erste Hinweise darauf erbringen, dass das APi-42-Peptid auch in vivo wirkt: Bei
chirurgischen Patienten war der Nachweis von IL-1f3 nur im Blut von Patienten mdglich,
in denen erhthte AB1-42-Peptid-Konzentrationen vorlagen (Richter et al. 2020).
Zusammenfassend konnten wir Hinweise darauf erbringen, dass das ABi-42-Peptid ein
endogener, negativer Regulator des cholinergen Kontrollmechanismus der ATP-
induzierte Freisetzung von IL-1B in mononuklearen Phagozyten ist (Richter et al.
2020). Diese Regulation scheint auf einer antagonistischen Wirkung an a9*-nAChRs
zu beruhen (Richter et al. 2020).

3.6 “To channel or not to channel” — metabotrope Funktionen von
unkonventionellen nAChRs in mononukledren Phagozyten

Wie zuvor beschrieben, konnte unsere Arbeitsgruppe zeigen, dass die Aktivierung von
NAChRs mit den Untereinheiten a7, a9 und/oder a10 zu einer Inhibition des P2RX7
fuhrt und somit die ATP-induzierte Freisetzung von IL-1 aus mononukledren
Phagozyten wie Monozyten, Makrophagen inhibiert (Hecker et al. 2015; Zakrzewicz
& Richter et al. 2017; Richter et al. 2016; Backhaus et al. 2017). Um die nAChR-
vermittelte Regulation des P2RX7 naher zu charakterisieren, fihrten wir
elektrophysiologische Ganzzelllableitung mittels der patch-clamp-Methode (englisch:
patch = Flicken; englisch: to clamp = festklemmen) (Hamill et al. 1981) an monozytaren
U937-Zellen durch. Im Einklang mit den Erkenntnissen aus den Messungen der ATP-

induzierten IL-1B-Freisetzung, wurde die ATP-induzierte ionotrope Aktivitat des
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P2RX7 in Anwesenheit von nikotinergen Agonisten wie Nikotin (Hecker et al. 2015),
Cholin, PC (Richter et al. 2016), DPPC (Backhaus et al. 2017) und pCRP (Richter
et al. 2018b) gehemmt (siehe Abb. 6).
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Abbildung 6. Unkonventionelle nAChRs modulieren die ATP-induzierte Freisetzung von IL-1f in
mononuklearen Phagozyten Uber metabotrope Funktionen. (A) Die Aktivierung von nAChRs mit
den Untereinheiten a7, a9 und/oder a10 durch ACh, Nikotin, Cholin, PC oder PC-haltige Molekdle fihrt
zur Inhibition des P2RX7 und somit der IL-1B-Freisetzung. (B-D) In elektrophysiologischen
Ganzzellableitungen an monozytaren U937-Zellen induzierten nikotinerge Agonisten wie PC (100 puM;
C) und Cho (100 uM; D) selbst keinerlei Anderungen in den transmembranen lonenstrémen (Gelb
hinterlegt), inhibierten aber effizient die BzATP-induzierte ionotrope Antwort des P2RX7. E)
Exemplarische Stromkurve aus einer elektrophysiologischen Messung (Zwei-Elektroden
Spannungsklemme) an einer Xenopus laevis-Oozyte, welche humane a9a10-nAChRs Uberexprimierte.
PC (100 pM) induzierte im Gegensatz zu dem klassischen Agonisten Cholin (1 mM), keine lonenstrome
(Gelb hinterlegt). 2'-3'-O-(4-Benzoylbenzoyl)Adenosin-5'-Triphosphat, BzZATP; a-Bungarotoxin, a-Bun;
Acetylcholin, ACh; Cholin, Cho; damage-associated molecular patterns, DAMP; Interleukin-13, IL-1;
Lipopolysaccharid, LPS; Mecamylamin, Mec; nikotinische ACh-Rezeptoren, nAChRs; P2X7-Rezeptor,
P2RX7; pathogen-associated molecular patterns, PAMP; Phosphocholin, PC; Strychnin, Strych; Toll-
like-Rezeptoren, TLR. (Hecker et al. 2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016)
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Dieser Effekt war zudem sensitiv gegeniber nAChR-Antagonisten wie Mecamylamin
(Hecker et al. 2015; Richter et al. 2016) und RglA4 (Richter et al. 2016; Richter et
al. 2018b), wodurch die Beteiligung der nAChRs untermauert wird. Interessanterweise
zeigte sich in den Experimenten jedoch auch, dass die Applikation der nikotinergen
Agonisten wie PC (Abb. 6C) und Cholin (Abb. 6D) selbst keinerlei Anderungen in den
transmembranen lonenstromen der monozytaren Zellen induzierte.

In weiteren Untersuchungen testeten wir die Wirkung von PC und PC-haltigen
Molekilen auf die kanonische, ionotrope Funktion der neuronalen nAChRs mit den
Untereinheiten a7, a9 und/oder a10. Dazu verwendeten wir das etablierte heterologe
Expressionssystem der Xenopus laevis (X. laevis)-Oozyten (Wagner et al. 2000;
Papke und Stokes 2010), um verschiedene Kombinationen (Homomere und
Heteromere) der humanen nAChR-Untereinheiten a7, a9 wund a10 in
elektrophysiologischen Messungen mit der Zwei-Elektroden-Spannungsklemme (engl.
two-electrode voltage-clamp, TEVC) auf ihre ionotrope Funktion hin zu untersuchen.
Sowohl die schnell desensitisierenden a7-nAChRs als auch a9- und a9a10- nAChRs
funktionieren in diesem Expressionssystem als Liganden-abhéngige lonenkanéle
(Verbitsky et al. 2000; Papke und Porter Papke 2002; Papke et al. 2018). Die
klassischen nAChR-Agonisten ACh und Cholin dienten in unseren Experimenten als
Positivkontrolle zum Nachweis der Expression von nAChRs mit den Untereinheiten a7
und a9 (Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Richter et al. 2018b).
Wir konnten zeigen, dass PC, G-PC, LPC und pCRP auch an den heterolog
exprimierten NAChRSs keine ionotropen Funktionen induzieren (Zakrzewicz & Richter
et al. 2017; Richter et al. 2016; Richter et al. 2018b), was uns zu der Hypothese
fuhrte, dass es sich um endogene nAChR silent agonists handelt. Laut Definition
bringen silent agonists die Rezeptoren in ihren desensitisierten Zustand, ohne dabei
deren lonenkanal-Funktion zu aktivieren (Horenstein und Papke 2017). Die
beobachteten Effekte von PC und PC-haltigen Molekilen kdnnten jedoch auch auf
eine antagonisierende Wirkung zurtckzufiihren sein. Deshalb untersuchten wir in
weiteren TEVC-Experimenten die Wirkung der Substanzen auf Cholin- und/oder ACh-
induzierte lonenstrome von heterolog exprimierten nAChRs. Dabei zeigte sich, dass
in Anwesenheit von PC, G-PC, LPC und pCRP die Cholin- bzw. ACh-induzierten
lonenstrome inhibiert wurden (Zakrzewicz & Richter et al. 2017; Richter et al. 2016;
Richter et al. 2018b). Die dabei beobachtete langsame Kinetik der PC-, G-PC-, LPC
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und pCRP-induzierten Inhibition sowie der langsame Anstieg der Cholin- und/oder
ACh-induzierten lonenstréme nach dem Auswaschen der Substanzen, deutet jedoch
auf eine Desensitisierung der Rezeptoren durch silent agonists hin (Zakrzewicz &
Richter et al. 2017; Richter et al. 2016; Richter et al. 2018b). Zudem sprechen die
Ergebnisse aus den Arbeiten zur ATP-induzierten IL-1B-Freisetzung, die zeigen, dass
die Effekte von PC und PC-haltigen Molekilen durch nAChR-Antagonisten
aufgehoben werden kdnnen, fir eine agonistische Wirkung.

Zusammenfassend konnten wir zeigen, dass unkonventionelle nAChRs in
mononukledren Phagozyten einen metabotropen Signalweg induzieren, um die
Aktivitat des P2RX7 und somit die ATP-induzierte Freisetzung von IL-1[3 zu inhibieren.
Zudem konnten Hinweise erbracht werden, dass PC und PC-haltige Molekile
Eigenschaften von silent agonists besitzen, da sie auch an kanonischen nAChRs keine

lonenstrome induzieren.

3.7 Unkonventionelle nAChRs aktivieren die endotheliale NO-
Synthase, um die Aktivitat des ATP-sensitiven P2RX7 zu
regulieren

Der Antwort auf die Frage, wie nAChRs in mononukledren Phagozyten uber
metabotrope Signale-vermittelt die Aktivitdt des P2RX7 modulieren kdnnen, konnten
wir in einer weiteren Studie naherkommen. Wir stellten die Hypothese auf, dass NO-
Synthasen (NOS) an dem cholinergen Kontrollmechanismus beteiligt sein kbnnten und
durch Nitrosylierung die Aktivitat des P2RX7 inhibieren (siehe Abb. 7). In
Experimenten an diversen humanen mononukledren Phagozyten wurde die
inhibierende Wirkung nikotinerger Agonisten auf die ATP-induzierte Freisetzung von
IL-18 in Anwesenheit verschiedener NOS-Inhibitoren wie L-NIO (Boucher et al. 1999)
und Nw-Nitro-L-Argininmethylesterhydrochlorid (Zhang et al. 1997) abgeschwacht
(Richter et al. 2023a).

Es gibt drei Formen von NOS: die neuronale NOS (nNOS, NOS1), induzierbare NOS
(INOS, NOS2) und die endotheliale NOS (eNOS, NOS3) (Forstermann und Sessa
2012). Wahrend die Funktion der nNOS und eNOS auf Proteinebene reguliert wird, ist
die INOS konstitutiv aktiv und wird auf mMRNA-Ebene reguliert (Forstermann und Sessa
2012).
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Abbildung 7. Schematische Ubersicht des hypothetischen, metabotropen Signalmechanismus.
Wir konnten Hinweise darauf erbringen, dass in mononukledren Phagozyten die Aktivierung
nikotinischer Acetylcholinrezeptoren (nAChR) mit den Untereinheiten a7, a9 und/oder a10 einen
metabotropen Signalweg induziert. Dieser beinhaltet die Aktivierung von NO-Synthasen, welche NO
und/oder Peroxynitrit (NOO-) produzieren. NO/NOO- inhibieren die ionotrope Funktion des ATP-
sensitiven P2RX7. (Richter et al. 2023b [VIII])

Da der von uns identifizierte cholinerge Regulationsmechanismus sehr schnell ablauft
und die nAChR-Agonisten innerhalb weniger Minuten die Inhibition der ATP-
abhangigen IL-1B-Freisetzung induzieren, war die Beteiligung der INOS
unwahrscheinlich. Die Expression der nNOS konnte, im Gegensatz zur eNOS, von uns
in real-time RT-PCR-Experimenten an U937-Zellen nicht detektiert werden (Richter et
al. 2023a). In Endothelzellen wurde zudem bereits beschrieben, dass Nikotin die
eNOS uber Phosphorylierung aktivieren kann und die NO-Produktion anregt (Wu et al.
2009). Daher konzentrierten sich unsere weiteren Untersuchungen auf die eNOS.
Mittels siRNA-Experimenten an monozytaren U937-Zellen zum silencing der NOS3
sowie Untersuchungen an PBMCs von Mausen, die Gen-defizient fir die eNOS (Nos3)
waren, konnte die eNOS als wichtiges Element im Signalweg down-stream der
NAChRs identifiziert werden (Richter et al. 2023a). Um die NOS-Aktivitat zu imitieren,
wurden die NO/Peroxynitrit-Donoren S-Nitroso-N-Acetyl-DL-Penicillamin (SNAP) und
SIN-1 (Dasgupta et al. 2018) eingesetzt. In in vitro-Experimenten an monozytaren
U937-Zellen, THP-1-Zellen wund THP-1-M1-Makrophagen, sowie ex Vivo-

Experimenten an primaren humanen Monozyten, Maus-PBMCs und aus dem Maus-
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Knochenmark-generierten Makrophagen wurde die ATP-induzierte IL-13-Freisetzung
durch SNAP und SIN-1 gehemmt (Richter et al. 2023a).

Um eine mdgliche Modifikation der lonenkanalfunktion des P2RX7 durch NO naher zu
untersuchen, fuhrten wir intrazellulare Ca2*-Messungen sowie elektrophysiologische
Untersuchungen durch wie Ganzzellableitungen mit der patch-clamp-Methode an
HEK293-Zellen, welche stabil den humanen P2RX7 Uberexprimieren (zur Verflgung
gestellt von Prof. G. Schmalzing, RWTH Aachen). Ubereinstimmend mit unserer
Hypothese, wurde die ionotrope Aktivitdt des P2RX7 durch den NO-Donor SIN-1
gehemmt (Richter et al. 2023a). In Kooperation mit Prof. G. Schmalzing fihrten wir
Mutagenese-Experimente am humanen P2RX7 durch und mutierten in der Cystein-
reichen Unterdoméne der zytoplasmatischen C-terminalen Domé&ne die Cysteine
C377 und C388 zu Alanin (Mutanten C377A, C388A). AnschlieRend wurden die
C377A- oder die C388A-Mutante stabil in HEK293-Zelle exprimiert und
elektrophysiologische Ganzzellableitungen durchgefiihrt (Richter et al. 2023a). Das
C377 ist das letzte Cystein in der Cystein-reichen Domane des P2RX7 (Becker et al.
2008; Costa-Junior et al. 2011), wohingegen C388 aul3erhalb dieser Domane liegt,
aber ndher an der Grenzflache der P2RX7-Kanalpore (Richter et al. 2023a). Keine
der Mutationen an sich fuhrte zu Einschrankungen der ionotropen Funktion des P2RX7
(Richter et al. 2023a). In den C377A-Mutanten verlor SIN-1 jedoch seine inhibierende
Wirkung (Richter et al. 2023a). Gleiches zeigte sich teils in den C388A-Mutanten,
wobei die lonenstréme in Anwesenheit von ATP und SIN-1 sehr variabel waren und
von einer Verdopplung der lonenstrome bis zum vollstandigen Ausbleiben der
inhibitorischen Wirkung von SIN-1 variierten (Richter et al. 2023a). Fur diese variablen
Ergebnisse in den C388A-Mutanten konnte keine Erklarung gefunden werden.
Zusammenfassend konnten wir zeigen, dass die eNOS an dem cholinergen
Regulationsmechanismus beteiligt ist. Zudem konnten wir zahlreiche Hinweise
erbringen, dass das C377 in der C-terminalen Doméne (sowie ggf. C388) eine
potenzielle Angriffsstelle fir NO ist und NO-abh&ngige Modifikationen in dieser
Cystein-reichen Domane die ionotrope Funktion des P2RX7 zu inhibieren.
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3.8 Liganden von a9*-nAChRs: Werkzeuge der Grundlagen-
forschung und potenzielle Therapeutika

Wie unter Kapitel 3.6 und 3.7 beschrieben, konnten wir in unseren
Forschungsarbeiten endogene nAChR-Agonisten identifizieren, die Gber metabotrope
Funktionen unkonventioneller nAChRs die ATP-induzierte IL-1B-Freisetzung aus
mononukledren Phagozyten inhibieren. Vielmehr noch riickte die nAChR-Untereinheit
a9 durch unsere Arbeiten immer mehr in den Vordergrund (vgl. Tabelle 1). Zudem
induzierten PC und PC-haltige Molekule keine ionotropen Effekte an kanonischen a7*
und a9* nAChRs (Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Richter et
al. 2018b), was sie laut Definition der Wirkung von nAChR-silent agonists (Horenstein
und Papke 2017) &hneln lasst.

Wir verglichen in einer Arbeit den endogenen nAChR-Agonisten PC mit dem silent
agonist pCF3-N,N-Diethyl-N-Phenyl-Piperazin (pCF3-diEPP) (Quadri et al. 2018)
bezlglich ihrer anti-inflammatorischen Wirkung sowie der Effekte auf kanonische
NAChRs (Richter et al. 2022). In Experimenten an mononuklearen Phagozyten zeigte
sich pCF3-diEPP als potenter Inhibitor der LPS- und ATP-induzierten Freisetzung von
pro-inflammatorischen Zytokinen wie IL-1B (Richter et al. 2022). So wurde die ATP-
induzierte Freisetzung von IL-13 aus humanen PBMCs durch pCF3-diEPP mit einem
ICso-Wert von 64 fM inhibiert (Richter et al. 2022). Interessanterweise beruhte die
inhibierende Wirkung von pCF3-diEPP wie von PC auf den nAChR-Untereinheiten a7
und a9*. Zudem zeigte sich in TEVC-Messungen an in X. laevis-Oozyten heterolog
exprimierten humanen nAChRs erstmalig, dass der urspriinglich als a7-spezifische
silent agonist pCF3-diEPP ein partieller Agonist von homomeren a9- und heteromeren
a9a10-nAChRs ist (Richter et al. 2022). pCF3-diEPP hatte zudem bessere
pharmakologische Eigenschaften, wohingegen PC schnell seine inhibierende Wirkung
verlor und auch keinen Einfluss auf die LPS-induzierte Zytokin-Freisetzung von IL-6
und TNF-a hatte (Richter et al. 2022).

Wir untersuchten in einer weiteren Arbeit zwei spezifische a9*-nAChRs Liganden, den
a9-nAChR-Agonist pCN-diEPP und den a9-nAChR-Antagonist mMCN-diEPP (Papke et
al. 2022a) auf ihre anti-inflammatorische sowie potenziell analgetische Funktion
(Richter et al. 2023b). pCN-diEPP erwies sich dabei als potenter Inhibitor der ATP-

induzierten Freisetzung von IL-1p aus monozytaren Zellen. Eine Ko-Applikation von
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PCN-diEPP zusammen mit PC oder ACh flUhrte interessanterweise zu einer
Abschwachung dieser inhibierenden Wirkung (Richter et al. 2023b), ein Phdnomen,
das bis jetzt nicht aufgeklart werden konnte. mCN-diEPP antagonisierte die
inhibierende Wirkung von PC, ACh und pCN-diEPP und zeigte allein appliziert keinen
Effekt auf die ATP-induzierte IL-1B-Freisetzung (Richter et al. 2023b).

Ein etabliertes Tiermodell fir Untersuchungen von inflammatorischem Schmerz ist die
Injektion von complete Freund’s adjuvant (CFA) in die Hinterpfoten von Tieren (Khan
et al. 2013). Im CFA-Tiermodell fur inflammatorischen Schmerz zeigte pCN-diEPP
einen effektiven, analgetischen Effekt (Richter et al. 2023b). Dieser analgetische
Effekt war zudem unabhangig von der a7-Untereinheit, wie in Experimenten an a7-
NAChR Gen-defizienten Mausen gezeigt werden konnte (Richter et al. 2023b). Der
a9-nAChR-Antagonist mCN-diEPP wirkte im Tiermodell ebenfalls schmerzlindernd,
wenn auch nur partiell und in hohen Konzentrationen (Richter et al. 2023b).
Zusammenfassend trugen unsere Forschungsarbeiten dazu bei, dass neue,
spezifische Liganden von a9*-nAChRs identifiziert werden konnten, die in der
Grundlagenforschung nun als Werkzeuge zur Verfiigung stehen, um die Funktion und
Bedeutung der a9*-nAChRs weiter aufzuklaren. Zudem zeigen Agonisten der a9*-
NAChRs eine vielversprechende anti-inflammatorische Wirkungen auf die ATP-
induzierte Freisetzung von IL-18 und sowie effektive, analgetische Effekte im

Schmerzmodel.

3.9 Unkonventionelle versus kanonische nAChRs

Wie in den vorherigen Kapiteln beschrieben, konnten starke Hinweise darauf erbracht
werden, dass die NnAChR-Untereinheiten a7, a9 und a10 fur die cholinerge Regulation
der ATP-induzierten IL-1B-Freisetzung durch Agonisten wie ACh, Cholin, Nikotin, PC
und PC-haltige Molekile bendtigt werden, teils auch in unterschiedlichen
Kombinationen der Untereinheiten (vgl. Tabelle 1). Wir versuchten das gleichzeitige
Vorkommen der humanen nAChR-Untereinheiten a7, a9 und a10 im heterologen
Expressionssystem der X. laevis-Oozyten zu imitieren (Richter et al. 2023b). Die
Oozyten wurden dazu mit RNA injiziert fir a7-Homomere, a9a10-Heteromere, oder a7
in Kombination mit unterschiedlichen RNA Verhéaltnissen fur die a9- und al0-
Untereinheiten (1:2, 1:3, 1:4). Dabei ergaben sich neue Mysterien bezuglich der

Sensitivitdt der  verschiedenen nAChR-Untereinheiten-Kombinationen auf
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verschiedene Liganden (vgl. Tabelle 2). Wurde a7 zusammen mit einem hohen Anteil
von a9a10 exprimiert ((a7)1:(a9a10)4), so ahnelten die ACh-induzierten Stromverlaufe
denen von heteromeren a9al10-nAChRs (Richter et al. 2023b). Durch die Ko-
Expression in niedrigeren Verhaltnissen ((a7)1:(a9a10)2 und (a7)1:(a9a10)3), kam es
zu einer im Vergleich zu a7-Homomeren und heteromeren a9a10-nAChRs niedrigeren
ACh-induzierten Stromantwort (Richter et al. 2023b).

Nikotin ist als Agonist an a7-Homomeren, sowie Antagonist an a9-Homomeren
beschrieben (Verbitsky et al. 2000; Papke et al. 2007). Diese Ergebnisse konnten in
unserer Arbeit bestatigt werden (Richter et al. 2023b). Interessanterweise war der
ICso-Wert in a9a10-nAChR exprimierenden Oozyten mit 437 £ 73 pM (Richter et al.
2023b) jedoch deutlich hoher als bei homomeren a9-nAChRs, fur die ein ICso-Wert
von 32 uM beschrieben wurde (Verbitsky et al. 2000). Diese Ergebnisse deuten darauf
hin, dass die Anwesenheit der a10-Untereinheit die Nikotin-Sensitivitdt der a9-
Untereinheit um ein Vielfaches reduziert. Durch die Ko-Expression aller drei
Untereinheiten in niedrigeren Verhaltnissen ((a7)1:(a9a10)2 und (a7)1:(a9a10)3),
entstanden gemischte Populationen von Nikotin-sensitiven und -insensitiven nAChRs
(Richter et al. 2023b). Bei einem hoheren Verhaltnis ((a7)1:(a9a10)4) waren keine
Nikotin-induzierten lonenstrome detektierbar.

Der a9a10-nAChR-Agonist pCN-diEPP induzierte an a7-nAChRs nur geringe
lonenstrome, welche mit steigendem Verhéaltnis der a9a10-Ko-Expression anstiegen
und im hohen Verhdltnis ((a7)1:(c9010)4) identisch zu den lonenstromen der
heteromeren a9al10-nAChRs waren (Richter et al. 2023b). Wahrend mCN-diEPP
(partieller a7-Antagonist, sowie Antagonist von a9a10-nAChRs) die ACh-induzierten
lonenstrome von a9a10-nAChR exprimierenden Oozyten vollstéandig inhibierte, wurde
in allen a7-ko-exprimierenden Oozyten, unabhéngig vom RNA-Injektions-Verhaltnis,
diese antagonistische Funktion deutlich reduziert (Richter et al. 2023b). Diese
Ergebnisse deuten zum einen darauf hin, dass heteromere a7a9a10-nAChRs in den
Oozyten exprimiert werden. Zum anderen scheint die Anwesenheit der a7-Untereinheit

die a9a10-Untereinheinheiten vor dem Antagonisten mCN-diEPP zu schitzen.
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Tabelle 2: Liganden von nAChRs, deren Wirkung auf die ATP-induzierten Freisetzung von IL-13 aus
mononuklearen Phagozyten, sowie auf die ionotrope Funktion von heterolog exprimierte humanen

nNAChR-Untereinheiten (homomere a7, a9 sowie heteromere a9/a10).

Effekt auf ATP- Effekt auf heterolog Effekt auf ACh- oder Cholin- Rebound-
Ligand | induzierte IL-1B exprimierte nAChR- induzierte lonenstréme Effekt
Freisetzung Untereinheiten
ACh Inhibition (701 Agonist von a7, a9 und - -
09010 M,
Cholin Inhibition (.01 Agonist von a7, a9 und - -
a9a10 [,
Nikotin Inhibition [ a7-Agonist; a9al10- Inhibiert reversibel ACh-induzierte | auf a9al10-
Antagonist M1, lonenstrome von a9a10-nAChRs nAChRs
mit einer ICso von 437 + 73 yM M1, i
PC Inhibition [1.01.V1 Keine ionotropen Effekte | Inhibiert reversibel Cholin-induzierte auf a9-
auf a7-, a7a9-, a7a9al0-, | lonenstrome von a9a10-nAChRs [, und
09a10-nAChRs [0V, Effekte auf ACh-induzierte a9a10-
lonenstrédme von a9al10- deutlich nAChRs
geringer und kein Effekt auf a7- v
NAChRs V1,
G-PC Inhibition [ Keine ionotropen Effekte Inhibiert reversibel ACh-induzierte ?
auf a7-, a7a9-, a7a9a10-, lonenstréme von a7- und a9al10-
09a10-nAChRs 1, NAChRs [
LPC Inhibition [ Keine ionotropen Effekte Inhibiert reversibel ACh-induzierte ?
auf a7-, a7a9-, a7a9a10-, lonenstréme von a7- und a9al10-
09010-nAChRs [, nAChRs [,
pCRP Inhibition [ Keine ionotropen Effekte Inhibiert reversibel ACh-induzierte ?
auf a7-, a7a9-, a7a9a10-, lonenstrome von a9a10-nAChRs
09010-nAChRs [, (.
pCF3- Inhibition [V Silent Agonist flr a7- Inhibiert mit 30 uM reversibel ACh- | auf a9a10-
diEPP nAChRs M, Keine induzierte lonenstrome von a7-, a9- nAChRs
ionotropen Effekte auf a9- und a9a10-nAChRs VI, Bei 1 uM v
und a9a10-nAChRs V1, kein Effekt auf a7 nAChRs M,
pCN- Inhibition. Silent Agonist fur a7-, ? ?
diEPP Zudem sowie Agonist an a9a10-
Antagonisierung nAChRs V1,
der Wirkung von
ACh und PC M1,
mCN- Keine, aber Partieller a7-Antagonist, Inhibiert reversibel ACh-induzierte ?
diEPP | antagonisiert die sowie Antagonist von lonenstréme von a7- und a9a10-
Wirkung von 09a10-nAChRs M1, nAChRs V1,
ACh, PC und
pCN-diEPP V11,
MLA ? selektiver Antagonist der Inhibiert reversibel ACh-induzierte auf a9a10
a7 nAChRs VI, lonenstrdme von a7, a9 und a9a10 nAChRs
nAChRs V1, tvin
Acetylcholin,  ACh;  Dipalmitoylphosphatidylcholin, = DPPC;  Glycerophosphocholin, G-PC;
Lysophosphatidylcholin, LPC; 4-(3-Cyanophenyl)-1,1-Diethylpiperazin-1-ium, mMCN-diEPP;
Methyllycaconitin, MLA; nikotinische ACh-Rezeptoren, nAChRs; Phosphocholin, PC; 4-(4-

Cyanophenyl)-1,1-Diethylpiperazin-1-ium, pCN-diEPP; pentameres C-reaktives Protein, pCRP; nicht
getestet, ?. [ Zakrzewicz & Richter et al. 2017; 'l Richter et al. 2016; [l Richter et al. 2018b; [V Richter
et al. 2022; M Richter et al. 2023b.
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In den zuvor beschriebenen Untersuchungen trat noch ein weiteres Phanomen auf,
der sogenannte rebound-Effekt (Tabelle 2). Wurde die Wirkung von Liganden wie
pCF3-diEPP, PC (Richter et al. 2022), Nikotin (Richter et al. 2023b) oder
Methyllycaconitin  (MLA) auf die ACh-induzierten lonenstréme im heterologen
Expressionssystem untersucht, so kam es nach dem Auswaschen der Liganden zu
einer Potenzierung der ACh-induzierten lonenstréme (Richter et al. 2022; Richter et
al. 2023b) (Tabelle 2). Dieser rebound-Effekt war am starksten in a9a10-
exprimierenden Oozyten detektierbar und schwach bis gar nicht in homomeren a7-
und a9-nAChRs (Tabelle 2).

Zusammenfassend erbrachten wir Hinweise darauf, dass es auch im heterologen
Expressionsmodell der X. laevis-Oozyten zur Formierung von a7a9a10-nAChRs
kommt. Die An- und Abwesenheit einer oder mehrerer Untereinheiten in nAChR-
Heteromeren kann zudem einen maR3geblichen Einfluss auf die Wirkung von Liganden

haben.
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4. Diskussion

4.1 Besonderheiten der cholinergen Regulation der ATP-vermittelten
Freisetzung des pro-inflammatorischen Zytokins IL-18

In der vorliegenden Arbeit werden die Grundziige eines neuartigen cholinergen
Kontrollmechanismus der ATP-vermittelten Freisetzung von IL-13 beschrieben, der
Uber nAChRs vermittelt wird. Die Aktivierung der nAChRs mit den aus evolutionarer
Sicht hoch-konservierten nAChR-Untereinheiten a7, a9 und/oder a10 fuhrt tber
metabotrope Signalwege zur Inhibition der ionotropen Funktion des ATP-sensitiven
P2RX7. Damit wird die Bildung des NLRP3-Inflammasoms, die Aktivierung der
Caspase-1 sowie die Reifung und Ausschittung von IL-1p deutlich reduziert.
Zahlreiche Befunde der vorliegenden Arbeit stehen im deutlichen Gegensatz zum
bisherigen wissenschaftlichen Bild, das man sich von anti-inflammatorischen
cholinergen Mechanismen sowie von der Struktur, der Funktion und von den nAChR-
Liganden gemacht hat. Schon allein die Kombination der nAChR-Untereinheiten a7,
a9 und/oder a10 ist ungewodhnlich. Auch zur Regulation der ionotropen Funktion des
P2RX7 erbrachte die vorliegende Arbeit unerwartete Erkenntnisse. Diese
ungewohnlichen Aspekte sollen im Folgenden diskutiert werden.

4.2 Die ATP-vermittelte IL-1B-Ausschuttung wird durch die
Aktivierung von nAChRs reguliert.

Bereits im Jahre 2000 konnten Hinweise erbracht werden, dass nAChRs das
Immunsystem modulieren und regulieren kénnen (Borovikova et al. 2000). Der Fokus
einer Vielzahl der Publikationen lag dabei auf nAChR-vermittelten Effekten auf der
Expressionsebene von Zytokinen, der Zellproliferation oder Migration (Borovikova et
al. 2000; Bruchfeld et al. 2010; Beckmann und Lips 2013; Hoover 2017). Erste
Hinweise auf eine cholinerge Regulation der Schaden- (ATP-) vermittelten Effekte in
Immunzellen konnten 2009 in einer Studie von Hecker et al. in der Sektion
Experimentelle Chirurgie, JLU GielRen, erbracht werden (Hecker et al. 2009). Bei
Untersuchungen zur non-neuronalen ACh-Synthese in Nierentransplantaten, konnte
zum einen die Expression von nAChRs in intravaskularen Leukozyten nachgewiesen

werden (Hecker et al. 2009). AulRerdem zeigte sich, dass intravaskulare Leukozyten
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aus allogenen Transplantaten eine 6-fach héhere ACh-Konzentration aufwiesen als
entsprechende Leukozyten aus Isotransplantaten (Hecker et al. 2009).
Interessanterweise wurden auch Hinweise auf einen auto-/parakrinen cholinergen
Regulationsmechanismus erbracht, der ATP-vermittelte Effekte wahrend einer akuten
AbstoRungsreaktion unterdrickt (Hecker et al. 2009).

In der vorliegenden Arbeit wurde klar gezeigt, dass die Stimulation von nAChRs mit
den Untereinheiten a7, a9 und/oder a10 in mononukle&ren und epithelialen Zellen zu
einer Inhibition der ATP-vermittelten IL-1B3-Ausschuittung fihrt (Hecker et al. 2015;
Richter et al. 2016; Zakrzewicz & Richter et al. 2017; vgl. Kapitel 3.1). Im Gegensatz
zu den bisher bekannten Mechanismen der anti-inflammatorischen Wirkung von
NAChR-Agonisten, handelt es sich hier um die Regulation der posttranslationalen
Reifung von IL-1B3 und dessen Ausschiittung. Zudem werden die ATP-unabh&ngigen
Mechanismen zur Zytokin-Freisetzung nicht beeinflusst (Hecker et al. 2015). Aus
therapeutischer Sicht konnte somit bei Trauma-Patienten spezifisch die Schaden-
vermittelte, sterile Inflammation gegenreguliert werden, ohne dabei die Infektabwehr

von Pathogenen zu unterdriicken und das Entstehen einer Sepsis zu fordern.

4.3 Unkonventionelle nAChR-Liganden regulieren die ATP-
vermittelte IL-1B8-Ausschittung.

Neben klassischen nAChR-Agonisten wurden in der vorliegenden Arbeit diverse
unkonventionelle  nAChR-Liganden identifiziert, welche den cholinergen
Regulationsmechanismus der ATP-vermittelte IL-1B3-Ausschittung aus
mononukledren Phagozyten modulieren kénnen. Diese unkonventionellen nAChR-
Liganden sollen im Folgenden diskutiert werden.

Metabolite von Phosphatidylcholinen (Lecithine) konnten in unseren Arbeiten als
endogene Agonisten der nAChRs mit den Untereinheiten a7, a9 und/oder a10
identifiziert werden. Dazu gehoren PC, G-PC, LPC, DPPC sowie Makromolekiile die
kovalent oder nicht kovalent mit PC assoziiert sind (PC-LOS, pCRP) (Hecker et al.
2015; Richter et al. 2016; Zakrzewicz & Richter et al. 2017; Backhaus et al. 2017;
Richter et al. 2018a; Richter et al. 2018b). Phosphatidylcholine bestehen aus einer
PC-Kopfgruppe und zwei nicht-polaren Fettsdureschwanzen (Podo et al. 2007; Li und
Vance 2008). Auch der surfactant (surface active agent), d.h. die lipid- und

proteinhaltige oberflachenaktive Schicht in der menschlichen Lunge, besteht
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hauptsachlich aus Phospholipiden wie Phosphatidylcholinen mit DPPC als einer der
Hauptkomponenten (Li und Vance 2008).

Werden von Phosphatidylcholinen tber Phospholipasen enzymatisch eine der beiden
Fettsaureschwéanze entfernt, fihrt dies zur Bildung von LPC, welches durch
Lysophospholipasen zu G-PC weiter metabolisiert werden kann (Podo et al. 2007). PC
ist ein Stoffwechselintermediat bei der Synthese von Phosphatidylcholin (Li und Vance
2008). Dabei wird Uber die Nahrung aufgenommenes Cholin Gber Cholin-Transporter
in die Zellen aufgenommen und unter enzymatischer Beteiligung der Cholinkinase
zunachst zu PC phosphoryliert (Li und Vance 2008). In einem zweiten Schritt kann PC
dann Uber die PC:Cytidylyltransferase weiter zu Phosphatidylcholin synthetisiert (Li
und Vance 2008) oder beispielsweise in Hepatozyten zu Betain oxidiert werden
(Pritchard und Vance 1981).

Fur Metabolite von Phosphatidylcholinen wurde bereits eine Vielzahl von
immunregulatorischen Funktionen im angeborenen und erworbenen Immunsystem
gezeigt (Kabarowski et al. 2002; Wang und Wu 2011; Carneiro et al. 2013; Liu et al.
2020). Fehlregulationen der Phosphatidylcholin-Synthesewege kdnnen hingegen zur
Tumorpathogenese beitragen. So konnte in den letzten Jahrzehnten in einer Vielzahl
von Studien ein Zusammenhang von ehrhdhten Konzentrationen von freiem Cholin,
PC und G-PC mit Krebszellwachstum aufgezeigt werden (Saito et al. 2022). Zudem
wird ein Zusammenhang mit den Phosphatidylcholin-Metaboliten und der Resistenz
gegen Krebstherapien hypothetisiert, was u.a. auf deren immunregulatorischen
Funktionen zurtickgefuhrt wird (Saito et al. 2022). Wir sind jedoch die ersten, die einen
cholinergen Mechanismus fir PC, G-PC, LPC und DPPC beschreiben konnten
(Hecker et al. 2015; Richter et al. 2016; Zakrzewicz & Richter et al. 2017,
Backhaus et al. 2017; vgl. Kapitel 3.2). Die von uns eingesetzten Konzentrationen
entsprechen physiologischen Konzentrationen, die im humanen Plasma vorkommen
kénnen (llcol et al. 2002; Drobnik et al. 2003; llcol et al. 2005; Quehenberger et al.
2010). Es zeigten sich zudem in Abhéngigkeit des verwendeten PC-haltigen Molekils
Unterschiede im Bedarf der nAChR-Untereinheiten (vgl. Tabelle 1). Anhand der
erbrachten Ergebnisse scheint die nAChR-Untereinheit a9 unerlasslich fur die
cholinerge Regulation der Freisetzung von IL-18 aus mononukledren Phagozyten zu
sein (Hecker et al. 2015; Richter et al. 2016; Zakrzewicz & Richter et al. 2017;
Backhaus et al. 2017).
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Wahrend PC eine essenzielle Rolle fur eukaryotische Zellmembranen spielt, gibt es
zudem diverse PC-Modifikationen von Oberflachenmolekilen (Proteine, Glykolipide)
in Pflanzen (Bobenchik et al. 2011) und Pilzen (Park et al. 1997). Auch zahlreiche
Bakterien wie H. influenzae, Streptococcus pneumoniae (S. pneumoniae) oder
Neisseria meningitidis (N. meningitidis) und eukaryotische Parasiten wie Helminthen
exprimieren PC-modifizierte Zellmembran-Komponenten und kdnnen aktiv PC-
modifizierte Makromolekile sezernieren (Fischer 2000; Grabitzki und Lochnit 2009;
Clark und Weiser 2013; Young et al. 2013; Zhang et al. 2023a). Diese PC-modifizierten
Makromolekile modulieren das Immunsystem des Wirtes und erméglichen dadurch
die Besiedlung und das Uberleben im Wirt (Zhang et al. 2023a). So wird beispielsweise
die Produktion pro-inflammatorischer Zytokine von Makrophagen und Dendritischen
Zellen (IL-6, IL-12, TNF-a) unterdruckt, die Aktivierung von T- und B-Zellen
abgeschwacht, die Freisetzung von IgG2a reduziert und gleichzeitig die
Immunreaktionen vom Th2-Typ gefdrdert (Grabitzki und Lochnit 2009). Bisher war
unbekannt, tUber welche Rezeptoren die anti-inflammatorischen Wirkungen PC-
modifizierter Makromolekile wie PC-LOS vermittelt werden. Unsere Arbeiten haben
gezeigt, dass diese Substanzen tber nAChRs mit den Untereinheiten a7, a9 und/oder
a10 wirken kénnen und die ATP-vermittelte IL-1B-Ausschittung effizient inhibieren
(Hecker et al. 2015; Richter et al. 2018a; vgl. Kapitel 3.2 und 3.3 ). Wir kdnnen
jedoch keine Aussage dartber treffen, ob PC-LOS noch weitere Mechanismen
auslosen konnen. Da Pathogene diesen anti-inflammatorischen cholinergen
Mechanismus zum Umgehen der Immunabwehr des Wirtes ausnitzen kdnnten,
ergeben sich aus diesen Erkenntnissen jedoch neue therapeutische Ansétze: In
Patienten mit chronisch obstruktiver Lungenerkrankung (COPD, engl. chronic
obstructive pulmonary disease) kommt es z.B. aufgrund der reduzierten mucociliary
clearance héaufig zu Exazerbationen, die in 50% der Fallen durch Pathogene wie H.
influenza verursacht werden (Lugade et al. 2014; Simpson et al. 2016). Zur
Behandlung der Exazerbationen werden dann neben Corticosteroiden und
Bronchodilatatoren hauptséachlich Antibiotika verabreicht, wodurch
Antibiotikaresistenzen von H. influenzae begunstigt werden. Die erste
Antibiotikaresistenz gegen Ampicillin und Amoxicillin wurde bereits 1972 entdeckt
(Lugade et al. 2014). Anhand der von uns gewonnenen Erkenntnisse kdnnte eine

Kurzzeitbehandlung von COPD-Patienten mit nAChR-Antagonisten dazu fihren, dass
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das wirtseigene Immunsystem aktiviert und somit die Infektion unter Kontrolle gebracht
wird.

In unseren Arbeiten ergaben sich zudem weitere Erkenntnisse beziglich der
Sensitivitaten von nAChRs gegenuber PC, PC-haltigen Molekilen und PC-
modifizierten Makromolekilen. Im Vergleich zu freiem PC, war die ICso-Konzentration
von G-PC und LPC um eine GroRRenordnung niedriger (vgl. Tabelle 1; Hecker et al.
2015; Zakrzewicz & Richter et al. 2017). Die Modifizierung von PC mit einem grof3en
Molekll wie BSA fiihrte sogar zu einer Potenzierung des inhibierenden Effekts um den
Faktor 10 (vgl. Tabelle 1; Hecker et al. 2015). Die niedrigsten ICso-Konzentrationen
zeigten sich mit ~25 nM in den Untersuchungen mit PC-LOS (vgl. Tabelle 1; Hecker
et al. 2015). Es ist denkbar, dass gebundenes PC stabiler ist als freies PC, dass die
zellulare Aufnahme bzw. der Einbau in die Zellmembran so verhindert wird und
dadurch die Potenzierung des inhibierenden Effekts zustande kommt. Sowohl bei PC-
LOS als auch bei PC-BSA ist davon auszugehen, dass die Makromolekiile als Ganzes
mit den nAChRs interagieren, da die PC-Kopfgruppen kovalent gebunden sind. Das
ist aufgrund der Geometrie der Ligandenbindungsstelle an nAChRs ein erstaunlicher
Befund, der im folgenden Abschnitt ndher beleuchtet wird.

Wie in der Einleitung beschrieben ist IL-18 ein wichtiger Mediator der unspezifischen
systemischen Akute-Phase-Reaktion des Korpers auf pathophysiologische
Stérungen seiner Homoostase (siehe Kapitel 1.1). Zusammen mit weiteren
Mediatoren wie IL-6 und TNF-a induziert IL-1 dabei die Expression und Sekretion von
sogenannten Akute-Phase-Proteinen wie CRP, a1-Antitrypsin (AAT) und dem
secretory leukocyte protease inhibitor (SLPI) (Gabay und Kushner 1999; Douglas und
Hannila 2022). Bei akuten und chronischen Entziindungsreaktionen im Organismus
steigen die Konzentrationen der Akute-Phase-Proteine im Blut an und dienen als
sensitive klinische Marker in der Diagnostik. So kann die Konzentration von CRP
innerhalb von 48 — 72 h nach der pathophysiologischen Stérung um das 1.000-fache
ansteigen und Konzentrationen im Blut von tber 300 pug/ml erreichen (Gabay und
Kushner 1999; Pepys und Hirschfield 2003; Mantovani et al. 2008). Die Akute-Phase-
Proteine kdnnen pleiotrope Effekte induzieren, von der Infektabwehr und Beseitigung
der Erreger, Uber Schutzfunktionen gegen endogene Proteasen (welche von
aktivierten Neutrophilen freigesetzt werden), bis hin zur Modulation der

Entziindungsreaktionen (Richter et al. 2022).
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Das Akute-Phase-Protein CRP bekam seinen Namen aufgrund seiner Fahigkeit, in
Patienten im akuten Stadium der Lobarpneumonie das C-Polysaccharid der Kapsel
von S. pneumoniae zu binden (Mold et al. 1981). Es ist zudem der erste PRR der
identifiziert wurde (Garlanda et al. 2005; Mantovani et al. 2008). CRP ist ein Pentraxin,
welches hauptsachlich in der Leber gebildet wird (Pepys und Hirschfield 2003;
Mantovani et al. 2008). Aber auch Immunzellen wie Makrophagen scheinen die
Fahigkeit zur Expression und Freisetzung von CRP zu besitzen (Kaplan et al. 2014).
Im Blutstrom zirkulierendes natives CRP besteht aus 5 homomeren Untereinheiten,
die sich zu einem Pentamer zusammenlagern (pCRP) (Mantovani et al. 2008). Jede
Untereinheit besitzt eine Ca?*-abhangige Bindungsstelle fir PC oder PC-haltige
Molekile wie Phosphatidylcholine und LPC (Pepys und Hirschfield 2003; Eisenhardt
et al. 2009). Auch PC-haltige Oberflachenmolekule von H. influenzae, S. pneumoniae,
und N. meningitidis kbnnen von CRP gebunden werden (Zhang et al. 2023a). Die
Bindung von PC-haltigen Molekulen erfolgt dabei in einem 1:1 Verhéltnis pro pCRP-
Untereinheit (Pepys und Hirschfield 2003; Mantovani et al. 2008). Des Weiteren gibt
es Ca?*-abhangige Bindungen mit Chromatin, Histonen, Glykanen, Poly-L-Lysin und
Poly-L-Arginin (Zhou et al. 2024). Neuere Studien zeigen, dass CRP auch als Multimer
(Dekamer) und einer Fibrillen-ahnlichen Struktur vorliegen kann (Boncler et al. 2019;
Noone et al. 2021; Zhou et al. 2024). Die Bildung dieser Dekamere scheint vom pH-
Wert abhéngig zu sein (Noone et al. 2021). Die physiologischen/pathophysiologischen
Effekte dieser CRP-Multimere sind jedoch noch nicht vollstandig geklart (Zhang et al.
2023a; Zhou et al. 2024).

Es wurden bis heute zahlreiche pro- und anti-inflammatorische Funktionen von CRP
beschrieben. Dabei gehen die pro-inflammatorischen Funktionen meist auf die
aktivierte Form des CRP zuriick, dem monomeren CRP (mCRP). mCRP entsteht,
wenn pCRP an PC-Gruppen von aktivierten bzw. geschadigten Zellmembranen bindet
(Potempa et al. 2021). Es kommt zu einer Konformationsanderung und Entstehung
von Wasser-unloslichem mCRP (Eisenhardt et al. 2009; Potempa et al. 2021). Das
aktivierte mCRP ist dementsprechend haufig in geschadigten/entziindeten Geweben
zu finden (Eisenhardt et al. 2009; Ahrens et al. 2011; Potempa et al. 2021). mCRP
prasentiert die Bindungsstellen fur Fc-Rezeptoren und das Komplementsystem,
wodurch diverse pro-inflammatorische Effekte ausgelost werden, wie eine erhéhte

Expression pro-inflammatorischer Zytokine (Ahrens et al. 2011; Sproston und
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Ashworth 2018; Potempa et al. 2021), Anlockung und Aktivierung von Monozyten
sowie die Produktion von reaktiven Sauerstoffspezies (Eisenhardt et al. 2009). Fir das
pCRP wurden hingegen anti-inflammatorische Effekte beschrieben, wie die vermehrte
Expression des anti-inflammatorischen IL-1-Rezeptor-Antagonisten sowie eine
protektive Wirkung bei inflammatorischen Erkrankungen wie Sepsis (Mold et al. 2002),
Arthritis (Jiang et al. 2006) und Atherosklerose (Torzewski et al. 2014; Potempa et al.
2021). CRP scheint zudem eine essenzielle, physiologische Funktion zu besitzen, da
es bis heute keine Beschreibung von CRP-Gen-defizienten Saugetieren gibt (Pepys
und Hirschfield 2003).

Unsere Ergebnisse zeigten deutlich, dass natives pCRP, das aus der Pleuraflissigkeit
von Patienten isoliert wurde, als nAChR-Agonist wirkt und die ATP-vermittelte
Ausschuttung von IL-1B inhibiert (Richter et al. 2018b; vgl. Kapitel 3.4). pCRP-
Plasmakonzentrationen von 3 — 10 pg/ml gelten aus klinischer Sicht als leicht erhdht
(Kushner und Antonelli 2015). Der von uns detektierte ICso-Wert von ~5 pg/ml (Richter
et al. 2018b) wirde dementsprechend einer sehr milden Entzindungsreaktion
entsprechen.  Hinweise darauf, dass der pCRP-induzierte cholinerge
Regulationsmechanismus auch in vivo aktiv ist, konnten wir in einer kleinen
prospektiven Studie an Polytrauma-Patienten erbringen. In Korrelationsanalysen der
Plasmawerte fir CRP und IL-1p zeigte sich eine negative Korrelation, was mit unserer
Hypothese Ubereinstimmt, dass pCRP die IL-1B-Freisetzung inhibiert (Richter et al.
2018b). Eine solche negative Korrelation von hohen pra-operativen CRP-Werten mit
post-operativem Fieber konnte auch in einer retrospektiven Studie an
Lungenkrebspatientinnen aufgezeigt werden (Meyer et al. 2020). Bei méannlichen
Lungenkrebspatienten gab es eine solche Korrelation interessanterweise nicht (Meyer
et al. 2020). Wir konnten eindeutig zeigen, dass die Wirksamkeit von pCRP von der
Anwesenheit eines aktiven Liganden abhangt, der PC sein kann (Richter et al.
2018b). Dabei wird die Wirksamkeit von freiem PC durch die Anwesenheit von CRP
potenziert. Wir wissen jedoch nicht, ob der gesamte pCRP-PC-Komplex am nAChR
bindet, oder ob PC durch CRP auf den nAChR Ubertragen wird. In weiteren Arbeiten
konnten wir neben pCRP auch die Akute-Phase-Proteine AAT und SLPI als Elemente
dieser moglichen cholinergen negativen Riuckkopplungsschleife identifizieren (Siebers
et al. 2018; Zakrzewicz et al. 2019). Im Gegensatz zu pCRP aktivieren AAT (Siebers
et al. 2018) und SLPI (Zakrzewicz et al. 2019) jedoch nicht direkt die NAChRs, sondern
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induzieren die Freisetzung eines bisher nicht identifizierten nAChR-Liganden, welcher
dann den cholinergen Mechanismus in mononuklearen Phagozyten aktiviert. Auf
Grund der Tatsache, dass CRP (Pepys und Hirschfield 2003) und die nAChR-
Untereinheiten a7, a9 und a10 (Lipovsek et al. 2012; Boffi et al. 2017) evolutionar
hoch-konserviert sind und zudem mononukledre Phagozyten bereits in primitiven,
vielzelligen Organismen als Immunzellen vorkommen (Buchmann 2014), kénnte
dieser von uns identifizierte Kontrollmechanismus demnach &lter sein als das
neuronale cholinerge System selbst.

Die Frage, wie eine Bindung bzw. Modifikation mit PC grofRe Moleklle wie pCRP, PC-
BSA und PC-LOS zu effektiveren nAChR-Agonisten machen kann, bleibt vorerst
ungeklart. Eine Moglichkeit ware, dass PC in dieser Form nicht so schnell von den
Zellen degradiert/metabolisiert oder in die Zellmembran integriert werden kann. Es
bedarf weiterer Forschung, um diese Frage aufzuklaren.

Als eine weitere besondere Gruppe wirksamer nAChR-Agonisten an mononukledren
Phagozyten zeigten sich in der vorliegenden Arbeit die sogenannten silent agonists,
die an klassischen nAChRs keine ionotropen Funktionen auslésen, aber diese
desensitisieren. Im cholinergen Forschungsbereich sind Untersuchungen zu silent
agonists und dem damit einhergehenden desensitisierten Zustand von Rezeptoren
hauptsachlich fur a7-nAChRs bekannt. Es gibt eine Vielzahl von Forschungsarbeiten,
die sich mit der Synthese und Suche nach neuen a7-nAChR silent agonists befassen
(Thomsen und Mikkelsen 2012; Papke et al. 2015; Horenstein und Papke 2017; Papke
et al. 2023). Die Ideen zur Synthese synthetischer nAChR-Agonisten geht dabei auf
die chemischen Strukturen der klassischen Agonisten ACh und Nikotin zuriick (Beers
und Reich 1970). Man ging davon aus, dass effektive nikotinerge Agonisten eine
geladene Stickstoffgruppe sowie eine Wasserstoffbindung-Gruppe mit einem Abstand
von 5,9 A benétigen (Beers und Reich 1970). Spater zeigte sich, dass fiir einen
effektiven Agonisten der neuronalen nAChRs nur die geladene Stickstoffgruppe in
Form von Tetramethylammonium notwendig ist (Papke et al. 1996). Daraufhin wurden
zahlreiche Varianten von quartdren Ammoniumsalzen synthetisiert und deren Effekte
auf den a7-nAChR charakterisiert (Papke et al. 2014; Papke et al. 2023). Effektive
silent agonists kénnen leicht mit nAChR-Antagonisten verwechselt werden, da sie
bedingt durch die schnelle Desensitisierung der Rezeptoren in elektrophysiologischen

Messungen keine lonenstrome induzieren (Papke et al. 2023). Um dieses Problem zu
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umgehen, kénnen bei Untersuchungen an homomeren a7-nAChRs jedoch a7-
spezifische positive allosterische Modulatoren (PAMs) eingesetzt werden, wie die Typ-
I PAMs PNU-120596 oder TQS (4-Naphthalen-1-yl-3a,4,5,9b-Tetrahydro-3-H-
Cyclopenta[c]quinolin-8-Sulfonsdureamid) (Grenlien et al. 2007; Young et al. 2008).
Diese PAMs binden innerhalb der Transmembrandomane des a7-nAChR und
ermdglichen den Ubergang vom desensitisierten hin zum aktivierten, ionotropen
Zustand des Rezeptors (Papke et al. 2023). Durch Ko-Applikation von a7-silent
agonists mit PAMs kdnnen so ionotrope Funktionen detektierbar gemacht und silent
agonists pharmakologisch charakterisiert werden (Papke 2014; Papke et al. 2023).
Papke et al. konnten durch Modifikationen der quartdren Ammoniumsalze, wie polare
oder nicht-polare Kopfgruppen, diverse Analoge synthetisieren (Quadri et al. 2016;
Quadri et al. 2017). Darunter fanden sich hoch effiziente a7-silent agonists wie pCF3-
diEPP (Quadri et al. 2016; Quadri et al. 2018). Interessanterweise war in
mononukledren Phagozyten der silent agonist pCF3-diEPP ein wirksamer nAChR-
Agonist, der effizient die ATP-vermittelte Freisetzung von IL-1 inhibierte (Richter et
al. 2022; vlg. Kapitel 3.8). Die inhibitorische Wirkung beruhte auf der Aktivitat der
NAChR-Untereinheiten a7, a9 und/oder a10 (Richter et al. 2022). Durch weiter
Untersuchungen  an humanen  nAChR-Untereinheiten im heterologen
Expressionssystem der X. laevis Oozyten konnten fir pCF3-diEPP zudem erstmalig
Funktionen als partieller a9*-nAChR-Agonist mit starker desensitisierender Wirkung
auf die klassischen a9a10-nAChRs beschrieben werden (Richter et al. 2022). Diese
Ergebnisse deuten darauf hin, dass der desensitisierte Zustand der nAChRs in
mononukledren Phagozyten zur Inaktivierung des P2RX7 fihren kann. Dies lasst
bereits unkonventionelle Eigenschaften dieser nAChRs erahnen, was im Folgenden
(siehe Kapitel 4.4) naher diskutiert wird.

In die Gruppe der unkonventionellen Liganden von nAChRs, die Funktionen im
angeborenen Immunsystem Ubernehmen, reiht sich auch ABi42 ein. Dieses wirkt
jedoch im Gegensatz zu den oben beschriebenen Liganden als Antagonist der
NAChRs mit den Untereinheiten a7, a9 und/oder a10. So wurde die inhibierende
Wirkung von klassischen und unkonventionellen nAChR-Agonisten auf die ATP-
induzierte IL-1B-Freisetzung in Anwesenheit von ABi142 aufgehoben (Richter et al.
2020; vgl. Kapitel 3.5).
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Es gibt in der Literatur Hinweise darauf, dass das APP und dessen Spaltprodukte, die
AB-Peptide, mit dem cholinergen System interagieren. So wurden zum Beispiel die a7-
Untereinheiten der nAChRs als direkte Interaktionspartner der AB-Peptide ABi-40 und
AB1-42 beschrieben (Nagele et al. 2002; Lee und Wang 2003; Parri und Dineley 2010;
Sadigh-Eteghad et al. 2014; Lasala et al. 2019). APP ist aus evolutionarer Sicht wie
die nAChRs ein hoch konserviertes Zellmembranprotein. Es wird von Geweben aller
drei Keimblatter exprimiert wie dem Nervensystem, der Haut, dem Fettgewebe, der
Skelettmuskulatur, dem Herz, der Niere, dem Gastrointestinaltrakt, dem Thymus, der
Lunge und der Leber (Selkoe 1994; Mattson 1997; Sinha und Lieberburg 1999;
Mattson 2004; Thinakaran und Koo 2008; Puig und Combs 2013). APP kann durch
zwei verschiedene Wege der proteolytischen Spaltung des Membranproteins
kanonisch zu seinen Spaltprodukten prozessiert werden. Dabei erfolgt der sogenannte
nicht-amyloidogene Weg u.a. durch die Protease a-Sekretase, welche durch
Proteolyse die Entstehung des wasserldslichen Produkts “sAPPa“ (sezerniertes
APPa) induziert (Chen et al. 2017). sAPPa werden neuroprotektive Funktionen und
damit eine schitzende Funktion gegen die Entstehung von Alzheimer zugesprochen
(Mattson 1997). Der amyloidogene Weg ist hingegen durch die Spaltung des APP
durch die Protease [(-Sekretase und die y-Sekretase Presenilin-2 (Gen: PSEN2)
gekennzeichnet, was zur Entstehung der AB-Peptide wie AB1-42 fihrt (Chen et al. 2017,
Muller et al. 2017; Zhang et al. 2023b). Es gibt eine Vielzahl von Hinweisen, dass das
AB1-42-Peptid sich leicht zu Fibrillen formiert und dadurch zur Plaquebildung im Gehirn
von Alzheimerpatienten beitragt (Sinha und Lieberburg 1999; Thinakaran und Koo
2008; Heneka et al. 2015; Zhang et al. 2023b). Neben den nicht-amyloidogenen und
amyloidogenen Wegen wurden noch weitere, unkonventionelle Mechanismen zur
Prozessierung von APP identifiziert (Muller et al. 2017).

Im Gegensatz zu T-Lymphozyten, naturlichen Killerzellen (NK-Zellen) und
Granulozyten, wird APP von Monozyten und Makrophagen exprimiert sowie zu AB-
Peptiden prozessiert (Sondag und Combs 2004; Sondag und Combs 2006; Sondag
und Combs 2010). Sondag et al. konnten zeigen, dass Uber einen Tyrosinkinase-
abhangigen Signalweg die Expression von APP sowie die Prozessierung von AR-
Peptiden hochreguliert wird (Sondag und Combs 2004; Sondag und Combs 2006;
Sondag und Combs 2010). Es wurden zudem einige immunologische Effekte

aufgezeigt. So kann das ABi-42-Peptid sowohl die Freisetzung der Inflammasom-
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abhangigen Zytokine IL-18 und IL-18 (Reale et al. 2012; Francois et al. 2015; Gold
und El Khoury 2015) als auch der Inflammasom-unabhangigen Zytokine wie IL-6 und
TNF-a (Kaplin et al. 2009) induzieren.

Eine Interaktion von a7-nAChRs mit AB1-42-Peptiden wurde erstmals durch Wang et al.
beschrieben (Wang et al. 2000a; Wang et al. 2000b). Spater wurden a4p2, a4a5p2,
und a2ap nAChRs als Interaktionspartner fir APP und AB-Peptide identifiziert (Wu et
al. 2004; Lamb et al. 2005). Der Effekt dieser Interaktion auf die ionotrope Funktion
der nAChRs wird jedoch in der Literatur kontrovers diskutiert. So wurden sowohl
agonistische als auch antagonistische Effekte von AB-Peptiden beschrieben (Liu et al.
2001; Pettit et al. 2001; Dineley et al. 2002; Parri und Dineley 2010; Sadigh-Eteghad
et al. 2014; Fabiani und Antollini 2019). Im cholinergen Regulationsmechanismus der
ATP-induzierten Freisetzung von IL-1B scheint APi42 antagonistisch an den
unkonventionellen NnAChRs in mononukleédren Phagozyten zu wirken (Richter et al.
2020). Da neben den klassischen nAChR-Agonisten auch die inhibitorische Wirkung
von G-PC und DPPC durch das AB1-42-Peptid aufgehoben wurde, konnten wir zudem
erstmals einen Hinweis zur Interaktion von AB1-42-Peptiden mit a9*-nAChRs erbringen,
die nicht notwendigerweise a7-Untereinheiten enthalten (Richter et al. 2020;
Tabelle 1). In unseren Untersuchungen wurden 2,54 uM AB1-s2-Peptide bendtigt, um
einen halbmaximalen Effekt zu erzielen (Richter et al. 2020). Dies entspricht 10 pg/mi
AB1-42-Peptiden und somit aus physiologischer Sicht sehr hohen Konzentrationen. So
wurden in einer Studie von Roher et al. an Alzheimerpatienten und gesunden
Kontrollprobanden Uber einem Zeitraum von 12 Monaten fluktuierende AB1-42-Peptid-
Konzentrationen im Plasma detektiert mit einem Mittelwert 132 pg/ml (Roher et al.
2009). In Studien zur Ligandenbindung an a7-nAChRs wurden Interaktionen mit
AB1-42-Peptiden ebenfalls im picomolaren Bereich beschrieben (Wang et al. 2000a;
Wang et al. 2000b). Wenn man bedenkt, dass AB-Peptide jedoch auch von Monozyten
selbst prozessiert werden kénnen (Sondag und Combs 2004; Sondag und Combs
2006; Sondag und Combs 2010) und somit AB-Peptide als parakrine und/oder
autokrine Faktoren fungieren, waren lokale Konzentrationen im mikromolaren Bereich
durchaus vorstellbar. Als endogener, negativer Regulator kdnnten AB1-42-Peptide eine
wichtige Rolle fur die Aufrechterhaltung und/oder Wiederherstellung der
Immunbalance bei traumainduzierter Immundysfunktion sein und praventiv gegen

Infektionen und Sepsis sein (vgl. Abb. 1). Aus klinischer Sicht kdnnten APP und seine
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AB-Peptide somit ein prognostischer Biomarker und Ansatzpunkt personalisierter
Medizin  sein: Bei groRen chirurgischen  Eingriffen  wirden  hohe
Plasmakonzentrationen von AB-Peptiden inflammatorische Komplikationen in Form
von steriler Inflammation vorhersagen. Wenn sich diese Hypothese in weiteren
Forschungsarbeiten bestatigt lasst, waren Prognosen zur postoperativen
Immundysfunktion bereits praoperativ moglich. AB-zentrierte Interventionen kdnnten
dann frihzeitig eingeleitet und inflammatorische Komplikationen entgegengewirkt
werden.

Zusammenfassend konnten in der vorliegenden Arbeit diverse unkonventionelle
Liganden der nAChRs mit den Untereinheiten a7, a9 und/oder a10 identifiziert werden,
die in mononukledren Phagozyten effizient die Freisetzung von IL-18 modulieren
konnen. Dabei ergaben sich zudem erste Hinweise darauf, dass es sich bei diesen
NAChRs nicht um klassische, ionotrope Rezeptoren handelt, sondern um

unkonventionelle NAChRs, was im Folgenden naher diskutiert wird.

4.4 Unkonventionelle nAChRs regulieren die ATP-vermittelte IL-18-

Ausschiuttung.

NAChRs sind urspringlich aus dem Nervensystem als Liganden-gesteuerte ionotrope
Rezeptoren mit einer Permeabilitat fir Kationen wie Na*, K* und Ca?* bekannt, wo sie
u.a. eine wichtige ionotrope Rolle bei der Reizweiterleitung spielen (Ullian et al. 1997;
Katz et al. 2000; Verbitsky et al. 2000; Wessler und Kirkpatrick 2008; Changeux 2012;
Stokes et al. 2015). Unsere Erkenntnisse aus den elektrophysiologischen patch-
clamp-Messungen deuten hingegen darauf hin, dass nAChRs mit den Untereinheiten
a7, a9 und/oder a10 in mononuklearen Phagozyten einen unkonventionellen,
metabotropen Signalweg induzieren, um den P2RX7 zu inhibieren (siehe Abb. 6).

In der Tat gibt es bis heute nur wenige Hinweise auf ionotrope Funktionen von nAChRs
in mononukledren Phagozyten. Zudem beruhen die wenigen, zugrundeliegenden
Hinweise meist auf indirekten Beobachtungen der ionotropen nAChR-Funktionen. So
wurde in Mikrogliazellen von Ratten gezeigt, dass Cholin die Phagozytose-Kapazitat
nur in Anwesenheit von extrazellularem Ca?* induziert (Takata et al. 2010). Gleiches
wurde fur die Nikotin-induzierten anti-inflammatorischen Effekte in  murinen
Makrophagen gezeigt (Tsoyi et al. 2011). In elektrophysiologischen patch-clamp-

Messungen an humanen aus PBMCs-differenzierten Makrophagen konnten ACh- und
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Cholin-induzierte Einzelkanalstrome abgeleitet werden (Baez-Pagan et al. 2015).
Dabei zeigte sich eine erhdhte und verlangerte Offenwahrscheinlichkeit der
Einzelkanale in Anwesenheit des a7-nAChR PAM PNU-120596 (Baez-Pagéan et al.
2015), was auf die Beteiligung von a7-nAChRs hindeutet. Ahnliche Ergebnisse zeigten
sich in einer kleinen Subpopulation von aus PBMCs-differenzierten Makrophagen in
elektrophysiologischen Ganzzellableitungen (Nurkhametova et al. 2020). Aus
elektrophysiologischer und technischer Sicht stellt sich jedoch die Frage, wie Baez-
Pagan et al. (B4dez-Pagan et al. 2015) in primaren Zellen Einzelkanalstrome von
NAChRs ableiten konnten, die von den Zellen nicht tberexprimiert wurden. Offen bleibt
auch die Frage, wieso in der Arbeit von Nurkhametova et al. (Nurkhametova et al.
2020) nur eine kleine Subpopulation der Makrophagen ionotrop auf nikotinerge
Agonisten reagierten.

Im Einklang mit unseren Erkenntnissen zum metabotropen Signalweg von nAChRs in
mononukledren Phagozyten (Abb. 6) stehen eine Vielzahl weiterer Publikationen, in
denen ebenfalls keine Anderungen der transmembranen lonenstrome durch
nikotinerge Agonisten in Immunzellen detektiert werden konnten (Peng et al. 2004;
Razani-Boroujerdi et al. 2007; Hecker et al. 2009; Mikulski et al. 2010). Auch im
Darmepithel konnten metabotrope Funktionen von nAChRs gezeigt werden, wobei die
genaue Zusammensetzung der nAChR-Untereinheiten ungeklart blieb (Lottig et al.
2019). Es gibt immer mehr Hinweise darauf, dass nAChRs in non-neuronalen Zellen
beide Arten von Signalwegen, kanonische ionotrope und non-kanonische
metabotrope, nutzen kénnen, um ihre Effekte zu induzieren. Somit kénnte jeder
Signalweg auch spezifische, biologische Prozesse induzieren und/oder modulieren
und zudem auch von den verschiedenen Zusammensetzungen der nAChR-
Untereinheiten abhangig sein (Grando 2014; Grau et al. 2018; Kabbani und Nichols
2018; Lottig et al. 2019).

Der Antwort auf die Frage, wie nAChRs in mononuklearen Phagozyten Uber
metabotrope Signale-vermittelt die Aktivitdt des P2RX7 modulieren kdnnen, konnten
wir in einer weiteren Studie naherkommen. Wir konnten starke Hinweise darauf
erbringen, dass die cholinergen Signale die ionotrope Funktion des P2RX7 durch
Proteinmodifikation inhibieren (Richter et al. 2023a; vgl. Kapitel 3.7). Aus der Literatur
ist bekannt, das NO, welches durch NOS synthetisiert werden kann, die Funktion von

Proteinen durch Nitrosylierung modulieren kann (Gonzalez et al. 2009; Althaus et al.
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2011; Wang et al. 2021). So werden z.B. GABA-Rezeptoren und Ca?*-sensitiven K*-
lonenkanélen durch Nitrosylierung aktiviert, wohingegen NMDA-Rezeptoren und Na*-
lonenkanélen durch Nitrosylierung inhibiert werden (Gonzalez et al. 2009; Althaus et
al. 2011; Wang et al. 2021). Wir konnten zeigen, dass der von uns identifizierte
cholinerge Regulationsmechanismus der ATP-induzierten IL-1B-Freisetzung die
Aktivitat von NOS bedarf (Richter et al. 2023a). Durch Experimente an eNOS Gen-
defizienten Mausen, konnte innerhalb der Familie der NOS die eNOS als wichtiges
Element im Signalweg down-stream der nAChRs identifiziert werden (Richter et al.
2023a). Zudem konnten wir die Aktivitat der NOS mittels verschiedener Peroxynitrat-
und NO-Donoren imitieren und somit weitere Hinweise darauf erbringen, das nAChRs
Uber NOS-vermittelt die ionotrope Funktion des P2RX7 modifizieren.

In der Familie der purinergen Rezeptoren zeichnet sich der P2RX7 durch eine
charakteristische, grof3e, zytoplasmatische C-terminale Doméne aus, deren Struktur
erst kirzlich mittels Kryo-Elektronenmikroskopie aufgeklart werden konnte (McCarthy
et al. 2019). Diese besteht aus 3 funktionellen Unter-Doméanen: 1. Eine Cystein-reiche
Domane, welche die Rezeptor-Desensitisierung verhindert; 2. Eine zytoplasmatische
cap-Doméne, welche mit dem kurzen N-Terminus des P2RX7 interagiert und zur
Bildung der Pore des lonenkanals beitragt; 3. eine sogenannte Ballast-Domane, in
welcher kirzlich eine Calmodulin (CaM)-Bindungsregion identifiziert wurde, die
vermutlich zur intrazellularen Regulation und Stabilitat der P2RX7-lonenkanalfunktion
beitragt (McCarthy et al. 2019; Sander et al. 2022). Die C-terminale Domane enthalt
mehrere Konsensussequenzen, welche die Interaktion mit anderen Proteinen
ermdglichen (Becker et al. 2008; Costa-Junior et al. 2011). Zudem gibt es eine Vielzahl
von Aminoséaureresten, welche als Angriffsstelle fir kovalente Proteinmodifikationen
des P2RX7 wie Palmityelierungen dienen kdnnen (Becker et al. 2008; Costa-Junior et
al. 2011; McCarthy et al. 2019). Durch Palmityelierungen bilden die Cystein-reichen
Domanen des P2RX7 eine Art Anker in der Zellmembran, wodurch der Rezeptor nicht
desensitisieren kann (McCarthy et al. 2019). Andere purinerge Rezeptoren wie der
P2RX3 besitzen diese Cyteine-reiche Doméane hingegen nicht und zeichnen sich durch
eine schnelle Rezeptor-Desensitisierung aus (McCarthy et al. 2019; Oken et al. 2022).
Durch Mutageneseexperimente am humanen P2RX7, konnten wir nun erstmalig
Hinweise darauf erbringen, dass das C377 in der Cystein-reichen Domé&ne durch NO-
haltige Verbindungen modifiziert werden kann (Richter et al. 2023a). Da die C337A-
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Mutanten vollkommen die Sensitivitat gegeniiber NO verloren, deutetet dies auf eine
essenzielle Bedeutung dieses Cysteins flur Proteinmodifikationen des P2RX7 hin
(Richter et al. 2023a). Auch wenn es bei Experimenten an C388A-Mutanten zu
gemischten Ergebnissen kam, scheinen NO-abhangige Modifikationen in der Cystein-
reichen Domane die ionotrope Funktion des P2RX7 zu inhibieren (Richter et al.
2023a) und somit ein essenzieller Bestandteil des metabotropen cholinergen
Regulationsmechanismus zu sein. Der genaue molekulare Mechanismus, wie
NAChRs in mononukledren Phagozyten Uber metabotrope Signale die Aktivitat des
P2RX7 modulieren kdnnen, ist jedoch noch nicht vollstandig aufgeklart und es bedarf
weiterer Forschung.

Es gelang uns erstmalig eine spezifische eNOS-vermittelte Inhibition des P2RX7
aufzuzeigen, die somit spezifisch die ATP-induzierten IL-1B-Freisetzung hemmt, was
von grofRem klinischem Interesse ist. Dieser metabotrope Mechanismus kann neben
klassischen nAChR-Agonisten auch durch die von uns entdeckten unkonventionellen
endogenen Agonisten wie PC und PC-haltige Molekule induziert werden (Hecker et
al. 2015; Richter et al. 2016; Zakrzewicz & Richter et al. 2017; Backhaus et al.
2017; Richter et al. 2018b; Richter et al. 2023a). Wir konnten in unseren Arbeiten
zeigen, dass diese unkonventionellen nAChR-Agonisten zudem an den heterolog
exprimierten, humanen nAChRs (homomere a7- und a9-nAChRs, heteromere a9a10-
NAChRS) keine ionotropen Funktionen induzieren (Richter et al. 2016; Zakrzewicz &
Richter et al. 2017; Richter et al. 2018b; vgl. Kapitel 3.6). Diese silent agonist-
Eigenschaften lassen vermuten, dass die unkonventionellen nAChR-Agonisten keine
Nebenwirkungen im neuronalen System induzieren wirden. Dementsprechend
ergeben sich aus unseren Erkenntnissen vielversprechende neue therapeutische
Ansatze zur Pravention und Behandlung der sterilen Inflammation bei chirurgischen

Patienten, ohne dabei die Infektabwehr der Patienten herabzusetzen.

4.5 Synthetische a9*nAChRs-Liganden sind Werkzeuge in der
Grundlagenforschung und potenzielle anti-inflammatorische
und analgetische Therapeutika.

In der vorliegenden Arbeit konnten zahlreiche Hinweise erbracht werden, dass die

NAChR-Untereinheit a9 unerlasslich fir die cholinerge Regulation der Freisetzung von
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IL-18 aus mononuklearen Phagozyten ist (Hecker et al. 2015; Richter et al. 2016;
Zakrzewicz & Richter et al. 2017; Backhaus et al. 2017). Untersuchungen an a9-
NAChRs waren lange Zeit schwierig, da es kaum selektive Liganden gibt. Lediglich das
Conopeptid RglA4 ist als selektiver Antagonist der a9*-nAChRs bekannt (siehe
Kapitel 3.1). Bis heute gibt es zudem keinen PAM, der es erlauben wirde, einen
mdglichen desensitisierten Zustand von a9*-nAChRs “sichtbar zu machen. Unsere
Arbeiten (Zakrzewicz & Richter et al. 2017; Richter et al. 2022) fihrten dazu, dass
zahlreiche weitere, zuvor als partielle a7-Agonisten oder silent agonists beschriebene
Varianten von quartdren Ammoniumsalzen im heterologen Expressionsmodel der X.
laevis-Oozyten auf ihre mdglichen Effekte auf a9*-nAChRs untersucht wurden. Dabei
konnten einige selektive Agonisten und Antagonisten fur die a9-Untereinheit
identifiziert werden (Bavo et al. 2022; Papke et al. 2022a; Giraudo et al. 2023).

In einer frheren Studie wurde pCF3-diEPP bereits im Tiermodell effektiv gegen
inflammatorischen Schmerz eingesetzt (Quadri et al. 2018). Unsere Erkenntnisse,
dass pCF3-diEPP auch an a9*-nAChRs wirkt (vgl. Kapitel 4.4), deuteten darauf hin,
dass pCF3-diEPP und andere a9*-nAChR-spezifische diEPP-Analoge eine
therapeutische Option zur Behandlung von inflammatorischen Erkrankungen und
Schmerz sein kénnten. Diese Idee wurde schlief3lich durch ein Patent geschiitzt (U.S.
Provisional Patent Application Serial No. 63/216,327, Title: N,N-diethyl-N'-
phenylpiperazines as Agonists of Alpha9-containing nAChR and Use as Treatments
for Neuropathic and Inflammatory Pain. Inventor(s): R.L. Papke, N.A. Horenstein, M.
Quadri, V. Grau, K. Richter, A.R. Simard; Ref No.: T18479US001 (222107-8866)).
Wir konnten weiterhin zeigen, dass der a9-nAChR-Agonist pCN-diEPP (Papke et al.
2022a) eine potente inhibitorische Wirkung auf die ATP-induzierten Freisetzung von
IL-1B8 aus monozytaren Zellen hat (Richter et al. 2023b; vgl. Kapitel 3.8). Neben den
anti-inflammatorischen Funktionen zeigte pCN-diEPP auch eine effektive,
analgetische Wirkung im Schmerzmodel (Richter et al. 2023b). Da pCN-diEPP ein
Agonist der a9*-nAChRs ist, scheint dementsprechend die Aktivierung von a9*-
NAChRs fur den analgetischen Effekt verantwortlich zu sein. Im Widerspruch dazu
steht, dass der a9a10-nAChR-Antagonisten mCN-diEPP im Tiermodell ebenfalls
schmerzlindernd wirkte, wenn auch nur partiell und beim Einsatz hoher
Konzentrationen (Richter et al. 2023b). Die Ergebnisse mit mCN-diEPP stimmen

jedoch mit frGheren Arbeiten Uberein, in denen analgetische Effekte durch a9a10-
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nNAChR-Antagonisten wie RglA4 im Tiermodell fir inflammatorischen Schmerz gezeigt
wurden (Christensen et al. 2017; Romero et al. 2017; Toma et al. 2020). Eine mégliche
Erklarung fur die unterschiedlichen und teils kontroversen Ergebnisse der a9*-nAChR
Agonisten und Antagonisten konnte sein, dass es, wie oben beschrieben, in non-
neuronalen Zellen sowohl kanonische als auch non-kanonische nAChR-Signalwege
geben kann, die Zelltyp-abhangig, aber auch abhangig von der Kombination der
NAChR-Untereinheiten unterschiedliche Funktionen induzieren koénnten (Grando
2014; Grau et al. 2018; Kabbani und Nichols 2018; Lottig et al. 2019). Zudem sind
beim inflammatorischen Schmerz neben den Zellen des angeborenen Immunsystems
auch diverse andere Immunzellen und sensorische Neurone beteiligt (Baral et al.
2019), ein komplexes Netzwerk, das bis heute nicht vollstandig verstanden ist. Zur
Schmerzbehandlung werden vor allem in den Vereinigten Staaten seit Jahrzehnten
Opioide-Schmerzmittel eingesetzt. Durch den Missbrauch von Opioid-Schmerzmittel
befinden sich die Vereinigten Staaten in einer seit 1970 anhaltenden Opioid-Krise, die
mittlerweile jahrlich mehrere Zehntausend Tote durch Uberdosis fordert (Paul et al.
2023). Unsere Erkenntnisse zur analgetischen Wirkung von a9*-nAChR-Liganden
bieten daher einen vielversprechenden Ansatz zur Entwicklung von neuen, nicht
suichtig machenden Schmerzmitteln.

Auch wenn unsere Arbeiten Hinweise erbrachten, dass eine selektive Aktivierung des
cholinergen  anti-inflammatorischen  Systems  mittels  a9*-nAChR-Liganden
inflammatorischen Schmerz reduzieren kann (Richter et al. 2023b), so scheinen dabei
insbesondere die unkonventionellen nAChRs mit ihren nicht-kanonischen
(metabotropen) Funktionen, eine essenzielle Rolle spielen. Es stellt sich somit die
Frage, inwieweit die Charakterisierung der Wirkung von Liganden auf die kanonische
lonenkanalfunktion von nAChRs dazu genutzt werden kann, eine Vorhersage zu deren
Effekt auf die unkonventionellen nAChRs zu treffen. Immerhin gehdren a7-nAChR
silent agonists mit zu den effektivsten Modulatoren von Entztindungsreaktionen
(Horenstein und Papke 2017). Wir haben starke Hinweise darauf, dass die nAChR-
Untereinheiten a7, a9 und a10 fur die cholinerge Regulation der ATP-induzierten IL-
1B-Freisetzung bendétigt werden, teils auch in unterschiedlichen Kombinationen der
Untereinheiten (vgl. Tabelle 1 und Kapitel 4.3). Wie diese unkonventionelle nAChRs
jedoch strukturell aussehen, ist véllig unklar. Ob es sich bei den unkonventionellen

NAChRs um Heteromere aus a7- und a9-nAChR-Untereinheiten handelt, und/oder a7-
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Homomere und a9a10-Heteromere gleichzeitige in den mononukledren Phagozyten
vorkommen und ob sich die nAChR-Untereinheiten klassisch als Pentamere
zusammenlagern, ist bis heute unklar. Prinzipiell kdbnnte die a9-Untereinheit sich auch
zu nicht-pentameren Oligomeren mit der a7- und/oder a10-Untereinheit
zusammenlagern, die dementsprechend keine lonenkanalpore bilden, aber dennoch
metabotrope Signalwege induzieren kénnen.

Wir imitierten das gleichzeitige Vorkommen der humanen nAChR-Untereinheiten a7,
a9 und a10 im heterologen Expressionssystem der X. laevis-Oozyten fur kanonische
NAChRs (Richter et al. 2023b). Die Expression von nAChR-Untereinheiten in X.
laevis-Oozyten ist im Allgemeinen nur sehr gering und instabil. Dieses Phdnomen ist
auch aus der Synaptogenese bekannt (Huebsch und Maimone 2003). Wahrend der
Synaptogenese an motorischen Endplatten bedarf es nAChR-assoziierter Proteine wie
Rapsyn (Gen: RAPSN), um die nAChRs in Clustern mit hoher Dichte in den
Membranen zu organisieren und eine effiziente Reizweiterleitung zu ermdglichen
(Huebsch und Maimone 2003). Deshalb wird im heterologen Expressionssystem der
X. laevis-Oozyte haufig RNA fur Rapsyn (Froehner et al. 1990; Ramarao und Cohen
1998) oder RIC3 (resistance to inhibitors of cholinesterase 3; Gen: RIC3) (Halevi et al.
2003; Noonan und Beech 2023) ko-injiziert, um eine stabile nAChR-Expression zu
erhalten (Richter et al. 2016; Richter et al. 2017; Richter et al. 2022; Richter et al.
2023b), ohne dabei die pharmakologischen Eigenschaften der nAChRs zu verédndern
(Halevi et al. 2003). Wir konnten zum ersten Mal Hinweise darauf erbringen, dass es
auch im heterologen Expressionsmodell der X. laevis-Oozyten zur Formierung von
heteromeren a7a9a10-nAChRs kommt (Richter et al. 2023b; vgl. Kapitel 3.9).
Vielmehr noch konnten wir zeigen, dass die An- und Abwesenheit einer oder mehrerer
Untereinheiten in diesen nAChR-Heteromeren einen mafigeblichen Einfluss auf die
Wirkung von Liganden haben kann (Richter et al. 2023b). So fuhrte z.B. die Ko-
Expression der a10-Untereinheit dazu, dass die Nikotin-Sensitivitat der a9-
Untereinheit um ein Vielfaches reduziert wurde (Richter et al. 2023b).

In einer Vielzahl von Publikationen zu elektrophysiologischen Messungen von
lonenkanélen/Rezeptoren wurden nach dem Auswaschen der Liganden eine
Potenzierung der Stromantwort detektiert, die sogenannten “hump” oder “rebound”
Effekte (Adams 1975; Ebihara und Akaike 1992; Wu et al. 1994; Liu et al. 2008). Diese

rebound-Effekte wurden von uns flir eine Vielzahl von nAChR-Liganden detektiert und
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waren interessanterweise am starksten in a9a10-exprimierenden Oozyten finden
(Tabelle 2). In homomeren a7- und a9-nAChRs zeigten sich hingegen keine bis nur
sehr schwache rebound-Effekte, was auf eine Beteiligung der a10-Untereinheit
hindeutete. Die nAChR-Untereinheit a10 galt lange Zeit als nicht-funktionelle, stille
Rezeptoruntereinheit (Yu et al. 2013; Zouridakis et al. 2019; Hone und Mclntosh 2022).
Man ging ferner davon aus, dass a9*-nAChRs die a10-Untereinheit bendétigen, um
einen funktionellen lonenkanal zu bilden (Yu et al. 2013; Zouridakis et al. 2019; Hone
und Mcintosh 2022). Interessanterweise konnte kurzlich gezeigt werden, dass die
Behandlung von a10-nAChR exprimierenden Oozyten mit Alkaloiden wie MLA oder
Strychnin zur Bildung funktioneller, ionotroper a10-nAChRs fuhrt (Hone und Mcintosh
2022). Ohne diese Vorbehandlung konnten keine ionotropen Funktionen der
homomeren a10-nAChRs nachgewiesen werden (Hone und Mcintosh 2022). Wir
stellten uns die Frage, ob der von uns detektierte rebound-Effekt moglicherweise
ebenfalls auf einem ahnlichen/demselben Mechanismus beruht. Um dies zu
Uberprufen, fuhrten wir TEVC-Messungen an heterolog exprimierten a7- und a9-
Homomeren, sowie heteromeren a9al0-nAChRs durch und detektierten die ACh-
induzierte lonenstrome in Ab- und Anwesenheit von MLA (Richter et al. 2023b). MLA
wird oft als selektiver Antagonist der a7-nAChRs, aber auch inverser Agonist
beschrieben (Williams et al. 2011; Papke et al. 2018). Diese Selektivitat konnte von
uns nicht bestatigt werden, da MLA die ACh-induzierten lonenstrome der a7- und a9-
Homomeren, sowie heteromeren a9a10-nAChRs inhibierte (Richter et al. 2023b). Ein
MLA-induzierter rebound-Effekt zeigte sich an a9a10-nAChRs, was bei homomeren
a7- und a9-nAChRs nicht der Fall war (Tabelle 2). Diese Ergebnisse deuten auf eine
Aktivierung von vorher nicht-funktionellen, stillen a10-nAChRs hin (Richter et al.
2023b). Da der rebound-Effekt aber auch bei Agonisten wie PC und synthetischen
silent agonists wie pCF3-diEPP auftrat (Tabelle 2), stellt sich die Frage, ob es sich um
agonistische oder antagonistische Effekte der Liganden handelt. Vielmehr noch ergibt
sich die Frage, ob Nikotin und MLA keine Antagonisten, sondern silent agonists der
NAChR-Untereinheit a9 und/oder a10 sind.

Auch nach dber 20 Jahren der Forschung zur Bedeutung von nAChRs fur die
Regulation des Immunsystems, ist unser Wissen uber unkonventionelle aber auch
Uber kanonische nAChRs immer noch unvollstandig. Es ist aber zu erwarten, dass

auch in mononuklearen Phagozyten die Effekte von nikotinergen Liganden maf3geblich
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von der Identitat und Quantitat der exprimierten nAChR-Untereinheiten abhéngig ist.
Die mRNA-Expression von nAChRs ist in diesen Zellen normalerweise sehr gering,
variiert von Individuum zu Individuum und lasst zugleich keinen Ruckschluss auf die
Expression funktioneller Rezeptoren zu (Kawashima et al. 2007; Fujii et al. 2017a; Zoli
et al. 2018). Zudem kodnnen zahlreiche endogene und exogene Faktoren die
Expression und Funktion von nAChRs beeinflussen. So wurden zum Beispiel
endogene, Toxin-ahnliche Prototoxine wie die secreted ly6/uPAR-related proteins
(SLURPSs) beschrieben, die die Expression und Funktion von nAChRs malfigeblich
modulieren kénnen (Miwa et al. 2019). Des Weiteren ist im humanen Genom das Gen
CHRFAMTYA vorhanden, welches das sogenannte dupa7-Protein kodiert (Gault et al.
1998; Di Lascio et al. 2022). Dieses dupa7-Protein kann mit der a7-nAChR-
Untereinheit interagieren und dabei als negativer Modulator die Funktion von a7*-
NAChRs inhibieren (Di Lascio et al. 2022). Da das dupa7-Protein auch in einer Vielzahl
von Zelllinien sowie in heterologen Expressionssystemen zu finden ist, die in der
cholinergen Forschung zum Einsatz kommen (Di Lascio et al. 2022), kbnnten dadurch
ebenfalls Untersuchungen zu unkonventionellen und kanonischen nAChRs erschwert
werden und zu widersprichlichen Ergebnissen fuhren. In unseren Arbeiten (Kapitel 3)
wurde versucht, bei den humanen Probanden und in den Tierexperimenten immer ein
ausgewogenes Geschlechterverhaltnis von 50:50 einzuhalten. Der Aspekt von
geschlechtsspezifischen Unterschieden im cholinergen System ist bisher in der
Forschung jedoch unterreprasentiert. Wie kirzlich in einem Review von Moen und Lee
publiziert, gibt es aber zahlreiche Hinweise darauf, dass das biologische Geschlecht
und Geschlechtshormone die Expression von nAChRs beeinflusst (Moen und Lee
2021). Auch die Aufnahme von Genuss- und Suchtmitteln wie Kaffee und Zigaretten
(Papke et al. 2022b) und die Ernéhrung (Shariff et al. 2016; Souza et al. 2019; Costa
et al. 2020) kdnnen einen Einfluss auf das cholinerge System haben und ggf. die
Expression von nAChRs modulieren. Dies gilt auch fr Phosphatidylcholine und deren
Metabolite, welche ebenfalls Uber die Ernahrung aufgenommen werden kénnen (van
Parys et al. 2021) und die von uns als endogene Agonisten der nAChRs mit den
Untereinheiten a7, a9 und/oder a10 identifiziert wurden (vgl. Kapitel 4.3).
Untersuchungen zu funktionellen nAChRs werden zudem dadurch erschwert, dass es
bis heute keine geeigneten Werkzeuge wie spezifische Antikdrper gegen nAChR-
Untereinheiten gibt (Herber et al. 2004; Moser et al. 2007; Richter und Grau 2023), die
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eine spezifische Aussage Uber die Proteinexpression erlauben wirden. Um die von
uns entdeckten, neuen Aspekte bezliglich der Regulierung und Assemblierung der
NAChR Untereinheiten a7, a9 und al0 vollstandig aufzuklaren, sind demnach weitere
Untersuchungen noétig, mit einem breiten Spektrum von verschiedenen Methoden und
gut charakterisierten selektiven Werkzeugen, in heterologen Expressionssystemen bis
hin zu Untersuchungen in vivo nach wissenschaftlich hoch-standardisierten
Protokollen.

Zusammenfassend konnten in der vorliegenden Arbeit neue Erkenntnisse zu
unkonventionellen nAChR-Liganden sowie kanonischen und unkonventionellen
NAChRs erbracht werden. Gleichzeitig wurden neue spannende Mysterien zu
unkonventionellen non-neuronalen und neuronalen NnAChRs und ihren Liganden
aufgezeigt, deren Aufklarung weitere Forschung bedarf. Dank synthetischer a9*-
nAChR-Liganden stehen in der Grundlagenforschung nun weitere “Werkzeuge“ zur
Verfliigung, die zur Entwicklung zukunftiger therapeutischer Anwendung, von der
Behandlung inflammatorischer Erkrankungen wie der Trauma-induzierten sterilen

Inflammation bis hin zu inflammatorischem Schmerz, beitragen kdnnen.
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5. Zusammenfassung

Trotz intensiver Forschung filhren Polytraumata und schwere Operationen auch
heute noch zu lebensbedrohlichen systemischen Entzindungen, Sepsis und
Multiorganversagen, mit einer nicht akzeptablen hohen Gesamtletalitat (Westphal
und Kampmeier 2015). Eine bedeutende Rolle in der Pathogenese dieser
traumainduzierten Immundysfunktion spielt das hochpotente pro-inflammatorische
Zytokin IL-1B, welches von Monozyten, Makrophagen sowie von Epithelzellen
synthetisiert wird und unerlasslich fur die Immunabwehr gegen Infektionen ist. Die
Synthese und Freisetzung von IL-13 muss strikt reguliert werden (Dinarello 2018).
Nach Verletzungen wird die Reifung und Ausschittung von IL-18 durch
extrazellulares ATP, das aus dem Zytoplasma geschéadigter Zellen stammt, stimuliert
und aktives IL-1B sezerniert. Unter normalen Bedingungen bleiben diese pro-
inflammatorischen Reaktionen lokal begrenzt. Bei schweren Traumata und grof3en
chirurgischen Eingriffen kommt es hingegen durch massive Gewebeschadigung zu
einer UberschieBenden Zytokin-Ausschittung und folglich zur traumainduzierten
Immundysfunktion. Bis heute gibt es neben entziindungshemmenden Therapien,
welche die Infektanfalligkeit aber mafigeblich erh6hen koénnen, keine geeigneten
Behandlungen fur die traumainduzierte Immundysfunktion.

In dieser kumulativen Habilitationsschrift wurden verschiedene Forschungsprojekte
zusammengefasst, die einen neuen anti-inflammatorischen  cholinergen
Kontrollmechanismus der ATP-vermittelten Freisetzung von IL-13 aus
mononukledren Phagozyten identifizieren und charakterisieren (Hecker et al. 2015;
Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Backhaus et al. 2017 Richter
et al. 2018a). Diese cholinerge Regulation beruht auf der Aktivierung von
unkonventionellen NnAChRs mit den evolutiondr hoch konservierten Untereinheiten
a7, a9 und/oder a10 durch klassische Agonisten wie ACh, Cholin und Nikotin. Es
konnten aber auch mehrere bisher unbekannte, endogene nAChR-Agonisten
identifiziert werden: Phosphatidylcholine sowie deren Metabolite wie PC und PC-
haltige Molekule. Gleichzeitig konnte eine vollkommen neue biologische Funktion des
Akute-Phase-Proteins  CRP, ein sensitiver Entziindungsmarker und
Standardparameter in der klinischen Blutanalyse, aufgeklart werden: In seiner
endogenen, PC-bindenden, pentameren Form inhibiert CRP effizient und utber
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Zusammenfassung

nAChR-vermittelt die monozytare ATP-induzierte Freisetzung von IL-1B (Richter et
al. 2018b). Interessanterweise héngt dieser inhibitorische Effekt nicht nur von dem
CRP-gebundenen Liganden ab, vielmehr noch potenziert CRP die cholinerge
Wirkung von freiem PC um ein Vielfaches (Richter et al. 2018b). Eine prospektive
klinische Studie legt zudem nahe, dass erhéhte CRP-Konzentrationen vor einer
traumainduzierten Immundysfunktion schitzen (Richter et al. 2018b). Demnach
scheint CRP Teil einer negativen Ruckkopplungsschleife zu sein, welche die IL-1[3-
Freisetzung bei systemischer Entziindung limitiert.

Als einen potenziellen Gegenspieler des cholinergen Regulationsmechanismus,
konnte das APi-42-Peptid identifiziert werden (Richter et al. 2020), welches bisher
hauptséachlich im Zusammenhang mit der Alzheimer-Krankheit untersucht wurde. An
unkonventionellen, monozytadren nAChRs wirkt ABi-42 in vitro antagonistisch und
ermdglicht so die ATP-induzierte IL-1B-Freisetzung in Anwesenheit von nAChR-
Agonisten. Da wir zudem Hinweise erbringen konnten, dass das AB1-42-Peptid auch
in vivo wirkt (Richter et al. 2020), konnte das AB1-42-Peptid somit als endogener, pro-
inflammatorischer Regulator praventiv gegen Infektionen und Sepsis sein.

Die hier zusammengefassten Arbeiten haben zudem wesentlich zu einem
Paradigmenwechsel im wissenschaftlichen Blick auf die nAChRs beigetragen.
Wahrend nAChRs kanonisch als ionotrope Rezeptoren eine unerlassliche Rolle fir
die Reizweiterleitung im neuronalen System spielen, sind es metabotrope Funktionen
der unkonventionellen nAChRs in mononukleéaren Phagozyten, die zur Inhibition des
ATP-sensitiven P2X7 Rezeptors fihren und somit die IL-1B-Freisetzung inhibieren
(Hecker et al. 2015; Zakrzewicz & Richter et al. 2017; Richter et al. 2016; Richter
et al. 2023a). Diese Erkenntnisse sind von grof3er Bedeutung fur die
Rezeptorforschung und gehen weit Uber die cholinerge Kontrolle der IL-1[B-
Freisetzung hinaus. Durch unsere Erkenntnisse ruckte auch die a9-nAChR-
Untereinheit immer mehr in den Fokus. In weiteren Arbeiten konnten neben
synthetischen nAChR-silent agonists auch spezifische a9-Agonisten charakterisiert
werden (Richter et al. 2022; Richter et al. 2023b). Dabei zeigten sich neben der
anti-inflammatorischen Wirkung auch eine potente analgetischen Wirkung von a9-
NAChR-Liganden, die somit eine vielversprechende therapeutische Option zur

Behandlung von inflammatorischen Erkrankungen und Schmerz sein kdnnten.
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Zusammenfassung

Ein grof3er Vorteil des hier identifizierten cholinergen Kontrollmechanismus ist, dass
gezielt die traumainduzierte (ATP-abhangige) Freisetzung von IL-1B inhibiert,
gleichzeitig die IL-1B-abhéangige Pathogenabwehr jedoch nicht vollig unterbunden
wird. Zudem erwarten wir von den endogenen nAChR-Agonisten wie
Phosphatidylcholine und seine Metabolie, sowie von den synthetischen silent
agonists, dass sie nicht mit den kanonischen nAChR-Funktionen im Nervensystem
interferieren. Somit ist dieser Mechanismus ein vielversprechender Ansatzpunkt fur
die dringend benotigten praventiven Therapien einer traumainduzierten

Immundysfunktion.
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Phosphocholine-Modified Macromolecules and Canonical
Nicotinic Agonists Inhibit ATP-Induced IL-13 Release

Andreas Hecker,*’1 Mira Kiillmar,’"’1 Sigrid Wilker,* Katrin Richter,*’* Anna Zakrzewicz,*
Srebrena Atanasova,* Verena Mathes,* Thomas Timm,* Sabrina Lerner,*

Jochen Klein,§ Andreas Kaufmann,'” Stefan Bauer,’l’2 Winfried Padberg,*’2

Wolfgang Kummer,”” Sabina Janciauskiene,”> Martin Fronius, ** Elke K. H. Schweda, '
Giinter Lochnit,fF and Veronika Grau®?

IL-1pB is a potent proinflammatory cytokine of the innate immune system that is involved in host defense against infection.
However, increased production of IL-1(3 plays a pathogenic role in various inflammatory diseases, such as rheumatoid arthritis,
gout, sepsis, stroke, and transplant rejection. To prevent detrimental collateral damage, IL-1 release is tightly controlled and
typically requires two consecutive danger signals. LPS from Gram-negative bacteria is a prototypical first signal inducing pro-IL-
1B synthesis, whereas extracellular ATP is a typical second signal sensed by the ATP receptor P2X7 that triggers activation of the
NLRP3-containing inflammasome, proteolytic cleavage of pro-IL-1 by caspase-1, and release of mature IL-13. Mechanisms
controlling IL-1( release, even in the presence of both danger signals, are needed to protect from collateral damage and are of
therapeutic interest. In this article, we show that acetylcholine, choline, phosphocholine, phosphocholine-modified LPS from
Haemophilus influenzae, and phosphocholine-modified protein efficiently inhibit ATP-mediated IL-1f release in human and rat
monocytes via nicotinic acetylcholine receptors containing subunits a7, a9, and/or al10. Of note, we identify receptors for
phosphocholine-modified macromolecules that are synthesized by microbes and eukaryotic parasites and are well-known mod-
ulators of the immune system. Our data suggest that an endogenous anti-inflammatory cholinergic control mechanism effectively
controls ATP-mediated release of IL-1$ and that the same mechanism is used by symbionts and misused by parasites to evade

innate immune responses of the host. The Journal of Immunology, 2015, 195: 000-000.

nterleukin-1p is a multifunctional proinflammatory cytokine
of the innate immune system that plays an important role in
host defense (1). However, excessive release is hazardous because
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high systemic levels of IL-1B cause fever, shock, and organ
damage. Thus, increased production and release of IL-1§ play
a pathogenic role in various inflammatory diseases, such as
rheumatoid arthritis, sepsis, stroke, and transplant rejection (2).
To prevent detrimental collateral damage, IL-1p release typi-
cally requires two consecutive danger signals (3, 4). LPS from
Gram-negative bacteria is a prototypical first signal inducing
pro-IL-1B synthesis. Extracellular ATP is a typical second
signal sensed by the ATP-receptor P2X7 that triggers activation
of the NLRP3-containing inflammasome, proteolytic cleavage
of pro-IL-1B by caspase-1, and release of mature IL-13 (3-5).
Mechanisms controlling IL-1( release are needed to protect the
host from excessive inflammation but are largely unexplored.

Acetylcholine (ACh) was the first neurotransmitter to be iden-
tified, but it is also a regulator of the immune system with pro- and
anti-inflammatory potential (6, 7). The first data pointing to an
anti-inflammatory role of ACh date back to the year 2000, when
Borovikova et al. (8) demonstrated that vagus nerve stimulation
attenuates the systemic release of TNF in response to LPS. Fur-
thermore, these investigators described the a-conotoxin—sensitive
inhibition of the secretion of TNF, IL-1B, IL-6, and IL-18 from
LPS-primed human macrophages in vitro (8). The current notion
prevails that vagal stimulation triggers neuronal release of nor-
epinephrine from the spleen that stimulates the release of ACh
from splenic memory T cells. The released ACh is sensed by
splenic macrophages via nicotinic receptors for ACh containing
the a7 subunit (CHRNA7) (7, 9), leading to changes in cytokine
expression via the Jak2-STAT3 signaling pathway (7, 10). This
pathway is suggested to downmodulate LPS-induced expression
of pro—IL-1p but not its cleavage or release.
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We demonstrated that activated monocytes accumulating in
blood vessels of rat renal grafts produce ACh during acute re-
jection (11, 12). Because monocytes express nicotinic receptors
for ACh, endogenously produced ACh might act as an autocrine
or paracrine regulator of innate immunity. Interestingly, nico-
tinic ACh receptors do not function as ligand gated ion chan-
nels in primary rat monocytes and alveolar macrophages but
rather as metabotropic receptors reducing ATP-induced intra-
cellular calcium signals (11, 13). This led us to speculate that
endogenous ACh also inhibits ATP-mediated inflammasome
activation.

Strikingly, numerous bacteria and eukaryotic parasites col-
onizing mammals express cell wall components and secretory
macromolecules modified with phosphocholine (PC), a molecule
with structural similarity to ACh. PC-modified macromolecules
exert strong anti-inflammatory effects on innate and adaptive
immunity and help to evade the immune system of the host (14,
15). For example, extracellular bacteria chronically colonizing
the human upper respiratory tract, such as the pathogen Hae-
mophilus influenzae, carry PC-modifications on their LPS (16).
PC-modified LPS (PC-LPS) is a virulence factor that depends
on genes encoded in the licI operon (15); however, the exact
molecular mechanism of its anti-inflammatory action is still
elusive.

In this study, we tested the hypotheses that cholinergic agonists
inhibit ATP signaling in monocytes and limit the release of mature
IL-1pB into the circulation and that PC-modified macromolecules
produced by pathogens also inhibit IL-1( release by triggering the
suggested anti-inflammatory mechanism. We propose that this
powerful endogenous pathway that protects the host from IL-13-
induced damage can be used by pathogens to evade host immunity.

Materials and Methods
Mononuclear blood leukocytes from experimental rat renal
allografts

Experimental animals received humane care according to the National
Institute’s of Health’s Guide for the Care and Use of Laboratory
Animals. Animal experiments were approved by the local committee at
the Regierungsprisidium Giessen, Hesse, Germany (permit number
GI20/10 Nr. 23/2008). Orthotopic transplantation of allogeneic rat
Dark Agouti kidneys to Lewis recipients, perfusion of graft blood
vessels to isolate intravascular graft leukocytes, and Percoll gradient
centrifugation to enrich for mononuclear leukocytes were performed
2 d after transplantation, as described previously (17). A total of 5 X
10° mononuclear cells was incubated for 3 h in 24-well plates at 37°C,
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CHOLINERGIC INHIBITION OF IL-13 RELEASE

5% CO,, in RPMI 1640 supplemented with 10% FCS (FCS gold) and
2 mM r-glutamine (all from PAA Laboratories, Colbe, Germany).
Thereafter, 2'(3")-O-(4-benzoylbenzoyl)ATP trieethylammonium salt
(BzATP; 100 pM; Sigma-Aldrich, Taufkirchen, Germany) was added
in the presence or absence of ACh chloride (10 or 100 wM), nicotine
(100 wM), and cholinesterase from Electrophorus electricus (1 U/ml)
(all from Sigma-Aldrich). Supernatants were collected and stored at —20°C
before cytokines and lactate dehydrogenase (LDH) were measured.

U937 cells

The human histiocytic lymphoma cell line U937 was obtained from the
German Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany) and maintained in RPMI 1640 supplemented with 10% FCS
and 2 mM L-glutamine. Cells in the log-phase of growth were trans-
ferred to 24-well plates (1 X 10° cells/ml and per well) and primed with
1 pg/ml LPS from Escherichia coli (L2654; Sigma-Aldrich) for 5 h.
Thereafter, BZATP (100 wM) or nigericin (50 wM; Sigma-Aldrich) was
added for 30 min in the presence or absence of different concentrations
of cholinergic agonists and antagonists. ACh chloride, choline chloride,
PC chloride calcium salt tetrahydrate, mecamylamine hydrochloride,
nicotine, and strychnine hydrochloride were obtained from Sigma-
Aldrich, and a-bungarotoxin was obtained from Tocris Bioscience
(Bristol, U.K.). Unless otherwise stated, the following concentrations
were used: ACh 100 M, mecamylamine 100 wM, nicotine 100 pM,
strychnine 10 uM, and a-bungarotoxin 1 wM. Supernatants were col-
lected 30 min after the addition of BZATP or nigericin and stored at
—20°C to measure IL-18 and LDH. IL-1B, IL-6, and TNF-a were
measured in the supernatants by Quantikine Immunoassays (R&D
Systems, Minneapolis, MN).

Human PBMCs

Studies on primary human cells were approved by the local ethics
committee of the University of Giessen (No. 81/13). PBMCs were
freshly isolated from heparinized blood of healthy nonsmoking male
volunteers by LeucoSep gradients (Greiner Bio-One, Frickenhausen,
Germany). A total of 5 X 10° PBMC/0.5 ml/well was incubated for 3 h
in 24-well plates in RPMI 1640 supplemented with 10% FCS and 2 mM
L-glutamine. Thereafter, nonadherent cells were removed, cell culture
medium was replaced, and BZATP (100 uM) was added in the presence
or absence of nicotine (100 M) and ACh (10 nM), and incubated for
30 min. Supernatants were collected and stored at —20°C before
measurement of IL-13 and LDH.

Human monocytes

Blood was obtained from healthy donors and either separated directly by
gradient centrifugation using LeucoSep gradients or pulsed with 0.5 ng
LPS/ml before separation. Thereafter, monocytes were purified by
positive selection using Dynabeads CDI14 (Invitrogen, Karlsruhe,
Germany), according to the supplier’s instructions. Isolated monocytes
were cultivated as described for PBMCs, with the exception that the
medium was not replaced after 3 h of culture. Thereafter BzATP,
nicotine, ACh, choline, and PC were added for 30 min, as described,
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Endogenous ACh inhibits BzZATP-induced release of IL-13. Mononuclear leukocytes were isolated by intensive single-organ perfusion and

Percoll density gradient centrifugation from the blood vessels of rat renal allografts on day 2 after transplantation in the Dark Agouti to Lewis rat strain
combination. (A) Expression of pro-IL-1@ and ACh receptor mRNA was investigated by real-time RT-PCR, and products were separated in agarose gels.
The mRNA of pro-IL-1B, CHRNA7, CHRNAY9, and CHRNA10 was detected, whereas the nonfunctional receptor CHRFAM7A was absent from
mononuclear leukocytes and skin. In negative controls, in which cDNA was replaced by water, no product was obtained. Signals seen in the lower part of
the gel are primer dimers. (B) BZATP only induced a modest increase in IL-1 release. When BzATP was combined with cholinesterase (ChE, 1 U/ml),
release of IL-1( increased significantly. Data are presented as individual data points. *p = 0.05 versus BzZATP alone, Wilcoxon signed-rank test.
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and IL-1B, IL-6, and TNF-a were measured in the supernatant. The
purity of the isolated monocytes was evaluated by flow cytometry
(FACSCalibur; Becton Dickinson, San Jose, CA) using FITC-labeled
mAb MSE2 to CD14 (BioLegend, San Diego, CA); monocyte purity
was >75%.

Cell viability

To test for cell viability, LDH released from dead cells was measured at the
end of the experiments in cell culture supernatants by a Non-Radioactive
Cytotoxicity Assay (Promega, Madison, WI), according to the supplier’s
instructions, and compared with the total content of LDH in lysed cells.
Trrespective of the reagents applied, LDH values typically remained <6%
for U937 cells and <10% when primary cells were used.

>

RNA isolation and real-time RT-PCR

Total RNA was extracted using the QIAGEN RNeasy Miniprep Kit
(QIAGEN, Hilden, Germany), according to the manufacturer’s instructions.
RNA samples were reverse transcribed using M-MLV Reverse Tran-
scriptase (Promega, Mannheim, Germany). Real-time PCR was per-
formed in an ABI 7700 Sequence Detection System (Applied
Biosystems, Foster City, CA) using Platinum SYBR Green qPCR Super
Mix-UDG (Invitrogen). Signals were normalized to porphobilinogen
deaminase. Primer pairs are shown in Supplemental Table 1. Negative
controls were included in each experiment, where the cDNA was
replaced by water. The specificity of the PCR was confirmed by se-
quencing (SeqLab, Gottingen, Germany) and by separation in a 1.5%
agarose gel. Gene expression was normalized to the housekeeping gene
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Table I.  Concentrations of compounds causing an ~50% inhibition
(ICs0) of BZATP-mediated release of IL-1@ from LPS-primed U937 cells

Compound 1Cso
ACh 1 uM
Nicotine 10 pM
Choline 10 pM
PC 10 puM
PC-LPS RM118 25 nM
PC-LPS NTHi123323 25 nM
PC-BSA 140 nM

porphobilinogen deaminase and analyzed using the 274 method, and

the mean values of the controls were set to one arbitrary unit.
Transfection of siRNA

The expression of CHRNA?7, the nicotinic receptor for ACh containing
the a9 subunit (CHRNAY), and the nicotinic receptor for ACh con-
taining the a10 subunit (CHRNA10) in U937 cells was reduced using
small interfering RNA (siRNA) technology. Cells were transfected with
ON-TARGETplus human CHRNA7, CHRNA9, or CHRNA10 siRNA
SMARTpool or with negative control ON-TARGETplus Non-targeting
Control Pool (Thermo Fisher Scientific, Schwerte, Germany) to control
for nonspecific gene inhibition. Cells were transfected with 30 pmol
siRNA/I X 10° cells using Amaxa Cell Line Nucleofector Kit C and
Nucleofector II Device (both from Lonza Cologne, Cologne, Germany),
according to the manufacturer’s instructions. The siRNA-mediated
downregulation of the target gene was assessed by real-time RT-PCR
6 h after transfection, according to the protocol provided by Lonza.
Experiments on the release of IL-13 were performed 48 h after
transfection.

Whole-cell patch-clamp recordings

For electrophysiological experiments, U937 cells were placed in coated
(poly-L-lysine) cell culture dishes (Nunc, Roskilde, Denmark) con-
taining bath solution and incubated for 5 h with LPS (1 pg/ml) at 37°C.
Bath solution contained 5.4 mM KCI, 120 mM NaCl, 2 mM CaCl,,
1 mM MgCl,, 10 mM HEPES (4-(2-hydroxyethyl)-piperazine-1-
ethanesulfonic acid), and 25 mM glucose (pH 7.4). After incubation
with LPS, dishes were mounted on an inverted microscope (Axiovert;
Zeiss, Gottingen, Germany), and whole-cell recordings were per-
formed at room temperature. Borosilicate glass capillaries (outer di-
ameter 1.6 mm; Hilgenberg, Malsfeld, Germany) were pulled to patch
pipettes with a resistance of 2-4 M() by an automated puller (Zeitz,
Augsburg, Germany). Pipettes were filled with 120 mM KCI, 1 mM
CaCl,, 2 mM MgCl,, 10 mM HEPES, 11 mM EGTA, and 20 mM
glucose (pH 7.3).

Membrane potential was clamped to —60 mV, and the resulting trans-
membrane currents were amplified with an EPC 9 amplifier and acquired
via an ITC-16 interface with Pulse software (both from HEKA, Lambrecht,
Germany). BzATP (100 wM), nicotine (100 pM), and mecamylamine
(100 M) were dissolved in bath solution and applied via a pressure-driven
microperfusion system.

Purification and characterization of PC-LPS

Purification and characterization of LPS from the various strains followed
a standard protocol (18). Briefly, LPS was isolated from bacterial cells
using a phenol/chloroform/light-petroleum method and purified by sub-
sequent ultracentrifugation. Detailed structural knowledge of LPS was
obtained using high-field nuclear magnetic resonance and electrospray
ionization—mass spectrometry techniques, along with composition and
linkage analyses on O-deacylated LPS and oligosaccharide samples.

PC-modified BSA

Preparation of PC-modified BSA (PC-BSA) was described previously (19).
Briefly, 25 mg (95 pmol) p-aminophenylphosphocholine (Biozol, Eching,
Germany) was dissolved in 1 ml ice-cold 1 N hydrochloric acid (Roth,
Karlsruhe, Germany). After the addition of 6.5 mg (95 wmol) sodium
nitrite (Roth), the mixture was incubated for 10 min under gentle agitation
at room temperature. In a second step, 0.5 ml (42.5 wmol) the freshly
prepared diazonium phenylphosphorylcholine was added to a solution of
100 mg (1.5 pmol) BSA (Roth) in 5 ml boric acid (100 mM boric acid
[pH 9], 150 mM NaCl; Merck, Darmstadt, Germany and Roth, re-
spectively) and incubated under gentle agitation on ice for 12 h.

CHOLINERGIC INHIBITION OF IL-13 RELEASE
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FIGURE 3. Nigericin-mediated release of IL-1f from U937 cells is not
inhibited by nicotinic stimulation. U937 cells were primed with LPS for
5 h, and nigericin was added for another 30 min to trigger IL-1( release,
which was measured by ELISA. Nigericin-induced (Nig) IL-1f release
was unimpaired by nicotine (Nic), ACh, choline (Cho), and PC. Statistical
analyses were performed by the Kruskal-Wallis test, followed by the
Mann—Whitney rank-sum test.

Finally, PC-BSA was desalted using a Nap5-column (GE Healthcare
Bio-Sciences, Uppsala, Sweden), according to the manufacturer’s instruc-
tions, and stored at —20°C. The efficiency of coupling was quantified after
the release of PC upon HF treatment. Choline was measured by HPLC,
according to published methods (20). A total of 9 mol PC was incorporated
per mol BSA.

PC residues were removed from PC-BSA by treatment with HF. Ten
milligrams (150 nmol) of lyophilized PC-BSA was dissolved in 500 .l
hydrofluoric acid (48%; Merck) and incubated on ice overnight. The
sample was dried under a stream of nitrogen, dissolved in 500 pl water,
and lyophilized.

Western blots

Human PBMCs were lysed, and protein concentration was determined
using a Micro BCA Protein Assay Kit (Pierce Biotechnology, Rockford,
IL). Equal amounts of protein (15 ng) and prestained molecular mass
standards (Precision Plus Protein Standards, dual color; Bio-Rad,
Hercules, CA) were resolved in 15% reducing SDS-polyacrylamide
gels and transferred onto polyvinylidene difluoride membranes (Mil-
lipore, Billerica, MA). Membranes were blocked with 5% skimmed
milk powder and 0.01% Tween-20 in PBS. Mouse mAbs to IL-13
(kindly supplied by the National Cancer Institute, Frederick, MD) were
diluted 1:20,000 in PBS and 5% skimmed milk powder, whereas
polyclonal rabbit Abs to caspase-1 (#2225; Cell Signaling Technology,
Danvers, MA) were diluted 1:1,000 in PBS and 2.5% skimmed milk
powder. Mouse mAbs to B-actin (A2228; Sigma-Aldrich) were diluted
1:50,000 in PBS and Roti-Block (Roth). After washing in PBS, 0.01%
Tween-20, HRP-conjugated rabbit anti-mouse Ig and goat anti-rabbit
Ig Abs (both from Dako Cytomation, Glostrup, Denmark), diluted
1:5,000 in PBS, 2.5% skimmed milk powder, and 0.01% Tween-20,
were used to detect primary Abs, followed by the chemiluminescent
SuperSignal West Dura Extended Duration Substrate (Thermo Scien-
tific, Rockford, IL) to detect IL-13 or by the Lumi-Light substrate
(Roche, Mannheim, Germany) to detect B-actin. Blots were docu-
mented using a digital gel-documentation system (Biozym, Hessisch
Oldendorf, Germany).

For the detection of secreted caspase-1 and IL-13, human PBMCs were
stimulated, as described, but in the absence of FCS. Cell culture super-
natants were harvested and concentrated by a factor of 10 using Amicon
Ultra centrifugal filters (Ultracel 10K; Merck Millipore, Darmstadt,
Germany).

Statistics

Data were analyzed with SPSS software (Munich, Germany) by the
nonparametric Kruskal-Wallis test, followed by the Mann—Whitney
rank-sum test; p = 0.05 was considered statistically significant. Data
obtained from primary leukocytes were analyzed by the Wilcoxon
signed-rank test.
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FIGURE 4. BzATP-mediated ion currents are inhibited by nicotine.
U937 cells were primed with LPS from E. coli for 5 h, and ion fluxes were
induced by BzATP. Patch-clamp recordings of U937 cells are depicted
(upper panels). Two consecutive BzZATP applications (I and II) resulted in
repetitive current changes (A), which are abolished by nicotine (B). (C)

Results
Endogenous ACh inhibits IL-13 release

We isolated mononuclear leukocytes from the blood vessels of
rat renal allografts. These cells expressed the mRNA of pro—IL-
1B, as well as CHRNA7, CHRNAY, and CHRNA10, but not the
nonfunctional receptor CHRFAMAT7A (Fig. 1A). When stim-
ulated with the P2X7-specific agonist BZATP, these leukocytes
release only slightly increased amounts of IL-18 (without
BzATP: median, 32 pg/ml, range: 14-56 pg/ml; with BzATP:
median, 41 pg/ml, range: 31-71 pg/ml; n = 5 each). However,
when BzATP was applied with cholinesterase, an enzyme that
efficiently degrades ACh, significantly more IL-13 was de-
tected in the cell culture supernatant (median, 71 pg/ml, range:
44-116 pg/ml, n = 5, p = 0.05 compared with BZATP alone)
(Fig. 1B). The results from this first set of experiments sup-
ported our hypothesis that endogenous ACh inhibits BzATP-
mediated release of IL-1[.

Nicotinic ACh receptor activation interferes with
BzATP-induced release of IL-1[3

In the next set of experiments, we used the human monocytic cell
line U937. We primed these cells with LPS from E. coli, which
resulted in increased pro—IL-1(3 mRNA levels (Supplemental Fig.
1A). As expected, LPS-primed U937 cells released IL-1( into the
culture medium in response to treatment with BZATP for 30 min.
However, application of ACh together with BzATP inhibited IL-
1B secretion in a dose-dependent manner, whereas IL-6 and TNF-
o levels in the supernatant were not reduced (Fig. 2A, data not
shown). Of note, the viability of the cells was not impaired
(Supplemental Table II).

Similar to ACh, choline and nicotine dose dependently inhibited
the release of IL-1f in response to BZATP (ICsy ~ 1 uM for ACh,
ICs9 ~ 10 pM for nicotine and choline) (Fig. 2A, Table I). These
results suggested the involvement of CHRNA7 homomers or re-
ceptors containing CHRNAO (21, 22). In agreement with the results
published by Chemyavsky et al. (23), mRNAs for CHRNA7, CHRNA9,
and CHRNA10 were detected in unprimed and LPS-primed U937
cells. In addition, the inactive duplicate CHRFAM7A was readily
detectable (Supplemental Fig. 1B).

Mecamylamine, a-bungarotoxin, and strychnine antagonized
the inhibitory effect of nicotine (Fig. 2B), ACh, and choline
(data not shown), indicating an involvement of CHRNA?7,
CHRNAS9, and/or CHRNA10. To further corroborate the role of
these receptors, we reduced their expression in U937 cells by
siRNA (Supplemental Fig. 2A, 2B), which reduced the effect
of nicotine by ~50% in all cases, whereas cells treated with
control siRNA behaved like untreated cells (Fig. 2C, Supplemental
Fig. 2C). Specific gene silencing was confirmed by real-time RT-
PCR, which revealed the expected reduced expression of CHRNA9
and CHRNA1O (Supplemental Fig. 2A, 2B). However, the basal
mRNA expression of CHRNA7 was too low for quantification.
None of the siRNA treatments resulted in an unspecific downreg-
ulation of other receptors (Supplemental Fig. 2A, 2B). In view of
the concerns raised with respect to the specificity of nicotinic re-
ceptor Abs (24), we refrained from attempts to monitor ACh re-
ceptor protein expression.

Nicotinic agonists inhibit BzATP-induced ion fluxes

We used the pore-forming toxin to investigate whether the BzATP-
induced signaling cascade is inhibited upstream of the formation of

This effect was antagonized by mecamylamine. Experimental groups were
compared with the Mann—Whitney rank-sum test.
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a functional inflammasome complex. Nigericin activates the
inflammasome independent of BZATP nigericin and resulted in the
release of IL-1f from LPS-primed U937 cells. Nigericin-induced
release of IL-13 was unaffected by nicotine, Ach, and choline
(Fig. 3).

To investigate the effect of nicotine on ATP-induced ion
currents, patch-clamp experiments were performed in LPS-
primed U937 cells. As expected, application of BZATP repro-
ducibly induced ion currents (Fig. 4A), which were completely
inhibited by nicotine (Fig. 4B). Mecamylamine, in turn, an-
tagonized the effect of nicotine (Fig. 4C); however, nicotine
alone did not induce currents.

PC and PC-modified macromolecules inhibit BzZATP-induced
IL-1B release

We tested whether PC-modified macromolecules also inhibit the
release of IL-1B in response to BzATP. PC-LPS from two H.
influenzae strains, RM118 and NTHi123323, dose dependently
and most efficiently inhibited the BzZATP-induced release of IL-13
(ICsp ~ 0.1 wg/ml, corresponding to ~25 nM PC-LPS) (Fig. 5A,
Table 1), whereas levels of IL-6 and TNF-a in the cell culture
supernatant were not reduced (data not shown). LPS isolated
from mutants lacking the PC modification, RM7004-licl and
NTHi1233licl (25), was ineffective (Fig. SA). The inhibitory
effects of LPS from RM118 and NTHi123323 were sensitive to
mecamylamine, a-bungarotoxin, and strychnine (Fig. 5B), which
again suggested the involvement of CHRNA7, CHRNAY, and/or
CHRNAI0. Finally, PC-LPS did not change the release of IL-1(3
in response to nigericin (Fig. 5C). When LPS from RM118 and
NTHi123323, as well as from the corresponding l/ic/ mutants, was
used for priming, mRNA expression of pro—-IL-13, IL-6, and TNF-
a was close to baseline (data not shown). In contrast, stimulation
with LPS from E. coli led to robust induction of cytokine mRNA
expression.

4

NTHiPC -

Mec a-Bun Stry
4 4 4 n

RMPC RM NTHIiPC NTHi

5 5 4 5 4

Parasitic filarial nematodes secrete PC-modified proteins with
anti-inflammatory functions. These proteins can be mimicked by
artificial PC-modified proteins (26). We noted an efficient, dose-
dependent inhibitory effect on the BzZATP-induced release of IL-
1B for PC-BSA with an IC5y ~10 pg/ml, corresponding to ~140 nM
PC-BSA (Fig. 6A, Table I). The average PC:BSA stoichiometry
was 9:1. Unmodified BSA and PC-BSA pretreated with hydro-
fluoric acid to remove the PC modification were inactive (Fig. 6B).
In addition, free PC (ICso ~ 10 M) inhibited the BzZATP-dependent
release of IL-1B (Fig. 6A, Table I). The effects of PC, PC-LPS, and
PC-BSA were antagonized by mecamylamine, a-bungarotoxin,
and strychnine (Figs. 5B, 6A), suggesting an involvement of
CHRNA7, CHRNAY, and/or CHRNA10. Again, nigericin-induced
release of IL-1@ was not impaired by PC (Fig. 3).

Nicotinic agonists decrease IL-1 release from primary human
blood cells

To confirm that BZATP-mediated release of IL-1f3 can be inhibited
by agonists of CHRNAY in primary leukocytes, we analyzed
PBMCs isolated from healthy human donors. As expected, these
cells expressed very low levels of pro—-IL-13 mRNA (data not
shown). After cell isolation and culture for 3 h, PBMCs expressed
the mRNA of pro-IL-13, CHRNA7, CHRNAY9, and CHRNA10
(Supplemental Fig. 1C) and released considerable amounts of IL-
1B in response to BZATP (median, 1559 pg/ml, range: 736-7325
pg/ml, n = 5). Addition of ACh or nicotine significantly reduced
the release of IL-1B (Fig. 7A). As expected, Western blotting
revealed that BZATP reduced the cellular content of pro-IL-1pB,
and this reduction was attenuated by ACh, nicotine, and PC (Fig.
7B). Mature IL-1$ was absent from cell lysates but was detected
in cell culture supernatants upon stimulation with BZATP. Release
of IL-1p was attenuated in the presence of cholinergic agonists
(Fig. 7B, Fig. 8). In the same line, procaspase-1 was detected in
cell lysates and active caspase-1 was detected in cell culture
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supernatants in response to BZATP. Similar to IL-13, activation
and release of caspase-1 were sensitive to cholinergic agonists
(Fig. 7B).

When monocytes were isolated by positive selection via mag-
netic beads, they spontaneously released a certain amount of IL-13
(median, 105 pg/ml, range: 22—181 pg/ml, n = 6) within 3.5 h of
culture. Stimulation with BzATP for the last 30 min of culture
resulted in an additional release of IL-18 (median, 5,088 pg/ml,
range: 1,058-14,907 pg/ml, n = 6), which was efficiently reduced
by the simultaneous addition of nicotine, ACh, choline, and PC
(Fig. 7C). Priming with low-dose LPS (5 ng/ml) further increased
the amount of IL-1 released in response to BzATP (median,
9,333 pg/ml, range: 2,864-20,268 pg/ml, n = 6, p = 0.05). Also in
LPS-primed monocytes, ACh, PC, and choline reduced the ATP-
induced release of IL-1B (p = 0.05), whereas nicotine was only
effective in four of six experiments (Fig. 7C). IL-6 and TNF-a
were released in similar amounts in the presence or absence of
BzATP and nicotinic agonists (Fig. 7C).

Discussion
In this study, we provide evidence for a novel cholinergic mech-
anism that potently inhibits the ATP-mediated secretion of mature
IL-1P3 from monocytes via CHRNA7, CHRNAY, and/or CHRNA10
(Fig. 8). This mechanism is triggered by canonical endogenous
ligands of these receptors, as well as by PC and PC-modified
macromolecules produced by bacteria.

Our experiments on activated mononuclear leukocytes isolated
from rat renal allografts at the onset of acute rejection already
indicated that ACh inhibits BZATP-induced release of IL-13. We

showed previously that mononuclear leukocytes accumulating in
the blood vessels of renal allografts produce ACh (11, 12).
Therefore, we assumed that endogenous ACh blocks the ATP-
induced increased secretion of IL-1f. In fact, addition of cholin-
esterase, which efficiently destroys endogenous ACh, enabled
IL-1pB release in response to ATP. This result supported our hy-
pothesis that leukocytic ACh interferes with ATP-mediated se-
cretion of IL-B in vivo.

Because activated leukocytes from experimental rat renal
allografts are difficult to obtain and to manipulate, they are in-
appropriate to elucidate a novel mechanism of action. Therefore,
the following experiments were performed on the human mono-
cytic cell line U937 or on primary blood leukocytes. In line with our
hypothesis, IL-13 secretion from LPS-primed U937 cells was
efficiently inhibited by ACh and nicotine. Because choline also
was effective, we hypothesized that CHRNA7 homomers, CHRNA9
homomers, or CHRNA9/CHRNA10 heteromers mediate inhi-
bition. Indeed, mecamylamine, a general nicotinic blocker, as
well as a-bungarotoxin and strychnine, antagonists of CHRNA7 and
CHRNAY (18, 27), antagonized cholinergic inhibition of IL-1§ re-
lease. The pivotal role of CHRNA7, CHRNAY, and CHRNA10 was
further corroborated by gene silencing, which significantly attenuated
the cholinergic inhibitory effect in all cases. In conclusion, stimulation
of the evolutionarily ancient CHRNA7, CHRNA9Y, and/or CHRNA10
efficiently inhibit ATP-mediated secretion of IL-13 from LPS-primed
U937 cells.

In the following experiments, we investigated which step in
the ATP-induced signaling cascade is regulated by nicotinic
receptor stimulation. A first and sufficient step in ATP-mediated
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maturation of pro—IL-1 is the induction of a K* efflux resulting
in a decreased intracellular K* concentration and inflammasome
activation (3, 4, 28). Because nigericin, a toxin produced by
Streptomyces hygroscopicus, forms pores for K* ions in the cell
membrane, it induces NLRP3 inflammasome assembly in the ab-
sence of extracellular ATP (29). In fact, ATP-independent, nigericin-
induced release of IL-13 was not impaired by stimulation of nicotinic
receptors. In neurons, nicotinic ACh receptors physically interact
with P2X ATP receptors, resulting in cross-inhibition of ion fluxes
(30, 31). Accordingly, patch-clamp experiments using LPS-primed
U937 cells directly showed a mecamylamine-sensitive nicotinic
inhibition of BzATP-induced ion currents. These findings led to
the conclusion that the ATP-mediated signaling is inhibited by
nicotinic receptors and that inflammasome assembly triggered by
ATP-independent stimuli is unimpaired. However, nicotine alone
did not induce ion currents, indicating that nicotinic ACh recep-
tors expressed by U937 cells do not form functional ion channels
as was described previously for monocytes and other leukocytes
(11, 32, 33). At such unconventional metabotropic nicotinic ACh
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receptors, antagonists of canonical ionotropic receptors can gain
agonist activity (33), which is in line with the present observation
that nicotine shares activity with ACh and choline in inhibiting
BzATP-induced IL-1B release while acting as an antagonist of
ionotropic CHRNA9/CHRNA10 (22). More research is needed to
answer the question of how these metabotropic nicotinic receptors
are composed, and we do not know whether they form multimers
or whether CHRNA7, CHRNA9, and CHRNA10 can be combined
together in functional heteromers.

To ensure that cholinergic inhibition of BZATP-mediated IL-13
release also operates in primary human cells, we isolated PBMCs
and enriched monocytes from the blood of healthy human vol-
unteers. In line with our data on U937 cells, nicotine, ACh,
choline, and PC reduced BzATP-induced release of IL-1f and
caspase-1 from primary PBMCs and purified monocytes. ATP-
dependent release of caspase-1 from human monocytes was
described previously (34). However, after priming of primary
monocytes with low-dose LPS, nicotine was inactive in two of
six experiments, but the endogenous nicotinic agonists ACh,
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FIGURE 8. Schematic summary of the (phospho-) cholinergic inhibition
of ATP-induced inflammasome activation in monocytes. Endogenous
ligands of CHRNA7, CHRNAY, and/or CHRNA1O0, such as ACh, choline,
or PC, inhibit ATP-dependent release of IL-1B8. PC-modified macro-
molecules of parasitic and bacterial origin are efficient agonists of
CHRNADY, inhibiting the ATP-dependent release of IL-1(3. It remains to be
clarified whether CHRNAO9 actually forms conventional pentamers, as
shown in the schematic drawing.

choline, and PC were active. These results support the idea that
the described mechanism is active in vivo and suggest that it
might be an interesting therapeutic target to prevent IL-1f3
release into the blood. Indeed, a choline-rich diet, which
increases blood choline levels, was shown to improve survival
in experimental endotoxin shock (35).

The observation that PBMCs and monocytes from healthy hu-
man donors express pro—IL-13 after 3 h of culture, but not im-
mediately after isolation, deserves discussion. Most investigators
report that release of IL-1 from human monocytes depends on
priming (36-38). Our data suggest that cells are primed during
isolation, which induces transient pro—IL-13 expression during
subsequent culture. Priming might have happened during gradient
centrifugation (39) or adherence to tissue culture dishes (40).
Hence, monocytes in the blood of healthy humans are probably
devoid of pro-IL-1B. However, during systemic inflammation
leading to monocyte activation in vivo, increased blood ATP
levels, which are typical of major trauma (41), may cause a sub-
stantial release of monocytic IL-1f into the blood. In this situa-
tion, specific agonists of CHRNA7, CHRNAY9, and CHRNA10
might be useful to prevent shock.

PC-modified macromolecules are produced by numerous pro-
and eukaryotic pathogens. They enable colonization of the host,
most probably by binding to the receptor for platelet activation
factor (15). In addition, PC-modified molecules exert pronounced
anti-inflammatory functions, the mechanisms of which are still
elusive (14). Because inflammasome activation plays a pivotal role
in the host defense against numerous pathogens (1), we speculated
that the described inhibitory pathway was hijacked by pathogens
for immune evasion. Indeed, PC-LPS isolated from two virulent
wild-type H. influenzae strains was the most efficient agonist,
inhibiting BzATP-mediated secretion of IL-1 with a very low
1Cs0 (~25 nM). The inhibitory effect was probably mediated by
the PC modification, because LPS from two corresponding licl
mutants devoid of PC was completely ineffective. The use of
specific antagonists and gene silencing again supported the in-
volvement of CHRNA7, CHRNA9, and/or CHRNA10. In line with

published data, PC-modified LPS from H. influenzae was almost
ineffective in inducing pro-IL-1p3, IL-6, and TNF-o. mRNA expres-
sion (42). However, this was independent of the presence of a PC
modification.

Along the same line, PC-BSA, a synthetic model compound
for PC-modified secretory products from helminths, also was
a potent agonist with low ICsy (~140 nM), and this activity was
lost upon treatment with hydrofluoric acid, which removes the
PC modification. Free PC had a similar efficiency to choline in
inhibiting BZATP signaling, with an IC5y ~ 10 pM. Chemical
binding of PC to macromolecules seemed to potentiate its ef-
fectiveness. It is conceivable that bound PC is more stable than
its free form and that cellular uptake is prevented. Hence, we
describe novel agonists of receptors containing CHRNA7, CHRNA9,
and/or CHRNA10. Furthermore, we identified a mechanism that
explains, at least in part, the anti-inflammatory effects of PC-
modified products of bacterial and eukaryotic parasites. In view
of the importance of IL-1 for host defense and its pleiotropic
proinflammatory functions (1, 2), we consider this a biologically
relevant mechanism by which PC-modified macromolecules mod-
ulate inflammation. Because antibiotic resistance is a major clinical
problem and bacterial and parasitic infections are still among the
leading causes of morbidity and mortality worldwide, the devel-
opment of specific nicotinic antagonists as antibacterial and anti-
parasitic medicaments might be a promising approach.

In conclusion, PC, PC-modified macromolecules, and ca-
nonical cholinergic agonists act upon CHRNA7, CHRNAY, and/
or CHRNAIO to inhibit ATP-mediated IL-1 release from hu-
man and rat mononuclear blood leukocytes. This novel inhibitory
pathway is induced by endogenous cholinergic agonists and seems
to be efficiently hijacked by bacteria and parasites.

Acknowledgments

‘We thank Andrea Fischer, Kathrin Petri, Sabine Stumpf, and Laetitia Rabin
(all from Justus-Liebig-University Giessen, Department of General and
Thoracic Surgery, Laboratory of Experimental Surgery) for excellent tech-
nical support and Otto von Holst (Research Center Borstel, Borstel, Ger-
many), Michael Martin (Justus-Liebig-University Giessen Institute for
Immunology, Giessen, Germany), Michael Kracht (Justus-Liebig-Univer-
sity Giessen, Institute for Pharmacology, Giessen, Germany), and Marion
Meixner (Justus-Liebig-University Giessen, Department of General and
Thoracic Surgery, Laboratory of Experimental Surgery) for helpful sug-
gestions. We are grateful to our volunteers for blood donation.

Disclosures
The authors have no financial conflicts of interest.

References

1. Vladimer, G. I, R. Marty-Roix, S. Ghosh, D. Weng, and E. Lien. 2013.
Inflammasomes and host defenses against bacterial infections. Curr. Opin.
Microbiol. 16: 23-31.

2. Dinarello, C. A., A. Simon, and J. W. van der Meer. 2012. Treating inflammation
by blocking interleukin-1 in a broad spectrum of diseases. Nat. Rev. Drug Dis-
cov. 11: 633-652.

3. Gross, O., C. J. Thomas, G. Guarda, and J. Tschopp. 2011. The inflammasome:
an integrated view. Immunol. Rev. 243: 136-151.

4. Rathinam, V. A., S. K. Vanaja, and K. A. Fitzgerald. 2012. Regulation of
inflammasome signaling. Nat. Immunol. 13: 333-342.

5. Grahames, C. B., A. D. Michel, I. P. Chessell, and P. P. Humphrey. 1999.
Pharmacological characterization of ATP- and LPS-induced IL-1beta release in
human monocytes. Br. J. Pharmacol. 127: 1915-1921.

6. Kawashima, K., T. Fujii, Y. Moriwaki, H. Misawa, and K. Horiguchi. 2012.
Reconciling neuronally and nonneuronally derived acetylcholine in the regula-
tion of immune function. Ann. N. Y. Acad. Sci. 1261: 7-17.

7. Olofsson, P. S., M. Rosas-Ballina, Y. A. Levine, and K. J. Tracey. 2012. Re-
thinking inflammation: neural circuits in the regulation of immunity. Immunol.
Rev. 248: 188-204.

8. Borovikova, L. V., S. Ivanova, M. Zhang, H. Yang, G. I. Botchkina,
L. R. Watkins, H. Wang, N. Abumrad, J. W. Eaton, and K. J. Tracey. 2000. Vagus

S10T ‘6T AIN[ UO UISSAID) JOLIISIOAIU() JOp W)sAssyoylor[qrg Je /S10 jounwrwil mmm//:dny woly popeojumoq



20.

21.

22.

24.

25.

nerve stimulation attenuates the systemic inflammatory response to endotoxin.
Nature 405: 458-462.

. Rosas-Ballina, M., P. S. Olofsson, M. Ochani, S. I. Valdés-Ferrer, Y. A. Levine,

C. Reardon, M. W. Tusche, V. A. Pavlov, U. Andersson, S. Chavan, et al. 2011.
Acetylcholine-synthesizing T cells relay neural signals in a vagus nerve circuit.
Science 334: 98-101.

. de Jonge, W. J., E. P. van der Zanden, F. O. The, M. E. Bijlsma, D. J. van

Westerloo, R. J. Bennink, H. R. Berthoud, S. Uematsu, S. Akira, R. M. van den
Wijngaard, and G. E. Boeckxstaens. 2005. Stimulation of the vagus nerve
attenuates macrophage activation by activating the Jak2-STAT3 signaling path-
way. Nat. Immunol. 6: 844-851.

. Hecker, A., Z. Mikulski, K. S. Lips, U. Pfeil, A. Zakrzewicz, S. Wilker,

P. Hartmann, W. Padberg, I. Wessler, W. Kummer, and V. Grau. 2009. Pivotal
Advance: Up-regulation of acetylcholine synthesis and paracrine cholinergic
signaling in intravascular transplant leukocytes during rejection of rat renal
allografts. J. Leukoc. Biol. 86: 13-22.

. Wilczynska, J., U. Pfeil, A. Zakrzewicz, H. Dietrich, C. Korner, A. Hecker,

I. Wessler, W. Padberg, W. Kummer, and V. Grau. 2011. Acetylcholine and
chronic vasculopathy in rat renal allografts. Transplantation 91: 263-270.

. Mikulski, Z., P. Hartmann, G. Jositsch, Z. Zastona, K. S. Lips, U. Pfeil,

H. Kurzen, J. Lohmeyer, W. G. Clauss, V. Grau, et al. 2010. Nicotinic receptors
on rat alveolar macrophages dampen ATP-induced increase in cytosolic calcium
concentration. Respir. Res. 11: 133.

. Grabitzki, J., and G. Lochnit. 2009. Immunomodulation by phosphocholine—

biosynthesis, structures and immunological implications of parasitic PC-epitopes.
Mol. Immunol. 47: 149-163.

. Clark, S. E., and J. N. Weiser. 2013. Microbial modulation of host immunity with

the small molecule phosphorylcholine. Infect. Immun. 81: 392-401.

. Schweda, E. K., J. C. Richards, D. W. Hood, and E. R. Moxon. 2007. Expression

and structural diversity of the lipopolysaccharide of Haemophilus influenzae:
implication in virulence. Int. J. Med. Microbiol. 297: 297-306.

. Grau, V., O. Stehling, H. Garn, and B. Steiniger. 2001. Accumulating monocytes

in the vasculature of rat renal allografts: phenotype, cytokine, inducible no
synthase, and tissue factor mRNA expression. Transplantation 71: 37-46.

. Schweda, E. K., and J. C. Richards. 2003. Structural profiling of short-chain

lipopolysaccharides from Haemophilus influenzae. Methods Mol. Med. 71: 161-183.

. Baltar, P, F. Romaris, J. Estévez, J. Leiro, and F. M. Ubeira. 1998. Carrier-

dependent suppression of the anti-phosphorylcholine plaque-forming cell re-
sponse in Trichinella-infected mice is mediated by anti-hapten IgG1 antibodies.
Exp. Parasitol. 90: 95-102.

Mobhr, F., M. Zimmermann, and J. Klein. 2013. Mice heterozygous for AChE are
more sensitive to AChE inhibitors but do not respond to BuChE inhibition.
Neuropharmacology 67: 37-45.

Papke, R. L., M. Bencherif, and P. Lippiello. 1996. An evaluation of neuronal
nicotinic acetylcholine receptor activation by quaternary nitrogen compounds indi-
cates that choline is selective for the alpha 7 subtype. Neurosci. Lett. 213: 201-204.
Verbitsky, M., C. V. Rothlin, E. Katz, and A. B. Elgoyhen. 2000. Mixed
nicotinic-muscarinic properties of the alpha9 nicotinic cholinergic receptor.
Neuropharmacology 39: 2515-2524.

. Chernyavsky, A. L, J. Arredondo, M. Skok, and S. A. Grando. 2010. Auto/

paracrine control of inflammatory cytokines by acetylcholine in macrophage-
like U937 cells through nicotinic receptors. Int. Immunopharmacol. 10: 308-315.
Moser, N., N. Mechawar, I. Jones, A. Gochberg-Sarver, A. Orr-Urtreger,
M. Plomann, R. Salas, B. Molles, L. Marubio, U. Roth, et al. 2007. Evaluating
the suitability of nicotinic acetylcholine receptor antibodies for standard immu-
nodetection procedures. J. Neurochem. 102: 479-492.

Schweda, E. K., J. R. Brisson, G. Alvelius, A. Martin, J. N. Weiser, D. W. Hood,
E. R. Moxon, and J. C. Richards. 2000. Characterization of the phosphocholine-
substituted oligosaccharide in lipopolysaccharides of type b Haemophilus
influenzae. Eur. J. Biochem. 267: 3902-3913.

26.

27.

28.

29.

30.

31.

32

34.

35.

36.

37.

38.

39.

40.

41.

42.

CHOLINERGIC INHIBITION OF IL-13 RELEASE

Harnett, W., and M. M. Harnett. 2006. Filarial nematode secreted product ES-62
is an anti-inflammatory agent: therapeutic potential of small molecule derivatives
and ES-62 peptide mimetics. Clin. Exp. Pharmacol. Physiol. 33: 511-518.
Baker, E. R., R. Zwart, E. Sher, and N. S. Millar. 2004. Pharmacological
properties of alpha 9 alpha 10 nicotinic acetylcholine receptors revealed by
heterologous expression of subunit chimeras. Mol. Pharmacol. 65: 453-460.
Muiioz-Planillo, R., P. Kuffa, G. Martinez-Col6n, B. L. Smith, T. M. Rajendiran,
and G. Nuifiez. 2013. K* efflux is the common trigger of NLRP3 inflammasome
activation by bacterial toxins and particulate matter. fmmunity 38: 1142-1153.
Graven, S. N., S. Estrada-O, and H. A. Lardy. 1966. Alkali metal cation release
and respiratory inhibition induced by nigericin in rat liver mitochondria. Proc.
Natl. Acad. Sci. USA 56: 654-658.

Searl, T. J., R. S. Redman, and E. M. Silinsky. 1998. Mutual occlusion of P2X
ATP receptors and nicotinic receptors on sympathetic neurons of the guinea-pig.
J. Physiol. 510: 783-791.

Khakh, B. S., J. A. Fisher, R. Nashmi, D. N. Bowser, and H. A. Lester. 2005. An
angstrom scale interaction between plasma membrane ATP-gated P2X2 and
alphadbeta nicotinic channels measured with fluorescence resonance energy
transfer and total internal reflection fluorescence microscopy. J. Neurosci. 25:
6911-6920.

Peng, H., R. L. Ferris, T. Matthews, H. Hiel, A. Lopez-Albaitero, and
L. R. Lustig. 2004. Characterization of the human nicotinic acetylcholine re-
ceptor subunit alpha (alpha) 9 (CHRNA9) and alpha (alpha) 10 (CHRNA10)
in lymphocytes. Life Sci. 76: 263-280.

Razani-Boroujerdi, S., R. T. Boyd, M. L. Davila-Garcia, J. S. Nandi,
N. C. Mishra, S. P. Singh, J. C. Pena-Philippides, R. Langley, and M. L. Sopori.
2007. T cells express alpha7-nicotinic acetylcholine receptor subunits that re-
quire a functional TCR and leukocyte-specific protein tyrosine kinase for
nicotine-induced Ca2+ response. J. Immunol. 179: 2889-2898.

Laliberte, R. E., J. Eggler, and C. A. Gabel. 1999. ATP treatment of human
monocytes promotes caspase-1 maturation and externalization. J. Biol. Chem.
274: 36944-36951.

Rivera, C. A., M. D. Wheeler, N. Enomoto, and R. G. Thurman. 1998. A choline-
rich diet improves survival in a rat model of endotoxin shock. Am. J. Physiol.
275: G862-G867.

Agostini, L., F. Martinon, K. Burns, M. F. McDermott, P. N. Hawkins, and
J. Tschopp. 2004. NALP3 forms an IL-1beta-processing inflammasome with
increased activity in Muckle-Wells autoinflammatory disorder. Immunity 20:
319-325.

Ward, J. R., P. W. West, M. P. Ariaans, L. C. Parker, S. E. Francis,
D. C. Crossman, 1. Sabroe, and H. L. Wilson. 2010. Temporal interleukin-1beta
secretion from primary human peripheral blood monocytes by P2X7-independent
and P2X7-dependent mechanisms. J. Biol. Chem. 285: 23147-23158.

Netea, M. G., C. A. Nold-Petry, M. F. Nold, L. A. Joosten, B. Opitz, J. H. van der
Meer, F. L. van de Veerdonk, G. Ferwerda, B. Heinhuis, 1. Devesa, et al. 2009.
Differential requirement for the activation of the inflammasome for processing
and release of IL-1beta in monocytes and macrophages. Blood 113: 2324-2335.
Jahr, H., G. Pfeiffer, B. J. Hering, K. Federlin, and R. G. Bretzel. 1999.
Endotoxin-mediated activation of cytokine production in human PBMCs by
collagenase and Ficoll. J. Mol. Med. 77: 118-120.

Kelley, J. L., M. M. Rozek, C. A. Suenram, and C. J. Schwartz. 1987. Activation
of human blood monocytes by adherence to tissue culture plastic surfaces. Exp.
Mol. Pathol. 46: 266-278.

Gordon, J. L. 1986. Extracellular ATP: effects, sources and fate. Biochem. J. 233:
309-319.

Choi, J., A. D. Cox, J. Li, W. McCready, and M. Ulanova. 2014. Activation of
innate immune responses by Haemophilus influenzae lipooligosaccharide. Clin.
Vaccine Immunol. 21: 769-776.

S10T ‘6T AIN[ UO UISSAID) JOLIISIOAIU() JOp W)sAssyoylor[qrg Je /S10 jounwrwil mmm//:dny woly popeojumoq



Supplemental Table S1: Primers used for real-time RT-PCR

Gene Gene bank Forward Reverse Product
accession primer primer (bp)
number (5°-3’) 5’-3)
rat pro-IL-13 NM _031512.2 116-135 216-196 101
rat CHRNA7 NM _012832.3 343-363 515-496 173
rat CHRNA9 NM_022930.1 416-436 534-514 119
rat CHRNA10 NM 022639.1 201-224 324-303 124
rat PBGD NM 013168.2 583-602 697-678 115
human pro-1L-13 NM_000576.2 527-546 659-640 133
human IL-6 NM_000600.3 522-541 622-604 100
human CHRFAM7A NM 148911.1 539-560 640-619 102
human CHRNA7 NM_000746.4 416-436 557-536 142
human CHRNA9 NM 017581.3 428-449 543-524 116
human CHRNA10 NM _020402.2 905-923 1025-1005 121
human TNF-a NM_000594.3 314-336 447-428 133
human PBGD NM_000190.3 159-178 228-209 70

bp, base pairs; CHRNA, nicotinic acetylcholine receptor alpha; PBGD, porphobilinogen

deaminase




Supplemental Table S2: Release of lactate dehydrogenase (LDH)

Reagents Mean+=SD | n
- 34+£22% |23
LPS 5.6+3.7% |23
LPS, BZATP 9.1+£22% | 4
LPS, BzZATP, ACh 0.01 uM 84+22% |4
LPS, BZATP, ACh 0.1 uM 83+23% |4
LPS, BzZATP, ACh 1 yM 9.7+£24% | 4
LPS, BzATP, ACh 10 uM 9.6+2.6% |4
LPS, BzATP, choline 1 uM 40+1.5% |4
LPS, BzATP, choline 10 uM 36+09% |4
LPS, BzATP, choline 100 uM 33+0.8% |4
LPS, BzATP, choline 1000 uM 40+12% |4
LPS, BZATP, nicotine 0.1 uM 1.5+£1.0% |3
LPS, BZATP, nicotine 1 uM 1.5+£0.8% |3
LPS, BZATP, nicotine 10 pM 22+12% |3
LPS, BZATP, nicotine 100 uM 2.0 £0.6% 3
LPS, BzATP, PC 1 uM 3.8+09% |4
LPS, BzATP, PC 10 uM 32+1.4% |4
LPS, BzATP, PC 100 uM 33+£1.2% | 4
LPS, BzATP, PC 1000 uM 30+09% |4
LPS, BzZATP, RMPC 0.01 pg/ml 25+12% |4
LPS, BzZATP, RMPC 0.1ug/ml 24+1.0% |4
LPS, BzZATP, RMPC 1ug/ml 24+09% |4
LPS, BzZATP, RMPC 10 pg/ml 27+1.7% |4
LPS, BzZATP, RM 0.01 pg/ml 21+0.6% |4
LPS, BZATP, RM 0.1 pug/ml 22+07% | 4
LPS, BZATP, RM 1pg/ml 23+1.0% |4
LPS, BZATP, RM 10 ug/ml 25+1.5% | 4
LPS, BZATP, NTHiPC 0.01pg/ml | 2.0+ 0.7% | 4
LPS, BZATP, NTHiPC 0.1pg/ml 21+0.6% |4
LPS, BzZATP, NTHiPC 1 pg/ml 1.8£09% | 4
LPS, BzZATP, NTHiPC 10 pg/ml 24+09% |4
LPS, BZATP, NTHi 0.01 pg/ml 20+1.0% |4
LPS, BzZATP, NTHi 0.1pg/ml 20+1.0% |4
LPS, BzZATP, NTHi 1 ug/ml 20+1.2% | 4
LPS, BZATP, NTHi 10 pg/ml 24+1.1% |4

U937 cells were primed with lipopolysaccharide (LPS) from Escherichia coli for 5 h. BZATP
was added for another 30 min in the presence or absence of nicotinic agonists or variants of
LPS from different Haemophilus influenzae strains. LDH release into the cell culture
supernatant is given as % of the total release. ACh, acetylcholine; NTHi, LPS from the /icl-
mutant strain NTHi1233licl; NTHiPC, PC-modified LPS from Haemophilus influenzae strain
NTHi 1233; PC, phosphocholine; RM, LPS from the lic/-mutant strain RM7004-Licl;
RMPC, PC-modified LPS from Haemophilus influenzae strain RM118.
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Fig. S1: Expression of pro-IL-1f and acetylcholine receptor mRNA. (A) U937 cells were
incubated for 5 h with 1 pg/ml lipopolysaccharide (LPS) and pro-IL-18 mRNA expression
was measured by real-time RT-PCR and compared to untreated control cells. Data are
presented as individual data points, bars indicate median, whiskers percentiles 25 and 75;
Mann-Whitney rank sum test. (B) Nicotinic acetylcholine receptors CHRNA7, CHRNA9 and
CHRNA10 as well as the inactive duplicate CHRFAM7A were detected by real-time RT-
PCR. Products obtained by real-time RT-PCR from untreated and LPS-primed U937 were
separated in agarose gels. (C) Real-time RT-PCR products from freshly isolated human
peripheral blood mononuclear cells (PBMC). In negative controls, cDNA was replaced by

water.
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Fig. S2: Reduction of CHRNA7, CHRNAY9 and CHRNA10 mRNA expression by siRNA
transfection. U937 cells were treated with control siRNA (scr) or siRNA targeting nicotinic
receptors and the mRNA expression of (A) CHRNA9 and (B) CHRNA10 was measured by
real-time RT-PCR 6 h later. The mRNA expression of CHRNA7 was too low for
quantification. (C) Control cells without siRNA, transfection with control siRNA (scr) or with
siRNA targeting CHRNA9 did not affect the release of IL-1p from unprimed cells, from cells
primed with LPS, and from LPS-primed cells stimulated with BZATP. The inhibitory effect of
nicotine, however, was blunted in cells treated with siRNA against CHRNA9 but not after
transfection of scrambled siRNA. A part of these data is also shown in Figure 2 C. Data are
presented as individual data points, bars indicate median, whiskers percentiles 25 and 75; * p
< 0.05 (A-B) versus scr siRNA; # p < 0.05 significantly different from respective cells treated
with LPS and BzATP but not with nicotine, Mann-Whitney rank sum test (A-B) or Kruskal-
Wallis test followed by Mann-Whitney rank sum test (C).
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Psychiatry, University of Utah, Sait Lake City, UT, United States

Recently, we discovered a cholinergic mechanism that inhibits the adenosine
triphosphate (ATP)-dependent release of interleukin-18 (IL-1B) by human monocytes via
nicotinic acetylcholine receptors (NAChRs) composed of a7, a9 and/or a10 subunits.
Furthermore, we identified phosphocholine (PC) and dipalmitoylphosphatidylcholine
(DPPC) as novel nicotinic agonists that elicit metabotropic activity at monocytic
NACHhR. Interestingly, PC does not provoke ion channel responses at conventional
nNAChRs composed of subunits a9 and «10. The purpose of this study is to
determine the composition of NAChRs necessary for nicotinic signaling in monocytic
cells and to test the hypothesis that common metabolites of phosphatidylcholines,
lysophosphatidylcholine (LPC) and glycerophosphocholine (G-PC), function as nAChR
agonists. In peripheral blood mononuclear cells from nAChR gene-deficient mice,
we demonstrated that inhibition of ATP-dependent release of IL-18 by acetylcholine
(ACh), nicotine and PC depends on subunits a7, a9 and a10. Using a panel of NnAChR
antagonists and siBRNA technology, we confirmed the involvement of these subunits in
the control of IL-1p release in the human monocytic cell line U937. Furthermore, we
showed that LPC (C16:0) and G-PC efficiently inhibit ATP-dependent release of IL-1p.
Of note, the inhibitory effects mediated by LPC and G-PC depend on nAChR subunits
a9 and a10, but only to a small degree on a7. In Xenopus laevis oocytes heterologously
expressing different combinations of human a7, a9 or a10 subunits, ACh induced
canonical ion channel activity, whereas LPC, G-PC and PC did not. In conclusion,
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we demonstrate that canonical nicotinic agonists and PC elicit metabotropic nAChR
activity in monocytes via interaction of nAChR subunits a7, a9 and «10. For the
metabotropic signaling of LPC and G-PC, nAChR subunits a9 and a10 are needed,
whereas a7 is virtually dispensable. Furthermore, molecules bearing a PC group in
general seem to regulate immune functions without perturbing canonical ion channel

functions of NAChR.

Keywords: acetylcholine,

CHRNA,

glycerophosphocholine, inflammasome, interleukin-1beta,

lysophosphatidylcholine, nicotine and phosphocholine

INTRODUCTION

Interleukin-1p (IL-1p) is a potent pro-inflammatory cytokine
of innate immunity that importantly contributes to host
defense against pathogens (Vladimer et al., 2013). Production
and secretion of IL-1f are strictly controlled and typically
require two independent danger signals (Rathinam et al., 2012).
The presence of potential pathogens is commonly sensed by
Toll-like receptors that lead to cytoplasmic expression of pro-
IL-1B. A prototypical second signal is extracellular adenosine
triphosphate (ATP) originating from the cytoplasm of damaged
host cells (Trautmann, 2009). ATP binds to the ionotropic
P2X7 receptor, which enables efflux of potassium ions. This
induces the assembly of the NLRP3 (NLR family, pyrin domain
containing protein 3) inflammasome and activation of the
protease caspase-1, which eventually cleaves pro-IL-1f and
enables the release of mature bioactive IL-1f (Ferrari et al.,
2006; Gross et al., 2011; Ozaki et al., 2015). Excessive systemic
release of IL-18 can be dangerous for the host (Dinarello
et al, 2012). Elevated systemic levels of IL-1B can cause
fever, shock, systemic inflammatory response syndrome (SIRS)
and can lead to life-threatening multi-organ damage (Cauwels
et al., 2014). Mechanisms controlling IL-1p maturation are of
substantial clinical interest but so far have remained largely
unexplored.

Recently, we demonstrated that activation of nicotinic
acetylcholine (ACh) receptors (nAChRs) by classical ligands
like ACh, nicotine (Nic) and choline (Cho) inhibits ATP
signaling (Hecker et al, 2009, 2015; Mikulski et al., 2010;
Richter et al., 2016), activation of caspase-l1 and release
of IL-18 by human monocytes (Hecker et al, 2015;
Richter et al, 2016). Interestingly, activated monocytes,
T cells and vascular endothelial cells can endogenously
produce ACh, which presumably acts in an autocrine or
paracrine fashion (Hecker et al, 2009; Wilczynska et al.,
2011; Kawashima et al., 2012). In addition to conventional
nAChR agonists, we demonstrated that free phosphocholine
(PC), a common metabolite of phosphatidylcholine and
PC-modified macromolecules can also effectively inhibit
the ATP-dependent release of IL-1f by human and murine
monocytes (Hecker et al, 2015, Richter et al, 2016).
Gene-silencing experiments and pharmacological studies
demonstrated that nAChR subunits a7, o9 and/or al0 are
involved in the cholinergic inhibition of IL-1p release (Hecker
et al., 2015). The nAChR subunits a9 and alO contribute

to the inhibitory effect of PC (Richteretal,2016). It is
however unclear, if the effect of PC also depends on subunit
a7 and if receptor subunits a7, a9 and al0 cooperate in
monocytic cells or exert redundant functions. Similarly,
dipalmitoylphosphatidylcholine (DPPC), the main lipid
component of pulmonary surfactant, inhibits ATP-driven
inflammasome activation in monocytes. DPPC signals via the
nAChR subunit a9 in combination with either subunit a7 or 10
(Backhaus et al., 2017).

Phosphatidylcholines possess a PC head group and two
non-polar fatty acid chains. Enzymatic removal of one fatty acid
results in lysophosphatidylcholine (LPC), which can be further
metabolized to glycerophosphocholine (G-PC). LPC has been
shown to modulate responses of the innate and adaptive immune
system by various non-cholinergic mechanisms (Kabarowski
et al., 2002; Stock et al., 2006; Carneiro et al., 2013). The
potential involvement of LPC and G-PC, two molecules
bearing a PC head group, in the cholinergic regulation of
ATP-mediated IL-18 release by monocytes has not yet been
tested.

The purpose of this study was to investigate if nAChR
subunits a7, a9 and al0 interact in monocytes and which
nAChR subunit composition is necessary for ACh-, Nic- and
PC-mediated inhibition of IL-1f release. Furthermore, we
hypothesize that LPC and G-PC, both PC-bearing metabolites
of phosphatidylcholines, can function as agonists of nAChRs in
monocytes and contribute to the regulation of IL-1p release. In
addition, we characterize, which nAChR subunits are required
for the inhibitory effect mediated by LPC and G-PC. Finally, we
investigate if LPC, G-PC and PC induce ionotropic functions at
heterologously expressed canonical nAChRs.

MATERIALS AND METHODS

Animals

This study was carried out in accordance with the
recommendations of the NIH “Guide for the Care and
Use of Laboratory Animals”. The protocols for animal
experiments were approved by the Regierungspréasidium
Giessen, Hesse, Germany (permit number 549_M; R.P. Nr.
Gi 20/23-Nr. A12/2011; R.P. Nr. Gi 20/23-Nr. A10/2011).
Adult female Xenopus laevis (Xenopus-Express, Le Bourg,
France) as well as male and female wild-type (WT) and
Chrna7 (C57B1/6]), Chrna9 (129S-Chrna9™Bedv /) and
Chrnal0 (12984-Chrnal0™8edv /Mmucd) gene-deficient mice
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were used. The generation and characterization of every
gene-deficient mouse strain was described before (Orr-Urtreger
et al., 1997; Vetter et al.,, 1999, 2007; Whiteaker et al., 2007).
Chrna 7 gene-deficient mice were obtained from the Jackson
Laboratories after being re-derived, whereas Chrna 9 and
Chrna 10 gene-deficient mice were kindly provided by Prof.
Douglas E. Vetter. The genotype of every mouse was evaluated
by PCR. The corresponding WT background strain for every
gene-deficient mouse was used as a control.

Mononuclear Leukocytes from Mice

Mouse peripheral blood mononuclear cells (PBMCs) were
freshly isolated from heparinized blood obtained from WT,
Chrna7, Chrna9, or Chrnal0 gene-deficient mice using
Percoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden;
1.082 g/ml) density gradient centrifugation. Mononuclear cells
were cultured for 2 h in 24-well-plates at 37°C, 5% CO,, in
RPMI 1640 (Gibco/Life Technologies, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS Superior EU,
Biochrom GmbH, Berlin, Germany) and 2 mM L-glutamine
(GlutaMAX™,  Gibco/Life Technologies). Thereafter, cells
were stimulated with 2(3)-O-(4-benzoylbenzoyl)adenosine
5'-triphosphate trieethylammonium salt (BzATP, 100 pM,
Sigma-Aldrich, Taufkirchen, Germany) for 30 min, in the
presence or absence of ACh chloride (10 M), PC chloride
calcium salt tetrahydrate (PC, 100 M) or nicotine (Nic, 100 pM;
all purchased from Sigma-Aldrich, Taufkirchen, Germany). Cell
culture supernatants were collected and stored at —20°C until
IL-1P and lactate dehydrogenase (LDH) measurement.

U937 Cells

The human histocytic lymphoma cell line U937 was obtained
from the German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany) and cultured according to
the protocol described for mouse PBMCs. Cells in the log-phase
of growth were transferred to 24-well plates (1 x 10° cells/ml
and per well) and primed with 1 pg/ml LPS from Escherichia coli
(L2654; Sigma-Aldrich) for 5 h. Thereafter, BZATP (100 wM) was
applied for 30 min, in the presence or absence of ACh (10 pM),
Nic (100 uM), PC (100 wM), L-a-G-PC (Sigma-Aldrich; 0.1 uM
to 1000 pM) or 1-palmitoyl-sn-glycero-3-phosphocholine LPC
(C16:0), Sigma-Aldrich; 0.1 pM to 100 pM). To test the
involvement of different subunits of nAChR, the following
antagonists were applied: mecamylamine hydrochloride (Mec,
100 wM, Sigma-Aldrich), a-bungarotoxin (a-Bun, 1 WM, Tocris
Bioscience, Bristol, UK), strychnine hydrochloride (Stry, 10 wM,
Sigma-Aldrich) or conotoxins ArIB [V11L, V16D] (500 nM) or
RgIA4 (200 nM; Ramarao and Cohen, 1998; Whiteaker et al.,
2007; Innocent et al., 2008; Richter et al., 2016; Romero et al.,
2017).

Knock-Down of 7, 9 or «10 nAChR

Subunit Expression

The expression of human nAChR subunits a7, a9 or al0 was
attenuated using siRNA technology. Cells were transfected with
ON-TARGETplus human CHRNA7 (a7), CHRNAY (a9) or
CHRNAI0 («10) SMARTpool siRNA (Thermo Fisher Scientific,

Schwerte, Germany) or with ON-TARGETplus non-targeting
control pool (Thermo Fisher Scientific) as a negative control.
Cells were transfected with 30 pmol siRNA/1 x 10° cells
using the Amaxa Cell Line Nucleofector Kit C and the
Nucleofector II Device (both from Lonza, Cologne, Germany)
according to the manufacturer’s instructions. The siRNA-
mediated down-regulation of target genes was assessed 48 h after
transfection by real-time RT-PCR.

RNA Isolation and cDNA Synthesis

Total RNA was isolated from 1 x 10° U937 cells using the
RNesay Plus Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. One microgram of RNA was
reversely transcribed using M-MLV H™ Reverse Transcriptase
and 1 pg of random hexamer primers (Promega, Mannheim,
Germany).

Real-Time RT-PCR

To confirm efficient and selective knock-down of nAChR
subunits a7, a9 or a10 targeted selectively with siRNA, real-time
RT-PCR was performed (n = 4 per experimental group, each
sample was assessed in duplicates) using the ABI 7900 Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA) and Platinum SYBER green qPCR Super Mix-UDG
(Invitrogen, Karlsruhe, Germany). The hydroxymethylbilane
synthase (HMBS) gene was selected as a reference gene, as
it was reported not to be regulated in monocytes under
various culture conditions and stimulations (Moosig et al,
2006). Primers specific for the detection of HMBS, a7, a9 and
@10 nAChR subunits were synthesized by MWG Biotech
(Ebersberg, Germany) and their sequences have been published
before (Hecker et al., 2015). Changes in the mRNA expression
levels of nAChR were calculated by the 24T method, where
ACT represents the difference between the CT value of HMBS
gene and the CT value of gene of interest. The mean of the mRNA
expression values from cells transfected with non-targeting
(scrambled) siRNA was set to one and the values from cells
transfected with siRNA specific for nAChR were calculated
accordingly.

ELISA

The IL-1p concentration in the cell culture supernatants
was determined by mouse- or human- specific Quantikine
Immunoassays (R&D Systems, Mineapolis, MN, USA) according
to the manufacturer’s instructions.

LDH Measurement

The viability of the cells was estimated by measurement of
LDH in cell culture supernatants by the Non-Radioactive
Cytotoxicity Assay (Promega, Madison, W1, USA) according to
the manufacturer’s instructions. To assess the proportion of dead
cells, a maximum LDH release control was generated. For this
purpose, an equivalent number of U937 cells were disrupted by
freezing them twice at —80°C. The LDH value of the sample
of interest was compared with the total content of LDH in the
control sample, which was set to 100% and the relative cell death
was calculated accordingly.

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2017 | Volume 11 | Article 189



Zakrzewicz et al.

Cholinergic Control of Interleukin-1p Release

Isolation and Culture of Oocytes

Xenopus laevis oocytes were purchased from Ecocyte Bioscience
(Castrop-Rauxel, Germany) or obtained from adult female
frogs (Xenopus-Express, Le Bourg, France) and prepared as
previously described (Richter et al., 2016). Defolliculated oocytes
were stored in oocyte Ringer’s solution (ORi) containing (in
mM) 90 NaCl, 1 KCl, 2 CaCl,, 5 HEPES (4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid), 2.5 pyruvate, 20 mg/ml
penicillin and 25 mg/ml streptomycin (pH 7.4) at 16°C. All
chemicals used for ORi preparation were purchased from Fluka
(Deisenhofen, Germany), except for HEPES, penicillin and
streptomycin (Sigma-Aldrich).

Heterologous Expression of Human
nAChRs in Oocytes and
Electrophysiological Whole-Cell

Measurements

The c¢cDNA clones of human ®9, human «l10 and human
43 kDa receptor-associated protein of the synapse (RAPSN)
in the pTNT vector were obtained from Eurofins Genomics
(Ebersberg, Germany). Capped cRNA was synthesized using
an in vitro transcription kit (T7 RiboMAX™ Large Scale
RNA Production System Kit, Promega, Mannheim, Germany).
The cRNA encoding human «7 was kindly provided by G.
Schmalzing (Department of Molecular Pharmacology, RWTH
Aachen University, Aachen, Germany). In brief, a plasmid
containing the entire coding region of human a7 (GenBank
NM_ 000746.5, Addgene plasmid #62276; Wang et al., 2014) was
purchased from Addgene (Teddington, UK!) and subcloned via
gateway PCR from the pcDNA3.1 vector into a gateway-modified
version of the oocyte expression vector pNKS2 (Gloor et al,
1995). The plasmid was linearized downstream of the vector-
provided polyA tail with Xhol and transcribed with SP6 RNA
polymerase into capped and polyadenylated cRNA, as previously
described (Stolz et al., 2015).

Oocytes were injected with cRNA encoding nAChR subunit
a7 (20 ng/oocyte) or with cRNA combinations for subunits
a7 and a9 (20 ng/oocyte, each), or subunits a9 and «al0
(20 ng/ oocyte, each), or a7, a9 and a10 (16, 19, 19 ng/oocyte,
respectively). RAPSN (5 ng/oocyte) was co-injected in all
experiments to increase the expression levels and to obtain
stable nAChR expression (Froehner et al, 1990). The cRNA
was dissolved in nuclease-free water and injected in a volume
of 50.6 nl per oocyte. In all two-electrode voltage-clamp
(TEVC) experiments representative controls were performed
with oocytes that were injected with the same amount of
nuclease-free water.

TEVC measurements were performed on cRNA- or water-
injected oocytes (incubation time 3-5 days). The membrane
voltage was clamped to —60 mV using a TEVC amplifier
(Warner Instruments, Hamden, CT, USA), and transmembrane
currents (Ip;) were low-pass filtered at 1000 Hz (Frequency
Devices 902, Haverhill, MA, USA) and recorded with a strip
chart recorder (Kipp and Zonen, Delft, Netherlands). Oocytes

Uhttps://www.addgene.org/62276/

were placed in a perfusion chamber and perfused (gravity driven)
with ORi without pyruvate and antibiotics (pH 7.4). In all
experimental groups, measurements were performed on oocytes
isolated from at least two different Xenopus laevis individuals.

For experiments examining the inhibition and recovery from
inhibition of ACh-gated currents by LPC and G-PC, oocytes were
injected with a 1:1 ratio of cRNA encoding human a9 and a10 or
a7 alone and incubated at 17°C for 2-3 days prior to use. Oocytes
were placed in a 30 pl chamber and continuously perfused by
gravity with a solution containing (in mM) 96 NaCl, 2.5 KCI,
1.8 CaCl, and 1 MgCl, (pH 7.4). Stock solutions of LPC or
G-PC were prepared in water and diluted with perfusion solution
to a final concentration of 1 WM or 100 wM, respectively. The
membranes were clamped at a holding potential of —70 mV and
stimulated with 1 s pulses of 100 uM ACh once every 60 s until a
steady-state baseline response was observed. Then, the perfusion
solution was switched to one containing LPC or G-PC and the
ACh-evoked responses were monitored for changes in amplitude
and the data for inhibition of the ACh-evoked responses were
normalized to three averaged control pulses, in the absence of
LPC or G-PC, and analyzed with an exponential decay equation.
The data for inhibition and recovery of inhibition by LPC or
G-PC were best fit with single exponential equations.

Statistical Analysis and Data Processing
Data were analyzed using SPSS software (Munich, Germany) by
Wilcoxon signed-rank test or by the non-parametric Kruskal-
Wallis test, followed by the Mann-Whitney rank-sum test.
A p value below 0.05 was considered as statistically significant
and marked with *. Data were visualized using program Inkscape
version 0.92 (Free and Open Source Software licensed under the
GPL).

RESULTS

Single Gene Deletions of Chrna7, Chrna9
or Chrna10 Fully Abolish ACh-, Nic- or
PC-Mediated Inhibition of BZATP-Induced
IL-18 Release by Mouse PBMCs

ACh and Nic, known canonical agonists of nAChRs, as well as
PC have been reported to inhibit ATP-mediated IL-1P release by
human monocytes by a mechanism involving nAChRs (Hecker
et al, 2015; Richter et al., 2016). To further determine the
involvement of nAChR subunits a7, a9 and/or «l0 in this
mechanism, PBMCs from WT mice and mice deficient in single
nAChR subunit genes were investigated. PBMCs isolated from
WT mice or from Chrna7, Chrna9 or ChrnalO gene-deficient
mice spontaneously released low amounts of IL-1f into the cell
culture medium (Figures 1A-C). In response to stimulation with
BzATP, an agonist of ATP receptor P2X7, the concentration
of IL-1B was increased (Figures 1A-C). ACh, Nic and PC
significantly inhibited the BZATP-induced release of IL-1p from
WT PBMCs (Figures 1A-C, p < 0.05, n > 4). In sharp contrast
to cells isolated from WT animals, ACh, Nic and PC did not
change BzATP-induced release of IL-1p from PBMCs obtained
from Chrna7 gene-deficient mice (Figure 1A, n > 5). Similarly,
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FIGURE 1 | Release of interleukin-1g (IL-18) by mouse peripheral blood
mononuclear cells (PBMCs) from wild-type (WT) mice and mice deficient in
Chrna7, Chrna9 or Chrna10. Freshly isolated PBMCs were left untreated or
stimulated with 2/(3')-O-(4-benzoylbenzoyl)adenosine &'-triphosphate
triethylammonium salt (BzATP, 100 M) for 30 min, in the presence or
absence of acetylcholine (ACh, 10 M) (A), nicotine (Nic, 100 M) (B) or
phosphocholine (PC, 100 M) (C). BzATP induced the release of IL-18 in
PBMCs obtained from all mouse strains. ACh, Nic and PC significantly
inhibited the IL-1B release by PBMCs from WT mice (A-C). In contrast, the
IL-1B release by PBMCs from mice deficient in Chrna7 was not affected by
ACh, Nic and PC (A). Similarly, a deficiency in Chrna9 (B) or Chrna10 (C)
abolished the inhibitory effect of ACh and Nic. The IL-18 concentration was
determined by ELISA. In each experiment, the IL-1p concentrations obtained
after stimulation with BzATP alone were set to 100% and all other values were
calculated accordingly. Data are presented as individual data points, bars
represent median, whiskers percentiles 25 and 75. *p < 0.05 significantly
different from samples where BzATP was given alone, Wilcoxon signed-rank
test.

the ACh- and Nic-mediated inhibition of IL-1fB release was
fully abolished in PBMCs from Chrna9 (Figure 1B, n > 5) or
Chrnal0 (Figure 1C, n > 4) gene-deficient mice. Previously, we
demonstrated that the inhibitory effect of PC is also abolished in

PBMC s deficient in Chrna9 and Chrnal0 (Richter et al., 2016).
Cell death, estimated by measurement of LDH release, remained
below 9% in all experiments (data not shown).

The nAChR Subunits o7, o9 and «10 Are
Necessary for ACh-, Nic- or PC-Mediated
Inhibition of BzATP-Induced IL-18 Release
by U937 Cells

To corroborate the results obtained in mouse PBMCs and
to confirm that the inhibitory effects of ACh, Nic and PC
depend on the activation of nAChRs composed of a7, a9 and/or
10 subunits in human monocytic cells as well, a panel of nAChR
antagonists was used. As expected, ACh, Nic or PC completely
inhibited the IL-1p release from human monocytic U937 cells
primed with LPS and stimulated with BzZATP (Figures 2A-C,
p < 0.05, n = 4). In the presence of the general nAChR
antagonist Mec (Philip et al., 2012), the inhibitory effect of
ACh and PC was lost (Figures 2A,C). Similarly, the nAChR
antagonists a-Bun and Stry, that preferentially inhibit nAChRs
containing a7 or a9 subunits (McIntosh et al., 2009; Kudryavtsev
et al., 2015), effectively blocked the inhibitory effects of ACh
and PC. As published before, Nic was also ineffective in the
presence of Mec, a-Bun or Stry (Hecker et al., 2015). In line with
these observations, ArIB [V11L, V16D], a selective antagonist
of a7 nAChRs (Whiteaker et al., 2007; Innocent et al., 2008),
abolished the inhibitory effects of ACh and Nic (Figures 2A,B),
whereas the effect of PC was strongly diminished but not fully
inhibited (Figure 2C). Suppression of the activity of the nAChR
subunit a9 by the treatment with the selective a-conotoxin RgIA4
(Vincler et al., 2006; Romero et al., 2017) abolished the inhibitory
effect mediated by ACh or Nic (Figures 2A,B). It has been shown
before, that the inhibitory effect of PC was prevented in the
presence of RgIA4 (Richter et al., 2016). Of note, the application
of nAChR antagonists alone had no effect on the IL-1p release
(Hecker et al., 2015; Richter et al., 2016).

To further confirm the importance of nAChR subunits a7,
a9 and/or al0 in the ACh-, and PC-mediated inhibition of
BzATP-induced IL-1f secretion, the expression of these subunits
was down-regulated in U937 cells by siRNA. As expected,
ACh and PC fully inhibited IL-1p release from U937 cells
transfected with scrambled siRNA (Figures 3A,B, p < 0.05,
n = 4), whereas silencing the expression of the a7 subunit blunted
the inhibitory potential of ACh and PC in U937 cells primed
with LPS and stimulated with BZATP (Figures 3A,B). Similarly, a
reduced expression of a9 or 10 subunits blocked the inhibitory
mechanism mediated by ACh (Figure 3A). Of importance,
gene-silencing did not impair BzATP-mediated IL-1p release
(Figures 3A,B).

To control for the efficiency and specificity of subunit knock-
down, the mRNA expression of nAChR subunits a9 and 10 was
quantified by real-time RT-PCR (Figures 4A-D). As already
reported (Hecker et al., 2015), transfection of siRNAs targeting
the a9 or the al0 nAChR subunit resulted in a significant
down-regulation of mRNA of subunit a9 (Figure 4A, p < 0.05,
n = 4) and al0 (Figure 4C, p < 0.05, n = 4) respectively,
when compared with cells transfected with scrambled siRNA.
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FIGURE 2 | Secretion of IL-1p by U937 cells in the presence of nicotinic
acetylcholine receptor (NAChR) antagonists and ACh, Nic or PC. U937 cells
were primed with lipopolysaccharide (LPS; 1 wg/ml) for 5 h and BzATP

(100 M) was given for additional 30 min, in the presence or absence of ACh
(10 uM) (A), Nic (100 M) (B) or PC (100 uM) (C). BzATP induced the release
of IL-1B, which was inhibited in the presence of ACh, Nic or PC (A-C). The
inhibitory potential of ACh (A) was abolished by mecamylamine (Mec, 100
M), a-bungarotoxin (a-Bun, 1 M), strychnine (Stry, 10 M), ArlB [V11L,
V16D] (500 nM) or RglA4 (200 nM). Addition of ArlB or RglA4 antagonized the
effects of Nic (B). Similarly the effect of PC was blunted by Mec, a-Bun, Stry
and ArlB (C). The IL-18 concentration was quantified by ELISA. Data were
analyzed by Kruskal-Wallis test followed by Mann-Whitney rank sum test and
presented as individual data points, bars represent median, whiskers
percentiles 25 and 75. *p < 0.05 significantly different from samples where
BzATP was given alone.
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FIGURE 3 | Down-regulation of nAChR subunits a7, «9 or «10 by siRNA
abolished the inhibitory potential of ACh or PC. U937 cells were transfected
with siRNA targeting CHRNA7 (7), CHRNA9 (9), CHRNA10 (210) or with
scrambled siRNA. Forty-eight hours after transfection, cells were primed with
lipopolysaccharide (LPS; 1 ng/ml) for 5 h and BzATP (100 M) was given for
additional 30 min in the presence or absence of ACh (10 wM) (A) or PC

(100 wM) (B). BzATP induced the release of IL-18, which was inhibited in the
presence of ACh or PC in cells transfected with scrambled siRNA.
Down-regulation of the NnAChR subunit a7 blunted the effect of ACh (A) or PC
(B). Similarly, reduced expression of the «9 and a10 nAChR subunits
diminished the inhibitory potential of ACh (A). The IL-18 concentration was
measured by ELISA. Data were analyzed by Kruskal-Wallis test followed by
Mann-Whitney rank sum test and presented as individual data points, bars
represent median, whiskers percentiles 25 and 75. *p < 0.05 significantly
different from samples where BzATP was given alone.

In contrast, transfection with siRNA targeting nAChR subunits
a7 or 10 did not change the ®9 mRNA expression (Figure 4B).
Similarly, transfection with siRNA specific for the a7 or
a9 nAChR subunits did not influence the expression of subunit

«10 (Figure 4D). The mRNA expression of nAChR subunit
a7 was detected at a very low level, which could not be
reliably quantified. Due to the lack of specific antibodies
(Moser et al., 2007; Rommel et al., 2015) it is problematic to
investigate protein expression levels of nAChR subunits.

LPC and G-PC Dose-Dependently Inhibit
BzATP-Induced IL-1p Release by
U937 Cells

To test whether other metabolites of phosphatidylcholines,
besides PC, could also inhibit BzATP-induced IL-1f release
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by real-time RT-PCR. Transfection efficiently (A,C) and selectively (B,D) down-regulated the mRNA expression of the gene targeted with gene-specific SiRNA. Data
were analyzed by Mann-Whitney rank sum test and presented as individual data points, bars represent median, whiskers percentiles 25 and 75. *p < 0.05
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in U937 cells, the inhibitory effects of LPC and G-PC were
examined. LPC (ICso ~1 wM; Figure 5A, p < 0.05, n = 5)
as well as G-PC (ICsp ~1 pM; Figure 5B, p < 0.05,
n > 4) dose-dependently inhibited BzZATP-induced IL-1f release
without affecting the viability of the cells, as measured by LDH
release (data not shown). Application of LPC (100 M) or G-PC
(100 wM) alone did not induce IL-1p release.

The nAChR Subunits «9 and «10 Are
Mandatory for LPC- or G-PC-Mediated
Inhibition of BzZATP-Induced IL-18 Release
by U937 Cells

To analyze the involvement of nAChR subunits a7, a9 and/or
@10 in the LPC- and G-PC-mediated inhibition of BzATP-
induced IL-1f secretion, a panel of nAChR antagonists was
applied. The inhibitory effects of LPC and G-PC were fully
prevented in the presence of Mec, a-Bun, Stry or RgIA4.
In contrast, ArIB, the nAChR «7 specific antagonist, at
best slightly attenuated the inhibitory effects mediated
by LPC and G-PC (Figures 6A,B, p < 0.05, n = 4). To
further confirm these results, the expression of nAChR
subunits a7, a9 or al0 was selectively down-regulated

using siRNA (Figures 7A,B, p < 0.05, n = 4). Silencing
of single nAChR subunits, or transfection of scrambled
siRNA, did not influence the BzATP-induced IL-1f release.
Importantly, silencing the expression of nAChR subunits
a9 or «al0 effectively abolished the inhibitory potential
of LPC and G-PC. In contrast, down-regulation of the
a7 nAChR subunit only slightly impaired the inhibitory
effects of LPC and G-PC (Figures 7A,B, p < 0.05,
n=4).

LPC and G-PC Do Not Induce lon Channel
Functions at Heterologously Expressed
nAChRs

Next, we investigated the effect of LPC and G-PC at canonical
ionotropic nAChRs. For this purpose, we used Xenopus laevis
oocytes as a heterologous expression system for different
combinations of human a7, a9 and «l0 nAChR subunits
and performed TEVC measurements to assess ion channel
functions. We demonstrated previously, that PC does not evoke
ion currents at heterologously expressed homomeric a9 and
heteromeric @910 nAChR (Richter et al., 2016). Here we tested
the effects of PC at different combinations of human a7, a9 and
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FIGURE 5 | Dose-dependent inhibition of IL-1p release by
lysophosphatidylcholine (LPC) or glycerophosphocholine (G-PC). U937 cells
were primed with LPS (1 pg/ml) for 5 h and BzATP (100 M) was applied for
additional 30 min, in the presence or absence of different concentrations of
LPC (0.1-100 pM) or G-PC (0.1-1000 wM). The BzATP-induced IL-18 release
was inhibited in the presence of LPC or G-PC. The IL-1B concentration was
determined by ELISA. Data were analyzed by Kruskal-Wallis test followed by
Mann-Whitney rank sum test and presented as individual data points, bars
represent median, whiskers percentiles 25 and 75. *p < 0.05 significantly
different from samples where BzATP was given alone.

10 nAChR subunits. To control for the expression of nAChR
in all experiments, the nAChR agonist ACh (100 pM; Papke
et al., 1996; Azam and McIntosh, 2012) was used as a positive
control.

The first set of experiments was performed on oocytes
that were injected with cRNA encoding for a7, a9 and
10 nAChR subunits (Figure 8). As expected, application of
ACh (AChl) evoked currents (Aly;) that were reversible and
repeatable by subsequent ACh application (ACh2; Figure 8A).
The ACh-induced effects (ACh1, ACh2) were not significantly
different (n = 17, p = 0.14; Figures 8A,E). Next, LPC (100 wM)
was tested on oocytes expressing nAChR subunits o7, a9 and
a10 (Figure 8B). While LPC (2 min) did not elicit ion currents,
subsequent application of ACh resulted in significant current
responses (n = 8, p = 0.001; Figures 8B,E). In the same way,
G-PC (100 wM; Figure 8C) and PC (1 mM; Figure 8D) were
tested. Again, neither G-PC nor PC induced ion currents, while
application of ACh induced a current response (G-PC: n = 6,
p = 0.001, Figures 8C,E; PC: n = 8, p = 0.001; Figures 8D,E).
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FIGURE 6 | Secretion of IL-1B by U937 cells in the presence of NnAChR
antagonists and LPC or G-PC. U937 cells were primed with LPS (1 wg/ml) for
5 h and BzATP (100 M) was given for additional 30 min, in the presence or
absence of LPC (10 uM) (A) or G-PC (100 wM) (B). LPC or G-PC inhibited
efficiently the BzATP-mediated IL-1B release. The inhibitory potential of LPC
and G-PC was abolished by mecamylamine (Mec, 100 M), a-bungarotoxin
(@-Bun, 1 M), strychnine (Stry, 10 M), or RglA4 (200 nM). In contrast,
addition of ArlB [V11L, V16D] (500 nM), an a7 nAChR subunit-specific
antagonist, did not abolish the inhibitory effect mediated by LPC or G-PC. The
IL-1B concentration was quantified by ELISA. Data were analyzed by
Kruskal-Wallis test followed by Mann-Whitney rank sum test and presented as
individual data points, bars represent median, whiskers percentiles 25 and 75.
*p < 0.05 significantly different from samples where BzATP was given alone.

In water-injected control oocytes, ACh (n = 4), LPC (n = 6),
G-PC (n = 4) and PC (n = 6) and had no impact on Aly
(Figures 8F-I).

In addition, we performed experiments on oocytes that were
injected with different combinations of human nAChR subunits
(Figure 9). In oocytes expressing homomeric o7 nAChRs,
application of LPC, G-PC or PC had no impact on Aly,
while ACh induced significant current responses (Figures 9A,B;
LPC: n = 6, p = 0.001; G-PC: n = 6, p = 0.001; PC:
n =6, p = 0.001). The same results were obtained in
experiments on oocytes co-expressing nAChR subunits a7 and
@9 (LPC: n = 6, p = 0.001; G-PC: n = 7, p = 0.001;
PC: n = 6, p = 0.001; Figures 9C,D). It was previously
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G-PC. In contrast, down-regulation of the a7 subunit expression only slightly
inhibited the LPC- or G-PC-mediated mechanism. The IL-1p concentration
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FIGURE 8 | LPC, G-PC and PC do not induce ion channel functions at
oocytes co-expressing NAChR subunits a7, a9 and a10. Two-electrode
voltage-clamp (TEVC) measurements were performed on Xenopus faevis
oocytes that heterologously co-expressed human a7, a9 and a10 nAChR
subunits. (A) Representative current curve. The application of ACh (100 wM;
1 s) induced repetitive responses of transmembrane ion currents (Afy;

ACh1 and ACh2). (B-D) Initial application of LPC (100 wM; 2 min) (B), G-PC
(100 wM; 2 min) (C) as well as PC (100 wM; 2 min) (D) had no impact on Aly,
whereas ACh induced a current response. (E) Graphical representation of the
results of experiments as shown in (A-D). (F-I) In water-injected control
oocytes neither repeated application of ACh (n = 16), nor application of LPC
(n =6), G-PC (n = 4) or PC (n = 6) had any effect on Afy. All changes of Ay
induced by cholinergic stimulation are shown as individual data points, bars
represent median, whiskers percentiles 25 and 75. Statistical analyses were
performed using the Wilcoxon signed-rank test. *p < 0.05 significantly
different from the A/ values before.

different from samples where BzATP was given alone.

shown, that PC does not induce ion channel functions on
heterologously expressed heteromeric a9010 nAChR (Richter
et al., 2016). Here, we investigated the impact of LPC and
G-PC on heteromeric 9010 nAChR (Figures 9E,F). Again,
application of LPC and G-PC had no effect on Aly, while
ACh induced a significant current response (Figures 9E,F;

LPC: n = 6, p = 0.001; G-PC: n = 6 p = 0.001).

In all experiments the ACh-induced effect was repeatable
(AChl, ACh2) and not significantly different compared to
the first response (a7: n = 9, p = 0432; a7a49%: n = 7,
p = 0.645 a9al0: n = 6, p = 0.65; Figures 9B,D,F).
LPC, G-PC, PC and ACh did not induce changes in
ion currents of water-injected control oocytes (data not
shown).
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Inhibition of ACh-Induced Currents by LPC
and G-PC

Previously, we demonstrated that PC blunts classical ion channel
responses at 9010 nAChR heterologously expressed by Xenopus
laevis oocytes (Richter et al., 2016). To test if LPC and G-PC
have an impact on ACh-induced ion currents of nAChR,
we performed TEVC measurements and monitored current
responses induced by ACh (100 uM, 1 s pulses) in presence or
absence of LPC or G-PC (Figure 10). In experiments on oocytes
expressing heteromeric a9a10 nAChR, LPC (1 wM) decreased
the ACh-evoked responses to 69 & 2% (n = 12) of control values
after a 12 min exposure to the compound (Figures 10A,B).
Thereafter, LPC was washed out and the current responses
recovered to 101 &£ 2% (n = 12) after 12 min (Figures 10A,B).
Similar experiments were performed on oocytes expressing
homomeric a7 nAChR (Figure 10C). In presence of LPC, the
ACh-evoked currents were reduced to 89 + 7% (n = 6) of
control values after a 12 min perfusion (Figure 10C). The
responses recovered to 101 £+ 6% (n = 6) of control values
after a 12 min wash-out period (Figure 10C). In oocytes that
expressed heteromeric 910 nAChR, G-PC (100 pM) decreased
the ACh-induced currents to 60 + 7% (n = 6) of control values
(Figure 10D). After a 12 min wash-out period of G-PC, the
ACh-induced responses recovered to 90 &= 2% (n = 6) of control
values (Figure 10D).

DISCUSSION

Anti-inflammatory effects of nAChR agonists in macrophages
were repeatedly described and the term “anti-inflammatory
cholinergic reflex” was coined more than a decade ago. It was
suggested that ACh of vagal origin activates nAChR composed
of subunit a7 and controls the synthesis of pro-IL-1p and
other pro-inflammatory cytokines on the transcriptional and
post-transcriptional level (Borovikova et al., 2000; de Jonge
et al.,, 2005; Rosas-Ballina et al., 2011; Olofsson et al., 2012).
We recently discovered that Nic, Cho and ACh efficiently
reduce the ATP-induced inflammasome activation and IL-1f
maturation in human monocytes. Ligand-binding to monocytic
nAChRs containing subunits a7, a9 and/or alO triggers a
metabotropic response that efficiently inhibits ATP-signaling
at P2X7 receptor (Hecker et al, 2015). Similar cholinergic
effects on monocytes are also provoked by PC, PC-modified
macromolecules and DPPC (Hecker et al., 2015; Richter
et al,, 2016; Backhaus et al., 2017). In the current study: (i)
we demonstrate that LPC and G-PC, common metabolites
of phosphatidylcholines, also activate monocytic nAChR; (ii)
we determine the nAChR subunit requirements of different
conventional and non-conventional nicotinic agonists; and (iii)
we provide evidence that LPC, G-PC and PC do not evoke ion
currents at heterologously expressed nAChR, but rather act as
silent agonists.

We provide evidence that LPC and G-PC function as
nAChR agonists that dose-dependently and efficiently
inhibit the BzATP-mediated IL-1p release by LPS-primed
human monocytic U937 cells. Interestingly, the IC5, of both

compounds is one order of magnitude lower than that of PC
(Hecker et al., 2015) or DPPC (Backhaus et al, 2017).
Importantly, effective concentrations of LPC, G-PC and PC
can be detected in human plasma (Ilcol et al, 2002, 2005;
Drobnik et al., 2003; Quehenberger et al.,, 2010). As LPC and
G-PC are metabolites of phosphatidylcholines, different cell
signaling pathways involving phospholipases as well as exposure
to insect or snake venoms rich in phospholipases (Harris and
Scott-Davey, 2013) may trigger this anti-inflammatory pathway.
There are some conflicting data on immune-modulatory
functions of LPC (Liu-Wu et al., 1998; Kabarowski et al., 2002;
Stock et al., 2006; Carneiro et al., 2013), but none of these studies
suggested a cholinergic mechanism. Anti-inflammatory effects
of LPC, including a reduction of peritoneal IL-1f levels, were
reported for experimental sepsis in the mouse and these effects
seemed to depend on the presence of 18 carbon molecules in the
acyl chain (Yan et al., 2004), whereas we used LPC with a chain
length of 16 in our experiments. Other studies suggested an
induction of pro-IL-1f in human monocytes during long-term
incubation with LPC with a carboxyl chain length of 16 and 18
(Liu-Wu et al., 1998) and a LPC- and Ca®*-dependent induction
of IL-1f in LPS-primed microglial cells (Stock et al., 2006).
These conflicting results might be explained by the different
experimental protocols, the different cell types investigated and
by the potential presence of pyrogenic contaminations that
induce the expression of IL-18.

In order to define which nAChR subunits are required for
the inhibitory function of ACh, Nic and PC on the BzATP-
driven release of IL-1B, we used gene-deficient mice, a panel of
nAChR antagonists and performed gene-silencing experiments.
We knew from previous pharmacological and gene-silencing
studies that the effect of Nic is mediated via nAChR containing
subunits a7, a9 and/or 10 (Hecker et al.,, 2015). It remained,
however, unclear, if all three receptor subunits are mandatory or
if they exert redundant functions. Regarding the signaling of PC,
experiments on gene-deficient mice as well as pharmacological
and gene-silencing studies revealed that nAChR subunits a9 and
®10 are mandatory (Richter et al., 2016) but in this case the
role of subunit a7 was still unclear and nothing was known
about the nAChR subunit requirements for the ACh mediated
effects. First, we investigated PBMCs from WT mice and mice
deficient in the genes for nAChR subunits a7, a9 or a10. The
results of these experiments suggested that all three receptor
subunits are mandatory for the inhibition of IL-1p release by
ACh, Nic and PC. In the same line, Mec, a general nicotinic
antagonist (Philip et al., 2012) as well as a-Bun and Stry,
antagonists of nAChR containing subunits a7 and a9 (McIntosh
et al, 2009; Kudryavtsev et al., 2015), efficiently reverted the
inhibitory effects of ACh, Nic (Hecker et al., 2015) and PC
in LPS-primed human U937 cells. Similarly, RgIA4, a selective
antagonist of nAChR subunit a9 (Vincler et al., 2006; Romero
et al,, 2017) and ArIB, a selective antagonist of nAChR subunit
a7 (Innocent et al,, 2008), fully abolished the inhibitory effect
mediated by ACh, Nic and PC (Richter et al., 2016). These data
were further corroborated by siRNA experiments performed here
and in previous studies (Hecker et al., 2015; Richter et al., 2016).
We conclude from these data that all three nAChR subunits a7,
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FIGURE 10 | LPC and G-PC desensitize ACh-gated currents mediated by nAChRs heterologously expressed in Xenopus Jaevis oocytes. TEVC experiments were
performed on oocytes that expressed human homomeric a7 or heteromeric a9a10 NAChRs. (A) Representative traces of ACh-gated currents mediated by
a9a10 nAChRs illustrating the inhibitory effect of LPC (1 wM). The current traces represent 30 s recordings each and are shown concatenated omitting the 30 s gap
between each individual trace. The oocytes were continuously perfused with control solution and stimulated with 1 s pulses of ACh (100 M) once per min until
steady-state baseline responses were observed (indicated by the arrow). Subsequently, the control solution was switched to one containing LPC and the ACh-gated
currents were monitored for changes in amplitude for 12 min. Thereafter, the perfusion solution was switched back to control and the ACh-gated currents were
monitored for recovery. (B) Graphical representation of the experimental results shown in (A) (n = 12). (C) Similar experiments as those in (A,B) were performed on
a7 nAChR expressing oocytes to assess the effects of LPC on ACh-gated currents mediated by this NnAChR subtype (n = 6). (D) Analysis of inhibition and recovery
from inhibition of ACh-gated currents by G-PC (100 wM) on a9a10 nAChR expressing oocytes (n = 6). The error bars in all graphs denote the standard error of mean
(SEM) from the indicated numbers of oocytes. The data in (B-D) were analyzed with single exponential equations and the X-axes represent the temporal duration of
each experimental condition (absence or presence of LPC or G-PC).

a9 and al0 are needed for signaling of ACh, Nic and PC in
monocytic cells (Table 1).

Next, we investigated the receptor requirements for the
more complex compounds LPC and G-PC by using both
nAChR antagonists and gene-silencing of nAChR subunits
by siRNA in human U937 cells. In contrast to ACh, Nic
and PC, we provide evidence that only nAChR subunits
a9 and al0 are mandatory for the inhibitory mechanism
mediated by LPC and G-PC. There might be a biologically
insignificant contribution of subunit a7 because both gene
silencing und ArIB seemed to provoke a subtle impairment of
the inhibitory effects of LPC and G-PC. This discrepancy
might be explained by differences in the structure and
the physicochemical properties among these compounds

(Table 1). Interestingly, the recently reported inhibitory
effects of DPPC on ATP-driven inflammasome activation
also strictly depended on the a9 subunit, but in contrast to
LPC and G-PC, the al0 subunit is not mandatory but it
can be functionally replaced by subunit a7 (Backhaus et al.,
2017).

With all due caution, we propose that the a9 nAChR subunit
is the critical subunit involved in the metabotropic regulation
of inflammasome activation, irrespective of the structure of
the nicotinic agonist. The a9 nAChR subunit interacts with
a7 and/or al0 subunits depending on the complexity of the
nAChR agonist. Small agonists such as ACh or PC need all three
subunits a7, a9 and al0 for signaling, the agonists LPC and
G-PC depend on a9 and a10, without an essential contribution
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TABLE 1 | Concentration of agonists causing 50% inhibition (ICso) of the
adenosine triphosphate (ATP)-mediated release of interleukin-1p (IL-18) in
monocytes and the NAChR composition needed for the signaling.

Endogenous agonist Approximate ICs Required nAChR

subunits
ACh 10 M (Hecker et al, 2015) o7, 09, a10
| (e}
-
PC 10 LM (Hecker et al, 2015) o7, 09, a10
A ?
AN~ oR-oH
OH
LPC 1uM a9, a10
OH
SN ONA O R
\ J on o
G-PC 1M a9, a10
(o]
| 1
//N\/\o’c; ~0"™>""oH
OH
DPPC 10 M (Backhaus etal, 2017) 29 and o7 or 10
| o
/Nl/\o/‘P\o/\:/\oJ\R
6\(0
R
ACh, acetyicholine; DPPC, dipaimitoylphosphatidyicholine; G-PC, glycero-

phosphocholine; LPC, lysophosphatidyicholine; nAChR, nicotinic ACh receptor;
R, fatty acid residue C16:0.

of subunit a7 (Table 1). The more bulky and hydrophobic
phosphatidylcholines like DPPC, signal alternatively via subunit
combination a7a9 or via a9a10 (Backhaus et al., 2017; Table 1).
We have to admit that although this generalization is tempting,
we only tested LPC (16:0) and DPPC up to now, but different
variants of LPC and phosphatidylcholines have to be investigated
before establishing a principle, and these are many and
varied.

The following experiments were designed to clarify if
LPC, G-PC and PC interact with canonical nAChRs that
function as ligand-gated ion channels. We have previously
shown that PC does not evoke ion currents in Xenopus
laevis oocytes expressing human a9 or a9a10 nAChRs. Here,
we investigated the short-term effect of LPC, G-PC and PC
on ionotropic nAChR functions using Xenopus laevis oocytes
as a heterologous expression system for human a7 nAChR
as well as the expression of combinations of a7, a9 and
a10 subunits. Due to the lack of specific antibodies to the
nAChR investigated (Moser et al, 2007; Rommel et al,
2015), we were not able to test if all nAChR subunits were
co-expressed in our experimental setup, but we were able to
demonstrate that ACh induced characteristic ion currents in
oocytes injected with ¢cDNA for nAChR but not in control
oocytes. In addition, we do not know which homomeric or
heteromeric nAChR species form in co-injected oocytes. Of
note, LPC, G-PC or PC did not induce ion currents in any of

the experimental settings, wheras the classical nAChR agonist
ACh did.

Although PC does not induce ion currents at classical
nAChR, it seems to function as a silent agonist that desensitizes
9010 nAChR (Richter et al, 2016). Hence, we investigated
the long-term effects of LPC and G-PC on heterologously
expressed nAChR. While the brief application of 100 uM
LPC did not evoke responses in oocytes expressing nAChRs,
application of LPC (100 pM) induced a non-specific increase
of the baseline holding current during continuous perfusion
of the compound. Such effects have been described before
and might be due to a detergent-like action of LPC (Tkeuchi
et al., 1997). Therefore, we lowered the LPC concentration
in the long-term experiments to 1 pM, a concentration
that still inhibited the ATP-induced IL-1f release in
U937 cells.

In the inhibition and recovery from inhibition measurements,
we found that in human «9010 nAChR-expressing oocytes,
ACh-mediated current responses were blunted in the presence
of LPC and G-PC. The slow kinetics of inhibition and
recovery from inhibition by LPC and G-PC suggest that
both compounds might also function as silent agonists of
the heteromeric ®9010 nAChR. However, we cannot formally
exclude that LPC and G-PC act as partial antagonists at these
nAChR. Interestingly, while LPC decreased the ACh-evoked
current responses to 69 £ 2% in heteromeric 9010 nAChR
expressing oocytes, the ACh-evoked currents in homomeric
a7 nAChR expressing oocytes were decreased only to 89 & 7%.
These findings are in accordance with our observation on
the monocytic U937 cells, in which the immuno-modulatory
function of LPC requires the expression of nAChR subunits
a9 and al0 but not a7. In summary, LPC, G-PC and PC are
potent agonists of non-classical nicotinic receptors of monocytes
that provoke metabotropic functions. LPC, G-PC and PC
do not induce ion currents, but they seem to act as silent
agonists.

Receptor subunits a7, a9 and al0 belong to a unique class
of evolutionary conserved nAChR, which in contrast to all
other nAChR can form pentameric homomers (Franchini and
Elgoyhen, 2006; Lipovsek et al., 2012, 2014). Homomeric a7 and
a9 nAChR were also described (Elgoyhen et al., 1994), whereas
the human «10 subunit alone does not form functional receptors
(Elgoyhen et al., 2001). The a9 and «l0 nAChR subunits
can co-assemble to heteromers with pharmacological properties
different from a9 homomers (Boffi et al., 2017). Heteromers of
a7 and al0 have been evidenced in rat sympathetic neurons
(Lips et al., 2006). Furthermore a complex interaction of nAChR
subunits a7, ®9 or al0 in regulating vestibular afferent gain
was shown (Morley et al., 2017). In a mast cell line, interaction
of nAChR subunits a7, a9 and al0 was described in the
context of nicotinic inhibition of FceRI-induced leukotriene and
cytokine production (Mishra et al., 2010). However, exceedingly
low nanomolar concentrations of Nic were effective in this
mast cell line, which is not the case for the inhibition of
ATP-induced release of IL-1f by human U937 cells (Hecker
et al, 2015). In all leukocyte subtypes tested so far, nAChR
subunits do not form conventional ligand-gated ion channels,
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but rather exert metabotropic function (Peng et al., 2004; Razani-
Boroujerdi et al., 2007; Hecker et al., 2009, 2015; Mishra et al,,
2010; Richter et al, 2016; Valbuena and Lerma, 2016). We
published before, that Nic, Cho, PC and DPPC exert their
immuno-modulatory functions via metabotropic inhibition of
P2X7 receptor function (Hecker et al., 2015; Richter et al., 2016;
Backhaus et al., 2017). However, the structure of non-canonical
nAChR receptors exerting metabotropic functions is largely
unknown; it is even unclear, if leukocytic nAChR form
multimers.

There is increasing evidence, that signaling via nAChR
subunit o7 induces Ca®" signals and that signaling-related
proteins including G proteins can interact with a cytoplasmic
loop of this subunit (Kabbani et al., 2013; King and Kabbani,
2016; Valbuena and Lerma, 2016). Similar protein-protein
interactions might also occur for subunit «9. In addition, direct
interactions of nAChR containing subunit a6 with purinergic
receptors P2X2 and P2X3 have been reported (Limapichat et al.,
2014; Wieskopf et al., 2015). This interesting and emerging
field of metabotropic nicotinic signaling certainly deserves more
scientific attention.

Excessive release of IL-1f into the circulation in response to
trauma-associated extracellular ATP is useless and dangerous,
because the cytokine is swept away from the site of injury
and can cause severe life-threatening SIRS and multi-organ
damage (Stoecklein et al., 2012; Lord et al., 2014). As monocytes
are the major source of IL-1f within the circulation (Arango
Duque and Descoteaux, 2014), the inhibitory mechanisms
described in this study might be of high clinical relevance.
ATP-driven inflammasome activation is typical for the undesired
sterile inflammation that causes a high morbidity and mortality
worldwide, whereas several ATP-independent pathways lead to
the desired inflammasome activation needed for defense against
infection (Cauwels et al., 2014). Of note, nAChR subunit a9 plays
a central role in the control of ATP-driven inflammasome
activation in monocytes, whereas subunit a7 controls the
expression of pro-inflammatory cytokines more generally
(Borovikova et al., 2000). The specific a9-dependend pathway
seems to be an interesting target that might enable the prevention
of SIRS caused by multiple traumata and major surgery without
inhibiting host defense against infections. As we demonstrated
that the cholinergic inhibition of ATP-driven IL-1f release is
also active in mice, this concept can and should be evaluated
experimentally in vivo.

This study has several limitations and more research is
needed to further corroborate our concept. One major technical
issue is the lack of specific antibodies to the nAChR subunits
under investigation that prevents an unequivocal proof of
the specificity and efficiency of gene-silencing as well as the
proof of the heterologous co-expression of nAChR subunits.
At present, we cannot conclude that all LPC species act
in the same way like LPC (16:0) and the same holds true
for phosphatidylcholines, where only DPPC was investigated
previously (Backhaus et al, 2017). It also remains to be
tested, if LPC and G-PC stimulate ion currents in monocytic
cells, although this is improbable as PC and DPPC do not
(Richter et al., 2016; Backhaus et al., 2017). Additionally, more

research is needed to identify the signaling pathways involved
in the inhibitory mechanism mediated by LPC, G-PC and PC.
Finally, we can only speculate on the relevance of our findings
in vivo.

In conclusion, we demonstrated that canonical nAChR
agonists as well as PC inhibit ATP-induced release of IL-1f
by human and mouse mononuclear cells via nAChR subunits
a7, a9 and «l0. In contrast, LPC (16:0) and G-PC, more
complex metabolites of phosphatidylcholines, elicit the
inhibitory mechanism in human monocytes via interaction
of the two nAChR subunits a9 and «l0. Independent of
the complexity of the compound, neither LPC, G-PC nor
PC induce ionotropic functions at heterologously expressed
nAChR, suggesting that PC-bearing molecules in general
regulate immuno-modulatory functions without inducing
canonical ion channel function at nAChR. This selective
activity opens the opportunity for the development of novel

anti-inflammatory therapies without inducing ionotropic
functions of nAChRs.
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| We demonstrated previously that phosphocholine and phosphocholine-modified macromolecules
| efficiently inhibit ATP-dependent release of interleukin-13 from human and murine monocytes

| by amechanism involving nicotinic acetylcholine receptors (nAChR). Interleukin-13 is a potent

I pro-inflammatory cytokine of innate immunity that plays pivotal roles in host defence. Control of
| interleukin-10 release is vital as excessively high systemic levels cause life threatening inflammatory
: diseases. In spite of its structural similarity to acetylcholine, there are no other reports on interactions
i of phosphocholine with nAChR. In this study, we demonstrate that phosphocholine inhibits ion-channel
| function of ATP receptor P2X7 in monocytic cells via nAChR containing a9 and 10 subunits. In stark
| contrast to choline, phosphocholine does not evoke ion current responses in Xenopus laevis oocytes,
| which heterologously express functional homomeric nAChR composed of a9 subunits or heteromeric
| receptors containing a9 and 10 subunits. Preincubation of these oocytes with phosphocholine,

| however, attenuated choline-induced ion current changes, suggesting that phosphocholine may act as
I a silent agonist. We conclude that phophocholine activates immuno-modulatory nAChR expressed by
: monocytes but does not stimulate canonical ionotropic receptor functions.
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Phosphocholine (PC) is a precursor as well as a degradation product of phosphatidylcholine (lecithin), a major
phospholipid of eukaryotic bio-membranes'?. Beside the important role of PC for eukaryotic bio-membranes,
PC moieties can be covalently attached to proteins and glycolipids of plants?, fungi*, eukaryotic parasites®, and
some pathogenic bacteria®’. PC and PC-modified macromolecules interact with C-reactive protein (CRP), a
classical acute phase reactant®?, or with natural antibodies”!’. These interactions may induce complement fix-
ation and other effector mechanisms involved in host defence. In contrast, PC-modified macromolecules are
also known to provoke strong anti-inflammatory effects and contribute to immune evasion of parasites>''. For
example, PC-modified lipopolysaccharide (LPS) from Haemophilus influenzae contributes to bacterial virulence
and enables persistent host colonization®'>!%. The mechanisms, regarding how PC-modified macromolecules
initiate immune evasion, are not fully understood. PC-modifications on the surface of H. influenzae might be a
kind of molecular mimicry preventing activation of Toll-like receptors (TLR)'*'°. Interestingly, Myd88, an adap-
tor molecule involved in signalling of TLR and interleukin-1 (IL-1) seems to be of importance, as wild-type and
PC-deficient H. influenzae strains are cleared at the same pace in Myd88-deficient mice'®.

Two isoforms of the pro-inflammatory cytokine IL-1 exist, IL-1a and IL-103, which signal via the same recep-
tors and play a central role in host defence against infections'®. IL-1c mainly acts locally within infected tissues,
whereas IL-103 exerts more systemic effects'®. High concentrations of circulating IL-183, however, can cause
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USA. Correspondence and requests for materials should be addressed to K.R. (email: Katrin.Richter@chiru.med.
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Figure 1. Choline and phosphocholine inhibit BZATP-induced IL-1f release from U937 cells via nicotinic
acetylcholine receptor containing a9 and a10 subunits. (a) Human monocytic U937 cells were primed with
lipopolysaccharide (LPS, 1 pg/ml, 5 h) followed by stimulation with BZATP (100 puM, 30 min) in the presence
or absence of phosphocholine (PC, 100 uM), choline (Cho, 100 uM) and/or different concentrations of the
a-conotoxin RgIA4, a specific antagonist of a9a10 nicotinic acetylcholine receptors (nAChR). Interleukin-1
(IL-1P) released into the culture medium was measured by enzyme linked immunosorbent assay (ELISA). In
control experiments, cells were left untreated (C1), primed with LPS (C2) or with LPS followed by BzATP (C3).
In the presence of PC as well as Cho the IL-1p release was inhibited. The inhibitory effect of PC and Cho was
dose-dependently antagonized by RgIA4 (*P < 0.05, **P < 0.01, significantly different from cells treated with PC
or Cho alone, Mann-Whitney rank-sum test). (b) In LPS-primed U937 cells that were transfected with control
siRNA (si) the BZATP-stimulated IL-1p release was inhibited by PC and Cho. In cells transfected with siRNA
to Chrna9 or Chrnalo0, the effects of PC and Cho were blunted (*P < 0.05, different from cells treated with LPS
and BzATP; *P < 0.05, **P < 0.01, different from respective experiments on cells treated with control siRNA;
Kruskal-Wallis followed by Mann-Whitney rank-sum test). Data are presented as individual data points, bar
represents median, whiskers percentiles 25 and 75.

life-threatening systemic inflammatory response syndrome (SIRS)"”. Hence, IL-1 release is tightly controlled and
the underlying mechanisms are of significant clinical interest. Production of mature IL-13 by human monocytes
and macrophages typically depends on two consecutive danger signals such as LPS and extracellular ATP'!°.
LPS activates TLR-4 and induces the biosynthesis of pro-IL-103 that remains within the cytoplasm, unless the cell
becomes activated by another danger signal. Extracellular ATP originating from damaged neighbouring cells typ-
ically binds to ATP-receptor P2X7, induces efflux of K* ions, assembly of the NLRP3 inflammasome, activation of
the proteolytic activity of caspase-1, cleavage of pro-IL-1B, and release of mature bioactive IL-13'%1.

Recently, we demonstrated that free PC and PC-modified macromolecules dose-dependently inhibit
ATP-induced release of IL-13 by human monocytic cells®. In the same study we showed that a similar effect
is provoked by nicotine, acetylcholine (ACh) and choline (Cho)?’. The inhibitory effect of PC moieties is
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Figure 2. Choline and phosphocholine do not inhibit BZATP-induced IL-1p release from mononuclear
leukocytes of Chrna9 and Chrnal0 gene-deficient mice. (a,b) Mononuclear leukocytes were isolated from
Chrna9 and Chrnal0 gene-deficient mice (white circle; Chrna9 —/—; Chrnal0 —/—) and corresponding
wild-type mice (black circle; Chrna9 +/+; Chrnal0 +/+). BZATP (100 uM) induced release of interleukin-1f
(IL-1p) was investigated in the presence of phosphocholine (PC; 100 uM) or choline (Cho; 100 uM). PC and
Cho suppressed BzATP-induced release of IL-1p in all WT strains investigated. In sharp contrast, no inhibition
of IL-1P release was seen in Chrna9 —/— and Chrnal0 —/— mice deficient in a9 or a10 subunit containing
nicotinic acetylcholine receptors, suggesting that both subunits are needed (*P < 0.05, **P < 0.01, significantly
different from cells treated with PC or Cho alone, Mann-Whitney rank-sum test). Data are presented as
individual data points, bar represents median, whiskers percentiles 25 and 75.

antagonized by mecamylamine (Mec), a-bungarotoxin and strychnine, suggesting that nicotinic acetylcholine
receptors (nAChR) containing a9 and/or a10 subunits are involved in signalling®. Interestingly, nicotine abol-
ishes ATP-induced ion channel functions of P2X7 receptors in U937 cells, a human monocytic cell line, but does
not provoke ion currents itself’.

The purpose of this study was to test the hypothesis that binding of PC and Cho to nAChR inhibit P2X7 recep-
tor function similar to nicotine. In addition, we hypothesised that PC is a novel agonist of nAChR containing o9
and/or 10 subunits and directly compare the effects of PC to the well-known a9” (* indicates the possible pres-
ence of additional nAChR subunits) agonist Cho?'. We provide evidence that PC and Cho induce metabotropic
effects via a910*-containing nAChR in monocytic cells that result in an inhibition of P2X7 receptor function.
Canonical ionotropic functions of a9* nAChR, however, are triggered by Cho but strikingly not by PC.

Results

PC and Cho inhibit BzZATP-induced IL-13 release via @9 and «10 nAChR subunits. To test the
hypothesis, that the inhibitory effects of PC and Cho are mediated via nAChR containing o9 and/or «10 subunits,
we used an analogue of a-conotoxin RgIA (RgIA4, synonym CSP-4), a potent and selective antagonist of human
a9* nAChR?**. Human monocytic U937 cells were primed with LPS for 5h followed by stimulation with the
selective P2X7 agonist BZATP (2/(3')-O-(4-benzoyl-benzoyl) ATP trieethylammonium salt)** for another 30 min
in the presence or absence of PC, Cho and/or RgIA4. Thereafter, IL-10 released into the culture medium was
measured by an enzyme linked immunosorbent assay (ELISA; Fig. 1). As expected, PC or Cho (100 uM each)
completely inhibited BzATP-induced IL-1 release (Fig. 1a). RgIA4 fully antagonized the inhibitory effect of PC
and Cho in a dose-dependent manner (IC5, about 10nM; n=6; P <0.05; Fig. 1a).

To corroborate these results, we transfected U937 cells with small interfering RNA (siRNA) to silence the
expression of &9 and «10 nAChR subunits or with scrambled control siRNA. The efficiency of this treatment in
U937 cells was shown before?. Transfection of control siRNA neither impaired BZATP-induced release of IL-13
nor altered the inhibitory effects of PC and Cho (n=4; P <0.05; Fig. 1b). In contrast, when the expression of a9
or 10 subunits was silenced by siRNA the inhibitory effect of PC as well as Cho was blunted (n=4; P <0.05;
Fig. 1b).

Furthermore, we investigated BZATP-induced IL-10 release by peripheral blood mononuclear leukocytes
(PBMC) isolated from Chrna9 and from Chrnal0 gene-deficient mice (Chrna9 —/—; Chrnal0 —/—) as well as
from two corresponding wild-type (WT) strains (Chrna9 +/+; Chrnal0 +/+). BzZATP consistently induced
release of IL-1f from WT and gene-deficient PBMC (n > 4; Fig. 2). PC or Cho (100 pM each) significantly
reduced BzATP-induced IL-10 release from PBMC isolated from Chrna9 +/+ (n=6; P <0.01) and Chrnal0 +/+
(n=4; P <0.05) mouse strains (Fig. 2). In contrast, PC and Cho were ineffective in PBMC from Chrna9 —/— or
Chrnal0 —/— mice (n>5; P >0.05; Fig. 2).
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- 2.14+0.87 6
LPS 2.23+0.91 6
LPS, BZATP 1.65+0.67 6
LPS, BzATP, PC 1.76 £0.72 6
LPS, BzATP, PC, RgIA4 200 nM 2.3840.97 6
LPS, BzATP, PC, RgIA4 20nM 1.48£0.60 6
LPS, BzATP, PC, RgIA4 2nM 2.304+0.94 6
LPS, BzATP, PC, RglA4 0.2nM 1.76 £0.72 6
LPS, BzATP, Cho 1.30£0.53 6
LPS, BzATP, Cho, RgIA4 200nM 1.50+£0.61 6
LPS, BzATP, Cho, RgIA4 20nM 1.54+0.63 6
LPS, BzATP, Cho, RgIA4 2nM 1.66+0.68 6
LPS, BzATP, Cho, RgIA4 0.2M 2.09+0.85 6
si control: LPS 4.96+2.48 4
si control: LPS, BZATP 5.044+2.52 4
si control: LPS, BzZATP, PC 541+£2.71 4
si control: LPS, BzZATP, Cho 5.134+2.57 4
si Chrna9: LPS 4.554+227 4
si Chrna9: LPS, BzZATP 5.20£2.60 4
si Chrna9: LPS, BzATP, PC 5.13+2.56 4
si Chrna9: LPS, BzATP, Cho 5.00£2.50 4
si Chrnal0: LPS 2.48+1.01 6
si Chrnal0: LPS, BzATP 3.25+1.33 6
si Chrnal0: LPS, BZATP, PC 3.00+£1.22 6
si Chrnal0: LPS, BZATP, Cho 296+1.21 6

Table 1. Lactate dehydrogenase (LDH) release of U937 cells. Human monocytic U937 cells were primed for
5h with lipopolysaccharide (LPS, from Escherichia coli; 1 pg/ml). Subsequent, BzATP (100 M) was applied
for another 30 min in presence or absence of the nAChR agonist phosphocholine (PC; 100 uM) or choline
(Cho; 100 pM) or a-conotoxin RgIA4. In some experiments the expression of nAChR containing the a9 or
10 subunit was reduced by using the small interfering RNA (si) transfection. At the end of the experiments,
LDH was measured in the cell culture supernatants and is given as % of total release (mean = standard error of
mean, SEM).

At the end of each experiment, lactate dehydrogenase (LDH) levels were determined to test for cell viability. As
shown in Table 1 and Table 2, LDH values remained below 10% of the total release, irrespective of the experiment
performed.

PC and Cho inhibit BZATP-induced ion current stimulation in U937 cells. To investigate if
BzATP-induced ion current stimulation due to P2X7 receptor activation is inhibited by PC and Cho, we per-
formed whole-cell patch-clamp measurements on LPS-primed U937 cells. As shown previously?, application
of BzATP (100 uM) consistently induced ion currents (Fig. 3a,d). BzZATP-induced ion current stimulation was
reversible by washout and repeatable (Fig. 3a,d). No significant changes were detected when comparing the ampli-
tude (Alg,pp) of the first BZATP-induced response with the second (n= 10, P =0.241; Fig. 3d), indicating that
the receptors do not desensitise under these conditions. In the next set of experiments BzZATP was first applied
alone, which provoked ion currents (Fig. 3b). After washout, the cells were preincubated with Cho (100 uM)
for 30, followed by an additional application of BzZATP (Fig. 3b). Cho alone did not cause any changes in current
(n=7, Fig. 3b). Moreover, Cho abolished BzZATP-induced current stimulation (n="7, P=0.018; Fig. 3b,d). In the
next experiments, cells were preincubated with the nAChR antagonist Mec (100 uM), followed by application of
Cho (Fig. 3¢). Under these conditions (Mec + Cho) a BzZATP-induced current stimulation was detectable and the
first and second BzATP-induced effects did not differ (n=5, P=0.5; Fig. 3c,d).

We performed the same kind of experiments using PC (1 mM) instead of Cho (Fig. 4). PC alone did not induce
ion current changes. The BzZATP-induced effect was abolished in presence of PC (n=6, P =0.028; Fig. 4a,d).
Furthermore, the inhibitory effect of PC was antagonized by preincubation of the cells with Mec and the first and
second BzATP-induced effect did not differ (n =6, P =0.209; Fig. 4b,d). Taken together, we were able to show that
PC and Cho inhibit BzATP-induced ion fluxes in U937 cells.

Previous experiments examining the inhibition of BzZATP-induced IL-18 release by PC provided evidence that
nAChR containing subunits a9 and/or a10 are involved (Fig. 1). To confirm these data, we performed whole-cell
patch-clamp measurements in the presence of RgIA4 (200 nM) (Fig. 4c). For this purpose, the BZATP-induced
current was determined (n= 6; Fig. 4c). After washout of BZATP, cells were preincubated with RgIA4 and fol-
lowed by PC application (Fig. 4c). Subsequent application of BZATP activated a current that was similar to the
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Chrna9 +/+ - 6.90 £+ 1.50 6
Chrna9 +/+ BzATP 6.97 +1.37 6
Chrna9 +/+ BzATP, PC 6.62+1.06 6
Chrna9 +/+ BzATP, Cho 6.71+1.23 6
Chrna9 —/— - 8.64+0.93 5
Chrna9 —/— BzATP 7.63+1.09 5
Chrna9 —/— BzATP, PC 7.96+0.91 5
Chrna9 —/— BzATP, Cho 8.62+1.06 5
Chrnal0 +/+ - 4.38+0.95 4
Chrnal0 +/+ BzATP 5.04+2.04 4
Chrnal0 +/+ BzATP, PC 4.81+£1.96 4
Chrnal0 +/+ BzATP, Cho 5.96+1.89 4
Chrnal0 —/— - 6.35+1.18 6
Chrnal0 —/— BzATP 6.42+1.13 6
Chrnal0 —/— BzATP, PC 6.40£1.30 6
Chrnal0 —/— BzATP, Cho 7.68+1.38 5

Table 2. Lactate dehydrogenase (LDH) measurement of peripheral blood mononuclear leukocytes (PBMC).
Peripheral blood mononuclear leukocytes (PBMC) were isolated from Chrna9 gene-deficient (Chrna9 —/—) and
Chrnal0 (Chrnal0 —/—) gene-deficient mice as well as from two corresponding wild-type (WT) strains. LDH
was measured in the cell culture supernatants at the end of the experiments, and is given as % of total release
(mean =+ standard error of mean, SEM). Untreated cells are marked by “~”. BZATP (100 1M) was applied in the
presence and absence of phosphocholine (PC; 100 uM) or choline (Cho; 100 uM).
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Figure 3. Choline inhibits BZATP-induced ion current stimulation in U937 cells. Whole-cell patch-clamp
measurements were performed on human monocytic U937 cells primed with lipopolysaccharide (1 ug/ml, 5 h).
Depicted are representative current curves (a,c). (a,d) In control experiments, consecutive application of the
P2X7 receptor agonist BZATP (100 pM, grey bar) induced repetitive ion current stimulations (BzATP1 and 2).
(b,d). After washout of the first BZATP stimulus, choline (Cho, 100 uM, dark grey bars) was applied. In presence
of Cho, BzATP did not change the ion current. (c,d) Mecamylamine (Mec, 100 uM, white bar) antagonized

the inhibitory effect of Cho. All BZATP-induced current changes (Al,,rp) are shown as individual data points,
bars represent median, whiskers percentiles 25 and 75. Statistical analyses were performed using the Wilcoxon
signed-rank test.

preceding BzATP current (n =6, P =0.173; Fig. 4c,d), suggesting that RgIA4 fully antagonized the inhibitory
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Figure 4. The inhibitory effect of phosphocholine on BZATP-mediated ion current stimulation is
antagonized by a-conotoxin RgIA4. Whole-cell patch-clamp measurements were performed on human
monocytic U937 cells primed with lipopolysaccharide (1 pg/ml, 5 h). (a) Application of the P2X7 receptor
agonist BzZATP (100 uM, grey bar) induced an ion current stimulation (BzATP1). After washout of BzATP1,
phosphocholine (PC, 1 mM, dark grey bars) was applied. In presence of PC, BZATP did not change the ion
current (BzATP2). (b,c,d) Mecamylamine (Mec, 100 uM, white bar, (b) as well as RgIA4 (200 nM, white bar;

(c) antagonized the inhibitory effect of PC. (d) In parallel performed control experiments application of BZATP
induced repetitive ion current stimulations that did not differ (current curve not shown). All Al, \rp values are
shown as individual data points, bars represent median, whiskers percentiles 25 and 75. Statistical analyses were
performed using the Wilcoxon signed-rank test.

effect of PC.

PC does not induce ion current stimulation in Xenopus laevis oocytes expressing o9 or 910
nAChR. Cho isan agonist of nAChR containing a9 subunits?!. To test if PC also evokes ion currents at canon-
ical a9 containing receptors, human a9 subunit as well as a combination of human &9 and «10 subunits were
heterologously expressed in Xenopus laevis oocytes. Two-electrode voltage-clamp (TEVC) measurements were
performed to assess ion channel functions of nAChR.

In oocytes expressing homomeric a9 nAChR, application of Cho (Chol) resulted in a rapid stimulation of
the transmembrane current (I Fig. 5a,c). The effect of Cho was reversible upon washout (Fig. 5a). Subsequent
application of Cho (Cho2) activated a current that was significantly smaller than the preceding Cho-induced
current (n= 14, P =0.005; Fig. 5a,c). In contrast, when PC was applied for 2 min, no ion currents were provoked
(Fig. 5b). As an internal positive control, Cho was applied at the end of each experiment resulting in a significant
current stimulation (n= 12, P =0.002; Fig. 5¢).

The same kinds of experiments were performed on oocytes co-expressing nAChR subunits a9 and «10.
Application of Cho induced a current stimulation (Fig. 5d,f). In comparison to the Cho-induced effect in oocytes
expressing a9 (Fig. 5a), the current stimulation was faster and shorter (Fig. 5d). The Cho effect was repeatable and
significantly blunted compared to the first response (n =12, P =0.003; Fig. 5f). Again, application of PC had no
impact on the current while Cho induced a current stimulation (n = 10, P=0.005; Fig. 5e,f). Neither application
of Cho (n=17) nor PC (n=11) induced changes in currents of water injected control oocytes, which did neither
express human a9 nor @10 nAChR subunits (Fig. 5g,h).

PCinteracts with heterologously expressed 910 nAChR. Since PC did not evoke ion currents
in oocytes expressing homomeric a9 and heteromeric 910 nAChR, we questioned whether PC might func-
tion as a silent desensitiser or as an antagonist of ®9* nAChR containing subtypes. Therefore, we performed
an additional set of experiments designed to monitor the effects of PC on the Cho-evoked responses over time
(Fig. 6a,b). Oocytes expressing heteromeric ®9a10 nAChR were stimulated with Cho once per min until a
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Figure 5. Phosphocholine does not induce ion channel functions in Xenopus laevis oocytes that
heterologously express a9 or a9a10 nicotinic acetylcholine receptors. Two-electrode voltage-clamp

(TEVC) measurements were performed on oocytes that heterologously expressed human a9 alone (a-c) or a
combination of a9 and a10 (d-f) nicotinic acetylcholine receptor (nAChR) subunits. (a,d) Choline (Cho, 1
mM, black bars) induced repetitive stimulations of the transmembrane ion current (IM) in oocytes transfected
with a9 (a) and in oocytes co-expressing a9a10 nAChR subunits (d). The second Cho-induced effect (Cho2)

SCIENTIFIC REPORTS | 6:28660 | DOI: 10.1038/srep28660 7



www.nature.com/scientificreports/

was smaller compared to the first one (Chol) indicating receptor desensitization. (b,e) Initial application of
phosphocholine (PC, 1 mM, white bars) had no impact on IM, whereas application of Cho thereafter induced a
current stimulation. Again, oocytes expressing only a9 and those co-expressing a9a10 nAChR subunits led to
similar results. (g,h) Representative current traces of water injected control oocytes (no expression of human
receptors). Neither repeated application of Cho (n = 17), nor PC (n = 11) induced any changes in I;. Depicted
are representative current curves (a,b,d,e,g,h). All changes of the transmembrane current (Al,;) induced by
cholinergic stimulation are shown as individual data points, bars represent median, whiskers percentiles 25 and
75 (c,f). Statistical analyses were performed using the Wilcoxon signed-rank test.

steady-state baseline was achieved. Then, the perfusion solution was switched to one containing 1 mM PC and
the Cho-evoked responses were monitored for changes in amplitude. Under these conditions, PC decreased the
Cho-evoked responses to 13.1+3.3% (n=>5) of control values after a 20 min perfusion (Fig. 6b). PC was then
washed out and Cho-evoked responses were monitored for recovery from inhibition. The responses recovered to
98.24+8.2% (n=>5) of control values after a 15 min perfusion with control solution.

Discussion

In the present study, we identify PC as a novel agonist of monocytic nAChR containing subunits &9 and «10. We
provide evidence that a9 and a10 nAChR subunits are essential for the PC-mediated inhibition of ATP-induced
ion channel functions at P2X7 receptor in monocytic cells and hence, for the inhibition of ATP-induced release
of IL-103. Cho, a well-known agonist of nAChR containing a9 subunits?!, and PC provoke similar metabotropic
but no ionotropic effects in monocytic cells. As expected, Cho induces ion current responses at conventional
ionotropic @9 nAChR homomers or a9a10 heteromers. In stark contrast, PC does not provoke any ion current
changes at these canonical ionotropic receptors. To the best of our knowledge, we are the first to describe an ago-
nist of nAChR containing a9 subunits that triggers metabotropic but no ionotropic receptor functions.

In the first part of this study, we demonstrated that PC and Cho are agonists of metabotropic nAChR com-
posed of a9 and «10 subunits in monocytic cells. We showed previously that PC and Cho dose-dependently
inhibit the ATP-induced release of IL-1(3 from LPS-primed human monocytic U937 cells via nAChR that are sen-
sitive to Mec, a-bungarotoxin and strychnine®. Here, we clarified that PC and Cho act as ligands of monocytic o
9* nAChR by using the potent and selective antagonist RgIA4 which dose-dependently antagonized the inhibi-
tion of IL-103 release. These findings were further confirmed by gene-silencing experiments in U937 cells: silenc-
ing of Chrna9 expression blunted the inhibitory effects of PC and Cho. The same observation was made, when
Chrnal0 gene expression was silenced, suggesting that a9 and 10 nAChR subunits cooperate in monocytic cells.

The results of the gene-silencing experiments suggested but did not prove that a9 and 10 nAChR subunits
are essential for the signalling of PC and Cho in monocytes. Therefore to corroborate the role of «9 nAChR
subunit by an independent approach, we investigated freshly isolated PBMC from wild-type and gene-deficient
mice. Although primary mouse PBMC were not intentionally primed to induce biosynthesis of IL-13, they con-
sistently released IL-103 in response to stimulation with BzATP. These observations are in accordance with pre-
vious findings on primary human PBMC?**. We assume that freshly isolated PBMC became activated during
cell isolation and culture®. As expected, PC and Cho efficiently inhibited the BzATP-induced release of IL-13
by PBMC obtained from wild-type mice but did not impair the IL-103 release from PBMC of Chrna9 —/— and
Chrnal0 —/— mice. From these data, we conclude that 9 and 10 subunits are essential for signalling of PC and
Cho. Interactions of the a9 and «10 nAChR subunits were previously described. Subunits «10 do not assemble
into functional ionotropic homomeric nAChR?, while co-expression of a9 and a10 nAChR subunits results in
formation of functional heteromeric 9010 nAChR?-%8, Transcripts of a9 and 10 nAChR subunits have been
detected in the auditory system?*?, dorsal root ganglion®, skin’!, as well as in mononuclear leukocytes*323
including human monocytic cells®.

Next, we confirmed our hypothesis that PC and Cho inhibit ATP-mediated ion current responses in mono-
cytic cells. In accordance with our previous study®’, we detected BzATP-induced ion current responses in
whole-cell patch-clamp measurements on LPS-primed U937 cells. These currents are most likely due to activation
of P2X7 receptors, as BzATP is a specific agonist of this ATP-receptor*, and due to a consecutive opening of pan-
nexin hemichannels®>*. In line with our hypothesis, BZATP-mediated P2X7 receptor activation was completely
abolished in presence of PC and Cho. This inhibitory effect was antagonized by the general nicotinic antagonist
Mec and the a9*-specific conotoxin RgIA4. These results corroborate the involvement of a9 and/or «10 nAChR
subunits in signalling of PC. A functional interaction of other subtypes of nAChR and P2X receptors was demon-
strated previously in neurons® and in heterologous expression systems®*. In these studies, co-application of
ATP and nicotinic agonists evoked current responses that were smaller than the sum of the individual currents
induced by ATP and ACh or nicotine®”*. In the present study, PC or Cho alone did not evoke any ion current
responses in U937 cells, consistent with functional coupling of a non-canonical metabotropic nAChR to iono-
tropic P2X7 receptors. While in excitable cells such as neurons nAChR are ligand-gated ion channels, no iono-
tropic nAChR functions have been observed in leukocytes?*323340, At present, we do not know how activation of
monocytic nAChR by PC or Cho translates into the observed inhibition of P2X7 receptor function.

In the last part of the study, we investigated the effect of PC at canonical ionotropic nAChR using Xenopus
laevis oocytes as a heterologous expression system for human homomeric &9 nAChR as well as heteromeric a9x10
nAChR. Cho was included in these experiments as a positive control and transmembrane ion currents were
recorded in TEVC measurements. We detected Cho-induced current responses in oocytes expressing homomeric
9 and heteromeric a9a10 nAChR. Current responses to the first Cho application for 30 s varied from 50 nA to
1200 nA (see Fig. 5a,f). Subsequent application of Cho resulted in smaller current responses, indicating receptor
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Figure 6. Phosphocholine inhibits choline-gated currents mediated by a9a10 nicotinic acetylcholine
receptors heterologously expressed by Xenopus laevis oocytes. Two-electrode voltage-clamp experiments
were performed on oocytes that heterologously expressed human a9a10 nicotinic acetylcholine receptors as
described in Methods. (a) Representative current traces showing the inhibitory effects of phosphocholine

(PC, 1 mM) on choline-gated currents (Cho, 1 mM). The current traces are each from 30 s recordings and

are shown concatenated (omitting the 30 s gap between each individually recorded trace). Oocytes were
continuously perfused with control solution and stimulated with 1 sec pulses of Cho once per min until steady-
state baseline responses were observed (indicated by the arrow). Subsequently, the control solution was changed
to one containing PC and the Cho-gated currents monitored for changes in amplitude for 20 min. Thereafter,
PC was washed out and recovery from inhibition by PC monitored. (b) Analysis of inhibition and recovery from
inhibition of Cho-gated currents by PC. The error bars denote the standard error of mean (SEM) from 5 oocytes.

desensitisation. This is in contrast to previous studies and to our own observations, where application of ACh
or Cho in short 1s pulses resulted in repeatable current responses without desensitisation?”#!. We assume that
receptor desensitisation is a consequence of extended exposure of nAChR to Cho.

In sharp contrast to Cho, PC did not evoke ion current responses in a9 and/or a9a.10 nAChR expressing
oocytes. We conclude that at least in our experimental settings, PC is an agonist of metabotropic nAChR con-
taining a9* subunits, whereas it does not stimulate canonical ligand-gated nAChR functions. This finding sug-
gests that PC acts as a potent regulator of innate immunity but does not activate current responses in neuronal
or non-neuronal cells expressing canonical ionotropic nAChR containing a9 subunits. Hence, PC and other
molecules containing a PC group may be promising therapeutics for the prevention and treatment of excessive
inflammation involving IL- 18 such as life-threatening SIRS, without entailing the risk of adverse effects involving
excitable cells.

Although PC did not trigger ion channel functions at a9 and a9«10 subunit containing nAChR expressed by
Xenopus laevis oocytes, we obtained evidence that PC interacts with these canonical receptors and hypothesised
that PC might act as a silent agonist. Per definition, silent agonists desensitise receptors without activating their
function*>*. To further asses this, we used 910 nAChR expressing oocytes in an experimental setup that ena-
bled application of Cho in 1s pulses every 60s, where Cho induced repetitive current responses without receptor
desensitisation. We found that responses to Cho at heteromeric 9010 nAChR were blunted in the presence of
PC. The observed slow kinetics of inhibition and recovery from inhibition by PC was consistent with silent desen-
sitisation. However, we should point out that our results do not rule out that the observed inhibition by PC is due
to simple antagonism. Nicotine is an example of a ligand, which acts as an antagonist at ionotropic receptors*
containing &9 subunits, but acts as an agonist at monocytic metabotropic ®9 nAChR that inhibit P2X7 function?.
A silent agonist for homomeric nAChR was recently reported for homomeric a7 nAChR*. These authors showed
that ACh-induced current responses were reduced after preincubation of the oocytes with compound NS6740%.

In conclusion, we identified PC as a novel agonist of metabotropic nAChR containing o9 and 10 subunits.
PC and Cho evoke no ion current responses at these receptors expressed by monocytes but efficiently inhibit
ATP-mediated P2X7 receptor activation and release of IL-13. In contrast to Cho, PC does not trigger ionotropic
functions at canonical human a9 nAChR homomers and a9«10 nAChR heteromers. These findings suggest that
PC may be a valuable active substance for the treatment of inflammatory diseases that targets nAChR of mono-
cytes without disturbing ionotropic functions of excitable cells.

Methods

U937 cell culture and stimulation. U937 cells were obtained from the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). The cells were cultured in RPMI 1640 (Gibco
by Life Technologies GmbH, Darmstadt, Germany) supplemented with 10% fetal calf serum (FCS; Biochrome,
Berlin, Germany) and 2 mM L-glutamine (Gibco by Life Technologies GmbH) under 5% CO, atmosphere at 37 °C.
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To investigate IL-1 release cells were transferred to 24-well plates (1 x 10 cells/ml and per well). Cells were
primed with 1 pg/ml LPS from Escherichia coli (L2654; 1 pg/ml; Sigma-Aldrich, Deisenhofen, Germany) for 5h.
After priming, the P2X7 receptor agonist BzZATP (Sigma-Aldrich; 100 pM) was added for 30 min in presence or
absence of different concentrations of cholinergic agonists and antagonists. Cho chloride (100 pM), PC chloride
calcium salt tetrahydrate (100 pM), and Mec hydrochloride (100 pM) were purchased from Sigma-Aldrich. An
analogue of a-conotoxin RgIA (RgIA4)?? was used in concentrations from 0.2 to 200 nM. After cell treatment,
cells were spun down (500 g, 8 min) the supernatants were collected and stored at —20°C. IL-183 concentrations
were measured using a human Quantikine Immunoassays (R&D Systems, Minneapolis, MN) and LDH was
determined.

Silencing of &9 and &10 nAChR subunit expression. In some experiments the expression of nAChR
containing the a9 and/or a10 subunits in U937 cells was reduced by using siRNA technology. U937 cells were
transfected with ON-TARGETplus human Chrna9 or Chrnal0 siRNA SMARTpool (Thermo Fisher Scientific,
Schwerte, Germany). As a control for unspecific effects of siRNA transfection cells were transfected with negative
control ON-TARGETplus Non-targeting Control Pool (Thermo Fisher Scientific). In accordance with the manu-
facturer’s protocol, all cells were transfected with 30 pM siRNA/1 x 10° cells using Amaxa Cell Line Nucleofector
Kit C and Nucleofector II Device (both from Lonza Cologne, Cologne, Germany). 48 h after siRNA transfection,
IL-10 release experiments were performed.

Mononuclear leukocytes from Chrna9 and Chrnal0 gene-deficient mice. Male and female
gene-deficient Chrna9 (129S-Chrna9™®</1)%5 and Chrnal0 (129S4-Chrnal0™'®®/Mmucd)*® as well as corre-
sponding WT mice (for details see***¢) were used for isolation of PBMC. Experimental animals received humane
care according to NIH “Guide for the Care and Use of Laboratory Animals”. Animal experiments were approved
by the local committee at the Regierungsprasidium Giessen, Hesse, Germany (permit No. Gi 20/23-A10/2011).

Mice were euthanized by neck dislocation, and blood was drawn from the caval vein into heparinized syringes.
PBMC were separated by discontinuous Percoll (Ge Healthcare Bio-Sciences AB, Uppsala, Sweden; 1.082 g/ml)
density gradient centrifugation and cultured for 2 h in RPMI 1640 (Gibco by Life Technologies GmbH) supple-
mented with 10% FCS (Biochrome) and 2 mM L-glutamine (Gibco by Life Technologies GmbH), at 5% CO, and
37°C. For investigation of IL-103 release, BZATP (Sigma-Aldrich; 100 uM) was added for 30 min in the presence
or absence of PC (100 uM) or Cho (100 uM). Subsequently, cell culture supernatants were collected and stored
at —20°C. Finally, IL-13 concentrations were measured by using mouse Quantikine IL-13 Immunoassay (R&D
Systems).

LDH measurements. In order to test for cell viability, activity of the cytoplasmic enzyme LDH was assayed
by the Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI) according to the supplier’s instructions.
LDH in the cell culture supernatants of U937 cells and PBMC was measured at the end of the experiments. For
calculating the proportion of dead cells, a maximum LDH release control was generated. For this purpose, U937
cells were lysed by freezing them twice (—80°C). Subsequently, the samples were analysed according to the sup-
plier’s instructions and values determined in cell culture supernatants were compared with the total content of
LDH in lysed cells.

Whole-cell patch-clamp recordings on U937 cells.  For electrophysiological recordings, U937 cells
were placed in poly-L-lysine coated cell culture dishes (Nunc, Roskilde, Denmark) containing bath solution
(in mM: 5.4 KCI, 120 NaCl, 2 CaCl,, 1 MgCl,, 25 glucose and 10 HEPES (4-(2-hydroxyethyl)-piperazine-1-eth
anesulfonic acid); pH 7.4).

Patch pipettes with a resistance of 2-3 MQ were pulled from borosilicate glass capillaries (Hilgenberg,
Malsfeld, Germany) using a dmz-puller (Zeitz, Augsburg, Germany) and filled with a pipette solution (in mM:
120 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES, 11 EGTA (ethylene glycol tetraacetic acid), and 20 glucose; pH 7.3). After
5h incubation with LPS, whole-cell patch-clamp recordings were performed at room temperature. Cells were
clamped to —60mV and transmembrane currents were recorded using an EPC-9 amplifier (HEKA, Lambrecht,
Germany) and acquired via an ITC-16 interface with Pulse software (HEKA). BzATP (100 pM), PC (1 mM), Cho
(100 pM), RgIA4 (200 nM) and Mec (100 M) were dissolved in bath solution and applied via a pressure-driven
microperfusion system. Rgl A4 (sequence ID3) was prepared as previously described’. All chemicals used for
preparation of bath and pipette solution were purchased from Fluka (Deisenhofen, Germany), except for HEPES
and EGTA (Sigma-Aldrich).

At least once per measuring day respective control experiments were performed in which BZATP was applied
twice and the BzATP-induced effect was tested for reversibility and repeatability.

Heterologous expression of human nAChR in oocytes and TEVC measurements.  Oocytes were
obtained from adult female South African Clawed Frogs (Xenopus laevis; Xenopus-Express, Le Bourg, France).
Manipulations of animals were conducted in accordance to the guidelines of the German law of animal care and
were authorized by the local committee at the Regierungsprésidium Giessen, Hesse, Germany (permit num-
ber 400_M and 478_M). Oocytes were separated by collagenase treatment (1.5 mg/ml; Biochem, Karlsruhe,
Germany) for 90 min. The follicle layer was removed by incubation of cells in Ca*"-free oocyte Ringer’s solution
(ORi) containing (in mM): 90 NaCl, 1 KCI, 5 HEPES, and 1 EGTA (pH 7.4) for 10 min. Defolliculated oocytes
were stored in a low-Na™ solution (in mM): 10 NaCl, 80 NMDG-CI (N-methyl-d-glucamine), 1 KCl, 2 CaCl,,
5 HEPES, 2.5 Na-pyruvate (Applichem, Darmstadt, Germany), 0.06 penicillin (Sigma-Aldrich), 0.02 streptomy-
cin (Sigma-Aldrich) at 17°C (pH 7.4).

Plasmid DNA encoding the human Chrna9, human Chrnal0 as well as the human 43 kDa receptor-associated
protein of the synapse (RAPSN) were obtained from Eurofins Genomics (Ebersberg, Germany). Capped cRNA
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was synthesized using an in vitro transcription kit (T7-RiboMAX™ Large Scale RNA Production System Kit,
PROMEGA, Mannheim, Germany).

Oocytes of stages V and VI (Dumont 1972) were injected with cRNA encoding a9 nAChR subunits (20 ng
per oocyte) or a9a10 nAChR subunits (each 20 ng per oocyte) using a microinjector (Nanoject, Drummond
Scientific, Broomall, USA). In order to increase expression levels and obtain stable nAChR expression, cRNA
encoding RAPSN (5 ng per oocyte) was co-injected in both cases*”*. All cRNA was dissolved in nuclease-free
water. The injection volume was 50.6 nl. In all TEVC experiments representative controls were performed with
oocytes that were injected with 50.6 nl of nuclease-free water.

After an incubation time of 3-5 days, the transmembrane currents (I;) of water- or RNA-injected oocytes
were recorded by the TEVC technique. Oocytes were placed in a perfusion chamber and perfused (gravity driven)
with ORi containing (in mM): 90 NaCl, 1 KCl, 2 CaCl,, and 5 HEPES (pH 7.4). Intracellular microelectrodes were
pulled from borosilicate glass capillaries and filled with 1 M KCl solution. The membrane voltage was clamped
to —60mV using a TEVC amplifier (Warner Instruments, Hamden, USA), and transmembrane currents were
low-pass filtered at 1000 Hertz (Frequency Devices 902, Haverhill, Massachusetts, USA) and recorded with a
strip chart recorder (Kipp & Zonen, Delft, The Netherlands). In all experimental groups, measurements were
performed on oocytes from at least two different Xenopus laevis individuals.

For experiments examining the effects of continuous exposure to PC on a9- and a10-mediated currents,
oocytes were injected with a 1:1 ratio of cRNA for human a9 and «10 nAChR subunits and incubated at 17°C
for 3 days. To conduct TEVC experiments, the oocytes were placed in a 30 ul chamber and continuously perfused
by gravity with a solution containing 96 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl,, and 1 mM MgCl, The pH of the
solution was adjusted to 7.4 with NaOH. A stock solution of 100 mM PC was prepared in distilled water. A work-
ing solution of 1 mM PC was prepared in perfusion solution containing lower CaCl, (0.8 mM) such that the final
concentration of Ca?" in all solutions was 1.8 mM. The oocyte membranes were clamped at a holding potential
of —70mV and stimulated with 1s pulses of I mM Cho once every 60s until a steady-state baseline response was
observed. The perfusion solution was then switched on one containing 1 mM PC and the oocytes stimulated with
1s pulses of 1 mM Cho plus 1 mM PC and the Cho-evoked responses monitored for changes in amplitude. The
data for inhibition of the Cho-evoked responses were normalized to 3 averaged control pulses and analysed with
an exponential decay equation. Data for recovery from inhibition were analysed with an exponential association
equation. The data for inhibition by PC were best fit with a double exponential and the data for recovery from
inhibition with a single exponential.

Statistical analyses. Data were analysed with the SPSS software (Munich, Germany) or GraphPad Prism
6 software (Ja Lolla, CA, USA). Values derived from different cells were compared, where applicable, by the non-
parametric Kruskal-Wallis test, followed by the Mann-Whitney rank-sum test. The Wilcoxon signed-rank test
was used for analyses of dependent values. The number (n) of individual experiments is indicated in the Results
section and the Figures. In TEVC measurements oocytes from at least two different Xenopus laevis individuals
were used.
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Surfactant inhibits ATP-induced release of interleukin-1f3
via nicotinic acetylcholine receptors®

Soéren Backhaus,* Anna Zakrzewicz,* Katrin Richter,* Jelena Damm,* Sigrid Wilker,*
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Abstract Interleukin (IL)-1B is a potent pro-inflammatory
cytokine of innate immunity involved in host defense. High
systemic IL-1p levels, however, cause life-threatening inflam-
matory diseases, including systemic inflammatory response
syndrome. In response to various danger signals, the pro-
form of IL-1p is synthesized and stays in the cytoplasm un-
less a second signal, such as extracellular ATP, activates the
inflammasome, which enables processing and release of
mature IL-1. As pulmonary surfactant is known for its anti-
inflammatory properties, we hypothesize that surfactant inhib-
its ATP-induced release of IL-1(. Lipopolysaccharide-primed
monocytic U937 cells were stimulated with an ATP analog in
the presence of natural or synthetic surfactant composed of
recombinant surfactant protein (rSP)-C, palmitoylphosphati-
dylglycerol, and dipalmitoylphosphatidylcholine (DPPC).
Both surfactant preparations dose-dependently inhibited
IL-1P release from U937 cells. DPPC was the active constituent
of surfactant, whereas rSP-C and palmitoylphosphatidylglyc-
erol were inactive. DPPC was also effective in primary mono-
nuclear leukocytes isolated from human blood. Experiments
with nicotinic antagonists, siRNA technology, and patch-
clamp experiments suggested that stimulation of nicotinic
acetylcholine receptors (nAChRs) containing subunit a9 re-
sults in a complete inhibition of the ion channel function of
ATP receptor, P2X7.H8 In conclusion, the surfactant constit-
uent, DPPC, efficiently inhibits ATP-induced inflammasome
activation and maturation of IL-1p in human monocytes by a
mechanism involving nAChRs.—Backhaus, S., A. Zakrzewicz,
K. Richter, J. Damm, S. Wilker, G. Fuchs-Moll, M. Kallmar, A.
Hecker, I. Manzini, C. Ruppert, . M. McIntosh, W. Padberg,
and V. Grau. Surfactant inhibits ATP-induced release of
interleukin-13 via nicotinic acetylcholine receptors. J. Lipid
Res. 2017. 58: 1055-1066.
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In order to enable effective gas exchange, the blood-air
barrier of the mammalian lung is extremely thin-walled
and fragile. At the same time, lungs are exposed to a con-
siderable intake of foreign matter, including allergens, par-
ticulates, and potentially pathogenic microorganisms.
Hence, healthy lungs should efficiently clear invading patho-
gens without inducing excessive inflammation and impair-
ment of the blood-air barrier. This is achieved by a whole
arsenal of potent factors involved in host defense against
infection and by numerous anti-inflammatory mediators,
which are present in lung tissue and in the pulmonary im-
mune system (1-4).

Interleukin (IL)-1B is a potent pro-inflammatory cyto-
kine that is predominantly produced by activated mono-
cytes/macrophages, but also by numerous other cells, such
as pulmonary epithelia and endothelial cells (5-7). On the
one hand, IL-1 plays a central role in host defense against
viral and bacterial infections. On the other hand, IL-18 is
an important pathogenic factor in acute lung injury, acute

Abbreviations:  ARDS, acute respiratory distress syndrome; BzATP,
27(8")-0-(4-benzoylbenzoyl)adenosine  5’-triphosphate  triethylammo-
nium salt; DPG, 1,2-dipalmitoyl-sn-glycerol; DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (dipalmitoylphosphatidylcholine); DPPE,
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; IL, interleukin; LDH,
lactate dehydrogenase; LLME, Leu-Leu methyl ester hydrobromide; LPS,
lipopolysaccharide; nAChR, nicotinic acetylcholine receptor; NLRP3,
Nod-like receptor protein 3; PBMC, peripheral blood mononuclear
cell; PC, phosphocholine; POPG, palmitoyl-oleyl-phosphatidylglycerol;
pro-, pro-form; PS, 1,2-diacyl-sn-glycero-3-phospho-L-serine (phosphati-
dylserine); rSP, recombinant surfactant protein; SP, surfactant protein;
TLR4, Toll-like receptor 4.
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respiratory distress syndrome (ARDS), chronic obstructive
pulmonary disease, silicosis, and other pulmonary diseases
(8-14). High systemic levels of IL-1, which, among others,
may originate from an inflamed lung, can cause a life-
threatening systemic inflammatory response syndrome (6).

Synthesis and release of IL-1p are tightly controlled un-
der steady-state conditions (15, 16). Lipopolysaccharide
(LPS) originating from gram-negative bacteria is a classic
stimulus inducing the biosynthesis of the inactive cytoplas-
mic pro-form of IL-13 (pro-IL-1B8) in monocytes/macro-
phages. Release of mature IL-1B normally depends on a
second danger signal, such as extracellular ATP, that in-
duces the assembly of the Nod-like receptor protein 3
(NLRP3)-containing inflammasome via P2X7 receptors.
Inflammasomes, in turn, activate the protease, caspase-1,
that cleaves pro-IL-13 and enables release of bioactive ma-
ture IL-1B (15, 16). LPS and ATP are relevant stimuli to
mimic sterile and infectious pulmonary inflammation. LPS
is a cell wall component of gram-negative bacteria and
serves as a model ligand of Toll-like receptor 4 (TLR4).
Endogenous danger-associated molecular patterns, such as
biglycan, HMGBLI, or heat shock proteins, are also known
agonists of TLR4 (17). An important source of extracellu-
lar ATP is traumatic cell injury. In the lung, this can be
direct trauma caused by accidents, but can also be ventila-
tor-induced lung injury and therapeutic alveolar recruit-
ment maneuvers. In addition, during sterile and infectious
inflammation, ATP can be released in significant amounts
by different immune cells (18).

Recently, we discovered that activation of nicotinic ace-
tylcholine receptors (nAChRs), composed of subunits a7,
a9, and/or a10, efficiently control ATP-induced activation
of P2X7 receptors and, thereby, release of IL-18 by human
monocytes (19). These nAChR subunits are expressed by
both human and rat monocytes under steady-state condi-
tions and during severe inflammation (20-22). In this con-
text, we identified free phosphocholine (PC), PC-modified
protein, and PC-modified LPS as novel agonists of nAChR
and as potent inhibitors of monocytic IL-1p release (19,
23). These findings suggested that other compounds bear-
ing PC moieties might also trigger this noncanonical func-
tion of nAChR.

Pulmonary surfactant lines the surface of alveoli and is
composed of a lipid fraction, which represents about 90%,
and four surfactant proteins (SPs), named SP-A, SP-B, SP-
C, and SP-D. The main constituents of the lipid fraction are
phospholipids with phosphatidylcholine and phosphatidyl-
glycerol as the main classes. Dipalmitoylated phosphati-
dylcholine [1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(dipalmitoylphosphatidylcholine) (DPPC)] is the most
abundant single constituent, representing approximately
40% of all phospholipid molecules (24, 25). Surfactant ex-
erts a dual function in the lung. First, it exerts a biophysical
activity that lowers the surface tension within the alveoli
and, thus, contributes to their stability and enables gas ex-
change. Lipids, in particular DPPC, and the hydrophobic
proteins, SP-B and SP-C, are involved in this mechanical
function. Second, surfactant is a core part of pulmonary
innate immunity (26). A wide variety of pathogens are

1056 Journal of Lipid Research Volume 58, 2017

bound by SP-A and SP-D, microbial growth is inhibited,
pathogens are opsonized, and phagocytosis by alveolar
macrophages is mediated (26). In addition, a variety of
anti-inflammatory effects have been described for SP-B and
SP-C and for surfactant lipids (26, 27). For example, surfac-
tant lipids suppress inflammation by interfering with sens-
ing of LPS (28-30), by suppression of respiratory burst
(31), and by regulating cyclooxygenase-2 expression (32).
Here, we test and confirm the hypothesis that pulmo-
nary surfactant inhibits ATP-induced release of monocytic
IL-18. DPPCis identified as the active constituent of surfac-
tant and we provide evidence that it signals via unconven-
tional nAChR containing subunits «9, a7, and/or a10.

MATERIALS AND METHODS

U937 cells

U937 cells, a human histiocytic lymphoma cell line, were ob-
tained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) and cultured in RPMI
1640 (Gibco by Life Technologies GmbH, Darmstadt, Germany)
supplemented with 10% fetal calf serum (Biochrome, Berlin, Ger-
many) and 2 mM Lglutamine (Gibco). In the exponential phase
of cell growth, 1 x 10° U937 cells were seeded in 24-well plates and
primed with 1 wg/ml LPS from Escherichia coli (L2654; Sigma-
Aldrich, Steinheim, Germany) for 5 h. Thereafter, cells were stim-
ulated with 2(3")-O-(4-benzoylbenzoyl)adenosine 5™-triphosphate
triethylammonium salt (BzATP; Sigma-Aldrich) at a concentra-
tion of 100 wM. In some experiments Ac-YVAD-cmk, an inhibitor
of caspase-1 (50 pM; Sigma-Aldrich), was applied together with
BzATP. Cells were spun down 30 min thereafter, and cell culture
supernatant was stored at —20°C until measurement of IL-13 and
lactate dehydrogenase (LDH).

A natural bovine surfactant extract (Alveofact®; Lyomark
Pharma, Oberhaching, Germay), synthetic surfactant (Ven-
ticute®; Nycomed, Konstanz, Germany), human recombinant
SP-C (rSP-C; Nycomed), palmitoyl-oleyl-phosphatidylglycerol
[POPG, 2-oleoyl-1-palmitoyl-sn-glycero-3-phospho-rac-(1-glycerol)
sodium  salt; Sigma-Aldrich], 1,2-diacyl-sn-glycero-3-phospho-
L-serine (PS; Sigma-Aldrich), DPPC (Sigma-Aldrich), 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine (DPPE; Sigma-Aldrich),
or 1,2-dipalmitoyl-sn-glycerol (DPG; Sigma-Aldrich) were added
at different concentrations shortly before stimulation with BzZATP
in the presence or absence of different nicotinic antagonists. All
surfactant preparations and lipids were sonicated shortly before
use. In some experiments, apyrase (0.5 U/ml, A6410; Sigma-
Aldrich) was added to degrade endogenous extracellular ATP and
cells were stimulated with the pore-forming bacterial toxin, nige-
ricin (50 wM; Sigma-Aldrich), for 30 min. Leu-Leu methyl ester
hydrobromide (LLME, 1 mM; Sigma-Aldrich) was also applied for
30 min as another ATP-independent stimulus for inflammasome
activation. Nicotine hydrogen tartrate (100 wM; Sigma-Aldrich)
served as a positive inhibitory control in most experiments. The
following nicotinic antagonists were used: mecamylamine hydro-
chloride (100 wM; Sigma-Aldrich), a-bungarotoxin (1 uM; Tocris
Bioscience, Bristol, UK), strychnine hydrochloride (10 wM;
Sigma-Aldrich), as well as a-conotoxins, ArIB[V11L,V16D] (500
nM), and RgIA4 (200 nM).

Transfection of siRNA

As previously described (19, 23), the expression of nAChR
subunits a7, a9, and al0 (CHRNA7, CHRNA9, CHRNA10) was
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reduced in U937 cells using siRNA SMARTpool (Thermo Fisher
Scientific, Schwerte, Germany). ON-TARGETplus nontargeting
pool (Thermo Fisher Scientific) was used as a control for nonspe-
cific effects. In addition to single knock-down, double knock-
down experiments were performed.

Primary human mononuclear cells

Experiments on human blood cells were performed in accor-
dance with the principles of the Declaration of Helsinki, as well as
to Title 45, US Code of Federal Regulations, Part 46, Protection of
Human Subjects, revised January 15, 2009, effective July 14, 2009.
The ethics committee of the University of Giessen approved
these studies (No. 81/13). Peripheral blood mononuclear cells
(PBMCs) were isolated from heparinized blood of healthy male
nonsmoking volunteers by density gradient centrifugation using
Leukosep gradients (Greiner Bio-One, Frickenhausen, Germany).
In some experiments, heparinized blood was pulsed with 5 ng/ml
LPS before separation. PBMCs were incubated in 24-well
plates for 3 h in RPMI 1640 supplemented with 10% fetal bovine
serum and 2 mM L-glutamine (Gibco) at a density of 5 x 10
PBMCs/0.5 ml per well. Nonadherent cells were removed, cell
culture medium was replaced, and cells were stimulated for
30 min with BZATP (100 wM) in the presence or absence of DPPC
(100 pM).

Immunocytochemistry

LPS-pulsed PBMCs were cultivated and stimulated as described
in Cellview™ cell culture slides (Greiner Bio-One), fixed in Cyto-
fix/ CytopermTM (BD Biosciences, Heidelberg, Germany) for
20 min on ice, washed with Perm/\/\’ashTM (BD Biosciences), air-
dried, and stored at 4°C until staining. Endogenous peroxidase
activity was inactivated by incubation in 1% H,O,, unspecific pro-
tein binding sites were blocked with 1% BSA (Serva, Heidelberg,
Germany), primary rabbit anti-ASC antibodies (Santa Cruz sc-
99514-R; Santa Cruz, CA) were diluted 1:50 in Perm/Wash™, 1%
BSA, and 5% heat-inactivated human serum and incubated for
1 h at room temperature. Bound antibodies were detected by
horseradish peroxidase-labeled goat anti-rabbit Ig antibodies
(DAKO, Hamburg, Germany) and 3,3"-diaminobenzidine (Sigma-
Aldrich). Absence of unspecific background staining caused by
secondary antibodies was tested by omission of primary antibodies.
Slides were lightly counterstained with hemalum, covered with
Glycergel (Dako), and evaluated with an Olympus (Hamburg,
Germany) BX51 microscope and the analySIS software (Olympus).

Measurement of cytokines

Human quantikine immunoassays (R&D Systems, Minneapo-
lis, MN) were used to determine IL-13, IL-6, and I1-18 concentra-
tions in cell culture supernatants according to the instructions of
the supplier. A high sensitivity kit for the measurement of IL-13
was mandatory because U937 cells release low amounts of IL-1 in
response to BzZATP (19, 23).

Cell viability

LDH was measured in cell culture supernatants and lysed cells
by nonradioactive cytotoxicity assay (Promega, Madison, WI) ac-
cording to the protocol indicated by the supplier. The total con-
tent of LDH measured in a batch of lysed untreated control cells
was set to 100% and values obtained for individual cell culture
supernatants were calculated accordingly.

Western blots
Western blot analysis of IL-18 and caspase-1, as well as their pro-
forms, was performed as described before (19). In short, human

PBMCs were stimulated with BzATP in serum-free medium and
supernatants were concentrated by a factor of 10 using Amicon®
Ultra centrifugal filters (UltracelTM 10K; Merck Millipore, Darm-
stadt, Germany). Cell lysates and concentrated supernatants were
separated along with prestained molecular weight standards (Pre-
cision Plus protein standards, dual color; Bio Rad, Hercules, CA)
on 15% reducing SDS-polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Millipore, Billerica, MA).
Mouse monoclonal antibodies to IL-18 (kindly supplied by the
National Cancer Institute, Frederick, MD), polyclonal rabbit anti-
bodies to caspase-1 (#2225; Cell Signaling Technology, Danvers,
MA), and mouse monoclonal antibodies to B-actin (A2228;
Sigma-Aldrich) were used as primary antibodies that were de-
tected by horseradish peroxidase-conjugated secondary antibod-
ies (Dako Cytomation, Glostrup, Denmark) and chemoluminescent
substrates. Documentation and densitometry were performed
using a digital gel documentation system (Biozym, Hessisch Old-
endorf, Germany).

Real-time RT-PCR

Extraction of RNA, reverse transcription, and real-time RT-
PCR for pro-IL-18 (ILIB), subunits a9 (CHRNAY) and «l0
(CHRNA10), and the housekeeping gene, porphobilinogen de-
aminase (HMBS), were performed as described previously (19).
In negative control experiments, where the cDNA was replaced by
water, no DNA was amplified. Agarose gel electrophoresis and se-
quencing (Seqlab, Gottingen, Germany) of the PCR products
confirmed the specificity of the PCR reaction. Gene expression
was analyzed using the 27*“ method and the mean values of the
controls were set to one arbitrary unit.

Whole-cell patch-clamp recordings on U937 cells

Electrophysiological recordings on LPS-primed U937 cells
were essentially performed as described before (19). Briefly, U937
cells were transferred to poly-L-lysine-coated cell culture dishes
containing bath solution (in millimoles: 5.4 KCI, 120 NaCl,
2 CaCl,, 1 MgCl,, 25 glucose, and 10 HEPES [4-(2-hydroxyethyl)-
piperazine-l-ethanesulfonic acid (pH 7.4)] and primed with LPS
for 5 h. Thereafter, whole-cell patch-clamp recordings were per-
formed at room temperature. BzZATP (100 uM) was always ap-
plied as a first stimulus via a pressure-driven microperfusion
system followed by DPPC (100 uM) and a second BzATP stimulus.
Control experiments in which BzATP was applied twice in the ab-
sence of DPPC were performed at least once per day to confirm
reversibility and repeatability of the BzZATP-induced changes in
ion currents.

Statistical analyses

SPSS software (Munich, Germany) was used to analyze data by
nonparametric Kruskal-Wallis test followed by Mann-Whitney
rank sum test. Wilcoxon sign rank test was used to analyze data
obtained from PBMCs. P < 0.05 was considered as statistically
significant.

RESULTS

Surfactant inhibits the release of IL-13

To test the hypothesis that pulmonary surfactant inhib-
its ATP-induced release of IL-13, human monocytic U937
cells were primed with LPS for 5 h followed by stimulation
with BzATP, a specific agonist of ATP receptor, P2X7.
As expected, IL-13 was released into the cell culture

Surfactant inhibits ATP-induced release of interleukin-13 1057
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supernatant (Fig. 1A, B), whereas IL-18 was not detected.
Maturation and release of IL-13 depended on activated
caspase-1 (supplemental Fig. S1). The natural bovine sur-
factant, Alveofact®, dose-dependently and efficiently in-
hibited BzATP-induced IL-1B release (P =< 0.00001,n =11
at a concentration of 90 ng/ml) with an IG5, of about
9 ng/ml (Fig. 1A). Nicotine (100 uM) that was included
in each experiment as a positive control also significantly
inhibited BzATP-induced IL-1B release (P =< 0.00001, n =
25), as described before (19). Essentially the same results
were obtained when the synthetic surfactant preparation,
Venticute®, was used, which is composed of rSP-C, POPG,
and DPPC (Fig. 1B). To estimate cell death, LDH was
measured in the cell culture supernatant at the end of
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Fig. 1. Surfactant dose-dependently inhibits BzZATP-mediated re-
lease of IL-1B. Different concentrations of the natural surfactant
preparation, Alveofact® (A), and the synthetic surfactant, Ven-
ticute® (B), were added to LPS-primed U937 cells together with
BzATP. IL-1 levels were measured 30 min thereafter in cell culture
supernatants. Nicotine was included as a known inhibitor of BzZATP-
dependent IL-1B release. A Kruskal-Wallis test was followed by
Mann-Whitney rank-sum test; data are presented as individual data
points; bars represent median; whiskers represent percentiles 25
and 75.
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each experiment. Elevated LDH levels were not detected
in any of the experimental settings (supplemental Fig.
S2A, B).

The inhibitory function of surfactant is mediated by
DPPC

To identify the active compound that inhibits BZATP-in-
duced release of IL-18 by U937 cells, we investigated the
effect of the different constituents of Venticute®, rSP-C
(Fig. 2A), POPG (Fig. 2B), and DPPC (Fig. 2C) at concen-
trations that reflected their relative concentration in Ven-
ticute® (33). As an additional control, we included PS, a
constituent of natural surfactant (Fig. 2D). rSP-C, POPG,
and PS did not inhibit BzZATP-induced release of IL-1§3
from LPS-primed U937 cells, although nicotine that served
as positive control was effective in the same experiments.
In contrast, application of DPPC resulted in a dose-depen-
dent and efficient inhibition of IL-1 release at concentra-
tions of 10, 100, and 1,000 puM (P = 0.03, n =4, each) with
an IC; of about 10 uM (Fig. 2D), which was in line with the
data obtained for surfactant. When DPPC was added to
LPS-primed U937 cells in the absence of BzATP, virtually
no IL-1B was detected in the cell culture supernatant (n =
25; Fig. 2C). To test whether other dipalmitoylated com-
pounds devoid of a PC group also inhibit BzZATP-induced
release of IL-1B3, we tested DPPE (100 pM) and DPG (100
uM). Both compounds did not impair IL-1@ release (Fig.
2E). None of the compounds tested resulted in an in-
creased LDH content of cell culture supernatants (supple-
mental Fig. S3A-E).

When DPPC was added together with LPS during prim-
ing of U937 cells, no change in the mRNA expression of
pro-IL-1p was seen (supplemental Fig. S4). Of note, release
of IL-6, an inflammasome-independent cytokine, was in-
duced by priming with LPS, but remained unchanged ir-
respective of the presence of BzATP, DPPC, or nicotine
(supplemental Fig. S5).

DPPC inhibits release of IL-13 by primary PBMCs

Next, we tested whether DPPC is also effective in pri-
mary human PBMGCs isolated from the peripheral blood
of healthy human donors. Unprimed PBMCs released a
considerable amount of IL-13 upon stimulation with
BzATP (Fig. 3A), whereas, at best, traces of IL-18 were
detected. Priming of PBMCs with LPS led to even higher
concentrations of IL-1f in cell culture supernatants (Fig.
3B). In both experimental settings, addition of 100 uM
DPPC significantly (P = 0.03, n = 5, each) reduced the
BzATP-induced release of IL-1B into the cell culture me-
dium (Fig. 3A, B) without changing the release of LDH
(supplemental Fig. S6).

Next, we used antibodies to ASC to detect ASC speck
formation by immunohistochemistry. In unstimulated
cells, a diffuse cytoplasmic and nuclear immunopositivity
was seen in most cells and almost no ASC specks were de-
tected. Upon stimulation with BzATP, the frequency of
ASC specks per 100 nuclei increased and the presence of
DPPC significantly (P = 0.03, n = 5) reduced speck forma-
tion (Fig. 3C, D). In controls, where the primary antibody
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DPPC is the active component of surfactant that dose-dependently inhibits BZATP-mediated release of IL-1p. Different concentra-

tions of rSP-C (A), POPG (B), DPPC (C), PS (D), DPPE (E), or DPG (E) were added to LPS-primed U937 cells together with BzATP. IL-18
levels were measured 30 min thereafter in cell culture supernatants. Nicotine was included as a known inhibitor of BzZATP-dependent IL-13
release. A Kruskal-Wallis test was followed by Mann-Whitney rank-sum test; data are presented as individual data points; bars represent me-
dian; whiskers represent percentiles 25 and 75.
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Fig. 3. DPPCinhibits BZATP-mediated inflammasome activation in human PBMCs. PBMCs were isolated from healthy human donors, left
untreated (A) or pulsed with LPS (B), cultured for 3 h and stimulated with BzATP in the presence or absence of DPPC. IL-18 levels were
measured 30 min thereafter in cell culture supernatants. C, D: ASC specks were detected by immunocytochemistry in LPS-pulsed PBMC and
stimulated with BzZATP in the presence or absence of DPPC. C: Micrographs of PBMC: ASC immunopositive material is stained in brown, cell
nuclei were lightly counterstained with hemalum, and the arrow is pointing to an ASC speck. D: The number of specks per 100 cell nuclei is
depicted. E-G: PBMCs were pulsed with LPS (lane 1) and stimulated with BzZATP in the absence (lane 2) or presence (lane 3) of DPPC and
Western blots were performed with antibodies directed to human caspase-1, IL-1, and B-actin. E: In cell lysates, exclusively, the pro-forms,
pro-caspase-1 and pro-IL-13, were detected; whereas, in concentrated cell culture supernatants, mature caspase-1 (F) and IL-1p (G) were
detected. F, G: Immunopositive signals were quantified by densitometry and expressed as arbitrary units (AU). Data points obtained from
individual blood donors are depicted and connected by lines. Data from the same individuals are coded by the same color in (A) and (B) as
well as in (F) and (G), butin (A) and (B) a cohort of volunteers was investigated that was different than in (F) and (G). Wilcoxon sign rank
test.
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was omitted, virtually no immunopositivity was visible. The
specificity of the antibody to ASC was controlled by West-
ern blotting, where a single band of the expected molecu-
lar mass was detected (data not shown).

In Western blots of cell lysates only pro-IL-1 and pro-
caspase-1 were detected, suggesting that DPPC does not
inhibit the release of mature IL-13 (Fig. 3E). Western blots
of concentrated cell culture supernatants confirmed that,
in response to BzZATP, activated caspase-1 is released to cell
culture supernatants along with mature IL-13 (Fig. 3F, G).
In the presence DPPC, this release was significantly re-
duced (Fig. 3F, G).

DPPC does not inhibit ATP-independent release of IL-1

In order to investigate whether DPPC also affects
ATP-independent IL-1B release, we added apyrase to
degrade any ATP present in the cell culture medium and
stimulated LPS-primed U937 cells with the bacterial pore-
forming toxin, nigericin, which induced release of IL-13
(Fig. 4A), but not of LDH (supplemental Fig. S7A). DPPC
did not inhibit nigericin-induced release of IL-13 (Fig. 4A).
In the same experimental setting, nicotine was also ineffec-
tive, which is in line with published data (19). In LPS-
primed U937 cells, LLME did not stimulate IL-1B secretion,
which is in contrast to naive and LPS-primed PBMGs. In
these cells, nigericin and LLME triggered the release of
IL-1B and LDH and, again, addition of DPPC did not
change IL-1 levels in cell culture supernatants (Fig. 4B, C;
supplemental Fig. S7B, C).

The effect of surfactant and DPPC is mediated via nAChRs

To test the hypothesis that the inhibitory effects of
Alveofact®, Venticute®, and DPPC are mediated via
nAChRs, we used the general nicotinic antagonist, mec-
amylamine (100 wM), which blocked the inhibition of
BzATP-induced release of IL-18 in U937 cells (P=0.03,
n = 4) (Fig. 5A-C). The same effects were seen when
a-bungarotoxin (1 wM) and strychnine (10 wM) were
used (P = 0.03, n = 4, each), suggesting that nAChRs
composed of subunits a7, a9, and/or a10 are involved
(Fig. 5A-C). RglA4 (200 nM), an a-conotoxin specific
for nAChRs containing subunit a9 (23, 34), also com-
pletely blocked the effect of DPPC (P = 0.03, n = 4,
each), whereas ArIB[V11L,VI6D] (500 nM), an «-
conotoxin specifically antagonizing o7 nAChRs (35, 36),
was ineffective (Fig. 5C). In all experimental settings,
no increase in LDH release was seen (supplemental Fig.
S5A-C). Treatment of U937 cells with LPS and BzATP
did not change the mRNA expression of pro-IL-13 and
nAChR subunits a9 and a10 (supplemental Fig. SSA-C).
The mRNA of nAChR subunit o7 is detectable in U937
cells, but expression levels are too low for quantification
by real-time RT-PCR (19). We demonstrated before that
addition of mecamylamine, a-bungarotoxin, and strych-
nine did not induce the release of IL-1f in the absence of
BzATP (19). Similarly, a-conotoxins, ArIB[VI11L,V16D] and
RglA4, neither induced nor impaired BzATP-induced mRNA
levels or the release of IL- from LPS-primed U937 cells
(supplemental Fig. S8A, Fig. 5D). None of the nicotinic
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Fig. 4. DPPC does not inhibit nigericin- or LLME-induced re-

lease of IL-1B. A: DPPC was added to LPS-primed U937 cells to-
gether with nigericin. IL-13 levels were measured 30 min after
application of nigericin in cell culture supernatants. Nicotine was
included as a known inhibitor of BzZATP-dependent IL-1B release.
B, C: Human PBMCs were isolated from healthy human donors, left
untreated (B) or pulsed with LPS (C), cultured for 3 h and stimu-
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IL-1PB levels were measured 30 min thereafter in cell culture super-
natants. Apyrase was included (A-C) to hydrolyze ATP that might
have been released by U937 cells. A Kruskal-Wallis test was followed
by Mann-Whitney rank-sum test; data are presented as individual
data points; bars represent median; whiskers represent percentiles
25 and 75.
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Fig. 5. The inhibitory effect of surfactant and DPPC on the BzATP-mediated release of IL-1B by LPS-primed U937 cells is mediated by
nAChR subunits a7, @9, and «10. Natural surfactant Alveofact® (A), synthetic surfactant Venticute” (B), or DPPC (C) were added to LPS-
primed U937 cells together with BZATP in the presence and absence of the nicotinic antagonists mecamylamine (Mec), a-bungarotoxin
(a-Bun), strychnine (Stry), RgIA4, or ArIB[V11L,V16D] (ArIB). IL-1B levels were measured 30 min thereafter in cell culture supernatants.
In LPS-primed U937 cells that were transfected with control siRNA (si con) the BzATP-stimulated IL-1p release was inhibited by DPPC
Conotoxins RgIA4 or ArIB did neither induce the release of IL-1beta by LPS-primed U937 cells nor impair the effects of BZATP. (E, F).

E: After transfection of siRNA to nAChR subunit a9, the effect of DPPC was blunted, whereas silencing of subunit a7 and «10 or the use of

control siRNA (si con) did not provoke any effect. F: When double knock-down experiments were performed, the inhibitory effect of DPPC
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antagonists caused a significant increase in LDH con-
centration in cell culture supernatants (supplemental
Fig. S9A-C)

To further elucidate the role of nAChR subunits a7, a9,
and «l0 in signal transduction of DPPC, we used siRNA
technology to silence the expression of each individual
gene separately. The siRNA-mediated downregulation of
the target gene mRNA of subunits a9 and «10 was shown
by real-time RT-PCR, whereas the mRNA expression of
subunit o7 was too low for quantification (supplemental
Fig. SI0A-D). It is, however, not yet possible to investigate
nAChR expression on the protein level because no specific
antibodies are available (37, 38). Silencing of a7 or a10
alone, as well as transfection of U937 cells with irrelevant
control siRNA, did not impair the inhibitory effect of DPPC
on BzATP-induced release of IL-1B (Fig. 5E). Only treat-
ment of U937 cells with siRNA to the a9 nAChR subunit
blunted the effect of DPPC (P=0.03, n = 4). Next, we per-
formed double knock-down experiments (a7/a9, a7/a10,
and a9/a10) in U937 cells. Silencing of each gene combi-
nation blunted the response to DPPC (P = 0.03, n = 4,
each) (Fig. 5F). Transfection of U937 cells with siRNA
caused the release of variable amounts of LDH into the cell
culture medium, but no differences were seen between
control siRNA and siRNA targeting nAChR subunits (sup-
plemental Fig. S9D, E).

DPPC inhibits BZATP-induced ion currents

Patch-clamp experiments were performed in LPS-primed
U937 cells to investigate the effect of DPPC on BzATP-
induced ion currents in LPS-primed U937 cells. Application
of BzATP reproducibly induced ion currents (Fig. 6A),
which were fully inhibited in the presence of 100 puM DPPC
(Fig. 6B, C).

DISCUSSION

The results of this study confirm our hypothesis that
natural and artificial pulmonary surfactants inhibit ATP-
mediated release of IL-18 by human monocytic cells. We
investigated all constituents of artificial surfactant separately
and identified DPPC as the active substance. Furthermore, we
provide evidence that DPPC acts via noncanonical nAChRs.

DPPCis the main lipid constituent of natural and synthetic
surfactant (24, 25). It is a prototypical phosphatidylcho-
line, a class of zwitterionic phospholipids that incorporate
choline as a head group, glycerophosphoric acid, and a va-
riety of fatty acids. Apart from DPPC, natural surfactant
also contains high concentrations of unsaturated phospha-
tidylcholines (24, 25), which might also inhibit IL-13 release
and deserve further investigation. Phosphatidylcholines
are important constituents of biomembranes, but are also
found in lining fluids of inner surfaces, such as the intesti-
nal mucus (39, 40).
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Fig. 6. DPPC inhibits BZATP-induced ion currents in LPS-primed
U937 cells. Whole cell patch-clamp recordings of U937 cells are de-
picted in (A, B), and changes in ion currents in response to BzATP
(Al zrp) are summarized in (C). Two consecutive BzATP applica-
tions (1 and 2) resulted in repeatable ion current changes that were
abolished in the presence of DPPC (100 uM). Data are presented as
individual data points; bars indicate median; whiskers represent
percentiles 25 and 75.

Patients suffering from acute lung injury or ARDS typi-
cally have reduced surfactant DPPC levels (41), together
with increased activation of the NLRP3-inflammasome and
increased levels of inflammasome-dependent cytokines,
such as IL-1B and IL-18 (8, 10, 11). Animal studies suggest
that NLRP3-inflammasome activation is further enhanced
by mechanical damage caused by artificial ventilation (42).
DPPC and other phosphatidylcholines have been shown
before to inhibit the response of human macrophage cell
lines to various pro-inflammatory stimuli (28, 30, 31, 43)
and they also seem to play a protective role in diverse in-
flammatory diseases (44—47). These effects were shown to
be, at least in part, due to incorporation of phosphatidyl-
choline into the cell membrane and to alterations of the
functionally critical localization of TLR4 in lipid rafts (30,
31, 43, 47).

In this study, we provide evidence that DPPC triggers a
different mechanism of action in human monocytic cells,
which closely resembles a cholinergic mechanism recently
discovered by our group (19, 23). DPPC, much like PC and
conventional nicotinic agonists (19), inhibited ATP-depen-
dent activation of IL-1B release, but DPPC was ineffective
when the activation of the NLRP3 inflammasome was trig-
gered by the pore-forming toxin, nigericin. We demon-
strated before that nicotine and PC completely inhibit
BzATP-induced ion channel functions at ATP receptor,
P2X7, in human monocytic cells (19, 23). Our experiments
revealed that DPPC also efficiently inhibits BZATP-induced
ion currents and, consequently, inflammasome assembly,
activation of caspase-1, and maturation of IL-1B. In con-
trast to DPPC, other related lipids devoid of a PC group did

was impaired in all siRNA combinations investigated («7/9, «7/10, 29/10). A Kruskal-Wallis test was followed by a Mann-Whitney rank-sum
test; data are presented as individual data points; bars represent median; whiskers represent percentiles 25 and 75; *P = 0.03 compared

with respective experiments performed on cells treated with si con.
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not impair IL-1B release, suggesting that the efficiency of
DPPC depends on the presence of the PC head group.

The inhibitory effect of DPPC on ATP-mediated IL-13
release by U937 cells was sensitive to the nicotinic antago-
nists, mecamylamine, a-bungarotoxin, and strychnine, sug-
gesting that one or more members of the evolutionarily
conserved nAChR family comprising subunits a7, a9, and
al0 are involved (48). a-Conotoxin RglA4, which is a
specific antagonist of human a9-containing nAChR, also
reverted the effect of DPPC, whereas the a7-specific
a-conotoxin, ArIB[V11L,V16D], was ineffective. These re-
sults prompted us to silence nAChR expression by siRNA
technology. When subunits a7, a9, and a10 were silenced
individually, only silencing of a9 blunted the effect of
DPPC. In contrast, whenever two of these subunits were si-
lenced concomitantly, the inhibitory effect of DPPC was
impaired. We conclude from the pharmacological and the
siRNA data that nAChR subunit a9 is essential for signaling
of DPPC, whereas subunits o7 and a10 seem to be func-
tionally interchangeable.

The functional combination of nAChR subunits a7 and
a9 is unexpected, as subunits a7 and a9 are known to form
homopentamers (49). In addition, a9 forms heteropen-
tamers together with a10, a subunit that requires additional
subunits to form a functional receptor (50, 51). Rather ex-
otic combinations of 7 and al0 have also been described
(52), but no functional combination of subunits a7 and «9.
In monocytic cells and in leukocytes in general, nAChRs do
not function as ligand-gated ion channels, but exert different
metabotropic functions (1922, 53, 54). Accordingly, DPPC
also did not provoke ion current changes in U937 cells.

The structure of these noncanonical nAChRs is still enig-
matic and we do not know if they form multimers at all. In
contrast to classic nicotinic agonists, PC does not provoke
ion channel functions at conventional nAChRs (19, 23).
Considering the structural similarity between the head
group of DPPC and PC, we speculate that DPPC also exclu-
sively activates metabotropic functions at nAChRs expressed
by immune cells, but does not activate canonical ionotropic
functions. However, the physicochemical properties of the
larger amphiphilic DPPC are strikingly distinct from PC
and from classical agonists of nAChRs.

U937 cells, like every cell line, do not necessarily repre-
sent the properties of the cells from which they were de-
rived. Therefore, we investigated freshly isolated PBMCs
from healthy nonsmoking male donors. In these cells, the
process of cell isolation and cell culturing was sufficient to
induce the expression of pro-IL-13 and IL-1B was released
in response to BzATP, as described previously (19, 55). As
expected, treatment of these cells with LPS further in-
creased IL-1(3 levels. In these primary cells, DPPC efficiently
inhibited BzATP-induced inflammasome activation and
maturation of caspase-1 and IL-18, but not IL-1f secretion,
as mature IL-1p was not detected in lysates of PBMCs that
were stimulated with BzZATP in the presence of DPPC.

DPPC or other phosphatidylcholines might be effective
for the treatment of inflammatory diseases involving ATP-
induced inflammasome activation. Numerous preclinical
and clinical studies have investigated the use of various

1064 Journal of Lipid Research Volume 58, 2017

surfactant formulations in the context of ARDS. As the re-
sults were promising, but overall very diverse (56), this treat-
ment never reached the clinical arena. Recently, however,
asurfactant preparation rich in DPPC was highly protective
in pediatric ARDS patients when combined with an alveo-
lar recruitment maneuver (57). Hence, the use of surfactant
containing high concentrations of DPPC deserves further
investigation in a subpopulation of ARDS patients that are
exposed to additional mechanical lung damage that results
in ATP-dependent inflammasome activation. In addition,
phosphatidylcholines were very efficient in a multi-center
study for the treatment of ulcerative colitis, an inflamma-
tory gut disease (58). We speculate that beneficial effects
of phosphatidylcholines are at least in part due to the anti-
inflammatory mechanism discovered in this study.

In conclusion, we describe a novel anti-inflammatory
function of DPPC, the main lipid constituent of pulmonary
surfactant that efficiently inhibits ATP receptor signaling
and, hence, ATP-mediated release of IL-1B by monocytic
cells. We discovered a novel anti-inflammatory mechanism
of surfactant and suggest that DPPC might be effective for
the treatment of various inflammatory diseases. In addi-
tion, we describe for the first time that the phosphatidyl-
choline, DPPC, functions as an agonist of noncanonical
nAChRs expressed by immune cells. Bl
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Abstract: Phosphocholine-modified bacterial cell wall components are virulence factors enabling
immune evasion and permanent colonization of the mammalian host, by mechanisms that are
poorly understood. Recently, we demonstrated that free phosphocholine (PC) and PC-modified
lipooligosaccharides (PC-LOS) from Haemophilus influenzae, an opportunistic pathogen of the
upper and lower airways, function as unconventional nicotinic agonists and efficiently inhibit
the ATP-induced release of monocytic IL-13. We hypothesize that H. influenzae PC-LOS exert
similar effects on pulmonary epithelial cells and on the complex lung tissue. The human lung
carcinoma-derived epithelial cell lines A549 and Calu-3 were primed with lipopolysaccharide from
Escherichia coli followed by stimulation with ATP in the presence or absence of PC or PC-LOS or
LOS devoid of PC. The involvement of nicotinic acetylcholine receptors was tested using specific
antagonists. We demonstrate that PC and PC-LOS efficiently inhibit ATP-mediated IL-1(3 release
by A549 and Calu-3 cells via nicotinic acetylcholine receptors containing subunits o7, «9, and/or
«10. Primed precision-cut lung slices behaved similarly. We conclude that H. influenzae hijacked an
endogenous anti-inflammatory cholinergic control mechanism of the lung to evade innate immune
responses of the host. These findings may pave the way towards a host-centered antibiotic treatment
of chronic airway infections with H. influenzae.

Keywords: A549; Calu-3; CHRNA7; CHRNA9; CHRNA10; immune evasion; inflammasome; lung;
nicotinic acetylcholine receptor; phosphocholine-modification
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1. Introduction

Strains of Haemophilus influenzae can be divided into two categories: the encapsulated, typeable
strains and the genetically highly variable non-encapsulated, non-typeable strains (NTHi) [1,2].
A well-described virulence factor of most wild-type NTHi is the lic1 operon that encodes enzymes
needed for the synthesis of phosphocholine-modified lipooligosaccharides (PC-LOS) [3-9]. H. influenzae
strains carrying a non-functional mutant /icl-operon are rapidly cleared from the airways of
experimental mice and rats, whereas PC-LOS-positive wild-type strains are selected and can cause
severe pulmonary infections [6,10]. Accordingly, most human respiratory H. influenzae infections
are due to strains with a functional licI-operon [8]. Like H. influenzae, numerous Gram-negative
and Gram-positive bacteria as well as eukaryotic parasites produce PC-modified cell surfaces or
secretory products that are generally regarded as immunomodulatory mediators enabling pathogen
survival [7,8].

PC-LOS from wild-type H. influenzae strains is at best a weak inducer of costimulatory molecules
CD40 and CD58 as well as interleukin-1 (IL-1) and tumor necrosis factor-o (TNF-x) mRNA in human
monocytic THP-1 cells, whereas PC-free LOS from a licl-mutant is as efficient as lipopolysaccharide
(LPS) from Escherichia coli [11]. It is, however, unclear if PC-LOS only weakly activates Toll-like receptor
4 or if other mechanisms are involved that control the expression and release of pro-inflammatory
cytokines including IL-13. A better understanding of immune evasion strategies is needed for the
development of novel anti-infective therapies to treat H. influenzae infections.

IL-1f3 is a highly potent pro-inflammatory cytokine of innate immunity that plays an essential
role in host defense against infections [12,13]. As excessive systemic IL-1{3 levels can cause fever, shock
and multiple organ failure, including acute respiratory distress syndrome [13-15], a tight regulation
of its release is vital. The production of IL-1p3 often requires two consecutive so-called “danger
signals” [13,16,17]. The pathogen-associated molecular pattern LPS is a typical first signal inducing
the biosynthesis of cytoplasmic pro-IL-1f3, an inactive cytoplasmic pro-form of IL-1(3. Extracellular
ATP is an indicator of severe cellular damage and a prototypical second danger signal that initiates ion
currents at P2X7 receptors, including efflux of potassium ions. Reduced cytoplasmic potassium levels
leads to the assembly of the NACHT, LRR and PYD domains-containing protein 3 (NLRP3)-containing
inflammasome and to caspase-1 activation [13,16,17]. Caspase-1 enables the rapid maturation and
release of cytokines of the IL-1 family including IL-1§3 [13,16,17].

We recently reported that agonists of nicotinic acetylcholine receptors (nAChRs) containing
subunits o7, ®9 and/or «10 efficiently inhibit the ATP-induced release of IL-13 by human monocytic
cells [18-20]. Apart from classical nicotinic agonists such as acetylcholine (ACh), choline or nicotine,
free PC and PC-LOS from bacterial walls of wild-type H. influenzae function as unconventional nAChR
agonists that also inhibit the ATP-mediated IL-1( release [18-20]. In contrast, PC-free LOS isolated
from H. influenzae licl-mutants is ineffective [18]. Interestingly, the covalent binding of PC to LOS
enhances the efficiency of PC by a factor of about 400 [18].

Up to now, we investigated the inhibition of ATP-induced IL-1f by nicotine, PC and PC-LOS in
human monocytic blood cells [18]. In addition to mononuclear phagocytes of the lung, respiratory
and alveolar epithelial cells contribute to host defense against respiratory infections by NLRP3
inflammasome activation and IL-1f3 release [15,21-26]. As those epithelial cells are among the first
cells that come into contact with pathogens, they are expected to be of particular importance during
the early phase of infection. Here, we confirm our hypothesis that nicotine, PC and PC-LOS inhibit
the ATP-induced release of IL-3 by human cancer cell lines A549, resembling alveolar epithelial cells
type 11 [27,28], and Calu-3 cells, an established model for bronchial epithelial cells [29]. PC-LOS is also
active in mouse lung tissue. Moreover, we provide evidence that nicotine, PC and PC-LOS signal via
epithelial nAChR subunits 7 and «9, while PC-free LOS isolated from lic-mutants is inactive.
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2. Results

2.1. Nicotine and PC Inhibit IL-18 Release from A549 Cells via nAChRs

We reported before that nicotine and PC inhibit the ATP-induced IL-1f release by human
monocytic cells via nAChRs containing subunits «7, «9 and «10 [18-20]. To test whether this
applies to lung epithelial cells, we primed A549 cells with LPS from E. coli (100 ng/mL) for
24 h followed by stimulation with the P2X7 receptor agonist 2/(3’)-O-(4-benzoylbenzoyl)adenosine
5'-triphosphate trieethylammonium salt (BzATP, 100 uM) for another 30 min. IL-1p released into the
cell culture supernatant was measured by enzyme-linked immunosorbent assay (ELISA) (Figure 1A,B).
The concentration of IL-1f in the cell culture supernatant ranged between 25 and 50 pg/mL. When
either priming with LPS or stimulation with BZATP was omitted, virtually no IL-13 was detected
(Figure 1A,B). Nicotine (100 uM; p = 0.000, n = 15; Figure 1A) and PC (100 uM, p = 0.0001, n = 15;
Figure 1B) fully inhibited the BZATP-induced release of IL-13 from LPS-primed A549 cells. In control
experiments, in which nicotine or PC were added to LPS-primed cells in the absence of BzATP, virtually
no IL-1P was released (Figure 1A,B). Cell viability as estimated by the measurement of the cytoplasmic
enzyme lactate dehydrogenase (LDH) in cell culture supernatants was unimpaired in these and in all
following experiments.

To analyze if nicotine and PC signal via nAChRs in A549 cells, a panel of different nAChR
antagonists was used: (1) mecamylamine (100 M), a general nAChR antagonist, (2) a-bungarotoxin
(1 uM), an antagonist targeting nAChRs containing subunits «7 or «9, (3) strychnine (10 uM) that
preferentially antagonizes nAChRs containing subunit o9, (4) «-conotoxin [V11L, V16D]ArIB (500 nM),
a specific antagonist of nAChR «7, and 5) x-conotoxin RglA4 (200 nM) that antagonizes nAChRs
containing subunits «9/«10 [19,30-34]. When applied together with BzATP, all nAChR antagonists
abolished the inhibitory effect of nicotine and PC and enabled the full release of IL-13 (Figure 1A,B).
In control experiments, where BZATP was omitted, none of the nAChR antagonists induced the release
of IL-13 by LPS-primed A549 cells (data not shown). We conclude from these data that nicotine and
PC are efficient inhibitors of BZATP-induced IL-1§3 release by pulmonary epithelial cells, and that
nAChR subunits a7, 9 and/or «10 are involved in signaling of nicotine and PC.
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Figure 1. Nicotine (Nic) and phosphocholine (PC) inhibit the release of IL-13 by A549 cells. Human
LPS-primed A549 cells were stimulated with 2/(3')-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate
(BzATP, 100 uM) in the presence or absence of Nic (100 uM) (A) or PC (100 uM) (B) and the
IL-1p released to the supernatant was measured 30 min later. The inhibitory effects of Nic and
PC were sensitive to nicotinic antagonists mecamylamine (Mec; 100 uM), strychnine (Stry; 10 uM),
a-bungarotoxin (x-Bun; 1 uM), [V11L, V16D]ArIB (500 nM), or RgIA4 (200 nM). Data are presented
as individual data points, bars represent median, whiskers encompass the 25th to 75th percentile;
n-numbers of independent experiments are indicated in the figure. Experimental groups were
compared by Kruskal Wallis test followed by Mann Whitney rank sum test.

2.2. Nicotine and PC Inhibit IL-1B Release from Calu-3 Cells via nAChRs

In the next set of experiments, we demonstrated that Calu-3 cells essentially reacted like A549
cells (Figure 2). Application of BZATP (100 M) to LPS-primed Calu-3 cells resulted in the release
of IL-1f into the cell culture supernatant with concentrations ranging between 28 and 58 pg/mL
(Figure 2) that was fully inhibited in the presence of nicotine (100 uM; p = 0.029, n = 4; Figure 2) or PC
(100 uM, p = 0.029, n = 4; Figure 2). These inhibitory effects were fully reversed by addition of [V11L,
V16D] ArIB (500 nM) or RgIA4 (200 nM; Figure 2), suggesting that also in Calu-3 cells nAChR subunits
a7, ®9 and/or 10 are involved in signaling of nicotine and PC [18].
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Figure 2. Nicotine (Nic) and phosphocholine (PC) inhibit the release of IL-1f by Calu-3 cells. Human
LPS-primed Calu-3 cells were stimulated with BzATP (100 uM) in the presence or absence of Nic
(100 uM) or PC (100 uM). [V11L, V16D]ArIB (500 nM) or RgIA4 (200 nM) was added together with
BzATP and IL-1p released to the supernatant was measured after 30 min. In one of the experiments,
IL-1p levels released in response to BZATP was low throughout. Data are presented as individual data
points, bars represent median, whiskers encompass the 25th to 75th percentile, 1 = 4 per experiment.
Experimental groups were compared by Kruskal Wallis test followed by Mann Whitney rank sum test.

2.3. PC-LOS Inhibit BzATP-Mediated IL-18 Release from A549 and Calu-3 Cells

We showed before that nicotine, PC and PC-LOS inhibit the ATP-induced release of IL-1 from
monocytic cells via nAChR subunits «7 and «9, while PC-free LOS isolated from licI-mutants is
inactive [18]. Here, we tested the effects of PC-LOS from two independent H. influenzae strains, RM118
and NTHi123323 in the epithelial cell lines A549 and Calu-3. PC-LOS (1 ug/mL) purified from both
strains efficiently inhibited the BZATP-induced release of IL-1f3 from LPS-primed A549 and Calu-3 cells
(Figure 3A,B). The concentration of PC-LOS used in this study has been determined before [18].
In contrast, PC-free LOS from the corresponding mutant strains lacking the PC-modification,
RM7004-lic1 and NTHi1233-lic1 [4], was ineffective (Figure 3A,B). We selected A549 cells to test
the hypothesis that PC-LOS signals via the same nAChR subunits like free PC. The inhibitory effects
of PC-LOS were sensitive to mecamylamine (100 pM), a-bungarotoxin (1 pM), strychnine (10 pM),
[V11L, V16D]ArIB (500 nM), and RgIA4 (200 nM) (Figure 3C), suggesting that PC-LOS signals via
nAChR subunits «7, ®9 and/or «10 similar to free PC.
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Figure 3. Phosphocholine-modified lipooligosaccharides (PC-LOS) isolated from H. influenzae strains
inhibit the release of IL-13 by A549 and Calu-3 cells. Human LPS-primed A549 (A,C) or Calu-3
(B) cells were stimulated with BZATP (100 pM) in the presence or absence of PC-LOS isolated from the
H. influenzae strains RM118 (RMPC; 1 ug/mL) and NTHi 1233 (NTHiPC; 1 ug/mL) and IL-1f released
to the supernatant was measured after 30 min. PC-free LOS from the corresponding licl-mutant
strains RM7004-lic1 (RM; 1 ng/mL) and NTHi1233-/ic1 (NTHi; 1 pg/mL) lacking the PC-modification
were included as a negative control. (C) The inhibitory effects of RMPC and NTHiPC were reversed
by nicotinic antagonists mecamylamine (Mec; 100 uM)), strychnine (Stry; 10 uM), a-bungarotoxin
(o-Bun; 1 uM), [V11L, V16D]ArIB (500 nM), or RgIA4 (200 nM). Data are presented as individual data
points, bars represent median, whiskers encompass the 25th to 75th percentile, n = 4 per experiment.
Experimental groups were compared by Kruskal Wallis test followed by Mann Whitney rank sum test.
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2.4. PC-LOS Inhibit the BzZATP-Mediated IL-1B Release from Mouse Precision Cut Lung Slices (PCLS)

To test, if the inhibitory potential of PC-LOS on the BzZATP-induced release of IL-1f3 also applies
to lung tissue, we investigated PCLS from healthy wild-type mice, an established ex vivo model to
investigate pulmonary inflammation [35]. PCLS were cultured for 48 h. The lung tissue retained
normal morphology (Figure 4A) and viability as estimated by the release of LDH (Figure 4B).
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Figure 4. Phosphocholine-modified lipooligosaccharides (PC-LOS) isolated from H. influenzae strains
inhibit the release of IL-13 by wild-type mouse precision cut lung slices (PCLS, n = 6). (A) A fixed
PCLS, lightly stained with Richardson’s stain depicts normal pulmonary morphology; (B,C) PCLS
were primed with LPS (100 ng/mL), IFN-y (20 ng/mL) and TNF-« (10 ng/mL) for 24 h followed by
application of BZATP (150 uM) in the presence or absence of PC-LOS isolated from the H. influenzae
strains RM118 (RMPC; 1 pg/mL) and NTHi 1233 (NTHiPC; 1 ug/mL); (B) Lactate dehydrogenase
(LDH) was measured in the cell culture supernatant 30 min later and expressed as % of the total LDH
content of the individual PCLS (n = 4). Due to a technical problem, LDH release was not measured
in two out of six experiments; (C) IL-1$ was measured in cell culture supernatant at the same time
point as the LDH (n = 6). The IL-13 concentration in experiments where primed PCLS were stimulated
with BzZATP was set to 100% and all other values were calculated accordingly. (B,C) Data are presented
as individual data points, bars represent median, whiskers encompass the 25th to 75th percentile.
Experimental groups were compared by the Wilcoxon sighed-rank test.
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Thereafter, PCLS were primed with LPS (100 ng/mL), interferon-y (IFN-y; 20 ng/mL) and TNF-«
(10 ng/mL) for 24 h and BzATP (100 pM) was added to the tissue culture supernatant for 30 min in the
presence or absence of PC-LOS (1 ug/mL) purified from H. influenzae strains RM118 or NTHi123323.
During priming, PCLS released IL-1f3 into the tissue culture supernatant (4-28 pg/mg, n = 6; Figure 4B),
which was further increased by addition of BzATP (13-46 pg/mg, n = 6; Figure 4B). PC-LOS fully
inhibited the BzATP-induced IL-1f3 release (RM118: 3-28 pg/mg, p = 0.005, n = 6; NTHi123323:
2-27 pg/mg, p = 0.005, n = 6; Figure 4B) suggesting that the inhibitory potential of PC-LOS also applies
to the complex lung tissue.

3. Discussion

We demonstrate here that the ATP-induced release of IL-1p by the pulmonary epithelial cell
lines A549 and Calu-3 is efficiently inhibited by nicotine, PC and PC-LOS isolated from wild-type
H. influenzae bacterial cell walls, whereas PC-free LOS isolated from mutant stains is inactive. We further
show that PC-LOS exerts similar effects in PCLS, an ex vivo model that is suited to investigate aspects
of pulmonary inflammation [35-37]. In addition, we are the first to demonstrate that PC and PC-LOS
function as unconventional nAChR agonists signaling via nAChR subunits 7, «9 and/or «10 in
pulmonary epithelial cells. We suggest that this mechanism contributes to the known PC-LOS-mediated
immune evasion of H. influenzae [6-9].

Several mechanisms have been suggested to be involved in the positive selection of
PC-LOS-exposing H. influenzae strains on epithelial surfaces, where NTHi strains are predominantly
found. These mechanisms include molecular mimicry, increased adherence of PC-LOS-exposing
bacteria to respiratory epithelia by binding to the receptor of the platelet activating factor (PAF) [38,39]
as well as PC-LOS-dependent biofilm formation that facilitates host colonization [40—42] and protection
from the attack of host proteases [43].

The dominance of the PC-LOS-carrying NTHi variants in vivo is surprising in the light of
known host effector mechanisms targeting PC-LOS. The acute-phase reactant C-reactive protein (CRP)
binds to cell surface-exposed PC-LOS, and is expected to fix complement and to result in pathogen
elimination [10,44-46]. In addition, high titers of natural antibodies to PC are ubiquitously found in
humans [47,48]. They should also enable a quick eradication of PC-LOS exposing H. influenzae [49-52].
These anti-bacterial attack mechanisms, however, are expected to be predominantly active in the blood
plasma, where H. influenzae strains lacking the PC-decoration on their cell wall might have a better
chance of survival [10]. In contrast, PC-LOS-positive strains seem to have a survival benefit in the
respiratory tract, the source of most PC-LOS-positive H. influenzae isolates from infected patients [8].
Accordingly, frequent spontaneous phase variations have been observed regarding the on-off switching
in the exposition of PC-LOS on the bacterial surface [53], a mechanism that might enable a quick
adaptation of H. influenzae to its environment within the host. These considerations prompted us to
focus on respiratory and pulmonary epithelial cells.

Epithelial cells including lung epithelial cells form the first line of mechanical and immunological
defense against infections. In response to numerous microbial noxes and sterile cell damage leading to
the release of cytoplasm, inflammasomes assemble and exert vital functions regarding the preservation
of the epithelial integrity and in the coordination of the immune response [15,21,24-26]. In vivo
analyses and ex vivo experiments on intact tissues are difficult to interpret regarding the origin of
released mediators, because they contain a multitude of different cell types including leukocytes. We
used A549 cells resembling alveolar epithelial cells type II [27,28], and the bronchial epithelial cell
line Calu-3 [29] to ascertain the purity of the epithelial cells. The capacity A549 cells to form NLRP3
inflammasomes and to secrete mature IL-1$3 has been shown before [54,55] and we demonstrate in
this study that Calu-3 cells are also able to secrete IL-13. These data must be interpreted with caution,
because cell lines never fully reflect the properties of primary cells. In future experiments, A549 cells,
Calu-3, or primary lung epithelial cells should be investigated in air liquid interface cultures that more
closely mimic many of the features of the native polarized airway epithelium.
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To approach reality, we investigated PCLS, thin slices of the highly complex lung tissue. In this
setting, the cellular source of IL-1§3 released by PCLS is unclear because the lung tissue is composed
of numerous cell types including monocytes and macrophages. However, PC-LOS was able to fully
inhibit the IL-13 release caused by stimulation with BzATP, which is in line with our hypothesis.
PCLS are widely used to study the lung ex vivo, to reduce the number of experiments on living
animals (e.g., [35,56,57]). This approach is not without controversy because PCLS have large wounded
surfaces and they are neither ventilated nor perfused with blood. However, this also applies to parts
of severely damaged lungs and other studies have shown that PCLS are a good model for innate
immunity of the inflamed lung [35-37]. More research using living experimental animals and living
H. influenzae strains are certainly needed to confirm these initial results.

Immune evasion strategies are the result of million years of co-evolution of microorganisms
with their respective hosts and frequently, endogenous anti-inflammatory mechanisms are hijacked
by well adapted pathogens [58,59]. Recently, we reported that dipalmitoyl-phosphatidylcholine,
the most abundant lipid present in the pulmonary surfactant, efficiently inhibits inflammasome
assembly and release of IL-13 by a mechanism that resembles that of PC-LOS [60]. A similar
pathway is induced by the pulmonary anti-protease alphal-antitrypsin [37]. The content of
pulmonary dipalmitoyl-phosphatidylcholine is, however, reduced upon severe acute lung injury
or inflammation [61] and alphal-antitrypsin is consumed by proteases that are mainly released by
activated neutrophils [62]. Hence, local inflammasome assembly and IL-1f3 release should be enabled
in damaged lungs to allow efficient host defense. We speculate that PC-LOS of wild-type H. influenzae
subverts the immune response of the host by preventing ATP-induced inflammasome assembly despite
of a local lack in phosphatidylcholines and alphal-antitrypsin.

The effect of PC-LOS is sensitive to nAChR antagonists targeting subunits «7, «9 and «10 that form
an evolutionary conserved family of nAChR subunits [63]. Human bronchial epithelial cells express
nAChR subunits a7 and «9 and respond with ion currents to nicotine or choline, known agonists of
nAChRs [64]. We demonstrated before for human monocytic cells, that nicotine and free PC inhibit the
BzATP-induced release of IL-13 via nAChR subunits «7, «9 and «10 [18,19]. Also, PC-LOS seems to
signal via the same nAChR family. The data presented in this study are not unequivocal regarding the
involvement of nAChR subunits «9 and /or «10. RgIA4 is an antagonist of nAChRs containing subunits
9 and/or «10 but cannot differentiate between both subunits [34]. However, as we demonstrated
before, that nAChR subunits a7, 9 and «10 are needed for the PC-mediated metabotropic inhibition
of monocytic P2X7 receptors [18-20] this might also hold true for pulmonary epithelial cells.

People carrying H. influenzae in their respiratory tract usually do not exhibit clinical signs of
disease. Reduced mucociliary clearance, however, causes the propagation of H. influenzae resulting
in otitis media, pharyngitis, bronchitis and pneumonia [65-70]. In patients suffering from chronic
obstructive pulmonary disease (COPD), 50% of all exacerbations are caused by bacterial pathogens;
among them, H. influenzae is most frequently isolated [70,71]. Treatment of COPD exacerbations
includes antibiotics, corticosteroids and bronchodilators. Earl and colleagues showed that these
regimens promote the persistence of H. influenzae and antibiotic resistance [72]. First antibiotic
resistances to ampicillin and amoxicillin were described for H. influenzae as early as 1972. Later on,
co-trimoxazole, combination of trimethoprim and sulfamethoxazole, became ineffective in the
treatment of NTHi [73,74].

The solution to this problem could be a host centered anti-infective therapy beyond the classical
antibiotic regimens that is less prone to the development of resistances. More precisely, we suggest that
a short-term treatment of H. influenzae-colonized patients with antagonists of nAChRs might enable a
vigorous inflammasome-dependent immune reaction and eradication of the infection.

In conclusion, we demonstrate that the ATP-induced release of IL-1 by pulmonary epithelial
cells and by lung tissue (PCLS) is efficiently inhibited by PC-LOS from wild-type H. influenzae strains.
PC-LOS signaling via archaic non-neuronal nAChRs seems to contribute to the immune evasion of
H. influenzae and might be a promising therapeutic target.
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4. Materials and Methods

4.1. Reagents

Mecamylamine hydrochloride, (—)-nicotine hydrogen tartrate salt (N5260), phosphocholine
chloride calcium salt tetrahydrate, strychnine hydrochloride, and LPS (L2654 from E. coli) were
obtained from Sigma-Aldrich (Taufkirchen, Germany). BZATP was provided by Jena Bioscience (Jena,
Germany) and a-bungarotoxin by Tocris Bioscience (Bristol, UK). [V11L, V16D]ArIB and RglA4 were
produced and characterized as described previously [32-34]. Concentrations of all compounds used in
this study were optimized in previous experiments on human monocytic U937 cells [18,19].

4.2. Purification and Characterization of PC-LOS

PC-LOS and PC-free LOS were isolated from various H. influenzae strains as described before [75].
In short, LOS was extracted from bacteria using a phenol/chloroform/light-petroleum method and
further purified by ultracentrifugation. The structure of LOS was analyzed by high-field NMR and
ESI-MS techniques. In addition, composition and linkage analyses were performed on O-deacylated
LOS and oligosaccharide samples.

4.3. Pulmonary Epithelial Cell Lines

All cells were cultivated in a standard incubator at 37 °C, 5% CO,. The adherent human
epithelial lung carcinoma cell line Calu-3 was obtained from the American Type Culture Collection
(ATTC®, Manassas, VA, USA) and cultivated in ATCC-formulated Eagle’s MEM (No. 30-2003)
supplemented with 10% fetal bovine serum (FBS, S-EUR30-1, Cell Concepts, Umkirch, Germany).
A549 cells, adherent epithelial cells derived from a lung tumor, were provided by the Leibniz-Institute
DSMZ (Braunschweig, Germany) and cultivated in Dulbecco’s MEM with GlutaMAX™ (Gibco/Life
Technologies, Carlsbad, CA, USA) containing 10% FBS. Epithelial cells were seeded at a density of
1 x 10° cell in 1 ml medium in 12 well cell culture plates, cultivated for 24 h, followed by another
24 h stimulation with LPS (100 ng/mL). Epithelial cell cultures reached about 50% confluency. BZATP
(100 uM) was added to the LPS-primed cells in the presence of different concentrations of nicotine, PC,
PC-LOS or PC-free LOS. Thirty min later, cell-free cell culture supernatant was harvested and stored at
—20 °C until measurement of IL-1 and LDH.

4.4, Mouse PCLS

Specified pathogen-free mice were obtained via Janvier Labs, Le Genest-Saint-Isle, France and
were housed in our animal facility for about 2 weeks under a 12 h light/dark cycle and access to
standard chow and water ad libitum. Experimental animals received humane care according to NIH
“Guide for the Care and Use of Laboratory Animals”. The protocol was registered and approved by
the local authorities (Regierungspréasidium Giessen, Germany; reference no. 571_M). Mouse PCLS
were prepared using a modified protocol described previously [56,57,76]. Briefly, lungs were taken
from 8 to 12 weeks old female C57BL/6NRj mice. The animals were sacrificed after anesthesia with
isoflurane (5%); (Abbott, Wiesbaden, Germany) by cervical dislocation. The airways were filled via the
cannulated trachea with 1.5% low melting agarose (Bio-Rad Medical Diagnostics, Dreieich, Germany)
dissolved in HEPES-Ringer buffer. Lungs were removed and transferred to ice-cold HEPES-Ringer
buffer to solidify the agarose. The lung lobes were cut into 350 um thick slices using a vibratome
(VT10000S, Leica, Bensheim, Germany). Slices were incubated in HEPES-Ringer buffer, supplemented
with penicillin (100 U/mL, PAA, Etobicoke, Canada) and streptomycin (0.1 mg/mL, PAA) for at least
1.5h at 37 °C to remove the agarose.

PCLS were washed once and cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12
with L-glutamine and without HEPES (No. DF-042-B; Merck, Darmstadt, Germany) supplemented
with 100 U/mL Pen Strep (Gibco) at 37 °C, 5% CO,, and 100% air humidity in 12-well tissue culture
plates, using 2 slices per well. After 24 h of incubation, PCLS were treated with LPS (100 ng/mL),
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recombinant human IFN-y (20 ng/mL; R&D Systems, Minneapolis, MN, USA) and recombinant
human TNF-« (10 ng/mL; R&D Systems) for additional 24 h. As a control PCLS were left untreated
for the same period of time. The functional integrity of PCLS produced according to the same protocol
in the same laboratory was published recently [76]. Some of the untreated PCLS were fixed for 24 h in
4% paraformaldehyde (Carl Roth, Karlsruhe, Germany) and lightly stained with Richardson’s blue as
described before [77]. Thereafter, PCLS were stimulated for 30 min with BzATP (150 uM) in presence
and absence of RMPC (1 ng/mL) or NTHiPC (1 ug/mL). Tissue culture supernatants were harvested
and stored at —20 °C until measurement of IL-1$ and LDH

4.5. Cytokine Measurement

IL-13 was measured in cell-free cell culture supernatants by the human IL-1 beta/IL-1F2
DuoSet®ELISA (R&D Systems, Minneapolis, MN, USA) or mouse Quantikine®IL-1 Immunoassay
(R&D Systems) according to the instructions of the manufacturer. IL-13 values of PCLS supernatants
were normalized to the total protein content of the tissue slices that was assessed using the Micro BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

4.6. LDH Measurement

LDH was measured in cell culture supernatants by the Non-Radioactive Cytotoxicity Assay
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. The proportion of dead
cells was estimated by including a maximum LDH release control. For this purpose, an equivalent
number of A459 or Calu-3 cells were lyzed by two cycles of freezing (—80 °C) and thawing. The amount
of LDH in this control sample was set to 100% and the relative cell death in all other experiments was
calculated accordingly.

4.7. Statistical Analyses

Data were analyzed with the IBM SPSS Statistics software Version 25 (IBM, Munich, Germany).
Values derived from different cells were compared, where applicable, by the non-parametric
Kruskal-Wallis test, followed by the Mann-Whitney rank-sum test. The Wilcoxon signed-rank test was
used for analyses of dependent values. Data were visualized using program Inkscape version 0.92
(Free and Open Source Software licensed under the GPL). The number (n) of individual experiments is
indicated in the Results section and the Figures.
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C-Reactive Protein Stimulates
Nicotinic Acetylcholine Receptors
to Control ATP-Mediated Monocytic
Inflammasome Activation

Katrin Richter', Sabrina Sagawe'?, Andreas Hecker', Mira Kiilimar', Ingolf Askevold’,
Jelena Damm’, Sarah Heldmann', Michael P6himann?, Sophie Ruhrmann?,
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Blood levels of the acute phase reactant C-reactive protein (CRP) are frequently measured
as a clinical marker for inflammation, but the biological functions of CRP are still contro-
versial. CRP is a phosphocholine (PC)-binding pentraxin, mainly produced in the liver in
response to elevated levels of interleukin-1p (IL-1p) and of the IL-1p-dependent cytokine
IL-6. While both cytokines play important roles in host defense, excessive systemic IL-1p
levels can cause life-threatening diseases such as trauma-associated systemic inflam-
mation. We hypothesized that CRP acts as a negative feedback regulator of monocytic
IL-1p maturation and secretion. Here, we demonstrate that CRP, in association with
PC, efficiently reduces ATP-induced inflammasome activation and IL-1p release from
human peripheral blood mononuclear leukocytes and monocytic U937 cells. Effective
concentrations are in the range of marginally pathologic CRP levels (ICso = 4.9 pg/ml).
CRP elicits metabotropic functions at nicotinic acetylcholine (ACh) receptors (NAChRs)
containing subunits a7, a9, and a10 and suppresses the function of ATP-sensitive P2X7
receptors in monocytic cells. Of note, CRP does not induce ion currents at conventional
nAChRs, suggesting that CRP is a potent nicotinic agonist controlling innate immunity
without entailing the risk of adverse effects in the nervous system. In a prospective study
on multiple trauma patients, IL-1p plasma concentrations negatively correlated with
preceding CRP levels, whereas inflammasome-independent cytokines IL-6, IL-18, and
TNF-a positively correlated. In conclusion, PC-laden CRP is an unconventional nicotinic
agonist that potently inhibits ATP-induced inflammasome activation and might protect
against trauma-associated sterile inflammation.

Keywords: C-reactive protein, interleukin-18, NLRP3 inflammasome, monocytes, nicotinic acetylcholine
receptors, sterile inflammation
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INTRODUCTION

Interleukin-1p (IL-1p) is a pro-inflammatory cytokine of innate
immunity that plays a seminal role in host defense (1). Secretion
of monocytic IL-1 into the circulation in response to severe
multiple trauma, however, may be more harmful than beneficial,
as IL-1p is swept away from the site of inflammation, and high
blood plasma levels can cause systemic inflammatory response
syndrome (SIRS) and multi organ dysfunction syndrome
(MODS) (2-5). Despite decades of intensive research, treatment
of SIRS and MODS is mainly supportive, and mortality remains
unacceptably high (5, 6).

IL-1p secretion normally requires two consecutive danger sig-
nals (5, 7-9). Ligands of toll-like receptors are typical first signals
inducing pro-IL-1p synthesis, and extracellular ATP is a typical
second signal that activates the ATP-sensitive P2X7 receptor
(P2X7R), induces NLRP3 (NACHT, LRR, and PYD domains-
containing protein 3) inflammasome assembly, caspase-1 activa-
tion, pro-IL-1p cleavage, and secretion of mature IL-1f (7-11).
The secretion of IL-18 and high mobility group box 1 protein
(HMGBI) also depends on inflammasome activation (7-13).
Apart from the ATP-induced pathway typical for trauma-associated
sterile inflammation, several alternative mechanisms of IL-1§
maturation are activated during infection (1).

C-reactive protein (CRP) is a pentraxin (14, 15), mainly
produced in the liver in response to elevated systemic levels of
IL-1p and IL-6 (14, 15). Blood concentrations of this acute phase
protein are a frequently used sensitive clinical marker for inflam-
mation. In addition, slightly raised CRP levels correlate with
cardiovascular disease and some disorders of the central nervous
system (16-18). The biological functions of CRP are, however,
highly disputed. CRP seems to play a vital role in humans,
as its gene was conserved during evolution and there are no
reports on CRP-deficient individuals (14). It has been proposed
to be involved in the clearance of pathogens or apoptotic cells
(14, 15), to induce pro-inflammatory cytokines (19, 20), and to
play a pathogenic role in cardiovascular diseases (21). At least
some of the pro-inflammatory effects are mediated by activated
CRP that exposes binding sites for complement and immuno-
globulins and is mainly found within inflamed tissues (22, 23). In
contrast to the more pro-inflammatory functions, CRP induces
high levels of the anti-inflammatory IL-1 receptor antagonist (24),
and transgenic animals overexpressing human CRP are protected
from inflammatory diseases including sepsis (25), alveolitis (26),
arthritis (27), and atherosclerosis (28).

In the presence of Ca**, CRP associates with phosphocholine
(PC) and a range of more complex molecules containing a PC
group at a 1:1 M ratio per CRP monomer (14, 15, 29). Our group
recently demonstrated that phosphatidylcholines and their
metabolites including free PC are efficient inhibitors of ATP-
induced release of IL-1p from human monocytes by a mechanism
that involves non-canonical metabotropic functions of nicotinic
acetylcholine (ACh) receptors (nAChRs) (30-33).

Here, we demonstrate that purified human endogenous CRP
(eCRP) efficiently inhibits the ATP-induced release of IL-1f from
monocytic cells. We provide evidence that CRP presents PC to
nAChRs and thus potentiates the effect of free PC. PC-laden CRP

is hence a novel agonist of unconventional nAChRs that controls
inflammasome activation by inhibiting the function of P2X7R.

MATERIALS AND METHODS
U937 Cells

U937 cells (DSMZ, Braunschweig, Germany) were maintained in
RPMI 1640 (Gibco by Life Technologies, Darmstadt, Germany)
supplemented with 10% fetal calf serum (FCS, Biochrome,
Berlin, Germany) and 2 mM r-glutamine (Gibco by Life
Technologies) under 5% CO, atmosphere at 37°C. Cells
(1 x 10° cells/ml) were seeded in 24-well plates, primed for 5 h
with 1 ug/ml lipopolysaccharide (LPS) from Escherichia coli
(L2654, Sigma-Aldrich, Deisenhofen, Germany) (30). BzATP
[2'(3')-O-(4-benzoylbenzoyl)adenosine 5'-triphosphate triethyl-
ammonium salt; 100 uM, Sigma-Aldrich] or nigericin (50 uM,
Sigma-Aldrich) were added for another 30 min in the presence or
absence of different concentrations of eCRP from human pleural
fluid (Millipore, AG732), recombinant CRP (rCRP) produced
in E. coli (Millipore, 236608), serum amyloid P (SAP; Millipore,
565190), or PC chloride calcium salt tetrahydrate (Sigma-
Aldrich). Nicotinic antagonists mecamylamine hydrochloride
(Sigma-Aldrich), strychnine hydrochloride (Sigma-Aldrich),
a-bungarotoxin (Tocris Bioscience, Bristol, UK), ArIB [V11L,
V16D] (500 nM) (34, 35) and RgIA4 (200 nM) (31, 36) were also
applied together with BzZATP. Supernatants were stored at 20°C
until cytokine and lactate dehydrogenase (LDH) measurement.

Human Peripheral Blood Mononuclear
Cells (PBMC)

Peripheral blood mononuclear cells were obtained from healthy
(self-reported) male non-smoking adult volunteers. The local
ethics committee at the University of Giessen approved all studies
on primary human cells (approval No. 81/13). Blood was drawn
into sterile syringes containing 17.5IU heparin (Ratiopharm, Ulm,
Germany) per ml blood and PBMC were separated on Leucosep
gradients (Greiner Bio-One, Frickenhausen, Germany). LPS (5 ng/
ml) was added to blood samples before gradient centrifugation
(30). PBMC were cultured in 24-well plates at a density of 5 X 10°
cells/0.5 ml in RPMI 1640, 10% FCS, 2 mM L-glutamine for 3 h.
Non-adherent cells were removed, and cell culture medium was
replaced by medium devoid of FCS. Stimulation with BZATP in the
presence or absence of eCRP was done as described for U937 cells.

Cell Viability

Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI,
USA) was used to measure LDH concentrations in cell free
supernatants as indicated by the supplier. LDH values are given
as percentage of the total LDH content of lysed control cells. Cell
viability was unimpaired in all experimental settings.

Cytokine Measurement

Blood concentrations of IL-1p, IL-18, and tumor necrosis
factor-o« (TNF-o) were measured by the Human Quantikine®
Immunoassays (R&D Systems, Minneapolis, MN, USA). IL-6 was
measured on the Siemens 150.
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Immulite 2000 XPI system using the Siemens IL-6 reagent
(Siemens, Erlangen, Germany). HMGB1 was measured by an
ELISA obtained from IBL International (Hamburg, Germany).
To detect low cytokine levels in cell culture supernatants, for
IL-1f the Human IL-1 beta/IL-1F2 DuoSet ELISA (R&D
Systems) was used, whereas IL6 and TNF-a were measured
by the Human Quantikine® Immunoassays (R&D Systems,
Minneapolis, MN, USA).

Dissociation and Formation of CRP/PC

Complexes

Endogenous CRP was dissolved at a concentration of 5 pg/ml in
PBS devoid of Ca** and Mg** (Gibco) containing 1.1 mM ethyl-
enediaminetetraacetic acid (EDTA; Sigma-Aldrich), incubated at
37°C for 15 min followed by ultrafiltration using Amicon® Ultra
centrifugal filters. The high molecular weight fraction was diluted
in PBS/EDTA, ultrafiltrated, and transferred to PBS, 5 mM Ca?*,
without EDTA by two additional ultrafiltration steps. In control,
the same procedure was performed in the absence of EDTA.
CRP purified by ultrafiltration and rCRP were incubated at a 1:1
and 1:3 M ratio per monomer, respectively, with PC at 37°C for
30 min and tested in IL-1f release assays at a concentration of
5 pg/ml CRP and 1 uM PC.

Gene Silencing

The expression of nAChR subunits o7 (CHRNA?), a9 (CHRNAY),
and «10 (CHRNA10) in U937 cells was silenced by transfection
of small interfering RNA (siRNA; 30 pmol per 1 X 10° cells,
ON-TARGETplus human CHRNA7, CHRNAY, or CHRNAIO
siRNA SMARTpool, Thermo Fisher Scientific, Schwerte,
Germany) using the Amaxa® Cell line Nucleofector® Kit C (Lonza
Cologne AG, Cologne, Germany) and the Nucleofector® device
IT (Lonza Cologne AG). Negative control ON-TARGETplus non-
targeting pool (Thermo Fisher Scientific) was included to control
for non-specific effects of transfection. A reduction of the mRNA
expression of subunits a9 and «l0 to about 50% of control-
transfected cells was recently shown by our group in the same
experimental setting via real-time RT-PCR 6 h after transfection
(30). The basal expression of a7 mRNA, however, was too low to
be quantified. IL-1p release experiments were performed 2 days
after transfection.

Immunocytochemistry

Lipopolysaccharide-primed PBMC were cultured in
CELLview™ slides (Greiner Bio-One) at a density of 2 X 10°
cells per well in 200 pl medium and stimulated with BzATP
(100 puM) in the presence or absence of eCRP (5 pg/ml).
Cells were fixed and permeabilized with ice-cold Cytofix/
Cytoperm™ (BD Biosciences, Heidelberg, Germany) for
20 min, washed with Perm/Wash™ buffer (BD Biosciences),
and air-dried before storage at 4°C. Slides were rehydrated
with Perm/Wash™ buffer, endogenous peroxidase activity
was inhibited by treatment with 1% H,O, in Perm/Wash™
buffer, followed by 1% bovine serum albumin in Perm/
Wash™ buffer for 30 min at ambient temperature. Polyclonal
rabbit antibodies to human ASC (1:50, SC-22514-R, Santa

Cruz Biotechnology, Dallas, TX, USA) or monoclonal mouse
antibodies to human CD14 (1:100, HCD14, BioLegend via
Biozol, Eching, Germany) were diluted in Perm/Wash™
buffer containing 1% bovine serum albumin and 5% human
heat-inactivated serum. Bound antibodies were detected
with horseradish peroxidase-conjugated goat anti-rabbit Ig
(1:50) and rabbit anti-mouse Ig (1:70) antibodies (both from
Dako Cytomation, Glostrup, Denmark) and 0.5 mg/ml 3,3'-
diaminobenzidine (Sigma-Aldrich), 1% H,0,, 0.3 M Tris-
buffered saline, pH 7.6, for 10 min at room temperature. Slides
were slightly counterstained with hemalumn and cover-
slipped in Glycergel mounting medium (Dako Cytomation).
Slides were evaluated blinded for the experimental groups at
a 200-fold magnification using an Olympus BX51 microscope
and the analySIS software (Olympus, Hamburg, Germany). At
least 150 cells in 12 fields of vision were counted per experi-
ment. Total numbers of cells and specks were converted into
mean numbers of specks per 100 cells. In negative controls that
resulted in no staining, primary antibodies were omitted. The
specificity of the antibodies to ASC was verified by Western
blotting of protein extracts from U937 cells that revealed a
single band with the expected molecular mass (not shown).

Gel Electrophoresis and Western Blotting
SDS polyacrylamide gel electrophoresis was performed under
reducing conditions according to Laemmli (37). PBMC were
lysed, the protein concentration of the lysate was determined
(Micro BCA protein assay kit, Pierce Biotechnology, Rockford,
IL, USA) and adjusted to 15 pg/10 pl. Cell culture supernatants
were harvested at the end of the experiments, concentrated by a
factor of 10 using Amicon® Ultra centrifugal filters (Ultracel™
10K, Merck Millipore, Darmstadt, Germany) and mixed with
2x sample buffer. Samples (10 pl each) were loaded onto
15% SDS-polyacrylamide gels, transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA) and
stained with Brilliant Blue G (Sigma-Aldrich). Prestained
molecular weight standards (Precision Plus Protein Standards,
dual color, Bio Rad, Hercules, CA, USA) were separated in each
gel. Mouse monoclonal antibodies to IL-1f that detect both
pro-IL-1f and mature IL-1p (1:10,000, 3ZD, kindly supplied by
the National Cancer Institute, Frederick, MD, USA), polyclonal
rabbit anti-caspase-1 antibodies (1:1,000, #2225, Cell Signaling
Technology, Danvers, MA, USA) and mouse monoclonal
antibodies to p-actin (1:500,000, A2228, Sigma-Aldrich) were
applied and detected with horseradish peroxidase-conjugated
rabbit anti-mouse Ig (1:5,000) and goat anti-rabbit Ig (1:5,000)
antibodies (both from Dako Cytomation). SuperSignal
West Dura Extended Duration Substrate (Thermo Scientific,
Rockford, IL, USA) was used to detect IL-1f and Lumi-Light
substrate (Roche, Mannheim, Germany) to detect B-actin.
Documentation and densitometry of the blots were performed
using a digital gel documentation system (Biozym, Hessisch
Oldendorf, Germany).

Whole-Cell Patch-Clamp Recordings
U937 cells were incubated in poly-L-lysine-coated culture
dishes (Nunc, Roskilde, Denmark) in bath solution [5.4 mM
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KCl, 120 mM NaCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES
(4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid), 25 mM
glucose, pH 7.4] for 5 h with LPS (1 pg/ml) at 37°C. Thereafter,
whole-cell recordings were performed at ambient tempera-
ture on an inverted microscope (Axiovert, Zeiss, Gottingen,
Germany). Patch pipettes were pulled from borosilicate glass
capillaries (outer diameter 1.6 mm, Hilgenberg, Malsfeld,
Germany) to a resistance of 2-4 MQ using an automated puller
(Zeitz, Augsburg, Germany). Pipettes were filled with pipette
solution (120 mM KCl, 1 mM CaCl,, 2 mM MgCl, 10 mM
HEPES, 11 mM ethylene glycol tetraacetic acid, 20 mM glucose,
pH 7.3). The membrane potential of LPS-primed U937 cells
was voltage-clamped to —60 mV and transmembrane currents
in response to BzATP (100 pM) were amplified with an EPC
9 amplifier (HEKA, Lambrecht, Germany) and acquired via an
ITC-16 interface with the Pulse software (HEKA). A pressure-
driven microperfusion system was used to apply BZATP, eCRP
(5 pg/ml) and RgIA4 (200 nM).

Measurements of Intracellular Ca**

To measure intracellular [Ca**];, U937 cells were incubated in
poly-L-lysine-coated glass bottom culture dishes (CELLview™,
Greiner Bio-One) for 5 h with LPS (1 ug/ml) at 37°C in the
same bath solution as described for the whole-cell patch-clamp
recordings. Thereafter, cells were loaded with 3.3 uM Fura-2/
AM (Thermo Fisher Scientific) for 25 min at 37°C. Fura-2/AM
was excited at 340 and 380 nm wavelengths and the fluorescence
emission 510 nm was measured. Four independent batches of
U937 cells were used in this experiment and a total number
of 243 cells were tracked individually, and the fluorescence
intensity ratio of 340:380 nm was recorded. Experiments were
run at room temperature. After a calibration time of 100 s,
cells were exposed to eCRP (5 pug/ml) for 300 s. At the end of
the experiments, a positive control for the Ca’* imaging setup
was included. Forskolin (40 puM; Biozol), an activator of ade-
nylyl cyclase that elevates cyclic adenosine monophosphate
(cAMP) levels, was applied to induce a cAMP-triggered rise in
[Ca*]; (38).

Two-Electrode Voltage-Clamp (TEVC)
Measurements on Xenopus laevis Oocytes
Expressing Human nAChR

Defolliculated Xenopus laevis oocytes were obtained from Ecocyte
Bioscience (Castrop-Rauxel, Germany). Oocytes from at least two
different Xenopus laevis individuals were used in all experimental
groups. Oocytes were stored in Ringer’s solution (ORi) containing
(in mM) 90 NaCl, 1 KCI, 2 CaCl,, 5 HEPES, 2.5 pyruvate, 20 mg/
ml penicillin, and 25 mg/ml streptomycin (pH 7.4) at 16°C. All
chemicals used for ORi preparation were purchased from Fluka
(Deisenhofen, Germany), except for HEPES, penicillin, and
streptomycin (Sigma-Aldrich). Plasmid DNAs encoding the
human CHRNA9 and CHRNA10 as well as the 43 kDa receptor-
associated protein of the synapse (RAPSN) were obtained from
Eurofins Genomics (Ebersberg, Germany) and capped cRNA was
synthesized as described before (31). Human CHRNA7 encoding
cRNA was kindly provided by G. Schmalzing (Department of

Molecular Pharmacology, RWTH Aachen University, Aachen,
Germany) and synthesized as described before (33). cRNA was
dissolved in nuclease-free water and injected into oocytes in a
volume of 50.6 nl using a microinjector (Nanoject, Drummond
Scientific, Broomall, PA, USA). Oocytes were injected with
cRNA encoding CHRNA7, CHRNAY, and CHRNA10 nAChR
subunits (16, 19, and 19 ng/oocyte, respectively) along with 5 ng
cRNA encoding RAPSN, and oocytes were incubated at 16°C for
3-5 days. In control experiments, 50.6 nl of nuclease-free water
was injected.

In TEVC measurements, oocytes were perfused (gravity driven)
with ORi without pyruvate and antibiotics (pH 7.4). Intracellular
borosilicate microelectrodes were filled with 1 M KCl solution
and the membrane voltage was clamped to -60 mV usinga TEVC
amplifier (Warner Instruments, Hamden, CT, USA). Low-pass
filtered transmembrane currents (1,000 Hz, Frequency Devices
902, Haverhill, MA, USA) were recorded using a strip chart
recorder (Kipp & Zonen, Delft, The Netherlands). For experi-
ments examining the inhibition and recovery from inhibition of
choline-gated currents in presence and absence of eCRP (5 pg/
ml), oocytes were injected with a 1:1 ratio of cRNA encoding
human CHRNA9 and CHRNA10 in a 1:1 ratio, incubated at 17°C
for 2-3 days and measured as described before (31).

Clinical Study

A single center prospective observational study (trial registration:
DRKS00010991) was approved by the ethics committee of the
medical faculty Giessen, Germany (No. 164/14) and performed
in accordance with the Helsinki Declaration. Written informed
consent was given by each patient or patient’s legal representative.
Patients were recruited at the surgical intensive care unit (ICU)
of the University Hospital of Giessen, Germany from January
2015 until February 2016. Only patients with severe trauma
as defined by an injury severity score (ISS) above 16 (39) were
included. Patients younger than 18 years or with a history of
HIV or hepatitis B/C infection were excluded. Detailed patient
characteristics are listed in Table 1.

The first venous blood sample (day 0) was drawn within 15 h
after admission to the hospital followed by daily blood collec-
tion in the morning. The levels of IL-1f, IL-18, TNF-«, IL-6,
and HMGBI1 were determined in the plasma of heparinized
blood. CRP levels were analyzed turbidometrically by Siemens
ADVIA XPT system (Siemens) using the wrCRP reagent
(Siemens).

Quantification and Statistical Analysis

SPPS® (Version 23, IBM®, Armonk, NC, USA) and GraphPad
Prism® (Version 6, GaphPad Software, La Jolla, CA, USA) were
used for statistical and linear regression analyses. The ICs, value
of eCRP in human U937 cells was determined in GraphPad
Prism® (Version 6, GaphPad Software) by fitting log-transformed
concentration values and the original effect data. Multiple groups
were first analyzed by non-parametric Kruskal-Wallis test. In
case of p < 0.05, non-parametric Mann-Whitney rank sum test
was performed to compare between individual groups and again,
a p < 0.05 was considered as statistically significant. Paired data
were analyzed by Wilcoxon sign rank test.
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TABLE 1 | Patient characteristics.

Number of patients n =38
Gender male 28 (73.7%)
Age (years) 47.7 +20.9
Body mass index (kg/m?) 2563 +3.3
Clinical history

COPD 0
Myocardial infarction 1(2.6%)
Congestive heart failure 0
Renal failure 0
Immunosuppression 0

1SS 25+6
NISS 27 +6
Type of injury

Head 24 (63.2%)
Thorax 34 (89.5%)
Abdomen 24 (63.2%)
Extremities 28 (73.7%)
External injuries 35 (92.1%)
Cause of injury

Car accident 16 (42.1%)
Motorcycle accident 10 (26.3%)
Bicycle accident 3(7.9%)
Fall 7 (18.4%)
Other reasons 2 (5.3%)
RISC 26+13
APACHE II 16.8 (7.5%)
SOFA 7.2 (4.3%)
24 h mortality 1 (2.6%)
30 days mortality 2 (5.3%)
Length of ICU stay (days) 11.2+11.8
Length of hospital stay (days) 23.5+156.2

APACHE 1i, acute physiology and chronic health evaluation score; COPD, chronic
obstructive puimonary disease; ICU, intensive care unit; ISS, injury severity score;
NISS, new injury severity score; RISC, revised injury severity classification score; SOFA,
sequentiai organ failure assessment score.

Data are shown as mean + SD, as absolute numbers or as percentage.

RESULTS

CRP Inhibits ATP-Mediated IL-1p Release

From Human Monocytic U937 Cells

To test if CRP inhibits ATP-induced IL-1f release, we primed human
monocytic U937 cells for 5 h with LPS (1 ug/ml). Thereafter, 100 uM
BzATP, a P2X7R agonist (40), was applied for 30 min in presence
and absence of eCRP and IL-1p concentrations were measured in
cell culture supernatants. We found that in LPS-primed U937 cells
the BzZATP-induced release of IL-1p was dose-dependently and effi-
ciently inhibited by eCRP (Figure 1A). The half maximal inhibitory
concentration (ICs) was 4.9 pg/ml corresponding to an about 40 nM
concentration of pentameric CRP. Of note, plasma levels between
3 and 10 pg/ml are clinically regarded as a minor pathological CRP
elevation (41). In contrast to eCRP, the acute phase protein
(5 pug/ml), another pentraxin with high structural similarity to CRP
(15), did not inhibit ATP-induced IL-1p release (Figure 1B).

CRP Potentiates the Inhibitory Effect
of PC

C-reactive protein, but not SAP, Ca**-dependently associates with
PCin a 1:1 M ratio per subunit (15, 29). We previously showed

that PC efficiently inhibits BZATP-induced IL-1p secretion from
human monocytes (30, 31). Thus, we hypothesized that the
inhibitory effect of eCRP on the release of IL-1p depends on its
association with molecules containing a PC group. Accordingly,
human rCRP (5 pg/ml) produced in E. coli that is expected to
be devoid of PC, did not inhibit the BzATP-triggered release
of IL-1f from LPS-primed U937 cells (Figure 1C), whereas a
mixture of 5 pug/ml rCRP, 1 uM PC, and 5 mM Ca** was fully
effective (Figure 1C). The same concentration of free PC was
ineffective (Figure 1C), as expected (30). In a similar approach,
eCRP was treated with EDTA (1.1 mM) to detach ligands from
the PC-binding sites and was separated from small molecules by
ultrafiltration (Figures 1D,E). This resulted in an inactive CRP
preparation, the activity of which was restored by adding PC
(1 uM) in the presence of Ca** (Figure 1D). Hence, the inhibition
of ATP-induced IL-1 release by eCRP depends on its association
with PC. Moreover, as the ICsy eCRP is around 40 nM and that
of free PC around 10 pM (30, 31), CRP potentiates the inhibitory
effect of PC by at least two orders of magnitude.

eCRP Signals via nAChRs

Next, we tested if eCRP signals via nAChRs in human monocytic
U937 cells. Indeed, the eCRP-dependent inhibition of ATP-
induced IL-1p release was completely reversed by the non-selective
nAChR antagonist mecamylamine (100 uM). Similar results were
obtained by using a-bungarotoxin (1 uM) or strychnine (10 uM),
both preferential antagonists of the a7 and a9 nAChRs (42-44).
The a-conotoxins ArIB [V11L, V16D] (500 nM) (34, 35) and
RgIA4 (200 nM) (31, 36) that are specific for nAChRs composed of
subunits a7 and a9a10, respectively, also completely blocked the
inhibitory effect of eCRP (Figure 1F). These results indicate that
eCRP signals via nAChRs containing subunits a7, a9, and «10. To
corroborate the involvement of these nAChR subunits, U937 cells
were transfected with siRNA targeting CHRNA7, CHRNAY, and
CHRNA 0. Indeed, single-gene silencing of each nAChR subunit
significantly blunted the inhibitory effect of eCRP (Figure 1G).

eCRP Does Not Trigger lon Channel

Functions at Conventional nAChRs

The canonical ionotropic function of nAChR can be monitored by
using Xenopus laevis oocytes as heterologous expression systems
(45). To investigate if eCRP elicits ionfluxes human nAChR subu-
nits a7, 9, and a10 were heterologously expressed in oocytes to
perform TEVC measurements. We showed that eCRP (5 pg/ml)
did not induce ion currents, whereas the classical nAChR agonist
choline did (Figures 2A-C). Nevertheless, eCRP interacted with
canonical nAChRs, as it reduced choline-triggered currents in
oocytes expressing «a9a10 nAChRs (Figures 2D,E). Thus, eCRP
does not trigger canonical ion channel functions of nAChRs but
acts as a silent agonist or partial antagonist that modulates the
responses to classical nicotinic agonists.

eCRP Inhibits BzATP-Induced Current

Responses in Monocytic Cells
Next, we tested if eCRP induces ion fluxes in LPS-primed
U937 cells. Application of eCRP (5 ug/ml) did not induce ion
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FIGURE 1 | Purified human endogenous C-reactive protein (e€CRP) inhibits BzATP-induced release of interleukin-18 (IL-1p) from U937 cells.
Lipopolysaccharide (LPS)-primed (1 pg/ml, 5 h) U937 cells were stimulated with BzATP (2/(3')-O-(4-benzoylbenzoyl)adenosine 5'-triphosphate
triethylammonium salt; 100 uM) and IL-1p was measured 30 min later in cell culture supernatants. (A) eCRP dose-dependently inhibited the BzATP-

induced IL-1p release, nicotine (Nic; 100 uM) served as a positive control. (B,C) Serum amyloid P (5 ug/ml), human recombinant CRP (rCRP) (5 pg/ml), or low
concentrations of free phosphocholine (PC) (1 uM) did not impair IL-1p release, but a combination of rCRP and PC (1 uM) did. (D) The inhibitory effect of
eCRP (CRP I; 5 pg/ml) was preserved after ultrafiltration (cutoff 10 kDa; CRP Il), but abolished by ultrafiltration in the presence of ethylenediaminetetraacetic
acid (1.1 mM; CRP lll). PC (1 uM) reconstituted the activity of CRP Ill, whereas 1 uM PC alone was ineffective. (E) CRP was retained in CRP Ill and absent
from the low molecular weight fraction (LMW). SDS-PAGE followed by staining with Brilliant Blue. (F) The effect of eCRP was reversed by nicotinic
acetylcholine receptor (NAChR) antagonists mecamylamine (Mec; 100 pM), a-bungarotoxin (x-Bun; 1 pM), strychnine (Stry; 10 uM), ArIB (500 nM), and RglA4
(200 nM). (G) In experiments using small interfering RNA (siRNA), silencing of the nAChR subunits a7, «9, and «10, but not control siRNA (con) attenuated the
inhibition by eCRP. Data are presented as individual data points, bar represents median, whiskers encompass the 25th to 75th percentile. *p < 0.05, different
from LPS-primed cells stimulated with BzATP alone. #p < 0.05, different LPS-primed cells were stimulated with BzATP and eCRP. Kruskal-Wallis followed by
Mann-Whitney rank sum test.
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FIGURE 2 | Purified human endogenous C-reactive protein (€CRP) does not induce ion channel functions at canonical NnAChRs. Two-electrode voltage-clamp
(TEVC) measurements were performed on Xenopus laevis oocytes that heterologously expressed human nAChR subunits a7, «9, and «10. (A,C) The application of
the known nAChR agonist choline (Cho1, 2 min, 1 mM, black bars) induced a stimulation of the transmembrane ion current (lv) that could be repeated by a second
Cho application (Cho2; n = 7). (B,C) By contrast, eCRP (5 pug/ml) did not provoke current responses, whereas a subsequent Cho application did (n = 6). (C) All
changes of Iv (Alv) induced by cholinergic stimulation are shown as individual data points, bars represent median, whiskers encompass the 25th to 75th percentile.
Wilcoxon signed-rank test. (D) Representative current traces of Cho-gated currents in oocytes expressing «9a10 nAChRs illustrating the inhibitory effect of eCRP
(5 pg/ml). The current traces represent 30 s recordings each and are shown concatenated omitting the 30 s gap between each individual trace. The oocytes were
continuously perfused with saline solution and stimulated with Cho (1 s pulses, 1 mM) once per min until steady-state baseline responses were observed (indicated
by the arrow). Subsequently, the Cho-gated currents were monitored in the presence of eCRP for changes in amplitude for 12 min. Thereafter, eCRP was washed
out and the Cho-gated currents were monitored for recovery. (E) Graphical representation and analysis of the experimental results shown in (D). Mean and SEM
from five oocytes.
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currents in whole-cell patch-clamp experiments (Figures 3A,B)
and intracellular Ca** levels remained unchanged (Figure 3C).
By contrast, BZATP (100 pM) induced a robust and repeatable
current response in LPS-primed U937 cells (Figures 3A,B), as
reported previously (30, 31). Remarkably, in the presence of eCRP,
the BzATP-induced current responses were completely abrogated
(Figures 3A,B). The inhibitory effect of eCRP was sensitive to the
a-conotoxin RgIA4 (Figures 3A,B), confirming the involvement
of nAChR subunits a9 and/or a10.

NLRP3 inflammasomes, in addition to extracellular ATP,
assemble in response to other pro-inflammatory stimuli
including pore-forming toxins (1). Here, the pore-forming
bacterial toxin nigericin was used to investigate if eCRP also
affects ATP-independent IL-1p release, which was clearly not
the case (Figure 3D). Hence, stimulation of nAChRs with eCRP
efficiently inhibits BzZATP-induced ion currents in monocytic
U937 cells but does not provoke canonical ion channel func-
tions of nAChRs.
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FIGURE 3 | Purified human endogenous C-reactive protein (€CRP) suppresses BzATP-induced whole-cell currents via NAChRs. (A) BzATP-induced ion currents
were detected by whole-cell patch-clamp measurements in lipopolysaccharide (LPS)-primed (1 pg/ml, 5 h) U937 cells. Repetitive current changes were provoked by
two (1, 2) consecutive BzATP (100 uM) applications (upper panel). Application of eCRP (5 ug/ml) alone did not provoke ion currents but fully inhibited the response
to BzATP (middle panel). The inhibitory effect of eCRP was antagonized by addition of the «9a10 nAChR-specific a-conotoxin RglA4 (200 nM; lower panel).

(B) Graphical presentation of the two consecutive BzATP-induced ion current changes (1, 2, Algare). (C) [Ca®*] of LPS-primed U937 cells were recorded as Fura-2/
AM (Fura-2) fluorescence intensity ratio of 340:380 nm excitation (mean + SEM). Application of eCRP (5 pg/ml; indicated by arrow) did not cause significant
alterations in [Ca?*]; (values before eCRP compared to values obtained 300 s after eCRP application: p = 0.726). At the end of the experiments, a positive control for
cell viability and the Ca?* imaging setup was included: forskolin (Fsk, 40 uM, indicated by arrow) was applied to induce a cyclic adenosine monophosphate-triggered
rise in [Ca**].. (D) The ATP-independent release of interleukin-1p (IL-1p) from LPS-primed monocytic U937 cells induced by nigericin (Nig; 50 uM) is neither inhibited
by nicotine (Nic; 100 uM) nor by various concentrations of eCRP. Data are presented as individual data points, bar represents median, whiskers encompass the 25th
to 75th percentile (B,D). Wilcoxon signed-rank test (B,C) or Kruskal-Wallis followed by Mann-Whitney rank sum test (D).
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eCRP Inhibits Inflammasome Activation in
Human PBMC

We performed experiments on the adherent fraction of freshly
isolated PBMC from healthy human donors that were primed
with a short pulse of LPS (5 ng/ml) during cell isolation. The
spontaneous secretion of IL-1p by these cells was low, whereas
a considerable amount of IL-1 was released in response
to BzATP (100 puM). Indeed, eCRP (5 pg/ml) significantly
attenuated the BzATP-induced release of IL-1f from these
cells (Figure 4A), whereas the inflammasome-independent
cytokines IL-6 and TNF-a (46) were neither induced by BzZATP
nor regulated by eCRP (Figures 4B,C). The concentrations of
IL-6 and TNF-a released within 30 min after BZATP application
are low and all apparent changes in response to BZATP or eCRP
are not significant and probably random. We reported before,
that almost no IL-18 is secreted by these cells in response to
BzATP (30).

Inflammasome activation can lead to the formation of
large aggregates, so-called specks or pyroptosomes, that can
be detected with antibodies directed to ASC (apoptosis-
associated speck-like protein containing a caspase activation
and recruitment domain) (1). To investigate if CRP inhibits
inflammasome and caspase-1 activation in primary monocytic
cells LPS-pulsed PBMC were challenged with BzZATP (100 uM)
in the presence and absence of eCRP (5 ug/ml). A significant
increase in ASC speck formation was detected in LPS-primed
PBMC in response to BzATP, which was largely suppressed
by concomitant application of eCRP (Figure 5A). Pro-IL-1p
and pro-caspase-1, but not their mature forms, were detected
by Western blotting of cell lysates of LPS-primed PBMC
stimulated with BzATP in the absence or presence of eCRP
(Figure 5B). In concentrated supernatants, however, mature
caspase-1 and IL-1f were detectable upon BzATP-treatment,
and eCRP significantly reduced their amount (Figures 5C,D).

We conclude that CRP suppresses inflammasome assembly,
pyroptosome formation, activation of capase-1 and maturation
of IL-1p.

CRP and IL-1p Levels Negatively Correlate

in Multiple Trauma Patients

Our in vitro experiments led to the provocative hypothesis that
elevated CRP levels protect against trauma-induced release of
IL-1 into the circulation in vivo. We performed a prospective
study on multiple trauma patients admitted to our hospital.
Patient characteristics are summarized in Table 1. Plasma lev-
els of IL-1p, IL-18, IL-6, TNF-a, and HMGBI1 were measured
in blood drawn at daily intervals until day 4 after admission.
During the first 2 days, IL-1p levels negatively correlated with
CRP values of the preceding day (Figures 6A-D), which is in
line with our hypothesis. On day 4 after trauma, plasma levels
of IL-6 (Figure S1 in Supplementary Material), IL-18 (Figure
S2 in Supplementary Material), and TNF-a (Figure S3 in
Supplementary Material) positively correlated with CRP values
on day 3, whereas no correlation was seen for HMGBI1 (Figure
S4 in Supplementary Material). On days 0-2 after trauma,
IL-1pB levels did not correlate with disease severity acute
physiology and chronic health evaluation score (APACHE II)
and sequential organ failure assessment score (SOFA). In
patients who remained on the ICU on days 3-4 after trauma
a negative correlation of IL-1f levels with the SOFA score was
seen (Table S1 in Supplementary Material). This subpopulation
of patients typically suffers from a severe disease course. CRP
levels did not correlate with APACHE II and SOFA score (Table
S2 in Supplementary Material). Albeit statistically significant
(p < 0.05), the correlation coeflicients (r) and, accordingly, the
coeficients of variation (CV) (Figure 6; Figures S1-S4 and
Tables S1 and S2 in Supplementary Material), do not prove
causality.
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FIGURE 4 | Purified human endogenous C-reactive protein (€CRP) inhibits BzATP-induced release of interleukin-14 (IL-18) from human peripheral blood
mononuclear cells (PBMC). PBMC freshly isolated from healthy volunteers were pulsed with lipopolysaccharide (5 ng/ml) during the process of PBMC isolation and
cultured for 3 h. The cells were stimulated with 100 pM BzATP in the presence or absence of eCRP (5 pg/ml) for 30 min. (A) IL-16, (B) IL-6, and (C) TNF-o were
measured by ELISA in cell culture supernatants (n = 5). Data points obtained from individual blood donors are coded by different colors and connected by lines.
Wilcoxon signed-rank test.
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forms of caspase-1 and IL-1p, respectively (n = 5). Cell lysates and cell culture supernatants were investigated from lipopolysaccharide (LPS)-primed PBMC (1),
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detected in cell lysates at about equal amounts irrespective of stimulation with BzATP, whereas no mature forms were present, although the antibodies used detect
both the pro-forms and the native forms. Detection of p-actin was included as a loading control. (C) Only mature caspase-1 and (D) IL-1f were present in
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DISCUSSION

C-reactive protein is among the most frequently used clinical
marker of inflammation, but its biological function is still a mat-
ter of debate. Here, we demonstrate that eCRP dose-dependently
and efficiently inhibits the ATP-induced release of IL-1p from
monocytic U937 cells at an ICs of 4.9 pg/ml, corresponding to
a marginally elevated blood CRP level (41). The activity of eCRP
depends on the Ca**-dependent interaction with a small mol-
ecule, presumably PC (14, 15), and on nAChR subunits a7, a9,
and a10. Stimulation of monocytic nAChRs in turn fully inhibits
ATP-induced ion currents (Figure 7). Furthermore, eCRP is
also active in primary human adherent PBMC, where it inhibits
inflammasome and caspase-1 activation. First clinical evidence

from multiple trauma patients is in line with the results obtained
in vitro but does not prove causality. As IL-1f3 and IL-6 are the
main inducers of hepatic CRP synthesis during systemic inflam-
mation and IL-1f is an important stimulus for IL-6 expression,
we suggest that CRP is a negative feedback regulator of the ATP-
dependent production of mature IL-1f by human monocytes
(Figure 7).

CRP is commonly regarded as an opsonizing agent that
binds to PC present on the surfaces of some pro- and eukaryotic
pathogens as well as on dying cells (14, 15). Phagocytosis of these
opsonized particles is mediated via complement fixation and
binding of CRP to different Fc-receptors expressed by phago-
cytic cells (14, 15). The suggested role of CRP in host defense
against infections is, however, in sharp contrast to a large body
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of literature showing that PC-containing cell surface molecules
of bacteria as well as PC-modified proteins secreted by helminths
exert anti-inflammatory functions leading to immune evasion
and chronic colonization of the host (47, 48). We demonstrated
before that PC-modified bovine serum albumin and PC-modified
lipooligosaccharides from Haemophilus influenzae control the
release of IL-1p via mechanisms resembling those of CRP (30).
This suggests that pathogens with PC-modified surfaces hijacked
the here described mechanism, which underscores the biological
and medical relevance of CRP.

We identify nAChRs composed of subunits a7, ®9, and «10 as
receptors for eCRP. Our data corroborate the almost 30 years old
finding, that CRP binds Ca?*-dependently to human monocytes
with an ECs of about 2.3 mg/l (49). Presumably, these authors
measured the PC-dependent binding of CRP to monocytic
nAChRs. We showed that PC-free CRP is inactive, and its activ-
ity can be reconstituted by adding low concentrations of PC that
are in the range of those present in the serum of healthy persons
(50). Thus, the interaction of eCRP with the ligand-binding site

of nAChRs is probably mediated by CRP-bound PC. It has been
shown before that endogenous human CRP can be laden with
PC and other molecules with a PC group (14, 15, 29). In the same
line, we demonstrated recently that high concentrations of free
PC also inhibit the ATP-mediated release of IL-1f$ via nAChR
(30-33), suggesting that CRP potentiates the effect of free PC.
This is of importance in vivo, since typical human blood plasma
concentrations of free PC are about 2 uM (50), while the ICs, of
free PC is in the range of 10 uM, and 100 pM are needed for a full
inhibition of the ATP-induced release of monocytic IL-1f (30).
Ligand-binding sites of conventional pentameric nAChRs
that function as ligand-gated ion channels are formed by two
neighboring nAChR subunits each and close upon binding of
their cognate agonists (51). Interestingly, binding of a single
ligand to only one of the five sites is sufficient for maximal
ionotropic response of a7 nAChRs and additional binding sites
enhance agonist sensitivity (52). The nAChR binding sites are
dimensioned for classical nicotinic agonists but are certainly
too small to enclose a macromolecule such as eCRP, suggesting
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FIGURE 7 | Suggested mechanism of the mutual control of C-reactive
protein (CRP) and interleukin-1p (IL-1p) during trauma-associated sterile
inflammation. Injury causes the release of cytoplasmic danger-associated
molecular patterns (DAMP) and ATP, and frequently microbiota, a source of
pathogen-associated molecular patterns (PAMP), get access to the damaged
tissue. DAMP and PAMP can bind to pattern recognition receptors such as
toll-like receptors (TLR) at monocytic cells and induce the synthesis of
pro-IL-1B, the inactive cytoplasmic precursor of IL-1p. Extracellular ATP
activates the P2X7R and leads to inflammasome assembly and caspase-1
activation. Activated caspase-1 cleaves pro-IL-1p and enables the release of
mature bioactive IL-1p that in turn, induces IL-6. IL-1p and IL-6 activate the
hepatic synthesis of CRP and blood levels of CRP quickly rise to 1,000-fold.
We demonstrated that purified human endogenous CRP inhibits the
response of P2X7R to ATP via nAChR subunits a7, a9, and a10. The function
of CRP critically depends on its association with small molecules such as
phosphocholine (red dots) that seem to mediate the interaction with nicotinic
receptors. We suggest that the CRP-mediated control of ATP-induced IL-14
release is a negative feedback loop that controls excessive systemic
inflammation in response to injury. Although the nAChR is illustrated as a
pentamer, its molecular structure remains to be elucidated.

that the structures of monocytic nAChRs are different. The
activation of nAChR by a large molecule like eCRP is surpris-
ing but not unprecedented, as we demonstrated before that
PC covalently bound to bovine serum albumin, PC-modified
lipooligosaccharides and dipalmitoyl phosphatidylcholine func-
tion as potent agonists at unconventional monocytic nAChRs
(30, 32). The ICs values of PC-modified bovine serum albumin
and lipooligosaccharides are also in the nanomolar range and
hence, considerably lower than free PC, choline, or acetylcholine
(30). If the structure of monocytic nAChRs differs from classi-
cal pentamers, it might be speculated that one eCRP pentamer
interacts with several monocytic nAChRs. Once CRP binds to a
nAChR, other receptors might be quickly recruited and activated.
This hypothesis might explain the observed low ICs, values and
the steep dose-response curve. This hypothesis may also apply to
PC-modified albumin and to PC-lipooligosaccharides, because
the PC-albumin investigated contained nine PC groups per

BSA (30) and lipooligosaccharides tend to form micelles due to
their amphiphilic structure. In contrast to the above-mentioned
molecules with covalent PC modifications, it is also possible that
eCRP delivers free PC to nAChRs because the affinities of PC to
both molecules are in the same range (53). However, the consid-
erably lower ICs value of CRP compared to free PC (30) speaks
against his theory. It may, however, explain, why eCRP acts as a
silent agonist at canonical nAChRs heterologously expressed by
Xenopus oocytes. Nevertheless, the structure of such unconven-
tional nAChRs that exert metabotropic functions remains to be
elucidated and it is even unclear if the leukocytic nAChR subunits
form pentameric receptors at all.

Increasing evidence suggests that leukocytes in general respond to
nicotinic stimuli via nAChRs with metabotropic responses, and
no ligand-gated ion channel functions have been reported so far
(44, 45, 54). A prominent example is the cholinergic regulation of
the transcription and translation of pro-inflammatory cytokines
by macrophages that is mediated via nAChR subunit a7 (54, 55).
Here, we demonstrate that the P2X7R function of monocytic cells
and the ATP-dependent release of IL-1f are fully inhibited by
eCRP via stimulation of nAChRs containing subunits a7, a9, and
«10. Nicotine, choline, and free PC exert similar effects albeit at
much higher molar concentrations (30, 31, 33). The molecular
signaling mechanism down-stream of monocytic nAChRs is
currently under investigation.

Of note, eCRP neither induces ionotropic functions at
monocytic nAChRs containing subunits a7, ®9, and «10, nor
at conventional nAChRs that were heterologously expressed
by Xenopus oocytes. Similar results were shown before for free
PC (31). Seemingly, eCRP is a novel agonist of nAChRs that
exclusively induces metabotropic receptor functions and does
not activate canonical ionotropic nAChR functions of excitable
cells. Furthermore, we show that eCRP down-modulates the
choline-induced ionotropic activity of heterologously expressed
a9010 nAChRs and provide evidence that CRP might be a silent
agonist of nAChRs. As CRP and the nAChR subunits a7, a9,
and a10 were highly conserved during evolution (14, 15, 51, 56),
and mononuclear phagocytes are already present in primitive
multicellular organisms (57), we speculate that the control of the
P2X7R by nAChRs might be, in an evolutionary sense, older than
neurotransmission.

We showed for the first time that in patients suffering from
multiple traumata, IL-1f blood levels negatively correlated with
preceding CRP levels. These results are in line with the hypothesis
that the CRP-mediated control of IL-1p release is active in vivo,
albeit they do not prove causality. According to Hill’s criteria for
causation (58), “a small association does not mean that there is
not a causal effect, though the larger the association, the more
likely that it is causal” Hill lists further criteria for causation
including temporality, biological gradients, plausibility, and
experimental evidence. Although, our data by and large meet
with these criteria, more experimental and larger clinical multi-
center studies are warranted, before we can dare to claim causal-
ity. The absence of a negative correlation of CRP levels with IL-18
and HMGBI1 may be due to the ubiquitous expression of these
inflammasome-dependent mediators, in contrast to IL-1f which
is mainly produced by monocytes/macrophages (59).
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Our data suggest that elevated CRP levels attenuate inflam-
matory diseases that are caused by ATP-induced inflammasome
activation. It remains to be investigated if the here described
mechanism also contributes to the protection against experi-
mental inflammation in animals overexpressing human CRP
(25-28). Interestingly, CRP was recently shown to impair den-
dritic cell development, maturation and function (60). This anti-
inflammatory mechanism involves the inhibitory Fcy receptor I1IB
(60). The potential clinical implications of these and our findings
deserve further investigation, including a careful consideration
of the known pro-inflammatory functions of CRP (14, 15, 22).

Several therapeutics targeting IL-1 or its receptor, among
them the IL-1 receptor antagonist anakinra, the decoy receptor
rilonacept and the neutralizing monoclonal anti-IL-1p antibody
canakinumab, were tested in large trials but never reached the
clinical arena for the treatment of SIRS (4). A major disadvantage
of these approaches might be the general inhibition of IL-1p that
should result in an impaired host defense against infections. By
contrast, we showed that eCRP specifically inhibits the P2X7R-
mediated response to extracellular ATP that is a danger signal
mainly associated with mechanical cell damage (61). Viral, bac-
terial, and fungal pathogens activate numerous additional ATP-
independent pathways of inflammasome activation and IL-1§
maturation (1). Hence, we speculate that CRP predominantly
inhibits trauma-associated release of IL-1p without preventing
the IL-1p response to infection.

In conclusion, CRP efficiently inhibits ATP-dependent inflam-
masome activation and IL-1p release from human monocytic
blood cells in vitro. This effect of CRP seems to depend on bound
PC and activation of non-canonical nAChRs that efficiently
inhibit the ion channel functions of monocytic ATP receptors. In
the same line, we provide the first clinical evidence that elevated
CRP levels might reduce systemic IL-1f release in patients suffer-
ing from multiple traumata.
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Abstract: Amyloid-f peptide (AB1.42), the cleavage product of the evolutionary highly conserved
amyloid precursor protein, presumably plays a pathogenic role in Alzheimer’s disease. AB1.47 can
induce the secretion of the pro-inflammatory cytokine intereukin-1f (IL-1f3) in immune cells within
and out of the nervous system. Known interaction partners of Af1.4» are &7 nicotinic acetylcholine
receptors (NAChRs). The physiological functions of Af31.4p are, however, not fully understood.
Recently, we identified a cholinergic mechanism that controls monocytic release of IL-1(3 by canonical
and non-canonical agonists of nAChRs containing subunits «7, 9, and/or «10. Here, we tested the
hypothesis that Af31.4p modulates this inhibitory cholinergic mechanism. Lipopolysaccharide-primed
monocytic U937 cells and human mononuclear leukocytes were stimulated with the P2X7 receptor
agonist 2’(3")-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate triethylammonium salt (BzATP) in
the presence or absence of nAChR agonists and Af31_4p. IL-1p concentrations were measured in the
supernatant. APq.4 dose-dependently (ICsy = 2.54 uM) reversed the inhibitory effect of canonical
and non-canonical nicotinic agonists on BzZATP-mediated IL-1{3-release by monocytic cells, whereas
reverse A[4,.1 was ineffective. In conclusion, we discovered a novel pro-inflammatory A[31.4» function
that enables monocytic IL-1f3 release in the presence of nAChR agonists. These findings provide
evidence for a novel physiological function of Af31_4, in the context of sterile systemic inflammation.
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1. Introduction

In the context of trauma including major surgical trauma, the pro-inflammatory cytokine
interleukin-1 3 (IL-1p) is released and importantly contributes to sterile hyperinflammation that
may result in barrier dysfunction, translocation of bacteria from the gastro-intestinal tract to the
circulation, and, eventually, in sepsis. At the same time, however, IL-1§ is needed for an effective
prevention and resolution of septic complications [1-4]. Hence, context-specific mechanisms controlling
the production and release of IL-1f3 are of utmost clinical interest.

Synthesis, maturation, and secretion of IL-1{3 by monocytic cells are carefully regulated. Pathogen-
or danger-associated molecular patterns (PAMPs and DAMPs) are first signals that stimulate pattern
recognition receptors expressed, among others, by monocytic cells [3]. An example for a PAMP is
lipopolysaccharide (LPS), a cell wall component of Gram-negative bacteria. LPS is a prototypical first
signal, that stimulates Toll-like receptor (TLR)-4 and induces the synthesis of the inactive precursor
protein pro-IL-1p [4]. Extracellular ATP originating from damaged and/or lytic cells is a typical second
DAMP promoting the maturation of pro-IL-13 [2,4]. After binding to the P2X7 receptor (P2X7R),
ATP induces the assembly of the NLRP3 (NACHT, LRR, and PYD domains containing protein 3)
inflammasome that activates the protease caspase-1. Caspase-1 cleaves pro-IL-1f and finally, mature
IL-1p is secreted [2—4]. Mechanisms that specifically control the ATP-induced secretion of IL-13 might
prevent post-operative hyperinflammation, without fully inhibiting host defense against pathogens
that involves several ATP-independent mechanisms of IL-1f3 release.

Recently, we discovered a novel endogenous cholinergic mechanism that efficiently controls
the ATP-mediated NLRP3 inflammasome activation and, hence, release of mature IL-13 by human
monocytic cells [5]. We found that activation of nicotinic acetylcholine receptors (nAChRs) containing
the evolutionary highly conserved subunits &7, 9, and «10 by classical agonists like acetylcholine
(ACh), choline, or nicotine, dose-dependently inhibits the ATP-induced IL-1(3 release by human
monocytic cells [6-8]. In this context, phosphocholine (PC) was identified as an agonist of nAChRs [6-8].
Interestingly, PC is a ligand of the pentraxin C-reactive protein (CRP), an acute phase protein
present in human blood that is a widely used clinical marker for inflammation [9,10]. We found that
endogenous CRP-PC complexes are potent nAChR agonists that also inhibit the ATP-dependent
inflammasome assembly and IL-1(3 release by human monocytic cells, whereas PC-free CRP is
ineffective [11]. Moreover, we discovered that dipalmitoyl phosphatidylcholine (DPPC) and metabolites
of phosphatidylcholines such as lysophosphatidylcholine or glycerophosphocholine (GPC) also function
as nAChR agonists [8,12].

Ample evidence suggests that amyloid precursor protein (APP) and its cleavage products
interfere with the cholinergic system. The 7 nAChR subunits are direct interaction partners for A3
peptides [13-19]. Therefore, we decided to investigate the interaction between APP, nAChRs, and the
IL-1$ system. APP is an evolutionary highly conserved cell surface protein that is expressed by tissues
of all germ layers such as the nervous system, skin, adipose tissue, skeletal muscle, heart, kidney,
spleen, gastrointestinal tract, thymus, lung, and liver [20-24]. APP and its cleavage products, including
the AP peptides, are mainly known for their putative roles in Alzheimer’s disease (AD), the most
common dementia and primary neurodegenerative disorder in elderly persons [23,25-28]. The essential
physiological functions of APP that can be predicted because of its evolutionary conservation, however,
are incompletely understood.

APP can be cleaved via the non-amyloidogenic pathway that involves the participation of «- and
v-secretases and results in the release of a secreted APP from (sAPP) [21]. In contrast, the amyloidogenic
way, that seems to promote the pathogenesis of AD, involves double cleavage by [3-secretase ([3-site
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APP-cleaving enzymel, BACE1) and y-secretase (a complex containing presenilin-1 or -2) resulting
in different types of Af3, among them A{31.49 and APq.4p [21,22]. Af31-42 is prone to form fibrils and
contributes to plaque formations in the brain of AD patients [21-23,29-31]. In addition, there are
several non-canonical pathways through which APP can be processed as reviewed by Miiller and
colleagues [32].

Several physiological binding partners of A3 peptides were identified like apolipoprotein E (ApoE),
the receptor for advanced glycosylation end products (RAGE) and serpin-enzyme complex receptor
(SEC-R) [33,34]. Moreover, APP can function as a cell surface receptor-like protein that interacts with
more than 200 extracellular and intracellular binding partners [32]. In the skin, APP and A3 peptides
seem to regulate epidermal cell differentiation and modulate proliferation and cell migration [20,35].
Intestinal APP and A3 peptides were suggested to regulate enteric neurons, macrophages, and epithelial
cells and even seem to influence absorption and barrier function [20,36]. In addition, multiple
non-neuronal immunological effects on leukocytes have been described. Both fibrillary and monomeric
Ap1.4p can trigger inflammasome activation in mononuclear leukocytes and induce the secretion of
the pro-inflammatory cytokines IL-1§3 and IL-18 [29,37-40]. In addition, inflammasome-independent
cytokines IL-6, tumor necrosis factor-o« (TNF-x), and monocyte chemotactic protein-1 (MCP-1) are
released [29,37,39-42].

In this study, we test the hypothesis that A31.4» reverses the inhibitory effect of nicotinic agonists on
ATP-mediated release of IL-13 by human monocytic cells. We provide evidence that Af31.4» functions
as an antagonist at monocytic nAChRs containing subunit «7, «9, and «10, in human monocytic U937
cells and primary peripheral mononuclear blood leukocytes (PBMCs). Moreover, we show first clinical
data on patients, who underwent major surgery, that support the hypothesis, that this mechanism is
also active in vivo.

2. Materials and Methods

2.1. Reagents

Acetylcholine chloride, nicotine hydrogen tartrate salt, phosphocholine chloride calcium salt
tetrahydrate (PC), L-o-glycerophosphorylcholine (GPC), 1,2-dipalmitoyl-SN-glycero-3-phosphocholine
(DPPC), C-reactive protein (CRP) isolated from human pleural fluid (Merck Millipore AG732), Af31.42
(Sigma-Aldrich A9810) as well as reverse Af34p.1 (Sigma-Aldrich SCP0048), and lipopolysaccharide
(LPS) from Escherichia coli (Sigma-Aldrich L2654) were purchased from Merck (Darmstadt, Germany).
Ap1.42 and AB4p.1 were dissolved in an ultrasonic bath and stock solutions were immediately frozen
at —20 °C. Later, stock solutions were thawed in an ultrasonic bath for at least 5 min before use.
2/(3")-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate trieethylammonium salt (BzATP) was provided
by Jena Bioscience (Jena, Germany). [V11L, V16D]ArIB and RglA4 were produced and characterized as
described previously [5,7,43-45]. Concentrations of all compounds used in this study were optimized
in previous experiments on human monocytic U937 cells [6-8,11,12].

2.2. U937 Cells

Human monocytic U937 cells from a histiocytic lymphoma cell line were obtained from the
German Collection of Microorganisms and Cell Culture (Braunschweig, Germany). Cells were cultured
at 37 °C, 5% CO, in RPMI 1640 medium (Gibco, Life Technologies, Darmstadt, Germany) with 10%
fetal calf serum (FCS, Biochrome, Berlin, Germany) and 2 mM L-glutamine (Gibco). After seeding in a
24-well plate (10° cells/mL), U937 cells were primed for 5 h with 1 pug/mL LPS. Thereafter, cells were
stimulated with the P2X7R agonist BZATP (100 uM) for 30 min in the presence or absence of AB1.42,
Ap4p1, or agonists of nAChRs. Cell-free cell culture supernatants were collected and stored at —20 °C.
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2.3. Human Peripheral Blood Mononuclear Cells (PBMCs)

The study was approved by the ethics committee of the medical faculty Giessen, Germany
(No. 90/18) and performed in accordance with the Helsinki Declaration. Each volunteer gave written
informed consent. Peripheral blood mononuclear cells (PBMCs) were freshly isolated from blood
obtained from self-reported healthy, non-smoking adult volunteers. Blood was drawn into sterile
syringes containing 1 mM EDTA (bioWORLD, Dublin, OH, USA) per ml blood and PBMCs were
separated on Leucosep gradients (Greiner Bio-One, Frickenhausen, Germany). Before gradient
centrifugation, LPS (5 ng/mL) was added to blood samples. Thereafter, PBMCs were cultured in 24-well
plates at a density of 1 x 10° cells/mL in Monocyte Attachment Medium (PromoCell, Heidelberg,
Germany) for 3 h. Non-adherent cells were removed, and cell culture medium was replaced by fresh
RPMI 1640 medium (Sigma-Aldrich R8758). Stimulation with BZATP in the presence or absence of
Ap1.42, agonists or antagonists of nAChRs was done as described for U937 cells.

2.4. Human Plasma Samples of Patients Undergoing Major Surgery

The study was approved by the ethics committee of the medical faculty Giessen, Germany
(No. 159/17) and performed in accordance with the Helsinki Declaration. Written informed consent
was given by each patient or patient’s legal representative. Male and female patients aged 48-83 years
(median age = 67) undergoing major surgery of the pancreas (n = 8; female = 4, male = 4) or
esophagectomy (n = 4; all male) were recruited at the University Hospital of Giessen, Germany.
All patients underwent elective surgery for oncological tumor resection of the esophagus (1 = 8)
or the pancreas (n = 4). Patients with preexisting increased inflammatory parameters and septic
patients were excluded from the study. The medication prescribed prior to the surgery was checked for
potential interactions with IL-1§3, as far as known from the literature. All patients underwent anesthesia
according to a standardized regimen. The first venous blood sample was collected shortly before the
operation as well as 0 to 2 h, 24 to 48 h, 72 to 96 h, and 7 to 9 days after the operation. Venous blood
was collected into EDTA-buffered collection tubes (Sarstedt, Niirnberg, Germany) and subsequently
subjected to a Ficoll-Hypaque (Sigma-Aldrich, Darmstadt, Germany) gradient. After centrifugation,
the upper blood plasma layer was harvested and stored at —20 °C.

2.5. Cell Viability and Cytokine Measurements

To test for cell viability at the end of the cell culture experiments on U937 cells and PBMCs,
non-radioactive cytotoxicity assay (Promega, Madison, WI, USA) was used to measure lactate
dehydrogenase (LDH) activity in cell free supernatants as indicated by the supplier. LDH values are
given as percentage of the total LDH content of lysed control cells.

The concentrations of IL-13 were measured in the cell free supernatants and human plasma
samples by using the Human IL-1 beta/IL-1F2 DuoSet® enzyme-linked immunosorbent assay (ELISA)
from R&D Systems (Minneapolis, MN, USA; sensitivity: less than 1 pg/mL human IL-13) according
to the manufacturer. Af31.4, concentrations in human plasma samples were measured by the human
amyloid beta (aal-42) Quantikine ELISA Kit from R&D Systems (Minneapolis, MN, USA; sensitivity:
4.73 pg/mL human Af1.47) as indicated by the manufacturer.

2.6. Human P2X7R Expressing HEK293 Cell Line

To generate a stable human P2X7R expressing cell line, a previously cloned cDNA [46] encoding the
full-length human P2X7R (hP2X7R) subunit was directionally subcloned via HindIIl/Apal restriction
sites into the inducible expression vector pcDNAS5/FRT/TO (Invitrogen, Thermo Fisher Scientific,
Dreieich, Germany). Except for a H155Y polymorphism, the deduced 595 residues hP2X7R sequence
corresponds to UniProt accession ID Q99572.4. The resulting hP2X7R-pcDNAS5/FRT/TO plasmid
was co-transfected with the Flp recombinase vector, pOG44, into Flp-InTM T-RExTM-293 host cells
(Invitrogen) using Lipofectamine LTX reagent (Invitrogen). Stably transfected cells (P2X7R-HEK cells)
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were selected for hygromycin B resistance in DMEM high glucose medium (Gibco) supplemented with
10% FCS (Biochrome), 2 mM L-glutamine (Gibco), 100 ug/mL hygromycin B (InvivoGen, Toulouse,
France), 15 pg/mL blasticidin (InvivoGen), 1 ug/mL % penicillin-streptomycin (Gibco). The Flp-In
T-REx system creates isogenic clones, making monoclonal selection unnecessary.

2.7. Whole-Cell Patch-Clamp Recordings

For electrophysiological experiments, P2X7R-HEK cells were seeded in cell culture dishes
(Nunc, Roskilde, Denmark). P2X7R expression was induced by the addition of 1 pg/mL tetracycline
(Sigma-Aldrich) and incubation at 37 °C, 5% CO for 2448 h. Thereafter, the culture medium was
replaced by a bath solution containing 5.4 mM KCl, 120 mM NaCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES (4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid), and 25 mM glucose (all purchased from
Merck; pH 7.4). Whole-cell patch clamp recordings were performed as described previously [6,11].
In brief, patch pipettes were pulled from borosilicate glass capillaries (outer diameter 1.6 mm,
Hilgenberg, Malsfeld, Germany) to a resistance of 2 to 4 M(Q) using an automated puller (Zeitz,
Augsburg, Germany). Pipettes were filled with pipette solution containing 120 mM KCl, 1 mM CaCl,,
2mM MgCl,, 10 mM HEPES, 11 mM ethylene glycol tetra acetic acid and 20 mM glucose (all purchased
from Merck; pH 7.3). The membrane potential of P2X7R-HEK cells was voltage-clamped to —60 mV and
transmembrane currents were amplified with an EPC 9 amplifier (HEKA, Lambrecht, Germany) and
acquired via an ITC-16 interface with the Pulse software (HEKA). A pressure-driven microperfusion
system was used to apply BzATP (100 uM) and AB1.42 (5 pg/mL). All experiments were performed at
room temperature.

2.8. Measurements of Intracellular Ca®*

To measure intracellular Ca?* concentrations ([Ca?*];), P2X7R-HEK cells were seeded in glass
bottom culture dishes (CELLview™, Greiner Bio-One, Kremsmiinster, Austria) and P2X7R expression
was induced by the addition of 1 ug/mL tetracycline (Sigma-Aldrich T7660) and culturing at 37 °C,
5% CO,, for 24-48 h. Thereafter, the culture medium was replaced by the same bath solution as
described for the whole-cell patch-clamp recordings. Measurements were performed as described
previously [11]. In brief, P2X7R-HEK cells were loaded with 3.3 uM Fura-2/AM (Thermo Fisher
Scientific) for 25 min at 37 °C. Fura-2/AM was excited at 340 and 380 nm wavelengths and the
fluorescence emission was measured at 510 nm. Three independent batches of P2X7R-HEK cells were
used in these experiments and a total number of 411 cells were tracked individually. The fluorescence
intensity ratio of 340:380 nm was recorded. All experiments were performed at room temperature.

2.9. Statistical Analyses and Data Processing

Results were analyzed using SPSS® (Version 23, IBM®, Armonk, NY, USA). The ICs; value of
AB1.4 in human U937 cells was determined in GraphPad Prism® (Version 6, GaphPad Software)
by fitting log-transformed concentration values and the original effect data. Multiple groups were
first analyzed by the non-parametric Kruskal-Wallis test. In case of p < 0.05, the non-parametric
Mann-Whitney U test was performed to compare between individual groups and again, a p < 0.05 was
considered as evidence for statistical significance. Paired data were analyzed first by the Friedman test
followed by the Wilcoxon signed-rank test. Data were visualized using Inkscape version 0.48.5 r10040
(Free and Open Source Software licensed under the GPL).

3. Results

3.1. Amyloid Beta Peptide (AB1.42) Attenuates the Inhibitory Effect of Acetylcholine (ACh) and Nicotine (Nic)
on BzATP-Induced Relase of IL-18 by Human Monocytic U937 Cells

Human monocytic U937 cells were primed with 1 pg/mL LPS for 5 h to induce pro-IL-13
synthesis. As expected, LPS-primed U937 cells did not spontaneously release IL-13, whereas additional
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application of BZATP (100 uM, 30 min) induced a release of about 50 pg/mL IL-1f in the cell culture
supernatant (Figure 1a). ACh and Nic are known canonical agonists of monocytic nAChRs containing
subunits &7, ®9, and «10 [5]. In accordance with previous studies [6,8], the BZATP-induced release of
IL-1 was inhibited in the presence of ACh (7.5 uM; p = 0.002; Figure 1a). Interestingly, the inhibitory
effect of ACh was dose-dependently reversed by addition of Ap1.4 with an ICsy of 2.54 uM; the effect
was statistically significant at AB1.4o concentrations of 5 and 10 uM (p = 0.01; Figure 1a). In contrast,
reverse Af34p.1 had no impact on the inhibitory effect of ACh. (Figure 1a). Neither Af31.4p nor AB4p1
induced IL-1$ release from LPS-primed cells (Figure 1b). Moreover, similar results were found for the
nAChR agonist Nic (10 uM; Figure 1c). The inhibitory effect of Nic (10 pM) on BzATP-induced IL-1f3
release (p = 0.029) was reversed in the presence of 10 UM Af3145 (p = 0.029). Cell death was evaluated by
measuring LDH and revealed that cell viability was largely unimpaired in these experiments (Table S1).
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Figure 1. Amyloid beta peptide (Af1.4p) reverses the inhibitory effect of acetylcholine (ACh) and
nicotine (Nic) on BzATP-induced interleukin-13 (IL-13) release by human monocytic U937 cells.
U937 cells were primed with lipopolysaccharide (LPS) from Escherichia coli for 5 h. Thereafter, the P2X7
receptor agonist 2(3)-O-(4-benzoylbenzoyl)adenosine-5-triphosphate (BzATP; 100 M) was added for
another 30 min and IL-1p was measured by ELISA in cell culture supernatants. (a) The nicotinic
agonist ACh (7.5 uM) inhibited the BZATP-induced release of IL-1f3. This inhibitory effect was dose
dependently blunted by Af314 with an IC5y = 2.54 pM. Reverse Af4,.1 (1-10 uM) had no impact.
(b) In control experiments, neither A4, nor AP4,.1 induced changes in IL-1p release by LPS-primed
U937 cells. (c) The inhibitory effect of Nic (10 pM) was blunted in presence of 10 uM Af1.4>. All data
are shown as individual data points, bar represents median, whiskers encompass the 25th to 75th
percentile. Statistical analyses were performed using the Kruskal-Wallis followed by Mann—-Whitney U
test. * p < 0.05, different from LPS-primed cells stimulated with BZATP alone. # p < 0.05, different from
LPS-primed cells stimulated with BZATP and the corresponding nicotinic agonist without AfB1_4;.
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3.2. AB1.4p Attenuates the Inhibitory Effect of Non-Canonical Nicotinic Agonists on BzATP-Induced IL-18
Release by Human Monocytic U937 Cells

Recently, we discovered that PC, CRP, GPC, and DPPC function as non-canonical nAChR agonists
that inhibit the BZATP-induced release of IL-13 by human monocytic cells via nAChRs containing
subunits «7, 9, and/or «10 [6-8,12]. Due to the findings that the inhibitory effect of ACh and Nic
on BzATP-induced release of IL-13 was attenuated by Ap1.4p, we questioned, if this is also true for
non-canonical agonists of nAChRs. Similar to ACh (10 uM; p = 0.016), the BZATP-induced IL-13 release
was inhibited by PC (100 uM; p = 0.016), CRP (5 pg/mL; p = 0.016), GPC (10 uM; p = 0.008) as well as
by DPPC (100 uM; p = 0.008; Figure 2). Indeed, the inhibitory effect of all non-canonical agonists was
blunted in presence on 5 uM Af31.4 (PC, CRP: p = 0.029; GPC, DPPC: p = 0.008; Figure 2). Cell death,
estimated by measurement of LDH release, remained below 10% in all experiments (Table S1).
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Figure 2. Amyloid beta peptide (A1.42) blunts the inhibitory effect of non-canonical nicotinic agonists
on BzATP-induced interleukin-13 (IL-13) release by human monocytic U937 cells. U937 cells were
primed with lipopolysaccharide (LPS) from Escherichia coli for 5 h. Thereafter, the P2X7 receptor agonist
BzATP (100 uM) was added for another 30 min in the presence or absence of Af1.4> (5 pM) and different
nicotinic agonists: acetylcholine (ACh; 10 uM), phosphocholine (PC; 100 pM), C-reactive protein
(CRP; 5 pg/mL), glycerophosphorylcholine (GPC; 10 uM) and dipalmitoylphosphatidylcholine (DPPC;
100 uM). BzATP-induced release of IL-13 was measured by ELISA in cell culture supernatants. All data
are shown as individual data points, bar represents median, whiskers encompass the 25th to 75th
percentile. Statistical analyses were performed using the Kruskal-Wallis followed by Mann—-Whitney U
test. * p < 0.05, different from LPS-primed cells stimulated with BZATP alone. # p < 0.05, different from
LPS-primed cells stimulated with BZATP and the corresponding nicotinic agonist without Af1.45.

3.3. AP1.4p Attenuates the Inhibitory Effect of PC on BzATP-Induced IL-18 Release by Human PBMCs

Next, we investigated, if the antagonizing effect of AB1.4o on nAChR agonists is active in primary
cells. For this purpose, human PBMCs were freshly isolated and pulsed with 5 ng/mL LPS during
the process of PBMC isolation. As expected, the spontaneous secretion of IL-1f3 by these cells was
low (Figure 3a). In response to stimulation with BzZATP (100 uM; 30 min) the concentration of
IL-1p was increased. This BzATP-induced release of IL-1 was inhibited by PC (200 uM; p = 0.018;
Figure 3a). In accordance to the findings on U937 cells, 5 uM A1.4; reversed the inhibitory effect of
PC (p = 0.018; Figure 3a). To investigate if PC signals via nAChRs, the conopetide [V11L, V16D]ArIB,
a specific antagonist of nAChR containing «7 subunits, and conopeptide RglA4, specific for nAChRs
containing &9 and «10 subunits, were used. [V11L, V16D]ArIB (500 nM; p = 0.028) and RglIA4 (50 nM;
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p = 0.018) were applied 10 min prior to PC application and both reversed the inhibitory effect of
PC on BzATP-induced release of IL-13 (Figure 3a). In control experiments it was shown that Af31_4p
as well as [V11L, V16D]ArIB and RglA4 alone had no inhibitory effect on BzATP- or LPS-induced
IL-1pB concentrations (Figure 3b). Absolute values of IL-1f (pg/mL) obtained in these experiments are
given in Table S2. Cell death, estimated by measurement of LDH release, remained below 8.5% in all
experiments (Table S3).
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Figure 3. Amyloid beta peptide (Af31-42) attenuates the inhibitory effect of phosphocholine (PC) on the
BzATP-induced interleukin-1f (IL-1p) release by human peripheral blood mononuclear cells (PBMCs).
PBMCs freshly isolated from healthy human volunteers were pulsed with lipopolysaccharide (LPS;
5ng/mL) during the process of PBMC isolation and cultured for 3 h. The cells were stimulated with the
P2X7 receptor agonist BZATP (100 uM) in the presence or absence of phosphocholine (PC; 200 uM),
AP1.42 (5 uM), [V11L, V16D]ArIB (ArIB; 500 nM) and/or RgIA4 (50 nM) for 30 min. BzATP-induced
release of IL-13 was measured by ELISA in cell culture supernatants. The IL-1f3 concentration in
experiments, in which PBMCs were stimulated with BzATP alone, was set to 100% and all other values
were calculated accordingly. (a) The inhibitory effect of PC was reversed in the presence of AB1.4,
RglIA4 as well as ArIB. (b) In control experiments, AB1.4p, RgIA4, and ArIB had no impact on BzATP-
and LPS-induced IL-1§3 release. All data are shown as individual data points, bar represents median,
whiskers encompass the 25th to 75th percentile. Statistical analyses were performed using the Friedman
test followed by the Wilcoxon signed-rank test. * p < 0.05, different from LPS-primed cells stimulated
with BzZATP alone. # p < 0.05, different from LPS-primed cells stimulated with BzZATP and PC.

3.4. AB1.4p Has No Impact on the Ion Channel Activity of the Human P2X7R

Ap and the ATP-sensitive ionotropic P2X7R are suggested to play an important role in the
pathogenesis of Alzheimer’s disease, a neurodegenerative disorder characterized by a sustained
inflammatory response [28]. To investigate if AB1.4p directly changes the ionotropic function of the
human P2X7R, we first performed electrophysiological whole-cell patch-clamp measurements on
HEK-P2X7R cells (Figure 4). As expected, application of BzZATP (100 uM) resulted in repetitive current
stimulations due to P2X7R activation (p = 0.52; Figure 4a,c). In the next set of experiments, BZATP was
first applied alone, which provoked current stimulation (Figure 4b). After washout, the cells were
preincubated with Ap1.4> (5 uM) for 50 s, followed by an additional application of BZATP (Figure 4b).
A1.4 did neither induce changes in ion currents nor impact BzZATP-induced current stimulations
(p = 0.92; Figure 4b,c).
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Figure 4. Amyloid beta peptide (Af31.42) has no impact on the ion channel activity of the human P2X7
receptor. (a—c) Whole-cell patch-clamp measurements were performed on HEK293 cells overexpressing
human P2X7 receptor (HEK-P2X7R cells). (a,b) Depicted are representative current traces. (a,c) In control
experiments, consecutive application of the P2X7 receptor agonist BZATP (100 uM, white bar) induced
repetitive current stimulations (BzATP1 and 2). (b,c) After washout of the first BZATP stimulus, AB1.4
(5 uM, black bar) was applied and did not induce changes in ion currents. In the presence of A314y,
BzATP induced repetitive current stimulations. (c) All BZATP-induced current changes (Alg,aTp) are
shown as individual data points, bar represents median, whiskers encompass the 25th to 75th percentile.
Statistical analyses were performed using the Friedman test followed by the Wilcoxon signed-rank
test. (d,e) Calcium imaging experiments were performed on HEK-P2X7R cells. Intracellular calcium
concentrations ([Ca2*];) of HEK-P2X7R cells were recorded as Fura-2/AM (Fura-2) fluorescence intensity
ratio of 340:380 nm excitation. For graphical representation and statistical analyses, signal intensities at
time point 3 min were set to 100%, and all other values were calculated in accordance and are presented
as mean + SEM. (a) In control experiments, application of the P2X7 receptor agonist BZATP (100 uM)
induced a rise in [CaZ*];. (b) AR 142 (5 uM) did not alter the [Ca2*];. In the presence of AP1_4p additional
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application of BZATP induced a rise in [Ca?*];. The BzATP-induced [Ca®*]; changes (A[Ca?*];) in
the absence ((a); A[CaZ*]; = 239 + 9%) and presence ((b); A[Ca%*]; = 233 + 6%) of APB1.4p were not
significantly different (p = 0.92; Mann-Whitney U test).

It is known that activation of the P2X7R results in changes of [Ca%*]; levels [47]. Therefore,
we performed calcium imaging measurements on HEK-P2X7R cells to test for P2X7R ion channel
function in the presence or absence of Af31.4, (Figure 4d,e). As expected, application of BzZATP
(100 uM) resulted in an increase of [Ca?*];. Application of 5 uM Af1.4p did not cause alterations in
[CaZ*]; whereas additional application of BZATP induced a rise in [CaZ*];. The BzATP-induced peak
[Ca?*]; changes in the absence (d) or presence (e) of AB14, were not significantly different (p = 0.92;
Figure 4d,e).

3.5. AB1.4p and IL-1B Concentrations in Human Plasma of Patients Undergoing Major Surgery

Finally, we investigated perioperative IL-1f3 and Af31.4; levels in the blood plasma of 12 patients,
who underwent major abdominal surgery. Blood was drawn shortly before the operation (1 = 12),
Oto2h(n=10),24to048h (n=12),72to 96 h (n = 12), and 7 to 9 days (n = 8) after the operation, and the
data of all samples were investigated collectively. In most patient samples IL-13 remained below
the threshold of detection, and a median of 19.70 pg/mL Af1.4p was detected (Figure 5). However,
in plasma samples with detectable IL-1(3 levels, significantly (p < 0.001) higher AB1.4> levels were
measured (median 56.60 pg/mL) compared to those samples, in which IL-1p remained below the
threshold of detection (Figure 5).
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Figure 5. Interleukin-1 (IL-1p3) is predominantly detected in the blood of surgical patients together
with increased amyloid beta (Af1.42) levels. Blood was drawn from patients, who underwent major
surgery, shortly before the operation (n =12),0to2 h (1 =10),24to 48 h (n =12),72to 96 h (n = 12),
and 7 to 9 days (1 = 8) after the operation. AB1.4; and IL-13 were measured by ELISA in patient blood
plasma. APq_4p values of patients, in whom IL-1f levels were below the threshold of detection (n.d.),
were compared to patients with detectable IL-1f3 (d). Data obtained for all time points were investigated
collectively and are shown as individual data points, bar represents median, whiskers encompass the
25th to 75th percentile. Statistical analysis was performed using the Mann-Whitney U test.

4. Discussion

APP and its A3 peptides as well as nAChRs are evolutionary highly conserved and evolved long
before the emergence of a nervous system [48-51], suggesting that their original functions need to
be sought in more primitive and ubiquitous systems, such as innate immunity. Most research has
investigated the pathophysiological effects of the interaction of Af with «7 nAChRs with a special
focus on the etiology of AD [52]. In this study, we provide evidence that Af314; functions as an
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antagonist of monocytic nAChRs containing subunits «7, x9, and/or «10, in human monocytic U937
cells and primary human PBMCs (Figure 6). Thus, we have discovered a novel pro-inflammatory
function of Ap1.4 that enables monocytic IL-1§3 release in the presence of nAChR agonists. In addition,
we provide first clinical hints that this mechanism might be functional in vivo.

nicotinic g
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Figure 6. Schematic summary of the proposed mechanism. In LPS-primed monocytic cells, extracellular
ATP, originating from dead or injured cells, binds to the ATP-sensitive P2X7R, induces NLRP3
inflammasome assembly, activation of caspase-1, cleavage of pro-IL-1f3 and release of bioactive IL-1(.
This damage-associated release of IL-1§3 is inhibited by the activation of monocytic nAChRs containing
subunits 9, «7, and/or «10. As shown previously, activation of nAChRs inhibits the ion channel
function of P2X7R and, thus, ATP-induced IL-1{ release [6,7]. Our data suggest that amyloid beta
(ApR1.12) antagonizes this inhibitory effect and enables monocytic release of IL-1p in the presence
of nicotinic agonists. ACh, acetylcholine; ATP, adenosine triphosphate; DAMP, danger-associated
molecular pattern; IL-13, interleukin-13; LPS, lipopolysaccharide; nAChR, nicotinic acetylcholine
receptor; NLRP3, NACHT, LRR, and PYD domains-containing protein 3; P2X7R, P2X7 receptor; PAMP,
pathogen-associated molecular pattern; TLR, Toll-like receptors.
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Our data suggest that Af1.4» can functionally interact with monocytic nAChRs. Af{31.4; reverses
the inhibitory effect of nicotinic agonists on ATP-mediated release of IL-13 in monocytic U937 cells.
In previous studies, we found that beside classical nAChR agonists like ACh, choline, and nicotine,
non-canonical agonist like PC, endogenous CRP, GPC, and DPPC can activate monocytic nAChRs
containing subunits «9, «7, and/or «10 to induce this anti-inflammatory effect [6-8,11,12]. Here,
we show that AB1.4p dose-dependently antagonizes the inhibitory effect of classical as well as of
non-canonical nicotinic agonists on the BZATP-mediated IL-1§3 release by human monocytic U937 cells.

Because of the well-known limitations of cell lines, we included primary PBMCs in this study that
were freshly isolated from the blood of healthy volunteers. In these experiments, we focused on PC,
the lead compound of the non-canonical agonists of monocytic nAChRs [5,7,8] and directly compared
the effects of conopeptides [V11L, V16D]ArIB and RglA4 to the effects of AP1.42. We confirmed that,
also in human PBMCs, PC signals via subunits «7, o9, and/or «10 to inhibit the BzZATP-induced
release of IL-1 [6,7]. The effect of Af31.4p, again, strikingly resembles those of the conopeptides
[V11L, V16D]ArIB («7-specific) and RglA4 («9/x10-specific).
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In our experimental setting, we found that Af1.4» antagonizes the inhibitory effects of nicotinic
agonists with an ICsy of 2.54 uM, corresponding to about 10 pg/mL. Whether the A3;_4» concentrations
used in the present study are physiological for monocytic cells is difficult to decide. Roher and
colleagues compared plasma Af levels in AD patients and in age-matched control subjects at four
time points over a period of 12 months [53]. APq.4 and APi.4p plasma levels fluctuated widely
among the individuals in both AD subjects and controls with overall mean values of 384 pg/mL and
132 pg/mL, respectively [53]. In the light of these data, an ICs5( of about 10 ug/mL seems to be extremely
high. However, APP is expressed by vascular endothelial cells [50]. Moreover, activated platelets
and leukocytes can secrete APP and its A3 peptides, thus contributing to 90% of peripheral serum
concentrations [50,54,55]. As monocytes closely interact with endothelial cells and platelets [56,57] and
may secrete Af31.4p themselves, Af31.4p might function as a paracrine and/or autocrine factor and local
concentrations possibly reach micromolar concentrations.

How does Af31.47 reverse the inhibitory effects of nicotinic agonists on the ATP-induced release of
IL-1p? To tackle the question, whether Ap1.4> directly modulates ATP receptor functions, we made
use of HEK293 cells overexpressing the human P2X7R. Upon stimulation with BZATP, we observed the
expected changes in ion currents and cytoplasmic Ca?* concentrations, which remained unchanged
in the presence of AP1.42. Therefore, in the present study Af1.42 seems not to modulate P2X7R ion
channel activity. Moreover, this result favors the hypothesis that Ap1.4» interacts with monocytic
nAChRs. However, some studies pointed out an important role of the P2X7R in A} signaling [28,58].
These controversial results might be due to the different experimental protocols and cells used here
(monocytic cells) and in the previous studies (microglia).

Ample evidence suggests that A4y directly interacts with conventional nAChRs [59-62].
Conventional nAChRs of the neuronal type are ligand-gated ion channels composed of « and
subunits that form heteromeric or homomeric pentamers with a conductance for positively charged
ions like Na*, K*, and Ca%* [63,64]. Homomeric o7 nAChRs and heteromeric o432 are the two most
abundant types of nAChRs in the human central nervous system [65]. Wang and colleagues were
the first to identify an interaction of the «7 nAChRs and Af31.4 in the brain [59,60]. Later, it was
shown that o432, x4o532, and a2 nAChRs can also interact with APP and its A peptides [61,62].
In contrast to our data, however, the affinity of AB1.42 to 7 nAChRs in the brain is in the low picomolar
range [51,59].

A direct modulation of the ion channel functions of «7 nAChR by Af31.4» was first shown by Petti
and colleagues in brain slices, where Af31.4p inhibited postsynaptic nAChR-mediated currents [15,66].
Seemingly, the A[31.4p amino acid residues 1-28 are responsible for this interaction [60,66]. The literature
about the consequences of A3 peptide binding to nAChRs is, however, contradictory [52]. Both, agonistic
and antagonistic effects of AP peptides on the a7 nAChR have been described [15,16,51,52,67-71].
Moreover, we and others demonstrated that leukocyticnAChRs do not function as classical ion channels,
but rather exert metabotropic functions [5-7,72-78]. Interestingly, ion channel activity of nAChRs was
detected in human monocyte-derived macrophages [79] and macrophages derived from monocytic
THP-1 cells [80] in the presence of the positive allosteric modulator PNU-120596. However, as the
structure and function of monocytic nAChRs still remain to be elucidated, we can only speculate on
their interaction with Af31.4. Due to the lack of specific antibodies and the low expression of nAChRs
by leukocytes, it is extremely difficult to provide evidence for their direct interaction with AB1.4.

Numerous studies have shown pro-inflammatory functions of Af3. Treatment of PBMCs with
Af1.42 leads to the secretion of pro-inflammatory cytokines like IL-1§3, IL-6, IL-18, monocyte chemotactic
protein-1 (MCP-1), and TNF-« [37,39,40,42,81,82]. Fibrillar Ap1.45 is supposed to directly interact with
TLR2 and TLR4 to trigger TNF-« secretion in a monocytic cell line [83]. TLR activation is known to
induce the expression of IL-13 and of components of the inflammasome. In our experiments, however,
Ap1.42 was applied together with BZATP for only 30 min, which is probably not enough time for an
efficient induction of gene expression and protein synthesis. Other studies found that fibrillar and
monomeric Af.4p can activate the NLRP3 inflammasome, thereby inducing the release of mature
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IL-1p [29,38,84,85]. This probably depends on the internalization of Af31.4; fibrils via the scavenger
receptor CD36, followed by lysosomal rupture, a known signal of NLRP3 assembly [29,86,87]. In the
present study, we used soluble A31.4» and did not see a significant release of IL-1§3 in the absence of
BzATP, and the BzATP-induced release of IL-1f3 was not changed in presence of Af31.45. Therefore, it is
unlikely that A31.42 boosted the expression of pro-IL-1f3 or its cleavage machinery or directly activated
the NLRP3 inflammasome in our experimental setting.

To obtain a first indication whether IL-1 and A1.4» blood levels are linked in vivo, blood plasma
samples from patients, who underwent major surgery, were investigated. We did not perform a
correlation analysis because IL-1(3 was undetectable in a large proportion of the samples. Systemic
IL-1p3 levels are known to be low, even during systemic inflammation, due to its short half-life in the
circulation [88,89]. Instead, we compared A{31-4, levels in samples with undetectable versus detectable
IL-18 levels. In plasma samples with detectable IL-1(3, Af31.47 levels were indeed higher compared to
samples, in which IL-13 was undetectable. This is in line with our hypothesis that A(31_4, fosters the
release of IL-1f3. However, these data should be interpreted with utmost caution and further careful
clinical research is warranted, because we only investigated a small cohort of patients, pooled data from
blood collections at different perioperative time points and do not prove causality at all. Furthermore,
patient AP1.4p levels measured in our study were about half as low compared to those reported for
healthy blood donors [53]. We assume that this is due to technical reasons, as we separated plasma
from blood cells on a density gradient that certainly resulted in dilution. Even the highest Af31.4»
concentration measured in patient blood plasma, which is in the range of 100 pg/mL, is far below the
Af1.4p concentrations needed to inhibit ATP-induced IL-1(3 release in monocytic U937 cells and human
PBMCs (ICsp = 10 ug/mL). Hence, Af31.47 is probably not active systemically, but might reach sufficient
concentrations in the micro-milieu of traumatized tissues, as inflammation is known to upregulate
APP and its cleavage machinery resulting in increased Af levels [90,91].

5. Conclusions

We conclude from our study that Af1.4, enables the ATP-induced release of monocytic IL-13
despite the presence of potent nicotinic agonists. Although we do not know if Af31.4, directly interacts
with leukocytic nAChRs, Af31_4, most probably functions as a nicotinic antagonist. As enabling an
ATP-induced IL-1(3 release can prevent infection and fatal sepsis, we believe that we discovered
one of the vital functions of APP and its peptides that contributed to their striking conservation
during evolution.

Our findings are certainly of clinical interest, especially in the context of surgery-induced
inflammation. High A4, concentrations in patient blood might predict inflammatory complications
in response to major surgery and our findings might pave the way towards new therapeutic avenues.
However, more studies including experimental in vivo studies and extended carefully controlled
clinical studies are warranted to estimate the clinical relevance of our results.
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Table S2: Absolute values of interleukin-1 (IL-13 [pg/mL]) in cell culture supernatants of human peripheral blood
mononuclear cells (PBMCs); Table S3: Lactate dehydrogenase (LDH) concentrations in cell culture supernatants of
human peripheral blood mononuclear cells (PBMCs).
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Activation of endothelial NO
synthase and P2X7 receptor
modification mediates the
cholinergic control of ATP-
induced interleukin-1f release
by mononuclear phagocytes

Katrin Richter™, Nilay Asci®, Vijay K. Singh?,

Sanaria Hawro Yakoob?®, Marion Meixner®, Anna Zakrzewicz",
Juliane Liese", Andreas Hecker?, Sigrid Wilker®, Sabine Stumpf?,
Klaus-Dieter Schluter®, Marius Rohde?, Axel Gédecke?®,
Winfried Padberg®, Ivan Manzini®, Glnther Schmalzing?

and Veronika Grau*

!Laboratory of Experimental Surgery, Department of General and Thoracic Surgery, Justus-Liebig-
University Giessen, German Centre for Lung Research (DZL), Cardio Pulmonary Institute (CPI),
Giessen, Germany, 2Department of Paediatric Haematology and Oncology, Justus-Liebig-University,
Giessen, Germany, SInstitute of Clinical Pharmacology, RWTH Aachen University, Aachen, Germany,
“Institute of Physiology, Justus-Liebig-University Giessen, Giessen, Germany, °Institute of
Cardiovascular Physiology, University Hospital Dusseldorf, Dusseldorf, Germany, ®Department of
Animal Physiology and Molecular Biomedicine, Justus-Liebig-University Giessen, Giessen, Germany

Objective: The pro-inflammatory cytokine interleukin-1f (IL-1f) plays a central
role in host defense against infections. High systemic IL-1B levels, however,
promote the pathogenesis of inflammatory disorders. Therefore, mechanisms
controlling IL-1p release are of substantial clinical interest. Recently, we identified
a cholinergic mechanism inhibiting the ATP-mediated IL-1B release by human
monocytes via nicotinic acetylcholine receptor (hnAChR) subunits o7, @9 and/or
al10. We also discovered novel nAChR agonists that trigger this inhibitory
function in monocytic cells without eliciting ionotropic functions at
conventional nAChRs. Here, we investigate the ion flux-independent signaling
pathway that links NnAChR activation to the inhibition of the ATP-sensitive P2X7
receptor (P2X7R).

Methods: Different human and murine mononuclear phagocytes were primed
with lipopolysaccharide and stimulated with the P2X7R agonist BzATP in the
presence or absence of nAChR agonists, endothelial NO synthase (eNOS)
inhibitors, and NO donors. IL-1B was measured in cell culture supernatants.
Patch-clamp and intracellular Ca®* imaging experiments were performed on
HEK cells overexpressing human P2X7R or P2X7R with point mutations at
cysteine residues in the cytoplasmic C-terminal domain.

Results: The inhibitory effect of NnAChR agonists on the BzATP-induced IL-1f
release was reversed in the presence of eNOS inhibitors (L-NIO, L-NAME) as well
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as in U937 cells after silencing of eNOS expression. In peripheral blood
mononuclear leukocytes from eNOS gene-deficient mice, the inhibitory effect
of nNAChR agonists was absent, suggesting that nAChRs signal via eNOS to inhibit
the BzATP-induced IL-1B release. Moreover, NO donors (SNAP, S-nitroso-N-
acetyl-DL-penicillamine; SIN-1) inhibited the BzATP-induced IL-1B release by
mononuclear phagocytes. The BzATP-induced ionotropic activity of the P2X7R
was abolished in the presence of SIN-1 in both, Xenopus laevis oocytes and HEK
cells over-expressing the human P2X7R. This inhibitory effect of SIN-1 was
absent in HEK cells expressing P2X7R, in which C377 was mutated to alanine,
indicating the importance of C377 for the regulation of the P2X7R function by
protein modification.

Conclusion: We provide first evidence that ion flux-independent, metabotropic
signaling of monocytic nAChRs involves eNOS activation and P2X7R
modification, resulting in an inhibition of ATP signaling and ATP-mediated IL-
1B release. This signaling pathway might be an interesting target for the treatment

of inflammatory disorders.

KEYWORDS

inflammation, P2X7 receptor, CHRNA7, CHRNA9, CHRNA10, endothelial NO synthase,
monocytes, macrophages

Introduction

Extracellular ATP is sensed by two main classes of purinergic
receptors, the G protein-coupled P2Y receptors and the P2X
receptors that form trimeric ligand-gated ion channels (1-5). P2X
receptors are of outstanding interest as therapeutic targets, as they
are expressed by most human or animal cell types and are involved
in pain (6) as well as in the pathogenesis of numerous diseases
including cancer, cardiovascular disease (7) and virtually all
inflammatory diseases (8). The mammalian P2X receptors largely
differ in their rates of desensitization and in their affinity towards
ATP (5). In both counts, the P2X7 receptor (P2X7R) is an extreme:
ATP concentrations in the high micromolar range are needed for
P2X7R activation, and there is a complete lack of desensitization
(5). In contrast to other P2X receptors, the P2X7R has a
characteristic large cytoplasmic C terminal domain, the structure
of which has only been recently elucidated by cryoelectron
microscopy (9). It consists of three functionally important
domains, first a cysteine-rich domain, which prevents P2X7R
desensitization, second a cytoplasmatic cap that interacts with the
short N-terminus of the P2X7R and contributes to the ion channel,
and third a so-called ballast region (9). Further, the cytoplasmic C
terminal domain of the P2X7R contains several consensus
sequences for the interaction with other proteins and numerous
amino acid residues, which are putative sites for covalent protein
modification (9-11).

In mononuclear phagocytes extracellular ATP originating from
activated cells or spilled cytoplasm of damaged cells is a well-known
danger signal. It triggers the ionotropic function of the P2X7R,
which lowers the intracellular concentration of K ions (12). A
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reduced K" concentration is a major trigger for the assembly of the
NLRP3 (NACHT, LRR and PYD domains-containing protein 3)
inflammasome. The NLRP3 inflammasome is a multiprotein
complex, that specifically activates caspase-1 enabling the
proteolytic maturation and secretion of the pro-inflammatory
cytokines interleukin (IL)-1B and IL-18 (12-15). Inflammasome
activation can result in pyroptosis, a form of cell death that further
promotes inflammation (15). Both cytokines, IL-1f and IL-18, are
center stage in host defense against infections, which pose a major
threat for trauma patients. While the protective functions of IL-13
and IL-18 are vital, overshooting cytokine release can induce
systemic inflammation causing barrier dysfunction, shock, sepsis,
and, eventually, life-threatening multi-organ dysfunction. This is
for instance a frequent complication in patients with multiple
traumata or those, who underwent major surgery (16). Hence it is
conceivable, that several mechanisms evolved that control the IL-13
release, which have been comprehensively reviewed before (12-15).

Most of the mechanisms controlling the release of
inflammasome-dependent cytokines also inhibit ATP-
independent pathways. Interestingly, we discovered several
pathways by which unconventional nicotinic acetylcholine
receptors (nAChRs) specifically inhibit the ionotropic function of
monocytic P2X7Rs, without impairing ATP-independent pathways
of inflammasome activation that are typical for pathogens (17-19).
This is of high clinical relevance, because, at least in the acute phase
of trauma and major surgery, host defense against infection is
desirable, while trauma-induced sterile inflammation should be
avoided. We demonstrated that activation of monocytic nAChRs
composed of subunits &9, 0.7 and/or 10 by classical agonists such
as acetylcholine or nicotine efficiently inhibit ATP-induced ion
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currents at monocytic P2X7Rs by a ion flux-independent
mechanism (17, 18). Further non-canonical endogenous agonists
of these nAChRs were identified, including phosphocholine (PC),
phosphatidylcholines (20) and other compounds with a PC head-
group (17-19, 21). In contrast to classical agonists, these non-
canonical agonists do not induce ion currents at human nAChRs
heterologously expressed in Xenopus laevis oocytes but seem to
function as silent agonists or weak antagonists (18, 19).
Interestingly, the acute-phase reactants C-reactive protein (CRP)
(22), ol-antitrypsin (AAT) (23), and secretory leukocyte protease
inhibitor (SLPI) (24) also activate monocytic nAChRs to control the
function of the P2X7R (25). This suggests that these proteins are
part of negative feed-back loops limiting systemic inflammation
(25). None of these nAChR agonists induce ion currents at
monocytic nAChRs, but metabotropically inhibit the ionotropic
function of the P2X7R.

The purpose of this study is to elucidate key steps of the signal
transduction mechanism that links activation of nAChRs to the
inhibition of the ionotropic function of the P2X7R and, hence, to an
inhibition of NLRP3 inflammasome activation and IL-1f release.
We provide evidence that agonists of nAChRs activate the
endothelial NO synthase (eNOS, NOS3), which results in a
modification of C377 in the C terminal cytoplasmic domain of
the P2X7R and, thus, in an inactivation of its ionotropic function.

Materials and methods
Chemicals and reagents

ACh chloride (Cat# A6625), apyrase (Cat# A6410), adenosine
5'-triphosphate (ATP) disodium salt hydrate (Cat# A2383), bovine
serum albumin (BSA, Cat# A9418), choline chloride (Cat# C7017),
CRP (Cat# AG723-M), dimethyl sulfoxide (DMSO, Cat# D2650),
lipopolysaccharide (LPS, E. coli O111:B4, Cat# 12630; E. coli O26:
B6, Cat# 12654), macrophage colony-stimulating factor (M-CSF,
Cat# SRP3110), nicotine hydrogen tartrate salt (Cat# N5260),
nigericin sodium salt (Cat# N7143), Nw-nitro-L-arginine methyl
ester hydrochloride (L-NAME, Cat# N5751), phorbol 12-myristate
13-acetate (PMA, Cat# P1585), PC chloride calcium salt
tetrahydrate (Cat# P0378), recombinant mouse interferon-y (INF-
Y, Cat# IF005), S-nitroso-N-acetyl-DL-penicillamine (SNAP, Cat#
3398), SIN-1 hydrochloride (Cat# 567028), and tetracycline
hydrochloride (Cat# T7660) were purchased from Merck
(Darmstadt, Germany). All chemicals for saline Ringer’s buffer
preparations were purchased from Merck (Darmstadt, Germany).
1400W dihydrochloride (Cat# 1415), L-NIO dihydrochloride (Cat#
0546), and N“®-propyl-L-arginine hydrochloride (N-PLA, Cat#
1200) were purchased from Tocris (Bio-Techne, Wiesbaden-
Nordenstadt, Germany). Gibco penicillin-streptomycin solution
and L-glutamine solution were purchased from Thermo Fisher
Scientific (Dreieich, Germany). BzATP (2’(3’)-O-(4-benzoyl-
benzoyl)ATP trieethylammonium salt) was purchased from Jena
Bioscience (Jena, Germany), 0.5 M ethylenediaminetetraacetic acid
(EDTA) solution from bioWORLD (Dublin, OH, United States,
Cat# 40520000), Hygromycin B Gold solution (Cat# ant-hg-1) and
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blasticidin solution (Cat# ant-bl-05) from InvivoGen (Toulouse,
France), and recombinant human INF-y from R&D Systems
(Minneapolis, MN, United States; Cat# 285-IF-100). PMA and
SNAP were dissolved in DMSO. Nigericin was dissolved in
ethanol (EtOH). When appropriate, control experiments were
performed with the corresponding concentrations of DMSO/
EtOH without drugs.

U937 cells

Monocytic U937 cells were obtained from the German
Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany). U937 cells were cultured in Gibco™ RPMI 1640
medium (Thermo Fisher Scientific, Cat# 11530586) supplemented
with 10% fetal calf serum (FCS; CellConcepts, Umkirch, Germany)
under 5% CO, atmosphere at 37°C as described before (18, 19). In
some experiments the expression of eNOS (NOS3) in U937 cells was
reduced by using siRNA technology. For this purpose, U937 cells
were transfected with ON-TARGETplus human eNOS siRNA
SMARTpool (Thermo Fisher Scientific). To test for unspecific
effects of siRNA transfection, cells were transfected in parallel
with negative control ON-TARGETplus Non-targeting Control
Pool (Thermo Fisher Scientific). The transfection was performed
in accordance with the manufacturer’s protocol and as described
previously (18, 19). In brief, U937 cells were transfected with 30 pM
siRNA/1 x 10° cells using the Amaxa Cell Line Nucleofector Kit C
and Nucleofector II Device (both from Lonza Cologne, Cologne,
Germany). The transfected cells were then cultured for 48 h under
5% CO, atmosphere at 37°C.

To investigate IL-1[} release, untreated or transfected cells
were resuspended on the day of the experiments in fresh RPMI
medium + 10% FCS. 1 x 10° cells/m] were transferred per well to
12-well plates (Greiner Bio-One, Frickenhausen, Germany) and
stimulated with 1 pg/ml LPS (E. coli 026:B6) for 5 h under 5% CO,
atmosphere at 37°C. Thereafter, BzZATP (100 uM) was added for
30 min in the presence or absence of cholinergic agonists, NOS
inhibitors or NO donors. At the end of the experiments, cells
were spun down (500 g, 8 min, 4°C) and the cell-free supernatants
were collected and stored at —20°C for later cytokine and lactate
dehydrogenase (LDH) measurements.

THP-1 cells

THP-1 cells were obtained from the German Collection of
Microorganisms and Cell Cultures and cultured under 5% CO,
atmosphere at 37°C using RPMI 1640 medium from Sigma (Merck,
Cat# R8758) supplemented with 10% FCS from Capricorn
(Ebsdorfergrund, Germany, Cat# FBS-16A). To investigate IL-1f
release, monocytic THP-1 cells were resuspended on the day of the
experiments in FCS-free RPMI medium, and 0.5 x 10° cells/0.5 ml
were transferred per well to 48-well plates (Greiner Bio-One).
Thereafter, cells were treated with 1 pg/ml LPS (E. coli 026:B6)
and cultured for 5 h under 5% CO, atmosphere at 37°C as described
previously (26). After priming, BZATP (100 uM) was added for 40
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min in the presence or absence of cholinergic agonists, NOS
inhibitors, or NO donors. At the end of the experiments, cells
were spun down (500 g, 8 min, 4°C) and the cell-free supernatants
were collected and stored at —20°C for later cytokine measurements.

Monocytic THP-1 cells acquire a macrophage-like phenotype
by exposure to PMA (27). To obtain THP-1 cell-derived M1-like
macrophages, a previously described protocol (26) was used with
modifications. Monocytic THP-1 cells were resuspended in RPMI
1640 medium (Sigma) supplemented with 10% FCS (Capricorn), 50
U penicillin/ml and 50 pg streptomycin/ml. 0.3 x 10° cells/ml and
per well were seeded in 12-well plates (Greiner) and incubated with
50 nM PMA for 24 h, followed by 24 h incubation in fresh complete
medium without PMA. Thereafter, to induce cell differentiation
into M1-like macrophages, cells were cultured in fresh complete
medium supplemented with 10 ng/ml human IFN-y and 10 ng/ml
LPS (E. coli O111:B4) for 48 h. To investigate IL-1f release on day 5,
the medium was replaced by fresh RPMI 1640 medium (Sigma)
supplemented with 10% FCS. The cells were stimulated with 1 ug/
ml LPS (E. coli 026:B6) for 5 h and handled as described for
monocytic THP-1 cells. The identity of M1-like macrophages on
day 5 was evaluated by flow cytometry (see below). For this purpose,
MO-like macrophages were differentiated in parallel to M1-like
macrophages, using the above-described protocol without adding
human IFN-y and LPS. Cells were washed once with Dulbecco’s
phosphate buffered saline without calcium and magnesium (PBS;
Merck Cat# D8537) and detached using TrprETM Express
(Thermo Fisher Scientific, Cat# 12605010) according to the
manufacturer’s protocol. The cell number was determined, and
cells were stored on ice until flow cytometry.

Murine mononuclear leukocytes and bone
marrow-derived macrophages

Male and female wild-type mice from The Jackson Laboratory
(C57BL/6]), Nos3 gene-deficient mice (C57BL/6.129/Ola—eNOSTM)
(28) and corresponding wild-type mice were used for isolation of
peripheral blood mononuclear leukocytes (PBMCs). Experimental
animals received humane care according to NIH “Guide for the
Care and Use of Laboratory Animals”, and animal experiments
were approved by the local authorities (University Diisseldorf,
reference No. O16/04; Regierungsprisidium Giessen, Germany,
reference no. 571_M). Mice were euthanized and blood was
immediately drawn from the caval vein into heparinized syringes
(2 ml syringes filled with 15 ul heparin solution (5.000 I.E/ml) from
Ratiopharm, Ulm, Germany (Cat# 03029843). PBMCs were
separated using discontinuous Percoll (Ge Healthcare Bio-
Sciences AB, Uppsala, Sweden; 1.082 g/ml) density gradient
centrifugation as described before (18). 0.1 x 10° cells/0.1 ml were
seeded in 96-well plates (Greiner) and cultured for 2 h in RPMI
1640 medium (Gibco or Sigma) at 5% CO, at 37°C. Thereafter, non-
adherent cells were removed, and fresh RPMI medium was added.
For investigation of IL-1 release, BZATP (100 uM) or ATP (1 mM)
was added for 30 min in the presence or absence cholinergic
agonists or NO donors. Subsequently, cell culture supernatants
were collected and stored at —20°C for later cytokine measurements.
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Male and female C57BL/6] wild-type mice were used for bone
marrow cell isolation and bone marrow-derived macrophage
(BMDM) differentiation using a previously published protocol
with modifications (26). 1 x 10° bone marrow cells/ml complete
medium [RPMI 1640 medium (Cytiva, Marlborough, MA, United
States) supplemented with 10% FCS (CellConcepts), 50 U
penicillin/ml, 50 pg streptomycin/ml and 10 ng/ml M-CSF were
seeded in in Costar 12-well plates (Corning, NY, United States) and
cultured for 72 h. Thereafter, to induce cell differentiation into M1-
like macrophages, 1 ml of fresh complete medium was added
supplemented with a final concentration of 10 ng/ml M-CSF, 10
ng/ml IFN-y and 10 pg/ml LPS (E. coli 026:B6). Cells were cultured
for another period of 72 h. On day 6 of cultivation, BMDMs were
stimulated with 1 ug/ml LPS (E. coli 026:B6) for 5 h. Thereafter,
ATP (1 mM) or nigericin (50 uM; together with 0.5 U/ml apyrase)
was added in the absence or presence of the NO donors SNAP (10
mM) or SIN-1 (1 mM). Cell-free supernatant was harvested 40 min
later and stored at —20°C for IL-1P measurements.

Human primary monocytic cells

Blood samples were obtained from healthy (self-reported)
female and male non-smoking adult volunteers. The study was
performed in accordance with the Helsinki Declaration and
approved by the ethics committee of the medical faculty Giessen,
Germany (No. 90/18). Blood was drawn into sterile syringes
containing 1 mM EDTA per ml blood. Monocytes were enriched
from whole blood by negative selection using the RosetteSepTM
human Monocyte Enrichment Cocktail and LymphoprepTM density
gradient (both from Stemcell Technologies, Cologne, Germany)
according to the manufacturer’s protocol. Thereafter, enriched
monocytes were stimulated with 5 ng/ml LPS (E. coli 026:B6) for
25 min during the first washing step. After centrifugation at 250 g
(15 min, room temperature) and a second wash followed by
centrifugation at 300 g (10 min, room temperature), the cells
were resuspended in RPMI medium (Sigma). The purity of
monocytes was evaluated by flow cytometry (see below).

To investigate IL-1B release, 1 x 10° cells/250 ul RPMI medium
were seeded in 96-well plates and cultured at 37°C, 5% CO, for 3 h
in LPS-free medium. Thereafter, the cells were stimulated with
BzATP (100 uM) or nigericin (25 uM plus 0.5 U/ml apyrase) in the
presence or absence SNAP or SIN-1. After another 30 min of
incubation, cell-free cell culture supernatants were harvested and
stored at —20°C until measurement of IL-1p concentrations and
LDH activity.

Measurement of IL-1 concentration and
LDH activity

IL-1B concentrations in cell-free supernatants obtained in
experiments on human monocytic U937 cells, THP-1 cells
(monocytic, macrophage-like), and human primary monocytic
cells were measured using the Human IL-1 beta/IL-1F2 DuoSet
enzyme-linked immunosorbent assay (ELISA) from R&D Systems
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(Cat# DY201) according to the supplier’s instructions. In samples
obtained in the mouse PBMC experiments, IL-1f3 concentrations
were measured by using the Mouse Quantikine IL-13 Immunoassay
(R&D Systems Cat# MLB00C), whereas samples obtained in the
mouse BMDM experiments were measured by using the Mouse IL-
1 beta/IL-1F2 DuoSet ELISA (R&D Systems Cat# DY401). To test
for cell viability at the end of the cell culture experiments, the
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega,
Madison, WI, United States; Cat# G1780) was used to measure
LDH activity according to the supplier’s instructions. LDH activities
determined in cell-free supernatants are given as percentage of the
total LDH activity of lysed control cells (Supplementary Table S1).

RNA isolation, cDNA synthesis and real-
time RT-PCR

To confirm efficient and selective silencing of human eNOS
mRNA expression by siRNA, real-time RT-PCR was performed on
siRNA transfected U937 cells and corresponding controls. First, total
RNA was isolated from 1 x 10° U937 cells using the RNesay Plus
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The obtained RNA (1 pg) was reversely transcribed
using M-MLVH Reverse Transcriptase and 1 pg of random hexamer
primers (Promega, Mannheim, Germany). Thereafter, real-time RT-
PCR was performed (n = 4 per experimental group, each sample was
assessed in duplicates) using the ABI 7900 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA) and Platinum
SYBER green qPCR Super Mix-UDG (Invitrogen, Karlsruhe,
Germany). Primers specific for human eNOS (fwd: 5'-AGC ACT
GAG ATC GGC ACG AGG A-3'5rev: 5'-TGC TGC CTT GTCTTT
CCA CAG GG-3"), human neuronal NOS (nNOS, NOSI; fwd: 5'-
CCA CGG CCC ACG GGA TGT TC-3’; rev: 5'-CTC GGA AGT
CGT GCT TGC CGT-3"), and the house keeping gene
hydroxymethylbilane synthase (HMBS; fwd: 5'-CCC ACG CGA
ATC ACT CTC AT-3'; rev: 5'-TGT CTG GTA ACG GCA ATG
CG-3") (17) were synthesized by Eurofins Genomics (Ebersberg,
Germany). As a negative control, samples were run under the same
conditions, using nuclease-free water instead of cDNA. Changes
in the mRNA expression levels of eNOS were estimated by
the 2°“T method, where ACT represents the difference between the
CT value of HMBS gene and the CT value of gene of interest
(17, 19, 24). The mean of the mRNA expression values from cells
transfected with non-targeting siRNA was set to one and the values
from cells transfected with siRNA specific for eNOS were
calculated accordingly.

Flow cytometry

Flow cytometry analyses were performed to evaluate cell surface
marker expression of THP-1 cell-derived macrophages (MO- and
M1-like) and the purity of RosetteSepTM enriched human
monocytes. THP-1 cell-derived macrophages were characterized
by using a panel of antibodies against cluster of differentiation (CD)
14, CD38, CD80 and HLA-DR (see Supplementary Table S2).
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Human monocytes can be classified into three main subsets,
classical (~85%), intermediate (~5%), and non-classical (~10%)
monocytes, which are characterized by their level of CD14 and
CD16 expression (29). A previously published gating strategy for
whole blood flow cytometry to identify and characterize human
monocyte subsets (30) was modified and used to analyze the purity
of RosetteSepTM enriched human monocytes. To assess the
monocyte subset proportions a panel of antibodies was used (see
Supplementary Table S2). Antibodies against T cells (CD3) and B
cells (CD19) were used to assess lymphocytic contaminations. The
purity of the enriched cells was displayed by using a CD14/CD16/
CD45/HLA-DR panel.

Cells were resuspended in flow cytometry buffer (PBS, 2 mM
EDTA, 5% FCS). Thereafter, 5 x 10° cells were incubated with
appropriate antibodies for 30 min on ice. All antibodies
(Supplementary Table S2) were used at the manufacturer’s
recommended dilution or titrated to determine the optimal
staining concentrations (between 1:20 and 1:100). Cells were also
incubated with the control isotype antibody corresponding to each
primary antibody. Thereafter, cells were washed twice in flow
cytometry buffer. Then, the cells were fixed with 1% dissolved
paraformaldehyde (PFA) before flow cytometry analysis.

Cells were acquired on a BD FACSVerse " System (BD
Biosciences) using the BD FACSuite' " software, recording at least
10,000 events for each sample. Forward scatter (FSC) files were
exported and analyzed in FlowJo software version 10.8.1 (FlowJo,
LLC). Monocytes and macrophages were gated by FSC-area (FSC-
A) and side scatter—area (SSC-A), then single cells by SSC-A and
side scatter-width (SSC-W). Surface marker-positive cells were
gated based on Fluorescence Minus One (FMO) or isotype
controls and the percentage of surface marker positive cells was
measured and exported.

Heterologous expression of human
P2X7R and two-electrode
voltage-clamp measurements

Electrophysiological two-electrode voltage-clamp (TEVC)
measurements were performed on Xenopus laevis oocytes stages
V and VI purchased from Ecocyte Bioscience (Castrop-Rauxel,
Germany). Oocytes were injected with cRNA (0.35 ng per oocyte)
encoding for the human P2X7R as previously described (31). In
brief, the oocytes were placed in a perfusion chamber, perfused at
room temperature with a Ca®*-free frog Ringer’s solution
containing (mM): 100 NaCl, 2.5 KCI, 5 HEPES (4-(2-
hydroxyethyl)-piperazine-1-ethanesulfonic acid) and 0.1
flufenamic acid (pH 7.4), and impaled with two 1 M KCl-filled
electrodes. The membrane voltage was clamped to —40 mV and the
transmembrane ion currents (I;) were recorded.

When the I; was stabilized, BzZATP (dissolved in frog Ringer’s
solution to a working solution of 10 uM) was applied for 2 min (31).
After a wash out period, the oocytes were transferred to a 24-well
plate and incubated for 2 h at room temperature in either oocyte
Ringer’s solution or Ringer’s solution supplemented with 1 mM
SIN-1. Subsequently, oocytes were placed in the perfusion chamber,
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voltage clamped to —40 mV and the BZATP-induced changes in I
were determined for a second time. Measurements were performed
on oocytes from at least two different Xenopus laevis frogs.

HEK293 cell lines stably expressing wild-
type or mutated human P2X7R upon
stimulation with tetracycline

The generation of a stable Tet-on HEK293 cell line expressing
the full-length wild-type human P2X7R (hP2X7R) under the
control of the tetracycline-inducible tetR promotor (wt-hP2X7-
HEK) has been described previously (32). In the same wt-
hP2X7R pcDNAS5/FRT/TO plasmid used before, we mutated
C377 or C388 singly to alanine using the QuikChange site-
directed mutagenesis protocol (33) with Phusion high-fidelity
DNA polymerase and Dpn I restriction endonuclease (both from
New England BioLabs, Schwalbach, Germany). After verification of
the DNA sequences by commercial nucleotide sequencing
(Eurofins), we generated stable C377A (hP2X7R_C377A-HEK)
and C388A-hP2X7R-HEK cell lines using the Flp-InTM T-
RExTM-system (Invitrogen, Thermo Fisher Scientific).

Intracellular Ca®* imaging

Changes in intracellular Ca®" concentrations ([Ca’'];) were
imaged in wild-type human P2X7R-HEK cells as previously
described (32). Cells were seeded in high glucose DMEM (Gibco)
supplemented with 10% FCS (Biochrome) and 2 mM L-glutamine
(Gibco) in glass bottom culture dishes (CELLViewTM, Greiner Bio-
One, Kremsmiinster, Austria) and grown for 24 — 48 h. To induce
P2X7R expression, 1 pg/ml tetracycline was added, and cells were
cultured for another 24 - 48 h at 37°C, 5% CO,. To image [Ca>'];, the
culture medium was replaced by a saline bath Ringer’s solution
containing (in mM): 5.4 KCl, 120 NaCl, 2 CaCl,, 1 MgCl,, 10 HEPES,
25 glucose (pH 7.4). Imaging was performed at room temperature
and as described previously (22, 32). Three independent batches of
P2X7R-HEK cells were used in these experiments and a total number
of 411 cells were tracked individually.

Whole-cell patch-clamp measurements
on human wild-type P2X7R and
P2X7R mutants

Whole-cell patch-clamp measurements were performed on wt-
hP2X7R-HEK, hP2X7R_C377A-HEK and hP2X7R_C388A-HEK
cells. The cells were seeded in high glucose DMEM (Gibco)
supplemented with 10% FCS (Biochrome) and 2 mM L-glutamine
(Gibco) in cell culture dishes (Nunc, Roskilde, Denmark) and
cultured at 37°C, 5% CO, for 24 - 48 h. P2X7R expression was
induced by adding 1 upg/ml tetracycline (Sigma-Aldrich) and a
subsequent incubation for 24 - 48 h, as described previously (32).
For the measurements, DMEM was replaced by bath solution (for
details see [Ca®"]; measurements) and whole-cell patch clamp
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recordings were performed as described previously (22, 31, 32).
The whole-cell recordings were performed at room temperature.
The membrane potential was clamped to —60 mV and the whole-
cell transmembrane currents (measurement I) were recorded.
BzATP (100 uM) and SIN-1 (1 mM) were dissolved in bath
solution and applied by using a pressure-driven microperfusion
system (measurement II). At least three independent batches of wt-
hP2X7R-HEK, hP2X7R_C377A-HEK and hP2X7R_C388A-HEK
cells were used in these experiments.

Structural protein images of the rat P2X7R

Structural images of the rP2X7R protein were generated with
the molecular visualization system PyMOL by Schrodinger (2022,
Version 2.5) using the cryo-EM PDB files PDB 6u9v and 6udw for
the closed and open structures of rP2X7R, respectively (9).

Statistical analyses and data processing

Results obtained in IL-1P release or electrophysiological
experiments were analyzed using SPSS® (Version 23, IBM®,
Armonk, NY, USA). Multiple independent data sets were first
analyzed by the non-parametric Kruskal-Wallis test. In case of a
p < 0.05, the non-parametric Mann-Whitney U test was performed
to compare between individual groups and again, a p < 0.05 was
considered as evidence for statistical significance. Dependent data
sets were analyzed first by the Friedman test followed by the
Wilcoxon signed-rank test. All numbers (n) of the individual
experiments are indicated in the Results section and in the
Figures. The n-number given in experiments on primary cells
represent data obtained from the cells of individual mice or
humans. In experiments with cell lines, the n-number refers to
independent experiments performed on different days and with
different cell passages. No outliers were excluded from the analyses.
An exception of this principle are cells used for electrophysiological
measurements that lost voltage-clamp or membrane seal, or
otherwise failed to remain viable throughout the measurements,
and thus were excluded from the analyses. The free and open-
source software Inkscape version 0.48.5 r10040 (licensed under the
GPL) was used for visualization of the data.

Results

Inhibition of NOS reverts the inhibitory effects of nAChR agonists
on IL-1f release. To test the hypothesis, that NOS are involved in
the inhibitory effect of nAChR agonists on the ATP-induced release
of IL-1B by monocytic cells, we made use of the NOS inhibitors L-
NIO (34) (Figures 1A, B), L-NAME (35) (Figures 1C, D), N-PLA
(Supplementary Figures S1A, B) and 1400 W (Supplementary
Figures S1C, D). Cells of the human monocytic U937 cell line
were primed with LPS (1 pg/ml) for 5 h to induce the expression of
pro-IL-1B and of essential compounds of the NLRP3
inflammasome, followed by a second stimulation with the P2X7R
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FIGURE 1

The inhibitory potential of nicotine (Nic), phosphocholine (PC) and C-reactive protein (CRP) on the BzATP-induced release of IL-1B by human
monocytic U937 cells is prevented by nitric oxide synthase (NOS) inhibitors. U937 cells were primed with LPS (1 ug/ml) for 5 h, and BzATP (2'/3'-O-
(4-benzoylbenzoyl)adenosine-5'-triphosphate, tri(triethylammonium) salt; 100 pM) was added for another 30 min to trigger IL-1p release, which was
measured by ELISA. The inhibitory potential of the nicotinic acetylcholine receptor (nAChR) agonists Nic (100 pyM), PC (100 uM) and CRP (5 pg/ml)
on the BzATP-induced release of IL-1f was investigated in absence and presence of the NOS inhibitors (A, B) L-NIO (N5-(1-iminoethyl)-L-ornithine
dihydrochloride) and (C, D) L-NAME (N-omega-nitro-L-arginine methyl ester hydrochloride). The inhibitory potential of NnAChR agonists on the
BzATP-induced release was concentration-dependently prevented by all NOS inhibitors. (A, C) Some IL-1f values (untreated, LPS, LPS+BzATP, LPS
+BzATP+Nic) served as controls for multiple NOS inhibitors (Supplementary Figures S1A, C). Data are presented as individual data points, bars
represent median, whiskers percentiles 25 and 75. # p < 0.05 significantly different from samples, in which BzZATP was given alone, *p < 0.05
significantly different from BzATP + nicotine. Kruskal-Wallis followed by Mann-Whitney rank sum test

agonist BzATP (100 uM) for 30 min to induce inflammasome
assembly. These experiments were performed in the presence or
absence of nicotine (100 puM), PC (100 uM) or CRP (5 pg/ml).
Thereafter, IL-1f3 was measured in the cell-free culture medium. As
described before (17, 18, 22), supernatants of unstimulated cells and
cells primed with LPS contained only trace-amounts of IL-1f, while
supernatants of cells treated with both LPS and BzATP released 30 —
70 pg/ml IL-1P. As expected (17, 22), the BzZATP-induced release of
IL-1P was significantly (p < 0.05) inhibited by nicotine (n = 5), PC
(n=4) and CRP (n =4) (Figure 1, Supplementary Figure S1). In line
with our hypothesis, all investigated NOS inhibitors dose-
dependently prevented the effects of the nicotinic agonists
(Figure 1, Supplementary Figure S1). In the absence of nicotine,
PC or CRP, NOS inhibitors did not affect the BzATP-induced
release of IL-1f (n = 4, not shown).

To test if NOS inhibitors also function in another independent
monocytic cell line, we repeated some of the experiments with
human monocytic THP-1 cells and differentiated macrophage-like
THP-1 cells (Figures 2A, B). Like U937 cells, monocytic and
macrophage-like THP-1 cells primed with LPS and stimulated
with BZATP released IL-1f (monocytic = 109 + 45 pg/ml, n = 6;
macrophage-like = 512 + 217 pg/ml, n = 6), which was significantly
inhibited by nicotine, PC and CRP (Figures 2A, B). In THP-1 cells,
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the NOS inhibitors L-NIO (50 uM) and L-NAME (10 uM) also
significantly reverted the effects of all nAChR agonists tested
(Figures 2A, B). Flow cytometrical analyses confirmed that
differentiated THP-1 cells expressed cell surface markers typical
for M1-like macrophages (Supplementary Figure S2).

The inhibitory effects of nAChR agonists on BzATP-induced IL-
1B release depend on eNOS. As NOS function seems to be very
quickly activated in response to nAChR agonists, we did not
investigate the involvement of iNOS which is constitutively active
and regulated on the mRNA level. Therefore, we further
investigated if eNOS and nNOS, the functions of which are
regulated on the protein level (36, 37), might be involved in the
control of BzATP-mediated IL-1P release. In real-time RT-PCR
experiments on U937 cells primed with LPS, NOS3 mRNA was
detectable albeit at low levels, while NOSI mRNA was in the range
of the threshold of detection. Therefore, we hypothesized, that the
eNOS is an essential part of the signaling cascade linking nAChR
activation to the inhibition of the ionotropic P2X7R function. To
test this hypothesis, we followed two independent approaches. First,
we transfected U937 cells with control siRNA or siRNA specific for
the NOS3 gene, which significantly (n = 8, p < 0.05) down-regulated
the mRNA expression of NOS3 (Supplementary Figure S3). With
these cells we performed the above-described IL-1f release
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FIGURE 2

The inhibitory potential of nicotine (Nic), phosphocholine (PC) and
C-reactive protein (CRP) on the BzATP-induced release of IL-1f by
human monocytic and macrophage-like THP-1 cells is reversed by
nitric oxide synthase (NOS) inhibitors. Monocytic (A) and
differentiated macrophage-like (B) THP-1 cells were used. Cells
were primed with lipopolysaccharide (LPS; 1 ug/ml, 5 h). Thereafter,
the P2X7 receptor agonist BzATP ((2'/3'-O-(4-benzoylbenzoyl)
adenosine-5'-triphosphate, tri(triethylammonium) salt) was added
for another 40 min to trigger IL-1p release, which was measured by
ELISA. The inhibitory potential of Nic (100 uM), PC (200 uM) and
CRP (10 pg/ml) on the BzATP-induced release of IL-1B was
investigated in absence and presence of the NOS inhibitors L-NIO
(50 pM; N5-(1-iminoethyl)-L-ornithine dihydrochloride) or L-NAME
(10 pM; N-omega-nitro-L-arginine methyl ester hydrochloride)

(B) In experiments on macrophage-like THP-1 cells, the
concentration of IL-1B released in response to BzATP was calculated
by subtracting the IL-1B concentrations measured in supernatants of
cells treated with LPS alone. In each experiment, the IL-1B
concentration obtained after stimulation with BzATP was set to
100% and all other values were calculated accordingly. Data are
presented as individual data points, bars represent median, whiskers
encompass the 25th to 75th percentile. *p < 0.05, different from
LPS-primed cells stimulated with BzATP alone; #p < 0.05
significantly different from samples, in which BzATP plus agonist was
given. Friedman test followed by the Wilcoxon signed-rank test.

experiments in the presence or absence of nAChR agonists. While
transfection of control siRNA did not impair the inhibitory effect of
nicotine, PC, and CRP on the BZATP-mediated release of IL-1f3,
transfection of siRNA specific for NOS3 blunted the inhibitory
effect (Figure 3A).

In a second approach, freshly isolated PBMCs from mice
deficient in NOS3 (C57BL/6.129/Ola-eNOS™™) (28) and
corresponding wild-type mice were used and left untreated or
stimulated with BZATP for 30 min, in the presence or absence of
nicotine, PC, choline (Cho; 100 uM), or acetylcholine (ACh; 10
uM). As expected, BzATP induced the release of IL-1f by PBMCs
obtained from both mouse strains. Nicotinic agonists signifilicantly
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FIGURE 3

The inhibitory potential of cholinergic agonists on BzATP-induced
IL-1B release by monocytic cells depends on endothelial nitric oxide
synthase (eNOS, NOS3) activity. (A) U937 cells were transfected with
siRNA targeting eNOS or with control siRNA. Forty-eight hours after
transfection, cells were primed with lipopolysaccharide (LPS; 1 pg/
ml) for 5 h and BzATP ((2'/3'-O-(4-benzoylbenzoyl)adenosine-5'-
triphosphate, tri(triethylammonium) salt; 100 uM) was given for
additional 30 min in the presence or absence of nicotinic agonists
nicotine (Nic; 100 pM), phosphocholine (PC; 100 puM) or C-reactive
protein (CRP; 5 pg/ml). While in cells transfected with control siRNA,
the BzATP-induced release of IL-1 B was inhibited by nicotinic
agonists, the inhibitory activity of all agonists was blunted in eNOS
siRNA-transfected cells. Data were analyzed by Kruskal-Wallis test
followed by Mann-Whitney rank sum test. (B) Freshly isolated mouse
peripheral blood mononuclear cells (PBMCs) isolated from wild-type
(eNOS**) mice and mice deficient in eNOS (eNOS™") were left
untreated or stimulated with BzATP for 30 min, in the presence or
absence of nicotinic agonists Nic, PC, choline (Cho; 100 uM) or
acetylcholine (ACh; 10 pM). BzATP induced the release of IL-1f in
PBMCs obtained from all mouse strains. Nicotinic agonists
significantly inhibited the IL-1p release by PBMCs from eNOS*/*
mice. In contrast, the IL-1B release by PBMCs from eNOS™" mice
was not affected by nicotinic agonists. Friedman test followed by the
Wilcoxon signed-rank test. Data are presented as individual data
points, bars represent median, whiskers percentiles 25 and 75. «p <
0.05 significantly different from samples, in which BzATP was given
alone #p < 0.05 significantly different from corresponding samples
control siRNA vs. eNOS siRNA and eNOS** vs. eNOS ™"~

inhibited the BZATP-induced IL-1f release by PBMCs from wild-
type mice. In contrast, the IL-1 release by PBMCs from Nos3-
deficient mice was unaffected by all nicotinic agonists
tested (Figure 3B).

NO and peroxynitrite mimic the inhibitory effects of nAChR
agonists on IL-1f release. NOS catalyzes the conversion of L-
arginine into NO and L-citrulline (34). Highly reactive peroxynitrite
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can be formed from NO in the presence of superoxide anions (38). To
test our hypothesis that NO can inhibit the BZATP-induced release of
IL-1pB by LPS-primed monocytic U937 cells and THP-1 cells, we used
the NO/peroxynitrite donors SNAP and SIN-1 (39) and performed
IL-1P release assays in U937 cells (Figures 4A-C). In line with our
hypothesis SNAP showed a dose-dependent inhibitory effect with first
statistically significant effects at a 100 M concentration (n = 4, p <
0.05) and a virtually complete inhibition at 10 mM (n = 4, p < 0.05;
Figure 4A). In the same line, SIN-1 (1 mM) fully inhibited the BzATP-

10.3389/fimmu.2023.1140592

induced release of IL-1B, both when given together with BzATP or
when applied 30 min earlier (n = 4, p < 0.05, each; Figure 4B). When
the IL-1f secretion was triggered by the pore-forming bacterial toxin
nigericin (50 pM), SIN-1 had no effect on the release of IL-1B
(Figure 4C). In these experiments, the ATP-degrading enzyme
apyrase (0.5 U/ml), was added together with nigericin to ensure,
that only ATP-independent mechanisms are investigated.

In the monocytic cell line THP-1 similar results were obtained
(Figures 4D, E). SNAP (10 mM) and SIN-1 (1 mM) significantly
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FIGURE 4

The BzATP-induced release of IL-1B by monocytic and macrophage-like cells is inhibited by the NO donors SNAP and SIN-1. (A, B) Monocytic U937
cells were primed with lipopolysaccharide (LPS; 1 ug/ml) for 5 h, and BzATP ((2'/3'-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate, tri
(triethylammonium) salt; 100 yM) was added for another 30 min to trigger IL-1B release, which was measured by ELISA. The NO donor SNAP (S-

nitroso-N-acetyl-DL-penicillamine) concentration-dependently inhibited

the BzATP-induced release of IL-1B like nicotine (Nic; 100 pM), which

served as a positive control (A). Addition of SIN-1 (1 mM) 30 min before BzATP (t = -30’) or shortly before BzATP (t = 0') inhibited the BzATP-induced
release of IL-1B (B). U937 cells were primed with LPS for 5 h, and nigericin (Nig) was added together with apyrase (0.5 U/ml) for another 30 min to
trigger IL-1 B release. The Nig-induced IL-1B release was unimpaired by SIN-1 (C). Kruskal-Wallis followed by Mann-Whitney rank sum test (A—C)

(D, E) Similar results were found on LPS-primed monocytic THP-1 cells stimulated with BzATP (D) or Nig (E) for 40 min in the presence and absence
of SNAP and SIN-1. Acetylcholine (ACh; 10 uM) was used as a positive control. The IL-1 concentration in supernatants of primed THP-1 cells
stimulated with BzATP or Nig alone was set to 100%, and all other values were calculated accordingly. Friedman test followed by the Wilcoxon
signed-rank test. (F) Macrophage-like THP-1 cells were left untreated or primed with LPS (1 pg/ml, 5 h). Thereafter, BZATP (100 yM) was added for
another 40 min to trigger IL-1p release. The amount of IL-1P released in response to BzATP was calculated by subtracting the IL-1B concentrations
measured in supernatants of cells treated with LPS alone. In the presence of ACh (10 pM) the BzATP-induced release of IL-1B was blunted.
Application of the NO donors SNAP or SIN-1 at different time points, reversed the BzZATP-induced release of IL-1f. Friedman test followed by the
Wilcoxon signed-rank test. (A—F) Data are presented as individual data points, bars represent median, whiskers percentiles 25 and 75. = p < 0.05
significantly different from samples, in which BzATP or Nig was given alone.
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inhibited the BzZATP-mediated release of IL-1 by LPS-primed cells
(n = 6, p < 0.05, each). However, when SIN-1 was given together
with BzATP, IL-1 levels showed a broader distribution, while 30
min preincubation with SIN-1 seemed to result in a more robust
inhibitory effect. This prompted us to preincubate the monocytic
THP-1 cells with SIN-1 20 and 10 min before application of BzZATP,
with similar results like those obtained after 30 min of
preincubation (Figure 4D). When LPS-primed monocytic THP-1
cells were treated with SNAP or SIN-1 in the absence of BzATP,
essentially no IL-1f was released. In contrast to U937 cells,
application of SNAP significantly reduced the nigericin-induced
release of IL-1P3 by LPS-primed THP-1 cells by about 40% (n = 6, p
< 0.05; Figure 4E). The same holds true for SIN-1, when
preincubated for 30, 20 or 10 min before application of nigericin
(n = 6, p < 0.05, each; Figure 4E). When SIN-1 was, however,
applied together with nigericin, the IL-1P levels in cell culture
supernatants were even slightly but significantly increased (n = 6,
p < 0.05; Figure 4E). We also included experiments on THP1-
derived M1-like macrophages, in which treatment with SNAP and
SIN also significantly reduced the BzATP-induced release of IL-13
(n =7, p <0.05; Figure 4F).

Next, we tested, if SNAP and SIN-1 exerts the same effects on
primary murine cells. Murine PBMCs freshly isolated from wild-
type C57BL/6] mice were pulsed with LPS (10 ng/ml) before
separation and cultured for 2 h. Non-adherent cells were removed,
and remaining cells were stimulated with ATP (1 mM) for another
30 min. The IL-1f levels in cell culture supernatants were
significantly (n > 6, p < 0.05, each) lower, when cells were
pretreated with SIN-1 for 30 min before applying ATP or, when
SIN-1 was given together with ATP (Supplementary Figure $4). In
the absence of ATP, only very low amounts of IL-1B were
detected, irrespective of the absence or presence of SIN-1
(Supplementary Figure S4). A more extended set of experiments
was performed with murine BMDMs (Figures 5A-D). As shown
before for U937 cells and THP-1 cells, SNAP efficiently and
significantly (n > 6, p < 0.05) inhibited the ATP-induced release
of IL-1B, when applied 30 min before or together with ATP but
did not induce IL-1f release in the absence of ATP (Figure 5A).
The same holds true for SIN-1 (n = 6, p < 0.05; Figure 5B). When
SNAP was combined with nigericin and apyrase to investigate
ATP-independent mechanisms of inflammasome activation and
IL-1P secretion, the IL-1P release by murine BMDMs was also
reduced but not fully abolished (n > 6, p < 0.05; Figure 5C).
Incubation with SIN-1 for 30 min before application of ATP also
reduced IL-1f levels (n = 7, p < 0.05), while SIN-1 application
concomitantly with ATP did not (Figure 5D).

Finally, we enriched human monocytes from the blood of
healthy volunteers using the RosetteSepTM technique to a purity
of 76.07%, 77.33% and 79.51% as analyzed in samples from three
volunteers by flow cytometry. Among these monocytes, 88.90 +
2.20% (median + standard error of mean) were classical, 4.20 +
0.47% were intermediate, and 6.19 + 2.15% were nonclassical
monocytes (the gating strategy can be found in Supplementary
Figure S5). Similar experiments like those performed on murine
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BMDMs were also performed with these cells using BZATP and
nigericin plus apyrase (Figures 5E-H). Although the variability of
the data was higher, essentially the same results were obtained for
human monocytes as for murine BMBMs (Figure 5).

Taken together, SNAP and SIN-1 efficiently and consistently
inhibit the ATP/BzATP-mediated release of IL-1 by monocytic
cell lines, THP-1-dependent macrophages as well as by human and
murine primary monocytes and macrophages. ATP-independent
IL-1P release can also be reduced, however, this reduction is
less prominent.

SIN-1 inhibits the ionotropic function of P2X7Rs. As NO and
peroxynitrite cause protein nitration or nitrosylation and thereby
modulate their function (39-44), we hypothesized that modification
of the P2X7R inhibits its ionotropic function. To address this
question, the human P2X7R was heterologously expressed in
Xenopus laevis oocytes and TEVC measurements were performed.
BzATP (10 pM) elicited non-desensitizing inward currents, which
were repeatable after 2 h of incubation in ATP-free control solution
(Figures 6A, C). The BzATP-induced ion current changes were
drastically reduced, when oocytes were incubated with SIN-1 (1
mM) for 2 h in the same solution (n > 7; p < 0.001; Figures 6B, C).

In a similar experiment, changes in intracellular Ca®* levels,
which are caused by the BzATP-induced ion currents, were
measured. In HEK cells stably expressing the tetracycline-
inducible wild-type hP2X7R, Ca®" transients were robustly
induced by BzATP (Figure 6D). After preincubation with SIN-1,
the BzATP-induced Ca®" signals were virtually absent (Figure 6E)
and significantly different from control experiments (Figure 6D; * p
<0.05). To study, if the cells are still able of eliciting Ca* transients
after treatment with SIN-1, forskolin (40 pM) was added, which
induced robust signals (Figure 6E). Finally, whole cell patch-clamp
experiments were performed on HEK cells expressing the human
wild-type P2RX7 to investigate ion current changes in response to
BzATP. As expected (32), BZATP (100 uM) induced repeatable
inward currents (Figures 7A, C), which were significantly blunted,
when SIN-1 (1 mM) was applied shortly before a second application
of BzZATP (n =9, p < 0.05; Figures 7B, C).

Mutation of C377 to alanine abolishes P2X7R sensitivity to SIN-
1. The C terminal cytoplasmic domain of the P2X7R constitutes
about 40% of the whole P2X7 protein (45) and is highly conserved
between rat (rP2X7R) and hP2X7R (80.17% amino acid sequence
identity) (Supplementary Figure S6). The C terminal domain
contains several domains that potentially interact with other
proteins and numerous amino acid residues, which are putative
sites for covalent protein modification (9, 10, 45). We tested the two
cysteines C377 and C388 as possible targets for P2X7R
modification. C377 is the last cysteine of six cysteine residues
that, starting at C362 (Figure 8), form the so-called cysteine-rich
domain of the P2X7R (9, 47). C377 and C388 are located in the
same plane near the cytoplasmic end of the transmembrane
domains (Figure 8). C377 is located on the outer surface of the
endodomain, C388 in its interior, ~23 A vertically below the gate
defined mainly by the ring of three S342 residues (46), one from
each of the three TM2 helices. To test if the cysteine at position
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FIGURE 5

Inhibition of IL-1P release by the NO donors SNAP and SIN-1 in murine bone marrow-derived macrophages (BMDMs) and primary human

monocytes. (A—D) Mouse BMDMs were primed with lipopolysaccharide (LPS; 1 ug/ml, 5 h). (A, C) Thereafter, ATP (1 mM) was added for another 40
min to trigger IL-1B release, which was measured by ELISA. Application of the NO donor SNAP (S-nitroso-N-acetyl-DL-penicillamine; 1 mM) 30 min
prior to ATP (t = -30") or shortly before ATP (t = 0') reversed the ATP-induced release of IL-1B. Similar results were found by using SIN-1 (1 mM).
(B, D) To test for P2X7 receptor-independent IL-1f release, nigericin (Nig; 50 pM) was added together with apyrase (0.5 U/ml) for 40 min to LPS-
primed mouse BMDMs. The Nig-induced IL-1f release was unimpaired by SIN-1 at t = 0" and slightly reversed in presence of SNAP and SIN-1 at t =
-30". The amount of IL-1p released in response to ATP/Nig was calculated by subtracting the IL-1B concentrations measured in supernatants of cells
treated with LPS alone. x p < 0.05 significantly different from samples, in which ATP or Nig was given alone. (E—-H) Similar experiments were
performed on primary human monocytes enriched from freshly collected human whole blood. Cells were primed with LPS (5 ng/ml, 20 min pulse)
during the enrichment process. After 3 h, BzATP ((2'/3'-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate, tri(triethylammonium) salt; 100 uM); (E, G)
or Nig (F, H) was added for another 30 min to trigger IL-1B release. The IL-1f concentration in experiments, in which primed cells were stimulated
with BzATP or Nig alone, was set to 100% and all other values were calculated accordingly. = p < 0.05 significantly different from samples, in which

BzATP was given alone. (A—H) Data are presented as individual data points, bars represent median, whiskers percentiles 25 and 75. Friedman test

followed by the Wilcoxon signed-rank test.

C377 of the P2X7R is involved in signaling, hP2X7R_C377A-HEK
cells were used with the C377 mutated to an alanine (C377A),
which cannot be modified by nitrosylation. When the above-
described kind of patch-clamp experiments were performed with
the hP2X7R_C377A-HEK cells, the ion current response towards
BzATP remained unchanged, which is in contrast to the wild-type
hP2X7R (Figure 7C). Of note, consistent with previous studies on
HEK cells expressing different mutant P2X7Rs the mutated P2X7
receptors were still able to channel (48). In the presence of SIN-1,
however, the BzATP-induced ion current changes did not differ
from control-treated cells (Figure 7C), suggesting, that C377 plays
an essential role in the SIN-1-mediated effects. Similarly, the
response to BZATP was unchanged in C388A-hP2X7R-HEK cells
compared to wild-type P2X7R (Figure 7C). The response to BZATP
in the presence of SIN-1, however, was variable with the C388A
mutant, ranging from no change in ion currents to a more than

twofold increased response (Figure 7C).
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Discussion

Activation of nAChRs in mononuclear phagocytes and
epithelial cells down-regulates the response of the ATP-sensitive
P2X7R, reduces NLRP3 inflammasome assembly and,
consequently, the maturation as well as the release of IL-1f (17,
22, 23, 26). This mechanism is activated by several redundant
endogenous signals (18, 19, 21-24, 26, 49) and, therefore, seems
to be of high biomedical relevance. We demonstrated before, that
signaling of AChRs in monocytes is ion flux-independent (17, 18,
22) and no changes in intracellular Ca®>* concentrations were
detected (22). Flux-independent signaling mechanisms of
nAChRs are poorly understood. In this study we investigated the
mechanism of how activation of nAChRs translates into an
inhibition of the ionotropic function of the P2X7R. It was shown
before in neurons and endothelial cells, that activation of nAChR
07 can activate the function of NOS (37, 50-52) and that NO- or
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FIGURE 6

The NO and peroxynitrite donor SIN-1 inhibits BzZATP-induced ion
channel functions of heterologously expressed human P2X7
receptors (hP2X7R). (A—C) Two-electrode voltage-clamp
measurements were performed on Xenopus laevis oocytes
expressing the hP2X7R. (A) In control experiments (ctrl) application
of the P2X7R agonist BzATP ((2'/3'-O-(4-benzoylbenzoyl)adenosine-
5'-triphosphate, tri(triethylammonium) salt; 10 uM; 2 min; black bar
“1") resulted in a current stimulation (Alg,atp1). After a wash out
period, the oocytes were incubated for 2 h in oocyte Ringer's
solution as a control (ctrl). Thereafter, the BzZATP-induced effect was
determined for a second time (black bar "2"; Alg,atp2). (B) After
determination of the Alg,atp1, 0OCytes were incubated for 2 h with
SIN-1 (1 mM). Subsequently, the Alg,atp, Was determined. (C) The
normalized Alg,atp Values from experiments as shown in panel A
and B (Alg,atp2/Alg aTp1) Were statistically analyzed (x p < 0.05
significantly different from ctrl). Data are presented as individual data
points, bars represent median, whiskers encompass the 25™ to 75"
percentile. (D, E) Calcium imaging experiments were performed on
hP2X7 receptor expressing HEK cells. Intracellular Ca®* levels
(ICa®*]) of HEK-P2X7R cells were recorded as Fura-2/AM (Fura-2)
fluorescence intensity ratio of 340:380 nm excitation (mean + SEM).
(D) In control experiments (no SIN-1), application of BzATP (100 uM)
induced a rise in [Ca®*];. (E) Application of SIN-1 (1 mM) did not
cause significant alterations in [Ca®*];. In the presence of SIN-1 the
BzATP-induced rise in [Ca®*]; was blunted (p < 0.05 significantly
different from BzATP-induced effect in (D). At the end of the
experiment, a positive control for cell viability and the Ca®* imaging
setup was included: forskolin (Fsk, 40 uM) was applied to induce a
cyclic adenosine monophosphate-triggered rise in [Ca®"];. Friedman
test followed by the Wilcoxon signed-rank test

peroxynitrite-mediated modifications can regulate protein function
(39, 43, 44, 53-57). Moreover, P2X7R was found to co-
immunoprecipitate with nNOS in protein extracts of the
prefrontal cortex (58). In endothelial cells, stimulation of nAChR
o7 with nicotine results in the phosphorylation of eNOS at serine
1177 and induces the production of NO (59). These hints prompted
us to hypothesize, that the inhibitory effect of nAChR stimulation
on the secretion of IL-1P is mediated via NOS and NO- and/or
peroxynitrite-mediated modification of the P2X7R (Figure 9).

In line with this hypothesis, we demonstrated that inhibitors of
NOS efficiently and dose-dependently reversed the suppressive
effect of nicotine, PC and native CRP on the ATP-induced release
of IL-1P by LPS-primed U937 cells, suggesting that at least one NOS
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FIGURE 7

The NO and peroxynitrite donor SIN-1 inhibits the BzZATP-induced ion
channel functions in human P2X7 receptor (hP2X7R) expressing HEK
cells via the cysteine C377 in the C-terminal intracellular loop. (A, B)
Depicted are representative current curves of whole-cell patch-clamp
measurements. (A, C) In control experiments (ctrl) on human wild-
type (WT) P2X7R expressing HEK cells (WT hP2X7-HEK), consecutive
application of the P2X7R agonist BzATP (100 uM) induced repetitive
ion current stimulations (BzATP1 and 2). (B, C) In the presence of SIN-
1 (1 mM), the BzATP-induced ion current was blunted. (C) Similar
experiments were performed on HEK cells expressing hP2X7R
mutants generated by replacing cysteine 377 or 388 by an alanine
(hP2X7_C377A; hP2X7_C388A) in the C-terminal intracellular loop.
The BzATP-induced current changes (Alg,atp1, Algoatp2) Were
normalized (Alg atp2/Algoate1). (C) All BZATP-induced current changes
(AlgzaTp) are shown as individual data points, bars represent median,
whiskers encompass the 25th to 75th percentile. *p < 0.05, Friedman
test followed by the Wilcoxon signed-rank test.

isoform is involved in signaling. We used the general NOS
inhibitors L-NAME (0.1 - 10 uM) (60-62) and L-NIO (0.5 - 50
uM) (63) as well as 1400W (0.01 - 1 uM), which more specifically
inhibits iNOS (64) and N-PLA (0.1 - 10 uM), which is regarded as
an inhibitor of nNOS (35). In the same line, L-NIO and L-NAME
provoked similar effects in THP-1 cells, another monocytic cell line,
and in THP-1 cell-derived macrophages. From these inhibitor
studies it is, however, difficult to conclude, which NOS isoforms
are involved. As iNOS is constitutively active and mainly regulated
by its protein expression (36, 37), a swift INOS mediated inhibition
of the P2X7R is not likely. This NOS isoform is expressed by
activated pro-inflammatory monocytes and macrophages and plays
a decisive role in host defense against infections (36). We decided to
further investigate whether eNOS plays an essential role in
signaling, because its mRNA was present in LPS-primed
monocytic U937 cells, while the mRNA of nNOS was hardly
detectable. In line with this assumption, the down-modulation of
eNOS expression by siRNA in U937 cells blunted the inhibitory
effect of nAChR agonists on the ATP-induced release of IL-1f,
while transfection of a control siRNA had no such effect. This was
convincingly confirmed by using PBMCs from wild-type and eNOS
gene-deficient mice. While in wild-type mice an effective inhibition
of the ATP-mediated IL-1f by nAChR agonists was seen, this effect
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FIGURE 8

Location of cysteines C377 and C388 in the rat P2X7 receptor
(rP2X7R) in the open channel conformation. In all figures, the C-
terminal residues 400-595 to the end of the 595 residues long
subunits are hidden for simplicity. (A) Side view of the large
extracellular domain harboring the ATP binding sites, the six
transmembrane domains (3 x TM1 in white, 3 x TM2, in yellow), and
an interfacial helically structured domain lying parallel to the
membrane plane. Also shown are the three S342 residues, which
constitute the channel gate (46). (B) Enlarged side view of the
transmembrane domains, the S342 residues (cyan) and the position
of two (of three each) residues C377 and C388 in the interfacial
region. The other blue spheres indicate additional cysteines of the
cysteine-rich domain. (C) Perpendicular view from the cytoplasmic
side on the numerous cysteine residues of the interfacial region and
the transmembrane domains above.

was abolished in PBMCs from eNOS gene-deficient mice. Although
compensatory up- or down-regulation of other genes has been
described for gene-deficient mice in general, the complete absence
the cholinergic inhibition of IL-1P release in eNOS gene-deficient
cells is remarkable. We conclude, that eNOS plays an essential role
in the inhibition of ATP-induced IL-1P release by nAChR
stimulation in monocytic cells. The mechanism of how the
function of eNOS is activated by stimulation of nAChRs is still
unclear and deserves further research. Further, we cannot exclude
an additional involvement of nNOS or iNOS in the regulation of
P2X7R function.

During the process of activation, eNOS is mainly recruited to
membrane domains, where NO is produced locally from its substrate
arginine in the presence of the cofactor tetrahydrobiopterin (65-68).
NO is a very reactive compound with a biological half-life below one
second and thus most likely reacts with targets in its direct vicinity
(41). NO and reactive oxygen species, which are often produced by
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FIGURE 9
Schematic summary of the proposed metabotropic signaling
mechanism. In mononuclear phagocytes extracellular ATP
originating from activated cells or spilled cytoplasm of damaged
cells trigger the ionotropic function of the P2X7R, resulting in NLRP3
inflammasome assembly, activation of caspase-1, cleavage of pro-
IL-1B and release of bioactive IL-1B. Activation of nAChRs by
classical and unconventional agonists down-regulates the response
of the ATP-sensitive P2X7R, impairs NLRP3 inflammasome assembly
and, consequently, the maturation as well as the release of IL-1B
We provide evidence that this inhibitory effect of NnAChR stimulation
on the secretion of IL-1f is mediated via endothelial NOS and
modification of the P2X7R. ACh, acetylcholine; ATP, adenosine
triphosphate; CRP, C-reactive protein; DAMP, danger-associated
molecular pattern; IL-1B, interleukin-1f; LPS, lipopolysaccharide;
nAChRs, nicotinic acetylcholine receptors; NF-kB, nuclear factor kB;
NLRP3, NACHT, LRR, and PYD domains-containing protein 3; NOS,
NO synthase; P2X7R, P2X7 receptor; PAMP, pathogen-associated
molecular pattern; PC, phosphocholine; SNAP, S-nitroso-N-acetyl-
DL-penicillamine; TLR, Toll-like receptors.

activated mononuclear phagocytes (69), can react to form
peroxynitrite, another highly reactive compound (40). Two
different pathways of NO signaling have been described. In
neurotransmission and vasodilation the soluble guanylyl cyclase is
activated, which promotes the formation of the second messenger
cyclic guanylyl monophosphate (41). Another pathway, which is
most probably involved in the inhibition of the ionotropic function of
the P2X7R, involves posttranslational S-nitrosylation at cysteine
residues of proteins by NO or nitration by peroxynitrite, which
both can modify protein structure and function (40, 41). While
nitrosylation is a reversible modification, nitration is rather stable
(40, 41).

To confirm the involvement of NO or NO-related compounds
in the inhibition of the ATP-induced IL-1p release, we performed a
series of experiments using the NO donors SNAP and SIN-1 (39).
In all cell types investigated, which included monocytic U937 cells
and THP-1 cells, primary human blood monocytes, THP-1-
dependent macrophages, and murine BMDMs, SNAP and SIN-1
reduced the BZATP- or ATP-induced secretion of IL-1f. Depending
on the cell type investigated, SNAP and SIN-1 fully inhibited or at
least significantly blunted the ATP-induced release of IL-1f3 by LPS-
primed monocytes or macrophages. As NO produced by iNOS was
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shown before to inhibit the activity of the inflammasome by
nitrosylation of NLRP3 (70-72), the question remained if
application of a NO- or a peroxynitrite donor inhibits the
formation of active inflammasomes or interfered with the
function of the P2X7R. Therefore, we included experiments, in
which the pore-forming bacterial toxin nigericin was given as an
ATP-independent stimulus for inflammasome activation. Apyrase
was added in these experiments to exclude possible effects of
endogenous ATP. In monocytic U937 cells, SNAP and SIN-1 had
no effect on the nigericin-induced secretion of IL-1f, while in
monocytic THP-1 cells, murine BMDMs and human monocytes a
significant reduction of the secreted IL-13 was seen. In all cases, the
effect of NO or NO-related compounds in the nigericin-induced IL-
1B secretion was weaker compared to the effects on the ATP-
induced secretion. These results suggest that, depending on the cell
type, NO and peroxynitrite interferes with the function of the P2X7
receptor, but in addition they can interfere with other mechanisms
such as the formation of inflammasomes that are shared with ATP-
independent mechanisms of IL-13 maturation and release.

In different experimental settings, we showed that SIN-1
directly affects the ionotropic function of the ATP-sensitive
P2X7R. TEVC measurements on Xenopus laevis oocytes
heterologously expressing the human P2X7R is an accepted
method to study its ionotropic function (73, 74). In line with our
hypothesis, pre-incubation of the oocytes with SIN-1 significantly
blunted the ATP-induced ion currents. In HEK cells over-
expressing the human P2X7 receptor, ATP-induced P2X7R
function was visualized by imaging of changes in intracellular Ca®
" concentrations and by whole cell patch-clamp measurements to
monitor changes in transmembrane ion currents. Both, ATP-
mediated changes in Ca>* concentrations and ion current changes
were indeed significantly blunted in the presence of SIN-1. We
conclude from these results, that a NO-dependent modification of
the P2X7R impairs its ionotropic function.

HEK cells over-expressing human P2X7R were also used to
identify amino acids in the P2X7R C-terminus that might be
modified by NO-related compounds. We provide evidence that a
NO-dependent modification of the cysteine residue C377 plays an
essential role in the inhibition of the ionotropic function of the
P2X7R and suggest, that this residue is modified upon stimulation
of nAChRs in human mononuclear phagocytes. When C377 is
mutated to an alanine and expressed by HEK cells instead of the
wildtype receptor, the NO and peroxynitrite donor SIN-1 does not
inhibit the ionotropic function of the P2X7R anymore. C377 is the
last cysteine out of six cysteine residues that form the cysteine-rich
domain of the cytoplasmic C-terminus of the human P2X7R (9, 47).
When palmitoylated, the cysteine-rich domains form a membrane
anchor, which prevents early receptor desensitization, a typical
feature of other ATP receptors such as the P2X3R lacking this
cysteine-rich domain (9). Interestingly, cysteine nitrosylation was
shown before as a mechanism regulating protein function and
intracellular localization by competing with protein fatty acylation
(54-57). Acylation at C377 does not seem to be essential for the
ionotropic function of the P2X7R, because the mutation of the
cysteine at position C377 to an alanine did not prevent P2X7R
function. A replacement of C377 by the small and non-polar alanine
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does not perturb the membrane anchor, which contains five other
cysteines that can by palmitoylated that might be functionally
sufficient. However, it is conceivable that a polar NO-dependent
modification at C377, which is in close contact to the
transmembrane region of the P2X7R causes conformational
changes that impair ion channel function, while a mutation of
C377 to the small lipophilic alanine does not (9).

We further mutated C388 to alanine and expressed the mutant
receptor in HEK cells. A cysteine located in a similar amino acid
sequence was identified before as a putative nitrosylation site of the
NMDA receptor that down-modulates its ionotropic function (10).
This cysteine is located close to the region that interacts with the N-
terminus in the cytoplasmic cap, which enables ion channel
function of the P2X7R (9). The results of our experiments were,
however, ambiguous. The ionotropic response of the C388A-P2X7R
mutant was unimpaired as was that of the C377A mutant. However,
the behavior of the C388A mutant in the presence of SIN-1 and
ATP was highly variable ranging from a full inhibition of the ATP-
induced ion currents to a more than twofold increase in the ion
current changes. At present, we cannot explain these observations,
but a mutation at C388 seems to destabilize the P2X7R, when NO
donors are present.

Our study has numerous limitations. We did not touch the
question, of how eNOS is activated in response to nAChR
stimulation. This aspect needs to be investigated in future studies.
It is also unclear, if iNOS and nNOS also essentially contribute to
signaling, which might be suggested by the fact that N-PLA, a
nNOS-specific NOS inhibitor, and 1400W, an iNOS-specific
inhibitor, revert the effect of nAChR agonist on the ATP-
mediated IL-1P release. As already discussed, we refrained from
investigating nNOS and iNOS, but obviously more experiments are
needed including experiments on blood cells from nNOS and iNOS
gene-deficient mice. Further analyses are needed to directly show
protein modification at C377 upon stimulation of nAChRs in
mononuclear phagocytes and to directly identify the kind of
modification. We also do not answer the question if other
cysteines of the P2X7R are also involved in the cholinergic
control mechanism. A comprehensive study of nAChR-induced
protein modifications of the P2X7R would provide important
insights into the functional regulation of the P2X7R.

Conclusions

The conclusions that can be drawn from this study are
summarized in Figure 9. We elucidated an essential part of the
signaling mechanism that links the stimulation of monocytic
nAChRs to the inhibition of the ionotropic function of the
P2X7R in LPS-primed human and murine mononuclear
phagocytes. Stimulation of nAChRs activates eNOS by a
mechanism that still remains to be elucidated. We provide
evidence, that an NO- or peroxynitrite-dependent modification of
the P2X7R at C377 plays an essential role in the inhibition of its
ionotropic function. C377 belongs to the cytoplasmic C-terminal
tail of the P2X7R, which contains several cysteine residues that can
be palmitoylated to form a membrane anchor. To the best of our
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knowledge, this is the first report on a site-specific NOS-mediated
inhibition of the ionotropic function of the P2X7R. These results are
of high medical interest, because P2X7R modification results in a
striking reduction in the ATP-mediated release of monocytic IL-1.
Although more research is needed to elucidate this mechanism in
every detail, we provide new insights into the regulation of the
P2X7R, which might pave the way towards new therapeutics
preventing over-shooting sterile inflammation.
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Activation of nicotinic acetylcholine receptors (NAChRs) expressed by innate immune
cells can attenuate pro-inflammatory responses. Silent NAChR agonists, which down-
modulate inflammation but have little or no ionotropic activity, are of outstanding clinical
interest for the prevention and therapy of numerous inflammmatory diseases. Here, we
compare two silent NAChR agonists, phosphocholine, which is known to interact with
NAChR subunits a7, a9, and «10, and pCF3-N,N-diethyl-N'-phenyl-piperazine (pCF3-
diEPP), a previously identified a7 nAChR silent agonist, regarding their anti-inflammatory
properties and their effects on ionotropic NAChR functions. The lipopolysaccharide
(LPS)-induced release of interleukin (IL)-6 by primary murine macrophages was inhibited
by pCF3-diEPP, while phosphocholine was ineffective presumably because of instability.
In human whole blood cultures pCF3-diEPP inhibited the LPS-induced secretion of IL-6,
TNF-a and IL-1B. The ATP-mediated release of IL-1B by LPS-primed human peripheral
blood mononuclear leukocytes, monocytic THP-1 cells and THP-1-derived M1-like
macrophages was reduced by both phosphocholine and femtomolar concentrations
of pCF3-diEPP. These effects were sensitive to mecamylamine and to conopeptides
RglA4 and [V11L; V16DJArIB, suggesting the involvement of NAChR subunits a7, a9
and/or a10. In two-electrode voltage-clamp measurements pCF3-diEPP functioned
as a partial agonist and a strong desensitizer of classical human a9 and a9a10
nNAChRs. Interestingly, pCF3-diEPP was more effective as an ionotropic agonist at these
NAChRs than at a7 nAChR. In conclusion, phosphocholine and pCF3-diEPP are potent
agonists at unconventional NAChRs expressed by monocytic and macrophage-like
cells. pCF3-diEPP inhibits the LPS-induced release of pro-inflammatory cytokines, while
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phosphocholine is ineffective. However, both agonists signal via NAChR subunits a7, a9
and/or a10 to efficiently down-modulate the ATP-induced release of IL-18. Compared
to phosphocholine, pCF3-diEPP is expected to have better pharmacological properties.
Thus, low concentrations of pCF3-diEPP may be a therapeutic option for the treatment
of inflammatory diseases including trauma-induced sterile inflammmation.

Keywords: CHRNA7, CHRNA9, CHRNA10, cytokines, inflammation, silent agonist, monocytes, macrophages

INTRODUCTION

Homopentameric nicotinic acetylcholine (ACh) receptors
(nAChRs) composed of subunits a7 or a9 as well as a9a10
heteropentamers were originally described as ligand-gated ion
channels with a high permeability for Ca?* ions (Katz et al.,
2000; Verbitsky et al., 2000; Uteshev et al., 2002; Lipovsek et al.,
2014). In the nervous system, a7 nAChRs are widely expressed,
whereas nAChR subunits ®9 and a10 are confined to the outer
hair cells of the inner ear (Elgoyhen et al., 2001; Lustig et al., 2001;
Skok, 2002; Gotti et al., 2006). In addition, nAChR subunits a7,
a9 and «10 are expressed by immune cells and numerous other
non-neuronal cells (Kawashima and Fujii, 2003, 2004; Galvis
et al., 2006; Wessler and Kirkpatrick, 2008; Koval et al., 2011;
Beckmann and Lips, 2013; Kummer and Krasteva-Christ, 2014;
Kawashima et al., 2015; Fujii et al., 2017a,b). While for these
non-neuronal cells no convincing ionotropic functions have
been published, diverse metabotropic functions were discovered
(Peng et al., 2004; De Jonge and Ulloa, 2007; Razani-Boroujerdi
etal,, 2007; Hecker et al., 2009, 2015; Mikulski et al., 2010; Papke,
2014; Richter et al., 2016, 2018; Valbuena and Lerma, 2016;
Zakrzewicz et al., 2017; Grau et al., 2018).

In innate immunity, nAChRs and their agonists are mainly
involved in an attenuation of inflammation (Borovikova et al.,
2000; Kox et al., 2009; Tracey, 2009; Simard et al., 2013; St-
Pierre et al., 2016; Fujii et al., 2017a; Pavlov et al., 2018; Godin
etal,, 2020). Damage- or pathogen-associated molecular patterns
(DAMPs or PAMPs) are sensed by pattern recognition receptors
such as Toll-like receptors and typically induce the expression
of numerous pro-inflammatory mediators and the release of
inflammasome-independent cytokines such as interleukin (IL)-6
or tumor necrosis factor (TNF)-a (Kawai and Akira, 2010). This
process is attenuated by activation of nAChRs in monocytes and
macrophages (Borovikova et al.,, 2000; Simard et al., 2013; Yue
et al., 2015; St-Pierre et al., 2016; Godin et al., 2020), which is
of tremendous clinical interest for the treatment of numerous
inflammatory diseases. Treatment of experimental sepsis in mice
with specific a7 nAChR agonists or with vagal stimulation, which
induces the release of endogenous ACh, attenuated hallmarks of
inflammation (Borovikova et al., 2000; Wang et al., 2004; Pavlov
et al., 2007; Tracey, 2009).

IL-1f, a potent pro-inflammatory cytokine of innate
immunity, is mainly produced by monocytes and macrophages
(Broz and Dixit, 2016; Dinarello, 2018). It plays a central role
in host defense against infections, but also in the pathogenesis
of sepsis as well as in numerous auto-inflammatory and
autoimmune diseases (Dinarello, 2018; Mantovani et al., 2019;

Galozzi et al.,, 2021). In the light of these Janus-faced properties
of IL-1f, it is reasonable that mechanisms have evolved that
tightly control the production and release of IL-1 f. For instance,
the biosynthesis of the inactive pro-from of IL-18 (pro-IL-1p)
in response to the activation of pattern recognition receptors is
also down-regulated by nAChR a7 activation (Borovikova et al.,
2000). The release of mature IL-1p typically depends on a second
danger signal such as extracellular ATP, an indicator of cytoplasm
spilled from damaged cells (Gross et al., 2011; Rathinam et al.,
2012; Rathinam and Fitzgerald, 2016; Bortolotti et al., 2018;
Dinarello, 2018). When the ATP-sensitive and ionotropic P2X7
receptor is activated, the NLRP3 (NACHT, LRR and PYD
domains-containing protein 3) inflammasome assembles and
allows self-activation of caspase-1, which cleaves pro-IL-1p and
enables its swift release (Gross et al., 2011; Rathinam et al., 2012;
Cekic and Linden, 2016; Rathinam and Fitzgerald, 2016). In
addition to ATP, numerous DAMPs and PAMPs can induce
the release of IL-1B in a P2X7 receptor-independent way (Broz
and Dixit, 2016). We discovered that activation of nAChRs
with conventional agonists, such as ACh, choline or nicotine,
specifically inhibits the ionotropic function of monocytic ATP
receptors and, hence, efficiently attenuates the ATP-induced
inflammasome-dependent maturation and release of IL-1f
(Hecker et al., 2015; Richter et al., 2016; Zakrzewicz et al., 2017).
In this context, phosphocholine (PC) and other molecules with
a PC-head group function as nAChR agonists. The inhibitory
function induced by PC depends on nAChR subunits a7, a9
and «l0 and is independent of ionotropic nAChR functions
(Hecker et al., 2015; Richter et al., 2016, 2018). At human a9
nAChR and a9010 nAChR heterologously expressed by Xenopus
laevis oocytes, however, PC did not induce ion-currents, but
ion-current responses to choline were attenuated at human
09010 nAChRs in the presence of PC (Richter et al., 2016;
Zakrzewicz et al., 2017).

DAMPs, like endogenous Toll-like receptor agonists and
ATP, released for instance upon accidental or surgical trauma,
induce damage-mediated life-threatening “sterile” inflammation
even in the absence of infectious agents (Manson et al.,
2012; Bortolotti et al., 2018). Unconventional nAChR agonists
are, thus, promising starting points for the development of
therapeutics. They ideally control both, the gene expression of
pro-inflammatory cytokines (e.g., IL-6, TNF-q, pro-IL-1f) and
the ATP-mediated maturation and release of IL-1B. Although
there are no experimental data, PC is expected to be unstable and
it is unknown, if PC can inhibit the gene expression of cytokines.
An alternative approach targeting nAChRs, shown to be effective
in animal models of inflammatory pain or autoimmune disease
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(Quadri et al., 2017; Godin et al., 2020), relies on the use of a
recently described group of synthetic silent agonists of nAChR
a7 based on a N,N-diethyl-N’-phenylpiperazine (diEPP) scaffold.
These silent agonists need to be tested if they also inhibit the
ATP-induced secretion of IL-1f.

Here we characterize the control of cytokine release by
mononuclear phagocytes by PC in comparison to pCF3-diEPP.
As expected, PC turned out to be unstable and ineffective in
controlling lipopolysaccharide (LPS)-induced cytokine release. In
contrast, we provide evidence, that pCF3-diEPP not only reduces
cytokine release in response to Toll-like receptor activation with
LPS, but also functions as a potent inhibitor of ATP-induced
IL-1f release. We further show for the first time, that pCF3-
diEPP is a partial agonist and a strong desensitizer of classical
ionotropic functions at heterologously expressed human «9 and
29010 nAChRs.

MATERIALS AND METHODS

Chemicals and Reagents
ACh chloride (Cat# A6625), dimethyl sulfoxide (DMSO, Cat#
D2650), LPS (E. coli 011:B4, Cat# L2630), macrophage colony-
stimulating factor (M-CSE Cat# SRP3110), mecamylamine
hydrochloride (Mec, Cat# M9020), phorbol 12-myristate 13-
acetate (PMA, Cat# P1585), PC (Cat# P0378), recombinant
mouse interferon-y (INF-y, Cat# IF005), sodium bicarbonate
(Cat# R8758), 3-aminobenzoate methanesulfonate (MS-222,
Cat# E10521) and all chemicals for saline Ringer’s buffer
preparations were purchased from Merck (Darmstadt, Germany)
or from Millipore Sigma (St. Louis MO, United States).
LPS from E. coli 026:B6 was purchased from Merck (Cat#
L2654) or eBioscience (Thermo Fisher Scientific, Waltham MA,
United States; Cat# 1L500497693). Gibco penicillin-streptomycin
and L-glutamine were purchased from Thermo Fisher Scientific.
BzATP [2/(3")-O-(4-benzoyl-benzoyl) ATP trieethylammonium
salt] was purchased from Jena Bioscience (Jena, Germany),
EDTA from bioWORLD (Dublin, OH, United States) and
recombinant human INF-y from R&D Systems (Minneapolis,
MN, United States).

pCF3-diEPP was synthesized as previously published (Quadri
et al, 2017) and dissolved in DMSO. When appropriate,
control experiments were performed with the corresponding
concentrations of DMSO without pCF3-diEPP. The conopeptides
[VI11L, V16DJArIB (specifically antagonizing «7 nACh
(Whiteaker et al,, 2008; Hone et al.,, 2009, 2010) and RgIA4
(antagonizing nAChRs composed of subunits a9 and «l0
(Christensen et al., 2017; Romero et al., 2017; Grau et al.,
2018) were produced and characterized as described previously
(Innocent et al., 2008; Romero et al., 2017).

Mouse Bone Marrow-Derived

Macrophages

Male and female mice gene-deficient in Chrna7 (a7), Chrna9 (a9)
or Chrna9/Chrnal0 (a9/a10) as well as corresponding wild-type
(WT) mice were used for isolation of bone marrow cells. The
a9 (Chrna9tm1Bjmy MGI:5787807) and 10 (ChrnalOtm1Bjmy

MGI:5787808) knockout lines were generated by Genoway, Inc.
(Lyon, France) and backcrossed to congenicity at the Boys
Town National Research Hospital, Omaha, NE, United States
(BTNRH) using C57Bl/6] mice from The Jackson Laboratory
(JAX). The a7 animals were originally received from JAX
and a colony maintained at BTNRH. The o7 animals were
crossed with the a9 or a9/al0 to produce double and triple
knockout lines. The animals used in the studies reported here
were derived by crossing the double and triple knockout lines
with C57Bl/6] mice to produce single a7 and a9 KOs and
double a9/010 KOs. This was done to produce backgrounds
in the strains that were comparable. The use of the animals in
the experiments reported here was approved by the BTNRH
Institutional Animal Care Committee (protocol #16-04). Mice
were bred and housed at BTNRH and shipped to the Laurentian
University (Sudbury, Canada). Experimental animals received
humane care according to NIH “Guide for the Care and Use
of Laboratory Animals.” Animal experiments were reviewed and
approved by the Laurentian University Animal Care Committee
(file number 6013816). Genotypes were analyzed by PCR as
described previously (St-Pierre et al., 2016; Morley et al., 2017).

Bone marrow cells were flushed from cleaned femoral and
tibial bones using a 10 ml syringe and a 26-27-gauged needle.
Debris was removed by passing the suspension through a 40 pm
BD Falcon Cell Strainer (Becton, Dickinson (BD), Franklin
Lakes, NJ, United States). Red blood cells were lysed by RBC
Lysis buffer, as per the supplier’s protocol (BioLegend, San
Diego, CA, United States). Cells were pelleted at 510 g for
10 min and 1 x 10° cells/ml were resuspended in complete
medium [RPMI 1640 medium (Cytiva, Marlborough, MA,
United States) supplemented with 10% fetal calf serum (FCS;
Life Technologies, Thermo Fisher Scientific, Cat# 1L512484028),
50 U penicillin/ml, 50 pg streptomycin/ml and 2 mM L-
glutamine] and 10 ng/ml M-CSF. 1 x 10° cells per well were
seeded in Costar 12-well plates (Corning, NY, United States)
and cultured for 72 h. Thereafter, 1 ml of fresh complete
medium was added supplemented with a final concentration
of 10 ng/ml M-CSF, 10 ng/ml IFN-y and 10 pg/ml LPS
(E. coli 026:B6) to induce their differentiation into M1
macrophages. Cells were cultured for another period of 48 h.
Then, the bone marrow-derived macrophages (BMDMs) were
stimulated with higher concentrations of LPS (100 ng/ml) as
described previously (Godin et al., 2020) in the absence and
presence of PC (100 wM) or pCF3-diEPP (100 wM). Cell-free
supernatant was harvested 6 h later and stored at —20°C for
cytokine measurements.

Human Whole Blood

For whole blood experiments, blood samples were obtained
from healthy (self-reported) female and male non-smoking
adult volunteers. Experiments were reviewed, approved, and
performed in accordance with the policies outlined by the
Laurentian University Research Ethics Board for Research
Involving Human Participants (file number 6012214) and in
accordance with the Helsinki Declaration. To prevent blood
clotting, blood samples were collected in BD Vacutainer glass
blood collection tubes containing sodium heparin (BD, Cat#
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B366489) and were individually shaken periodically during and
after the blood draw. 200 I of whole blood was added per
well in Costar 24-well flat-bottom plates (Stemcell, Vancouver,
Canada, Cat# 38017). Whole blood was then diluted in 700-
800 pl of Sigma RPMI 1640 medium (Merck, Cat #R8758).
Wells containing whole blood diluted in RPMI were pre-treated
with 100 pM pCF3-diEPP or 0.1% DMSO for 1 h at 37°C.
Immediately following pre-treatment, wells were stimulated with
100 ng/ml LPS (E. coli 026:B6) for 24 h (Bruchfeld et al., 2010).
Controls wells were treated with an equivalent volume of Sigma
RPMI 1640 medium. Following the 24 h of stimulation with
LPS, cells were spun down (2,000 g, 5 min, RT). The cell-
free supernatants were collected and stored at —20°C for later
cytokine measurements.

THP-1 Cells

Monocytic THP-1 cells (German Collection of Microorganisms
and Cell Cultures, Braunschweig, Germany) were cultured
in medium (Gibco™ RPMI 1640 medium (Thermo Fisher
Scientific, Cat# 11530586) supplemented with 10% FCS
(CellConcepts, Umkirch, Germany) and 2 mM L-glutamine). To
investigate IL-1P release, monocytic cells were resuspended in
FCS-free RPMI medium and transferred to 48-well plates
(Greiner Bio-One, Frickenhausen, Germany; 0.5 x 100
cells/0.5 ml and per well). Cells were primed for 5 h with
1 pg/ml LPS (E. coli O26:B6) as described previously (Hecker
et al., 2015). After priming, the P2X7 receptor agonist BzZATP
(100 M) was added for 40 min in presence or absence of
different concentrations of cholinergic agonists (PC, pCF3-
diEPP) and antagonists (mecamylamine, [V11L, V16D]ArIB and
RgIA4). After cell treatment, cells were spun down (500 g, 8 min,
4°C), the supernatants were collected and stored at —20°C for
later cytokine measurements.

In addition, THP-1 cells were differentiated into M1-like
macrophages. Monocytic THP-1 cells were resuspended in
complete medium supplemented with 50 U penicillin/ml and
50 g streptomycin/ml and seeded in 12-well plates (Greiner;
0.3 x 10° cells/ml and per well). Cells were differentiated into
macrophages by 24 h incubation with 50 nM PMA followed
by 24 h incubation in complete medium supplemented with
50 U penicillin/ml, 50 pg streptomycin/ml. Macrophages were
then polarized to M1-like macrophages by incubation in fresh
complete medium, supplemented with 50 U penicillin/ml, 50 g
streptomycin/ml, 10 ng/ml recombinant human IFN-y and
10 ng/ml LPS (E. coli 011:B4) for 72 h. To investigate IL-1p
release, the medium was replaced by fresh complete medium and
the cells were stimulated with LPS (E. coli 026:B6) and BzATP as
described for monocytic THP-1 cells.

Human Peripheral Blood Mononuclear

Cells

Peripheral Blood Mononuclear Cells (PBMCs) were obtained
from healthy (self-reported) female and male non-smoking adult
volunteers. The study was approved by the ethics committee
of the medical faculty Giessen, Germany (No. 90/18) and
performed in accordance with the Helsinki Declaration. Blood

was drawn into sterile syringes containing EDTA (1 mM per
ml blood; bioWORLD, Dublin, OH, United States). LPS (E. coli
026:B6; 5 ng/ml) was added to blood samples shortly before
PBMC isolation and PBMCs were separated using Leucosep
gradients (Greiner) as described previously (Hecker et al., 2015).
Thereafter, PBMCs were cultured for 3 h in 24-well plates
(Greiner) at a density of 0.5 x 10° cells/0.5 ml in Monocyte
Attachment Medium (PromoCell, Heidelberg, Germany). Non-
adherent cells were removed, and fresh Sigma RPMI 1640
medium was added. Stimulation with BzATP in the presence or
absence of pCF3-diEPP was done as described for THP-1 cells.
After cell treatment, cells were spun down (500 g, 8 min, 4°C),
the supernatants were collected and stored at —20°C.

Cytokine Measurements

In samples obtained in the mouse BMDM experiments, Mouse
IL-6 Flex Set (BD, Cat# 558301), Mouse TNF Flex Set (BD, Cat#
558299), Mouse IL-10 Flex Set (BD, Cat# 558300) and Mouse IL-
1B Flex Set (BD, Cat# 560232) were used to measure cytokine
concentrations with the BD Cytometric Bead Array technique
per the supplier’s protocol. Human IL-18 Flex kit (BD, Cat#
558279), Human IL-6 Flex kit (BD, Cat# 558276), Human IL-10
Flex kit (BD, Cat# 558274), and Human TNF Flex kit (BD, Cat#
560112) were used to measure cytokine concentrations in the
supernatants of human whole blood experiments according to the
manufacturer’s protocol. The bead fluorescence in the samples
was quantified by flow cytometry using a BD FACS Canto II flow
cytometer in conjunction with BD FACS Diva Software (v6.1.3).
Cytokine concentrations were interpreted using BD FCAP Array
Software (v3.0).

IL-1P concentrations in supernatants obtained in experiments
on THP-1 cells (monocytic, M1-like) and human PBMCs were
measured using the Human IL-1 beta/IL-1F2 DuoSet enzyme-
linked immunosorbent assay (ELISA) from R&D Systems. To
estimate cell viability at the end of the cell culture experiments
on human PBMCs, the non-radioactive cytotoxicity assay
(Promega, Madison, WI, United States) was used to measure
lactate dehydrogenase (LDH) activity in cell-free supernatants as
indicated by the supplier. LDH values are given as percentage of
the total LDH content of lysed control cells.

Expression of Human nAChR Subunits in

Xenopus laevis Oocytes

Plasmid DNA encoding the human CHRNA7 was obtained
from Dr. J. Lindstrom (University of Pennsylvania, Philadelphia,
PA, United States). The human resistance-to-cholinesterase 3
(RIC3) clone was obtained from Dr. M. Treinin (Hebrew
University, Jerusalem, Israel) and co-injected with CHRNA?7 to
improve the level and speed of receptor expression without
affecting their pharmacological properties (Halevi et al., 2003).
Plasmid DNA encoding the human CHRNA9 and CHRNAIO
as well as the human 43 kDa receptor-associated protein of
the synapse (RAPSN) with codon optimization for expression
in Xenopus laevis were obtained from Eurofins Genomics
(Ebersberg, Germany), (Richter et al., 2016). After linearization
and purification of the plasmid DNAs, RNAs were prepared
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using the mMessage mMachine in vitro RNA transcription kit
(Ambion, Austin, TX, United States).

Frogs were maintained in the Animal Care Service facility
of the University of Florida, and all procedures were approved
by the University of Florida Institutional Animal Care and Use
Committee (approval number 202002669). In brief, the animals
were first anesthetized for 15-20 min in 1.5 1 frog tank water
containing 1 g of MS-222 buffered with sodium bicarbonate.
Oocytes were obtained surgically from mature female Xenopus
laevis (Nasco, Ft. Atkinson, WI, United States) and treated
with 1.4 mg/ml type 1 collagenase (Worthington Biochemicals,
Freehold, NJ, United States) for 2-4 h at RT in Ca®T-free
Barth’s solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCOs3,
0.82 mM MgSOy4, 15 mM HEPES, and 12 mg/l tetracycline,
pH 7.6) to remove the ovarian tissue and the follicular layers.
Stage V oocytes were injected with 4-6 ng CHRNA7 RNA and
2-3 ng RIC3 RNA (2:1 ratio) in 50 nl water, or with 12 ng
CHRNAY RNA and 3 ng RAPSN RNA, or along with 12 ng
CHRNAIO RNA in 50 nl water. Oocytes were maintained in
Barth’s solution containing 0.32 mM Ca(NO3); and 0.41 mM
CaCly, and recordings were carried out 2-20 days after injection.

Two-Electrode Voltage-Clamp
Electrophysiology

Two-electrode voltage-clamp experiments were conducted using
OpusXpress 6000A (Molecular Devices, Union City, CA,
United States) (Papke and Stokes, 2010). Both the voltage and
current electrodes were filled with 3 M KCIl. Oocytes were
voltage-clamped at —60 mV at RT. The oocytes were perfused
with Ringer’s solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM
CaCly, 10 mM HEPES, 1 pM atropine, pH 7.2) at 2 ml/min.
To evaluate the effects of experimental compounds, responses
were compared to control ACh-evoked responses, defined as the
average of two initial applications of 60 tM ACh made before test
applications. Drug applications were 12 s in duration followed by
181 s washout periods. In some experiments after obtaining the
control responses, the bath perfusion solution was switched to the
alternative buffer B, and test solutions delivered during the buffer
B perfusion were made up in buffer B solution.

The responses were calculated as both peak-current
amplitudes and net charge, as previously described (Papke
and Porter Papke, 2002). Data were collected at 50 Hz, filtered
at 20 Hz, and analyzed by Clampfit (Molecular Devices) and
Excel (Microsoft, Redmond, WA, United States). Data were
expressed as means £+ SEM from at least four oocytes for each
experiment and plotted with Kaleidagraph 4.5.2 (Abelbeck
Software, Reading, PA, United States). Each episode of data
acquisition was a total of 210 s and included an initial 30 s
period used to define the baseline for the drug-evoked responses.
After 30 s, drugs were applied, and the following 120 s were
defined as the drug response period for analysis. Data reported
for a7 were net charged, while peak currents were used for a9
and a9/a10 responses since these receptors do not show the
same concentration dependent desensitization that invalidates
peak currents as measurements of a7 concentration-dependent
responses (Papke and Porter Papke, 2002). Multi-cell averages

were calculated for comparisons of complex responses. Averages
of the normalized data were calculated for each of the 10,322
points in each of the 206.44 s traces (acquired at 50 Hz), as well
as the standard errors for those averages.

Statistical Analyses and Data Processing
Results obtained in the LPS- and BzATP-induced cytokine
release experiments were analyzed using SPSS (Version 23, IBM,
Armonk, NY, United States). The ICsy value of pCF3-diEPP in
human PBMCs was determined in GraphPad Prism (Version 6,
GraphPad Software, San Diego, CA, United States) by fitting log-
transformed concentration values and the original effect data.
Paired data were analyzed first by the Friedman test followed by
the Wilcoxon signed-rank test.

In two-electrode voltage-clamp experiments, the comparisons
of results were made using one-way ANOVA or using t-tests
between the pairs of experimental measurements. In cases, where
multiple comparisons were made, a Bonferroni correction for
multiple comparisons (Aickin and Gensler, 1996) was applied to
correct for possible false positives. A value of p < 0.05 was used
to constitute a minimum level of significance. The statistics were
calculated using an Excel template provided in Microsoft Office
or ANOVA protocols in Kaleidagraph (4.5.2 Abelbeck Software,
Reading, PA). Concentration-response relationships utilized data
obtained over a range of concentration at roughly half log units.
Average responses were fit to the Hill equation by the Levenberg-
Marquardt algorithm in Kaleidagraph.

The number (n) of individual experiments is indicated in
the Results section and the Figures. When primary cells were
investigated, the n-number represents data obtained from the
cells of individual mice or humans. In experiments with cell
lines, the n-number refers to independent experiments, which
were performed on different days with different cell passages.
No outliers were excluded from the analyses. All two-electrode
voltage-clamp experiments began with 8 oocytes voltage clamped
and treated in parallel. Only cells, which lost voltage-clamp or
otherwise failed to remain viable through the measurements,
were excluded from the analyses but no viable cells. Data were
visualized using Inkscape version 0.48.5 r10040 (Free and Open
Source Software licensed under the GPL).

RESULTS

Control of LPS-Induced Cytokine
Release by pCF3-diEPP but Not by PC

Agonists of nAChRs have been shown to inhibit the production
and release of pro-inflammatory cytokines by mononuclear
phagocytes (Kox et al., 2009). Here, we investigated in M1-like
murine BMDMs whether the unconventional nAChR agonist PC
(Hecker et al., 2015; Richter et al., 2016) and the a7 silent agonist
pCF3-diEPP (Quadri et al.,, 2017) change the levels of IL-18, IL-
6, TNF-a and IL-10 in cell culture supernatants in response to
treatment with LPS (1 pg/ml for 5 h; Figure 1). Throughout, IL-
1P levels remained below the level of detection. LPS induced the
release of IL-6 in the range of 1 to 1,092 pg/ml, TNF-a in the range
0f 1,012 to 12,672 pg/ml and IL-10 in the range of 13 to 561 pg/ml.
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FIGURE 1 | The effect of phosphocholine (PC) and pCF3-diEPP (pCF3) on lipopolysaccharide (LPS)-mediated cytokine release by mouse bone marrow-derived
macrophages (BMDMs). BMDMs were isolated and cultured from wild-type (WT) and mice gene-deficient in Chrna7 (a7 KO), Chrna9 (a9 KO) or Chrna9 and
Chrna10 («9/a10 KO). On day 6 of cultivation, BMDMs were primed with lipopolysaccharide (LPS; 1 png/ml; 5 h) in the absence and presence of PC (100 uM) or
PCF3 (100 pM). The LPS-induced release of (A,B) interleukin-6 (IL-6), (C,D) tumor necrosis factor-a (TNF-a) and (E,F) IL-10 were measured in cell free cell culture
supernatants by BD Cytometric Bead Arrays. Cytokine levels obtained after stimulation with LPS alone, were set to 100%, and all other values were calculated
accordingly. Data are presented as individual data points, bars represent median, whiskers encompass the 25 to 75! percentile. *o < 0.05, different from cells
stimulated with LPS alone, Friedman-test followed by the Wilcoxon signed-rank test. #p < 0.05, significantly different from the same condition in WT, Kruskal-Wallis
followed by Mann-Whitney rank sum test.

The LPS-induced release of these cytokines was not affected in the
presence or absence of PC (100 wM; Figures 1A,C,E). In contrast,
pCF3-diEPP (100 wM) significantly reduced IL-6 (Figure 1B;
p =0.007; n = 5) and IL-10 concentrations (Figure 1F; p = 0.007;
n = 5) but no effect was seen on TNF-o (Figure 1D). In BMDMs
from mice deficient in nAChR subunits a7, a9 or al0 as well

as in mice with a double-deficiency in nAChR subunits a9 and
10, essentially the same results were obtained (Figure 1). Only
the pCF3-diEPP-mediated attenuation of the secretion of IL-6
was not seen in BMDMs from nAChR «7 gene-deficient mice
(Figure 1). These results are in line with previous reports that
pCF3-diEPP functions as a silent agonist at nAChR a7 (Quadri
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et al., 2017). The fact that PC does not inhibit the LPS-induced
production and secretion of cytokines, is most probably due to its
expected instability, which is further confirmed in experiments
described below (Supplementary Figure 1). Therefore, PC was
omitted from the experiments on human whole blood cells.

Human whole blood cells secreted IL-6 (in the range of 3 to
22,000 pg/ml), TNF-a (1 to 2,000 pg/ml), IL-1p (in the range of
3 to 5,600 pg/ml) and IL-10 (3 to 800 pg/ml), in response to LPS
(100 ng/ml for 24 h; Figure 2). The LPS-induced release of IL-
6 (p = 0.020), TNF-a (p = 0.003) and IL-1p (p = 0.0002) was
significantly inhibited by pCF3-diEPP (Figures 2A-C), whereas
no such effect was seen on IL-10 (p = 0.117; Figure 2D). In control
experiments, in which LPS was omitted, pCF3-diEPP did not
change the cytokine levels compared to supernatants of untreated
cells (Figure 2).

Control of the BzATP-Induced IL-18
Release by Human Monocytic Cells and
Macrophages by PC and pCF3-diEPP

We showed before that PC functions as an unconventional
agonist at monocytic nAChRs containing subunits a7, a9 and
210 and as a potent inhibitor of the BZATP-induced maturation
of IL-1f in monocytic U937 cells and human as well as murine
peripheral mononuclear blood leukocytes (Hecker et al., 2015;
Richter et al., 2016). To test if PC and pCF3-diEPP exert similar
effects on monocytic THP-1 cells (Figure 3A) and THP-1-
derived M1 macrophages (Figure 3B), cells were primed with
LPS (1 pg/ml) for 5 h, followed by stimulation with the P2X7
receptor agonist BZATP (100 wM) for another 40 min in the
presence or absence of PC (200 pM) or pCF3-diEPP (100 uM).
Thereafter, the concentration of IL-1f was measured in cell
culture supernatants by ELISA. As expected, untreated cells and
cells primed with LPS did not release relevant amounts of IL-1p,
whereas stimulation with BzZATP resulted in elevated IL-1f levels
released by monocytic THP-1 cells in the range of 19 to 122 pg/ml
and by THP-1-derived M1-macrophages in the range of 53 to
314 pg/ml. In both monocytic cells and macrophage-like cells,
PC and pCF3-diEPP significantly inhibited the BzATP-induced
release of IL-1B. To examine the subtype(s) of nAChRs that
underlie this effect, we used selective peptide antagonists beside
the non-selective nAChR antagonist mecamylamine (Innocent
et al,, 2008). Homomeric a7, and a9-containing nAChRs can be
difficult to pharmacologically differentiate. a-Bungarotoxin, for
example, blocks both a7 and a9-containing nAChRs with low
nM potency (Johnson et al., 1995; Briggs and McKenna, 1996;
Elgoyhen et al,, 2001). However, certain analogs of conotoxins
have been developed that can effectively distinguish between
these receptor subtypes (Grau et al., 2018). The inhibitory effect
of PC and pCF3-diEPP on the BzATP-induced release of IL-1f
was completely reverted by mecamylamine and blunted by the
nAChRa7-specific conopeptide (Innocent et al., 2008; Whiteaker
et al,, 2008). [V11L, V16D]JArIB (500 nM) and by the a9a10
nAChR-specific conopeptide RgIA4 (200 nM), suggesting that
nAChR subunits a7, ®9 and/or al0 are involved in signaling
(Figure 3A). In control experiments, in which mecamylamine,
RgIA4 and [V11L, V16D]ArIB were given together with BzATP,
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FIGURE 2 | pCF3-diEPP (pCF3) inhibits the lipopolysaccharide (LPS)-induced
release of interleukin-6 (IL-6), tumor necrosis factor-a (TNF-o) and IL-18 by
human whole blood cells. Human whole blood was left untreated or
pre-treated with 100 WM pCF3 for 1 h, followed by a 24 h stimulation with
100 ng/ml LPS. Thereafter, LPS-induced cytokine release was measured in
cell-free cell culture supernatants by BD Cytometric Bead Arrays. In the
presence of pCF3 the LPS-induced release of (A) IL-6, (B) TNF-a and

(C) IL-1B was blunted, whereas no effect was seen on (D) IL-10. Cytokine
levels obtained after stimulation with LPS alone were set to 100%, and all
other values were calculated accordingly. Data are presented as individual
data points, bars represent median, whiskers encompass the 25 to 75
percentile. *p < 0.05 and *p < 0.01 different from cells stimulated with LPS

alone. Friedman-test followed by the Wilcoxon signed-rank test.

the release of IL-1p was not significantly changed in monocytic
THP-1 cells (Figure 3A). In THP-1-derived macrophage-like
cells, however, a slightly reduced IL-1p concentration was
measured in the presence of RglA4, but not in the presence
of [V11L, V16D]ArIB (Figure 3B). Further, PC, pCF3-diEPP,
RglA4, and [V11L, V16D]ArIB did not induce a relevant release
of IL-1 in the absence of BzATP (Figures 3A,B).

To investigate the stability of PC and pCF3-diEPP in cell
culture, PC (200 wM) and pCF3-diEPP (100 M) were added
to LPS-primed monocytic THP-1 cells 5, 15, and 30 min before
stimulation with BzZATP (100 pM). As shown in Supplementary
Figure 1, the inhibitory effect of PC on the release of IL-1p was
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FIGURE 3 | Phosphocholine (PC) and the silent agonist pCF3-diEPP (pCF3) inhibit the BzATP-mediated release of interleukin-1p (IL-1B) by monocytic and
macrophage-like THP-1 cells via nAChR subunits a7, «9 and/or a10. Monocytic (A) and differentiated macrophage-like (B) THP-1 cells were used. Cells were
primed with lipopolysaccharide (LPS; 1 pwg/ml, 5 h). Thereafter, the P2X7 receptor agonist BzATP [2'/3'-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate,
tri(triethylammonium) salt] was added for another 40 min to trigger IL-1B release, which was measured by ELISA. The BzATP (100 wM)-induced release of IL-1p was
investigated in the presence and absence of PC (200 nM), the synthetic silent agonists pCF3 (100 M), antagonistic conopeptides RglA4 (RglA; 200 nM; specific for
nAChRs composed of subunits a9 and a10) or [V11L, V16D]ArIB (500 nM; specific for a7 nAChR subunit) and the non-competitive, non-specific NAChR antagonist
mecamylamine (Mec; 100 wM). The concentration of IL-1p released in response to BzATP was calculated by subtracting the IL-1 concentrations measured in
supernatants of cells treated with LPS alone. In each experiment, the IL-1B concentration obtained after stimulation with BzATP was set to 100% and all other values
were calculated accordingly. Data are presented as individual data points, bars represent median, whiskers encompass the 25M to 75" percentile. *o < 0.05,
different from LPS-primed cells stimulated with BzATP alone; #p < 0.05 significantly different from samples, where BzATP plus agonist was given. Friedman-test
followed by the Wilcoxon signed-rank test.

lost within 15 min, whereas pCF3-diEPP was effective throughout
(Supplementary Figure 1).

We further tested if pCF3-diEPP inhibits the BzZATP-induced
release of IL-1p by freshly isolated, LPS-primed human PBMCs.
These cells released IL-1f in response to BzATP (in the range
of 499 to 1,931 pg/ml), which was concentration-dependently
inhibited by pCF3-diEPP (Figure 4). Of note, the calculated
half maximal inhibitory concentration (ICs) value was as
low as 64 fM (Figure 4). When different concentrations of
pCF3-diEPP were added to LPS-primed PBMCs in control
experiments without BzATP, IL-1B secretion remained at low

levels (Supplementary Figure 2A). Cell viability as measured
by LDH-release in LPS-primed and BzATP-stimulated PBMCs
was not altered by different concentrations of pCF3-diEPP
(Supplementary Figure 2B).

Interference of PC and pCF3-diEPP With
ACh-Induced lon-Currents at Human «7,
o9 and o910 nAChRs

Previous experiments using 1 mM PC revealed an efficient
PC-mediated reduction of choline-gated ion-currents at
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FIGURE 4 | pCF3-diEPP (pCF3) inhibits the BzATP-mediated release of
interleukin-18 (IL-1B) by human peripheral blood mononuclear cells (PBMCs).
PBMCs were freshly isolated from blood of healthy human volunteers and
primed with lipopolysaccharide (LPS, 5 ng/ml) during the isolation process.
After 3 h of culture, non-adherent cells were decanted. pCF3
dose-dependently inhibited the BzATP
[2’/3’-O-(4-benzoylbenzoyl)adenosine-5'-triphosphate, tri(triethylammonium)
salt] (100 pM)-induced release of IL-1B by human PBMCs (ICso = 64 fM). The
amount of IL-1p released in response to BzATP was calculated by subtracting
the IL-1B concentrations measured in supernatants of cells treated with LPS
alone. In each experiment, the IL-1B concentration obtained after stimulation
with BzATP was set to 100% and all other values were calculated accordingly.
IL-1B (%) is provided on vertical axis and log molar (M) concentrations on
horizontal axis. The ICsq value obtained by the dose-response curve (n = 5-9
independent experiments, shown as mean + SEM) was obtained by
non-linear regression analysis using Graph Pad Prism 6.0.

heterologously expressed 0910 nAChRs (Richter et al., 2016).
This prompted us to investigate the effects of PC and pCF3-
diEPP on ACh-induced ion-currents in Xenopus laevis oocytes
expressing human «7, a9 or a9a10 nAChRs in two-electrode
voltage-clamp experiments. When ACh pulses (60 uM, 12 s,
2 ml/min) were applied to nAChR-expressing oocytes, repeatable
ion-currents were induced (Figure 5). Concomitant application
of PC (200 wM) had no effect at a7 nAChRs but provoked
a slight reduction of the peak currents measured in oocytes
expressing a9 or 29010 nAChRs (Figure 5A). The concentration
of 200 uM for PC was selected based on previous experiments
(Richter et al., 2020) and on its potency to inhibit ATP-induced
release of IL-1p as described above (Figures 3, 4). After wash-out
of PC, ACh-induced peak currents increased most prominently
in oocytes expressing 09010 nAChRs, and to a lesser extent in
oocytes expressing a9 or a7 nAChRs (Figure 5A). Of note, the
ACh-induced ion currents in oocytes expressing a7, a9 or a9a10
nAChRs entirely vanished in the presence of 30 wuM pCF3-diEPP
(Figure 5B). When a concentration of 1 wM pCF3-diEPP was
used in the same experimental setting, a minor attenuation of
the ACh-induced peak currents was seen in oocytes expressing
a7 nAChRs, whereas this concentration still fully inhibited ACh-
gated currents at a9 or a9a10 nAChRs (Figure 5C). Interestingly,
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FIGURE 5 | Effects of phosphocholine (PC) and pCF3-diEPP (pCF3) on the
peak current responses evoked by acetylcholine (ACh) on Xenopus faevis
oocytes expressing human a7, a9 or a9a10 nAChRs. Two-electrode
voltage-clamp measurements were performed on Xenopus oocytes
(Continued)
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FIGURE 5 | heterologously expressing a7, a9 or a9a10 nAChRs. Two initial
current responses to 60 pM ACh (12 s pulses indicated by arrows) were
obtained in control Ringer’s solution. Thereafter, the perfusion was switched to
a solution containing (A) 200 pM PC, (B) 30 pM pCF3 or (C) 1 uM pCF3. The
ACh-gated currents were monitored for changes in amplitude for six ACh
applications. Thereafter, the perfusion solution was switched back to control
and three more ACh-gated currents were monitored. Data are the average
responses (+ SEM), normalized to the average of the two initial ACh controls
for each cell. The n values were 8, 6, and 7 for a7, a9 and a9 a10,
respectively.

after wash-out of pCF3-diEPP, strongly increased peak currents
induced by ACh were measured in oocytes expressing a9a10
nAChRs (Figures 5B,C). In contrast, such effects were not seen
in oocytes expressing a7 nAChRs (Figures 5B,C). In oocytes
expressing ®9 nAChRs the responses to ACh after wash-out of
pCF3-diEPP were reduced (Figures 5B,C).

As shown in Figure 6A, the application of 30 pM pCF3-
diEPP to the bath solution initiated a current response in the
a7, a9 and 09010 nAChR-expressing cells during the initial
30 s periods normally used to define the baseline for drug-
evoked responses (see section “Materials and Methods”). pCF3-
diEPP has previously been characterized as a very weak partial
agonist for a7 nAChRs effective at inducing large responses only
when co-applied with a positive allosteric modulator such as
PNU-120596 (Quadri et al., 2017). Therefore, not surprisingly,
there was minimal response of the a7-expressing cells, when
the bath was switched to a solution containing 30 wM pCF3-
diEPP (Figure 6A, upper trace). However, we noted substantial
responses to the cells expressing a9 alone or a9010 nAChRs
(Figure 6A, middle and lower traces), suggesting that pCF3-
diEPP is an activator of these receptors. The ACh applications
during the period of pCF3-diEPP perfusion were diminished and,
at least initially, superimposed on an increased baseline current
activated by pCF3-diEPP (Figure 6B). For the cells expressing
a9 nAChRs alone, this shift in baseline, apparently representing
a steady-state activation of the receptors, did not decline fully
during the 210 s period of data acquisition (Figures 6A,B).
These data indicate that the steady-state current of the a9
nAChR-expressing cells remained elevated through several of
the acquisition periods that followed the switch to the bath
containing 30 uM pCF3-diEPP.

lon-Current Stimulation by pCF3-diEPP
at Human o9 and «9010 nAChRs

We demonstrated before in Xenopus laevis oocytes
heterologously expressing human a9a:10 nAChR, that application
of PC does not provoke ion-currents (Richter et al., 2016).
Similarly, pCF3-diEPP functions as a very weak partial agonist
in Xenopus laevis oocytes heterologously expressing a7 nAChRs
(Quadri et al,, 2017). Here, we performed two-electrode voltage-
clamp measurements in Xenopus laevis oocytes heterologously
expressing either human o9 nAChR or a9a10 nAChR. Of
note, co-expression of al10 with a9 in the oocyte will favor the
heteromeric composition of functional receptors compared to a9

alone (Elgoyhen et al.,, 2001; Sgard et al., 2002). Concentration-
response studies of ACh or pCF3-diEPP were performed and
the ion-current responses were normalized to those provoked by
60 wM ACh. ACh and pCF3-diEPP concentration-dependently
stimulated ion-currents at a9 nAChRs (Figures 7A,B). The
maximal ACh-induced ion-current (I;,.x) was set to 1 and for
pCF3-diEPP a relative Imax of 0.36 £ 0.02 was determined.
The half maximal effective concentration (ECsy) of ACh was
26.1 £ 4.2 wM, whereas that of pCF3-diEPP was 7.0 &= 1.9 uM.
Similar ion-currents were induced at o910 nAChRs, with a
relative I,y of 0.30 £ 0.01 for pCF3-diEPP, an ECs for ACh of
29.7 £ 9.9 uM and an ECsg of 6.4 £ 0.9 pM for pCF3-diEPP
(Figures 7C,D).

DISCUSSION

We demonstrate that the silent a7 nAChR agonist pCF3-
diEPP inhibits the expression of pro-inflammatory cytokines
by monocytes/macrophages in response to stimulation with the
Toll-like receptor agonist LPS, while PC is ineffective. We further
provide evidence that pCF3-diEPP, similar to PC, efficiently
controls the maturation and release of monocytic IL-1f in
response to P2X7 receptor stimulation, a mechanism that is
mediated by nAChR subunits a7 and a9/a10. Surprisingly, pCF3-
diEPP functions as a partial agonist and induces ionotropic
functions at heterologously expressed human a9 and a9a10
nAChRs when given alone, while efficiently inhibiting ACh-
gated ion currents.

Most reports on a7 nAChR-mediated anti-inflammatory
effects describe an inhibition of the release of LPS-induced pro-
inflammatory cytokines such as IL-6 and TNF-a (Borovikova
et al., 2000; Kox et al., 2009; Simard et al., 2013; St-Pierre et al.,
2016). Here, we show that PC did not change the LPS-induced
cytokine release by murine M1-like BMDMs. In contrast, pCF3-
diEPP inhibited the expression and release of IL-6 and IL-10 but
no significant change was seen for TNF-a. The results of BMDMs
from nAChR gene-deficient mice suggested that nAChR subunit
o7 but not a9/a10 plays a role in the signaling of pCF3-diEPP.
In a similar experiment on human whole blood cultures, the
release of the pro-inflammatory cytokines IL-6, TNF-o and IL-
18 was reduced by pCF3-diEPP, whereas the anti-inflammatory
cytokine IL-10 was unaffected. The differences between mouse
BMDMs and human whole blood cells may be due to differences
between species or due to differences between monocytes and
macrophages. However, increasing the n-number of the mouse
experiments by at least twofold might show, that the secretion of
TNF-a is also reduced by pCF3-diEPP. Regarding the secretion
of IL-1B, it has been shown before, that monocytes secrete small
amounts of IL-1f in response to LPS alone, whereas macrophages
need a second danger signal to process pro-IL-1f and release
mature IL-1f (Netea et al., 2010; Gaidt et al., 2016).

The observation that PC was ineffective in the experiments on
murine BMDMs deserves further discussion. We demonstrated
before, that PC efliciently inhibits the ATP-induced release of
monocytic IL-1f and that this effect is mediated via nAChR
subunits a7, a9 and al0 (Hecker et al., 2015; Richter et al.,
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FIGURE 6 | Baseline currents during the applications of 30 uM pCF3-diEPP (pCF3). Two-electrode voltage-clamp measurements were performed on Xenopus laevis
oocytes heterologously expressing human a7, a9 or a9a10 nAChRs. (A) Averaged responses of oocytes heterologously expressing human o7 nAChRs (upper trace,
n = 6), a9 NnAChRs (middle trace, n = 7), or «9a10 nAChRs (lower trace, n = 7) to the onset of the bath application of 30 uM pCF3 and the co-application with
acetylcholine (ACh, 60 wM, red bar). The data from each cell were first normalized to the peak current amplitude of the ACh control response that preceded the bath
application of 30 M pCF3. The normalized data were then averaged (black lines) at each of the 10,000 points in the data traces and SEMs calculated and displayed
as the tan-colored bands. The scale bar represents 10% of the averaged ACh controls, which were 5.1 + 1.3 pA, 128 £ 33 9 nA, and 2.95 £ 0.97 pA for a7, a9,
and a9a10 nAChR-expressing cells, respectively. (B) The shift in baseline was measured over the initial 30 s intervals of subsequent acquisition periods as the
absolute value of the average current during that time minus the holding currents prior to the first two ACh (12 s pulses, indicated by arrows) controls. These values
were then normalized to the peak currents of the ACh controls in the same cells.

2016; Zakrzewicz et al, 2017). However, when PC was given
at different time points before addition of BzATP, its inhibitory
function was time-dependently attenuated, which was not the
case for pCF3-diEPP (Supplementary Figure 1). We concluded
from these results, that PC is degraded or absorbed within
minutes in cell culture and did not test its effects on human
whole blood cells. This observation underlines the need of a
stable anti-inflammatory nAChR agonist such as pCF3-diEPP for
therapeutic use.

P2X7 receptor stimulation by extracellular ATP is a
thoroughly investigated second signal that is of high clinical
interest as it mediates trauma- or surgery-induced release of IL-
1B, which is a trigger for systemic life-threatening inflammation
(Rathinam et al., 2012; Cekic and Linden, 2016; Rathinam and
Fitzgerald, 2016; Bortolotti et al., 2018). Up to now, it was
unknown if the ATP-induced release of IL-1f is also regulated
by PC in macrophages and if pCF3-diEPP exerts similar effects.
Here, we investigated the effects of PC and pCF3-diEPP on
the ATP-induced IL-1f release by human monocytic THP-1
cells and THP-1-derived M1-like macrophages. As expected,
monocytic and macrophage-like THP-1 cells secreted IL-1f
in response to LPS and BzATP. IL-1p secretion was efficiently
inhibited by PC and by pCF3-diEPP. In line with previously
published data (Hecker et al., 2015; Richter et al., 2016, 2020),
PC and pCF3-diEPP signaled via nAChR subunits a7, a9
and/or a10, which was demonstrated by the use of the general
nAChR antagonist mecamylamine (Innocent et al.,, 2008) and

the conopeptides [V11L, V16D]ArIB specifically antagonizing
nAChR subunit a7 (Whiteaker et al., 2008; Hone et al., 2009,
2010) or RglIA4 that antagonizes nAChRs composed of subunits
a9 and al10 (Christensen et al., 2017; Romero et al., 2017; Grau
et al.,, 2018). We conclude that PC and pCF3-diEPP exert similar
functions at monocytic and macrophage-like cells. However, it
should be mentioned that, in contrast to mecamylamine, there
was a large variation of the data, when conopeptides were used.
Of note, pCF3-diEPP also reduces the BzATP-mediated IL-1f
release by freshly isolated LPS-primed human PBMCs at a very
low ICsp value in the femtomolar range. Hence, pCF3-diEPP
seems to have a higher affinity toward monocytic nAChRs
containing subunits a7, a9 and/or al0 compared to classical
a7 nAChR agonists.

It should be noted that previous studies indicated that
reduction of inflammatory pain could be achieved by inhibition
of @9 nAChRs, such that administration of RgIA4 or related
analogs was intrinsically analgesic (Christensen et al, 2017;
Romero et al., 2017; Huynh et al., 2019; Zheng et al., 2020, 2021).
However, the present work shows that the anti-inflammatory
activity of PC and pCF3-diEPP can be blocked by RgIA4,
suggesting that stimulation of a9 nAChRs is anti-inflammatory.
Previous in vivo studies, however, indicated that a single dose of
RgIA4 had along-lasting effect on neuropathic pain, although it is
known, that RgIA4 has a very short half-life in vivo (Christensen
et al., 2017; Romero et al., 2017). This would suggest that there
may be downstream mediators of RgIA4 effects in vivo. In
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FIGURE 7 | Concentration-response studies for acetylcholine (ACh) and pCF3-diEPP (pCF3) on heterologously expressed human nAChR subunits «9 and a9a10.
Two-electrode voltage-clamp measurements were performed on Xenopus laevis oocytes heterologously expressing human a9 or a9a10 nAChR. (A,C) Averaged
responses of oocytes expressing a9 NAChR (A, n = 6) or NAChR «9a10 [(C) n = 5] to 60 wM ACh in the absence and the presence of 100 uM pCF3. Individual cell
responses were scaled to the peak amplitude of the ACh controls, then averaged (dark blue line) and plotted with the calculated SEM at each point (light blue band).
These are compared to the averaged responses (black lines) and SEMs (tan bands) of the ACh control responses. (B) Average peak-current responses to ACh,
normalized to the ACh maximum response of cells expressing subunit a9, compared to responses to pCF3 (n = 7). The pCF3 currents were initially measured relative
to 60 wM ACh controls obtained prior to the pCF3 applications and then adjusted for the ratio of the ACh controls to ACh maximum by multiplying the values by
0.63. With the ACh lyiax = 1, the ECsg was 26.1 & 4.2 uM (Chisg = 0.017, R = 0.9942). For pCF3, the Iyax Was 0.36 £ 0.02 and the ECsp was 7.0 + 1.9 uM
(Chisq = 0.007, R = 0.979). (D) Similar experiments as described in (B) were performed on oocytes heterologously expressing a9a10 nAChRs. With the ACh
Ivax = 1, the ECsp was 29.7 £ 9.9 uM (Chisq = 0.037, R = 0.986). For pCF3, the lyax was 0.30 & 0.01 and ECsg was 6.4 &+ 0.9 pM (Chisg = 0.001, R = 0.995). For
all concentration-response studies, the applications of the test compounds (ACh or pCF3) at progressively higher concentrations were alternated by repeated
application of ACh at the control concentration of 60 wM to confirm that there was no rundown of the ACh controls through the course of the experiment.

contrast, our results indicate that the immediate effect of the
conopeptides on the immune cells tested are pro-inflammatory,
because they enable the release of pro-inflammatory cytokines in
the presence of endogenous cholinergic agonists.

Irrespective of the nAChR agonist used, the nAChR subunit
a9 is essential in the cholinergic inhibition of the ionotropic
function of the P2X7 receptor. This suggests that pCF3-diEPP
interacts with a9 nAChRs or a9a10 nAChRs, which turned
out to be true. In two-electrode voltage-clamp measurements
in Xenopus laevis oocytes heterologously expressing human
a9 or a9al0 nAChR, pCF3-diEPP was a partial agonist
that induced about one third of the maximal peak currents
stimulated by ACh with a concentration-response relationship
resembling that of ACh. This result was unexpected because

pCF3-diEPP is a poor inducer of ion-currents at a7 nAChR
(Quadri et al., 2017).

pCF3-diEPP is a silent agonist that favors the desensitized
state of @7 nAChRs and, hence, inhibits the ionotropic response
to conventional nAChR agonists (Quadri et al, 2017). Here,
we investigated if PC exerts similar functions at heterologously
expressed human a7, a9 or @910 nAChRs. PC had essentially no
effect on ACh-induced ion-currents at a7 nAChRs, but it slightly
reduced ion-current changes provoked by pulses of ACh on
oocytes expressing o9 or 09010 nAChRs. These mild effects seem
to be in contrast to the known strong PC-mediated inhibition
of the ionotropic responses to choline (Richter etal., 2016).
However, in these previous experiments choline was used instead
of ACh (Richter et al., 2016) and the ECsy of choline at a9
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or a9a10 nAChRs is considerably higher than that of ACh
(McIntosh et al., 2009; Boffi et al., 2017; Moglie et al., 2021). PC
and conventional nAChR agonists seem to compete for the ligand
binding sites at a9 or a9a10 nAChRs and PC functions as a weak
to moderate silent agonist or partial antagonist.

The same kind of experiments were performed with 30 pM
pCE3-diEPP and its known silent agonist function at a7
nAChRs was confirmed. Interestingly, bath application of 30 uM
pCF3-diEPP also fully inhibited ACh-gated ion-currents at
heterologously expressed a9 and 09010 nAChRs. At the lower
concentration of 1 pM, pCF3-diEPP was still fully effective at
suppressing the transient responses of a9 or a9a10 nAChRs
to 60 pM ACh applications, whereas no effects were seen at
a7 nAChRs. While being a moderate partial agonist at a9 or
a9a10, pCF3-diEPP has a higher potential to desensitize these
nAChRs compared to a7 nAChRs. It should also be noted
that agonistic functions of pCF3-diEPP are not detected at
concentrations of 1 WM and below, suggesting that pCF3-diEPP
functions as a desensitizing agent at this low concentration.
While the presence of PC or pCF3-diEPP in the bath suppressed
ACh-evoked responses, upon washout of these compounds the
ACh responses, most notably those of the a9/al0 nAChR
expressing cells, recovered to levels higher than the initial ACh
controls. This suggest that initial ACh responses may have been
limited by resting desensitization and that the compounds had
the additional effect of altering the equilibrium between pre-
desensitized and activatable receptors.

This study has numerous limitations, and without a doubt
further studies are needed to characterize the properties of
pCF3-diEPP in more detail. Different cell types of murine and
human origin were investigated, which is of advantage but
also a limitation, because not all experiments were performed
with all cell types. However, all cell types included in this
study express nAChR subunits a7, a9 and «l0 (Kawashima
et al, 2007; Benfante et al., 2011; Hecker et al.,, 2015; St-
Pierre et al, 2016; Fujii et al., 2017a). The n-number of
experiments on BMDMs from gene-deficient animals is too
low to draw firm conclusions regarding the regulation of LPS-
induced secretion of TNF-a and IL-10, and more nAChR gene-
deficient mouse strains need to be tested including those with
a single deficiency in nAChR «10 and mice with a triple gene
deficiency in nAChR a7a9a10. The concentrations of pCF3-
diEPP used in this study were based on previous studies, where
this compound was characterized as a silent agonist at a7 nAChRs
(Quadri et al., 2017). The concentration-response relationship
of the pCF3-diEPP-mediated control of IL-1f release by human
PBMCs and the two-electrode voltage-clamp experiments, in
which pCF3-diEPP was applied together with ACh in Xenopus
oocytes, suggest that much lower concentrations of pCF3-
diEPP are needed to activate metabotropic functions at o9
or a9a10 nAChRs or to desensitize these receptors. More
careful analyses are needed to establish the concentration-
response relationship for receptor desensitization. Further, more
silent agonists of a7 nAChRs have been described (Horenstein
and Papke, 2017; Quadri et al, 2017; Godin et al., 2020),
which should be tested for their interaction with o9 and
09010 nAChRs to identify and characterize ideal candidates

for preclinical studies. Finally, experiments on LPS-induced
cytokine release and BzATP-induced IL-1P release originate
from two independent laboratories, which has the disadvantage
that different experimental protocols and different murine
and human cells were studied. Hence for both experimental
settings, further monocytic phagocytes of diverse origin should
be investigated. Finally, we did not test if pCF3-diEPP induces
ion-currents at monocytic phagocytes.

Despite these limitations, pCF3-diEPP or related compounds
seem to be promising future medicaments These findings raise
the possibility of other approaches for the treatment of pain.
Positive allosteric modulators (PAMs) that target a7 nAChRs
have shown promise (Uteshev et al., 2002; Freitas et al., 2013) as
analgesics. Developing PAMs that target receptors containing a9,
and/or a10 nAChR subunits, may provide distinct advantages.
Chronic use of agonists alone can have the undesired effect
of disrupting the endogenous cholinergic tone either through
ongoing receptor activation or desensitization. In contrast, PAMs
can amplify the effect of endogenous agonists at the therapeutic
site or potentiate the effect of exogenously administered agonists.
Interestingly, m-bromo PEP, another synthetic silent nAChR
agonists based on the diEPP scaffold, protects against EAE
(Godin et al., 2020).

Another interesting application might be the prevention
of life-threatening trauma-induced inflammation, either as an
emergency treatment for accident victims or in the context of
major surgery. Although IL-1B is a central pathogenic factor
for life-threatening post-operative systemic inflammation that
can cause sepsis, therapies targeting the IL-1 system were
unsuccessful so far (Bortolotti et al., 2018), most probably because
these therapies increase the risk for infectious complications. The
pCF3-diEPP-mediated control of inflammasome-independent
cytokines such as IL-6 or TNF-a seems to be mediated
via a7 nAChRs and requires relatively high drug concentrations,
whereas for the control of the ATP-induced release of IL-1f, the
highly pCF3-diEPP-sensitive nAChR subunit «9 is mandatory.
Low therapeutic concentrations of pCF3-diEPP might have the
advantage of preventing trauma-induced sterile inflammation,
while sparing most pathways that are involved in host-defense
against infections.

In conclusion, we provide evidence that pCF3-diEPP is a
potent agonist at unconventional nAChRs expressed by human
monocytic cells. Activation of these receptors can inhibit both,
the synthesis of pro-inflammatory cytokines in response to LPS
and the inflammasome-dependent maturation and release of IL-
1B triggered by P2X7 receptor activation. More research is needed
to evaluate the potential of pCF3-diEPP to prevent trauma-
induced inflammation, inflammatory or autoimmune diseases
and neuropathic pain.
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ABSTRACT

Handling Editor: Thomas Gould

Pain due to inflammation can be reduced by targeting the noncanonical nicotinic receptors (NCNR) in cells of the
immune system that regulate the synthesis and release of pro- and anti-inflammatory cytokines. Although NCNR
do not generate ion channel currents, the pharmacology of ion-channel forms of the receptors can predict drugs
which may be effective regulators of the cholinergic anti-inflammatory system (CAS). Agonists of a7 type re-
ceptors have been definitively associated with CAS. Receptors containing a9 and «10 subunits have also been
implicated. We have recently characterized two small molecules, pCN-diEPP and mCN-diEPP, as selective «a9a10
agonists and antagonists, respectively. We used these drugs, along with nicotine, an o7 agonist and «9a10
antagonist, to probe the mixed populations of receptors that are formed when a7, a9, and «10 are all expressed
together in Xenopus oocytes. We also evaluated the effects of the CN-diEPP compounds on regulating the ATP-
induced release of interleukin-1p from monocytic THP-1 cells, which express NCNR. The compounds success-
fully identified separate populations of receptors when all three subunits were co-expressed, including a potential
population of homomeric a10 receptors. The a9a10 agonist pCN-diEPP was the more effective regulator of
interleukin-1p release in THP-1 cells. pCN-diEPP was also fully effective in a mouse model of inflammatory pain,
while mCN-diEPP had only partial effects, requiring a higher dosage. The analgetic effects of pCN-diEPP and
mCN-diEPP were retained in o7 knockout mice. Taken together, our results suggest that drugs that selectively
activate «9a10 receptors may useful to reduce inflammatory pain through the CAS.

1. Introduction

or, more often, a9 co-assembled with a10 subunits), which have been
have identified as alternative targets in CAS (AlSharari et al., 2020;

In light of the present opiate epidemic, which has been precipitated
by the widespread use of prescription opiates as pain killers, there is an
acute need to develop alternative non-addicting analgetic therapies. The
discovery that cells of the immune system have nicotinic acetylcholine
receptors (nAChRs) that can be stimulated to decrease the release of pro-
inflammatory cytokines (Borovikova et al., 2000) has generated a great
deal of interest in the cholinergic anti-inflammatory systems (CAS) as
new avenues for treating pain associated with inflammation (Hone and
Meclntosh, 2023). Many studies have demonstrated the essential role
played by homomeric a7 nAChR in CAS (Bencherif et al., 2011; Fujii
et al., 2017; Piovesana et al., 2021; Treinin et al., 2017) and, more
recently, by a9* nAChR (the asterisk denotes a9 homomeric receptors

Hone et al., 2018). Although only partially understood, numerous
downstream signaling mechanisms are activated in response to nAChR
stimulation of immune cells (for review (Richter and Grau, 2023)). On
the one hand, stimulation of mainly o7 nAChRs down-regulates the
expression of pro-inflammatory mediators on the transcriptional and
translational level (for review (Richter and Grau, 2023)). On the other
hand, stimulation of nAChRs containing subunits a9, a7, and/or «10
inhibits the function of the ATP-sensitive P2X7 receptor and
down-regulates the maturation and release of inflammasome-dependent
cytokines including interleukin (IL)-1p (Hecker et al., 2015; Richter
et al., 2016; Zakrzewicz et al., 2017). Of note, the P2X7 receptor and
IL-1p play an important role in pain (Ren and Illes, 2022).
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Although rapidly desensitizing and with low probability of channel
opening (Papke and Horenstein, 2021), a-bungarotoxin-sensitive o7
nAChRs (Amar et al., 1993) have been widely studied as modulators of
brain function and considered as potential targets for disorders of the
central nervous system such as Alzheimer’s disease (Bouzat et al., 2018;
Russo et al., 2014) and schizophrenia (Terry and Callahan, 2020). The
first functional roles identified for «9* nAChRs were as regulators of
auditory function (Elgoyhen et al., 2001; Vetter et al., 1999). Both a7
and «9* nAChRs form functional ligand-gated ion channels in heterol-
ogous expression systems such as Xenopus oocytes, which has allowed
for extensive characterization of their pharmacological properties,
especially in the case of a7 nAChRs (Papke and Horenstein, 2021). Early
studies of a-bungarotoxin-sensitive a9* nAChRs highlighted several
unusual pharmacological features, including the fact that nicotine, the
eponymous agonist for the receptor family, was an antagonist rather
than an agonist (Verbitsky et al., 2000). One of the most selective ligands
of a9* nAChRs is the conopeptide antagonist alpha-RgIA (Azam and
Mclntosh, 2012), although recently other small molecule antagonists
have been proposed to be a9 selective (Bavo et al., 2022).

Consistent with their characterization in heterologous expression
systems, o7 and ®9* nAChR have been shown to mediate electrical
signaling in the brain (Frazier et al., 1998) and inner ear (Fuchs, 1996),
respectively. Additionally, the expression of a9 and 10 has been re-
ported in dorsal root sensory ganglia (Lips et al., 2002). However,
whether the expression of either o7 or a9* in cells of the immune system
that mediate CAS is associated with ion channel activation is highly
questioned. These receptors have, rather, been proposed to function as
metabotropic receptors (Richter and Grau, 2023) and therefore in those
tissues may be considered "noncanonical nicotinic receptors” (NCNR).
The mechanism accounting for this different form of receptor function is
unknown, and while there is, in general, a concurrence between the
pharmacology established with heterologous expression systems and
ligands modulating CAS, there are also remarkable differences, such that
ligands that produce little or no channel activation have been shown to
be able to mediate CAS signaling (Papke et al., 2023; Piovesana et al.,
2021): NS6740 in the case of a7 nAChRs (Papke et al., 2015; Thomsen
and Mikkelsen, 2012) and phosphocholine in the case of ®9* nAChRs
(Richter et al., 2016). The conformational dynamics of ligand-gated ion
channels involves the induction of both conducting and non-conducting
(i.e. desensitized) states. Even the most efficacious of a7 agonists more
effectively induce desensitization than channel activation (Papke and
Lindstrom, 2020), and some ligands promote desensitization without
any channel activation. Such ligands have been referred to as "silent
agonists", and their ability to induce desensitized conformations can be
confirmed through the use of type II positive allosteric modulators such
as PNU-120596 that can reactivate the desensitized receptors (Papke
et al., 2023). Numerous silent agonists have been shown to be effective
modulators of CAS, and it has been proposed that for the non-conducting
forms of the receptors in immune cells, the activation of a metabotropic
pathway is associated with non-conducting conformations correspond-
ing to the desensitized states of channel-forming receptors (Horenstein
and Papke, 2017; Papke et al., 2015). Based on the metabotropic activity
of ligands like phosphocholine, it has been suggested that similar
mechanisms account for CAS function of «9* NCNR (Zakrzewicz et al.,
2017).

A recent study compared the metabotropic activity of the weak o7
partial agonist pCF3-diEPP (Quadri et al., 2018) and phosphocholine in
various immune cell preparations (Richter et al., 2022). It was found
that the activity of pCF3-diEPP could be blocked by either the a7-specific
conopeptide [V11L,V16D]ArIB (Whiteaker et al., 2008) or by the a9a10
nAChR-specific conopeptide RgIA4 (Christensen et al., 2017). Consistent
with this, it was shown that, in addition to being an weak a7 partial
agonist, pCF3-diEPP was a more efficacious partial agonist of o9
nAChRs. This inspired a follow-up study of a family of 1,1-diethyl-4-phe-
nylpiperazin-1-ium compounds (diEPPs) that were previously studied
for their o7 silent agonist activity (Quadri et al., 2016), which identified
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several a9-selective agonists and antagonists (Papke et al., 2022).

While a7-mediated CAS activity is associated with receptor activa-
tion and/or desensitization (Papke et al., 2023), studies with a9 con-
opeptide antagonists (AlSharari et al., 2020; Christensen et al., 2017;
Huynh et al., 2019; Pacini et al., 2016; Romero et al., 2017) suggested
that a9 CAS activity would arise from «9 inhibition in vivo (Toma et al.,
2020). However, this was inconsistent with the effect of the conopeptide
in the cell-based assays, which suggested a9 nAChR agonism was the
basis for the CAS effects.

In this paper, we address this controversy by using two closely
related compounds, the a9 nAChR agonist pCN-diEPP and the a9 nAChR
antagonist mCN-diEPP (Papke et al., 2022), characterizing their activity
with mixed populations of a7 and «9x10 nAChRs in Xenopus oocytes,
with human monocytic THP-1 cells, and with an animal model of in-
flammatory pain using both wild-type (WT) and a7-knockout (KO) mice.

Note that, in general, heterologous expression of nAChR takes
advantage of the fact that each receptor subtype can be studied in
isolation. However, in the in vivo and cell-based assays, both a7 and
a9a10 nAChRs may be present in the same cells. Therefore, some ex-
periments were conducted in oocytes expressing o7 along with a9 and
a10 to validate the usefulness of our probe compounds with mixed re-
ceptor populations.

2. Methods
2.1. pCN-diEPP and mCN-diEPP

4-(4-cyanophenyl)-1,1-diethylpiperazin-1-ium (pCN-diEPP) and 4-
(3-cyanophenyl)-1,1-diethylpiperazin-1-ium (mCN-diEPP) were syn-
thesized as previously documented (Quadri et al., 2016). For oocyte
experiments 100 mM stock solutions were prepared in dimethyl sulf-
oxide and stored in —20°, then freshly diluted in Ringer’s solution.

2.2. Expression of human nAChR subunits in Xenopus laevis oocytes

Plasmid DNA encoding the human a7 nAChR was obtained from Jon
Lindstrom (University of Pennsylvania, Philadelphia, PA). The human
resistance-to-cholinesterase 3 (RIC3) clone was obtained from Millet
Treinin (Hebrew University, Jerusalem, Israel) and RNA co-injected
with a7 to improve the level and speed of receptor expression without
affecting the pharmacological properties (Halevi et al., 2003). Plasmid
DNA encoding the human a10 nAChR was obtained from J. Michael
McIntosh (University of Utah, Salt Lake City, UT). Plasmid DNA
encoding the human a9 nAChR and the human receptor-associated
protein of the synapse (RAPSYN) with codon optimization for expres-
sion in Xenopus laevis were obtained from Eurofins Genomics (Ebersberg,
Germany). RAPSYN RNA was co-injected with the a9 and al0 to
improve expression (Richter et al., 2016). After linearization and puri-
fication of the plasmid DNAs, RNAs were prepared using the mMessage
mMachine in vitro RNA transcription kit (Ambion, Austin, TX).

Frogs were maintained in the Animal Care Service facility of the
University of Florida, and all procedures were approved by the Uni-
versity of Florida Institutional Animal Care and Use Committee
(approval number 202002669). In brief, the animals were first anes-
thetized for 15-20 min in 1.5 1 frog tank water containing 1 g of MS-222
buffered with sodium bicarbonate. Oocytes were obtained surgically
from mature female Xenopus laevis (Nasco, Ft. Atkinson, WI) and treated
with 1.4 mg/ml type 1 collagenase (Worthington Biochemicals, Free-
hold, NJ, USA) for 2-4 h at room temperature in calcium-free Barth’s
solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCOs, 0.82 mM MgSO4,
15 mM HEPES, and 12 mg/I1 tetracycline, pH 7.6) to remove the ovarian
tissue and the follicular layers. Stage V oocytes were injected with 4-6
ng a7 RNA and 2-3 ng RIC3 RNA (2:1 ratio) in 50 nl water, or with 12 ng
a9 RNA, or along with 12 ng 10 RNA, and 3 ng RAPSYN RNA in 50 nl
water. Oocytes were maintained in Barth’s solution containing addi-
tionally 0.32 mM Ca(NOs)z and 0.41 mM CaCly, and recordings were
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carried out 2-20 days after injection.

In order to obtain mixed populations of a7 and 9«10 receptors, RNA
for each nAChR subunit and their supporting chaperone proteins (RIC3
for a7 and RAPSYN for a9* receptors) were injected at varying ratios.
Since a7 expression is consistently more robust, it was necessary to
inject ®9 and «10 at higher levels. The injections were as indicated in
Table 2.

2.3. Two-electrode voltage-clamp electrophysiology

Two-electrode voltage-clamp experiments were conducted using
OpusXpress 6000A (Molecular Devices, Union City CA, USA) (Papke and
Smith-Maxwell, 2009). Both the voltage and current electrodes were
filled with 3 M KCl. Oocytes were voltage-clamped at —60 mV at RT. The
oocytes were perfused with Ringer’s solution (115 mM NacCl, 2.5 mM
KCl, 1.8 mM CaCly, 10 mM HEPES, 1 uM atropine, pH 7.2) at 2 ml/min.
Nacl, KCl, CaCl,, and HEPES came from Fisher Scientific (Waltham MA,
USA), and unless otherwise noted, all other salts and chemicals were
obtained from Sigma-Aldrich (St. Louis MO, USA). To evaluate the ef-
fects of experimental compounds, responses were compared to control
ACh-evoked responses, defined as the average of two initial applications
of 60 pM ACh made before test applications. Drug applications were 12 s
in duration, followed by 181 s washout periods.

Each episode of data acquisition was a total of 210 s and included an
initial 30 s period used to define the baseline for the drug-evoked re-
sponses. After 30 s, drugs were applied, and the following 120 s were
defined as the drug response period for analysis. The responses were
calculated as both peak-current amplitudes and net charge, as previ-
ously described (Papke and Papke, 2002). Data were collected at 50 Hz,
filtered at 20 Hz, and analyzed by Clampfit (Molecular Devices) and
Excel (Microsoft, Redmond WA, USA). Data for concentration-response
studies were expressed as averages + SEM from at least five oocytes for
each experiment and plotted with Kaleidagraph 4.5.2 (Synergy Soft-
ware, Reading PA, USA). The values for the curve fits were generated
using the Levenberg-Marquardt algorithm to obtain the best Chi-Square
fit to the Hill equation using the Kaleidagraph 4.5.2 plotting program.
The errors in Table 1 are the calculated standard errors of the fit pa-
rameters based on the goodness of fit.

Multi-cell averages were calculated for comparisons of complex re-
sponses. Averages of the normalized data were calculated for each of the
10,322 points in each of the 206.44 s traces (acquired at 50 Hz), as well
as the standard errors for those averages. All other data are plotted as the
individual replicates normalized to the ACh control responses obtained
from the same cells. ANOVA was conducted in Kaleidagraph 4.5.2.

Table 1
Curve fit parameters from Fig. 1.

PCN-diEPP activation of «9a10

Imax n ECso ChiSq R

0.94 + 0.06 1.07 £ 0.2 2.57 + 0.57 yM 0.012 0.993

mCN-diEPP inhibition of «9a10

n 1Cso ChiSq R

—1.41 £ 0.16 17.1 £ 1.54 yM 0.0083 0.996

Nicotine activation of a7

Imax n ECso ChiSq R

0.85 + 0.04 1.45 £ 0.34 14.9 £ 2.8 pM 0.018 0.991

Nicotine inhibition of «9a10

n ICso ChiSq R

—1.98 £ 0.53 437 £ 73 yM 0.044 0.982
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Table 2
RNA values in ratio experiments.
o7 RIC3 a9 al0 RAPSYN

a7 alone 6 ng 3ng
a7, a9a10 1:2 4 ng 2ng 8 ng 8 ng 2ng
o7, «9a10 1:3 3.6 ng 1.8 ng 10.7 ng 10.7 ng 2.5ng
o7, a9al10 1:4 2.48 ng 1.24 ng 12 ng 12 ng 2.7 ng
a9u10 alone 12 ng 12 ng 3.0 ng

2.4. Monocytic THP-1 cells

Monocytic THP-1 cells were obtained from the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). Cells were
cultured in RPMI 1640 medium (Capricorn Ebsdorfergrund, Germany,
Cat# RPMI-A) supplemented with 10% FBS from Capricorn (Cat# FBS-
16A) under 5% CO atmosphere at 37 °C. To investigate IL-1f release,
monocytic cells were resuspended in FBS-free RPMI medium. 0.5 x 10°
cells/0.5 ml per well were seeded in 48-well plates (Greiner Bio-One,
Frickenhausen, Germany). Cells were primed for 5 h with 1 pg/ml LPS
(E. coli 026:B6, Merck, Darmstadt, Germany, Cat# L2654) as described
previously (Richter et al., 2022). Then the P2X7 receptor agonist BZATP
(2/(3°)-0-(4-benzoyl-benzoy)ATP  trieethylammonium salt; Jena
Bioscience, Jena, Germany, Cat# NU-1620-5) was added for 40 min in
the absence or the presence of different concentrations of cholinergic
agonists: ACh (Merck, Cat# A6625), phosphocholine (Merck, Cat#
P0378), pCN-diEPP, or mCN-diEPP. After treatment, cells were spun
down (500 g, 8 min, 4 °C) and the supernatants were collected and
stored at —20 °C for later IL-1p and lactate dehydrogenase (LDH)
measurements.

IL-1p concentrations in cell-free supernatants obtained from experi-
ments on THP-1 cells were measured using the Human IL-1p/IL-1F2
DuoSet enzyme-linked immunosorbent assay (ELISA) from R&D Systems
(Minneapolis MN, USA, Cat# DY201) according to the supplier’s in-
structions. To test for cell viability at the end of the cell culture exper-
iments, LDH activity was measured using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, Madison WI, USA; Cat#
G1780) according to the supplier’s instructions. LDH activities deter-
mined in cell-free supernatants are given as percentage of the total LDH
activity of lysed control cells.

2.5. Statistical analysis of cytokine data

Statistical analysis was performed using GraphPad Prism 9 (Graph-
Pad Software, La Jolla CA, USA). Results obtained in the cell-based as-
says on BzATP-induced cytokine release were analyzed using SPSS
(Version 23, IBM, Armonk, NY, United States) visualized using Inkscape
version 0.48.5 r10040 (Free and Open Source Software licensed under
the GPL).

The n-numbers (<6) in the experiments with were too small to
determine a normal distribution with certainty. Therefore, non-
paramateric test were used. Dependent data sets were analyzed first
by the Friedman test. When the P value was below 0.05, the two-tailed
Wilcoxon signed-rank test was performed for pairwise comparison.

All numbers (n) of the individual experiments and details on the type
of statistical test used for each experiment are indicated in the Results
section and Figure legends. No outliers were excluded from the analyses.

2.6. Measurements of inflammatory pain

2.6.1. Animals

Experiments were conducted using adult (10-15 weeks) male and
female C57BL/6J mice from Jackson Laboratory (Bar Harbor ME, USA):
a7 WT and KO mice on a C57BL/6J background. Mice null for the a7
subunit along with their WT littermates were initially procured from
Jackson Laboratory and later bred in an approved animal care facility at
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Virginia Commonwealth University. The breeding scheme involved
crossing heterozygous mice and backcrossing progeny for at least 12 to
15 generations, to control for irregularities that might occur crossing
solely mutant animals, to generate both mutant and WT animals. Then
mice were weaned at 21 days of age and subsequently housed in groups
of two to five with Teklad corn cob bedding (#7097, Envigo Teklad,
Madison W1, USA). Initially, they were maintained in a temperature- and
humidity-controlled vivarium space (21 + 3 °C, 55 + 10%) on a 12-h
light/dark cycle (lights on at 7:00 a.m.) with free access to food
(Teklad LM-485 mouse sterilized diet, Harlan Laboratories Inc., Indi-
anapolis IN, USA) and water until needed. Then mice were retrieved
from the vivarium and housed (4-5 mice per cage) for the duration of
the study in a temperature- and humidity-controlled out-of-vivarium
space on the same light/dark cycle. They were given ad libitum food and
water. All experiments were performed during the light cycle. This study
was approved by the Institutional Animal Care and Use Committee of
Virginia Commonwealth University (approval # AM10142) and carried
out in accordance with the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals. In total we used 66 male C57BL/6J
mice and 63 female C57BL/6J mice, 24 male KO mice and 24 female KO
mice. All experimental animals were included in further behavioral
testing and none of them showed behavioral disturbances unrelated to
the pain induction procedure.

2.6.2. Induction of inflammatory pain by complete Freund’s adjuvant
(CFA)

We explored the effects of pCN-diEPP and mCN-diEPP in the CFA
test, composed of inactivated and dried Mycobacterium tuberculosis and
adjuvant, a widely used model of persistent inflammatory pain
(Kaliyaperumal et al., 2020). CFA was purchased from Sigma-Aldrich
(St. Louis MO, USA). The CFA model is based on hypersensitivity, paw
swelling, and nuclear factor-kB-mediated transcription of tumor ne-
crosis factor a involved in the formation of the principal mediators of
inflammation (Hartung et al., 2015). Mice were injected intraplantarly
with 20 pl of CFA (50%, diluted in mineral oil; Sigma-Aldrich). Me-
chanical sensitivity (see the measurement of the von Frey test) was
measured before and 3 days after CFA injection. pCN-diEPP (0.1, 0.3,
and 1 mg/kg) and mCN-diEPP (0.6, 1, and 3 mg/kg), dissolved in a
mixture of 1:1:18 [1 vol ethanol/1 vol Emulphor-620 (Rhone-Poulenc,
Inc., Princeton NJ, USA)/18 vol distilled water] or vehicle was injected
intraperitoneally (i.p.) on day 3 after CFA injection, and mice were
tested for mechanical sensitivity at different time points (1, 3, and 6 h)
after drug injection.

2.6.3. Evaluation of mechanical sensitivity

Mechanical sensitivity thresholds were determined according to the
method of Chaplan et al. (1994) and as adapted in Bagdas et al. (2015);
Bagdas et al. (2015). A series of calibrated von Frey filaments (Stoelting,
Wood Dale IL, USA) with logarithmically incremental stiffness ranging
from 2.83 to 5.07 expressed as diameter sensitivity (ds) log 10 of 10 x
force (in milligrams) was applied to the paw with a modified up-down
method (Dixon, 1965). The mechanical threshold was expressed as log
10 of 10 x force (in milligrams), indicating the force of the von Frey hair
to which the animal reacted (paw withdrawn, licking, or shaking). All
behavioral testing on animals was performed in a blinded manner.

The data obtained were discrete values that were not normally
distributed and, hence, not suitable for parametric analysis. The data
were therefore first evaluated with the non-parametric Kruskal-Wallis
test, a one-way analysis of variance by ranks. A significant Krus-
kal-Wallis test indicated that at least one sample stochastically domi-
nated the other samples, in this case, the baseline data for all groups. For
analyzing the specific sample pairs at the different time points for sto-
chastic dominance, as a second step the groups were tested pairwise
with the Mann-Whitney test. The P values calculated by the Mann-
Whitney test are provided in the tables or shown in the figures.
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2.6.4. Locomotor activity

Mice were placed into individual Omnitech photocell activity cages
(28 x 16.5 cm) (Columbus OH, USA) 1 h after administration of either
vehicle, pCN-diEPP (1 mg/kg, i.p.), or mCN-diEPP (3 mg/kg, i.p.). In-
terruptions of the photocell beams (two banks of eight cells each) were
then recorded for the next 60 min. Data are expressed as number of
photocell interruptions.

2.6.5. Body temperature

Rectal temperature was measured by a thermistor probe (inserted 24
mm) and digital thermometer (Yellow Springs Instrument Co., Yellow
Springs OH, USA). Readings were taken just before and at 60 min after
the injection of either vehicle, pCN-diEPP (1 mg/kg, i.p.), or mCN-diEPP
(3 mg/kg, i.p.) (n = 8/group). The difference in rectal temperature
before and after treatment was calculated for each mouse. The ambient
temperature of the laboratory varied from 21 to 24 °C from day to day.

3. Results and discussion
3.1. Characterization of probe compounds for a7 and a9a10 receptors

We evaluated several compounds for their ability to distinguish a7
from «9010 nAChR in anticipation of doing experiments with mixed
populations of receptors. We used agonists and antagonists that were
selective for one nAChR population or another.

3.2. Position of the cyano group determines the activity of CN-
diEPPcompounds

PCN-diEPP is a partial agonist for a7 nAChRs that produced sub-
stantial PNU-120596-sensitive desensitization (Quadri et al., 2016),
while mCN-diEPP produced no activation and only modest inhibition of
a7 nAChR (for structures, see Fig. 1). When characterized on a9
homomeric nAChRs, pCN-diEPP was shown to be a full agonist with an
ECsp of 0.368 + 0.10 pM, while mCN-diEPP was an antagonist with an
ICsp of 21 + 2.71 uM (Papke et al., 2022). Similar results were obtained
with heteromeric a9a10 receptors (Fig. 1A). pCN-diEPP was a very
efficiacious agonist with an Ipax 0.94 + 0.06 that of ACh and an ECsg of
2.57 + 0.57 pM, while mCN-diEPP antagonized the ionotropic responses
of a9010 nAChR to ACh (60 pM) with an ICsg of 17.1 + 1.57 uM (Papke
et al., 2022). Curve fit parameters and error estimates are provided in
Table 1, and plots of the individual replicates are provided in Supple-
mental Fig. 1A.

3.3. Nicotine as a probe to distinguish a7 from a9a10 receptors

Nicotine is an efficacious agonist of a7 nAChR (Papke et al., 2007),
yet it has been reported to be an antagonist of a9 nAChR ion channel
function (Verbitsky et al., 2000), so that nicotine responses may be
useful to separate components of mixed receptor populations (Fig. 1B).
The Inax of nicotine for a7 net-charge response was 85 + 4% that of ACh,
with an ECsg of 14.9 + 2.8 pM. The ICs for the inhibition of a9a10 peak
current responses was 437 + 73 uM (Fig. 1B). The ICs¢ of nicotine at
9010 nAChR heteromers seems to be high compared to the published
ICsp of 32 pM at a9 homomers (Verbitsky et al., 2000). However, the
previous study used ACh at a concentration of 10 pM, while we used 60
uM ACh for stimulation, which may account at least in part for the
different ICso values. Alternatively, it may be that a9 homomers are
more sensitive to inhibition by nicotine than are a9a10 heteromers.
Curve fit parameters and error estimates are provided in Table 1, and
plots of the individual replicates are provided in Supplemental Fig. 1B.

3.4. Probing mixed populations of receptors

While there are likely to be factors in vivo that regulate the subunit
composition of nAChR formed in specific cells, expression in Xenopus
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Fig. 1. Concentration-response studies with probe compounds. A) Cells co-
expressing human a9, «10, and RAPSYN were evaluated for their sensitivity
to pCN-diEPP as an agonist or mCN-diEPP as an antagonist of 60 pM ACh-
evoked control responses. Structures are shown as inserts. Plotted are the
average peak-current responses of at least 6 cells (6-8) at each concentration
(+SEM). Data were fit to the Hill equation with either a positive Hill coefficient
for agonist activity or a negative Hill coefficient for antagonist activity. Re-
sponses to pCN-diEPP are relative to ACh maximum. Individual replicates are
plotted in Supplemental Fig. 1A. Responses to co-applications of mCN-diEPP are
relative to ACh alone. Curve fit parameters are provided in Table 1. B) Nicotine
as an agonist of a7 and an antagonist for a9«10 receptors. Plotted are the
average peak current responses of at least 6 cells (6-8) at each concentration
(+£SEM). Data were fit to the Hill equation with either a positive Hill coefficient
for agonist activity or a negative Hill coefficient for antagonist activity. Re-
sponses of «7 nAChR are relative to ACh maximum. Responses of ®9x10 nAChR
to co-applications of nicotine are relative to responses to ACh alone. Curve fit
parameters are provided in Table 1. Individual replicates are plotted in Sup-
plemental Fig. 1B.

oocytes may be more permissive and able to be regulated by mass action.
For example, it is a common practice to bias the subunit composition of
a4p2-containing nAChR by altering the ratio of a4 and p2 RNA injected
(Zwart et al., 2006). Therefore, Xenopus oocytes were injected with RNA
for a7 alone, 9 together with 10 alone, or a7 in combination with a9
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and «10 at various ratios (see Table 2) to determine whether receptors
expressed would be mixed populations of typical a7 and «9a10 nAChRs
or perhaps contain receptors with mixed 7 and «9* properties.

In addition to having differing responses to the pharmacological
probes illustrated in Fig. 1, due to the unique rapid concentration-
dependent desensitization of o7 receptors (Papke and Horenstein,
2021), ACh control responses are also distinctly different between o7
and a9* nAChRs (Papke et al., 2022) (Fig. 2A), with a9a10 responses
having an initial peak followed by later current, resulting in an increased
ratio of net charge-to-peak current. With the higher levels of a9a10
expression, the response wave forms took on the characteristic shape of
the a9a10 ACh responses, having the higher ratio of charge-to-peak
current. At the lower two ratios of a9a10 to o7, the co-expression a9
and al0 had the effect of decreasing ACh responses compared to o7
expressed alone in both peak and net charge (Fig. 2B; see Supplemental
Data, Table 1 for ANOVA). We should be very circumspect in comparing
one set of injected Xenopus oocytes to another, since both a7 and a9a10
RNA amounts were varied. However, the observation that at the 1:2 and
1:3 ratios, mixed a7 and a9a10 expression seemed to reduce both peak
currents and net charge in response to ACh is interesting. It might sug-
gest that a7a9a10 nAChR heteromers could be forming in Xenopus oo-
cytes that do not function as ligand-gated ion channels. Alternatively,
co-expression of all three subunits may interfere with efficient expres-
sion of any one type, or the oocytes’ capability to transport receptors to
the membrane becomes saturated with the expression of the multiple
subunits.

Nicotine allowed for the separation of sensitive a7 responses from
insensitive a9a10 nAChR (Fig. 3A). Note that these data were normal-
ized to their respective ACh controls, which factored out the overall
lower responses associated with a9a10 co-expression. The two lower
ratios of a9a10 co-expression produced a mixed population of nicotine-
sensitive and -insensitive receptors, while at the highest ratio of «a9a10
co-injection, the cells were insensitive to nicotine, similar to those
injected with just a9 and 10 (see Supplemental Data, Table 2A for
ANOVA).

As expected, pCN-diEPP produced minimal activation of a7 nAChRs
and cells injected with the lowest ratio of ®9a10, while substantial pCN-
diEPP responses were observed at the higher ratios of «®9a10 expression
(Fig. 3B; see Supplemental Data, Table 2B for ANOVA). In contrast to the
data with nicotine and pCN-diEPP, where intermediate ratios of
expression suggested intermediate responses, presumably due to mixed
populations of o7 and a9x10 nAChR, it appeared that any level of a7 co-
expression provided protection from the profound inhibition by mCN-
diEPP that was seen in oocytes in which only «9a10 nAChR subunits
were expressed (Fig. 3C; see Supplemental Data, Table 2B for ANOVA).
These data might indicate that hybrid a7a9a10 nAChR are being formed
and that their ionotropic function is somehow protected from the
antagonism by mCN-diEPP. This is, however, in contrast to the above
mentioned suggestion that a7a9a10 nAChR heteromers may lack iono-
tropic function. This difference may relate to the specific subunit stoi-
chiometries of the heteromeric receptors.

3.5. Possible activation of a10 homomeric receptors

While our co-injections of a7, a9, and «10 largely seemed to indicate
the formation of separate functional a7 and a9* nAChR (Figs. 2 and 3), it
may be the case that co-expression of a9 and a10 will naturally result in
multiple populations of receptors: ®9 homomers, ®9a10 heteromers, and
possibly even some a10 homomers, which may be assembled but not
readily detected as functional. The possibility that quiescent homomeric
al0 nAChR may be converted, at least transiently, into functional re-
ceptors is supported by a recent report (Hone and McIntosh, 2022) that
quiescent homomeric «10 nAChR can be functionally activated by
exposure to certain alkaloids, for example methyllycaconitine (MLA) or
strychnine. MLA is often purported to be an a7-selective antagonist,
although it has been argued that it behaves more like an inverse agonist



K. Richter et al.

Neuropharmacology 240 (2023) 109717

a7 o7 (9a10)2 o7 (09a.10)3 a7 (09a10)4 a9a10
ACh ACh ACh ACh ACh
= — — O — B,
| \5 \lf T/ _\\ =
/ I
/ | .
2 pA
10s
B Peak current Net charge
Charge:Peak
20 oo 70 40 e o7
a7, adail 1:2
60 [ i 35 | ® o7, 09010 1:3
.. B a7, 09010 1:4
b 2 - 0 @ a9all
A S ¢ 25 |
i} ua 3 40 . .
10 '. & § * . 20 ot
. = @k »
. - ., . 5 15 [
® . Em . o — 0,
5 coe =3 o ot 20 & v ‘oo 10 [
. = 0::: 10 | . . sl ..!
B cog®eleo pEagd n
0 o ToLT0 T Waazsw ok ol &= TuggEn o eelent

a7 a7,09a10 o7,a9al0 a7,a9al0  a9all «l
1:2 1:3 1:4

a7, 910 a7, @910 a7, 09al0  o9al0 a7
12 1:3 1:4

a7,09a10 o7, a9al0 a7, a9ald  a9all
1:2 1:3 1:4

Fig. 2. ACh control responses of cells expressing a7, a9 plus «10, or all three nAChR subunits at the various ratios indicated (see Methods and Table 2 for RNA
ratios). A) Averaged first 60 pM ACh control responses (dark line) and SEM (tan shaded areas) of 6-7 cells, calculated for each of 10,000 points over 210-s acquisition
periods. B) Data on individual responses (two responses from each of 6-7 cells). Both peak current amplitude and net charge (Papke and Papke, 2002) over a 120 s
interval following the start of the drug application were measured. Additionally, the ratio of peak currents (pA) and net charge (millicoulombs) were calculated and
plotted (see Supplemental Data, Table 1 for statistical analyses). Black bars are the averages of the replicates.

than a simple competitive antagonist (Papke et al., 2018; Williams et al.,
2011). MLA has been used to implicate an a7-dependent mechanism in
some studies of CAS activity (Quadri et al., 2018), where an a9 mech-
anism has subsequently also been implicated (Richter et al., 2022). We
therefore evaluated the ability of MLA co-applications to inhibit the
ACh-evoked responses of cells expressing a7, or a9 alone, or a9
co-expressed with al0 (Fig. 4). We measured inhibition of both peak
currents and net charge, with net charge probably being the better
measurement (Papke and Papke, 2002). All three populations of re-
ceptors were inhibited by sub-micromolar concentrations of MLA
(Net-charge ICsgs were 0.12 + 0.05, 0.19 + 0.02, and 0.24 + 0.13 uM
for a7, a9, and a9al0 expressing cells, respectively, Fig. 4A). We
noticed, however, that the MLA applications had a potentiating effect on
successive ACh responses of the cells expressing both a9 and a10 nAChR
subunits, but not for cells expressing a7 or a9 alone (Fig. 4B and C; see
Supplemental Data, Table 3 for ANOVA). At all concentrations greater
than 300 nM, the ACh responses of a9a10-expressing cells were greater
than those expressing either a7 or a9 alone and greater for the highest
concentration of MLA than for the lowest. This would be consistent with
an activation of a previously quiescent population of homomeric a10
nAChRs by MLA. Interestingly, we saw that although 30 M nicotine did
not activate currents in a9al10-expressing cells, it did have a similar
potentiating effect on subsequent responses to ACh (Fig. 4D). This is
consistent with the hypothesis that if there were homomeric a10 re-
ceptors present, ion currents in response to ACh would be facilitated if a
certain number of the five potential ligand binding sites of homomeric
a10 nAChRs remained occupied by an antagonist. An alternative
explanation might be a MLA- or nicotine-mediated induction of the a10
receptor expression on the cell surface. In the light of the short time
between pretreatment and the application of the nAChR agonist, the
latter explanation seems to be less probable. More in-depth analyses are
warranted to clarify this interesting aspect and to test if it is relevant to
the in vivo situation.

3.6. The impact of pCN-diEPP and mCN-diEPP on the ATP-mediated
release of IL-1/ by monocytic cells

It was shown before that ACh and phosphocholine function as un-
conventional agonists at monocytic nAChRs containing 7 and/or a9/
a10 subunits and as potent inhibitors of the BZATP-induced maturation
and release of IL-1f in monocytic cells (Richter et al., 2016; Zakrzewicz
et al., 2017). To test if pCN-diEPP and mCN-diEPP exert similar effects
on monocytic cells, human monocytic THP-1 cells were primed with LPS
(1 pg/ml) for 5 h, followed by stimulation with the P2X7 receptor
agonist BZATP (100 uM) for another 40 min in the presence or the
absence of ACh (10 pM), phosphocholine (200 pM), pCN-diEPP (100
uM), or mCN-diEPP (100 uM) (Fig. 5). Thereafter, the concentration of
released IL-1p was measured in cell culture supernatants by ELISA. As
expected, untreated cells and cells primed with LPS did not release
relevant amounts of IL-1f, whereas stimulation with BzZATP resulted in
elevated IL-1f levels released by monocytic THP-1 cells, in the range of
84 pg/ml to 236 pg/ml (Fig. 5A). The BzATP-induced release of IL-1
was significantly inhibited by phosphocholine, ACh, and pCN-diEPP,
while for mCN-diEPP only a tendency (P = 0.08, Friedman test followed
by the two-tailed Wilcoxon signed-rank test) towards a mild inhibition
was seen. The effects of pCN-diEPP and mCN-diEPP on the IL-1p release
were repeated and confirmed in a second independent set of experi-
ments (Fig. 5B). When both experiments were taken together (Fig. 5A
and B), the weak inhibitory effects of mCN-diEPP on the BzATP-induced
release of IL-1p were statistically significant (P = 0.014, n = 12 each,
Friedman test followed by the two-tailed Wilcoxon signed-rank test).
The biological relevance of such subtle changes in IL-1p release are,
however, questionable.

These results are in line with our expectations that stimulation of «9*
nAChRs in monocytic cells metabotropically inhibits the ionotropic
function of the ATP-sensitive P2X7R and, hence, the release of IL-1f
(Richter et al., 2016; Zakrzewicz et al., 2017). However, we cannot
predict which nAChR subunits are involved in the effects of pCN-diEPP.
They might indeed be mediated via «9x10 nAChR, similar to the un-
conventional nAChR agonists glycerophosphocholine or lysophospha-
tidylcholine (Zakrzewicz et al., 2017). In addition, o7 nAChR subunits
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Fig. 3. The pharmacological separation of receptors in mixed populations. A) Detection of (30 M) nicotine-sensitive a7 responses. B) Detection of (30 pM) pCN-
diEPP-sensitive responses, primarily representing «a9a10 receptors. C) Inhibition of 60 pM ACh-evoked responses by co-application of 30 pM mCN-diEPP. In all
panels, data are shown for both peak currents and net charge (n = 6-7 for each condition, see Supplemental Data, Table 2 for statistical analyses). Black bars are the

averages of the replicates.

might be involved, as we have shown before that a7 nAChR silent ag-
onists can inhibit the BzATP-induced release of IL-1p as well (Richter
et al.,, 2022). As pCN-diEPP was characterized as a very weak but
strongly desensitizing agonist at o7 nAChRs (Quadri et al., 2016),

properties that are close to silent agonists, it might also induce metab-
otropic functions of this receptor. More research including the use of
a7-and a9-specific nAChR antagonists and gene silencing experiments
might address these questions.
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Fig. 4. Probing a9ua10-expressing cells for the possible activation of «10 homomeric receptors with methyllycaconitine (MLA). A) Evaluation of MLA antagonist
activity. MLA was co-applied with 60 pM ACh to cells expressing «7, a9, or both ®9 and «10. Normalized responses were measured relative to the average of two
initial ACh controls on both peak currents (left panel) and net charge (right panel). Each cell was tested with a single concentration of MLA,. Data plotted are the
averaged normalized responses of 5-8 cells at each concentration (+SEM). The ICs, values for the inhibition of peak currents were 0.62 + 0.05, 2.64 + 1.75, and
6.87 + 1.9 uM for a7, 9, and a9a10, respectively. The ICso values for the inhibition of net charge were 0.12 + 0.05, 0.19 + 0.02, and 0.24 £ 0.13 puM for a7, ®9, and
a9a10, respectively (See Supplemental Data Fig. 2A for dot plots of replicates.). B) Effects of MLA co-application on subsequent responses to ACh. Following the co-
application of MLA and ACh (represented in panel A), an additional application of 60 pM ACh was made, and those responses (peak currents, left panel and net
charge in right panel) were normalized to the average of the two initial ACh control responses (see Supplemental Data Fig. 2B for dot plots of replicates). C) Averaged
traces of the ACh responses of cells expressing a9 and a10 (n = 6) before (black line with tan background, representing the SEM) and after (dark blue line with light
blue SEM) the application of 30 pM MLA. D) Averaged responses of cells expressing a9 and «10 (n = 7) before, during, and after the application of 30 pM nicotine

(Fig. 3A). The insert shows the overlay of the before and after responses, with the currents after nicotine in blue.
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Fig. 5. The impact of pCN-diEPP (pCN) and mCN-diEPP (mCN) on the ATP-
mediated release of interleukin-1f (IL-18) by human monocytic THP-1 cells.
THP-1 cells were primed with lipopolysaccharide (LPS; 1 pg/ml, 5 h). Then the
P2X7 receptor agonist BzATP ((2'/3-0O-(4-benzoylbenzoyl)adenosine-5'"-
triphosphate, tri(triethylammonium) salt) was added for another 40 min to
trigger IL-1p release, which was measured by ELISA. A) The BzATP (100 uM)
-induced release of IL-1p was investigated in the presence and absence of the
compounds pCN (100 pM) or mCN (100 puM), as well as phosphocholine (PC,
200 pM) or acetylcholine (ACh, 10 uM). PC, ACh, and pCN inhibited the BzATP-
induced release of IL-1p, while mCN alone had no effect. B) The inhibitory effect
of pCN on the BzATP-induced release of IL-1§ was partially reversed in the
presence of mCN. In each experiment, the IL-1f concentrations obtained after
stimulation with BzATP + solvent were set to 100%, and all other values were
calculated accordingly. Data are presented as individual data points; the bar
represents the median, and whiskers encompass the 25th to 75th percentile. *P
< 0.05, different from LPS-primed cells stimulated with BzATP alone. #P <
0.05 significantly different from samples where BzATP plus corresponding
agonist were given. Statistics are based on the Friedman test followed by the
two-tailed Wilcoxon signed-rank test.

As expected, the «9010 nAChR antagonist mCN-diEPP reversed the
inhibitory effect of ACh, phosphocholine (Fig. 5A), and pCN-diEPP
(Fig. 5A and B). Surprisingly, pCN-diEPP also antagonized the effects of
ACh and phosphocholine (Fig. 5A). We conclude that both pCN-diEPP
and mCN-diEPP can exert agonistic and antagonistic functions in this
experimental setting. This observation adds another conundrum to the
specific characteristics of NCNRs, and suggests that the ionotropic ef-
fects of a certain ligand at conventional nAChRs do not fully predict the
effects induced at NCNRs.

As shown in Supplementary Figs. 2A and B, LDH values remained
below 14% of the total release, irrespective of the experiment per-
formed, which suggests that, at least in the short term, pCN-diEPP and
mCN-diEPP are not overtly toxic to mononuclear phagocytes.

3.7. pCN-diEPP fully attenuates CFA-induced inflammatory pain in an a7
nAChR-independent manner

Animals treated with CFA showed greatly reduced mechanical pain
threshold compared to vehicle-treated controls (P = 0.001, Supple-
mental Data, Table 4 6). Pain thresholds were elevated by treatments
with pCN-diEPP (Fig. 6A and Supplemental Data, Table 4). Note that
these data were not well fit to nomal distributions, especially under
control conditions where the majority of responses were the same high
threshold value of 3.63 g. Therefore, the data in Fig. 6A are the median
scores for each condition (along with the 25-75% ranges). The indi-
vidual responses are shown in Supplemental Fig. 3. Statistical analysis
was conducted using a Kruskal-Wallis test followed by two-tailed Man-
n-Whitney U tests at each time point following pCN-diEPP treatment.
There were significant effects for all the doses tested at the 1 h time point
(P = 0.001, Supplemental Data, Table 4), and for the two highest dos-
ages at the 3 h time point (P = 0.014 and 0.006, Table 6), with no sig-
nificant effects at the 6 h time point.

These data are in line with the common notion that full and silent
agonists at a7 nAChRs exert anti-inflammatory functions in vivo, and
hence are also expected to reduce inflammatory pain. Therefore, the
next logical step was to investigate if the «7 nAChR mediates the effect of
PCN-diEPP.

In a separate experiment (Fig. 6B), we tested CFA-treated a7 WT and
KO mice with pCN-diEPP (1 mg/kg) or vehicle and evaluated their
mechanical hypersensitivity 3 days after CFA. Our experiments indi-
cated that the antinociceptive effect of pCN-diEPP was independent of
a7 nAChRs since the effects of 1 mg/kg pCN-diEPP were essentially the
same in both WT and a7 nAChR KO animals.

As pCN-diEPP functioned as a full agonist at ®9a10 nAChRs, our data
strongly suggest that the reduction of CFA-induced pain was mediated
via the activation of ®9* nAChRs. However, for a firm conclusion, ex-
periments on «9x10 nAChR KO mice are warranted. It would be of high
clinical relevance to test pCN-diEPP in experimental neuropathic pain
and to treat animals suffering from CFA-induced inflammatory pain with
the conopeptide RgIA4. In contrast to a conopeptide, small molecules
such as pCN-diEPP generally have a higher probability of entering the
clinical arena.
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Fig. 6. The effects of systemic pCN-diEPP in the CFA-induced chronic inflam-
matory pain model. A) Antiallodynic effects after intraperitoneal administration
of various doses of pCN-diEPP (0.1, 0.3, and 1 mg/kg) in WT mice. The me-
chanical paw withdrawal thresholds were determined 3 days after intraplantar
injection of CFA (100%) at 1, 3, and 6 h after the drug administration (n = 8/
group, 50% male and 50% female). pCN-diEPP fully reversed the mechanical
hypersensitivity in a dose-dependent manner. Replicate data are provided in
Supplementary Fig. 3. Statistical results based on the Friedman test followed by
the two-tailed Wilcoxon signed-rank test are provided in Supplemental Data,
Table 4 B) The antiallodynic effects of systemic pCN-diEPP in the CFA model
was not lost in the o7 KO mice. Antiallodynic effects after intraperitoneal
administration of pCN-diEPP (1 mg/kg) in WT and in alpha7 KO mice. The
mechanical paw withdrawal thresholds were determined 3 days after intra-
plantar injection of CFA (100%) at 1 h after the drug administration (n = 6-8/
group, 50% male and 50% female). Plotted are the median scores under each
condition, whiskers encompass the 25th to 75th percentile. P values (Table 6)
as determined by the Friedman test followed by the two-tailed Wilcoxon signed-
rank test are indicated in the figure.
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3.8. mCN-diEPP only partially attenuates CFA-induced inflammatory
pain

The highest concentrations of mCN-diEPP, 3 mg/kg, produced a
modest reduction of CFA-induced mechanical hypersensitivity 1 and 3 h
after injection (Fig. 7A, Supplemental Data Table 5). The effect of that
dose dissipated 6 h after injection. In sham-treated mice 3 mg/kg mCN-
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Fig. 7. The effects of systemic mCN-diEPP in the CFA-induced chronic in-
flammatory pain model. A) Antiallodynic effects after intraperitoneal admin-
istration of various doses of mCN-diEPP (0.6, 1, and 3 mg/kg) in WT mice. The
mechanical paw withdrawal thresholds were determined 3 days after intra-
plantar injection of CFA (100%) at 1, 3, and 6 h after the drug administration
(n = 8/group, 50% male and 50% female). Plotted are the median scores under
each condition bracketed by the 25-75% ranges. Replicate data are provided in
Supplementary Fig. 4. Statistical results based on Friedman test followed by the
two-tailed Wilcoxon signed-rank test are provided in Supplemental Data,
Table 5. B). Antiallodynic effects of systemic mCN-diEPP in the CFA model were
observed in the alpha7 KO mice. Antiallodynic effects after intraperitoneal
administration of mCN diEPP (3 mg/kg) in WT and in alpha7 KO mice. The
mechanical paw withdrawal thresholds were determined 3 days after intra-
plantar injection of CFA (100%) at 1 h after the drug administration (n = 8/
group, 50% male and 50% female). Plotted are the median scores under each
condition, whiskers encompass the 25th to 75th percentile. P values (Supple-
mental Data, Table 5) as determined by the Friedman test followed by the two-
tailed Wilcoxon signed-rank test are indicated in the figure.
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diEPP did not alter von Frey responses. As with Fig. 6A, data presented
are the median scores for each condition (along with the 25-75%
ranges). The individual responses are shown in Supplemental Fig. 4.

In a separate experiment, we tested CFA-treated a7 nAChR WT and
KO mice with mCN-diEPP (3 mg/kg) or vehicle and evaluated their
mechanical hypersensitivity 3 days after CFA (Fig. 7B). At the 1 h time
point, mCN-diEPP showed a significant effect of treatment in both WT
and the a7 KO mice, although in both cases the treatments did not fully
reverse the effects of CFA treatment. This result suggests that a7 nAChR
subunits are not involved in the weak antinociceptive effects of mCN-
diEPP. It rather suggests that for some cellular mediators of CAS, a9
nAChR antagonism may have some limited efficacy. However,
compared to pCN-diEPP, mCN-diEPP seems to be a far less promising
candidate for clinical application.

We also confirmed that neither the highest dose tested of pCN-diEPP
(1 mg/kg) nor the highest dose tested of mCN-diEPP (3 mg/kg) had any
significant effects on locomotor activity or body temperature of mice
compared to vehicle-treated animals (see Supplemental Fig. 5 and
associated statistical anlysis in Supplemental Data Table 6).

4. Conclusions

Numerous cell types have been implicated to be engaged in the
NCNR-mediated modulation of CAS, including various leukocyte line-
ages, macrophages, and microglia. It seems likely that in whole-animal
studies, multiple different cell types may contribute to the anti-
inflammatory activity of any particular drug. Much of the work char-
acterizing the activity of the NCNR that regulate the CAS has focused on
a7 due to a partial correspondence between the pharmacology of a7 ion
channel pharmacology and efficacy in models of CAS, with the large
caveat that o7 channel desensitizers may have greater efficacy in CAS
than ion-channel activators (Papke and Lindstrom, 2020; Papke et al.,
2023; Piovesana et al., 2021). Several in vivo studies using a9*-selective
conopeptides have also implicated ®9 nAChRs as potential modulators of
CAS (AlSharari et al., 2020; Christensen et al., 2017; Huynh et al., 2019;
Pacini et al., 2016). Cell-based assays like those reported in this study
implicate both «7 and «9* nAChRs as regulators of CAS (Richter et al.,
2016; Zakrzewicz et al., 2017), but with the caveat that the a9*-selective
conopeptide RgIA4 blocks the effects of other ligands that activate a9*
receptors (Richter et al., 2022). Therefore, it remains a challenge to sort
out exactly which receptor subtypes contribute to the NCNR that affect
inflammation, particularly in whole-animal experiments, where all the
nAChR subtypes will be present and expressed at different levels in
various cell types.

For some ligands (PNU-282987, GAT-107, and NS6740) that were
effective with in vivo models of inflammatory pain, an a7
nAChR—dependent mechanism was confirmed by demonstrating that
effects were lost in 7 nAChR KO animals (Bagdas et al., 2016; Donvito
et al., 2017; Papke et al., 2015). However, such data do not support the
hypothesis that a7 nAChR expression alone is sufficient for CAS activity.
In the present study, we demonstrate that for the a9 nAChR agonist
PpCN-diEPP, a7 expression is not necessary for CAS activity in the CFA
model of inflammatory pain. The retention of full activity of pCN-diEPP
in o7 nAChR KO animals strongly implicates an a9* nAChR-dependent
mechanism. Likewise, the milder anti-nociceptive effects of
mCN-diEPP also seemed to be independent of a7 nAChR subunits.

In some studies (Costa et al., 2012; Garai et al., 2018; Patel et al.,
2017; Pinheiro et al., 2020; Quadri et al., 2018; Toma et al., 2019), block
by MLA has been proposed to demonstrate an a7-dependent mechanism.
However, due to the a9* nAChR sensitivity to MLA (Fig. 4), the inter-
pretation of those results should be called into question.

The mystery remains concerning the degree to which agonist and/or
antagonist properties of canonical ion channel function of the a-bun-
garotoxin-sensitive nAChR can really be predictive of the ability of the
same ligands to regulate the CAS function of NCNR. On this point, it
should be kept in mind that even the most efficacious of agonists do not
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just promote ion channel activation, which in any case is usually just
transient, particularly in the case of 7 nAChR. Agonists stabilize ligand-
dependent non-conducting states as well. This has led to the hypothesis
that signal transduction by NCNR is associated with the induction of
non-conducting conformations (Papke and Lindstrom, 2020; Papke
et al., 2023), consistent with the CAS activity of the strongly desensi-
tizing o7 nAChR silent agonist NS6740 (Papke et al., 2015; Thomsen and
Mikkelsen, 2012) and the nonconventional ®9 nAChR agonist phos-
phocholine (Richter et al., 2016).

The ultimate development of new therapeutic agents will require
study of basic ADMET (absorption, distribution, metabolism, excretion,
and toxicity) properties. A further consideration is brain permeation if
microglia, which are potential mediators of inflammation in neurode-
generative diseases are to be regarded as targets. Due to their quaternary
ammonium, the diEPP compounds are unlikely to have good brain
penetration, a limitation that might be overcome with tertiary amine
analogs. However, in general, peripheral sensitization in nociceptors is
essential for the development of inflammatory pain, so our finding of the
a9-dependent CAS activity of pCN-diEPP highlights the utility of tar-
geting of «9* nAChR for the development of non-opiate analgetics.
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