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Zusammenfassung

Die Anamie der chronischen Nierenerkrankung tralgt multikausales Krankheitsbild
malf3geblich zur erhdéhten Morbiditdt und Mortalité&r dPatienten bei. Die Andmie geht
zumeist mit einem manifesten Eisenmangel einher,imesondere in einer chronischen
Mikroinflammation mit verringerter gastrointestiralEisenaufnahme begrindet liegt. In der
Anamietherapie wird eine Vielzahl intraventser.) Eisenprdparate eingesetzt, deren
potentielle Nebenwirkungen in den letzten Jahren dien Fokus von Arzten und
Wissenschaftlern gertickt sind. So sollen Eisenpréaparate Stérungen des Knochen- und
Mineralhaushalts und der Immunabwehr auslésen. iDstoeislang unklar, ob solche Effekte
klassenspezifisch durch aller. Eisenpraparate oder substanzspezifisch nur durdelee

Préaparate induziert werden.

Vor diesem Hintergrund wurde in der vorliegendetérin vitro untersucht, inwieferm.v.
Eisenpraparate Entstehung, Phanotyp und Funktiam Monozyten, Makrophagen und
Dendritischen Zellen als zentrale Mediatoren déuzzen Immunabwehr beeinflussen. Die
Analysen erfolgten vor dem Hintergrund einer Mortempeterogenitat, wonach drei
funktionell unabh&ngige Monozytensubpopulationetagische, intermediare und nicht-
klassische Monozyten) definiert werden. Die Einteg der Monozytensubpopulationen
erfolgte durchflusszytometrisch nach einem Mesgpwat, welches zu Beginn der Arbeit am
Patientenkollektiv der CARE FOR HOMe Studie valitigurde.

Als zentrales Ergebnis den vitro Studien wurde erkannt, dass. Eisenpraparate — in
Abhangigkeit ihrer Stabilitat und Ferrokinetik —nei starke substanzspezifische Toxizitat
aufweisen. Wahrend stabilere Eisenpraparate wienHsomaltosid 1000 immunologisch
weitgehend neutral waren, wiesen weniger stabileerifirdparate wie Eisen-Saccharose
jedoch bereits in therapeutischen Dosierungen @ne$ immunmodulatorisches Potential auf.
Dies auf3erte sich einerseits in einer stark verdéewm vitro Differenzierung von Monozyten
und ihren myeloiden Nachkommen, den MakrophagenRemtdritischen Zellen. Anderseits
konnten starke phanotypische und funktionelle Véeamngen der Immunzellen erkannt
werden, welche mit einer Dysregulation von microRN&s zentrale posttranskriptionelle

Regulation der Genexpression assoziiert werdentkann

Die Ergebnisse konnen zu einem besseren pathoptyisichen Verstandnis der

Nebenwirkungen von.v. Eisenpraparaten beitragen. Zukunftig sollten imeeiklinischen



Studie diein vitro beobachteten immunmodulatorischen Effektevivo bei chronisch
nierenkranken Patienten Uberpruft werden, um msit@timierung der Anamietherapie eine

Verbesserung der Lebensqualitat und Sicherheinienenkranken Patienten zu erreichen.

Summary

As a multicausal disease, anemia of chronic kidiegase contributes to the high morbidity
and mortality of patients with impaired renal fuoat This anemia of chronic kidney disease
is associated with iron deficiency, resulting framronic microinflammation with reduced

gastrointestinal iron uptake. Several intravenous) (iron preparations are available for
anemia therapy, the adverse reactions of whichmpasing mineral- and bone disorders and
immunological effects — have gained substantiaregt in recent years. It is still unknown
whether these adverse effects occur withiall iron preparations, or whether they are

substance-specifically caused by distinct prepamati

Against this background, this thesis aimed to a&sdee impact of different.v. iron
preparations orin vitro development, phenotype and function of monocyted their
progenies, macrophages and dendritic cells, whietcentral regulators of host defence. The
studies particularly acknowledged monocyte hetaredg and analysed three monocyte
subsets flow-cytometrically (classical, intermediand nonclassical monocytes). The applied

gating strategy waa priori validated in our CARE FOR HOMe cohort.

Our in vitro studies demonstrated that — depending on thelnilisgaand ferrokinetics —
specifici.v. iron preparations exert relevant toxic effectsnomnocyte biology. In contrast to
more stablei.v. iron preparations such as iron isomaltoside 100fich were
immunologically neutral, less stable preparationshsas iron sucrose and sodium ferric
gluconate strongly affected differentiation of moyies, macrophages and dendritic cetlls
vitro. Moreover, they induced strong phenotypical andcfional changes that could be
associated with dysregulation of microRNAs as @rgosttranscriptional regulators of gene

expression.

These data may broaden our pathophysiologic uradelstg of side effects of.v. iron
therapy. Future clinical trials should delineatehiow far thesan vitro observations will



translate into clinically relevant immune responsesing to optimize anemia therapy and to

improve quality of life and safety for our chroriciney disease patients.



Kapitel 1: Einleitung

1.1 Pravalenz und Bedeutung der chronischen Niererlgankung

Die chronische Nierenerkrankung (CKD) stellt welitweine zunehmende medizinische und
auch o6konomische Herausforderung dar. Definiert rden chronische Nierenerkrankung
gemald den KDIGO-Leitlinien als strukturelle odenKktionelle renale Veranderungen, die
Uber mindestens drei Monate vorliegen (KDIGO, 201®) wiesen im Jahr 2003 laut
bevolkerungsbasierter US-amerikanischer Studien WIHANES 1l etwa 11% der
amerikanischen Allgemeinbevdlkerung Gber 18 Jaime €KD auf; zwischen 2007 und 2010
stieg die Pravalenz der CKD auf 14% an (CORESH.eg2803; STAUFFER, FAN, 2014).
Daten aus Deutschland zeigten fur den Zeitraum289Y bis 2006 einen jahrlichen Zuwachs
der Anzahl der Patienten, die eine chronische Nesatztherapie bendtigen, von
durchschnittlich 4,4% (FREI, H.-J., 2008).

Die chronische Nierenerkrankung ist durch einergdam voranschreitenden Verlust der
Nierenfunktion charakterisiert, welcher im Endstawiin einer Nierenersatztherapie mundet.
Die Klassifizierung der CKD erfolgt anhand der gkmaren Filtrationsrate (GFR) und der
Albuminurie (A), durch welche man die Patienterumterschiedliche CKD Stadien (Stadien
G1 bis G5 und A1l bis A3) stratifizieren kann.

Im Vergleich zur nierengesunden Allgemeinbevolkerist das Risiko eines CKD-Patienten
fur kardiovaskulare Ereignisse um das Zehn- bisriaigdache erhéht. Dieser Anstieg tragt
zur hohen Mortalitat chronisch nierenkranker Memrschei (DE JAGER et al., 2009). Dabei
tragen neben klassischen kardiovaskularen Risikofak, wie Alter, Hypercholesterinamie,
Bluthochdruck, Nikotinkonsum oder Diabetes mellitasch nicht-klassische Risikofaktoren
signifikant zur erhéhten kardiovaskularen Co-Moitgidbei (SARNAK et al., 2003). Zu den
nicht-klassischen Risikofaktoren zéhlen der dysdiege Kalzium-Phosphat-Stoffwechsel,
welcher insbesondere durch eine Hyperphosphatamiee verminderte Vitamin D-
Aktivierung sowie einen Anstieg der phosphaturischeHormone Fibroblasten
Wachstumsfaktor-23 (FGF-23) und Parathormon (PEktle chronische Mikroinflammation
und moglicherweise die CKD-assoziierte Anamie ckiarasiert ist (SARNAK et al., 2003;
SEILER et al., 2013).



1.2  Pathophysiologie der Anamie der chronischen

Nierenerkrankung

Eine Anamie definiert sich laut WHO-Empfehlungeis &lamoglobinwert < 13 g/dL bei
Mannern und < 12 g/dL bei Frauen. Im Rahmen desrébchen Nierenerkrankung steigt die
Pravalenz einer Andmie mit zunehmender renaler ubygion an (LANKHORST, WISH,
2010). Prospektive Kohortenstudien zeigen, dasgdémie mit der erhdhten Morbiditat und
Mortalitaét der CKD Patienten assoziiert ist. So i@ndas Ausmall der Anamie als ein
unabhangiger prognostischer Faktor fur die Progredeiner chronischen Nierenerkrankung
zur Dialysepflichtigkeit (KEANE et al., 2003), furkardiovaskulare Ereignisse
(VLAGOPOQULOS et al., 2005) und fur die Gesamtmaidal(LOCATELLI et al., 2004)
erkannt werden. Die Anamie der chronischen Nielgaekung resultiert aus
multifaktoriellen Ursachen: Durch Verlust intaktBierengewebes nimmt die Produktion des
renalen Hormons Erythropoetin ab; daneben beesdlusuramische Toxine und die
chronische  Mikroinflammation  direkt  einerseits  dieErythrozyten-Proliferation
und -Lebensdauer, anderseits die Eisenhomoostas&ghev in der Ausbildung einer
Eisenmangelandmie minden kann (WEISS, GOODNOUG65)20

Als essentielles Mineral ist Eisen Baustein viétenteine, die etwa an der Atmungskette und
Biosynthese beteiligt sind (GOZZELINO et al.,, 2019HEFTEL et al., 2010). Aus der
Nahrung wird Eisen uber die Enterozyten des Duothsnwnd oberen Jejunums als
anorganisches Salz Uber den bivalenten Metallt@tespl (DMT-1) oder in organisch
gebundener Form, beispielsweise als Ham-Eisen deer Ham-Transporter-1 (HCP-1)
absorbiert (FRAZER, ANDERSON, 2005; LATUNDE-DADA &k, 2008; THEIL, 2011).

Wahrend Eisen in der Nahrung zumeist dreiwertig®jFgorliegt, welches zunéchst im
Darmlumen reduziert wird, tritt es intrazellulas aweiwertiges Eisen (E® in den zelluldren
,Jabilen Eisenpool“ ein. Von dort aus wird £eentweder fiir intrazellulére Prozesse wie die
Ham-Synthese genutzt, als Ferritin gespeichert dder das Membranprotein Ferroportin in
das Interstitium transportiert, von wo es in diatBirkulation Gbertreten kann. Ferroportin ist
ein Eisentransporter von Enterozyten und Makrophagiessen Expression Uber das
hepatische Akut-Phase-Protein Hepcidin reguliemdwiEVSTATIEV, GASCHE, 2011).
Wahrend des Transports wirdFeu FE€* oxidiert und an Apotransferrin gebunden, welches
anschlieBend als Transferrin Uber den Transfemap®r-1 in Makrophagen oder

Erythroblasten aufgenommen werden kann.
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Abbildung 1: Pathophysiologische Mechanismen der Aamie der chronischen
Nierenerkrankung

A: Aktivierung von T-Zellen und Monozyten: Induktioron Effektormechanismen, die
eine Produktion von Zytokinen wie Interfergn- Tumornekrosefaktor- und die

Interleukine-1,- 6, und -10 zur Folge habem: Minderung der duodenalen
Eisenabsorption: Hemmung des Eisentransportersopertin-1 durch Interleukin-6-
und Lipopolysaccharid-vermittelte Stimulation derpatischen Hepcidinexpression.
C: Mangelnde Eisenversorgung erythroider Zellen dwur€isenakkumulation in den
Makrophagen: Erhdhte Eisenaufnahme durch verstarmkipression des bivalenten
Metalltransporters-1  und  Transferrinrezeptors undhadgozytose seneszenter
Erythrozyten; erhdhte Eisenretention durch verstérkFerritinexpression und
verminderte Eisenabgabe durch Minderexpression Werroportin-1.D, E: Inhibierung

der Erythropoetin-Synthese und demnach der Differerung und Proliferation

erythroider Zellen durch Tumornekrosefakter- Interferony und Interleukin-1.

Reproduced with permission from Weiss and GoodnoWEISS, GOODNOUGH,

2005), Copyright Massachusetts Medical Society.
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Wahrend die Erythroblasten das Eisen zur Hamogbybitnese nutzen, dienen Makrophagen
hauptséachlich der Speicherung des Eisens, welciesneben Transferrin auch tber
Phagozytose seneszenter Erythrozyten aufnehmememdOrganismus als Transferrin und
Ferritin erneut zur Verfiigung stellen (COHEN ef 2010; MOURA et al., 2015).

Bei chronischer Nierenerkrankung beeinflusst die6bte Sekretion von Zytokinen wie
Interferony (IFN-y), Tumornekrosefaktos-(TNF-o) und der Interleukine (IL) IL-1, IL-6 und

IL-10 die EisenhomoostaseAlfbildung 1). Diese regulieren die Expression von
Eisentransportproteinen sowohl direkt als auch rakdi durch Stimulation der

Hepcidinexpression, wodurch einerseits eine versried Absorption des Nahrungseisens,
andererseits eine verstarkte Eisenaufnahme uneénti@h in Makrophagen resultiert.

Zusatzlich erh6hen sie die Expression des Eisetlspes Ferritin in den Makrophagen.
TNF-o bewirkt zudem eine Schéadigung der Erythrozytenmramlund stimuliert so deren

Degradation und Phagozytose durch Makrophagen. nZmeafassend gipfelt die geringe
Eisenverfiuigbarkeit fir den Organismus in einer wvedarten Erythropoese und dem
Auftreten einer Eisenmangelanamie (WEISS, GOODNOUZBN5).

1.3 Therapie der Anamie bei CKD

Im Zentrum der Anamietherapie bei CKD Patientemdga in den letzten zwei Jahrzehnten
Erythropoetin (EPO) und andere Erythropoese-stenaitiden Agenzien (ESAs). Diese
erlauben eine Normalisierung des Hamoglobinwerteschronisch nierenkranken Patienten;
dennoch erbrachte weder die EPO-Behandlung in de®IR- und CREATE-Studien
(DRUEKE et al., 2006; SINGH et al., 2006) noch BA-Behandlung in der TREAT-Studie
(PFEFFER et al.,, 2009) einen prognostischen Benhiitsichtlich des Auftretens
kardiovaskularer Ereignisse. Im Gegenteil wurdeen TREAT-Studie vielmehr ein Anstieg
des Schlaganfallrisikos beobachtet (PFEFFER e809). Basierend auf dieser Datenlage
wird in den aktuellen KDIGO-Leitlinien geraten, dBimsatz von EPO und ESAs moglichst
gering zu halten und stattdessen die Normalisierdesg Eisenmangels in den Fokus der
Anamietherapie zu ricken (KDIGO, 2012).

Aufgrund der zuvor beschriebenen Dysregulation Beenhomdéostase mit verminderter
Eisenabsorption Uber die Enterozyten wird zumintesfortgeschrittener CKD die Therapie
mit intravendsenifv.) anstelle von oralen Eisenpraparaten empfohlenl@®@ 2012). Dies

bestatigen auch aktuelle randomisierte Vergleicissh: So zeigte eine intravenfse
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Eisensubstitution einen schnelleren Therapieedtsgeine orale Eisentherapie, obgleich eine
mehrmonatige orale Substitution zumindest bei Regrein frihen Stadien der chronischen
Nierenerkrankung ebenso zu einer NormalisierungEisenspeicher fuhren kann (ROZEN-

ZVI et al., 2008). Daneben wird als neue Form diseltherapie bei Dialysepatienten eine
Substitution von Eisen Pyrophosphat Citrat diskt(ieELL et al., 2015).

1.4 Immunologische Toxizitat intravenoser Eisenpraprate

Zur i.v. Eisentherapie sind verschiedene Eisenpréaparatelaasgn, die zumeist aus einem
Ferritin-&hnlichen Kern und einer Praparat-spedieh Kohlenhydrathiille aufgebaut sind
(Tabelle 1); strukturell unterscheidet sich lediglich Monofeals Eisen-lsomaltosid-

Verbindung mit seiner Bilayer Struktur deutlich. eDiKohlenhydrathille bedingt die

physiochemischen und pharmakokinetischen Parameder Préparate wie das
Molekulargewicht und die Reaktivitat sowie die thedynamische Stabilitat (JAHN et al.,
2011; MACDOUGALL, GEISSER, 2013).

Tabelle 1: 1.v. Eisenpréaparate und ausgewahlte Eigenschaften
Natrium- , _ Eisen- LMW _
) ) Eisen- Eisen- ) Eisen-
Verbindung Eisen- Carboxy- Eisen- _
Saccharose  Oxytol Isomaltosid
Gluconat maltose Dextran
_ Venofef’ _ -
Handelsname Ferrlecif EorMed Riens® Ferinjec®  CosmoFet  MonoFef
erMe

Konzentration 12,5 mg/ml 20 mg/ml 30 mg/ml 50 mg/ml 50 mg/ml 10Q/ml
20 mg

Hochstdosis 62,5 mg 500 mg 1020 mg 1000 mg 2000 mg
pro kg KG
Molekular-
_ 164 kDa 140 kDa 276 kDa 233 kDa 165 kDa 150 kDa
gewicht
Stabilitat Schwach Moderat Hoch
Halbwertszeit 1,4h 53h 14,7 h 7,4-9,4 h 27-30 h 23,2h

LMW = low molecular weight (niedermolekular), KGK&rpergewicht; Daten nach (GEISSER,
BURCKHARDT, 2011; JAHN et al., 2011; MACDOUGALL, GESER, 2013; NORDFJELD et al.,
2012).

Nachdem die CHOIR, CREATE und TREAT Studien keimeagnostischen Vorteil einer
EPO- oder ESA-Therapie (DRUEKE et al., 2006; PFEREEEal., 2009; SINGH et al., 2006)
aufzeigten, entwickelte sich ein Trend 2 Eisentherapie insbesondere bei Patienten mit
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fortgeschrittener CKD vor Einsetzen der Dialysapiligkeit (PADHI et al., 2015;
WINKELMAYER et al., 2014).

Mit der wachsenden klinischen Bedeutung rickengbdauch Meldungen Uber potentielle
systemische Nebenwirkungen déw. Eisenpraparate in den Fokus von Arzten und
Wissenschaftlern. So wurden.v. Eisenpraparate mit renalen, kardiovaskularen,
endokrinologischen und vor allem auch immunologscNebenwirkungen assoziiert, welche
in aktuellen Ubersichtsartikeln zusammengefasst demur (FISHBANE et al., 2014;
MACDOUGALL, GEISSER, 2013; VAZIRI, 2013). Hinsiclith renaler Nebenwirkungen
wurde die Applikation intravendser Eisenpartiked pfooxidative Agentien mit der Induktion
eines tubularen und endothelialen Zelltods in \fetbing gebracht (ZAGER et al., 2002).
Kardiovaskular wurde postuliert, dass die injizerti.v. Eisenpraparatdn vitro eine
endotheliale Dysfunktion (KAMANNA et al.,, 2012) unth vivo eine beschleunigte
Atherosklerose bedingen konnen (DRUEKE et al., 20@hdokrinologisch interagieren
zumindest einzelnev. Praparate mit dem Mineral- und Knochenhaushattenm sie eine
erhohte Sekretion des phosphaturischen HormonsZ3akd damit eine Hypophosphatamie
induzieren (BRANDENBURG et al., 2014; WOLF et 2013).

Im Zentrum der Toxizitat stehen jedoch vermutliohmunologische Effekte, welche aus der
Wirkung von i.v. Eisenpraparaten auf Immunzellen — etwa auf Graytéo und auf
Monozyten — resultieren. So induziertemv. Eisenpraparate eine verminderte
Proliferationsrate und Phagozytoseleistung der @oayten, bei gleichzeitig erhohter
Apoptose (DEICHER et al.,, 2003; ICHII et al., 2018insichtlich ihrer Wirkung auf
Monozyten konnte gezeigt werden, dass diese verabreichtes Eisen aufnehmen und
speichern, wodurch es zu einer Beeinflussung vonoxyiaren Effektorfunktionen kommt
(SONNWEBER et al., 2011; YOSHIMURA et al., 2005n Einklang damit konnte in
Serumproben von Patienten nach Eisentherapie ein vermehrtes bakterielles Wachstum
vitro aufgezeigt werden, welches mit einem erhohtenktitesrisiko in vivo assoziiert ist
(PARKKINEN et al., 2000).

Urséchlich erscheint hierbei insbesondere eine sttid Rolle von nicht-Transferrin
gebundenem Eisen (NTBI). NTBI entsteht bei Uberaoyjean Eisen nach Erreichen der
Transferrinséttigung, wie es durch die Injektiotn@oDosen vom.v. Eisenpréaparaten auftritt,
und ist maligeblich an der Induktion von reaktiveauesstoffspezies (ROS) beteiligt
(BRISSOT et al.,, 2012; GEISSER, BURCKHARDT, 2014IRt al.,, 2011; SHE et al.,
2002; ZAGER et al.,, 2002), welche insbesondere doy@mbranen, Proteine und DNA

13



schadigen und somit an der Ausbildung von Inflamonateaktionen beteiligt sind (EVANS
et al., 2008).

Solche immunologischen Nebenwirkungen viom Eisenpraparaten haben bei chronisch
nierenkranken Patienten eine besondere Bedeutungjede Patienten bereits im Rahmen
ihrer nephrologischen Grunderkrankung eine chro@sdikroinflammation aufweisen.

Diese chronische Mikroinflammation kann zur Pathmiblogie zweier zentraler extrarenaler
Komorbiditaten — der deutlich erhdhten kardiovagketh Morbiditat und einer erhdhten
Pravalenz von Infektionserkrankungen — beitrage IAGER et al., 2009). In diesem
Kontext erscheinen die immunologischen Nebenwirlkmngler i.v. Eisenpraparate bei

chronischer Nierenerkrankung von besonderer petégrtiBedeutung.

Daher soll diese Dissertationsschrift auf die Ta&tzvoni.v. Eisenpraparaten auf einzelne
Leukozytensubpopulationen fokussieren, die in deosigehden Abschnitten kurz

charakterisiert werden sollen.

1.4.1 Monozyten

Monozyten sind zentrale Komponenten des angebortbnenunsystems. Sie entstehen aus
myeloiden Stammzellen im Knochenmark und zirkuheira Blut, wo sie funktionell an der
Phagozytose, Antigenprasentation und Sezerniertoxgupd antiinflammatorischer Zytokine
beteiligt sind.

Monozyten stellen eine heterogene Zellpopulation de&e den LPS-Rezeptor (CD14) auf
ihrer Oberflache tragen und phanotypisch anhandeseressionsstarke desyHRezeptors
Typ Il (CD16) zunachst in zwei Subpopulationen geiteilt wurden: CD14CD16 und
CD16 Monozyten (PASSLICK et al., 1989), wobei der AhteD16™ Monozyten lediglich
5-20% der Gesamtmonozyten ausmacht. Beide Subpmm#a unterscheiden sich auch
hinsichtlich ihrer Morphologie und ZytokinexpressioSo sind CD16 Monozyten kleiner,
besitzen eine grolRere Granularitdt als CDW®nozyten (PASSLICK et al., 1989) und
sezernieren vermehrt proinflammatorische Zytokie. zahlreichen inflammatorischen
Erkrankungen steigt die Anzahl CD1@Vionozyten an (KAWANAKA et al., 2002;
NOCKHER, SCHERBERICH, 1998; ZIEGLER-HEITBROCK, 2Q07weshalb sie als
proinflammatorische Monozyten betrachtet werdenL(@E et al., 2002; SKINNER et al.,
2005; ZIEGLER-HEITBROCK, 2007).
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Innerhalb der Gesamtpopulation der CD1lonozyten gelang es im Jahr 2010 zwei
phanotypisch und funktionell distinkte Subpopulaéno zu identifizieren, die sich
morphologisch anhand der CD14-Expressionsstarkersaiteiden: die CD14CD16  und
CD14°CD16™ Monozyten (ANCUTA et al., 2003; ZIEGLER-HEITBROCHt al., 2010).
Basierend auf diesen Beobachtungen wurde von di& (Nomenclature Committee of the
international Union of Immunological Societies) eine offizielle Nomenklatur fiur Monozyten
veroffentlicht, welche die Gesamtmonozyten in digi &ubpopulationen

+ klassische (CD14CD16) Monozyten,
+ intermediare (CD14CD16") Monozyten und
+ nicht-klassische (CDI€D16™") Monozyten

differenziert (ZIEGLER-HEITBROCK et al., 2010), ohrdass ein Konsens beztglich der
exakten Gatingstrategie zur durchflusszytometrische Einteilung der

Monozytensubpopulationen erzielt wurde.

In epidemiologischen Untersuchungen konnten intdiédme Monozyten als unabh&ngige
Pradiktoren fur kardiovaskulare Ereignisse bei Y@iapatienten (HEINE et al., 2008), bei
chronisch nierenkranken, nicht-dialysepflichtigestiénten (ROGACEV et al., 2010) sowie
bei kardiovaskuldren Risikopatienten (ROGACEV et, &012) beschrieben werden.
Experimentelle Studien haben gezeigt, dass sie eziméhte Expression proatherogener und
proinflammatorischer Rezeptoren (CCR5, TLR2, ACHeisen (ROGACEV et al., 2011,
ULRICH et al., 2006) und selektiv ROS produzieréAWADA et al., 2011). Zudem sind
intermediare Monozyten durch eine erhdhte Sekrepiainflammatorischer Zytokine, wie
TNF-0, IL-1p und IL-6 (CROS et al., 2010) charakterisiert, dim Rahmen der

Immunantwort weitere Immunzellen aber auch Endaetikedn der GefalRwand aktivieren.

Aktivierte Endothelzellen exprimieren verstarkt Adionsmolekile wie ICAM-1

(intrazellulares Adhasionsmolekiil-1) und VCAM-1 gkaldres Zelladhdsionsmolekiil-1),
welche zusammen mit der chemotaktischen Wirkung vBICP-1 (Monozyten-

chemotaktisches Protein-1) Monozyten anlocken wrérd Adhasion und Einwanderung in
die Intima ermoéglichen. Dort induzieren Zytokine, iew M-CSF (Makrophagen

Koloniestimulierender Faktor) und GM-CSF (Granulezy und Makrophagen

Koloniestimulierender Faktor) eine Differenzierudgr Monozyten zu Makrophagen oder
Dendritischen Zellen (DC) (KRYCHTIUK et al., 2015BBY et al., 2002).
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1.4.2 Makrophagen

Makrophagen sind Teil der angeborenen Immunabwedkeren Hauptaufgaben in der
Phagozytose und Sezernierung pro- und antiinflamnsaher Zytokine, aber auch in der
Antigenprasentation liegen. Traditionell werdenfeeMakrophagen in zwei Populationen
eingeteilt: die klassisch aktivierten M1-Makrophagend die alternativ aktivierten M2-
Makrophagen. Wahrend der Differenzierung hin zu Mpkagen wird der Monozytenmarker
CD14 herunterreguliert und der Makrophagenmarker 6&D welcher Bestandtell
intrazellularer lysosomaler Membranproteine iststérkt exprimiert (BROWN et al., 2009;
GORDON, TAYLOR, 2005; MARTINEZ, GORDON, 2014).

M1-Makrophagen dienen im Wesentlichen der Abwehr Mikroorganismen und entwickeln
sich nach Stimulation mit IFN- und LPS. Als Effektorzellen exprimieren sie den
Oberflachenmarker CD16, welcher der Phagozytoseorogder Zellen, Bakterien und
sonstiger Mikropartikel dient, sowie HLA-DR, CD80ndi CD86, welche zur
Antigenprasentation und Kostimulation von T-Zelldienen. Zusatzlich sezernieren sie
verschiedene proinflammatorische Zytokine wie ILHL;12 und TNFe und produzieren
Stickstoff- und Sauerstoffradikale (MANTOVANI et.aP007; MANTOVANI et al., 2004,
MOSSER, EDWARDS, 2008; VERRECK et al., 2004; VERREEL al., 2006).

Im Gegensatz zu den M1-Makrophagen sind MZ2-Makrgphaeine sehr heterogene
Zellpopulation, die immunsuppressiv wirkt und am 8eseitigung von Zelltrimmern, aber
auch an der Wundheilung und Angiogenese betesigtimn Abhangigkeit der einwirkenden
Differenzierungssignale werden die drei untersdidkedn Subtypen M2a, M2b und M2c
ausgebildet (MANTOVANI et al., 2007; MANTOVANI etl.a 2004). M2-Makrophagen

konnen durch spezifische Zytokine und Oberflachekera von M1-Makrophagen

unterschieden werden. So sezernieren sie hohe ébmeglL-10, CCL2 und CCL18 und

exprimieren Scavenger (CD163)- und Mannose (CDR¥eptoren. Funktionell dienen sie
hauptséchlich der Phagozytose und weniger der Ampgisentation (MARTINEZ et al.,

2006; MARTINEZ et al., 2009; VARIN et al., 2010; YRRECK et al., 2006).

Im Rahmen der chronischen Nierenerkrankung flketdironische Inflammation zu einer
vermehrten Differenzierung und Einwanderung von MMt M2-Makrophagen in die
GefalRwande, wo sie die Ausbildung atherosklerotiséHaques begilnstigen. Diese Plaques
bedingen eine Einengung des GefalRlumens, was aneekutive Flusslimitierung und

dadurch eine Ischamie von nachgeschalteten Geféésegn zur Folge hat. Im Falle einer
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Beteiligung von KoronargefaRen droht als schweremeigte Komplikation eine
Plaqueruptur, bei welcher der stark thrombogenaltrdes Plaques zu einem thrombotischen
Verschluss eines Koronargefal3es und damit zu eatenen Myokardinfarkt fihren kann. Da
M1-Makrophagen mit einer PlagquedestabilisierungptRuund konsekutiver Thrombose in
Verbindung gebracht werden, M2-Makrophagen hingegeit der Steigerung der
Plaquestabilitat, konnte gezeigt werden, dass dasird@menspiel und die Balance zwischen
M1- und M2-Makrophagen innerhalb solcher atheraskigcher Plagues entscheidend fir die
Progression der Atherosklerose ist (BOBRYSHEV et &013; GUI et al, 2012;
KRYCHTIUK et al., 2015; ZAWADA et al., 2012).

1.4.3 Dendritische Zellen

Neben Monozyten und Makrophagen spielen auch DCs pleripheren Blutes eine
Schlusselrolle in der Atherogenese. DCs sind haiapsierte, antigenprasentierende
Zellen, die als reife DCs (mDC) uber MHC (Hauptbksimpatibilitatskomplex)-Molekile

und kostimulatorische Oberflachenmarker wie CD4@8Q, CD83 und CD86 T-Zellen

aktivieren und so Inflammationsreaktionen verstarkénnen (HEATH, CARBONE, 2009;

NI, O'NEILL, 1997).

Im Rahmen der Atherogenese bedingen DCs — ahnéctMd-Makrophagen — eine erhéhte
Plaquedestabilisierung  durch  verstarkte  Einwandgrurund  Akkumulation in
atherosklerotische Plaques (NIESSNER et al., 200EBER, NOELS, 2011; YILMAZ et
al., 2004). Daneben sollen DCs auch die PathogedeseCKD durch Akkumulation im
Nierenparenchym beeinflussen. Dort sollen sie dyatentiell pathogene Proteine, die im
Rahmen der Entziindungsreaktion und Proteinurieedeaft, aktiviert werden und wandern in
die peripheren Lymphknoten (NOESSNER et al., 20W¢itere Tiermodelle zeigen, dass
wahrend einer renalen Ischamie hauptsachlich D@mflammatorische Zytokine wie TNF,
IL-6 und MCP-1 sezernieren (DONG et al., 2007).9@ieckrutieren und aktivieren Cbénd
CD8" T-Gedachtniszellen, die die Inflammationsreakti@nstarken und zu einer weiteren
Schadigung des Gewebes fuhren (DONG et al., 20B§:NHANN et al., 2009).

DCs des peripheren Blutes kénnen in die zwei Suntyger myeloiden DCs (welche auch als
klassische DCs bezeichnet werden) und der plasoideyt DCs eingeteilt werden. Wahrend
sich myeloide DCs aus Monozyten differenzieren lkginnhaben plasmacytoide DCs

lymphoiden Ursprung und sind hauptsachlich an Inmeaktionen gegen virale Pathogene
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und an der Stimulation regulatorischer T-Zellerebigft. Humane myeloide DCs exprimieren
einige myeloide Antigene wie CD11c, CD13, CD33 u@®11b, wahrend monozytare
Oberflachenmarker wie CD14 und CD16 herunterregulerden.

In der Literatur werden myeloide DCs haufig in dierei phanotypisch und funktionell
unterschiedlichen Subpopulationen der CDtnd CD141 DCs unterteilt (SATPATHY et
al., 2012; STEINMAN, BANCHEREAU, 2007; ZIEGLER-HEBROCK et al., 2010). Diese
Unterscheidung findet sich auch bei murinen DCsbeiodie humanen CDI1cDCs
Charakteristika der murinen CD11BCs und die humanen CDI4IDCs Charakteristika der
murinen CD8/CD103 DCs teilen (CROZAT et al., 2010; POULIN et al.,120 ROBBINS
et al., 2008). Wahrend CD1®Cs hohe Mengen an CD86 exprimieren (HANIFFA et al
2012) und Uberwiegend CDA-Zellen uber MHC-II stimulieren, aktivieren CDI4DCs
verstarkt CD8 T-Zellen wie zytotoxische T-Zellen (CTL) tiber MHCwas CD141 DCs zu
potenten Immunzellen in der Abwehr viraler Infektacht (BERKE, 1994; JONGBLOED et

al., 2010).
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1.5 Fragestellung der Promotionsarbeit

Vor diesem Hintergrund soll in der vorgelegten Brsstionsarbeit der Einfluss varw.
Eisenpraparaten auf die immunologische Dysregulatioronisch nierenkranker Menschen
untersucht werden. Die Arbeit fokussiert auf diefektie dieser Praparate auf

Monozytensubpopulationen und deren zellulare Ndghfpo Makrophagen und DCs.

Als Grundlage der Untersuchungen soll zunachsinerenethodischen Arbeit die Einteilung
der Monozyten in die drei Subpopulationen (klassiscCD14°CD16, intermediare

CD14"CD16 und nicht-klassische CD1@D16™" Monozyten) im Vergleich von zwei
verschiedene Gatingstrategien am PatientenkolleldiMCARE FOR HOMe Studie Uberpruft
werden. In dieser Kohorte konnten zuvor intermedidMonozyten als unabhangige

Pradiktoren kardiovaskularer Ereignisse identifizieerden.

In erganzenden Untersuchungen soll nachfolgendntikeaktion zwischen CKD-assoziierten
Stérungen des Mineral- und Knochenhaushalts undviterozytenbiologie untersucht und
verschiedene Komponenten des Mineral- und Knochesttais hinsichtlich ihrer

prognostischen Bedeutung im klinischen Alltag vietgtn werden.

Nachfolgend soll der Einfluss verschiedengr Eisenpraparate auf die Monozytenbiologie,
insbesondere auf die Heterogenitat der Monozytehderen myeloide Differenzierung aus
hamatopoetischen Stammzellen sowie die Makrophagend DC-Differenzierung,

charakterisiert werden. Das immunmodulatorischem@l der Eisenpréaparate auf isolierten
und in vitro ausdifferenzierten Immunzellen soll durch Chanagierung des Phanotyps
insbesondere mittels Expressionsanalyse spezifisdBberflaichenmarker und durch
funktionelle Untersuchungen wie Zytokinbildung, Besnung von Phagozytosekapazitat
und T-Zell-Stimulation untersucht werden. Mit Hikenes microRNA-Expressionsprofils der
reifen DCs soll die Wirkung intraventser Eisenprapa auch auf molekulargenetischer

Ebene analysiert werden.

So soll ermittelt werden, ob die Immunmodulation rattiu Eisenpréparate nicht
klassenspezifisch, sondern substanzspezifischiturese Fragestellung besitzt potentielle
klinische Relevanz, da im Falle einer substanzéipehen Eisentoxizitat durch Einsatz von

weniger toxischen Praparaten eine sicherere Ankprigpie erreicht werden kénnte.
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Kapitel 2: Ergebnisse

2.1 Vergleich zweier Gatingstrategien zur Analyse umaner

Monozytensubpopulationen

Diese Arbeit wurde wie folgt publiziert:

Adam M. Zawada*,_Lisa H. Fell*, Kathrin UntersteileSarah Seiler, Kyrill S. Rogacev,
Danilo Fliser, Loems Ziegler-Heitbrock, Gunnar Heikre (2015) Comparison of two
different strategies for human monocyte subsettgawithin the large-scale prospective
CARE FOR HOMe study. Cytometry A, 87(8):750-8 (*gitie Erstautorenschatft)

Zusammenfassung

Monozyten werden anhand der Expression des LPSpRezeCD14 und des fRezeptors
CD16 klassifiziert und in drei funktionell unabh@gye Subtypen, die klassischen
(CD14°CD16), intermediaren (CDI4CD16) und nicht-klassischen (CD1@D16™)
Monozyten, eingeteilt (PASSLICK et al., 1989; ZIEER-HEITBROCK et al., 2010). Dabei
sind die als proinflammatorisch geltenden interraesh Monozyten (CROS et al., 2010;
ZAWADA et al., 2011) unabhangige Pradiktoren flrdiavaskulare Ereignisse chronisch
nierenkranker Patienten (HEINE et al., 2008; ROGNCé#& al., 2011; ROGACEV et al.,
2014). Allerdings divergiert die durchflusszytonsthe Gatingstrategie verschiedener
Forschergruppen hinsichtlich der genauen Abgrenzotegmediarer von nicht-klassischen
Monozyten. So werden hauptsachlich zwei Gatingsgiah unterschieden: die rechteckige
Gatingstrategie (RG-Strategie) und die trapezfoent&atingstrategie (TG-Strategie), die im
Vergleich zur RG-Strategie weniger intermedidre biyten inkludiert und dadurch den
Anteil nicht-klassischer Monozyten erweiteAhbildung 2). Die beiden Gatingstrategien
sollten nun erstmals innerhalb der CARE FOR HOMddtte verglichen und hinsichtlich

ihrer Aussagekraft als Pradiktor klinischer Eregga evaluiert werden.

Unsere CARE FOR HOMe-Studie schliel3t CKD Patieietien Stadien G2 bis G4 ein und
soll prospektiv Risikofaktoren fur renale und kardiskulare Ereignisse evaluieren
(ROGACEV et al., 2014). In der vorliegenden Analysa@rde nach der genannten RG- und
der TG-Strategie bei 416 Patienten dieses Studiekkios die Zellzahlen der

Monozytensubpopulationen bestimmt, um zu untersucld die Gatingstrategie einen
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Einfluss auf die pradiktive Rolle der Zellzahlerstyesondere der intermedidren Monozyten
zur Vorhersage kardiovaskularer Ereignisse aufwgissatzlich wurde die Expressionsstéarke
spezifischer Oberflachenmarker wie des Chemokiptere CCR2, des Angiotensin-
konvertierenden Enzyms (ACE) und des Toll-like-R#aes-2 (TLR2) auf einzelnen

Monozytensubpopulationen, die nach RG- und TG-&gratdefiniert wurden, untersucht.

Rectangular gating (RG) Trapezoid gating (TG)
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Abbildung 2: Gatingstrategien zur Einteilung von Monozytensubpopulationen

Die Abgrenzung intermediéarer (rot) von nicht-klassien (grin) Monozyten kann durch
rechteckiges Gating (RGrectangular gating) oder durch trapezférmiges Gating (TG,
trapezoid gating) erfolgen. Die klassischen Monozyten, die durclk Oeiden Strategien
nicht betroffen sind, sind in blau abgebildet.

Wir konnten zeigen, dass die erhdhte Anzahl inteiérer Monozyten unabhangig von der
angewandten Gatingstrategie mit dem Auftreten kasbkularer Endpunkte in Kaplan-
Meier-Analysen assoziiert ist. In multivariaten CRrgressions-Analysen blieb die Zellzahl
intermediarer Monozyten auch nach Korrektur furdikaraskulare Risikofaktoren (Alter,
Geschlecht, pravalente kardiovaskulédre Vorerkragkon eGFR, Cholesterol, Blutdruck,
C-reaktives Protein, Diabetes mellitus) unabhamngifeadiktor fir ein ereignisfreies
Uberleben (HR = 1,013 [95% CI: 1,006-1,020; P <0Q]0mit RG; HR = 1,015 [95% CI:
1,006-1,024; P = 0,001] mit TG). Hierbei konntetaig ROC-Analyse gezeigt werden, dass
die Spezifitdt und Sensitivitdt intermediarer Moyten zur Pradiktion kardiovaskularer

Ereignisse nach beiden Strategien gleich hoch war.

In Reklassifikationsanalysen zeigte sich nach Humg der Patienten gemaf der nach RG-
und TG-Strategie bestimmten Anzahl intermediarembdhyten in Quartile, kein relevanter
Unterschied zwischen beiden Gatingstrategien. lpréssionsanalysen konnte zusatzlich

aufgezeigt werden, dass die im Grenzbereich liegeiMionozyten, die nach RG-Strategie als
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intermediare und nach TG-Strategie als nicht-kéés® Monozyten klassifiziert wurden,
Charakteristika beider Subpopulationen teilen. $mten sie eine starke Expression von
ACE, TLR2 und CCRS5, wéahrend sie gleichzeitig auetsCR1 stark exprimierten.

Auf Basis dieser Vergleichsstudie konnten RG- un@-Strategien als gleichwertige
Gatingverfahren zur Einteilung der Monozyten in diei Subpopulationen bewertet werden.
Dabei gelang es — unabhangig von den angewandtémg&sategien — intermediare
Monozyten als unabhangige Pradiktoren fur kardikwkge Ereignisse chronisch
nierenkranker Menschen zu identifizieren, was Moeaussagekraft als Biomarker zusatzlich
unterstreicht. Die Expressionsanalysen der Obédrdi@marker zeigten jedoch auch, dass eine
exakte Abgrenzung intermedidrer von nicht-klasgachMonozyten eine weitere

Charakterisierung dieser Zellen notwendig macht.

Auf Grundlage dieser Daten wird fur die folgendegilgrojekte weiterhin die RG-Strategie
verwendet, da sie der TG-Strategie nicht unterlegety gleichzeitig jedoch die
Vergleichbarkeit mit friheren Analysen gewahrldisted auch in der Literatur eine breitere

Anwendung findet.
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2.2 Mineral- und Knochenhaushalt — Die Kalzium-Phoghat-

Homoostase und der neue Biomarker FGF-23

2.2.1 Einfluss des Kalzium-Phosphathaushalts auf @iMonozytenbiologie

Nachdem die erhohte kardiovaskulare Morbiditat idrtalitdt chronisch nierenkranker
Patienten einerseits mit der Anzahl intermediarenbkyten, andererseits mit Parametern des
Mineral- und Knochenhaushalts assoziiert ist, halen nachfolgend einen mdglichen
direkten Zusammenhang zwischen Monozytenheterggenind dem Mineral- und
Knochenhaushalt untersucht (KETTELER et al., 20I8). CKD-assoziierte Stérungen des
Mineral- und Knochenhaushalts neben einer akzelenesaskuléaren Kalzifikation und einer
renalen Osteodystrophie insbesondere durch staghtn Plasmaphosphatspiegel und eine
systemische Kalziumiberladung charakterisiert werd#énnen (BLOCK et al.,, 2004;
TENTORI et al.,, 2008; WALD et al.,, 2008), haben vden direkten Zusammenhang
zwischen veranderten Kalzium- und Phosphatspiegeid der erhohten Zellzahl

intermediarer Monozyten analysiert.

Dazu stimulierten wir zum einen zirkulierende Mowien im Vollblut und zum anderen
hamatopoetische Stammzellen wahrend ihrer Diffeesarg zu Monozyten mit
unterschiedlichen Kalzium- und/oder Phosphatkomaéonen in vitro. Mit Hilfe der
Durchflusszytometrie charakterisierten wir die Mpykensubpopulationen nach Verteilung,
Phanotyp und Funktion. Phanotypisch wurden die Mgten hinsichtlich der Expression
spezifischer Oberflachenmarker (CD80, CD86, CCR2CRE, CXCR1l) und

proinflammatorischer Zytokine charakterisiert, ftinkell Gber ihre Phagozytosekapazitat.

Dabei fanden wir heraus, dass erhthte Kalzium- Bhdsphatspiegel im Vollblut keinen
Einfluss auf die Monozytensubpopulationen hattem.Gegensatz dazu ergab sich bei der
Differenzierung hamatopoetischer Stammzellen zermédiaren Monozyten ein durch
steigende Phosphatkonzentrationen induzierter doh#r Anstieg des prozentualen Anteils
intermediarer MonozytenApbildung 3); erhthte Kalziumkonzentrationen nahmen dabei

keinen Einfluss.
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Abbildung 3: Differenzierung hamatopoetischer Stammzellen zu CD14°CD16"
Monozyten

Prozentualer Anteil von CDI3CD16" Monozyten wahrend einer achttagigir vitro
Differenzierung hamatopoetischer CD34&tammzellen unter Simulation mit 1 mM
(schwarz), 2 mM (rot) bzw. 4 mM (griin) Phosphat Q¢p*]. Stammzellen wurden aus
dem Blut gesunder Probanden isoliert. Die statidtes Auswertung erfolgte mittels
einfaktorieller Varianzanalyse (ANOVA) und nachfelgdem Dunnett-Test als post hoc
Analyse. Darstellt sind Mittelwerte + Standardfehla = 5; *P < 0,05.

Diese intermediaren Monozyten zeigten zudem stanémotypische Veranderungen wie eine
gesteigerte Oberflachenexpression von CD16, CD&RZ sowie CXCR1, wohingegen
CD80 und CCR5 vermindert exprimiert wurde&bbildung 4). Im Gegensatz dazu hatten
veranderte Kalzium- und PhosphatkonzentrationemekeiEinfluss auf die monozytare
Produktion proinflammatorischer Zytokine wie TNEF-IL-1 und IL-6 und reaktiver
Sauerstoffspezies, ebenso zeigten sie funktioneithek Verdnderungen hinsichtlich ihrer

Phagozytosekapazitat (Daten nicht gezeigt).

Zusammenfassend haben diese Stammzellexperimentn alirekten Zusammenhang
zwischen erhohten Phosphatkonzentrationen und dessteigerten  Ausbildung
proinflammatorischer intermediarer Monozytamvitro aufzeigen konnen. Ubertragen auf
den klinischen Alltag suggeriert dieses Ergebnéssdeine ausgepragte Hyperphosphatamie
bei Patienten mit chronischer Nierenerkrankung &meahme der intermedidren Monozyten
induziert, welche ihrerseits zu einem hoéheren Ridik kardiovaskulare Ereignisse fuhren

kann.
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Abbildung 4: Expressionsanalyse spezifischer Oberéichenmarker in vitro
differenzierter CD14""CD16" Monozyten

Oberflachenexpression von CD1&), CD80 @), CCR2 ), CD86 D), CCR5 E),
CX3CR1 (F) auf CD14°CD16" Monozyten nach achttagigen vitro Differenzierung
aus hamatopoetischen CD34&tammzellen unter Simulation mit 1 mM, 2 mM bzw.
4 mM Phosphat. Stammzellen wurden aus dem Blut geésu Probanden isoliert. Die
statistische Auswertung erfolgte mittels einfakedler Varianzanalyse (ANOVA) mit
nachfolgendem Dunnett-Test zur anschlielenden post Analyse. Darstellt sind
Mittelwerte + Standardfehler; n = 5; *P < 0,05, *0,01.
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Die in vivo Relevanz dieser Ergebnisse konnte jedoch in ginst hoc Analyse der HOM
SWEET HOMe Studie nicht bestatigt werden. Die HOWEET HOMe Kohorte inkludierte
1309 Patienten, die sich in der Klinik fur Inneresdiizin 1ll — Kardiologie, Angiologie und
Internistische Intensivmedizin — am Universitatsidlum des Saarlandes zu einer elektiven
Koronarangiographie vorstellten (ROGACEYV et al.12)) Wir stratifizierten diese Patienten
nach ihrem Plasmaphosphatspiegel in vier QuaBié.Vergleich der Anzahl intermediarer
Monozyten in den einzelnen Quartilen zeigte siclogh kein Unterschieddpbildung 5).
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Abbildung 5: Assoziation zwischen intermediaren Momwzyten und

Phosphatspiegeln

1309 Patienten der HOM SWEET HOMe Kohorte wurden ziagdich ihrer
Plasmaphosphatspiegel in Quartile stratifiziert.e Ddtatistische Auswertung erfolgte
mittels einfaktorieller Varianzanalyse (ANOVA). Dstellt sind Mittelwerte =
Standardabweichung.

Zusammenfassend konnen diese epidemiologischenn Daimit unsere experimentellen
Daten nicht bestatigen, so dass eine Zunahme venmadidren Monozyten aufgrund einer

Hyperphosphatamie nicht von Kklinischer Bedeutungein scheint.
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2.2.2 FGF-23 als Langzeitmarker der mittleren Plasmphosphatspiegel bei
Hamodialysepatienten

Diese Arbeit wurde wie folgt publiziert:

Sarah Seiler*, Gaetano Lucisano*, Philipp Ege, lHssd-ell, Kyrill S. Rogacev, Anne Lerner-
Graber, Matthias Klingele, Matthias Ziegler, Danitbser, Gunnar H. Heine (2013) Single
FGF-23 Measurement and Time-Averaged Plasma Phiespbevels in Hemodialysis

Patients. Clin J Am Soc Nephrol 8(10): 1764-72 {&gee Erstautorenschaft)

Zusammenfassung

Zu Beginn des 21. Jahrhunderts wurde mit FGF-23vesiterer zentraler Regulator der
Kalzium-Phosphathoméostase charakterisiert (WEBERale 2003). FGF-23 wird nach
Stimulation durch Kalzitriol und PTH zumeist von t@sblasten und Osteozyten sezerniert
und bewirkt die Senkung des Phosphatspiegels, indesn die gastrointestinale
Phosphatabsorption vermindert und gleichzeitig @iaale Phosphatausscheidung erhéht
(KAWATA et al., 2007; LIU et al., 2006; SEILER ek ,a22009). Zudem vermindert FGF-23
die renale Vitamin D-Aktivierung, was sich durchedSuppression des Vitamin D-
aktivierenden EnzymsolHydroxylase erklaren lasst (HEINE et al., 2012;IlHR et al.,
2009). Aktuelle Studien suggerieren dartberhinadsss FGF-23 immunologisch eine
Monozytenaktivierung und weitere proinflammatorischSignalkaskaden induziert
(BACCHETTA et al., 2013; SHIMADA et al., 2004).

Epidemiologische Daten unserer HOM SWEET HOMe &tueigten eine starke Assoziation
zwischen den Zellzahlen intermediarer Monozyten uddn Plasmaspiegeln von
C-terminalem FGF-23 (cFGF-23); ein direkter Effeh FGF-23 auf die Monozytenbiologie
wie auf die Expression von spezifischen Markeri fanktionelle Charakteristika und auf die
monozytare Differenzierung, wurde vitro dagegen nicht bestatigt (LUTHE, 2015).

In Gegensatz zu diesen kontrovers diskutierten inotogischen Effekten erscheint ein
Zusammenhang zwischen FGF-23 und kardiovaskulakeaikung unzweifelhaft. So konnte
in der HOM SWEET HOMe Studie in Querschnittsanalysen Zusammenhang zwischen
FGF-23, linksventrikularer Dysfunktion und Vorhaffimern aufgezeigt werden. Prospektive
klinische Studien bei chronisch nierenkranken Mbaeacwie die HEMO Studie konnten
starke Assoziationen hoher cFGF-23-Plasmaspiegekimeém erhéhten Risiko fur kardiale
Todesfélle darstellen (CHONCHOL et al., 2015). Adiegs ist unklar, ob FGF-23 direkt
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kardiotoxische Eigenschaften hat oder ein bloBerdikator des derangierten
Phosphathaushalts ist und eine chronische Hypepphtdmie der eigentliche
Schadigungsfaktor ist (HEINE et al., 2012).

So konnten zahlreiche epidemiologische Studien due interkontinentale DOPPS-Studie
zweifelsfrei aufzeigen, dass eine Hyperphosphatdrieder schlechten kardiovaskuléren
Prognose von Dialysepatienten beitragt (TENTORIakt 2008). Daher empfehlen die
aktuellen Leitlinien der KDIGO Expertengruppe zuehandlung von CKD-assoziierten
Stérungen des Mineral- und Knochenhaushalts eine rmblgsierung des
Plasmaphosphatspiegels durch eine diatetische Ratsptriktion und durch die Einnahme
oraler Phosphatbinder (KDIGO, 2009). Im klinischétitag jedoch gestaltet sich die
Adjustierung des Plasmaphosphatspiegels von Digdsnten wegen hoher zirkadianer und
infradianer Schwankungen als schwierig, weshalbh nsi@abileren Markern mit hoherer
Aussagekraft gesucht wird (LEVITT et al., 2009; RNt al., 1995).

Daher wurde postuliert, dass ein erhohter Plasragspvon FGF-23 einen Langzeitindikator
der Hyperphosphatamie darstellt (PARKER et al.,(30&hnlich wie Hbalc ein Marker der

chronischen Hyperglykéamie ist.

Daran anknipfend sollte in einer weiteren klinisci@udie Gberprift werden, ob cFGF-23-
Plasmaspiegel stabilere Marker CKD-assoziierter rudgen des Mineral- und

Knochenhaushalts als Plasmaphosphatspiegel siddhluein einmalig bestimmter cFGF-23-
Plasmaspiegel Reflektor der PlasmaphosphatspiegeVarwochen ist. Daher initiierten wir

die DIAL HOMe Studie, in welche insgesamt 40 Hanabgiepatienten eingeschlossen
wurden, die Uber 28 Tage nachverfolgt wurden. Bseim Zeitraum wurden zu definierten
Zeitpunkten die Spiegel zentraler Marker des Miketmnd Knochenhaushalts wie des
cFGF-23, PTH, der alkalischen Phosphatase und dasmis D und deren intraindividuelle

Variabilitdt bestimmt. Zudem untersuchten wir, @b @nmalig bestimmtes Plasma-cFGF-23
am Ende der vierwdchigen Untersuchungszeit mitrdétieren Plasmaphosphatspiegeln der
vorherigen Wochen starker assoziiert ist als miteei einmaligen Plasmaphosphat bei
Untersuchungsende. Die durchschnittliche diatetisétalorien- und Phosphataufnahme

wurde mit Hilfe eines Ernahrungsfragebogens evgluie

Die Ergebnisse zeigten, dass entgegen der Erwadisgtraindividuelle Variabilitat von
cFGF-23 innerhalb der vierwodchigen Studiendauerhtnigeringer war als die des

Plasmaphosphatspiegels und weiterer Marker desr®inend Knochenhaushalts wie PTH,
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Kalzium und der alkalischen Phosphatase. Das zdie&tende bestimmte Plasma-FGF-23
war nicht starker mit dem durchschnittlichen Plaghwsphat als mit einem einmalig
bestimmten FGF-23 korreliert. Zudem war diese Katien nicht hochgradig, sodass
Patienten mit ahnlichem cFGF-23-Spiegel sehr ucidliche Phosphatspiegel aufwiesen.
Die Analyse der Erndhrungsfragebogen erbrachte, diasPhosphataufnahme weder mit dem

Plasmaphosphatspiegel noch mit Plasma-cFGF-23licutee

Zusammenfassend konnte die Auswertung der DIAL HCBiedie zeigen, dass cFGF-23
wegen seiner geringen intraindividuellen Stabilit@id nur moderater Assoziation mit den
mittleren Phosphatwerten der Vorwochen kein veliiisesr Marker der zeitlich gemittelten
Plasmaphosphatspiegel ist und somit als Routinepaea im klinischen Alltag zum

aktuellen Zeitpunkt keinen Mehrwert bringt.

Eine Limitation dieser Studie war die alleinige Besnung der cFGF-23-Spiegel, da
verlassliche Testmethoden fiir das intakte FGF-B&K+23) auch wegen dessen geringerer
Stabilitat zum Zeitpunkt der Studie nicht verfiglaren. Zudem ging man davon aus, dass
sich die Spiegel des inaktiven Spaltprodukts cFGRp&portional zu dem phosphaturisch
aktiven iFGF-23 verhalten.

Neuere Studien zeigten jedoch zumindest bei sgehién Krankheitsentitdten eine klare
Divergenz zwischen cFGF-23 und iIFGF-23-SpiegelnPilsisma. So wiesen eisendefiziente
Wildtyp-Mause aufgrund einer erhOhtdgf23-Transkription und Spaltaktivitat sehr hohe
Spiegel an cFGF-23 auf, wahrend die iIFGF-23-Spiggelch unverandert blieben und sich
auch keine Hypophosphatamie ausbildete (FARROW.g2@11). Dieser Zusammenhang
wurde in einer Kklinischen Studie bestéatigt, in Bexuen mit ausgepragter Eisenmangelanamie
stark erhdhte cFGF-23-Spiegel, jedoch unauffalligfgsF-23-Spiegel, aufwiesen. So
verstarkte der Eisenmangel gleichermaRBE®GF23-Transkription und -Abbau; eine
Behandlung mit intravendsen Eisenpraparaten wienElextran oder Eisen-Carboxymaltose
hingegen normalisierte die Transkription und fuhste zu einer 80%igen Reduktion der
cFGF-23-Spiegel. Dabei wiesen Patientinnen, die HEigen-Carboxymaltose therapiert
wurden, nicht jedoch Patientinnen unter Behandlumg Eisen-Dextran, deutlich hohere
Plasmalevel an iIFGF-23, welches eine Hypophosphatiuzierte (WOLF et al., 2013).
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2.3 Substanzspezifische Toxizitat intravendser Eigpraparate auf

die Monozytenbiologiein vitro

Wie bereits einleitend dargestellt, wurde im Komtder hohen Pravalenz der Anamie der
chronischen Nierenerkrankung in den letzten Jabnegrseits eine intravendse Eisentherapie
in den Mittelpunkt nephrologischer Therapiestratagyertckt (KDIGO, 2012; PADHI et al.,
2015) wund andererseits potentielle renale, kardiwdre und immunologische
Nebenwirkungen dieser Therapiestrategien kritisattiskutiert (FISHBANE et al., 2014;
MACDOUGALL, GEISSER, 2013; VAZIRI, 2013), ohne ddssreichend untersucht wurde,
ob diese Nebenwirkungen klassenspezifisch odertaubspezifisch durch einzelnev.

Eisenpréaparate auftreten.

Klinische und experimentelle Studien testen zunidiste Praparate geringerer Stabilitat, wie
Eisen-Saccharose oder Natrium-Eisen-Glukonat, uedl@ichen diese Uberwiegend mit
oralen Praparaten oder eisenfreien Kontrollansataeshalb Daten zu neueren, zumeist
stabilereni.v. Eisenpraparaten, wie Eisen-Carboxymaltose undnHgmnaltosid 1000,

weitgehend fehlen.

Vor diesem Hintergrund untersuchten wir verschieden Eisenpraparate hinsichtlich ihrer
potentiell substanzspezifischen Toxizitat auf Imarllen wie Monozyten, Makrophagen und

DCsin vitro.

2.3.1 Einfluss intravenoser Eisenpraparate auf didonozytenheterogenitat
Diese Arbeit wurde wie folgt publiziert:

Lisa H. Fell, Adam M. Zawada, Kyrill S. Rogacev,r&a Seiler, Danilo Fliser, Gunnar H.
Heine (2014) Distinct immunologic effects of diféat intravenous iron preparations on
monocytes. Nephrol Dial Transplant 29(4): 809-22

Zusammenfassung

Vor dem Hintergrund der zentralen Bedeutung von &&gten als Mediatoren der
korpereigenen Immunabwehr wurde der Einfluss veesemeri.v. Eisenpraparate auf die
Monozytenheterogenitat untersucht. Dazu wurden uligkende Monozyten und
hamatopoetische CD34Stammzellen wahrend ihrer Differenzierung zu Monea mit
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unterschiedlichen Eisenpraparaten stimuliert und schireRend die
Monozytensubpopulationen hinsichtlich VerteilungaRotyp und Funktion, sowie Viabilitat
und Eisengehalt charakterisiert. Phanotypisch wurde Expression spezifischer
Oberflachenmarker (CD14, CD16, CD86, CCRS5, 3CR1) und proinflammatorischer
Zytokine (IL-18, TNF-) sowie die ROS-Produktion der einzelnen
Monozytensubpopulationen analysiert, funktioneleilPhagozytosekapazitat und Fahigkeit
zur T-Zell-Stimulation. Fur die Stimulationen wurddunf i.v. Eisenpraparate (Eisen-
Saccharose, Eisen-Carboxymaltose, Eisen-lsomaltd€ld0, niedermolekulares Eisen-
Dextran, Eisenoxytol, siehe audrabelle 1) und Blut gesunder Kontrollprobanden sowie
CKD-Patienten (Stadium G4 — G5) in den drei Konegidgnen 0,133 mg/ml, 0,266 mg/mi
und 0,533 mg/ml eingesetzt. Im Klinischen Alltagtspnechen diese Konzentrationen,
bezogen auf einen 70 kg schweren Patienten, Eisendeon etwa 400 mg, 800 mg bzw.
1600 mg.

Erste Hinweise auf eine substanzspezifische Immualuhation der Eisenprdparate zeigten
durchflusszytometrische Expressionsanalysen peoimfiatorischer und proatherogener
Oberflachenmarker ausgereifter Monozyten. So wies den getesteten Substanzen nur
Eisen-Saccharose substanzspezifische Effekte aef Monozytensubpopulationen auf.
Daneben kam es bereits bei geringen Dosierungerisprechend therapeutisch zugelassener
Praparatmengen — an Eisen-Saccharose zu einenckdentAnstieg des Eisengehalts in den
drei Monozytensubpopulationen, was eine substagdmie Aufnahme der Eisen-
Saccharose suggeriert. Eisen-Saccharose bewirktehfalgend eine verminderte
Oberflachenexpression von CD14, CD16 undCR1, wahrend CD86 vermehrt exprimiert
wurde. Zudem zeigten sich veranderte i-Spiegel, die mit einer erhdhten ROS-Produktion
einhergingen. In weiteren Analysen bedingte EisaoceBarose dosisabhangig eine
substantiell verminderte Phagozytoseleistung ldabsr Monozyten und beeintrachtigte
zudem die monozytare Differenzierung hamatopoetis@tammezellen zu klassischen und
intermediaren Monozyten. Im Gegensatz dazu zeigjeribrigen Praparate keinerlei Effekte

auf monozytare Charakteristika, Differenzierung &msenaufnahme.
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2.3.2 Einfluss intraventser Eisenpraparate auf dien vitro Differenzierung

von Monozyten zu Makrophagen und Dendritischen Ze#n
Das Manuskript dieser Arbeit wurde wie folgt eirgeht:

Lisa H. Fell, Sarah Seiler, Bjorn Rotter, Peter WiinMartina Sester, Danilo Fliser, Gunnar
H. Heine*, Adam M. Zawada* (2015) Impact of indivia intravenous iron preparations on
the differentiation of monocytes towards macroplBaged dendritic cells. (*geteilte

Letztautorenschatft)

Zusammenfassung

In der angeborenen Immunabwehr agieren Monozytetirgktem Zusammenspiel mit ihren
zellularen Nachkommen, den Makrophagen und DCs.eDaelten die Adhasion der
zirkulierenden Monozyten an den Endothelzellen diel Transmigration ins Gewebe als
initiale Schritte ihrer Differenzierung. Darauf barend wurde der Einfluss intravendser
Eisenpraparate auf das Adhéasions- und Migratioespied der Monozyten und deren
myeloide Differenzierung zu Makrophagen und Di@svitro evaluiert. Weiterhin sollte
erstmals untersucht werden, inwieweit einzelne &wip das Expressionsmuster der
microRNAs (miRNAs) modifizieren, da miRNAs als kiei nicht-kodierende
Oligonukleotide, die die Genexpression posttrapsimell steuern, eine zentrale Bedeutung
fur die zellulare Regulation von Inflammationsreakén haben (DAVIS, CLARKE, 2013;
O'CONNELL et al., 2007; WEI et al., 2013).

Fur die Experimente wurden Monozyten aus dem Béasgugder Kontrollprobanden isoliert
und erneut mit 0,133 mg/mL, 0,266 mg/mL bzw. 0,5888mL Eisen-Saccharose, Eisen-
Carboxymaltose, Eisen-lsomaltosid 1000 und zusétalatrium-Eisen-Glukonat stimuliert.
Das Adhasions- und Migrationspotential wurde mikoggsch durch Auszéhlen der an
Endothelzellen haftenden bzw. durch 8 um grof3e Mangoren migrierten Monozyten
Uberprift. Nach Differenzierung der Monozyten zu Mid M2 Makrophagen bzw. reifen
DCs (mDCs) wurden diese phanotypisch und funktiookarakterisiert. Dazu wurde die
Expression spezifischer Oberflachenmarker (M1-Mark¥b40, CD64, CD80, CD86; M2-

Marker: CD14, CD16, CD32, CD163, CD206; M1/M2-Mark€D68; DC-Marker: CD1c,

CD141, CD80, CD83, CD86, CD1la, CD40, HLA-DR) sowlie Phagozytosekapazitat der
Makrophagen und die Fahigkeit der mDCs zur T-Zédtierung bestimmt. Zur

Uberprifung, ob diese Einflisse molekulargenetisabhweisbar sind, wurde das miRNA-
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Expressionsprofil dern vitro differenzierten mDCs unter Kontrollbedingungen wnater

0.266 mg/mL Eisen-Saccharose bzw. Eisen-lsomaltd3id bestimmt.

Die Ergebnisse zeigten, dass Eisen-Saccharose hens@ Natrium-Eisen-Glukonat starke
substanzspezifische Effekte auf dwevitro Differenzierung von Monozyten zu Makrophagen
und mDCs hatten. Sie steigerten das Adhasionsyernabn Monozyten zwar nur leicht,
bedingten jedoch starke ph&notypische und funkilienveranderungen der ausdifferenzierten
Makrophagen und mDCs. So exprimierten die unteerelBaccharose oder Natrium-Eisen-
Glukonat ausdifferenzierten M1-Makrophagen weni@e#0, die M2-Makrophagen weniger
CD16 und CD163 auf ihrer Zelloberflache. Zudem wreslie M1 und M2 Makrophagen
selbst bei geringen Dosen von Eisen-Saccharose NMdgium-Eisen-Glukonat eine stark
reduzierte Phagozytosekapazitat auf. Hinsichtlieln ohDC-Differenzierung bewirkten die
beiden Eisenpraparate phanotypisch eine stark weerte Oberflachenexpressionen von
CDl1c, CD11b, CD40, CD80 und CD86, wahrend CD141 Idhé&-DR verstarkt exprimiert
wurden. Funktionell verstarkte eine Stimulation ralten i.v. Eisenpréaparaten die durch
mDCs induzierte Proliferation nicht-selektierteZ&Hen, wahrend die Proliferation des CD8
T-Zell-Subtyps selektiv durch Eisen-Saccharose, rillatEisen-Glukonat und Eisen-

Carboxymaltose verstarkt wurde.

Im Gegensatz zu Eisen-Saccharose und Natrium-Edagkenat bewirkte Eisen-
Carboxymaltose deutlich schwachere phé&notypischee funktionelle Veranderungen von
Makrophagen und mDCs, wéahrend Eisen-Isomaltosid0 100 den verwendeten Assays

meistens immunologisch neutral war.

Dies bestatigten auch die Ergebnisse der miRNA-&sgonsanalyse der unter Eisen-
Saccharose bzw. Eisen-lsomaltosid 1000 ausdiffesgan mDCs. 108 von 631 analysierten
miRNAs wurden nach Eisen-Saccharose-Stimulatiomegdysiert; nur 25 dieser 108 miRNAs
wurden auch durch Eisen-lsomaltosid 1000 beeirflusgenngleich in niedrigerer

Effektstarke. Lediglich acht miRNAs wurden selektdurch Eisen-lsomaltosid 1000, nicht

jedoch durch Eisen-Saccharose dysreguliert.

Die vorgestelltenin vitro Ergebnisse unterstreichen die substanzspezifisSbhazitat

intraventser Eisenpraparate und deuten auf eirektsed Immunmodulation durch Eisen-
Saccharose und/oder Natrium-Eisen-Glukonat hin, revith die Ubrigen Eisenpraparate
immunologisch weitgehend neutral erscheinen. Eidglithe Ursache dieser Effekte stellt

die ferrokinetische Divergenz der einzelnen Eis@parate aufgrund stark unterschiedlicher
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physiochemischer und pharmakokinetischer Eigensamadlar. So konnte in Vorarbeiten
bereits gezeigt werden, dass Eisen-Saccharose atmiimd-Eisen-Glukonat im Vergleich zu
den Ubrigen Praparaten die geringste Halbwertsaadt Stabilitat aufweisen, was zu einer
erhohten Abspaltung freier und hoch reaktiver Hmeen fuhrt (JAHN et al.,, 2011;
MACDOUGALL, GEISSER, 2013). Dieses ,abile* Eisen irde von den Zellen
aufgenommen, steigert die intrazellulare ROS-Pradokund Lipidperoxidation und initiiert
somit Inflammationsreaktionen (EVANS et al., 200Baran anknipfend konnten unsémne
vitro Studien zeigen, dass die substanzspezifische Immodualation labiler i.v.
Eisenpréaparate auch eine Inhibition der Funktiokutierender Monozytensubpopulationen
und eine Modifikation der Differenzierung zu Makhgmen und mDCs umfasst.
Interessanterweise traten solch starke EffekteemDifferenzierungsexperimenten auch nach
mehrtagiger Stimulation und somit nach Uberschngjtder physiologischen Halbwertszeit

stabilerer Eisenpraparate nicht auf.
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Kapitel 3: Zusammenfassung und Ausblick

Im Rahmen dieser Dissertationsarbeit konnte erstraale substanzspezifische Wirkweise
intraventser Eisenpraparate auf die Monozytenbielag vitro aufgezeigt werden. Dabei
wiesen vor allem weniger stabile Eisenpraparate, Bisen-Saccharose und Natrium-Eisen-
Glukonat, das hochste immunmodulatorische Poterdi#fl Dies zeigte sich in stark
ausgepragten phanotypischen, aber auch funktion®eranderungen von Monozyten und
ihren zellularen Nachfolgern, den Makrophagen u@sDUbertragen auf die Anamietherapie
chronisch nierenkranker Menschen, kdonnte die Bdhagdnit labileren Eisenpraparaten eine
zusatzliche Schwachung der Immunabwehr induziered somit die Infektanfalligkeit
erhohen. Jedoch ist die klinische Relevanz dieseitro Daten derzeit noch unklar und soll
mit Hilfe der in dieser Arbeit identifizierten Bicamker und etablierten Messmethoden in

zukunftigen klinischen Studien unserer Arbeitsgeiperpruft werden.

Dazu sollte zunachst in einer umschriebenen Kohatechronisch nierenkranken Patienten
mit Eisenmangel und klinischer Indikation zur imeadsen Eisentherapie untersucht werden,
ob die nachgewiesenen vitro Effekte von Eisen-Saccharose und Natrium-Eiserk@iat

mit den in der vorgelegten Dissertationsarbeit amgeleten Methoden auch fir klinische

Untersuchungen bestétigt werden konnen.

Auf Grundlage dessen kdnnte ein Studienprotokoll dine randomisierte Studie erstellt
werden, welche den Vergleich zweiev. Eisenpréaparate unterschiedlicher Stabilitdt — wie
beispielsweise Eisen-Saccharose und Eisen-Isonthlt060 — hinsichtlich immunologischer
Parameter und klinischer Endpunkte erméglicht. ®i8tudien kdnnten die vitro gezeigte
Uberlegenheit stabilerer Eisenpraparate, wie Eisemaltosid 1000,jn vivo Uberprifen.
Zusatzlich zu diesen immunologischen Aspekten bteaudieses Studiendesign, durch
Bestimmung zentraler Parameter des Kalzium-Phobkpbahalts, wie Plasmaphosphat,
FGF-23, Vitamin D und PTH, das Wissen zur substaezfischen Wirkweisen vom.v.
Eisenpréaparaten auf die Kalzium-Phosphathomodogtaseganzen (WOLF et al., 2013).

In weiteren experimentellen Studien sollte die Bg#mese der Anamie der chronischen
Nierenerkrankung vor allem hinsichtlich der Bedegtu des Hepcidins fiur die

Eisenhomdostase genauer untersucht werden. Inndiggsammenhang sollte Uberprift
werden, inwieweit die Wahl des eingesetzten Eisenpréaparats die Eisenaufnahme und

Eisenretention von Makrophagen und damit die Eisdiigbarkeit beeinflussen kann, wobei
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insbesondere untersucht werden sollte, inwiewéibleie Hepcidinspiegel die Expression von
Eisentransportern wie Ferroportin und DMT-1 und d@&sansferrinrezeptors, auf
Makrophagen von chronisch nierenkranken Menscheainthbessen. Zusatzlich sollte
analysiert werden, ob sich mit Hilfe eines Hepcittihibitors die Dysregulation der

Eisenhomdostase in Makrophagen aufheben lasst.

Mit Hilfe dieser weiteren Untersuchungen soll diech®rheit und Vertraglichkeit der
intraventsen Eisentherapie chronisch nierenkraRlegienten hinsichtlich immunologischer
Aspekte, aber auch vor dem Hintergrund CKD-asskeiieStérungen des Mineral- und
Knochenhaushalts und der Eisenhomdostase, verbasemten. Als Resultat konnte der
Therapieerfolg bei Anamie durch die Wahl des gestigimi.v. Eisenpraparats optimiert und
dadurch die Lebensqualitat der Patienten deutlictirg werden.
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The Dialysis Outcomes and Practice Patteuty S
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PBMC Peripheral blood mononuclear cell, Peripheo@onukleare Blutzelle

(PO)* Phosphat
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MFI Mediane Fluoreszenzintensitat
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SSC Sideward scatter, Seitwartsstreulicht
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Anhang

Al Material- und Methodenteil zum ,Einfluss des Kakium-

Phosphathaushalts auf die Monozytenbiologie*®

Al-1 Material

Al-1.1 Gerate

Durchflusszytometer BD FACS Canto Il
Zellseparationsmagnete OctoMACS/QuadroMACS

Al-1.2 Software

GraphPad Prism 4
FACSDiva 6

Al-1.3 Chemikalien

Bovines Serumalbumin (BSA)
Calciumchlorid-Dihydrat (CaGlx 2H,0)

Cytokine Mix E for HPC-Expansion Medium DXF
D(+) Glukose

Essigsaure (100 %)
Ethylendiamintetraessigsaure (EDTA)

Fetales Kélberserum (FCS)

Fluoresbrite YG Carboxylate Microspheres (Onn%)
(1,08 x 18" Partikel/ml)

Humanes Serumalbumin (HSA)
Kaliumhydrogenphosphat (KIRQ,)

Natriumazid (Nany)

Parafomaldehyd (PFA)

Saponin

54

BD Bioscienddsidelberg
MiltdBigitec, Bergisch-Gladbach

GraphPad Software, La Jolla, CA

BD Biosciences, Heidelberg

Serva, Heidelberg
Sigma-Aldrich, Taufkirchen
PromdiCkleidelberg
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe
Sigma-Aldrichufkirchen
Fisher Scientific, Schaver

Polysciences Inc., Eppelheim

Sigma-Aldrich, Taufkéch
Sigma-Aldrich, Taufkirchen
Serva, Heidelberg

Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen



Al-1.4 Reaktionskits

CD34 Microbead Kit, human

Al1-1.5 Antikorper

Miltenyi Biotec, BergisGiadbach

Die in dem Kalzium-Phosphat-Teil verwendeten Antg€i sind inTabelle Al-1aufgelistet.

Tabelle A1-1: In der Durchflusszytometrie verwendeé Antikrper
Zielantigen Fluorochrom Klon Ig-Klasse Host Firma
CD14 PerCP M®P9 19G,p Maus BD Pharmingen
CD16 PE/Cy7 3G8 IgGxK Maus  BD Pharmingen
CD34 APC 581 19G; x Maus BD Pharmingen
CD45 PE HI30 109G « Maus  BD Biosciences
CD80 FITC 2D10 lgGlk Maus Biolegend
CD86 PE HAS5.2B7 19Gy Maus Beckman Coulter
CD195 APC 2D7/CCR5 1gGa Maus BD Pharmingen
CX3CR1 FITC 2A9-1 1gGy, fE Ratte  Biozol
TNF FITC MAb11 19G; Maus BD Pharmingen
IL-1p Alexa Fluor 647 JK1B-1 96 Maus  Biolegend
IL-6 FITC MQ2-13A5 1gG; Ratte  Biolegend

Al1-1.6 Gebrauchsfertige Medien, Puffer und Lésungen

BD FACS™ Lysing Solution

FACS-Clean
FACS-Flow
FACS-Rinse

Hematopoetic Progenitor Cell Expansion Medium DXF

Hematopoietic Progenitor Medium

LSM 1077 Lymphocyte Separation Medium
Medium 199 (M199)
PBS (ohne Ca und Mg)
PBS (mit Ca und Mg)
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BD Biosciences, Heidelberg

BD Biosciences, Heidelberg

BD Biosciences, Heidelberg

BD Biosciences, Heidelberg

rorfoCell, Heidelberg

PromoCell, Heidalpe

PAA LaborasrColbe

Biozym, Hessisch Oldendorf

Life Technologies, Darmstadt
PAA Laboratories, Co6lbe



Al1-1.7 Medien, Puffer und Losungen

Kalzium-Phosphat-Stimulation

M199/FCS 5% (v/v) FCS in M199

Kalzium-Stocklésung 40 mM Cagin M199/FCS bzw. Wachstumsmedium

bzw. Hematopoietic Progenitor Medium

Phosphat-Stocklosung 40 mM MOy in M199/FCS bzw. Wachstumsmedium
bzw. Hematopoietic Progenitor Medium

Zellisolation

PBS/EDTA 5mM EDTA in PBS (ohne Ca und Mg)
MACS-Puffer 0,6% (V/v) HSA in PBS/EDTA

Zellkultur

Essigsaure (3 %) 3% (v/Iv) Essigsaure (100%) in iH

Durchflusszytometrie

FACS-Puffer 5% (viv) FCS
0,5% (w/v) BSA
0,02% (v/v) EDTA [10%ig (w/v) in PBS (ohne Ca und Mg)]
0,07% (v/v)  NaN;[10%ig (w/v) in PBS (ohne Ca und Mg)]
In PBS (ohne Ca und Mg)

Saponinpuffer 0,1% (w/v) Saponin in FACS-Puffer
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Lysepuffer 10% (v/v) BD FACY' Lysing Solution in ddkD

PFA (4%ig) 4% (Wiv) PFA
in PBS (ohne Ca und Mg); PH 7,5

PFA (1%ig) 25% (v/v) PFA (4%ig) in PBS (ohne Ca umd)
Krebs-Ringer Losung 20 mL PBS (mit Ca und Mg)
20,4 mg D(+) Glukose

Die Medien, Puffer und Lésungen wurden bei 4°C gt

Al1-1.8 Probanden

Fur diein vitro Experimente wurde Blut gesunder Probanden, im Adteschen 20 und 60
Jahren und ohne anamnestischen Hinweis auf kaskoldare oder renale Komorbiditaten
(Kreatinin < 1,5 mg) verwendet.

Al-2 Methoden

Al-2.1 Stimulation mit Kalzium und Phosphatin vitro

Zur Stimulation mit Kalzium- und Phosphat wurdee gerwendeten Medien entsprechend
ihrer Ausgangskonzentration an freiem Kalzium%Cand Phosphat sowie der gewiinschten
Endkonzentrationen individuell mit kalzium- und gpbathaltigen Stockldsungen eingestellt
(Tabelle A1-2.

Die Vollblutstimulation erfolgte in Reagiergefal3emaus Polypropylen in einem
Gesamtvolumen von 450 uL, bei 37°C und 5%, @Deinem Inkubator. Dazu wurden zur
Expressionsanalyse der Oberflachenmarker 150 yLA=&rftikoaguliertes Vollblut und zur
Bestimmung der Phagozytosekapazitat 150 pL Citrak@aguliertes Vollblut mit M199 und
den kalzium- und phosphathaltigen Stocklésung&abélle Al-2 vermengt und 5h

inkubiert.
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Zur Expressionsanalyse intrazellularer Zytokine deur 150 pL Lithium-Heparin-
antikoaguliertes Vollblut verwendet; die Ansatzereen zundchst 2 h und nach Zugabe von
10 pg/ml Brefeldin A nochmals 1 h bei 37°C und 5%,0nkubiert. Brefeldin A blockiert
den Golgi-Apparat der Zellen, wodurch die Zytokimeht mehr sezerniert werden kénnen

und im Endoplasmatischen Retikulum akkumulieren.

Nach Stimulation wurde 2 mL FACS-Puffer hinzugegebdie Blutbestandteile bei 300 x g

7 min abzentrifugiert und fur die weiteren Analysemwendet.

Tabelle. A1-2: Kalzium- und Phosphat-Stimulation

Experiment Kalzium- Phosphat-
Ansatz
(Gesamtvolumen) Stockldsung [uL]  Stocklésung [uL]
1 mM (PQ)*/1,3 mM C&" 0 1,50
Vollblutstimulation 2 mM (PQ)*/1,3 mM C&" 0 13,48
450 pL 4 mM (PQ)*/1,3 mM C&" 0 40,86
(450 pL) (
4 mM (PQ)*/1,8 mM C&" 17,71 40,87
1 mM (PQ)*/1,3 mM C&" 0 0
Differenzierung 1 mM (PQ)*/1,8 mM C&" 141,25 0
hamatopoetischer 2 mM (PQ)*/1,3 mM C&" 0 80
Stammzellen 2 mM (PQ)*/1,8 mM C&" 153,75 80
(5 ml) 4 mM (PQ)*/1,3 mM C&" 0 330
4 mM (PQ)*/1,8 mM C&" 191,25 330

Al-2.2 Zellisolation

Isolation von peripheren mononukleéren Zellen aus Wllblut

Periphere mononukleare Blutzellen (PBMCs) wurdes BDTA-antikoaguliertem Vollblut
mit Hilfe einer Dichtegradientenzentrifugation igot. Dabei ergeben je nach Spender aus
9 mL EDTA-antikoaguliertem Vollblut zwischen 10 ug@ Mio. PBMCs.

Zur Isolation wurde bis zu 18 mL EDTA-antikoagutess Vollblut pro 50 mL Reagiergefald
mit PBS/EDTA auf 35 mL verdinnt und auf 13 mL Sepansmedium (Ficoll-Paque)
geschichtet, so dass eine Phasentrennung sichtlmale wDie Auftrennung der Blutzellen
erfolgte wahrend einer ungebremsten Zentrifugatiorerhalb von 35 min bei 410 x g und
20°C. Wahrenddessen durchwandern Erythrozyten, Byayten und tote Zellen aufgrund

ihrer hoheren Dichte das Seperationsmedium undetbildlie unterste Phase. Die

58



Thrombozyten befinden sich in der obersten Schicheéinem Gemisch aus Plasma und
PBS/EDTA. Die PBMCs bilden eine weildliche Interphaslie dem Separationsmedium
aufliegt.

Zur Isolation der PBMCs wurden 10 mL der oberensehabgesaugt und die PBMCs mit
einer Pipette abgenommen. Die abgenommenen Zelietew in einem 50 mL Reagiergefald
mit PBS/EDTA gemischt und bei 300 x g fur 20 min #&C abzentrifugiert. Anschliel3end

wurde der Uberstand verworfen, das Zellpellet jehnExperiment in einem entsprechendem

Medium oder Puffer resuspendiert und die PBMCsgitere Experimente verwendet.

Isolation CD34" hamatopoetischer Stammzellen aus Vollblut

Hamatopoetische Stammzellen sind CD38lutbildende Vorlauferzellen, die durch
Positivselektion mit Hilfe des CD34 MicroBead Kihdi dem MACS-System von Miltenyi
Biotec isoliert wurden. Dazu wurden PBMCs aus EDamikoaguliertem Vollblut isoliert, in
10 mL PBS/EDTA aufgenommen und in ein 15 mL Realdgefal? tberfuhrt. Die Zellzahl
wurde nach Neubauer bestimmt und die Zellen arefgbhd bei 300xg 10 min
abzentrifugiert. Der Uberstand wurde verworfen, dalpellet in 300 uL MACS-Puffer pro
10 Zellen resuspendiert und mit je 100 puL FcR BlogkiReagent und CD34 MicroBead pro
10 Zellen gemischt. Die Anséatze wurden 30 min bei #fiibiert. Dabei wurden die CD34
Zellen mit spezifischen Magnetpartikeln gegen CDB4drkiert und konnten anschlieRend
durch magnetische Separation von den tbrigen Zglémennt werden.

Die magnetische Auftrennung erfolgte mit Hilfe ein®uadroMACS- und OctoMACS-
Magneten und je einer LS- und MS-Saule. Dazu wurdienZellen zunachst in 10 mL
MACS-Puffer gewaschen, bei 300 x g und 4°C 10 nlireatrifugiert und anschlie3end in
500 uL MACS-Puffer resuspendiert. Zur Separationrdeu die LS-Saule in den
QuadroMACS-Magnet eingespannt und mit 3 mL MACStuaquilibriert. Anschliel3end

wurde die Zellsuspension durchlaufen gelassen umd&dule dreimal mit je 3 mL MACS-
Puffer gespiilt. Die Saule wurde dem Magneten entmemund die CD34Zellen nach

Zugabe von 5 mL MACS-Puffer mit Hilfe eines Stol3@lss der Saule in ein 15 mL
Reagiergefald gedrickt. Die isolierten Zellen wurde300 x g 10 min bei 4°C abzentrifugiert
und das Zellpellet erneut in 500 uL MACS-Pufferusgsendiert. Zur Aufreinigung der CD34

Zellen wurde nun mit der MS-Saule und dem OctoMA@&gnet gleichermalden verfahren.
Hierbei wurden 500 puL MACS-Puffer zum Aquilibrieremnd Spilen und 1 mL zur
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Gewinnung der Zellen verwendet. Die Reinheit wutdechflusszytometrisch durch Farbung
von CD34 und CD45sfehe Al1-2.4 tberprift und die hAmatopoetischen Stammzellen fu

weitere Experimente verwendet.
Al1-2.3 Zellkultur

Zellzahlung nach Neubauer

Die Zellzahlung erfolgte mit Hilfe einer Neubaueifdkammer. Dabei wurde 10 pL der
Zellsuspension 1:10 mit Essigsaure (3%) verdinmdyom 10 pL in eine Zahlkammer
pipettiert wurden. Unter einem Mikroskop wurden dellen in den vier Quadranten
(inklusive zwei der vier Rénder) ausgezahlt (n1-ndn die absolute Zellzahl zu erhalten,
wurde der arithmetische Mittelwert der vier Zellsh gebildet und mit dem

Verdiinnungsfaktor (10), dem Kammerfaktor 910nd dem Volumen an Zellsuspension (V)

multipliziert.

KUrZ:  Napsotue = 7 Ntea i X 10 X 10% X V

Expansion und Differenzierung hamatopoetischer Stamzellen

Zur Expansion der CD34hamatopoetischen Stammzellen wurden diese zun#chsimL
Hematopoietic Progenitor Expansion Medium aufgenemnmmit 50 uL Cytokine Mix E
supplementiert und in die Vertiefung einer 6WebliRd gegeben. Nach einer siebentagigen
Inkubation bei 37°C und 5% GQvurde das Medium gewechselt. Dazu wurde die gesamt
Zellsuspension in ein 15 mL Reagiergefal3 Uberfiimd die Zellen bei 300 x g 10 min
abzentrifugiert. Die Zellen wurden in 5 mL Hematmic Progenitor Expansion Medium
resuspendiert, in die Vertiefung einer 6Well-Pladieettiert und mit 50 pL Cytokine Mix E
weitere 7 Tage bei 37°C und 5% &Kultiviert.

Zur anschlieBenden Differenzierung wurden die Zeifeein 15 mL Reagiergefald tberfuhrt,
bei 300 x g 10 min abzentrifugiert, in kalzium- urghosphathaltigem Hematopoietic
Progenitor Medium Tabelle A1-2) in 6Well-Platten ausgesat und 8 Tage bei 37°C und
5% CQ inkubiert. Wahrend dieser Zeit wurden die Zelléglich phanotypisch und am
letzten Tag zusatzlich funktionell untersucht.
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A1-2.4 Durchflusszytometrie

Die Durchflusszytometrie ist ein Verfahren zur quativen Bestimmung von
Oberflachenmolekilen und intrazellularen Proteirfeeptiden und DNA. Grundlage hierfur
ist die Detektion der optischen Signale fluoresmegukierter Zellen, die einzeln durch eine
Kapillare gesaugt werden und in der Durchflusszellee ausgesandte Laserstrahlung
passieren. Dabei wird der FluoreszenzfarbstoffAlggorpers durch Laserlicht angeregt und
dessen Fluoreszenzintensitat detektiert. Diese Ajilskunft Uber die Expressionsstarke des
markierten Proteins. Detektiert wird zudem die kstteuung als Vorwarts- und
Seitwartsstreuung. Das Vorwartsstreulicht (FSCeistMal3 fur die Beugung des Lichts im
flachen Winkel und hangt vom Volumen der Zelle Blas Seitwartsstreulicht (SSC) ist ein
Mal3 fur die Brechung des Lichts im rechten Winkie von der Granularitat der Zelle, der
GroRRe und Struktur ihres Zellkerns sowie der Medge Vesikel in einer Zelle beeinflusst

wird.

Zur Auswertung der durchflusszytometrischen Analk$@anen die registrierten optischen
Signale in PunktdiagrammerDdtplots) und Histogrammen dargestellt und die gesuchte
Zellpopulation nach ihren Eigenschaften zusammersgéf@egatet) werden. AnschlieRend
kann fur jede ausgewahlte Zellpopulation der prarae Anteil sowie fur jedes Fluorophor

die mediane Fluoreszenzintensitat (MFI) angegebenden.

Bestimmung der Expression von Oberflachenmarkern

Die Einteilung der Monozyten in die drei Monozytehpopulationen der klassischen,
intermediaren und nicht-klassischen Monozyten gtéolnach dem inPAbbildung Al-1
dargestellten Schema. Dabei wurden zunéchst allernzéen einem SSC/CD86 Dotplot
dargestellt und die Monozyten mit Hilfe der CD86pEession von den ubrigen
Zellpopulationen wie Lymphozyten und Granulozyt&gegrenztA). Anschlielend wurden
die CD86-Zellen selektiv in einem FSC/SSC Dotplot dargdisteller eine weitere
Eingrenzung der prasumtiven Monozyten nach ihren arattieristischen
Streulichteigenschaften ermoglich®)( Innerhalb dieser vordefinierten Monozyten wurden
die drei Subpopulationen nach der Expression ibteerflachenrezeptoren CD14 und CD16
definiert C).
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Abbildung Al-1: Einteilung humaner Monozytensubpopuationen in Vollblut

(ZAWADA et al., 2012)

Im Vollblut wurden Blutzellen mit fluoreszenzgekoglpen Antikérpern gegen CD14,
CD16 und CD86 markiert und durchflusszytometrisedrmessenA: Abgrenzung der
Monozyten von anderen Leukozyten durch Gating deD8€-Zellen
SSC/CD86-DotplotB: Darstellung der CD8%6Zellen und Gesamtzellen aus A in einem
FSC/SSC-Dotplot und Gating der Monozyten anhaneihldharakteristischen Gréofze und
Granularitat.C: Darstellung aus A und B erhaltenen CD8@onozyten und Einteilung

der klassischen, intermediaren und nicht-klassiscMonozytensubpopulationen nach

der Oberflachenexpression von CD14 und CD16.

Zur Charakterisierung von Monozytensubpopulatiomer\/ollblut wurden die Blutzellen in
2 mL FACS-Puffer gewaschen, bei 300 x g 7 min abizepert und mit Antikérpern aus
Mix 1 und Mix 2 (Tabelle A1-3) fur 30 min bei 4°C gefarbt. AnschlielBend wurdee di
Erythrozyten in 2 mL Lysepuffer 10 min bei Raumtergiur im Dunkeln lysiert. Die
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verbleibenden Blutzellen wurden bei 300 x g 7 nbmemtrifugiert und in 2 mL FACS-Puffer
gewaschen, nochmals bei 300 x g 7 min abzentrifughnschlielend wurden die Zellen
durch Zugabe von PFA (1%) fixiert und konnten déitdszytometrisch gemessen werden.

Tabelle A1-3: Antikérpermix zur Charakterisierung von
Monozytensubpopulationen im Vollblut
Mix 1 Antikorper Menge Mix 2 Antikorper Menge
CDh14 4 uL CD14 4 uL
CD16 0,5 puL CD16 0,5 puL
CD86 5puL CD86 5puL
CCR5 20 puL
CX3CR1 1uL
FACS-Puffer ad 70 uL FACS-Puffer ad 70 uL

Zur Uberprufung der Reinheit hamatopoetischer Staeflen wurde nach der Isolation die
Expression der Oberflachenproteine CD34 und CD4bhflusszytometrisch tberpruft. Dazu
wurden 100 pL Zellsuspension mit Antikdrpern ge@34 und CD45 aus Mix IT@belle
Al-4) fir 15 min bei 4°C gefarbt. AnschlieRend wurdee dellen in 2 mL FACS-Puffer
gewaschen und bei 300 x g 7 min abzentrifugiere Béllen wurden mit PFA (1%) fixiert
und die Expression von CD34 und CD45 im Durchflyssneter bestimmit.

Tabelle A1-4: Antikérpermix zur Charakterisierung h @&matopoetischer
Stammzellen
Mix 1 Antikorper Menge Mix 2 Antikorper Menge
CD34 20 puL CD14 3puL
CD45 20 uL CD16 0,25 pL
CD86 4 uL
FACS-Puffer ad 70 pL FACS-Puffer ad 70 pL
Mix 3 Antikorper Menge Mix 4 Antikorper Menge
CD14 3 uL CD14 3 uL
CD16 0,25 puL CD16 0,25 uL
CD86 4 uL CD86 4 uL
CCR5 20 uL CD80 5puL
CX3CR1 1uL CCR2 20 puL
FACS-Puffer ad 70 uL FACS-Puffer ad 70 uL
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Zur phanotypischen Charakterisierung hamatopoeatiscBtammzellen undin vitro
differenzierter Monozyten wurde die Expression ¥in14, CD16 und CD86 an jedem Tag
der Differenzierung und am letzten Tag zusatzlieh Eikpression von CCR5 und @3R1
sowie von CD80 und CCR2 bestimmt. Dazu wurden j® |10 Zellsuspension mit
Antikérpern aus Mix 2, Mix 3 und Mix 4Tabelle Al-4 fur 15 min bei 4°C gefarbt,
anschlieBend in 2 mL FACS-Puffer gewaschen und3b8ix g 7 min abzentrifugiert. Die
Zellen wurden in PFA (1%) fixiert und die Expressioder Oberflachenmarker

durchflusszytometrisch vermessen.

Bestimmung der Expression intrazellularer Zytokine

Fur die Expressionsanalyse intrazellularer Zytokingde die Zellmembran mit Hilfe eines
saponinhaltigen Puffers perforiert. Saponin beessl die Membranpermeabilitat durch
Interaktion mit Cholesterol in der Zellmembran. Bakntfernt es das Cholesterol selektiv

und schafft so Freirdume, durch die die Zelle Aimder aufnehmen kann.

Tabelle A1-5: Antikdrpermix zur Charakterisierung i ntrazellularer Zytokine

Mix 1 Antikorper Menge Mix 2 Antikorper Menge
TNF 2 uL IL-6 5puL
IL-1p 2 uL
Saponinpuffer ad 70 pL Saponinpuffer ad 70 puL

Fur die Expressionsanalyse von TNF, Ik-dnd IL-6 wurden die Monozyten zunéachst wie
bereits beschrieben mit Antikdrpern gegen CD14, €Ddad CD86 gefarbt, anschliel3end in
100 pL PFA (4%) 5 min bei Raumtemperatur fixiertduweitere 10 min in 2 mL
Saponinpuffer inkubiert. Die Zellen wurden bei 30 7 min abzentrifugiert und mit
Antikérpern aus Mix 1 und Mix 2T@abelle A1-5 gegen TNF und IL{1 sowie gegen IL-6
45 min bei Raumtemperatur im Dunkeln gefarbt. Danawrden die Zellen in 2 mL
FACS-Puffer gewaschen, bei 300 x g 7 min abzermgigit und in 100 pL PFA (1%) fixiert.

Abschlie3end konnte die Zytokinexpression durclsftysometrisch bestimmt werden.

Phagozytose-Assay

Zur Bestimmung der Phagozytosekapazitat wurden dtiareszierende Latexpartikel
(Fluoresbrite Yellow Green (YG) Carboxylate Micrbgpes) verwendet. Diese wurden

zunachst opsoniert, indem 1,5 puL Latexpartikel B@0uL humanem Serum (aus drei
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humanen Seren gemischt) und 5@0 Krebs-Ringer PBS (Endkonzentration
1,5 x 16 Partikel/mL) gemischt und unter Schitteln fir 3@ rbei 37°C im Wasserbad

inkubiert wurden. Die Analyse der monozytdren Phgtmsekapazitit erfolgte nach
Vollblutstimulation und nach Differenzierung hamatetischer Stammzellen. Dazu wurde zu
jedem 450 pL Vollblut-Ansatz 50 pL opsonierte Lagastikel und zu 100 pL Zellsuspension
10 pL Latexpartikel zugegeben. Die Ansédtze wurdénndn bei 37°C unter leichtem

Schutteln im Wasserbad inkubiert, anschlieBend mL2FACS-Puffer gewaschen und bei
300 x g 7 min abzentrifugiert. Die Zellen wurdenewbereits beschrieben mit Antikdrpern
gegen CD14, CD16 und CD86 markiert und durchflussmgtrisch vermessen. Nach
Einteilung der Monozyten in die drei Subpopulationkonnten die phagozytierenden
Monozyten in jeder Subpopulation als FITC-posi#aadlen identifiziert werden.

Al-2.5 Statistische Auswertung der Daten

Die statistische Analyse und graphische DarstellergErgebnisse erfolgte mittels Graphpad
Prism 4 (La Jolla, USA) Uber einfaktorielle Varianalyse (ANOVA) und wo angegeben mit
nachfolgendem Dunnett-Test als post hoc Analyses 8ignifikanzniveau wurde dabei
P < 0,05 definiert.
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A2 Publikationen

Die im Rahmen dieser Promotionsarbeit vertffentbohPublikationen sind im Folgenden

angehangt.
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¢ Abstract
Monocytes are heterogeneous cells consisting of (at least) three subsets: classical,
intermediate, and nonclassical monocytes. Correct enumeration of cell counts necessi-
tates well-defined gating strategies, which are essentially based upon CD14 and CD16
expression. For the delineation of intermediate from nonclassical monocytes, a
“rectangular gating (RG) strategy” and a “trapezoid gating (TG) strategy” have been
proposed. We compared the two gating strategies in a well-defined clinical cohort of
patients with chronic kidney disease (CKD). Within the ongoing CARE FOR HOMe
study, monocyte subsets were reanalyzed in 416 CKD patients, who were followed
3.6 = 1.6 years for the occurrence of a cardiovascular event. Gating was performed by
either RG or TG. We analyzed the expression of surface markers, and compared the
predictive role of cell counts of monocyte subsets, as defined by RG and TG, respec-
tively. With both gating strategies, higher intermediate monocyte counts predicted the
cardiovascular endpoint in Kaplan-Meier analyses (P < 0.001 with RG; P < 0.001 with
TG). After correction for confounders, intermediate monocyte counts remained inde-
pendent predictors in Cox-Regression analyses (HR =1.013 [95% CI: 1.006-1.020;
P <0.001] with RG; HR = 1.015 [95% CI: 1.006-1.024; P = 0.001] with TG). NRI was
3.9% when reclassifying patients from quartiles of intermediate monocyte counts
with RG strategy toward quartiles of intermediate monocytes counts with TG strategy.
In expression analysis, those monocytes which are defined as intermediate monocytes
by the RG strategy and as nonclassical monocytes by the TG strategy share character-
istics of both subsets. In conclusion, intermediate monocytes were independent pre-
dictors of cardiovascular outcome irrespective of the applied gating strategy. Future
studies should aim to identify markers that allow for an unequivocal definition of
intermediate monocytes, which may further improve their power to predict cardio-

vascular events.  © 2015 International Society for Advancement of Cytometry

o Key terms
cd14; cd16; monocytes; gating strategy; cardiovascular disease; chronic kidney disease

MONOCYTE heterogeneity was first described in 1989 based on the differential
expression of the lipopolysaccharide coreceptor CD14 and the FcyRIII receptor
CD16 (1). Initially two monocyte subpopulations have been distinguished by flow-
cytometry: a population, which expresses high levels of CD14 and no CD16, and a
population which coexpresses both markers (CD16+ monocytes).

Subsequent research characterized CD16+ monocytes as proinflammatory cells,
as they were found to express high levels of TNFo and IL12p40/IL12p70 (2,3) and as
their cell counts were found to be elevated in many inflammatory conditions

—=ISAC
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[reviewed in (4,5)].
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Figure 1. Two suggested gating strategies for monocyte subsets. The delineation of intermediate and nonclassical monocytes can be per-
formed by two different gating strategies: the RG strategy or the TG strategy. [Color figure can be viewed in the online issue which is avail-

able at wileyonlinelibrary.com]

More than ten years ago, first evidence emerged that
CD16+ monocytes consist of two phenotypical different sub-
populations (6,7). Since then varying definitions and gating
strategies for monocyte subsets coexisted in the literature
impeding the comparison of study results from different
groups. To solve this problem, an official nomenclature for cir-
culating monocytes was proposed by an expert consensus com-
mittee, which was subsequently approved by the Nomenclature
Committee of the International Union of Immunological Soci-
eties (8). This consensus acknowledges the existence of three
different monocyte subsets: classical CD14++CD16— mono-
cytes, intermediate CD14+ +CD16+ monocytes and nonclass-
ical CD14+CD16+ + monocytes.

Prior to the introduction of this official nomenclature,
intermediate monocytes have mostly been neglected or ana-
lyzed in common with nonclassical monocytes. However,
despite being a cell population in transition from classical to
nonclassical monocytes (9), intermediate monocytes are a phe-
notypical unique cell population with distinct tasks in the
immune system (10,11): they were identified as major pro-
ducers of reactive oxygen species and of proinflammatory cyto-
kines (TNFo and IL18) in response to lipopolysaccharide, as
highly proangiogenic cells and as cells with the highest capacity
for antigen processing and presentation. In comparison, classi-
cal monocytes harbor the highest antimicrobial and phagocytic
capacity, while nonclassical monocytes produce proinflamma-
tory cytokines (TNFg, IL1f3, and CCL3) in response to viruses
and nucleic acid containing immune complexes and patrol the
endothelium of blood vessels (11,12). Moreover, in contrast to
classical and nonclassical monocytes, intermediate monocytes
were identified as independent predictors of cardiovascular out-
come in several prospective cohort studies among patients with
different stages of chronic kidney disease (CKD; (13-15)), and
among patients undergoing coronary angiography (16).

Despite these essential advancements in monocyte
nomenclature, the comparability of study results between dif-
ferent scientific groups is still limited. One major problem in

Cytometry Part A ¢ 87A: 750—758, 2015

monocyte subset analyses is the delineation of intermediate
from nonclassical monocytes. In general, two different gating
strategies exist (17): the “rectangular gating (RG) strategy”
and the “trapezoid gating (TG) strategy” (Fig. 1). Up to now
no clinical data exist which compare both gating strategies.

A uniform definition for monocyte subset gating strategies
is the basis for the initiation of large-scale multicenter studies
on monocyte heterogeneity. To compare the two gating strat-
egies, we now reanalyzed monocyte subsets among patients
with CKD recruited in the large-scale prospective CARE FOR
HOMe study. Our data show that the two strategies give similar
results with respect to prediction of cardiovascular outcome.

MATERIALS AND METHODS

Study Population

The present study is a reanalysis of the CARE FOR
HOMe (Cardiovascular and Renal Outcome in CKD 24
Patients - The Fourth Homburg evaluation) study. The
ongoing CARE FOR HOMe study recruits patients with CKD
for identification of risk factors for CKD progression and car-
diovascular complications in CKD. Short-term outcome data
from CARE FOR HOMe have been published before (15). The
study was approved by the local Ethics Committee and all par-
ticipants gave their written informed consent.

Patients were included in the CARE FOR HOMe study if
they had CKD GFR category G 2—G 4, which corresponds to an
eGFR (estimated glomerular filtration rate) between 90 and
15 mL/min/1.73 m* according to the MDRD (Modification of
Diet in Renal Disease) equation. Exclusion criteria were defined
as concomitant human immunodeficiency virus infection,
active cancer disease, malignant hematological disorders, acute
renal failure (increase of plasma creatinine > 50% within four
weeks), previous kidney transplantation, and age < 18 years.
Furthermore, patients were excluded when they presented with
systemic immunosuppressive medication, clinical apparent
infections (with plasma CRP > 50 mg/l, and/or requiring sys-
temic antibiotic therapy) and pregnancy.
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History of cardiovascular comorbidity, smoking, diabetes
mellitus, and current drug intake was assessed by a standar-
dized questionnaire and by thorough chart review. Prevalent
cardiovascular disease (CVD) was defined as previous myo-
cardial infarction, coronary artery angioplasty/stenting/bypass
grafting, major stroke, carotid endarterectomy/stenting, non-
traumatic lower extremity amputation, or lower limb artery
bypass surgery/angioplasty/stenting. Active smokers were
defined as those individuals who were current smokers or had
stopped smoking < 1 month before study enrolment. Preva-
lent diabetes mellitus was defined as self- or physician-
reported diabetes mellitus, a fasting glucose > 126 mg/dL or
intake of glucose-lowering medication. Body mass index was
calculated as weight (kg)/[height (m)].

Measurement of blood pressure was performed after five
minutes of rest with an automated blood pressure recording
apparatus (GE Carescape DINAMAP V100; GE Healthcare).

444 patients entered CARE FOR HOMe between Septem-
ber 2008 and November 2012. Among these 444 patients, six
patients had no baseline monocyte subset data (no total
monocyte counts due to missing of differential hemogram),
and reanalysis of monocyte subsets was not possible in 22
patients because data files could not be imported into the soft-
ware for technical reasons. Thus, this analysis includes 416
patients with available differential hemograms and flow-
cytometrical data (recorded monocyte count: 7000).

Laboratory Analyses

Blood samples were obtained under standardized condi-
tions. Standard laboratory parameters were analyzed at the
Central Laboratory of the Saarland University Medical Center.
Estimated glomerular filtration rate at study enrolment was
calculated using the MDRD 4 variable equation.

Leukocyte and monocyte counts were measured with
automated cell counters using standard techniques. Monocyte
subpopulations were analyzed by flow-cytometry in a whole-
blood assay using 100 pl of whole blood according to our vali-
dated standard protocol (11). EDTA anticoagulated whole
blood was stained with antibodies against CD86 (CD86-PE,
HA5.2B7, Beckman-Coulter, Krefeld, Germany), CDI14
(CD14-PerCP, M®P9, BD Biosciences, Heidelberg, Germany)
and CD16 (CD16-PeCy7, 3G8, BD Biosciences) and analyzed
flow-cytometrically using the FACS Canto II with FACSDiva
Software Version 6.1.2 (BD Biosciences).

Monocytes were first gated in a SSC/CD86 dot plot, iden-
tifying monocytes as CD86+ cells, followed by a SSC/FSC dot
plot to further gate cells with monocyte scatter properties (see
Supporting Information Fig. S1 for monocyte gating). Next,
in a CD14/CD16 dot plot, the three monocytes subsets were
defined via the two different gating strategies: the “RG strat-
egy” and the “TG strategy” (Fig. 1). For quantifying monocyte
subset cell counts, we multiplied the relative percentage of
each subset with the total monocyte numbers.

In addition, we aimed to phenotype those monocytes
that are labeled intermediate monocytes by RG strategy and as
nonclassical monocytes by TG strategy (defined as
“indeterminate monocytes” hereafter) in a subgroup of 14
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CARE FOR HOMe participants. We measured expression of
CCR2 (CD192), CCR5 (CD195), CX;CR1, ACE (CD143),
TLR2 (CD282), and TLR4 (CD284) on these indeterminate
cells, as well as on those cells which are defined as intermedi-
ate monocytes and nonclassical monocytes by both gating
strategies. expression was quantified flow-
cytometrically as median fluorescence intensity (MFI) and
standardized against coated fluorescent particles (SPHER-
OTM; BD Biosciences). The following antibodies were used:
CD192-Alexa Fluor® 647 (48607), CD195-APC (2D7/CCR5),
and CD282-Alexa Fluor® 647 (11G7) from BD Biosciences,
CX;CRI-FITC (2A9-1) and CD143-FITC (9B9) from Biozol
(Eching, Germany) and CD284-FITC (HTA125) from AMS
Biotechnology (Abingdon, UK).

All flow-cytometry analyses were performed by techni-
cians blinded to clinical baseline characteristics.

Protein

Outcome Analysis

All study participants were invited to our nephrological
outpatient clinic for annual follow-up visits. Patients who
were either unable or unwilling to follow this invitation, or
who have reached end-stage renal disease during follow-up
and became dialysis dependent, were contacted via telephone.
In this case, medical records from the treating physicians were
obtained to verify all events reported by study participants or
their next of kin.

The composite cardiovascular end-point was defined as
the first occurrence of an acute myocardial infarction, surgical
or interventional coronary/cerebrovascular/peripheral-arterial
revascularization, stroke with symptoms > 24 h, amputation
above the ankle and/or death of any cause. Two physicians
blinded to monocyte data adjudicated all events. In the case of
disagreement, a third physician made a final decision.

Patients not reaching an end point were censored at the
time of the last annual follow-up visit (for patients who were
contacted via telephone, at the time of the last examination by
their treating physician). The present analysis is based upon
follow-up data gathered until December 2014. Vital status was
known for all patients at this time-point.

Statistics

Data management and statistical analysis were performed
using SPSS Statistics 20 (SPSS, Inc., Chicago, IL) and Graph-
Pad Prism4 (GraphPad, San Diego, CA). The level of signifi-
cance was predefined as P < 0.05.

Categorical variables are presented as percentages of
patients and compared using y* or Fisher’s exact tests, as
appropriate. Continuous data are expressed as means = stan-
dard deviation and compared using Student’s ¢ test (for two
independent samples) or one-way analysis of variances
(ANOVA) with Dunnett’s post hoc test (for more than two
independent samples). Median values [interquartile range] are
given in case of skewed distributions.

Associations between continuous variables were tested
using Pearson correlation testing. Comparison of correlation
coefficients was performed with “Simple Stat Tests.”

Subjects were divided into 4 equally sized groups (quar-
tiles) according to their levels of monocyte (subset) counts.

Gating Strategy for Monocyte Subsets
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Kaplan-Meier survival curves were used to compare event-free
survival (i.e., time until first occurrence of the cardiovascular
endpoint) between groups. The Breslow test was used to test
the hypothesis that at least one of the survival curves differs
from the others. Cox proportional hazard models were calcu-
lated to analyze the relationship of monocyte (subset) cell
counts with event-free survival after adjustment for age, gen-
der, prevalent CVD, eGFR, HDL cholesterol, LDL cholesterol,
mean blood pressure, C-reactive protein, and diabetes
mellitus.

In order to compare the role of cell counts of intermedi-
ate monocytes, as defined by RG strategy and by TG strategy,
respectively, for predicting three year cardiovascular outcome,
we performed receiver operator characteristic (ROC) curve
analyses among those patients who had complete information
on three year event rate (n = 353).

Reclassification Analysis

To further compare the two gating strategies in the con-
text of cardiovascular outcome prediction, we reclassified
patients from quartiles of intermediate monocyte counts
when applying the RG strategy to quartiles of intermediate
monocyte counts when applying the TG strategy.

The net reclassification improvement for patients with
events (NRleens) wWas defined as the difference between the
proportion of patients experiencing an event who moved to
higher quartiles of intermediate monocyte counts with the TG
strategy, and the proportion of patients experiencing an event
who moved to lower quartiles of intermediate monocytes with
the TG strategy (18). Similarly, the difference between the pro-
portion of patients without an event who moved to lower
quartiles of intermediate monocytes and the proportion of
patients without an event who moved to higher quartiles of
intermediate monocytes with the TG strategy was defined as
NRlon-eventss The total net reclassification improvement
(NRI;ya1) was calculated as NReyenss + NRILon-cvents-

REsurrs

Patients’ Characteristics

Monocyte subsets analysis based on the two different gat-
ing strategies was performed in 416 CARE FOR HOMe partic-
ipants. Patients were followed for the occurrence of a
cardiovascular event (CVE) for a mean of 3.6 = 1.6 years. The
predefined CVE occurred in 106 patients (26%).

The baseline characteristics of the total cohort and of the
cohort stratified by the subsequent occurrence of a CVE are
depicted in Table 1. As expected, patients who suffered a CVE
during follow-up were older and had lower eGFR; addition-
ally, prevalent CVD and diabetes mellitus were more frequent
in these patients.

Cross-Sectional Analysis

We first analyzed the association of monocyte subset
counts with cardiovascular risk factors. Intermediate and non-
classical monocyte counts both correlated with higher age,
lower mean blood pressure, higher CRP, and lower HDL cho-
lesterol (Table 2 and Supporting Information Table S1). More-
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over, male patients had higher cell counts of intermediate and
nonclassical monocytes (Supporting Information Table S2).
Intermediate monocyte counts correlated with kidney func-
tion, whereas nonclassical monocytes correlated with BMI as
well as with hip and waist circumference (Table 2 and Sup-
porting Information Table S1). No significant differences in
correlation coefficients between monocyte subset cell counts
and cardiovascular risk factors were observed when compar-
ing both gating strategies.

Monocyte Subsets as Predictors of Cardiovascular
Outcome

Patients who suffered a CVE had higher cell counts of
total and classical as well as of intermediate and nonclassical
monocytes with both gating strategies (RG and TG; Table 1).

We stratified the study cohort by cell counts of total
monocytes and monocyte subsets—based on either gating
strategy—into quartiles and performed univariate Kaplan-
Meier survival analyses (Fig. 2 and Supporting Information
Fig. S2). With both gating strategies, patients in higher quar-
tiles of intermediate monocyte counts (RG: P<0.001; TG:
P<0.001) had shorter event-free survival. By visual inspec-
tion, the survival curves seemingly separate to a slightly higher
degree with the TG strategy, but the clinical relevance of such
small differences is questionable at best. Quartiles of nonclass-
ical monocytes by RG were not associated with event-free sur-
vival (P =0.113) whereas quartiles of nonclassical monocytes
by TG reached statistical significance (P = 0.042).

In multivariate Cox regression analysis, intermediate
monocyte counts based on both gating strategies remained
significantly associated with event-free survival after adjust-
ment for age, gender, prevalent CVD, eGFR, diabetes mellitus,
CRP, HDL-C, LDL-C and mean blood pressure (RG:
HR=1.013 [95% CL 1.006-1.020; P<0.001]; TG:
HR =1.015 [95% CI: 1.006-1.024; P=0.001]). Nonclassical
monocytes by both gating strategies were not independently
associated with event-free survival (RG: HR = 1.003 [95% CI:
0.997-1.009; P=0.289]; TG: HR=1.004 [95% CI: 0.999—
1.009; P=0.157]). Cox regression analyses for monocyte sub-
sets and for total monocytes are given in Supporting Informa-
tion Table S3-S8.

Given that intermediate monocytes by both gating strat-
egies were identified as independent predictors of CVE, we
next compared the performance of intermediate monocytes
based on RG and on TG strategy for CVE prediction in ROC
curve analysis among those patients who had complete infor-
mation on three year event rate (n = 353). Both, intermediate
monocytes by RG and by TG, showed virtually identical AUC
values (RG: AUC = 0.620 [0.548-0.693], P=0.001; TG:
AUC = 0.625 [0.554-0.695], P = 0.001; Fig. 3).

Finally, we performed reclassification analysis for inter-
mediate monocytes based on RG and TG among the same 353
patients; 79 of these 353 patients reached the CVE within
three years. Among those patients who suffered an event, three
patients were reclassified to higher and two patients to lower
quartiles of intermediate monocytes when applying the TG
instead of the RG, yielding an NRleyenes of 1.3%. Of the 274
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Table 1. Patients’ characteristics stratified by the subsequent occurrence of a cardiovascular event

TOTAL COHORT (N = 416) NO CVE (N = 310) CVE (N = 106) P

Gender (men) 248 (60%) 175 (57%) 73 (69%) 0.029
Prevalent CVD (yes) 129 (31%) 63 (20%) 66 (62%) <0.001
Smoking (yes) 41 (10%) 29 (9%) 12 (11%) 0.338
Diabetes mellitus (yes) 161 (39%) 104 (34%) 57 (54%) <0.001
Age (years) 65.1 = 12.6 63.3+13.0 70.5*+9.4 <0.001
BMI (kg/mz) 30.2*5.5 30.3 5.5 29.8 5.5 0.438
Systolic BP (mm Hg) 154 £ 25 154 £ 24 154 £ 27 0.908
Diastolic BP (mm Hg) 87 £ 13 88 =12 82+*13 <0.001
Mean BP (mm Hg) 109 £ 15 110 £ 14 106 = 16 0.021
eGFR (ml/min/1.73 mz) 452 *+15.9 47.7 = 15.6 37.7+14.3 <0.001
K/DOQI stage 2 (%) 80 (19%) 71 (23%) 9 (9%) <0.001
K/DOQI stage 3a (%) 140 (34%) 120 (39%) 20 (19%)

K/DOQI stage 3b (%) 115 (28%) 72 (23%) 43 (41%)

K/DOQI stage 4 (%) 81 (20%) 47 (15%) 34 (32%)

UAE (mg/g creatinine) 36 (8 —190) 27 (7 —156) 71 (24 - 316) 0.125
Total cholesterol (mg/dl) 193 *+ 43 198 * 42 177 * 41 <0.001
HDL cholesterol (mg/dl) 47 (39 -61) 49 (41 - 63) 44 (36 — 55) 0.009
LDL cholesterol (mg/dl) 115+ 36 118 + 36 106 + 33 <0.001
Triglycerides (mg/dl) 135 (97 — 192) 136 (97 — 207) 132 (96 — 164) 0.270
Apo A-I (mg/dl) 161 (142 — 184) 166 (146 — 188) 148 (134 - 167) <0.001
hsCRP (mg/l) 2.7 (1.2 -5.4) 2.4 (1.1 - 4.6) 4.1(1.7-9.7) 0.001
Hemoglobin (g/dl) 13.4+1.7 13.6 £ 1.6 13.0 1.7 0.001
Leukocytes (cells/pl) 6874 + 2005 6689 * 2024 7414 + 1856 0.001
Total monocytes (cells/ul) 562 *+ 204 536 + 193 638 =218 <0.001
Classical monocytes (cells/pl) 464 *+ 175 444 *+ 166 521 + 186 <0.001
Intermediate RG monocytes (cells/pl) 35+ 22 31 +17 45+ 28 <0.001
Intermediate TG monocytes (cells/pul) 27 =17 24+ 15 36 =21 <0.001
Nonclassical RG monocytes (cells/pl) 64 + 32 61+ 30 71 + 38 0.014
Nonclassical TG monocytes (cells/pl) 70 + 36 66 + 32 79 + 44 0.006

Values are mean + SD, median (interquartile range), or n (%). Statistical analysis for the comparison of “No CVE"” vs.”CVE" was per-
formed with the Student’s ttest or Fisher’s exact test, as appropriate. Significant P values are given in bold.

Apo A-l: apolipoprotein A-I; BMI: body mass index; BP: blood pressure; CVD: cardiovascular disease; CVE: cardiovascular event;
eGFR: estimated glomerular filtration rate; HDL: high-density lipoprotein; hsCRP: high-sensitivity C-reactive protein; K/DOQI: kidney dis-
ease outcomes quality initiative; LDL: low-density lipoprotein; RG: rectangular gating; TG: trapezoid gating; UAE: urinary albumin

excretion.

patients who did not experience an event, 20 patients moved
to higher quartiles and 27 patients to lower quartiles of inter-
mediate monocytes by TG (in line with the slightly better sep-
aration of the Kaplan Meier curves in Fig. 2), resulting in a
NRIon-events Of 2.6%. The NRI o by TG is thus 3.9%.

Characterization of Surface Antigens

Finally, we analyzed whether those monocytes that are
labeled as intermediate monocytes by RG, and at the same
time as nonclassical monocytes by TG (“indeterminate mono-
cytes”, see Fig. 4) rather resemble cells which are defined as
intermediate monocytes by both gating strategies, or cells
defined as nonclassical monocytes by both gating strategies.
Therefore, we measured the expression of predefined surface
proteins (CCR5, ACE, TLR2, TLR4, CCR2, and CX5CR1) in a
subgroup of 14 CARE FOR HOMe participants. For markers,
which are characteristically expressed by classical (CCR2) or
nonclassical monocytes (CX3CR1), respectively, indeterminate
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monocytes showed an intermediate phenotype. Characteristic
markers of intermediate monocytes (CCR5, ACE, TLR2, and
TLR4) are highly expressed on these indeterminate mono-
cytes. Interestingly, for CCR5 indeterminate monocytes
showed the highest expression among monocyte subsets.

Discussion

In this study, we compared in a well-defined clinical
cohort the performance of two frequently applied gating strat-
egies: the “RG strategy” vs. the “TG strategy.” By reanalyzing
data from the CARE FOR HOMe study, we found intermedi-
ate monocytes to be independent predictors of CVE among
CKD patients irrespective of the applied gating strategy.

Monocyte heterogeneity has gained strong interest in the
last decade, as distinct monocyte subsets have been implicated
in the pathogenesis of CVD (19). Since the discovery of
monocyte heterogeneity in 1989 (1) substantial work has been
investigated in the characterization of monocyte subsets.

Gating Strategy for Monocyte Subsets
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Table 2. Correlation coefficients of intermediate and nonclassical monocyte counts with cardiovascular risk factors

INTERMEDIATE MONOCYTES NONCLASSICAL MONOCYTES
RG TG RG VS. TG RG TG RG VS. TG
VARIABLE R P R P P R P R P P
Age 0.124 0.012 0.125 0.011 0.988 0.102 0.037 0.107 0.030 0.942
BMI 0.053 0.279 0.043 0.379 0.886 0.153 0.002 0.149 0.002 0.953
Hip circumference 0.001 0.980 —0.010 0.835 0.875 0.104 0.035 0.100 0.041 0.954
Waist circumference 0.009 0.860 —0.002 0.971 0.875 0.173 <0.001 0.162 0.001 0.871
Systolic BP —0.082 0.095 —0.085 0.084 0.965 —0.065 0.189 —0.065 0.183 1.000
Diastolic BP —0.144 0.003 —0.147 0.003 0.965 —0.109 0.026 —0.112 0.022 0.965
Mean BP —0.129 0.009 —0.132 0.007 0.965 —0.099 0.045 —0.101 0.040 0.977
Creatinine 0.157 0.001 0.152 0.002 0.941 0.053 0.282 0.067 0.174 0.840
log UAE 0.097 0.049 0.102 0.038 0.942 0.000 0.993 0.008 0.876 0.909
eGFR —0.147 0.003 —0.144 0.003 0.965 —0.044 0.373 —0.057 0.247 0.851
log hsCRP 0.257 <0.001 0.232 <0.001 0.703 0.223 <0.001 0.242 <0.001 0.773
Total cholesterol —0.035 0.483 —0.040 0.420 0.943 —0.036 0.463 —0.033 0.503 0.966
LDL cholesterol 0.025 0.618 0.019 0.693 0.931 —0.010 0.842 —0.002 0.960 0.909
HDL cholesterol —0.155 0.002 —0.155 0.002 1.000 —0.125 0.011 —0.130 0.008 0.942
Triglycerides 0.018 0.710 0.016 0.747 0.977 0.032 0.510 0.032 0.512 1.000
Leukocytes 0.323 <0.001 0.319 <0.001 0.949 0.304 <0.001 0.307 <0.001 0.962

Correlation analysis was performed with the Pearson test. Comparison of correlation coefficients was done with “Simple Stat
Tests”. Significant correlations are given in bold.

BMI: body mass index; BP: blood pressure; eGFR: estimated glomerular filtration rate; HDL: high-density lipoprotein; hsCRP: high-
sensitivity C-reactive protein; LDL: low-density lipoprotein; RG: rectangular gating; TG: trapezoid gating; UAE: urinary albumin excretion.

However, it was not until 2010 when an official nomenclature
for circulating monocytes was published, acknowledging the
existence of the three different monocyte subsets (8). Up to
then, most studies on monocyte heterogeneity exclusively
focused on classical and nonclassical monocytes, thereby
either ignoring intermediate monocytes or lumping them
together with classical or nonclassical monocytes. This hin-
dered an earlier definite characterization of intermediate
monocytes, which were only recently acknowledged as a sepa-
rate cell population harboring a unique proinflammatory
potential (6,11,12). At the same time, clinical studies demon-
strated that patients with high counts of intermediate mono-
cytes have an increased risk to suffer CVE (13-16).
Congruously, immunomodulation of a distinct monocyte

subset is currently discussed as a promising therapeutic option
in atherosclerosis (20).

Until now, most clinical data on monocyte heterogeneity
come from single-center studies and multi-center studies are
impeded by the absence of standardized procedures for mono-
cyte subset analyses. Such protocols will be considered as man-
datory prerequisites at the latest when intermediate monocytes
become targets for novel cardiovascular treatment strategies.

However, even today, the lack of standardization of
monocyte subset analyses may account for seemingly contra-
dictory study results on monocyte heterogeneity between dif-
ferent laboratories (16,21). Presently, monocyte analysis deals
with at least two major challenges: first, the correct identifica-
tion of total monocytes in the FSC/SSC dot plot and second,
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Figure 2. Kaplan-Meier survival curves. Relationship between quartiles of intermediate and nonclassical monocytes by both gating strat-
egies and event-free survival in 416 CKD patients (Kaplan—Meier analysis with Breslow test). [Color figure can be viewed in the online

issue which is available at wileyonlinelibrary.com]
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Figure 3. ROC curve analysis for intermediate monocytes by
both gating strategies. ROC curve analysis was performed with
those CKD patients who had information on three year event rate
(n=353). [Color figure can be viewed in the online issue which is
available at wileyonlinelibrary.com]

the standardized delineation of the three monocyte subsets in
the CD14/CD16 dot plot.

First, complete and specific identification of monocytes in
the FSC/SSC dot plot is fundamental for precise monocyte enu-
meration [reviewed in (4)], which requires the application of a
pan-monocytic marker for the correct delineation of monocytes
from other leukocytes. Two different pan-monocytic markers
are established for monocyte subset analysis, CD86 and HLA-
DR, which both yield identical results (11,22). Moreover, only
recently a novel strategy for monocyte gating has been suggested
which uses LRP1 (low-density lipoprotein receptor-related pro-
tein 1; CD91) and which has been validated against the HLA-
DR-based gating strategy (23). Monocyte subset analysis without
a pan-monocytic marker can result in inaccurate cell counts par-
ticularly of nonclassical monocytes, as they may overlap with
lymphocytes. In this study, we applied the CD86-based gating
strategy for the identification of total monocytes.

Second, the gating of monocyte subsets in the CD14/CD16
dot plot has not been standardized before and thus virtually
each scientific group has its own strategy to draw the gates for
classical, intermediate, and nonclassical monocytes. The delinea-
tion between classical and intermediate monocytes can be
achieved in a straightforward way by using an isotype control
(17). In contrast, the delineation of intermediate and nonclassi-
cal monocytes is more arbitrary, and two different strategies
have been proposed: the RG strategy, in which a horizontal line
is drawn as an extension of the gate of classical monocytes, and
the TG strategy, in which an oblique line for delineating interme-
diate from nonclassical monocytes is drawn. The latter inevitably
labels more cells as nonclassical monocytes than the former.

When applying either gating strategy among CARE FOR
HOMe patients, we found similar associations of intermediate
monocyte counts with cardiovascular risk factors in cross-
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sectional analyses, and with adverse cardiovascular outcome
in longitudinal analyses, which points toward robustness of
this biomarker. In contrast, different results were observed for
nonclassical monocytes in univariate (albeit not in multivari-
ate) analyses, as nonclassical monocytes were predictors of
CVE by TG, but not by RG. This results from the designation
of indeterminate monocytes as nonclassical monocytes with
the TG (but not with RG) strategy. Compared with cells,
which are defined as nonclassical monocytes by both gating
strategies, these indeterminate cells have a higher expression
of chemokine receptors and may be considered more proin-
flammatory monocytes.

The three monocyte subsets display a unique molecular
fingerprint (11,12,24). Genome-wide gene expression analyses
identified subset-specific markers and characterized interme-
diate monocytes as proinflammatory mediators of immune
response (11,12,24). Notably, all three studies on genome-
wide characterization isolated monocyte subsets in accordance
with the RG strategy.

In this study, we now tested predefined markers in different
regions of monocyte subsets. By analyzing the expression of
CCRS5, ACE, TLR2, TLR4, CCR2, and CX;CRI, proteins, which
are centrally involved in inflammation and/or atherogenesis, we
found that indeterminate monocytes have a specific expression
pattern, which comprises characteristic markers of both CD16+
monocyte subsets. Notably, indeterminate monocytes showed
the highest expression of CCR5, which has been associated with
atherosclerosis in animal studies and which is considered a
potential therapeutic option for patients at high cardiovascular
risk (25). Admittedly, this unique expression pattern of surface
protein on indeterminate monocytes suggests that any labeling of
these cells as either intermediate or nonclassical monocytes is at
least partly arbitrary, and that these cells should be considered to
be in transition between intermediate and nonclassical mono-
cytes (9). However, it is beyond the scope of the present manu-
script to propose a novel classification of monocyte subsets with
four or even more subsets. Instead, we are positive that the intro-
duction of the consensus nomenclature in 2010 (8) was a sub-
stantial step forward for allowing better comparison of monocyte
heterogeneity analyses between different research groups.

Further studies are needed in order to identify markers,
which allow a definite delineation of intermediate and non-
classical monocytes. A first strategy has been proposed based
on CCR2, which however has not been compared with other
gating strategies (26). Thus, additional studies on the identifi-
cation of markers for the delineation of intermediate and non-
classical monocytes are eagerly awaited.

For the time being, we propose to use the RG strategy
for monocyte subset analyses due to several reasons. First,
substitution of the TG strategy for the RG strategy will yield
no substantial gain in outcome prediction. Second, most
clinical studies applied the RG strategy and the comparabil-
ity of future study results will be facilitated when the same
gating strategy will be applied. Third, established protocols
for isolation of monocyte subsets (i.e., intermediate and
nonclassical monocytes) with magnetic beads or cell sorters
yield cell populations, which are identical to monocyte

Gating Strategy for Monocyte Subsets
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Figure 4. Protein expression analysis on monocyte subsets. Those monocytes that are labeled intermediate monocytes by RG and non-
classical monocytes by TG are denoted indeterminate monocytes. Expression of CCR2, CCR5, CX3CR1, ACE, TLR2, and TLR4 was meas-
ured on classical monocytes (CD14++CD16—), intermediate monocytes by TG (CD14++CD16+ TG), indeterminate monocytes and
nonclassical monocytes by RG (CD14+CD16++ RG) in 14 patients with CKD. Flow-cytometrical data were measured as median fluores-
cence intensity (MFI) and presented as means + SEM. Statistical analysis was performed with one-way ANOVA with Dunnett’s post hoc
test for the comparison of CD14++CD16+ TG, indeterminate and CD14+CD16++ RG monocytes. [Color figure can be viewed in the

online issue which is available at wileyonlinelibrary.com]

subsets defined with RG strategy. Therefore, application RG
rather than TG strategy will allow better comparison between
experimental and clinical data. Comparison of future studies
in isolated monocyte subsets will thus be facilitated when a
RG strategy is applied. This is of particular importance as
these isolation protocols have also been applied in recent
genome-wide gene expression analyses, which have substan-
tially sharpened our understanding of subset-specific mono-
cyte biology in men. Forth, surface proteins which are
characteristic of intermediate monocytes and which are
implicated in CVD are highly expressed on indeterminate
monocytes. Fifth, the RG strategy allows a more specific

Cytometry Part A ¢ 87A: 750—758, 2015

delineation of those monocytes that are associated with
future cardiovascular outcome—intermediate monocytes—
from other monocytes with no implications for adverse car-
diovascular outcome—nonclassical monocytes.

In summary, the RG strategy for monocyte subset analy-
sis should be preferred over the TG strategy, until novel
markers will hopefully allow a more straightforward delinea-
tion of intermediate and nonclassical monocytes.
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Single FGF-23 Measurement and Time-Averaged Plasma
Phosphate Levels in Hemodialysis Patients

Sarah Seiler,* Gaetano Lucisano,* Philipp Ege * Lisa H. Fell,* Kyrill S. Rogacev,* Anne Lerner-Graber, *
Matthias Klingele,* Matthias Ziegler,” Danilo Fliser,* and Gunnar H. Heine*

Summary

Background and objectives Plasma phosphate levels display considerable intraindividual variability. The
phosphatonin fibroblast growth factor 23 is a central regulator of plasma phosphate levels, and it has been
postulated to be a more stable marker than conventional CKD-mineral and bone disorder parameters. Thus,
fibroblast growth factor 23 has been hypothesized to reflect time-averaged plasma phosphate levels in CKD
patients.

Design, setting, participants, & measurements Among 40 patients from the outpatient dialysis center, serial
measurements of plasma calcium and phosphate (before every dialysis session) as well as C-terminal fibroblast
growth factor 23, parathyroid hormone, and alkaline phosphatase (one time weekly) were performed over a
study period of 4 weeks in November and December of 2011. Intraindividual variability of repeated plasma
fibroblast growth factor 23 measurements compared with other CKD-mineral and bone disorder markers was
tested, and the association of a single plasma fibroblast growth factor 23 measurement with time-averaged
plasma phosphate levels was analyzed.

Results Against expectations, intraindividual variability of fibroblast growth factor 23 (median coefficient of
variation=27%; interquartile range=20-35) was not lower than variability of plasma phosphate (median coeffi-
cient of variation=15%; interquartile range=10-20), parathyroid hormone (median coefficient of variation=24%;
interquartile range=15-39), plasma calcium (median coefficient of variation=3%; interquartile range=2—-4), or
alkaline phosphatase (median coefficient of variation=5%; interquartile range=3-10). Moreover, the correlation
between the last fibroblast growth factor 23 measurement after 4 weeks and time-averaged plasma phosphate did
not surpass the correlation between the last fibroblast growth factor 23 measurement and a single plasma
phosphate value (r=0.67, P<<0.001; r=0.76, P<<0.001, respectively).

Conclusions Surprisingly, fibroblast growth factor 23 was not more closely associated to time-averaged plasma
phosphate levels than a single plasma phosphate value, and it did not show a lower intraindividual variability
than other tested markers of CKD-mineral and bone disorder. Thus, fibroblast growth factor 23 should not be
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used in clinical practice as a reflector of time-averaged plasma phosphate levels.
Clin ] Am Soc Nephrol 8: 1764-1772,2013. doi: 10.2215/CJN.13021212

Introduction
Elevated phosphate burden is considered to be an im-
portant driver of excess cardiovascular morbidity and
mortality in CKD (1). Evidence from epidemiologic
studies associated hyperphosphatemia with adverse
outcome in dialysis (CKD 5D) patients (2-5), and ex-
perimental data revealed pathophysiological pathways
for phosphate-induced vascular calcification (6). Subse-
quently, hyperphosphatemia has been acknowledged
as a central therapeutic target in CKD, and recent Kidney
Disease Improving Global Outcomes (KDIGO) guide-
lines on CKD-mineral and bone disorder (CKD-MBD)
recommended prescription of oral phosphate binders to
patients with elevated plasma phosphate, aiming to
lower plasma phosphate to physiologic levels (7).

Of note, large intraindividual variability in plasma
phosphate levels exists in hemodialysis patients:

Copyright © 2013 by the American Society of Nephrology

plasma phosphate levels follow a circadian rhythm
(8), and high biologic variability persists even when
drawing blood samples at the same time of day in
CKD 5D patients (9).

Therefore, a single monthly plasma phosphate mea-
surement (as suggested by current KDIGO guidelines)
may be suboptimal for assessing time-averaged plasma
phosphate levels in individual dialysis patients, and a
more reliable marker is eagerly awaited.

Fibroblast growth factor 23 (FGF-23) is a central
regulator of plasma phosphate levels. FGF-23 is
secreted from osteoblasts and osteocytes on stimulation
by calcitriol (10), parathyroid hormone (11), and (yet in-
completely identified) other mechanisms. FGF-23 in-
creases urinary phosphate excretion by reducing
expression of sodium phosphate cotransporters in the
proximal tubules (12) and lowers circulating calcitriol
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levels by decreasing renal expression of la hydroxylase,
thus decreasing intestinal phosphate absorption (13,14).

Because of the central role of FGF-23 in keeping phos-
phate levels within physiologic boundaries, FGF-23 has
been hypothesized to serve as a marker for time-averaged
plasma phosphate levels (15), although no study has ever
proven this idea.

Against this background, we initiated our Dialysis in
Homburg evaluation (DIAL HOMe) study and measured
CKD-MBD parameters repeatedly over a period of 28 days.
Our aim was twofold: first, compare intraindividual
variability of distinct parameters of CKD-MBD and second,
analyze whether a single FGF-23 measurement drawn at the
end of this study period (day 28) adequately reflects
averaged plasma phosphate levels during the preceding
4 weeks.

Materials and Methods

The DIAL HOMe study was conducted over a 4-week
period between November 28, 2011 and December 24, 2011.
The local ethics committee approved the study design, and
all participants gave their written informed consent before
beginning of the study. The authors adhered to the Decla-
ration of Helsinki.

We included CKD 5D patients who underwent three
times weekly hemodialysis treatment at our outpatient
dialysis center (Saarland University Medical Center, Hom-
burg, Germany) if they had 3 months or more of dialysis
vintage. Patients who were hospitalized and/or suffered
from acute systemic infection at the time point of study
initiation were excluded.

Forty-two adult hemodialysis patients met the inclusion
criteria and gave their informed consent. One patient died
during the study period, and another one patient withdrew
his informed consent 1 week after beginning of the study.
Thus, 40 participants completed the study, and their main
baseline characteristics are shown in Table 1.

No modifications in any therapeutic factors affecting
calcium-phosphate homeostasis during the 4-week study
phase (namely dialysate calcium content, prescription of
oral phosphate binders, active vitamin D, cholecalciferol,
and calcimimetics) were allowed unless vitally indicated.
Moreover, no changes in iron substitution, hemodialysis
dose and/or frequency, anticoagulation, type, and surface
of the dialyzer membrane, and dialysate flow rate were
allowed throughout the study period.

The 4-week study comprised a total of 12 consecutive
dialysis sessions; plasma samples were obtained from
arteriovenous fistula needles or central venous catheters
for dialysis immediately before each dialysis session. We
measured predialysis plasma phosphate and calcium at
each dialysis session. Plasma levels of C-terminal FGF-23,
parathyroid hormone (PTH), and alkaline phosphatase
(AP) were quantified one time weekly before each week’s
third dialysis session. Finally, we assessed 25-OH-vitamin
D levels 6 weeks before study initiation and 1 week after
study finalization, and these two values were averaged to
yield an individual’s 25-OH-vitamin D level.

Plasma samples were processed within 15 minutes, with
the samples being centrifuged at 4,000 rpm for 5 minutes
at room temperature. Supernatants were stored in aliquots
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Table 1. Baseline characteristics of Dialysis in Homburg
evaluation (DIAL HOMe) study participants
Variable Value
Calcium (mg/dl) 9.2+0.8
Phosphate (mg/dl) 52x17
Alkaline phosphatase 93.7+50.4
(U/ml)
Parathyroid hormone 127 (66-267)
(pg/ml)
C-terminal FGF-23 2785 (1386-9715)
(rU/ml)
25-OH-vitamin D 32.0%+10.1
(ng/ml)
Glucose (mg/dl) 128.7+44.9
Plasma protein (g/L) 70.0£5.1
Hemoglobin (g/dl) 11.3*x1.5
Ferritin (ng/ml) 557 (346-744)
C-reactive protein (mg/L) 4.4 (2.2-13.4)
Systolic BP (mmHg) 137+25
Diastolic BP (mmHg) 7013
Body mass index (kg/m?) 28.4+6.2
Coronary artery disease (%) 14 (35)
Cerebrovascular disease (%) 8 (20)
Diabetes mellitus (%) 20 (50)
Active smoking (%) 6 (15)
Iron supplements (%) 21 (53)
Phosphate binder intake (%) 33 (83)
Cinacalcet intake (%) 6 (15)
Active vitamin D intake (%) 24 (60)
Self-reported diuresis 24 (60)
>500 ml/24 h (%)
Continuous data are shown as mean * SD or median (inter-
quartile range) as appropriate; categorical variables are de-
picted as number of patients (percentage). FGF-23, fibroblast
growth factor 23.

at —80°C until further use. C-terminal FGF-23 levels were
determined by ELISA (low cutoff value=1.5 rU/ml, high
cutoff value=1500 rU/ml [samples with FGF-23>1500 rU/ml
were measured after dilution]; Immutopics, San Clemente,
CA). Levels of AP, calcium, and phosphate were deter-
mined by standard laboratory methods. PTH levels were
measured by a second generation electrochemiluminescent
immunoassay (normal range=15-65 pg/ml; Hoffmann-La
Roche, Bale, Switzerland).

To minimize the influence of diurnal variation, time of
blood collection was standardized for individual study
participants, and patients were asked not to switch from
morning to afternoon dialysis sessions or vice versa (in fact,
only one patient temporarily changed from morning to
afternoon dialysis sessions for logistic reasons).

After completion of the DIAL HOMe study period, we
additionally aimed to assess variation of FGF-23 levels
during a single week. Therefore, we recruited 11 of the
original 40 DIAL HOMe participants in March of 2013, and
we measured C-terminal FGF-23 before each of the three
dialysis sessions (e.g., Monday, Wednesday, and Friday or
Tuesday, Thursday, and Saturday as appropriate).

History of smoking, current drug intake, and cardiovas-
cular comorbidity were assessed by standardized ques-
tionnaires and verified by chart review. Cardiovascular
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risk factors and comorbidity were defined as described
previously (16,17). Echocardiography data on systolic left
ventricular function were available in all patients.

Liver disease was defined by elevated liver enzymes
(alanine/aspartate aminotransferase=100 U/L), labora-
tory cholestasis (direct bilirubin=1.0 mg/dl), prevalent
chronic hepatitis B/ C, and/or histologic evidence of liver
damage. Body weight and resting BP were recorded before
and after each hemodialysis session.

In addition, we assessed information on food composition
in 35 of 40 study participants by interview during the study
period. Daily caloric and phosphate intakes were estimated
using the German Bundeslebensmittelschliissel provided by
the Max-Rubner-Institute, Karlsruhe, Germany (www.mri.
bund.de), which provides detailed information on nutri-
tional compositions of a wide range of German foods.

Statistical analyses were performed with PASW Statistics
18, and the level of significance was set at P value<<0.05.
Categorical variables are presented as percentage of pa-
tients and compared by chi-squared test. Continuous
data are expressed as mean * SD or median (interquartile
range [IQR]) as appropriate based on distribution proper-
ties and were compared by Mann-Whitney test, ¢ test, or
ANOVA for trend.

To evaluate the intraindividual stability of FGF-23,
calcium, phosphate, AP, and PTH, we calculated percent-
age coefficients of variation (CVs; SD divided by the
meanX100) (10) from the four measurements taken at
the last dialysis day of each week.

Correlation coefficients between continuous variables
were calculated according to Pearson.

Results
Population Characteristics

Forty patients, of whom 16 (40%) patients were women,
completed the 4-week study period. Mean age of our
patients was 69+ 14 years, and mean dialysis vintage was
3.1 (IQR=1.7-6.1) years. Two patients had undergone
parathyroidectomy before study initiation. All participants
underwent dialysis three times per week. Mean dialysis ses-
sion length was 24626 minutes; 30 patients were treated in

the morning shift, and 10 patients were treated in the after-
noon shift.

Mean daily phosphate intake was 2362+1292 mg, and
mean daily caloric intake was 1438+525 kcal; phosphate
intake was strongly correlated with caloric intake (r=0.87,
P<0.001) but not mean plasma phosphate levels (r=0.15,
P=0.40). Of note, there was no correlation between FGF-23
at week 4 and daily oral phosphate intake (r=0.21, P=0.23).

Comedication targeting CKD-MBD parameters com-
prised active vitamin D (24 patients), cinacalcet (6 patients),
and various classes of phosphate binders (lanthanum
carbonate [18 patients], calcium acetate [16 patients],
sevelamer [15 patients], aluminum hydroxide [2 patients],
and magnesium carbonate [2 patients]), and no changes in
this medication occurred during the study period. Other
main baseline characteristics are shown in Table 1.

Dialysis filter and dialysis dose were kept constant
during the study period for all patients, with the exception
of a single patient, in whom session time was reduced from
5 to 4 hours in the last 2 study weeks. Dialysate calcium
concentration was kept stable at 3.0 mEq/L throughout the
study period in all but one patient.

Intraindividual Variability of Calcium-Phosphate
Metabolism Markers

Baseline measurements of CKD-MBD parameters are
depicted in Table 1. During the 4-week study period, we
observed infradian rhythms in plasma phosphate levels,
with peak values before the first dialysis session of each
week, followed by a progressive decrease before the sec-
ond and third sessions of each week (Figure 1).

In contrast, no infradian rhythms were observed in C-
terminal FGF-23 levels among a subgroup of 11 study
participants recruited after our original DIAL HOMe study
period (Supplemental Figure 1).

For evaluating the stability of CKD-MBD parameters
during the 4-week study period, we first examined the
intraindividual median and range of variation for plasma
phosphate, calcium, PTH, and FGF-23 measured at the end
of the first, second, third, and fourth study weeks (Figure 2;
patients rank ordered by individual participants’” mean
and FGF-23 depicted on both linear [Figure 2E] and
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Figure 1. | Plasma phosphate and calcium levels throughout the study period. Note that measurements 1, 4, 7, and 10 refer to the first
measurements of each week; the 4 study weeks are separated by dashed lines. Phosphate and calcium levels are depicted as means and SDs.
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logarithmic scales [Figure 2F]). By visual inspection, the
overall range of intraindividual variation seems less pro-
nounced for FGF-23 compared with PTH and phosphate.
Nonetheless, when calculating the CV for each CKD-MBD
parameter from the same four measurements, FGF-23
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(median CV=27% [IQR=20-35]) and PTH (median
CV=24% [IQR=15-39]) showed the highest CV values fol-
lowed by phosphate (median CV=15% [IQR=10-20]), AP
(median CV=5% [IQR=3-10]), and calcium (median
CV=3% [IQR=2-4]) (Figure 3). If log-transferred FGF-23
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Figure 2. | Range of variation in CKD-MBD parameters. Depicted are medians, interquartile ranges, and minimum and maximum blood
values of (A) calcium, (B) phosphate, (C) parathyroid hormone, (D) alkaline phosphatase, (E) C-terminal FGF-23 on a linear scale, and (F) C-
terminal FGF-23 on a logarithmic scale. Values for each individual patient are plotted in rank order of their individual means. AP, alkaline
phosphatase; CKD-MBD, CKD-mineral and bone disorder; FGF-23, fibroblast growth factor 23; PTH, parathyroid hormone.



1768 Clinical Journal of the American Society of Nephrology

levels were used for calculating CV, then FGF-23
becomes a seemingly more stable CKD-MBD parameter
than plasma phosphate (median CV=4% [IQR=3-5]).

Of note, calculating CVs from all 12 phosphate
measurements (e.g., on different days of the weeks;
CV=14% [IQR=11-18]) or the first dialysis day of each
week (e.g., Monday or Tuesday; CV=13% [IQR=8-19])
rather than from four measurements on Fridays or Sat-
urdays, respectively, yielded virtually identical find-
ings.

Correlations between a Single FGF-23 Measurement and
Plasma Phosphate Levels

To further analyze how far a single FGF-23 measurement
reliably indicates average plasma phosphate levels within
the preceding weeks, we compared the correlation of the
FGF-23 levels at study end with either a single plasma
phosphate measurement obtained at the same day or time-
averaged plasma phosphate levels over the 4-week study
period.

Table 2 depicts correlation coefficients between CKD-
MBD parameters measured at the end of the 4-week study
period; expectedly, a significant correlation between FGF-23
and plasma phosphate was found (Figure 4A).

Notably, a correlation analysis between FGF-23 at study
end and time-averaged plasma phosphate levels (Figure
4B) yielded a numerically lower correlation coefficient
than the correlation analysis between FGF-23 and a single
phosphate measurement (Figure 4A). In a linear regression
analysis, a single phosphate measurement even outper-
formed time-averaged plasma phosphate levels as a pre-
dictor for log-transformed FGF-23 at study end (coefficient

of regression [B], 95% confidence interval [95% CI], and
level of significance [P] for a single phosphate measure-
ment and time-averaged plasma phosphate, respectively:
B=0.27, 95% CI=0.08 to 0.46, P=0.007; B=0.08, 95%
CI=-0.11 to 0.27, P=0.41).

Moreover, despite the seemingly high correlation coeffi-
cient between FGF-23 and both single and time-averaged
plasma phosphate levels, individuals with very similar
FGF-23 measurement may have widely differing plasma
phosphate levels (as depicted in Figure 4 for a plasma
FGF-23 of ~8,000 rU/ml), further arguing against the
use of FGF-23 as a reliable indicator of plasma phosphate
levels.

We aimed to better characterize those patients with
high FGF-23 levels (arbitrarily defined as =2000 rU/ml
at week 4) and normophosphatemia during the 4-week
study (time-averaged plasma phosphate=4.5 mg/dl).
Five patients fulfilled these criteria; they did not signif-
icantly differ in daily dietary phosphate (2312+529 mg)
or caloric intake (1571+262 kcal) from the remaining
patients (daily dietary phosphate intake=2370+1385 mg,
daily caloric intake=1416+557 kcal; P=0.93 and P=0.55, re-
spectively). Moreover, we excluded a significant difference
in dialysis vintage (FGF-23=2000 rU/ml and normophos-
phatemia=4.4+2.4 years; remaining patients=3.7+2.4
years; P=0.87). Finally, compared with the remaining 35
patients, 5 patients with plasma phosphate levels within
the normal range and FGF-23 levels=2000 rU/ml did not
differ in the prevalence of heart failure (P=0.69), diabetes
mellitus (P=0.63), liver disease (P=0.26), or residual renal
function (defined as self-reported diuresis=500 ml/24
hours).
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Table 2. Correlation coefficients between CKD-mineral and bone disorder parameters

CKD-MBD Time-Averaged
Parameter Phosphate AP Log PTH Log FGF-23 Phosphate
Calcium r=—0.17, r=0.17, P=0.29 r=—0.06, P=0.71 r=0.05, P=0.77 r=—0.35, P=0.03
P=0.31
Phosphate r=0.13, P=0.42 r=0.45, P=0.004 r=0.76, P<0.001 r=0.87, P<0.001
AP r=0.40, P=0.01 r=0.25, P=0.12 r=0.08, P=0.61
Log PTH r=0.41, P=0.009 r=0.34, P=0.03
Log FGF-23 r=0.67, P<0.001

Because of non-normal distribution, FGF-23 and PTH were log-transformed for this analysis. AP, alkaline phosphatase; PTH, para-
thyroid hormone; FGF-23, fibroblast growth factor 23; r, Pearson correlation coefficient; P, level of significance.

Discussion

In our DIAL HOMe study, we set out to test the use of
FGF-23 as a stable reflector of time-averaged plasma
phosphate levels during the preceding 4 weeks. Such use
of FGF-23 was suggested earlier (15) on the basis of the
central physiologic role of FGF-23 in phosphate regulation
(18).

We a priori postulated that any stable marker of time-
averaged plasma phosphate levels should fulfill two re-
quirements. First, such a marker should have a lower
intraindividual variability than plasma phosphate itself.
Second, in a given individual, a single measurement of
this marker should be more closely associated with mean
plasma phosphate levels averaged from repeated measure-
ments than a random single phosphate value.

Intraindividual Variation of CKD-MBD Parameters

First, we could confirm that plasma phosphate levels
undergo substantial infradian rhythm, with highest levels
after the long interdialytic interval at the beginning of the
week on Mondays/Tuesdays. In contrast, we found no
such infradian rhythm for FGF-23 levels.

Because circadian rhythms in plasma phosphate levels
have been described earlier (9,19,20), we deliberately set
out a study protocol, in which patients were not consid-
ered to change from morning to afternoon dialysis sessions
and vice versa.

Respecting these infradian rhythms of plasma phos-
phate, we decided to calculate CVs on the basis of a single
weekly phosphate measurement (on the same days on
which FGF-23, AP, and PTH were measured; i.e., Fridays or
Saturdays) rather than all 12 phosphate values for compar-
ing intraindividual stability of CKD-MBD parameters. In
line with clinical practice, most dialysis units perform rou-
tine laboratory tests on the same days of the week. Nota-
bly, calculating CVs from all 12 measurements or the first
dialysis day of each week rather than 4 measurements on
Fridays or Saturdays, respectively, yielded virtually iden-
tical findings.

Against our expectations, we found that repeatedly
measured FGF-23 displayed higher rather than lower
CVs compared with plasma phosphate measurements.
After log transformation, FGF-23 values seemingly become
more stable.

Notably, the only other epidemiologic study that as-
sessed stability of FGF-23 in CKD patients revealed similar

findings: among 44 peritoneal dialysis patients who un-
derwent three monthly FGF-23 measurements, FGF-23
became a seemingly stable parameter only after log trans-
formation (21).

Admittedly, high stability after log transfer of a biologic
variable is of limited clinical relevance, because nephrol-
ogists will be confronted with crude FGF-23 values rather
than log-transferred values in their clinical practice.

Association between FGF-23 and Time-Averaged Plasma
Phosphate

As expected, we found a strong correlation between
FGF-23 levels and plasma phosphate levels at any given
time point, which was shown before among individuals
with intact renal function (22,23) and in multiple cohort
studies across the spectrum of CKD (24-28).

This close association between FGF-23 and plasma
phosphate levels and the high intraindividual variability
of plasma phosphate measurements fueled the idea that
FGF-23 might mirror time-averaged plasma phosphate
levels, similar to glycosylated hemoglobin in glucose
metabolism (29). Interestingly, the idea of using FGF-23
as such a marker for time-averaged plasma phosphate lev-
els has never been proven by adequate clinical data.

We now found that the correlation between FGF-23
levels and time-averaged phosphate did not surpass the
correlation between FGF-23 levels and a single phosphate
measurement. Moreover, we exemplarily illustrate that
CKD patients with similar FGF-23 levels may have dra-
matically different plasma phosphate levels: patients who
are in KDIGO target ranges for plasma phosphate and
patients with massively elevated plasma phosphate levels
may share virtually identical FGF-23 levels. Although
various factors beyond CKD-MBD parameters may affect
FGF-23 (30-32), we did not identify single factors explain-
ing the coexistence of very high FGF-23 levels and normo-
phosphatemia in individual patients, which may result
from the limited patient size of our cohort.

In summary, on the basis of our data, no single FGF-23
level can reliably separate patients with adequate plasma
phosphate values from patients with poor plasma phos-
phate control.

Limitations
We cannot rule out that FGF-23 measurement may reveal
information on phosphate balance that is not reflected by
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immediate changes in plasma phosphate levels. Of note,
the largest amount of phosphate exists in other compart-
ments outside the intravascular space, and harmful extra-
osseous phosphate deposition with vascular calcification
may occur even before plasma phosphate levels are overtly
elevated. Nonetheless, epidemiologic data on the association

between FGF-23 levels and vascular calcification revealed
discrepant findings (14,33).

Moreover, we arbitrarily defined a study period of
4 weeks for assessing average plasma phosphate levels,
and it may be argued that an even longer observation
period would have yielded discrepant results.
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Additionally, in CKD 5 patients who have very high
FGF-23 levels, serial dilutions are necessary for measuring
C-terminal FGF-23 levels. These dilutions could increase
analytic variability and hence, CVs in our sample. Of note,
CVs did not differ between patients with the lowest
(CV=26% [IQR=20-39]) and highest (CV=27% [IQR=19-
35]) FGF-23 levels.

As another limitation, we focused our cohort study on
C-terminal FGF-23 levels, because many nephrologists use
C-terminal FGF-23 rather than intact FGF-23 measurements
in clinical practice for logistic and economical reasons.
Moreover, because of higher instability of intact FGF-23
in the preanalytic phase, the measurement of C-terminal
FGF-23 is recommended, especially for samples from CKD
patients (34).

In our DIAL HOMe study, we investigated two aspects:
first, the intraindividual stability of FGF-23 in case of
repeated measurements and second, its value as a marker
for time-averaged plasma phosphate levels over 4 weeks.
Against our expectations, plasma FGF-23 had a higher in-
traindividual variation than plasma phosphate, and plasma
FGF-23 failed to provide specific information on time-averaged
plasma phosphate levels during the preceding weeks.
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ABSTRACT

Background. Iron deficiency contributes to anaemia in patients
with chronic kidney disease. Lv. iron is therefore widely used for
anaemia treatment, although it may induce oxidative stress and
activate monocytes. Different i.v. iron preparations are available,
but interestingly their substance-specific immunologic effects
are poorly studied.

Methods. We analysed the effect of iron sucrose, ferric carboxy-
maltose, iron isomaltoside 1000, low-molecular-weight iron
dextran and ferumoxytol on classical, intermediate and nonclas-
sical monocyte biology. We therefore stimulated in vitro mature
monocytes and haematopoietic CD34" stem cells during their
differentiation into monocytes with different concentrations
(0.133, 0.266, 0.533 mg/mL) of i.v. iron preparations. Altera-
tions of monocyte subset distribution, expression of surface
markers (CD86, CCR5, CX3CR1), as well as production of pro-
inflammatory cytokines (TNF-a, IL-1B) and reactive oxygen
species were measured using flow cytometry. Additionally, we
analysed phagocytosis and antigen presentation capacity.
Results. We found specific immunologic effects after stimu-
lation with iron sucrose which were not induced by the other
iron preparations. Iron sucrose activated monocyte subsets
leading to significantly increased CD86 expression. Simul-
taneously CD16 and CX;3CR1 expression and monocytic phago-
cytosis capacity were decreased. Additionally, differentiation of
monocytes from haematopoietic CD34" stem cells was almost
completely abolished after stimulation with iron sucrose.
Conclusions. Our findings demonstrate that specific immuno-
logic effects of distinct i.v. iron preparations exist. The clinical
relevance of these findings requires further investigation.

Keywords: CD14, CD16, immune deficiency, iron therapy,
monocyte subsets
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INTRODUCTION

Iron deficiency is highly prevalent in chronic kidney disease
(CKD) patients [1]. After erythropoiesis-stimulating agents
failed to improve cardiovascular disease burden among CKD
patients in several recent large-scale randomized clinical trials
[2-4], the idea of iron supplementation for anaemia treatment
has re-gained interest in nephrology in recent years [5].

Iron supplementation may be provided either orally or in-
travenously. However, oral absorption of iron is poor in many
CKD patients due to their chronic micro-inflammatory status
with commensurately high hepcidin levels [6]. Hepcidin itself
impairs intestinal iron absorption and transport from the en-
terocytes to the plasma [7].

Therefore the use of intravenous (i.v.) iron preparations has
been recommended [8, 9]. Several i.v. iron preparations have
been developed, most of which (like iron sucrose, ferric
carboxymaltose, low-molecular-weight iron dextran and feru-
moxytol) consist of a ferritin-like polynuclear, non-ionic
ferric-oxyhydroxide core and a carbohydrate shell. Another
i.v. iron preparation, iron isomaltoside 1000, differs in structure
from these molecules, since it has been described as a matrix-
like structure with interchanging layers of linear isomaltoside
1000 oligomers and iron atoms placed in cavities between, and
within, the oligosaccharide molecules [10]. Lv. iron preparations
vary in their carbohydrate ligands as well as in the chemistry of
the coupling process and thus in physiochemical and pharma-
cokinetic parameters such as molecular weight, reactivity as well
as thermodynamic stability [11]. These differences result in
a substance-specific kinetic of non-transferrin-bound iron
(NTBI; ‘free iron’) release from iron complexes after their i.v.
administration [12]. Within the cell, NTBI can induce the for-
mation of reactive oxygen species (ROS) [13, 14]. Oxidative
stress, in turn, results in endothelial damage and dysfunction
and triggers inflammation [15, 16]. Moreover, recent reports
suggest that i.v. iron administration may impair the function of
circulating leukocytes with subsequently increased susceptibility
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to bacterial infections [17]. Of note, most scientific work has
focused on implications of ‘free iron” on neutrophils [18], and
only few reports have been published on interaction of ‘free
iron’ with monocytes [19], despite the central role of monocytes
in iron metabolism and host defence [20].

Moreover, previous research on iron toxicity has comple-
tely neglected the existence of monocyte heterogeneity, consti-
tuting a knowledge gap regarding the effects of iv. iron
preparations on different monocyte subsets. Three distinct
monocyte subsets, namely, classical CD14"*CD16~ mono-
cytes, intermediate CD14""CD16" monocytes and nonclassi-
cal CD14"CD16"" monocytes have been acknowledged by the
recent consensus statement [21]. Intermediate monocytes are
characterized as inflammatory and potentially proatherogenic
cells; high cell counts of intermediate monocytes predict
adverse cardiovascular outcome in CKD patients [22, 23].

Against this background, the purpose of this study was to
investigate the immunoactivation of different monocyte subsets
by five i.v. iron preparations which are commonly used in clini-
cal nephrology, namely iron sucrose, ferric carboxymaltose,
iron isomaltoside 1000, low-molecular-weight iron dextran and
ferumoxytol [24].

SUBJECTS AND METHODS

Subjects

For our in vitro analysis, we recruited two groups of study
participants:

(1) control subjects without overt CKD (depending on the
analyses, three to seven subjects per experiment, as indi-
cated below; all subjects had serum creatinine <1.5 mg/
dL), and

(2) patients with severe CKD [four patients with CKD stage
G 4 - 5 (GFR< 30 mL/min/1.73 m?) not yet on renal re-
placement therapy, and four haemodialysis patients].

All participants gave informed consent. The study protocol
was approved by the local Ethics Committee and was con-
ducted in accordance with the Declaration of Helsinki.

Flow cytometric analysis

Monocyte subsets were flow cytometrically identified in cell
culture or in whole-blood assays according to our standardized
and validated gating strategy using FACS Canto II with FACS-
Diva Software (BD Biosciences, Heidelberg, Germany) [22]. In
brief, using a side scatter/CD86 dot plot, monocytes were de-
tected as CD86-positive cells with monocytic scatter properties.
Subsequently the three monocyte subsets classical, intermediate
and nonclassical monocytes were gated based on their surface
expression pattern of CD14 (LPS receptor) and CD16 (FcyIll
receptor).

In the whole-blood assays we stimulated 150 pL blood
with different i.v. iron preparations: iron sucrose (Venofer®),
ferric carboxymaltose (ferinject®) (both from Vifor Pharma
AG, Glattbrugg, Switzerland), iron isomaltoside 1000
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(MonoFer®), low-molecular-weight iron dextran (Cosmo-
Fer®) (both from Pharmacosmos, Holbak, Denmark) and
ferumoxytol (Feraheme®, from AMAG Pharmaceuticals,
Lexington, MA, USA).

All stimulations were done at 37°C and 5% CO,, and three
iron concentrations were used: 0.133, 0.266 and 0.533 mg/mL.

Protein surface expression and intracellular cytokine pro-
duction were quantified as mean fluorescence intensity (MFI).
The following antibodies were used: anti-CD14 PerCP (M¢9),
anti-CD16 PeCy7 (3G8) and anti-CD195 APC (2D7/CCR5)
and anti-TNF FITC (MAb11) (BD Biosciences, Heidelberg,
Germany), anti-CD86 PE (HA5.2B7) (Beckman-Coulter,
Krefeld, Germany), anti-CX3;CRl1 FITC (2A9-1) (Biozol,
Eching, Germany), and anti-IL-1B Alexa Fluor® 647 (JK1B-1)
(Biolegend, Fell, Germany).

Surface expression of CD14, CD16, CD86, CCR5 and
CX;CRI was determined after incubating 150 uL EDTA antic-
oagulated blood with iron preparations for 5 h.

For intracellular measurement of TNF-o and IL-1f, 150 pL
Li-hep anticoagulated blood was incubated with iron prep-
arations for 2 h before and for 1 h after addition of 350 uM of
brefeldin A (Sigma-Aldrich, Taufkirchen, Germany). After
staining for CD14, CD16 and CD86 and lysis, cells were fixed
with paraformaldehyde (4%), washed with a saponin-contain-
ing buffer, stained with antibodies against TNF-o and IL-18,
washed and fixed with paraformaldehyde (1%).

In vitro generation of monocytes from haematopoietic
CD34" stem cells

For in vitro generation of monocytes, haematopoietic CD34"
stem cells were isolated and monocytes generated according to
our standardized protocol (manuscript in preparation). Briefly,
peripheral blood mononuclear cells (PBMCs) were isolated
from EDTA anticoagulated blood by Ficoll-Paque (Lymphocyte
Separation Medium; PAA, Célbe, Germany) gradient density
centrifugation. CD34" cells were isolated using the CD34 Mi-
croBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
For determining quality of isolation, CD34" cells were stained
with anti-CD34 APC (581; BD Biosciences) and anti-CD45 PE
(HI30; BD Biosciences) antibodies. Mean purity assessed by
flow cytometry was 85.3 + 4.8%.

Isolated CD34" haematopoietic stem cells were expanded
in 6-well plates (1 x 10* cells/mL) for 13 days in the Haemato-
poietic Progenitor Cell Expansion Medium DXF, enriched
with Cytokine Mix E (PromoCell GmbH, Heidelberg,
Germany). After expansion, cells were seeded in 12-well plates
for differentiation to monocytes in the Haematopoietic Pro-
genitor Medium (PromoCell GmbH) supplemented with iron
preparations. Daily progress was flow cytometrically moni-
tored after anti-CD14, anti-CD16 and anti-CD86 staining, sub-
dividing cells into monocyte subsets. At Day 7 of differentiation,
surface expression of CCR5 and CX;CR1 was additionally
measured.

Measurement of ROS

For measurement of ROS, PBMCs were isolated from
EDTA anticoagulated blood and stimulated with iron prep-
arations for 3 h. Afterwards cells were incubated with 10 uM
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described above, and viable cells were defined as 7-AAD-nega-
tive monocytes.

Statistics

Statistical analysis was performed for each iron preparation
using one-way analysis of variance (ANOVA), followed by
Dunnett’s multiple comparison test as post hoc test. Data were
presented as percentages or MFI + SEM (standard error of the
mean).

RESULTS

Impact of iron preparations on human monocyte subsets

We first aimed to analyse the impact of the three iron prep-
arations iron sucrose, ferric carboxymaltose and iron isomalto-
side 1000 on human monocyte subsets collected from control
subjects without overt CKD. Therefore, we stimulated whole
blood with the different iron preparations and analysed their

effect on the expression of CD14, CD16 and CD86 on classi-
cal, intermediate and nonclassical monocytes. We found iron
sucrose dose-dependently to increase CD86 surface expression
on all monocyte subsets. In addition, we observed a significant
reduction of CD16 expression on classical monocytes, and
on nonclassical monocytes (Table 1). Despite this down-
regulation of CDI16 expression, no significant changes in mono-
cyte subset distribution occurred (Figure 1), and CD14 expression
did not change (Table 1). Ferric carboxymaltose and iron isomal-
toside 1000 did not affect the expression of CD14, CD16 or CD86
(Table 1).

Effect of iron preparations on monocytic chemokine
receptor expression, inflammation response and
functional characteristics

We analysed the effect of the three different iron prep-
arations iron sucrose, ferric carboxymaltose and iron isomalto-
side 1000 on subset-specific expression of chemokine receptors
CCR5 and CX;CRI1, on production of pro-inflammatory
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Iron preparations and monocyte subsets

6 for analysis of ROS production

7 for analysis of CCR5 and CX;CR1 expression, # = 4 for analysis of TNF-o and IL-1B production, n =

Indicated are mean fluorescence intensity [MFI] + SEM; n

*P <0.05, **P <0.01

cytokines (TNF-o and IL-1B) and on ROS production. CX;CR1
expression was specifically and dose-dependently reduced by
iron sucrose, while CCR5 expression was not. Moreover, iron
sucrose tended to increase IL-1B and ROS production, but
not TNF-o. production. Ferric carboxymaltose and iron
isomaltoside 1000 affected neither cytokine production, chemo-
kine receptor expression nor ROS production significantly
(Table 2).

Next, we tested the effect of iron preparations on the main
functional characteristics of monocytes, namely phagocytosis
capacity and antigen presentation (via analysis of T-cell pro-
liferation). In contrast to ferric carboxymaltose and iron iso-
maltoside 1000, iron sucrose significantly reduced the capacity
of classical monocytes to phagocyte microspheres (Figure 2A).
T-cell proliferation tended to be decreased after stimulation
with the highest dosage of iron sucrose, but tended to be in-
creased after stimulation with lower dosages of iron sucrose,
ferric carboxymaltose and iron isomaltoside 1000 (Figure 2B).
To prove biological plausibility of these results, we first ex-
cluded that the effects of iron sucrose are caused by increased
apoptosis of monocytes (Figure 3A), and next showed that
iron sucrose is more avidly taken up by monocytes than ferric
carboxymaltose or iron isomaltoside 1000 (Figure 3B), which
may account for the preparation-specific effects of iron sucrose
on monocyte function.

Impact of iron preparations on monocyte differentiation

In order to test whether specific iron preparations (iron
sucrose, ferric carboxymaltose and iron isomaltoside 1000) dif-
ferently affect development of monocytes, we analysed in vitro
differentiation of isolated CD34" haematopoietic stem cells into
classical and intermediate monocytes. Iron sucrose significantly
reduced in vitro differentiation into intermediate monocytes
even at the lowest dose (Figure 4), which is mirrored by a
strongly decreased CD14 and CD16 expression on these cells
(Table 3). Simultaneously it significantly increased CD86
expression on in vitro differentiated monocytes, which is in line
with its effect on circulating mature monocytes. Although a sig-
nificant reduction of CD14 on classical monocytes was observed
after stimulation with ferric carboxymaltose and iron isomalto-
side 1000, these iron preparations affected neither in vitro differ-
entiation of monocyte subsets nor their expression of CD16 and
CD8e.

Implication of iron preparations on characteristics of
in vitro-differentiated monocytes

We then determined the expression of CCR5 and CX;CR1,
as well as ROS production, by in vitro differentiated monocyte
subsets (Table 4). CX3CR1 expression was increased after treat-
ment with iron sucrose and ferric carboxymaltose, whereas
CCR5 expression and ROS production were not significantly
altered.

Finally, in vitro differentiated classical and intermediate
monocytes displayed a dose-dependent reduction in their
phagocytosis  capacity after iron sucrose treatment,
even though the level of significance was not reached (data not
shown).

813

dTOILYEV TV



ORIGINAL A

A . 15.7£3.4%
a "u:
25 ]
Control ZE ]
S
© o G
£ 3
o = :
9_‘-||\||:|\|||l|||||||‘|||||:
50 100 150 200 250
(x 1.000)
0 = L BA4%2T7% | e . 48120% | =3 31%11%
2 " %] ' P<0.01 ] - P<0.01 "] < P <0.01
> 3 3 E e
Q= . o P
18 SE 3 =3 ey
o . 3 ]
& ] ] ]
- L o =
gi;I'IIrl[lI--'I|'\I[l|'\l[l['\l|l|l'a:=II'\I[llT“i-—[lI'II|1I'II|||I||'\-g-‘=IITI[IITL‘I‘[IIII‘[IIIITIII(Tl
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
(x 1.000) (x 1.000) (x 1.000)
0 =  19.413.4%)| = 20.1+4.8% | =4 19.7+4.7%
S - P>0.05 %]  P>0.05 w3 - P>0.05
FCM 38 .] "
SL 3 "t ot
I ] ] ]
= NE} NF_!: “."."5
* . o] ;
L3 |||\||||||:||||||||||\||||°.' TTTT[TTT ||;||||r1|‘||l|‘|$ LIS I L L L
&0 100 150 200 250 50 100 150 200 250 50 100 150 200 250
5 (x 1.000) . (x 1.0000 » x 1.000%
o 17.3+£ 4.8 % | "= 18.1£5.5 % | =3 19171 %
? ] . P>0.05 o] W - P>0.05 ] . P>0.05
- e = co —c—é 9.‘—;
M 38 -] o] o]
ST 1 73 3
© 7 3 .
= me_! u—_! NE-E
% IIVITI!TITIIIITIIII'IIYII'IIg=|I\l|||:1|||l\||II\IIIIII[S. II\IIIIrllllllll\ll'llll]l
50 100 150 200 P 1-2050%) S0 100 150 00 & 1.?0[:11 50 100 150 200 P 1:.?:3%)
FSC-W FSC-W FSC-W
Concentration  0.133 mg/mL 0.266 mg/mL 0.533 mg/mL
B

& 8 8

Proliferating lymphocytes [%]
(%)
(=]

|
2 1
1

1

A ¥
& ¥
SIS

-9,,,)<
d 0?9/
“"eo’ 2%
%
<%,

8]
{Pd‘
G
0.,,;:?
{Pd‘
o ".'6‘6.
o«?
[/
o
o

-
.,
-

%
%

-

//&'

FIGURE 2: (A). Representative example of classical monocytes to phagocyte opsonized carboxylate microspheres (0.75 pm, Yellow Green)
within 30 min after stimulation with iron sucrose (IS), ferric carboxymaltose (FCM) or iron isomaltoside 1000 (IIM) (0.133, 0.266 and

0.533 mg/mL). Blood was collected from control subjects. Counts of FITC-positive cells (upper population) were determined flow cytometrically
and statistical analysis was performed for each iron preparation by using ANOVA followed by Dunnett’s multiple comparison test as post hoc
test; data of six independent experiments are presented as mean + SEM. (B). Flow cytometric analysis of T-cell proliferation after stimulation
with staphylococcal enterotoxin B (SEB) (2.5 pug/mL) and the different iron preparations iron sucrose (IS), ferric carboxymaltose (FCM) and
iron isomaltoside 1000 (IIM) (0.133, 0.266 and 0.533 mg/mL) for 3 days. Blood was collected from control subjects. Statistical analysis was
performed for each iron preparation by using ANOVA followed by Dunnett’s multiple comparison test as post hoc test; data of seven
independent experiments are presented as mean + SEM.
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FIGURE 3: (A) Flow cytometric analysis of monocytic viability after stimulation with iron sucrose (IS), ferric carboxymaltose (FCM) or iron
isomaltoside 1000 (IIM) (0.133, 0.266 and 0.533 mg/mL) by 7-AAD staining. Blood was collected from control subjects. Statistical analysis was
performed for each iron preparation by using ANOVA and the Dunnett’s multiple comparison test as post hoc test; data of five independent
experiments are presented as mean + SEM. (B). Flow cytometric calcein assay for the analysis of the iron content in classical, intermediate and
nonclassical monocytes after stimulation of whole blood for 1 h with iron sucrose (IS), ferric carboxymaltose (FCM) or iron isomaltoside 1000
(IIM) (0.133, 0.266 and 0.533 mg/mL). As iron intracellularly binds calcein and quenches its fluorescence, lower fluorescence intensity represents
higher intracellular iron content. Blood was collected from control subjects. Data were measured as mean fluorescence intensity (MFI). Statistical
analysis was performed using ANOVA and the Dunnett’s multiple comparison test as post hoc test; data of six independent experiments are pre-
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sented as mean + SEM; **P < 0.01.

Impact of iron preparations on human monocyte subsets
from CKD patients

We next analysed (i) whether these observed effects of iron
sucrose can be transferred from control subjects without overt
CKD to patients with severe CKD and (ii) whether two other
iron preparations, namely low-molecular-weight iron dextran
and ferumoxytol, induce monocyte activation similar to iron
sucrose.

We first found iron sucrose to dose-dependently increase
CD386 surface expression on classical and intermediate mono-
cytes and to significantly reduce CD16 expression on classical
monocytes, whereas monocyte subset distribution and CD14
expression were not changed (Figure 5, Supplementary
Table S1). Ferric carboxymaltose, iron isomaltoside 1000, low-
molecular-weight iron dextran and ferumoxytol affected
neither monocyte subset distribution nor expression of CD14,
CD16 or CD86 on monocyte subsets (Supplementary
Table S1).

Iron preparations and monocyte subsets

Effect of iron preparations on monocytic chemokine
receptor expression and functional characteristics on
monocytes from CKD patients

CX;CR1 expression was dose-dependently reduced by iron
sucrose, while CCR5 expression and ROS production were not
significantly altered. Ferric carboxymaltose, iron isomaltoside
1000, low-molecular-weight iron dextran and ferumoxytol af-
fected neither chemokine receptor expression nor ROS pro-
duction (Supplementary Table S1).

Next, we found a significant reduction of the phagocytosis
capacity of classical monocytes after stimulation with iron
sucrose (Figure 6A). Moreover, T-cell proliferation was hetero-
geneously affected by different iron preparations in different
dosages (Figure 6B). Finally, compared with the other four
iron preparations, iron sucrose is more avidly taken up by
monocytes as found in the calcein assay (Supplementary
Figure S1).
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In summary, effects of iron sucrose on monocytes from
patients with severe CKD were in line with effects observed in
monocytes from subjects without overt CKD. For technical
reasons we did not analyse in vitro differentiation of mono-
cytes from haematopoietic CD34" stem cells and monocytic
viability.

DISCUSSION

Use of iv. iron preparations for anaemia treatment has at-
tracted substantial interest in recent years. Despite an inverse
association between haemoglobin levels and cardiovascular
event rate [25, 26] and mortality [27] in observatory studies,
large intervention trials that used erythropoietin or other ery-
thropoietin-stimulating agents (ESA) for normalizing haemo-
globin levels in CKD patients failed to reduce cardiovascular
events and death. Therefore, recent KDIGO consensus

816

guidelines advocate the use of iron supplements with the aim
both to increase haemoglobin and to reduce ESA doses [1].
Moreover KDIGO guidelines acknowledge the need for i.v.
iron supplements in dialysis patients, in whom gastrointestinal
absorption of oral iron supplements is generally poor [1].

The increasing use of i.v. iron preparations necessitates a
critical analysis of their side effects [28, 29], which are mainly
attributed to the abruptly increasing amount of NTBI (‘free
iron’) after i.v. iron infusion.

It has long been acknowledged that i.v. iron preparations
impair leukocyte immune function and trigger bacterial infec-
tions [17]. Interestingly, previous experimental work focussed
on the effect of i.v. iron preparations on neutrophil biology,
whereas their impact on monocytes received little interest in
the past.

Against this background, we now analysed the effect of the three
different i.v. iron preparations, iron sucrose, ferric carboxymaltose
and iron isomaltoside 1000, in both therapeutically

L. H. Fell et al.



Table 3. Expression of CD14, CD16 and CD86 on classical and intermediate monocytes after differentiation from haematopoietic stem cells from control subjects

Control Iron sucrose Iron isomaltoside 1000

Monocyte subset

Ferric carboxymaltose

sjosqns 234oouow pue suorjeredard uoig

L18

0.133 mg/mL  0.266 mg/mL  0.533 mg/mL 0.133 mg/mL  0.266 mg/mL  0.533 mg/mL  0.133 mg/mL  0.266 mg/mL  0.533 mg/mL

CD14  Classical monocytes 10 546 + 394 6835 + 702 7027 + 536 6088 + 1474* 7329 £218* 7050 +264** 7842 £ 726%* 8352 + 469 7376 £ 430** 8528 + 830
Intermediate monocytes 25929 2713 19929 + 820 18009 +348* 17709 +1948* 19417 +1022 19272 +801 20952 +1991  21481£1579 19247 +1429 20862 +2394

CD16  Classical monocytes 1147 + 33 867 +£32** 769 + 60** 630 + 35** 1335+ 88 1342+ 121 1316 + 81 1232 + 140 1272+ 82 1177 + 104
Intermediate monocytes 5549 + 638 6462 + 103 5654 + 445 4806 + 475 5125+ 355 5173 +£225 5227 + 86 7327 1545 5801 + 83 5364 + 164

CD86  Classical monocytes 838 + 106 945+ 15 1259 + 110* 1659 + 91 940 + 118 964 + 102 894 + 60 707 £57 779 £ 54 762+ 19
Intermediate monocytes 3178 + 550 3074 + 462 3370 + 380 3654 + 816 3819 + 563 3814 555 3233 +£285 2751 42 3011 +199 2834 +170

Indicated are mean fluorescence intensity [MFI] + SEM; n =3
*P <0.05, **P <0.01

Table 4. Expression of CCR5 and CX;CR1 and ROS production by in vitro differentiated classical and intermediate monocytes from control subjects

Control

Monocyte subset

Iron sucrose

0.133 mg/mL

0.266 mg/mL

Ferric carboxymaltose

0.133 mg/mL

0.266 mg/mL

0.533 mg/mL

Iron isomaltoside 1000

0.133 mg/mL

0.266 mg/mL

CCR5 Classical monocytes 643 + 154 433+ 62 418 +44 337+5 599 +112 547 +£107 551+110 508 £ 115 519+97 524 +116
Intermediate monocytes 1365+ 195 1274 + 103 1135+ 133 862 £ 15 1326 + 142 1291 + 139 1285+ 190 1246 + 120 1247 + 142 1278 +219
CX;CR1 Classical monocytes 3982 +370 5936 + 386 6057 + 678 3308 £510 4980 + 117 5481 + 164* 5415 + 326 5304 + 1085 5029 + 588 4731 +463
Intermediate monocytes 5602+420 10118 +491* 10906 +957** 7885+1148 6961 + 183* 7612 +182%* 7506 +395** 7869 + 1943 7064 +718 6570 + 483
ROS Classical monocytes 2714 £919 7471 £ 2622 8710+3032 10715+4186 5104+ 1888 5550 + 2158 5831+2147 3697 1160 4103 + 1384 4959 + 1724
Intermediate monocytes 3628 £ 1141 10 642 + 3877 12392 + 4802 11998 + 5096 7231 + 2547 7635 + 2820 8783 +£3102 5347 + 1580 5910 + 1886 7044 + 2453

Indicated are mean fluorescence intensity [MFI] + SEM; n =3
*P <0.05, P <0.01
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FIGURE 6: (A) Representative example of classical monocytes to phagocyte opsonized carboxylate microspheres (0.75 pm, Yellow Green)
within 30 min after stimulation with iron sucrose (IS), ferric carboxymaltose (FCM), iron isomaltoside 1000 (IIM), low-molecular-weight iron
dextran (ID) and ferumoxytol (FO) (0.133, 0.266 and 0.533 mg/mL). Blood was collected from patients with severe CKD. Counts of FITC-
positive cells (upper population) were determined flow cytometrically and statistical analysis was performed for each iron preparation by using
ANOVA followed by Dunnett’s multiple comparison test as post hoc test; data of eight independent experiments are presented as mean + SEM.
(B). Flow cytometric analysis of T-cell proliferation after stimulation with staphylococcal enterotoxin B (SEB) (2.5 pg/mL) and the different iron
preparations iron sucrose (IS), ferric carboxymaltose (FCM) and iron isomaltoside 1000 (IIM), low-molecular-weight iron dextran (ID) and fer-
umoxytol (FO) (0.133, 0.266 and 0.533 mg/mL) for 3 days. Blood was collected from patients with severe CKD. Statistical analysis was performed
for each iron preparation by using ANOVA followed by Dunnett’s multiple comparison test as post hoc test; data of eight independent exper-

iments are presented as mean + SEM; *P < 0.05, **P < 0.01.
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recommended and supratherapeutic dosages on monocytes from
control subjects in vitro. To verify the relevance of these effects in
clinical nephrology, we further tested the immunological in vitro
effects of these three preparations on monocytes collected from
patients with severe CKD; this additionally allowed us to test two
further preparations, namely low-molecular-weight iron dextran
and ferumoxytol. Iron sucrose induced significant changes in
monocytic immune function, which occurred even at lower,
therapeutically recommended dosages, whereas ferric carboxy-
maltose, iron isomaltoside 1000, low-molecular-weight iron
dextran and ferumoxytol had no relevant effects at any dosage.
We first found that iron sucrose changed expression of CD16,
without affecting subset distribution of mature circulating mono-
cytes. In differentiation experiments, the reduced CDI16
expression after i.v. iron sucrose stimulation occurred in conjunc-
tion with a dose-dependent inhibition of stem cell differentiation
into classical and intermediate monocytes.

We next assessed the effect of iron stimulation on specific
characteristics of intermediate monocytes, namely cytokine
and ROS production and chemokine receptor expression. We
hereby firstly confirmed that intermediate monocytes have the
highest capacity to produce pro-inflammatory cytokines [30]
and ROS [22]. Next, we found that iron sucrose tended to in-
crease IL-1B and ROS production. Interestingly, Martin-Malo
et al. reported that iron sucrose and ferric carboxymaltose in-
creased percentages of ROS-producing cells and apoptotic
cells both in vitro—in PBMCs from healthy donors and
patients CKD stage 5—and in vivo during haemodialysis ses-
sions [31].

While intermediate monocytes are prone to production of
pro-inflammatory cytokines and ROS, and to antigen presen-
tation, classical monocytes have the highest phagocytosis
capacity [32], which is verified in the present analysis. Con-
firming our hypothesis of an impaired monocytic function
after iron sucrose stimulation, we found a dose-dependent
reduction of phagocytosis even at the lowest dose. This effect
is in line with previous studies testing the effect of iron sucrose on
phagocytosis capacity of polymorphonuclear leukocytes [17, 33].

Taken together, only iron sucrose impaired monocytic
functions in vitro. This may result from pharmacokinetic
differences between i.v. iron preparations, which differ in their
carbohydrate ligands, consequently their structural build-up,
distinct molecular weights (iron sucrose: 140 100 Da, ferric
carboxymaltose: 233 100 Da, iron isomaltoside 1000: 150 000
Da, low-molecular-weight iron dextran: 165 000 Da, ferumox-
ytol: 275 700 Da) [10] and half-lives (iron sucrose: 5.3 h; ferric
carboxymaltose: 7.4-9.4 h, iron isomaltoside 1000: 23.2 h,
low-molecular-weight iron dextran: 27-30h, ferumoxytol:
14.7 h) [34, 35]. Among those iron preparations, iron sucrose
has the lowest molecular weight, the shortest half-life and the
lowest stability, which in conjunction determine the amount
and the kinetic of free iron release. Moreover, in relation to the
size of the iron particles, iron sucrose has the highest content
of labile iron when compared with the other iron preparations
[10, 36]. It is proposed that stable i.v. iron preparations, like
ferric carboxymaltose, iron isomaltoside 1000, low-molecular-
weight iron dextran and ferumoxytol, release few NTBI and
are mainly taken up as complex by phagocytosis [37]. In
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contrast, less stable iron preparations, such as iron sucrose,
release higher levels of NTBIL. Even though most of this free
iron is taken up by transferrin and other proteins, some
amount of NTBI may directly be taken up in an unregulated
way by different cell types or freely translocate across cell
membranes [34, 38, 39]. Intracellularly, ‘free iron’ constitutes
the labile iron pool, consisting of iron that is not linked to its
storage protein ferritin [13, 38]. This labile iron pool may
induce distinct toxic effects such as ROS production and sub-
sequently DNA damage and lipid peroxidation [40, 41].

In our work, we were able to demonstrate a more rapid
uptake of iron sucrose compared with ferric carboxymaltose,
iron isomaltoside 1000, low-molecular-weight iron dextran and
ferumoxytol in all three monocyte subsets, using the calcein
assay. These results are in line with the findings of Sonnweber
et al. [19], who had shown that i.v. injected iron sucrose is taken
up by monocytes and increases circulating ferritin levels result-
ing in an impaired monocytic immune function, cytokine
expression and activation of the NF-«xB pathway.

Our study has several limitations. In most experiments, we
incubated whole blood or blood cells only for 5 h for techni-
cal reasons: previous experiments have shown that monocyte
subsets change their surface marker expression after a longer
incubation period in vitro. This particularly affects surface
expression of CD16, which renders flow cytometric distinc-
tion of monocyte subsets impossible. This short incubation
time might have biased our study results, as monocyte effects
of ferric carboxymaltose, iron isomaltoside 1000, low-mol-
ecular-weight iron dextran and ferumoxytol may become
evident only after longer incubation. Nonetheless, even those
experiments that lasted several days, e.g. in vitro differen-
tiation of haematopoietic stem cells into monocytes, pointed
towards a particular effect of iron sucrose on monocyte
biology.

As a further limitation, we cannot formally prove the biologi-
cal relevance of our study results. We deliberately chose to focus
our study on in vitro effects of iron on mature circulating mono-
cytes and haematopoietic stem cells. In vivo monocytes might
be exposed to lower iron concentrations than in our in vitro
analysis, after iron complexes may rapidly be taken up in vivo
by cells of the reticuloendothelial system via endocytosis [37].

Nonetheless, given that monocytes are the central regula-
tors of the innate immune systems, and that CKD by itself
negatively affects monocytic functions, we are confident that
repetitive infusion of iron sucrose for treatment of anaemia in
CKD may be considered as potentially immunoactivating. To
further unravel the biological impact of different iron prep-
arations, a randomized controlled trial with clinical end-
points comparing iron sucrose and other i.v. iron preparations
would be informative. Nonetheless, until such a trial will be
initiated, in vitro data will be necessary in order to better
appreciate the risk of distinct iron preparations.

Taken together, when comparing the i.v. iron preparations
iron sucrose, ferric carboxymaltose, iron isomaltoside 1000,
low-molecular-weight iron dextran and ferumoxytol, we
found strong and selective immunologic effects of iron sucrose
on monocyte subsets even at pharmacological dosages. These
findings underscore the notion that each specific i.v. iron
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preparations may exert particular biological functions and
may confer specific side effects.

SUPPLEMENTARY DATA

Supplementary data are available online at http:/ndt.oxford-
journals.org.
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ABSTRACT

Background

Treatment of iron deficiency with intravenousv iron is a first-line strategy to improve
anaemia of chronic kidney disease. Previougtro experiments demonstrated that different
I.v. iron preparations inhibit differentiation of hempbietic stem cells to monocytes, but their
effect on monocyte differentiation to macrophaged mature dendritic cells (mDCs) has not
been assessed. We now investigated substancetlspdtaicts of iron sucrose (IS), sodium
ferric gluconate (SFG), ferric carboxymaltose (FCleid iron isomaltoside 1000 (lIM) on
monocytic differentiation to M1/M2 macrophages andCs.

Methods

Via flow-cytometry and miRNA expression analysis, werphologically and functionally
characterised monocyte differentiation to M1/M2 nophages and mDCs after monocyte
stimulation with IS, SFG, FCM and IIM (0.133 mg/mD,266 mg/mL, 0.533 mg/mL,
respectively).

Results

Phenotypically, IS and SFG dysregulated the exfmessf macrophage (e.g. CD40, CD163)
and mDC (e.g. CD1lc, CD141) surface markers. Funalip, IS and SFG impaired
macrophage phagocytosis capacity and increasealtiey of mDCs to stimulate T-cell
proliferation. Phenotypic and functional alterasowere less pronounced with FCM, and
virtually absent with 1IM. In miRNA expression agsais of mDCs, IS dysregulated miRNAs
as miR-146b-5p and miR-155-5p which are linkedotblike receptor and MAPK signalling
pathways.

Conclusions

This in vitro study demonstrates that less staile iron preparations specifically affect
monocyte differentiation towards macrophages andCsiDrhein vivo relevance of these

findings should be delineated in future cliniczls.
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SUMMARY

Treatment of iron deficiency with intravenousvy iron preparations can improve anaemia
and quality of life in patients with chronic kidnelysease (CKD). In thig vitro study, we
investigated the substance-specific effects of isanrose, sodium ferric gluconate, ferric
carboxymaltose, and iron isomaltoside 1000 on myteodifferentiation into macrophages
and dendritic cells. We found that less staible iron preparations like iron sucrose and
sodium ferric gluconate strongly change phenotygkfanction of M1 and M2 macrophages,

and dendritic cells, whereas the other preparatiaaisless or no relevant effects.



INTRODUCTION

Iron deficiency is a common contributor to anaemiischronic kidney disease (CKD) [1].
Oral iron preparations often fail to replete irdgarss at least in advanced CKD patients, who
have chronic micro-inflammation with subsequentlighh plasma hepcidin levels. In
enterocytes, hepcidin leads to internalisation dadradation of the central iron transport
protein ferroportin, which impedes intestinal alpgimn of iron salts after oral intake [2, 3]. In
contrast, intravenous.y.) iron preparations allow effective administratioinhigh iron doses
[4], which are generally considered to be well taled [5, 6].

In recent years, the clinical use iof. iron preparations has substantially increased I[¥].
parallel, awareness of their potential systemie sffects rose, which may include renal,
cardiovascular and immunologic reactions [8-10].

Several.v. iron preparations are in clinical use, mostlyras-icarbohydrate-complexes; these
iron preparations vary in their carbohydrate ligaiatd therefore differ in molecular weight,
reactivity, thermodynamic stability and half-livg$1-13]. We and others have recently
proposed that these varioug. iron preparations may have different safety pesfil14, 15].

In a previousin vitro study, we found that less stable. iron preparations, such as iron
sucrose, induce phenotypical and functional monogiterations, which may directly be
caused by their low stability and their consecuyiaecelerated uptake by monocytes [14].
Originating from myeloid precursors, monocytgay a central role physiologically in host
defence [16] and pathophysiologically in numeronammatory diseases [17]. In both
scenariosyia growth factor- and cytokine-induced adhesion aadgendothelial migration,
circulating monocytes are recruited into tissuesen they differentiate into macrophages
and dendritic cells (DCs) [18].

Against this background, we now aimed to inveséigdte impact of different.v. iron
preparations on recruitment of monocytes from theodstream into tissues. We further

characterised monocytic differentiation into mat¢rages and DCs by phenotypical and
4



functional assays. These findings were connectepgt@ regulation by analysing microRNA

(miRNA) expression profiles in DCs.



SUBJECTS AND METHODS

Subjects

Forin vitro experiments, we recruited control subjects (4 wubjects per experiment). All
participants gave informed consent. The study paitevas approved by the local Ethics

Committee and was conducted in accordance witlbdwtaration of Helsinki.

Iron preparations

The followingi.v. iron preparations were used in the present study:sucrose (Venofé&},
ferric carboxymaltose (Ferinjédt (both from Vifor Pharma AG, Glattbrugg, Switzert8,
sodium ferric gluconate (Ferrle®)t (Aventis Pharma Deutschland GmbH) and iron
isomaltoside 1000 (MonoF® (from Pharmacosmos, Holbsek, Denmark) in three
concentrations: 0.133 mg/mL, 0.266 mg/mL and 0/583mL, which correspond in a 70 kg

individual to a pharmacological application of ~046 800 and ~1600 mg iron.

Monocyte isolation

Peripheral blood mononuclear cells (PBMCs) were latsd from EDTA
(Ethylenediaminetetraacetic acid) anticoagulate@dodl! by Ficoll-Paque (Lymphocyte
Separation Medium; PAA, Colbe, Germany) gradientnsitg centrifugation. For
differentiation  experiments, PBMCs (L®IBBMCs/cri for macrophages or
2.5x10 PBMCs/cni for mDCs) were incubated in monocyte attachmentiomedPromocell,
Heidelberg, Germany) at 37°C. After 1 h non-adhereslls were washed away with
RPMI 1640 (Sigma-Aldrich, Taufkirchen, Germany) amherent monocytes were used for
differentiation. For adhesion and transmigratiosegs, monocytes were isolated with the pan
monocyte isolation kit (Miltenyi Biotec, Bergisch |@d@bach, Germany) according to

manufacturer's protocol.



Monocytic adhesion assay

To test monocytic adhesion on endothelial cellslaied monocytes were stimulated wiith

iron preparations for 3 h at 37°C (3XIfionocytes per condition) and then washed with
RPMI 1640. Human umbilical vein endothelial ceBJ{VECSs) were cultured in endothelial
cell media in fibronectin (both from PromoCell) ted 12-well plates. HUVEC monolayers
were washed with RPMI 1640 before iron stimulateshotytes were added. After 30 min
incubation, non-adherent monocytes were washed avitayRPMI 1640 and the number of
adherent monocytes was evaluated by phase contnasbscopy (Biozero BZ-8000,

Keyence, Neu-Isenburg, Germany) in 10 microscapids$ per sample.

Monocyte transmigration assay

To analyse monocytic migration potential, isolatednocytes were stimulated witlv. iron
preparations for 3 h at 37°C (5x1fionocytes per condition), washed twice in RPMIA64
and labelled with anti-CD45 antibodydble SJ) for 1 h at 37°C. Cells were seeded into the
upper chamber of Millicell hanging inserts (8 uM r@osize, Millipore, Schwalbach,
Germany), which were placed in 24-well plates. Loaleambers were filled with RPMI 1640
enriched with 50 ng/mL MCP-1 (monocyte chemotacpootein-1, Biolegend, Fell,
Germany). After 60 min at 37°C, the number of traiggated cells was evaluated by

fluorescence microscopy in 10 microscopic fieldsgample.

in vitro differentiation of monocytes into mDCs

For DC differentiation, monocytes were incubatedDi@ Generation Medium (PromoCell,
provided with Cytokine Mix A/B), enriched with Cykme Mix A and supplemented wiilv.

iron preparations, at 37°C and 5% £Medium was changed after 3 days. On day 6
Cytokine Mix B was added to induce maturation ofdp€xperiments were performed on day

8.



in vitro differentiation of monocytes into macrophages

Macrophages were generated according to Martined. §2006) [19]. Isolated monocytes
were incubated in RPMI 1640, enriched with 100 AghMtCSF and 20% FBS (fetal bovine
serum, Life Technologies, Darmstadt, Germany) amblemented with.v. iron preparations
for 7 days at 37°C and 5% GOFor polarisation into M1/M2 macrophages, cellsrave
incubated for 18 h in RPMI 1640 with 5% FBS, supm@ted with iron preparations and
100 ng/mL LPS and 20 ng/mL IFN{for M1 polarisation or with 20 ng/mL IL-4 for M2
polarisation (Biolegend). For experiments, macrgeisawere detached with macrophage

detachment solution (Promocell).

Flow-cytometric analyses

Expression of mDC markers (CD1c, CD141, CD80, CDh8B86, CD1la, CD40, HLA-DR)
and of macrophage markers (CD14, CD16, CD32, COzD64, CD80, CD86, CD163,
CD206, CD68) were quantified flow-cytometrically AES Canto Il with FACSDiva
Software; BD Biosciences, Heidelberg, Germany) a&slian fluorescence intensity (MFI).
Cells were stained with appropriate antibodi€able S1) for 15 min at 4°C, washed and
fixed with paraformaldehyde (1%) (Sigma-AldrichprRntracellular measurement of CDG68,
macrophages were fixed with paraformaldehyde (48@shed with buffer, containing 0.1%
saponin (Sigma-Aldrich), stained with anti-CD68 E45 min at room temperature, washed

and fixed with paraformaldehyde (1%).

Phagocytosis assay

Phagocytosis capacity of macrophages was assessiagd &luoresbrite yellow green
carboxylate microspheres (0.75 um, PolysciencepelBpim, Germany). Microspheres were
opsonised with heterologous serum (adjusted ¥pafticles/mL with Krebs-Ringer solution)

and gentle shaking for 30 min at 37°C. 20 uL opmedhiparticles were added to 100 pL of
8



cells and incubated for 30 min at 37°C with mildaking. Phagocytosis capacity was

determined flow-cytometrically as counts of FITCspive cells.

T-cell proliferation assay

CD4" and CD8 T-cells were purified from PBMCs by negative stat with the naive pan
T-cell isolation kit (Miltenyi Biotech) and labetlewith 5 uM CFDA-SE (Vybrant CFDA-SE
Cell Tracer Kit; Life Technologies) for 10 min at €. Stained T-cells were cultured with
autologous mDCs (ratio of 5:1) in the presence .6fi@)/mL staphylococcal enterotoxin B
(SEB; Sigma-Aldrich). After 3 days, counts of pfetating CD4 and CD8 T-cells were
analysed flow-cytometrically by measuring CFDA-SH#utibn, identifying T-cells by their

CD3, CD4, CDS8 expressiofféble SJ).

MIiRNA isolation and miRNA expression analysis

Genome-wide miRNA expression analysis in mDCs wadopmed with smallRNA-seq at
GenXPRO GmbH as described previously [20]. Brief®NA was isolated with the
miRNeasy mini kit (Qiagen, Hilden, Germany) accogdito manufacturer’'s protocol. For
each condition, samples of 3 different subjectsewmvoled. For quantification of miRNA
expression, small RNA-Seq libraries were analys#kd @miRas [21]. Data processing started
with 3'adaptor clipping by local alignment of the adapeguence to each read. Illumina’s
marked quality region was removed and reads wearergrized to UniTags. After singletons
were removed, remaining tags were mapped to huraaange (hg19) with bowtie [22] and
annotated with various models of coding and nonrgpdRNAS retrieved from the UCSC
table browser. Tags mapping to exonic regions afirgp genes were excluded and non-
coding RNAs were quantified in each library. Faggamapping to multiple genomic loci the
number of reads corresponding to the tag was divige the number of mapping loci. To

account for differences in sequencing depth, taghtsowere normalized (tags per million
9



[tpm]) and differential expression was detectechidEGseq bioconductor package [23]. A p-

value of < 10°° was considered statistically significant.

Statistics

Categorical variables are presented as counts gipges), and continuous variables as
mean + SEM (standard error of the mean). Statistinalysis was performed for each iron
preparation using one-way analysis of variance (AMAQ followed by Dunnett's test as

post-hoc test. A p-value of < 0.05 was considetatissically significant.
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RESULTS

Impact of iron preparations on monocytic adhesion ad transmigration

We first aimed to analyse the impact of various cemtrations of the foui.v. iron
preparations iron sucrose (1S), sodium ferric ghate (SFG), ferric carboxymaltose (FCM)
and iron isomaltoside 1000 (1IM) on monocyte adtvesind MCP-1 mediated transmigration.
We found IS and SFG to increase monocytic adhesiomactivated HUVECs even at the
lowest dosage, although the level of significanaes wot reached. FCM and [IM had not
effects on monocytic adhesion. Monocytic transmigrawas not substantially affected by

any of the iron preparationbigure 1, SJ.

Effect of iron preparations on monocyte differentidion into macrophages

In order to test whether iron preparations affe@crophage differentiation, wimn vitro
differentiated monocytes into M1 and M2 macrophageder iron stimulation. Macrophages
were characterized phenotypically by their expssof specific surface markers (CD68
[M1/M2 marker]; CD40, CD64, CD80, CD86 [M1 marker§}D14, CD16, CD32, CD163,
CD206 [M2 markers]), and functionally by their ploagtosis capacity.

IS significantly down-regulated the expression oD40, CD80 and CD86 on M1
macrophages. SFG reduced the expression of thesennas well, albeit to a lesser degree.
Likewise, IS and SFG impaired expression of CD6B1& and CD206 on M2 macrophages.
In contrast, FCM and IIM did not significantly affeexpression of M1 and M2 markers
(Table 1).

In functional analysis, we found IS, SFG and FCMstoongly reduce the phagocytosis
capacity of M1 macrophageBigure 2), and - to a lesser extent - in M2 macrophagegufe

S2. IIM had no effect on the phagocytosis capacitgither M1 or M2 macrophages.

11



I mpact of iron preparations on monocyte differentiation into mDCs

Next, we tested the effects io¥. iron preparations on DC differentiatiom vitro. Therefore,
we differentiated isolated monocytes into maturesO@DCs) under iron stimulation and
analysed phenotypical (expression of CD1c, CD148@ CD83, CD86, CD1a, CD40 and
HLA-DR) and functional characteristics (inductiohTocell proliferation) of mDCs.

We found that IS and SFG strongly decreased sudapeession of CD1c, CD80, CD86,
CD1a, and CD40 on mDCs, while the expression of €IDdnd HLA-DR was significantly
increasedKigure 3A-H). FCM significantly decreased CD1c expression,n&ag stimulation
with 1IM did not affect the expression of any mDGuker.

For functional characterisation, we stimulated mD@h SEB and co-cultured them with
isolated T-cells to analyse the capacity of mDCtluce T-cell proliferation. With all iron
preparations, proliferation of total T-cells waggltly — but not significantly — increased
(Figure 3I), whereas proliferation of the CDg-cell subset was significantly induced by IS,

SFG and FCMKigure 3J).

Impact of IS and 1IM on miRNA expression in mDCs

Finally we aimed to analyse whether the iron-inducleanges in phenotypical and functional
characteristics of mDCs may be linked to changemiRNA expression, as miRNAs are
centrally involved in the regulation of immune pessesvia posttranscriptional gene
regulation. Therefore we performed ultra-deep miRduencing with pooled small RNAs
from mDCs differentiated under control conditionsder stimulation with 0.266 mg/mL IS
and with 0.266 mg/mL IIM, thus yielding three in@gplent mMiRNA expression libraries
(“control”, “iron sucrose (1S)”, “iron isomaltosid&000 (1IM)”).

After eliminating low quality reads and tags whiwbre detected only once, total number of

reads was 21,165,607, which allowed us to analdedifferent miRNAs across the three

12



libraries (Table S2. The most differentially expressed miRNAs ardelis in Table 2a
(controlvs 1S), 2b (controlvs 1IM) and Table S3(IIM vs IS).

Compared to control, only 33 miRNAs were differaftyi expressed in 1IM stimulated mDCs,
of which 10 were up-regulated and 23 down-regulatkd contrast, IS stimulation
dysregulated 108 miRNAs in mDCs, of which 32 miRNAare up-regulated and 76 down-
regulated Figure 4). Of these 108 miRNAs, 25 miRNAs were similarlyfeated by 1IM
stimulation (up-regulation with both iron prepaoas, or down-regulation with both
preparations), but the effect size was generallgerpoonounced after IS stimulation.

In a pathway analysis [24, 25], these 25 miRNAsIddoe linked to specific cellular
pathways, such as the toll-like receptor signallpaghway, the MAPK signalling pathway
and the regulation of cell cycle (e.g. miR-146b-6pR-155-5p, miR-26a-5p)Vice versa,
miRNAs which were specifically dysregulated afte& btimulation, but not after [IM
stimulation, could be linked to the chemokine sltyng pathway or the Jak-STAT signalling
pathway (e.g. miR-126-3p, miR-148b-3p, mMiR-26b-5p)jnally, we identified several
mMiRNAs differentially expressed after IS stimulatigmiR-34c, let-7c, miR-671, miR-137)
which could be linked to appropriate changes irfasar protein expression (CD141, HLA-

DR, CD83) on IS stimulated mDCs.
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DISCUSSION

Anaemia of chronic kidney disease (CKD) substalgtizdntributes to extrarenal comorbidity
in patients with impaired renal function [26, 2Aince low haemoglobin predicts adverse
outcome among CKD patients [28], anaemia treatwitht erythropoiesis-stimulating agents
(ESA) had been a cornerstone of nephrological frarevo decades. However, after several
randomised trials failed to demonstrate a progodstnefit of ESA treatment in CKD [29-
31], the safety of this treatment strategy came question. This led to significantly reduced
prescription rates for ESA since 2008 and a sulesgqdrop in mean haemoglobin levels
among CKD patients [7], rendering alternative tmeatt strategies for anaemia of CKD
mandatory.

Against this background, the use of iron preparaticegained popularity in the last decade
[7]. Since there is a broad consensus that oralpreparations are poorly absorbed at least in
patients with advanced CKD, current guidelines nec@nd early application of intravenous
(i.v.) iron preparations [32]. With its increasing ctiai use, potential toxicological side
effects ofi.v. iron preparations, which may comprise untowardakenardiovascular and
immunological reactions [29, 33, 34], gained braatérest in recent years [8-10]. It is still
uncertain whether these toxicological side effemts drug-class effects, or preparation-
specific effects.

We recently investigated the impact of differem. iron preparations on monocyte
development and biologwy vitro and found substance-specific immunological effecéss
stable iron preparations such as iron sucrose wegpally taken up by cells and dose-
dependently impaired differentiation of hematopoiestem cells towards monocytes.
Moreover, they reduced phagocytosis capacity ofireahonocytes [14].

Of note, innate immunity regulation requires a elasterplay of monocytes with their
macrophage and dendritic cell progeny. Monocytesutate for few days in the peripheral

blood; thereafteryia endothelial attachment and subsequent transer@dtimegration, they
14



may be recruited into tissues where they diffeetatinto macrophages and mature dendritic
cells (mDCs) [18].

Against this background, we aimed to compare thgachof less stable (iron sucrose [IS] and
sodium ferric gluconate [SFG]) and more stableridecarboxymaltose [FCM] and iron
isomaltoside 1000 [lIM])i.v. iron preparations on this transition of monocyteso
macrophages and mDCs.

In our experiments we first analysed the two ihigeeps of differentiation, i.e. monocyte
endothelial adhesion and migration. In general,arstabld.v. iron preparation — FCM and
IIM — neither affected adhesion nor migration sahstlly. Instead, less stablev. iron
preparations — IS and SFG — numerically increasedoaytic adhesion, which is in line with
recent experimental data from others: Kaial. demonstrated that IS increased the expression
of intracellular cell adhesion molecule-1 (ICAM-&hd vascular cell adhesion molecule-1
(VCAM-1) in a NFxB depending pathway. The authors underscored tiledical impact of
their findings by murine models, in which IS accated early atherogenesis [35]. Kartikasari
et al. found that iron loading of endothelial cells andrmacytes promotes firm adhesion of
human monocytes to the endothelium [36].

In vivo, adhesion and transmigration of monocytes is ¥ald by their differentiation into
either macrophages or DCs. There is general consdahat defence against pathogens such
as bacteria, protozoa and viruses are mediatedlbsnktrophages, whereas M2 macrophages
exert anti-inflammatory functions and regulate wumealing [37]. Therefore, we next
differentiated monocytes towards classically a¢éda(M1), alternatively activated (M2)
macrophages, or mDCs, respectively, under stinmdatwith the differenti.v. iron
preparations. To characterize M1 and M2 phenotylgicave assessed the expression of
central surface markers, such as CD40 and thenwaistiory molecules CD80 and CD86 for
M1 macrophages, as well asyFeceptors CD16 and CD32, scavenger receptor CRhE3

mannose receptor CD206 for M2 macrophages. Theession of these surface proteins,
15



which have crucial roles in pathogen recognitiofgell stimulation and/or phagocytosis [38-
40], was reduced by IS and SFG. Likewise, in fuordi assays macrophage phagocytosis
capacity was substantially reduced after stimufatiath IS and SFG, but not with more
stable i.v. iron preparations. Comparably, earligr vitro studies reported a reduced
phagocytosis capacity of polymorphonuclear leukesydnd monocytes after IS stimulation
[14, 41].

Similarly, we found substance-specific effects.of iron preparations on mDCs: again, less
stable preparations — IS, SFG — affected the plgpratf mDCs, as they down-regulated the
surface expression of CD1c, CD80, CD83, CD86, Cla#ad CD1la, andice versa up-
regulated CD141 and HLA-DR expression. FCM has eesounced effects, and IIM again
was immunologically neutral. In functional analyses determined the capacity of mDCs to
activate T-cells and to induce proliferation of @lis. In line with our previous results [14] all
iron preparations numerically increased prolifenatof total T-cells. When analysing T-cell
subtypes, IS, SFG and FCM stimulation of mDCs iaseel CD8 T-cell proliferation,
whereas IIM did not.

While the existence of macrophage subtypes is géparcknowledged, definition of DCs —
particularly of myeloid mDCs — is less straightfand. It has been suggested that two
phenotypically and functionally distinct types ofyanid mDCs may exist in blood and
tissues, which have been defined as CDdasd CD141 DCs [42, 43]. These cells are
differentiated by a particular pattern of surfagetpins: CD80, CD83, CD86, CD40 and
CDla are highly expressed on CDIRCs, but not on CD141DCs, which themselves
overexpress HLA-DR [44, 45]. Functionally, CDf4and CD1¢ mDCs differ in their
capacity to cross-present antigens to naive T;cHi<CD141 DCs show an increased ability
to stimulate CD8 T-cells [44]. Based upon our expression analysésfanctional assays, we
hypothesize that IS and SFG stimulation may induegor shifts in myeloid DC subtype

distribution towards CD141DCs, although we cannot provide firm proof foisthiypothesis.
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To analyse underlying pathophysiological pathwafyshe observed immunological effects,
we performed genome-wide miRNA expression analysiRNAs regulate the expression of
many genes implicated in iron uptake, -storage-atilisation [46]. We now aimed to analyse
whether iron uptake by mononuclear cells mieg versa induce miRNA dysregulation with
subsequent phenotypical and functional alteratadri3Cs.

Interestingly, IS had larger effects on miRNAs thih. This firstly comprises dysregulation
of miRNAs which are linked to surface protein exgsien [47]. Next, IS down-regulated
miR-let-7d, which has central functions in iron afpgion and utilization [48], and several
MiRNAs that are strongly involved in inflammatiagmprising miR-32, which is crucial for
viral defense [49], miR-132, miR-146 and miR-15%ieh regulate central inflammatory
pathways such as the toll like receptor (TLR) patib0].

Of note, several other miRNASs linked to iron uptakel metabolism were dysregulated after
stimulation with both IS and IIM, such as miR-3&1] and miR-210 [52, 53].

Our observations underscore the notion that differ®. iron preparations may substance-
specifically affect functions of mononuclear cellsd confer compound-specific side effects,
since less stabliev. iron preparations induced more pronounced immugioleffects. These
findings are in line with our previous data on moyte biology [14].

We assume that these effects result from pharmaebéi differences betweenv. iron
preparations, which differ in their carbohydratgahds, their structural build-up, molecular
weights and therefore in their half-lives and dighiCollectively, these factors determine
ferrokinetics, with more pronounced free iron rekedrom IS and SFG than from FCM and
IIM [11, 13, 14].

As a limitation, we deliberately focussed our aseyn myeloid differentiation of monocytes
towards M1/M2 macrophages and mDCs, and did notysedurther subtypes of DCs, or

other leukocyte subpopulations. One intention afiowitro study was to define assays for
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iron toxicity which may be applied later in clinicgtudies; we therefore aimed to
circumscribe the assays’ complexity.

In conclusion, ourn vitro studies demonstrate that less stalldron preparations such as IS
and SFG have a higher potential to modulate moesg¢yhacrophages and mDCs than more
stable preparations such as FCM and particulaM. These findings are of interest, as
numerous CKD patients presently receive repeatieions of less stable iron preparations,
which have been associated with a high burden fetiious complications [54]. As a next
major step, we feel an imminent need to initiatedamised clinical trials which compare the
effects of different.v. iron preparations on laboratory surrogates of imentegulation, and

subsequently on manifest clinical events.
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TABLES

Table 1.Expression of CD68 (M1/M2 marker), CD40, CD64, @D8D86 (M1 markers) and CD14, CD16, CD32, CD163206 (M2

markers) aftern vitro differentiation of monocytes.

M1 macrophages

Control IS [mg/mL] SFG [mg/mL] FCM [mg/mL] [IM [mg/mL]

0.133 0.266 0.533 0.133 0.266 0.533 0.133 0.266 330.5 0.133 0.266 0.533

CD68 6421+ 8932+ 9016+ 6599+ 9194+ 7413+ 8675+ 6145+ 6716+ 6807+ 6016+ 6601+ 7032+
754 798 770 633 1066 837 956 1081 384 438 579 692 539
CD40 21013 + 17786 + 15861 + 7122+ 16660 + 12785+ 11241+ 16496+ 18066 + 16887 + 19804 + 19658 + 20154 +
2754 1693 1360  984** 1296 1439** 889** 3145 2640 2232 4041 2956 2921
Cbhe4 720+ 785+ 820+ 540+ 715+ 615+ 575% 642 + 685+ 727+ 705+ 676% 749 +
92 71 59 42 58 74 50 61 64 81 122 88 96
CD80 288+ 268+ 268+ 198+ 27/5* 246 274+ 238 251+ 252+ 276+ 267 % 274 +
36 16 15 18* 16 21 18 15 28 20 45 35 31
CD86 898+ 742+ 744+ 454+ 699 640 523+ 742 810+ 746+ 960+ 901+ 848 *

94 81 66 36* 71 57 37 169 150 104 112 163 151
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M2 macrophages

Control IS [mg/mL] SFG [mg/mL] FCM [mg/mL] [IM [mg/mL]
0.133 0.266 0.533 0.133 0.266 0.533 0.133 0.266 330.5 0.133 0.266 0.533
CD68 5031+ 7989+ 8712+ 7472+ 8157+ 7883+ 8745+ 6361 + 5997+ 6693+ 5875+ 5979+ 6447 *
593 796**  681** 407~ 842 1362  1583* 341 754 1158 468 146 501
CD14 461+ 34 + 30 31+ 76 * 21 + 24 + 415 + 263 + 74 + 345+ 413+ 312 +
294 6 7 10 31 5 3 230 149 26 213 229 182
CD16 2073+ 333+ 272+ 259+ 429+ 362+ 373+ 2194 + 1570+ 799+ 2027+ 2334+ 1620
928 12* 46* 46* 134 135* 82 904 725 334 955 1090 746
CD32 18849+ 5096 + 4435+ 4318+ 8273+ 5080+ 4421+ 15693+ 11668+ 7847 + 15349 + 16057 + 12808 +
8129 773 806 717 1750 883 667 5657 4840 1957 5999 5522 5142
CD163 14222 + 2280+ 2398+ 2387+ 2620+ 2930+ 3170+ 13730+ 8016+ 4378+ 11972+ 14704+ 9979+
7952 248 243 252 316 507 517 5374 3015 1212 5403 7033 4165
CD206 6379+ 5035+ 4675+ 3342+ 4535+ 5044+ 3713+ 8069 + 6854 + 6292+ 5823+ 6450+ 6329 *
700 715 532 469** 557 506 228** 1302 1966 1397 857 1212 1242

Indicated is mean fluorescence intensity [MFI] t\§E < n < 6; Significant changes are presented as bold ntsntie < 0.05, *P < 0.01.
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Table 2a.MiRNA analysis of monocyte derived mature dendritells after iron sucrose stimulation.

MiRNA Control (tpm) Iron sucrose Log2(fold change) p-value

(0.266 mg/mL, tpm)

hsa-miR-146a-5p 18913 24992 -0.40 0
hsa-miR-142-5p 16923 8986 0.91 0
hsa-miR-19b-3p 14993 9102 0.72 0
hsa-miR-29a-3p 30909 21275 0.54 0
hsa-let-7g-5p 12486 7140 0.81 0
hsa-let-7i-5p 10423 5092 1.03 0
hsa-miR-23b-3p 3403 455 2.90 0
hsa-miR-210 5033 412 3.61 0
hsa-miR-146b-5p 30093 16402 0.88 0
hsa-miR-103a-3p 13309 7088 0.91 0
hsa-miR-21-5p 421617 523388 -0.31 0
hsa-miR-155-5p 30697 7440 2.04 0

hsa-miR-340-5p 3013 5596 -0.89 8.39x10



hsa-miR-378c 1335
hsa-miR-101-3p 26845
hsa-miR-223-3p 4400
hsa-miR-374a-5p 6200
hsa-miR-191-5p 7835
hsa-miR-320a 1661

hsa-miR-148b-3p 2302

299

21223

7086

9308

5059

539

4205

2.16

0.34

-0.69

-0.59

0.63

1.62

-0.87

1.43%%0
7.17%%0
1.83%x10
1.82540
2.54%10
6.30%10

3.98x 1

P =0 for P < 9.99x18"
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Table 2b. MiRNA expression analysis of monocyte derived matiendritic cells after iron isomaltoside 1000nstiation

MiRNA Control (tpm) Iron isomaltoside 1000 Log2(fold change) p-value

(0.266 mg/mL, tpm)

hsa-miR-142-3p 58843 67993 -0.21 0
hsa-miR-155-5p 30697 26222 0.23 7.47%%0
hsa-miR-210 5033 3487 0.53 1.01%%0
hsa-miR-29a-3p 30909 27629 0.16 9.47%%0
hsa-miR-103a-3p 13309 11242 0.24 7.24%10
hsa-let-7g-5p 12486 10526 0.25 5.43%40
hsa-miR-21-5p 421617 430105 -0.03 2.18%10
hsa-miR-146a-5p 18913 16694 0.18 6.74%10
hsa-miR-27a-3p 8077 9519 -0.24 1.81%10
hsa-miR-24-3p 9987 11457 -0.20 3.51%10
hsa-miR-30e-5p 14552 16267 -0.16 1.51%10
hsa-miR-3676-5p 53 151 -1.51 4.91x18

hsa-miR-101-3p 26845 28415 -0.08 3.17510



hsa-miR-221-3p 5844
hsa-miR-93-3p 1488
hsa-miR-92a-3p 3370
hsa-miR-29b-3p 7721

hsa-miR-3676-3p 120
hsa-miR-25-3p 1553

hsa-miR-7-5p 937

5172

1163

2905

8465

226

1257

717

0.18

0.36

0.21

-0.13

-0.91

0.31

0.39

1.05%10
5.10%10
3.72x10
4.01%10
3.71x16
1.89%10

2.565x40

P =0 for P < 9.99x18"

28



LEGENDS TO FIGURES

Figure 1. Monocytic adhesion on activated HUVECs and transatign through 8 uM cell
culture inserts (after CD45-labelling and in thegance of 50 ng/ml MCP-1) after stimulation
with 0.133 mg/mL iron sucrose (IS), sodium ferriaapnate (SFG), ferric carboxymaltose
(FCM) or iron isomaltoside 1000 (lIM). Blood waslleated from control subjects and
evaluated by phase contrast microscopy (adhesiom) lay fluorescence microscopy
(transmigration). Numerical analyses were evaluateti0 microscopic fields per approach.
A; B: Representative examples of monocytic adhesidrafd transmigrationB(); bar scales
100 um for all imagesC; D: Mean £ SEM of 4 independent experiments for adime{r)
and transmigration¥); controls (in the absence of iron) are defined1@88%. Statistical
analysis was performed by using ANOVA followed byribett's multiple comparison test as
post-hoc test.

Figure 2. Capacity of M1 macrophages to phagocyte opsonisedogylate microspheres
(0.75 pm, Yellow Green) within 30 min. Macrophagesre in vitro differentiated from
monocytes under stimulation with three different n@entrations (0.133 mg/mL,
0.266 mg/mL, 0.533 mg/mL) of iron sucrose (IS), isad ferric gluconate (SFG), ferric
carboxymaltose (FCM) or iron isomaltoside 1000 (lINBlood was collected from control
subjects. Counts of FITC-positive cells as phagmgiyig macrophages (shown on the right-
hand side of each histogram) were determined flgtoroetrically. Histograms depict
representative examples from one single individiedd mean + SEM of at least 5
independent experiments. Statistical analysis wea®pned using ANOVA and the Dunnett’s
multiple comparison test as post-hoc test.

Figure 3. Phenotypical and functional analysis of mDi3at werein vitro differentiated from
monocytes under stimulation with iron sucrose (K)dium ferric gluconate (SFG), ferric
carboxymaltose (FCM) or iron isomaltoside 1000 (JIND.133 mg/mL, 0.266 mg/mL,

0.533 mg/mL). Blood was collected from control sdbg. Statistical analysis was performed
29



by using ANOVA and the Dunnett's multiple companstest as post-hoc test; data of 5
independent experiments are presented as mean + $E#10.05, **P < 0.01A-H: Protein
expression analysis of mDC surface markers CIX)¢ CD141 B), CD80 C), CD83 D),
CD86 E), CDla f), CD40 G) and HLA-DR {) were measured as mean fluorescence
intensity (MFI) by flow-cytometryl; J: For T-cell proliferation analysis mDCs were co-
cultured with autologous, CFDA-SE-labelled T-cellisthe ratio of 5:1 and activated with
2.5 pg/mL staphylococcal enterotoxin B. After 3 slagounts of proliferating T-cells (shown
on the left-hand side of each histogram) were aealyflow-cytometrically by their FITC-
fluorescence intensity, identifying total T-cellg BD3-expressionl} and CD8 T-cells by
CD3/CD8 expressionlj.

Figure 4. miRNA expression analysis (smallRNA-seq and omiRdg) of mDCs,in vitro
differentiated from monocytes under stimulationhml.266 mg/mL iron sucrose and iron
isomaltoside 1000. Statistical analysis of miRNAm®ssion was performed with the DEGseq
bioconductor package [23]. A p-value of <™Owas considered statistically significant.
Presented scatter plots show tags per million (Jpoh631 analysed miRNAs in iron sucrose
stimulated mDCs, compared to control approach al as in iron isomaltoside 1000
stimulated mDCs, compared to contrgl) ( Presentation of significantly different expressed

MiRNAs between the 3 approaches control, iron secemd iron isomaltoside 1008)(
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Figure S1. Monocytic adhesion on activated HUVEGS, B) and transmigration of CD45
labelled monocytes through 8 uM cell culture inséntthe presence of 50 ng/ml MCP4, (
D) after stimulation with 0.266 mg/mL and 0.533 mb/imon sucrose (IS), sodium ferric
gluconate (SFG), ferric carboxymaltose (FCM) omniisomaltoside 1000 (lIM). Blood was
collected from control subjects. In each approasi, numbers were evaluated either by
phase contrast microscopy (adhesion) or by flu@mse microscopy (transmigration) in 10
fields and indicated in comparison to control. iStatal analysis was performed by using
ANOVA followed by Dunnett's multiple comparison tegas post-hoc test; data of 4

independent experiments are presented as mean +*$E#0.05.
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Figure S2. Capacity of M2 macrophages to phagocyte opsoniaegogylate microspheres

(0.75 pm, Yellow Green) within 30 min. Macrophagesre in vitro differentiated from

monocytes under stimulation with iron sucrose (I)ium ferric gluconate (SFG), ferric

carboxymaltose (FCM) or iron isomaltoside 1000 (IIND.133 mg/mL, 0.266 mg/mL,

0.533 mg/mL). Blood was collected from control ®dh$. Counts of FITC-positive cells as

phagocytosing macrophages (shown on the right-hsidé of each histogram) were

determined flow-cytometrically. Histograms show resentative examples from one

individual and the mean + SEM of at least 5 indeleenh experiments. Statistical analysis was

performed using ANOVA and the Dunnett’'s multiplergmarison test as post-hoc test.
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Table S1. Antibodies used in this study.

Molecule Conjugate Clone Sour ce

CD45 PE H130 BD Biosciences
CD14 PerCP MP9 BD Biosciences
CD16 PE/Cy7 3G8 BD Biosciences
CD86 PE HAS5.2B7 Beckman-Coulter
HLA-DR APC Immu-357 Beckman-Coulter
CD141 APC M80 Biolegend
CD83 PE/Cy7 BH15e Biolegend
CDl1c FITC L161 Biolegend
CD40 PE/Cy7 5C3 Biolegend
CDla PerCP HI149 Biolegend
CD80 FITC 2D10 Biolegend
CD32 APC Fun-2 Biolegend
CD68 PE Y1/82A Biolegend
CD64 FITC 10.1 Biolegend
CD163 PE/Cy7 GHI/61 Biolegend
CD206 APC 15-2 Biolegend
CD3 APC SK7 Biolegend
CD4 Pel/Cy7 OKT4 Biolegend
CD8a PE HIT8a Biolegend

37



Table S2. Raw data of microRNA analysis of monocyte deriveture dendritic cells in the control approach after stimulation with iron

sucrose and iron isomaltoside 1000.

Table S3. Comparative miRNA analysis of monocyte derived matlendritic cells after iron sucrose and iron iatioside 1000 stimulation.

mMiRNA Iron isomaltoside 1000 Iron sucrose L og2(fold change)
(0.266 mg/mL, tpm)  (0.266 mg/mL, tpm)
hsa-miR-378c 1358 299 2.18
hsa-miR-146a-5p 16694 24992 -0.58
hsa-miR-101-3p 28415 21223 0.42
hsa-miR-223-3p 4135 7086 -0.78
hsa-miR-142-5p 16909 8986 0.91
hsa-miR-19b-3p 14403 9102 0.66
hsa-miR-29a-3p 27629 21275 0.38
hsa-let-7g-5p 10526 7140 0.56
hsa-miR-148b-3p 2139 4205 -0.98
hsa-let-7i-5p 10379 5092 1.03
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hsa-miR-23b-3p
hsa-miR-210
hsa-miR-146b-5p
hsa-miR-103a-3p
hsa-miR-340-5p
hsa-miR-21-5p
hsa-miR-155-5p
hsa-miR-142-3p
hsa-miR-34a-5p

hsa-miR-374a-5p

3117

3487

28838

11242

3218

430105

26222

67993

2053

6581

455

412

16402

7088

5596

523388

7440

55756

3789

9308

2.77

3.08

0.81

0.67

-0.80

-0.28

1.82

0.29

-0.88

-0.50

0
0
4.34%%0

1.98%%0

P =0 for P < 9.99x18"
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